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Get it right the 
first time. 
Not all capillary 

electrophoresis 

systems are created 

equal.Which one 

should you get1 The 

one that gives you 

the greatest flexibil

ity and value. 

That's precisely 

what the Dionex 

CES I does: 

Fully program

mable, dual polarity 

power supply with 

3 control modes and gradients 

allows you to wield total 

control over each run. 

Three automatic sample 

injection methods I 

I ,! 

let you match the sampling 

technique to the sample

any sample. 

Our smart, 40-position 

autosampler runs your 

samples in any order. The 

system auto mati -

cally rinses and 

refills vials and 

each run for reproducible 

results. It also changes buf

fers - even during a run -

and automates methods 

development. 

'two detection modes are 

standard-UV/Vis with fiber 

optic-based remote cell for 

low noise and fluorescence 

with photo multiplier tube 

for femtomole sensitivity. 

Easy, menu-driven pro

instrument 

Clr~CLE 32 ON Rt::ADER SERVICE CARD 

parameters from a 

single keyboard for 

effortless operation. 

Forced-air cooling 

assures ideal concli

lions for your aoalyses. 

Committed support 

by the leader in 

polar and ionic 

separations-from 

applications 

expeltise and respon

sive service to 

complete automation 

capabilities. 

Find out why 

your first capillalY electro

phoresis system should be a 

Dionex. Contact your local 

Dionex representative or 

(in U S.A) call 

1-llOO- 227-1817, ext. 42 today. 

Capillary Electrophoresis 
System I 

ilDIONEX 
A ~flm ~~l~ll~~ 



MODEL 305 

The new Gilson Model 305 
Master Pump. For analytical or 
preparative HPLC in the isocratic, 
binary or ternary modes. 

The Pump. 

Now you can program gradients 
without a computer. Upgrade your 
isocratic system without major expense. 
Switch from analytical to preparative 
and back again. Use the special 
dispense mode for repetitive injection 
in automatic preparative systems. 

The heads. 

For micro-analytical up to laboratory 
preparative scale (0.025 - 200 mLlmin). 
For aqueous or salt-concentrated 
solutions. In titanium for ion-free work. 
All completely interchangeable so 
you can choose the optimum combi
nation for your separation. 

This compact new pump (only 32 cm 
wide) can handle any HPLC application. 

To find out more about Gilson's new 
Master Pump, please contact your near
est Gilson representative. 



consist<iirti ~-.retagei>atticle ~iU; and particle size 
distribu~nas$re' consistent intexaction efficiencies 
and optlritum flOw rates. 

flgh surface ~ allow's maximum capacity. 

Consistentelementsl analysis. This key pammeter 
assures unifqnn sutface chaxacteristics and performance. 

lfniform, high titer (as apptopriate) controls ligand 
c ensity of the bonded phase for consistent selectivity 
and capacity. 

E:ffective endcapping (as appropriate) assures minimal 
silanol intexaction on endcapped (reversed phase) 
sorbents. 

E;uriace chaxacterization tests with molecular probes 
c 9ntrol extraction selectivity and assure consistent 
performance. 

pH control ,of coluipn elual:tt verifies proper washing 
Clf the bonded phas~ and 'freedom from interference. 

lIIinimum turbidity assures silica fines and other ex
txactables have been removed dUring manufacture. 

Color of methanol' eluant centrals soluble extxactables. 

Minimum residue assures freedom from extractable 
impurities. 

/\ctual use test (as applicable): BAKERBOND ape columns 
manufactured for specific applications are tested in that 
application. The test assures high consistent recovery 
of the analyte(s) without interfering contaminants. 

One of the major concerD; with solid phase 
extraction has been l'E~producibiJjty .. 
Here's how J.T.Baker has solved it .. 

And a Report of 
Analysis to prove it. 

Today's solid phase extraction 
columns from J.T.Baker are the 
state of the art. 

To assure you accurate, 
reproducible solid phase sample 
preparation, J.T.Baker has devel
oped some of the industry's most 
advanced technology and mean
ingful test result information: 

State-of-the-art bonded phase 
(batch sizes up to 150 Kg) and 
BAKERBOND spe* column 
manufacturing techniques-to 

give you consistent sarrple 
preparation performanoo and 
reliable delivery. 

Solid phase extraction products 
manufactured using Stc tistical 
Quality Control (SQC) and 
Statistical Process Cont :01 
(SPC)-to assure you trat key 
parameters are consistently 
held within narrow lim:ts for 
minimum lot-to-lot varii.tion. 

Experience a new level of 
solid phase extraction reproduc
ibility. Call or write today for 
complete technical support and 
prodUCe information. 
1-800-JTBAKER (1-800-582-2537). 
In NJ 201-859-2151. 

Detailed quality charac:eriza- J_T.Baker Inc. 
tion and a complete RE,port of J:T.Baker 222 Red School Lane 
Analysis in every box to Jrove it. ® Phillipsburg, NJ 08865 

BAKERBOND spe* lS a trademark of JTBaker Inc 
CIRCLE 20 ON READER SERVI,;E CARD 



JULY 1,1989 
VOLUME 61 
NUMBER 13 

ANCHAM .e ~~~" 61(13) 755A-818A/1313-1472 (1989) 
Bureau ISSN 0003-2700 

Registered In U.S. Patent and Trademark Office; 
Copyright 1989 by the American Chemical SOciety 

ANALYTICAL CHEMISTRY (ISSN 0003-2700) is pub
lished semimonthly by the American Chemical So
ciety at 1155 16th St., N.W., Washington, DC 
20036. Editorial offices are located at the same 
ACS address (202-872-4600; TDD 202-872-8733). 
Second-class postage paid at Washington, DC, and 
additional mailing offices. Postmaster: Send ad
dress changes to ANALYTICAL CHEMISTRY Member & 
Subscriber Services, P.O. Box 3337, Columbus, 
OH 43210. 
Claims for missing numbers will not be allowed if 
loss was due to failure of notice of change of 
address to be received in the time specified; if 
claim is dated (a) North America: more than 90 
days beyond issue date, (b) all other foreign: more 
than one year beyond issue date, or if the reason 
given is "missing from files." 
Copyright Permission: An individual may make a 
single reprographic copy of an article in this publi
cation for personal use. Reprographic copying be
yond that permitted by Section 107 or 10S of the 
U.S. Copyright Law is allowed, provided that the 
appropriate per-copy fee is paid through the Copy
right Clearance Center, Inc., 27 Congress St., Sa
lem, MA 01970. For reprint permission, write 
Copyright Administrator, Publications Division, 
ACS, 1155 16th St., N.W., Washington, DC 20036. 
Registered names and trademarks, etc., used in 
this publication, even without specific indication 
thereof, are not to be considered unprotected by 
law. 
Advertising Management: Centcom. Ltd., 500 Post 
Rd. East, Westport, CT 06880 (203-226-7131) 

1989 subscription rates Include air delivery 
outside the U.S., Canada, and Mexico 

1y, 2y, 
Members 
Domestic $ 27 $ 45 
Canada and Mexico 56 t03 
Europe 83 t57 
All Other Countries 120 231 
Nonmembers 
Domestic 49 83 
Canada and Mexico 78 141 
Europe 155 280 
All Other Countries 192 354 

Three-year and other rates contact: Member & 
Subscriber Services, ACS, P.O. Box 3337. Colum
bus, OH 43210 (614-447-3776 or 800-333-9511). 
Subscription orders by phone may be charged to 
Visa, MasterCard, Barclay card, Access, or Ameri
can Express. Call toll free at (SOO-ACS-555S) from 
anywhere in the continental United States; from 
Washington, DC. call S72-S065. Mail orders for 
new and renewal subscriptions should be sent with 
payment to the Business Management Division, 
ACS, P.O. Box 57136, West End Station, Washing
ton, DC 20037. 
Subscription service inquiries and changes of ad
dress (Include both old and new addresses with ZIP 
code and recent mailing label) should be directed 
to the ACS Columbus address noted above. Please 
allow six weeks for change of address to become 
effective. 

ACS membership Information: Lorraine Bowlin 
(202-872-4567) 
Single issues, current year, $7.00 except review 
issue and LabGulde, $12.00; back issues and vol
umes and microform editions available by single 
volume or back issue collection. For information or 
to order, call (800-ACS-5558) or write the Micro
form & Back Issues Office at the Washington ad
dress. 
Nonmembers rates in Japan: Rates above do not 
apply to nonmember subscribers in Japan, who 
must enter subscription orders with Maruzen Com
pany Ltd., 3-10 Nihonbashi 2-chome, Chuo-ku, 
Tokyo 103, Japan. Tel: (03) 272-7211. 

INSTRUMENTATION 775 A 
Raman monitoring of dynamic 
electrochemical events, The ex
cellent time resolution and tunable 
driving force inherent in electro
chemical generation of reactive spe
cies have resulted in widespread ap
plication. Richard L. McCreery of 
The Ohio State University and 
Richard T. Packard of E. I. du Pont 
de Nemours and Co. discuss existing 
instrumentation and future pros
pects for Raman spectroscopic de
tection of electrogenerated species 

BRIEFS 

EDITORIAL 

AlC INTERFACE 805 A 
On the cover, Intelligent robots, 
which incorporate artificial intelli
gence into programmable laborato
ry robots, are the next step in bring
ing robotics to its full analytical po
tential. T. L. Isenhour and S. E. 
Eckert of Kansas State University 
and J. C. Marshall of St. Olaf Col
lege describe the laws of robotics, 
the need for standardized robotic 
software, and the prototype system 
they have developed 

758 A 

767 A 
Publish or perish, Visitors to Antwerp, Belgium, should include a trip to the 
Plantin-Moretus Museum, where they will view the tools and presses used in 
sixteenth-century book printing 

NEWS 769 A 
Eastern Analytical Symposium award winners announced. ~ ANALYTICAL 
CHEMISTRY is being monitored. ~ Society of Analytical Chemists of Pitts
burgh awards starter grants. ~ The world's smallest prism. ~ NMR spectrosco
py predicts new jet fuels. ~ Thirsty tree sounds. ~ Killer bees' distinctive buzz 

MEETINGS 791 A 
Conferences. ~ Short courses and workshops 

FOCUS 795 A 
HPCE '89, The First International Symposium on High-Performance Capil
lary Electrophoresis featured 10 invited talks by the foremost researchers in 
the field, more than 50 contributed talks, and an exhibition of CE instruments 
and related equipment 

NEW PRODUCTS & MANUFACTURERS' LITERATURE 79BA 

AUTHOR INDEX 1313 
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ElRIEFS 
_"iTT •• 

Articles 

Analytical Potential of Protein A for AHinity Chromatography of 
Polyclonal and Monoclonal Antibodies 1314 
Analysis times of 3 min using citrate or phosphate buffers 
and detection with 220- or 280-nm UV absorption are opti
mum for the quantitation of IgG. A 2-3% RSD is achieved 
with a detection limit of 100 ng IgG on column. 
Bruce Jon Compton*, MaryAnn Lewis, Frances Whigham, 
Jennifer Shores Gerald, and George E. Countryman, FermenM 

tation Development Laboratories, Bristol-Myers Company Indus
trial Division, P.O. Box 4755, Syracuse, NY 13221-4755 

Determination of the Dissociation Temperature of Organic 
Micelles by Microcapillary Hydrodynamic Chromatography 

1318 
The dissociation behavior of micelles of a poly(styrene-iso
prene) block polymer in n-decane is investigated, and infor
mation on micelle size is obtained. Conditions for the deacti
vation of a fused-silica column are presented. 
Jaap Bos*, Robert Tijssen, and M. Emile van Kreveld, Konink
lijke/Shell-Laboratorium, Amsterdam (Shell Research B. V.), Bad
huisweg 3, 1031 CM Amsterdam, The Netherlands 

Size Exclusion Chromatography of Poly(ethylene terephthalate) 
Using Hexafluoro-2-propanol as the Mobile Phase 1321 
A method for obtaining a calibration curve using polystyrene 
in THF as a primary standard and poly(methyl methacry
late) in HFIP as a secondary standard is described. A correc
tion factor is obtained and is applied to PET. 
Sadao Mori, Department ofIndustrial Chemistry, Faculty of Engi
neering, Mie University, Tsu, Mie 514, Japan 

Gas Chromatographic Determination of Water Using 
2,2-Dimethoxypropane and a Solid Acid Catalyst 1325 
The amount of water in various samples is determined by 
reaction with 2,2-dimethoxypropane, followed by measure
ment of the reaction product (acetone). The reaction time, 
using N afion as a solid acid catalyst, is only 5 min. 
Kevin D. Dix, Pamela A. Sakkinen, and James S. Fritz*, Ames 
Laboratory-U .S. Department of Energy and Department of 
Chemistry, Iowa State University, Ames, IA 50011 

* Corresponding author 
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Computer-Assisted Prediction of Gas Chromatographic 
Retention Indices of Pyrazines 1328 
Using calculated molecular descriptors it is possible to mod
el retention indices for a series of substituted pyrazines on 
OV-lOl and Carbowax-20M with an error <3.0%. Differ
ences in models for the two stationary phases are discussed. 
David T. Stanton and Peter C. Jurs*, 152 Davey Laboratory, 
Penn State University, University Park, PA 16802 

Measurement of Natural Trace Dissolved Hydrocarbons by in 
Situ Column Extraction: An Intercomparison of Two Adsorption 
Resins 1333 
Column efficiency experiments and a comparison of col
umns attached to simultaneously deployed in situ samplers 
show that Chromosorb T is superior to XAD-2 for the quan
tification of alkanes. The two adsorbents appear to be com
parable for the study of three-ring and higher P AHs. 
Mark B. Yunker', Fiona A. McLaughlin, Robie W. Macdonald, 
and Walter J. Cretney, Ocean Chemistry Division, Institute of 
Ocean Sciences, P.O. Box 6000, Sidney, British Columbia V8L 4B2, 
Canada, Brian R. Fowler, Seakem Oceanography Limited, 2045 
Mills Road, Sidney, British Columbia, V8L 3S1 Canada, and Tre
vor A. Smyth, C. B. Research International Corporation, P.O. Box 
2010, Sidney, British Columbia V8L 3S3, Canada 

Fluorescence-Detected Circular Dichroism for On-COlumn 
Detection in Capillary Electrophoresis 1344 
FDCD can provide important structural information about 
chiral biomolecules that exhibit fluorescence. The detection 
limit for riboflavin (0.07 pg) is improved by more than 3 
orders of magnitude, compared with a previous FDCD
HPLC system. 
Patrice L. Christensen and Edward S. Yeung', Ames Laborato
ry-USDOE and Department of Chemistry, Iowa State University, 
Ames, IA 50011 

Stationary Phase Solvation in Capillary Supercritical Fluid 
Chromatography 1348 
Binary supercritical fluid mixtures are studied using mass 
spectrometric tracer pulse chromatography. Results show 
that the amount of binary modifier sorbed into the station
ary phase decreases with increasing pressure. 
Clement R. Yonker* and Richard D. Smith, Chemical Methods 
and Separations Group, Chemical Sciences Department, Pacific 
Northwest Laboratory (Operated by Battelle Memorial Institute), 
Richland, WA 99352 

Investigations of Stationary Phase Modification by the Mobile 
Phase Surfactant in Micellar Liquid Chromatography 1353 
The implications of surfactant modification of C-18 phases 
with respect to chromatographic efficiency and the general 
ability to perform gradient elutions in micellar LC are dis
cussed. 
Michael F. Borgerding and Willie L. Hinze', Department of 
Chemistry, Wske Forest University, P.O. Box 7486, Winston-Sa
lem, NC 27109 and Larry D. Stafford, George W. Fulp, Jr., and 
William C. Hamlin, Jr., R. J. Reynolds Tobacco Company, Bow
man Gray Technical Center, Winston-Salem, NC 27102 



The System 800 represents 
the new generation in research 
tools. It is the synthesis of 
advances in optical, electronic and 
mechanical design. The System 
800 combines an ultra-stable 
interferometer design with a 
unique dynamic aligrunent system, for superior data 
throughout the spectral range. 

The System 800 provides the stability, signal-to
noise performance, and repeatability required for 
demanding applications. Whether your experiments 
involve long-term data acquisitions or rapid short-term 
dynamic spectroscopy applications, the 800 has the 
capabilities to solve your problems with confidence. 

The 800 incorporates the features demanded 
by research investigators throughout the 
world. Standard features include optical bench 

communications, optical bench 
configuration monitoring and 
status, rapid spectral range 
conversion, ultra-quiet electronicS 
train, highest throughput optical 
design, dynamic alignment, fully 
expandable optical path, ultra 

high-output sources, and simplified experiment'll design 
for multiple modulation techniques. 

The System 800 supports the full range of experiments 
including FT-Raman, Emission, Microspectroscopy, 
GC/FT-IR, SFc/FT-IR, and more. Multiple beam paths 
allow several different experiments or applications to be 
configured Simultaneously. 

Nicolet sets the standard for research perfm"mance, 
Let us show you the future of Fr.-Spectroscopy, 

Nicolet 
Belgium: 02-762-2,) 11 
Canada: 416·625-8302 

Ff"dnCe, 1-30-81-3081 
Germany: 069-837001 

!NSTRl!~E,~TS Of DISCOVERy 

Japan, 06-863-1550 
;'\Jctherlands: 05405-7·i754 

Switzerland: 0.,6-85--+:;4'3 
Uniled Kingdom: 0926-49--i1l1 

Nicolet Analytical Instruments! 5225-1 Verona Rd. ! Madbon, WI 5:)711 1(608) 271-3333/ fAX: (608) 273-S04() 

IV complement these direct Nicolet ofJices, Nicolet maintaim; a network oj representatiues in countries throuf!,hout tbe world. 
CIRCLE 112 ON READER SERVICE CARD 



BRIEFS 

Kinetic Determination of Primary and Secondary Amines Using 
a Fluoride-Selective Electrode and Based on Their Reaction 
with 1-Fluoro-2.4-dinitrobenzene 1358 
Second-order rate constants are given, and a kinetic method 
is developed to determine primary and secondary amines in 
pharmaceuticals. The method, which can be used in colored 
and cloudy solutions, has a precision and accuracy of 2-3%. 
Eleni Athanasiou~Malaki, Michael A. Konpparis*, and The
mistocles P. Hadjiioannou, Laboratory of Analytical Chemistry, 
Department of Chemistry, University of Athens, 104 Solonos Street, 
Athens 10680, Greece 

Extraction and Isolation of Phenoxy Acid Herbicides in 
Environmental Waters Using Two Adsorbents in One 
Minicartridge 1363 
Simultaneous extraction and isolation of phenoxy acid herbi
cides from water is accomplished using a mini cartridge filled 
with both a nonspecific adsorbent and a strong anion ex
changer. 
Antonio Di Corcia *, Marcello Marchetti, and Roberto Sam
peri, Dipartimento di Chimiea, Universita La Sapienza di Roma, 
Piazzale Aldo Moro 5, 00185 Roma, Italy 

Theory of Optimization of the Experimental Conditions of 
Preparative Elution Chromatography: Optimization of the 
Column Efficiency 1368 
The influence of column efficiency on the performance of 
preparative LC is discussed. The procedure for the optimiza
tion of column length, particle size, and flow velocity is also 
discussed. 
Sadroddin Golshan-Shirazi and Georges Guiochon*, University 
of Tennessee, Department of Chemistry, Knoxville, TN 37996·1600 
and Oak Ridge National Laboratory, Oak Ridge, TN 37831-6120 

Direct Current Conductivity Detection in Ion Chromatography 
1383 

Monitoring the current resulting from a dc potential applied 
across two narrow-gauge hypodermic needles inserted inside 
a poly(tetrafluoroethylene) tube provides a low-volume, 
sensitive detector for IC. Cen volumes as low as 50 nL are 
easily obtained. 
Dayong Qi, Tetsuo Okada, and Purnendu K. Dasgnpta*, De~ 
partment of Chemistry and Biochemistry, Texas Tech University, 
Lubbock, TX 79409-1061 

Identification of Ions in Anion Chromatography by Stopped Flow 
Chronoamperometry 1387 
A low-volume three-way valve and a conductivity detector 
are serially connected. Stopping the flow through the detec
tor generates a chronoamperogram whose peak times and 
widths provide unique signatures of the eluting ions. 
Tetsuo Okada, Purnendu K. Dasgupta*, and Dayong Qi, De
partment of Chemistry and Biochemistry, Texas Tech University, 
Lubbock, TX 79409-1061 
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Automated Determination of Manganese in Seawater by 
Electrolytic Concentration and Chemiluminescence Detection 

1392 
Mn(II) is electrochemically oxidized to Mn(IV) oxide and 
quantitatively electrodeposited on a glassy carbon electrode 
in the flow-through system. This concentration technique is 
coupled with an improved chemiluminescence method 
based on the oxidation of luminol with alkaline H,O,. 
Eiichiro Nakayama*, Research Center for Instrumental Analysis, 
Faculty of Science, Kyoto University, Kyoto 606, Japan, Kenii 
Isshiki and Yoshiki Sohrin. Department of Chemistry, Faculty of 
Science, Kyoto University, Kyoto 606, Japan, and Hajime Kara
tani, Laboratory of Analytical Chemistry, Faculty of Textile Sci
ence, Kyoto Institute of Technology, Kyoto 606, Japan 

Permselectivity and lon-Exchange Properties of Eastman-AQ 
Polymers on Glassy Carbon Electrodes 1397 
The permselective transport properties and ion-exchange 
binding of poly(ester sulfonic acid) films are explored, and 
their suitability for chemically modified electrode sensors is 
illustrated. 
Joseph Wang* and Teresa Golden, Department of Chemistry, 
New Mexico State University, Las Cruces, NM 88003 

Second Dissociation Constant and pH of N-(2-Hydroxy
ethyl)piperazine-N' -2-ethanesulfonic Acid from 0 to 50°C 

1400 
HEPES is recommended as a pH buffer for physiological 
measurements. The pH values for the buffer system at ionic 
strengths similar to those in physiological fluids are deter
mined at temperatures from 0 to 50°C. 
Daming Feng, W. F. Koch*, and Y. C. Wu, National Institute of 
Standards and Technology, Gaithersburg, MD 20899 

Fluorescence Studies of Energy Transfer in Sodium 
Taurocholate and Sodium Dodecyl Sulfate Micellar Solutions 

1405 
When sodium taurocholate is used for solubilization, less 
energy transfer is observed between PAHs in aqueous solu
tion, as compared with sodium dodecyl sulfate. 
Kasem Nithipatikom and Linda B. McGown*, Department of 
Chemistry, P. M. Gross Chemical Laboratory, Duke University, 
Durharu, NC 27706 

Flow Injection Donnan Dialysis Preconcentration of Cations for 
Flame Atomic Absorption Spectrophotometry 1410 
A cation preconcentration method provides lOO-fold en
hancement of the detection limit with a dialysis time of 
5 min. Application of the approach to trace determination of 
lead in drinking water is demonstrated. 
John A. Koropchak* and Lori Allen, Department of Chemistry 
and Biochemistry, Southern Illinois University, Carbondale, IL 
62901-4409 



No~ 
advanced 
methods 

development 
is System Gold™ 

easy. 
System Gold;M the Personal'" 

the most ad vanced, 
easiest-lo-use HPLC 

All wllh a level of convenience 
and automation never before avail-
able with HPLG 

And it's Gold easy 
Find out for yourself how 

methods can be 
System Gold your local 

Beckman representative Offices in 
major cities worldwide 

Cali 8001742-2345 in the US 
Or write Beckman instruments, inc., 
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PO Box 5)01, Ramon, CA 94583 
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BRIEFS 

Automated Slurry Sample Introduction for Analysis of a River 
Sediment by Graphite Furnace Atomic Absorption Spectrometry 

1414 
The heterogeneity of NIST SRM 2704 river sediment is 
studied for Pb, Mn, As, and Fe using samples in microgram 
amounts in the furnace. The results are in good agreement 
with certified values for the four elements. 
M. S. Epstein, G. R. Carnrick, and Walter Slavin*, The Perkin
Elmer Corporation, Norwalk, CT 06859 and N. J. Miller-Ihli, U.S. 
Department of Agriculture, Nutrient Composition Laboratory, 
Beltsville, MD 20705 

Measurement of Caustic and Caustic Brine Solutions by 
Spectroscopic Detection of the Hydroxide Ion in the Near
Infrared Region, 700-1150 nm 1419 
The spectrum of the hydroxide ion is obtained using differ
ence spectra, second-derivative techniques, and multivari
ate spectral reconstruction. Multivariate calibration yields 
results that are resistant to interference from large varia
tions in brine concentration (0.01-5.0 M). 
M. Kathleen Phelan, Clyde H. Barlow, Jeffrey J. Kelly, 
Thomas M. Jinguji, and James B. Callis*, Center for Process 
Analytical Chemistry, Department of Chemistry, BG-lO, University 
of Washington, Seattle, W A 98195 

Near-Infrared Laser Diode Intracavity Absorption Spectrometry 
1425 

A near-IR laser diode intracavity absorption spectrometer is 
developed using a commercial laser diode. Detection limits 
of 10-'-10-5 AU are obtained with this single-beam instru
ment. 
Ed Unger and Gabor Patonay', Department of Chemistry, Geor
gia State University, Atlanta, GA 30303 

Atomic Absorption Determination of Copper in Silicate Rocks by 
Continuous Precipitation Preconcentration 1427 
A manifold is designed for the determination of Cu at the 
!"g/g level. The ion is precipitated with rubeanic acid and 
then dissolved with potassium dichromate. 
Ricardo E. Santelli, Mercedes Gallego, and Miguel Valcarcel', 
Department of Analytical Chemistry, Faculty of Sciences, Universi
ty of Cordoba, Cordoba-14004, Spain 

Light Absorption and Mixed Micelle Composition as Factors in 
Determining Intensities of Room-Temperature Phosphorescence 

1431 
Experiments show that SO~- forms a light-absorbing com
plex with Tl+ that can attenuate UV excitation in micelle
stabilized RTP. This reaction offsets gains derived from 
increased Tl+ concentrations achieved using mixed surfac
tants. 
N. E. Nugara and A. D. King, Jr.', Department of Chemistry, 
School of Chemical Sciences, University of Georgia, Athens, GA 
30602 
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Aromatic Bases as Eluent Components for Conductivity and 
Indirect Ultraviolet Absorption Detection of Inorganic Cations 
in Nonsuppressed Ion Chromatography 1435 
Alkali metal and earth cations are separated using substitut
ed pyridines and aromatic amines in water as eluents. Detec
tion limits in the low-ppb range are obtained using conduc
tivity and UV absorption detectors. 
Paul R. Haddad' and Roy C. Foley, Department of Analytical 
Chemistry, University of New South Wales, P.O. Box 1, Kensington, 
New South Wales 2033, Australia 

Fast Atom Bombardment Induced Reduction of Aromatic Oximes 
1442 

Evidence is presented to support the observation that fast 
atom bombardment of oximes leads to reduction of imines. 
Aspects of the mechanism of reduction are revealed by time
dependent F AB studies. 
M. Graca O. Santana-Marques and Antonio J. V. Ferrer-Cor
reia, Department of Chemistry, University of Aveiro, 3800 Aveiro, 
Portugal and Michael L. Gross', Midwest Center for Mass Spec
trometry, Department of Chemistry, University of Nebraska, Lin
con, NE 68588 

Ion Confinement in the Collision Cell of a Multiquadrupole Mass 
Spectrometer: Access to Chemical Equilibrium and 
Determination of Kinetic and Thermodynamic Parameters of an 
lon-Molecule Reaction 1447 
Equilibrium and rate constants of ion-molecule reactions 
are determined by confining ions in an rf-only quadrupole 
collision cell for a variable interaction time (up to 250 ms). 
Claude Beaugrand, SN Nermag, 49 quai du Halage, 92500 Rueil
Malmaison, France and Daniel Jaouen, Helene Mestdagh, and 
Christian Rolando*, Ecole Normale Superieure, Departement de 
Chimie, Laboratoire de l'Activation Moleculaire, UA 1110, 24 rue 
Lhomond, 7531 Paris Cedex 05, France 

Sequence Analysis of Highly Sulfated, Heparin-Derived 
Oligosaccharides USing Fast Atom Bombardment Mass 
Spectrometry 1453 
Neg"tive ion FAB-MS analysis of a series of enzymatically 
prepared, highly sulfated, heparin-derived oligosaccbarides 
using triethanolamine as the F AB matrix is presented. 
Larry M. Mallis*, High Resolution Mass Spectrometry Facility, 
The University of Iowa, Iowa City, IA 52242 and Hui M. Wang, 
Duraikkannu Loganathan, and Robert J. Linhardt, Division of 
Medicinal and Natural Products Chemistry, College of Pharmacy, 
The University ofIowa, Iowa City, IA 52242 



low-cost 250 LC Systems 
you upward mobility 

Perkin-Elmer 250 LC Systems grow 
with your laboratory. Modular design 
lets you upgrade to gradient/diode 
array capabilities at the lowest price. 
Move up to higher LC performance at 
your own pace. 

BETTER PUMP CAPABILITY 
Get started with a system incorpo

rating our Model 250 Isocratic Pump. 
When the time's right, upgrade to the 
250 Binary Pump for unsurpassed 
multisolvent gradient capability. 

BETTER SENSITIVITY 
Only 250 LC Systems put the 

highest diode array sensitivity within 
easy reach. With a simple field upgrade, 

you can convert Out programmable, 
dual-wavelength LC-135 into an 
LC-235 with full spectral performance. 

BETTER VERSATILITY 
With 250 LC systems, you can 

choose from Perkin-Elmer's line of the 
most sensitive UVIVIS, diode array, 
and fluorescence detectors in the 
worid. Including the extraordinary 
LCA80 AutoScan for high resolution 
diode array performance. 

From low-cost, entry-level 
reliability to sophisticated, full 
spectral power, Perkin-Elmer 
250 LC systems have it all. Find 
out how you can move up to LC 
at its best by contacting your 

Perkin-Elmer representative. Or call 
toll-free 1-800-762-~·000. 

HPLC. Confidence ill Analysis. 

?ERKIN ELMEn 
CIRCLE 125 ON READER SERVICE CARD 



Tekmar's popular 
A-10, A-20 Mills 
grind dry, hard, brittle samples 
in seconds. 
Tekmar Mills are compact and highly efficient. 
A tightly sealed grinding chamber ensures 
dust-free pulverizing and can be cooled with 
water or liquid N,. Special purpose blades are 
available. 

Special Features: 

Totally sealed motor housing 

Labyrinth seal separates chamber from 
motor 

Thermo overioad protection in motor 

Off/on switch 
mounted on front 

Solid state 
circuitry 

20,000 rpm, 1/5 
H.P. motor 

Call Toll Free 
800-543-4461 
Service (800) 874-2004 

Tekmar Company! PO. Box 371856! Cinemnail, OH 45222-1856 

CIRCLE 156 ON READER SERVICE CARD 
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¥ Le Your lab can easily change our from Thermospray to 
Electron Ionization with the 

B h flip of a switch. enc No need to break vacuum. 
No need to crowd your lab 

I'll nev r space. (and budget) W wIth other 

beth 
same! 

is just the 
beginning of a 

whole new set of features 
Vestec, the recognized 
in LC/MS technology. 
heart of the Dedicated 

Model 201 is a new high 
performance TS-EI 
(Thermospray-Electron 
Ionization) Combination 

instruments that accomplish 
only half as much with 
twice the effort. 
The System combines 
advanced Thermospray 
technology with Electron 
Ionization via a unique 
particle beam interface. This 
interface provides high 
solvent removal efficiency 
and enhanced sensitivity 
-even at low mass. 
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Vestec's commitment to 
Liquid Chromatography and 
Mass Spectrometry doesn't 
end here. We are providing a 
multitude of combinations 
and features for our 
systems that make them the 

most versatile 
chromatography 
detector available. 

the best feature is 
still Thermospray 
LC/MS from the 

original 
source ... 
Vestee! 

Ask us about the Vestec 
particle beam LC-EI 
interface for your existing 
mass spectrometer. 

The Dedicated LC/MS People 

9299 Kirby Drive 
Houston, Texas 77054 

(713) 796-9677 
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Now any' Macintosh" can 
be an HPLC, data system! 

R 
ainin's new Dynamax 
HPLC Method Manager 
for the Macintosh incorpo
rates features that signifi

cantly expand its chromatographic 
utility.,.like total 'Viac II compatibil
ity. .. and background operation under 
'ViultiFinder' so you can do word 
processing or run other applications 
simultaneously with data collection 
and analysis. 

Dynamax Method Manager is 
incredibly easy to use. The Macin
tosh user interface eliminates com
plex menu trees. Needed functions 
are always available, just a mouse 
click away. 

Rainin software and hardware let 
the Mac' acquire data and display the 
chromatogram on the high-resolution 
screen. The program locales peaks, 
identifies analytes, calculates 
amounts and concentrations, and, 
uniquely, displays all this information 
on-the-t1y, while data is being 
collected. No waiting to sec results' 

After each analysis, the computer 
prints the chromatogram and report. 
Complete copies of raw data and 
method specifications, as well as 
reported values, can be saved 
automatically on any Macintosh
compatible storage device. 

Dynamax HPLC Method Man
ager can recall chromatographic data 
again and again for reprocessing with 
different integration parameters. Fine 
tuning processing conditions is easy' 
Optimum conditions can be saved for 
later use in real-time analyses. 

Automatic calculation of correla
tion coefficients, peak asymmetries, 
and efficiencies simplifies quality 
control of chromatographic methods. 
A new desk accessory, ChromPiC', 
converts any chromatogram to a 
PICTfile object for incorporation 
into graphic and word-processing 
documents. Report files are compati
ble with Microsoft Excel and other 
spreadsheet programs. Contact
closure inputs and outputs facilitate 
use with automated systems. The 
list goes on' 
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As a gradient controller, Dynamax 
HPLC Method Manager works with 
any Rainin or Gilson HPLC system. 
There are no hardware modifications 
to the Mac, just one convenient 
connection to the modem port. 

H you're getting ready to purchase 
a complete HPLC system, or just an 
HPLC data system, let Rainin show 
you how easy HPLC can be with a 
Macintosh. Ca1l800-FOR·HPLC for 
a free consultation. (In Massachu
setts, ca11617-935-3050). Or write: 

11NlJllIJI 
Mack Road, Woburn, MA 0180 I 

617-935-3050 
1715 64th Street, Emeryville. CA 94608 

415654-9142 

*!\1acintosh.Plw" MacinlO'ih8E, or MacinWllh 11. 



EDITORIAL 

Publish or Perish 
One of the most interesting museums in 
the world is the Plantin-Moretus Muse
um in Antwerp, Belgium, which is dedi
cated to the art and science of book 
printing. Christopher Plantin, originally 
from France, started a printing house in 
Antwerp and published his first book in 
1555. In 34 years he managed to publish 
more than 1500 works-an average of 
nearly 50 a year. This number, which was 
phenomenal for that time, made Plantin 
the first great "industrial" printer. How
ever, he was an industrial printer who 
knew how to publish perfectly, and he 
was always dedicated to publishing the 
most meritorious and prominent works. 

His son-in-law Jan Moretus, who be
came his partner and successor, contin
ued in the fine tradition of his mentor. 
Run by various members of the family, 
the firm continued for several centuries 
until 1866, when the last book left the old 
presses. In 1877 the Plantin House be
came a museum owned by the city of 
Antwerp, thereby preserving many trea
sures of the early history of printing. 

A visitor to the museum today can ap
preciate the remarkable accomplish
ments of the early pioneers in book pub
lishing. The printing of a book is the 
result of many operations, and the show
cases in the museum bring together the 
different materials and instruments that 
were necessary at that time. Included are 

the manuscript of the author ready for 
press, the casting of the printing types, 
the wood blocks and copper plates of the 
illustrations, the punches and casting 
molds necessary for the compositor's 
sticks, and other tools for composition. 

In each period of its history the book 
had a particular appearance, and the dis
plays illustrate the characteristics and 
peculiarities of the book in its historical 
evolution from the time of Guttenberg 
(ca. 1450) until the end of the eighteenth 
century. The Plantin-Moretus Museum 
also contains libraries of about 30,000 
volumes and about 500 manuscripts, 
many of which have extraordinary his
torical and artistic importance. About 
150 paintings by Flemish masters, in
cluding 18 by P. P. Rubens, decorate the 
walls of the museum. 

To mark the 400th anniversary this 
year of the death of Christopher Plantin, 
the museum has assembled an impres
sive exhibit of the early published works 
of science and medicine. For those who 
think of printing as a business, a visit to 
the museum will quickly reveal the 
wealth of culture in this important en
deavor. 

, 
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VARIAN LC STAR SYSTEM WITH 
SINGLE POINT CONTROL OPENS WINDOWS 

TO ADVANCED CHROMATOGRAPHY. 

Varian is your full-line 
company for analytical 
instrumentation 
UV-Visibie-NIR 

LlMS 
Data Systems 

Atomic Absorption 

NMR 
Liquid Chromatography 

Gas Chromatography 

NO IFS, ANDS OR SQUEAKS. 

Microsoft® Windows and the powerful IBM PS/2™ com
puter gives single point mouse control to the new Varian 
LC Star System. 

State-of-the-art software gives all the advantages 
of a centrally controlled system with extensive 
color graphics. It minimizes error, saves you time, 
and provides full data handling, including diode 
array spectral processing. 

All of the Star System modules are independent
ly intelligent. Even without the workstation, 
powerful capability is maintained within each 
individual component. If you have the need 
for rapid throughput, methods diversity and reliable automa
tion, you'll be delighted by the real flexibility and versatility 
of this H PLC system. 
The Varian LC Star System is designed for maximum relia
bility and easy maintenance. It is designed for continuous 
automation, including unattended sample preparation. It is 
designed to give you the best chromatographic results. And, 
best of all, it is designed by a single company to supply 
and support it. Varian. 

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

Microsoft IS a registered trademark of Microsoft Corporation 

IBM PS/2 IS a trademark of InternatIOnal Bustness Mac'nlnes CorporatIOn 
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NEWS 

Eastern Analytical Symposium Announces 
Award Winners 
Five scientists will be honored at this year's Eastern Ana
lytical Symposium (EAS), to be held September 24-29 at 
the New York Hilton Hotel in New York City. 

David Hercules, professor of chemis
try at the University of Pittsburgh, 
will receive the EAS Award for Out
standing Achievements in the Fields 
of Analytical Chemistry. The award 
cites his contributions to the analyti
cal chemistry of surfaces and solid
state MS. This research has employed 
a host of techniques, including X-ray 
photoelectron spectroscopy, Auger 

spectroscopy, secondary ion MS, ion-scattering spectrosco
py, FT-IR spectroscopy, and laser microprobe MS. 

Hercules earned his B.S. degree from .Juniata College in 
1954 and his Ph.D. from the Massachusetts Institute of 
Technology in 1957. He held academic positions at Lehigh 
University, Juniata, MIT, and the University of Georgia 
before joining the University of Pittsburgh faculty in 1976. 

EAS's New York Section will award 
the Applied Spectroscopy Medal to 
James Winefordner, University of 
Florida professor of chemistry, for his 
research contributions in atomic and 
molecular emission, absorption, and 
fluorescence in hot gases such as 
flames; molecular fluorescence and 
phosphorescence of species in the con
densed phase; and the development of 
spectroscopic instrumentation. 

Winefordner received his B.S. and M.S. degrees and his 
Ph.D. from the University of Illinois in 1954, 1955, and 
1958, respectively. Following another year at Illinois as a 
postdoctoral student, he joined the faculty at the Universi
ty of Florida. 

This year's EAS Award in Chromatog
raphy will be given to Harold 
McNair, professor of chemistry at the 
Virginia Polytechnic Institute and 
State University. His research has fo
cused on the analysis of trace organics 
in water and soil; the development of 
automated chromatographic systems 
involving LC/LC, LC/GC, and LCI 
LC/GC; packed capillary LC and IC 

columns; and the manufacture and characterization of 
high-efficiency cross-linked GC and SFC columns. 

McNair obtained his B.S. degree from the University of 
Arizona in 1955 and his M.S. degree and Ph.D. from Pur
due University in 1957 and 1959, respectively. He spent a 

year at the Technical University Eindhoven in The Nether
lands on a Fulbright fellowship, In the years that followed , 

McNair worked for Esso Research and Engineering, F&M 
Scientific, and Varian Aerograph before joining the faculty 
of VPI in 1968. 

K. L. Cheng, professor of chemistry 
at the University of Missouri-Kansas 
City, will receive the Benedetti
Pichler Memorial Award in Micro
chemistry. He has pioneered the use of 
EDT A to mask and demask metal spe
cies, introduced the reagents PAN 
(pyridylazonapthaol) and Thio-Mich
ler's ketone, provided a theory of dou
ble-layer capacitance, developed the 

analytical uses of photoelectron spectroscopy, and 
worked with positron annihilation spectroscopy for 
cal analysis. 

Cheng earned his B.S. degree from Northwestern College 
in China and obtained his M.S. degree and Ph.D. from the 
University of Illinois in 1949 and 1951, respectivel:-·. He 
then worked for Commercial Solvents Corporation, the 
University of Connecticut, Westinghouse, Kelsey-Hayes 
Company, and RCA laboratories. In 1966 Cheng joined the 
University of Missouri faculty. 

The first EAS Award in Near-Infrared 
Spectroscopy will honor Karl Norris, 
generally recognized as the "father" of 
modern near-IR spectroscopy. 

A 1942 graduate of the Pennsylvania 
State University, Norris has worked for 
Airplane and Marine Instrument Com
pany, the University of Chicago, and 
the U.S. Department of Agriculture. 
where he was appointed chief of the 
Instrumentation Research Laboratory in 1977. Norris is now 
retired. 

ANAL YTICAl CHEMISTRY Monitored 
As part of its continuing program to monitor the So
ciety's publications, the Society Committee on Publi
cations (SCOP) has formed an ad hoc task force to 
monitor ANALYTICAL CHEMISTRY. Monitoring task 
forces are charged with investigating the intellectual 
and editorial health of the publications and deter
mining if they adequately fill the needs to which they 
are addressed. .. 

Comments are invited and should be directed to 
the task force chair, Lockhart (Buck) Rogers (c/o 
Randall Wedin, Publications Division, American 
Chemical Society, 1155 16th St., Washington, I 
DC 20036). Other members of the force who also 
may be contacted are Jeanette Grasselli, David Her
cules, Mary Kaiser, Barry Karger, James McCloskey, j 
Lawrence Pachla, W. D. Shults, lsiah IVarner, R. 
Mark Wight,man, Nicholas Winograd, Richard Zare, 
and Ned Hemdel (SCOP representative), 
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Society for Analytical Chemists of 
Pittsburgh Starter Grants Awarded 
The Society for Analytical Chemists of Pittsburgh has 
awarded $10,000 starter grants to Werner Kuhr, University 
of California at Riverside, and to Jennifer Brodbelt-Lustig, 
University of Texas at Austin. The grants are designed to 
encourage high-quality innovative research by young pro
fessors in the field. 

Kuhr received his Ph.D. under the direction of R. Mark 
Wightman at Indiana University and carried out postdoc
toral work at Iowa State University with Edward Yeung. 
He joined the Riverside faculty in 1988 and will use the 
grant to develop capillary zone electrophoresis to sample 
transient neurochemical events in the brain. 

Brodbelt-Lustig earned her Ph.D. from Purdue Univer
sity under the joint direction of R. Graham Cooks and 
Peter Kissinger. She is currently a postdoctoral student 
with Michael Bowers at the University of California, Santa 
Barbara, and will join the University of Texas staff in Sep
tember. Brodbelt-Lustig's research will focus on ion-mole
cule reactions in MS. 

NMR Finds Foul Fuels 
Proton NMR spectra may provide a rapid method for pre
dicting the thermal stability of hydrocarbon jet fuels. John 
Russell and Brent Bailey, researchers with the Southwest 
Research Institute in San Antonio, TX, are developing this 
thermal stability analysis to screen fuels for the National 
Aerospace Plane (NASP), the high-tech aircraft being de
veloped by the United States for flight at Mach 7 to 10. 

Fuel aboard the NASP is slated to double as a coolant, 
circulating through heat exchangers in the aircraft's lead
ing edges and engines. As it carries heat away from the 
fuselage and engine, fuel temperatures could approach 
500 cC. If the fuel decomposes prior to combustion, the re
sulting gums and soot could foul heat exchangers, plug fil
ters, and clog fuel injectors. 

According to Russell, fingerprint regions of the NMR 
spectrum can be matched to a fuel's deposit-forming ten
dencies at high temperatures. For instance, NMR peaks for 
aromatic hydrocarbons indicate a lower fuel stability. 

The Sound of a Thirsty Tree 
Drought-stressed trees emit an ultrasonic yelp that may at
tract bark- and wood-boring insects. Robert Haack of the 
U.S. Department of Agriculture Forest Service in East 
Lansing, MI, has characterized the duration and strength 
of these signals using sound transducers attached to trees. 
He is now generating these same sounds and testing insect 
response to the ultrasonic pulses. 

The noise, first reported in 1983, occurs when water col
umns running up the tree snap apart. Because these col
umns are under tremendous tension, breaking the column 
generates a pulse with a frequency of > 20 kHz. The ultra
sonic sound has been recorded in hardwoods, such as apple 
and red maple; conifers, including Scotch pine and eastern 
hemlock; and even in corn. 

Haack, speaking at the Acoustical Society of America's 
meeting in Syracuse, NY, also pointed out that drought
stricken trees emit different volatile chemicals and have 
higher temperatures than normal. These factors may also 
aid insects looking for a drought-weakened tree. 
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Killer Bee Buu 
Also speaking at the Acoustical Society of America meet
ing, Howard Kerr and M. E. Buchanan of B-Tee, Inc., 
Maryville, TN, reported that sound signals can differenti
ate flying European bees from the more aggressive African
ized or "killer" bees. 

Because of taxonomical differences, European honeybees 
emit an acoustic power peak in the 21O-230-Hz range, 
whereas the Africanized bees produce a signature at 260-
280 Hz. The researchers found the signal difference after 
collecting time-averaged signals from bees in flight and 
using Fourier analysis to create power spectral density 
plots, which revealed the acoustic variation. 

B-Tec has applied for a patent based on the finding. The 
firm will use the sound difference to market a field instru
ment called "Buzz Buster" for screening Africanized bees. 

Chip off the Old Prism 
What may be the world's smallest optical prism has been 
unveiled by physicists Robert Gallawa of the National In
stitute of Standards and Technology laboratories in Boul
der, CO, and Zongjian Sun, visiting scientist from Tongji 
University in Shanghai, China. Measuring less than 125 I'm 
on a side, this microprism (shown next to a 125-l'm optical 
fiber) is barely visihle to the naked eye. 

According to Ga\lawa, the prism was carved from optical 
glass in a "hrute force approach" requiring approximately 
16 h of constant grinding. Microprisms such as these could 
be used as measuring tools to determine the light propaga
tion characteristics of fiber optics that relate to the mater
ial's ability to carry information. In addition, these prisms 
might someday find a role in miniaturized optical circuits. 

j'lt was a demonstration that has served its purpose, ') 
Gallawa explained. "It is one of those things that is moti
vated by curiosity, and when finished you are amazed." 

For Your Information 
The International Union of Pure and Applied Chemis
try (IUPAC) Analytical Chemistry Division has formed 
a Committee on Environmental Analytical Chemistry. 
The committee's agenda ranges from problems in particle 
sampling to redox processes and eutrophication. For more 
information, contact Jacques Buffle, Department of Inor
ganic, Analytical, and Applied Chemistry, Sciences II, 30 
quai E. Ansermet, 1211 Geneve 4, Switzerland. 



Get realistic about 
solid waste analysis 

Satisfy SW846 QA/QC 
requirements with the first 
commercial reference 
samples derived from 
real-world hazardous waste 
Valid results are critical in analy
zing solid waste. Obtain certified 
confidence with Fisher Scientific's 
Solid Waste Reference Samples 
(SWRS). SWRS are produced 
from actual industrial waste 
streams-homogenized, analyzed 
and packaged. They are not spiked. 
Their matrices and analytes 
parallel the analytical samples 
you receive from clients. 

FisherChemical o Fisher Scientific 
Excellence in Serving Science .. .since 1902 
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Real-world SWRS 
let you evaluate how 
well your lab handles 
difficult analyses. You can com
pare your results to an inter
laboratory reference value 
reliable at the 95% confidence 
level, assuring the accuracy 
of your oAloe 
methods. For 
details on our new 
SWRS, contact your 
Representative or circle the 
Reader Service number below. 

Expect more from FisherChemical 



Waters Adds a New Dimension to 
Gas Chromatography 
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Waters GC 
Series Takes Beyond 
Conventional Performance. 

Wafers Dimension I GC 

Integrated diagnostics. 
Built-in ability to monitor fuel, 
oxidmt, and detector gases saves 
precious time. 

Increased 
Direct autosampler transfer 
between independently heated 
injectors increases throughput. 
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Waters Dimension /I GC 

Mouse driven software. 
Advanced multi-tasking Maxima 
software provides easy mouse 
driven operation and Powerline 
system control of either LC or GC 
systems. 

Convenient 
column 
accessibility. 
A large dual 
column oven with 
independent side
by-side access 
lets you change 
columns swiftly. 

Detection versatility. 
A complete line of high perfor
mance GC detectors provides un
matched versatility. Choose from 
flame ionization, flame photometric, 
Ni63 electron capture, electrolytic 
conductivity, photoionization, 
nitrogen/phosphorous, discharge 
ionization and thermal condudivity 
detection. 
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Unique sample cleanup. 
Waters MilliLab Workstation couples 
automated 
sample cleanup 
and pre para
+ion with GC 
analytical power. 
Automate a 
wide variety of 
repetitive tasks 
while feeding 
autosampler carousels compleTely 
unattended. 

Only a Wate's Dimension I or II 
GC System can give you all of 
these performance options, plus 
the industry's most reputable 
support program. 

CaII1-800-456-WDGC for the 
Waters representative in your area. 

Division of MILLIPORE 

© Millipore Corporatro:l 1989 
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Electrochemical Events 
Richard L. McCreery 
Department of Chemistry 
The Ohio State University 
Columbus, OH 43210 

Richard T. Packard 
E. I. du Pont de Nemours and Co. 
Deepwater, NJ 08023 

Most electrochemical phenomena and 
techniques are based on electron trans
fer between a conductor and a redox 
system, usually dissolved in a solution, 
Electrosynthetic processes such as 
metals production, electroplating, elec
troanalysis, and electrochemical ener
gy conversion account annually for 
more than $30 billion worth of prod
ucts (~l% of the U.S. GNP) and con
tribute to a range of industries worth 
much more (1). All of these processes 
rely on the direct interconversion of 
electrical current and chemical energy 
in the form of a redox system. 

For problems in analytical chemis
try, the heterogeneous electron trans
fer phenomenon results in certain im
portant consequences (2). First, elec
troanalytical measurements can be 
extremely sensitive, with measurable 
currents corresponding to minute 
amounts of analyte. For example, easi
ly measured currents of 1O~ 12 amp 
equal 1O~ 17 mol! s of a one-electron re
dox system, and state-of-the-art tech
niques are approaching detection lim
its corresponding to single redox 
events. Even small currents can be 
measured with high precision and ac
curacy, resulting in electroanalytical 
techniques with similarly high quanti
tative accuracy. 

A second consequence of particular 
relevance to this article is the continu
ously tunable driving force available 
for electron transfer, in the form of the 
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electrode potential. Variations in po
tential correspond to changes in elec
tron energy, and the free-energy 
change associated with a redox reaction 
can therefore be controlled. The elec
trode behaves like a tunable redox re
agent that can be made, at will, as oxi
dizing as fluorine or as reducing as lith
ium. The ability to impose extreme 
redox potentials is the reason that alu
minum, alkali metals, fluorine, chlo
rine, and so forth are produced electro
chemically. Furthermore, changes in 
electrochemical driving force can be 
executed rapidly (i.e., electrode poten
tial changes can be made on a submi
crosecond time scale). An analogous 

it may undergo homogeneous reactions 
to form new products, some of which 
may themselves be electroactive. 

Various electrochemical methods 
have long been used to monitor such 
electroinitiated reactions. This is usu
ally done by monitoring the perturba
tion of the observed current caused by 
the homogeneous reaction (3, 4). An ex
ample of the ECE mechanism, in which 
a homogeneous chemical reaction oc
curs between two heterogeneous elec
tron transfer reactions, is shown in Fig
ure 1 and involves the oxidation of the 
neurotransmitter dopamine in HBr so
lution (5~7). The additional current re
sulting from the reaction in Equation 3 

INSTRUMENTATION 

approach is stopped-flow kinetics, ex
cept the time scale is longer (~millisec
onds) and one is constrained to redox 
potentials available with known chemi
cal reagents. 

Electrochemical initiation of a 
reaction in solution 

Consider an electrode immersed in a 
solution containing the stable, reduced 
form of a redox couple, denoted Red. If 
the applied potential, E app, is negative 
relative to the standard potential, EO, 
for the redox system, electrons are 
more stable in Red than in the elec
trode, and no current flows. If Eapp is 
changed to a value that is positive rela
tive to EO (rapidly if desired), electrons 
will be more stable in the now positive 
electrode, and heterogeneous electron 
transfer will occur from Red to the elec
trode, thereby generating the oxidized 
form, Ox. If Ox is unstable in solution, 

is directly related to the rate constant, 
k,. Not only has the electrode reaction 
(Equation 1) provided a convenient 
means to produce the reactive ortho
quinone, it has done so on a fast time 
scale, submilliseconds if necessary. Be
cause the whole process occurs within 
the diffusion layer, extremely small 
amounts of dopamine are consumed 
(~30 ng for typical conditions and a 1-s 
experiment). 

The excellent time resolution and 
tunable driving force inherent in elec
trochemical generation of reactive spe
cies have resulted in widespread appli
cation. However, electrochemical mon
itoring of the homogeneous reaction, 
usually via the current, has two draw
backs. First, current measurements are 
rather nonselective compared with 
analogous spectroscopic observations, 
leading to difficulties with complex re
action sequences. For some mecha-
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Figure 1. Reaction mechanism for the oxidation of dopamine, H3DA, in 1 M HBr 
solution. 
kc is the pseudo first-order rate constant for HBr addition; Keq is the equilibrium constant for the redox 
cross reaction in Equation 4. HDOQ = dopamine orthoquinone, H2DABr = 6-bromodopamine, DOQBr = 
6-bromodopamine orthoquinone. 

nisms, the homogeneous reaction does 
not perturb the current at all, making 
measurements of current uninforma
tive. A second problem is the paucity of 
structural information available from 
the current response. Although EO is 
sensitive to structure in many cases, 
there is no systematic procedure to de
duce structure from electrochemical 
currents or observed EO. Chemists who 
study homogeneous solutions are used 
to deducing structures from NMR 
spectroscopy, mass spectrometry, vi
brational spectroscopy, and the like, 
but electrochemists cannot obtain this 
type of structural information if they 
are constrained solely to electrochemi
cal measurements. 

Spectroelectrochemistry 
The desire for greater selectivity and 
molecular information led to the devel
opment of hybrids of spectroscopic and 
electrochemical techniques under the 
general label of spectroelectrochemis
try (SEC) (2,8-12). A common SEC 
experiment might involve reflection of 
a spectrophotometer beam off a planar 
electrode, thus permitting electro
chemical reactant generation and spec
troscopic monitoring. UV -vis absorp
tion techniques have been developed 
extensively and are characterized by 
excellent quantitative accuracy and 
time resolution in both transmission 
and reflection modes. Although UV
vis techniques have been applied to 
many problems with valuable results, 

they are still constrained by the nature 
of the spectroscopic transition. Vibra
tional spectroscopy, magnetic reso
nance, or other techniques commonly 
used to probe homogeneous reactions 
provide structural information that 
UV -vis absorption does not. Further
more, electronic absorption spectra of 
solution species have very broad 
linewidths, often making it difficult to 
monitor several species in a possibly 
complex reaction path. 

Thus the driving force for developing 
vibrational spectroscopy of electrode 
reactions is the need for high-resolu
tion, narrow-linewidth spectra to im
prove selectivity and provide structur
al information. Given that electro
chemistry permits easy generation of a 
reactive species by a charge transfer 
reaction, vibrational spectroscopy is an 
informative means to monitor the fate 
of an electrogenerated materiaL Spe
cifically, the spectroscopic probe must 
• provide information about molecular 

structure, 
• have sufficient resolution to permit 

selective monitoring of more than 
one species, 

• have time resolution comparable to 
or better than the electrode process 
that generates the reactive species 
(spectral information must be ob
tained on a rapid time scale, to ex
ploit the advantages of electrochemi
cal generation), and 

• possess sufficient sensitivity to de
tect and monitor the very small 
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amounts of material in the electro
chemical diffusion layer. 
The majority oftechniques common

ly used for structure determination, 
such as NMR spectroscopy, MS, 
EXAFS, and so forth, lack either the 
sensitivity or the time resolution re
quired for SEC applications. Recall 
that the amount of material generated 
in a typical diffusion layer is small, on 
the order of lO-10 mol/cm2 for a 1-ms 
experiment. In the case of FT -IR re
flectance, the required sensitivity is 
available with sufficient signal averag
ing, but it is difficult to mate the in
strumental requirements of an FT in
strument with the transient nature of 
electrochemical reactant generation. 

Raman spectroscopy 

Starting in the mid-1970s, Van Duyne 
reported the use of resonance Raman 
spectroscopy for SEC applications (13-
15). Raman spectroscopy involves scat
tering of incident light from a laser 
beam (hvo) reflected from the elec
trode. The vast majority oflaser light is 
scattered without a change in frequen
cy and carries little chemical informa
tion. Such Rayleigh scattering is re
sponsible for the blue sky, because it is 
more efficient at shorter wavelengths. 
Raman scattered light has lost energy 
to the sample molecule through vibra
tional excitation and is shifted in ener
gy from the input laserlight by a vibra
tional quantum (hv,). If the incident 
light wavelength is close to an electron
ic absorption band of the sample mole
cule, the scattering is more intense (by 
factors of 10-106) and the process is 
called resonance Raman scattering. 

Being a vibrational spectroscopy, 
Raman produces high-resolution spec
tra with significant structural informa
tion. Because there are usually many 
Raman lines, comparisons to known 
spectra may allow structure identifica
tion in "fingerprint" mode. Changes in 
normal modes or bond strengths may 
be inferred from changes in the Raman 
spectrum accompanying a redox reac
tion. Raman peaks are narrow com
pared with UV -vis absorptions, so it 
may be possible to selectively monitor 
one component in a reaction sequence. 
For the case of resonance Raman, one 
species may have a much higher scat
tering cross section than others, thus 
enhancing its Raman spectrum. With 
suitable choice of input laser wave
length, the enhanced species may be 
monitored with high sensitivity and se
lectivity. Several aspects of resonance 
enhancement will be discussed later. 

To exploit the significant advantages 
in selectivity and information content 
of Raman SEC over UV -vis SEC, the 
instrumentation must address a funda-
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mental issue regarding sensitivity. Ra
man scattering is a weak effect, and 
cross sections are much lower than 
those common to UV -vis absorption. 
Consider the experiment depicted in 
Figure 2, in which a laser beam reflects 
off the electrode surface and the Ra
man scattering is collected normal to 
the electrode plane. Given the small 
amount of scatterer generated by a 
transient electrochemical experiment, 
instrument sensitivity is crucial to suc
cessful acquisition of spectra. 

The usual case of a species generated 
at a diffusion-controlled rate by a po
tential step is depicted in Figure 3. Al
though the current exhibits a transient 
response with a t-1/2 decay, the Raman 
scattering results from the integrated 
concentration of electrogenerated scat
terers in the laser beam. For a stable 
species, this integral is proportional to 
t1l2, yielding a parabolic shape of Ra
man intensity versus time (13, 16, 17). 
The predicted Raman signal is given by 
Equation 5 

S = 4P (3Nh(Dt)1/2A QTQ (5) 
o D 'Jr 3/2a2 

where S = Raman signal, counts S-I 
Po = incident laser power, pho

tons S-I 
fl = differential Raman scatter

ing cross section, cm2 sr-1 

molecule-I (often denoted 
do/dQ); sr indicates stera
dian, unit of solid angle 

Nt = bulk number density of 
starting material (Red in 
the discussion so far), mole
cules cm-3 

D = diffusion coefficient of Red, 
cm2 8-1 

t = time from beginning of dif
fusion-controlled oxidation, 
s 

Q = collection efficiency of spec
trometer and collection op
tics, sr 

T = spectrometer and optics 
transmission, unitless 

Q = detector quantum yield, 
counts photon-I 

AD = electrode area sampled by 
the spectrometer, cm2 

a = laser beam radius at elec
trode, em 

Equation 5 assumes the laser spot on 
the electrode overfills the spectrometer 
and detector. The many variables in 
Equation 5 can be classified into four 
subgroups. First, the laser power Po is 
limited by the laser employed and the 
damage threshold of the electrode sur
face or the diffusion layer. Second, the 
cross section fl varies greatly (at least a 
factor of 106) for different molecules 
and ultimately controls signal-to-noise 

Diffusion 
layer 

-----", ~ 

Electrode 

hv, 

hvp 

Collection OPtics.] 

Raman 

scattering 

Input laser beam 

Figure 2. Geometry of typical Raman SEC experiment for monitoring solution spe
cies generated at a planar electrode. 
Incident beam (hvo) enters the cell and reflects off the electrode, and scattered light is collected normal to 
the electrode surface. The electrochemical diffusion layer, which is typically 1-100.um thick, contains a 
solution scatterer. 
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Figure 3. Electrochemical generation of a Raman scatterer by oxidation of a stable 
reduced material. 
(a) Potential, (b) current, and (c) Raman scattering waveforms. 
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(SIN) ratio and sensitivity. Third, the 
product Nb(Dtl'/2AD equals the num
ber of electrogenerated molecules ob
served by the spectrometer. As the dif
fusion layer thickens with time, this 
quantity increases with t 1l2, yielding 
the parabolic response of Raman signal 
versus time. Fourth, the product 'JTQI 
,,3/2a2 is an indication of the spectrome
ter's performance and permits compar
ison of different instruments. 

Several conclusions relevant to the 
problem of detecting electrogenerated 
species can be drawn from Equation 5. 
First, a high f3 permits the observation 
of low concentrations or short-lived 
species. As f3 decreases, the experimen
tal time scale or the concentration will 
have to increase to maintain the same 
signal. Second, improvements in the 
instrument ('JTQ) will permit experi
ments on weaker scatters, shorter 
times, or lower concentrations. Third, 
the ability to monitor a larger AD is 
important, particularly for SEC appli
cations. Surface damage or thermal 
disturbance of the diffusion layer lim
its the acceptable power density, so a 
larger AD yields a larger signal before 
the damage threshold is reached. Fi
nally, spectral monitoring of normal 
Raman scatterers will be much more 
difficult than observing resonance Ra
man scatterers because of the 10-106-

fold difference in f3. 
As with any spectroscopic method, 

the quality of the spectra and detection 
limits are determined by SIN ratio, not 
just signal. Noise sources include shot 
noise from both sample and back
ground scattering, detector dark noise, 
and detector readout noise. In most 
cases, the background scatter from an 
electrochemical solution is large com-

pared with detector shot or readout 
noise. In this limiting but often valid 
case, the SIN ratio is proportional to 
the square root of the signal given in 
Equation 5. If a multichannel detector 
having N channels is employed (as de
scribed below), a factor of N1I2 is added 
to the SIN ratio expression. After re
ducing the SIN ratio equation to in
clude only terms involving the spec
trometer and detector, Equation 6 is 
obtained 

SIN = K(ADTQN)'/2 (6) 

for the case of a photon shot noise lim
ited experiment and a fixed total mea
surement time (18). K is a constant, 
derived from concentration, laser pow
er, and other factors and is related to 
Raman scattering intensity. The N'/2 
enhancement in SIN ratio is predicted 
for multichannel Raman detectors and 
will be beneficial under certain condi
tions, as discussed below. 

Instrumentation 
Now that the variables of Raman SEC 
have been defined, the instrument nec
essary to obtain spectral information 
about electrogenerated species, as well 
as two data acquisition modes, can be 
described. First, it is usually desirable 
to obtain complete spectra after elec
trolysis begins (preferably time re
solved) to produce a 3D data set of Ra
man intensity versus Raman shift and 
versus time. Such data will reveal vi
brational spectral changes following 
electrochemical generation and will 
provide the most structural informa
tion. Once time-dependent spectral 
changes are observed, it is often desir
able to conduct fixed-wavelength ex
periments in which a particular Raman 

Figure 4. Block diagram of scanning Raman spectrometer. 
PMT is a single-photon photomultiplier tube. Working, reference, and auxiliary electrodes (W, R, and A, 
respectively) are immersed in the solution of interest. 
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peak intensity is monitored as a func
tion of time. 

The first Raman SEC experiments 
employed an instrument similar to that 
in Figure 4 (14, 16). In addition to the 
considerations of designing a Raman 
spectrometer, the cell design and optics 
are crucial to assure that the region 
sampled by the spectrometer coincides 
optically with the electrode surface and 
diffusion layer. The first reported Ra
man SEC experiments were conducted 
at steady state, with a square wave po
tential perturbation (14, 19). Eapp was 
oscillated between values above and 
below EO, thus establishing a concen
tration of electrogenerated products. 
In this condition the Raman spectrom
eter could be scanned slowly relative to 
the potential perturbation frequency, 
producing a spectrum of intensity ver
sus Raman shift 

As far as the spectrometer is con
cerned, the experiment is conventional, 
whereas in fact the advantages of elec
trochemical generation are being ex
ploited to produce a possibly reactive 
sample. Because ofthe steady-state na
ture of sample production, the steady
state scatterer concentration will de
crease for shorter lived species, thus 
degrading the SIN ratio. For this rea
son and because of certain instrumen
tal factors, the initial experiments ex
amined resonance-enhanced scatterers 
with relatively large cross sections. For 
stable electrogeneratad products, this 
relatively simple, static acquisition 
mode and related procedures proved 
particularly valuable for identifying 
molecular structures, and excellent ex
amples are available in the literature 
(14, 20, 21). A sample spectrum ob
tained in our lab with this acquisition 
mode appears in Figure 5. 

To obtain time-resolved spectra fol
lowing electrochemical generation, an 
important change in spectrometer de
sign is required. Not only is scanning 
impractical on a short time scale (a few 
seconds or less), but transient signals 
are weak as a result of the t '/2 factor of 
Equation 5, and high sensitivity is re
quired. Consider the apparatus of Fig
ure 4, after replacement of the photo
mUltiplier tube (PMT) with a multi
channel detector. The detector consists 
of many (500-1000) photosensitive ele
ments, each monitoring a different 
wavelength at the focal plane (22). The 
most important benefit of such a 
change in spectrometer design is the 
operation of the spectrometer as a 
spectrograph rather than a scanning 
monochromator. Instead of scanning 
wavelength (and Raman shift) across 
the exit slit, the dispersed spectrum is 
focused onto a multichannel detector 
at the focal plane. An intensified pho-



1000 1300 

Raman shift (em·') 

1600 

todiode array (IPDA) positioned at the 
focal plane can monitor 1000 wave· 
lengths simultaneously, in principle 
producing a complete spectrum in as 
little as 10 ns. Each channel of the 
IPDA is physically a 25 I'm X 2.5 mm 
rectangle and acts as a detector analo
gous to the PMT used for the scanning 
experiment. A range of wavelengths is 
monitored at all times, thus lengthen· 
ing the time monitored for each wave· 
length and providing SIN ratio en· 
hancement. The width of the spectrum 
typically monitored by our spectrome
ter is 600 cm-!. 

Figure 5. Resonance Raman spectrum of chlorpromazine cation radical (CPZ+·) gen
erated electrochemically in steady-state mode from reduced CPZ. 

Although the PMTs normally em
ployed for Raman spectroscopy oper
ate in a single-photon counting mode, 
an IPDA is inherently an integrating 
detector. Each element of the IPDA 
stores charge proportional to the inte
gral of the number of photons striking 
the element. At intervals of 10 ms or 
more, the stored charge from all pixels 
is read out, and the pixel is reset. With 
repetitive integration and readout, it is 
possible to generate a series of spectra, 
each of which represents Raman scat
tering during a lO-ms segment of time 
after electrogeneration begins. The se
quence of events for the on -the-fly ac-

Laser wavelength was 514.5 nm. CPZ is not resonance-enhanced and scatters too weakly to interfere 
with the CPZ+' spectrum ... denotes solvent peaks. (Adapted from Reference 16.) 
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quisition of a series of Raman spectra is 
shown in Figure 6, and a series of spec
tra obtained in this manner is shown in 
Figure 7. 

The 3D data set of Raman scattering 
versus Raman shift and time contains 
several types of information of signifi-

Eapp 

Raman 
intensity 

IPDA 
sample 

MCS 
trigger 

MCS 
channels 

N 

cant value for diagnosing the fate of 
electrogenerated species. The most ob
vious is the sensitivity of the spectra to 
structural changes evolving with time. 
Because certain Raman peaks corre
spond to particular normal modes of 
the intermediates of interest, changes 

t rest 

N 

Time 

Figure 6. Relationship between Eapp, Raman signal, and timing of detector electron
ics for time-resolved spectral acquisition and single-wavelength monitoring. 
The third waveform from the top shows sampling by the intensified photodiode array (IPDA) detector, 
wherein each readout produces a spectrum over some wavelength interval. The fourth waveform is the 
multichannel scaler (MCS) trigger, and the fifth trace shows which MCS channels are active after the 
trigger. 
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Figure 7. Time-resolved spectra obtained with a multichannel detector (third trace of 
Figure 6) during the oxidation of CPZ to CPZ+·. 
Each spectrum represents a 10-ms period after the beginning of the potential step. OMA denotes the 
multichannel detector. 
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in peak intensities with time reflect 
concentration versus time behavior 
and provide implications about reac
tion mechanism. An informative exam
ple is the oxidation of dopamine 
(H3DA) in the presence of HBr, shown 
in Figure S. H3DA is a relatively weak 
Raman scatterer, so the initial spec
trum (Figure Sa) shows no features in 
the 1300-1S00 cm-! region. After the 
initial spectrum was acquired, the elec
trode potential was stepped to a value 
that oxidized H3DA at a diffusion-con
trolled rate. Raman peaks at 1572 cm-! 
and 1672 cm-! appear rapidly and are 
assignable to the dopamine orthoquin
one (HDOQ). If HDOQ were stable 
(e.g., in HeI04), these peaks would 
grow with the t!/2 dependence expected 
from Equation 5. However, it is obvious 
that the 1572 cm-! band is weakening 
with time as a strong new band at 
1540 cm-! appears. At least two prod
ucts are formed, one an intermediate 
and the other a more stable product. 
Less obvious but similar changes also 
occur in the 1600-1750 cm-! range. 
These spectral changes have been as
signed to particular species in the reac
tion mechanism, and the mechanism of 
Figure 1 has been confirmed (17). 

The time-resolved spectra from the 
multichannel spectrometer provide 
valuable qualitative information about 
reactive systems, on a millisecond to 
several second time scale. In principle, 
one could construct quantitative inten
sity versus time transients for particu
lar peaks from the 3D data set, thus 
permitting quantitative kinetic analy
sis. In practice, better SIN ratio and 
time resolution are possible with a sin
gle-channel detector (PMT in this 
case), because the integrative nature of 
the IPDA and readout requirement are 
avoided. In single-wavelength mode, 
one is sacrificing the structural infor
mation available from complete spec
tra such as those of Figure S, but one is 
still exploiting the high resolution of 
Raman spectroscopy to monitor indi
vidual species. As an indication of the 
resolution and narrow linewidth of Ra
man features compared with UV-vis 
absorption spectra, consider the 1540 
cm-! and 1572 cm-! peaks in Figure S . 
These two features and the species to 
which they correspond are easily re
solved on the Raman spectrum, yet the 
difference in Raman shift expressed in 
wavelength is only 1 nm. The UV-vis 
spectra of the two quinones are severe
ly overlapped, and independent quan
titative monitoring of them would be 
difficult. 

The timing for single-wavelength 
transient Raman spectroelectrochem
istry is shown in the bottom two traces 
in Figure 6. With the exception of the 



counting electronics and potential 
waveform, the spectrometer is the 
same as the scanning system of Figure 
4. The spectrometer is set and held at 
the wavelength of interest (e.g., 1572 
em-I) for the H3DA oxidation. Photons 
detected by the PMT are counted, as 
they were for a scanning system, except 
the counts are stored in a multichannel 

1500 

scaler (MeS). The MeS consists of 
many (~lOOO) channels, each of which 
is assigned to a different time interval 
following a trigger. As a shown in Fig
ure 6, photon counts arriving after the 
trigger are stored in MeS channels, ac
cording to arrival time. The width of a 
channel varies from a microsecond up 
to several seconds. If the potential step 
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Figure 8. Time-resolved spectra of dopamine oxidation in 1 M HBr solution obtained 
with a multichannel spectrometer. 
Times after initiation of oxidation are (a) 0 ms, (b) 0-50 rns, (c) 100-150 ms, (d) 200-250 ms, and 
(e) 400-450 ms. Integration period was 50 rns; successive spectra are displaced upward for clarity. 
(Adapted from Reference 17.) 
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that initiates the electrochemical reac
tion is used as the trigger, the MeS will 
store the Raman intensity versus time 
at a given wavelength into the series of 
successive channels. Thus an intensity 
versus time transient is obtained at 
fixed wavelength, with time resolution 
equal to the MeS channel width. Sev
eral intensity versus time transients 
are shown in Figure 9 for the dopamine 
oxidation monitored at 1540 and 1572 
em-I. The lines were calculated for the 
reactions of Figure 1; details of the ap
proach appear elsewhere (17, 18). 

The sensitivity constraints of normal 
Raman SEe are more fundamental 
than merely instrumental limitations. 
Although instruments, cross sections, 
and laser powers vary greatly, a crude 
estimate of signal strength may be cal
culated from Equation 5. For the case 
of electrogenerated benzoquinone, a 
Raman signal of ~ 10kHz is predicted 
at Is after a potential step. At t = 1 ms, 
this value is 300 Hz, or 3 photons in a 
10-ms MeS channel. Even for ideal de
tectors and spectrometers (T = 1, It = 
large), the count rate might be in
creased by a factor of 10-100, but one 
would still be dealing with a few counts 
in each interval at short times. Signal 
averaging, digital filtering, and the like 
can be used to enhance SIN ratio, but 
eventually one is always limited by the 
weakness of Raman scattering. The 
performance of the instrument deter
mines how closely this fundamental 
limit is approached. 

As noted earlier, any increase in scat
tering cross section ((3 in Equation 5) 
results in improved SIN ratio or faster 
time resolution. Partly for this reason, 

0.5 

Time (8) 

o HDOO 
• DOOBr 

1.0 

Figure 9. Raman intensity versus time curves for double potential step experiment on the HsDA system. 
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Figure 10. Transient intensity of the 1126 cm-1 band of CPZ+' generated by potential pulses from 0.4 to 0.8 V versus SCE. 
The tranSient was recorded by a 1024 multichannel scaler with a dwell time of 30 p.s. Potential pulse duration was 1.5 ms before returning to 0.4 V and was re
peated every 30 ms to allow signal averaging for a total of 50,000 runs. Curve a shows raw data, and curve b is a plot of intensity versus t1/2 for the 1.5 ms dura
tion of the potential pulse. (Adapted from Reference 16.) 

resonance Raman SEC (RRSE) was 
developed before normal Raman SEC. 
Not only is {3 much higher (by factors of 
10-106), but the resonance enhance
ment permits improved selectivity, be
cause only one or a few components of a 
mixture will exhibit strong resonance 
enhancement. RRSE was presented 
initially in the mid-1970s (13), and mi
crosecond time resolution was demon
strated in the mid-1980s (16, 22). As 
shown in Figure 10, a resonance-en
hanced electrogenerated scatterer can 
be monitored quantitatively, and the 
expected t l/2 dependence at short elec
trolysis times is down to tens of micro
seconds. 

Unfortunately, strong resonance en
hancement occurs only near an absorp
tion band of the scatterer of interest, 
and the input laser power is necessarily 
attenuated as the beam passes through 
the diffusion layer. Because Equation 5 
assumes constant laser power (Po), any 
attenuation will lead to a negative devi
ation from a tl/2 dependence (17). This 
effect is shown in Figure 11 for the case 
of electrogenerated chlorpromazine 
cation radical (CPZ+·) monitored with 
a 515-nm laser. It is obvious that atten
uation is severe, at times greater than a 
few milliseconds, and quantitative de
ductions about kinetics or mechanisms 
would be invalid if attenuation were 
ignored. A nontrivial correction involv
ing some mathematical complexity can 
be made to extend the useful time scale 
of RRSE from 50 I's to 5 s, but this 
correction must be applied with care 
for any but the simplest systems (17, 
18). Thus RRSE pays significant bene
fits in sensitivity, time resolution, and 
selectivity, but at the cost of mathe
matical complexity and loss of quanti
tative accuracy. 

Electrode surface structure 

The discussion presented thus far has 
dealt with solution species generated 
electrochemically, which may be stable 
or reactive. A mOre difficult but equally 
important problem is the spectroscopic 
observation of electrode surface struc
ture and dynamics. Because heteroge
neous events are the basis of all electro
chemical phenomena, it is particularly 
important to probe the electrode/solu-

E 
o 

"" '" 

tion interface to determine its molecu
lar structure, both statically and dy
namically. To determine the relation
ship between interfacial structure and 
electrochemical behavior, it is essential 
for researchers to have informative 
structural probes. 

As has already been noted, Raman 
spectroscopy can provide such infor
mation on a millisecond time scale for 
electrogenerated species in solution. 
Unfortunately, the sensitivity problem 

................................................................................. 
.. 

0.0 1.0 2.0 3.0 4.0 5.0 

Time (s) 

Figure 11. Transient Raman intensity of the 1126 cm- 1 band of CPZ+' generated by 
potential pulses from 0.2 to 0.85 V versus Ag/ AgCI. 
The solid line is the simulated result assuming no input light absorption by CPZ+·. Points are the experi
mental values. CPZ concentration was 5 mM in 1.0 M HCI in 43% (w/w) MeOH/H20.lnput laser beam 
was 20 mWat 458 nm. Ten transients were averaged; spectral resolution was 7 cm- 1. (Adapted from 
Reference 17.) 
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becomes even more severe for thin lay
ers (perhaps submonolayer) of species 
on the electrode surface. For the case of 
an adsorbed layer of analyte or the in
terfaciallayers of the electrode materi
al. Equation 5 can be modified to pro
duce Equation 7 (16,23,24) 

_ Po (3N,u,f QTQAD COS" ( ) 
Ssmf - 7ra2 7 

where Ssurf = Raman signal from sur
face species, counts 8-1 

Nsurf = surface number density, 
molecules cm-2 

a = incident beam angle, rel-
ative to surface normal 

Neu,f need not be restricted to a mono
layer case; for multilayer film or finite 
laser penetration depth into the elec
trode material, N,ucf will equal the total 
density of molecules sampled by the 
laser beam and spectrometer. 

An important difference between the 
surface and solution experiments is ap
parent after comparing Equations 5 
and 7. is not time-dependent, be-
cause number of scattering mole-
cules on the surface does not usually 
increase with diffusional time. All else 
being equal, a monolayer of a normal 
Raman scatterer will result in an Ssurf 

roughly comparable to solution scat
terer generated by a l-ms potential 
step. Thus the surface signal is very 
small because so few molecules are 
sampled (~10-13 mol) and the Raman 
effect is so weak. For a normal scatterer 
with no enhancement mechanisms, a 
monolayer will produce a few counts 
per second of signal, and the experi
ment is very demanding. The conse
quence of this weak signal has been in
vestigation of a variety of enhancement 
mechanisms and a comparative dearth 
of surface dynamic experiments. 

The current state of the art in instru
mentation has resulted in examples of 
unenhanced surface Raman spectra in 
an ultra-high-vacuum environment 
(24). However, the vast majority of sur
face Raman results have exploited sur
face enhancement (SERS), which pri
marily involves an increase in Po of 
Equation 7. Local electromagnetic ef
fects on certain roughened electrode 
materials (e.g., Ag, Au, eu) enhance the 
Raman signal by factors of up to 106 

and make detection and spectral char
acterization of even submonolayers 
straightforward (23-26). (SERS was 
the subject of a recent A-page article 
[27J and will not be discussed exten
sively here.) Surface enhancement may 
also involve an increase in (3 through 

chemical interactions of the adsorbate 
and metal. SERS has proven to be a 

very valuable technique for examining 
Ag, and eu electrodes in vacuum, 
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solution, and so forth and has revealed 
significant new information about elec
trochemical interfaces. 

Less explored but still valuable ap
proaches include surface resonance Ra
man spectroscopy (SRRS), which ex
ploits the high {3 of adsorbed RR mole
cules to enhance the signal, and surface 
enhanced RRS (SERRS), which com
bines resonance and surface enhance
ment (13, 28). SERS, SRRS, and 
SERRS can exhibit strong signals that 
are easily measured, but SERS and 
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SERRS have the added advantage of 
providing surface selectivity. Because 
both local field and cross section en
hancements are short-range «~100 A), 
surface scattering will be much stron
ger than that from species in solution. 
In the absence of surface selectivity by 
the enhancement mechanism or instru
ment, it is important that the scatterer 
be present only on the electrode sur
face. The high sensitivity and surface 
selectivity of SERS have stimulated a 
large volume of important research, di-
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Figure 12. Raman spectra of carbon materials obtained with spectrometer of 
Figure 4, scanned in a conventional manner. 
Laser (515 nm) was reflected off carbon surface as shown in Figure 2, but solution was absent. 
Spectrum a, HOPG (basal plane); spectrum b, glassy carbon. 
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rected primarily toward elucidating 
the SERS enhancement mechanism 
and determining interfacial structure. 
Relatively few reports have appeared 
on applications of SERS to surface dy
namics. There is no known fundamen
tal reason that SERS should not be 
valuable for monitoring time-depen
dent surface structure, but such appli
cations have not yet been pursued in 
significant numbers. The vast litera
ture on SERS mechanisms and appli
cations is beyond the scope of this dis
cussion. 

As an example of Raman monitoring 
of surface structural dynamics, we will 
discuss some work from our lab on 
carbon electrodes (29,30). sp' hybrid
ized car bon materials have large Ra
man cross sections, and their vibration
al spectra provide useful information 
about microstructure. For example, the 
spectrum of highly ordered pyrolytic 
graphite (HOPG) differs greatly from 
glassy carbon (Figure 12), because the 
intensity of the 1360 cm-I band is 
strongly dependent on microcrystsllite 
size. As the size of the graphite layers 
increases, the 1360:1582 cm-I intensity 
ratio decreases, providing a quantita
tive measure of average microcrystal
lite size. Thus the Raman spectrum is 
an excellent probe of the carbon micro
structure in the first few carbon layers 
at the surface. If the microstructure 
changes as a result of surface treatment 
or reactions, the Raman spectrum 
should reveal the nature of such 
changes. 

The effect of an electrochemical oxi
dation-reduction cycle on HOPG sur
faces is shown in Figure 13 (18). After 
2 min at 1.60 V followed by reduction at 
0.00 V, the spectrum is unchanged 
from the original HOPG spectrum. 
Upon oxidation at higher potentials, 
two new peaks appear at 1360 and 1620 
em-I. These peaks grow with time, at a 
more rapid rate at higher potentials. As 
has been discussed in detail elsewhere 
(29, 30), the 1360 cm-I band arises 
from the edges of graphitic carbon 
planes and indicates the fracturing of 
the hexagonal lattice during electro
chemical oxidation. The 1620 cm-I 

band has been observed in intercala
tion compounds of graphite and indi
cates delamination of the stscked hex
agonal planes. 

As shown in Figure 14, the intensities 
of the 1360 and 1620 em -I bands vary 
in different directions during inten
tionallaser heating, verifying the con
clusion that they arise from distinct 
structural features of the sample. Note 
that each spectrum in Figure 14 was 
obtained in 10 s, permitting time-de
pendent changes of the surface to be 
observed. With a conventional scan-



ning system requiring at least a few 
minutes to obtain a spectrum, much of 
the important information would have 
been missed. In this example, the fun
damental conclusion available from 
Raman spectroscopy was the correla
tion between the heterogeneous elec
tron transfer rate observed electro
chemically and the edge plane density 
deduced from the Raman spectra. In 
addition, the Raman spectra of various 
types of carbon provided a basis for 
determining microstructural effects on 
electron transfer activity and for pre
dicting electrochemical properties. 

Future developments 

Further progress in Raman SEC in
strumentation is likely to involve radi
cal rather than evolutionary steps. Pos
sible areas for improvement include 
spectrometer design, increases in scat
tering for a given analyte, and opera
tion at different laser wavelengths. 
Further evolution of spectrometer de
sign will be slow because of the funda
mental limitations on improvement of 
the common dispersive design. There is 
headroom for increased performance in 
detector quantum yield, number of 
channels, and ADQ product, but it does 
not appear that major improvements 
are forthcoming. In our opinion, it is 
hard to anticipate large performance 
gains with multichannel dispersive 
spectrometers applied to solution
phase experiments with moderate to 
high background. As shown by exam
ples herein, such spectrometers can be 
useful in many areas of science but they 
may have reached their limit in instru
mental performance for SEC applica
tions. 

A radical change in spectrometer de
sign is the interferometer approach 
that has become known as FT-Raman 
(31-33). Interferometers have excel
lent wavelength accuracy and spectral 
coverage. Of fundamental importance 
is their potentially high ADQ product 
resulting from the absence of slits. In 
principle, FT instruments can sample a 
large area of an electrode or diffusion 
layer, allowing experiments at low radi
ation density. Because sample damage 
is the ultimate limit on laser power 
density, a high sampled area may be 
attractive. Unfortunately, FT instru
ments do not provide a SIN ratio ad
vantage over scanning instruments 
when detection is shot noise limited, as 
is the case in the visible wavelength 
region. Thus current FT systems do 
not outperform dispersive instruments 
with regard to sensitivity and are not 
easily amenable to time-resolved ex
periments. Perhaps for these reasons, 
FT -Raman has not yet been applied to 
dynamic experiments with visible la-

sers. Given the fundamental advantage 
of the high ADQ product, however, the 
future use of FT -Raman in the visible 
wavelength region should not be ruled 
out. FT-Raman has been reported in 
the near-IR, as noted below. 

We discussed earlier the use of reso
nance Raman and SERS to greatly in-
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crease the Raman scattering of sample 
molecules, to the point where monolay
er or nanomolar detection limits are 
not difficult. These effects will be par
ticularly valuable for examining the 
systems to which they apply. A promis
ing possibility is the modification of 
SERS-active metals with overlayers of 
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Figure 13. Raman spectra of HOPG oxidized in 0.1 M KN03 at various potentials and 
monitored with a multichannel spectrometer. 
(Adapted from Reference 18.) 
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Figure 14. Time-resolved spectra of electrochemically pretreated HOPG undergoing 
changes caused by laser irradiation. 
Note that the 1360 cm- 1 peak increases and the 1620 cm- 1 peak decreases with laser exposure. 
(Adapted from Reference lB.) 

ANALYTICAL CHEMISTRY, VOL 61, NO. 13, JULY 1, 1989 • 787 A 



INS'TRUMENTAT/ON 

SERS-inactive metals, thus permitting 
the study of adsorption and other phe
nomena on surfaces not normally ame
nable to SERS (34). The outstanding 
detection limits of SERS and, in many 
cases, resonance Raman will continue 
to provide driving force for future ap
plications, and the number of surfaces 
or solution systems is likely to broaden. 

In addition to FT spectrometers and 
continued exploitation of scattering 
enhancement, future developments of 
Raman SEC may include the use of a 
wider range of lasers. Both pulsed and 
quasi-CW ultraviolet lasers have been 
used for SERS, leading to the first ob
servation of the hyper-Raman effect on 
surfaces. Because both IR and normal 
Raman vibrations are active for hyper
Raman, more structural information is 
available (35). Even when nonlinear ef
fects such as hyper-Raman are not in
volved, UV lasers should result in a sig
nificant enhancement in cross section 
because of the v' factor. For example, 
the cross section of a normal Raman 
scatterer will increase by a factor of 21 
when the laser wavelength is decreased 
from 515 to 240 nm. This factor may be 
much larger if resonance enhancement 
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Whether your projects involve environ~ 
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troscopy applications. a Galileo detector 
will speed sample identification while pro
viding accurate and precise analysis. 

occurs in the UV, as will be the case for 
most aromatic molecules. Depending 
on background noise, the S/"! ratio 
may increase linearly with cross sec
tion, thus permitting faster experi
ments or lower concentrations. Raman 
SEC in the UV is currently far from 
routine, but developments in laser 
technology should continue to reduce 
the difficulty of such experiments. 

Another current development with 
possible future importance involves 
operation in the near-IR rather than 
the UV. Because of the same v4 factor, 
one loses significant sensitivity in the 
near-IR, but certain compensating as
pects of the near-IR experiment make 
it useful. A wide range of solution or 
surface scatterers, or impurities in 
them, fluoresce weakly when irradiated 
with intense laser light. Even weak flu
orescence can overwhelm still weaker 
Raman scattering, and the vibrational 
information is lost. Several laborato
ries have reported that near-IR Raman 
with 1064-nm excitation by a Nd:YAG 
laser exhibits little or no fluorescence 
(31-33), because electronic transitions 
required for fluorescence emission are 
rarely excited by 1064-nm photons. 

When research projects require frequent 
sample analysis over a long period of time, 
you'lI want the latest and best technology 
backing you up. Galileoistheinnovatorin 
analytical instrument detectors. If you de
mand high performance and are con
cerned about down time. rapid analysis. 
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This feature has been exploited for 
SERS by combining a Nd:YAG laser 
with a modified FT -IR interferometer 
(36, 37). The background fluorescence 
common with SERS in the visible was 
suppressed, and high-quality spectra 
were obtained. Unfortunately, the fluo
rescence rejection came at the cost of 
decreased sensitivity, not only because 
of the v4 factor but also because of the 
poor noise characteristics of near-IR 
detectors. With current technology, 
Raman with 1064-nm lasers is unlikely 
to approach the sensitivity available 
with visible excitation, but it will be 
applicable to strong scattering where 
fluorescence is a problem or there is 
some other reason to use 1064-nm light. 

Recent developments may provide 
an alternative approach that permits 
near-IR laser operation while retaining 
the sensitivity of dispersive/multi
channel spectrometers. Current 
charge-coupled device (CCD) array de
tectors have reasonable quantum effi
ciency at wavelengths up to 1100 nm, 
thus permitting laser excitation in the 
600-850 nm range. For example, a di
ode laser operating at 783 nm (38), or a 
He-Ne laser at 632.8 nm (39) was used 
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instruments have Galileo scientific detectors. 
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with a CCD array to produce Raman 
spectra with good SIN ratios. Although 
the fluorescence rejection at 783 nm or 
633 nm will not be as good as at 1064 
nm, a large gain in sensitivity relative 
to 1064-nm excitation results from the 
characteristics of the detector. In gen
eral, detection limits degrade with in
creasing laser wavelength, and a sharp 
loss of SIN ratio occurs when shot noise 
limited detection is no longer possible. 
In contrast, fluorescence (and photo
lytic damage) becomes less likely with 
increasing wavelength. Thus the user 
faces a trade-off between sensitivity 
and fluorescence rejection, with the 
choice depending on the application. 

The work described here was supported by the 
Chemical Analysis Section of the National Science 
Foundation. 
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weights; and empirical formulae. Spectra 
are arranged by ascending molecular weight, 
elemental composition, and type of com
pound. Indexed by substance name, mo
lecular formula and CAS Registry number. 
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MULTIELEMENT DETECTION 
SYSTEMS FOR 
SPECTROCHEMICAL ANALYSIS 
K.A. Busch and M.A. Busch 
Introduces multichannel detection systems as 
they relate to multielement spectrochemical 
analysis. Emphasizes the fundamentals of 

multichannel detection, which in-
CH Me, eludes not only the building blocks 

necessary for understanding spectroscopic in
strumentation such as diffraction anq interfer
ence, but also discusses modern image detec
tors. This monograph bridges the gap be

tween the disciplines of physics and engineer
ing. 

288 pp. 0-471-63707 -6 1989 $69.95 750 pp. 0-471·S1974-3 8/89 $75.00 (tenl.) 

CIRCLE 177 ON READER SERVICE CARD 
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DETERMINATION OF 
MOLECULAR WEIGHT 
A.R. Cooper 
This volume examines the methods available 
for determination of molecular weight. Re
views the status of older methods and the 
theory and applications of newer methods. 

544 pp. 0-471-05893-9 1989 595.00 

INSTRUMENTAL EFFECTS IN 
HOMODYNE ELECTRON 
PARAMAGNETIC RESONANCE 
SPECTROMETERS 
R. Czoch and A. Francik 
Describes the mechanisms of systematic in
strumental distortions and suggests methods 
for their elimination. Analyzes the distortions 
caused by an influence of the sample under 
resonance conditions on the spectrometer. 
Discusses practical procedures of setting in
strumental parameters required. for undistorted 

recording of an unknown spectra, as well as 
testing methods enabling users to estimate the 
actual state of their spectrometers. 

208 pp. 0-470-20897-X 1989 $59.95 

SELECTIVITY AND 
DETECT ABILITY 
OPTIMIZATIONS IN HPLC 
S. Ahuja 
A how-to book describing state-of-the-art 
techniques relative to the optimization of se

lection and detection in HPLC. Contains a 
chapter on physiochemical basis of retention. 

624 pp. 0-471-62645 -7 1989 

Order through your bookseller 
or write to: 

585.00 

C. Miske, Dept 092, Order 0-0196 
FOR FREE IS-DAY EXAM 

(() CALL TOLL-FREE 

1-800-526-5368 

~WILEY 
John Wiley & Sons, Inc. 

605 Third Avenue 
New York, NY 10158 

Prices subject to change and higher outsIde the U.S. 



Conferences 
• Annual Meeting of the American 
Electrophoresis Society. July 6-11. 
Washington, DC. Contact: Electropho· 
resis Society, Box 6182, Station B, 
Vanderbilt University, Nashville, TN 
37235 (615-327-7070) 
• Meeting of the American Associ
ation for Clinical Chemistry. July 
23-27. Atlanta, GA. Contact: AACC, 
2029 K St., N. W., Washington, DC 
20006 
• 2nd International Conference on 
Chemical Kinetics. July 23-27. 
Gaithersburg, MD. Contact: John Her
ron, A147 Chemistry Bldg., National 
Institute of Standards and Technol
ogy, Gaithersburg, MD 20899 (301-
975-2569) 
• 5th Annual Waste Testing and 
Quality Assurance Symposium. July 
24-28. Washington, DC. Contact: Gail 
Hansen, Office of Solid Waste (OS-
331), U.S. EPA, 401 M St., S.W., 
Washington, DC 20460 
• 12th International EPR Sympo
sium. July 3D-Aug. 3. Denver, CO. 
Contact: Gareth Eaton, Dept. of 
Chemistry, University of Denver, Den
ver, CO 80208 (303-871-2980) 
• 31st Rocky Mountain Confer
ence. July 30-Aug. 4. Denver, CO. 
Contact: Carol Gies, Rockwell Inter
national, General Lab., Bldg. 881, P.O. 
Box 464, Golden, CO 80401 (303-966-
7380) 
• SAC '89-International Confer
ence on Analytical Chemistry. July 
3D-Aug. 5. Cambridge, U.K. Contact: 
Royal Society of Chemistry, Analyti
cal Division, Burlington House, Lon
don WI V OBN, U.K. 
• 38th Annual Denver X-ray Con
ference. July 31-Aug. 4. Denver, CO. 
Contact: Lynne Bonno, Dept. of Engi
neering, University of Denver, Denver, 
CO 80208 (303-871-3515) 
• 32nd Congress of the Interna
tional Union of Pure and Applied 
Chemistry. Aug. 2-7. Stockholm, Swe
den. Contact: 32nd IUPAC Congress, 
c/o Stockholm Convention Bureau, 
P.O. Box 6911, S-102 39 Stockholm, 
Sweden 
• Symposium for Innovation in 

Measurement Science. Aug. 6-11. 
Geneva, NY. Contact: Instrument So
ciety of America, 67 Alexander Dr., 

MEETINGS - -

P.O. Box 12277, Research Triangle 
Park, NC 27709 (919-549-8411) 
• Meeting of the Electron Micros
copy Society of America. Aug. 6-
11. San Antonio, TX. Contact: EMSA, 
Box EMSA, Woods Hole, MA 02543 
• 7th Danube Symposium on Chro
matography. Aug. 21-25. Leipzig, 
G.D.R. Contact: Organization Com
mittee, Karl Marx University of Leip
zig, Dept. of Chemistry, Talstrasse 35, 
DDR-701O Leipzig, G.D.R. 
• 2nd International Symposium on 
Mass Spectrometry in the Health 
and Life Sciences. Aug. 27-31. San 
Francisco, CA. Contact: M. F. 
Schwartz, Dept. of Pharmaceutical 
Chemistry, University of California, 
San Francisco, CA 94143 (415-476-
2582) 
• 11 th International Symposium on 
Microchemical Techniques. Aug. 
28-Sept. 1. Wiesbaden, F.R.G. Con
tact: Gesellschaft Deutscher Che
miker, Abteilung Tagungen, Varren
trappstrasse 40-42, P.O. Box 90 04 40, 
D-6000 Frankfurt am Main 90, F.R.G. 
• 12th International Congress on 
X-ray Optics and Microanalysis. 
Aug. 28-Sept. 1. Cracow, Poland. Con
tact: 12th ICXOM, Institute of Metal
lurgy, Academy of Mining and Metal
lurgy, al. Mickiewicza 30, PI-30-059 
Cracow, Poland 
• 7th International Conference on 
Secondary Ion Mass Spectrometry. 
Sept. 3-8. Monterey, CA. Contact: 
SIMS VII, Charles Evans & Asso
ciates, 301 Chesapeake Dr., Redwood 
City, CA 94063 (415-369-4567) 
• Symposium on Biosensors. Sept. 
7-9. Chapel Hill, NC. Contact: William 
E. Hatfield, Dept. of Chemistry, Uni
versity of North Carolina, Chapel Hill, 
NC 27514 (919-966-2297) 
• 3rd European Conference on the 
Spectroscopy of Biological Mole
cules. Sept. 10-15. Bologna, Italy. 
Contact: A. Bertoluzza, Dipartimento 
di Biochimica, Centro di Studio Inter
facolta sulla Spettroscopia Raman, 
Via Selmi, 2, 40126 Bologna, Italy 
• 198th National Meeting of the 
American Chemical Society. Sept. 
10-15. Miami Beach, FL. Contact: 
Meetings Dept., American Chemical 
Society, 115516th St.,N. W., Washing-

ton, DC 20036 (202·872-4396) 
• 150th Anniversary Commemora
tive Meeting of the Royal Micro-

scopical Society, Sept. 11-12. Lon
don, U.K. Contact: The Royal Micro
scopical Society, 37/38 St. Clements, 
Oxford OX41AJ, U.K. 
• 2nd International Ion Chroma
tography Forum. Sept. 17-19. Bos
ton, MA. Contact: Gerald Hawk or Ja
net Strimaitis, Century International 
Inc., P.O. Box 249, Franklin, MA 02038 
(508-520-3539) 
• 8th Symposium on Artificial In
telligence-Based Measurement and 
Control. Sept. 17-19. Kyoto, Japan. 
Contact: K. Kariya, Dept. of Electrical 
Engineering, Ritsumeikan University, 
56-I, Tojiin-kita, Kita-ku, Kyoto 603, 
Japan 
• Annual Conference of the Cana
dian Society of Forensic Science. 
Sept. 18-22. Edmonton, Alberta, Cana
da. Contact: Canadian Society of Fo
rensic Science, 2660 Southvale Cres
cent, Suite 215, Ottawa, Ontario, Can
adaK1B 4W6 (613-731-2096) 
• CANBIOCON '89. Sept. 19-20. Ot
tawa, Ontario, Canada. Contact: Ra
chel Boekman, 100 Alexis Nihon, 
Suite 875, Montreal, Quebec H4M 2P4, 
Canada 
• 12th International Symposium on 
Polynuclear Aromatic Hydrocar
bons. Sept. 19-21. Gaithersburg, MD. 
Contact: Willie May, A113 Chemistry 
Bldg., NIST, Gaithersburg, MD 20899 
(301-975-3108) 
• 5th Conference on Separation of 
Gases. Sept. 19-21. Birmingham, U.K. 
Contact: Royal Society of Chemistry, 
Burlington House, London WI V OBN, 
U.K. 
• International Symposium on the 
Analysis of Nucleoside, Nucleotide, 
and Oligonucleotide Compounds. 
Sept. 19-22. Antwerp, Belgium. Con
tact: E. L. Esmans, University of Ant
werp (R.U.C.A.), Laboratory for Or
ganic Chemistry, Groenenborgerlaan 
171, B-2020 Antwerp, Belgium 
• Symposium on Detection in 
High-Performance Liquid Chroma· 
tography and Flow-Injection Anal
ysis. Sept. 20-22. Cordoba, Spain. 
Contact: Miguel Valcarcel, Quimica 
Analytica, Facultad de Ciencias, Uni
versity of Cordoba, 14004 Cordoba, 
Spain 

• Eastern Analytical Symposium. 
Sept. 24-29. New York, NY. Contact: 
EAS, P.O. Box 633, Montchanin, DE 
19710 (302·453·0785) 
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MEETINGS 
~ -
• 4th Conference on Sensors and 
Their Applications. Sept. 25-27. Can
terbury, U.K. Contact: Meetings Of
fice, Institute of Physics, 47 Belgrave 
Square, London SW1X 8QX, U.K. 
• I03rd Annual AOAC Interna
tional Meeting and Exposition. Sept. 
25-28. St. Louis, MO. Contact: Marga
ret Ridgell, AOAC, 1111 North 19th 
St., Suite 210, Arlington, VA 22209 
• 3rd International Symposium on 
Kinetics in Analytical Chemistry. 
Sept. 25-28. Cavtat, Yugoslavia. Con
tact: Gordana Milovanovic, Dept. of 
Chemistry, University of Belgrade, 
KAC, P.O. Box 550, 11001 Belgrade, 
Yugoslavia 
• International GPC Symposium. 
Oct. 1-4. Boston, MA. Contact: Lor
raine Carter, Waters Chromatography 
Division of Millipore, 34 Maple St., 
Milford, MA 01757 (508-478-2000) 
• International Conference on 
Separation Science and Technol
ogy. Oct. 1-4. Hamilton, Ontario, Can
ada. Contact: V. 1. Lakshmanan, On
tario Research Foundation, Sheridan 
Park, Mississauga, Ontario L5K 1B3, 
Canada 
• 3rd International Meeting on 
Chemical Sensors. Oct. 1-5. Toronto, 
Canada. Contact: M. Thompson or 
U. J. Krull, Dept. of Chemistry, Uni
versity of Toronto, 80 St. George St., 
Toronto, Ontario, Canada M5S 1A1 
• 16th Annual Meeting of the Fed
eration of Analytical Chemistry and 
Spectroscopy Societies. Oct. 1-6. 
Chicago, IL. Contact: Paul Bourassa, 
Memphis Environmental Center, 
Suite 100, 2603 Corporate Ave. East, 
Memphis, TN 38132 (901-345-1788) 
• International Conference on 
New Trends in Liquid Scintillation 
Counting and Organic Scintillators. 
Oct. 2-5. Gatlinburg, TN. Contact: 
Harley Ross, Analytical Chemistry Di
vision, ORNL, P.O. Box 2008, Oak 
Ridge, TN 37831-6375 or John Noakes 
or Jim Spaulding, Center for Applied 
Isotope Studies, University of Geor
gia, 120 Riverbend Rd., Athens, GA 
30605 
• 2nd International Symposium on 
Philosophy and History of Analyti
cal Chemistry. Oct. 6-7. Vienna, Aus
tria. Contact: R. Kellner, Institute for 
Anal. Chem., Technical University Vi
enna, A-1060 Vienna, Austria 
• Kinetics of Nonhomogeneous 
Processes-Nonlinear Dynamics. 
Oct. 7-13. Banff, Alberta, Canada. 
Contact: G. R. Freeman, Chemistry 
Dept., University of Alberta, Edmon
ton, Alberta, Canada (403-492-3468) 
• 5th Annual Scientific Computing 
and Automation Conference and 
Exposition. Oct. 11-13. Philadelphia, 
PA. Contact: Don Weise,30l Gibraltar 

Dr., P.O. Box 650, Morris Plains, NJ 
07950-0650 (201-292-5100) 
• 7th International Symposium on 
Laboratory Robotics. Oct. 15-18. 
Boston, MA. Contact: Christine 
O'Neil, Zymark Corp., Zymark Cen
ter, Hopkinton, MA 01748 (508-435-
9501) 
• Annual Meeting of the Optical 
Society of America. Oct. 15-20. Or
lando, FL. Contact: Optical Society of 
America, 1816 Jefferson Pl., N.W., 
Washington, DC 20036 
• CIS '89 Tokyo (International 
Symposium on Chromatography). 
Oct. 17-20. Tokyo, Japan. Contact: T. 
Hoshino, Secretary General, Pharma
ceutical Institute, School of Medicine, 
Keio University, 35 Shinano-machi, 
Shinjuku-ku, Tokyo 160, Japan 
• Laboratory Strategies for Auto
mation Forum. Oct. 18-20. Boston, 
MA. Contact: Gerald Hawk or Janet 
Strimaitis, Century International, 
Inc., P.O. Box 249, Franklin,MA 02038 
(508-520-3539) 
• Pacific Conference on Chemistry 
and Spectroscopy. Oct. 18-21. Pasa
dena, CA. Contact: Peter Baine, Cali
fornia State University, Long Beach, 
CA (213-985-4908) 
• 6th Symposium on Separation 
Science and Technology for Energy 
Applications. Oct. 22-27. Knoxville, 
TN. Contact: J. T. Bell, Oak Ridge Na
tional Laboratory, P.O. Box 2008, Oak 
Ridge, TN 37831 
• Diagnostic Genetics and Immu
nology V. Oct. 22-27. Santa Barbara, 
CA. Contact: Engineering Founda
tion, 345 East 47th St., New York, NY 
10017 (212-705-7835) 
• European Conference on Appli
cations of Surface and Interface 
Analysis (ECASIA 89). Oct. 23-27. 
Antibes-Juan-les-Pins, France. Con
tact: Societe Franqaise du Vide, 19, 
rue du Renard, 75004 Paris, France 
• International Chromatography 
Meeting. Oct. 23-27. Mexico City, 
Mexico. Contact: S. Ahuja, Ciba-Geigy 
Corp., Old Mill Road, Suffern, NY 
10901 
• International Biotechnology Ex
position. Oct. 24-26. San Mateo, CA. 
Contact: Linda Cartlidge, Cartlidge & 
Associates, 3097 Moorpark Ave., Suite 
202, San Jose, CA 95128 (408-554-
6644) 
• 9th International Symposium on 
HPLC Separation of Proteins, Pep
tides, and Polynucleotides. Nov. 6-8. 
Philadelphia, PA. Contact: Janet Cun
ningham, Barr Enterprises, P.O. Box 
279, Walkersville, MD 21793 (301-898-
3772) 
• Fall Meeting of the Materials Re
search Society. Nov. 27-Dec. 2. Bos
ton, MA. Contact: MRS, 9800 
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McKnight Rd., Suite 327, Pittsburgh, 
PA 15237 
• Symposium on Modern Methods 
of Elemental Analysis of Petroleum 
Products and Lubricants. Dec. 11-
13. New Orleans, LA. Contact: Kishore 
Nadkarni, Exxon Chemical Co., 
Chemicals Analytical Laboratory, 
P.O. Box 536, Linden, NJ 07036 (201-
474-6380) 
• International Chemical Con
gress of Pacific Basin Societies (Pa
cifichem '89). Dec. 17-22. Honolulu, 
HI. Contact: Pacifichem '89 Secretari
at, American Chemical Society, 1155 
16th St., N. W., Washington, DC 20036 
(202-872-8069) 

Short Courses 
and Workshops 

• Short Course on Quality Assur
ance for Analytical Laboratories. 
July 11-12. Arlington, VA. Contact: 
Carolyn Brown, AOAC, 1111 North 
19th St., Suite 210-B, Arlington, VA 
22209 (703-522-3032) 
• Advanced HPLC Workshop. July 
11-13. Blacksburg, VA. Contact: Har
old McNair, Chemistry Dept., Virginia 
Polytechnic Institute and State Uni
versity, Blacksburg, VA 24061-0212 
(703-231-6579) 
• Short Course on LC/MS, SFC/ 
MS, and CZE/MS. July 17-18. Ithaca, 
NY. Contact: Jack Henion, Equine 
Drug Testing and Toxicology Pro
gram, New York State College of Vet
erinary Medicine, Cornell University, 
925 Warren Dr., Ithaca, NY 14850 
(607-255-6556) 
• Short Course on Applied Molecu
lar Spectroscopy-Infrared. July 
24-28. Tempe, AZ. Contact: Jacob 
Fuchs, Dept. of Chemistry, Arizona 
State University, Tempe, AZ 85287 
• Course on Environmental Appli
cations of Gas Chromatography/ 
Mass Spectrometry. July 24-28. 
Bloomington, IN. Contact: Executive 
Education Program, Indiana Univer
sity, SPEA 41OH, Bloomington, IN 
47405 (812-855-0193) 
• Short Course on Modern Indus
trial Spectroscopy. Aug. 7-18. Tem
pe, AZ. Contact: Jacob Fuchs, Dept. of 
Chemistry, Arizona State University, 
Tempe, AZ 85287 
• Course on Principles of Chemical 
Sensors. Sept. 25-28. Wild bad 
Kreuth, Bavaria, F.R.G. Contact: M. 
Josowicz, Institut fur Physik, Fakul
tat fur Elektrotechnik Universitat der 
Bundeswehr Munchen, D-8014 Neubi
berg, F.R.G. 



Another first from A&D - Analytical precision 
balances with multi weighing units, multi
functions and optional wireless remote cantral. 

By using the latest electronic technology combined 
with easy-to-use multi-function features and exten
sive ergonomic design - the FR series will revolu
tionize the ways you can use an analytical balance. 
Multi weighing units; Comparator mode; Percentage 
add/subtract mode; Counting mode; Environmental 
conditions adjustment (including last-digit blanking 
during course weighing); Auto power ON; - and 
much, much more. 

.iiiiii •• __ .=;:;;;;;;:; Wireless Remote Control 

Start with an optional A&D ENGINEERING, INC. 
less remote control that 
Simplifies and expands 
operation of every feature 
the balance has available 

then, enjoy the rest of 
the full range of options 
available for the FR 

CIRC~E 4 ON READER SERVICE CARD 
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In the fast-moving field of 
capillary electrophoresis, only the Model 270A 

puts you in the lead. 
Harness the power of capillary electro
phoresis (CE) with high performance 
instrumentation. For meaningful quan
titation and reliable analysis, CE's 
inherent selectivity and resolution must 
be complemented with accuracy and 
precision. 

The Model 270A Analytical Capillary 
Electrophoresis System is the first fully 
integrated system designed to meet 
the stringent demands of quantitative CEo 
The system you need when every 
minute, every resul~ counts. 

True quantitation begins with precision 
and accuracy in both sample injection 
and column temperature control.The 
Applied Biosystems Model 270.1\ com
bines automation with a unique injector 
design, a thermos tatted capillary 
compartment and proven detector 
technology to achieve unsurpassed 
reproducibility of peak areas and 
electrophoretic mobility. 

Count on your first results within minutes 
after installing the Model 270A. Select 
a preprogrammed separation protOcol, 

Circle No. 1 for information. Circle No.2 for sales call. 

or create and store your O'wn methods 
using the interactive display and keypad. 
The Model 270A is designed for both 
the novice and the seasoned user of 
analytical instrumentation. 

Contact Applied Biosystems today, 
and join the leaders in advancing capil
lary electrophoresis from theory to 
application. 

--I. Applied 
\9i.I Bi~ms 



One of the most rapidly expanding 
areas of analytical chemistry is 
capillary electrophoresis (CE), a 

highly efficient technique that offers 
short analysis times and can he used to 
solve bioanalytical problems. In No
vember 1987 Georges Guiochon of the 
University of Tennessee suggested to 
Barry Karger of Northeastern Univer
sity that they hold a topical meeting on 
CE. Karger assembled an international 
scientific advisory committee consist
ing of himself; Frans Everaerts of the 
Eindhoven University of Technology, 
The Netherlands; Stellan Hjerten of 
the University of' Uppsala, Sweden; 
James Jorgenson of the University of 
North Carolina; and Shigeru Terabe of 
Kyoto University, Japan. An organiz
ing committee, chaired by Karger and 
Tom Gilbert of Northeastern Universi
ty, was also formed. 

Despite initial concern that CE was 
perhaps too young a field to support a 
full-fledged meeting, the First Interna
tional Symposium on High-Perfor
mance Capillary Electrophoresis was 
held April 10-12 in Boston. More than 
450 scientists attended the meeting, 
which featured 10 invited talks by the 
foremost researchers in the field as well 
as 50 contributed posters. An exhibi
tion of CE instruments and related 
equipment drew big crowds during ses
sion breaks, and this was one indication 

of how the technology has grown dur
ing the past couple of years. When 

HPCE '89 was being organized, there 
were no commercially available instru
ments for CE. Today there are seven, 
from Applied Biosystems, Beckman 
Instruments, Bio-Rad Laboratories, 
Dionex, Microphoretic Systems, Shi
madzu. and Spectro Vision. 

Basic concepts 

The meeting began with an overview of 
the history of electrophoresis by Olof 
Vesterberg of the National Institute of 
Occupational Health in Solna, Sweden. 
Vesterberg, best known for his work on 
the use of carrier ampholytes in isoelec
tric focusing (IEF) of proteins, dis-

FOCUS 
cussed the evolution of electrophoresis 
from the initial observations of Reuss 
in 1807 to the use of sophisticated elec
trophoretic techniques in the inter
national project to map the human 
genome. 

Presentations on the theoretical ba
sis and limitations of CE were given by 
J. Calvin Giddings of the University of 
Utah, Jorgenson, Everaerts, Hjerten, 
and Glyn O. Roberts of Roberts Asso
ciates (Vienna, VA). Giddings noted 
that "we at the University of Utah be

lieve that electrical forces can be used 
for just about anything: one day for 

electrophoresis, the next day for fu
sion," referring to the Pons-Fleisch
mann claim of electrochemical fusion 
(see NEWS and FOCUS in the June 1 
issue of ANALYTICAL CHEMISTRY). 
He then described the theory underly
ing different ways of using electrical 
forces for separation, including CE, 
IEF, electrical field -flow fractionation, 
and continuous separation using split
flow thin cells. 

Jorgenson discussed the theoretical 
limits of CE in terms of separation effi
ciency, resolution, peak capacity, and 
analysis time. Up to a point, he said, 
the length of the column doesn't mat
ter, and short columns work just as well 
as long ones. But with very short col
umns, heating can cause serious prob
lems. Following Jorgenson's fairly gen
eral talk, particular aspects of CE the
ory were examined. The effects of 
electroosmotic flow on CE separations, 
band broadening, and dispersion were 
discussed by Everaerts, Hjerten, and 
Roberts, respectively. 

Selectivity 

The focus of the session then shifted to 
ways of enhancing the selectivity of CE 
in presentations by Terabe, Karger, 
and Richard Mosher of the University 
of Arizona. Terabe is perhaps best 
known for his work with micellar elec
trokinetic capillary chromatography 
(MECC), which can be used to separate 
neutral compounds electrophoretical-
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The Lab Guide is where more 
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line ads in the current Lab Guide 
from the following firms: 

Advertisers Pages 

A&D ENGINEERING IBC 
ALCONOX .......... 195 
ANDERSON LABS ......... 201 
CERAC .................... 186 
CHEMTRONICS ............ 125 
EASTERN CHEMiCAL ...... 193 
FISCHER AMERiCA ........ 151 
GILFORD/CIBA CORNING .. 133 
GILSON ................... 147 
GLAS-COL ................ 105 
HELLMA CELLS ............ 173 
INSTRUMENTS SA ......... 165 
J&L INSTRUMENTS ........ 169 
MILLIPORE .......... 29-32, 106 
NETZSCH ................. 143 
O.I.CORP ................. 111 
PARR ........................ 91 
POLYSCIENCE ............... 42 
ST. CHARLES .............. 103 
SO. N.E. ULTRAVIOLET. . . .. 116 
TOSO HAAS ............. 92-93 
UNIMETRICS ................ 59 
WESCAN .................... 64 

The Lab Guide is your true one
stop buying source for scientific 
products. 
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Iy. By substituting either cyclodextrin 
derivatives or optically active ionic sur
factants for the surfactants used in 
MECC, Terabe has separated chiral 
compounds, including a mixture of 
dansylated amino acids, electrophoret
ically. 

Karger described some of his work 
on capillary gel electrophoresis of bio
polymers. Using polyacrylamide gel
filled capillaries, Karger and co-work
ers at the Barnett Institute have gener
ated CE columns with more than 5 mil
lion theoretical plates. Such columns 
can provide rapid separations with se
lectivity by size (shape) and charge, 
and they have been used to separate 
oligonucleotides into their respective 
"mers." The resolving power of the 
capillary columns compared with that 
of a conventional slab gel is demon
strated by the fact that a single band on 
the slab gel produces several peaks 
when run through a gel-filled capillary 
column. Such technology should prove 
extremely useful for DNA sequencing 
as well as evaluating the purity of ma
terial from DNA synthesizers, said 
Karger. 

Mosher discussed the use of chiral 
buffers containing metal ions for sepa
rating mixtures of dansylated amino 
acids, proteins, and peptides. In free 
solution, the interaction of a metal ion 
with a peptide produces diastereomeric 
complexes with electrophoretic mobil
ities that differ from those of the free 
peptide. Mosher has found that resolu
tion of dipeptides containing histidine 
can be enhanced by the addition of 
metal ions to the CE buffer; resolution 
increases as metal concentration in
creases. He believes that in the future 
this technique should prove valuable 
for chiral separations of larger pep
tides. 

Detection 

Sensitive detection strategies for CE 
were discussed by Richard Zare of 
Stanford University, Norman Dovichi 
of the University of Alberta, Ubbo Tja
den of the University of Leiden, Ed
ward Yeung of Iowa State University, 
and Milos Novotny of Indiana Univer
sity. Zare discussed the theory involved 
in CE detection, including the ever
present question of sensitivity versus 
resolution. The same problems en
countered in capillary liquid chromato
graphic detection, including small col
umn dimensions and narrow zone 
widths, are also present in CE, said 
Zare. Many of the same detectors, in
cluding those based on absorption, flu
orescence, conductivity, electrochemi
cal reactions, refractive index, radio
isotope labeling, and MS, have been 
used for CE detection. 
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Dovichi discussed the use of laser
induced fluorescence (LIF) for detec
tion of attomole amounts of amino 
acids. Using LIF and a sheath flow cu
vette, Dovichi has attained subatto
mole detection limits for fluorescein
isothiocyanate derivatives of 14 amino 
acids; this corresponds to only 6000 
molecules. The ultimate fluorescence 
detection limit for amino acid deriva
tives, said Dovichi, should approach a 
microattomole (tens of molecules). 

Not all compounds that can be sepa
rated by CE are fluorescent, however, 
and derivatization is necessary to make 
them amenable to fluorescence detec
tion methods. Pre- and postcolumn de
tection can be used, but these methods 
require additional labor and equip-

,Capillary gel 
electrophoresis should 
prove useful for DNA 
sequencing and for 

evaluating the purity of 
materials from DNA 

synthesizers. " 

ment. Tjaden described a method for 
performing on-line derivatization in 
which the buffer solution contains the 
derivatization reagent, and after injec
tion of the sample, derivatization takes 
place in the capillary. 

Two other approaches to fluores
cence detection were discussed by 
Yeung and Novotny. Yeung described 
a method for universal indirect detec
tion of analytes at the 50-attomole lev
el. Displacement of analytes by fluores
cent buffer ions results in negative 
peaks upon elution. The sensitivity of 
the indirect measurement is indepen
dent of the many physical properties of 
the analyte and depends only on the 
signal-to-noise ratio of the background 
signal and the concentration of the vi
sualizing agent. 

Novotny described the development 
of several fluorogenic reagents for the 
detection of amino acids, tryptic pro
tein digests, and hydrolytic degrada
tion products of ribonucleic acid mole
cules at the femtomole level. He em
phasized the importance of chemistry 
and precleanup to successful analysis 
byCE. 

Applications 

Applications of CE to problems in the 
biomedical/biotechnology field were 
presented by Ernst Gassmann of Ciba
Geigy (Switzerland), Andrew Ewing of 
Penn State University, Bill Hancock of 



Genentech (S. San Francisco), Randall 
Nielsen of Eli Lilly (Indianapolis), 
Steve Fazio of Sandoz Research Insti
tute (E. Hanover, NJ), Ferenc Kilar of 
Uppsala University, and Louis Yu of 
R. W. Johnson Pharmaceutical Re
search Institute (Raritan, NJ). 

Ewing described the use of CE in a 
study of single functioning nerve cells. 
Cytoplasmic samples are extracted 
from single cells, and electrophoretic 
separations subsequently are per
formed using amperometric or mass 
spectrometric detection. The system 
permits detection of subattomole 
amounts of easily oxidized neurotrans
mitters in picoliter volumes. 

Gassmann, Hancock, Fazio, Neilsen, 
Yu, and Kilar described methods for 
analyzing peptides synthesized using 
recombinant DNA technology, for 
which small variations in the primary 
or secondary structure of the peptide 
can produce a small change in the over
all charge on the molecule. In the past, 
said Hancock, electrophoretic tech
niques such as SDS electrophoresis and 
IEF were used to separate protein vari
antsand impurities, but compared 
with liquid chromatographic tech
niques, traditional slab gel electropho
retic techniques are difficult to quanti
tate. CE, however, combines the power 
of electrophoresis with the instrumen
tal capabilities of chromatographic 
methods and can be applied to such 
protein pharmaceuticals as human 
growth hormone, tissue plasminogen 
activator, and ,),-interferon. Because of 
their different separation mechanisms, 
CE and LC can be viewed as comple
mentary techniques in the biotechnol
ogy laboratory. 

HPCE/MS 

The symposium wound up with two 
sessions on combining CE with mass 
spectrometric detection. Instrumenta
tion and applications of this new tech
nique were discussed by Richard Smith 
of Pacific Northwest Laboratory 
(Richland, WA), Jack Henion of Cor
nell University, Herbert Hill of Wash
ington State University, Richard Ca
prioli of the University of Texas, and 
Arthur Moseley of the University of 
North Carolina at Chapel Hill. 

Smith descrihed his work in combin
ing CE with MS using an electrospray 
ionization interface. Capillary zone 
electrophoresis (CZE) and capillary 
isotachophoresis have already been 
successfully interfaced, said Smith, 
and extension to IEF, MECC, and 
polyacrylamide gel-filled capillaries 
appears feasible. Detection limits of a 
few attomoles have been achieved, and 
proteins of up to 75,000 daltons can be 
separated and determined. The major 

difficulty appears to be loss of separa
tion efficiency because of protein inter
actions with surfaces of the capillary, 
leading to higher detection limits for 
large biomolecules. 

A system for CZE/MS/MS with at
mospheric pressure ionization was de
scribed by Henion, who has used it to 
analyze synthetic peptide mixtures and 
tryptic digests and to determine sulfo
nated azo dyes isolated from wastewa
ter samples. The mild conditions of at
mospheric ionization allow accurate 
molecular weight determination, and 
tandem MS provides sequence infor
mation for each peptide. The detection 
limit of the system is in the low atto
mole-to-femtomole range. 

Hill described results of initial inves
tigations of the use of ion mobility 
spectrometry as a detection method for 
CE. Electrified spray ionization meth
ods such as electrospray and corona 
spray are incorporated into the CZE/ 
ion mobilitv detection system. 

Finally, both Caprioli and Moseley 
described the combination of CZE with 
continuous-flow fast atom bombard
ment (CF-FAB) MS for analysis of 
peptide mixtures. In Caprioli's system, 
a fused-silica capillary column is con
nected to the CF -FAB probe via an in
terface that allows a total flow of ~5 
ILL/min into the mass spectrometer. 
Peptide solutions are loaded pneumat
ically onto the capillary, and the de
sired mass range is scanned with a mag
netic mass spectrometer. 

Moseley's system, developed with 
Jorgenson and Ken Tomer of the Na
tional Institute of Environmental 
Health Sciences (Research Triangle 
Park, NC), uses a set of coaxial 10-lLm 
capillaries to independently deliver the 
microcolumn effluent and the FAB 
matrix directly to the FAB probe tip 
face. The system was designed to mini
mize band broadening and preclude 
any deleterious effects of the FAB ma
trix on the separation process. It has 
been used with both CE and capillary 
LC to obtain on-the-fly FAB/MS spec
tra of several analyte classes, including 
peptides, and can be used to obtain se
quence information of subpicomole 
amounts of proteins. 

The next CE meeting, to be chaired 
by Karger, is scheduled for January 29-
31, 1990, in San Francisco. The organ
izers had originally planned the next 
meeting for February 1991 to give the 
field a chance to mature, but the im
pressive attendance at HPCE '89 
prompted them to schedule an interim 
meeting. Given the anticipated growth 
of this technique and its increasing use 
in solving bioanalytical problems, 
HPCE '90 should be even better than 
HPCE '89. Mary Warner 
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SFC. Series 600·D supercritical fluid 
chromatograph features computerized 
data collection, processing, and storage 
and a Microsoft Windows· based com· 
puter operating system. Data-handling 
capabilities include peak integration 
and pressure/density calculations. Lee 
Scientific 404 

Concentrator. A290 automated con
centration station accommodates up to 
200 individual samples in either aque
ous Of organic solvents. The system, 
which uses centrifugal force. applied 
heat. and high vacuum, can be pro
grammed to start at any time and to 
stop at a predetermined dryness level. 
Savant Instruments 405 

Microscopy. STM-SU2 scanning tun
neling microscope system features a 
stage designed to be mounted to an 
8-in. vacuum port and an HP Model 
340C+ graphic workstation. System 
capabilities include parallel image ac
quisition at multiple bias voltages and 
spatially localized I-V and dI/d V char
acterization. Park Scientific Instru
ments 406 

GPC. Model 150CV integrated GPC 
system incorporates a differential re
fractive index detector that measures 
polymer concentration and a single cap~ 
illary viscometer that measures intrin
sic viscosity over a temperature range 
from ambient to 150°C. Waters Chro
matography Division of Millipore 407 

CES I capillary electrophoresis system 
includes a 40-place autosampler and 
fiber-optic-based detectors for UV-vis 
absorbance and fluorescence. The sys
tem is controlled via menu-driven soft
ware. Dionex 401 

SpectroMonitor 3100X allows differen
tial absorbance measurements to be 
made from 190 to 700 nm without a lamp 
change. The standard low-RI high-pres
sure fluid cell features a noise specifica
tion of ± 1 X 10-5 AU at 200-300 nm. 
Milton Roy, LDC Division 403 

MS. Leybold Inficon Auditor II mass 
spectrometer features a plug-in ion 
source, selectable temperature inter
face, jet separator with independent 
variable-temperature control, fore
ground/background operation, and 
automatic report generation. U.S. Ana
lytical Instruments 408 

Spectrofluorometer. Model HPSF-
56 high-pressure stopped-flow spectro
fluorometer can be operated between 
-60°C and 100 °C and at pressures up 
to 2000 bar. The flow circuit and obser
vation cell are contained within a high
pressure vessel. Hi-Tech Scientific 

409 

Sample preparation. BenchMate 
workstations can perform liquid-dis
pensing operations, including solvent 
and reagent additions, internal stan
dard additions, and serial dilutions; 
membrane filtrations; solid-phase 
extractions; and HPLC injections. 
Zymark 410 

Water. Mega-Pure MP-270 is a dou
ble-pass, reverse-osmosis water purifi-
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cation system that produces ultrapure 
water free of bacteria, pyrogens, and 
organics. The system, which delivers 
70 L of water per hour, can be sanitized 
without disassembly. Corning Science 
Products 411 

DNA synthesis. Generator DNA syn
thesizer features a syringe-based deliv
ery system that ensures minimal re
agent usage and provides for homoge
neous mixed-base additions. The video 
screen displays reaction cycle status 
and sequence base position during op
eration. Du Pont 412 

Titration. TR600 titration system, 
controlled by an IBM PS/2 personal 
computer, features a color monitor that 
displays real-time titration curves. 
Data can be imported into spreadsheet 
or database programs. Great Lakes In
struments 413 
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on Apple Macintosh computers, fea
tures comprehensive matrix arithme
tic, trigonometric and inverse trig func
tions, integrals and derivatives, real 
and complex fast Fourier transforms, 
cubic splines, and user-defined and 
statistical functions. MathSoft 415 

Scientific software. Lab Calc is de
signed to handle 2D data from hyphen
ated or other techniques and features 
interactive graphics for displaying con
tour, 3D perspective, stacked, overlaid, 
and scatter plots. Galactic Indus
tries 416 

Manufacturers' literature 
Newsletter. Applied Fluorescence 
Technology, Vol. I, No.1, contains arti
cles on fluoroprobes, voltage-sensitive 
dyes, cellulase substrates, and a fluo
rescent lipoprotein label. 16 pp. Polo
Lambda 418 
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Biomolecules. Bulletin describes bio
molecule recovery with an electroelu
tor/concentrator, Methods for recover
ing nucleic acids and proteins from 
agarose and polyacrylamide gels and 
concentrating macromolecules in solu
tion are discussed, 10 pp, Isco 419 

Computers. "Glossary of Microcom
puter Data Acquisition Terms" con
tains definitions for approximately 300 
terms related to data conversion, signal 
conditioning, and microcomputer sys
tems and software. 23 pp. Metra
Byte 420 

LC. Brochure highlights the SIL-9A 
autosampler that performs sampling, 
injection, dilution, and dispensing 
functions. Application to precolumn 
derivatization is discussed. 10 pp, 
Shimadzu 421 

IR. FT-IR Spectral Lines, Vol. 10, 
No.1, includes articles on SFCIFT-IR 
analysis of nitrated diphenylamine and 
nitrated aniline propellant stabilizers 
and uses ofFT-IR in the explosives in
dustry. 34 pp. Nicolet 422 

Oxygen analyzer. Brochure describes 
the Type A-Plus oxygen analyzer. 
which features a nondepleting coulo
metric oxygen sensor. Specifications, 
measuring ranges, and optional equip
ment are discussed. 4 pp. Delta F 

423 

Catalogs 
Scientific products. Catalog includes 
electrodes, centrifuges, spectrophotom
eters, computer hardware and soft
ware, plasticware, storage cabinets, 
timers, and products for safety and hy
giene, 160 pp. Whatman LabSales 

431 

Viscosity. Catalog lists glass capillary 
and automatic viscometers, constant
temperature baths, viscosity stan
dards, distillation flasks, and accesso
ries. 32 pp. Cannon Instrument Co. 

426 

Scientific products. Catalog features 
chromatography media. columns, and 
instruments as well as products for 
sample preparation, electrophoresis, 
and immunology, 200 pp. Bio-Rad 427 

Chemicals. Catalog includes amino 
acids, biological stains, carbohydrates, 
chelants, environmental standards, in
hibitors, inorganics, organics, and sur
factants. 280 pp. Chern Service 428 

LC. Catalog features fittings, detector 
and pump components, filtration de
vices, columns, data-handling prod
ucts, and supplies for sampling and 
fraction collection. 60 pp. Perkin
Elmer 429 

Model S-2S00C Della scanning eleclron microscope features built-in image process
ing and a conical lens that allows high tilt angies on large specimens at a short working 
distance. Hitachi 402 
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Intelligent Rotots-The Next 
T. L. Isenhour and S. E. Eckert 
Department of Chemistry 
Kansas State University 
Manhattan, KS 66506 

J. C. Marshall 
Department of Chemistry 
S1. Olaf College 
Northfield, MN 55057 

Laboratory robotics had its origins in 
devices constructed to perform specific 
and generally invariant mechanical 
tasks in the laboratory, Examples of 
laboratory automation are well known 
and include automatic titrators, sam
ple collectors, and autoanalyzers. 
These devices will always have a place 
in the analytical laboratory, because 
they can be optimized for a specific re
petitive task, But automated devices 
are limited and can perform only those 
specific tasks for which they were de
signed. 

With the advent of inexpensive mi
croelectronics and microcomputers, it 
is now possible to build flexible auto
mated devices. These developments 
have led to programmable laboratory 
automation devices, which we now call 
robots. Programmable laboratory roo 
bots can be taught to perform a series 
of tasks within the domain of their me
chanical capabilities. The use of such 
devices is having a major impact on 
how we perform routine laboratory 
procedures. 

The programmable robot of today, 
like its early electromechanical coun
terpart, is usually dedicated to a single 
task, Detailed programming is required 
for even the simplest of tasks. No lab
oratory robot can yet carry out an order 
such as "Titrate three 25-mL aliquots 
ofthe sample with HCI," an instruction 
that we would expect a laboratory tech
nician to perform without supervision. 
Programming a robot to perform even a 
common task (such as a titration) re-

quireA hundreds of steps ana may take 
days or even weeks to perfect. 

0003-2700/89/0361-805A/$0 1.5010 
© 1989 American Chemical Society 

°0 Step in 
Laboratory 
Automation 

We believe that the next step in 
bringing the laboratory robot to its full 
potential will require control programs 
that use artificial intelligence. Expert 
systems, knowledge-based systems 
that can effectively represent and ap
ply factual knowledge in specific areas 
of human expertise, seem ideally suited 
to the supervision of a robot. A labora
tory robot under expert system super-

vision woula De able to carry out the 
functions of a human expert in the ana. 

lyticallaboratory environment. 
Another important step in laborato

ry automation will be achieved when 
standard chemical procedures, written 
in natural language, can be parsed into 
unit laboratory operations, Unit opera
tions could then be selected and trans
lated by an expert system to produce a 
set of primitive instructions for a lab
oratory robot. The combination of ex
pert systems and robotics has the po· 
tential to perform an order sucb as "Ti
trate three 25·mL aliquots of the 
sample with HC!." 

In this article we will summarize our 
recent work related to the development 
of the Analytical Director. The Analyt
ical Director project seeks to combine 
laboratory robots with expert system 
control programs that have a knowl-

edge base about analytical chemistry 
and the ability to use that knowledge. 

The laws 01 robotics 

The robot is revolutionizing laboratory 
work, particularly in high-volume in
dustrial analytical labs. Increases in 
sample volume, reliability, and effi
ciency are well documented. However, 

there are several problems that anyone 
contemplating using laooratory robots 
should consider. In our work on the An. 
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alytical Director project, we examined 
some of these problems by using a ro
bot to perform the classical inorganic 
qualitative analysis scheme. This study 
resulted in some purposely overstated 
"laws" of laboratory robotics. 

I- It will take a laboratory robot 
much longer to perform any non
routine, complicated task than it 
would a skilled technician_ 

In our initial study of laboratory ro
botics we critically examined the diffi
culties in performing the classical qual
itative analysis scheme with a Zymate 
laboratory robot (Zymark Corp., Hop
kinton, MA). The time required for the 
analysis of two Group I samples was 
about 4 h. Because a manual imple
mentation of this analysis requires 
much less time to perform, we studied 
ways to minimize the time required by 
a laboratory robot. In general, the abili
ty of robot manipulators to perform 
complex multistep procedures in a 
cost-effective way will depend on the 
availability of effective general strate
gies for optimization. 

Some of the problems that make op
timization difficult are inherent in the 
design of the Zymate system used in 
this work. The Zymate robotic arm 
moves through a series of operator-de
fined absolute positions. Because the 
movement is from absolute position to 
absolute position, the controller does 
not "know" where the arm is between 
positions. Time is wasted in moving to 
"safe positions" to avoid collisions with 
other objects in the work space. Anoth
er factor in the Zymate design that 
must be considered is the servo motor 
control of the arm. The three servo mo
tors operating the motions of the arm 
(in/out, up/down, and rotation) run at 
fixed speeds. The first two motions are 
fast, whereas the rotation is quite slow. 
Thus fixed stations on the table that 
are frequently used together should be 
as close as possible. As seen in Figure 1, 
this is difficult to do with a large num
ber of stations. 

Some steps in complicated proce
dures require a great deal of program
ming. Very often these are actions that 
technicians, as parallel processors, do 
easily and quickly. A good example is 
the complete dissolution of a precipi
tate. Typically, instructions to a hu
man technician are: Check the test 
tube for the presence of a precipitate; if 
a precipitate is present, shake the tube 
to see if it will dissolve; if it does not 
dissolve, continue adding reagent and 
shaking until the precipitate is gone. (A 
technician may even decide to heat the 
tube for dissolution.) Many of these 
steps may be performed by a techni
cian almost simultaneously; but for the 
robot, each step must be performed 

separately. It must pick up the tube, 
move to the detector, and check for any 
precipitate. If a precipitate is detected, 
the robot would then add the reagent, 
move the tube to the vortex mixer, stir 
the solution, and then place the tube in 
the centrifuge. After centrifugation, 
the robot must return to the precipi
tate detector and check for remaining 
solid. Ifpresent, the procedure must be 
repeated. If heating is an option, that 
must also be included in the program 
along with the criterion for performing 
that option. At any time during the 
procedure, a technician can stop when 
the precipitate is dissolved. For the ro
bot, this procedure will terminate only 
at points where the check for a precipi
tate has been programmed. For differ
ent samples, this could be at different 
points. 

Frequently, some modifications of 
the analysis procedure are necessary, 
because procedures that are designed 
for humans are not generally optimum 
for robot manipulation. For example, a 
modification was necessary to separate 
the mercurous cation in Group I. Al
though the procedure requires a com
plete separation of the lead and silver 
from the mercury, this is not absolutely 
necessary for a technician. After addi
tion of NH.OH to the residue (possibly 
containing AgCl, Hg2C12, and residual 
PbCI2), the resulting solution should 
contain all the silver and any residue 
should contain all the mercury. A white 
residue could indicate incomplete sep
aration of lead and/or silver; a techni
cian could confirm this by noting the 
color of the precipitate, but the precipi
tate detector used in this work cannot 
distinguish between a white precipitate 
and a black one, so the best solution to 
this problem is to separate the cations 
completely. Residue is washed at each 
precipitation step, and more reagent is 
added when needed. These extra steps 
increased the time required for analy
sis significantly. 

The decision must also be made 
whether to perform operations in series 
or in parallel. Humans usually operate 
in parallel, executing the same step on 
several samples at a time. In some 
cases, the robot also does best working 
in parallel. For example, the same re
agent can be added to several samples 
at tbe same time; if the robot has to 
change hands to add the reagent, this is 
certainly the best strategy. However, if 
the reagent were to be added from a 
fixed solvent delivery station, the sam
ples might best be processed one at a 
time, in a serial manner. 

Parallel programming, whether of 
samples or of entire tests, increases ef
ficiency in some cases, but loss of versa
tility makes it less efficient in other 
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cases. For example, in the case of a 
group of cations, confirmation tests 
were left until the very end. Once all 
the cations were separated, the proper 
reagent was added to each tube. The 
solutions were mixed, centrifuged, and 
checked for the confirming precipitate, 
and the results stored as an array for 
further reference. Although this proce
dure was efficient in cases when a ma
jority of the ions were present, it did 
not allow for the efficient handling of a 
sample that was, for example, pure wa
ter. Finding the optimum combination 
of parallel and serial operation is a dif
ficult problem. 

2_ When a laboratory robot is left 
to function unattended for a long 
period of time, something disastrous 
will happen almost immediately af
ter the last observer leaves. 

The long-term reliability of any mul
tistep procedure is likely to be low un
less extreme care is taken to ensure al
most perfect reliability for each step. 
If, for example, a procedure contains 
100 steps and the reliability of each 
step is 99%, the probability of one or 
more failures in the procedure is more 
than 60%. Even if the reliability of each 
of the 100 steps is 99.99%, there is still 
about a 1% chance of failure. Further
more, such failures not only could re
sult in the loss of a single sample, but 
could create some condition in the ro
bot's environment that would cause all 
subsequent procedures to fail until cor
rective action was taken. There are few 
sights more pathetic than a laboratory 
robot, its work space awash with spilled 
solvents and littered with broken con
tainers, moving empty-handed yet 
faithfully about its appointed tasks. 

3. A gross of supposedly identical 
containers to be used in a robotic 
procedure will come in 144 unique 
configurations. 

In normal laboratory operations, 
small variations in the size and shape of 
containers is not a problem. In multi
step continuous robotics procedures, 
however, nearly perfect uniformity of 
containers is required. During our pre
liminary investigation using the quali
tative analysis scheme, the detection of 
precipitates proved troublesome. The 
photodiode sensor was capable of de
termining the presence of large 
amounts of precipitate but had much 
more difficulty in detecting small 
amounts of crystalline precipitate. 
This problem was primarily caused by 
the inconsistency of the thickness of 
the sample tubes, especially the thick
ness of the bottoms. It was therefore 
necessary to compare the value of the 
readings at several positions on each 
tube rather than only at the center and 
the bottom. The size problem is also 
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manifested by containers not being 
picked up, solvent delivery errors, and 
capping station failures. Although 
most problems resulting from nonuni
form container size can be solved by 
checks built into the control program, 
the amount of time required for these 
checks can substantially increase the 
time required to perform a procedure. 

4. The item needed for the next 
step in the procedure is always on 
the other side of the robot's environ
ment. 

Space utilization in robotics proce
dures is very important. A typical 
fixed-base laboratory robot must ar
range everything in a highly constrict
ed work space. For example, the Zy
mate robot operates in a cylindrical 
work space constrained by a 60-cm 
reach and a 56-cm elevation, with the 
center of this cylinder occupied by the 
robot itself. In a laboratory of rectan
gular work spaces and rectangular in
struments, the robot is an anomaly. 
Great care must be given to the place
ment and grouping of the apparatus in 
this limited space to ensure the mini
mum amount of wasted motion as the 
robot moves from station to station. 
Unfortunately, the most efficient ar
rangement of equipment is likely to 
vary with each procedure. As proce
dures become more and more complex, 
the space allocation problem becomes 
more and more difficult and in some 
instances impossible to solve without 
additional hardware. This problem has 
led to the development of track
mounted robots and dynamically allo
cated work spaces. An alternative 
strategy is to use multiple robots that 
can pass materials and samples back 
and forth. Kramer and Fuchs (1) have 
described what is perhaps the most 
novel implementation of robot-to
robot communication-a computer
controlled toy train. 

Although the above laws have pur
posely overstated the difficulties inher
ent in laboratory robotics, the success
ful automation of any procedure re
quires careful development and 
extensive testing. 

The Analytical Director project 

The Analytical Director project is a 
major effort in our laboratory. The goal 
is to build a system to controllaborato
ry robots that can design, test, and im
plement their own analytical proce
dures. A primary emphasis of this work 
is to use expert system techniques to 
store chemical information and to 
make decisions based on this informa
tion. 

The initial step in the Analytical Di
rector project was to design a flexible 
robot control language. Analytical Ro-

bot Telecommunications Software 

(ARTS) (2) was developed to give the 
research scientist flexible and adaptive 
control oflaboratory robots and instru
ments and to allow direct control of the 
robot and its resources with an expert 
system. As a stand-alone program, 
ARTS is a complete laboratory control 
language that can interpret commands 
in either interactive or batch modes. 
ARTS can also be an extension of other 
software in either a master or a slave 
mode. As master, ARTS can call on 
other software to perform certain 
tasks; in the slave mode, it can act as a 
sensory extension of the calling soft
ware that is envisioned to be an expert 
system. The ARTS interpreter is writ
ten in the C programming language and 
uses Reverse Polish notation. 

A set of commands that is specific to 
the ARTS environment is given in Ta
ble I. The most nonstandard command 
is the EV AL command, which allows a 
string (or string variable) received from 
an external source (or generated in 
ARTS) to be executed. The EVAL 
command provides adaptive program
ming capabilities. The LDEF com
mand can be used to load a file contain
ing system defaults. ARTS loads a de
fault file when it is first executed but 

Table I. Commands used in ARTS 

Operating System Commands 

allows a different default file to be 

loaded at any time. The SDEF com-
mand saves the current defaults to a 
disk file. The ECHO command is used 
to turn on or off the echoing of routine 
commands on screen as they are being 
executed. The ASSIST command is a 
debugging tool for communication be
tween ARTS and laboratory instru
ments; it can be used to echo the values 
sent on the communication lines to en
sure that proper formats are being 
used. The QUIT command can be exe
cuted in batch or interactive mode to 
return to the operating system. Alter
natively, the F5 key can be used in in
teractive mode to exit ARTS. 

The Fl key is used to toggle the dis
play of the mnemonic command menu 
on the upper portion of the screen. 
When the menu is present, a command 
can be highlighted by using the arrows, 
page up, page down, home, and end 
keys. Once highlighted, the command 
can be placed on the command line by 
pressing the F4 key. The F6 key can be 
used to produce a stream-oriented file. 
Values typed in or extracted from the 
mnemonic menu are directed to a spec
ified file. The file is closed the second 
time the F6 key is pressed; the resulting 
file can then be executed as a routine. 

CO ... Changes default drives and/or directory; can also be used to 
display current drive and directory 

COPY. 
DEL 
DIR .. 
EDIT. 
REN 

. Copies a disk file to a different disk file 
.. Deletes disk file(s) 

. Lists directory 
. .... Invokes a user-specified editor 

.. Renames a disk file 

Memory Management Commands 

DEF ............ Defines numeric variables 
DEFS ........... Defines string variables 
DISP ............ Displays all variables in memory 
ERA ............ Erases variables from memory storage 

Additional ARTS Commands and Function Keys 

EVAL ........... Executes a string or variable containing string 
SDEF ........... Saves default values to a disk file 
LDEF ........... Loads default values from a disk file 
ECHO ........... Toggles echo of subroutine command lines 
ASSIST ...... , .. Displays activity on communication lines 
QUIT ............ Returns control to operating system 
F 1 . . ... Displays mnemonic commands 
F2 .............. Activates DOS shell 
F4. . , . Accesses highlighted mnemonic command 
F5. . . . . . . Leaves ARTS (same function as QUIT) 
F6 . . . Creates a stream-oriented file 
F9. . . . Accesses default values 
F 1 O ............. Interrupts active routines 
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The F9 key is used to gain access to a 
series of menus to set system and in
strumental defaults. The FlO key is 
used to interrupt execution of a rou
tine. Once the FlO key is pressed, a 
message is displayed on the screen, and 
the user can stop the execution of the 
routine, step one line at a time through 
the routine, enter a series of com
mands, or continue the execution of the 
current routine. 

Instrument commands fall into four 
categories: those that send parameters 
to instruments, those that receive data 
from instruments, those that send pa
rameters and receive data, and those 
that cause the instrument to perform 
an action. Table II contains some char
acteristic examples of these categories. 
Commands in the first category can be 
used to pass information, such as the 
grip tension for a robot hand or the 
parameters needed to collect a spec
trum. The second category is used 
when instruments return data that can 
be used in conditional statements or, as 
in the examples, stored in variables for 
later use. The first example of this cat
egory shows how the weight of a sample 
is returned by a balance and stored as 
the first entry of array WEIGHT. The 
second of these examples stores the 
number of scans for a spectrum in the 
variable MEASUREMENTS. Combi
nations of the previous two commands 
are shown in the third category of com
mands. In the first example of this 
type, the time is returned from clock 4 
and stored in the variable TIME, 
whereas in the second example, the ab
sorbance value at 750 nm is stored in 
the variable ABSORBANCE. The last 
category of commands only requires 
that the command be sent to the in
strument; the examples in this category 
show commands that control a syringe 
station, MLS, and collect a reference 
spectrum on a spectrophotometer, 
REFERENCE. Information about the 
number of parameters to be sent, the 
direction of data transfer, and the in
strument to which the command is to 
be sent is required to communicate 
with any laboratory instrument. The 
variety of commands implemented by 
ARTS allows the user to exploit the full 
power of a microcomputer to control 
laboratory equipment. 

ARTS is capable of controlling any 
type of programmable laboratory in
strument or robot, although it was orig
inally used to control a Zymate I robot. 
Control is implemented using RS 232 
communication links between the mi
crocomputer and the laboratory instru
ments. The methods of communicating 

with different instruments vary with 
the manufacturer; for this reason, a 
menu is used to define the communica-

Table II. Instrument 
commands 

Commands that send parameters 

GRIP = 100 
MEASURE 1, 0, 0, 0 

Commands that receive data 

WEIGHT (1) = WEIGH 
MEASUREMENTS = NMEAS 

Commands that send parameters and 
receive data 

TIME = CLOCK (4) 
ABSORBANCE = VALUE (750) 

Commands that perform an action 

MLS 
REFERENCE 

tion protocol necessary for each instru
ment. Parameters such as baud rate 
and parity must be specified, stored in 
a file, and used to control communica
tion with the instruments. 

A robot is operated as just another 
instrument in the system. Some com
mercial laboratory robots use pre
defined positions in their normal oper
ations; these positions are defined by 
using a teaching method supplied with 
the robot. During the teaching process, 
the robot is positioned at a point in its 
field of influence. The user supplies 
this position with an ASCII name, 
which is used to access it. These posi
tion names, along with other robot con
trol commands, can be grouped into 
routines to perform tasks such as pick
ing up a test tube. Line numbers are 
only used when needed for a GOTO 
statement. Routines can be combined 
to perform complete analyses. 

To facilitate communication with in
struments, a look-up table is used. The 
table allows the user to give a simple 
mnemonic definition to a complex se
quence of commands that contain the 
number of parameters to be sent, the 
direction of data transfer, and the com
munication port to use for the instru
ment. In addition to simplifying com
mands, this method also allows the pro
gram to check for the proper number 
and type of parameters to be sent. The 
error checking of incorrect argument 
lists helps the user in debugging experi
mental procedures. As a convenience, a 
menu with a list of command mnemon
ics can be displayed at the top of the 
screen. Along with the command, the 

communication port is displayed to 
show to which instrument the com
mand is directed. 

The mnemonic definitions are stored 
in an ASCII file in the format: 

MNEMONIC, COMMUNICATION 
PORT, NUMBER OF ARGUMENTS, 
ARGUMENTS 

Each mnemonic definition takes one 
line of the file. The argument list is 
used to notify ARTS oithe direction of 
communication (to or from the instru
ment) and the type of argument 
(string, floating point number, integer, 
array of strings, array of floating point 
numbers, or array of integers). If the 
argument is a valid string or number, it 
is sent to the instrument, as follows: 

MLS, 1, 1, 301 

In this example, the mnemonic MLS 
is used to send one parameter, 301, to a 
robot using communication port 1. If 
data are to be returned from an instru
ment, the argument consists of a"?" 
followed by a one-letter specifier (F
floating point, D-integer, S-string, 
AS-array of strings, AF -array of 
floats, or AD-array of integers) to de
termine the type of data returned from 
the instrument. The following entry 

NMEAS, 2, 2, NMEAS, ?D 

is used to send one argument, NMEAS, 
to a spectrophotometer and to receive 
data from the spectrophotometer using 
communication port 2. The data from 
the instrument are evaluated as inte
gers. When the type consists of an ar
ray, the number of members immedi
ately precedes AS, AD, or AF. For com
mands that need to have parameters 
evaluated during execution, a "*,, pre
cedes the type description. One such 
command is GRIP, for which the grip 
tension follows the mnemonic name. 
The file entry would be 

GRIP, 1, 2, 100, *F 

wherein two arguments are to be sent 
to the robot through communication 
port 1. The first argument is a 100 and 
is used by the robot to issue a grip com
mand. The robot expects a second ar
gument to be sent specifying the ten
sion of the grip; this parameter is evalu
ated by ARTS as a floating point 
number. A final example of the four 
types of commands given in Table II 
consists of sending a command and a 
parameter and then receiving data 
from the instrument, as in: 

VALUE, 2, 3, VALUE, *D, ?F 

When the "VALUE(750)" is issued 
in the ARTS program, the string "V AL
UE" is sent to a spectrophotometer. 
The 750, representing the wavelength 

in nanometers, is evaluated as an inte
ger and is transmitted. The transmis
sion of these commands causes the 
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Figure 1. Layout of laboratory robot system. 

spectrophotometer to return the absor
bance at 750 nm to ARTS. The data 
received are evaluated as floating point 
numbers. The mnemonic definitions 
allow ARTS to communicate with lab
oratory instruments and to notify the 
user when an incorrect number of pa
rameters has been entered. 

The ability of ARTS to work in con
junction with external software in
creases the versatility of laboratory 
control. The researcher is no longer 
limited by the instrument control soft
ware, because external software can be 
incorporated into ARTS. 

The artificial intelligence driven 
robotic system 

The next step in the Analytical Direc
tor project is to introduce artificial in
telligence supervision. We have dem
onstrated the automation of a com
plexometric titration using an expert 
system control program (3). 

The layout for the laboratory robot 
system is shown in Figure 1, and the 
outline of the expert system is shown in 
Figure 2. The top-level program con
tains the user interface and controls 
the execution of the subsystems that 
determine the appropriate experimen
tal conditions, control analytical in
strumentation, and analyze standards 
and unknowns. 

Communication between the user 
and the expert system is accomplished 
through menus and queries. The user 
can describe the sample to be analyzed, 
including potential interferences, by 
choosing the appropriate responses 
from the menus. Any additional infor-

mation required to perform the titra
tion is sought by the expert system in 
the knowledge base. Information de
termined by the expert system to be 
necessary, but not available from either 
user input or from the knowledge base, 
will generate queries to the user for 
such information. Information ac
quired in this fashion will automatical
ly be added to the system knowledge 
base for future use. 

An analysis problem is processed by 
first determining whether the same 
problem has been solved previously. If 
a solution exists, the experimental con
ditions are recalled and used. If the 
problem has not previously been en
countered, a set of heuristic rules based 
on conditional stability constants is 
used to limit the set of possible solu
tions. From the constrained set of solu
tions, one possible solution is extract
ed. The system will then check a file of 
past experiments to determine if the 
chosen solution previously failed to 
produce adequate results. If so, an al
ternate solution is sought. Any unveri
fied experimental conditions are tested 
against standard solutions prior to the 
titrations. 

Thus it is feasible to design and carry 
out a rather complex analytical proce
dure using a laboratory robot under ex
pert system supervision. The decisions 
made are based on chemical theory, 
data collected from actual experi
ments, and user input. The ability of 
the user to set experimental parame
ters allows the expert system to learn 
from instruction. Because the expert 
system keeps a record of past experi-
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Figure 2. Hierarchy of the complexo
metric expert system. 

ments, it is able to learn as the system is 
used. 

This expert system was designed to 
perform direct complexometric titra
tions. With modifications, various oth
er types of titrations-including step
wise, indirect, and replacement-could 
be incorporated. Knowledge collected 
by an expert system can easily be trans
ferred to a different expert system, 
thus allowing almost instantaneous 
teaching. The system can also be used 
to teach humans by displaying experi· 
mental conditions to the user. Since all 
data collected by the system are ar
chived, procedures that once were rare
ly used are now routine. 

Temporal optimization of robots 

The automation of complex procedures 
envisioned in the Analytical Director 
project requires consideration of both 
task scheduling and resource alloca
tion. Most laboratory procedures can 
be broken down into a series of tasks. 
Each task requires certain resources, 
reagents, equipment, instruments, or 
personnel. The order in which the tasks 
are completed is important, because it 
will affect the overall completion time 
ofthe procedure. Scheduling, queuing, 
and network theories have been de
vised to maximize the efficiency of one 
or more procedures by sequencing 
tasks and allocating resources (4-6). 

Programming robotic systems to run 
laboratory procedures efficiently is 
both tedious and time-consuming. Fur
thermore, robot systems are expensive. 
As a consequence, once an effective ro
bot program is obtained, the program
mer is often reluctant to modify it. For 
variable or one-of-a-kind procedures, 
the time required to program laborato
ry robotic systems will likely exceed the 
time required for the chemist to do the 
procedure manually. For this reason, 
current robot applications in the lab
oratory are usually limited to nonvary· 
ing procedures repetitiously applied to 
a large number of samples. 



Variable robotic procedures would 
be feasible if efficient robot programs 
could be developed rapidly. The Tem
poral of Robotic Task Se

expert system has 
as a programming aid 

for versatile and facile robot program 
de'Jel,oDIneJ1t (7, 8). An advantage of 

is that a program
mer can evaluate a robotic pro
gram configuration on a computer 
without using the actual robotic sys
tem. For variable robotic programs 
that execute different procedures 
based on test results acquired at run 
time, each procedure may be optimized 

The TORTS system was 
to maximize the productivity 

of a laboratory procedure, shorten the 
robotic development time) 
and of robotic sys-
tems. expert system is a critical 

in the development of the Analyti
project (9). 

The robotic system paradigm 

of complex robotic 
is a formidable problem. 

TORTS system will generate ro
bot task schedules for which no con
straints are violated, and the start and 
finish times are predicted for each task. 
Many task schedules can thus be evalu
ated, because computer simulation is 
much faster than running and timing 
robotic procedures. The best task 
schedule can be defined as the one pro-

the shortest project completion 
time. may arise for which other 
constraints must be met at the cost of 

completion times. 
this discussion, a useful defini

tion of a task is the generalized subrou-

Table m. Section of a 
robotic program written in 
ARTS 

REM 
REM 
REM 

GET A TUBE 

RACK.INDEX = 1 
GOSUB GETTUBE.SUB 

REM 
REM 
REM 

FILL TUBE WITH REAGENT 

SYR.N = "C" 

SOL"VOL 3"0 
GOSUB ADDSOLSUB 

REM 
REM MIX SOLUTION 

REM 

MIXTIME = 120 

GOSUB MIX"SUB 

REM 

tine, which in turn may be a collection 
of subroutines. A robot may be easily 
programmed to handle diverse labora
tory procedures if a generalized set of 
subroutines is built. Table III contains 
a section of a robotic program written 
in the ARTS control language (2). Ta
ble IV is an example of a generalized 
subroutine to mix a solution in a tube 
for a specified amount of time. The 
generalized subroutines are custom
ized for a specific need by setting global 
variables in the main program. The 
global variable, MIXTIME, in Table 
III and Table IV specifies the time the 
vortex mixer is to run. 

a robot control module could di
rect and queue robot commands to 
more than one module, tasks could be 
executed simultaneously. Most labora
tory robotic control systems allow only 
one module to be controlled at a time; 
commands cannot be sent and queued 
at each module. Instead, the program
mer is required to merge commands 
manually to execute tasks concurrent
ly. TORTS allows multiple-task opti
mization in anticipation of robots that 
will allow true task concurrency. 

The TORTS system requires the 
user to specify task and orientation 
times and, optionally, lock times and 
timing constraints. The task times will 

Table IV. Generalized 
subroutine 

REM MIX. SUB 
REM 

REM ROUTINE TO PLACE A TUBE 
IN VORTEX. MIX, AND REMOVE 
TUBE 

REM 

IF FREE (MIXTIME) THEN MIXTIME 
15 

REM 
REM PLACE TUBE IN VORTEX 
REM 

CLEAR. VORTEX 
OVER. VORTEX 
IN.VORTEX 

REM 
REM * * * RELEASE THE TUBE 
REM 

GRIP = 120 
REM 

VORTEX.ON 
SLEEP (MIXTIME) 
VORTEX. OFF 

REM 

REM * * * REMOVE TUBE FROM 
VORTEX 

REM 

GRIP = 35 

OVER. VORTEX 

CLEAR. VORTEX 

vary for different applications, may 
have to be measured for each different 
procedure, and are independent of se
quencing. An optimum sequence 
should be obtainable, although the pre
dicted times will depend on the accura
cy of the programmer's estimates for 
task times. The orientation time is the 
time required for the robot to move 
from the completion of a task to the 
start of a subsequent task. Lock time 
specifies the time penalty for inter
rupting a process. An example is the 
time required to stop the centrifuge to 
add more tubes while centrifugation is 
in progress. Finally, tasks may have 
timing constraints; a minimum or max
imum time must elapse before a succes
sive task is initiated. Such constraints 
are crucial for kinetic studies. 

Optimization 

The TORTS system uses a depth first 
search of the space of feasible solu
tions. The depth first search is directed 
by heuristics and expert strategies (10, 
11). Figure 3 outlines the optimization 
procedure. Solutions are generated one 
at a time. Each improved solution low
ers the upper bound on the predicted 
completion time. Each time an im
proved solution is found or the upper 
bound is exceeded, the system will 
backtrack and try an alternative feasi
ble task. The optimization is complet
ed when all feasible task sequences 
have been evaluated and the system 
backtracks to the top. 

The TORTS system can expand a 
single sample procedure into a multi
ple-sample or duty cycles procedure. 
This step of the optimization occurs 
after an optimum task sequence is ob
tained for the single-sample procedure. 
Optimizing multiple-sample proce-

Figure 3. Flow chart for the exploration 
of the solution search space in TORTS. 
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dures allows the duty cycles to overlap, 
which further minimizes the total com
pletion time. 

Each task of a single procedure will 
form a parallel task for the additional 
duty cycles. All the tasks will be coded 
by a unique integer, but parallel tasks 
are identified by their Primitive Iden
tifier (PI) as shown in Table V. Ex
panding a single procedure to multiple 
procedures also relaxes the constraint 
of the logical sequence of procedures. 
Consequently, the larger the number of 
duty cycles optimized, the greater the 
potential time savings. 

The correct choice of the number of 
duty cycles to be optimized is impor
tant because the search space will in
crease exponentially witb the number 
of duty cycles. The run time for the 
TORTS system will also increase be
cause of the search of the entire solu
tion space and the validation ofthe op
timum task sequence. Another consid
eration is the turnaround time for each 
procedure. If a delay in the completion 
of a single procedure is not allowable, 
the optimum task sequence would be to 
run each procedure serially. For proce-

dures that require many samples or 
duty cycles, efficient patterns of task 
sequences may be obtained from opti
mizations of a reduced number of duty 
cycles. The robot programmer needs to 
follow this pattern while programming 
the robot to perform the larger number 
of duty cycles. 

An enzyme assay was chosen to eval
uate the TORTS system because the 
timing of the spectrophotometric mea
surements is crucial to the analysis. 
The assay is the activity determination 
for liver alcohol dehydrogenase (12). 
The method is based on spectrophoto
metric measurement of the amount of 
nicotinamide adenine dinucleotide 
(NAD) undergoing reduction in 3 min 
at a pH of 9.6 in the presence of excess 
alcohol. The time estimates of the opti
mized task sequences are in good agree
ment with experimental results, as 
shown in Table V. 

Database considerations in expert 
systems 

Integral to the Analytical Director pro
ject is the knowledge base of chemical 
information used by the system to de-

Table V. Predicted and experimental start times 

Level Task 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 10 
11 11 
12 12 
13 22 
14 13 
15 14 
16 15 
17 16 
18 17 
19 18 
20 19 
21 20 
22 21 
23 23 
24 24 
25 25 
26 26 

Project Completion Time 

PI 

1 
2 

10 
11 
12 
9 

13 

2 
1 
2 
1 
2 
1 
2 

10 
11 
12 
13 

Predicted 

0.0 
4.9 

32.2 
37.1 
64.4 
69.3 
96.6 

101.5 
128.8 
270.4 
492.6 
623.6 
643.8 
786.8 

1016.3 
1021.2 
1048.5 
1053.4 
1080.7 
1085.6 
1112.9 
1117.8 
1151.7 
1373.9 
1504.9 
1567.3 
1795.6 

Note. The experimental results were obtained from six funs. 

Times (s) 

Experimental 

0.3 ± 0.0 
5.1 ± 0.2 

32.4 ± 0.2 
37.5 ± 0.2 
64.8 ± 0.2 
69.5 ± 0.2 
96.1 ± 0.2 

100.6 ± 0.2 
129.3 ± 0.2 
271.2 ± 1.1 
492.0 ± 1.3 
623.1 ± 1.6 
644.1 ± 1.8 
787.0 ± 2.3 

1017.4 ± 2.3 
1022.0 ± 2.3 
1049.6 ± 2.2 
1054.5 ± 2.2 
1081.9 ± 2.3 
1086.5 ± 2.3 
1113.4 ± 2.2 
1117.9 ± 2.2 
1151.9 ± 2.2 
1375.2 ± 2.6 
1506.4 ± 2.5 
1565.6 ± 2.7 
1793.6 ± 3.1 
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sign, store, and reason about analytical 
procedures. We have used object-ori
ented programming strategies that al
low all data objects, quantitative and 
qualitative, to be represented as ob
jects and to be manipulated directly. 
Expert system methods theoretically 
are capable of classifying such data ob
jects on the basis of randomly orga
nized rules tbat characterize them. 
This process may be conceptualized as 
traversing a logic tree. However, in 
complex problems, the rules used to 
span the information in the knowledge 
base must be efficiently organized or 
the rule structure will become unman
ageable in size and logical complexity. 
Recent work (13) suggests that the ID3 
(14-16) algorithm is useful for estab
lishing efficient rules for knowledge
base interrogation. 

The knowledge base used by an ex
pert system can be most efficiently rep
resented as a set of rules based on the 
minimal decision tree spanning the 
data. The root node of this tree is the 
attribute that minimizes the number of 
branches from the root. Each branch 
from the root node contains a different 
value of the root attribute. Each 
branch required from these second
level nodes may be branched further 
using attributes different from the pre
vious attributes used to split the data. 
If more than one attribute is used to 
describe the data, the decision tree will 
not be unique. As the number of attri
butes used to describe the data in
creases, the number of possible deci
sion trees also increases. In complex 
data sets, this proliferation demon
strates the critical importance of the 
most efficient structure for the deci
sian tree. 

The ID3 algorithm can be used to 
determine classification trees that 
minimize the number of tests needed to 
classify objects based on information 
theory and the entropy of classifica
tion. As a simple demonstration of this 
operation, IR data are given in Table 
VI for substituted benzenes. Although 
this is admittedly a very simple classifi
cation problem, it does not differ in 
principle from more complex classifi
cation problems. The ID3 algorithm 
creates the decision tree shown in Fig
ure 4. Furthermore, the PROLOG im
plementation of this algorithm writes 
syntactically correct PROLOG rules 
that can be used to span the database. 

Standard robotics method-the 
next step 
Our work on the Analytical Director 
project has demonstrated expert sys
tem control of laboratory robots. The 
next desirable step would be the transi
tion from the description of an analyti-



cal procedure to the actual perfor
mance of that procedure by an auto
mated laboratory robot. This will 
require several developments that have 
not yet taken place. A formal model of 

the chemical analysis domain is re
quired if a computer system is to de
sign, plan, manage, and ultimately con
trol the actions of a robot during the 
performance of a laboratory procedure. 

Table VI. Data for benzene substitution used to generate decision 
tree 

toluene 

Compound 
name 

m-xylene 
o-xylene 
p-xylene 
1,2,3-trimethylbenzene 
1,2.4-trimethylbenzene 
1,3,5-trimethylbenzene 
1,2,3.4-tetramethylbenzene 
1,2,3,5-tetramethylbenzene 
1,2,4,5-tetramethylbenzene 
pentamethylbenzene 

Degree 
of 

subslilutlon 

mono 
meta 
ortho 
para 
1,2,3-tri 
1,2,4-tri 
1,3,5-tri 
1,2,3,4-tetra 
1,2,3,5-tetra 
1,2,4,5-tetra 
penta 

IR absorpllon ranges (cm-1) 

650- 700- 750- 800- 850-
699 749 799 849 899 

S S W W W 
S W S W W 
W S S W W 
W W S W W 
W S S W W 
W W W S M 
S W W S W 
W W S S W 
W S W W S 
W W W W M 
W W W W S 

Note. Absorption is denoted by W (weak), M (medium), and S (strong). 

Figure 4. Decision tree generated from data in Table VI. 

Such a formal model will include a 
state space representation of the robo
tic table layout and a set of primitive 
actions that perform operations in that 
state space. The ARTS programming 
language provides an adequate frame
work for accomplishing this robotics 
programming goal. 

The more difficult problem is map
ping chemical procedures into the ro
botic environment so as to accomplish 
the desired task. To date, little atten
tion has been given to the formal 
representation of chemical procedures. 
One approach, a Symbolic Synoptic 
System for Analytical Chemistry 
(SSSAC) (17), appears to have attract
ed little attention. However, we are 
currently studying the use of natural 
language parsing to map chemical pro
cedures directly into robotics proce
dures. Although the solution of the nat
ural language parsing of laboratory 
procedures is not yet feasible in the 
general case, recent developments in 
natural language interpretation (J 8) 
indicate that chemical procedures writ
ten in a simple, prescribed syntax could 
be interpreted automatically. 

The goal of this work is the standard 
robotics method. Standard reference 
materials have been used for many 
years to help individual laboratories 
test the reliability of their analytical 
procedures, but no scheme has been de
veloped to guarantee that complex an
alytical procedures performed by a ro
bot would give the same results in dif
ferent laboratories. The standard 
robotics method that we envision 
would allow a method to be transferred 
from one laboratory to another and 
would ensure the same quality of re
sults in each lab. 

The success of the standard robotics 
method project will require that a stan
dard set of primitive robot unit opera
tions be defined for each laboratory envi
ronment. The text of a procedure, writ
ten in the prescribed syntax, could then 
be mapped onto the primitive robot op
erations. The operations so mapped 
would constitute the standard robotics 
method. Laboratories equipped with 
Analytical Director units could transfer 
procedures and not lose quality control 
because of technician inconsistency from 
laboratory to laboratory. 
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Analytical Potential of Protein A for Affinity Chromatography of 
Polyclonal and Monoclonal Antibodies 

Bruce Jon Compton,* MaryAnn Lewis, Frances Whigham, Jennifer Shores Gerald,' and George E. Countryman 

Fermentation Development Laboratories, Bristol-Myers Company Industrial Division, P.O. Box 4755, 
Syracuse, New York 13221-4755 

Protein A based rapid alflnHy chromatography for quantitation 
of various Immunoglobulins of class G (IgG) Is described. 
Three-minute analysis using eHher cHrate or phosphate buffers 
and detection with 220- or 280-nm uHravlolet absorption was 
found to be optimum for quantHation of IgG from 0.25 to 250 
I'g of I gG on-column with a percent relative standard devia
tion (% RSD) of 2-3% RSD. The method has a detection 
limit estimated to be 100 ng of IgG on-column. II has been 
used to analyze a variety of IgG-contalnlng samples from 
such diverse sources as hybrldoma selection, media cultiva
tion, and purHlcatlon studies. Gradient elution studies and the 
relationship of IgG elution to IgG Isoelectrlc point (pI) are 
also described. 

INTRODUCTION 
It is well-known that many products derived from mono

clonal antibody (mAb) hybridomal technology are in the 
process development and scale-up stage of commercialization. 
Clearly, rapid, accurate, automated analysis of samples related 
to mAb development efforts is needed. 

One mAb immunoglobulin class frequently developed is 
class G (IgG). Determinations of these large molecular weight 
proteins (MW approximately 150 000) are normally accom
plished by using immunoassay techniques in conjunction with 
latex coagulation, or radio-, fluoro-, or enzyme-linked de
velopment methods (1). These methods are well suited and 
widely used in hybridomal selection since they are highly 
sensitive (ng/mL concentration range), but they are, in gen
eral, difficult to automate and often lack sufficient accuracy 
for process optimization studies. Additional methods involve 
a variety of electrophoretic, immunodiffusion, and immuno
nephalometric methods (2). These methods are 1-2 orders 
of magnitude less sensitive than the various immuno-linked 
methods previously mentioned. In general, they are also 
ill-suited for rapid automated analysis. For instance, radial 
immunodiffusion (RID) assays are widely used for following 
hybridomal production and mAb purifications, but they may 
take up to 3 days to execute. 

Our approach to implementation of large-scale routine mAb 
analysis has been the use of affinity chromatography based 
on high-performance liquid chromatographic (HPLC) equip
ment. Automated HPLC systems are well developed com
mercially and as such are regarded as reliable for routine usage. 
A classic means of studying and isolating antibodies, partic
ularly those of the IgG class, has been the use of protein A 
from various Staphylococcus species or more recently as a 
recombinant product (3-5). Studies on the interactions of 
protein A with IgG classes and subclasses have progressed to 
a state where much is known and understood regarding the 
stoichiometry and physiochemical interactions (6-9) of protein 
A and IgG's. Additionally, protein A or the more recently 
commercially available protein G can be used with sufficient 
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selectivity to allow IgG class and subclass separations (10-12). 
One interesting aspect of the literature on protein A as seen 

in numerous reviews (3-5) is the general omission of studies 
on the use of protein A for rapid, reproducible quantitation 
of IgG's; in other words, the analytical chemistry potential 
of protein A binding to IgG has not, with a few exceptions 
(13, 14), been extensively examined or appreciated. 

We report here on the use of protein A for rapid (less than 
3 min), automated IgG analysis of various polyclonal and 
monoclonallgG's. Some fundamental studies on rapid affinity 
chromatography recently have been published (15-17), but 
our intent is to illustrate the use of commercial instrumen
tation and materials for rapid, reliable automated IgG analysis 
for production-related samples. For instance, over 20 000 
IgG-related samples have been analyzed by us with this me
thod over the last year by using one instrument and little 
analyst intervention. A correlation of IgG elution time to the 
isoelectric point (pI) of IgG is also demonstrated. 

EXPERIMENTAL SECTION 

Apparatus and Materials. Protein A bound to a rigid ma
croreticular polymer support was commercially obtained (Affi
Prep protein A, Bio-Rad, Richmond, CAl. Ooe 25·mL bottle was 
adequate to pack 20 4.6 mm i.d. X 5 em HPLC stainless steel 
blanks (Type LTS 5 cm, No. 820-05, Keystone Scientific, State 
College, PAl. Column packing was accomplished by pipetting 
the slurry directly into the column, running eluent through the 
column for a few minutes, and then adding more packing to fill 
any column voids. 

Various mobile phases such as citrate, borate, 2-amino-2(hy
droxymethyl)-1,3-propanediol (Tris), and orthophosphate buffers 
were studied as mentioned and prepared with either sodium or 
chloride counterions from concentrated HCl or 19 N NaOH. Most 
studies and routine analyses were conducted with 25 mM sodium 
citrate (pH 7.6 ± 0.1) as loading buffer, and elution was done using 
25 mM citric acid (pH 2.4 ± 0.1) and 280-nm detection. High
sensitivity analysis was done using a 25 mM sodium phosphate 
(pH 7.6 ± 0.1) loading buffer and 100 mM sodium phosphate (pH 
2.4 ± 0.1) elution buffer with 220-nm detection. In general, the 
loading buffer (high pH) was made by using the elution buffer 
(low pH) and adjusting its pH to 7.6 ± 0.1 with 19 N sodium 
hydroxide. 

All chemicals were of reagent grade and were from Sigma 
Chemical Co. (St. Louis, MO) or Aldrich Chemical Co. (Mil
waukee, WI) except Dulbecco's phosphate buffered saline (DPBS), 
which was from Gibco (Grand Island, NY), and water was 
deionized. Monoclonal antibodies produced by Bristol·Myers 
Industrial Division (Syracuse, NY) or Oncogen (Seattle, WA), 
polyclonal murine IgG (Zymed Laboratories, Inc., South San 
Francisco, CAl, and polyclonal bovine IgG (Sigma) were diluted 
with DPBS and used as obtained. 

The HPLC analysis system consisted of a low-pressure pro· 
portioning valve gradient system, diode array spectrophotometric 
detector, and microprocessor controller and data system (Model 
1090M with PV5 option, Hewlett-Packard, Palo Alto, CAl and 
was used without modification. 

Procedure. Measurement of IgG Concentration. Samples 
were collected and centrifuged to remove cells, and aliquots of 
supernatants were stored frozen. IgG's can precipitate at high 
concentrations (>5 mg/mL), especially in unbuffered or ill-suited 
buffer solutions. At low concentrations, many proteins adsorb 

© 1989 American Chemical SOCiety 



to plastic and glass surfaces. Low-concentration IgG standards 
were often stabilized with bovine serum albumin (10 mg/mL) 
solutions of DPBS. 

Once rapidly thawed in tap water, samples were centrifuged 
to clarity and analyzed immediately or stored refrigerated at 4 
°C for not more than 48 h. 

Routine analysis of samples containing 10-1000 I'g/mL IgG 
involves equilibration of the protein A affinity chromatography 
system with 90% sodium citrate buffer-10% citric acid buffer 
(flow rate 3 mL/min, column temperature 25 °C), followed by 
blank runs with DPBS to determine if the system base line was 
appropriate at 280-nm detection. Elution involved a step gradient 
at 1 min to 10% sodium citrate buffer and 90% citric acid elution 
buffer. This mixture of loading and elution buffer results in actual 
pH values of 6.0 and 2.8, respectively. A 250-I'L aliquot of IgG 
standard was injected in triplicate, and peak areas were deter
mined by standard chromatographic integration methods. For 
standards at a concentration of 100 I'g/mL, the RSD of the peak 
areas should be less than 2%. Samples were analyzed by using 
a 250-.uL injection on-column. Sample preparation involved 
adjusting sample to pH 6.5 or greater as elaborated on later. 
Additionally, ascites fluid was diluted with DPBS such that IgG 
levels were below 1000 I'g/mL. Unbound material is eluted from 
the column prior to elution of IgG. Bound IgG eluted slightly 
after the elution buffer breakthrough and was quantitated by using 
the same method as that for the standard. 

For high-sensitivity analysis of samples below 10 I'g/mL con
centration, a 25 mM sodium phosphate (pH 7.6 ± 0.1) loading 
buffer and 100 mM sodium phosphate (pH 2.4 ± 0.1) elution 
buffer and 220-nm detection were used. 

RESULTS AND DISCUSSION 
The concept of executing affinity chromatography using 

protein A is uncomplicated. Protein A binds at or above 
physiological pH (pH 7.2) to the Fe region of IgG molecules 
(3-5) in a pseudoimmunological response. The mode of 
binding probably involves hydrophobic interactions since 
many protein A loading systems use salt concentrations, often 
as high as 3 M sodium chloride, along with buffers such as 
Tris, borate, or phosphate (7-11) to maintain appropriate pH. 
Elution traditionally occurs at low pH «4.0) and low citrate 
or phosphate salt concentration. 

The major experimental parameter studied was loading and 
elution buffer because base-line perturbations from ill-suited 
buffers are the main impediment to using affinity chroma
tography for quantitation. The other parameters of column 
configuration, loading and elution buffer flow rate, sample pH, 
and the nature of the stationary phase were briefly investi
gated as described. 

Conceptually, the ideal buffer would not interfere with IgG 
to protein A binding, be transparent in the UV detection range 
(220 or 280 nm), and have a diprotic nature with pK. 2.5 and 
8.5. Unfortunately, no such buffer has been found, and tra
ditional buffer systems such as 100 mM Tris (ph 8.5)-citric 
acid (pH 2.6) can lead to large base-line perturbations that 
are sufficient to interfere with IgG analysis below 100 I'g/mL 
concentration. Linear elution gradients using pH changes and 
chaotropic agents, which can be used for isotype separations 
(7-9), do not generate such large base-line perturbations but 
cause excessive IgG band broadening, limiting the method's 
sensitivity. Thus, rapid step gradients are better suited for 
routine sensitive IgG analysis. 

Three buffer systems we investigated most thoroughly are 
based on combinations of citrate, phosphate, and Tris. They 
are all compatible with 280-nm detection, while the phosphate 
system can also be used with 2l5-nm detection. Some rep
resentative chromatograms of mAb BM1 (murine IgG2a) ob
tained with various combinations of the three buffer systems 
are shown in Figure 1. It is apparent from these examples 
that the phosphate and Tris buffers cause peak artifacts (peak 
fronting and splitting) while the Tris system additionally 
causes base-line perturbations that interfere with peak 
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Figure 1. Comparison of elution of 21 I'g of mAb murine IgG,. 8M1 
with 25 mM (A) sodium citrate (pH 7.6)-citric acid (pH 2.6), (8) sodium 
phosphate (pH 7.6)-sodium phosphate (pH 2.6), and (C) Trls HCI (pH 
7.5)-Trls HCI (pH 2.6) loading-elution buffer combinations and 280-nm 
detection. Peak shape may be a reflection of the pH elution profiles 
shown in Figure 2 for the various buffer combinations. 

,., 

,:-h-j ~~~~~~ 
22.22.42.62.833.23.43.63.84 

TIm .. (mIn.) 

Figure 2. Eluent pH during a step gradient from 90-10% to 10-90 % 
25 mM (pH 7.6 to 2.6) sodium citrate-citric acid (A), Tris HCI (8), and 
sodium phosphate (C). These profiles are a reflection of the differences 
in buffer pKa and mixing in the pumping system of the chromatograph. 

quantitation. We surmise that the variations in BM1 peak 
shape with these various eluents arise from the differences 
in pH profile as shown in Figure 2. Split peaking may be 
related to the heterogeneous nature of the system since both 
protein A and IgG's have multiple binding sites for each other, 
all IgG's exhibit microheterogeneity with regard to isoelec
trotypes, and often mAbs contain mixed light chains. As such, 
mAbs exhibit variable physiochemical and immunochemical 
properties as manifested here with regard to binding to protein 
A. 

The citrate system gives little base-line perturbation and 
symmetrical peak elution. This triprotic acid has pK;s in the 
range 2.6-7.5, which result in a linear pH drop upon stepping 
from pH 6.5 to 3.0, as seen in Figure 2. Further development 
work on the sodium citrate-citric acid system, where 10-250 
mM loading-elution buffer concentrations were investigated, 
indicated 25 mM sodium citrate--citric acid as the best buffer 
system for routine analysis work since this concentration 
maintains relatively sharp elution band integrity and generates 
little base-line interference. Additionally, a 25 mM sodium 
phosphate-IOO mM sodium phosphate system is used for 
analyses requiring high sensitivity since it is compatible with 
detection at 220 nm. This buffer system gives split peaks at 
low IgG amounts «10 ~ on-column), which require operator 
intervention for interpretation since it is not always obvious 
if split peaking arises from eluent effects or column channeling. 

We have also attempted to use a 25 mM universal buffer 
combination (phosphate, borate, citrate, Tris (ref 18» tbat 
reportedly does not interfere with detection above 240 nm. 
This approach allows fractionation of polyclonal murine IgG, 
bovine IgG, and mAb BM!, but leads to large base-line per-
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Figure 3. Elution of 500 I"g of polyclonal (A) bovine IgG (Sigma) and 
(B) murine IgG (Zymed) using a 25 mM universal buffer mixture (see 
text for reference) with an 8-min linear gradient (pH 7.2 to 2.9) and 
280-nm detection. Fractionation of the sample indicates IgG's elute 
from protein A at different eluent pH's, as also shown above. Bovine 
IgG is known to have less affinity for protein A than does murine IgG, 
as evident here from the large breakthrough peak and skewing of the 
bovine peak to earlier elution times. 

turbations similar to those caused by Tris when used in a step 
gradient mode. This universal buffer combination, used as 
shown in Figure 3, is still under investigation. 

It is noteworthy that various precautions were taken to 
implement the high-sensitivity analysis described here. The 
same buffer type was used for loading and unloading and was 
usually made by starting with a stock solution of the acid form 
and titrating this from pH 2.4 to 7.6 with 19 N NaOH. Eluents 
were also made with low buffer concentrations (25 or 100 mM). 
Finally, both loading and elution buffer channels were run 
simultaneously at all times as 90-10% mixtures to minimize 
artifacts arising from stationary solutions in the pump 
channels. 

Other column configurations besides 4.6 mm X 5 cm were 
investigated. Columns with lower volume lacked sufficient 
excess capacity of stationary phase to allow reproducible 
long-term use of one column. According to Biorad, the 
manufacturer of the stationary phase, a 4.6 mm X 5 em column 
containing approximately 1 g of stationary phase has a ca
pacity of approximately 5-9 mg of IgG (depending on specific 
IgG type and isotype) and thus an approximately 2D-40-fold 
excess capacity for the upper sample concentration range of 
interest (1 mg/mL). This excess capacity has allowed us to 
use an individual column for thousands of analyses provided 
the column is washed with methanol after approximately every 
200 injections. 

With regard to sample pH, it is generally accepted that if 
an IgG has an ability to bind to protein A, it will bind at or 
above physiological pH (pH 7.2). The linear pH gradient 
elution profile shown in Figure 3 indicates that for polyclonal 
IgG, various IgGs elute at different pHs, and consequently 
sample pH for loading must be evaluated on a case-by-case 
basis with regard to individual mAbs. We show in Figure 4 
that various mAbs elute with differing peak mode retention 
times. These mAbs differ by their isoelectric points (pI), and 
a direct correlation of pI to pH of elution is seen for various 
human, chimeric, and murine mAbs as shown in Figure 5. 
This correlation is interesting because it indicates that the 
method described here can be used to estimate IgG pI, a 
measurement that is often difficult to make by using isoelectric 
focusing electrophoresis (IEF) for IgG's with pI's above 9. It 
also indicates that if protein A is used for mAb selection there 
is a tendency to select for IgG's that have high pI's, which may 
have ramifications with regard to mAb solubility and stability. 

Some other examples of the method's pI selectivity are seen 
in analysis of polyclonal IgG's from various sources. In studies 
of polyclonal murine IgG and mAb BM1 a coincidence of 
retention is seen because the polyclonal IgG sample was pu
rified by its supplier, Zymed Laboratories, using protein A 
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Figure 4, Elution of 25 I"g of mAb (A) BMI (pi 9.2, murine IgG,.), (B) 
BM2 (pi, 9.5, human IgG,), and (C) BM3 (pi 9.7, human IgG,) using 
the standard 25 mM sodium citrate loading and citric acid elulion buffers 
and 280-nm detection" Differences in retention time of peak modes 
are reproducible and, as shown in Figure 5, correlate with mAb pI. 
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Figure 5. Plot of mAb pi and peak retention time or eluent pH obtained 
with the standard citrate buffer system. Antibody species and isotype 
are murine IgGs• murine IgG2a. human IgG,. human IgG,. and hu
man-murine chimer IgG,. respectively, from left to right. This unex
pected correlation of pI to eluent pH for band elution has many ra
mifications with regard to protein A usage in mAb analysis and puri
fication. 

affinity chromatography. This can be contrasted with the 
elution of a polyclonal bovine IgG sample where a large IgG 
breakthrough peak and little coincidence with mAb BM1 have 
been seen. The polyclonal bovine IgG sample was supplied 
and purified by Sigma Chemical Co. using ion-exchange and 
size-exclusion column methods and, as such, is more repre
sentative of IgG's present in the animal. The large IgG 
breakthrough peak arises because not all IgG isotypes from 
different species bind to protein A (3-5). Generally, bovine 
IgG has poor affinity for protein A, and estimates of bovine 
IgG from protein A affinity underestimate bovine IgG levels 
determined by RID analysis by 50%. It is not known if the 
general ability of immunoglobulin isotypes and classes to bind 
to protein A is strictly correlated to pI, but this may be the 
case, since we have found using isoelectric focusing studies 
that early eluting IgG from large-scale columns contains low-pI 
«7) material. 

The parameter of flow rate was investigated early in the 
development of the method, and it was found that 3 mL/min 
was the maximum flow rate that could be used with the 
stationary phase without having excessive back-pressure. Flow 
rates greater than 3 mL/min were not investigated, and lower 
flow rates increased analysis time. 

The stationary phase choice was based on availability (at 
the time these studies were started, only Biorad and Repligen 
(Immobilized rProtein A, IPA-300, Cambridge, MA) offered 
bulk material) and stability of the stationary phase support. 
The Biorad material is a macroreticulated polymer with high 
mechanical stability, allowing its use at high linear flow ve
locities. Repligen material is a soft gel. 

Linearity studies of BM1 and other mAb's indicate linearity 
of the citrate buffer system (280-nm detection) to 1 mg/mL 
for a 250-I"L injection. For instance, a typical linear regression 



Figure 6. Overlapping rapid affinity chromatograms obtained with the 
standard citrate buffer system and 280-nm detection of various con
ditioned media samples from large-scale mAb production. The samples 
represent a time course from day 0 to harvest and a DPBS blank. This 
method is subsequently used to monitor concentration, purification, and 
formulation of the IgG. 

analysis for nine standards injected in triplicate in the 1-1000 
I'g/mL concentration range will yield R' = 0.9963 and y = 
3.35x + 20.1 with a standard error of 71.69 and 0.0772 for the 
y estimate and x coefficient, respectively. The detection limit 
is estimated to be 1 I'g on-column for typical conditioned 
media samples. The analytical range of interest for process 
samples falls within the 10-1000 I'g/mL concentration range. 
It should be noted that a cultivation medium that contains 
5 % fetal calf serum typically gives rise to IgG blanks of 1-5 
I'g/mL, which limits the method's sensitivity. For routine 
analysis the method has an estimated precision of 0.5-2% 
RSD above 10 I'g/mL. Sensitivity of the method can be 
increased by increasing the injection volume to 1 mL, since 
the capacity of the stationary phase used here, as stated 
previously, is approximately 5-9 mg of IgG per column. 

Method validation has been achieved through crossover with 
RID and spiked recovery studies. The RID studies showed 
general trends for sample levels to be comparable, but RID 
lacks the sensitivity required (IgG concentrations of 1-300 
I'g/mL) for direct analysis of conditioned media samples. As 
such, samples for RID analysis require 10-30-fold concen
tration, a sample preparation step that is difficult to execute 
accurately. 

For the spiked recovery studies sample blanks consisting 
of synthetic media supplemented with 2% fetal calf serum 
were spiked with IgG to give six concentrations from 0 to 500 
I'g of IgG/mL, and IgG was quantitated in triplicate in these 
samples. Linear regression analysis of the mean of the results 
gave R' = 0.9999, with y = 0.9968x + 2.66 and a standard error 
of the y estimate and slope of 1. 755 and 0.00392, respectively. 
The slight positive bias (2.66I'g/mL) of the results represents 
measurable (protein A bindable) bovine IgG in the blank. 

An example of the use of the method for following the 
production of IgG in vitro is shown in Figure 6, where over
lapping chromatograms of a DPBS blank and time course 
samples from initial to harvest are shown. 

The characteristics of the phosphate buffer system (220-nm 
detection) are similar to that of the citrate system, except it 
is an order of magnitude more sensitive, with a detection limit 
of less than 100 ng of IgG on-column. The main limitation 
of the phosphate buffer system is, as previously shown in 
Figure 1, that IgG elution band shape is often split, making 
peak integration difficult. Actual application of the phosphate 
system involves the use of 25 mM sodium phosphate (pH 7.6) 
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binding and 100 mM sodium phosphate (pH 2.6) elution 
buffer. The higher concentration of elution buffer compresses 
the IgG elution band such that it is better defined than that 
shown for the 25 mM sodium phosphate in the figure. 

The main general limitations of the method are that not 
all IgG classes bind to protein A, and occasional anomalous 
results are found during routine analysis. The first limitation 
may be overcome with the use of protein G, which has recently 
been commercialized as an immobilized recombinant product 
for IgG purification. The second limitation of anomalous 
results manifests itself with a positive bias in IgG values. This 
has been traced to the occurrence in some samples of IgG 
precipitates that elute from the column only in the presence 
of some solubilizing agent such as bovine serum albumin. For 
instance, on occasion a column has been observed to give high 
results for a number of samples known to contain low IgG 
concentrations, but when an IgG standard or buffer blank is 
injected, no anomalous results are seen. However, injection 
of a bovine serum albumin sample causes elution of precip
itated IgG, indicating that the column is fouled and should 
be repacked. 

One final note addressed earlier was that column life can 
be extended if the column is washed periodically (after every 
200 samples) with methanol. It has been observed that the 
stationary phase rapidly loses IgG binding capacity if, for 
instance, the column was used and then allowed to remain 
overnight without a wash. Loss of protein A from the sta
tionary phase is thought to be through protease activity or
iginating from the samples or from microbial growth in the 
eluent. 
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Determination of the Dissociation Temperature of Organic 
Micelles by Microcapillary Hydrodynamic Chromatography 

Jaap Bos,' Robert Tijssen, and M. Emile van Kreveld 

KoninklijkelShell-Laboratorium, Amsterdam (Shell Research B. V.), Badhuisweg 3, 
1031 CM Amsterdam, The Netherlands 

Microcaplllary hydrodynamic chromatography has been used 
to study the temperature behavior of micelles of a poly(sty
rene-Isoprene) block polymer In the nonpolar solvent n -de
cane. A deactivation scheme for the fused silica column, 
necessary for working wHh nonpolar solvents, Is given. Re
sults for the dissociation range of the micelle are compared 
with those of the Ilght-scallerlng technique used by Mandema 
et al. on a comparable polymer. In the transition range (for 
this polymer-solvent system, 20-30 DC) we have observed 
both the micellar and the molecular form of the polymer. 
Information on the micelle size was obtained. In Our study 
we have found no evidence for the existence of very large 
structures In the transition region as reported by Mandema. 

INTRODUCTION 

Hydrogenated poly(styrene-isoprene) two-block polymers 
in nonpolar solvents such as n-decane show a nonlinear re
lationship between inherent viscosity and temperature. The 
inherent viscosity is defined as 

'1inh = (l/C) In ('11'10) (1) 

where 170 is the (dynamic) viscosity of the solvent, 17 is that 
of the polymer solution, and C is the polymer concentration. 
A typical case of nonlinear behavior for the polymer/solvent 
combination mentioned above can be found in the work of 
Mandema et al. (1), who reported that high values of 17inh at 
low temperatures suddenly drop to lower values at increased 
temperature. 

The common interpretation is that at low temperatures 
micellar aggregates exist with the polar polystyrene part of 
the molecules in the core, n-decane being a nonsolvent for 
polystyrene. At higher temperatures these micelles dissociate 
into a normal molecular solution. 

Using light-scattering techniques, Mandema showed the 
existence of the larger aggregates at lower temperatures. 
However, with these techniques it is impossible to establish 
exactly at what temperature the micelles start to dissociate 
or when the dissociation is complete. Also, in the transition 
range, after an initial decrease of the scattering intensity, 
corresponding to the presence of a smaller particle, the 
scattering increased again to high values in a small temper
ature interval. The latter phenomenon was interpreted as 
pointing to the existence of large conglomerates with di
mensions of the order of the optical wavelength, i.e. much 
larger than the micelle at lower temperature. We have studied 
the same type of polymer / solvent system by using microca
pillary hydrodynamic chromatography (HDC). HDC is a 
separation technique that makes it possible to observe, in 
principle, both the micellar and the molecular species during 
dissociation. 

EXPERIMENTAL SECTION 

General Procedure. The instrumental setup for the exper
iments is similar to the ODe we used in our earlier publications 
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Table I 

wt·av mol wt 
polydispersity 
polystyrene content, % (w/w) 

S-2 polymer 
used by 

Mandema 

80000 
1.16 
38.0 

polymer 
used in 

our work 

92000 
1.05 
35.8 

on HDC (2,3). The only difference is that the injector and the 
major part of the column are immersed in a thermostated bath. 
An M6000 pump (Waters Associates, Milford, MA) was used to 
deliver the mobile phase, except during deactivation experiments 
where caustic and acid aqueous phases were delivered by a 114 
M solvent system (Beckman, Berkeley, CAl. The (high-tem
perature/high-pressure) injector was an M-4-C6W Vespel type 
(Valco, Schenkon, Switzerland) equipped with an external 180-/LL 
loop. Between the pump and the injector, a 20-m-Iong, 0.25-
mm-i.d. stainless steel tubing was placed in the thermostated bath 
to equilibrate the mobile phase to the required temperature. 
Eluting species were monitored by ultraviolet absorption at 215 
nm with a Uvidex 100-VI detector (Jasco, Tokyo, Japan). The 
detector cell was equipped with the adjustable knives slit described 
in ref 3. The detector signal, after 8-Hz analog to digital con
version, was stored in an HP 3357 lab automation system; in
teractive graphics manipulations and calculations were performed 
on an HP 300 computer system. Samples were injected as a block 
of 4-s duration after 2 min of equilibrium time in the sample loop. 
The length of the restriction capillary was chosen such that in 
all experiments at different temperatures the elution time of 
toluene was between 21 and 25 min. Retention times were de
termined as the first statistical moment of the eluting peaks. 

Materials. Fused silica capillaries were supplied by SGE 
(North Melbourne, Australia). The restriction capillaries were 
of 100-/Lm i.d. The measuring capillary, bought as a nominally 
5-/Lm-i.d. column, had an internal diameter of exactly 3.70 /Lm, 
as determined by the pressure drop-residence time method de
scribed in ref 3. The total length of the measuring capillary was 
300 cm, with a flow cell created by burning off the polyimide 
coating at a position 28 em before the column end. Of the 
chromatographic column length of 272 cm, a length of 15 cm next 
to the detector (at ambient temperature) was not thermostated. 

Solvents. All the solvents were used without further purifi
cation. Tetrahydrofuran (THF) (HPLC grade No. 9441), di
methylformamide (DMF) (Baker-analyzed No. 7032), and toluene 
(Baker-analyzed No. 8077) were obtained from Baker (Deventer, 
Holland). n-Decane (Purum No. 30550) was supplied by Fluka 
(Buchs, Switzerland); N-(trimethylsilyl)imidazole (No. 270403) 
was purchased from Chrompack (Middelburg, Holland). 

Polymers. To concur as closely as possible with the experi
ments of Mandema et al. (polymer designation S-2 in ref 1), we 
used the same type of hydrogenated poly(styrene-isoprene), which 
differed only in minor aspects from the S-2 polymer, as shown 
in Table I. Despite these differences the two polymers showed 
the same nonlinear relationship between inherent viscosity and 
temperature, as is shown in Figure 4 of ref 1, with the start of 
the nonlinear part, and so possibly the onset of the micelle dis
sociation. at 80°C. In Our experiments the polymer Was dissolved 
(without stirring) in n-decane at 150°C during 2 h. To prevent 
degradation of the polymer, the decane had been deaerated by 
bubbling a helium stream through it. 

© 1989 American Chemical Society 



TOLUENE 

B 

0.900 0.925 0.950 0.975 1.000 1.025 
DIMENSIONLESS RESIDENCE TIME. T 

Figure 1. Hydrodynamic chromatography of the styrene-isoprene 
polymer in two different mobile phases at room temperature: (A) in 
n-decane, elution as the micellar aggregate; (8) in THF, elution as the 
molecular species. In both cases the injection concentration was 2 
giL polymer and 0.5 giL toluene in the mobile phase. For column 
dimensions see Experimental Section. 

THEORY 

In HDC the relative retention time T, defined as the ratio 
of the residence time for a particle or a macromolecule to the 
holdup time for small molecules, can be described by the 
relation (3) 

T = (1 + 2A - CA2)-! (2) 

where A is the aspect ratio (particle sizel column diameter = 
2r 1m). For macromolecular species the size can be described 
by 2r where r represents the effective radius (3, 4). C is a 
constant related to the relative (slip) velocity of the particles 
with respect to the surrounding liquid with a value that de
pends on the particles' geometry (C = 2.698 for free draining 
random macromolecular coils in a good solvent and C = 4.89 
for solid spherical particles). The value of C for micelles is 
not known but is expected to be between the two extreme 
values mentioned. 

However, for not too low values of T (say T '" 0.945) the exact 
value of C is not very important since the difference in A values 
calculated from the two extreme values above amounts to less 
than 4 %. So measurement of T in this region will give a 
virtually model-free estimate of A. From this and the known 
diameter of the HDC column, the size of the eluting species 
is obtained. 

RESULTS AND DISCUSSION 

In a good solvent such as THF in which both the poly
styrene and polyisoprene parts of the molecule are soluble, 
the polymer is supposed to elute as the molecular species, 
while in the nonpolar solvent decane the polymer is expected, 
at room temperature, to elute as the larger micellar aggregate. 
The experimental results as shown in Figure 1 confirm that 
this is actually the case. In both chromatograms solutions of 
2 giL polymer in the mobile phase were injected. The in
jection solution also contained 0.5 giL toluene, which was used 
as the holdup time indicator. In THF the polymer elutes at 
a relative retention time T = 0.9855, indicating an effective 
radius r = 13.8 nm. In decane the polymer elutes earlier, viz. 
at T = 0.9496, indicating a larger species with r = 52.8 nm, 
clearly the micelle. The values of the effective radii reported 
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above and in the further part of the paper were calculated by 
using C = 2.698 (random coil value) for the molecular species, 
while for the micelle the value C = 4.89 (solid spheres) has 
been used. 

Increasing the temperature of the decane experiment should 
in principle reveal the dissociation of the micelle by a shift 
in the relative retention toward the higher value for the mo
lecular species, as we found in the THF experiment. 

However, a complication arises due to the polarity of the 
fused silica column surface. This surface contains polar silanol 
groups, which can interact with eluting polar species. In polar 
solvents such as THF these silanol groups are sufficiently 
deactivated, but they play an important role with nonpolar 
mobile phases. In decane, as long as the polymer is present 
as a micelle with the nonpolar polyisoprene chains on the 
outside, there is no interaction with the colunm wall. However, 
as the micelle starts to dissociate, the more polar polystyrene 
part of the molecule will come into contact with the column 
wall and interact strongly with the silanol groups. So, upon 
increasing the temperature in the decane experiments, we find, 
up to 75°C, a micelle peak that disappears completely at 
higher temperatures. 

Only at temperatures of 140°C or higher does the polymer 
elute as the molecular species, but it does so with the typical 
tailing profile that shows that it has been subject to an ad
sorptive process. This is in line with results of gel permeation 
experiments on related polymers (5) in weak mobile phases 
where also only elution of the micelle was observed, but the 
free polymer molecules were retained on the column packing 
material. 

While it is virtually impossible to completely deactivate the 
tremendously large surface area of a gel permeation column 
packing material, we succeeded in deactivating our fused silica 
column by silylation. We found, however, that after direct 
silylation (N-(trimethylsilyl)imidazole in DMF at 150°C) the 
column still showed a small degree of adsorption, probably 
due to epoxide-type oxygen that is known to be present on 
the silica surface. To convert these epoxide groups, which are 
difficult to silylate, to the more reactive silanol group we used 
as a first step the procedure of Tock et al. (6). For a complete 
deactivation of the column we used the following treatment: 

(1) At room temperature we converted the epoxide groups 
by successively pumping through the following aqueous mobile 
phases: 1 M potassium hydroxide (2 h), water (10 min), and 
0.03 M hydrochloric acid (2 h), followed by water (1 h). 

(2) For the silylation we changed the mobile phase to DMF, 
increased the column temperature to 150°C, and deactivated 
the column by repeated injection of a III (v Iv) solution of 
the strong silylation agent N-(trimethylsilyl)imidazole in DMF. 

(3) The column temperature was lowered to 60°C, the DMF 
was replaced by THF, and the column temperature was low
ered to ambient. Column internal diameter determination 
after this treatment showed no difference from the 3.70 I'm 
found earlier for the untreated column. 

(4) The THF was replaced by the n-decane mobile phase. 
After this treatment the polymer could be detected at all 

temperatures between ambient and 140°C, whether as the 
micelle or the molecular species or as both species if present. 
An example of the transition range is given in Figure 2. In 
this experiment the mobile phase contained 1 giL polymer 
to provide a background micelle concentration. Polymer 
injections of 2 giL in this mobile phase showed the micelle 
being present from ambient temperature up to 80°C. Be
tween 80 and 95 °e there is a gradual decrease in the con
centration of the micelle, with material eluting at the retention 
time of the molecular species and also with some material 
eluting in between these peak positions. This effect can be 
interpreted as being due to polymer that exists partly as 
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Figure 2. Temperature range of the micelle dissociation: mobile 
phase, n -decane containing 1 gIL polymer; injection concentration, 
2 giL polymer and 0.5 giL toluene in the mobile phase. 

micelle, partly as molecular species during the time of the 
chromatographic process. At 105°C no material is eluting 
at the micelle retention time, and at this point the peak area 
of the molecular species equals, within the experimental error, 
that of the micelle peak at lower temperatures (a 4-fold de
termination at low temperature gives a value for the peak area 
and its standard deviation of 7.15 ± 0.25 m Vs; at 105°C these 
values are 7.00 ± 0.15 m Vs). This indicates that the conversion 
from micelles into the molecular species is complete, assuming 
the two forms to have the same ultraviolet absorption re
sponse. From 110°C up to 140°C no change in retention time 
of the molecular species was found, which at r = 0.9856 yielded 
the same molecular size as in the good solvent THF at room 
temperature. 

Although the transition interval found above is in agreement 
with the viscometric experiments, we must bear in mind that 
so far we have used a lower polymer concentration than that 
used by Mandema et al. In their experiments the concen
tration was 7 giL, while in our experiments, due to the dilution 
by chromatographic dispersion as the injection pulse is 
transported through the column, the concentration will, on 
the average, be lower than 3 giL. Experiments with a 
background concentration of 7 giL were, however, impossible 
due to the high viscosity of the mobile phase, which leads to 
a very poor injection quality. We therefore kept the mobile 
phase concentration at 1 giL but increased the injection 
concentration from 2 giL to 10 giL (with 5 giL toluene). As 
shown in Figure 3, this high concentration gives a badly 
distorted peak shape from which reliable size information can 
no longer be obtained. Qualitatively, however, the micelle 
transition can be studied, as is shown in Figure 4. Again, as 
in Figure 2, the transition is complete at about 110°C. Due 
to the high chromatographic efficiency of the microcapillary 
column, the top concentration in the polymer elution profile 
is still as high as 7 giL. So, even at this concentration the 
polymer appears to be incapable of forming a stable micelle 
above 110°C. 

We have shown that microcapillary HDC is a powerful tool 
for studying the dissociation behavior of organic micelles. 
Both the micelle and the molecular species can be detected 
in the same experiment. Compared to viscometric and 
light-scattering studies, HDC also has the advantage that the 
exact temperature can be determined at which micelle for-

TOLUENE 

A 
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Figure 3. Peak distortion at higher polymer concentration at room 
temperature. In both cases the mobile phase was n -decane con
taining 1 giL polymer. Injection concentrations in the mobile phase: 
(A) 2 giL polymer and 0.5 giL toluene; (6) 10 giL polymer and 5 giL 
toluene. (Attenuation of chromatogram 6 is 5 times higher than that 
of A.) 

DIMENSIONLESS RESIDENCE TIME, r 

Figure 4. Temperature range of the micelle dissociation at higher 
polymer concentrations: mobile phase, n-decane containing 1 giL 
polymer; injection concentration, 10 giL polymer and 5 giL toluene in 
the mobile phase. 

mation is no longer possible. Since, in contrast to gel per
meation chromatography, HDC has no need of calibration 
standards, direct information on the micelle size can be ob
tained. As the precision of the r value determination is high 
(a lO-fold determination for the micelle gives a standard 
deviation of 3 X 10-4 r units), the sole uncertainty in the 
micellar size we report is in the unknown C factor of eq 2. For 
the extreme values of C we find sizes of 51.0 (C = 2.698, 
random coil model) and 52.8 nm (C = 4.89, solid sphere 
model), so a difference exists of less than 4 %. 

In our experiments we have found no evidence for the 
existence of very large particles in the transition range as 
reported by Mandema et al. (1). 
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Size Exclusion Chromatography of Poly(ethylene terephthalate) 
Using Hexafluoro-2-propanol as the Mobile Phase 

Sadao Mori 

Department of Industrial Chemistry, Faculty of Engineering, Mie University, Tsu, Mie 514, Japan 

A method for obtaining a calibration curve (CC) in hexa
fluoro-2-propanol (HFIP) using a characterized poly(methyl 
methacrylate) (PMMA) as a secondary standard was pro
posed. Polystyrene (PS) standards were used as a primary 
standard and a PS CC In tetrahydrofuran (THF) was con
verted to a PMMA CC In THF by use of a conversion equation. 
An Integral molecular weight distribution curve of cumulative 
weight percent vs log molecular weight (M) for the PMMA 
secondary standard was constructed by using a PMMA 
chromatogram In THF and a PMMA CC. An integral distri
bution curve of cumulative weight percent vs retention volume 
(V R) for PMMA In HFIP was obtained from a PMMA chro
matogram In HFIP. Finally, a CC of log M of PMMA vs V R 

In HFIP was obtained by using these two Integral curves. 
PMMA equivalent number average molecular weights of 
poly( ethylene terephthalate) (PET) samples characterized by 
the end-group titration method were determined and the ratios 
of two averages were obtained. The ralio Is designated as 
a correction factor, t, and an average value was 0.57. 
Therefore, corrected (true) molecular weight average of PET 
can be obtained from PMMA equivalent molecular weight by 
multiplying t. 

INTRODUCTION 
Solvents most commonly used for size exclusion chroma

tography (SEC) of synthetic polymers are tetrahydrofuran 
(THF), chloroform, and toluene, which are good solvents for 
polystyrene (PS) and other common polymers. The con
struction of a calibration curve of an SEC column system using 
these solvents as the mobile phase is easy for handling, because 
they can dissolve PS standards which are exclusively used for 
the calibration purpose. Polyacrylonitrile (PAN), for example, 
does not dissolve in these solvents and dimethyIformamide 
(DMF) had to be used for SEC of PAN (1). However, DMF 
is a poor solvent for PS and other standard polymers such as 
poly(ethylene oxide) have been used for calibration standards. 

Poly(ethylene terephthalate) (PET) is one of the unman
ageable polymers for SEC with respect to solvents and cali
bration standards. m-Cresol has been used as the mobile 
phase for PET at 125°C (2). However, m-cresol is viscous 
and requires a high column temperature, which leads to 
polymer degradation. Several solvent systems for the SEC 
of PET in which degradation was eliminated or kept to a 
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minimum have been reported. A mixture of nitrobenzene and 
tetrachloroethane has been used for SEC of PET at room 
temperature (3) and degradation of PET was not observed 
for several months. The mobile phase was 0.5% nitrobenzene 
in tetrachloroethane. A sample (0.2 g) of PET was dissolved 
in 0.8 mL of nitrobenzene by heating at 180°C and the so
lution was then diluted with 60 mL of hot tetrachloroethane. 
A mixture of phenol and tetrachloroethane (3:2, w/w) was also 
used for the SEC of PET (4). However, difficulties have been 
encountered in dissolving PET in these solvents at times. 
Hexafluoro-2-propanol (HFIP), pentafluorophenol, and their 
mixtures were used as the mobile phase in an SEC-LALLS 
system for PET (5). 

The solvent HFIP has been found to be a superior solvent 
capable of dissolving PET at room temperature (6). HFIP 
has been commercially available and can be obtained in Japan. 
There are two major drawbacks in the use of HFIP as an SEC 
solvent. One is the expensive price of HFIP as a SEC solvent. 
The other is the insolubility of PS standards, which prevents 
the construction of a PS calibration curve in an SEC HFIP 
system. To overcome the high cost, semimicro-SEC using a 
mixture of HFIP and chloroform (1:1) has been proposed (7). 
However, the flow rate reliability in conjunction with a con
ventional pumping system for semimicro-HPLC was not 
sufficient in general for the determination of molecular weights 
of polymers. For calibration of a SEC system, Provder et al. 
proposed a general method for obtaining a calibration curve 
in a SEC trifluoroethanol (TFE) system for polyamide analysis 
(8). If HFIP alone can be used as a SEC solvent, then the 
availability of an SEC HFIP system can be expanded to 
polymers that can be dissolved in HFIP only. 

In this paper methods to remove these two drawbacks have 
been proposed. Recycling use of the effluent from the column 
outlet by redistillation was employed to reduce the cost of the 
SEC measurement accompanied by the use of HFIP. A 
method to generate a calibration curve for a column system 
was similar to Provder's method (8), but the hydrodynamic 
volume concept and the Mark-Houwink constants were not 
employed here. PS standards were used as primary calibration 
standards and poly(methyl methacrylate) (PMMA) of known 
molecular weight averages was a secondary standard. A 
PMMA calibration curve in THF was constructed by using 
a PS calibration curve and a conversion equation (9). Integral 
molecular weight distribution curves in both THF and HFIP 
for the PMMA secondary standard were obtained from their 
respective SEC chromatograms and a PMMA calibration 

© 1989 American Chemical SOCiety 
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Figure 1. Illustrative process for the calibration of columns in HFIP 
using PS as primary standards and PMMA as a secondary standard: 
(a) a PS calibration curve in THF, (b) a PMMA caflbration curve in THF, 
(c) an SEC chromatogram of the PMMA secondary standard in THF, 
(d) an integral molecular weight distribution of the PMMA standard, (e) 
an SEC chromatogram of PMMA in HFIP, (f) relationship of weight 
percent vs VR of PMMA in HFIP, (g) a PMMA calibration curve in HFIP. 

curve in HFIP was constructed from these two distribution 
curves. 

EXPERIMENTAL SECTION 

Apparatus and Materials, SEC measurements were per
formed on a Jasco TRIROTAR-V high-performance liquid 
chromatograph (Japan Spectroscopic Co., Ltd., Hachioji, Tokyo 
192, Japan) with a Model SE-51 differential refractometer (Showa 
Denko Co., Ltd., Minato-ku, Tokyo 105, Japan) and a Model 
VL-614 loop injector. Two Shodex KF80M high-performance SEC 
columns (each 30 em X 8 mm i.d.) (Showa Denko Co.) packed 
with PS gels for polymer separation were used and were ther
moststed at 35°C in an air oven. These columns were equilibrated 
with tetrahydrofuran (THF) and had the number of theoretical 
plates (N) of 12000 plates/30 em by injecting 0.05 mL of a 0.1 % 
benzene solution at a flow rate of 1 mL/min. After the required 
data were obtained from the THF mobile phase, the solvent in 
the columns was changed to HFIP at a flow rate of 0.3 mL/min. 
After enough HFIP solvent passed through the column to replace 
THF, the flow rate was increased to 0.5 mL/min and the columns 
were conditioned overnight by flowing HFIP at the same flow 
rate. The value of N was 11 000 plates/30 em by injecting 0.05 
mL of a 0.1 % acetone solution at a flow rate of 0.5 mL/min. 

PS standards were purchased from Pressure Chemical Co., 
Pittsburgh, PA, and a PMMA secondary stendard was purchased 
from ArRo Laboratories, Inc., Joilet, IL. The molecular weight 
averages of these polymers were determined by the manufacturers. 
PET samples were obtained from Toray Co., Ltd., and their 
number average molecular weights (Mn) were determined by the 
company by the end-group titration method. Sample concen
trations were 0.1 % (w Iv) in THF for PS standards, 0.2% (w Iv) 
in THF and in HFIP for a PMMA secondary standard, and 0.2% 
in HFIP for PET. The injection volume of the sample solutions 
was 0.1 mL and a O.I-mL loop was used to inject these sample 
solutions. 

HFIP was provided courtesy of Central Glass Co., Ltd., Chi
yoda-ku, Tokyo 101, Japan. The solvent was reused several times 
by redistilling the waste solvent with a simple distilliation vessel 
composed of a round flask, a Liebig type condenser, and a 
mantelheater. 

Calibration Procedure. A schematic illustration for cali
bration procedure is shown in Figure 1. (1) At first, a calibration 
curve of log molecular weight (M) vs retention volume (VR) is 
constructed by using PS standards in the mobile phase of THF 
(Figure la). (2) The PS calibration curve in THF is converted 
to a PMMA calibration curve in THF by using the conversion 
equation (9) (Figure Ib) 

log MpMMA = 0.2938 + 0.918 log Mps (1) 

(3) An SEC chromatogram of the PMMA sample in THF is 

M 

5 
10 

4 
10 

14 15 16 17 18 19 20 21 22 
Retention Volume (mL) 

Figure 2. Calibration curves of log M vs VR for PS (0) and PMMA (e) 
in THF. 

measured (Figure Ie) and an integral molecular weight distribution 
of cumulative weight percent VB log M for the PMMA secondary 
standard (Figure Id) is calculated by using the calibration curve 
(Figure Ib) and the SEC chromatogram (Figure Ie). (4) The 
mobile phase is changed to HFIP. The solvent, THF, in the 
columns is replaced by HFIP at a flow rate of 0.3 mL/min. (5) 
An SEC chromatogram of the PMMA secondary standard in 
HFIP is measured (Figure Ie) and an integral distribution of 
cumulative weight percent vS VR for the PMMA secondary 
standard in HFIP is calculated (Figure If). (6) From two integral 
distributions, one is that of cumulative weight percent vs log M 
of PMMA in THF and the other is that of cumulative weight 
percent vs VR of PMMA in HFIP, a calibration curve of log M 
of PMMA vs VR in HFIP is constructed (Figure Ig). 

The relationship of cumulative weight percent vs log M for 
PMMA shown in Figure Id is assumed to be invariate for the 
PMMA secondary standard used and independent of the different 
mobile phases and their flow rates. Therefore, once the integral 
molecular weight distribution for the PMMA secondary standard 
is constructed, the repeat of steps 1-4 is not necessary as far as 
the same PMMA secondary standard is used for the calibration 
of the SEC system. Only steps 5 and 6 are required. 

Calculation of molecular weight averages was performed in the 
usual manner: the SEC chromatogram was sliced into equal parts, 
the height of each sliced point was measured, and each height 
was multiplied or divided by molecular weight at each point. 

RESULTS AND DISCUSSION 

Calibration of Columns. Calibration curves obtained by 
steps 1 and 2 are shown in Figure 2. When a conversion 
equation for a secondary standard is known, a calibration curve 
of the secondary standard is easily obtained by using PS 
standards as primary standards. The conversion equation for 
PMMA in the literature (9) was 

M pMMA = 1.967MpsO.918 (2) 

By conversion of both sides of eq 2 to a common logarithmic 
scale, eq 1 was obtained. If a conversion equation for a sec
ondary standard of known molecular weight averages has not 
been determined, then the equation can be generated ac
cording to the method in the literature (9). One of the ad
vantages of the method described here is it is not necessary 
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Figure 3. SEC chromatogram of the PMMA secondary standard in 
THF: concentration, 0.2%; injection volume, 0.1 mL; detector, RI; 
attenuation, X2. 
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Figure 4. SEC chromatograms of the PMMA secondary standard in 
HFIP: concentration, 0.2%; injection volume, 0.1 mL; detector, RI; 
attenuation, X4; (a) injection 10 days after the sample preparation, (b) 
injected day after the sample preparation. 

to use the so-called hydrodynamic volume concept. Equation 
1 is not based on the concept. 

An SEC chromatogram of the PMMA secondary standard 
in THF is shown in Figure 3. Molecular weight averages of 
the sample were calculated by using the PMMA calibration 
curve in Figure 2. The values were Mw = 5.87 X 10" and Mn 
= 3.39 X 10" which were nearly equivalent to the manufac
turer's data as Mw = 6.08 X 10' (obtained by light scattering) 
and Mn = 3.32 X 10' (obtained by membrane osmometry). An 
integral molecular weight distribution of the PMMA secondary 
standard was obtained by using the chromatogram in Figure 
3 and the PMMA calibration curve in Figure 2. 

The next step was the change of the mobile phase from 
THF to HFIP. The solvent THF in the column was replaced 
with HFIP at a flow rate of 0,3 mLjmin. For replacing solvent 
in a column to other type of solvent, it is required to deliver 
new solvent into a column as slow as possible for the protection 
of the decrease in column efficiency. As HFIP is more viscous 
than THF, a decrease of a flow rate to 0.5 mLjmin was re
quired to keep the column inlet pressure as low as possible. 

The SEC chromatogram of the PMMA secondary standard 
in HFIP was then measured and an example is shown in 
Figure 4. The SEC chromatogram of PMMA sometimes 
showed a small peak at the exclusion limit of the column 
system (Figure 4b) and this peak was not observed when the 
PMMA solution prepared more than 10 days before was in
jected (Figure 4a). Figure 4b was obtained when a sample 
solution prepared just 1 day before was injected. This small 
peak is probably the aggregation of PMMA molecules and it 
disappeared by heating or by ultrasonic treatment as well as 
leaving the sample solution more than 10 days after prepa
ration at room temperature. The integral molecular weight 
distributions calculated from the chromatogram having a small 
peak at the exclusion limit did not give an accurate result due 
to the peak as well as due to base-line drifts or fluctuations. 

The integral distribution of the cumulative weight percent 
vs V R for the PMMA secondary standard in HFIP was cal
culated by step 5. A PMMA calibration curve in HFIP was 
constructed by step 6 and is shown in Figure 5. Pairs of two 
data points, log M pMMA and VR• were obtained at the same 
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Figure 5, PMMA calibration curve of log M of PMMA vs retention 
volume in HFIP. 

cumulative weight percent of two ordinates of two distribution 
curves (Figure 1d,f by sampling at every 5% from 5 wt % to 
95 wt % and at every 1 % from 0 wt % to 4 wt % and 96 wt 
% to 100 wt % of the ordinate. Pairs of each two data points 
were plotted. 

The slope of the PMMA calibration curve in an SEC THF 
system (Figure 2) is steeper than that in an SEC HFIP system 
(Figure 5). In other words, at the same retention volume, a 
molecule in an SEC HFIP system has lower molecular weight 
than that in an SEC THF system. Ideally it should be the 
same molecular weight, because retention volumes of benzene 
and acetone in THF and HFIP were almost the same. It can 
be said that the sum of the interstitial volume Vo and the pore 
volume Vi was unchanged by changing the solvent in the 
column from THF to HFIP. From the comparison of two 
calibration curves, it is obvious that the value of Vo in an SEC 
HFIP system became smaller and that of Vi larger. Compared 
to an SEC THF system, therefore, it may be assumed that 
the difference of the slopes of two calibration curves has arisen 
from one of four reasons. 

In an SEC HFIP system, (1) polystyrene gel swelled to some 
extent and the pore size of the gel became small without 
changing the inner volume of the pore; (2) the elution of 
PMMA molecules was accelerated by the ion-exclusion effect; 
(3) aggregation of PMMA molecules in HFIP was considered 
by the observation of two chromatograms in THF (Figure 3) 
and in HFIP (Figure 4); (4) the hydrodynamic volume of a 
PMMA molecule in HFIP was larger than that of the same 
molecular weight in THF. 

Among these four assumptions, the last one is the most 
probable. Exponents and coefficients in a Mark-Houwink 
equation for PMMA in TFE and in THF were as follows (8): 

[17] =KMa (3) 

at M < 31000, a = 00461, K = 1.81 X 10-3 in TFE and a = 
00406, K = 2.1 X 10-3 in THF; at M > 31000, a = 0.791, K = 
5.95 X 10-5 in TFE and a = 0.697, K = 1.04 X 10-4 in THF. 
If the values of a and K for PMMA in HFIP are assumed to 
be similar to those in TFE, then hydrodynamic volume of a 
PMMA molecule in HFIP is higher than that of the same 
molecular weight in THF and the ratio of hydrodynamic 
volumes of a PMMA molecule in HFIP and THF becomes 
higher at higher molecular weight than lower one. The plots 
of hydrodynamic volume [17]M vs VR in HFIP (by using the 
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Figure 6. SEC chromatograms of PET samples: (a) M, = 13000, (b) 
M, = 8300; detector attenuation, X4. 

values of a and K in TFE) and in THF were similar, indicating 
our assumption is positive. The values of K and a for PMMA 
in HFIP may be obtained by a separate experiment and are 
discussed elsewhere. However, there was still a small diver
gence between both plots in the high molecular weight region 
and the early elution of PMMA in HFIP due to the ion-ex
clusion effect cannot be ignored, even though the small ad
dition of sodium trifluoroacetate in HFIP did not make any 
change in the shape of chromatogram for PMMA. 

Determination of PET. SEC chromatograms of several 
PET samples were determined and examples are shown in 
Figure 6. PET in HFIP was very stable, though HFIP is 
slightly acidic, and there was no change in chromatograms or 
in the values of calculated molecular weight averages after 
leaving the PET solution for 3 months. A broad peak after 
retention volume 23 mL was due to the solvent HFIP and it 
appeared every time even when only HFIP was injected. 

PMMA equivalent molecular weight averages of PET 
samples were calculated by using a PMMA calibration curve 
(Figure 5). The term correction factor f is designated as 

Mn obtained by the end-group titration method 
f=------~~~--~~~--------

PMMA equivalent Mn 
(4) 

Therefore, PMMA equivalent molecular weight averages are 
converted to real PET molecular weight averages by multi
plying f to PMMA equivalent molecular weight averages. 
PMMA equivalent molecular weight averages, number average 
molecular weights obtained by the end-group titration method, 
and correction factors f of PET samples are listed in Table 
1. 

For the correction factor f concept to be valid, it is necessary 
to make sure that the PET is a linear homopolymer with no 
short or long chain branches. Among several side reactions 
during the condensation-polymerization of PET, incorporation 
of diethylene glycol terephthalate units is well-known and the 
percentages of diethylene glycol in PET were ranging between 
0.6% and 3.6% (10). Copolymerization with diethylene glycol 
of this amount may not influence the validity of the correction 
factor method. Two or more types of diacid and/or diol have 
frequently been incorporated into a given polyester to optimize 
its properties (11). Besides this incorporation, the author has 
never seen any reports on short or long chain branches in PET 
in the literature. Comparative experiment of Mn values for 
several other PET samples by end group titration with the 
SEC correction factor method is needed to say that the cor
rection factor method is valid. However, since the correction 
factor f only varies from 0.54 to 0.58 over a range of molecular 
weight tested, it can be concluded that the correction factor 
method proposed here appears quite valid. 

The higher molecular weight part of an SEC chromatogram 
affects the value of weight average molecular weight and the 

Table I. Molecular Weight Averages of PET Samples and 
Correction Factor f 

molecular weight average 

PMMA other corrected 
equivalent methoda correction mol wt av' 

sample M. M, M, factor f M. M. 

37600 22500 13000 0.58 21430 12820 
25800 14900 8300 0.56 14700 8490 
13300 8640 5000 0.58 7580 4920 
9320 4450 2400 0.54 5310 2530 

av 0.57 

a Obtained by the end-group titration method. b Average f x PMMA 
equivalent molecular weight. 

lower molecular weight part affects number average molecular 
weight. The absence of the data for the PMMA calibration 
curve after retention volume 21 mL affects the accuracy and 
the precision of the value of Mn. The calibration curve be
tween 21 mL and 22.9 mL, which was equivalent to retention 
volume of acetone, was obtained by intrapolation. The ac
curacy of number average PMMA equivalent molecular 
weights may decrease by this reason and therefore, one or two 
more characterized PMMA standards of different molecular 
weight range should be incorporated to span the entire re
tention volume range of interest. As benzene molecules ad
sorbed on the column when HFIP was the mobile phase, 
acetone was used as the probe for the estimation of column 
efficiency. Retention volume of benzene when THF was the 
mobile phase was 23.6 mL and that of acetone was 23.0 mL, 
respectively. Acetone can be used as a probe when THF is 
the mobile phase, but the response of an RI detector for 
acetone was worse than that for a benzene probe. 

Flow rate fluctuation also affects the accuracy and the 
precision of the values of molecular weight. However, the 
pumping system employed here was very reliable and the 
precision of flow rate was below 0.04 %. For example, flow 
rate was measured on seven consecutive days by filling the 
effluent from the column into a measuring flask of 10 mL and 
reading the time required to fill it with the solvent. The range 
of the flow rate was 0.5012 and 0.5019 mL/min, average was 
0.5015 mL/min, and average deviation was 0.0002 mL/min. 
The flow rate after 1 month was almost unchanged. Therefore, 
the effect of flow rate fluctuation On the value of molecular 
weight averages is concluded to be negligible in our work. 

After the mobile phase was changed in the SEC columns 
from THF to HFIP, the value of N was slightly decreased as 
described in the Experimental Section. Lifetime of the col
umns after the solvent change was more than one year. Ac
cording to the manufacturer's information, the change of 
solvent in the columns from THF to HFIP is possible without 
any damage in the column efficiency, but the reverse change 
back to THF should be avoided. 

HFIP is a very expensive solvent; the price is $560 (¥70000) 
per 1 kg. Specific gravity of HFIP is 1.59 and the price per 
1 L is therefore $890 (¥1l1300). The volume of HFIP re
quired to measure one chromatogram is at least 26 mL, costing 
$23 (¥2900). It usually requires more volume because ofloss 
of HFIP during the experiment. Recycling of the solvent 
reduces the cost. Therefore, the effluent from the columns 
was collected and distilled for reuse. The initial volume of 
HFIP was 2 L and after 144 measurements, the volume of 
HFIP was 1 L. Therefore, the consumption of HFIP per one 
measurement was 6.9 mL and the cost was reduced to $5.80 
(¥733). Distillation was repeated 10 times. 
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Gas Chromatographic Determination of Water Using 
2,2-Dimethoxypropane and a Solid Acid Catalyst 

Kevin D. Dix, Pamela A. Sakkinen, and James S. Fritz* 

Ames Laboratory-u.S. Department of Energy and Department of Chemistry, Iowa State University, 
Ames, Iowa 50011 

The amount of water In various organic and inorganic sub
stances Is determined by reaction wHh 2,2-dimethoxypropane 
(DMP), followed by measurement of a product of the reaction 
(acetone) by capillary column gas chromatography. The re
action of water with DMP requires only 5 min when Naflon is 
used as a solid acid catalyst. Various experimental parame
ters are Investigated to optimize the analytical procedure. 
The percentage of water In a variety of analytical samples 
was determined successfully. 

INTRODUCTION 

The determination of small amounts of water in various 
organic and inorganic compounds is of great practical im
portance. The Karl Fischer method (1) is perhaps the most 
widely used procedure for the determination of water. Al
though this method works well in many cases, the commercial 
reagents are rather costly, the visual titration end point is 
difficult to discern, and there are numerous interferences. 

Although water can be determined directly by gas chro
matography using a thermal conductivity detector (TCD) (2), 
surprisingly few laboratories seem to use this approach. 
Furthermore, a packed column rather than a capillary GC 
column must be used because of the large cell volume of the 
traditional TCD. 

A few authors have used the acid-catalyzed hydrolysis of 
2,2-dimethoxypropane (DMP), the dimethyl ketal of acetone, 
as a way to determine water. 

Critchfield and Bishop (3) determined water by reaction with 
DMP in the presence of methanesulfonic acid and measured 
the acetone formed by infrared spectroscopy at 5.75 }Lm. 
Hager and Baker (4) made a cursory investigation of the use 
of DMP for the indirect GC determination of water. Martin 
and Knevel (5) proposed a quantitative method for water by 
reaction with DMP and measurement of the change in height 
of the GC peaks of DMP and acetone. The method required 
accurate weighing of both DMP and acetone, as well as the 
sample itself, and the sensitivity of the method was somewhat 
limited. Blanco et aI. (6) used a somewhat similar method 
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for determining water in nitroglycerin-nitrocellulose pastes 
byGC. 

In the present method the sample is combined with a so
lution containing DMP and an internal standard. A small 
amount of Nafion (7) is added to catalyze the reaction of water 
with the DMP. Then an aliquot is injected into a gas chro
matograph equipped with a capillary column and a flame 
ionization detector. The amount of water is calculated from 
the ratio of the peak areas (or peak heights) of the acetone 
and internal standard. The method is both sensitive and 
convenient; it has been applied successfully to a wide variety 
of analytical samples. 

EXPERIMENTAL SECTION 
Glassware and Apparatus. The reactions were carried out 

in 5-mL glass microreaction vessels fitted with Teflon-lined septa 
(Supeico Glass Co., Bellefonte, PA). 

Reagents and Chemicals. The 2,2-dimethoxypropane was 
obtained either from Aldrich Chemical (Milwaukee, WI) or from 
Eastman Kodak Chemical (Rochester, NY). Nafion 1100 EW 
resin (60-100 mesh) was purchased from C. G. Processing, Inc., 
(Rockland, NY) and was dried at 100°C for 3 h under vacuum 
before use. Amberlyst-15 resin was obtained from Rohm and Haas 
(Philadelphia, PA) and dried as above. All other reagents were 
of reagent grade or better and were "blanked" before use. Distilled 
water was further purified with the Barnstead Nanopure II system 
before use. 

Gas Chromatography. A Hewlett-Packard 5790A gas chro
matograph equipped with a flame ionization detector (FID) was 
used in the split mode. The split ratio was S0-100:1 and was held 
constant during a series of experiments. The injection liner was 
packed with a small amount of S0-100-mesh silanized glass beads 
to prevent contamination of the column with nonvolatile com
ponents. The beads were changed periodically, and the injector 
was held at 150°C. Two different carrier gas flow rates were used 
in this study. Initially, a flow of 2.5 mLjmin of zero grade He 
was used with an oven profile of 5.2 min at 40 ce. Later, it was 
found that a flow rate of 5.0 mLjmin and an oven profile of 2.2 
min at 40°C provided adequate resolution and decreased the 
analysis time. In each case, the oven temperature was stepped 
to 220°C after the initial hold at 40°C. This rapid increase in 
temperature served to remove any later-eluting peaks in less than 
5 min. The column was a 30 m X 0.53 mm J+W DB-5 Megabore 
with a film thickness of 1.5 }Lm. The detector was an FID held 
at 250°C. 

Reactant Solution. A reactant solution was prepared in a 
dry 100-mL volumetric flask from a 5-mL aliquot of DMP and 
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a 1-mL aliquot of 3-methylpentane, the internal standard, and 
diluted to the mark with pure solvent. This solution permitted 
a simple one-step addition of the necessary chemicals. Both ethyl 
acetate and dimethylformamide were used as the solvent with 
no problems. 

Standardization. Internal standardization was used (8). This 
method allows for small differences in the injected volume. First, 
the reactant solution was chromatographed to determine the 
amount of initial acetone present. Then 10 I'L of acetone was 
added, and the solution was chromatographed again. By sub
traction ofthe initial acetone, a response factor can be calculated. 
Since this factor varies only very slightly during a day, it is only 
necessary to do this periodically. 

Procednre. The required amount of Nafion resin was weighed 
into the reaction vessel, which was then capped. Then 1 mL of 
the reactant solution was added to the vessel via syringe to 
minimize uptake of water from the atmosphere. The vessel was 
shaken for a specific length of time and a 1-I'L aliquot injected 
into the gas chromtograph. The area of the acetone peak rep
resents the water blank of the system. Next, a specific amount 
of liquid sample was introduced via syringe, or solid was added 
to the reaction vessel. The mixture was shaken again for a specific 
length of time, and a 1-I'L aliquot was introduced into the gas 
chromatograph. 

A ratio of peak areas of acetone to internal standard is calcu
lated. This ratio, minus the blank, yields a relative response to 
acetone generated from the reaction of water in the sample. From 
the response factor previously determined for acetone, a value 
for the absolute amount of acetone is found. This value is easily 
converted to the amount of water by considering the stoichiometry 
of the reaction and the molecular weights of acetone and water: 

Ww = weight of water 

W A = weight of acetone 

Ww = W
A 

X 1 mol of water X MW of water 
1 mol of acetone MW of acetone 

RESULTS 
Time of Reaction. The reaction vessel containing 1 mL 

of reactant solution, 2 mL of ethyl acetate, and 12 mg of 
Nafion was shaken, and aliquots were taken at various time 
periods for gas chromtographic analysis. The acetone peak 
attains its maximum height after 5 min, and its height remains 
constant between 5 and 45 min of reaction time. From these 
results, 5 min was selected as the optimum reaction time for 
the determination of water. 

A similar experiment was performed using 12 mg of Am
berlyst-15 cation-exchange resin instead of Nafion as the acid 
catalyst. The curve requires approximately 25 min to reach 
the plateau region. This experiment shows Nafion to be a 
superior catalyst. 

Amount of Nafion Resin. Using the reaction conditions 
above, we varied the amount of Nafion catalyst. It was de
termined that at least 6 mg of Nafion was needed to reach 
the maximum height of the acetone peak within 5 min. For 
all remaining determinations of water at least 10 mg of Nafion 
was added as the catalyst. 

Calibration Curves. In the reaction system used it is 
necessary to know the range over which water can be deter
mined and whether the formation of acetone is linear over this 
range. A nonlinear response indicates the possibility of a side 
reaction or the loss of acetone by other means. A 2-mL portion 
of dried ethyl acetate was added to 1 mL of the reactant 
solution and 12 mg of Nafion as before, and the amount of 
water in this blank was determined from the area of the 
acetone peak. Then a small amount of water was added via 
a 0.5-I'L syringe, and the amount of water now present was 
determined chromatographically. This procedure was re
peated until there was no further increase in the amount of 
acetone generated from the reaction. Figure 1 shows the 
relative response of acetone as a function of the amount of 
water added. The response is linear up to about 0.275% water 
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Figure 1. Relative response of acetone for the addition of increasing 
amounts of water in a 2.0-mL sample of ethyl acetate. Other con
ditions are given in the text. 

(v Iv). At this point all of the DMP is consumed and the 
formation of acetone ceases. This point agrees with the point 
that can be calculated from the amount of DMP that was 
initially added. The correlation coefficient for the linear 
portion is 0.9995. Extrapolation of this line to zero relative 
response and subtracting the blank yield the amount of water 
in the 2-mL sample of ethyl acetate. This value, 0.047% (v/v), 
agrees closely with 0.045% found by using the internal 
standardization method. 

A similar series of experiments were performed with samples 
containing higher percentages of water. This is done by simply 
reducing the size of the sample. Only a 0.20-mL sample of 
ethyl acetate was used, and the water additions were similar 
to those before. A straight-line response is obtained for up 
to 2.75% water in the sample. The correlation coefficient for 
this line is 0.9991. Although the experiment was not per
formed, it seems that virtually any amount of water, even up 
to 100%, can be determined just be reducing the sample size. 

Since methanol is also produced in this reaction, its peak 
area can also be plotted. The correlation coefficient for such 
a plot from these data is 0.9963. Similarly, the decrease in 
the DMP peak was monitored with a correlation coefficient 
of 0.9973. 

Reproducibility. The reproducibility of the indirect GC 
method was estimated by independently determining the 
amount of water in six 2-mL samples oftetrahydrofuran. The 
mean of the six samples was 0.0523 % water with a standard 
deviation of 0.0015%. This corresponds to a relative standard 
deviation of 2.8 %. The relative standard deviation of the 
blank alone was 1.2 % for the six runs. 

Limit of Detection. The limit of detection of water by 
the indirect GC procedure is apt to depend more on external 
factors than on the measurement method itself. Thus the 
detection limit depends to a major extent (a) on the ability 
to dry and keep dry Nafion, reactant solution, and glassware 
and (b) on avoiding adding water during transport or weighing. 
It is this "extra" water that makes up the blank. There are 
larger variances associated with a larger blank, and these 
inevitably result in a higher limit of detection. 

By careful handling and by drying the components of the 
reactant solution over calcium hydride and drying the Nafion 
at 110 cC, we were able to determine as low as 0.001 % water 
in various samples. 

Determination of Water in Various Samples. Water 
in several organic liquids was determined both by the gas 
chromatographic method and by the well-known Karl Fischer 
(KF) method (see Table I). The KF solution was stand
ardized just before use, and the titrations were performed in 
triplicate. The end point in the Karl Fischer titration is often 
difficult to determine visually, and in some cases precipitation 



Table I. Comparison of Water Determination by Indirect 
GC and by Karl Fischer Titration 

compound 

ethyl acetate 
tetrahydrofuran 
dimethylformamide 
methylene chloride 
dioxane 

% water (w/w) 
GC method KF titration 

0.059 
0.0355 
0.0075 
0.0121 
0.489 

0.056 
0.0361 
0.0074 
0.0142 
0.479 

Table II. Determination of Water in Liquid and Solid 
Samples 

water spikes, 

sample 0/0 water mg 

compound size, mL (w/w) added found 

Liquid Samples 
methylene chloride 2.00 0.0121 0.50 0.51 
toluene 2.00 0.0186 0.50 0.49 
ethyl acetate 2.00 0.2309 0.50 0.58 
1,1,2· trichlorotrifluoro· 2.00 0.0030 0.50 0.48 

ethane 
"dry" ethyl acetate 2.00 0.0064 0.50 0.43 
methyl ethyl ketone 2.00 0.4078 0.50 0.58 
carbon disulfide 2.00 0.0029 0.40 0.37 
anisole 2.00 0.0127 0.40 0.41 
tetrahydrofuran 2.00 0.0800 0.50 0.50 
l·propanol 0.05 3.0707 0.50 0.53 

Solid Samples 
oxalic acid dihydrate 10 30.1 0.40 0.39 

(28.6% H2O) 
phenol 50 0.701 0.40 0.39 

occurred, which made the end point even more difficult to 
locate. Despite these difficulties, good agreement was obtained 
between the percentages of water determined by the two 
methods. 

Several liquid and solid samples were analyzed for water 
by the GC method. Then a measured amount of additional 
water was added to each sample, and the total amount of water 
present was determined by the GC method. Table II gives 
results for the percentages of water in the original samples, 
the amounts of water added, and the amounts of added water 
found by the GC method. The excellent recoveries of added 
water demonstrate that the new GC method gives dependably 
accurate results for a wide variety of samples. 

Samples containing even a small amount of ascorbic acid 
cannot be titrated by the Karl Fischer method. However, no 
difficulty is encountered when the indirect GC method is used. 
This was demonstrated in two ways. First, a 2-mL sample 
of dimethylformamide was analyzed for water by the GC 
method before and after addition of 20.0 mg of ascorbic acid. 
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Second, the amount of water in 20.0 mg of ascorbic acid was 
determined by the regular GC method. In both cases the 
amount of water in the ascorbic acid was 0.026% (w/w). 

DISCUSSION 
It might be expected that samples containing high-boiling 

or nonvolatile components could not be analyzed for water 
by a GC method because of irreversible adsorption on the 
chromatographic column. However, our experiments indicate 
that this is not the case with the present method. Use of a 
capillary column means that a smaller sample is injected than 
in previous methods in which a packed GC column was em
ployed. Insertion of glass wool and silanized glass beads seems 
to adsorb the nonvolatile sample components while allowing 
acetone to pass quantitatively onto the column. A rapid 
temperature increase at the end of a chromatographic run 
serves to remove any high-boiling compounds that might be 
retained by the column. 

The absolute amount of water that can be determined in 
this procedure could obviously be increased by adding a larger 
amount of DMP to the sample. However, this could increase 
the blank and reduce the accuracy in samples containing a 
low percentage of water. It is also likely that other acetals 
or ketals could be used in place of DMP for the determination 
of water. 

Registry No. DMP, 77·76-9; H20, 7732-18-5; Nafion, 39464-
59-0; dimethylformamide, 68-12-2; dioxane, 123-91-1; methylene 
chloride, 75-09-2; toluene, 108-88-3; ethyl acetate, 141·78-6; 
1,1,2-trichlorotrifluoroethane, 76·13-1; methyl ethyl ketone, 78-
93·3; carbon disulfide, 75-15-0; anisole, 100-66-3; tetrahydrofuran, 
109-99·9; I-propanol, 71-23-8; oxalic acid dihydrate, 6153-56-6; 
phenol, 108-95-2. 
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Computer-Assisted Prediction of Gas Chromatographic 
Retention Indices of Pyrazines 

David T, Stanton and Peter C. Jurs* 

152 Davey Laboratory, Penn State University, University Park, Pennsylvania 16802 

The gas-liquid chromatographic retention indices for 107 
substituted pyrazines on OV-101 and Carbowax-20M are 
successfully modeled with the aid of a computer and the 
ADAPT software system. Structural descriptors are calcu
lated and muHlple linear regression analysis methods are used 
to generate model equations relating structural features to 
observed retention characteristics. Separate equations are 
found to be necessary In order to accurately predict the re
tention Indices for the same set of compounds on the two 
different stationary phases. Comparisons are made between 
models generated for the two stationary phases, and de
scriptors that may encode differences In solute interactions 
with stationary phases of differing polarity are discussed. 

INTRODUCTION 
Alkoxy- and alkylthiopyrazines are known for their char

acteristic flavoring properties. These compounds have been 
found in roasted nuts and beans and a variety of other cooked 
vegetables (1). They have been reported to possess a variety 
of odors such as that of bell pepper (2) and licorice-woody odor 
(3). In studies of these materials, identification of a compound 
is often accomplished on the basis of gas chromatographic peak 
comparisons with an authentic standard of the suspected 
material. However, it is not always possible to obtain samples 
of the pure standard materials for such comparisons. It is then 
desirable to develop methods for the prediction of retention 
characteristics of the unknown based on the structural features 
and chromatographic properties of other representative com
pounds on hand. Mihara and Enomoto have reported such 
a structure-property relationship for a set of substituted 
pyrazines in which retention index increments corresponding 
to various ring substituents were determined for a small series 
of substituents and the parent (unsubstituted) pyrazine (4). 
Retention index values for new compounds were then calcu
lated by summing the necessary increment values for the 
substituents present. The method was later expanded to 
include additional substituents and to add a term that encoded 
the relative position of one substituent to others on the ring 
(5). In a related approach, Masuda and Mihara described the 
use of modified molecular connectivity indices (6) to predict 
gas chromatographic retention indices for a series of substi
tuted pyrazines. These methods yield good results providing 
that the experimentally determined index increments for all 
the substituents for the unknowns involved are available. A 
primary disadvantage of such approaches is that retention 
indices cannot be predicted for compounds containing sub
stituents other than those available in the table of index 
increments. In addition, little insight concerning the physical 
processes involved in the separation can be gained through 
the examination of the independent variables in the resulting 
equations. 

The goal of the present work is to employ computer-assisted 
methods to develop model equations relating structural fea
tures of substituted pyrazines to their observed retention 
indices and to learn how differences in the models may de-

0003-2700/89/0361-1328$01.50/0 

scribe polarity differences between two stationary phases. The 
predictive models are generated through multiple linear re
gression analysis of calculated structural descriptors which 
encode topological, geometrical, electronic, and physical 
properties of the solute molecules in question. Such models 
are termed quantitative structure-retention relationships 
(QSRR). The derivation of such relationships and the defi
nitions of several typical descriptors have been described by 
Kaliszan (7) and have been employed in studies related to that 
reported here (8, 9). An advantage of the QSRR approach 
is that the equations generated allow for the prediction of 
retention indices for compounds which are structurally similar 
to those used to develop the model but which were not spe
cifically represented in the training set. Another advantage 
is that differences in models developed for the same com
pounds on stationary phases of differing polarity may provide 
insight as to which structural features of the molecules may 
be responsible for polar interactions with stationary phases. 
Also, use of a computer allows for the rapid and facile input 
of the structures of the compounds being studied, calculation 
and subsequent analysis of descriptors, and the generation 
and validation of the model regression equations. 

EXPERIMENTAL SECTION 
The procedure used in the current study is outlined in the flow 

diagram shown in Figure 1. All computations were performed 
by using the Penn State University Chemistry Department's 
PRIME 750 computer running the ADAPT software system (la, 
11). 

The Data Set. The compounds involved in this study have 
the general structure L 

R j : H, alkyl, alkoxy, alkylthio, aryloxy, arylthio, acetyl, chloro. 

R2 : H, alkyl, chloro. 

R3: H, alkyL 

R4 : H,alkyl. 

The retention data for the compounds chromatographed on 
the OV-I0l and Carbowax-20M stationary phases were taken from 
Mihara and Masuda (5) and are listed in Table L Of the 114 
pyrazines included in their study, two were not included in the 
present study. Of the remaining 112 compounds, two had not 
been analyzed on both columns. Both of these were retained but 
were only included in the modeling process for the stationary phase 
on which they had been analyzed. This yielded a final data set 
of III compounds for each stationary phase. 

Structure Entry. The hydrogen-suppressed structural dia
grams of all the compounds were entered into the computer by 
sketching them on a graphics terminal, followed by storage in 
connection tables. Bond lengths and angles were corrected to 
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Figure 1. Procedure flow diagram for development of retention index 
prediction models. 

standard values, and the structures were placed in energy-min
imized conformations using molecular mechanics calculations. 

Descriptor Generation. A total of 85 separate molecular 
structure descriptors were calculated for the entire set of 112 
pyrazines. These descriptors can be separatad into four categories: 
topological, geometric, physical, and electronic. The topological 
descriptors included path counts and molecular connectivity 
indices. Geometric descriptors included shadow areas (12), length 
to breadth ratios, van der Waals volumes, surface area, and 
principal moments of inertia. Calculated physical property de
scriptors included molecular polarizability and molar refractivity. 
The electronic descriptors included the most positive and most 
negative a charges in the molecu!\, and the submolecular polarity 
parameter (t:.) described by Kaliszan (7). 

Once the descriptors were generated, the process of objective 
descriptor (feature) selection was initiated. The descriptors were 
examined, and those exhibiting high pairwise correlations to other 
descriptors and those values that were identical for the majority 
of the data set or were predominantly zero were discarded. This 
was done because such descriptors encode little discriminating 
information. In the case of high pairwise correlations, those 
descriptors that were easy to calculate or that possessed direct 
physical meaning, were retained. The remaining 45 descriptors 
were then examined by using a vector space analysis method to 
select a subset of 30 to 35 descriptors that are the most orthogonal 
to each other. The process of orthogonalization is accomplished 
by selecting as the initial basis vector a descriptor that is highly 
correlated to the dependent variable. The next descriptor chosen 
is one that yields the largest projection angle to the initial basis 
vector, forming a plane in the vector space. The next descriptor 
is chosen that has the largest projection angle to the plane formed 
by the first two, and so on, until a subset of the desired size has 
been selected. This reduction prior to regression analysis was 
necessary to minimize information overlap between descriptors 
and to reduce the possibility of chance correlations (13). A limiting 
ratio of five objects (compounds) to each descriptor is typical. 
Since the feature selection procedure, for the most part, ignores 
the dependent variable, in this case the retention index, the same 
final subset of descriptors was available for regression analysis 
for each stationary phase. 

Regression Analysis. Variable selection was performed by 
using the method of multiple regression by progressive deletion 
(14). Linear models are formed by a stepwise addition of terms 
where inclusion of terms is based on F statistic values. A deletion 
process is then employed where eacb variable in the model is held 
out in turn and a model is generated by using the remaining pool 
of descriptors. Then each combination of two, three, and so on, 
descriptors are held out, followed by model generation. This 
combination of steps has the effect of uncovering potentially 
superior equations that may have been otherwise obscured by the 
existence of a descriptor which is highly correlated to the de
pendent variable. A final set of selected equations were then tested 
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Figure 2. Plot of the correlation of retention indices for pyrazines on 
OV-101 and Carbowax-20M. 
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Figure 3. Structural diagrams of the six compounds identified as 
outliers. 

for stability and validity through a variety of statistical methods. 

RESULTS AND DISCUSSION 

The retention indices for the two stationary phases were 
compared, yielding a correlation coefficient (R) of 0.951. A 
plot of the comparison of observed retention on Carbowax-
20M versus observed retention on OV-lOl is given in Figure 
2. Results of initial experiments identified six of the 112 
compounds as outliers. The structures of the six compounds 
are shown in Figure 3. The criterion for identifying a com
pound as an outlier was that compound being flagged by three 
or more of six standard statistical tests used to detect outliers 
in regression analysis. These tests were (1) residual, (2) 
standardized residual, (3) Studentized residual, (4) leverage, 
(5) DFFITS, and (6) Cook's distance (15). The residual is the 
difference between the actual value and the value predicted 
by the regression equation. The standardized residual is the 
residual divided by the standard deviation of the regression 
equation. The Studentized residual is the residual of a pre
diction divided by its own standard deviation. Leverage allows 
for the determination ofthe influence of a point in determining 
the regression equation. DFFITS describes the difference in 
the fit of the equation caused by removal of a given obser
vation, and Cook's distance describes the change in a model 
coefficient by the removal of a given point. Since it was 
undesirable to assign too much weight to anyone of these tests, 
the criterion of any combination of three of the tests to in
dicate a given compound as an outlier was used. For each 
stationary phase, four compounds were identified as outliers, 
with two of the six compounds being outliers common to both 
phases. No specific reason could be determined to explain 
",hy these six compounds act as outliers. They are not 
structurally unique, and the final conformational energies, as 
calculated by using the molecular mechanics programs, were 
found to be reasonable as compared to the rest of the data 
set. The outliers were dropped from consideration in sub-
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Table I. Experimentally Determined Retention Indices for Pyrazines on OV-IOI and Carbowax·20M' 

name OV-I0l CW·20M name OV·101 CW·20M 

pyrazine 710 1179 3-methyl-2-methoxy·5·(2-methylpentyl)pyrazine 1444 1737 
methylpyrazine 801 1235 ethoxypyrazine 959 1348 
2,3-dimethylpyrazine 897 1309 2-ethoxy-3-methylpyrazine 1029 1385 
2,5-dimethylpyrazine 889 1290 2-ethoxy-5-methylpyrazine 1047 1418 
2,6-dimethylpyrazine 889 1300 2-ethoxy-3-ethylpyrazine 1101 1439 
trimethylpyrazine 981 1365 2·ethoxy-3-isopropylpyrazine 1143 1431 
tetramethylpyrazine 1067 1439 2·ethoxy-5-isopropyl-3-methylpyrazine 1230 1500 
ethylpyrazine 894 1300 2·ethoxy-5-isobutyl·3·methylpyrazine 1314 1584 
2-ethyl·5-methylpyrazine 980 1357 5·sec-butyl-2-ethoxy-3·methylpyrazine 1306 1566 
2-ethyl·6-methylpyrazine 977 1353 2·ethoxy-3-methyl-5·(2·methylbutyl)pyrazine 1415 1693 
2,5·dimethyl·3-ethylpyrazine 1059 1400 2-ethoxy-3-methyl-5·(2·methylpentyl)pyrazine' 0 1771 
2,6·dimethyl·6-ethylpyrazine 1064 1415 (methylthio)pyrazine 1076 1600 
2,3·dimethyl·5-ethylpyrazine 1066 1421 3-methyl-2·(methylthio)pyrazine 1151 1616 
2,3-diethylpyrazine 1065 1417 5-methyl-2·(methylthio)pyrazined 1163 0 
2,3·diethyl·5·methylpyrazine 1137 1459 3-ethyl-2-(methylthio)pyrazine 1237 1695 
propylpyrazine 986 1374 3-isopropyl·2·(methylthio)pyrazine 1273 1692 
2·methyl·3·propylpyrazine 1072 1438 5-isopropyl-3·methyl.2·(methylthio)pyrazine 1362 1737 
2,3·dimethyl-5·propylpyrazine 1154 1500 5-sec·butyl·3·methyl·2·(methylthio)pyrazine 1441 1800 
2,5·dimethyl-3·propylpyrazine 1142 1474 5·isobutyl-3-methyl-2-(methylthio)pyrazine 1446 1816 
2,6·dimethyl-3·propylpyrazine 1151 1493 3·methyl-5-(2-methylbutyl)·2-(methylthio)pyrazine 1552 1941 
isopropylpyrazine 949 1316 3·methyl·5-(2-methylpentyl)-2-(methylthio)pyrazine 1638 2008 
2,3-dimethyl·5·isopropylpyrazine 1112 1431 (ethylthio)pyrazine 1148 1635 
butylpyrazine 1088 1474 2·ethylthio·3-methylpyrazine 1215 1655 
2·butyl-3-methylpyrazine 1121 1459 2-ethylthio-5-isopropyl-3-methylpyrazine 1418 1769 
3-butyl-2,5·dimethylpyrazine 1184 1487 5-sec-butyl-2·ethylthio-3-methylpyrazine 1494 1832 
3-butyl-2,6·dimethylpyrazine 1196 1514 2-ethylthio-5-isobutyl·3·methylpyrazine 1496 1843 
5-butyl·2,3·dimethylpyrazine 1254 1600 2-ethylthio-3-methyl-5-(2·methylbutyl)pyrazine 1602 1951 
isobutylpyrazine 1043 1406 2-ethylthio-3-methyl-5-(2.methylpentyl)pyrazine 1686 2026 
2,3-dimethyl-5-isobutylpyrazine 1200 1525 phenoxypyrazine 1415 2104 
2-isobutyl-3,5,6-trimethylpyrazine 1263 1556 2-methyl-3-phenoxypyrazine 1465 2103 
sec-butylpyrazine 1040 1394 5-isopropyl-3-methyl-2-phenoxypyrazine 1620 2114 
5·sec-butyl·2,3·dimethylpyrazine 1194 1500 5·sec·butyl-3-methyl-2-phenoxypyrazine 1694 2173 
pentylpyrazine 1192 1575 5·isobutyl-3-methyl-2-phenoxypyrazine 1706 2209 
2,3-dimethyl·5·pentylpyrazine 1352 1700 3·methyl·5·(2-methylbutyl).2-phenoxypyrazine 1807 2301 
isopentylpyrazine 1157 1530 (phenylthio)pyrazine 1606 2400 
2,3·dimethyl·5-isopentylpyrazine 1317 1655 3·methyl-2-(phenylthio)pyrazine 1658 2399 
(2-methylbutyl)pyrazineb 1151 1527 5·isopropyl-3-methyl·2·(phenylthio)pyrazine 1806 2375 
2,3·dimethyl·5-(2·methylbutyI)pyrazine 1306 1636 5-sec·butyl-3·methyl·2·(phenylthio)pyrazine 1874 2430 
2·(2·methylbutyl)-3,5,6·trimethylpyrazine 1363 1661 5-isobutyl·3·methyl·2-(phenylthio)pyrazine 1882 2452 
(2·methylpentyl)pyrazine 1240 1606 3-methyl·5·(2·methylbutyl)·2·(phenylthio)pyrazine 1985 2569 
(2·ethylpropyl)pyrazineb 1121 1449 3-methyl·5·(2-methylpentyI)-2-(phenylthio)pyrazine 2064 2669 
(1· methylbutyl)pyrazine 1133 1471 acetylpyrazine 993 1571 
2,3-dimethyl·5·(2-methylpentyl)pyrazine 1377 1710 2·acetyl·3·methylpyrazine 1061 1567 
hexylpyrazine 1293 1668 2-acetyl-5-methylpyrazine 1093 1625 
octylpyrazine 1495 1845 2·acetyl·6-methylpyrazine 1088 1618 
2-methyl·3·octylpyrazine 1546 1956 2·acetyl-3-ethylpyrazine 1138 1617 
2-methyl·5·(2-methylbutyl)-3·octylpyrazine 1923 2200 2-acetyl-3,5-dimethylpyrazine 1153 1629 
2-methyl·6·(2-methylbutyl)·3·octylpyrazine 1962 2254 chloropyrazine 861 1351 
methoxypyrazine 877 1306 2,3-dichloropyrazine 1032 1581 
2·methoxy·3·methylpyrazine 954 1339 2-chloro·3·methylpyrazine 951 1399 
2-methoxy-5-methylpyrazine 969 1358 2-chloro-3-ethylpyrazine 1044 1467 
3·ethyl·2·methoxypyrazine 1037 1400 2·chloro·3-isobutylpyrazine 1187 1575 
3-isopropyl-2-methoxypyrazine 1078 1400 2·chloro·5-isopropyl-3-methylpyrazine 1173 1505 
5-isopropyl·3·methyl-2-methoxypyrazine 1170 1467 5·sec-butyl·2-chloro-3-methylpyrazine 1256 1577 
5-sec·butyl·3·methyl-2-methoxypyrazine 1250 1536 2·chloro-5-isobutyl·3·methylpyrazine 1264 1600 
5-isobutyl·3-methyl·2·methoxypyrazine 1257 1556 2·chloro-3-methyl-5-(2·methylbutyl)pyrazine 1371 1710 
3-methyl·2·methoxy·5·(2-methylbutyl)- 1362 1664 2-chloro-3-methyl-5-(2·methylpentyl)pyrazine 1456 1789 

pyrazine 

a Taken from ref 5. bCompounds not included in current study. cNo reported retention index on OV-lOl. dNo reported retention index 
on Carbowax-20M. 

sequent work leaving a data set of 107 compounds for each 
stationary phase. 

The models generated were of the general form 
n 

RI Ispl = bo + L: biXi 

The equations generated give the retention index for a given 
stationary phase as the intercept (bo) plus the sum of the 
product of the ith regression coefficient (bi ) and the ith in
dependent variable or descriptor (Xi), where n is the number 
of independent variables in the model. Development of the 
models proceeded by treating each stationary phase separately. 

Since the same final descriptor pool was available to the 
regression analysis procedure, it was of interest to see which 
of the descriptors were condsidered important in predicting 
the retention index values for each column type. The re
gression analysis procedure produced several reasonable 
equations. The choice of which equation to consider further 
was made by using three criteria: multiple correlation coef
ficient (R), standard error (8), and the number of descriptors 
in the model. An ideal model is one that has a high R value, 
a low standard error, and the fewest independent variables. 
The best models found for each stationary phase are given 
below. The definition of each descriptor is given in Table II. 



Table II. Definitions of the Descriptors Used in the 
Retention Index Prediction Models 

descriptor 
code 

ALLp·2 

EDEN-l 
FRAG-12 
MOMI-l 
MOMI-6 
MPOL 
MPOS 
WTPT-l 
WTPT-3 
WTPT-4 

definition 

number of paths in the molecule between the upper 
and lower limits (0-45) divided by the number of 
atoms in the molecule 

most negative approximated u electron density 
number of single bonds in the molecule 
first moment of inertia 
ratio of the second and third moments of inertia 
molecular polarizability 
most positive partial atomic charge in molecule 
molecular ID (sum of atomic IDs for the moleculea) 

sum of atomic IDs for all heteroatoms in molecule 
sum of atomic IDs for oxygen atoms in molecule 

a The atomic ID is the sum of all path weights for a given atom 
(16). 

Table III. Correlation Matrix for the Descriptors in the 
Retention Index Prediction Model 

a. OV-IOI 
FRAG-12 1.000 
EDEN-l 0.045 1.000 
MOMI-6 0.769 0.164 1.000 
WTPT-l 0.673 -0.038 0.596 1.000 
WTPT-3 0.111 -0.703 -0.029 0.304 1.000 
WTPT-4 0.019 -0.802 -0.087 0.091 0.522 1.000 

b. Carbowax-20M 
FRAG-12 1.000 
ALLP-2 0.582 1.000 
MOMI-l 0.856 0.767 1.000 
MPOL 0.893 0.865 0.926 1.000 
WTPT-l 0.679 0.895 0.802 0.871 1.000 
MPOS -0.041 0.066 -0.055 -o.D78 0.026 1.000 

The coefficient of multiple determination (R2) indicates the 
amount of variance in the data set accounted for by the model. 
Tbe standard error of the regression coefficient is given in each 
case, and n indicates the number of molecules involved in the 
regression analysis procedure. 

OV-lOI: 

RI = [40.77 ± 0.55(WTPT-l)] -
[31.68 ± 3.10(WTPT-4)] + [56.63 ± 2.46(WTPT-3)] + 
[602.2 ± 66.35(EDEN-I)] + [7.22 ± 0.84(MOMI-6)] -

[9.74 ± 1.53(FRAG-12)] + 16.08 

R2 = 0.994 n = 107 s = 22.92 

Carbowax-20M: 

RI = [32.58 ± 1.43(WTPT-l)] -
[86.23 ± 4.57(ALLP-2)] - [213.5 ± 6.9(FRAG-12)] + 
[145.7 ± 5.8(MPOL-l)] + [311.4 ± 23.0(MPOS)] + 

[(6.50 X 10-2) ± (9.30 X 10-3)(MOMI-l)] - 53.08 

R2 = 0.986 n = 107 s = 36.33 

The correlation matrix for the OV-IOI model and the 
Carbowax-20M model is given in parts a and b of Table III, 
respectively. The descriptors were chosen by the regression 
calculation in the order indicated in the models above and 
were based on the statistical significance of the descriptor and 
its utility in predicting the dependent variable. 

Examination of the models shows that although the sets 
of descriptors availabile in regression analysis were identical 
for both stationary phases, some different individual de
scriptors were found to be important in the prediction of the 
retention indices. There exists some similarity in what types 
of descriptors (i.e. topological, geometric, or electronic) were 
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important. Even though the compounds in the dataset con
tained a diverse collection of substituents, only one of the 
descriptors (WTPT-4) encodes information specific to one 
type of substituent. The remainder are broader in scope. Both 
models contain at least three topological descriptors. These 
encode information on the complexity and bonding within the 
molecules. The other descriptors present in the models are 
encoding geometric and electronic properties of the molecules, 
which presumably relate to the polar interactions between the 
solutes and the stationary phase. Predictions of retention 
indices for a diverse set of structures on more polar stationary 
phases have historically been difficult. This is evident in the 
somewhat poorer statistics found for the Carbowax-20M 
model. Even though the Carbowax-20M model contains more 
of the electronic/geometric types of descriptors than the 
OV-I01 model, the descriptors used do not appear to encode 
enough information concerning the various polar interactions 
taking place during the separation. It is apparent that ad
ditional work should be done in order to find descriptors that 
can improve predictions on such polar phases. 

An experiment was done where the experimentally deter
mined retention index for the compounds on OV-IOI were 
used as descriptors for prediction of retention on the more 
polar Carbowax-20M phase. It was postulated that any 
nonpolar interactions encoded in the retention indices for 
compounds on OV-I01 could be the same as those for com
pounds on Carbowax-20M, and any additional structural 
descriptors indicated as significant by the regression analysis 
would therefore encode only the polar interactions. Although 
highly correlated, when other descriptors were available, the 
retention index on OV-lOl is not significant in predicting 
retention on Carbowax-20M, and it is possible that the indices 
for the two phases are related in some nonlinear fashion. 
Similarly, when descriptors for one model were used for 
generating models for the other phase, the models obtained 
were generally poorer, indicating that the descriptors are 
encoding significantly different types of interactions, rein
forcing the notion of modeling each type of stationary phase 
separately. 

The next step was to test the quality of the models. Several 
methods exist for this purpose. First, the interrelation of 
descriptors used in each of the two models was examined. As 
shown in parts a and b of Table III, a few of the descriptors 
are fairly highly correlated. However, they are all below the 
cutoff value used in this study. A test for multicollinearities 
was then performed by holding each descriptor out in turn 
and using the remaining descriptors in the model equation 
as independent variables in a regression analysis attempting 
to predict the descriptors held out. Some fairly high multi
collinearities were found, so an additional test was done to 
determine if these high multicollinearities affect the quality 
of the model equation. This was done by calculating the 
principal components for the data space, one for each de
scriptor present in the model. Principal components regression 
analysis was used to generate a new model equation, which 
was then compared to the original equation. This comparison 
showed the same standard error and coefficient of variance 
for both the original and principal components model. Also, 
all six principal components were retained in the regression 
analysis. These results indicate that any multicollinearities 
present in the original model do not adversely affect the 
quality of the equation. 

The final test of the models is to determine their ability 
to predict the retention indices of compounds not used to 
generate the predictive equations. Due to the diverse nature 
of the data set, the method of internal validation was chosen. 
The descriptors used in the generation of the predictive 
equations were taken from the models generated for the whole 
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dataset. Next, 27 compounds were held out as a prediction 
set, while the remaining 80 compounds comprised the learning 
set. The prediction set compounds were chosen so as to give 
a subset that was statistically similar to the learning set. The 
learning sets for each stationary phase were then used to 
generate new model equations. These new equations were 
found to be similar to the original models. The new OV-101 
model yielded an R2 value of 0.994 and a standard error of 
21.44, while the new model for the Carbowax-20M data set 
gave an R2 value of 0.986 and a standard error of regression 
of 33.72. The new models were then used to predict the 
retention indices for the prediction set compounds. For the 
OV-101 dataset, the residual mean square (rms) error for the 
predictions was 32.42 (2.46%) with a correlation for predicted 
to experimental values of 0.996. The Carbowax-20M equation 
fared slightly worse with a rms error of 51.59 (2.90%) and a 
correlation between predicted and experimental retention 
indices of 0.993. 

CONCLUSIONS 
The computer-assisted prediction of the retention indices 

for a diverse set of substituted pyrazines, based on structurally 
derived descriptors, has been successfully demonstrated. The 
ability to input, manipulate, and store structures and calcu
lated descriptors by using systems such as ADAPT increases 
the facility and speed with which such a study can be ac
complished. Examination of the models produced shows that 
the descriptors encode information related to the types of 
interactions that take place between the solute molecules and 
stationary phase during the separation process. It has also 
shown that different descriptors become important in such 
predictive models as the polarity of the stationary phase is 
changed, and therefore each phase should be modeled sepa
rately. The predictive ability of models generated in this 
fashion has been shown to be accurate within a few percent 

of the mean retention index value, indicating that such models 
could be used in lieu of authentic standards for the partial 
identification of chromatographic peaks. The results also 
suggest the need for further investigation into the problem 
of improving predictions of retention indices for such diverse 
sets of compounds on the more polar phases. 
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Chromosorb T and XAD-2 resins are compared lor the in situ 
extraction 01 alkane and polycyclic aromatic hydrocarbons 
(PAHs) Irom Iresh- and seawater. In column efficiency ex
periments, Chromosorb T yielded higher recoveries than 
XAD-2 lor n-alkanes at 3 and 0.6 nglL concentrations per 
component. Chromosorb T columns gave good recoveries lor 
PAHs 01 three and more rings (0.4 nglL per component) and 
XAD-2 for PAHs 01 lour and more rings (0.06 nglL per com
ponent). Lower molecular weight PAHs were recovered 
poorly by Chromosorb T and contaminated by XAD-2. Prin
cipal component analysis (PCA) discriminated well between 
Chromosorb T and XAD-2 dissolved hydrocarbon in situ sam
ples and their respective blanks. The PCA mOdels could also 
distinguish between the groups 01 samples collected with 
each resin. Between-resin difference was more important 
than sampling location lor hydrocarbon composition; this 
difference In resin adsorption characteristics shows up dra
matically In the mean sample and blank plots lor the hydro
carbons. The majority 01 blank-corrected XAD-2 alkane 
concentrations were below the IImH 01 detection. In contrast, 
the majority 01 the alkanes below trlacontane were quantifi
able lor the samples on Chromosorb T. PAHs In the phen
anthrene to chrysene range gave comparable results lor the 
two resins. The Chromosorb T In sHu methodology provides 
the first dissolved hydrocarbon measurements that are un
questionably above the measured mean blank. With this 
technique Individual alkanes and PAHs at pg/L concentrations 
In natural waters can be quantified. 

INTRODUCTION 
One of the most challenging tasks in analytical chemistry 

is the unambiguous determination of trace constituents in 
natural waters. For hydrocarbons, the classical technique has 
been the collection and extraction of bulk water samples. 
However, the level of contemination that may result from such 
bulk collections can overwhelm the natural concentrations of 
hydrocarbons to the extent that "many of the analytical values 
to be found in the older literature merely immortalize the 
extent of shipboard contamination" (1). 

A more effective sampling method for dissolved trace 
constituents is the in situ pumping method (1-4). Large 
volumes of water are pumped through an adsorption column 
by a non contaminating pumping system. The sampling ap
paratus can be passed through the surface microlayer before 
starting, and sample manipulations on the concentrated 
sample can take place under clean-room conditions either 
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onboard ship or in a shore-based laboratory. The technique 
is limited only by the capacity of the prefilter, the back
pressure of the adsorption column, and the battery supply for 
the pump. 

To use the in situ pumping method, one must select an 
appropriate adsorption resin with known extraction efficiency 
for hydrocarbons and know the minimum volume of water 
required to produce a sample statistically greater than the 
mean blank. Polystyrene-divinylbenzene copolymer resin 
(XAD-2) has been widely used for the extraction of hydro
carbons from water (4,5), and the long-term stability of hy
drocarbon samples on this resin has been demonstrated (4). 
However, XAD-2 does not perform well at seawater pH, and 
it is extremely difficult to clean and keep clean (1). Many 
aromatic impurities have been identified in the XAD-2 resin 
(6, 7); after contact with water the cleaned resin continues to 
release aromatic hydrocarbons, which may then be extracted 
with ether (6). These impurities raise the detection limits and 
can invalidate quantitation of these compounds in water, even 
after thorough cleaning of the resin. 

Chromosorb T porous poly(tetrafluoroethylene) (TFE) 
Teflon has been recommended (8) for the adsorption of P AHs 
from water. Siauenwhite et al. (1) found no measurable hy
drocarbon blanks with it (using thin-layer chromatography 
with flame ionization detection) and therefore chose Chro
mosorb T over XAD-2 and C,s bonded silica gel as the pre
ferred packing for hydrocarbons. In view of the above, we 
judged Chromosorb T resin to have better potential for sam
pling dissolved trace hydrocarbons than its leading rival, the 
more widely used XAD-2 resin. G6mez-Belinch6n et al. (9) 
have recently reported an intercomparison study of XAD-2 
with polyurethane foam and liquid-liquid extraction for the 
extraction of hydrocarbons from seawater. 

This work is part of the hydrocarbon method development 
and technique validation performed prior to carrying out a 
large sampling program in the Canadian Beaufort Sea and 
Mackenzie Estuary during 1987. When we began, little was 
known about the natural levels of dissolved hydrocarbons we 
were likely to encounter. Erickson and Fowler (10) found 
wintertime dissolved hydrocarbon concentrations in the 
Mackenzie Delta to be less than detectable either by routine 
in situ sampling on XAD-2 resin (volumes up to 100 L) or by 
conventional water sampling and batch extraction with 20-L 
samples. Accordingly, we set our preliminary target sample 
volumes at 200 L of water by in situ pumping. 

EXPERIMENTAL SECTION 
General Procedures. Analytical procedures were carried out 

in a class-100 clean room dedicated to hydrocarbon analyses with 
access restricted to trained analytical staff wearing one-piece clean 

© 1989 American Chemical Society 
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Figure 1. Schematic of the experimental system for the resin colUmn 
efficiency tests. 

room suits. Solvents (BDH Omnisolv) were redistilled through 
burle packed columns. Hydrocarbon-free water was prepared from 
glass-distilled water refluxed overnight with alkaline potassium 
permanganate, redistilled, and extracted with dichloromethane. 
Sodium hydroxide (10 M, Baker Analysed) was extracted with 
7:3 dichloromethane/hexane (6 X 100 mL). Saturated sodium 
chloride solution (BDH assured) was solvent extracted before 
dilution to a 3% solution. Glassware was soaked in 2% RBS 
detergent (Pierce Chemical), baked overnight (a 350°C forced-air 
oven was used for all baking), and rinsed with dichloromethane 
before use. Sodium sulfate (BDH assured) and silica gel (BDH, 
60-120 mesh) were baked overnight. Teflon fittings and film were 
soaked in 2% RBS and Soxhlet extracted overnight with di
chloromethane. Glass fiber filter papers (Whatman, 142 mm), 
both GF /D and GF /F (nominal pore size 2.7 and 0.7 I'm, re
spectively), were baked overnight and stored in baked aluminum 
foil pouches. 

In Situ Water Sampler Columns. Chromosorb T Teflon 
TFE resin (Manville Corp., approximately 30-45 mesh, special 
order) was sieved to 30-45 mesh size (375-500 I'm). The resin 
was slurried in acetone and packed, with tapping, into Teflon 
columns (Seastar Instruments, 37 cm long, 2.5 cm o.d., 1.9 cm 
i.d.) while a flow (30-50 mL/min) of acetone was maintained. 
Each column contained 55 g of resin retained at each end by FEP 
(fluorinated ethylene polypropylene) Teflon mesh (Micromesh, 
297 !Lm) secured between two Teflon collars. For Norman Wells 
(Mackenzie River) Chromosorb T resin samples, the 0.5-in. (1.25 
cm) pipe thread Teflon end plugs for the water sampler columns 
(supplied by the manufacturer) were replaced with Swagelok 
stainless steel 0.5-in. (1.25 cm) pipe thread to 0.375-in. (0.95 cm) 
tube male connectors and corresponding end caps. This modi
fication provided a more positive seal at low temperatures and 
reduced the risk of contamination during connection of the 
columns to the sampler. The XAD-2 resin columns (20-60 mesh) 
and their cleaning have been described by Green and Le Pape 
(4). Identical Teflon columns were used for both resins. 

Water sample columns were cleaned in batches of four or eight 
by using freshly distilled solvent produced by a 5-L Soxhlet still. 
Methanol was pumped (Micropump, Teflon gears) at 75 mL/min 
per column for 24 h, dichloromethane for a further 24 h, and 
methanol for a final rinse un til there was no dichloromethane in 
the effluent. Columns were sealed as described above and stored 
with the contents under methanol until use. 

Column Efficiency Tests. A 1250-L aluminum tank (1.14 
m diameter, 1.22 m deep) and lid were cleaned by recirculating 
RBS detergent solution for several hours and thoroughly flushing 
with filtered (Filtrite polyester cartridge) tap water for 24 h. The 
tank was filled with filtered tap water, which was used as a clean 
water supply. The experimental system is shown schematically 
in Figure 1. All components in contact with the feed water were 
thoroughly cleaned sequentially with acetone, dichloromethane, 
methanol, and water prior to assembly. 

The tank supplied 1000 L of water, which was continuously 
spiked with dissolved hydrocarbon standards to produce con
centrations of approximately 1-2 and 0.1-D.2 ng/L of individual 
n-alkane and PAH components, respectively, delivered to each 
extraction column. Water from the tank was pumped (Micro
pump, graphite gears, variable speed) through a glass fiber filter 
(Gelman AE) in an all-Teflon housing and then through two 
XAD-2 cleanup columns in series. A standard, containing even 
n-alkanes and selected P AHs dissolved in acetonitrile, was dis
pensed continuously from a nitrogen-pressurized (0.5-D.7 atm) 
reservoir using two fme metering valves (Nupro, SS-SS2) in series. 
The spike was added at 16-20 !LL/min to the clean feed water, 

which was delivered at 150 mL/min to the test and backup 
extraction columns. The volume of standard delivered was re
corded hourly with flow rates being adjusted as necessary. The 
feed water was flushed through for 1 h before installing the 
columns. Column experiments were conducted in duplicate with 
approximately 500 L of water pumped through each column. 

Sampling. Hydrocarbons in water were extracted in situ with 
Seastar water samplers (2). The sampler is a microprocessor
controlled battery-powered pump in a pressure case which draws 
water at a preset flow rate through a filter unit and extraction 
column and measures the volume pumped. A flow rate of 150 
mLjmin was used. Before each field trip, the Teflon filter holders 
and connecting tubing were cleaned with 2% RBS detergent, 
distilled water, acetone, and dichloromethane. Filters were loaded 
before each deployment by using clean tweezers with GF /F on 
the bottom (outlet end) and GF /D on top. The Teflon column 
was then attached to the sampler, and all tubing connections were 
tightened. During operation, water passed sequentially through 
the GF /D and GF /F filters, the resin column, and the pump. 

Samples from the Fraser River and Captain Passage, Saltspring 
Island, were collected from the CSS Vector. Four in situ water 
samplers and in situ pumps were bolted to a submersible frame 
to obtain simultaneous samples of the dissolved, particulate, and 
colloidal phases for hydrocarbon analysis (11). The in situ pumps 
sampled through a common port (upstream end of the frame) with 
a 500-!Lm stainless steel screen prefilter. Teflon tubing connected 
the sampling port to the sampler filter pack inlets. Just before 
sampling (frame-mounted deployments only) these inlet hoses 
were filled with methanol to prevent air locks. The samplers were 
started with a lO-min delay and lowered over the side to the 
desired depth. This delay allowed the samplers to be submerged 
before pumping, thus minimizing contact between the sample and 
the surface microlayer. To terminate sampling, the frame was 
raised until the inlet port was just under the surface and the in 
situ samplers were turned off. 

For deployments in Patricia Bay, Saanich Inlet, each sampler 
was lowered individually over the side of a barge tied to the dock. 
A 1.0-min delay was used, and after 5 min at the selected depth 
each sampler was raised to just under the surface to verify that 
it was still operating (the samplers are designed to shut off after 
4 min if the flow is too low). In a few cases the pumps had to 
be restarted. 

For through-ice deployments in the Mackenzie River, a hot
water hole melter was used. Teflon lines and the filter pack on 
the in situ sampler were protected from freezing before deploy
ment. A O.l-min delay was used and operation of the samplers 
verified after 5 min as above. 

Mter sampling, the columns were detached and capped. Filter 
papers were folded one-quarter round and stored in labeled baked 
aluminum foil pouches. All samples were stored frozen until 
extraction. 

Analytical Procedures. Column Elution Procedure. The 
elution apparatus, with an empty stub column in place of the 
extraction column, was rinsed with methanol and dichloromethane 
(150 mL each) and methanol again (100 mL). Fittings were 
installed with care to avoid contamination. For column blanks, 
methanol was displaced from unused columns with 100 mL of 
hydrocarbon-free water. 

For a single-column extraction, a 1.00-mL aliquot of the working 
internal standard was added directly to a dichloromethane-wetted 
1-L separatory furmel. The working internal standard contained 
known amounts of the 13 perdeuterated hydrocarbons described 
below. The column was eluted upward into the separatory furmel 
with methanol (150 mL) and then dichloromethane (250 mL) at 
a flow rate of 2-5 mL/min. Hydrocarbon-free water (200 mL) 
was added and the separatory funnel shaken vigorously for 1 min. 
If phase separation was poor, hydrocarbon-free water saturated 
with sodium chloride (50 mL) was added; this step was seldom 
required. The dichloromethane layer was drawn off into a 5OO-mL 
flask and the aqueous methanol extracted twice more with di
chloromethane (50 mL). The combined dichloromethane extracts 
were back-washed twice with 3% hydrocarbon-free aqueous so
dium chloride (50 mL) and dried over sodium sulfate (5 g). The 
extract was transferred in portions to a 250-mL Kuderna-Danish 
concentrator, 1 mL of carbon tetrachloride was added, and solvent 
volume was reduced to approximately 0.5 mL in a water bath at 



50-55°C. The extract was quantitatively transferred with di
chloromethane (2 mL) to a silica gel filter column (60 X 5 mm, 
1 g of 5 % water deactivated silica gel) and eluted with di
chloromethane (10 mL). 

In subsequent Beaufort Sea field studies (12), dual (parallel) 
Chromosorb T column deployments were used for sampling due 
to the high resistance to flow of tbe Teflon resin (see part 2 of 
Results and Discussion). The column blanks used witb those 
samples are included as part of this comparison. 

The double-column extraction required a change in procedure 
to guard against loss of internal standard from the larger 2-L 
separatory funnel. Hydrocarbon-free water (50 mL) was added 
to the 2-L separatory funnel, both columns were eluted simul
taneously into it with methanol (150 mL each) and then di
chloromethane (250 mL each), and the internal standard (1.00 
mL) was added, followed by hydrocarbon-free water (350 mL). 
The remainder of the extraction procedure was identical with the 
single-column procedure, except that amounts of material and 
sizes of glassware were doubled. 

Analysis. Samples were analyzed by using a Finnigan 
9600j3300E GCjMS with an Incos 2300 data system running 
SuperIncos software, revision 5.5. A I-m uncoated fused silica 
retention gap was installed in conjunction with a 30-m DB-5, 
0.25-l'm film capillary column (J & W Scientific) inserted directly 
into the ion source. The mass spectrometer was tuned and mass 
calibrated daily with perfluorotributylamine (FC43). MS scans 
were acquired from 41 to 500 amu in 1.00 s with a O.OI-s settling 
time and with storage to disk of mass peaks greater than 50 counts. 

Samples (0.5-1.0 I'L) were introduced by using a I-min splitless 
Grob injection at room temperature. At 2 min the oven was heated 
ballistically to 80°C, and at 4 min the MS source and detector 
were turned on. At 4.5 min the oveD temperature was program
med at 6 °Cjmin to 300°C. Data were acquired from the be
ginning of the temperature program for 38.3 min (2300 scans). 

A GC calibration standard containing 47 hydrocarbons, 13 
perdeuterated internal standards, and a fragmentation standard 
(decafluorotriphenylphosphine, DFTPP) was run daily to de
termine retention times, response factors (relative and absolute), 
and system performance. The MS fragmentation performance 
was determined periodically with DFTPP and met the accepted 
ion abundance criteria for this compound (13). 

The n-alkanes from en to Ca6 plus seven isoprenoids were 
quantified relative to [2H501tetracosane. [2H261Dodecane and 
[2H"lhexatriacontane were used to monitor volatility losses and 
high-temperature GC behavior, respectively, and were also 
quantified relative to [2H501tetracosane. The 21 PAHs measured 
from naphthalene to benzo[ghilperylene were quantified relative 
to [2H,Jnaphthalene, I-methyl[2H lOJnaphthalene, [2H,J
acenaphthylene, [2HlOJacenaphthene, [2H,oJanthracene, [2HlOJ
pyrene, [2H,2Jchrysene, [2H,2Jbenzo[kJfluoranthene, [2H"J
benzo[aJpyrene, and [2H,4Jdibenz[a,hJanthracene with the ap
propriate deuterated standard being used for each class of PAH. 
In all cases, target compounds were located and quantified with 
automated procedures using relative retention times and mass 
chromatogram peak maxima for characteristic ions. Where 
possible, the relative responses of the PAH to the perdeuterated 
standards were calibrated with the National Bureau of Standards 
(NBS) SRM-1647 mixture of PAH in acetonitrile. 

Principal Components Analysis. Unsupervised principal 
components analysis (PCA) was used to examine the interrela
tionship among samples in the various data sets (14, 15). Since 
a hydrocarbon data set can exhibit large differences in absolute 
magnitude hetween, for example, the alkanes and P ABs in a given 
sample, data were initially log-transformed, as recommended by 
K valheim (15). This minimizes the influence of large differences 
in the absolute size of GC peaks and makes the distribution of 
each variable more normal. To eliminate zero values in the data 
sets, half of the minimum peak area (50 counts) was substituted 
into the calibration routine and adjusted for the peak area and 
relative response of the appropriate deuterated standard. Incos 
procedures require that mass peaks of greater than the specified 
storage limit of 50 counts be present in a minimum of two adjacent 
scans before a peak is detected, and hence the actual instrument 
detection limit is 100 area counts. 

The peA program used the nonlinear iterative partial least
squares (NIPALS) algorithm (14. 16, 17) and allowed us to ex-

ANALYTICAL CHEMISTRY, VOL. 61, NO. 13, JULY 1, 1989 • 1335 

amine both scores and loadings. The scores and loadings rep
resent, respectively, the contributions of each sample and each 
variable to each principal component. The log-transformed 
variables were mean centered (by subtracting the mean from each 
variable on a variable by variable basis) before PCA analysis. 
Mean centering was chosen to avoid closure (17), which could arise 
from the normalization technique recommended by Kvalheim (15). 

RESULTS AND DISCUSSION 
Hydrocarbons in natural water are distributed among the 

dissolved, colloidal, and particulate phases: Assignment to 
phase is operationally defmed by the sampling techniques used 
(18,19). Companion papers (11) will discuss the intercom
parison of hydrocarbon sampling techniques for particulates 
and make an assessment of the importance of each phase to 
the overall hydrocarbon budget. Here, we define dissolved 
hydrocarbon phase as the fraction that passes through stacked 
GF jD and GF jF glass fiber filters (nominal pore size 2.7 and 
0.7 I'm, respectively) and is adsorbed onto the resin column. 
The measurements reported here provide no information on 
colloidal hydrocarbons, which pass through both filter and 
resin column. 

The performance of the Chromosorb T and XAD-2 resins 
was compared in three ways: (1) column efficiency obtained 
by using 350-500 L of water spiked with dissolved hydro
carbons at anticipated "natural" levels, (2) hydrocarbon blank 
levels from resin columns (both in part 1), and (3) comparison 
of resin columns attached to in situ samplers deployed si
multaneously (part 2). 

1. Comparison of Resin Sorption Efficiencies and 
Blank Characteristics. Resin Column Efficiency Tests. 
Many tests on spike recovery and column efficiency have been 
performed previously with XAD-2 resin. None have utilized 
more than a few aliphatic and aromatic hydrocarbons nor have 
they approximated the hydrocarbon concentrations found in 
natural water samples. From winter studies in the Mackenzie 
River (10) we expected dissolved hydrocarbon concentrations 
to be a maximum of approximately 1-2 ngjL per alkane and 
0.1-0.2 ngjL per individual PAH component. By contrast, 
for example, Osterroht (20) performed recovery tests in sea
water using pristane, n-hexadecane, and phenanthrene at 
concentrations greater than or equal to Il'gjL, and James 
et al. (21) used perdeuterated p-xylene, naphthalene, hexa
decane, and phenanthrene spiked into drinking water at 100 
ngjL. For Chromosorb T, the only hydrocarbon spike re
covery tests we are aware of utilized phenanthrene at con
centrations of 500 I'gjL (1). 

To simulate natural hydrocarbon concentrations in our 
column efficiency tests (3-4 orders of magnitude below those 
previously attempted), prefiltered water from a reservoir tank 
was pumped through two XAD-2 precolumns to remove 
dissolved hydrocarbons, spiked with even n-alkanes and se
lected PAHs, and then pumped through the Chromosorb T 
or XAD-2 test column (Figure 1). Two Chromosorb T and 
two XAD-2 columns were evaluated (Table I). The measured 
concentrations of the even n-alkane spikes were blank cor
rected for each column by using an average of the two adjacent 
odd n-alkanes. For PAH, column blanks from the same time 
period as that of the tank tests were used for blank correction; 
for Chromosorb T only naphthalene required correction. 

Table I gives the effective aqueous concentration of the 
hydrocarbon spike for each component and the percent re
covered from each column after elution. For n-alkanes, 
Chromosorb T gave comparable recoveries that were in general 
higher than the XAD-2 recoveries (also comparable) for most 
of the alkanes. The general fall-off in recovery for triacontane 
and above is likely linked to the extremely low solubility of 
these n-alkanes. 

Chromosorb T showed poor recovery of PAHs with mo
lecular weight less than that of phenanthrene. Recoveries were 
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Table I. Results of the Column Efficiency Determination 

Chromosorb T XAD-2 
402-L extracted vol 355-L extracted vol 495-L extracted vol 480-L extracted vol 
effective spike effective spike effective spike effective spike 

compound concn,a ngjL reeov, % cancn,a ng/L reeov, % concn,G ng/L reeov, % concn,a ng/L reeQV, % 

dodecane 2.6 67 2.7 59 0.62 73 0.64 140 
tetradecane 2.5 55 2.6 49 0.53 25 0.54 89 
hexadecane 2.6 47 2.7 57 0.51 26 0.52 56 
octadecane 2.7 60 2.8 70 0.57 <3 0.58 79 
eicosane 2.7 72 2.9 83 0.57 40 0.58 29 
docosane 2.8 76 2.9 82 0.57 52 0.58 21 
tetracosane 3.0 71 3.2 89 0.63 49 0.65 27 
hexacosane 4.4 79 4.6 98 0.89 48 0.92 29 
octacosane 2.7 40 2.9 65 0.57 36 0.58 33 
triacontane 2.4 24 2.5 55 0.51 44 0.52 22 
dotriacontane 3.2 13 3.3 43 0.65 10 0.67 16 
tetratriacontane 2.9 10 3.0 36 0.59 14 0.60 9 
hexatriacontane 3.0 4 3.2 30 0.63 3 0.65 51 
total n-alkanes (n-C 12-n-C36) 37.6 39.2 7.80 8.04 

naphthalene 0.88 0.92 0.08 25000 0.08 87000 
2-methylnaphthalene 0.05 380 0.05 260 
acenaphthylene 0.75 <4 0.78 1 
acenaphthene 0.82 2 0.86 2 
fluorene 0.19 9 0.20 10 0.08 116 0.08 <230 
phenanthrene 0.20 81 0.21 46 0.06 1500 0.06 390 
anthracene 0.13 55 0.13 36 0.05 220 0.05 440 
fluoranthene 0.40 89 0.41 63 0.05 130 0.05 190 
pyrene 0.39 88 0.40 60 0.07 130 0.07 91 
benz [a lanthracene 0.20 92 0.21 75 0.05 56 0.06 81 
chrysene 0.18 150 0.19 112 0.05 130 0.06 100 
benzo[k]fluoranthene 0.40 110 0.42 75 
benzo[a]pyrene 0.21 24 0.22 71 0.06 100 0.06 0 

total PAR 4.73 4.95 0.60 0.61 

a The effective concentration is the spike quantity divided by the extracted volume. A dash indicates that the compound was not added 
in the spike. 

generally good for PARs of three and more rings_ XAD-2 
appeared to be contaminated for PARs with molecular weight 
less than that of fluoranthene and to give good recoveries for 
PARs of four and more rings. For subnanogram per liter 
concentrations, neither appears to be usable for studies of the 
lower molecular weight PARs but both can give good re
coveries for the higher PARs. 

Elution and Column Blanks. In the discussion below, 
we refer to two types of blanks. Elution procedural blanks 
were measured by using the entire column elution apparatus, 
solvents, etc. with an empty stub column used in place of the 
resin column. Column blanks were measured by eluting resin 
columns after cleaning. Glass fiber prefilters were not used 
for either blank. 

Assembly of the Blank Set and peA Testing. Initially, 
dissolved hydrocarbon samples and a selected number of the 
elution and column blanks were analyzed by GCjMS without 
using a silica column sample cleanup step. Most of the dis
solved hydrocarbon samples gave a high background on GC 
that could be attributed to humic acid. Reliable GCjMS 
quantitation of the target PAR (on the molecular ion) and, 
to a lesser extent, the alkanes (on mjz 57) was still possible 
for these samples because the humic acid interfered primarily 
with the lower mass ions. Rowever, the accumulation of 
nonvolatile or thermally unstable components in the injector 
or on the column rapidly degraded GC performance and ne
cessitated a cleanup step. From these initial analyses, we 
assessed Chromosorb T resin to be the most suitable for 
Beaufort Sea sampling. Unfortunately, we had to suspend 
further evaluation for the duration of the field season. Blanks 
and samples were stored refrigerated with 1 mL of carbon 
tetrachloride "keeper" in each vial. 

After 7 months of storage, blanks and samples were cleaned 

on a silica gel filter column and reanalyzed by GCjMS. 
Column blanks (in particular for Chromosorb T) had suffered 
almost total evaporative loss of the lower molecular weight 
hydrocarbons. The XAD-2 column blanks showed this loss 
in only one or two cases_ The dissolved hydrocarbon samples 
were almost entirely unaffected. 

With these losses we did not have enough post-silica gel 
filter column blanks to allow reliable blank correction of the 
dissolved hydrocarbon samples. Accordingly, perdeuterated 
dodecane remaining in a blank (or sample) was adopted as 
the primary criterion of an acceptable GCjMS analysis, and 
a data subset was assembled from all of the available elution 
and column blanks that would allow PCA testing of the effects 
of (1) Chromosorb T and XAD-2 resins and (2) silica gel filter 
column treatment on blank levels. In a few cases, where the 
levels of the deuterated dodecane were low or zero, adequate 
amounts of perdeuterated naphthalene were present and the 
run was accepted. Only a few blanks showed detectable 
amounts of any PAR above the methylnaphthalenes (there 
were no patterns for these PARs); hence all of the values for 
PARs above methylnaphthylene were removed from the test 
data set. The absence of these PARs in the blanks was 
confirmed by selective ion monitoring. 

Potential volatility losses from some blanks and spurious 
contamination of a few of the earlier blanks by undecane and 
dodecane necessitated the removal of these two alkanes from 
the data set. Levels of hexatriacontane, pristane. phytane, 
and the two methylnaphthalenes were above the detection 
limit for less than half of the blanks, and these variables were 
also excluded. 

The PCA test data subset thus included the nonnal alkanes 
from tridecane to pentatriacontane and naphthalene. "Zero 
values" in the data set made up 10% of the total. For one 
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Figure 2. Scores plot for the first two principal components for the 
elution and column blank data set. The n-alkanes from C13 to C35 and 
naphthalene were used as variables. The symbols indicate Chromo
sorb T (pre- CO.) and post-silica gel (.<I.) and XAO-2 (pre- (e) and 
post-silica gel (0) columns. elution blanks (pre- (_) and post-silica gel 
(0) and double-column blanks (0). Pairs of pOints joined by a line 
highlight the same column blank analyzed before and after the silica 
column. 

blank, tetracosane was obscured by a coeluting impurity and 
the mean of the two adjacent even n-alkanes was substituted. 

The scores plot, which reflects the contribution of each 
blank to the first two principal components (PCs), is shown 
in Figure 2. For this PCA model, the first three PCs ac
counted for 52.0, 14.9, and 12.9% of the variance; the third 
PC could not discriminate among the types of blanks. 
Naphthalene made the strongest contribution in the loadings 
of the first PC. The alkane contribution to this PC was 
relatively constant (45 ± 7%, n = 23) relative to naphthalene. 
Naphthalene also made the strongest contribution to the 
second PC with the alkane contribution being more variable 
as well as smaller (11 ± 26%, n = 23) relative to naphthalene 
and having a negative minimum at heptacosane. Thus in 
Figure 2, the contribution of naphthalene to a blank increases 
in the direction of the upper right quadrant and the contri
bution of the alkanes in general increases in the direction of 
the lower right quadrant (indicated by arrows). 

Blank Test Results. The PCA model readily splits the 
blanks into two subgroups (encircled in Figure 2). The points 
in the upper right quadrant (except for the one closest to the 
vertical axis) are XAD-2 blanks from the beginning of the 
study from columns that were used as received just prior to 
the Fraser River--Saanich Inlet sampling. All of these XAD-2 
columns had high levels of naphthalene (and the methyl
naphthalenes); the majority showed elevated levels (relative 
to Chromosorb T, see part 2) of the alkanes from nonacosane 
to pentatriacontane. The subgroup extending from the lower 
center to the upper left encompasses all the available Chro
mosorb T column blanks, the three XAD-2 blanks from 
columns recleaned in the clean room, and three elution blanks. 
Data from one additional elution blank were not included in 
the PCA model because all the variables except those for 
tetra-, penta-, and hexatriacontane and naphthalene were 
below instrument detection. 

Most of the trends in the blank data reflect the evolution 
of column cleaning procedures over the course of the study. 
The first batch of XAD-2 columns was used as received from 
the manufacturer (ACS grade solvents were used in the 
Soxhlet still, solvent was continuously recirculated from the 
Soxhlet reservoir through the columns, and the cleaning was 
performed outside a clean room). The Chromosorb T columns 
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used for the Fraser River-Saanich Inlet work were cleaned 
in the clean room by using glass distilled solvents (BDH 
Omnisolv) with the solvent continuously recirculated through 
the columns. The high levels of naphthalene in the first 
XAD-2 columns can thus be attributed to the cleaning pro
cedures. Subsequent (Norman Wells and following, ref 12, 
22) Chromosorb T and XAD-2 columns were cleaned in the 
clean room with glass distilled solvents. Initial cleaning was 
performed overnight with solvent continuously recirculated 
through the columns, but an additional final cleaning was done 
throughout a working day with each freshly distilled 3-L batch 
of solvent being flushed through the columns and back into 
the distillation flask. 

In Figure 2, the earliest blanks in the Chromosorb T sub
group are generally located in the lower center area of the 
scores plot and the latest and cleanest blanks (subjected to 
the most rigorous column cleaning) in the upper lett area. This 
general trend of column blanks toward getting cleaner as the 
study progressed also extended to XAD-2 (see part 2), but the 
cleanest of all the column blanks was from a Chromosorb T 
column. The two cleanest blanks, in the upper lett of the plot, 
were both elution blanks, one with and one without the silica 
gel filter column. 

Double-column Chromosorb T column blanks (see part 2) 
ate indicated by the letter D beside the points in Figure 2. 
The hydrocarbon levels in these double-column blanks were 
lower than in most of the single-column blanks since they were 
eluted later in the study. The blank levels were not signifi
cantly influenced by doubling the number of columns. 

peA Testing with Naphthalene Excluded. In this first 
PCA model (Figure 2), the separation between the first batch 
of XAD-2 blanks (the upper right of the scores plot) and the 
rest of the XAD-2 and Chromosorb T blanks appears to be 
strongly influenced by naphthalene. The high levels of 
naphthalene (and methyinaphthalenes) in the XAD-2 blanks 
and samples are likely a result of the divinylbenzene copolymer 
used to make the resin (see also ref 6, 7). To remove this 
specific influence of the resin type on the hydrocarbon blank, 
the PCA analysis of the blank data set was repeated without 
naphthalene (i.e., only the n-alkanes from tridecane to pen
tatriacontane were used). For this PCA model, "zero values" 
in the data set were 10% of the total and the first three 
principal components accounted for 53.0,15.6, and 10.7% of 
the variance. The loadings for the first PC were very similar 
to those in the previous model and showed a fairly constant 
n-alkane contribution of 85 ± 13 % (n = 23) relative to (and 
including) triacontane, the n-alkane with the highest loading. 
The loadings of the second PC were very similar to those of 
the third PC of the first model. A scores plot based on the 
first two PCs indicated that the second PC was very poor for 
discriminating between the different types of blanks. The 
third PC, however, was very similar to the second PC of the 
first model. It also had an inverted bell-shaped loadings plot 
with tridecane and pentatriacontane showing strong positive 
loadings and heptacosane showing a negative minimum. The 
n-alkane loadings were 9 ± 47% (n = 23) relative to and 
including the highest loading, pentatriacontane. 

The scores plot for the first and third principal components 
is shown in Figure 3. The results for this model are similar 
to those of the model shown in Figure 2. The first XAD-2 
blank set can still be distinguished in the upper right quadrant, 
and the remainder of the blanks fall along a line from the lower 
center to the upper left quadrant (both encircled). Individual 
blanks have shifted slightly in this new model, but the specific 
trends toward cleaner blanks over time (including the double 
columns) and the replication of blanks pre- and post-silica gel 
remain unchanged. In this model, the n-alkane concentration 
of a blank increases to the right (see arrow in Figure 3). 
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Table II. Summary of in Situ Sampler Deployments 

number of samples 

location lat/long date depth, m salinity Chromosorb T XAD-2 

Pattullo Bridge 4911.9 N 2/2/87 0.04 2 
Fraser River 12254.5 W 

Steveston Island 4906.6 N 3/2/87 4.1-19.0 
Fraser River 12308.5 W 

Captain Passage 4849.5 N 5-f3/2/87 29.5-29.7 
Salts pring Island 12326.2 W 

Patricia Bay 4839.2 N 10-12/2/87 29' 4 4 
Saanich Inlet 12327.1 W 

Norman Wells 6516.7 N' 1-4/4/87 0' 
Mackenzie River, NWT 12650.3 W 

6516.8 Nd 4-7/4/87 0' 
12652.5 W 

a Not measured; based on expected values derived from other programs. b Samples were deployed at approximately 0.5-1 m below the 
bottom of the ice. C Upstream of refinery. d Downstream of refinery. 
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Figure 3. Scores plot for the first and third principal components for 
the elution and column blank data set. Only the n-alkanes from C'3 
to C35 were used as variables. Symbols are as in Figure 2. 

Overall, hydrocarbon blanks are improved by the refinements 
in the column cleaning procedures; this trend is not affected 
hy contaminants generated by the resin. Use of douhle col
umns or a silica gel cleanup step is overshadowed by the 
progression to cleaner blanks with time. 

For the subsequent stages of the data analysis, column 
blanks were selected from the time period appropriate to the 
samples. When both pre- and post-silica gel blanks were 
available, the blank with the best analytical quality was 
chosen. 

2. Field Investigations. In Situ Sampling. Chromosorh 
T and XAD-2 columns were used to collect dissolved hydro
carbon samples from areas in British Columbia and the 
Canadian Northwest Territories that would include the range 
of Beaufort Sea temperature and salinity conditions (Table 
11). This collection included sampling in freshwater (Fraser 
and Mackenzie Rivers), estuarine (Fraser River at Steveston 
Island), and marine (Saltspring Island and Saanich Inlet) 
environments that were likely to have different anthropogenic 
inputs. 

Samples were collected first from the Fraser River near the 
Pattullo Bridge (in the center of the industrialized New 
Westminster city area of Greater Vancouver Regional District). 
Samples were collected next near Steveston Island, at the 
mouth of the Fraser River, where the salinity varies widely 
with tidal cycle. Finally, samples were collected from the 
marine area of Captain Passage just outside Ganges Harbour 
(which has a small marina). 

A smaller number of Chromosorb T samples were available 
for testing than XAD-2 samples due to in situ sampler failures 
during the cruise (Table II). Two further sets of sampler 
deployments were made off the Institute of Ocean Sciences 
dock at Patricia Bay, Saanich Inlet. In the Northwest Ter
ritories, samples were collected from the Mackenzie River at 
two locations 1.75 km apart (upstream and downstream of the 
oil refinery at Norman Wells). 

Chromosorh T columns operate with a higher hack-pressure 
than XAD-2 columns because the soft Teflon resin tends to 
compress into the outlet end of the column and thus restrict 
water flow. This caused problems during sampling because 
the in situ water samplers were designed to shut off after 4-5 
min of flow below a set threshold (2). The problem was 
exacerbated hy cold (-1.7 to 0 °C depending on salinity), 
high-viscosity water encountered in the Beaufort Sea; a large 
number of in situ sampler failures resulted during the first 
ice trip (concurrent with Norman Wells sampling, ref 12). For 
suhsequent sampling (12,22) we used parallel Chromosorb 
T columns with matching hack-pressure (see part 1 and Ex
perimental Section). 

Our two validity criteria for a suite of dissolved hydrocarhon 
measurements were that (1) it was distinguishable from the 
resin column blanks and (2) it included no measurements fTOm 
samples contaminated during sampling. For the first criterion, 
the quantified samples and blanks (with concentrations in 
nanograms relative to the internal stsmdards) were compared 
by PCA and graphing before blank and volume correction. 
Data were split into two sets: samples from the Fraser River, 
Captain Passage, and Saanich Inlet and samples from Norman 
Wells. The same elution blanks were included in both data 
sets to allow comparison between the sets. 

Comparison of Resin Column Samples and Blanks. 
peA of the Fraser River-Saanich Inlet Dota Set. Hydro
carbon concentrations for all in situ samples in this data set 
were from results of post-silica gel column analyses. The 
pre-silica gel P AH values were substituted to correct for 
evaporative losses in one case and for high mass mass-spec
trometer run problems in another. Usually the pre- and 
post-silica gel PAH analyses showed excellent agreement; 
therefore this suhstitution should not hias the results. All 
column blanks were chosen from the pre-silica gel set; hecause 
the post-silica gel column hlanks suffered considerahle vola
tility losses, this is the more conservative blank correction. 

The scores plot for the first two PCs for the dissolved 
hydrocarbon samples and elution and column blanks for the 
Fraser River-Saanich Inlet data is shown in Figure 4. The 
PCA test data set included n-alkanes from tridecane to pen
tatriacontane, pristane and phytane plus naphthalene and 
both methyl derivatives, acenaphthene, fluorene, phenan-
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Figure 4. Scores plot for the first two principal components for the 
Chromosorb T (.t.) and XAD-2 (e) dissolved hydrocarbon samples, 
Chromosorb T (.I\.) and XAD-2 (0) column blanks, and Ihe elution blanks 
(0) from the Fraser River-Saanich Inlel data set. The pair of paints 
joined by a line are analytical replicates of the same sample. 

threne, fluoranthene, and pyrene. All other variables con
tained too many not-detected values for valid testing. "Zero 
values" in the data set totaled 12.3% with half of the not
detected values arising from P AH blanks. 

The first PC accounted for 59.0% of the variance and the 
second for 19.2%. The PAH made the strongest contribution 
to the first PC with a mean of 93 ± 7 % (n = 8) relative to 
(and including) phenanthrene, the PAH with the highest 
loading. The n-alkane contribution to the first PC was lower 
and more variable with a mean of 39 ± 8% (n = 23) relative 
to phenanthrene. Pristane and phytane loaded more similarly 
to the P AH than the alkanes with loadings relative to phen
anthrene of76% and 63%, respectively. The PAH also made 
the strongest positive contribution to the second PC, with 
naphthalene, the methylnaphthalenes, and acenaphthene 
contributing 91 ± 10% (n = 4) relative to (and including) 
naphthalene (the variable with the largest loading). The other 
four P AHs contributed 33 ± 11 % (n = 4) relative to naph
thalene. The n-alkanes, pristane, and phytane all loaded 
negatively with a mean of 43 ± 24 % (n = 25) and a negative 
minimum of 90% at heptacosane with both percentages ex
pressed as an absolute value relative to the positive naph
thalene loading. Thus, as marked in Figure 4, the PAH 
contribution increases in the direction of the upper right 
quadrant and the contribution of n-alkanes, pristane, and 
phytane increases toward the lower right of center. 

PCA of the Norman Wells Data Set. Hydrocarbon con
centrations for all in situ samples in this data set were taken 
from results of post-silica gel column analyses. For one sample, 
the pre-silica gel values for the PAH and tri- and tetradecane 
were substituted to correct for evaporative losses; for another, 
calculated values for pristane and phytane were added by 
using heptadecane/pristane and octadecane/phytane ratios 
from similar dissolved hydrocarbon samples. Column blanks 
were chosen from both pre- and post-silica gel results with 
the continued presence of perdeuterated dodecane being used 
as the primary selection criterion. One XAD-2 column blank 
was added to increase the blank correcting ability for the 
n-alkanes. This blank did not contain either perdeuterated 
dodecane or naphthalene and was not used in the blank PCA 
data set (part 1). 

The scores plot for the first two PCs is shown in Figure 5. 
The PCA data set includes n-alkanes from tridecane to hex
atriacontane, pristane and phytane, naphthalene and both 
methyl derivatives, fluorene, and phenanthrene. All other 
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Figure 5. Scores plot for the first two principal components for the 
Chromosorb T (.t.) and XAD-2 (e) dissolved hydrocarbon samples, 
Chromosorb T (.I\.) and XAD-2 (0) column blanks, and !he elution blanks 
(0) for the Norman Wells data set. 

variables contained too many not-detected values for valid 
testing. "Zero values" in the data set made up 17% of the 
total with 41 % of the not-detected values being PAH blanks. 

The first PC accounted for 56.8% of the variance and the 
second for 19.9%. Pristane made the strongest contribution 
to the first PC. Penta-, hexa-, and heptadecane and phytane 
contributed 66 ± 4 % (n = 4) relative to pristane, and all other 
n-alkanes contributed a fairly constant 29 ± 7% (n = 21). The 
naphthalenes loaded at 57 ± 2% (n = 3), and fluorene and 
phenanthrene at 38 ± 4% (relative to pristane). Heptacosane 
and octacosane had the strongest (negative) loading to the 
second PC. The alkanes formed the basis for an inverted 
bell-shaped loadings plot with tridecane to octadecane and 
phytane having small positive loadings and hepta- and octa
cosane showing a negative minimum. The n-alkane and 
phytane loadings were 43 ± 45 % (n = 25) relative to (and 
including) heptadecane. Pristane and the P AH all showed 
positive loadings, 71 ± 17% (n = 6). Thus the contributions 
of pristane, phytane, P AH, and lower n-alkanes to octadecane 
increase toward the upper right quadrant of the scores plot 
(arrows in Figure 5). The higher molecular weight alkanes 
increase toward the lower right quadrant. 

Comparison of the Two Resins. The PCA models (Figures 
4 and 5) distinguish easily between the Chromosorb T and 
XAD-2 dissolved hydrocarbon samples and their respective 
blanks (see outlined regions); we have successfully sampled 
dissolved hydrocarbons and can identify features beyond 
variation in the blank. The PCA models also cleanly separate 
the Chromosorb T and XAD-2 samples, graphically demon
strating that the two resins have different hydrocarbon ad
sorption characteristics. For the Fraser River-Saanich Inlet 
data set (Figure 4), these differences make a stronger con
tribution to the hydrocarbon composition than differences in 
sampling location (Table II). The elution blanks, which are 
cleaner than most of the column blanks, project separately 
and provide a basis to compare Figures 4 and 5. 

Differences between the two resins are shown further in 
Figures 6 and 7. These plots and the respective PCA use the 
same sample data and variables; mean sample and mean blank 
concentrations in nanograms are plotted on a variable by 
variable basis for each resin. The figures provide graphic 
representation of the data for each variable before blank or 
volume corrections. 

The sample means in Figure 6 are plotted for every variable 
with three Fraser River sample outliers excluded (identified 
with footnote a in Table III) and for the n-alkanes from 



1340 • ANALYTICAL CHEMISTRY, VOL. 61, NO. 13, JULY 1, 1989 

Chromosorb T 
1000,.----------------__ , 

'" c 

800 

200 

z , 
u Z Z , 

u 
, Z , Z Z Z ~6:cr~~~~GJ~~ u u 

Variable 

XAD-2 
1000,.------------------, 

'" c 

800 

g 600 

'" 1 ~o 
o 

200 

Variable 

33~ ~ 

2020 i 

Figure 6. Plot of the mean sample concentration (_) and the mean 
blank concentration (0) for every variable with sam;,\e outliers removed 
(samples marked by footnote a in Table JII) fa' the Fraser River
Saanich Inlet data set. The n-alkanes from heptadecane to untria
contane (.) are plotted with outliers inCluded in the means. Con
centrations are in nanograms before blank or volume correction of 
samples, and the same variables used for the peA in Figure 4 are 
plotted. Variable abbreviations indicate the n-alkanes from tridecane 
(C-13) to pentatriaconlane (C-35), prislane (Pr), phylane (Ph), naph
thalene and 2- and 1-methyl derivatives (Na, 2MeN, 1MeN), ace
naphthene (Ace), fluorene (FI), phenanthrene (phen), fluoranthene (Fla), 
and pyrene (Pyr). 

heptadecane to untricontane with the outliers included in the 
means. With the exception of the very high P AH levels in 
the XAD-2 outlier, the outliers had very little impact on 
variable means outside this range. 

The differences in the adsorption characteristics of the two 
resins are dramatic (Figures 6 and 7). For both data sets the 
n-alkanes between nonadecane and untriacontane are clearly 
distinguishable from the blanks for Chromosorb T but in
distinguishable for XAD-2. In Figure 6 the outliers reinforce 
this distinction for Chromosorb T but have a much smaller 
impact on XAD-2 results. The Chromosorb T outliers were 
primarily enhanced in the alkanes, the XAD-2 outlier in the 
PAH. The lower alkanes are distinguishable from the blanks 
for both resins, but sample levels are lower for XAD-2. Mean 
alkane blanks are comparable for both resins for the Fraser 
River-Saanich Inlet data and slightly higher for Chromosorb 
T than XAD-2 for Norman Wells. 

For the Fraser River-Saanich Inlet data set (Figure 6) the 
high levels of naphthalene in the XAD-2 resin blank can be 
attributed to the cleaning procedures (part 1). However, the 
subsequent Norman Wells XAD-2 naphthalene blanks (Figure 
7) were only slightly larger than the Chromosorb T naph
thalene blanks, thus illustrating that cleaning procedures could 
not account for differences observed between the resins. The 
separation between samples and blanks and the blank levels 
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Figure 7. Plot of the mean sample concentration (_) and the mean 
blank concentration (0) for each variable for the Norman Wells data 
set. Concentrations are in nanograms before blank or volume COr
rection of samples, and the same variables used for the PCA in Figure 
5 are plotted. Variable abbreviations are as in Figure 6; note that the 
n -alkanes extend to hexatriacontane. 

were comparable for both resins for the higher P AHs. 
The results shown in Figures 6 and 7 provide additional 

insight into the PCA separations of Figures 4 and 5. In both 
cases the separations between the Chromosorb T and XAD-2 
samples are due to differences in both naphthalene and alkane 
concentrations; alkanes are always higher for Chromosorb T, 
and naphthalene is always higher for XAD-2. For the Fraser 
River-Saanich Inlet data set the separations between the 
Chromosorb T and XAD-2 blanks are due primarily to the 
higher XAD-2 naphthalene concentrations, for Norman Wells 
the differences between the blanks are much less pronounced 
and relate primarily to relative proportions of alkanes. The 
results presented in Figures 6 and 7 are not due to differences 
in sample volume (Table III). For both data sets the mean 
volumes sampled for each resin are statistically equivalent 
(",(2) = 0.05). 

Results of Blank Correction. The mean Chromosorb T 
or XAD-2 column blank was used to correct the measured 
resin column hydrocarbon data before conversion to concen
tration units. If a blank-corrected concentration (before 
volume correction) was an amount less than 3 times the 
standard deviation of the mean blank, it was regarded as not 
detected; if the amount was less than 10 standard deviations, 
it was regarded as detected but not quantified (23). The 
results of blank correction on the data are summarized in 
Table IV for the Fraser River-Saanich Inlet data set and in 
Table V for the Norman Wells data set. 

Hydrocarbon concentrations, the sample volume, and the 
percent recovery of perdeuterated dodecane and hexatria· 
contane (C12-d26 and C36-d7,) are given in Table III for each 
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Table III. Hydrocarbon Concentration Summary for the Dissolved Hydrocarbon Samples 

vol, C12-d26• C36-d74, 
concentration, ng/L PAH H/C OEP 

location resin sample L % % C13-C19c C20-C29 C30-e36 Cl3 Case sumd sum C", 

Pattullo Bridge Chromosorb T 40.3 13.8 107 5.08 23.2 0.03 28.3 13.1 41.4 1.66 
Fraser River 2' 34.5 25.9 96.2 22.9 375 7.54 406 16.0 422 1.10 

XAD-2 I 47.2 3.0 96.0 0.00 0.00 0.00 0.00 55.4 55.4 
2' 44.3 6.7 130 76.3 190 21.3 287 3290 3580 1.31 

Steveston Island XAD-2 70.0 3.8 46.4 4.33 2.00 0.00 6.33 69.9 76.3 
Fraser River 75.9 69.9 50.1 1.15 1.12 0.00 2.27 56.2 58.5 

Captain Passage Chromosorb T l' 139.0 5.4 98.2 13.3 127 6.83 147 9.88 157 1.10 
Saltspring Island XAD-2 1 148.1 3.0 97.5 0.00 0.00 0.00 0.00 6.75 6.75 

2 157.2 26.2 95.1 1.43 0.30 0.00 1.73 6.67 8.40 

Patricia Bay Chromosorb T 1 154.4 0.0 63.1 5.42 4.64 3.53 13.6 10.3 23.9 0.943 
Saanich Inlet 2 174.0 31.9 97.7 7.20 2.32 0.00 9.52 5.05 14.6 0.977 

3A' 207.9 25.3 83.2 3.99 1.52 0.00 5.51 4.10 9.62 
3B' 207.9 0.5 63.9 5.35 2.27 0.12 7.74 4.02 11.8 1.01 
4 182.4 35.1 59.0 3.75 4.63 0.69 9.07 4.28 13.4 0.84 

XAD-2 1 201.5 25.9 102 0.71 0.00 1.44 2.15 9.75 11.9 
2 218.7 13.5 66.9 5.00 0.00 0.00 5.00 11.8 16.8 
3 202.3 66.6 89.6 3.33 0.00 0.00 3.33 6.48 9.80 
4 82.2 0.7 94.6 1.02 0.00 0.00 1.02 6.88 7.90 

Norman Wells Chromosorb T 56.9 11.7 104 2.13 14.0 11.2 27.3 0.00 27.3 
Northwest upstream 256.1 6.3 96.9 0.33 3.96 1.60 5.90 0.00 5.90 1.11 
Territories downstream 169.4 6.6 82.1 1.79 4.89 0.18 6.85 0.25 7.10 

223.5 67.7 77.4 2.02 3.65 1.33 7.00 0.02 7.02 1.05 
110.8 6.9 115 79.8 35.9 11.8 128 6.67 134 1.00 

XAD-2 1 244.1 27.3 60.7 4.62 0.13 0.00 4.74 4.10 8.84 
upstream 2 235.8 0.0 117 4.37 0.29 0.00 4.66 15.4 20.1 

3 200.1 18.6 94.4 3.94 0.14 0.00 4.08 3.72 7.79 
downstream 1 217.3 10.5 63.5 7.46 0.19 0.00 7.66 9.91 17.6 

2 176.7 23.7 112 3.54 0.23 0.48 4.25 5.79 10.0 
3 211.6 14.4 102 5.64 0.61 0.00 6.26 12.3 18.5 

a Indicates an outlier that may have been contaminated in sampling. b Results of replicate GC IMS analyses of the same sample. C Includes pristane 
and phytane. d Includes naphthalene and its monomethyl derivatives and the PAHs listed in Table VI. 

Table IV. Results of the Blank Correction of the Fraser River-Saanich Inlet Data 

number of measured concentrations 

Chromosorb T XAD-2 

below below above below below above 
variable total no. detctn quantatn quantatn total no. detctn quantatn quantatn 

n-C1S-n-C19, pristane, phytane 72 4 16 52 90 60 18 12 
n-C20-n-C" 80 8 34 38 100 86 4 10 
n-CSO-n-C36 56 36 12 8 70 65 5 0 
naphthalene and 1- and 2-Me deriv 24 15' 1 8 30 19 3 8 
higher P AHs' 72 26' 46 90 17' 73 

a Most of these values were below the minimum area cutoff of the GCjMS. bHigher PAHs are listed in Table VI. C A standard deviation 
was not available for the blank. 

Table V. Results of the Blank Correction for the Norman Wells Data Set 

number of measured concentrations 

Chromosorb T 

below below 
variable total no. detctn quantatn 

n-C1S-n-C19, pristane, phytane 45 13 16 
n-C,o-n-C" 50 2 36 
n-CSO-n-C36 35 6 20 
naphthalene and 1- and 2-Me deriv 15 11 1 
higher P AHs' 45 43' 

above 
quantatn total no. 

16 54 
12 60 
9 42 
3 18 
2 54 

below 
detctn 

11 
42 
40 
0 

31a 

XAD-2 

below above 
quantatn quantatn 

26 17 
16 2 
2 0 

18 
23 

a Most of these values were below the minimum area cutoff of the GCjMS. bHigher PAHs referred to are the same as those in Table VI. 
C A standard deviation was not available for the blank. 

dissolved hydrocarbon sample. To calculate odd-even pre
dominance we used the formula of Scalan and Smith (24) for 
the five n-alkanes centered at pentacosane. This rather low 
central carbon was selected due to the large number of un-

detected n-a1kanes above heptacosane. The numbers 3A and 
3B refer to replicate GCjMS determinations. 

Alkanes. The vast majority of XAD-2 alkane concentra
tions were below detection due to the poor adsorption ability 
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of the resin (Figures 6 and 7). Virtually all the Fraser Riv
er-Saanich Inlet alkane values above the limit of quantitation 
(Table IV) were from one very high sample from the first day 
on the Fraser River at the Pattullo Bridge (footnote a in Table 
III). For Norman Wells (Table V), most XAD-2 alkane 
concentrations were below detection even though the blanks 
for this data set were cleaner than many of the Chromosorb 
T column blanks (Figure 7, Figure 2, closed and open circles 
encircled in upper left quadrant). Two-thirds of the alkanes 
from the lower molecular weight ranges (tridecane to docosane) 
were detectable on XAD-2, but virtually all the higher mo
lecular weight parameters were below detection. The results 
shown in Tables IV and V illustrate the power of PCA (17): 
PCA could discriminate between the XAD-2 blanks and 
dissolved hydrocarbon samples (Figures 4 and 5); standard 
deviation of the mean blank (23) showed little discrimination. 

In contrast, as can be expected from Figures 6 and 7, the 
majority of the alkane values from the lower and middle 
molecular weight ranges were quantifiable for the Chromosorb 
T columns (Table IV and V). For the Fraser River-Saanich 
Inlet data set, two of the samples, one from the Pattullo Bridge 
and the one from Captain Passage, Saltspring Island, exceeded 
the limit of quantitation for all n-alkanes between tridecane 
and triacontane and could also be described as outliers 
(footnote a in Table III). Even with these two samples re
moved, 90% of the Chromosorb T concentrations exceeded 
the detection limit for the alkanes from tridecane to tria
contane. The largest number of quantifiable Chromosorb T 
values were from the tridecane to nonadecane range (which 
should have the highest water solubility) and the lowest 
number from the range above triacontane (the lowest water 
solubility). 

For the Norman Wells Chromosorb T samples (Table V), 
only 16% of the alkanes were below detection for the entire 
alkane data set, and the majority of these were for the low 
molecular weight range of one column sample. The XAD-2 
resin is clearly inferior to Chromosorb T for the quantitation 
of alkane hydrocarbons. 

P AH. Many values were below detection for naphthalene 
and its methyl derivatives for both resins for the Fraser 
River-Saanich Inlet Data set (Table IV). These compounds 
were detectable on XAD-2 only when the concentrations ex
ceeded the high blank levels (Figure 6). 

For Norman Wells Chromosorb T samples (Table V), the 
naphthalenes (parent and methyl derivatives) were above the 
limit of quantitation for the one high downstream sample and 
essentially undetectable for all other samples. For XAD-2, 
all the naphthalenes were above the limit of quantitation. ThIs 
result reflects the low levels of naphthalenes in this set of 
XAD-2 blanks (Figure 7), but the values are still suspect due 
to the ability of the resin to autogenerate these aromatic 
hydrocarbons (6, 7). 

The field results reinforce the data presented in Table I. 
Chromosorb T adsorbs poorly for the lower PAHs; XAD-2 
results are often confounded by high blanks (Figure 6). While 
it is possible to obtain very low levels of naphthalenes in 
XAD-2 blanks (Figure 7), the resin is contraindicated for 
studies of naphthalene in natural waters. 

Comparable data for the two resins are obtained only for 
the higher PAHs (above acenaphthylene). For the Fraser 
River-Saanich Inlet data set those results are presented in 
Table VI and Figure 6. The one XAD-2 outlier (Table III) 
was removed from Table VI due to the very high PAH levels. 
The P AH blanks were not measurable for most of the higher 
P AHs for both resins, and blank correction with standard 
deviation testing (23) was only possible for phenanthrene for 
XAD-2. Where blanks were measured they were usually in
significant. The Chromosorb T columns (Table VI) had less 
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acenaphthylene, acenaphthene, and fluorene but agreed well 
with XAD-2 for phenanthrene and above, particularly for the 
higher volume samples. 

The PAH levels were much lower in the Mackenzie River 
than in southern British Columbia. As only two of the higher 
PAH concentrations were above detection for the Chromosorb 
T columns, there is no basis for comparison of the PAH for 
this data set. Fewer than half of the higher P AH concen
trations were above detection for XAD-2. 

CONCLUSIONS 
Dissolved hydrocarbon measurements have been made of 

individual alkanes and PAHs at pg/L concentrations in 
natural waters by using Chromosorb T resin. Many of the 
alkane measurements reported here were just below the limit 
of quantitation; an increase in the volume of water sampled 
can lead to improvements in quantitetion for the alkanes 
below triacontane (22). 

In column spike experiments and simultaneous in situ 
sampling, Chromosorb T resin has proven superior to XAD-2 
for the quantitetion of alkane hydrocarbons. The two resins 
are comparable for the study of three-ring and higher PAHs. 
We have also shown that PCA is an elegant method for 
studying resin column sample and blank hydrocarbon com
position. 

Since we sampled the Fraser and Mackenzie Rivers each 
at their minimum flow, we expected dissolved hydrocarbon 
levels (from both industrial and natural inputs) to be at their 
highest. In addition, the Mackenzie River was ice-covered with 
a very low suspended particulate load, which should reduce 
both evaporative losses and scavenging of dissolved hydro
carbons. If outliers are removed from consideration (Table 
III), the total dissolved alkane concentrations in southern 
British Columbia waters and the Mackenzie River are very 
similar. These hydrocarbon concentrations may serve as an 
estimate of the upper limit of true dissolved hydrocarbon 
concentrations in natural waters. 
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Fluorescence-Detected Circular Dichroism for On-Column 
Detection in Capillary Electrophoresis 
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Fluorescence·detected circular dichroism (FDCD) Is a se
lective and Information-rich detection method that has obvious 
applications for biological analytes that are chiral and exhibit 
fluorescence. This technique Is suHably applied for on-<:olumn 
detection In capillary electrophoresis (CE), and advantages 
over a previous FDCD-HPLC system are discussed. Opera
tion Is simplified, analysis is faster, selectivity Is Increased, 
and detection limits are improved. The absolute limit of de
tection (SIN = 3) for riboflavin by FDCD-CE Is 0.2 fmol or 
0.07 pg. This Is an improvement of more than 3 orders of 
magnitude for FDCD. The FDCD-CE system allows optical 
activity measurements In plcollter volumes. FDCD, indirect 
fluorescence, and direct fluorescence analysis can all be 
carried out with the detector system described here. 

Many of the current challenges facing analytical chemists 
arise from the rapidly advancing and expanding fields related 
to biology and medicine. The need for improved analytical 
separation and detection methods, especially those suitable 
for complex biochemical systems, is increasing. In the area 
of separations, the move has been toward smaller diameter 
chromatographic columns. Capillary chromatography and 
capillary electrophoresis (CE) are now offering highly efficient 
and versatile separations. 

On the detection side, a number of well-known methods 
have been modified for increased sensitivity and applied to 
these separation techniques. Some methods such as con
ductivity (1, 2) and indirect fluorescence (3, 4) are essentially 
universal. The best reported detection limits, given as 
quantity injected, for these techniques are approximately 500 
fmol (2) and 50 amol (4), respectively. However, in complex 
biological samples a detection method with additional selec
tivity can be advantageous. Since many biomolecules are 
inherently cbiral, it seems reasonable to look toward methods 
that take advantage of the specificity due to optical activity. 
Fluorescence-detected circular dichroism (FDCD) (5) is one 
such method. 

In addition to high selectivity, the inherent chirality in
formation of FDCD is an advantage over many commonly used 
detection methods. Clriral molecules exhibit circular dichroism 
(CD) that varies in relation to molecular conformation. Since 
FDCD measurements can be directly related to standard CD 
measurements (6), they can provide the analyst with important 
structural information. This type of information can be useful 
for monitoring the progress of a reaction or comparing the 
effects of different solvents on conformation. 

Optical rotation is another method that gives this type of 
structural information for chiral molecules. A laser-based 
micropolarimeter (7) has been introduced as an optical activity 
detector (OAD) for liquid chromatography (LC) and dem
onstrated in the analysis of a variety of samples (8-13). One 
system employing high-frequency modulation (14) can mea
sure rotations as small as 1 X 10"; deg, which corresponds to 
detectability of approximately 1 ng or 10-7 M for favorable 
analytes. Modifications to the polarimeter have enabled its 
coupling to microbore LC (15), but furtber miniaturization 
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is not likely to produce a polarimetric detector suitable for 
capillary columns smaller than 200-J.Lm Ld. Further im
provements in the OAD and application to very small volumes 
are hindered by the signal dependence on path length. Thus, 
it does not readily lend itself to on-column detection, and other 
methods capable of measuring optical activity need to be 
explored for capillary systems. 

The potential information content of FDCD is further in
creased by the ease with which total fluorescence (FL) can 
be measured simultaneously. In this way, it may be possible 
to actually identify a compound on the basis of its unique 
FDCDjFL signal ratio, as was shown in an analogous manner 
for PTH amino acids (16) by use of optical rotation and UV 
absorbance (OAjUV) measurements. Likewise, determination 
of enantiomeric purity, which is especially important in the 
pharmaceutical industry, may be possible with the FDCD jFL 
measurement, as has been shown for OAjUV and OAjRI 
(refractive index) methods (17, 11). 

Because of the ease of miniaturization and high sensitivity, 
direct fluorescence analysis is especially suited to detection 
in CEo Sub-attomole detection limits have recently been 
reported for direct fluorescence of derivatized amino acids in 
capillary electrophoresis. Kuhr and Yeung report a detection 
limit of 0.5 amol for dansyl alanine (4), and Cheng and Dovicbi 
report 0.009 amol as the detection limit for a better-matched 
chromophore, the FITC derivative of alanine (18). FDCD is 
a variation of FL and is therefore also readily interfaced to 
CEo 

The previous FDCD-HPLC system (5) employed a po
stcolumn flow cell with a 1.2-cm observation path length and 
14-J.LL total volume. Although the method showed an im
!>roved riboflavin limit of detection (LOD) by FDCD (170 pg), 
It also showed significant artifact signals. This was demon
strated by the substantial FDCD signal obtained for an op
tically inactive sample component, 4-methylumbelliferone. 
The artifact is attributed to an imbalance in the modulation 
of the incident light. Although such artifacts do not neces
sarily reduce the detection power of FDCD, they do reduce 
the selectivity of the technique and complicate quantitation. 
Reducing or eliminating these artifacts is of current interest. 

Capillary electrophoresis, first introduced as high-per
formance zone electrophoresis (HPZE) (1) and capillary zone 
electrophoresis (CZE) (19,20), has rapidly come to the fore
front in analytical chemistry as a very promising technique 
for the separation of charged species. This is substantiated 
by a recent review (21). Capillary internal diameters typically 
range from 5 to 100 I'm, and detection volumes can be few 
to tens of picoliters. The current surge of activity in molecular 
biology and biotechnology and the potential applications of 
CE involving analytically interesting biomolecules make a 
strong argument for coupling the separation with FDCD de
tection. Our goal in tbis study is to demonstrate the successful 
application of on-column FDCD in CE and to show improved 
limits of detection and better discrimination of artifact signals. 

EXPERIMENTAL SECTION 
Electrophoresis Apparatus. The electrophoresis system used 

in this work is very similar to that described previously (4). A 
high-voltage power supply (Spellman, Plainview, NY; Model 
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Figure 1. Schematic diagram of FOGD and FL detection system for 
capillary electrophoresis: AL. argon laser; PC, Pockels cell; DR driver; 
WG, waveform generator; LA, lock-in amplifier; OM, digital multi meter; 
CR, dual-pen chart recorder; FL, focusing lens; ce t capillary column; 
10X, microscope objective; SF, spatial filters; CF, color filters; PMT, 
photomultiplier tube; I1V, current-ta-voltage converter. Solid lines 
indicate electrical connections, and dashed lines show the optical path. 

UHR50PN50) provides the electromotive force across the ca
pillary, The anodic, high-voltage lead is isolated in a Plexiglass 
box with a safety interlock, and the cathodic end is at ground 
potential. 

Capillary Columns, A variety of fused silica capillaries 
(10-25-!,m i.d" 150-!,m o,d" 50-SO em in length; Polymicro 
Technologies, Phoenix, AZ), both untreated and silylated, were 
used in this work. The silylation procedure employed here was 
a modification of a method originally described for the silylation 
of glass plates (22,23). The columns were frrst rinsed with acetone 
to remove impurities and then filled with a 0.2% solution of 
"!-(methacryloxy)propyltrimethoxysilane (Sigma, St. Louis, MO) 
in a 1:1 (v Iv) ethanol/water solvent mixture. After they were 
heated to 60°C for 45 min, the capillaries were rinsed with 
methanol, filled with buffer solution, and equilibrated in the 
electrophoresis system. 

FDCD Detection System. A schematic diagram of the de
tection system, which has similarities to the earlier system (5), 
is shown in Figure 1. An argon ion laser (Control Laser Corp., 
Orlando, CA; Model 554A) operating at 488 nm is the excitation 
source. The linearly polarized laser light is converted into al
ternating left and right circularly polarized light (LCPL, RCPL) 
by a Pockels cell electrooptic modulator (Lasermetrics Inc., 
Teaneck, NJ; Model 3030) as described elsewhere (24). 

The modulated light is focused onto the detection region of 
the capillary by a short focal length lens, and collection of 
fluorescence is at 90° to the incident beam with a lOX microscope 
objective. An enlarged image of fluorescence from within the 
capillary is focused on the photomultiplier tube (PMT) (Hama
matsu, Middlesex, NJ; Model R92S). Two sets of spatial filters 
and color filters (Corning Glass, Corning, NY; Model 3-70) are 
mounted in a blackened tube before the PMT to selectively pass 
fluorescence while rejecting scattered laser light and room light. 
Earlier work in indirect fluorescence detection with capillary 
electrophoresis (3, 4) had the column mounted for Brewster's angle 
of incidence to minimize scattering. However, in FDCD it is 
necessary to preserve the circular polarization purity inside the 
column, and the Brewster's angle arrangement is not suitable. 
Therefore, the column is mounted for normal incidence in these 
experiments. When properly focused, all light rays will enter 
perpendicular to the cylindrical cell, thereby preserving the circular 
polarization. The angle between the column and the collection 
optics can be adjusted (25) to minimize the amount of scatter 
collected while retaining normal incidence at the capillary. 

The fluorescence signal from the PMT is converted to a voltage 
and sent to the lock-in amplifier (EG&G PARC, Princeton, NJ; 
Model HR-8) and a digital multimeter (Keithley Instruments, 
Cleveland, OH; Model 160B) simultaneously. The demodulated 
FDCD signal is obtained from the lock-in amplifier using a 1-s 
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time constant, and the digital multimeter displays the average 
total fluorescence signal. Both of these signals are displayed on 
the dual-pen chart recorder (Measurement Technology, Inc., 
Denver, CO; Model CR452). 

Reagents. All chemicals were of certified grade unless specified 
differently. Sodium bicarbonate (Fisher Scientific, Fair Lawn, 
NJ) buffers were prepared in deionized water (Millipore Corp., 
Bedford, MA; Milli-Q System) and pH-adjusted with sodium 
hydroxide solution. Standard samples of (-)-riboflavin (Aldrich 
Chemical, Milwaukee, WI; 98 %) and disodium fluorescein 
(Eastman Kodak, Rochestar, NY) were dissolved in the electro
phoretic buffer solutions employed. Fluorescein was also included 
in some of the buffer systems. Because these experiments were 
carried out in basic solution (pH 8.5-10.5), buffers were purged 
with nitrogen before use and the pH was checked or adjusted on 
a daily basis. All quantitative data were obtained with freshly 
prepared buffer and sample solutions. 

Operating Procedures. In the studies reported here, the 
argon laser is under servo control for power stability and provides 
between 150 and 300 mW at the capillary. Unless otherwise 
specified, LCPL and RCPL are modulated at 1 kHz. The mod
ulation electronics are optimized for balance and efficiency 
(typically 90%) before making any fluorescence measurements. 
Optimal positioning of the capillary requires fine two-dimensional 
adjustment and is characterized by good beam quality in the 
transmitted beam. Initially the electrophoresis buffer contains 
a low concentration of disodium fluorescein (10-5 to 10-6 M) to 
aid in alignment of collection optics. The total background 
fluorescence signal for these buffers is kept in the 2-5-!,A range 
by adjustment of the PMT voltage (200-700 V). 

The major buffer component is sodium bicarbonate at ap
proximately 1 X 10-3 M. All injections are by electromigration, 
typically 1 s at +30 kV, and the voltage is held constant at +30 
kV throughout each run. Estimation of injection volume is based 
on column diameter, elution time, and injection time and is 0.6 
nL for a 20-!,m capillary. Simultaneous FDCD and FL elec
tropherograms are obtained for all samples injected. Calculations 
are based on peak heights, and peak-to-peak noise is measured 
from the recorded electropherograms. 

RESULTS AND DISCUSSION 

Feasibility. It is first necessary to show that FDCD is 
feasible as a detection method in open tubular capillaries of 
typical CE dimensions. With this as our aim we chose to use 
a simple electrophoretic separation and did not necessarily 
optimize the CE system for highly efficient separations. 
Because the balance between incident intensity fOT LCPL and 
RCPL (IO,L and IO•R) and the stability in the modulation are 
very critical for CD measurements (5), routine stability 
measurements are made to assess system performance. The 
fluorescence signal produced as fluorescein flows through the 
capillary provides the data for this measurement. Stability 
is calculated as '/ ,(IF! N), where IF is the total fluorescence 
signal from the phototube, and N is the noise on the lock-in 
base line. 

A stability of 5000 is routinely obtained in this system. 
Greater stability (1 X 104) was seen for larger diameter col
umns under gravity flow or compressed-gas-pressure flow, and 
stabilities as high as 1 X 105 have been measured for the 
incident light and for the laser light transmitted through the 
capillary. The stability measured for fluorescence is typically 
10 times worse than that of the incident light. It is also 
expected that stability will decrease as the capillary dimen
sions become smaller due to increased restraints on alignment 
and mechanical rigidity. In addition, complications such as 
heating the analyte or bleaching out its fluorescence will 
become more severe and limit stability as the laser is focused 
into smaller volumes. Considering these factors, a stability 
of 5000 is still quite reasonable, and FDCD signals for 5 X 10-5 
M riboflavin can easily be obtained. 

In some ways, FDCD seems better suited to CE separations 
than to high-performance liquid chromatography (HPLC). 
Optimization of modulation and detection requires that the 
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Figure 2. Control of suppression for non-CD artifact. A series of 
simultaneous FOCO and FL electropherograms is presented, showing 
changes in suppression of a non-CD artifact. Conditions: sample. 4 
X 10-5 M riboflavin (R). 6 X 10-6 M fluorescein (F); buffer. 2 X 10'" 
M bicarbonate. 2 X 10-6 M fluorescein. pH 9.3; column. 20 I'm i.d. 
X 50 cm. untreated. 

analyst be able to change the composition of eluting buffer 
rapidly and with relative ease. It is also important that this 
procedure not alter the optical alignment or any other ex
perimental parameters that can affect the balance between 
IO.L and I O•R. In the HPLC system (5) it was necessary to 
connect a second eluent pump to the detection cell in order 
to introduce an optically inactive fluorophore for the purpose 
of balancing 10, In CEo it is very simple to change the eluting 
buffer. The injection end of the capillary is simply inserted 
into another vial containing the new buffer. just as when a 
sample is injected. The reequilibration of the column and 
fluorescence signal following a buffer change is rapid in com
parison to that required in HPLC, and switching buffers does 
not disturb the precise alignment or alter modulation. In 
addition, the methods developed here for assessment of sta
bility and for continuous monitoring of direct fluorescence 
make FDCD more attractive because they do not require any 
changes in the optical system. 

Discrimination of Artifacts. Actual verification that 
stability is sufficient can only be seen in the FDCD results. 
Figure 2 shows the FDCD and FL electropherograms for a 
sample containing riboflavin and fluorescein. The lower traces 
correspond to direct fluorescence while the upper traces show 
the FDCD signal. Under these separation conditions, ribo
flavin elutes first. A second optically active peak eluting after 
riboflavin is apparent in these traces and has been attributed 
to a photodecomposition product of riboflavin, as it is not 
present in freshly prepared solutions but begins to appear after 
a few hours of exposure to light at pH 9.3. Fluorescein is the 
latest eluting peak in these experiments. Figure 2 shows that 
good separation efficiencies are obtained. The 1-s injection 
time and 120-s elution time for riboflavin limit the number 
of available theoretical plates to 57600 [N = 4(tRIW./,)2j. We 
measured a plate count of 80000 for riboflavin and more for 
fluorescein in Figure 2. This is in good agreement with pre
dictions since the injected plug is probably not square. 

Because fluorescein is not optically active, it cannot produce 
a true FDCD signal. However, as seen previously (5) and as 

evident in the first trace in Figure 2, there is some FDCD 
signal associated with the elution of the optically inactive 
species. A ratio of merit (discrimination or suppression ratio) 
can be calculated directly from these simultaneous mea
surements for comparison of artifact suppression. We define 
this ratio, r, as 

fdcd(oi) /fl(oi) 
r= 

fdcd(oa) /fl(oa) 

where fdcd is the fluorescence-detected circular dichroism 
signal, fl is the direct fluorescence signal, and (oi) and (oa) 
indicate optically inactive and optically active samples, re
spectively. As long as both FDCD and FL signals are obtained 
simultaneously, r values for a given optically active analyte 
can be validly compared, even if other experimental param
eters vary. 

In Figure 2 the concentration of fluorescein is selected to 
produce a FL signal much larger than the riboflavin FL signal 
in order to emphasize the degree to which the non-CD artifact 
is suppressed. This series of electropherograms is obtained 
by varying the relative amounts of incident LCPL and RCPL 
by adjusting the bias voltage on the Pockels cell driver. This 
shows how very small changes in modulation can dramatically 
affect the suppression of artifacts while the riboflavin FDCD 
signal changes very little. Similar results can be seen if the 
lock-in amplifier phase is adjusted. In the FDCD-HPLC 
system (5), the r value for riboflavin is calculated to be +0.55. 
The r values for the three traces in Figure 2 (left to right) are 
+0.03, -0.007, and -0.03. This demonstrates the ability to 
substantially reduce and essentially eliminate these artifacts 
with careful adjustment in the FDCD-CE system. 

We had originally hoped that by placing fluorescein in the 
buffer solution, the stability could be continuously monitored 
and adjustments made to maintain good suppression. How
ever, we discovered that it was just as simple to inject a plug 
of fluorescein only when it was necessary to see the fluorescent 
image, to measure stability, or to set the driver bias for balance 
of 10, Removal of fluorescein from the buffer also led to 
improved SIN by eliminating background fluorescence signal. 

It is apparent that very precise and stable alignment is 
necessary to achieve good suppression. In fact the modulation 
seemed to wander frequently without any operator interven
tion, and artifacts that had been suppressed began to reappear 
after many minutes. These changes may be caused by elec
tronic instability in the driver, temperature changes in the 
electronic components or in the Pockels cell crystal itself, or 
microscale mechanical movement of optical components. es
pecially the capillary. 

This points to areas of improvement for the FDCD-CE 
technique. The Pockels cell requires relatively high modulated 
voltages and is also temperature-sensitive. A photoelastic 
modulator (PEM) device can also produce alternating LCPL 
and RCPL (26) and is expected to have higher long-term 
stability than a Pockels cell. In addition, mounting of the 
capillary at the detector region can be more rigid to reduce 
mechanical vibration. 

Another example of artifact suppression for a mixture of 
riboflavin and fluorescein is shown in Figure 3. In this case, 
the ratio of fluorescein to bicarbonate in the buffer solution 
has been increased lO-fold. This causes greater displacement 
of fluorescein in the buffer when riboflavin elutes. Riboflavin 
is a much weaker fluorophore than fluorescein, and this results 
in a negative FL peak for riboflavin. similar to the indirect 
fluorescence peaks (3, 4). Interestingly, the FDCD trace is 
unaffected because MF is derived only from the riboflavin 
molecules, and the background fluorescence shows no optical 
activity. This further supports the selectivity of the FDCD 
method. 



FDCD FL 
F 

R 

1 I 
F R 

o 1 2 3 o 1 2 3 

TIME (MIN) 

Figure 3. Simultaneous FDCO and FL electropherogram showing 
negative FL signal for riboflavin due to displacement of fluorescein in 
buffer solution. Conditions: sample, 1 X 10-4 M riboflavin (R), 5 X 
10-5 M fluorescein (F); buffer, 1 X 10-3 M bicarbonate, 1 X 10-5 M 
fluorescein, pH 9.3; column, 20 .urn Ld. X 50 em, untreated. 

Limit of Detection. Although the artifact signals here are 
usually small, all FOCO signals are corrected for any artifact 
prior to other calculations. The corrected FOCO signal, fdcd', 
is given by 

fdcd(oi) 
fdcd'(oa) = fdcd(oa) - fl(oi) X fl(oa) 

where all terms are defined above. 
The best FOCO LOO (8 j N = 3) achieved for riboflavin is 

0.2 fmol (0.07 pg), as calculated from the corrected FOCO 
signal of 45.5 units (90 p. V) and the FOCO base-line noise of 
0.3 unit (0.6 p. V). The concentration LOO is 1 X 10-£ M 
injected. This result is obtained for a 0.2-nL injection of a 
solution containing 5 X 10-5 M riboflavin and 7 X 10-£ M 
fluorescein in a 10-p.m-Ld. silylated column. The electro
phoretic buffer, 2 X 10-3 M bicarbonate at pH 9.3, contains 
no fluorescein. This detection limit shows more than a 
2000-fold improvement over that obtained with the FOCD
HPLC system (5). Also important for consideration is the 
dynamic range of the system. We found that in general the 
analyte concentration has to be lower than that of the running 
buffer by a factor of 10 to preserve the separation efficiency. 
This then provides a dynamic range of 200 in the present 
experiment. Naturally, higher buffer strength can be used 
(which in general is better for CE) to extend the dynamic 
range. Since the buffer is nonfluorescing, the detection limit 
should not change, in contrast to the case of indirect 
fluorescence detection (3, 4). 

Several differences in the two systems are worth noting. 
The wavelength used in the earlier system was 325 nm and 
is more favorable than 488 nm for riboflavin CO. Also, the 
previous system used a 150-kHz modulation frequency and 
a lO-s time constant, compared to I-kHz modulation and a 
I-s time constant used here. We found it difficult to achieve 
the same high degree of artifact discrimination at the higher 
frequencies, which may indicate that the Pockels cell driver 
becomes less stable as frequency increases. Oespite the dis
advantages associated with these factors, the reduced column 
diameter and detection volume in CE and the use of an im
aging system with better stray light rejection allow im
provement in the FOCO detection limit. 

Future Directions. The ability to measure optical activity 
in such a small sample has obvious applications in biological 
fields, where sample quantities are often very limited. The 
technique can be applied to a wide varity of analytes including 
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derivatized amino acids, pep tides, and proteins. The very 
rapid separation «2 min) of several NOA amino acids by CE 
(27) has recently been demonstrated. Even though all amino 
acids could not be separated with this method, simultaneous 
FOCO jFL detection of these amino acid derivatives using a 
helium cadmium (442 nm) laser may allow identification for 
implementation in protein sequencing, where the increased 
speed of analysis would be of great advantage. McCormick 
(28) shows highly efficient separations of proteins and peptides 
in modified capillaries. By use of the UV lines of an argon 
ion laser, the natural fluorescence of tryptophan (and tyrosine) 
should allow FOCO analysis for these types of separations. 
The application of such an FOCO-CE system for the analysis 
of protein components from a single cell is also of interest. 
Even when chiral species are separated in CE (29), FOCO will 
allow identification of the order of elution of the enantiomers. 

To our knowledge, this work demonstrates the measurement 
of an optical activity signal for the smallest volume and 
smallest absolute quantity of any chiral species. Fluores
cence-detected circular dichroism will never be as sensitive 
as direct fluorescence because the signal is derived from "', 
rather than " the molar absorptivity, and "', is typically orders 
of magnitude smaller than ,. Thus, FOCD trades some sen
sitivity for the increase in selectivity. The fact that fluores
cence, indirect fluorescence, and FDCD analyses can all be 
done with the same apparatus and applied to minute volumes 
typical of capillary electrophoresis and capillary chromatog
raphy should lead to increased use of these techniques, both 
in combination and separately. 
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Mass spectrometric tracer pulse chromatography was used 
to study stationary phase solvation In capillary supercritical 
fluid chromatography. A 5% phenyl poly(methylsiloxane) 
(SE-S4) stationary phase was studied by using various binary 
fluid mixtures of 2-propanol in supercritical CO2, Sorption 
Isotherms were determined as a function of density (pres
sure), temperature, and concentration of the binary modifier 
In the fluid. Results demonstrate that the amount of 2-
propanol sorbed In the bonded polymer decreased with in
creasing fluid density (I.e., pressure). Heats of sorption of 
2-propanol for transfer from the fluid phase into the stationary 
phase were determined. 

INTRODUCTION 
The interaction of supercritical fluids with a coated liquid 

stationary phase has been known since 1966, when it was 
described by Sie et al. in their pioneering studies of solute 
retention at near·critical and supercritical conditions with CO2 
(1). Such effects are important in determining chromato· 
graphic retention and are crucial to understanding the details 
of the separation process in supercritical fluid chromatography 
(SFC). The solvation of the polymer poly(methyl meth
acrylate) by CO2 at selected temperatures as a function of 
pressure has been reported by Wissinger and Paulaitis (2). 
Novotny and co-workers (3) have reported on the swelling of 
nonextractable polymer films in capillary SFC using super
critical butane and CO2, The physicochemical effects of 
swelling on retention and chromatographic performance were 
discussed. 

Recently, Lochmuller and Mink (4) have described the 
adsorption isotherms for ethyl acetate, which was used as a 
modifier in supercritical CO2 on a packed column containing 
unmodified silica. Selim and Strubinger (5) have reported 
the partition behavior of supercritical n-pentane in SE-54 
(phenyl poly(methylsiloxane» and SE-30 (poly(methyl
siloxane» in capillary SFC using the mass spectrometric tracer 
pulse chromatography technique. In spite of these initial 
reports there is still a fundamental gap in the understanding 
of stationary phase solvation by a supercritical fluid and the 
role of solvation on the retention mechanism in both capillary 
and packed column SFC. 

Mass spectrometric tracer pulse chromatography (MSTPC) 
is a simple, rapid technique for determining phase equilibria 
at high temperatures and pressures. As described initially 
by Peterson et al. (6), tracer pulse chromatography does not 
require any deductions from the shapes of diffuse concen
tration boundaries (7) or from asymmetric peaks (8, 9). In 
tracer pulse chromatography the adsorption isotherm of a 
single component in the mobile phase is obtained from the 
net retention volume of the tracer component at several 
pressures. The only special requirement is the use of mass 
spectrometric detection of the isotopic tracer. MSTPC has 
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been used by Parcher and co-workers (10-15) to study the 
adsorption isotherms of selected components from the gas 
phase adsorbed onto solid surfaces, sampling adsorbents and 
liquid phases. Parcher et aI. (15) were able to study gas-solid 
chromatography as a function of surface coverage by various 
volatile modifiers to determine the effect of the modifier on 
solute retention as a function of the modifier isotherm. 

In this article we report results obtained by using MSTPC 
applied to capillary SFC with binary fluid solutions of 2-
propanol/C02, This system was chosen due to the common 
use of 2-propanol as a fluid modifier for SFC and the fact that 
the solvent properties of the binary fluid have been extensively 
studied by the solvatochromic technique. Sorption isotherms 
for 2-propanol were determined as a function of density 
(pressure), temperature, and concentration of 2-propanol in 
CO2, Heats of sorption were determined for 2-propanol at 
constant density. These results can lead to a better under
standing of the retention process in SFC and a more funda
mental comprehension of solvation of the bonded stationary 
phase when supercriticaI fluid solutions are used as the mobile 
phase. 

THEORY 

Tracer pulse chromatography is a technique that involves 
the measurement of the retention time of a group of tracer 
molecules and not the concentration pulse perturbing the 
system from the introduction of the tracer sample. Some of 
the inherent assumptions involved in MSTPC are as follows: 

(a) The pressure of the isotopic tracer is very low compared 
to that of the modifier along the column. 

(b) The pressure drop along the capillary column is small. 
(c) The chromatographic system is at local equilibrium; that 

is, the partitioning process is both rapid and reversible. 
(d) The partition coefficient of the isotope tracer and the 

nonlabeled modifier are identical. 
Therefore, the net retention volume (Vn) of the tracer 

component can be used to determine the concentration of the 
solute (i) in the stationary phase (C;) as a function of solute 
concentration in the mobile phase (C;) and the volume of the 
stationary phase (V,) (6, 16): 

Vn = CY,/Ci 

From chromatographic retention theory 

Ni'P = CiV, 

and 

(1) 

(2a) 

(2b) 

where NtP is the moles of solute (i) in the stationary phase, 
Nimp is the moles of solute (i) in the mobile phase, and V m is 
the volume of the mobile phase. For a highly compressible 
solvent system, such as a supercritical fluid, one can relate 
the compressibility (Z) to the physical state of the system: 

(3) 

where P is the pressure of the fluid, N mp is the total number 
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of moles of fluid solution in the column, R is the gas constant, 
and T is the system temperature. For an ideal gas Z = 1; using 
a supercritical fluid solution Z must be determined. The 
compressibility can be calculated from an appropriate equation 
of state that describes the physicochemical phase behavior 
of the solution. For this work, a two-parameter cubic equation 
of state was used to calculate Z as a function of pressure, 
temperature, and mole fraction for the binary supercritical 
fluid. The Peng-Robinson equation of state (P-R EOS) was 
chosen because of its greater accuracy near the critical point 
of the fluid, using relatively simple mixing rules (17). Sub
stituting eq 3 into eq 2b and rearranging, one obtains 

Ci = Nimpp/NmpZRT = Y;P/ZRT (4) 

where Yi is the mole fraction of the solute molecule to be 
studied in the mobile phase. Upon further substitution of eq 
2a and 4 into eq 1 and solving for Ni'P, one finds that the moles 
of solute in the stationary phase are related to 

NtP = VnYiP/ZRT (5) 

which is similar to the equation reported by Parcher (12) 
except in the case of supercritical fluids, Z "" L The inde
pendent parameters of P, Y" and T can be varied to determine 
their effect on NtP or Ni'P j WL (where WL is the weight of the 
polymeric stationary phase present in the capillary column). 
Therefore, from simple chromatographic experiments using 
an isotopically labeled solute (in this case, C,D,OD) in 
MSTPC, one can determine the amount of solute reversibly 
partitioned into the stationary phase by varying the system 
pressure or temperature. 

EXPERIMENTAL SECTION 
SFCjMS System. The SFCjmass spectrometry (MS) system 

has been described in detail (18). The interface between the 
capillary column restrictor and the MS ion source involved a high 
flow rate interface (HFR) and is described elsewhere (19). The 
capillary column effluent expands into an independently pumped 
chamber before the standard chemical ionization source. This 
allows one to work with high flow rates in the chromatographic 
system using splitless injections. 

Materials and Column. The 2-propanol used in the binary 
fluid mixtures was obtained from Burdick and Jackson (Musk
enburg, MI) and was used without further purification. SFC grade 
CO2 was obtained from Scott Specialty Gases (Plumsteadville, 
PAl. The binary fluid mixtures of 2-propanoljC02 were mixed 
directly in the high-pressure syringe pump. This procedure in
volved first adding a known volumn of2-propanol into the pump, 
to whICh was then added a known WeIght of CO2 from a lecture 
bottle (filled from a CO2 cylinder). The binary solution is then 
quickly mixed in the pump, and the concentration (mole fraction) 
of 2-propanol calculated. Deuterated 2-propanol (C2D,OD) was 
obtained from Cambridge Isotope Laboratories (Woburn, WA) 
and was mixed with n-hexane for injection. The concentration 
of the deuterated 2-propanol was approximately 5.0 X 10-3 M, 
of which 0.2 /LL was injected on the column. This amount of 
deuterated 2-propanol injected was much less than that of the 
natural 2-propanol in the mobile phase. 

The capillary column used was prepared in our laboratory and 
was 30 m long, having a 100 /Lm Ld. The column was coated by 
using a pentane solution of the SE-54 stationary phase and was 
cross-linked twice with azo-tert-butane (Alfa Products, Danvers, 
MA), which prevents extraction by the supercritical fluid mobile 
phase. The stationary phase had a calculated film thickness of 
approximately 0.10 /Lm. 

Distribution Isotherms_ The MSTPC technique used in this 
study is based upon mass spectrometric detection of the peak due 
to the isotopically labeled pulse of solvent modifier as it elutes 
from the capillary column. Adsorption data can be determined 
from simple chromatographic experiments that measure the re
tention time of the tracer pulse. As the amount of partitioning 
of the solvent modifier into the stationary phase increases then 
retention also increases. The sorption data for 2-propanol in the 
bound SE-54 polymeric stationary phase were determined at 

0.00 -I-~-.~-~~~_--,--,_-,-_....j 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Density (gm/cm3) 

Figure 1_ Weight of IPA (2-propanol) absorbed per weight of stationary 
phase in the capillary column versus pressure (A) and versus density 
(B) for a constant mole fraction of 0.0258 2-propanol in CO2 at (0) 
110, (_) 120, (0) 130, and (e) 140 ce. 

temperatures and pressures above the critical temperature and 
critical pressure for the binary mixtures of 2-propanoljC02 (20). 
The MSTPC experiments involved the injection of argon (to 
determine the true volume of the capillary column for a nonre
tained component) followed immediately by an injection of the 
deuterated 2-propanol in n-hexane. The mass spectrometer was 
operated in the electron-impact mode and used single ion mon
~toring to determine the retention time of argon and of CaD70D 
ill the presence of 2-propanol. From the net retention time of 
the deuterated 2-propanol and the geometric volume of the ca
pillary column, the net retention volume for the isotope was 
calculated. Using eq 5, knowing the pressure, temperature, and 
mole fraction of modifier and calculating the compressibility of 
the binary fluid solution, one can calculate the number of moles 
of 2-propanol sorbed into the bonded polymeric stationary phase. 

RESULTS AND DISCUSSION 

Tracer pulse chromatography, particularly MSTPC, is a 
techuique from which important physicochemical information 
about the role of fluid pressure, temperature, and modifier 
composition in stationary phase solvation in SFC can be ob
tained. The results for the sorption of 2-propanol either onto 
or into the bonded polymeric stationary phase for a select mole 
fraction of modifier in CO2 as a function of pressure and 
density at various temperatures are shown in parts a and b 
of Figure 1, respectively. At each temperature studied, the 
amount of 2-propanol found in the stationary phase decreases 
as the pressure increases. The amount of 2-propano! asso
ciated with the bonded stationary phase also decreases with 
increasing temperature at constant pressure and constant mole 
fraction of binary modifier. As density increases for the four 
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Table I. Weight Percent of 2-Propanol Partitioned into the 
Stationary Phase as a Function of Density (Pressure) for a 
Constant Mole Fraction of 0.0258 

wt % of 
temp,OC density, g/cm3 pressure, atm 2~propanola 

110 0.323 150 22.2 
0.457 203 12.6 
0.546 248 11.2 
0.626 300 8.9 

120 0.282 114 19.0 
0.416 201 14.5 
0.503 245 12.4 
0.589 300 10.8 
0.651 350 8.4 
0.704 402 7.8 

130 0.263 144 16.4 
0.385 200 13.9 
0.480 251 11.9 
0.557 301 10.4 
0.619 350 9.5 
0.674 403 8.0 

140 0.245 143 14.3 
0.358 199 13.7 
0.446 248 12.7 
0.525 300 11.4 
0.589 350 9.8 
0.645 403 9.3 

a wt % of 2-propanol at 0.0258 mol fraction is 3.5 wt %. 

different temperatures, the amounts of 2-propanol sorbed into 
the stationary phase converge (within experimental error) as 
seen in Figure lb. 

The interesting question of whether the 2-propanol is ad
sorbed onto the surface of the bound polymer or whether it 
is absorbed into the polymer can be ascertained from the 
simple calculation of the surface area ofthe capillary column 
and the number of moles of 2-propanol needed to form a 
monolayer on this surface. The surface area of 2-propanol 
was calculated from the molar volume of the molecule. In all 
cases studied for this report, the amount of 2-propanol sorbed 
with the SE-54 stationary phase was at least 2 orders of 
magnitude greater than that needed for monolayer coverage. 
Therefore, one could conclude that 2-propanol was partitioning 
into the bound polymeric phase, solvating the polymer rather 
than adsorbing onto the surface. These data are consistent 
with data reported with pure polymers (2) and other chro
matographic systems where the swelling factors are quite 
appreciable (1,3). The data shown in Figure 1 are also con
sistent with that reported by Selim and Strubinger for su
percritical pentane on SE-30 and SE-54 as a function of 
pressure (5, 21). 

The decrease in the amount of 2-propanol partitioned into 
the stationary phase with pressure can be explained by ex
amining the change in weight percent of the binary modifier 
in the bound polymer as compared to the bulk weight percent 
of 2-propanol in the mobile phase. A 0.0258 mol fraction of 
2-propanol in CO2 corresponds to 3.5 wt % of 2-propanol in 
CO2, The weight percent of 2-propanol sorbed into the sta
tionary phase is easier to calculate than the mole fraction value 
because of the unknown molecular weight of the polymer after 
cross-linking. The estimated weight of 2-propanol in the 
stationary phase could be high because of the unknown weight 
of CO2 also sorbed into the polymer. An additional source 
of uncertainty is related to the absolute amount of polymeric 
phase in the capillary, which we believe contributes <10% 
error to these measurements, but the overall trends will remain 
constant. The data presented in Tables I-IV show the weight 
percent of 2-propanol [weight of 2-propanol/(weight of 2-
propanol + weight of stationary phase)] partitioned into the 
stationary phase as pressure increases. 

Table II. Weight Percent of 2-Propanol Partitioned into 
the Stationary Phase as a Function of Density (Pressure) 
for a Constant Mole Fraction of 0.0371 

wt % of 
temp,OC density, g/cm3 pressure, atm 2-propanolGi 

140 0.35 193 18.6 
0.40 219 18.1 
0.50 279 14.3 
0.60 355 14.0 

150 0.35 203 17.2 
0.40 231 17.0 
0.50 297 9.5 
0.60 317 13.6 

160 0.35 215 16.9 
0.40 245 16.4 
0.50 382 11.0 
0.60 410 13.6 

awt % of 2-propanol at 0.0371 mol fraction is 5.0 wt %. 

Table III. Weight Percent of 2-Propanol Partitioned into 
the Stationary Phase as a Function of Density (Pressure) 
for a Constant Mole Fraction of 0.0509 

wt % of 
temp, ac density, g/cm3 pressure, atm 2-propanolQ 

110 0.35 153 34.1 
0.40 171 29.9 
0.50 213 27.5 
0.60 270 24.3 

120 0.35 165 30.1 
0.40 186 26.8 
0.50 232 22.7 
0.60 296 23.8 

130 0.35 177 26.8 
0.40 200 24.2 
0.50 252 20.7 
0.60 322 20.2 

°wt % of 2-propanol at 0.0509 mol fraction is 6.8 wt %. 

Table IV. Weight Percent of 2-PropanoI Partitioned into 
the Stationary Phase as a Function of Density (Pressure) 
for a Constant Mole Fraction of 0.0642 

wt % of 
temp,OC density, g/cm3 pressure, atm 2-propanola 

110 0.35 149 41.4 
0.40 166 36.9 
0.50 207 28.7 
0.60 265 25.4 

120 0.35 162 35.9 
0.40 180 31.8 
0.50 227 27.0 
0.60 291 26.0 

130 0.35 174 33.4 
0.40 196 29.7 
0.50 246 25.2 
0.60 318 21.7 

140 0.35 183 31.0 
0.40 209 27.3 
0.50 267 23.8 
0.60 345 23.9 

awt % of 2-propanol at 0.0642 mol fraction is 8.6 wt %. 

In this study the stationary phase contained the greater 
amount of partitioned 2-propanol at the lower densities; as 
density increases the amount of 2-propanol decreases. This 
behavior likely reflects the greater solvating power of the 
mobile phase (compared to that of the stationary phase) as 
density increases. Similar results were observed in spectro
scopic experiments studying the local composition of the 
binary modifier in the cybotactic region of a probe molecule 
in a supercritical fluid as a function of density (pressure) (22). 
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Figure 2. Weight of IPA (2-propanol) absorbed per weight of stationary 
phase in the capillary column versus density for a constant temperature 
of 140°C at (_) 0.0258, (0) 0.0371, (e) 0.0509, and (0) 0.0642 mol 
fraction of 2-propanoI/C02" 

The local composition about a solute molecule was found to 
be substantially enriched at lower pressures. The concen
tration of the organic binary modifier decreased and ap
proached the bulk composition of the binary fluid as density 
increased, reflecting the increasing solvent strength of the 
mobile phase as density increases. 

The temperature effect shown in Figure 1 is quite sub
stantial at the lower densities and pressures. The increase 
in temperature could contribute enough thermal energy to the 
system to begin overcoming the attractive interactions between 
2-propanol and the stationary phase. This could contribute 
to the decreased amount of 2-propanol absorbed into the 
stationary phase as temperature increases. 

The data shown in Figure 2 illustrate the effect of modifier 
concentration on the amount of 2-propanol absorbed into the 
stationary phase at constant temperature (140°C) as a 
function of mobile phase density. As one would expect, Figure 
2 demonstrates that at constant temperature and density the 
amount of 2-propanol partitioning into the stationary phase 
decreases as the bulk modifier concentration decreases. Figure 
2 also shows a decrease in 2-propanol partitioning into the 
bound polymeric phase as density increases, which is con
sistent with Figure lb. 

A replotting of the data in Figure 2 as a function of modifier 
mole fraction at constant temperature (140°C) for the various 
densities is displayed in Figure 3. The 140°C isotherm data 
show that as the bulk modifier mole fraction approaches zero, 
the amount of 2-propanol absorbed into the stationary phase 
also approaches zero (within the experimental error) for the 
fluid densities studied. This result is not unexpected, and the 
linear relationship between binary mole fraction and the 
amount of 2-propanol absorbed into the stationary phase 
demonstrates that the bound polymer is still being solvated 
by 2-propanol as the mole fraction increases. 

Figure 4 is a plot of the amount of 2-propanol absorbed into 
the stationary phase versus mole fraction of 2-propanol at a 
constant density of 0.50 gm/ cm3 for the various temperatures 
of 120, 140, and 160°C. For the temperatures of 120 and 140 
°C a zero intercept (within experimental error) is obtained 
at zero binary mole fraction. At 160°C the data are not 
readily interpreted, which may be due to a stationary phase 
transition occurring between 140 and 160 °C as the glass 
transition temperature for the polymer changes upon solvation 
by the binary fluid (2). The possible change in the physical 
state of the bound polymer upon solvation could contribute 
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Figure 3. Weight of IPA (2-propanol) absorbed per weight of stationary 
phase in the capillary column versus mole fraction of 2-propanol/C02 
at a constant temperature of 140°C at (0) 0.35, (e) 0.40, (0) 0.50, 
and (L» 0.60 gm/cm3 densities of the binary fluid. 
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Figure 4. Weight of IPA (2-propanol) absorbed per weight of stationary 
phase in the capillary column versus mole fraction of 2-propanolfC02 
at a constant binary fluid density of 0.50 gm/cm3 at (0) 120, (0) 140, 
and (L» 160°C. 

to the observed deviation in the y intercept as the mole 
fraction approaches zero. More experimental work at high 
temperatures with different stationary phases for binary su
percritical fluids is needed to resolve this question. 

The absorption enthalpy for the partitioning of the binary 
modifier 2-propanol, between the fluid and stationary phases, 
can be determined from the MSTPC experiment. From the 
MSTPC experiments the retention factor, k', can be obtained 
for the deuterated 2-propanol at constant density of the binary 
fluid solution. Van't Hoff plots of the natural logarithm of 
the retention factor for the deuterated 2-propanol versus 
reciprocal temperature can be made, from which the enthalpy 
of partitioning (!lH) for 2-propanol can be obtained (23,24). 
Figure 5 shows a plot of !:J[ (kcal/mol) against mole fraction 
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Figure 5. Partition enthalpy (-keal/mol) versus mote fraction of the 
binary modifier for the densities of (0) 0.35 and (_) 0.40 gm/cm'. 

Table V. Correlation Coefficients for Linear Least-Squares 
Fit to In k'versus Reciprocal Temperature for Various 
Mole Fractions at Constant Density 

p = 0.35 
p = 0040 

correlation coefficients for the 
following mole fractions 

0.0371 

0.983 
0.991 

0.0509 

0.992 
0.989 

0.0642 

0.991 
0.982 

of the binary modifier in the fluid. The correlation coefficients 
from the linear least-squares fit to the experimental data of 
In k' versus r-' are shown in Table V. The heats of absorption 
determined for 2-propanol at a density of 0.35 gm/cm' range 
from -3.5 to -4.7 kcal/mol and at a density of 0.40 gm/cm' 
from -2.8 to -3.8 kcal/mol. The isosteric heats of adsorption 
for propane, n-butane, and acetone on graphitized carbon 
black were -5.6, -7.7, and -7.5 kcal/mol, respectively (15). The 
heats of absorption for 2-propanol reported here are reasonable 
for a system undergoing a process where the mobile phase is 
partitioned into the bound polymer, rather than the adsorption 
of 2-propanol onto the surface of the polymer (23). 

The heat of vaporization for 2-propanol is 9.5 kcal/mol at 
its boiling point, 82.2 °C (25). If 2-propanol was adsorbing 
in multilayers on the bound polymer surface, then One might 
expect the heat of adsorption for 2-propanol to approach the 
heat of vaporization. In the system studied, the heat of ab
sorption for 2-propanol reflects the intermolecular interactions 
between the hound polymer and 2-propanol, rather than 2-
propanol with itself. At higher mole fractions of 2-propanol 
in the binary fluid solution, the M:f values for 2-propanol seem 
to approach a limiting value. This likely reflects the extent 
of intermolecular interactions between 2-propanol and the 
stationary phase. As the amount of 2-propanol absorbed into 
the stationary phase increases, a limit is reached where the 
extent of intermolecular interactions between the bound 
polymer and 2-propanol no longer changes with increasing 
mole fraction of 2-propanol. 

CONCLUSIONS 
The MSTPC technique can be used to determine absorp

tion isotherms for pure and binary supercritical fluid solutions. 
The absorption isotherms determined for binary fluid mixtures 
of 2-propanol in CO2 showed that at increasing density 
(pressure) the amount of 2-propanol partitioning into the 
bound polymeric stationary phase decreased. In the limit of 
increasing density, the concentration of 2-propanol sorbed in 
the stationary phase apparently approaches that of 2-propanol 
in the bulk mobile phase. At lower mobile phase densities 

2-propanol partitioned more extensively into the stationary 
phase. Enthalpies of absorption were also determined from 
retention factors for deuterated 2-propanol from the MSTPC 
experiments. These enthalpies are indicative of a partitioning 
process as compared to the heats of adsorption reported for 
carbon black. 

The present results raise several interesting questions re
lated to the partitioning of solvent modifiers into SFC sta
tionary phases. It has previously been demonstrated that 
these cross-linked stationary phases can be "swelled" by mobile 
phases consisting of CO2 or alkanes (1, 3). The mechanism 
of such swelling is not well understood, but studies of other 
polymers by McHugh and co-workers (26) suggest that at least 
two separate processes occur: a kinetically slow process (in 
which the polymers "conditioned") requiring hours or longer 
and a second kinetically fast process amenable to the present 
chromatographic experiments. The present experiments 
provide no direct information on kinetically slow changes in 
the stationary phase. The existence of such a slow kinetic 
process (perhaps due to the extent of cross-linking of the 
stationary phase) is indicated by the fact that replacement 
of the COdIP A mobile phase by pure CO2 results in a gradual 
decrease in IP A detected by the mass spectrometer, which can 
be followed over several hours. It is likely that this component 
of IP A in the stationary phase is also both pressure and 
temperature dependent and may have an effect on the fraction 
of IP A that can exchange rapidly with isotopically labeled IPA 
(as required for the MSTPC approach). 

This study clearly shows that the use of solvent modifiers 
in capillary SFC can affect the chromatographic partitioning 
by means other than just changes in mobile phase solvating 
power. The decreased partitioning ofIPA into the stationary 
phase at higher temperatures and higher densities may be 
qualitatively explained by the greater solvating power of the 
mobile phase under these conditions. Similar trends are 
generally observed in studies of partition coefficients for so
lutes of low volatility. As pressure is increased, density and 
solvating power increase dramatically while that of the sta
tionary phase remains uncertain. Under such conditions one 
would expect (at constant density and temperature) that the 
amount of modifier (solute) in the stationary phase would 
increase linearly with modifier concentration, consistent with 
experimental results. Further experimental work remains to 
derme the extent of stationary phase solvation, the dependence 
upon pressure, and precise mechanism and its role in swelling 
of the stationary phase in capillary SFC. 
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Investigations of Stationary Phase Modification by the Mobile 
Phase Surfactant in Micellar Liquid Chromatography 
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The extent of stationary phase modification possible In mi
cellar liquid chromatography (MLC) Is studied by examining 
the adsorption characteristics of two nonionic surfactants, 
polyoxyethylene(10 or 23)dodecanol [Bril-22 or Brij-35], and 
one anionic surfactant, sodium dodecyl sulfate (SOS), on a 
Resolve C-18 column packing material. Adsorption isotherms 
are determined by measuring the increase in percent carbon 
conlent after equilibration wHh various amounts of each sur
factant. Results obtained; in each case, suggest that sur
factant modification of the stationary phase continues well 
above the critical micelle concentration, in contrast to some 
previous reports. Nitrogen surface area and pore volume 
measurements and nitrogen adsorption isotherm hysteresis 
loop data provide a qualitative understanding of the stationary 
phase modification produced. All surfactants are found to 
adsorb as a thick film, with the general structure and pore 
shapes of the original material retained. Taken together, 
these data lead to the conclusion that a reported advantage 
of gradient MLC, i.e., the ability to perform gradient separa
tions without reequilibration of the column, may not apply to 
all MLC systems. Studies have also been completed in which 
Resolve C-18 packing material Is equilibrated with alcohol
modified SOS surfactant solutions. It Is found that approxi
mately twice the amount of the surfactant Is sorbed from a 
methanol modified surfactant solution as compared to a 1-
pentanol modified solution. ConcomHani nitrogen surface area 
and pore volume changes are observed. Comparison of these 
data with chromatographic parameters obtained by using 
similar alcohol-modified surfactant mobile phases suggests 
surfaclant modification of the stationary phase Is largely re
sponsible for reduced efficiency In MLC. 

INTRODUCTION 
The addition of surfactants as a mobile phase component 

in high-performance liquid chromatography (HPLC) began 
as early as the mid-1960's (1), When surfactants are added 
at a concentration below the critical micelle concentration 

1 Present address: R. J. Reynolds Tobacco Company, USA, Bow
man Gray Technical Center, Winston-Salem, NC 27109. 
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(erne), i,e, the concentration at which the surfactant monomer 
dynamically aggregates to form micelles, the technique has 
been termed ion-pair, soap, and/or paired-ion chromatogra
phy, among others, In this mode surfactant molecules act as 
hydrophobic counterions, producing increased retention of 
charged analytes, It is clear that in many of the systems 
studied, surfactant adsorbs into the chromatographic sta
tionary phase, although the contribution to the retention 
mechanism thus produced continues to be a topic of discussion 
and experiment (2), Dynamic modifications of silica oxide, 
titanium boride, zirconium oxide, activated carbon, and 
bonded C1S stationary phases have been observed with 
charged surfactants and combinations of nonionic and charged 
surfactants (3-12), The extent of dynamic modification in 
some cases approaches a mass loading equivalent to the or
iginal bonded stationary phase, with surface concentrations 
as great as S !,mol/m2 reported, 

The use of surfactants in the mobile phase at a concen
tration exceeding the erne, termed micellar liquid chroma
tography (MLC) was fIrst introduced by Armstrong and Henry 
in 1980 (13), In MLC, a micellar pseudophase replaces the 
typical organic solvent component in the reversed-phase liquid 
chromatography (RPLC) mobile phase, Although the role of 
the surfactant in the mobile phase in MLC has been exten
sively studied (14-18), interaction of the surfactant with the 
chromatographic stationary phase has been investigated to 
a much lesser extent (19, 20), 

In our previous work with nonionic polyoxyethylene(23)
dodecanol (Brij-35) surfactant was observed to adsorb onto 
the stationary phase at some mobile phase concentrations in 
amounts approximating that of the bonded hydrocarbon (21, 
22), The effects of the surfactant-modified stationary phase 
were evaluated by comparing the chromatographic behavior 
of a test mixture as separated by a reference acetonitrile-water 
mobile phase before and after separations which employed 
the aqueous Brij-35 surfactant mobile phase, Surfactant 
modification produced distinct changes in chromatographic 
selectivity and efficiency with the test solutes studied. Ad
sorption of the surfactant was found to impart a more polar 
character to the stationary phase and to produce much re
duced chromatographic efficiency, the latter a consistently 
observed limitation of MLC when no other organic modifier 
is present in the mobile phase, From this work, we concluded 

© 1989 American Chemical Society 
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that reduced efficiency in nonionic MLC is caused in large 
measure by an increase in the effective film thickness and 
order of the stationary phase, which is associated with sur
factant sorption (21). A similar conclusion was reached based 
on diffusion studies (23). 

On the basis of alcohol additive studies, other groups had 
previously attributed the poor chromatographic efficiency 
observed with micellar mobile phases either to poor wetting 
of the stationary phase (24) or to the diminished rate constants 
for solute exit from the micellar aggregate in the mobile phase 
and from the surfactant-modified stationary phase (25). It 
has been demonstrated by use of sodium dodecyl sulfate (SDS) 
that chromatographic efficiency in MLC can be improved by 
the addition of several percent alcohol to the mobile phase 
(24, 25). One of the goals of this work, therefore, was to 
reexamine those previously published observations in the 
context of stationary phase modification by characterizing the 
relationship between organic modifier content of the MLC 
mobile phase, the amount of surfactant sorbed, and the 
chromatographic efficiency. 

The adsorption characteristics of different surfactants on 
a RPLC packing material when the surfactants are present 
above the cmc is another focus in this work. Previously, it 
has been reported that the ultimate degree of surfactant 
sorption onto the column packing material in MLC is dictated 
by the cmc of the particular surfactant in use (26,27). When 
the concentration of surfactant is increased above the cmc, 
the concentration of micelles in solution increases, but the 
concentration of free monomer remains "essentially" constant 
and equivalent to the cmc. This property of micellar solutions 
has been cited as the fundamental reason column reequilib
ration is not needed in gradient MLC, the premise being that 
surfactant sorption is only dependent on the concentration 
of free monomer, hence constant above the cmc. Although 
earlier reports have implied that this premise is true for all 
surfactants (26,27), our previous work indicated that nonionic 
Brij-35 continues to adsorb on reversed-phase packing at 
concentrations well above the cmc (21). This is not surprising 
in view of work by Sasaki et al. (28) which showed that the 
free monomer concentration with nonionic surfactants con
tinues to increase above the cmc. Similarly, Berthod et al. 
have reported continued adsorption, with as much as 20% of 
the total sorption occurring at surfactant concentrations 
greater than twice the cmc (19, 20). In fact, reports in the 
micellar literature indicate that the monomer concentration 
and amphiphile ion activity of many ionic surfactants do not 
remain constant as the surfactant concentration is increased 
above the cmc (29, 30). Thus, the potential advantages of 
gradient elution MLC may be limited to only a few fortuitous 
surfactant/ stationary phase combinations in which surfactant 
modification of the stationary phase ceases upon reaching the 
erne. 

To better understand the extent of stationary phase mod
ification possible in MLC, the adsorption behavior of two 
nonionic surfactants, Brij-35 and polyoxyethylene(10)dode
canol or Brij-22, and one ionic surfactant, SDS, have been 
investigated in this work. Instead of using the often employed 
chromatographic breakthrough method (5,27), the increase 
in percent carbon content of the column packing material was 
monitored before and after surfactant adsorption. Use of this 
static mode to prepare the modified stationary phase per
mitted additional evaluation using nitrogen porosimetry. 
When taken togetber, a clearer picture of the surfactant
modified stationary phase in MLC begins to emerge from these 
data. 

EXPERIMENTAL SECTION 

Apparatus, A Perkin-Elmer 240C elemental analyzer (Per
kin-Elmer, Norwalk, CT) equipped with an autosampler, data 

station, and AD-6 auto balance was used for the determination 
of percent carbon. All surface area and pore volume measurements 
were made with a Digisorb 2600 (Micromeritics, Norcross, GA). 
The chromatographic system employed consisted of Waters 
components, i.e., automated Model 680 controller, Model 510 
pumps, UK-6 injector, and a Model4S1 LC spectrophotometric 
detector, equipped with a 14-I'L cell. 

Reagents. A 30% (w/v) aqueous solution of Brij-35 [poly
oxyethylene(23)dodecanol], obtained from Fisher Scientific Co. 
(Raleigh, NC), Brij-22 [polyoxyethylene(lO)dodecanol], Sigma 
Chemical Co. (St. Louis, MO), and SDS [sodium dodecyl sulfate], 
Bio-RAD Laboratories (Richmond, CAl, electrophoresis grade; 
methanol, Burdich and Jackson; 200 proof anhydrous, USP grade 
ethanol, U.S. Industrial Chemicals Co.; and all other alcohols, 
Fisher Scientific, were used as received. The column packing 
material used in this work was Resolve CIS which was purchased 
by special agreement from Waters Associates (Milford, MA). 

Procedures. Measurement of Surfactant Isotherms. Sur
factant adsorption isotherms were constructed by measuring the 
carbon content of Resolve CI8 packing material after exposure 
to various amounts of surfactant. For Brij-35, the initial solution 
concentrations studied included 0.006, 0.1, 0.25, 0.5, 1,2,4,6, 10, 
and 20% (w Iv), corresponding to the range 0.5 to ca. 1700 times 
the erne. For Brij-22, 0.2, 0.5, 2, 3, 4, 5, 6, and 10% (w Iv) solutions 
were used, which represents 33 to ca. 1700 times the cmc. For 
SDS, the initial solution concentrations used were 0.006, 0.02, 0.1, 
0.25, 0.5, 1,6, and 15.8% (w Iv) or 0.03 to ca. 70 times the cmc. 
Following literature convention, in some of the plots (i.e. Figures 
1, 2, and 4), the equilibrium surfactant concentration rather than 
the initial surfactant concentration is utilized. The equilibrium 
surfactant concentration refers to the actual concentration of 
surfactant remaining in the solution after accounting for the 
amount of surfactant sorbed on the Resolve C-IS packing. 

To prepare the samples, Resolve CIS was equilibrated with 
aqueous (or aqueous alcohol) surfactant solutions at a ratio of 
25 mL of solution per 1 g of Resolve CI8. During the total 
surfactant exposure period of 24 h, all samples were agitated for 
ca. 3 h on a wrist-action shaker. 

After exposure, each sample was vacuum fIltered onto a OA5-l'm 
Nylon 66 membrane fIlter, transferred to a sample vial, and dried 
in a vacuum oven at 60 °C for a minimum of 48 h. After drying, 
the carbon content of each sample was determined according to 
standard procedures and the adsorbed surfactant calculated as 

(C,- Co) 
A, = (P, _ Co) 1000 (1) 

where A, is the amount (mg) of surfactant sorbed per gram of 
material analyzed, C, is the percent carbon found, Co is the initial 
carbon content (10.5%) of the Resolve CIS material, and P, is 
the carbon weight percent of the surfactant. In addition to 
correcting for the initial carbon content of the packing material, 
eq 1 corrects for the fact that the carbon content is determined 
on an unknown mixture of surfactant and Resolve packing ma
terial, of which the surfactant may comprise a significant weight 
percent (e.g. as much as 15%). The amount (mg) of surfactant 
sorbed per gram of Resolve CIS, A p, was calculated from eq 2. 

A, 
Ap = 1 _ (A,jIOOO) (2) 

Determination of Surface Areas and Pore Distributions Using 
Nitrogen Porosimetry. Surface area and pore volume distribution 
measurements were made on all samples by using the Digisorb 
2600, with sample preparation as described above. Standard 
adsorption and desorption procedures were performed under 
computer control to develop the nitrogen adsorption isotherm 
at 77 K. Surface areas, SBET, were calculated by using the BET 
equation from adsorption isotherm data between relative pressures 
of 0.05 and 0.21. Pore volume distributions and the cumulative 
pore volume, Vcum" were calculated from the adsorption isotherm 
for pore diameters between 20 and 600 A, assuming cylindrically 
shaped pores, using the method of Barrett et al. (31). 

Evaluation of Alcohol Modifier Effects. Solutions of 0.2S5 M 
SDS containing 5% (v/v) methanol, ethanol, I-propanol, I-bu
tanol, or I-pentanol as organic modifier were agitated on a 
wrist-action shaker for 1 h. Resolve CIS packing material was 
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Table l. Effects of Various Alcohol Modifiers on Stationary Phase Modification and Chromatographic Performance 

stationary 
stationary phase 

chromatographic 
0.285 M SDS SDS sorbed BET surface cumulative phase surfactant 

alcohol (mg/g of area (m' / g of pore volume, volume, volume 
parameters(.l 

modifier Resolve C18) Resolve C18) cm3/g cm3/g reduction, % k' N B/A 

none 146 59 0.135 0.35 0 7.1 1530 2.8 
5% MeOH 132 63 0.146 0.34 7 6.9 2080 2.0 
5% EtOH 128 68 0.153 0.33 13 6.5 2600 1.8 
5% I-PrOH 104 80 0.176 0.31 28 5.7 3100 1.2 
5% I-BuOH 101 88 0.198 0.28 44 5.1 3400 1.2 
5% I-PeOH 83 97 0.213 0.27 54 4.7 3600 1.1 

Resolve C18 0 121 0.279 0.20 7.4b 6010b 1.1b 

"See experimental for details. bColumn performance with benzene as test solute using a conventional 50:50 (v/v) methanol:water hy~ 
droorganic mobile phase. 

equilibrated with these aqueous SDS-alcohol modified solutions 
(25 mL/g of packing material) with sample preparation, mea
surement of adsorbed surfactant, and other physical properties 
carried out as described above. 

Chromatographic investigations of each aqueous SDS alcohol 
modified mobile phase were also completed (32). In all cases, the 
mobile phase flow rate was 1.0 mL/min. The capacity factor of 
the test solute, benzene (monitored at 254 nm), was calculated 
in the usual fashion by using nitrate ion as the void marker. The 
number of theoretical plates was calculated by using the method 
of Foley and Dorsey (33); i.e. 

41.7(1,/ WO•l )' 

N = (B/A) + 1.25 (3) 

where WO•l is the peak width at 10% height and B / A is the 
asymmetry factor (determined at 10% peak height). The column 
employed was an Advanced Separation Technologies, Inc., 
spherical 5 I'm C-18, 100 X 4.6 mm. 

RESULTS AND DISCUSSION 
Evaluation of Alcohol Modifier Effects. The effects of 

various alcohol additives on stationary phase parameters and 
chromatographic efficiency using SDS in MLC are summa
rized in Table L Exposure of the packing material to an 
aqueous 0.2S5 M [S.2% (w/v)] SDS mobile phase results in 
ca. 150 mg of sorbed surfactant per gram of Resolve CIS, 
essentially doubling the effective stationary phase weight. The 
addition of relatively small amounts (5%, v/v) of alcohol 
modifiers to the SDS solution consistently reduces the amount 
of sorbed surfactant, with a clear trend evident between the 
amount of surfactant sorbed and the molecular weight of the 
alcohoL While the addition of 5% (v/v) methanol reduces 
the amount of SDS sorbed by ca. 10%, the addition of 5% 
(v/v) I-pentanol reduces the sorbed surfactant by ca. 50%. 
Similar trends are observed for 8BET and V",", (Table I), both 
of which increase as the amount of sorbed surfactant decreases. 
Finally, the stationary phase volume, Le., the difference be
tween V,= for the unbonded Resolve silica and V,um for the 
bonded CIS with or without adsorbed surfactant, also increases 
with the amount of sorbed surfactant, as expected. In ad
dition, others have reported that the presence of organic ad
ditives (MeOH, I-PrOH, THF, acetonitrile, I-pentanol) de
creases the amount of surfactant sorbed on ODS, LC-7, or 
silica gel materials (11, 12, 20, 34) and that the amount of ionic 
surfactant desorbed from such packings is directly propor
tional to the additive concentration present in the surfactant 
mobile phase (11,20). 

Reduced chromatographic efficiency is to be expected given 
the magnitude of surfactant adsorption observed in MLC. The 
diminished efficiency observed with such surfactant-modified 
CIS phases is akin to the reduced efficiency reported upon 
increasing the carbon loading of an octadecyI silica stationary 
phase (35). Hennion et al. have shown that an increase in the 

carbon loading of an ODS stationary phase (from ca. 15% to 
25 %) caused a deterioration in the efficiency. This was at
tributed to an increase in the thickness of the hydro
carbonaceous layer in the pores of the packing which increased 
the resistance to solute diffusion (35). The nature of a sur
factant-modified CIS stationary phase is analogous to this 
situation in that the effective film thickness is increased and 
solute diffusion is decreased which leads to diminished 
chromatographic efficiency. 

The addition of alcohols to the mobile phase reduces the 
amount of sorbed surfactant, which in the limit, should cause 
the chromatographic efficiency to reapproach that of the 
unmodified CIS stationary phase. The chromatographic 
parameters, N, and B / A in Table I confirm this premise. In 
the adsorption experiments, it was found that the contribution 
of the adsorbed surfactant to the stationary phase volume 
decreases ca. 10% to 50% upon addition of methanol through 
I-pentanol to the surfactant mobile phase. Correspondingly, 
the chromatographic efficiency, N, approximately doubles for 
the same series of SDS mobile phases. 

These data when considered in light of recent reports 
provide some insight into the origins of the diminished effi
ciency typically associated with MLC. Equation 4 shows the 
various factors contributing to the plate height, H, in liquid 
chromatography 

H= 1 
(l/C,dp ) + (l/(Cmdp'u/Dm)) 

C,mdp'u C,dr'u 
--+--(4) 

Dm D, 

where C" Cm, Cd, C,m, and C, are the respective plate height 
coefficients due to Eddy diffusion, mobile phase mass transfer, 
longitudinal diffusion, stagnant mobile phase mass transfer, 
and stationary phase mass transfer with the variables including 
the particle diameter, dp, mobile phase velocity, u, solute 
diffusion coefficients in the mobile phase (Dm) and stationary 
phase layer (D,), and stationary phase film thickness, d, (36). 
Several reports indicate that mobile phase mass transfer ef
fects are only relatively minor contributors to the poor effi
ciency observed in MLC (20-23,32). The predominant term 
influencing band broadening in MLC appears to be stationary 
phase mass transfer (20, 21, 23, 25). As in the example with 
the increased carbon loading of the ODS phase, in MLC, the 
surfactant-modified CIS stationary phase is quite different 
from the original CIS phase in that the carbon load and film 
thickness are increased (20,21,23) while the fluidity of sur
factant-modified CIS ligands and the solute diffusion coef
ficient in the modified stationary phase layer are decreased 
(20,21). Thus, mass transfer characteristics and chromato
graphic efficiency in MLC appear to be dictated mainly by 
the amount and fluidity of surfactant sorbed on the stationary 
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Figure 1. Adsorption isotherms for two nanionic surfactants, (+) 
Brij-35 and ("') Brij-22, and one anionic surfactant, (_) SOS, on Resolve 
C-18 column packing material. The dual data points (nonionic curves 
only) at equilibrium solution concentrations slightly below 4% (w/v) are 
samples in which the amount of surfactant solution was doubled during 
preparation to test for equilibrium conditions. 
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Figure 2. Expanded scale version of Figure 1. Note the slight "knee" 
with ("') SOS as compared to (.) Brij-35 and (_) Brij-22. Virtually all 
data pOints are beyond the surfactant erne values. 

phase. This in turn, is dependent upon the type and amount 
of the organic modifier in the mobile phase, the type and 
concentration of the surfactant employed, and the chemical 
characteristics of the bonded stationary phase. 

Determination of Surfactant Adsorption Isotherms 
on Resolve C18. The adsorption isotherms for Brij-35, 
Brij-22, and SDS on Resolve C18 packing material at 25°C 
are presented in Figures 1 and 2. It is not easily discerned 
from the figures that a small percentage of the total surfactant 
adsorption (only ca. 3% or less) occurs below the cmc. In fact, 
greater than 58% of the total SDS adsorption occurs at initial 
solution concentrations ranging from 2 to 70 times the cmc. 
Similarly, for Brij-35 and Brij-22, more than 50% of the total 
surfactant adsorption occurs at initial solution concentrations 
which exceed ca. 50 times the cmc. Clearly the concept that 
surfactant sorption ceases at the cmc is not true for the 
systems studied in this work. Adsorption continues well 
beyond the cmc with similar amounts of each surfactant 
sorbed at equilibrium saturation, i.e., 169 mg of SDS/g, 152 
mg of Brij-35/g, and 165 mg of Brij-22/g. 

Although the adsorption of surfactant takes place over a 
larger concentration range compared to some previous reports, 
the total amount of surfactant sorbed is comparable to earlier 
work. From Figure I, ca. 2 JLmol/m2 of Brij-22, 1 JLmol/m2 
Brij-35, and 1 JLmol/m2 SDS are sorbed at equilibrium. For 
comparison, Dorsey and co-workers have reportsd 1.8 JLmol/m2 
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Figure 3. Plot showing the effect of initial solution concentration on 
Resolve C-18 BET surface area. The curve is, in essence, a reflection 
of the Brij-35 adsorption isotherm. 
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Figure 4. Plot showing the Resolve C-18 BET surface area lost as a 
function of equilibrium solution concentration (% w/v). The minimum 
in the curves at very low concentration corresponds roughly to the 
critical micelle concentrations for the surfactants: (.) Brij-35, (A) 
Brij-22, and (_) SOS. 

for SDS adsorbed on an Ultrasphere ODS column packing 
material (27) and Berthod et al. have reported 0.5-5.0 JLmol/m2 
for SDS and CTAB (cetyltrimethylammonium bromide) with 
a range of packing materials including C18 bonded materials 
and unbonded silica (19,20). The adsorption isotherms for 
the nonionic surfactants resemble L2 types according to the 
Giles classification (37), and the SDS isotherm resembles an 
L4 type (Figure 2). 

Taken together, these data imply that the reported ad
vantage of gradient MLC and the premise upon which it is 
based should be reexamined. Given that the concentration 
of free monomer is not constant above the cmc for at least 
one surfactant class and considering the extent of adsorption 
observed above the cmc in this work with both an anionic and 
nonionic surfactants, the previous reports may be limited in 
scope. 

Additional Characterization of the Surfactant Mod
ified Stationary Phase. Consistent with accepted conven
tions, the data in Figure 1 are presented as JLmol/m2 of surface 
area of the parent material (ca. 130 m2/g). When the surface 
areas of the individual surfactant-modified samples are 
measured, however, the surface area is found to decrease 
consistently as more surfactant is adsorbed (Figure 3). 8BET 
decreases ca. 60% for Brij-35, with similar reductions observed 
for SDS and Brij-22. If adsorption isotherm data and surface 
area data are evaluated in terms of surface area lost per 
amount of surfactant adsorbed, then an interesting pattern 
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Figure 5. Hysteresis loop associated with the nitrogen adsorption and 
desorption isotherms at 77 K for untreated Resolve C-18 packing 
material. 

is found (Figure 4). Maximum surface areas lost per mi
cromole of surfactant sorbed occur at very low surfactant 
concentrations, passing through a minimum at approximately 
the erne for each surfactant and then becoming essentially 
constant at all higher concentrations. The "plateau region" 
values are ca. 0.5 m' / !Lmol for Brij-35 and SDS, and ca. 0.25 
m' / !LmOl for Brij-22. For the nonionic surfactants, the ratio 
of these values is proportional to their partial molar volumes, 
i.e., 1.08 M-l for Brij-35 and 0.60 M-l for Brij-22. The partial 
molar volume of SDS (0.25 M-l) is much less than that of the 
nonionic surfactants, yet a similar amount of packing material 
surface area is lost per micromole of SDS and Brij-35. This 
implies that the dominant factors in the surfactant/stationary 
phase interactions are quite different for the nonionic and ionic 
surfactants, as expected. 

In 1958, de Boer described the pore shapes within different 
materials based on nitrogen sorption isotherms (38). In his 
work, five types of hysteresis loops associated with nitrogen 
adsorption and desorption were distinguished and pore shapes 
were classified as belonging to one of 15 groups. According 
to de Boer's scheme, the hysteresis loop of Resolve CI8 ma
terial (Figure 5) shows a combination of type A and type E 
character with shape groups II (capillaries with wide, spher
oidally shaped parts) and XV (capillaries linked together to 
form tubes) being responsible for the shape of the hysteresis 
loop. The loop in Figure 5, which is strikingly similar to silica 
hysteresis loops reported in de Boer's work and elsewhere (39), 
is in fact typical of the structure formed by compressing small 
spheres together. 

Examination of the hysteresis loop for surfactant modified 
Resolve CI8 material provides additional information about 
the extent of stationary phase modification. On the basis of 
the data in Figure 3, there is a 60% reduction in surface 
available to the nitrogen molecules at 77 K, prompting the 
question as to whether the pore shapes in the surfactant
modified stationary phase are distorted or absent due to filling 
with surfactant Since the hysteresis loops for nonionic, an
ionic, and alcohol-modified anionic surfactant solutions ex
hibited no observable differences, the general pore shapes of 
the parent CI8 material would appear to be retained in the 
surfactant-modified material, indicating the surfactant pro
duces a thick fihn on the interior walls, rather than completely 
filling the pores. This conclusion is also supported by Figure 
6, in which the pore volume is plotted as a function of average 
pore diameter for the Resolve CI8 reference material, and for 
Resolve CI8 equilibrated with solutions of 6% Brij-35, 6% 
Brij-22, 6% SDS, and 8.4% SDS with I-propanol modifier. 
The curve shapes are similar in all cases, with maximal con-
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Figure 6. Plot showing the effect of surfactant sorption on Resolve 
C-18 pore volume as a function of average pore diameter: (*) un
treated Resolve C-18, (e) equilibrated with 5% 1-propanol (v/v)/8.4% 
SDS (w/v), (A) equilibrated with 6% (w/v) Brij-22, (+) equilibrated with 
6% (w/v) Brij-35, and (_) equilibrated with 6% (w/v) SDS. Note the 
similarity between the two SOS curves. 

tribution to the pore volume from pores with an average 
diameter of ca. 100 A. The surfactant-modified phases exhibit 
decreased pore volumes, but retention of the general curve 
shape suggests interior coating of the capillary walls and not 
complete filling of the pores. The curves from materials 
exposed to 6% SDS and 8.4% SDS with I-propanol modifier 
are virtually superimposable, which is additional confirmation 
of the alcohol modifier effect discussed above, i.e. alcohol 
modifiers reduce the amount of surfactant sorbed at equi
librium. 

CONCLUSION 

The ability of surfactants to modify the stationary phase 
in MLC and the role of the surfactant-modified stationary 
phase in the MLC separation process have been both mis
understood and often ignored by practitioners of the tech
nique. In this work, both nonionic and anionic surfactants 
were found to adsorb on Resolve CI8 packing material at 
initial solution concentrations well above the critical micelle 
concentration, consistent with our previous observations with 
Brij-35. On the basis of these results, the previously reported 
advantages of gradient MLC do not appear to be generally 
appliable to all MLC systems. Further work is needed with 
other packing materials and surfactants to clarify which ad
sorption extreme predominates, i.e. adsorption which ceases 
at the erne or adsorption which proceeds well beyond the cmc. 

Physical measurements that characterize the surfactant
modified packing material indicate surfactant is adsorbed onto 
the material as a thick film, with pore structure and pore 
shapes of the original material retained. Consistent with our 
earlier work, results from this study indicate the general re
duction of chromatographic efficiency observed with MLC is 
primarily caused by poor mass transfer characteristics of the 
surfactant-modified stationary phase. The addition of alcohol 
to ionic micellar mobile phases is found to reduce the amount 
of adsorbed surfactant, yielding improved chromatographic 
efficiency. 
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Kinetic Determination of Primary and Secondary Amines Using 
a Fluoride-Selective Electrode and Based on Their Reaction 
with 1-Fluoro-2,4-dinitrobenzene 

Eleni Athanasiou-Malaki, Michael A_ Koupparis,* and Themistocles P. Hadjiioannou 

Laboratory of Analytical Chemistry, Department of Chemistry, University of Athens, 104 Solonos Street, Athens 10680, 
Greece 

A kinetic-potentiometric method Is described for the deter
mination of 24 primary and secondary amlnes, based on 
monitoring their reaction with 1-fluoro-2.4-dlnHrobenzene by 
using a fluoride-selective electrode at pH 9.0 and 25 °C. 
Initial-slope and fixed-time (60-180 s) methods were used 
to construct calibration graphs, In most cases In the range 1 
X 10-4 to 1 X 10-3 M. Various amine drugs (octamylamlne, 
amphetamine, gentamycln, tobramycln, and propranolol) were 
determined In commercial formulations with a precision and 
accuracy of 2-3 %, and the results were comparable with 
those obtained by the official methods. Common exclplents 
do not Interfere, and the method can be used In colored and 
cloudy sample solutions, A detailed kinetic study of the above 
reactions was also carried out, and the second-order overall 
rate constants are given. The fluoride-selective electrode Is 
proven to be a valuable tool In monitoring organiC reactions 
that liberate fluoride for kinetic studies and kinetic analysis. 

1-Fluoro-2,4-dinitrobenzene (FDNB) has been proposed as 
a label in the determination of the amino acid sequence of 
proteins (1), for active site labeling of enzymes, and for 
studying protein tertiary structures (2), Besides its use in 
structural analysis, FDNB has been employed for the spec
trophotometric determination of amino acids and primary and 
secondary amines (3-9), amino acid nitrogen in plasma and 

0003-2700/89/0361-1358$01.50/0 

urine (10, 11), isoniazid (12), various aminoglycoside antibiotics 
(13), phenols (14), and the enzyme amidase (15). It has also 
been used in the gravimetric determination of morphine (a 
phenolic alkaloid) (16) and other phenols (17), as a derivative 
reagent in gas-liquid chromatography (GLC) for phenols (18) 
and amines (19), in high-performance liquid chromatography 
(HPLC) for amines and aminoglycosides (20-22), and in 
thin-layer chromatography (TLC) and mass spectrometry for 
amines (23). 

The above spectrophotometric methods have inherent 
disadvantages in that a long time is required for the com
pletion of the reaction and that heating is required to speed 
up the reaction, Additional steps are also required for the 
hydrolysis of the excess FDNB and the extraction of the 
DNB-amino product for measurement, and the methods 
cannot be applied to determinations in colored or turbid 
samples, All these drawbacks can be eliminated, with a slight 
decrease of sensitivity, by using a kinetic-potentiometric 
method based on monitoring the FDNB-amines reaction with 
a fluoride-selective electrode, The combination of the se
lectivity, sensitivity, and simplicity of kinetic methods of 
analysis with the inherent advantages of ion-selective elec
trodes, i.e., high selectivity, sensitivity, and freedom from 
optical interferences, produces an excellent and versatile 
technique (24). The fluoride-selective electrode, extensively 
used in direct potentiometry of fluoride, has recently been used 
in the kinetic-potentiometric determination of peroxidase, 

© 1989 American Chemical Society 
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Table I. Kinetic Parameters of the Reaction of Amines with FDNBa 

K (±SD),M-l reactn order (resp 
amine pK. (-NH,+) K" (±SD), M-l sol x 10' S-l X 102 to amine) (±SD) 

A. Monoamines 
n-butylamine 10.64 4.42 ± 0.08 163 ± 3 0.94 ± 0.07 
octamylamine 14.4 ± 0.2 0.91 ± 0.08 
aniline 4.63 4.42 ± 0.02 4.42 ± 0.02 1.08 ± 0.07 
sulfanilic acid 0.64 0.220 ± 0.005 0.220 ± 0.005 0.90 ± 0.06 
p-ethoxyaniline 5.24 19.4 ± 0.4 19.4 ± 0.4 1.02 ± 0.05 
amphetamine 9.83 16.9 ± 0.2 108 ± 1 0.91 ± 0.08 

B. Polyamines 
propylenediamine 9.72,6.61 12.20 ± 0.08 1.018 ± 0.007 
a-phenylenediamine 4.47 1.52 ± 0.03 1.52 ± 0.03 1.06 ± 0.09 
p-phenylenediamine 83 ± 3 83 ± 3 0.91 ± 0.04 
2,5-toluenediamine 77 ± 3 77 ± 3 1.03 ± 0.06 
N-(I-naphthyl)ethylenediamine 286 ± 6 0.91 ± 0.04 
piperazine 9.73, 5.33 31.9 ± 0.5 0.94 ± 0.08 
triethylenetetramine 9.80,9.26, 6.76, 3.55 11.7 ± 0.1 0.92 ± 0.01 
gentamycin 8.2 35.2 ± 0.5 1.04 ± 0.09 
tobramycin 26.7 ± 0.7 1.04 ± 0.07 

C. Hydroxyamines 
hydroxylamine 5.96 
2-methylaminoethanol 9.77 
2-ethylaminoethanol 10.21 
l-aminopropanol 9.62 
diethanolamine 8.88 
p-aminophenol 5.48 
p-aminosalicylic acid 2.02 
propranolol 9.45 
ephedrine 9.63 

• Conditions: pH = 9.0; 25 °C; [FDNBJ = 1.78 x 10-3 M, n = 5. 

glucose, and cholesterol in serum (25) and of peroxidase in 
colored and turbid extracts of plants, where the official ti
trimetric and other available spectrophotometric methods are 
unsuitable (26). 

The reaction between FDNB and various amines and amino 
acids has been extensively studied by spectrophotometry in 
organic and aqueous-organic solvents (27-36). The reaction 
is a two-stage process involving nucleophilic addition followed 
by the loss of the fluoride ion. Although in some solvents this 
second step is slow and is subject to base catalysis (28), it is 
relatively rapid in polar solvents containing the hydroxy group 
(31). Kinetic studies in aqueous solutions showed an increased 
reaction rate, and the reactions were found to be accelerated 
by micellar catalysis, which was used to speed up spectro
photometric determinations (37). Hydroxide ions also react 
with FDNB (21, 31), but the pH dependence of the rates of 
the reactions between FDNB and amino compounds is entirely 
accounted for by the effect of pH on the degree of ionization 
of the amino group, and there is no evidence for base catalysis 
(38). 

In this paper the fluoride-selective electrode is used for the 
kinetic study of the FDNB reaction with primary and sec
ondary amines in aqueous weak basic solutions. On the basis 
of this study a kinetic-potentiometric method for the deter
mination of amines is developed and is evaluated for the assay 
of drug formulations. 

EXPERIMENTAL SECTION 
Apparatus, The system for potentiometric rate measurements 

consists of a combination fluoride electrode (Orion Model 96-09) 
and a conventional analog electrometer (Corning Model 12 re
search pH meter) with O.l-m V resolution connected to a mul
tispeed variable-span recorder. All measurements were carried 
out in a thermostated (±0.2 °C) plastic double-wall reaction cell 
with continuous magnetic stirring. 

Reagents. All reagents were of analytical reagent grade, and 
deionized, distilled water was used throughout. Working standard 
solutions of the amines, shown in Table I, in the range 1 X 10-5 

to 5 X 10-2 M were prepared daily from 0.1000 M stock standard 

3.65 ± 0.04 3.65 ± 0.04 0.99 ± 0.01 
8.5 ± 0.2 51 ± 1 0.93 ± 0.04 
0.62 ± 0.01 8.9 ± 0.1 0.94 ± 0.03 
2.28 ± 0.04 10.9 ± 0.2 0.94 ± 0.07 
7.2 ± 0.2 12.5 ± 0.3 0.98 ± 0.02 

32.8 ± 0.4 1.05 ± 0.09 
0.219 ± 0.004 1.00 ± 0.08 

25.3 ± 0.7 100 ± 2 1.03 ± 0.07 
0.198 ± 0.005 1.02 ± 0.02 0.99 ± 0.03 

solutions made from analytical reagent or USP grade substances 
(analyzed by the official methods) in water. FDNB working 
solution, 5.00% (w Iv) (0.269 M) in acetone, was prepared by 
dissolving 1.25 g of FDNB (Sigma) in 25.0 mL of acetone. This 
solution was stored in a sealed amber glass vial in the refrigerator 
that was opened only when used. It was stable for at least 1 
month. This reagent should be carefully handled, as it is vesi
catory. Mixed borate buffer solution, 0.0300 M, pH 9.0, was made 
to contain 3.00 X 10-5 M NaF and 5.00 X 10-3 M trans-1,2-di
aminocyclohexane-N,N,N',N'-tetraacetic acid (DCTA). Fluoride 
working standard solutions were prepared from a stock 1.000 M 
NaF solution with appropriate dilution. All fluoride solutions 
were stored in polyethylene bottles. 

Measurement Procedure. Pipet 10.00 mL of a working 
standard or sample solution of the analyte and 5.00 mL of the 
pH 9.0 mixed borate buffer into the thermostated (25.0 Oe) re
action cell. Start the stirrer, and after the potential has stabilized, 
initiate the reaction by the injection of 100 ILL of FDNB working 
solution with a Hamilton microsyringe and record the reaction 
curve for about 2-3 min. A blank (H20) should be included for 
each set of measurements. Estimate graphically the initial slope 
(DEI Ll.t)o (m V sol) of each reaction curve, for the kinetic study 
and the analytical determinations with the initial-slope procedure, 
or the potential change DE (m V) for a time interval of 60-180 
s depending on the reaction rate, for the analytical determinations 
with the fixed-time procedure. Using the standard solutions of 
each analyte, construct a calibration graph of (DE I Ll.t)o vs con
centration (initial-slope method) or (10""/8 - 1) vs concentration 
(fixed-time method). DE values for the blank should be subtracted 
from every DE measured for the standards or the samples. The 
slope of the electrode response (8) (required in the kinetic study 
and the fixed-time analytical procedure) is periodically determined 
by successive additions of 100 ILL of 1.50 X 10-3 and 1.50 X 10-2 

M NaF standard solutions in 10.00 mL of H,O mixed with 5.00 
mL of buffer and by measuring the potential with the electrometer. 

Sample Preparation. The sample solutions should be ap
proximately neutralized, if required, by using NaOH or HCl 
solutions and one drop of phenolphthalein indicator. For the 
assays of drug formulations the official USP procedures for 
sampling and treatment were followed. A suitable portion of the 
homogenized sample is dissolved or diluted with water so that 
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the concentration of the obtained sample solution lies within the 
range covered by the corresponding calibration curve. Sample 
dissolution was assisted by using a Vortex mixer, and measure
ments were performed in the clear supernatant. 

Reference Methods. The official or established methods used 
for comparison in the assay of drug formulations (Table IV) were 
as follows: nonaqueous titration with perchloric acid in dioxane 
and methyl red indicator, after extraction, for octamylamine; UV 
spectrophotometry after isolation with column chromatography 
for amphetamine; microbiological assay for gentamycin and to
bramycin; UV spectrophotometry after extraction with hexane 
from alkaline solution for propranolol. 

RESULTS AND DISCUSSION 
Selection of Experimental Conditions. It is well-known 

that the rate of the FDNB reaction with amines is affected 
drastically by the pH of the reaction solution, which controls 
the degree of the protonation of the amino group (38). Hence, 
most of the spectrophotometric methods based on this reaction 
are performed in alkaline solutions with NaOH or borax (3, 
5,7,10--12). A borate buffer of pH 9.0 was chosen as optimum 
for the proposed kinetic method as a compromise between a 
moderate measurable reaction rate, low interference from the 
hydroxide ions to the electrode response, and low hydrolysis 
rate of the FDNB. From experiments of the electrode re
sponse at various pH values in the range 6-12 a potentiometric 
selectivity coefficient hl":Ow = 0.040 ± 0.004 was found (mixed 
solution method, [F-] = 1 X 10-3 M). A final borate concen
tration of 0.0100 M in the reaction mixture was chosen as 
optimum as a compromise between maintaining low ionic 
strength and sufficient buffer capacity. A preliminary ap
proximate neutralization of very acidic or alkaline sample 
solutions is necessary to ensure precise control over pH. 

The electrode characteristics were studied in the chosen 
buffer. Nernstian response (slope of 59 m V) with a lower 
linear concentration limit (LLCL) of 1 X 10-5 M was found 
during the first 2 years of the electrode operative life. The 
slope decreased slowly to 49 m V in the third year. The dy
namic response time measured for a concentration change of 
5 X 10-5 M, at an initial concentration of 1 X 10-5 M (25 ec), 
was 24 s. The time constant (T) corresponding to this response 
time, as it was calculated by the approximate exponential 
equation of E I t curves for stepwise concentration changes (24), 
was found to be 8 s. The!lE I tJ.t slopes calculated from the 
E-t recordings are valid and useful for kinetic information 
if a fluoride concentration equal to the LLCL is present before 
the start of the reaction and the initial slopes are measured 
after a time of 4.6T (i.e. 37 s) (24). 

The DCT A was added to the mixed buffer to mask the 
possible interferences of Fe3+ and Al3+ present from the sample 
container. The kinetic study and the analytical determinations 
were performed at 25 ec. At higher temperatures the rate 
of both the main reaction and the FDNB hydrolysis is ac
celerated. Acetone was used as the reagent solvent because 
it shows negligible solvolysis, it is dissolved rapidly in the 
aqueous buffered sample solution, and the small amount of 
this solvent used (100 ILL) has no practical effect on the 
electrode response. 

Kinetic Study of Amine - FDNB Reactions. The re
action of amines with FDNB is a well-known example of a 
nucleophilic aromatic substitution reaction, with the formation 
of an intermediate complex, and can be depicted by the 
following scheme (39): 

h, _ 
RNH2 + (N02)2C6H3F ;::::::= (N02hC6H 3(F)+NH2R 

h_1 

~ (N02hC6H 3NHR + W + F- (1) 

Assuming a steady state, the rate of fluoride formation is 
described by the equation 

where K is the overall second-order rate constant. By dif
ferentiation of the Nernst equation for the fluoride electrode 
with respect to time, we have 

(3) 

where S' is the slope of the E vs In C calibration graph. 
Equation 3 is valid in the linear part of the electrode response 
graph, i.e., for [F-] > 1 X 10-5 M. 

Combining eq 2 and 3, at the start of the reaction where 
the initial slope is measured (with the precautions discussed 
previously), we have 

(!::.EI t:,.t)o = S'(1/[F-]o)K[RNH2]o[FDNB]o (4) 

As the pH seriously affects the concentration of the reactive 
nonprotonated amino group (38), the stoichiometric concen
tration CO,RNH, of the amine can be used in eq 4, with sub
stitution of the reaction rate constant K by the experimental 
(pH 9) stoichiometric reaction rate K". 

(!lEI t:,.t)o = S'(l/[F-]o)KstCo,RNH,[FDNB]o (5) 

The value of K for monoamines can be easily calculated from 
K,t by using the equation K = K"I ai, where ai is the fraction 
of the free amino group at pH 9.0, provided that the amino 
group is the only group that reacts with FDNB. 

As FDNB is also subject, to a small extent, to hydrolysis 
at pH 9.0 (with a rate constant of 0.121 M-l sol at 25 ec) (31), 
the initial rate (!lEI l>t)o for the FDNB-amine reaction must 
be corrected accordingly. A blank of (!lEI tJ.t)O.hydd can be 
easily measured or taken as equal to the intercept of the 
(!lEI l>t)o vs C RNH, plot. 

From experiments in which the FDNB concentration was 
varied in the range (1.8-7.2) X 10-4 M with constant amine 
concentration (aniline, 6.7 X 10'" M), the reaction order for 
FDNB was found to be 1.02 ± 0.03, which agrees with previous 
spectrophotometric resulta (37,38). From experiments with 
various concentrations of the amines tested and a constant 
concentration of FDNB, the reaction order with respect to 
the amine and K,t (and thus K) can be obtained. 

Figure 1 shows typical E-t curves of the FDNB-gentamycin 
reaction, used for the calculation of the kinetic parameters. 
Table I shows the results of this kinetic study at 25 ec for 
all the amines studied, grouped in three categories, i.e., mo
noamines, polyamines, and hydroxyamines. The reaction is 
seen to be first order with respect to all the amines. Values 
of Kst are given for all the amines tested, but K values were 
calculated only for those amines with a single amino group 
and no other reactive functional group (i.e., phenolic or other 
amino group). 

Literature kinetic data for the reactions of FDNB with 
amines are based on spectrophotometric data (monitoring the 
intermediate complex and the final product) under pseudo
first-order conditions. From the amines studied in this work, 
bibliographical data were found only for aniline. The reported 
values for the second-order rate constant (M-l sol), 0.0550 (37), 
0.030 (31), and 0.0400 (35), are in good agreement with that 
found by the described potentiometric method (0.0442 ± 
0.0002). 

Comparing the rate constants of the aniline derivatives, one 
can observe that the reactivity of the amines increases with 
the basicity of the amino group. Thus, sulfanilate (p
anilinesulfonate) and p-aminosalicylate have the lowest re
activity, followed by aniline and p-ethoxyaniline. p-Amino
phenol has the highest reactivity, which is due to, besides its 
increased basicity, the reactive phenolic group at the para 
position. It seems that the reactivity of the phenolic group 
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Figure 1. Typical reaction curves of the FDNB-gentamycin reaction 
for calibration graphs. Concentration of gentamycin: (a) blank, (b) 4.0 
X 10-', (c) 6.0 X 10-', (d) 1.0 X 10'''', (e) 3.0 X 10-4, (f) 6.0 X 1.0-4, 
and (9) 1.0 X 10-3 M. Dashed line shows the D.E measurement in the 
fixed-time method. 

of p-aminosalicylate is affected stereochemically by the vicinity 
of the carbonyl group. 

The reactivity of the three aryl diamines increases from 
a-phenylenediamine, for which it is low because of the vicinity 
of the two amino groups, to 2,5-toluenediamine and further 
to p-phenylenediamine. The reactivity of the primary alkyl 
monoamines also follows their basicity (hydroxylamine, am
inopropanol, amphetamine, and butylamine). 

The hydrolysis of FDNB was also studied by using the 
potentiometric procedure. The values of Kh (first-order re
action rate constant for hydrolysis) found were 6 (±1) X 10-6 
S-1 (35 °C), 2.6 (±0.5) X 10-5 S-1 (45 °C), and 7.6 (±L6) X 10-5 

S-1 (55 °C). For the reaction with hydroxide ions, second-order 
rate constants Kow (M-l S-I) of 0.05 ± 0.01 (35 °C), 0.24 ± 
0.08 (45 °C), and 0.8 ± 0.3 (55 °C) were found. By the use 
of mixed experimental hydrolysis constants from different 
temperatures, the E. of the hydrolysis of FDNB was found 
to be 27.5 ± 0.9 kcal mol-I. Barends et al. (21) reported values 
of 5 X 10-6 S-1 for Kh and 0.12 M-l S-1 for KOH- at 40 °C using 
HPLC, whereas Bunton and Robinson (31) reported a Kow 
of 0.12 M-l S-1 at 25 °C obtained by spectrophotometry at high 
(0.01 M) hydroxide concentrations. 

Analytical Applications. As shown by eq 5, the initial 
slope of the reaction curve is linearly related to the amine 
concentration, since the reaction is first order with respect 
to amine (Table I). As shown in Figure 1, two kinetic methods 
can be used for such graphs, the initial-slope or the fixed-time 
method (24). Table II shows typical examples of the exper
imental data for the calibration graphs for determination of 
gentamycin using the two methods. Excellent linearity and 
good precision were obtained with both methods. 

For the determination of the various amines with the fix
ed-time method, a !It value of 60, 120, or 180 s was selected, 
depending on the relative rate of the individual reaction. It 
is clear from the shape of the reaction curves that the so-called 
reciprocal time method cannot be used in these kinetic de
terminations. Data obtained for the amines tested are shown 
in Table III for the initial-slope method, summarizing the 
useful analytical ranges, the slopes of the calibration graphs 
along with their standard deviation and correlation coefficient, 
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Table II. Experimental Data for the Construction of 
Calibration Graphs for the Determination of Gentamycin 
with Initial-Slope and Fixed-Time ProceduresG 

conen, 105 M 

initial-slope method fixed-time method 

(!1E/ Ilt)o, 0/0 RSD 0/0 RSD, 
mVs-l (n = 3) !1E', mV (n = 3) 10t.E/s - 1 

4.00 0.0697 -2.60 0.129 
6.00 0.0951 -4.20 0.217 

10.00 0.153 3.1 -7.50 2.9 0.419 
30.0 0.319 -16.60 1.171 
60.0 0.578 -26.80 2.500 

100.0 0.943 -36.00 4.391 

Equations of Calibration Curves 
initial- (!1E/ IlI)o = 0.046 (±0.007) + 895 (±13)C, r = 0.9995 

slope: 
lOt.E/s - I = -0.07 (±0.04) + 4399 (±79)C, r = 0.9993 fixed-

time: 

'S = -49.3 mV /Iog C, III = 60 s. 

Table III. Analytical Characteristics of the Determination 
of Amines in Aqueous Solutions Using the Initial-Slope 
Method 

lin range 
tested, slope (±SD), 0/0 RSD 

amine 104 M mV 8-1 M-l (n = 3) 

n-butylamine 1-80 113±2 0.9994 4.2 
octamylamine 1-8 365 ± 5 0.9998 3.1 
aniline 1-10 113±3 0.999 2.7 
sulfanilic acid 50-500 5.62 ± 0.13 0.9997 1.5 
p-ethoxyaniline 0.5-5 495 ± 11 0.9994 2.1 
amphetamine 1-10 429 ± 6 0.9996 1.7 
propylenedi- 1-10 312 ± 2 0.99995 1.1 

amine 
o-phenylenedi- 1-30 39.0 ± 0.8 0.999 2.2 

amine 
p-phenylenedi- 0.1-1 2132 ± 93 0.998 4.0 

amine 
2,5-toluenedi- 0.1-1 1969 ± 91 0.998 3.5 

amine 
N-(l-naphthyl)- 0.1-1 7324 ± 151 0.999 2.8 

ethylenedi-
amine 

piperazine 1-5 816 ± 14 0.9997 1.8 
triethylenetetr- 1-10 299 ± 3 0.9995 2.7 

amine 
gentamycin 0.4-10 895 ± 13 0.9995 3.1 
tobramycin 0.5-10 679 ± 18 0.9990 2.1 
hydroxylamine 1-10 93.3 ± 0.9 0.9998 1.4 
2-methylamino- 1-10 217 ± 5 0.999 2.2 

ethanol 
2-ethylamino- 10-100 15.8 ± 0.3 0.9997 1.3 

ethanol 
l-aminopropanol 1-10 58.3 ± 0.9 0.999 2.1 
diethanolamine 3-10 183 ± 4 0.9993 0.8 
p-aminophenol 0.3-3 839 ± 10 0.999 2.3 
p-aminosalicylic 10-500 5.60 ± 0.09 0.999 2.1 

acid 
propranolol 1-10 644 ± 18 0.9991 1.8 
ephedrine 10-100 5.06 ± 0.13 0.999 1.7 

and the precision (obtained by triplicate measurements of a 
medium standard). As it is shown, the proposed kinetic de
termination of amines with the initial-slope method has a wide 
range of sensitivity, depending on the reaction rate of each 
amine. The most sensitive determination is that of N-(l
naphthyl)ethylenediamine, while the least sensitive is that of 
ephedrine. Slow reaction rates can be considerably accelerated 
by using micellar catalysis (37,40), thus increasing the sen
sitivity of the determination. The precision of the measure
ments was good for kinetic-potentiometric determinations, 



1362 • ANALYTICAL CHEMISTRY, VOL. 61, NO. 13, JULY 1, 1989 

Table IV. Comparison of Results Obtained by tbe Proposed 
Kinetic-Potentiometric and Established Methods in the 
Assay of Drug Formulations 

formulation 

Octinum Db 
drops 
tablets 

Dexedrinec 

tablets 

Garamycind 

injections 
injections 

Nebcin€ 
injections 
injections 

Inderal' 
tablets 

nominal 
contentG 

content found 
(±SD, n = 3)" 

present 
method 

reference 
method 

Octamylamine, HCI 

50 51 ± 1 51 ± 1 
50 52 ± 1 51 ± 2 

Amphetamine 

5 5.08 ± 0.09 5.13 ± 0.08 

Gentamycin 

10 11.2 ± 0.3 10.8 ± 0.5 
40 42 ± 1 41 ± 1 

Tobramycin 

40 41.2 ± 0.8 42.1 ± 0.9 
80 80 ± 1 81 ± 2 

Propranolol, HCI 

40 40.8 ± 0.8 41.2 ± 0.7 

t-tesV 

0.000 
0.774 

0.719 

1.188 
1.225 

1.294 
0.774 

0.652 

a Drops and injections measured in milligrams per milliliter and 
tablets measured in milligrams. bKnoll. CSmith Kline and French. 
dSchering Corp. 'Eli Lilly. fIC!. 't-test (theoretical, 95%) = 
4.303. 

with the percent relative standard deviation (% RSD) varying 
from 0.8 to 4.2 (n = 3). The linearity of the calibration graphs 
was also good with correlation coefficients in the range 
0.998--D.99995. The fixed-time method also provides analytical 
determinations with good sensitivity, linearity, and precision. 
Depending on the reaction rate of each amine, an increase of 
the sensitivity can be achieved by increasing the value of tJ.t. 
The total measurement time for both kinetic methods ranged 
from 2 to 3 min depending on the reaction rate. 

The proposed potentiometric method was applied to the 
determination of various amines with pharmaceutical interest 
in commercial formulations. More specifically the following 
drugs were determined: (a) octamylamine (N-isopentyl-1,5-
dimethylhexylamine), an anticholinergic and antispasmodic 
drug, administered as its hydrochloride salt in the form of 
drops, injections, and tablets; (b) amphetamine (<<-methyl
benzeneethanamine), a central nervous system stimulant drug, 
administered as its sulfate salt in the form of capsules, tablets, 
and elixirs; (c) gentamycin, an antibacterial of the amino
glycoside group, administered as its sulfate salt in injections, 
ear and eye drops, and eye ointment; (d) tobramycin, an 
antibacterial of the aminoglycoside group also, administered 
as its sulfate salt in the form of injections and powders for 
solutions; and (e) propranolol (1-(isopropylamino)-3-(1-
naphthoxy)-2-propanol), an antiarrhythmic and j1-adrenergic 
blocker drug, administered as its hydrochloride salt in the form 
of tablets, capsules, and injections. The results of the analysis 
of some commercial formulations of the above drugs and 
comparisons with official or established methods are shown 
in Table IV. It can be seen that good precision (2-3% RSD, 
n = 3) and good agreement with the reference methods were 
obtained. 

A recovery study performed on synthetic solutions of pro
pranolol with various excipients used in tablet formulation 
gave a mean recovery of 99.7% (range (98.4-102.5%) (Table 
V), showing the absence of any interference of these excipients. 
The selectivity of the proposed method is also proved from 
the results shown in Table IV, where the various excipients 

Table V. Recovery of Propranolol (1.00 X 10-3 M) from 
Synthetic Mixtures with Various Excipients (100 mg/mL) 

excipient 

NaC] 
Carbobol 4000" 
magnesium stearate 
talc 
lactose 
mannitol 
galactose 
sorbitol 
sugar 

mean 

a Carboxypolymethylene. 

% recovery 

101.0 
98.9 
97.1 
98.4 

102.5 
98.7 

100.7 
98.3 

102.1 
99.7 

of the analyzed formulations had no effect on the determi
nation. FDNB reacts only with primary and secondary 
amines, phenols, mercaptans, hydrazines, and hydrazides, so 
a selective determination of an amine drug, in the presence 
of other drugs or excipients having other functional groups, 
is possible with the proposed method. It must be emphasized 
that most of the sample solutions obtained in the above assays 
were colored or cloudy, a case in which the superiority of the 
ion-selective potentiometry is obvious. 

The proposed kinetic-potentiometric determination for the 
two aminoglycosides, gentamycin and tobramycin, is of par
ticular interest, since it is simple and fast and can be used 
in conjunction with the time-consuming official microbiological 
assay (a direct spectrophotometric method is not feasible 
because of the absence of any spectrophotometric charac
teristics of these two compounds). The reaction of FDNB has 
already been used in the spectrophotometric determination 
of these aminoglycosides (based on the absorbance mea
surement of the reaction product after the stopping of the 
reaction after 20 or 30 min) (13), and for derivative formation 
for HPLC (21). 

Besides the amino compounds shown in Table I, the re
action rate of which with FDNB was measurable and thus a 
kinetic determination feasible, a number of other compounds, 
members of the groups tertiary amines, amides, sulfonamides, 
ureas, and thioureas, and also ammonia and tris(hydroxy
methyl)aminomethane, were found unreactive, allowing a 
selective determination of a primary or secondary amine in 
the presence of these compounds. 

Conclusions. This work shows the usefulness of ion-se
lective electrodes in kinetic studies of reactions, where an ion 
monitored by the electrode is produced or consumed. Fur
thermore, it proves their usefulness in kinetic analysis by 
providing very simple, rapid, and selective analytical methods. 
The application of the proposed method in the pharmaceutical 
routine control shows the advantages of ion-selective electrodes 
in the analysis of colored and cloudy sample solutions. 
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Extraction and Isolation of Phenoxy Acid Herbicides in 
Environmental Waters Using Two Adsorbents in One 
Minicartridge 

Antonio Di Corcia,- Marcello Marchetti, and Roberto Samperi 

Dipartimento di Chimica, Universita La Sapienza di Roma, Piazzale Aldo Moro 5, 00185 Roma, Italy 

Selective solid-phase extraction from environmental waters 
of nine popular acidic herbicides was accomplished by using 
one miniaturized cartridge containing In the top side 50 mg 
of a nonspecific adsorbent, that Is graphitized carbon black 
(Carbopack B), and In the lower side 70 mg of a silica-based 
strong anion exchanger (SAX). After sample percolation, the 
SAX material was activated by passing through the trap so
dium acetate, 1 mol/L. A 3-mL solvent mixture of CH2CI2/ 

CH30H (80:20, by volume) basHled with 1 mmol/L NaOH was 
then allowed to fiow through the cartridge, and phenoxy acids 
were removed from the Carbopack surtace and selectively 
readsorbed on the exchanger surface. After washing, the 
nine herbicides were desorbed from the SAX surface with 0.6 
mL of water/methanol (50:50, by volume) containing tri
fiuoroacetic acid and potassium chloride. A 100-I'L portion 
of this solution was directly Injected Into the HPLC column, 
operating In the Ion suppresslon-reversed-phase mode. As 
Ion suppressor, the substitution of the commonly used acetic 
acid with trlfiuoroacetic acid allowed sensitive detection at 
230 nm. Recovery of the nine acidic herbicides ranged be
tween 94% and 100%, Irrespective of the sample type con
sidered. By this ex1ractlon method, basic, neutral, and weakly 
acidic compounds do not Interfere with the analysis. Inter
estlngly, this cartridge Is suitable for field sampling, as Car
bopack Is able to adsorb phenoxy acids from water at 
whatever pH value. The limits of detection of the nine her
bicides were well below 0.1 I'g/L. The effectiveness in terms 
of recovery and selectivity of the two-adsorbent tandem 
system was compared with that of a C-18 disposable car
tridge. 

'" To whom correspondence should be addressed. 

0003-270018910361-1363$01.5010 

In the last decade, as an alternative to liquid partitioning, 
the method of combined extraction and preconcentration of 
organic compounds in water by adsorption on proper solid 
materials followed by desorption with a small quantity of an 
organic solvent has been employed extensively for trace de
termination of contaminants in environmental waters (1-8). 
The recent availability of sorbents in small, inexpensive 
cartridges has contributed to the dramatic expansion of the 
use of solid-phase extraction (SPE), as evidenced by some 
selected publications (9-13). Besides solving well-known 
problems associated with the classical solvent extraction
solvent removal method, the SPE technique is particularly 
attractive as it lends itself to coupling with chromatographic 
systems for on-line applications (14). Another impressive 
feature of the SPE technique is that small sorbent traps can 
be deployed in the field by using newly available submersible 
instrumentation (15, 16) In this way, combined sampling, 
extraction, and preconcentration are done at the sampling site, 
thus eliminating most contamination and handling problems 
connected to the sample collection. In addition, immediate 
isolation of organics from the aqueous matrix by an adsorbing 
material can preserve analytes from bacterial attack occurring 
between the time of sample collection and analysis (17, 18). 
The small-volume column could be sealed and shipped to the 
laboratory for elution and chromatographic analysis. 

Phenoxy acid herbicides have become widely used because 
of their relative cheapness and effectiveness in controlling the 
presence of unwanted broad-leaf weeds in crops. For the 
extraction of this class of herbicides from water, various 
procedures involving the SPE technique by an anion ex
changer (19) and C-18 bonded silica (20-22) have been pro
posed. None of these methods, however, seems to be suffi
ciently sensitive to detect phenoxy acids at concentrations 
lower than 1 ILg/L. Moreover, compared to the three-step 

© 1989 American Chemical Society 
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liquid extraction procedure, i.e. solvent extraction, back-ex
traction with basified water, and reextraction with an organic 
solvent (23), the proposed SPE methods are certainly less 
tedious, but also less selective. 

When one is analyzing largely contaminated water samples 
and selective detection cannot be used, a rapid and simple 
procedure for cleanup of the extract prior to chromatographic 
analysis is desirable as, at least, it can provide added evidence 
for peak identity. Very recently, we succeeded in developing 
a selective high-performance liquid chromatography (HPLC) 
assay for eight triazine herbicides in water and vegetables by 
coupling a graphitized carbon black (Carbopack) cartridge 
(extraction column) to another one filled with a strong cation 
exchanger (isolation column) (24). 

The object of this work was that of developing a sensitive 
and specific HPLC assay for monitoring phenoxy acid her
bicides in environmental aqueous samples. The extraction 
and purification of the sample were performed by one single 
miniaturized cartridge containing in the upper part Carbopack 
and in the lower part a silica-based strong anion exchanger 
(SAX). Concentration factors higher than 500 were achieved 
by suitably sizing the trap. Direct injection of a large fraction 
of the final sample extract into the HPLC column operating 
in the reversed -phase mode was possible, as the eluotropic 
strength of the solvent system for elution of phenoxy acids 
from the trap was lower than that of the mobile phase for 
HPLC. Possible interferences by other acidic pollutants, such 
as phenols, were considered. 

EXPERIMENTAL SECTION 

Reagents and Chemicals. Authentic phenoxy acids and one 
benzoic acid derivative were purchased from Eurobase (Milan, 
Italy). The purity grade was equal or more than 99%. Theyare 
as follows: 2-methoxy-3,6-dichlorobenzoic acid (Dicamba); 2,4-
dichlorophenoxyacetic acid (2,4-D); 4-chloro-2-methylphenoxy
acetic acid (MCPA); 2-(2,4-dichlorophenoxy)propionic acid 
(2,4-DP); 2,4,5-trichlorophenoxyacetic acid (2,4,5-T); 2-(4-
chloro-2-methylphenoxy)propionic acid (MCPP); 4-(2,4-di
chlorophenoxy)butyric acid (2,4-DB); 4-(4-chloro-2-methylphen
oxy)butyric acid (MCPB); 2-(2,4,5-trichlorophenoxy)propionic acid 
(2,4,5-TP). A standard solution was prepared by dissolving 1 g 
of each herbicide in 1 L of methanoL This solution was further 
diluted to obtain a working standard solution of 10 mg/L. 

For HPLC, distilled water was further purified by passing it 
through a Norganic cartridge (Millipore, Bedford, MA). Methanol 
of HPLC grade was from Carlo Erba, Milan, Italy. Trifluoroacetic 
acid was supplied by Fluka AG, Buchs, Switzerland. All otber 
chemicals were of analytical reagent grade (Carlo Erba). 

Apparatus. Both Carbopack B and the silica-based anion 
exchanger had a particle size between 37 and 74 /Lm. As supplied, 
chloride was the counterion of the exchanger. They were packed 
in polypropylene tubes, 6 x 0.5 em Ld. Polyethylene frits, 20-/Lm 
pore size, were located above and below eacb sorbent bed. All 
the materials cited above were kindly supplied by Supelco, 
Bellefonte, PA. The extraction/purification cartridge was pre
pared by introducing first 70 mg of the SAX material and then 
50 mg of Carbopack B, with one frit interposed between tbe two 
sorbent beds. Before water samples were processed, no prewashing 
of the cartridge was necessary. The trap was fitted into a side-arm 
fIltering flask, and liquids were forced to pass through the cartridge 
by vacuum done by a water pump. 

Procedure. Aqueous samples were fortified with the nine 
herbicides by adding known volumes of the working standard 
solution. Water samples were then introduced in a polypropylene 
sample reservoir that was connected to the trap through an 
adapter. Suspended sediments contained in river and seawater 
samples, which can obstruct the cartridge, were removed by in
terposing between the reservoir and the cartridge a 6 em x 1 em 
i.d. plastic tube conteining only two polyethylene frits (20-/Lm pore 
size). Samples were percolated through the cartridge at a flow 
rate of 9-10 mL/min, which was the maximum flow rate attainable 
with the apparatus used. After the sample was passed through 
the two-adsorbent trap, vacuum was reduced to give a flow rate 

Table I. Recovery of Herbicides at Increasing Drinking 
Water Volumes SampledG 

% recoveryb 

100 mL 200 mL 400mL 

Dicamba 98.4 96.6 98.6 
2,4-D 97.3 99.0 98.7 
MCPA 98.2 97.9 98.5 
2,4-DP 98.0 97.3 98.7 
MCPP 96.7 96.8 96.2 
2,4,5-T 94.5 94.9 96.5 
2,4-DB 99.3 100.3 98.9 
MCPB 96.7 96.3 97.2 
2,4,5-TP 94.7 95.3 96.0 

a Water was spiked with 0.5 J.l.g/L of each compound. b Mean 
values were calculated from three determinations. 

of about 2 mL/min, as measured for water. An 8-mL aliquot of 
1 mol/L sodium acetate in water was percolated through the 
cartridge to displace inorganic anions from the ion-exchange sites 
of the SAX material and convert it to the acetate form. The salt 
excess was eliminated by 2 mL of distilled water, which was in 
turn removed from the trap by 0.5 mL of acetonitrile. Then, the 
vacuum was further decreased, and phenoxy acids and Dicamba 
trapped by the Carbopack column were removed from it to the 
SAX surface by passing slowly through the trap 3 mL of methylene 
chloride/methanol (80:20, by volume) basified with sodium hy
droxyde, 1 mmol/L, at a flow rate of about 1 mL/min. This 
solvent mixture was freshly prepared every 3 days, since it lost 
gradually its extraction efficiency on aging. Residual amounts 
of neutral and basic organic compounds remaining in the cartridge 
were drained with 0.5 mL of acetonitrile. Thereafter, the analytes 
of interest were eluted from the SAX column by passing through 
the cartridge at a flow rate of about 0.3 mL/min water/methanol 
(50:50, by volume) containing trifluoroacetic acid (0.5%, by 
volume) and KCI (0.16 mol/L) and collecting the first 600 /LL of 
this solution. A 100-/LL aliquot of this was injected into the HPLC 
column. 

HPLC Apparatus. A Model 5000 liquid chromatograph 
(Varian, Walnut Creek, CAl equipped with a Rheodyne Model 
7125 injector having a 100-/LL loop and with a Model 2050 UV 
detector (Varian) was used. A 25 cm X 4.6 mm i.d. column filled 
with 5-/Lm LC-18 reversed-phase packing (Supelco) was used. The 
mobile phase was a premixed water/methanol (41:59, by volume) 
solution containing 0.08% (v Iv) trifluoroacetic acid. The flow 
rate was 1.5 mL/min. The herbicides considered were monitored 
with the detector set at 230 nm. 

The concentrations of the herbicides in water were calculated 
by measuring the peak height of each herbicide and comparing 
them with those obtained with a standard solution. The latter 
was prepared by adding an appropriate volume of the herbicide 
working standard solution to 600 /LL of the same aqueous solution 
used for elution of the herbicides from the trap. 

RESULTS AND DISCUSSION 
Recovery Studies. For the herbicides considered, the 

extraction efficiency of the Carbo pack/ SAX cartridge at in
creasing volumes of a drinking water specimen (pH 7.1) was 
evaluated. Water samples were spiked with the nine analytes 
at an individual concentration of 0.5 /Lg/L. No pH adjustment 
of the sample was done prior to extraction. Data are reported 
in Table L Under the conditions mentioned above, the acidic 
herbicides considered were present in water virtually as anions. 
To first view, it is surprising that the small cartridge has the 
ability to trap such very water soluble analytes from relatively 
large sample volumes. Carbopack B was responsible for this 
effect, as, when in the chloride form, the low-capacity anion 
exchanger material located below the Carbopack particles has 
almost no affinity for organic anions. In two previous papers 
(25, 26) it was reported that some anomalous effects displayed 
by Carbopack particles immersed in water could be explained 
by assuming that some carbon-oxygen complexes naturally 
contaminating its graphitic surface framework are rearranged 
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Table II. Recovery of Herbicides at Increasing River and Seawater Volumes Sampledo 

% recoveryb 

river water, mL seawater, mL 

50 200 400 50 200 400 

Dicamba 98.5 31.6 (96.8)' 7.9 (97.4) 98.7 48.9 (97.8) 22.7 (98.1) 
2,4-D 97.6 96.8 96.1 96.6 97.9 98.6 
MCPA 98.4 98.0 98.9 98.1 98.5 99.0 
2,4-DP 98.2 97.5 99.0 97.7 98.5 97.5 
MCPP 96.6 96.4 95.7 96.4 95.2 96.1 
2,4,5-T 94.7 94.9 95.6 95.0 94.6 96.5 
2,4-DB 98.9 98.1 98.2 98.8 98.5 99.1 
MCPB 97.3 97.3 97.0 96.5 97.3 96.1 
2,4,5-TP 94.8 95.1 94.3 94.3 95.8 96.7 

a Water was spiked with 2 ,ug/L of each compound. b Mean values were calculated from three determinations. C In parentheses are 
reported recovery values of Dicamba after sample acidification. 

to form chemical groups bearing a positive charge. This 
surface modification enables Carbopack to strongly but re
versibly adsorb organic anions; this is likely due to the added 
contributions of electrostatic and van der Waals forces. By 
taking advantage of this feature, workers have successfully 
employed Carbopack for the extraction of very polar phenols 
(7) and for the class separation of conjugated estrogens (27). 

The effect that the matrix can have on the breakthrough 
volumes of the phenyl acetic derivative (Dicamba) and 
phenoxy acids was assessed by assaying increasing volumes 
of water samples from two different sources, that is river and 
seawaters. Likewise with solvent extraction methods, when 
the sorbent trap technique is used with nonspecific materials, 
such as chemically bonded silica (20-22), ion suppression by 
suitable pH adjustment is usually an unavoidable preliminary 
step in order to retain ionogenic substances. Obviously, this 
precludes field sampling of water by the use of extraction 
columns. On purpose, the addition of the herbicides consid
ered at the individual concentration of 2 p.g/L was the only 
modification we made on the environmental samples. As 
measured, the apparent pH values of the river and seawater 
specimens were respectively 8.1 and 7.8. Both the river and 
seawater samples, the latter being collected very close to the 
outlet of the river considered (Tevere), contained a lot of 
unknown acidic organic compounds, as evidenced by a large 
initial front appearing on chromatographing the relative 
sample extracts. In spite of this, recovery data (Table II) of 
the eight phenoxy acids were very comparable to those ob
tained for drinking water extraction. Evidently, no significant 
adverse saturation effect took place on the Carbopack surface, 
within the range of water volumes considered. On the con
trary, a dramatic loss of the phenylacetic derivative, that is 
Dicamba, occurred by sampling water volumes larger than 100 
mL. Among the acidic herbicides considered, Dicamba was 
observed to have by far the highest mobility on the Carbopack 
column. Competition for the relatively few, positively charged 
active centers of the Carbopack surface mentioned above by 
the other organic anions naturally contaminating the two 
environmental aqueous samples considered was supposedly 
responsible for the loss of Dicamba. This hypothesis was 
substantiated by the fact that no significant loss of Dicamba 
was further observed by acidifying the water samples (pH 2). 
In such ambient, the phenyl acetic derivative is virtually 
un-ionized, and as such, its adsorption takes place on the 
predominant, normal adsorption sites of the Carbopack sur
face, which are far from saturation. Anyway, an accurate 
determination of Dicamba at concentrations lower than 1 p.g/L 
could be still performed without sample manipulation by 
submitting to the extraction procedure only 50 mL of a surface 
water specimen. 

Finally, another interesting feature of the combined use of 
a nonspecific adsorbent and an ion exchanger is that selective, 

Table III. Accuracy and Precision of the Method with 
High and Low Herbicide Contents in 200-mL Groundwater 
Samples 

% recovery ± SDa 

0.1 "giL 50 "giL 

Dicamba 98.8 ± 5.7 98.3 ± 2.0 
2,4-D 98.2 ± 2.6 98.9 ± 1.6 
MCPA 99.3 ± 2.4 97.9 ± 1.3 
2,4-DP 98.7 ± 2.1 98.8 ± 1.4 
MCPP 96.3 ± 2.7 96.7 ± 1.6 
2,4,5-T 95.4 ± 2.9 96.1 ± 2.1 
2,4-DB 99.0 ± 1.8 98.0 ± 1.1 
MCPB 96.6 ± 2.9 97.4 ± 1.5 
2,4,5-TP 94.9 ± 3.2 95.6 ± 2.3 

a Standard deviation calculated from six determinations. 

quantitative extraction of ionogenic organic compounds can 
still be accomplished from high-ionic-strength aqueous sam
ples, such as seawater, where an ion exchanger alone fails. 

Precision. The recovery and the within-run precision of 
this method at low and high concentrations of the nine her
bicides considered were assessed. A sample of groundwater 
was divided into two portions that were supplemented with 
the analytes respectively at the levels of 0.1 and 50 p.g/L. Each 
portion was divided into six 200-mL aliquots, which were 
analyzed by this procedure. Quantitative results are reported 
in Table III. As can be seen, the recovery efficiency was 
independent of the herbicide concentration, thus demon
strating the absence of any adverse effect of both irreversible 
adsorption by the materials composing the extraction appa
ratus and saturation of the two adsorbents. 

Method Comparison_ In terms ofrecovery and selectivity, 
the effectiveness of the extraction procedure by the two-ad
sorbent tandem assembly was compared with those obtained 
by using a 1-g C-18 disposable extraction column (Baker 
Chemical Co., Phillipsburg, NJ) (20, 22) and a homemade 
cartridge containing 50 mg of a high-capacity resin-based 
strong anion exchanger, such as Amberlite CG-400-II (Fluka). 
This material was converted to the hydroxide form prior to 
use. For these experiments, 50-mL aliquots of a Tevere River 
water sample were supplemented with the nine herbicides at 
the individual concentration of 2 p.g/L. The extraction of the 
analytes with the C-18 cartridge was performed from both 
unacidified and acidified (pH 2) water samples. According 
to the method of Hoke et al. (20), the herbicides were eluted 
from the C-18 cartridge with two 1-mL portions of methanol 
that were suitably diluted with water prior to HPLC quan
tification. Removal of the analytes from the anion exchanger 
material was performed first by washing it with 1 mL of 
acidified water (pH 1) and then desorbing the analytes with 
1 mL of water/methanol (50:50, by volume) acidified with HC!, 
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Figure 1. Chromatograms obtained on sampling 50 mL of river water (T evera, June 1988) spiked with 2 ,ug/L concentrations of the nine herbicides 
considered and 4 ,ug/L concentrations of the 11 priority pollutant phenols by this extraction procedure (A) and the 1-g, C-18 extraction column 
(B): 1, Dicamba; 2, 2,4-0; 3, MCPA; 4, 2,4-0P; 5, MCPP; 6, 2,4,S-T; 7, 2,4-0B; 8, MCPB; 9, 2,4,5-TP; A, phenol; B, p-nitrophenol; C, o-chlorophenol; 
D, 2,4-dinitrophenol; E, o-nitrophenol; F, 2,4-dimethylphenol; G, 4,6-dinitro-o-cresol; H, 4-chloro-m-cresol; I, 2,4-dichlorophenol; J, 2,4,6-tri
chlorophenol; U, unknown compounds contaminating the water specimen. Pentachlorophenol was eluted with a retention time greater than 50 
min. 

0.1 moljL. Recovery data are reported in Table IV. A large 
loss of Dicamba and incomplete recovery of phenoxy acids 
were obtained by using the resin-based exchanger material. 
Moreover, the breakthrough volumes of the herbicides con
sidered on the exchanger column were strictly dependent upon 
the ionic strength of the water sample percolating through 
it, as observed by adding moderate amounts of an inorganic 
salt to the aqueous sample considered. A good extraction 
efficiency for the nine herbicides from acidified water was 
obtained with the C-18 cartridge, but this material was in
effective for use in field extraction of ionogenic compounds 
since the herbicides considered passed almost unretained along 
it when the preliminary acidification step of the water sample 
was omitted. 

As designed, the CarbopackjSAX cartridge is able to trap 
selectively only compounds acidic in nature. Among these, 
we considered the 11 priority pollutant phenols as compounds 
that may interfere with the analysis of the herbicides con
sidered. In terms of selectivity, the performance of the 
two-adsorbent tandem assembly was assessed and compared 
with that of the I-g, C-18 extraction cartridge by sampling 
surface water spiked with both the nine acidic herbicides and 
the 11 phenols. Figure 1 shows typical chromatograms ob
tained by the two extraction procedures. As can be seen, the 
selective extraction procedure developed by us was able to 
eliminate not only two unknown neutral compounds present 
in the environmental water sample that interfere with the 

Table IV. Recovery of Herbicides from 200-mL 
Groundwater Samples by the Proposed Method Compared 
with That from Two Other Extraction Methods 

% recoverya 

C·18 this 
pH 2 pH 7.9 anion exchanger method 

Dicamba 94.2 <10 23.0 97.3 
2,4·D 96.1 <10 78.3 98.4 
MCPA 96.4 <10 77.7 97.6 
2,4·DP 97.7 <10 76.8 96.4 
MCPP 94.4 <10 82.0 97.3 
2,4,5-T 93.5 <10 81.4 95.4 
2,4·DB 96.0 <10 82.3 98.9 
MCPB 95.8 <10 81.5 96.5 
2,4,5-T 93.1 <10 77.3 95.2 

a Mean values were calculated from two determinations. 

analysis of 2,4-DP and 2,4,5,-TP during extraction of water 
with the C-18 cartridge, but also a weak acidic compound, such 
as 2,4-dichlorophenol, that interferes with the analysis of 
MCP A. This phenol derivative, together with phenol, 0-

chlorophenol, 2,4-dimethylphenol, and 4-chloro-m-cresol, was 
completely washed out from the trap under consideration 
likely because, although adsorbed on the Carbopack surface, 
these compounds are not sufficiently acidic to be retained by 
the SAX material in the acetate form. 



5 

4 

6 8 

7 

o 4 8 12 16 20 24 28 
time(min) 

Figure 2. Chromatogram obtained on sampling 100 mL of drinking 
water spiked with 0.3 J,tg/L concentrations of each herbicide. Peak 
numbering is the same as in Figure 1. 

Limits of Detection. Reversed-phase HPLC of phenoxy 
acids has us~ally been performed by adding acetic acid to the 
mobile phase as an ion suppressor (20-22, 28). Under this 
condition, UV detection at 230 nm, where phenoxy acids have 
the absorption maximum, is precluded because of the ab
sorption of acetic acid itself at this wavelength. This obstacle 
was overcome by replacing acetic acid with a much more acidic 
organic compound, such as trifluoroacetic acid. By this 
modification, sharp peaks for phenoxy acids with a low base 
line at 230 nm were obtained because, compared to acetic acid, 
trifluoroacetic acid is a very weak UV-absorbing species, and 
a very small amount of it sufficed to suppress ionization of 
the acidic herbicides. 

Under the chromatographic conditions selected, the limits 
of detection (signal-to-noise ratio = 3) ranged from 0.3 to 1.2 
ng, respectively, for Dicamba and 2,4,5-TP, which are the first 
and last compounds, respectively, to be eluted from the HPLC 
column. It follows that by sampling only 100 mL of a drinking 
water sample this method can determine phenoxy acids and 
Dicamba at concentrations much lower than 0.1 ,"giL and 
consequently can satisfy fully the expected new EEC regu
lations. Figure 2 shows a typical chromatogram obtained on 
sampling a drinking water sample fortified with the nine 
herbicides considered. 
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Sample Storage. As discussed earlier, no sample pre
treatment is necessary on extracting phenoxy acids from water 
with the Carbopack/SAX cartridge. Therefore, this trap can 
be suitable for use in field extraction of phenoxy acids. On 
the other hand, as already observed for benzidine extracted 
with Carbopack from a largely contaminated surface water 
sample (29), it is possible that some chemical alteration of the 
sample catalyzed by the Carbo pack surface takes place be
tween the time of the extraction and that of the solvent de
sorption. For the nine herbicides studied, the effect of storage 
was evaluated by extracting 200 mL of a Tevere River sample 
spiked with 2 ,"giL of each herbicide. After the water had 
been passed through it, the cartridge was stored for 25 days 
at ambient temperature. Thereafter, the herbicides were 
desorbed and determined by the proposed procedure. The 
recoveries ofthe nine herbicides considered ranged between 
94.7 for 2,4,5-T and 98.7 for 2,4-D. Hence, no significant 
adverse effect occurred during storage. 

Registry No. 2,4-D, 94-75-7; MCPA, 94-74-6; 2,4-DP, 120-36-5; 
MCPP, 7085-19-0; 2,4,5-T, 93-76-5; 2,4-DB, 94-82-6; MCPB, 94-
81-5; 2,4,5-TP, 93-72-1; H20, 7732-18-5; dicamba, 1918-00-9. 
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Theory of Optimization of the Experimental Conditions of 
Preparative Elution Chromatography: Optimization of the 
Column Efficiency 
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The effect of column efficiency on the recovery yield and the 
production rate of the second component of a binary mixture 
purified by preparative liquid chromatography at a certain 
required degree of purity is discussed. Equations relating 
these functions to the characteristics of the separation prob
lem studied are derived by combining the analytical solution 
of the Ideal model to the band broadening effects due to the 
finite column efficiency. The optimization of the parameters 
that control the column efficiency (the column length, L, the 
particle size diameter, d p' and the mobile phase velocity, u) 
Is described. II Is shown that there is an optimum value for 
the ratio of d.-fL, for which the production rate is maximum. 
This optimum value depends on the selectivity of the chro
matographiC system used, on the maximum pressure under 
which the equipment and column can be safely operated, On 
the relative composition of the feed, on the required degree 
of purity, on the parameters of the competitive equilibrium 
Isotherms of the mixture components, and on the parameter 
of the plate height equation accounting for the resistances to 
radial mass transfer Inside the phases and between them (the 
classical "e" term). The production rate increases mono
tonically with increasing maximum pressure under which the 
equipment and the column can be operated. II increases as 
the square of (1 - (11 a», which is nearly as the square of 
(a - 1), at low values of the phase system selectivity. The 
optimum value of the sample size is independent of the cOl
umn efficiency. 

INTRODUCTION 
In a recent paper we have developed the theoretical 

framework for a theory of optimization of preparative chro
matography based on the use of the ideal model (1). This 
model provides powerful insights into the interactions between 
some of the most critical parameters controlling the per
formance of a preparative liquid chromatograph. Since this 
model assumes a column of infinite efficiency, however, there 
is one issue for which it is unable to suggest any relevant 
answer, the influence of the column efficiency on the pro
duction rate and the recovery yield. Optimization of the 
design parameters that determine the column efficiency 
(column length, particle size, and quality of the packing 
material) is of major importance, however, because making 
very efficient columns is costly, so we do not want to use 
columns more efficient than necessary. The most efficient 
columns are made of small average particle size, narrow size 
distribution packing materials. Operation of these columns 
at the proper (relatively high) mobile phase velocity requires 
the use of high inlet pressures, which in turn demands so-

* Author to whom correspondence should be addressed at the 
University of Tennessee. 
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phisticated, high-performance pumps, thick wall, heavy col
umn tubings, and fittings made of high tensile strength alloys. 

The complete optimization of the experimental conditions 
of preparative liquid chromatography would require the de
rivation of procedures permitting the calculation of the design 
and operation characteristics of the chromatograph which 
permits the minimum production cost for a compound with 
certain specifications, using a feed of known composition. It 
is not possible at this stage, for an academic research group, 
to incorporate such esoteric parameters as labor costs, head
quarters overhead, and amortization in an optimization study. 
The estimate of these parameters is often specific to a com
pany, or even to a plant. We shall discuss here the conditions 
permitting the achievement of the highest possible production 
rate with columns of a given diameter. It is in1plicitly assumed 
that the production rate is proportional to the square of the 
column diameter. As long as the column efficiency is inde
pendent of the column diameter and the combined effects of 
the heat of sorption/ desorption and radial heat transfers on 
column performance seem negligible, there is no reason to 
doubt this basic assumption. 

In the search for the maximum production rate we shall 
take a few constraints into account. First, the products 
collected must satisfy some purity requirements. Usually, the 
products of the chromatographic separation must be between 
95% and 99% pure. Sometimes, however, specifications as 
low as 90% or exceeding 99.9% are found. Second, the re
covery yield must often, but not always, exceed a certain 
threshold, sometimes as high as 98%, other times lower than 
60%. In other cases, only the maximum production rate is 
of interest; intermediate fractions can be recycled or wasted. 
Finally, the column must be operated with an inlet pressure 
that should not be too high. There is much ambiguity here, 
and it is rarely possible to define an accurate threshold. The 
maximum pressure allowed depends to some extent on the 
column diameter. It is easy to find 1 mm i.d. metal tubings 
which can stand pressures well exceeding 1000 atm. It is very 
expensive to make a 60 em diameter column that can be 
operated at 100 atm inlet pressure. 

Most previous studies published on the optimization of 
column efficiency in preparative liquid chromatography are 
based on the variation of the bandwidth of the main com
ponent zone with increasing sample size. Although it has been 
known for many years that the band broadening observed at 
large column loadings is due to thermodynamical reasons and 
is nearly independent of the kinetics of mass transfer between 
phases, it has often been wrongly concluded that, since the 
apparent column efficiency decreases with increasing sample 
size, efficient columns are not useful in preparative chroma
tography (2). This is contradictory with previous experimental 
results obtained in gas chromatography (3) and in liquid 
chromatography (4), which indicate that the best results are 
obtained with the most efficient columns (smallest values of 
the A and C coefficients). This is because the real column 
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efficiency is a measure of the kinetics of mass transfer between 
phases and determines the sharpness of the band profiles, 
whereas the general profiles of high concentration bands 
depend also on the thermodynamics of phase equilibria. An 
efficient column can be used at a much higher flow velocity 
than a poor column and still provide the same efficiency, as 
measured by the number of theoretical plates for a small 
sample. It will thus permit the achievement of a larger pro
duction rate. We show in the present paper why and to which 
degree the column efficiency influences the performance of 
a preparative chromatograph. 

Similarly, attempts at optimizing the column efficiency that 
are based on the use of the resolution equation classical in 
analytical (i.e., linear) chromatography and on relationships 
between apparent column efficiency and sample size (5) are 
doomed to failure as they neglect the two fundamental aspects 
of nonlinear chromatography, the interaction between the 
band profiles of the various components of the feed during 
their migration in the column (6) and the occurrence of shocks 
or shock layers between these bands (7). The thickness of the 
shock layer between the bands of the two components of a 
binary mixture, for example, depends on the column efficiency, 
which, accordingly, controls also the production rate and the 
recovery yield. For this very reason, the otherwise excellent 
work by Knox and Pyper (8), which explicitly neglects the 
interaction between the two components and assumes for them 
two independent, single-component, Langmuir equilibrium 
isotherms, cannot give satisfactory results, although the au
thors considered exact resolution of the two elution band at 
column exit (9). But the bands have interfered and consid
erably interacted during their entire migration along the 
column. 

In a previous paper (1), we have discussed the use of the 
ideal model of chromatography for the optimization of the 
experimental conditions of a preparative separation. We have 
derived analytical expressions for the optimum sample size, 
the cutting times, the recovery yield, and the production rate. 
One of the most important results of that work was the 
demonstration that the optimum sample size is independent 
of the column efficiency. The maximum production rate 
achieved, on the contrary, depends markedly on this efficiency, 
but our former work (based on the ideal model, i.e., on the 
assumption of a column of infinite efficiency) does not permit 
the derivation of a predictive relationship which couId be used 
for optimization purposes. It is obvious that, with the infi
nitely efficient column of the ideal model, the separation 
should be performed at the highest flow velocity acceptable. 
In practice, however, the column efficiency is finite and de
pends on the mobile phase velocity. At high flow rates, the 
column efficiency is low and the border lines between in
completely resolved bands become blurred. The recovery yield 
falters. 

The purpose of this paper is the derivation of analytical 
expressions relating the production rate, the recovery yield, 
and the cutting times to the column efficiency and the op
timization of the relevant design and operation parameters 
of an industrial preparative chromatograph. 

THEORY 

In this paper we combine the results of several previous 
studies, (i) the analytical solution of the ideal model of 
chromatography in the case of a binary mixture, when the 
equilibrium isotherm for the two components are competitive 
Langmuir isotherms (10), (ii) the optimization of the sample 
size for maximum production rate of one of the two compo
nents of a binary mixture with or without certain constraints 
of purity and recovery yield (1), and (iii) the relationship 
between apparent column efficiency and sample size in the 
case of the semiideal model of chromatography (J 1). 
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Figure 1. Solution of the ideal model of chromatography for a large 
injected plug of a binary mixture: feed composition, 1/1; phase se
lectivity, 1.20; AB, front shock, shock separating a solution of the first 
component from the pure mobile phase; Be, diffuse rear profile of the 
pure first component (first zone of the chromatogram); CD, rear shock 
of the first component; DE, diffuse rear prOfile of the first component 
in the mixed band (second zone of the chromatogram); FG, front shock 
of the second component, separating the solution of pure first com
ponent from a mixed band of the two components); GH, diffuse, rear 
profile of the second component in the mixed band; HI, plateau of the 
pure second component (third zone of the chromatogram); IJ, diffuse 
rear profile of the pure second component (end of the third zone Of 
the chromatogram). The elution times of AB, FDCG, EH, I, and J are 
given in Table IA. The equations for the arcs BC, DE, GH, and IJ are 
given in Table IS. The concentrations in C, D, G, and H are given in 
Table IC. 

The definitions of throughput, cycle time, production rate, 
recovery yield, and purity are the same as those used in the 
previous work (1). 

I. Summary of Previous Results. The equations giving 
the characteristic features (retention times and height of the 
concentration shock between the two components, elution 
profiles of the two components) of the system of two inter
fering bands corresponding to the injection of a large sample 
of a binary mixture, whose components are incompletely re
solved, are summarized in our previous paper (1). These 
equations are reported again here, on a different, more con
densed tabular form (see Figure 1 and Table n. 

The equations derived previously (1), relating the cutting 
times, the recovery yield, and the production rate to the 
characteristics of the separation problem investigated (pa
rameters of the equilibrium isotherms of the compounds, 
composition of the feed, required degree of purity of the 
collected fraction) are summarized in Tables II (definitions) 
and III (results). These equations have been derived within 
the framework of the ideal model of chromatography. They 
assume a column of infmite efficiency. We want to emphasize 
here that the loading factor for the mixed zone, Lf (Table IIa 
eq II-2c), is not related simply to the feed composition: it is 
not equal to the sum of the loading factors for the two com
ponents. 
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Table I. Characteristics of the Analytical Solution of the 
Ideal Model for a Binary Mixturea 

A. Retention Times 
End of the Band of the Second Component (J): 

tj ~ tp + tR"o ~ tp + (1 + k'o,,)to 

End of the Plateau of the Second Component (I): 

"(,, - 1) 
tr ~ tE + --a-2-UR,20 to) 

End of the Band of the First Component (E): 

tE ~ tp + to + 2:(tRIO to) 
a ' 

Retention Time of the Second Component (FG): 

tF ~ tp + to + "(tR,,o to) (1 - Lr'!')' 

Retention Time of the First Component (A): 
tA cannot be calculated analytically, but either by 
solving numerically a first-order differential equation or 
by calculating the lower boundary of the integral of the 
profile BC (eq 1-5) so the mass of the first component 
is conserved 

B. Arcs of the Profiles 
First Component, First Arc (BC): 

t ~ tp + to + 

(1-1) 

(1-2) 

(1-3) 

(1-4) 

(t ° - t)[ 1 
R,l ° (1 + bICI)' 

L _a _-_1 __ --'1=--_---: ] 
r,2 a [(a - I)la + blC,]' 

First Component, Second Arc (DE): 

1 [(" tR} - to )l!' ] C- -----1 
1 - bl + b,j arl " t - tp - to 

Second Component, First Arc (GH): 

1 [( tR"o to )l!' ] 
C,~---- ,,--- -1 

b, + ablrl t - tp - to 

Second Component, Second Arc (IJ): 

C-~ ~ 
[ ( 

t Ot )l!' 

, - b, t - tp - to 

C. Concentrations 
Concentration of the Plateau of Second Component (HI): 

a-I 
CH ~ b, + ablrl 

Concentration of the Second Component at the Shock 
(G): 

(1-5) 

(1-6) 

(1-7) 

(1-8) 

(1-9) 

1 Lr'!' 
CG ~ ------ (1-10) 

b, + ablrl 1 - Lr'!' 

Concentration of the First Component on the Shock Rear 
Side (D): 

rl 1 - a + aLl/2 
CD ~ --- ----,:-;:--

b2 + ablrl 1 - Lrl!2 

Concentration of the First Component on the Shock 
Front Side (C): 

(1-11) 

((1- a)la) + Lr'!' 
C c - (1-12) 

1, - bl (1 - Lrl!') 

"See Figure 1 (location of points A, F, E, I, J). 

II. Principle of the Introduction of the Column Ef
ficiency in the Solution of the Ideal Model. We want to 

Table II. Definitions and General Equations 

A 
Equilibrium Isotherms for the Two Components: 

arC, 
QI ~ 1 + blCI + b,C, 

a,C, 

Loading Factor: 
The ratio of the amount of a component injected in 
the column to the column saturation capacity for this 
compound. 

C,Ob,tp n,b, 
Lf2 ~ --- = --"'=-''--

, tR"o - to Fv(tR"o - to) 

rl is the positive root of the following equation: 

ablC,or' - (a - 1 + ablClo - b2C,O)r - b,Clo ~ 0 

ablrl + b2 a2 

" ~ blrl + b, and a ~ ;;-; 

B 
Production Rate for Component i: 

p.: ni- Ai 
, t, 

Recovery Yield for Component i: 

R
i

: ni -Ai 

ni 

Purity of the Fraction of Component i Collected: 

Pu.: ilj-Ai 
• ni-Ai+Bi 

with: 

i t" A, ~ Fv C, dt 
tF 

where tc,l and t c,2 are the cutting times for the first 
and second component, respectively, i.e., the times 
when the fraction collector of the first component is 
closed (te,l) and when the fraction collector for the 
second component is open (tc,2, see Figure 1). 

(II-Ia) 

(II-Ib) 

(1I-2a) 

(1I-2b) 

(11-2c) 

(11-3) 

(11-4) 

(11-5) 

(11-6) 

(11-7) 

(11-8a) 

(1I-8b) 

(II-9a) 

(11-%) 

modify the solution derived from the ideal model to account 
for the finite efficiency of the column. Obviously, this cannot 
be done in a rigorous way. We cannot derive an analytical 
solution of the semi-ideal model of chromatography, which 
tekes into account the finite column efficiency. We know how 
to calculate numerical solutions for this model (6, 12), however, 
and it has been shown that the profiles obtained are in ex
cellent agreement with the experimental results (13, 14). The 
use of numerical solutions for the investigation of the opti
mization of the column design and operation parameters is 



Table III. Yield (R,), Production Rate (P,), and Cutting 
Time (t c2) for the PurificationG of the Second Component 
of a Bin~ry Mixture (Optimum Conditions under the Ideal 
Model of Chromatography) 

Yield at Maximum Production Rate: 

1 [(t'" tp - to)!/']' R, = 1-
L r,,(1 + b!rIlb,) y(tR"o - to) 

Maximum Production Rate: 

,SLk,'o [ (t'" tp - to)!/']' P, = 1-
(b, + b!r!)t, y(tR,'o - to) 

Optimum Cutting Time: 

to"~ = tp + to + y(tR"O to) [ 1~~~ x r 
with: 

x = (1- pu,)!/' 
PU2arl 

and PU2 is the required purity of the fraction collected. 
Optimum Loading Factor: 

1 [1-l/a]' 
L r" = (1 + b!rIlb,) ~ 

a Required degree of purity, PU2. see eq III~4. 

(III·l) 

(III-2) 

(III-3) 

(III-4) 

(III-5) 

long, complicated, and difficult, as it is a multiparameter 
optimization that has to be carried out numerically without 
the help of a theoretical model (15). 

Since we have an exact analytical solution of the ideal 
model, we are going to derive an approximate solution of the 
semiideal model, extending previous results by Knox and 
Pyper (8) and by us (11, 16). Then, we shall compare the 
results predicted by this approximation to those of numerical 
calculations carried out in a number of different cases, to 
estimate the degree of accuracy of this approach. Since the 
results of this comparison are satisfactory (see below), the 
approximate equation, whose use is much simpler than that 
of the numerical program, will be available for the solution 
of practical problems and will serve as a basis for an opti
mization of the column characteristics. 

When we consider a column that has a finite efficiency and 
inject a finite size sample, there are two independent con
tributions to the bandwidth, thermodynamic and kinetic 
contributions. The former arises from the nonlinear behavior 
of the equilibrium isotherm of the components of the mixture 
between the two phases of the chromatographic system. It 
is properly accounted for by the ideal model (10). The latter 
is due to the finite kinetics of radial mass transfer in the 
chromatographic column. It is responsible for the column 
efficiency and is neglected in the ideal model (infinite column 
efficiency). In a first approximation, these two contributions 
can be treated as independent from each other (8). We may 
assume that the kinetics of mass transfer, either through the 
mobile phase (whether flowing between packing particles or 
stagnant inside the pores of these particles) or between the 
mobile and the stationary phases, does not vary with in
creasing concentration of the sample components in the eluate. 
We know that the column efficiency is controlled by diffusion 
in most cases and that the diffusion coefficients of dilute 
solutions vary only slightly with their concentration in the 
range used in preparative liquid chromatography (0-5%), 
except for high polymers, so we may expect this assumption 
to hold in most practical cases. 
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III. Procedure for Relating Column Efficiency and 
Production Rate. Because of the finite column efficiency, 
the concentration shocks predicted by the ideal model do not 
take place. They are replaced by the formation of very steep 
fronts, called shock layers (7). Accordingly, the top of the 
second shock layer of the first component (point C, Figure 
1) is eluted slightly before its bottom (point D), while, for the 
second component, point F elutes slightly before point G. The 
thickness of the shock layers, i.e., the times between the elution 
of C and D or of F and G, is proportional to the column 
HETP. Furthermore, the second part of the first component 
profile (arc DE, Figure 1) and the rear of the second com
ponent profile (arcs GHIJ, Figure 1) are diffuse and tail 
somewhat longer than predicted by the ideal modeL The 
extent of this tailing depends on column efficiency and, in 
turn, influences the position of the cutting times for the 
collection of the purified fractions. For both components, the 
lower the column efficiency, the smaller the production rate 
for a given degree of purity and the lower the recovery yield. 
The effects of the column efficiency on the production rate 
of the two components have different origins, however, and 
must be treated differently. For component 1, the origin of 
the decrease in production rate is in the thickness of the shock 
layer of the second component. For component 2, it is in the 
diffusive tailing of component 1. This paper is concerned only 
with the second phenomenon. 

Compared to the production rate predicted by the ideal 
model, the production rate of the second component by a real 
column, having a finite efficiency, is reduced because the 
elution of the first component takes longer. Accordingly, the 
cutting time has to be delayed to permit collection of a fraction 
at the required degree of purity. Thus, a fraction of the eluate 
containing the second component at a high concentration (of 
the order of CH) is rejected. The extent of this fraction, i.e., 
the recovery yield loss, depends on the importance of the 
tailing of the rear profile of the first component and hence 
on the column efficiency. 

In order to estimate by how much we have to delay the 
fraction cutting, we must remember that the thermodynamic 
drive which shapes the elution profile as described by Figure 
1 and the equations in Table I is concentration dependent. 
The intensity of the nonlinear effects (due to the nonlinear 
behavior of the isotherms and to the dependence of the 
amount of one component sorbed on the concentrations of 
both in the mobile phase) is predominant in the part of the 
chromatogram where the concentrations of one or the other 
solute is large. On the contrary, the influence of the apparent 
diffusion (axial diffusion and resistances to radial mass 
transfer) predominates where these concentrations are small. 

During the migration of the band along the column, the 
second component tends to displace the fIrst one. This is the 
effect responsible for the second concentration shock, which 
takes place between the two components. The concentration 
of the fITSt component in the second zone of the chromatogram 
(arc DE, Figure 1) is determined by the entire concentration 
profile of the second component (are FGHIJ, Figure 1), but 
essentially by the part HIJ which is also the one most sensitive 
to the diffusion effects. Because the concentration of the 
second component in the section HI of the chromatogram is 
nearly constant (it is truly constant only for an ideal column), 
the influence of the second component on the diffusive tailing 
of the rear of the profile of the fIrst component will be such 
that the rear tails of the two profiles are very similar. As a 
first approximation we may assume that they are identical, 
that is that the delay in the cutting time is equal to the 
distance between the time J and the end of the real profile 
of the second component. 
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In theory, the end of the real profile of an overloaded band 
is asymptotic to a Gaussian profile and does never end. In 
practice, we take as end of the profile the time defined by the 
base-line width calculated after the procedure suggested by 
Knox and Pyper (8) and discussed below. 

IV. Production Rate of the Second Component and 
Column Efficiency. Because of the finite column efficiency, 
the elution of the first component of the mixture lasts 
somewhat longer than that predicted by the ideal model 
(Figure 1). In order to collect a fraction of the second com
ponent having the same requested degree of purity, PU2, we 
must open the valve to the fraction collector a little later. The 
collection time, tc,z, becomes 

[
l / a-x]2 

te,2 = tp + to + -y(tR,2° - to) ~ + 0 (1) 

where the first three terms represent the optimum cutting time 
for maximum production derived from the ideal model (see 
eq III-3, Table III) and 0 represents the additional bandwidth 
due to the kinetic contribution. To calculate it, we shall use 
the same procedure suggested by Knox and Pyper (8), which 
we have previously employed to investigate the dependence 
of the apparent column efficiency on the sample size for a pure 
compound (11). The results obtained in this earlier work were 
in excellent agreement with experimental determinations (16). 

In order to obtain an estimate of the increase in the cutting 
time, 0, we assume, as we have explained above, that the profile 
of the first component tail (are DE modified by the apparent 
diffusion due to the finite column efficiency) is essentially 
controlled by the profile of the second component (arcs GHIJ, 
modified by apparent diffusion). This means that the cutting 
time is delayed by the same amount as the rear of the second 
profile. As we have shown previously (10), the rear of the band 
(are IJ) is undistinguishable from the profile of a band of pure 
component 2 with a loading factor, L e,2p, representing the 
amount of component 2 eluted under the part IJ of the profile 
(Figure 1). Thus, 0 is equal to the difference between the real 
and the thermodynamic bandwidth of a sample of the pure 
second component equal to Le,2p' 

Since the thermodynamic and the kinetic contributions to 
band broadening are assumed to be independent, the width 
of the real band profile is given by (8) 

WlT = Wlth + Wlkin (2) 

where W T, Wth, and Wkin stand for the total or apparent 
base-line bandwidth and the thermodynamic and the kinetic 
contributions to the bandwidth, respectively. The ideal model 
gives the thermodynamic bandwidth (11) 

W2,th = (tR,2 ° - to)(2Lr'/2 - Lr) (3) 

The base-line width of the band obtained with a sample of 
extremely small size is equal to the kinetic band width con
tribution 

W2,kin = 4tR,2° I Nol /2 (4) 

Combination between eq 2 to 4 gives 

o = ~2~:,~ ~:~:w~,th((1 + 16 ;~ + k'o,2)2 2)1/2 _ 1) (5) 

k o,2NOW2,th 

where W2,th stands for 

W2th 
W2,th = ~ = 2Lr,2p1/ 2 - Lr,2p (6a) 

R,2 0 

and Lr,2p is given by (10) 

(1 - 1/a)2 
L ----

r,2p - (1 + bIrd bZ)2 
(6b) 

The cutting time is given by a combination of eq 1, 5, and 6. 
Combining this new value of the cutting time with eq III-l 
and III-2 gives the value of the recovery yield in real (i.e., 
nonideal, nonlinear) chromatography 

1 ~ [ ( 11 a-I )2 q, ] 1/2}2 
R2 = L r,2(1 + b

1rd b2) t1 - ~ + ~ (7) 

where q, stands for the ratio 0/(tR,2° - to), and the value of the 
maximum production rate 

_ ,Su { [ ( 11 a-I )2 q, ] 1/2}2 Pz - --- 1 - --- +-
b2 + blrl 1 - x -y 

(8) 

x being derived from the required purity of the collected 
fraction (eq III-4, Table III). Deriving the optimum conditions 
for maximum production rate requires finding the values of 
the parameters that maximize P2• 

V. OPtimization Procedure. The optimum loading factor 
for maximum production is given by eq III-5 (Table III). 
Using numerical solutions of the semiideal model, we have 
shown previously (1) that the optimum sample size for max
imum production rate decreases only marginally when the 
column efficiency becomes finite, even if it is very small. In 
practice, the optimum sample size can be considered as in
dependent of the column efficiency. Accordingly, it will re
main constant when the flow rate is increased. Of course, the 
value of the maximum production rate decreases steadily with 
decreasing column efficiency for columns operated at the same 
velocity. For a given column, since the efficiency and the cycle 
time are functions of the flow velocity, the production rate 
will go through a maximum for a certain value of the flow 
velocity and the efficiency (see below). 

Equation 8 depends on the mobile phase flow velocity both 
by explicit means and through 1> and the dependence of the 
column efficiency on the velocity. For this purpose we have 
adopted the relationship developed by Knox (17), whose va
lidity has been demonstrated by a generation of theoretical 
and experimental results 

h = ~ = !!. + Avl/3 + Cv 
dpNo v 

(9) 

where h and v are the reduced plate height and mobile phase 
velocity, respectively (dimensionless numbers). As theory 
indicates, common seDse predicts, and experimental results 
confirm, the column efficiency has a relatively small influence 
on the elution profiles of the two components when the sample 
size is large. Thus, if we start from a mobile phase flow 
velocity of the order of that corresponding to the maximum 
column efficiency, the production will first increase rapidly 
with increasing flow velocity, because the cycle time decreases 
rapidly. At very large values of the velocity, the column 
efficiency becomes poor, the amount of the collected fraction 
of purified component decreases, and both recovery yield and 
production rate drop. The optimum flow velocity is reached 
when the two effects compensate each other exactly. This 
corresponds usually to high values of the reduced velocity. 

The linear velocity of the mobile phase is related to the 
characteristics of the column and to the pressure drop applied 
between the column inlet and outlet by the classical equation 
(18) 

ko t:J> dp 
2 

u= ----
YfL 

(10) 



where M is the pressure drop, ko the specific column 
permeability (ca. 1 X 10-3), and ~ the mobile phase viscosity. 

If we assume the mobile phase velocity to be large and the 
plate height equation (eq 9) to be reduced to h = Cv, the 
column efficiency obtained for a given value of the pressure 
drop is given by 

(11) 

Combining eq 5, 8, 10, and 11 permits the derivation of the 
relationship between the production rate, a function of the 
mobile phase velocity, through the cycle time and the column 
efficiency, and the characteristics of the column, length, 
particle size, pressure drop 

Equation 12 depends explicitly on the pressure drop and on 
the coefficient of the third term (C) of the plate height 
equation. This is an approximate equation, valid only at high 
values of the flow velocity, and especially for columns packed 
with large size particles, when the plate equation can be re
duced to its third term. In many cases, especially with fine 
particles (below 10 I'm), it is not possible to operate the column 
at values of the reduced velocity for which the second con
tribution in the rhs of eq 9 is negligible. Then a more com
plicated equation can be derived, by combining eq 5, 6, 8, and 
9. A numerical solution of the system of these equations is 
much easier to calculate. 

VI. Optimization of the Column Design. It is re
markable that the production rate depends on the maximum 
allowed pressure drop and on the ratio do' / L, but not sepa
rately on the particle size and the column length. Between 
columns having different lengths and packed with packing 
materials differing only by their size, the choice appears to 
depend mainly on the economics of column packing. However, 
the freedom of choice between different designs is more limited 
than could appear at first glance, because of the square de
pendence of the column length on the particle size at constant 
dp' / L. For example, at the optimum value of the ratio dp' / L, 
it is possible to combine many different values of column 
lengths and particle sizes, but if a "reasonable" set of ex
perimental conditions is a 30 cm long column packed with 
10-l'm particles and we want to use coarse (50 I'm) particles, 
we may have to operate a gigantic column (7.5 m long), and 
if we need to employ fine particles (e.g., 3 I'm), we may end 
up with a thin disk of a column (1 in. long). In the next section 
we discuss the dependence of the optimum value of dp' / Lon 
the other experimental conditions. 

VII. Optimization of the Mobile Phase Flow Velocity. 
Differentiation of eq 12 with respect to dp' / L is possible and 
leads to a very complex equation. From eq 12, it is obvious, 
however, that at the low values of dp'/L allowed, the pro
duction rate increases in proportion to this ratio. There exists, 
however, a finite value of dp'/L for which the production rate 
is zero (the big square root in eq 12 is equal to 1). Thus, there 
is an optimum ratio dp' / L for which the production rate is 
maximum. 

For a more detailed discussion of the optimization of the 
mobile phase velocity, taking into account the complete HETP 
equation (eq 9), we have preferred a graphic presentation (see 
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Figure 2. Influence of the sample size on the production rate of a 
preparative chromatographic column. Plot of the production rate per 
unit mobile phase flow rate (PiFv) versus the loading factor, L f,2' The 
solid lines are plots derived from eq 5, 6, and 8. The pOints are 
determined from elution profiles of the two components obtained by 
calculating the numerical solutions of the semiideal model in the cor
responding conditions. C,o = 0.5 M; G20 = 4.5 M. tp = 1 s. Column: 
L = 25 cm; particle size, 10 ,urn; efficiency, 5000 theoretical plates. 
Isotherms: relative retention, a = 1.2; b 1 = 2.5; b 2 = 3.0. Column 
capacity factor: k /0 = 6.0. Feed composition solute 1/solute 2, 1/9. 
Purity requirements: 1, 99.5 %; 2, 99 %; 3, 98 %. 

next section), where plots of the production rate versus dp' / L 
are given. 

RESULTS AND DISCUSSION 
I. Influence of the Sample Size (i.e .• Loading Factor). 

Figure 2 shows the variation of the production rate of the 
second component as a function of the column loading factor 
for this compound, at different required degrees of purity. The 
solid lines on this figure are derived from eq 5, 6, and 8, while 
the points represent individual results determined from elution 
profiles for the two components calculated numerically, as 
solutions of the semiideal model (6, 12). The results of the 
approximate solution derived here from the exact analytical 
solution of the ideal model and the results of numerical 
calculations performed with the semiideal model of chroma
tographyare nearly identical. The procedure described in the 
present paper is more general and simpler, since a pocket 
calculator is all the help that is needed to carry out the ar
ithmetic and very simple algebraic calculations required. It 
should be preferred. 

As previously reported, the production rate increases lin
early with increasing loading factor, until a plateau is reached 
(1). The beginning of this plateau corresponds to a collection 
time equal to the retention time of the second component of 
the binary mixture (i.e., to the retention time of the second 

shock layer). The plateau is reached very abruptly, even when 
the column efficiency is moderate. Increasing the sample size 
beyond the linear range of the plot P 2 versus the loading factor 
results in a decrease of the recovery yield and an increase of 
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Figure 3. Influence of the selectivity of the phase system on the 
maximum production rate. Plot of the production rate per unit 
cross-section area of the column (P ,1,S) versus the ratio «a - 1)/a)'. 
The points are determined from elution profiles of the two components 
obtained by calculating the numerical solutions of the semiideal model 
in the corresponding conditions. The solid lines are derived from eq 
5,6,8, and 9. Column: L = 20 cm; efficiency, 1370 theoretical plates; 
reduced velocity, 100. Isotherm coefficients and feed composition as 
for Figure 2. Purity required: 99%. Values of a: 1, 1.10; 2, 1.20; 
3, 1.30; 4, 1.50; 5, 1.70; 6, 2.0. 

the amount of material recycled or wasted but no increase in 
the production rate. It is certainly not economical to exceed 
this loading. We consider as optimum the experimental 
conditions corresponding to the onset of the plateau. 

We observe that the optimum loading factor is still given 
by eq III-5 (Table III), and the corresponding sample size by 
eq II-2a (Table II), although this equation has been derived 
within the framework of the ideal model, in the case of an 
infinitely efficient column. As noted previously, the optimum 
loading factor is nearly independent of the column efficiency 
(1). On the other hand, the required purity of the collected 
fraction has a very strong influence on the optimum sample 
size and on the production rate, especially when the concen
tration of the second component in the feed is large. 

II. Influence of the Selectivity of the Phase System. 
Equation 8 predicts a very rapid increase of the production 
rate with increasing selectivity of the stationary phase. Figure 
3 shows a plot of the production rate versus the ratio ((a -
1) I a)'. As for Figure 2, the solid line is a plot derived from 
eq 5, 6, and 8 while the points correspond to results derived 
from elution profiles predicted by the numerical solution of 
the semiideal model for the same binary mixture. There is 
again an excellent agreement between the results of the two 
calculations, although the column efficiency used in this case 
is rather low (1370 theoretical plates). This confirms the 
validity of the assumptions made in the derivation of eq 8, 
regarding the influence of the column efficiency on the cutting 
time and on the production rate. 

The production rate increases almost linearly with in
creasing value of that ratio until values of a equal to ap
proximately 1.3 are reached. Beyond that, the production rate 
increases less rapidiy. It should be emphasized, however, that 
separations involving compounds having a relative retention 
exceeding 1.3 are not very difficult. 

It should be noted here that the analytical solution of the 
ideal model on which the previous (1) and the present dis
cussions are based assume that the equilibrium isotherms of 
the two components of the binary mixture investigated are 
Langmuirian. Thus, these isotherms are "well behaved". They 
cannot "intersect" each other, for example, except in a vertical 
plane passing through the vertical (concentration axis), but 
deviate progressively from each other. Although this type of 
situation appears to be by far the most frequent, there are 
other, less frequent, cases where the elution order of the 
components of a binary mixture is different at high and at 
low concentrations (19). In such cases, the selectivity of the 
phase system, i.e., the ratio a,j a, of the coefficients of the 
Langmuir isotherms, is insufficient to characterize the dif
ficulty of the separation and predict the production rate in 
preparative liquid chromatography. 

III. Influence of the Composition of the Feed. Figure 
4a shows plots of the production rate per unit cross-section 
area of the column versus the composition of the feed material 
(ratio of the concentrations of the two components of the feed, 
C,O IC,°), for different values of the column efficiency. Figure 
4b shows the same data, but with the production reported to 
the unit flow rate. The production rate of the second com
ponent decreases with decreasing concentration of the second 
component, which is expected. The dependence of the pro
duction rate on the feed composition (see eq 8) is not simple, 
however. P2 depends implicitly on C,o IC,o through both the 
root r, of eq II-3 (practically r, is equal to C, ° IC2°) and x (see 
eq III-4). Figure 4a shows that, for a given column, the 
production rate increases with decreasing efficiency. This is 
because a decrease in column efficiency has to be caused by 
an increase in the mobile phase flow velocity which in the same 
time decreases the cycle time and increases the production 
rate. As we show in a further section, there is for each column 
an optimum flow velocity giving maximum production rate. 
Figure 4b shows that the production per unit volume of mobile 
phase used increases slightly with increasing column efficiency. 

The solid lines in Figure 4 are calculated by using eq 5, 6, 
and 8, while the points are derived from elution profiles 
calculated from numerical solutions of the semiideal model. 
Although the column efficiency is only 1370 theoretical plates 
on line 1, Figure 4a, there is an excellent agreement between 
the two sets of solutions. This is an important proof of the 
validity of our assumption, since the range of relative con
centrations span on this figure is nearly 2 orders of magnitude 
(from 1/9 to 9/1). This shows that the combination of eq 5, 
6, and 8 used to calculate the production rate of the second 
component is valid, regardless of the composition of the feed. 

IV. Influence of the Column Efficiency. The discussion 
of the effect of the column efficiency is made more complex 
by the different ways in which we can vary this parameter. 
We can compare columns packed with particles of different 
size and operated at the same reduced velocity or columns 
packed with the same material but with different methods 
and operated at the same reduced velocity or the same column 
operated at different reduced velocities. The conclusions 
drawn from the comparison will differ. From what we have 
explained above, a meaningful comparison should be based 
on the production rate obtained at the optimum flow velocity. 

Furthermore, we must point out that there is a difference 
between a highly efficient column and a column delivering 
highly efficient chromatograms. The latter is a highly efficient 
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Figure 4. Influence of the feed composition on the maximum production rate. (a) Plot of the production rate per unit cross-section area of the 
column (P2/ES) versus the feed composition (ratio C,o /C 2

o or n t ln 2). The pOints are determined from elution profiles of the two components 
obtained by calculating the numerical solutions of the semiideal model in the corresponding conditions. The solid lines are derived from eq 5, 
6,8, and 9. Same experimental conditions as for Figure 3, except variable feed composition and a;::;::: 1.20. Column efficiency: 1, 1370 theoretical 
plates, v = 100; 2, 2500 plates, v = 45; 3, 5000 plates, v = 15. (b) Same as Figure 4a, except plot of the production rate per unit volume flow 
rate of mobile phase. 

column operated at or near its maximum efficiency. But a 
highly efficient column will give bands exhibiting a very low 
efficiency if it is operated at a very high flow velocity. The 
essential advantage of highly efficient columns for preparative 
chromatography is in the very possibility of this trade-off, 
where efficiency is sacrificed for high flow velocity and very 
short cycle times. Equation 9 shows that with B = 2, A = 1, 
and C = 0.1, the plate number of a 30 cm long column packed 
with lO-,um particles is 12100 for v = 4, 2050 for v = 100, and 
960 for v = 250. Nonetheless, the more efficient column at 
low flow velocity tends to remain more efficient at high ve
locities. This topic has been abundantly discussed in the 
literature on analytical high performance liquid chromatog
raphy and needs not be reviewed here. Suffice to say for our 
purpose that the kinetic of mass transfer in a highly efficient 
column are fast and that this advantage is conserved whether 
the column is operated at low or high flow velocity. 

Parts a and b of Figure 5 show plots of the production rate 
(derived from eq 5, 6, and 8) versus the column efficiency, for 
different values of the required purity, at constant mobile 
phase velocity. Since the velocity is constant, the only pos
sibility of changing the column efficiency when d/ / L is op
timum is by changing the packing quality (i.e., A, B, and C 
in the plate height equation), as shown by eq 10. Parts a and 
b of Figure 5 illustrate the fact that the column efficiency is 
an important parameter to consider, In some cases it has a 
significant influence on the maximum production rate, es
pecially when the selectivity is low and the proportion of the 
second component in the feed is small (compare parts a and 
b of Figure 5). These conditions correspond to the extraction 
of a minor component diluted in a compound having closely 

related properties, a difficult proposition, which requires an 
efficient column. In other cases, however (e.g., when a is large), 
the efficiency has almost no influence on the production rate, 
at least above some very low threshold (a few hundred the
oretical plates). Even then, highly efficient columns (i.e., 
columns with small coefficients A and C in eq 9) can be used 
to great advantage to increase the production rate, provided 
the high efficiency be traded for very fast elution, byoper
ating at a high mobile phase velocity. The utmost care should 
be given to the proper selection of high-quality packing ma
terials, with narrow size distribution and to the development 
of a suitable packing technology, so values of A of the order 
of unity can be achieved reproducibly. 

However, the selection of the optimum column efficiency 
is not straightforward, because there is a high price to pay for 
column efficiency: expensive, narrow size distribution, fine 
particle material must be selected. The pressure drop of the 
column becomes high, requiring a pump that can deliver large 
flow rates under high pressures and thick wall columns made 
of high resilience metal. Furthermore, the efficiency of any 
given column depends on the velocity at which it is operated. 
Increasing the mobile phase flow velocity results in a pro
portional decrease of the cycle time. It also results in a de
crease of the column efficiency. As long as the production 
per cycle decreases less rapidly than the cycle time, the pro
duction rate will increase with increasing flow velocity. Thus, 
Figure 4a shows three plots of the production rate of a given 
column versus the relative concentration of the first compo
nent of a binary mixture, at three different mobile phase flow 
velocities. The production rate increases with increasing 
velocity, i.e., with decreasing efficiency (see Figure 4a). Thus, 
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Figure 5. Influence of the column efficiency on the maximum production rate. (a) Plot of the production rate per unit mobile phase flow rate 
(P2IF,,) versus the column efficiency. Same experimental conditions as for Figure 2, except variable column efficiency, feed composition 1/9, 
and a = 1.20. Required degree of purity: 1,99.5%; 2, 99%; 3, 98%. (b) Same as Figure 5a, except a = 1.10. (c) Plot of the production 
rate per unit column cross-section area (P2IES) versus the plate number for three different columns, for which the mobile phase velocity varies. 
All columns, dp = 10)Lm. Key: 1, L = 40 cm; 2, L = 17 cm; 3, L = 10 cm. The curves end at the velocity corresponding to tlP = 200 atm. 

highly efficient columns (those that are characterized by small but with the same value for the ratio dp
21 L. When the column 

values of both A and C) are interesting in preparative liquid inlet pressure is increased, the cycle time decreases and the 
chromatography, not because they give a high number of production rate increases, at first nearly in proportion to the 
theoretical plates, but because they can be operated at very pressure drop (see eq 12). At high flow velocities, however, 
high velocities, while still giving a reasonable efficiency. the efficiency becomes low, the recovery yield drops, and the 
Optimization procedures that concentrate on the variation production rate decreases with increasing pressure drop. 
of the apparent column efficiency with the sample size to Accordingly, there is an optimum column inlet pressure. This 
conclude that poorly efficient columns are better because optimum value increases slowly with increasing selectivity of 
"their efficiency remains constant over a larger sample size the phase system. For the relatively difficult separation se-
range" miss the point and remain advertisement ploys (see lected for Figure 6a (a = 1.10) the maximum production rate 
ref 2, Figure 1.9 and 1.10 and comments thereof). is achieved for a pressure between 300 and 350 atm. The 

Finally, Figure 5c compares the performance (plots of selection of the optimum pressure, however, must take costs 
production rate versus the column efficiency) of three different into account, and a value exceeding 200 atm seems improbable. 
columns. The plots are limited at the velocity corresponding The shapes of the curves on Figure 6a reflect the same un-
to an inlet pressure of 200 atm, considered (arbitrarily) as a derlying phenomenon as those on Figure 5c: there is for each 
practical maximum. The second column, which would be column an optimum velocity for which the maximum pro-
considered as intermediate by an analyst (column 2), perfonms duction is achieved; since the inlet pressure and the column 
the best under preparative conditions because its dimensions efficiency are a function of the velocity, there seems to be an 
are such that the ratio dp 21 L for this column is equal to the optimum inlet pressure and an optimum efficiency for each 
optimum for the pressure of 200 atm. Under this pressure, column. 
the best column (column 3) cannot be operated at a velocity Equation 12 permits the easy calculation ofthe production 
high enough to achieve the maximum production rate it is rate corresponding to any value of the column inlet pressure 
capable of giving. With an instrument that could operate at and any value of the ratio dp

21 L, which characterizes a column. 
a higher pressure, it would outperform the second column. Figure 6b shows plots ofthe production rate versus dp 21 L at 

In practice, the column efficiency depends on three major three different values of the inlet pressure, 200, 500, and 1000 
parameters, that is when a proper packing technology is atm, respectively. In each case a maximum is observed 
available and the column efficiency is proportional to the showing the existence of an optimum value of the ratio dp 21 L 
column length and to the reverse of the average diameter of corresponding to each value of the pressure drop. If we plot 
the packing particles. These parameters are the average the value of the maximum production rate versus the inlet 
particle size, the column length, and the mobile phase flow pressure, we obtain the curve on Figure 6c. It is seen that the 
velocity (or the pressure drop applied to the column). The production rate increases steadily with increasing pressure at 
influence of these parameters is now discussed. which the equipment can operate, provided the optimum 

V. Influence of the Maximum Allowed Pressure Drop. column is used (the corresponding value of dp
21 L is given on 

Figure 6a shows a plot of the production rate versus the the figure; see next section). This is consistent with previous 
pressure applied to the column inlet for columns having the observation that the most efficient columns give also the 
same value of the ratio dp

21 L. Line 1 on this figure is derived highest production rate (4). 
from eq 12, a simplified equation which assumes that the plate It is important to observe that the conclusions of this work 
height is given by the third term of the HETP equation (h recommend the use of values of the inlet pressure that are 
"" Cv). Lines 2 and 3 are calculated by combining eq 5, 6, rather high by present day standards in preparative liquid 
8, and 9, the latter being the conventional plate height chromatography. This points to the probable trend over the 
equation. Lines 2 and 3 correspond to two columns having next few years, toward the use of rather fine particle packing 
different lengths and packed with particles of different sizes, materials and high-pressure equipment, in order to increase 
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Figure 6. Influence of the column inlet pressure on the production rate. (a) Plot of the production rate per unit column cross-section area (P2i€S) 
versus the column inlet pressure: feed composition, 1/9; phase selectivity, a ::::; 1.10. Line 1 is derived from eq 12. Line 2 is calculated by using 
eq 5, 6, 8, and 9, for a 20 em long column packed with 10-,um particles. Line 3 is calculated as line 2, except for a 80 em long column, packed 
with 20-,um particles (same ratio d/IL as for line 2). (b) Plot of the production rate versus the ratio d/IL for three different values of the inlet 
pressure: 1, P = 200 atm; 2, P = 500 atm; 3, P = 1000 atm. (c) Plot of the maximum production rate which can be achieved with a certain 
value of the inlet pressure versus the inlet pressure. Corresponding value of the ratio d,'IL (in 10-8 cm): 1,21.1 (P = 20); 2,13.1 (P = 50); 
3, 9.3 (P = 100); 4, 7.65 (P = 150); 5, 6.65 (P = 200); 6, 5.4 (P = 300); 7, 4.75 (P = 400); 8, 4.25 (P = 500). 

the production rate of a preparative chromatograph. Lower 
specifications are understandable only if the decrease in 
amortization cost of the instrument offsets the cost increase 
due to the lower production capacity. 

Finally, Figure 6a shows that the production rate is nearly 
independent of the column length and the particle size sep
arately, but depends essentially on the value of the ratio Ii,' / L. 
The production rate predicted byeq 12 depends only on d/ / L, 
but this equation has been derived with the assumption of 
a very high flow velocity. In fact it is less accurate for small 
particles than for large ones, for which it is possible to operate 
the column under such experimental conditions that the third 
term of the plate height equation (eq 9) is dominant. If eq 
9 is used in combination with eq 5, 6, and 8 to predict the 
production rate, a slight influence of the column length and 
the particle size at constant ratio dp' / L is observed. The 
influence of these parameters on the production rate is dis
cussed in the next three sections. 

The following calculations have been carried out with the 
assumption that the maximum pressure allowed is 200 atm, 
the viscosity of the mobile phase is 1 cP, the specific 
permeability, ko, is 1 X lO-3, and the diffusion coefficient of 
the components of the mixture studied is 1 X lO-5 cm' / s. 

VI. Optimum Value of dp'/L. Equation 12 shows the 
importance of the ratio dp' / L for optimization purposes. The 
smaller this ratio, the longer the column and the finer the 
particles used to pack it. Small values of this ratio are thus 
associated with efficient columns. The natural unit for this 
ratio is 10-8 em, i.e., we shall express d p in micrometers and 
L in centimeters (see Table IV). 

Figure 7 shows a plot of the production rate (calculated from 
eq 12) versus tbe ratio dp' / L of the column used, at constant 
inlet pressure, for different values of the selectivity ratio, a. 
For very low values of this ratio, the maximum production 
rate increases almost linearly with increasing values of dp' / L. 
When the ratio becomes larger, a saturation effect takes place 
and the production rate tends toward a limit. Table IV lists, 
for different values of a, the optimum values of the ratio d/ / L, 
the corresponding value of the maximum production rate, the 
corresponding column efficiency. and the efficiency that would 
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Figure 7. Influence of the ratio d p
2/L on the maximum production rate, 

for different values of the phase selectivity. Plot of the production rate 
per unit column cross-section area (PiES) versus the ratio d p

2/L. P 2 
is derived from eq 12, with C ;;;;;; 0.1. Isotherm coefficients and feed 
composition as for Figure 2. Values of a: 1, 1.10; 2, 1.20; 3, 1.30; 
4, 1.50; 5, 1.70. 

be required under analytical conditions (i.e., in linear chro
matography) to achieve a resolution unity between the two 
bands. 
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Table IV. Optimum Value of d p
2/L, Column Efficiency, 

and Production RateG 

d.'IL production 
(dp, Mm; rate, Mmo!1 No N, u' 

a L, cm) (cm's) (eq 11) (res)b cmls 

1.10 6.54 4.29 1170 2635 (0.72) 1.38 
1.20 11.5 21.9 380 784 (0.70) 2.3 
1.30 14 49.1 250 409 (0.78) 2.80 
1.50 17 109 175 196 (0.94) 3.4 
1.70 21.8 163 105 128 (0.9) 4.36 

a Calculated by using a simplified plate height equation: h = Cv, 
with the following values of the parameters: inlet pressure, 200 
atm; specific permeability, 10-3; solute diffusion coefficients, 1 X 
10-5 cm2js; mobile phase viscosity, 1 cP; coefficient of the plate 
height equation, C = 0.1; composition of the feed, 1/9; required 
degree of purity. 99%; parameters of isotherm, hI = 2.5; b2 = ab1; 

k '0,1 = 6. b Efficiency required in linear chromatography to achieve 
a resolution unity between two bands of equal size, with the same 
relative retention, and analytical resolution achieved between these 
bands with an efficiency equal to No. C Equation 10. 
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Figure 8. Influence of the ratio d p
2/L on the maximum production rate, 

for different feed composition. Plot of the production rate per unit 
column cross-section area (P 2/ES) versus the ratio d p

2/L. P 2 is 
derived from eq 12, with C = 0.1. Same experimental conditions as 
for Figure 7, except a = 1.1 and feed composition. Feed composition: 
1, 1/9; 2, 1/3; 3, 3/1; 4, 9/1. 

The results agree with those derived from a previous em
pirical study using the semiideal model and a simplex opti
mization procedure (15). The optimum values of the column 
design parameters correspond to a column that would not give 
a resolution considered as adequate in quantitative analytical 
chromatography; the resolution obtained is around unity for 
easy separations (large a), well below unity for difficult ones 
(a close to 1). The lower the concentration of the second 
component, the larger this resolution. This does not mean, 
however, that the column is not capable of giving a much 
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Figure 9. Influence of the ratio dp
2/L on the maximum production rate. 

Plot of the production rate per unit column cross-section area (P 2/ ES) 
versus the reduced mobile phase velocity. The paints are determined 
from elution profiles of the two components obtained by calculating 
the numerical solutions of the semiideal model in the corresponding 
conditions. The solid lines are derived from eq 5, 6, 8, and 9. Plate 
equation, eq 9, with A = 1, B = 2, C = 0.10. Isotherm coefficients 
and feed composition as for Figure 2, except a = 1.10 and 1, d p = 
5 I'm, L = 5 cm; 2, d p = 10 I'm, L = 20 cm; 3, d p = 20 I'm, L = 
80 cm; 4, d p = 40 I'm, L = 320 em. The curves end for the velocity 
corresponding to D.P = 200 atm. 

higher resolution. Far to the contrary, the selection of the 
optimum conditions corresponding to a certain problem in
volves the choice of a very high flow velocity, i.e., a compromise 
in which most of the actual column efficiency is traded for 
a very fast elution. 

Figure 8 shows a plot of the production rate (calculated from 
eq 12) versus the ratio do' / L for a constant value of a (1.10) 
and different values of the feed composition. The curves have 
all the same shape, exhibiting a maximum in the production 
rate for some optimum value of the ratio dp' / L. It is important 
to note, however, that this optimum value of do' / L decreases 
with decreasing concentration of the second component in the 
feed. In other words, extracting at the same degree of purity 
a minor component from a matrix will require a more efficient 
column than purifying a rather concentrated technical product 
or a major component (assuming that in both cases we are 
dealing with the second eluted component of a binary mix
ture). 

In order to confirm the generality of the conclusion that 
the maximum production rate depends on the ratio dp' / L and 
is almost independent of the column length and the particle 
size, we have performed the following calculation. Using eq 
5, 6, and 8 and a complete plate height equation (eq 9), we 
have derived the production rate for the second component 
as a function of the mobile phase flow velocity assuming a feed 
of constant composition (1/9) on a given chromatographic 
system (a = 1.10). The results are plotted in Figure 9. 



Table V. Optimum Particle Size and Production Ratea 

production 
dp,OPb do'/L, rate,b J.l.mol/ yield, 

L,cm "m No 10-8 cm (em's) % 

5 5.4 900 63 5.83 3.31 53.0 
20 ll.O 990 133 6.05 3.63 56.1 
80 22.4 1030 280 6.27 3.86 57.5 

320 45.4 1060 585 6.44 4.01 58.1 

a Calculated from eq 5, 6, 8, and 9, for different values of the 
column length, with the following parameters: A = 1, B = 2, C = 
0.1 (eq 9). a = 1.10, feed composition, 1/9. 'Equation 12 gives 
do'/L = 6.54, No = ll70, and P, = 4.29 "mol/(em' s). 

Columns of different lengths, packed with particles of different 
sizes, but with the same value of the ratio dp' / L are considered. 
As for several previous figures, the solid lines are derived from 
eq 5, 6, 8, and 9 (with A = 1, B = 2). In order to compare the 
results of our simplified theory to those derived from the exact 
numerical calculations, the points on this figure represent the 
production rate derived from chromatograms generated with 
the semiideal model (6, 12). The figure shows that the 
maximum production rate is nearly independent of the oom
bination of column length and particle size used to achieve 
a certain value of dp' / L. The end of each curve corresponds 
to the highest value allowed for the inlet pressure, 200 atm. 
The abscissa of the ends of the four curves (i.e., the velocities) 
differ markedly (from v = 50 to v = 400), because of the 
differences in the particle sizes and lengths of the columns, 
but the maximum production rates are nearly identical. 
Accordingly, the simplified eq 12 can be used to derive an 
approximate optimum of the column design factor, do' / L. 

The reason for this agreement is that the optimum con
ditions correspond to a very high flow velocity, at which the 
plate height equation can be reduced to its third term, the 
one that accounts for the contribution of the resistances to 
radial mass transfer. With the most efficient columns, packed 
with fine particles, the second term of the plate height 
equation contributes significantly to the HETP, but its in
fluence on the optimization of the column design remains 
moderate as long as the column is well packed (see below). 

Once the column design factor, do' / L, has been optimized, 
it is possible to select either the column length or the particle 
size and adjust the other parameter, or to search for a more 
satisfactory compromise between them. The mobile phase 
velocity is given by eq 10. 

VII. Optimum Particle Size for Columns of Given 
Length. We have shown (see section above, Figures 7 and 
8 and Table IV), that there is an optimum value for the ratio 
dp' / L, for each separation problem. For example, in the case 
selected for Table IV (feed composition, 1/9) and for a = 1.1, 
this optimum ratio is 6.54. This corresponds for example to 
a 20 cm long column packed with n.5-l'm particles. We can 
select the column length, however, and optimize the particle 
size; hence the mobile phase velocity and the production rate 
for a certain value of the pressure drop. 

For example, Table V gives the optimum experimental 
conditions for maximum production rate for four columns of 
different lengths, between 5 and 320 cm. These conditions 
have been calculated by using eq 5, 6, 8, and 9. The conditions 
derived from eq 12 are also given. This table shows that the 
optimum value of dp' / L is nearly constant and close to the 
value predicted by eq 12. The extent of the separate influence 
of the column length and particle size is obvious, although it 
is not very important. The optimum values of the particle 
size, the column efficiency, the limit resolution between the 
two components at infinite dilution, and the production rate 
increase slowly with increasing column length. The prediction 
of eq 12 is seen to be in good agreement with these results. 
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Table VI. Optimum Column Lengtb and Production Rate" 

production 
dp, LoPt' do'/L, rate,b J.l.mol/ yield, 
"m em No 10-8 em (em's) % 

5 4.5 960 55 5.56 3.28 55.1 
10 17.0 1020 ll8 5.9 3.6 56.5 
20 65.5 1070 244 6.1 3.83 58.5 
40 250.5 1060 5ll 6.39 3.99 58.3 

"Calculated from eq 5, 6, 8, and 9, for different values of the 
particle sile, with the following parameters: A = 1, B = 2, C = 0.1 
(eq 9); a = 1.10, feed composition 1/9. 'Equation 12 gives do'/L = 
6.54, No = ll70, and P, = 4.29 "mol/(cm' s). 

Table VII. Optimum Column Length and Production Ratea 

production 
dp, LoPt' do'/L, rate,b }lmol/ yield, 
"m em No 10-8 cm (em's) % 

5 2.5 340 100 10.0 18.1 56.5 
10 9.5 350 210 10.42 19.4 57.5 
20 36.4 355 439 10.98 20.3 57.5 
40 145 370 882 II 20.9 59 

"Same as Table VI, except a = 1.20. 'Equation 12 gives do' / L 
= ll.5, No = 380, and P, = 21.9 "mol/(em' s). 

Table VIII. Optimum Column Length and Production 
Ratea 

production 
dp, LoPt' do'/L, rate,' "mol/ yield, 
"m em No 10-8 cm (em's) % 

5 1.25 100 200 20.0 144 57.4 
10 5 llO 400 20.1 150 60.5 
20 20 llO 800 20.1 154 61.1 
40 78 UO 1650 20.5 157 61.1 

"Same as Table VI, except, a = 1.70. 'Equation 12 gives dv'/L 
= 21.8, No = 105, and P, = 163 "mol/(em' s). 

VIII. Optimum Column Length for Columns Packed 
with Particles of Given Size. If we have to pack the column 
with a certain packing material available in only one particle 
size grade, we can optimize the column length, following a 
similar procedure, from the approximate figures given in Table 
IV (using eq 12) or using the general equations 5, 6, 8, and 
9. Table VI summarizes the optimum conditions for four 
columns packed with particles of different sizes, from 5 to 40 
I'm in diameter. The production rate is derived from eq 5, 
6, 8, and 9 and the recovery yield from eq 7. 

As we see in this table, the value of the ratio do' / L is nearly 
constant and close to the value predicted by the use of a 
simplified plate height equation and eq 12. Similar data are 
shown in Tables VII (a = 1.20) and VIII (a = 1.70). The 
trends in each table are the same as that in Table VI; the value 
of the product dp' / L is nearly constant but increases very 
slowly with increasing particle size, as does the production 
rate. Comparison between the data in Tables VI to VIII shows 
that when the separation becomes less and less difficult, the 
optimum column length and the required efficiency for 
packing material with a certain particle size decrease, while 
the mobile phase velocity and the production rate increase. 

Figure 10 shows a plot of the production rate for the second 
component of a pair, versus the reduced mobile phase velocity 
for columns of different lengths, all packed with lO·llm par· 
ticles. The selectivity of the chromatographic system is such 
that CI = 1.20. Each curve ends up at the velocity which 
requires an inlet pressure equal to 200 atm. The optimum 
value of dv'/L is 11.5 (Table IV), corresponding to an optimum 
column length of 9 cm with these particles (see Table VII). 
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Figure 10. Influence of the column length on the production rate. Plot 
of the production rate per unit column cross section area (P 2/ €S) 
versus the reduced mobile phase velocity. Points derived from nu
merical solutions of the semiideal model. Solid lines calculated from 
eq 5, 8, and 9. Same data as Figure 9, except IX = 1.20, d, = 10 
I'm. Column length: 1, 5 em; 2, 10 em; 3, 15 em; 4, 25 em. 

The curves on the figure are derived from eq 5, 6, 8, and 9, 
while the points are derived from numerical solutions of the 
semi ideal model. The results of both calculations are in ex
cellent agreement and Figure 10 shows the optimum column 
length to be approximately 10 cm, in agreement with the 
prediction of the models. 

In conclusion, the optimum column design is determined 
by the maximum pressure available, at which the preparative 
chromatograph can be used. This determines an optimum 
value for the ratio do" / L, from which dp and L can be de
termined, with some flexibility regarding the choice of one 
or the other. Long columns may be used with coarse particles 
and large sample sizes, with a rather long cycle time, or con
versely, fine particles may be preferred, with a short column, 
small sample sizes injected at a higher frequency. But the 
only practical way to increase the production rate with a given 
feed and phase system is by raising the inlet pressure. 

IX. Influence of the Coefficients of the HETP Equa
tion. The first coefficient of the HETP equation accounts 
for the influence of axial dispersion. Since we have shown 
that preparative HPLC columns must be run at high flow 
velocities, its influence is negligible and does not deserve much 
attention. 

The second coefficient accounts for the lack of homogeneity 
of the packing. It has been repeatedly reported by practi
tioners that present packing technology permits the prepa
ration of columns with efficiencies comparable to that of 
analytical columns (20). The second coefficient of the HETP 
equation is usually between 1 and 2 (21). With such a narrow 
range of variation, there is little possibility for a serious in
fluence on the production rate. We have carried out calcu
lations similar to those whose results are reported in Table 

Table IX. Optimum Column Length and Production Ratea 

production 
dp, L OPb d,'/L, rate, b jtffiolj yield, 
jlm em No 10-8 em (em's) % 

5 5.4 920 46 4.63 2.66 53.7 
10 19.0 960 105 5.23 3.1 55.1 
20 70.0 1000 228 5.72 3.46 56.5 
40 265 1040 483 6.03 3.73 57.6 

"Same as Table VI, except A = 2. 'Equation 12 gives d,' / L = 
6.54, No = 1170, and P, = 4.29 jlmol/(em' s). 

Table X. Optimum Column Length and Production Rate" 

production 

d" L opt, dp'/L, rate,' jlmol/ yield, 
jlm em No 10-8 em (em's) % 

5 3 880 100 8.33 4.65 52.2 
10 10.7 950 210 9.34 5.49 55 
20 39 1000 440 10.25 6.18 56.2 
40 145 1020 882 11 6.71 56.6 

"Same as Table VI, except C = 0.03. 'Equation 12 gives do' / L 
= 12.0, No = 1140, and P, = 7.83 jlmol/(em' s). 

VI, but using a value of A = 2 instead of 1 in the plate height 
equation (eq 9). The results are reported in Table IX. The 
optimum column length is somewhat longer, the optimum 
values of the reduced velocity and ratio dp

2/ L somewhat lower 
than those reported in Table VI. The production rate is also 
lower but by less than 20%. The influence of the packing 
quality of the column is more important with fine particles 
than with coarse ones, because the former are operated at 
much lower reduced velocities than the latter; hence the 
relative importance of the second term of eq 9 is larger. 

The third coefficient accounts for the resistance to mass 
transfer inside the particles. It is a lump coefficient, for which 
different interpretations have been given (22, 23) and which 
is usually difficult to measure accurately because the corre
sponding contribution becomes significant only at high values 
of the reduced velocities (24). Typical values reported in the 
literature range between 0.02 and 0.2. All the previous results 
reported above have been derived by using the same value 
of 0.1 for C as was used by Knox and Pyper (8). Results 
derived with C = 0.03 are reported in Table X. As expected, 
since the columns are operated at large flow velocity, de
creasing the value of C results in (;) a larger optimum flow 
velocity, (ii) a larger optimum value of dp

2/L, (iii) a shorter 
optimum column length at constant particle size, (iv) a larger 
value of the maximum production rate, and (v) larger devi
ations between the predictions of the combination of eq 5, 6, 
8, and 9 and those derived from the simplified HETP equation 
(eq 12), especially for small particle sizes. 

IX. Influence of the Feed Composition on the Pro
duction Rate. Table XI summarizes the optimum values of 
the ratio dp 

2
/ L for the separation of mixtures of various 

compositions of two components, on a phase system on which 
the selectivity is 1.20. We have also calculated the optimum 
length of columns packed with lO-l'm particles, the limit 
efficiency of these columns at the optimum flow velocity (for 
a very dilute sample), the production rate, and the recovery 
yield. The larger the concentration of the second component, 
the easier and the faster the separation is performed. When 
the concentration of the second component is raised from 10% 
to 90%, the column required is twice as short, the flow velocity 
is faster, so the limit efficiency of the column is three times 
lower, and the production rate of the second component is 
30 times larger. Also, since the relative contribution of the 
third term of the HETP. equation is smaller at low flow ve
locity, the error made by neglecting the first two terms is larger 



Table XI. Optimum Column Length and Production Rate' 

production 
feed L oPt' dp'/L, rate,b Ilmo1j yield, 

compos em No 10-8 em (em's) % 

1/9 9.5 350 210 10.42 19.4 57.5 
1/3 10.9 460 183 9.17 10.9 58.1 
1/1 12.6 600 158 7.93 5.51 57.2 
3/1 14.6 780 137 6.85 2.07 51.9 
9/1 17.2 1050 116 5.81 0.63 47.7 

a Same as Table VI, except, ex = 1.20, particle size 10 /.Lm and 
feed composition variable. bEquation 12 (with h = O.Iv) gives: 

feed composit dp'/L, (10-8 em) No P" ~mol/(em' s) 

1/9 11.5 380 21.9 
1/3 10.1 490 12.4 
1/1 8.9 630 6.38 
3/1 7.4 910 2.44 
9/1 6.5 1200 0.75 

at small concentrations of the second component. 
Figure 11 shows a plot of the production rate versus the 

reduced velocity at constant system selectivity (a = 1.20), but 
for different values of the relative composition of the mixture. 
As before, the solid lines are derived from eq 5, 8, and 9, while 
the points result from numerical calculations made by using 
the semiideal model. There is an excellent agreement between 
the solid lines and the corresponding points. This figure 
illustrates to which extent the production rate depends on the 
composition of the feed. It is in agreement with results de
scribed earlier in this paper. 

X. Influence of the Isotherm Parameters. The influ
ence of the phase selectivity, " = ad a2, has been discussed 
in a previous section. We are concerned here by the other 
coefficients of the isotherm, the absolute value of a2, which 
determines the retention time of the second component and, 
hence, the cycle time and the coefficients b, and b2, which 
characterize the curvature of the isotherm at the origin and 
the column saturation capacity (equal to ad b, and a2/ b2 for 
the first and second components, respectively). 

As can be seen from eq 8 or 12, decreasing the values of the 
second coefficients, i.e., increasing the column saturation 
capacity, results in an increase of the production rate. 
Equation 12 also shows that the production rate decreases with 
increasing value of the ratio (1 + k '0,2) / k '0,2' Therefore it is 
attractive to use experimental conditions under which the 
absolute retention of the two components, i,e" the limit ca
pacity factor of the second component k '0,2 at infinite dilution, 
is relatively large. Calculations show, however, that beyond 
a value of k '0 2 close to 3, the increase of the production rate 
is marginal. ' 

XI. Comparison with the Results Derived by Pyper 
and Knox. In a classical paper (8), Knox and Pyper have 
derived an equation for the optimization of experimental 
conditions in liquid chromatography. They used an equilib
rium model with a correction for the finite column efficiency 
which is similar to the one used here, but they ignored the 
interactions between the two components of the mixture and 
carried out the calculations on the assumption that the 
fractions prepared must be pure and that the recovery yield 
must be unity; hence the bands of the two compounds are 
exactly resolved at column inlet, An interesting conclusion 
of their work, in agreement with the present results, is the 
existence of an optimum value for the ratio d/ / L. 

As we have shown, however, accepting the production of 
a partly purified fraction, with a small residual amount of the 
other component of the mixture (ca 1 %), permits a consid
erable increase in the production rate (1), This is also illus
trated by Figure 2. Most of the difference between the con-
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Figure 11. Influence of the feed composition on the production rate. 
Plot of the production rate per unit column cross-section area (P 2iES) 
verSUS the reduced mobile phase velocity. Same as for Figure 10, 
except ex == 1.20, column length and feed composition as follows: 1, 
L = 10 em, feed composition 1/9; 2, L = 10 em, feed 1/3; 3, L = 
10 em, feed 1/1; 4, L = 10 em, feed 3/1; 5, L = 20 em, feed 9/1. 

c1usions of this work and those derived by Knox and Pyper 
stems out from their assumption that the migration of the two 
component bands proceeds independently. As a result the 
displacement of the first component by the second one is 
ignored as is neglected the tag-along effect of the second 
component. The optimum value of the ratio dp 

2 / L and the 
maximum production rate predicted by Knox and Pyper are 
much smaller than those resulting from eq 12 or from the 
combination of eq 5, 6, 8, and 9. 

For example, under the same set of experimental conditions 
as for Table XI, with the same definition of the cycle time 
and with the same simplified plate height equation (i.e" h = 
O.lv), the optimum value of dp'/L derived from the results 
of Knox and Pyper is 4,61 X 10-8 em and the optimum pro
duction rate is 1.19 !tmol/(cm' s), values that are independent 
of the feed composition, On the other hand, we predict a 
strong dependence of the production rate on the composition 
of the mixture, Our equations give optimum values of dp' / L 
which are between 6.5 and 11.5 X 10-8 em and a production 
rate between 0.75 and 21.9 !tmol/(cm2 s), for compositions 
between 9/1 and 1/9, respectively. The difference is extremely 
large, especially at large concentration of the second compo
nent, because the displacement effect of the second component 
on the first one has been neglected in their approach, Our 
method permits the determination of optimum conditions for 
the production of fractions at any degree of purity or with a 
recovery yield exceeding the value corresponding to the 
maximum production rate, if needed, 

GLOSSARY 
A second parameter of the HETP equation (eq 9) 
Ai amount of component i found in the part of zone 

2 which is rejected 
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B 
Bi 

L 
L f 

Lf,i 

Lf,zp 

coefficient in the Langmuir isotherm (eq II-1a and 
II-1b) 

first parameter of the HETP equation (eq 9) 
amount of component i which is collected with the 

other component and reduces its purity 
coefficient in the Langmuir isotherm (eq II-1a and 

II-1b) 
third parameter of the HETP equation (eq 9) 
concentration of component i in the mobile phase 
concentrations of the two components in the sample 

pulse 
average particle size of the packing material 
volume flow rate of mobile phase 
reduced plate height of the column at infinite di

lution 
specific column permeability 
column capacity factor at infinite dilution for the 

second component 
column length 
loading factor corresponding to the mixed zone (eq 

II-2c) 
loading factor for the component i, ratio between 

the sample size and the column saturation ca
pacity for this compound 

equivalent loading factor for the second band tail, 
defined by eq 6b 

number of theoretical plates of the column at in-
finite dilution 

amounts of the two components in the sample pulse 
production rate of component 2 
purity of component 2 
amount of component i adsorbed at equilibrium 

with the concentrations C, and Cz of the first and 
second components in the mobile phase 

recovery yield for component 2 
positive root of eq II-3 
column cross-section area 
retention time of the shock of the first component 
end of the first component elution profile 
retention time of the maximum concentration of 

the elution band of the second component 
end of the elution of the plateau of the second 

component 
end of the chromatogram 
retention time of component i at infinite dilution 

(i.e., limit at zero sample size) 
cycle time 
second cutting time, when the fraction containing 

the purified component 2 begins to be collected 
retention time of an unretained compound (dead 

time) 

tp width of the injected band (in time unit) 
u average linear velocity of the mobile phase 
x parametet related to the required degree of purity 

(eq III-4) 
WT overall bandwidth 
Wkin contribution of the kinetics of radial mass transfer 

and of the axial diffusion to the bandwidth 
W th contribution of thermodynamics (i.e., nonlinear 

equilibrium isotherm) to the bandwidth 
W'h W'h/ (tR,2 ° - to) 
a selectivity, i.e. ratio k 2'o /k,'o = azla, 
'Y ratio (ab,r, + bz) / (b,r, + b2), used to simplify the 

writing of equations 
llP pressure drop of the mobile phase in the column 
ii additional bandwidth due to the kinetic contribu-

tion 
volume void fraction of the column 

q, ii/(tR,2° - to) 
~ viscosity of the mobile phase 

reduced mobile phase velocity 
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Direct Current Conductivity Detection in Ion Chromatography 

Dayong Qi,' Tetsuo Okada; and Purnendu K. Dasgupta* 
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Monitoring the current due to a dc potential applied across 
two narrow gauge hypodermic needles inserted Inside a 
poly(tetrafluoroethylene) tube provides an Inexpensive, low
volume, sensHlve detector for Ion chromatography (lC). With 
low background conductance IC systems, detection limits 
comparable to commercial detectors are attained. Effective 
cell volumes as low as 50 nL are easily obtained. An applied 
voltage of 6 V Is routinely used without major noise problems 
from excessive gas evolution or base-line drifts due to elec
trode polarization. The flow direction, relative to the electric 
field, affects the response; this effect is dependent on the 
nature of the electrolyte flowing through the cell. The fun
damental behavior of these systems is discussed along with 
reproducibility and calibration characteristics. Relative noise 
levels are reported for several other cell geometries. 

Ionic solutes are unique in their effect on the electrical 
conductivity of a solution. A conductivity detector was 
therefore the one of choice in the pioneering work (1) on ion 
chromatography (IC) and remains to date the most widely 
used in both suppressed and single column IC (SCIC). 

Classically, solution electrical conductivity is measured with 
an alternating potential (tens to thousands of hertz) and many 
commercial detectors based on this principle are in wide use. 
In the more recently introduced bipolar pulse technique (2), 
square-wave bipolar pulses are applied; the conductance is 
measured without significant capacitance effects by selective 
periodic sampling of the current. Applications of the bipolar 
pulse (BP) technique have been described (3-5); commercial 
detectors are available. For measuring low resistance, a 
four-electrode method is often considered the best approach. 
Solution electrical conductivity may also be measured this way 
(6) and the design has been incorporated in commercial de
tectors. 

Like many other flow-through detectors used in liquid 
chromatography (LC), the flow-through conductivity detector 
has evolved from its static counterpart used with a quiescent 
fluid. Application of a dc potential with a static solution is 
problematic due to polarization and, at high enough potentials, 
the liberation of gases. It has been axiomatic that " ... if the 
measurement of the electrical properties of ionic solutions is 
to be used effectively in a LC detecting system, AC potentials 
must be applied to any electrode configuration employed" (7). 
The obstacles to de measurement of conductance are, however, 
largely absent in flow-through cells of the simplest geometry, 
e.g., liquid flowing at high velocity through two tubular 
electrodes. Continuous flow reduces concentration polarization 
and at small enough currents, liberated electrolytic products 
are dissolved and swept away before bubbles are formed and 
significantly alter the effective electrode surface area. 

An amperometric detector placed after the suppressor in 
an IC system reportedly detects not only electrochemically 
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active analytes but also inactive ions such as sulfate; the 
detection limits are said to be better than those obtained by 
conductimetry (8, 9). With a highly resistive background as 
in suppressed IC, the "set" electrode potential is likely not 
actually attained; the amperometric detector in this case may 
be behaving as a de conductance monitor. A Czech study has 
also reported de conductometry with wire electrodes (up to 
30 V) in a tubular cell (10). The mechanism of this detection 
has not been explored. Approximate calculations suggest that 
the double-layer charging current is far too small to account 
for the observed response. Although the absolute potential 
of each electrode is not known, at the relatively high applied 
voltage used, both the cathode and anode must be at suffi
ciently high potentials for the respective reductive and oxi
dative breakdown of water. Further, the potentials are high 
enough to be located in the steeply rising portion of the i-V 
response curve such that the resistance of the intervening 
solution merely serves to control the difference in electrode 
potential by governing the iR drop in the bulk solution (W. 
R. Heineman, University of Cincinnati, personal communi
cation, 1987). 

This paper reports the design and utilization of a flow
through two-electrode detector with an applied dc potential. 
The phrase "de conductance" is used herein to describe the 
proportionality between observed current and applied voltage 
and is not synonymous with the ionic conductance of the 
solution measured by conventional ac methods. 

EXPERIMENTAL SECTION 
The experimental cell (Figure 1a) consists of two 27-gauge Pt 

hypodermic needles (point style no. 4, PIN 21127, Hamilton Co., 
Reno, NV) forcibly inserted into a small ( ~ 15 mm) segment of 
a 300 I'm i.d., 1.5 mm o.d., PTFE tubing. Unless otherwise 
mentioned, the pointed ends faced each other in the manner 
shown. The pointed end has a curved profile and the intere
lectrode distance is not constant. The interelectrode distance cited 
is the distance between the entrance electrode tip and the nearest 
point on the exit electrode, as measured with a reticle-equipped 
microscope. Unless otherwise stated, this distance was 600 .urn, 
resulting in a measurement volume of ~50 nL and a cell constant 
of ~11 cm-'. A battery of alkaline C cells supplied 1.5-10.7 V; 
unless otherwise stated, the applied voltage was 6 V. The resulting 
current was measured with a current amplifier (Model 427, 
Keithley Instruments, Cleveland, OR) or a simple operational 
amplifier circuit (Figure 1b, parts cost under $30). 

A prototype Model 4000i (Dionex Corp., Sunnyvale, CAl ion 
chromatograph with a 50-"L loop was used for all experiments. 
In many cases, a nonchromatographic (flow-injection) mode was 
used. The de conductance cell was serially connected after the 
Dionex conductivity detector (CDM-I, a BP detector) with a short 
segment of narrow bore tubing. For suppressor experiments, an 
Anion Micro Membrane Suppressor (AMMS, Dionex) was used. 

Water used was distilled and deionized and protected from the 
intrusion of CO2, All reagents were of analytical reagent grade. 

RESULTS AND DISCUSSION 
Cell Dimensions and Applied Voltage. For applied 

voltages above ~3 V, the i-V relationship was linear (corre
lation coefficient, r > 0.999) either for the background current 
(water carrier) or for the peak currents above the background 
elicited by injections of dilute HCI or H2S04, Below 3 V, the 
current was less than that predicted from the linear i-V re
lationship. The linearly extrapolated voltage intercept is ~ 2 
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Table I. Current Flowing through NaCI and HCI Solutions as a Function of Electrode Polarity and Flow Rate' 

flow rate, NaClb HCI' ratio, HCljNaCI 

mLjmin inlet positive outlet positive ratiod inlet positive outlet positive ratiod inlet positive outlet positive 

1.0 0.372 0.385 0.966 0.596 0.553 1.078 1.60 1.44 
0.5 0.382 0.391 0.977 0.580 0.542 1.070 1.52 1.39 
0.2 0.396 0.397 0.997 0.550 0.516 1.066 1.39 1.30 
0.1 0.408 0.405 1.007 0.530 0.507 1.045 1.30 1.25 

, In p.A, 6 V de applied. b50 p.M. '25 p.M. dRatio of preceding two columns, inlet positive/outlet positive. 

Cal 

Cb) 

6]11 Zero 
djust 

Figure 1. Basic experimental setup: (a) details of needle cell, 27-
gauge needles (N) inserted in 0.3 mm Ld. PTFE tubes (T); (b) circuitry 
of simple operational amplifier based detector. 

V, attesting to the electrolytic nature of the current. 
With blunt needles, the observed current was inversely 

related to the interelectrode distance (0.5-4.5 mm, r > 0.999, 
intercept ~O). With cells made from different size (23, 25, 
26, and 27 gauge) blunt end stainless steel needles, all with 
I-mm interelectrode separation, the observed current was 
directly proportional to the terminal electrode area r > 0.998, 
intercept ~O). 

All observations above were true regardless of the polarity 
of the applied voltage. 

Polarity of Applied Voltage and Flow Rate, In the 
present system, the electric field may be parallel or opposed 
to the flow direction. The polarity consistently and repro
ducibly affects the results. In suppressed anion chromatog
raphy, analytes emerge as the corresponding acids atop a 
neutral to slightly acidic background. Both background 
current and analyte response in such a system were found to 
be higher with the inlet electrode positive. For example, for 
injections of 50 I'M HCl, H2S04, or n-CSH 13S03H into a water 
carrier (1 mL/min, interelectrode separations 1.8-3.5 mm), 
the peak height ratio (inlet positive/outlet positive) ranged 
from 1.01 to 1.37. In all cases the effect of polarity decreased 
with decreasing electrode separation. 

The inlet electrode negative polarity resulted in a higher 
current also for continuous flow of acid solutions through the 
celL Results of such experiments are shown in Table I for 
NaCl and HCl solutions (different concentrations chosen to 

obtain approximately the same current) as a function of 
electrode polarity and flow rate. The electrode polarity effect 
decreases with decreasing flow rate for both electrolytes and 
the inlet positive/ outlet positive ratio approaches unity. The 
observed ratio of> 1 for NaCl at the lowest flow rate is likely 
due to the conductance of the electrolytic products, NaOH 
and HCl, which are more conductive than NaCL The increase 
in current due to electrolytically generated H+, the highest 
mobility carrier, is likely favored with the inlet electrode 
positive, such that this anodically generated ion can be con
vected to the cathode. Even in this case this effect is likely 
small; a current of 0.4 I'A can at most anodically generate 2.5 
I'M H+ at a flow rate of 0.1 mL/min. Note that the flow 
velocity (1 mL/min "" 25 cm/s for 0.3 mm i.d.) is much higher 
than the electrical mobility ( ~3.6 mm/ s at 100 V / em for H+) 
in these experiments. Interestingly, the inlet positive/outlet 
positive current ratio is greater than unity for HCl but less 
than unity for NaCl and even less for NaOH solutions (0.928 
at 1 mL/min). 

The above observation is understandable in the following 
framework: (a) the geometry of the cell leads to a smaller 
diffusion layer (DL) at the exit, compared to the entrance, 
electrode; (b) the DL is smaller at higher flow velocities, (c) 
the disruption of the DL is less with decreasing electrode 
separation, at small separations the radial sheath layers in the 
vicinity of the electrodes stagnate, and (d) the primary elec
trode processes are electrolytic breakdown of water and/or 
the reduction of H+ / oxidation of OH-. With a strong acid, 
the cathodic process is reduction of H+ and the anodic process 
is oxidation of water. With a strong base, the cathodic process 
is reduction of water and the anodic process is oxidation of 
OH-. With a neutral solution, electrolytic breakdown of water 
occurs at both electrodes; H+ and OH- are respectively gen
erated. With strong acids or bases, the current thus increases 
if convective transport of H+ /OH- to the negative/positive 
electrodes are respectively promoted. With neutral salts, the 
polarity effect is much lower and similar in trend for NaCI04, 
Na2S04' NaI03, etc., i.e., regardless of the relative cation/anion 
mobility. The polarity effect with salts probably originates 
from the differences in transport of electrogenerated H+ or 
OH- to the inlet electrode. If the electrogenerated ion 
transported against the flow field is H+ (inlet electrode neg
ative) rather than OH- (inlet electrode positive), higher cur
rents result due to the greater mobility of H+. 

Comparison with Conventfonally Measured Conduc
tance. The last two columns of Table I compare the current 
ratios for HCI and NaCL The true conductance ratio for this 
case is 1.69 (calculated for 25 cC, essentially this value is 
measured by the BP detector); this ratio is approached at high 
flow rates. Similarly, current ratios measured for dilute HCI 
and H2S04 slightly but consistently differed from the BP 
conductance ratio. In IC, analytes are quantitated in reference 
to a calibration plot; the measurement of true ionic conduc
tance is not essential. The responses of the serially connected 
BP and dc detectors were measured for 1-1500 I'M CI- and 
SO.'- under actual chromatographic conditions (Dionex AS4A 
column, 20 mM NaOH at 1 mL/min). At concentrations ~IOO 
I'M both detectors exhibited good linearity for both analytes 



(r: Cl- > 0.9999, BP and de; SO.'- > 0.9992 BP, >0.9995 de), 
near-zero intercepts and comparable precision (standard error: 
Cl- 0.49 I'M BP, 0.35 I'M de; SO.'-1.40 I'M BP, 1.08 I'M de). 
The calibration slope ratios were different for the two analytes 
(Cl- 8.650 I'S'cm-1 /I'A; SO.'- 9.247 I'S·cm-1 /I'A). At high 
concentrations, both detectors showed negative deviations in 
response from the above linear relationship. The onset and 
the extent of response nonlinearity were strikingly similar for 
both detectors, however; across the entire 1-1500 I'M con
centration range the two detectors showed excellent correlation 
with each other (r > 0.9999) for either analyte. In terms of 
calibration behavior, the de and BP measurements are 
therefore essentially indistinguishable. 

The close correlation of the de response with the BP con
ductance suggests that the de response is controlled by the 
true conductance of the solution. As indicated in the intro
duction, the difference in electrode potential, M, is related 
to the applied voltage (Eapp) and the cell resistance (R",n) and 
current (i) as 

b.E = Eapp - iR",ll (1) 

If the cell current is kinetically limited at the electrodes, a 
relationship of the form 

(2) 

should be applicable where EO is the standard potential for 
the breakdown of the solvent, A is a constant, and k is a rate 
constant. Equations 1 and 2 can be combined to 

'R - E Rt I i EO 
l, cell- app -;; n A- (3) 

If k is not in fact a constant but related inversely to In i, the 
experimental observations, i.e., the linear relationships be
tween i and Eapp at constant R""u, and i and 1/ R.,u at constant 
Eapp, are expected. 

As long as this basic model allows some participation of the 
dissolved ionic species in the electrode processes and allows 
for convective transport, all reported observations are ex
plicable. 

&,producibility and Temperature Effects. Short-term 
reproducibilities in the flow-injection mode (water carrier, ~ 15 
I'M H2S04 sample) for the two detectors were comparable 
(relative standard deviation 0.93% BP, 0.64% dc; n = 21). 
Reproducibility over five consecutive days showed an relative 
standard deviation of 3.1 % for the dc response, compared to 
2.9% for the BP detector without temperature compensation; 
much of the variability is likely thermal in origin. A limited 
temperature effect study (25, 30, 35°C; 2 m X 1 mm i.d. 
thermostated stainless steel coil connected prior to the se
quential detector systems) showed both the BP conductance 
(temperature compensation disabled) and the dc current to 
increase ~ 1.5%;oC for 15 I'M H 2S04 flowing at 1 mL/min. 

Initially, we used stainless steel electrodes. Although 
short-term performance was reproducible, the response in
creased slowly ( ~ 11 % over 3 weeks) in continued use. This 
may be due to an increase in electrode area from anodic 
corrosion. If daily calibration is performed or internal 
standards are used, stainless steel electrodes would be ac
ceptable. Whether steel or Pt electrodes are used, the initial 
response requires several minutes to decrease to a stable re
producible value after potential is first applied or electrode 
polarity is reversed. This is likely due to the time required 
for the electrode surfaces to attain stable steady-state con
ditions (e.g., formation of surface oxide layer). However, this 
equilibration (ca. 15 min) is substantially quicker than the 
stabilization of the entire IC system upon startup and rep
resents no serious handicap of the de detector for chroma
tography. 
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Time 

2 min B 

Figure 2, Low and high background conductance dc detection: (A) 
suppressed IC, background current 400 nA, from right to left, 4 I'M 
10,-,6 I'M CI-, 10 I'M NO,-, 10 I'M 8r-, 10 I'M NO,-, 20 I'M SO;-; 
Dionex AS4A column, 10 mM NaOH at 1 mL/min; (8) SCIC, back
ground current 65 I'A, from right to left, 60 I'M cr, 25 I'M 8r-, 33 I'M 
NO,-, and 20 I'M SO;-; Wescan 269-013 column, 5 mM KHP, 3 
mLlrnin. 

Noise Levels and Limits of Detection. Performance 
as a Chromatographic Detector, For a given cell design, 
flow rate, and applied voltage, the observed noise levels are 
related to the steady-state background current and increase 
more than linearly with increasing background current. The 
chromatograms in Figure 2 illustrate this: Chromatogram A 
(suppressed hydroxide eluent IC system) has a low background 
current (~0.4 I'A) and permits excellent detectabilities. 
Detection limit for chloride, for example, is estimated to be 
~0.1 I'M on a SIN = 3 criterion. The signal-to-noise (S/N) 
ratio in this chromatogram was equal to or marginally better 
than the results obtained by the serially connected BP de
tector. Chromatogram A was obtained with the Keithley 
current amplifier. The homebuilt detector shown in Figure 
1b resulted in a 3-fold worse S /N ratio, still yielding adequate 
detectability for many applications at an attractive cost/ 
performance ratio and produced a 1.5-fold better SIN ratio 
than an ac bridge type commercial detector (Model 213, 
Wescan Instruments, Santa Clara, CAl. This inexpensive dc 
detector can be used successfully in gradient IC as well; Figure 
3 shows a direct comparison with the BP detector. 

The detection system for chromatograms A and B (Figure 
2) was the same; in B, a nonsuppressed configuration was 
utilized with a 5 mM potassium acid phthalate eluent, highly 
conductive even by SCIC standards, resulting in a background 
current of ~65 I'A. Due to excessive noise levels, detection 
limits are poor. The sharp noise spikes in this chromatogram 
suggest gas evolution, confirmed by microscopic observation 
of the cell during operation. Not only is the absolute noise 
level much higher in B, so also is the relative noise level (RNL, 
noise amplitude/background current). The de detection ap
proach is thus likely to be limited to low background con
ductance systems. While chromatogram B probably repre
sents an extreme situation (S/N can be improved by reducing 
the cell current through applying a lower voltage and higher 
interelectrode spacing), the prospects of dc detection for such 
systems are limited. 

Noise and Cell Geometry. Even at low background 
currents, detailed inspection of the noise characteristics 
suggests that the noise originates from gaseous microbubbles 
adhering to electrode surfaces. Although this could not be 
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Figure 3. Comparison of gradient chromatograms obtained with se
quential bipolar pulse and dc detector (shown in Figure 1b): analyte 
concentrations (in ppm) (1) 1.5, (3) 5.0, (6) 1.2, (7) 5.0, (12) 4.0, (24) 
12.0, (2, 4, 5, 8-11, 13, 14) 10.0, (15-23) 20.0; Dionex AS4A column, 
0.5 mLimin. 

visually confirmed, ancillary observations support this con
clusion. Flow velocity in the cell is critical; the noise is always 
lower at higher flow rates. For a dilute aqueous solution 
flowing at 3 mL/min through a 0.3 mm diameter conduit 
(velocity"" 70 cm/s), the Reynolds number is ~210, not 
enough for incipient turbulence. Any departure from laminar 
flow in such a system is caused by the disruption of the flow 
pattern by the electrode placement. 

In considering noise levels obtained with various cell ge
ometries and dimensions, the RNL is the appropriate com
parison parameter. For a given eluent, the background current 
changes only if the cell constant or applied voltage is changed; 
these affect the analyte response in a proportionate manner. 
For our basic cell geometry, the optimum interelectrode 
separation is 0.5-1.5 mm for 27-gauge needles. For very short 
separations, the sheath layer stagnates, formation of gas 
bubbles at the electrode surfaces is promoted, and the RNL 
increases dramatically. With optimum separation, the tur
bulence generated at the exit electrode likely creates a 
backwash flow that affects the inlet electrode surface. At long 
separation distances, increased stagnation of the entrance 
electrode surface probably occurs. For a 27-gauge needle cell 
with an electrode separation of 1 mm and 10 mM NaOH as 
eluent (suppressed system, 1 mL/min, all RNL's cited below 
pertain to these conditions), the RNL is (2-3) X 10-'. 

RNL's were determined for the cell geometries shown in 
Figure 4. Because the overall dimensions of these cells are 
significantly larger than the 27 -gauge needle cell, the results 
cannot be directly compared. If the same geometries could 
be attained in smaller dimensions, presumably the RNL would 
decrease due to an increase in linear velocity. The RNL's for 
these cell designs are reported in Table II. 

Aside from the designs in Figure 4, a Z configuration, as 
in optical detectors, should be worthy of investigation. As long 
as the flow path is small enough in diameter, flow charac
teristics at the surface of both solid electrodes in a Z cell should 
deter adherence of gas bubbles. 

Finally, the optimum cell geometry is dependent on the 
detection technique. For example, the Dionex CDM-I cell 
(containing stainless steel electrodes of circular cross section 
in a tubular flow path) produces an order of magnitude worse 
SIN in the dc mode compared to the BP mode. In contrast, 
the 27-gauge needle cell produces a slightly better SIN in the 
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Figure 4. Cell designs used for relative noise evaluation. Tapered 
tubes are cut as close to 45 0 as possible. See Table II for dimen
sions. 

Table II. Different Cen Geometries and Relative Noise 
Levels 

geometrya 

A 

B 

C 
D 

E 

dimensions, mm 

d1 = 0.25, d, = 1.5, a = 0.5 
d, = 0.5, d, = 1.5, a = 0.7 
a = 1.5 
d1 = 0.75, d, = 1.5, a = 0.7 
a = 1.5 
d1 = 0.8, d, = 0.5, d3 = 1.0, d, = 1.5, 

a = 0.5 
a = 1.0 
a = 1.5 
a = 2.0 
a = 2.0' 
a = 2.6 
d, = 1.5, d, = 0.25, d3 = 1.0, a = 0.3 
d1 = 0.25, d, = 1.5, a = 0.8 
a = 1.6 
a = 2.6 
a = 1.6' 
d1 = 0.5, d, = 1.3, a = 0.5 
a = 0.8 

relative 
noise 

1.4 X 10-' 
9.8 X 10-3 

8.4 X 10-4 
3.6 X 10-3 

7.5 X 10-4 
3.5 X 10-3 

1.4 X 10-3 

4.5 X 10-3 

5.1 X 10-3 

6.7 X 10-3 

6.5 X 10-3 

1.8 X 10-3 

1.5 X 10-2 

6.8 X 10-4 
2.1 X 10-3 

1.3 X 10-3 

3.4 X 10-3 

1.8 X 10-3 

aSee Figure 4, flow is left to right except as noted. b17.3 V ap
plied. C Flow is from right to left. 

dc mode than when connected to the CDM-I electronics. 

CONCLUSIONS 
Application of a dc potential and monitoring of the resulting 

current provide a sensitive detector for low background con
ductance IC systems. Detectors can be made very inexpen
sively with cell volumes small enough to be directly used with 
microbore or packed capillary columns. Although studies on 
the effects of cell geometry have not suggested a single op
timum design, sufficient insight has been gained toward future 
fabrication of better dc detectors. One important use of the 
dc detection scheme is stopped-flow measurements. Different 
ionic mobilities of various analyte ions generate different 
chronoamperometric profiles; this is useful for qualitative 
identification of ions eluting from an IC system (11). 

ACKNOWLEDGMENT 
We thank W. R. Heineman, John K. Foley, and an ano

nymous reviewer for valuable suggestions. The loan of the 
chromatographic equipment and the gift of the chromato
graphic columns from Dionex Corporation are gratefully ac
knowledged. Retention information provided by C. A. PoW 
and J. R. Stillian was highly useful for conducting gradient 
chromatography experiments. D. T. Gjerde is thanked for 
the gift of the SCIC column. 



Anal. Chern. 1989. 61. 1387-1392 1387 

LITERATURE CITED 
(1) Small, H.; Stevens, T. S.; Bauman, W. C. Anal. Chern. 1975, 47, 

1801-1809. 
(2) Johnson. D. E .• Enke. C. G. Anal. Chern. 1970. 42. 329-335. 
(3) Caserta, K. J.; Holler, F. J.; Crouch, S. R.; Enke, C. G. Anal. Chern. 

1978.50. 1534-1541. 
(4) Powley, C. R.; Geiger, R. F., Jr.; Neiman, T. A. Anal. Chern. 1980, 

52. 705-709. 
(5) Keller. J. M. Anal. Chern. 1981. 53. 344-345. 
(6) Holler, F. J.; Enke, C. G. In Laboratory Techniques in Eiectroanalytical 

Chemistry; Kissinger, P. T., Heineman, W. R., Eds.; Marcel Dekker: 
New York, 1984. 

(7) Scott, R. P. W. Liquid Chromatography Detectors, 2nd ad.; Elsevier: 
New York. 1986; pp 60-61. 

(8) Tarter, J. G. Anal. Chern. 1984, 56,1264-1268. 
(9) Tarter, J. G. J. Liq. Chromatogr. 1984. 7, 1559-1566. 

(10) Kourilova, D.; 81ai5, K.; Krejci, M. Collect. Czech. Chern. Commun. 
1983.48.1129-1137. 

(11) Okada, T.; Dasgupta, P. K.; ai, D. Anal. Chem., following paper in this 
issue. 

RECEIVED for review October 26, 1989. Accepted March 21, 
1989. This work was supported by the U.S. Department of 
Energy through Grant No. DE-FG05-84ER-13281. This report 
has not been subject to review by the DOE and no endorse
ment should be inferred. 

Identification of Ions in Anion Chromatography by Stopped 
Flow Chronoamperometry 

Tetsuo Okada,' Purnendu K. Dasgupta,* and Dayong QF 

Department of Chemistry and Biochemistry. Texas Tech University, Lubbock. Texas 79409-1061 

A low-volume three-way valve and a dc conductivRy detector 
(see preceding paper) are connected serially after the bipo
lar-pulse conductivity detector of a suppressed hydroxide 
eluent anion chromatograph. Flow normally occurs through 
both detectors; upon valve activation, flow through the dc 
detector stops abruptly, trapping any desired portion of an 
elulte band while chromatography continues normally. Ces
sation of flow through the dc detector generates a 
"chronoamperogram", characteristic of the anion present In 
the measurement cell (the associated cation is H+). The 
chronoamperogram consists of a current peak and a decay 
region and Is reproducible as long as experimental parameters 
(applied voltage, electrode geometry and separation, prior 
flow rate and current level at which flow Is stopped) are held 
constant. The entire chronoamperogram or the peak time, t., 
andlor the time for the current to decay to haH Rs inRlal value, 
b.t 112' can be used for Ion Identification. For a large number 
of common anions, t. Is Inversely proportional to the limiting 
equivalent conductance, A. The values for t. and b.11I2 for 
a large number of anions are presented. Current-time be
havior In the decay region shows a linear /_1'12 relationship 
and the slopellntercept ratio of such a plot has been found 
to be linearly related to A 1/2. In these respects, the system 
behaves as an Ion mobility spectrometer for pure solutions of 
a single electrolyte. 

Ion chromatography (IC) (1) is presently the most powerful 
and versatile technique for anion analysis. Conductometric 
detection is the most widely used in IC; it is uniquely selective 
for ionic analytes. In a preceding paper (2), we have outlined 
the utility of a dc conductivity detection approach. 

Eluites from an IC system are typically identified by their 
retention times. False identification, especially in environ
mental samples containing unexpected analytes, is possible; 
coelution problems also exist. With the relatively low capacity 
columns used, the retention time can also be a function of the 

1 Permanent address: Faculty of Liberal Arts, Shizuoka Univer~ 

sitrp~;~~:{:t ~3~~~~:a ~~~'e;:fhCenter for Eco-Environmental 
Sciences, Academia Sinica, P.O. Box 934, Beijing, People's Republic 
of China. 
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analyte concentration. Identification of the eluite by its optical 
absorption is possible only in few cases. Specific detectors, 
such as atomic spectrometers, have been utilized successfully 
in applicable cases but cannot be universally used (3). When 
identification is achieved only through specificity, wide ap
plicability is necessarily sacrificed. The power of mass 
spectrometric detection methods lies in its ability of both 
nonselective and selective operation; IC-MS is presently only 
at an exploratory stage. 

An analyte identification technique for IC should be ap
plicable to all ionic analytes, perform meaningful identification 
at low levels without stopping chromatography, and be af
fordable. In exploratory experiments with dc conductivity 
measurements, we discovered that stopping the flow with the 
eluite trapped in the measurement cell results in a reprodu
cible chronoamperometric profile, characteristic of the eluite. 
This paper describes the exploitation of such behavior for 
identification purposes. 

EXPERIMENTAL SECTION 
Major equipment has been described (2). The experimental 

arrangement is depicted in Figure 1. The common port of an 
electrically actuated inert three-way valve (type LFYA 1203032H, 
12 V, 2 W, 15 I'L volume, -25 ms actuation time. The Lee Co .• 
Westbrook, CT) was connected to the exit of the bipolar pulse 
conductance detection (BPCD) cell of the ion chromatograph with 
a short (-3 em) segment of 300 I'm i.d. PTFE tubing. The 
normally connected port of the valve led to the de detector via 
a short segment of 300 I'm i.d. PTFE tubing (2). The normally 
off port of the valve led to waste via a length of restriction tubing 
to provide approximately equal flow resistance in either valve 
position. to prevent a base-line shift of the BPCD at sensitive 
settings upon valve actuation. Normally, the flow proceeds 
through the BPCD, the valve. the dc detector. and to waste; when 
valve V is actuated. the flow is directed to waste through the 
dashed port of V and the flow through the de detector stops. This 
arrangement is particularly useful because it permits chroma
tography to continue while isolating a desired fraction of the eluite. 
This can be beneficial also for other applications as in stopped-flow 
acquisition of the optical spectrum of an eluite fraction (4) or in 
electrochemical studies requiring measurements under both 
quiescent and flow conditions (5). In any case. an arrangement 
that requires shutting off the chromatographic pump is im
practical. 

Valve actuation was performed at any selected output level of 
the de detector (hereinafter referred to as the switching threshold), 
either manually or automatically, using a voltage comparator-

© 1989 American Chemical Society 
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Figure 1. Flow schematic of experimental system. Normally flow 
proceeds through both detectors, when the valve is activated the flow 
through the de detector stops. 
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Figure 2. Stopped-flow chronoamperograms of some common anions: 
electrode separation 0.6 mm, prior flow rate 1 mLlmin. 

controlled relay. Unless otherwise stated, a switching threshold 
of 0.4 iJ.A was used. With the typical de measurement cell (6 V 
applied) and dilute H2S04 as an electrolyte, this current level 
corresponds to a specific conductance of ~5.5 /J.S/cm (BPCD). 

Unless otherwise stated, 27-gauge platinum needles with the 
tapered ends facing each other were used as electrodes in the de 
detector, the inlet electrode was positive, and the cell current was 
amplified with a Keithley Model 427 current amplifier (2). 

A cell with several voltage probes within the measurement 
volume was also constructed. Flat ends of 27 -gauge platinum 
needles were inserted into a 0.0075 in. (~0.2 mm) i.d. PVC tuhe 
(Elkay Products, Shrewsbury, MA), with the ends 1-1.5 mm apart. 
Two or four 100 iJ.m diameter gold wires (Johnson-Matthey I Aesar 
Inc., Seabrook, NH) were deployed in the intervening space 
perpendicular to the flow direction, the insertion being facilitated 
by a 30-gauge hypodermic needle temporarily put through the 
tube wall. The potentials of the two terminal electrodes (the 
negative electrode being the common ground) and the intervening 
gold wire probes, as well as the current flowing through the cell, 
were continuously measured with a multichannel, FET-input 
analog to digital (AID) converter and the data stored on a mi
crocomputer. The potential difference between the anode and 
its nearest gold probe, that between the two central gold probes, 
and that between the cathode and its nearest gold probe were 
divided by the instantaneous current to obtain the resistance 
values of the "anode compartment", "bulk solution", and the 
"cathode compartment", respectively. Because uniform placement 
of probes could not be ensured, comparison of the absolute re
sistance values for each compartment is not especially meaningful. 

Experiments typically involved the injection of Na or K salts 
into a stream of dilute NaOH or water (13-15 M\J.cm) with or 
without a serially connected membrane suppressor (AMMS, 
Dionex Corp.) which exchanged all cations for H+. 

RESULTS AND DISCUSSION 
Anatomy of the Stopped-Flow Chronoamperometric 

Profile. Figure 2 shows chronoamperograms of a number of 
anions. The valve was activated at time zero. The profiles 
are characterized by a brief period over which the current 
decreases (not distinctly demarcated in some cases) followed 

1.SmL/min lmL/min O.2ml/min O.lmL/min 

time 

Figure 3. Stopped-flow chronoamperometric profiles for an acid 
electrolyte (H2S04) as a function of prior flow rate (indicated in mL/min): 
(A) inlet electrode positive; (8) exit electrode positive. 

by an increase in current leading to a maximum (broad and 
ill-defined for some ions) and finally a decay region. 

If a similar experiment is carried out with a conventional 
conductance detector, the conductivity remains unchanged 
upon stopping the flow, regardless of the electrolyte. If a 
potential step is applied to a quiescent solution, a monotonic 
decay of current with a linear i-t-1/ 2 relationship (hereinafter 
referred to as Cottrell-type behavior (6)) is expected. Although 
the Cottrell equation does not take into account ionic, mi
gration-limited mass transfer, we do observe Cottrell-type 
behavior when a de potential is suddenly applied to a sta
tionary solution of a dilute acid (e.g., H2S04) resident in our 
measurement cell; monotonic decay occurs without any peak 
formation. Thus, the chronoamperogram generated after the 
cessation of flow is, quixotically, dependent on the flow history. 

Stopped-flow chronoamperograms for H2S04 are shown in 
Figure 3A (inlet electrode positive) as a function of the prior 
flow rate: current maximum is only observable at high flow 
rates. Further, the current maximum becomes more distinct 
with an increase in the flow rate and its temporal location is 
shifted to longer times. The time for the peak maximum, tp, 
for a series of experiments with H2S04, was 1.0, 1.9, 2.8, and 
3.8 for prior flow rates of 1.0, 1.5, 2.0, and 3.0 mL/min, re
spectively, all other parameters being constant. These tp 
values show good linear correlation with the flow rate (r = 
0.99). 

Interestingly, if stopped-flow chronoamperograms are ob
tained with reversed electrode polarity (i.e., exit electrode 
positive) with a dilute acid electrolyte in the cell, no current 
maximum is observed, at any flow rate (Figure 3B). Exactly 
the opposite behavior is observed with dilute alkali (NaOH) 
in the measurement cell, distinct current maxima are produced 
only when the exit electrode is positive, again with a prior flow 
rate above some minimum value. With a neutral salt (i.e., 
Na2S04)' distinct current maxima are produced regardless of 
electrode polarity or prior flow rate. 

It is useful at this point to compare the temporal change 
of electrical resistance in different regions within the mea
surement volume. The case for dilute (~10 I'M) H2S04 as 
electrolyte is presented in Figure 4. In A, de potential is 
continuously applied with a prior flow rate of 3 mL/min and 
the inlet electrode is positive. B is the same as A, except the 
exit electrode is positive. In C, the de potential is applied at 
t = ° to a stationary solution. The individual electrical re
sistance of the loosely defmed regions, "cathode compartment", 
"bulk solution", and "anode compartment" are shown. It is 
immediately obvious that case A, where a current maximum 
is observed, shows a different temporal development than for 
cases Band C. Whereas the individual resistance of each of 
the three regions shows a monotonic increase with time for 
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Figure 4. Temporal profile of electrical resistance in three regions of 
the measurement cell: (1) "anode compartment", (2) "bulk solution", 
and (3) "cathode compartment" for a dilute acid electrolyte (H2S04); 

(A) inlet electrode positive, (8) outlet electrode positive, (C) quiet so
lution. Current profiles are shown as well. Prior flow rate for A and 
B were 3 mLlmin. 

cases B and C (most markedly for the cathode compartment), 
the resistance initially remains constant, even decreases 
somewhat, for case A. It is also clear that the relative con
tribution of the cathode compartment to the total resistance 
during the initial period is the smallest for case A. The flow 
geometry is likely to enhance convective mass transport to 
the exit electrode (cathode for case A (2)). We thus hy
pothesize that immediately following the commencement of 
the experiment, the cathode diffusion layer dimensions are 
smaller for case A than for Band C. Since the "cathode 
compartment" probe region likely extends significantly beyond 
the diffusion layer, its resistance is the smallest for A. Possibly 
due to the efficient convective mass transport to the cathode 
prior to the cessation of flow, the cathode region for A develops 
an excess cQunterion concentration, relative to Band C, soon 
after flow stops. The continued transport of H+ to the cathode 
itself thus becomes controlled by the counterion migration 
in the opposite direction. Meanwhile, H+ is electrogenerated 
at the anode but is no longer directly convectively transported 
to the cathode. The migration of the counterion from the 
cathode region and the bulk solution to the bulk solution and 
the anode region, respectively, and the migration of the anodic 
electrogenerated H+ to the anode region and the bulk solution 
govern the temporal development of the resistance profiles 
of the anode region and the bulk solution. 

Formation of the Current Maximum. Cell Back 
Pressure and Remnant Flow Direction. The scenario 
above cannot alone account for current maxima, however; at 
best, the formation of a current plateau is suggested. For the 
current to rise above the level attained during steady state 
flow, a new influx of electrolyte must occur to replenish the 
steady state diffusion layer. One possibility for peak formation 
is that some fresh electrolyte enters the cell even after nominal 
flow cessation as the pressure of the compressed fluid dissi
pates. The effect of the exit pressure on the cell was therefore 
determined. Increasing the pressure consistently increased 
tp and the peak current, ip. Adding sufficient restriction tubing 
to the cell to increase the back pressure by 60 psi increased 
ip from 0.44 to 0.63 I"A and tp from <3 to > 13 s for sulfate. 
Thus, the effect of prior flow rate may partly be due to in
creasing exit pressure with flow rate. These results also led 
us to explore the effect of the remnant flow direction (Le., that 
after the nominal cessation of flow). In the experiments 
described thus far, the remnant flow direction is the same as 
the original flow direction, With two three-way valves and 
sufficient restriction to the de detector exit, a flow configu
ration was devised in which the remnant flow direction was 
opposite to the original. Under these conditions current 
maxima formed only when the original inlet electrode was 
negative (dilute H2SO, electrolyte); Le., in both configurations 
current maxima occur only when the exit for the remnant flow 
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Figure 5. Temporal profile of electrical resistance in three cell regions, 
electrolyte: (A) dilute NaOH (8) dilute Na,SO,; exit electrode positive 
and prior flow rate 1 mLlmin for both cases. 

is the cathode. Fresh influx of H+ stimulates the cathode 
process. 

Alkali and Neutral Salts in the Measurement Cell. 
With an alkali in the measurement cell, the temporal profile 
of resistance in the three probe regions for the outlet electrode 
positive case (Figure 5A) is analogous to the inlet electrode 
positive case with an acidic electrolyte. With a quiet solution 
or with the inlet electrode positive with dilute NaOH in the 
measurement cell, the resistance increases monotonically (not 
shown) for all three probe regions. Figure 5B shows the case 
for a neutral salt, Na2S0" with the exit electrode positive. The 
situation with the neutral salt is different from that of the 
acid and the base. The temporal resistance profiles are similar 
regardless of electrode polarity and existence of prior flow; 
further, the current maxima here are produced primarily by 
a drop in resistance of the "bulk solution". The "bulk solution" 
resistance probably decreases in this case due to the migration 
of electrogenerated H+ and OH-, which have substantially 
higher mobility than the ionic constituents of the salt, to the 
center of the cell. The current begins to decrease when the 
H+ and OH- begin to react with each other, causing a net loss 
of charge carriers and increased electrical resistance. 

Ionic Mobility and Peak Time. While several previous 
studies dealing with electrochemistry in flow-through tubular 
electrodes under both constant and pulsed flow conditions 
are in the literature (7-19), the absence of any supporting 
electrolyte and the resulting constraints on charge transport, 
as well as the hydrodynamic shock upon abrupt cessation of 
flow, make the present system unique. Further, available 
theoretical models largely rely on the mass transfer equations 
as developed by Levich (17); these tacitly assume that the 
dimensions of the diffusion layer are insignificant compared 
to the tube radius (7). The validity of this assumption is 
doubtful in the present case. Although some efforts have been 
made to model the effects of axial (7, 16) and cylindrical (7) 
diffusion, no experimental verifications have thus far been 
made. Inasmuch as convective transport, electromigratory 
transport, and irreversible electrode processes are all involved, 
formulation of exact equations governing the response be
havior of the present system upon flow-cessation has thus far 
eluded us. However, if the cathodic process is the controlling 
event (with acidic solutions in the cell) and the continued 
reduction of H+ at the cathode after the nominal cessation 
of flow is governed by the migration of the counterion away 
from the cathode, it may be expected that the decay region 
of the chronoamperogram will begin sooner with faster 
counterions. Thus, the peak time, tp, should be inversely 
related to ionic mobility. 

In Figure 6, tp values for 38 anions are plotted against the 
reciprocal of their equivalent conductance at infinite dilution 
at 25°C (A, linearly related to the ionic mobility). The closed 
symbols indicate those ions for which we can unambiguously 
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Figure 6. Values of peak time t p vs reciprocal of equivalent con
ductance ('x): closed symbols, ionic form unambiguously assignable, 
regression line shown based only on these. All obtained under 6 V, 
interelectrode distance 0.9 mm, and switching threshold 0.4 p.A. 

assign the dominant form present as the indicated ion. For 
the concentration of the electrolyte present in the measure
ment cell, acids with pK ~ 4 should be completely dissociated. 
The best-fit line (r = 0.994) through these 22 points is indi
cated. All other cases are indicated as open symbols. Of these, 
for CO,z-, CN-, HS-, N3-, CH3COO-, CH3(CH2),COO-, and 
C6H 5COO-, uncharged neutral acids are likely to be present 
and their dissociation (and migration of the resulting ions) 
during chronoamperometry is likely to increase the tp values. 
Predictably, they are located above the regression line. In a 
similar vein, partially protonated forms of WO;-, Fe(CN)64-, 

C20;-, citrate (shown both as the mono- and the trianion), 
and CrO;- are likely to exist in significant concentrations 
because of the relevant pK values and we cannot unambigu
ously compute the 1/ A values. There is no ambiguity with 
the dominant ionic form of HS03- present; however, this ion 
is oxidized so easily in dilute solution (to sulfate, which has 
a much higher A), the tp determination probably does not 
represent the pure species. The behavior of F- and chloro
acetates remains anomalous: none of these have pK > 4 and 
display much lower tp values than expected. If significant 
formation of HF 2- (A = 75) can occur and the chloroacetates 
are readily electrochemically cleaved to yield the much faster 
chloride ion, these values can be rationalized. 

The 22 anions shown as closed symbols range in A from 30 
to 101 and in tp from 0.92 to 2.70 s; the Atp product has the 
mean value of 85.3 with a standard deviation of 5.3. The 
constancy of the Atp values becomes even more noticeable if 
singly charged and multiply charged ions are separated in two 
groups; the two groups are different by statistical significance 
tests and yield the Atp values (mean ± standard deviation) 
of 82.8 ± 3.8 (n = 16) and 91.8 ± 1.9 (n = 6) for singly charged 
and multiply charged ions, respectively. The data in Figure 
6 were obtained over a 6-week period without any efforts to 
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Figure 7. Time for current to fall to half of sw~ching threshold for 56 
ions; 95 % confidence limits are indicated. Experimental conditions are 
as in Figure 6. The points show the t p values for the ions of unknown 
A and thus not in Figure 6. Key: CAPS, 3-(cyclohexylamino)-l
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Figure 8. Stopped flow chronoamperogram for sulfate, as a function 
of the switching threshold. Prior flow rate 1 mllmin, electrode sep
aration 2.2 mm. 

thermostat the measurement cell or the liquid reservoirs. 
Considering that ionic mobility shows a typical variation of 
2% rC with temperature, we believe that the results presented 
in Figure 6 are remarkable. The tp values for additional 
anions, of unknown A, are indicated in Figure 7. 

The Current Decay Region, For a diffusion-controlled, 
irreversible electrode process at a planar electrode, the i-t 
relationship may be given, for small values of t, by 

i = nFAk,c[l - 2krt l / 2 / (III/ 2 / DI/2) 1 (1) 

where k, is a potential dependent rate constant and C and D 
are the bulk concentration and diffusion coefficient of the 
species undergoing electrochemical conversion, respectively 
(6). For a system obeying eq 1, an i vs t l / 2 plot is linear; the 
intercept and the slope should be nFAk,c and -2kr'nFAC / 
(Ill/2Dl/2), respectively. The slope/intercept ratio, R, -2k,j 
(Ill/2Dl/2), is predicted to be independent of the bulk con
centration. In our principal system of interest, suppressed 
anion chromatography, the electrolyte present in the mea
surement cell is always in the form of an acid and the re
duction of H+ at the cathode is believed to be the controlling 
process. At constant applied voltage between the two elec
trodes, the actual potential experienced by the cathode, and 



Table I. Summary of i-t Behavior (Decay Region) for Six 
Ions 

test corr slope,b inter- slope/inter-
anion coeff" gA'S-lj2 cept,b /LA cept ratio, R "lj2c 

8,00'- 1.000 -0.238 0.431 -0.552 9.64 
SO,'- 0.994 -0.266 0.530 -0.502 8.94 
CI- 0.999 -0.228 0.458 -0.498 8.74 
CIO,- 1.000 -0.183 0.392 -0.467 8.24 
103- 0.994 -0.115 0.342 -0.336 6.36 
H,PO,- 0.997 -0.102 0.337 -0.303 5.74 

(l Linear regression coefficient for the i-t1
/
2 plot, electrode sepa

ration is 0.9 mm for all cases. b For the i-t1j2 plot. C A is the lim
iting equivalent conductance at 25 °e. 

thus hf , is assumed to be constant as a first approximation. 
In our system, choice of the switching threshold controls 

the concentration of the electrolyte trapped in the measure
ment cell and is thus directly related to the bulk concentration. 
Over a 4-fold range of the switching threshold (0.2-0.8 p.A) 
i-t' /

2 behaviors of CI-, S04'-' and hexanesulfonate were 
studied, each at seven to nine different thresholds. In each 
case, the i-t'l' plots for the decay period (i.e., the period after 
the current maximum) were linear. While individual slopes 
and intercepts varied considerably as a function of the 
threshold, the ratio R was virtually constant (relative standard 
deviation 2.1, 2.3, and 4.4% for CI-, SO;-, and hexanesulfonate 
respectively). Note that even the decay region did not exhibit 
Cottrell-type behavior. 

While detailed data are not presented for any given ion, 
the magnitude of the ratio R was found to increase with in
creasing applied voltage, decreasing prior flow rate, and de
creasing electrode separation. 

The applicability of eq 1 to the present system is ques
tionable, however. Such equations implicitly assume presence 
of supporting electrolytes; further, the rate constant hf is 
unknown and must be relatively small for the approximation 
represented by eq 1 to be applicable to a time scale of several 
seconds. Equation 1 predicts that the slope / intercept ratio 
should be inversely related to the square root of the diffusion 
coefficient (of H+, ifthe cathode process is the governing one). 
In a system where mass transport is governed by ionic mi
gration rather than by diffusion, it may be expected that the 
diffusion term may be replaced by a term related to ionic 
mobility. Table I presents the summary of the i-t behavior 
(decay region) for six ions. In each case, the i-t' /

2 plot exhibits 
good linearity. Most interestingly, the data in the last two 
columns show that the ratio R is linearly related to the square 
root of the anion mobility by the equation 

R = -0.0646>-'/2 + 0.0707 (2) 

with a correlation coefficient >0.999. Further, considering 
the typical value of >-, the intercept in eq 2 is negligible as the 
general model of eq 1 would suggest. 

Parameters Useful for Ion Identification. Under con
stant operating conditions, the entire chronoamperogram for 
an ion is highly reproducible. In consecutive runs, the profile 
is generally reproducible to within the width of the trace. 
Obviously, a simple way to check and confirm the identity 
of a particular chromatographic peak is to obtain its stop
ped-flow chronoamperogram and then inject a standard so
lution of the ion it is suspected to be. The chronoamperograms 
thus obtained can then be compared. 

For most purposes, less exacting comparisons suffice; it is 
not necessary to construct i-t' /

2 plots or compute the 
slope/intercept ratios. Under constant operating conditions, 
any or all of the following parameters, temporal location and 
magnitude of the peak current (tp and ip) and the width of 
the peak, can be successfully used for identification. Smaller 
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Table II. Effect of Electrode Spacing on Peak 
Width (M,/,) 

electrode lltl/2' s 
spacing, hexane-

mm chloride sulfate sulfonate 

0.55 1.69 ± 0.04 1.54 ± 0.05 3.98 ± 0.14 
0.90 2.13 ± 0.04 1.94 ± 0.05 5.36 ± 0.11 
1.20 3.58 ± 0.11 3.49 ± 0.12 10.19 ± 0.77 
2.00 8.75 ± 0.18 8.77 ± 0.16 29.9 ± 1.33 

acetate 

7.93 ± 0.17 
10.37 ± 0.10 
29.80 ± 2.04 

I values do not necessarily produce higher ip values (compare 
f~r example, sulfate and dithionate in Figure 2). As a measure 
of the peak width, we use the time necessary for the current 
to decay to half that of the starting value, termed At,/2• This 
quantity is easily and precisely measured by a voltage acti
vated timer such as that described in ref 21. The values of 
At'/2 for 56 anions under specified operating conditions are 
presented in Figure 7; the width indicates the 95% confidence 
limit. 

Parameters Affecting the Chronoamperogram. In
creasing the applied voltage results in decreased tp values. 
While the data reported here largely pertain to sharp ends 
of needle electrodes pointing toward each other, current 
maxima and characteristic chronoamperograms are also ob
tained with flat ends comprising the measurement cell. The 
latter permits more reproducible positioning and is therefore 
preferred for future work. Increasing the electrode separation 
increases Ip and AI, /,. Because the peak becomes broader and 
eventually can no longer be discerned, accurate measurement 
of t becomes difficult with large electrode separations. 
Rep~esentative values for At'/2 as a function of electrode 
spacing are presented in Table II. Interestingly, while the 
ability to discriminate between hexanesulfonate and OAc- is 
enhanced by increased electrode separation, the reverse is true 
for distinguishing CI- and SO,2-. 

By far the most pronounced effect on improving resolution 
of t values is afforded by increasing the flow rate or the exit 
pre~sure on the cell. This was discovered fairly late in this 
work, and the bulk of the data (e.g., Tables I and II) were 
obtained at a modest flow rate (1 mL/min) and very little back 
pressure. 

The effect of changing the switching threshold, which 
governs the concentration of the electrolyte trapped in the 
cell, is shown in Figure 8. All quantitative parameters are 
affected, but qualitatively, the chronoamperogram changes 
little. We have found, for all strong acid anions tested, At'/2 
to be linearly related to the switching threshold. 

Distinction of Eluting Analytes. Using Ip and/or At'/2 
values we have been able to distinguish, for example, fluor
ide/iodate/acetate or sulfate/oxalate in real chromatographic 
experiments where these ions frequently coelute. We have 
also been able to unequivocally identify equimolar coeluting 
binary mixtures (IO'-;F", F-/OAc-, OAc-;IOs-, SO;-/Ox2-) 

as not corresponding to either of the ions by themselves. 
Quantitative deconvolution of binary mixtures appears to be 
possible in favorable cases; the applicability to more complex 
mixtures does not seem feasible at this stage. 

CONCLUSIONS 

A simple inexpensive system, readily connected to a sup
pressed anion chromatograph, can be used to obtain stop
ped-flow dc chronoamperograms. Either the whole chro
noamperometric profile or selected parameters derived 
therefrom can be used for the identification of anions eluting 
from the system or the occurrence of coelution can be tested 
for. The need for further quantitative understanding of the 
fundamental phenomena involved in this exploratory work 
is evident, but so is the potential utility of this approach. Ion 
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mobility spectrometry in the gas phase is well-known (22); in 
a way, the present system represents a step toward an ion 
mobility spectrometer for ions in aqueous solution. 
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A new automated analytical method for determining manga
nese In seawater has been developed. The principle of the 
method is based on the combination of selective electrolytic 
preconcentratlon using a glassy carbon electrode and im
proved chemiluminescence (CLl detection in a flowthrough 
system. In this method, Mn( II l in a sample solution is oxi
dized to manganese( IV) oxide, which is electrodeposited onto 
the glassy carbon fiber electrode, followed by elution with 
acidic hydrogen peroxide solution, The resulting eluent is 
mixed with an alkaline lumlnol solution after removing the 
contaminating metal Ions by column extraction based on ex
traction chromatography, and then the mixture is introduced 
into the CL cell, The manganese concentration is obtained 
from the CL Intensity. The method was applied to seawater 
samples collected in seas adjacent to Japan. 

Manganese is a geochemically active element in the ocean. 
The dissolved manganese is easily precipitated by oxidation 
to manganese(IV) oxide, which acts as a powerful scavenger 
for trace elements. The solidified manganese in sediments 
is reduced to Mn(II) and is regenerated into the water column 
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under mild reducing conditions, for example in the oxygen 
minimum zone and the near-shore anoxic sediments (1). In 
recent years, it has also been found that a copious amount 
of manganese is injected into the deep waters by hydrothermal 
emanations through the active oceanic crusts (2). Therefore, 
it is very importsnt to clarify the distribution of manganese 
in seawater to understand marine geochemistry. Furthermore, 
manganese is thought to be a promising element as a chemical 
tracer for probing the hydrothermal activities if it can be 
analyzed easily and quickly onboard ship. 

In this paper, we describe a new automated analytical 
method for determining manganese in seawater combining 
electrolytic concentration and chemiluminescence (CL) de
tection. Although the use of CL for determining dissolved 
trace amounts of manganese has been long-established and 
is known to be highly sensitive (3), it has not been applied 
in a practical manner for analyzing natural waters. The reason 
is that it is not selective; other metals such as iron and cobalt 
interfere with the determination of manganese. Therefore, 
a selective separation of manganese is required to utilize the 
CL detection as a practical method. It was reported that 
cathodic stripping voltammetry, in which trace elements are 
oxidized anodically for preliminary accumulation on the in
dicator electrode, is relatively selective for manganese and lead 
(4-6). Since we have already developed an electrochemical 
technique for the determination of iodine species in natural 
waters by anodic electrolysis using a flow-through column 
electrode (7), a similar concentration method was tested for 
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Mn(lI) in seawater. It was found that Mn(lI) is electro
chemically oxidized to manganese(IV) oxide, which is quan
titatively electrodeposited on the glassy carbon electrode in 
the flowthrough system. This concentration technique was 
coupled with an improved CL method based on the oxidation 
of luminol with alkaline hydrogen peroxide. As a result, a 
selective and highly sensitive method for determining man
ganese in seawater has been developed. Measurements made 
in seas adjacent to Japan showed that this method was ef
ficient for shipboard analysis. 

EXPERIMENTAL SECTION 

Apparatus. The electrolytic concentration and CL systems 
are as follows. The electrolytic cell is the same as that previously 
reported (7,8); its working electrode was a glassy carbon fiber 
(11 I'm, Tokai Carbon Co., Ltd.) packed in a Vycor glass tube 
(Corning Co., Ltd.). An Ag/ AgCI electrode in 1 M potassium 
chloride solution was used as a reference electrode (normal silver 
chloride electrode (NSE)), and a spiral platinum electrode was 
used as a counter electrode. The cell was controlled with a 
potentiostat that can be changed over to two arbitrary potentials. 
Two peristaltic pumps were used to send sample and cleaning 
solut~on, and counter electrolyte ~f the concentration cell, re
spectIvely. Three couples of solenOId valves were used to change 
the flow of solutions. An eight-way valve with a clear poly
acrylamide sample box was set up at the entrance of sample 
solutions for the automatic sampling. The CL system (Model
CL-100, Kimoto Electric Co., Ltd.) was composed of a two-channel 
peristaltic pump for sending a carrier solution (eluent) and a 
reagent solution, a CL cell that has a flow cell and a photo
multiplier tube (PMT) built in, a high-voltage power supply, and 
an electrometer. The flow cell was a clear 1.2-mm-i.d. Teflon 
tubing coiled on a vortex groove 2S mm in diameter notched on 
an aluminum block, which was fixed to a quartz screen facing the 
PMT. The cell was heated to 50°C to accelerate the CL reaction. 
The PMT (Hamamatsu Photonics, R26S) was cooled to 5 °C with 
an electronic cooler to reduce the dark current, and a voltage of 
-750 V was generally applied to it. Both the electrolytic con
centration and CL systems were connected with a Kelex-IOO 
(commercial name of 7-dodecenyl-S-quinolinol, Ashland Chemical 
Co.) column (9), which removes interfering metals in the carrier 
solution (eluent), and a 5-m reaction coil of Teflon tubing (l-mm 
Ld.) to gain reaction time and to mix the reagent and the carrier 
solutions sufficiently. 

All of the Teflon tubing and connectors were washed with a 
bot mixture of nitric acid, perchloric acid, and sulfuric acid. The 
otber parts in the flowthrough line were used after being soaked 
in 4 M nitric acid for a week. 

The containers of reagent and carrier solutions and the reaction 
coil were put in a water bath regulated at 27°C (room temperature 
of the laboratories on board and in the university was always 
maintained below 25 DC) to stabilize the CL reaction and to 
prevent the generation of air bubbles in the flow system. 

The systems were controlled with interlocking five-step timers. 
A Nippon Jarrel-Ash AA-S200 atomic absorption spectrometer 

equipped with a FLA-lOO graphite furnace atomizer was used for 
metal measurements in the preliminary study. 

Reagents. Luminol (Nakarai Chemicals) was used after double 
recrystallization from 0.6 M hydrochloric acid. Triethylene
tetramine (TETA, Wako Pure Chemical Industries) was recrys
tallized twice from methanol and hydrochloric acid. Hydrochloric 
acid, nitric acid, and aqueous ammonia of reagent grade were 
further purified by rapid isopiestic distillation. Hydrogen peroxide 
(Wako Pure Chemical Industries, for the atomic absorption 
analysis), potassium carbonate (Merck, Supurapur), and acetic 
acid (Merck, Supurapur) were used without further purification. 

All solutions were made up with Millipore Milli-Q water. 
Solutions of ammonium salts were prepared by mixing the purified 
aqueous ammonia and acids. 

Artificial seawater was prepared according to Lyman and 
Fleming's formula (10) and was purified by pumping through the 
Kelex-100 column and the electrolysis column after passing 
tbrough a OA-I'm Nuclepore filter. With this treatment, almost 
all of the contaminating metal ions such as Cu(II), Fe(III), Co(Il), 
Nl(II), Pb(II), Cd(II), and Zn(II) including Mn(II) originating from 
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Figure 1. Flow chart of the analytical procedure for the automatic 
determination of manganese in seawater. 

the reagents were thoroughly removed. 
The carrier solution (eluent) was 0.1 M acetic acid containing 

10 mM hydrogen peroxide and 25 mM aqueous ammonia (pH 3.7 
acetic acid-ammonium acetate buffer solution). The reagent 
solution was 0.25 M potassium carbonate containing 0.25 mM 
luminol and an adequate amount ofTETA. The cleaning solution 
was pure water. A stock solution of 100 ng of Mn(II) /mL was 
made from the 1000 ppm Mn(II) standard solution (Wako). 
Working standards were prepared by diluting the stock solution 
with purified artificial seawater. Standard solutions (1000 ppm) 
of Co, Pb, Ni, Cu, Fe, Cr, Cd, Sb, Mo, Se, and Ti (Wako) were 
used. 

The counter electrolyte was 0.5 M potassium sulfate purified 
by passing through the Kelex-100 column. 

Procedure. The analytical procedure is shown by tbe flow 
chart in Figure 1. Filtered and/or unfiltered seawater was ad
justed at ca. pH 5 with 2 M acetic acid-ammonium acetate buffer 
solution (1 mL per 100 mL of sample solution). The polyethylene 
containers filled with the samples were set in the sample box. At 
t~e first stage, the residual sample in the system was exchanged 
WIth a new one. Then the potential applied to the preconcen
tration cell was cbanged from 0.2 to 0.9 V vs NSE. The sample 
solution was passed through tbe cell for SO s at a flow rate of 5 
mL / min. In this stage almost all of the other heavy metals were 
separated, together with major sea salts. After electrolysis, the 
cell was rinsed with the cleaning solution. The cell potential was 
again reduced to 0.2 V vs NSE to elute manganese from the 
electrode with the eluent. After the sample and cleaning solution 
pump was stopped, tbe eluent was passed tbrough the cell for 
3 min at a flow rate of 1 mL/min. After passing through the 
Kelex-100 column (in this stage codeposited metals were thor
oughly removed), the resulting eluent was mixed with the reagent 
solution pumped at a flow rate of 1 mL/min, and the mixture 
was introduced into the CL cell through the mixing coil. The 
manganese was determined by the measurement of the CL in
tensity obtained 4.3 min after mixing of the eluent with the reagent 
solution. 

In the preliminary study, artificial seawaters containing certain 
amounts of Mn(II) and other metal ions simultaneously were used 
mstead of seawater. The eluent was 10 mL of 50 mM acetic acid 
(pH 3.1) containing 10 mM hydrogen peroxide and was trapped 
in a 30-mL Pyrex glass vial before and/or after passing through 
the Kelex-100 column. 

RESULTS AND DISCUSSION 

Electrolytic Concentration of Mn(II) and Effects of 
Other Metal Ions. Co(II), Pb(II), and Ni(II) are elements 
that deposit as insoluble oxides on the electrode similarly to 
Mn(II), when they are electrochemically oxidized (Mn2+ + 
2H20 - MnO, + 4H+ + 2e-). Figure 2 shows the relationship 
between pH and the electrodeposition percentage of metals 
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Figure 2. Relationship between pH and electrolytic efficiency of metal 
ions in artificial seawater: 0, 10 Itg/L Mn(IJ); e, 50 Itg/L Pb(IJ); D, 
100 Itg/L Co(II); .... , 200 Itg/L Ni(IJ); potential, 0.9 V (--- 0.7 V) vs 
Ag/AgCI. 

Table I. Percentage of Metal Ions Adsorbed onto the 
Glassy Carbon Electrode and Percentage Remaining in the 
Eluent after Passing through the Kelex-IOO Column" 

metals ions adsorbed, % ions remaining, % 

Mn(II) 101 ± 4' 99 ± 4 
Fe (III) 45 ± 5 <0.1 
Cu(Il) 8±1 <0.05 
Cr(IIl) 0.6 ± 0.2 0.5 ± 0.2 
Zn(II) <0.01 <0.01 
Cd (II) <0.01 <0.01 

G Conditions: artificial seawater of pH 5.1, 20 mL; cell potential, 
0.9 V (adsorption) and 0.2 V (elution) vs NSE; Mn(Il), 10 jJ.g/L; 
the other metals, 100 jJ.g/L; eluent, 10 mL of 50 mM acetic acid 
containing 10 mM hydrogen peroxide. bElectrodeposition. 

on the electrode. Mn(II) was quantitatively electrodeposited 
above pH 4.2 at a cell potential of 0.9 V vs NSE (0.7 V vs NSE 
above pH 7.0), while fairly large amounts of Pb(II), Co(II), 
and Ni(II) were also codeposited at higher pHs. 

At pH 8.0, the natural pH of seawater, considerable 
amounts of Pb(II), Co(II), and Ni(II) were codeposited at any 
potentials required for complete electrolysis of Mn(II), whereas 
at pH 5.0 the other metals were hardly electrodeposited at 
alL At pH 5, the cell potentials suitable for quantitative 
electrolysis of Mn(II) were between 0.85 and 1.0 V vs NSE. 

Also, the adsorption behavior of Fe(III), Cu(II), Cr(III), 
Cd(II), and Zn(II) onto the glassy carbon electrode was in
vestigated. Appreciable amounts of Fe (III) and Cu(II) and 
a small amount of Cr(III) were adsorbed onto the electrode 
even from the sample solution at pH 5.1 and were eluted with 
the eluent as shown in Table L Cd(II) and Zn(II) were hardly 
adsorbed at alL In order to remove the other metal ions in 
the eluent, the Kelex-100 column was tested, since we have 
previously found that extraction of Mn(II) with this column 
begins at pH 5.5 whereas Cu(II) and Fe (III) are completely 
recovered even at pH 2. As indicated in Table I, Fe (III) and 
Cu(II) were thoroughly removed by passing the eluent through 
this column. From our previous result, AJ(III), Bi(III), Ga(III), 
and Ti(IV) are also expected to be removed by this column 
(9), although they were not tested in this work. Mn(U) is not 
captured under this condition, as seen in Table L Addition
ally, Kelex-l00 column extraction is useful for removing in
terfering metals such as iron that are included in the glassy 
carbon itself and are occasionally eluted. 

Consequently, Mn(II) can be selectively concentrated from 
seawater samples at ca. pH 5 in distinction from the other 

metal ions by the electrolytic oxidation at a potential ca. 0.9 
V vs NSE and by passing through the Kelex-l00 column. 
Although a solitary exception is Cr(III), the total amount of 
Cr(III) adsorbed is considered to be extremely low because 
its concentration in seawater is very low (11, 12). The recovery 
of manganese was constant at sample solution flow rates of 
1-10 mL/min. 

The elution of manganese was achieved with only 3 mL of 
the eluent by backward flow and by rapid reduction with 
acidic hydrogen peroxide. 

The electrolytic efficiency of Mn(H) was almost 100% in 
the concentration range investigated (0.05-100 Itg/L). 

One of the drawbacks of column electrolysis using a carbon 
electrode for natural waters is that dissolved organic matter 
(DOC) included in the sample solutions is adsorbed onto the 
electrode, resulting in the degradation of the reproducibility 
of results. When a natural seawater sample, collected from 
offshore Shirahama in Wakayama in Japan and containing 
more than 3 mg/L DOC, was used, the reproducibility of 
results was reduced over a long period of use. This can be 
resolved by rinsing the electrolysis cell with a 1:1 mixture of 
20% methanol and 4 M aqueous ammonia, as stated previ
ously (13). 

In the Mn(H)-catalyzed CL, Mn(H) produces a hydroxyl 
radical, HO·, by decomposing hydrogen peroxide in the al
kaline solution (Fenton-type reaction) (14). The resulting 
hydroxyl radical oxidizes luminol to 3-aminophthalate dianion 
immediately. The 3-aminophthalate dianion just after the 
oxidation is in the excited state and emits light when going 
to the ground state. The produced amount of the 3-amino
phthalate in the excited state is proportional to the concen
tration of Mn(II) under a certain condition. Thus, the con
centration of Mn(H) can be determined by measuring the CL 
intensity. 

Purity of Reagents. Since the CL reaction of luminol is 
catalyzed by trace amounts of various metal ions, the purity 
of reagents used is a very serious problem. Potassium car
bonate of reagent grade gave high background CL even after 
double recrystallization, while that of Supurapur grade was 
suitable to reduce the background CL to a sufficiently low 
leveL Luminol of reagent grade also gave high background 
CL without double recrystallization. The mineral acids and 
aqueous ammonia prepared by isopiestic distillation and the 
acetic acid of Supurapur grade gave hardly any increase of 
the CL intensity at all. TETA was recrystallized twice because 
it was not guaranteed reagent. When the background CL was 
large because of the contaminating metal ions, it was observed 
that a negative peak appeared in proportion to the extent of 
the background CL before the positive CL peak of manganese. 
The negative peak dulled the CL peak of manganese, resulting 
in a decrease of the analytical sensitivity. 

Optimal Concentration of CL Species. The effect of the 
concentrations of the CL species luminol, hydrogen peroxide, 
and potassium carbonate was tested in a batch system. The 
maximum CL intensity was obtained at the following con
centrations: luminol in the reagent solution, 0.25 mM; po
tassium carbonate in the reagent solution, 0.24 M; hydrogen 
peroxide in the carrier solution, 10 mM. Although aqueous 
ammonia was tested as an alkaline reagent instead of potas
sium carbonate, it promoted the decomposition of luminol and 
was unsuitable for the automated analysis. 

Effect of the Length of the Reaction Coil. As shown 
in Figure 3, the CL intensity increased rapidly for 3 min after 
the mixing of reagent and carrier solutions in the batch system. 
Hence, the effect of the length of the reaction coil was in
vestigated in the flow system. The results of the test for 2-10 
m of Teflon tubing (I-mm Ld.) indicate that the background 
CL intensity decreased with increasing the length of the re-
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Figure 3. Relationship between CL intensity and reaction time for 5 
and 25 ,"giL Mn(Il). 
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Figure 4. Effect of triethylenetetramine concentration on the CL in
tensity of Mn(Il): reagent solution, 0.24 M K,COs, 0.25 mM luminol, 
0_10-3 M triethylenetetramine; carrier solution, 0.5 ,"g of Mn(Il)/L, 10 
mM H,O" 0.1 M acetic acid, 25 mM NH,OH. 

action coil because of sufficient mixing of both the solutions. 
However, the CL catalyzed by manganese decreased with 
increasing the length of the coil due to the diffusion of the 
solution in the tubing line. Therefore, a reaction coil of 5 m 
was most suitable for low background CL and sensitive de
termination of manganese. All the investigations below were 
conducted by using the flow system. 

Effect of Chelating Reagents. The chelating reagent 
often affects the catalytic activity of metal ions for the de
composition of hydrogen peroxide (15). As shown in Figure 
4, the CL was noticeably enhanced by the addition of TETA 
into the reagent solution. Wang reported that catalytic activity 

. of Fe(III) for the decomposition of hydrogen peroxide is in
creased by chelating with TETA because the reactivity of cis 
positions of Fe(III)-TETA is remarkably higher than that of 
the reaction sites of Fe (III) aqueous ion (15). It is thought 
that a similar effect should occur in the Mn(II)-hydrogen 
peroxide system. Although the CL intensity increased with 
increasing the TET A concentration, it reached an upper limit, 
Le. CL intensity saturation phenomenon, at the lower man-
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Table II. Detection Limits of Metals Obtained with the CL 
Method Using the Luminol-Hydrogen Peroxide System and 
the Interference of Metals for This Method in the Absence 
and Presence of TETA (I 

metal conen, }.Lg/L, with Mn 
conen, ng/L, given in parentheses 

metals detectn lim', ~gjL without TETA with TETA' 

Co(ll) 0.006 2 (200 ± 10) 100 (20 ± 2) 
0.1 «DU) 10 «DL) 

Cr(lll) 0.01 100 «DL) 100 (8 ± 1 ) 
10 «DL) 

Fe (III) 0.2 100 «DL) 100 «DL) 
Mn(ll) 0.5 
Ni(II) 0.6 100 «DL) 100 «DL) 
Sb(V) 50 100 «DL) 100 «DL) 
Cu(ll) 60 100 «DL) 100 «DL) 
Pb(II) 1000 100 «DL) 100 «DL) 

a Interference is indicated as metal concentration (,ug/L), which 
gives the CL intensity corresponding to that of the manganese 
concentration (ng/L) shown in parentheses. Conditions: artifical 
seawater of pH 5.1, 30 mL for the case without TETA and 7 mL 
for the case with TETA. 'Literature data (ref 16). '2.5 X 10-4 M. 
d Detection limit. 

ganese concentration in proportion to the TETA concentra
tion. Therefore, the suitable TETA concentration was (2-3) 
x 10-4 M for the analysis of seawater of which manganese 
concentration ranges from 20 to 1000 ng/L. 

Coexisting salts and acids in the eluent affected the CL 
intensity slightly. Among the salts and acids tested, the 
mixture of acetic acid and ammonium acetate (0.1 M acetic 
acid plus 25 mM aqueous ammonia) gave most highly sensitive 
and reproducible result. 

From the above-stated results, the most suitable compo
sition of the reagent solution is 0.24 M potassium carbonate, 
0.25 mM luminol, and 2.5 X 10-4 M TETA. The most suitable 
composition of the carrier solution is 10 mM hydrogen per
oxide, 0.1 M acetic acid, and 25 mM aqueous ammonia. 

Interference of the Other Metal Ions. As stated above, 
almost all portions of the other metal ions are separated in 
the stage of electrolysis and Kelex column extraction. It is, 
however, conceivable that a small remaining portion of them 
could interfere with the determination of manganese in the 
CL detection. Table II shows the detection limit of metal ions 
in the CL determination using the luminol-hydrogen peroxide 
system and the extent of interference of these metals for this 
method in both the absence and presence of TETA. Since 
the data for the detection limits are cited from various reports 
(16), the experimental conditions are not always the same. 
Therefore, these values are merely criteria for the extent of 
interference. In the absence of TET A, the detection limit of 
Mn(II) in this method using 30 mL of sample solution was 
20 ng/L (81 N = 2). Cr(Ill), Fe(III), Ni(ll), Sb(V), Cu(ll), and 
Pb(ll) gave no interference larger than the detection limit of 
Mn(II) in the concentration range up to 100 ,"giL, whereas 
Co (II) gave no interference up to 0.1 ,"giL and gave inter
ference corresponding to 200 ng of Mn(II) IL at 2 ,"g of Co
(II) IL. In the presence of 2.5 X 10-4 M TETA, the detection 
limit of Mn(II) in this method using 7 mL of sample solution 
was 5 ng/L (81 N = 2). Co (II) also gave interference corre
sponding to 20 ng of Mn(II) IL at 100 ,"giL but not at 10 ,"g 
of Co(ll) IL, while Cr(Ill) gave slight interference at 100 ,"giL. 
Mo(VI), Se(VI), Zn(II), Cd(II), and Ti(IV), which are not 
considered to be involved in the CL reaction of luminol, gave 
no interference up to 1 mg/L. 

Calibration. The relative standard deviation was 0.54% 
for 10 replicate measurements of an artificial seawater sample 
containing 100 ngjL Mn(II) and ca. 20% for 5 ngjL Mn(II). 
The calibration curve was linear in the concentration range 
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Figure 5. Vertical distribution of manganese in the water column at 
the Okinawa Trough. Solid line. determined by this method (unfinered 
sample): D. C86-12 ( •• collected with clean sampler); .... C86-14; 
O. C86-17 (e. collected wnh clean sampler). Dashed line. determined 
by 8-quinolinol extraction-ICP AES detection method (unfiltered sam
ple): C86-3 (collected with clean sampler). 

of 50-500 ng of Mn(II) jL, but was somewhat curved in the 
lower and higher concentration ranges. 

In addition, the CL signal was constant at flow rates of the 
sample solution between 2 and 8 mLjmin in the case of a 100 
ngjL Mn(II) solution. 

Seawater Analyses. This method was applied to ship
board analysis of seawater samples collected during the cruise 
of RV. Hakuho-Maru (University of Tokyo), KH-87-2 (May 
7-21, 1987), at the Okinawa Trough, where hydrothermal 
activity was observed. It was also applied to the samples of 
RV. Tansei-Maru (University of Tokyo), KT-88-2 (February 
15-17,1988), at the Sagami Bay, where a large seepage flux 
of methane was found to be expelled by the force of sub
duction-induced compaction (17). The distribution of man
ganese in the Okinawa Trough (Figure 5) reflected the hy
drothermal activity, exhibiting a plume of highly concentrated 
manganese at a depth of around 1300 m. The dashed line 
indicates the results obtained by the 8-quinolinol concen
tration-inductively coupled plasma atomic emission spec
troscopy (ICP AES) detection method (18) in the same sea 
area, though the sampling station is slightly different. The 
good agreement of the results shows that this method is valid 

Table III. Manganese Concentration in the Sagami Bay 
(350 OO.075-N, 1390 I3.90S-E) 

Mn. ~gjL 
sample no. name depth. m filtered unfiltered 

6 towing 1220 0.45 0.50 
7 1000 1012 0.41 0.43 
8 750 761 0.28 0.31 
9 500 508 0.19 0.23 

10 150 155 0.21 0.25 
1 0 2.4 0.095 0.097 
3 200 203 0.Q78 0.114 

for shipboard analysis. Table III shows one of the results of 
the Sagami Bay analysis. The concentrations of manganese 
in the unfiltered samples are somewhat higher than those in 
the filtered samples. This indicates that a part of particulate 
manganese. which may be active manganese(IV) oxide, is 
adsorbed onto the glassy carbon electrode. The concentrations 
of manganese obtained from unfiltered samples (total ad
sorbed manganese, TAM) are considered to correspond to 
those of total dissolvable manganese (TDM) (1). It will be 
clarified whether or not TAM is the same as TDM in a 
forthcoming report. 
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Permselectivity and lon-Exchange Properties of Eastman-AQ 
Polymers on Glassy Carbon Electrodes 

Joseph Wang' and Teresa Golden 
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Eastman-AQ55D Is a new poly( ester sulfonic acid) cation 
exchanger available In a commercial dissolved form. Films 
of this polymer were coated onto glassy carbon surfaces. and 
the resulting electrodes exhibit attractive permselectlvity, 
lon-exchange, and antifouling properties. Substantial im
provement In the selectivity Is observed as a result of ex
cluding anionic species from the surface. The charge-selec
tive behavior Is demonstrated In the presence of a variety of 
compounds of neurological significance. A rapid response to 
dynamic changes In the concentration of cationic and neutral 
species Is observed. The polymer strongly binds multiply 
charged counterions. Cyclic voltammetry is used to deter
mine the quantity of Incorporated Ions as a function of time, 
concentration, and other variables. The oxidation of hydrogen 
peroxide Is catalyzed when Ru(bpY)32+ Is Incorporated in the 
coating. The film can also protect the substrate electrode 
from foul ants present In the contacting solution. These fea
tures, as well as the low cost, simple coating procedure, 
strong adherence to surfaces, and versatility, make the 
Eastman-AQ55D polymer well-suited for a variety of electro
analytical applications. 

Substantial research efforts are being devoted to the de· 
velopment of voltammetric sensors based on chemical mod
ification of electrodes (1-4). Polymer-modified electrodes, in 
particular, hold great promise for increasing the selectivity, 
sensitivity, and reproducibility ofvoltammetric measurements 
(5-12). Such improvements can be attained through enhanced 
electron-transfer kinetics, permselective transport, or pref
erential uptake. The attractive features of Nafion, cellulose 
acetate, polyaniline, polypyrrole, or poly(vinylpyridine) have 
been particularly useful for voltammetric sensing. Practical 
applications of these and other polymer-modified electrodes, 
including in vivo monitoring of primary catecholamine neu
rotransmitters, enhanced monitoring of chromatographic 
effluents, or reliable stripping analysis of biological samples 
for trace metals, have been described. New polymers with 
attractive permselective, collection, or catalytic properties are 
desirable for further development of chemically modified 
electrode sensors. 

We describe here the ion-exchange properties and perme
ability characteristics of a new commercially available polymer, 
Eastman-AQ55D. This poly(ester sulfonic acid) cation ex
changer is available in a commercial dissolved form (13,14). 
It can be cast into films on electrode surfaces by evaporation 
of the solvent. The resulting coatings exhibit good adhesion 
to many substrates. Glassy carbon electrodes, coated with 
Eastman-AQ films, are shown in this study to exhibit at
tractive permselective, ion-exchange, and antifouling prop
erties. In particular the polymer effectively excludes anions 
from the supporting surface while it strongly binds counter
ionic species (in a manner analogous to that of commonly used 
Nafion films). With its low cost, strong adherence to the 
surface, and rapid response, the Eastman-AQ polymer appears 
to open many new opportunities for future sensor develop
ments. 

0003-2700/89/0361-1397$01.50/0 

EXPERIMENTAL SECTION 
Apparatus. An EG&G PAR Model 264A voltammetric ana

lyzer, in conjunction with an EG&G PAR Model 0073 X-Y re
corder, was used for cyclic voltammetry and differential pulse 
voltammetry. A Bioanalytical Systems (BAS) Model VC-2 
electrochemical cell was employed. The glassy carbon electrode 
(BAS MF2012, 2.5-mm diameter), reference electrode (BAS RE-1, 
Ag/ AgCl (3 M NaCl»), and the platinum wire auxiliary electrode 
joined the cell through holes in its cover. All potentials reported 
are referenced to this reference electrode. The flow injection 
system was described previously (5). A glassy carbon thin-layer 
detector (Model TL-5, BAS) and a 20-I'L sample loop were used 
in flow measurements. 

Reagents. Deionized water was used to prepare all solutions. 
A solution of the Eastman-AQ55D polymer (28% dispersion) was 
obtained from Eastman Kodak Co. and was used as received. 
Dopamine hydrochloride, 3,4-dihydroxyphenylacetic acid (DO
PAC), catechol, epinephrine, 4-methylcatechol, L-DOPA, nor
epinephrine hydrochloride, uric acid, caffeic acid, methyl viologen 
(MV2+), bovine albumin, Ru(bpY)3Cl, (bpy ; 2,2'-bipyridine) 
(Sigma), Ru(NH3)6CI3, hydrogen peroxide (Aldrich), ascorbic acid 
(AA) (Baker), and (ferrocenylmethyl)trimethylammonium (FA+) 
iodide (Pfaltz and Bauer) were used as received. Solutions of pH 
7.4 phosphate buffer at 0.01 and 0.05 M ionic strength were used 
in batch and flow experiments, respectively. 

Procedure. Prior to its coating, the electrode was hand
polished with alumina slurries of 1 and 0.05 I'm. Residual pol
ishing material was removed from the surface by sonication in 
a water bath for 5 min after each polishing process. The surface 
was modified by coating the disk and its surrounding with 
measured volumes of the diluted (1:20 (v/v) Eastman AQ:acetone) 
polymer solution (10 and 50 ilL were used for batch and flow 
measurements, respectively). The film was allowed to dry in air 
for 5 min. Ion-exchange/cyclic voltammetric experiments were 
performed by equilibration with quiescent solutions of elec
troactive cations in 0.01 M phosphate buffer (pH 7.4). The 
amount (r) of ionic species incorporated into the film was esti
mated by measuring the area of the cyclic voltammetric peaks. 
Amperometric (flow) measurements were made by applying the 
desired working potential and allowing the background current 
to decay to a steady-state value. All experiments were carried 
out at room temperature. 

RESULTS AND DISCUSSION 

Permselective Transport. Figure 1 shows cyclic voltam
mograms for a series of cationic, nonionic, and anionic bio
logically important compounds at modified (solid line) and 
bare (dotted line) glassy carbon electrodes (at pH 7.4). As 
can be seen, the negatively charged film effectively excludes 
the anionic species (ascorbic and uric acids or DOP AC) from 
the surface. In contrast, the large permeability of the cationic 
neurotransmitters dopamine, epinephrine, and norepinephrine 
results in large peaks, similar to those obtained with a naked 
surface. Some shifts in peak potentials are also observed. 
Changes in the pH (in the interior of the coating) may account 
for these shifts. The neutral species catechol and 4-
methylcatechol exhibit a similar behavior. Analogous dif
ferential pulse measurements, at lower concentrations, yielded 
similar observations with effective exclusion of oppositely 
charged species and a facile transport of co-ionic and neutral 
ones. Similar background currents were observed in blank 
(differential pulse and cyclic) voltammograms at the coated 

© 1989 American Chemical SOCiety 
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Figure 1. Cyclic voltammograms for 1 X 10-3 M uric acid (A), dop
amine (8), ascorbic acid (C), DOPAC (D), catechol (E), epinephrine (F), 
4-methylcatechol (G), and norepinephrine (H) at bare and coated glassy 
carbon electrodes (dotted and solid lines, respectively). Conditions: 
scan rate, 50 mV Is; electrolyte, 0.01 M phosphate buffer (pH 7.4). 

and bare electrodes. The selective retardation of anionic 
species is of great significance for the development of neu
rochemical sensors (particularly as primary neurotransmitters 
are protonated at the physiological pH while DOP AC and 
ascorbic acid exist as anions). For example, differential pulse 
measurements of 5 x 10-5 M dopamine were not affected by 
adding a large excess (2 X 10-4 M) of its major metabolite 
DOPAC; in comparison, a large overlapping response was 
observed at the unmodified electrode. The charge of DOPAC 
(pK. = 4.22) strongly influences its transport characteristics. 
At pH 2, for example, the modified electrode exhibited only 
a slightly (10%) diminished DOPAC response, compared to 
that at the bare electrode. 

The permeability features of the polyester ionomer were 
tested also under hydrodynamic conditions, utilizing flow 
injection analysis (FIA). Such FIA data for 10 biologically 
significant compounds are presented in Table 1. The ratio 
between the peak current of each compound over that of 
catechol (ip,x/ip''"t) is presented. Note that anionic species 
yield small response peaks under forced-convection conditions. 
Nevertheless, these signals are significantly smaller relative 
to those of cationic and neutral ones. For example, ip,x/ ip,,,,' 
values of 0.04,0.12,0.18, and 0.18 are observed for caffeic acid, 
DOPAC, ascorbic acid, and uric acid, respectively. Analogous 
observations (i.e., incomplete rejection of anionic species) were 
reported for Nafion-coated flow detectors (15, 16). The 
ip,x/ip,"'t. value for the zwitterionic L-DOPA (0.47) is between 
those for anions and cations. Most compounds (with the 
exception of epinephrine) exhibit similar response peaks at 
the bare electrode, with ip~/ip,cat values of 0.85-1.11. Overall, 
the film coverage results with only modest (25-40%) atten
uations of the FIA response for cationic and neutral species 
(compared to ca. 85-95% diminutions of the response of an-

Table I. Relative Response of Various Compounds 
Compared to That of Catechol" 

compound 

acetaminophen 
ascorbic acid 
caffeic acid 
L-DOPA 
DOPAC 
dopamine 
epinephrine 
norepinephrine 
4-methyicatechol 
uric acid 

coated electrode 

0.65 
0.18 
0.04 
0.47 
0.12 
1.29 
1.52 
1.34 
1.08 
0.18 

bare electrode 

0.91 
0.85 
0.85 
1.08 
0.96 
0.89 
1.53 
1.11 
1.00 
1.02 

a Conditions: flow injection measurements at the 1 X 1(J4 M 
level; applied potential, +0.7 V; flow rate, 1.0 mLjmin. bRatio 
between the current of each compound over that of catechol. 

Table II. Effect of Film Thickness on tbe Permselective 
Responsea 

coating ip,AA/ ip,cat. 
b 

ip;DA/ip,cat.
c 

iP.,C8tCcoatedV 
Lp,cat(bare) 

low thickness 0.18 1.29 0.62 
medium thickness 0.43 0.98 0.46 
high thickness 0.90 0.55 0.05 

a Low-, medium-, and high-thickness films were prepared by us
ing different dilutions of the polymer solution, 1:20, 1:10, and 1:5 
(v/v), respectively. Flow injection operation, as in Table 1. bRatio 
between the current of ascorbic acid over that of catechol. C Ratio 
between the current of dopamine over that of catechol. dRatio 
between the current of catechol at the coated electrode over that at 
the bare surface. 

ionic ones). The permselective transport is strongly affected 
by the film thickness (Table II). Low-thickness films that 
offer improved rejection of anionic species and enhanced 
response of cationic ones (relative to the neutral catechol), 
as well as modest attenuations of the peaks of interest (relative 
to the bare surface), were used throughout. The Eastman-AQ 
coated electrode exhibits a rapid response to dynamic changes 
in concentration that characterize FIA systems. For example, 
a response time (to reach 90% of the maximum signal) of 1 
s and peak width (at 0.6 Cmax) of 2 s were observed for in
jections of 1 X 10-4 M dopamine solutions (20 ILL). High 
injection rates (of about 120 samples/h) are thus feasible. 
Slower response characteristics were reported at Nafion-based 
FIA detectors (15). Repetitive preparations of the film result 
in relatively reproducible transport characteristics. For ex
ample, a series of eight different films yielded a mean 
ip,AA(coated) /ip,AA(bare) value of 0.17, with a range of 0.15-D.21 
and a relative standard deviation of 11 %. 

The potential of the Eastman-AQ electrode to overcome 
surfactant adsorption problems is illustrated in Figure 2, which 
compares the stability of the response for successive injections 
of sample containing 1 X 10-4 M acetaminophen and 500 ppm 
albumin. A rapid loss of the electrode activity is observed at 
the bare surface (A), with up to a 20% decrease in the response 
for the 24 repetitive injections shown. The coated electrode, 
in contrast, is resistant to fouling and exhibits a highly stable 
analytical response (8). The rapid and stable response is 
important for the utility of Eastman-AQ coated electrodes as 
in vivo probes. 

Ion-Exchange Properties. Ion-exchange voltammetry, 
based on the electrostatic partitioning of ionic species at 
film-coated electrodes, is of great significance for both elec
troanalysis and electrocatalysis (6, 17). Cyclic voltammograms 
representing the partition of Ru(bpy),"+, Ru(NH3)63+, and 
MV2+ into the Eastman-AQ film upon repetitive cycling gave 
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Figure 2. Detection peaks for repetitive injections of a 1 X 10-4 M 
acetaminophen solution, containing 500 ppm bovine albumin: (A) bare 
electrode, (8) coated electrode; flow rate, 1.0 mUmin; applied potential, 
+0.7 V; electrolyte and carrier, 0.05 M phosphate buffer (pH 7.4). 

Table III. Partition Characteristics of Various CationsG 

cation lOaf,' mol/em' teq,C min f,,/fod 

MV'+ 5.9 50 0.68 
Ru(NH3)". 4.9 36 0,65 
Ru(bpy),'+ 0.49 150 0.79 
FA+ 0.47 43 0,52 

a Conditions as in Figure 4. b Surface coverage obtained by inte
grating the peak area. CEquilibration time. dRetention ratio is the 
fraction of the initially incorporated ion that was retained 45 min 
after the coated electrode was transferred to a blank (electrolyte) 
solution. 

increasing peak currents, reflecting the incorporation of these 
cationic species (Figure 3). Such incorporation is attributed 
to electrostatic interaction with anionic sulfonated exchange 
sites. The voltammograms reached steady state after ca, 150 
(A), 36 (B), and 150 (C) min, The steady-state peak currents 
are significantly (5Q-70-fold) larger than those of the solution 
species alone (estimated from the first scan), These and other 
data of the charge trapping experiment are listed in Table III. 
This behavior is similar to that reported for the incorporation 
of the same cationic redox species at Nafion-coated glassy 
carbon electrodes (6), Faster attainment of equilibrium was 
observed at higher concentrations of exchanging ions 
(equilibration times of 30,150, and 180 min for 10-3, 10-4, and 
10-5 M MV'+, respectively), A similar trend was observed for 
FA + (not shown). Hence, a facile incorporation of organic 
counterions can be attained from dilute solutions (in the 
presence of a large excess concentration of simple inorganic 
cations, e.g. those of the supporting electrolyte), This feature 
is attributed to the structural characteristics of Eastman-AQ 
polymers, and particularly to the relatively hydrophobic nature 
of the polyester backbone (14), The scan rate dependence 
of the cyclic voltammetric peak current was evaluated after 
equilibration from 1 X 10-' M Ru(NH3)63+ and Ru(bpY)3'+ 
solutions, The resulting log-log plots of peak current against 
scan rate were linear, with slopes of 0.47 and 0.43, respectively, 
Such values indicate diffusion control of the electrolysis of 
trapped ions. Significant incorporation of cationic species was 
observed also in acidic media (e,g, r(Ru(NH3)63+) of 2.9 X 10-8 
mol/em' at pH 2,1). This observation suggests that factors 

ANALYTICAL CHEMISTRY, VOL. 61, NO. 13, JULY 1, 1989 • 1399 

+0.0 
--'-

Z B 
LJ.J 
0< 
0< 

°1 

l- _'3' - 15,A -- -- -- -'1' - -

Ie ~ l __ ~~ _______ ~_~~_j~_J 
POTENTIAL (v) 

Figure 3. Cyclic voltammograms for 1 X 10-4 M Ru(bpy), 2+ (A), 
Ru(NH3),3+ (8), and MV'+ (C) recorded continuously at a glassy carbon 
electrode coated with Eastman-AQ film. Scan rate is 20 mV Is; other 
conditions are as in Figure 1. 

other than charge may control the extent of incorporation. 
Cyclic voltammetric experiments were employed also for 

constructing partition isotherms (of f,q vs C,oln)' Such iso
therms for MV'+ and Ru(NHs)63+ were linear at low-concen
tration regions (up to 7 X 10-5 and 4 X 10-5 M, respectively); 
a leveling off was observed at higher concentrations, suggesting 
a saturation phenomenon. Because of the facile incorporation 
from dilute solutions and the linear partition isotherms, 
Eastman-AQ polymers hold great potential for trace analysis 
of organic cations using the technique of ion-exchange vol
tammetry (6, 17). For example, at the 10-5 M level, MV'+ and 
FA + were preconcentrated by factors of 50x and 35x, re
spectively, relative to the naked electrode. These observations 
point to the large partition coefficients involved, 

Many of the incorporated ions remained in the Eastman-AQ 
film for long periods when the electrodes were removed from 
the incorporated solution and replaced in a pure supporting 
electrolyte solution, The retention capability of the East
man-AQ coatings was estimated by measuring the retention 
ratio, r'5/rO' after equilibrating the electrode from 10-4 M 
solutions of various cations (f'5/rO is the ratio of the coverage 
immediately after transfer to the pure electrolyte solution to 
that 45 min later), r'5/rO values of 0.79,0,68,0.65, and 0,52 
were calculated for Ru(bpy),'+, MV'+, Ru(NHsl;+' and FA+, 
respectively. Such retentions compare favorably with those 
observed with other ion-exchange films previously used in the 
field of polymer-coated electrodes (17). 

The facile incorporation and prolonged survival of ionic 
metal complexes hold great promise for electrocatalysis. 
Catalysis of hydrogen peroxide was used to illustrate the 
ability of Eastman-AQ bound metal complexes to mediate 
electron exchange with redox species in solution, The oxi
dation of hydrogen peroxide at naked carbon surfaces requires 
a substantial overpotential (e.g., Figure 4A). However, with 
the Eastman-AQ/Ru(bpyl,'+ coated electrode the hydrogen 
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Figure 4. Cyclic voltammograms for 1 X 10-' M hydrogen peroxide 
at bare (A) and coated (8) glassy carbon electrodes. The response 
at the coated electrode was obtained following equilibration from a 1 
X 10-3 M Ru(bpy),'+ solution. Other conditions are given in Figure 1. 
The dotted lines correspond to the response of the blank solution. 

peroxide oxidation commences at a lower potential, where 
Ru(bpy),'+ is electrooxidized to Ru(bpy),'+ (Figure 4B). 
Coupled with the rejection of anionic species, such electro
catalysis of hydrogen peroxide oxidation can benefit various 
biosensing applications. 

In conclusion, the experiments described above have in
dicated that the transport properties and ion-exchange 
characteristics of Eastman-AQ films make them well-suited 

for voltammetric sensing. In particular, the enhanced selec
tivity obtained as a result of excluding anionic species could 
be very valuable for in vivo brain electrochemistry. The 
preconcentration of counterions and their ability to mediate 
electron transfer may result with sensitive electrochemical 
sensors. 
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Second Dissociation Constant and pH of 
N-(2-Hydroxyethyl)piperazine-N' -2-ethanesulfonic Acid from 0 
to 50°C 

Darning Feng,1 W, F. Koch,' and y, C, Wu 

National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

HE PES (N-2-hydroxyethylplperazine-N' -2-ethanesulfonic 
acid) has been recommended as a pH buffer for physiological 
measurements. The pH values for this buffer system, at ionic 
strengths similar to those in physiological fluids, have been 
determined at temperatures from 0 to 50°C by the emf me
thod. The influence of NaCI on this buffer and the liquid 
junction potential associated with this salt have been evalu
ated. Thus, the practical, operational pH value can be as
certained. The second dissociation constant of HEPES has 
been determined, and the thermodynamic properties have 
been calculated. 

INTRODUCTION 
In recent years, HEPES (N-2-hydroxyethylpiperazine

N'-2-ethanesulfonic acid), HOCH,CH2-NHCH,CH,-N(C
H,CH,S03H)CH,CH" has attracted attention as a pH buffer 
of physiological interest. Good et aL first reported its prep
aration and pK, values in 1966 (1). Vegas and Bates have 

* Author to whom correspondence should be addressed. 
1 Current address: Guangzhou Institute of Non-ferrous Metals, 

Guangzhou, People's Republic of China. 

determined the pK, values and corresponding thermodynamic 
properties of HEPES from 5 to 50 cC (2). Taylor et aL (3) 
and Roy et aL (4) have determined the pK, values in 
DMSO-water and ethylene glycol-water mixtures. However, 
suitable pH buffer standards at an ionic strength of 0.16 
mol/kg (m), for physiological application based on HEPES, 
have not yet been established. 

This paper presente buffers for physiological pH standards: 
an equimolal 0.08 m mixture of HEPES and its sodium salt 
(NaHEPESate), buffer I; and the same mixture with 0.08 m 
sodium chloride added to match the ionic strength of the 
physiological media, buffer II. Both of the buffers have pH 
values of about 7.5 at 25 cC, close to the pH value of physi
ological fluids. In addition, an equimolal 0.05 m mixture of 
HEPES and NaHEPESate, buffer III, and an equimolal 0.05 
m mixture of HEPES, NaHEPESate, and NaCI, buffer IV, 
are presented. 

To determine pH values from 0 to 50 cC, values of elec
tromotive force (emfs) for the following cell 

Pt, H, (1 atm)[HEPES (ml), NaHEPESate (ml), 
NaCI (m,)[AgCI, Ag 

without lifquid junction, have been measured. From this date, 
the second dissociation constent may be evaluated with the 

This article not subject to U.S. Copyright. Published 1989 by the American Chemical Society 



assumption that the activity coefficient of an undissociated 
molecule is unity, as has been done previously (2-4). However, 
the undissociated molecule of HEPES is a zwitterion and has 
a large dipole moment, although the overall charge is neutral. 
The activity coefficient of this molecule is not equal to 1, but 
rather is a function of its own molality (5, 6). Moreover, the 
dipolar molecule also exerts influence on the activity coeffi
cient of an added neutral salt (5, 6) such as NaCI. Both effects 
are small at low concentration, and hence the influence on 
the pK value is negligible. However, those effects on the pH 
value at 0.05 and 0.08 m are appreciable and are illustrated 
below. 

The influence of a neutral salt, NaCl, on this zwitterionic 
buffer differs from that of an ionic buffer. This difference 
is demonstrated in flowing junction experiments. 

THEORY 
HEPES is generally in the form of a zwitterion, a dipolar 

molecule (Z*). The first dissociation is from the sulfonic acidic 
group, and the second dissociation is from the protonated 
amino group. It is customary to add an equivalent amount 
of NaOH to the HEPES to form hydroxysodium HEPEsate 
(abbreviated ZOH- or simply Z-) to obtain the second disso
ciation constant, K 2A, which controls the ionization equilib
rium. The thermodynamic process is described as follows: 

ZOH' = Z± + OH- (1) 

and 

-log aw = pKw - pKB - log mz* - log 'Yz* 
mz- 'Yz-

or 

mz- 'Yz-
pH = pK2A + log - + log - (3a) 

mz± l'z± 

where pK2A = pKw - pKB' m is concentration expressed as 
molality, a is activity, and 'Y is the molal activity coefficient. 
The emf obtained from cell I may be used to obtain K2A as 
follows: 

(4) 

or 

E' = (E - EO) / k + log mCI = - log aw -log 'YCI- (5) 

The substitution of eq 3 into eq 5 yields 

mz- 'Yz-
E' = pK2A + log - + log -- (6) 

mz* 'YZ*'YCI-

Since the dissociation of ZOH- (Z-) is small (~10-7 m), then 
mz- = ml - mOH = m 1; and mz± = ml + mOH- = ml- Equation 
6 reduces to 

E' = pK2A -log 'Yz± + log 'YZ-/'YCI- (7) 

where log 'Yz-hcl- is a function of the ionic strength (l). If 
'Yz* is unity, as is customarily assumed for undissociated 
neutral molecules, then eq 7 may be used to obtain pK2A by 
plotting E'vs I and extrapolating to I = O. The intercept to 
the ordinate is pK2A- On the other hand, if 'YZ* is not unity, 
then the intercept will be pK2A - log 'Yz*. 

The activity coefficient of a dipolar molecule as a function 
of its own concentration has been discussed by Cohn and 
Edsall (5) and analyzed theoretically by Scatchard and 
Kirkwood (6). Accordingly, it is necessary to measure the emf 
of another set of cells in which mNaCI is varying but mz-/mz: 
is constant. Thus, in each cell the total ionic strength is varied 
at a given mz±.- Equation 7 still applies. There will be one 
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intercept for each mz*, which is pK2A - log 'Yz* for that mz*. 
If log 'Yz: = 0, all of the intercepts would converge into one, 
i.e., pK2A. The unmerging intercepts indicate that log 'YZ* = 
!(mz*); at low mz*, a linear term of mz* is sufficient. A plot 
of (pK2A log 'Yz:) vs mz* extrapolated to mz: = 0 will yield 
a true pK2A at the intercept, and the slope is the linear term 
constant, a, i.e., -log 'Yz± = cxmu:.o By substitution of this 
quantity into eq 7, it becomes 

En = E' - amz* = pK2A + log ('YZ-/'YCI-) (8) 

En is a linear function of I at low ionic strength, and K2A is 
the thermodynamic dissociation constant for HEPES. From 
this, the set of thermodynamic properties may be derived after 
determining the temperature coefficient of K2A-

The Derived pH. Equation 3 shows that with mz- = mz* 

pH = pK2A log 'Yz* + log 'Yz- (3b) 

for pure HEPES, or 

pH -log 'YCI = pK2A - log 'Yz* + log ('YZ-/'YCI-) (9) 

for HEPES with added sodium chloride to increase the ionic 
strength. 

From eq 8, let 

log ('YZ-/'YCI-) = fJI (10) 

Since log 'Y *NaCI is known to be influenced by the dipolar 
molecule, Cohn and Edsall (5) have demonstrated that the 
activity coefficient of NaCI in glycine solution is 

mNaCI = 0, log ('YNaCl/ 'YNaCt) = 
-0.14173mz* + 0.03234mz: 2 (11) 

mNaCI = 0.5, log ('YNaCI/'YNaCIO) = 
-0.04764mz* - 0.00002mz*2 (12) 

where the superscript, 0, indicates pure aqueous solution. No 
data for NaCI in HEPES was found. It is assumed that they 
are similar and that log 'YClhd is the same as log 'YNaCI/'YNaClo. 
Also, a linear interpolation of the first terms on the right of 
eq 11 and 12 for mNaCI = 0.05 is taken to be -0.13mz*, and 
for mNaCI = 0.08, -0.125mz:. Then eq 10 becomes 

log 'Yz- = log 'YCI + fJI 
=log 'YClo - 0.125mz* (or -0.13mz*) + fJI 

(13) 

To evaluate log 'YClo, the Debye-Hiickel extended equation 
is assumed; i.e. 

AP/2 
log 'Yt = - 1 + BaP/2 + bI (14) 

where A and Bare Debye-Hiickel constants; a and bare 
adjustable parameters. If 'YCI = 'Y*NaCI is assumed, then a = 
4.2 and b = 0.032 will fit the experimental data for 'Y *NaCI to 
within ±0.00l unit up to 1 m. The substitution of eq 13 and 
14 into 3 and 9 will yield equations for evaluating a set of 
values of pH for HEPES and HEPES plus NaCI at the desired 
ionic strength. 

EXPERIMENTAL SECTION 
Materials. HEPES and sodium HEPESate were obtained 

from Sigma Co. (St. Louis, MO). A portion of HEPES was 
recrystallized twice from 80% ethanol. Both purified and un
purified materials were dried in a vacuum oven at 50°C and 
assayed by titration with standard sodium hydroxide. The 
analyses of both samples of HEPES averaged 99.91 % pure. 
NaHEPESate solution was made by neutralizing a portion of the 
purified HEPES solution with standard sodium hydroxide. SRM 
185f, potassium hydrogen phthalate (KHph), SRM 186-I-d, po
tassium dihydrogen phosphate, SRM 186-II·d, disodium hydrogen 
phosphate, and sodium chloride (Mallinckrodt, AR) were dried 
at 120°C before use. The laboratory distilled water used in this 
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Table I. emf of the Cell H2, HEPES (m,), NaHEPESate (m2), NaCI (m3), AgCI, Ag 

E,V 

m 1 = m2 m3 O'C 10 'c 15 'c 20 'c 25 'c 37 'c 50 'C 

0.02 0.01 0.77288 0.77995 0.78315 0.78612 0.78908 0.79522 0.80061 
0.02 0.75691 0.76339 0.76629 0.76898 0.77161 0.77705 0.78170 
0.05 0.73635 0.74204 0.74456 0.74686 0.74903 0.75355 0.75723 
0.09 0.72364 0.72878 0.73102 0.73306 0.73506 0.73895 0.74202 
0.14 0.71452 0.71927 0.72132 0.72314 0.72495 0.72834 0.73095 

0.05 0.01 0.77446 0.78147 0.78462 0.78758 0.79032 0.79645 0.80177 
0.03 0.74916 0.75522 0.75789 0.76039 0.76272 0.76773 0.77190 
0.05 0.73777 0.74339 0.74585 0.74816 0.75023 0.754 72 0.75836 
0.08 0.72749 0.73269 0.73497 0.73705 0.73892 0.74294 0.74611 
0.11 0.72064 0.72557 0.72770 0.72965 0.73150 0.73506 0.73790 

0.065 0.065 0.73245 0.73772 0.74010 0.74224 0.74431 0.74833 0.75167 
0.08 0.01 0.77576 0.78265 0.78578 0.78869 0.79l44 0.79757 0.80292 

0.02 0.75958 0.76587 0.76873 0.77135 0.77394 0.77911 0.78359 
0.04 0.74397 0.74969 0.75224 0.75459 0.75684 0.76136 0.76522 
0.06 0.73491 0.74029 0.74267 0.74485 0.74687 0.75104 0.75449 
0.08 0.72859 0.73371 0.73598 0.73803 0.73992 0.74377 0.74691 

0.09 0.09 0.72634 0.73126 0.73344 0.73542 0.73737 0.74089 0.74394 

m, m2=mS 

0.02 0.01 
0.05 0.01 
0.08 0.01 

experiment was passed through a deionizing column and had a 
conductivity of less than 1 }J.S/cm. Stock solutions were prepared 
by weight. Buoyancy corrections were applied for all masses. The 
concentration of hydrochloric acid was standardized coulome
trically. 

Two series of experiments, one with the purified HEPES and 
NaHEPESate and the other without purification, were performed 
with the Harned type cell. Also, a series of experiments with 
flowing junction cell and combination glass electrode-pH meter 
was performed to compare pH values of HEPES /HEPESate with 
those of other standard buffers. 

Apparatus. The Harned cell 

Pt, H2 (1 atm)IHEPES (m,), NaHEPESate (m,), 
NaCI (m3>1AgCI, Ag (1) 

was used for the emf measurements. The platinum black (hy
drogen) electrodes and silver-silver chloride electrodes were 
identical with those previously used in this laboratory (7) and 
were tested prior to use by measuring their EO in 0.05 m hydro
chloric acid with "I = 0.8304 at 25 'c (8). Tbe deviations from 
the standard value for IE" were usually less than 0.1 m V. The setup 
and the temperature control bath have been described in a 
previous paper (9). The temperature was controlled to ±0.01 'C. 
A flowing junction cell connected to the Harned cell was used to 
measure the liquid junction potentials and is described in detail 
elsewhere (10). An Orion 70lA pH meter and Corning X-EL 
combination glass electrode were used to measure the pH values 
for the solutions, and these values were compared with those 
obtained from emf measurements. 

Results. The emf values of cell I from a to 50°C are listed 
in Table I. The emfs of the following cells with flowing junction 
were measured: 

Pt, H, (I atm)IHEPES (m,), NaHEPESate (m,), 
NaCI (m3)IIKCl (satd)IHg2CI" Hg (II) 

Pt, H2 (I atm)lphosphate bufferllKCl (satd)IHg,CI" Hg (III) 

and 

Hg, Hg2Cl,lKCI (satd)IINaCI (m)lAgCI, Ag (IV) 

The results will be discussed later. 
Values for pK'A and pH. pK'A' The results listed in Table 

I can be used with eq 7 to determine pK2A by extrapolating E' 
vs I to I = O. The intercepts represent the quantity of pK2A -
log "Iz., because log "Iz±, the activity coefficient of the undisso
ciated dipolar molecule being zero charge, is not a function of I 
as discussed in the theory section. Then, by plotting of (pK'A 
- log 'YZ:l:) vs rnZ:I: and extrapolation to mZ:l:: ;;:;; 0, pK2A is obtained 

0.77088 
0.74805 
0.73656 

Table II. Second Dissociation Constants of HEPES and 
Parameters 

pK2A (Vega 
t,OC pK2A (this work) ~ and Bates)a 

0 7.878 0.38 0.50 
10 7.747 0.30 0.49 7.751 
15 7.683 0.27 0.48 7.690 
20 7.622 0.22 0.47 7.629 
25 7.562 0.20 0.46 7.565 
37 7.427 0.15 0.45 
50 7.285 0.08 0.46 7.283 

a Reference 2. 

Table III. Thermodynamic Properties Corresponding to 
pK2A at 25°C 

this work Vega and Batesa 

flGO, kcal mol-1 

DJIo, kcal mol- l 

tlSo cal mot l K-I 
tlCp ~, cal mol- l K-I 

a Reference 2. 

10.31 
4.79 
-18.52 
6.26 

10.32 
4.87 
-18.3 
11 

at the intercept and - log "Iz± = am, where a is the slope of this 
plot. Both these plots are shown in Figure 1. 

It is interesting to note that, if those emf values at ml ;;:;; m2 

;;:;; rn3 were selected, a linear plot of E'vs I of those points, where 
I is extrapolated to 0, will yield the same pK2A' and E' = pK'A 
+ bI, where b is the slope. This process of experiments and 
treatment of data has been done for obtaining pK'A, because as 
1- 0, mz± - 0 and therefore log "Iz± = O. However, bI should 
contain the other quantity, amu; i.e., bI ;;:;; (31 + amZ:l::. In this 
case, by application of eq 8 to all the data listed in Table I and 

En = E' - amZ± = pK2A + log "IZ-/"ICI- (8) 

plotting of E"vs I, a straight line is obtained, as shown in Figure 
2. All the above derived quantities are listed in Table II. 

The thermodynamic properties related to the second disso
ciation of HEPES are shown in Table III. 

pH. On the basis of the analyses developed in the theory 
section, eq 3b is employed to determine pH. The term log "Iz
of eq 3b is evaluated by eq 13 and 14. The term log ("ICli'YCIO) 
= -0.125mz. for mz± = 0.08 and -o.130mz± for mz± = 0.05 is 
assumed to be temperature independent, similar to the system 
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Figure 1. Plots of eq 7 at 25°C: D. E'vs I for mz± = 0.02; O. E' 
vs I for m z± = 0.05; Ll.. E'vs I for m Z% = 0.08; + (pK 'A - log "YZ% 
vs m z± at I = O. 
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Figure 2. E' -amz: vs I at temperatures from 0 to 50 °C: D, m 1 
= m, = 0.02; O. m, = m, = 0.05; Ll.. m, = m, = 0.065; +. m, 
= m, = 0.08; X. m, = m, = 0.09. 

of NaCI-glycine. In eq 14 the term Ba is 1.38 for all the tem
peratures, 0-50 °C. In this study. however. the b parameter varies 
with temperature as 

b = b25 + (6.2 X lO-4)(t - 25) - (8.7 X lO-6)(t - 25)' (15) 

These two parameters of eq 14 reproduce the activity coefficients 
of NaCl up to 1 m to within ±.001 of literature values (8). The 
pH values for the four buffers are computed as shown in Table 
IV. 
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Table IV. pH Values of HEPES Buffers at 0-50 °C Computed 
byEq3and9 

O.OSm 0.05 m 

HEPES. HEPES. 
HEPES. NaHEPESate. HEPES. NaHEPESate. 

NaHEPESate 
(buffer I) 

NaCI 
(buffer II) 

NaHEPESate 
(buffer III) 

NaCI 
(buffer IV) 

0 7.839 7.853 7.S32 7.S34 
10 7.700 7.713 7.696 7.697 
15 7.633 7.646 7.630 7.631 
20 7.568 7.5S0 7.566 7.566 
25 7.504 7.516 7.504 7.503 
37 7.359 7.370 7.361 7.360 
50 7.213 7.223 7.217 7.215 

The pH values are described as a function of temperature in 
the range 0-50 °C by the following equations: 

0.08 m HEPES, 0.08 m NaHEPESate (buffer I): 

pH = 7.504 - 0.01251(t - 25) + 0.0000348(t 25)' 

0.08 m HEPES, 0.08 m NaHEPESate. 0.08 m NaCI (buffer II): 

pH = 7.516 - 0.01260(t - 25) + 0.0000344(t - 25)2 

0.05 m HEPES. 0.05 m NaHEPESate (buffer III): 

pH = 7.504 - 0.01229(t 25) + 0.0000325(t - 25)' 

and 

0.05 m HEPES. 0.05 m NaHEPESate. 0.05 m NaCl (buffer IV): 

pH = 7.503 - 0.01237(t - 25) + 0.0000333(t - 25)2 

where t is the temperature in °C. The standard deviation for 
regression for these four equations is 0.0017. 0.0016. 0.0015. and 
0.0013. respectively. 

The measurement of pH is a practical matter in which the glass 
electrode-pH meter is commonly used. It is necessary to ascertein 
that the pH values determined with the Harned cell are com
patible with the glass electrode-pH meter measurement. The 
latter is defined as an operational system, such that 

pH = pHs + [(Ex - Es + OEJ(pH» / k 1 (16) 

with the subscripts X for unknown and S for standard; k = 0.05916 
at 25 ce, a constant; and OEJ(pH) is the residual liquid junction 
potential. The standard buffer used is the physiological phosphate 
(pH = 7.415). The EJ of this buffer is 2.5 m V. determined from 
cell III as shown in Table VI. 

For the glass electrode-pH meter system. the term OEJ(pH) is 
assumed to be zero. For the NBS pH standard buffers this 
assumption is valid to within ±0.005 pH unit. or ±0.3 m V, the 
claimed uncertainty. However. when NaCl is added to the 
phosphate buffer. the change in pH value is substantial (1 f). 
There is an apparent effect. other than the ionic strength change. 
of added salt to the pH of a buffer. which may be due to a change 
of EJ by the added NaC!. However. the influence of EJ by the 
added NaCl to the HEPES buffers is small. For this reason. a 
series of experiments with cell II and cell III with a flowing 
junction was conducted. Emfs of cell IV were measured for 
evaluating EJ; these results are shown in Table V. 

The liquid junction potentials. EJ• are evaluated with the as
sumption that the single-ion activity coefficients obey the extended 
Debye-Huckel equation as follows: 

from cell IV: 

E J = E - EOSCE + EO Ag.A<Cl + k log mCI + k 10g"yCl (17) 

where 

AP/2 
log "YCI = - 1 + 1.3SP/2 + 0.0321 

and EOSCE = -0.2415 (12); EO A •. AgeI = -0.22244 (9) 

from cell II 

(18) 

(19) 
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Table V. emf of Cells II-IV 

Cen II 

E,V 

15 'C 

0.08 0.08 0 0.68369 0.68607 0.68760 0.68904 0.68920 
0.08 0.08 0.08 0.68340 0.68530 0.68665 0.68799 0.68837 

0.008695 m 
KH,PO, 

0.03043 m 
Na,HPO, 
+ 0.02 m NaCI 
+ 0.05 m NaCI 

Cen III 

E,V 
5 'C 15 'C 25 'C 37 'C 45 'C 

0.67020 0.67626 0.68272 0.69140 0.69726 

0.005 
0.015 
0.03 
0.05 
0.1 
0.3 

Cell IV 

(0.68142,' t>pH = -D.022) 
(0.67970," t>pH = -0.051) 

0.11591 
0.08999 
0.07352 
0.06189 
0.04607 
0.02187 

a Estimated from ref 11. 

where pH values are computed by eq 3 and 9 and are shown in 
Table IV. The values for EJ are shown in Table VI. 

RESULTS AND DISCUSSION 
The thermodynamic second dissociation constants of 

HEPES from 0 to 50 °C were determined with the unpurified 
materials and checked at a few points with material that was 
purified by recrystellization. The constants agreed to within 
±0.005 pK2A unit and also agreed well with the literature 
values. The values for thermodynamic properties are also in 
agreement, except t.Cp 0 , which is very sensitive to experi
mental errors. 

To obtain values for pH, it is necessary to know the values 
of log 'Yz=, the activity coefficient of the undissociated HEPES, 
a dipolar molecule. The first series of measurements, in which 
ml = m, = m" yield values for pK2A (eq 7), because the values 
for log 'YZ± are concealed by the extrapolating process, due 
to the fact that when I = 0, mz± = 0, and therefore, log 'YZ± 
= O. A second series of measurement were made in which the 
total ionic strength was varied, but mz± was kept constant, 
so that when I = 0, mz= remains finite. Figure 1 shows clearly 
that log 'Yz= is a function of its own concentration, as predicted 
by the theory of Scatchard and Kirkwood (6). 

To evaluate the term log 'Yz-, the activity coefficient ofthe 
dissociated ion of HEPES, two assumptions have been made. 
First, the activity coefficient of Cl- ion behaves the same way 
as that of NaCl; and second, this coefficient being influenced 
by the dipolar molecule of HEPES is the same as that of 
glycine. The first assumption is justifiable in that, if the term 
log 'YNai'YNa is added to log 'YZ-i'YCI-, it becomes log 
'Y ±NaHEPESatel 'Y ±NaCI by neglecting the small variation due to 
the dissociated ions. The second assumption is made for lack 
of data, but the correction is small, amounting at most to 0.01 
in the pH at 25 °C. 

The values for pH obtained through these treatments at 
25 °C are shown in Table VII together with those measured 
from flowing junction experiments and the glass electrode-pH 
meter system. A glance at these values shows that there is 
an apparent discrepancy of about ±0.03 pH unit. However, 

Table VI. Liquid Junction Potentials 

system 

physiological 
phosphate 

HEPES 
m(HEPES) = 

m(NaHEPES) 

0.02 

0.05 

0.08 

pure NaClo 

m(NaCl) 

0 
0.02 
0.05 
0.1 
0 
0.02 
0.05 
0.08 
0.1 
0 
0.02 
0.04 
0.08 
0.1 

m 

0.005 
0.015 
(0.02) 
0.03 
0.05 
(0.08) 
0.1 

5 'C 15 'C 

1.8 2.3 

0.6 1.6 

-D.5 0.1 

a Values in parentheses are interpolated. 

Table VII. Values for pH at 25 °C 

Cen II flowing junction 

ml-m2 ma before cor~ after eorrb 

0.02 0.0 7.509 7.512 
0.02 7.489 7.503 
0.05 7.477 7.499 
0.10 7.470 7.502 

0.05 0.0 7.496 7.501 
0.02 7.491 7.501 
0.05 7.483 7.502 
0.08 7.481 7.506 
0.10 7.479 7.509 

0.08 0.0 7.497 7.502 
0.02 7.490 7.504 
0.04 7.487 7.506 
0.08 7.480 7.514 
0.10 7.485 7.519 

EJ,mV 
25 'C 37 'C 45 'C 

2.5 2.9 3.1 

2.3 
1.7 
1.2 
0.6 
2.2 
1.9 
1.4 
1.0 
0.7 
2.2 2.4 2.5 
1.7 
1.4 
0.5 0.7 1.0 
0.5 

3.1 
2.0 

(1.9) 
1.7 
1.2 

(0.7) 
0.5 

glass eF calcdd 

7.515 7.513 
7.494 7.503 
7.481 7.499 
7.472 7.503 
7.509 7.503 
7.501 7.501 
7.493 7.503 
7.491 7.507 
7.490 7.511 
7.510 7.503 
7.507 7.505 
7.505 7.507 
7.502 7.515 
7.501 7.520 

"pH = 7.415 + [(E - 0.68272)/0.05916] where 7.415 is the pH 
value for physiological phosphate at 25 'C and 0.68272 is the emf 
of cell III at 25 'C. b Calculated by eq 22. EJ values are listed in 
Table VI. 'Physiological phosphate taken as standard. 
d Calculated by eq 3, 9, 13, and 14. The related parameters are 
listed in Table II. 

the three sets of pH values were obtained by two different 
assumptions. The values obtsined by the Harned cell without 
liquid junction are based on those assumptions for evaluating 
single-ion activity coefficients, as discussed above, and those 
by cell with flowing junction and by glass electrode-pH meter 
are based on iiEJ(pH) = 0 of eq 16; i.e., the EJ of HEPES in 
the cell is the same as that of the reference solutions. However, 
if the pH values obtained from the Harned cell are used to 
evaluate the EJ from the flowing junction cell for buffers 
containing NaCI and are compared with the EJ of NaCl in the 
same cell, as shown in Table VI, they agree to within ±0.2 m V; 
hence a functional relationship of EJ with mNaCI for HEPES 
is obtained from values in Table VI with least-squares fit as 
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EJ/mV = 2.2 - 17mNaCI ± 0.1 mV (20) 

Since EJ for the physiological phosphate buffer is 2.5 m V, then 
the pH values obtained by the operational methods, i.e., the 
cell with flowing junction and the cell with glass electrode-pH 
meter, may be corrected by evaluating bEJ(pH) as 

bEJ = 2.5 - (2.2 - 17mNaCl) (21) 

Equation 16 becomes 
pHx = pHs + [(Ex - Es + bEJ) jk] (22) 

With this bEJ correction, the pH values from the cell with 
flowing junction and those computed with eq 9 are in agree· 
ment to within ±O.005 pH unit, as shown in Table VIr. The 
overall uncertainty is about ±O.015 pH unit, which is caused 
by the experimental error (about ±O.2 m V) and by the as
sumptions for the evaluation of the activity coefficients (about 
±O.6 m V). The consistency of the three sets of experiments 
allows one to have confidence in the pH values of HEPES 
solutions. 
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Fluorescence Studies of Energy Transfer in Sodium 
Taurocholate and Sodium Dodecyl Sulfate Micellar Solutions 

Kasem Nithipatikom' and Linda B. McGown* 
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The use of micellar reagents to SOlubilize fluorescent mole
cules In solution can lead to determination errors if the solu
bilization Is accompanied by promotion of photophysical in
teractions between the molecules. The fluorescence spectral 
studies of energy transfer between polycyclic aromatic hy
drocarbons described here Indicate that sodium taurocholate 
(NaTC) Is less likely than sodium dodecyl sulfate (NaDS) to 
promote photophyslcal Interactions. Fluorescence lifetime 
studies and vlbronlc band ratios of pyrene indicate that the 
probe mlcroenvlronments are less polar in NaTC than in 
NaDS. Interpretation of these results In terms of structural 
differences between the bile salt Na TC and the detergent 
NaDS suggests that (1) the NaTC interior is more closely 
packed, less permeable to external solution, and beller able 
to Isolate probes from each other and (2) NaTC is preferable 
to NaDS for the solubilization of analytes in direct fluorometric 
determinations. 

INTRODUCTION 
Micellar reagents have been used in fluorescence analysis 

to solubilize hydrophobic molecules in aqueous solution (1-3). 
At low concentrations of solubilized molecules, it is unlikely 
that more than one molecule will bind per micelle. Multiple 
occupancy may occur at higher concentrations, thereby in
creasing the probability of intermolecular interactions such 
as excited-state complex formation, complexation quenching, 
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1 Present address: Department of Chemistry and Biochemistry, 

Texas Tech University, Lubbock, TX 79409. 

0003-2700/89/0361-1405$01.50/0 

and nonradiative energy transfer. Inaccuracy in the deter
mination of a fluorescent compound may arise from any of 
these processes. In the case of nonradiative energy transfer, 
error may occur if the analyte is located near another fluor
escent molecule that has an excitation spectrum that overlaps 
with the emission spectrum of the analyte. 

We have been investigating sodium taurocholate (NaTC), 
a trihydroxy bile salt, as a micellar reagent for fluorescence 
analysis. The aggregation properties and physical charac
teristics of NaTC are quite different from those of conven
tional detergents and may prove to be preferable for solu
bilization of analytes. Specifically, NaTC aggregates are 
smaller and have lower aggregation numbers than do common 
detergent micelles, and are therefore less likely to bind 
multiple probes per micelle. In addition, the structure of the 
NaTC monomer (4) suggests a higher concentration of mass 
in a more rigidly structured micellar interior, which could 
provide NaTC with a greater ability to isolate solubilized 
molecules from the aqueous solution and from each other. In 
this paper, we describe studies of energy transfer between 
polycyclic aromatic hydrocarbon (PAH) molecules in aqueous 
NaTC and sodium dodecyl sulfate (NaDS) solutions, in order 
to compare the extent of energy transfer in the two different 
micellar media. 

EXPERIMENTAL SECTION 

The NaTC (ULTROL grade, >98%) was purchased from 
Calbiochem, the NaDS (puriss, >99%) was from Fluka, perylene 
and NaCI (both gold label grade) were from Aldrich, phenan
threne, 9,10-dimethylanthracene (DMA), benzo[k]fluoranthene 
(BkF), and pyrene were from Ultra Scientific, and 9-methyl
anthracene (9MA) was from Molecular Probes. All of the com
pounds were used without further purification. Stock solutions 

© 1989 American Chemical Society 
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Table I. Energy~Transfer Parameters (6) and Aqueous 
Solubilities (7) of the PAR Compounds 

spectral 
Ro, Co, overlap, 10-16 solubility,a 

donor acceptor A mM cm'/mol ~M 

phenanthrene DMA 7.2/0.27 
phenanthrene 9MA 23 37 8.59 7.2/1.4 
phenanthrene 9PA 24 32 11.20 
pyrene perylene 33 12 31.34 0.72/0.0012 
pyrene BkF 0.72/0.003 
9MA perylene 36 46.46 1.4/0.0012 
BkF perylene 0.003/0.0012 

a Aqueous solubilities of donor / acceptor. 

of the P AH compounds were prepared in absolute ethanol. All 
aqueous solutions were prepared in demineralized, HPLC-grade 
water. Stock solutions of NaTC and NaDS in water, with or 
without NaCI, were prepared fresh each day. Solutions of the 
P AH compounds in NaTC or NaDS were prepared by gently 
evaporating the ethanol from the appropriate volume of the P AH 
stock solution, diluting with the NaTC or NaDS stock solution 
in a volumetric flask, and sonicating for at least 1 h. Solutions 
were not deoxygenated. 

Fluorescence spectral and lifetime measurements were made 
with an SLM 48000S multifrequency, phase modulation spec
trofluorometer (SLM Instruments, Inc., Urbana, IL), with a 450-W 
xenon arc lamp source and photomultiplier tube detectors. The 
sample chamber was maintained at 25.0 ± 0.1 °C. Fluorescence 
excitation and emission spectra were collected with I-run scanning 
intervals, in the "'IO-average'" mode, in which each measurement 
is the average of 10 samplings made over a 3-8 interval. For each 
donor / acceptor pair in NaTC or NaDS, spectra were recorded 
for the donor, the acceptor, and the donor/acceptor mixture. The 
individual spectra of the donor and the acceptor were subtracted 
from the spectrum of the donor/acceptor mixture, producing a 
fluorescence difference spectrum. 

Fluorescence lifetimes were determined from the phase shift 
and demodulation ofthe emission signal, relative to the modulated 
excitation beam, at three or more modulation frequencies (5), 
Each lifetime was determined in the "100-average" mode (100 
samplings averaged over a 30-s interval), and each reported 
lifetime is the average of five determinations. 

RESULTS AND DISCUSSION 
The donor/acceptor pairs were selected on the basis of 

nonradiative energy-transfer probability, which can be ex
pressed in terms of several parameters, including Ro, which 
is the mean distance between donor and acceptor at which 
the probability for nonradiative energy transfer is equal to 
the probability of emission, Co, which is the concentration of 
acceptor at which there is an average of one acceptor molecule 
within a sphere of radius Ro about the donor, and the overlap 
between the emission spectrum of the donor and the excitation 
spectrum of the acceptor. The relative orientation of the 
transition dipoles of the donor and acceptor molecules is also 
an important factor. In micellar systems, the probability of 
energy transfer will depend upon the location and concen
tration of the donor and acceptor in the micelles and on their 
orientation and freedom of motion at the binding sites. 
Aqueous solubility of the donor and acceptor may be an im
portant factor in determining their relative location and 
distribution within the micellar solutions and could therefore 
also affect the energy-transfer probability. Energy-transfer 
parameters (6) and aqueous solubilities (7) are listed in Table 
I for the donor/acceptor pairs used in our studies. 

Energy Transfer in NaTC and NaDS and Dependence 
on Acceptor Concentration. Spectra are shown in Figure 
1 for five different donor/acceptor pairs, each with a given 
donor concentration and three or more different acceptor 
concentrations, in NaTC and NaDS. The concentration of 
the micellar reagents, expressed in terms of total monomer 
added, is 30 mM for both NaDS and NaTC, whicb is well 

above the critical micelle concentration (erne) for both reagents 
(8.1 mM for NaDS (8) and ca. 12 mM for the "quasi-cmc" of 
NaTe (9, 10)). The spectra for a given donor/acceptor pair 
are all normalized to the spectrum of the donor in NaDS to 
eliminate effects due to variations in quantum yield and molar 
absorptivity in the different media and are shown on the same 
intensity scale to permit direct comparisons between spectra 
in NaTC and those in NaDS. As discussed above, each 
spectrum is the difference between the mixture spectrum and 
the spectra of the individual componente (donor and acceptor 
in NaTC or NaDS, at the same concentrations as in the 
mixture). The difference spectrum, therefore, indicates only 
those spectral features that result from mixing the donor and 
acceptor together and does not include any fluorescence 
produced by direct excitation of the acceptor at the wave
lengths used to excite the donor. The subtraction also elim
inates any contributions due to reagent impurities. 

The difference spectra contain two different regions, cor
responding to the emission spectrum of the donor and, at 
longer wavelengths, the emission spectrum of the acceptor. 
In the event of nonradiative energy transfer, the intensity of 
the emission spectrum of the donor decreases with increasing 
acceptor concentration, and this portion of the difference 
spectrum becomes increasingly negative. Other processes that 
may contribute to a negative difference include (1) a filtering 
effect, in which the acceptor exhibits significant absorption 
at the wavelengths used to excite the donor, resulting in a 
decrease in the exciting light available to the donor, (2) ra
diative transfer, i.e., reabsorption by the acceptor of light 
emitted by the donor, and (3) competition for micellar binding 
sites, resulting in displacement of donor molecules by acceptor 
molecules. 

The region of the difference spectrum corresponding to the 
emission spectrum of the acceptor is zero in the absence of 
acceptor and, in the event of energy transfer, increases as 
acceptor concentration increases. It is interesting that all of 
the difference spectra have negative regions in the presence 
of acceptor, but not all of them have significant positive re
gions. For example, the 9MA/perylene system does not ex
hibit significant acceptor fluorescence, despite ite having very 
favorable characteristics for energy transfer (long Ro, low Co, 
and high spectral overlap) and a large negative difference at 
the emission wavelengths of 9MA. The absence of nonradi
ative energy transfer in this system could be due to (1) a large 
separation between the donor and acceptor molecules, espe
cially in light of the 1QOO.foid difference between their aqueous 
solubilities, (2) an unfavorable relative orientation of their 
transition dipoles in the micellar aggregates, or (3) displace
ment of the donor from the micelle by the much less soluble 
acceptor. 

In terms of analytical applications of micellar solubilization, 
the most significant observation from Figure 1 is that the 
magnitudes of both the negative and positive portions of the 
difference spectra are greater in NaDS than in NaTC, indi
cating that solubilization in NaDS is much more likely than 
in NaTC to promote energy transfer and other photophysical 
interactions between fluorescent molecules. 

Effects of Micelle Concentration and NaCl. Parte a-d 
of Figure 2 show the difference spectra for the phenan
threne/9MA system at two postmicellar concentrations of both 
NaTC and NaDS. Significant energy transfer is observed in 
the phenanthrene-9MA system, despite relatively unfavorable 
Ro, Co, and overlap parameters; perhaps the very similar 
solubilities of the donor and acceptor promote energy transfer 
in the micelles by locating the two molecules in close prox
imity. Again, as was the case for the systems shown in Figure 
1, energy transfer is significantly greater in NaDS than in 
NaTC; this is true at both concentrations of NaTC and NaDS. 
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Figure 1. Difference spectra of donor/acceptor systems. Acceptor concentrations in the key correspond to spectra, listed in order of increasing 
negative/positive spectral magnitudes. Key: (a) phenanthrene (2.5 I'M)/9PA (1, 5, 10 I'M), in 30 mM NaDS; (b) donor/acceptor as in a, in 30 
mM NaTC; (c) pyrene (10 I'M)/perylene (2, 10, 20 I'M), in 30 mM NaDS; (d) donor/acceptor as in c, in 30 mM NaTC; (e) BkF (2.5I'M)/perylene 
(1, 5, 10 I'M), in 30 mM NaDS; (I) donor/acceptor as in e, in 30 mM NaTC; (g) 9MA (2.5 I'M)/perylene (0.5, 1.0,2.5, 5.0, 7.5 I'M), in 30 mM 
NaDS; (h) donor/acceptor as in g, in 30 mM NaTC; (i) pyrene (5.0 I'M)/BkF (1,5, 10 I'M), in 30 mM NaDS; (j) donor/acceptor as in i, in 30 mM 
NaTC. 

For both NaDS and NaTe, the magnitude of the positive 
portion of the difference spectrum is smaller at the higher 
concentration of the micellar media, indicating a lower degree 
of energy transfer at the higher concentration. As micellar 
concentration increases, the number andj or size of the micelles 
increases, thereby reducing the number of molecules solubi· 
lized within a single micelle and increasing the average dis-

tance between donor and acceptor. The magnitudes of the 
negative portions of the difference spectra, which correspond 
to phenanthrene emission, are slightly less at the higher 
concentration. The spectral features in the negative regions 
are slightly different at the two concentrations, indicating a 
difference in donor microenvironment. 

Figure 2e shows the phenanthrenej9MA system in absolute 
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Figure 2. Difference spectra of phenanthrene donor (2.5 I'M)/9MA acceptor (1, 5, 10 I'M, in order of increasing spectral magnitude). Key: (a) 
15 mM NaDS; (b) 30 mM NaDS; (c) 15 mM NaTC; (d) 30 mM NaTC; (e) ethanol; (I) 15 mM NaTC and 0.10 M NaCI; (g) 30 mM NaTC and 0.10 
M NaCI; (h) 15 mM NaTC and 1.0 M NaCI; (i) 30 mM NaTC and 1.0 M NaCI. 

ethanol, in the absence of micellar media. The magnitude of 
the negative difference is much greater in ethanol than in any 
of the micellar solutions, indicating that the acceptor is ab
sorbing at the donor excitation wavelengths (the filter effect, 
discussed above). No energy transfer is evident in ethanol, 
which suggests that energy transfer in the micellar media is 
a nonradiative process. 

Parts f-i of Figure 2 show the effect of NaCI on the phen
anthrene/9MA system in NaTC. The stabilizing effect of 

NaCI on NaTC aggregation has been well-described (11) and 
is an important consideration for designing analytical ex
periments in which NaTC is used for solubilization. At 15 
mM NaTC, which is just above the quasi-cmc region, NaCI 
significantly increases the number and/ or size of the NaTC 
aggregates, thereby decreasing the probability of nonradiative 
energy transfer and reducing the magnitudes of both the 
negative and positive portions of the difference spectrum. This 
is different from the effect of increasing NaTC concentration 



(a) 

~ 
~ 

(b) 

V 
(c) 

A 

(d) 

A 
'\r" 

(e) 

~ 

(f) 

r--r'-

V 
Emission Wavelength 

(330 - 550 nm) 
Figure 3. Difference spectra of phenanthrene donor IDMA acceptor 
(3 I'M each, unless otherwise noted). Key: (a) 15 mM NaDS; (b) 15 
mM NaTC; (c) 25 mM NaTC; (d) 50 mM NaTC; (e) 15 mM NaTC and 
0.50 mM NaCI; (I) same as e but with 5 I'M phenanthrene,S I'M DMA. 

in the absence of NaCI (Figure 2c,d), which decreased the 
magnitude of the positive portion only. It would appear that 
the aggregates formed in the 15 mM NaTC solution with NaCI 
are different from those fOrnled in the 30 mM NaTC medium. 
Effects of NaCI are less noticeable in the 30 mM NaTC so
lution, which is well above the erne and less susceptible to the 
influence of NaC!. 

Figure 3 shows the difference spectra for phenanthrene / 
DMA in 15 mM NaDS, 15 mM NaTC, 25 mM NaTC, and 50 
mM NaTC. Spectra are also shown for two concentrations 
of probe in 15 mM NaTC solutions containing NaCl. A high 
degree of energy transfer occurs in NaDS, while none is evident 
in the same concentration of NaTC. Either increasing NaTC 
to 25 mM or adding NaC! to the 15 mM solution produces 
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Table II. Fluorescence Lifetimes of Donor in the Presence 
of Acceptor in 30 mM Micellar Solutions 

fluorescence 

donor, acceptor, lifetime, ns 

~M ~M NaDS NaTC 

BkF perylene 

2.5 10.6 11.2 
1.0 10.7 11.1 
5.0 10.7 n.5 
10.0 10.7 11.1 

pyrene perylene 

10.0 165 290 
2.0 161 290 
10.0 163 290 
20.0 164 291 

pyrene BkF 
5.0 162 292 

1.0 163 292 
5.0 161 292 
10.0 163 292 

Table III. Vibronic Band Intensity Ratio of Pyrene in the 
Presence of Acceptor in 30 mM Micellar SolutionsG 

fluorescence lifetime, DS 

donor, .uM acceptor, J,tM NaDS NaTe 

pyrene perylene 

10.0 1.194 0.946 
2.0 1.206 (1.0) 0.952 (0.6) 
10.0 1.219 (2.1) 0.953 (0.7) 
20.0 1.221 (2.3) 0.946 (0.0) 

pyrene BkF 
5.0 1.136 0.940 

1.0 1.138 (0.2) 0.941 (0.1) 
5.0 1.150 (1.2) 0.949 (1.0) 
10.0 1.165 (2.6) 0.954 (1.5) 

a Intensity ratio of band I (373 nm) to band III (384 nm). The 
percent change in the ratio, relative to the ratio in the absence of 
acceptor, is in parentheses. 

a small amount of energy transfer, which is increased further 
in the latter case by increasing the probe concentration. No 
energy transfer is observed in 50 mM NaTC. Apparently, 
within a certain NaTC concentration range, or in the presence 
of NaCl, the NaTC aggregates are able to bind the donor and 
acceptor within the distance and orientation limits required 
for energy transfer. 

Fluorescence Lifetimes and Vibronic Band Ratios. 
The fluorescence lifetimes of the donor are shown in Table 
II for three different donor/acceptor systems. For all three 
systems, the donor lifetimes are the same in the absence and 
presence of acceptor, over the entire range of acceptor con
centrations studied. This is not surprising, since energy 
transfer does not occur in any of the systems except pyr
ene/perylene, which exhibits a small degree of energy transfer 
in NaDS. More importantly, the donor lifetimes are signif
icantly longer in NaTC than in NaDS. indicating a difference 
in the microenvironment of the donor between the two mi
cellar media. 

A difference in microenvironment between NaTC and 
NaDS is also indicated by measurements of the vibronic band 
intensity ratio (band I to band III) of pyrene, which increases 
as the polarity ofthe pyrene microenvironment increases (12). 
The ratios, shown in Table III, indicate that the pyrene mi
croenvironment is more polar in NaDS than in NaTC. In both 
micellar media, the band ratio increases as acceptor (perylene 
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or BkF) is added to the system. The percent increase is greater 
in NaDS than in NaTC, which is further evidence of the 
greater degree of interaction between donor and acceptor in 
NaDS than in NaTC. 

CONCLUSIONS 
Of the seven donor/acceptor systems studied in this work, 

four exhibited energy transfer; in all of the latter cases, energy 
transfer was promoted to a much greater degree in NaDS than 
in NaTC. Comparison of the structures of NaDS and NaTC 
monomers suggests an explanation for the difference between 
the two media. Typical detergents, such as NaDS, have a 
hydrophilic head group and a long, hydrophobic tail. Micelles 
formed by such detergents in aqueous solution are often 
spherical, with the head groups at the surface, in contact with 
the external solution, and the tails in the interior. The polarity 
of the interior depends on several factors, including the 
permeability of the micelle to the aqueous solution. One can 
imagine an interior of a large micelle that is only partially filled 
by the hydrophobic tails, in which the remaining space could 
be occupied by aqueous solution and solubilized molecules. 

In contrast, the NaTC monomer has a relatively small, 
hydrophilic "head" group and a bulky hydrophobic region. It 
is reasonable to expect the micellar aggregates of N aTC to 
have very different structures than those of detergents, with 
the NaTC structures having a greater internal concentration 
of micellar bulk, which could decrease the internal capacity 
for solution from the outside. This supposition is consistent 
with the experimental results described in this paper, namely, 
that energy transfer is less likely to occur in NaTC than in 
NaDS and that the microenvironment of probes solubilized 
in NaTC is less polar than the corresponding microenviron
ment in NaDS. 

Our results suggest that NaTC is preferable to conventional 
detergents such as NaDS for solubilization of analytes in direct 

fluorometric determinations, in order to minimize error due 
to energy transfer and other photophysical interactions. It 
is also important that NaCI has little effect on the energy
transfer systems in 30 mM NaTC, indicating that the salt 
content of a sample will not be an important factor in the 
determinations. Clearly, it is important to use a sufficiently 
high concentration of NaTC, in order to completely solubilize 
the probes and minimize the number of probes per micelle. 
The presence of NaTC monomer in these solutions should not 
affect the solubilization or energy-transfer processes. The 30 
mM NaTC solutions used in these studies appear to be ade
quate for total probe concentrations as high as 30 MM. 
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Flow Injection Donnan Dialysis Preconcentration of Cations for 
Flame Atomic Absorption Spectrophotometry 
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The sample loop of a conventional high-performance liquid 
chromatography Injector Is replaced by a coli of tubular 
cation-exchange tubing, enabling Donnan dialysis to be per
formed under stallc condHlons while allowing enriched sam
ples to be Injected Into a flame atomic absorption (FAA) 
spectrometer at optimum nebulizer flow rates, The receiver 
solution, containing a high percentage of dissolved solids, is 
only Introduced Into the flame for short times, which permits 
higher receiver concentrations to be used. Short tubing 
lengths provide higher enrichment, within the limits of sample 
dispersion, providing a compact dialysis cell. DecreaSing the 
calion-ex change-membrane thickness reduces the dialysis 
time required for optimum enrichment. For the thin-wall tubing 
employed herein, 5-mln dialyses provide 100-fold enrichment 
and IImlt-of-detection (LOD) improvement factors, The ap
proach Is demonstrated for the trace determination of lead in 
drinking water. 
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When an ion-exchange membrane separates a high ionic 
strength solution from a low ionic strength solution, ions of 
appropriate charge for the membrane are transported from 
the more concentrated solution to the more dilute solution. 
Since the membrane is impermeable to co-ions, ions from the 
dilute solution must diffuse to the more concentrated solution 
via a process termed Donnan dialysis in order to maintain 
electroneutrality (1). If the volume of the high ionic strength 
solution (receiver) is small compared to that of the low ionic 
strength solution (sample), enrichment of the dilute ions re
sults (2). This process has been shown to provide essentially 
matrix independent cation enrichment for samples of low to 
moderate ionic strength (2, 3) for both flat (4) and tubular 
(5) cation-exchange membranes. 

Tubular membranes are particularly advantageous since 
they have high surface area to internal volume ratios and are 
readily interfaced to various detectors in on-line fashion. 
Modest success was initially reported for coupling tubular 
Donnan dialysis on-line with flame atomic absorption (FAA) 
(6); more recently, detailed charcterization of this approach 
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demonstrated signal enhancement factors exceeding 20 with 
5-min dialyses for a variety of cations (7). Enrichment factors 
were shown to increase with tubing length, lower receiver pHs, 
and temperature (7). Further, the analyte was concentrated 
into a normalized matrix, in which easily ionizable elements 
(EIE) could be included for ionization suppression (7). Finally, 
since co-ions are rejected with Donnan dialysis, interferences 
such as PO.3- on Ca2+ could be alleviated in an on-line fashion 
(7). In a later study, this approach was employed with in
ductively coupled plasma atomic emission spectrometry 
(ICP-AES); high signal enhancement factors (>50) and al
leviation of intra-alkali interferences were reported (8). A 
further characteristic of this approach was the minimal ad
ditional hardware requirements for conducting these exper
iments (i.e. the tubing, a peristaltic pump, and a stirrer) 
compared to that required for the normal FAA or ICP-AES 
experiments. 

With either of these previous on-line experiments, receiver 
solution was continuously pumped through the tubing (bathed 
in sample solution) and into the nebulizer of the atomizer. 
Since typical receiver solutions contain 3-10% dissolved solids, 
this continuous introduction may periodically result in neb
ulizer, burner, or torch blockage (8). In addition, Donnan 
dialysis is optimized under static conditions while typical 
nebulizers are optimized at flow rates of 1-10 mLjmin. 
Consequently, compromised flow rates were required for the 
on-line experiments (7,8). In addition, enrichment factors 
increased with tubing length, which necessitsted larger sample 
volumes and a bulky dialysis cell. Finally, typical turnaround 
analysis times were on the order of 20 min (7, 8). 

Described herein is a flow injection approach to the Donnan 
dialysis FAA experiment, which is intended to overcome these 
less desirable characteristics. The coiled, tubular membrane 
is used as a direct replacement for the injection loop of a 
conventional sample injector. In this manner, the dialysis is 
conducted under static flow conditions, while the precon
centrated sample is injected at the optimum nebulizer flow 
rate and the receiver is introduced only during the injection. 
Characterization of relevant operating parameters and ap
plications of the optimized experiment to drinking water 
analysis are described. 

EXPERIMENTAL SECTION 
The cation-exchange membrane employed for most of the 

Donnan dialysis experiments was 0.64 mm i.d. x 0.89 mm o.d. 
tubing of various lengths made of Nafion 811 (Du Pont Polymer 
Products, Wilmington, DE). For some experiments, a thin-wall 
Nafion membrane (0.33 mm Ld. X 0.48 mm o.d.) obtained from 
Perma-Pure Products (Farmingdale, NJ) was employed. The 
dimensions were for the dry tubing. In either case, the tubular 
membrane was affixed to a Rheodyne 7125 sample injector as 
depicted in Figure 1. The membranes were loosely coiled (to 
maximize solution contact) around a three-prong holder; the 
tubing ends were inserted into short lengths of 1.6 mm o.d. tet
rafluoroethylene (TFE) tubing of appropriate inner diameter to 
fit snugly around the chosen membrane and were connected to 
the injector by using 1.6-mm Kel-F fingertight fittings from 
Upchurch Scientific (Oak Harbor, WA). When the compression 
type fittings are tightened, effective seals are made, preventing 
leakage at the operating pressures of the experiment, even with 
>5 mL/min of liquid flow. 

Atomic absorption measurements were made by using a Varian 
AA-475 with the automatic gas control unit set at 13 L/min air 
and 1.7 L/min acetylene for Pb analyses and 13 L/min air and 
1.4 L/min acetylene for Cu analyses. Analytical wavelengths were 
217.0 nm for Pb and 324.7 nm for Cu. 

To begin a dialysis experiment, the injector was placed in the 
LOAD mode and the tubular membrane was manually flushed 
and filled with the receiver solution (typically 0.5 M Sr(N03)" 

1.20 mM Al(N03)3, and 0.1 M HN03 in deionized, distilled water 
(DDW)) by using a syringe. The dialysis cell could then be lowered 
into the stirred sample solution and the dialysis conducted for 
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Figure 1. Diagram of the flow injection Donnan dialysis cell. 

the appropriate time prior to injection. Carrier solutions were 
metered with a pulse-dampened Beckman 110B pump. During 
a dialysis, pure carrier solution was provided to the FAA nebulizer; 
5.4 mL/min was typically employed since this was close to the 
optimum flow rate for direct aspiration. In the INJECT mode 
the carrier solution was directed through the tubular membrane, 
flushing the dialysate into the FAA and preparing the membrane 
for the next dialysis. In general, the carrier solution was pumped 
through the membrane until the signal returned to the base line. 
During this flushing, the outside of the membrane was rinsed with 
DDW. 

All solutions were prepared from analytical reagent grade (or 
better) salts or acids dissolved in DDW or dilute HN03. All 
glassware was scrupulously cleaned to include a final soak in dilute 
HN03 followed by a DDW rinse. 

The criteria employed for the selection of cations comprising 
the receiver solution have been detailed earlier (7). 

Limits of detection reported herein are based on 3 X (J signal 
levels. 

RESULTS AND DISCUSSION 
The evaluation of the experiments described herein is 

typically reported in terms of enrichment factors (EFs), 
calculated as the ratio of the signal for the dialysis to the signal 
for the direct aspiration of the same sample. More precisely, 
an enrichment factor is defined as the ratio of the analyte 
concentration in the dialysate to that in the original sample 
(5). Since all of the EFs in this study were based on mea
surements of Cu2+, for which signals were not affected by the 
receiver matrix, the more precise definition is maintained. For 
certain measurements where dispersion was shown to influence 
signals, the use of the EF term is less accurate. For consistency 
however, the EF term was employed throughout the study. 

One of the early observations for the flow injection Donnan 
dialysis (FIDD) FAA experiment was that signals typically 
exhibited a bimodal peak shape with high time resolution, as 
shown in Figure 2. These different signals result from es
sentially two different analyte forms after dialysis: one cor
responding to analyte in the receiver solution and a second 
corresponding to analyte that is affixed to the membrane. The 
solution-phase analyte is quickly flushed into the FAA upon 
injection, while ion-exchange reactions are required to remove 
the bound analyte fraction. If a low ionic strength receiver 
solution is employed (i.e. DDW), no Donnan dialysis can occur 
and the first peak disappears. However, the second peak, 
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Figure 2. Raw data depicting bimodal signals lor 5-min Donnan dialysis 
01 50 ng/mL Cu2+ using 3.25 m 01 thin-wall Nalion tubing: carrier, 5.4 
mL/min 1.0 M HNO,; receiver, 0.5 M Sr(NO,h, 1.3 mM AI(NO,)" 0.1 
M HNO,; 350-mL sample volume. 
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Figure 3. Enrichment factors versus dialysis time for first peak (0) 
and second peak (0); dialyses 01 250 ng/mL Cu'+ WITh 5 m 01 
thick-wall Nafion tubing; other conditions as in Figure 2. 

which is largely independent of the receiver solution, remains. 
The magnitudes of both peak signals were dependent on 

the time for the dialysis, as shown in Figure 3. As indicated, 
maximum signals for the first peak were observed for relatively 
short dialysis times (::515 min), while those for the second peak 
were initially lower and began to exceed signals for the first 
peak at times greater than 15 min. Since one goal of this work 
was to provide relatively short analysis times, signals for the 
first peak were employed in the remainder of these studies 
for the calculation of enrichment factors. For short dialysis 
times, the second peak typically appeared as a shoulder to 
the first peak. 

The time for which the maximum signal is achieved for the 
first peak likely corresponds to the attainment of ion exchange 
or Donnan equilibrium for the system. The decline in signal 
for the first peak at later times corresponds to the movement 
of the system toward the different state of chemical equilib
rium. These two states have previously been described for 
similar solution and cation-exchange membrane systems by 
Blaedel and Haupert (9). The times prior to the achievement 
of Donnan equilibrium involve primarily the Donnan dialysis 
process, which has been shown to provide enrichment that 
is largely matrix independent (2), an additional reason to 
emphasize the signals for the first peak. Signals for the latter 
process (second peak) would rely on competition between 
cations for available ion-exchange sites within the membrane. 

Since the flow injection approach offered an alternative to 
the continuous introduction of receiver solution to the FAA, 
it was felt that more concentrated receiver solution could be 
tolerated, ideally providing higher mass transport rates and 
reduced analysis times. Table I indicates the effect of receiver 
composition on EF for 5-min dialyses of 250 ng/mL Cu'+ 
solutions. The carrier flow rate (5.4 mL/min 1 M HNO,) was 

Table I. Receiver Composition Effects on Enrichment 
Factors for Cu2+ a 

receiver solution composition 

0.20 M Sr(N03)" 0.5 mM AI(N03)3, 0.1 M HNO, 
0.36 M Sr(N03)" 0.9 mM AI(N03)3, 0.1 M HN03 
0.52 M Sr(N03)" 1.3 7M AI(NO,)" 0.1 M HN03 
0.68 M Sr(N03l" 1.7 mM AI(N03)" 0.1 M HN03 
0.5 M Sr(N03)" 1.3 mM AI(N03)3, 0.1 M HNO, 
0.5 M Sr(N03)" 1.3 mM AI(N03)3, 0.2 M HN03 
0.5 M Sr(N03)" 1.3 mM AI(N03)3, 0.3 M HNO, 
0.5 M Sr(N03)" 1.3 mM AI(N03)" 0.4 M RNO, 

enrich
ment 
factor 

18.7 
28.0 
31.8 
31.7 
28.1 
28.2 
29.2 
25.5 

a Five-minute dialyses of 250 ngjmL Cu2+ from 400-mL samples 
using a 5-m coil of thick-wall tubing; carrier flow was 5.4 mL/min 
0.1 M HN03. 

Table II. Carrier Stream and Receiver Effects on 
Enrichment Factors and Analysis TimesG 

enrich-
ment 

carrier compn receiver compn factor 

0.2 M Sr'+, 0.5 mM 0.2 M Sr'+, 0.5 mM 38.7 
AI'+, 0.1 M AI'+, 0.1 M HNO, 
HNO, 

0.1 M HN03 0.2 M Sr'+, 0.5 mM 25.9 
AI'+, 0.1 M HNO, 

1.0 MHNO, 0.2 M Sr'+, 0.5 mM 22.5 
AI'+, 0.1 M HNO, 

1.0 MHNO, 0.52 M Sr'+, 1.3 mM 46.7 
A13+, 0.1 M HNO, 

anal. 
time, min 

»8 

»8 

<5 

aTen-minute dialysis of 250 ng/mL Cu2+ from 400-mL samples 
using a 5-m coil of thick-wall tubing; carrier flow rate was 5.4 
mLjmin. 

the same as the aspiration rate for direct analyses. Varied 
in these experiments were the concentrations of Sr(NO,), and 
Al(NOs}, (as multiples of our previous receiver-0.2 M Sr
(N03)" 0.5 mM AI(NO,)3) and pH (as HNO, concentration). 
As shown in the table, increasing the receiver concentration 
about 2.6 times provided a 70% increase in signal while in
creases in receiver pH had little effect on the results for 5-min 
dialyses. Consequently, the receiver composition employed 
for the remainder of these studies was a 0.5 M Sr(NO,)2, 1.2 
mM AI(NO,)" 0.1 M HNO, solution. No problems of nebu
lizer or flame blockage were encountered with this concen
tration receiver (~11 % dissolved solids) during any subse
quent studies. 

Although the signals resulting from the second peaks de
scribed earlier were considered of lesser analytical utility than 
those corresponding to Donnan dialysis, these signals repre
sented a limitation to the turnaround time for the use of a 
particular membrane cell. In order to prepare the membrane 
for the next analysis, prevent contamination of the next 
sample, and reestablish a base-line signal, this residual analyte 
must be efficiently removed from the membrane. Since this 
removal is primarily dependent on exchange reactions with 
cations in the carrier stream, a variety of carrier stream 
compositions were evaluated as indicated in Table II. The 
analysis times indicated correspond to the times from injection 
to the reestablishment of the original base-line signal. For 
the combination of the 1.0 M HNO, carrier and the 0.5 M 
Sr(N03)" 1.2 mM AI(NO,)" 0.1 M HN03 receiver, the turn
around times were on the order of 2-3 min. Further, no 
analyte carryover was indicated by the absence of any signal 
for the dialysis of blank solutions following the dialysis of 
standards. This combination was therefore employed for the 
remainder of these studies. 
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Figure 4. Enrichment factor versus Nafion tubing length for high
dead-volume (D) and low-dead-volume (0) sample transfer, 10-min 
dialyses of 50 ng/mL Cu'+ using thick-wall Nation tubing; other con
ditions as in Figure 2. 

Enrichment factors obtained for Cu2+ as a function of tubing 
length for 10-min dialyses of 50 ngjmL Cu'+ are indicated in 
Figure 4. The lower curve is data obtained for our initial 
experiment for which the dead volume between the injector 
and FAA was 0.35 mL. As indicated. enrichment factors 
improved as the tubing length decreased down to 1 m. The 
reason for this increase lies with the fact that the sample to 
receiver volume ratio increases as the tubing length decreases. 
This contrasts with data for continuous, on-line dialysis (7, 
8) for which long tubing lengths provided the highest signal 
enhancement. In those cases, the effective residence time of 
a particular segment of receiver solution was increased as the 
length increased. For tubing lengths :52 m, the dialysis cell 
is quite compact. 

The trend of enhanced enrichment for shorter tubing 
lengths was not continued below 1 m for the data in the lower 
curve of Figure 4. Since the internal volume of this tubing 
is approximately 320 ",Ljm, it was felt that dispersion effects 
might be substantial with tubing lengths less than 1 m. The 
data for the upper curve were obtained after the dead volume 
between the injector and FAA had been reduced to 0.013 mL. 
With this reduced dispersion, the trend for increased en
richment continued to 0.5 m of tubing, indicating the im
portance of dead volume to these experiments. Also indicated 
are enrichment factors exceeding 100, obtained with a lO-min 
dialysis with 0.5-m tubing lengths. 

Another factor that can affect Donnan dialysis is the actual 
sample volume employed, since this affects the sample to 
receiver volume ratio and the total amount of analyte avail
able. Figure 5 shows the effect of sample volume on EF for 
two lengths of tubing. In either case, a slight decline in EF 
for sample volumes less than 500 mL was observed. For 
highest EFs, sample volumes exceeding this value should be 
employed. Of further importance, errors in sample volume 
measurement may affect signal measurement precision and 
accuracy. Such effects would be small on the basis of Figure 
5, especially for sample volumes greater than or equal to 500 
mL. To reduce sample handling and preparation require
ments, 350-mL sample volumes were used for the remainder 
of this study. 

A limiting factor to the achievement of equilibrium with 
a membrane system is typically the rate of mass transfer across 
the membrane. For any membrane type, this rate will be 
determined by the ionic strength gradient across the mem
brane, as well as the membrane thickness and other factors 
(2). As indicated in Figure 3, dialysis times between 10 and 
15 min provide optimum enrichment for tubing with a 0.25-
mm wall thickness (dry). When a thinner wall tubing (0.15 
mm) was employed, the optimum dialysis time was reduced 
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Figure 6. Calibration data for 10-min Donnan dialyses (0) and for direct 
aspiration (D); 1 m of thick-wall tubing; other conditions as in Figure 
2. 

to 5 min. All other characteristics of the experiment were 
essentially identical with those for the thicker membrane, 
except that 0.8 m of the thin·wall tubing provided the highest 
enrichment compared to 0.5 m for the thicker tubing. The 
fact that optimum enrichment was provided with a slightly 
longer tubing length can be attributed to the smaller internal 
volume of the thinner tubing (~100 ",Ljm) and the dispersion 
effects described earlier. 

From the conditions established thus far, calibration data 
for the Donnan dialysis experiment were determined. Figure 
6 compares results for direct aspiration (D) with those for 
10-min Donnan dialyses (0) of copper standards. As indicated, 
the dialysis results were linear, and the primary effect was 
to shift the calibration curve to a lower concentration range. 
In this case, a decrease by a factor of about 100 in LOD for 
Cu2+ was demonstrated (down to 0.2 ngjmL). Similar data 
were typically obtained for other cations. Also indicated in 
Figure 6 is the independence of FIDD enrichment on sample 
concentration, as evidenced by the parallel nature of the two 
calibration curves. This allows calibration data for direct 
aspiration measurements to be used to calibrate FIDD mea
surements, with periodic determination of the enrichment 
factor. Precision for FIDD-F AA was typically 3-5% RSD 
compared to 1 % RSD provided by direct aspiration. 

Using a 1-m length of the thick-wall membrane and a 
dialysis time of 10 min, we studied the effect of sample ionic 
strength, using NaN03 or Pb(NO')2 as ionic strength adjustors. 
As reported previously by Cox et al. (2) for flat membranes, 
enrichment factors for FIDD were found to be constant up 
to sample ionic strengths of 10-2, independent of sample 
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composition for mixtures of cations. For higher ionic strength 
solutions, standard addition procedures are recommended (2). 

The calculated LOD for Pb2+ with the use of FIDD-FAA 
was about 1 ng/mL. This LOD was of particular interest since 
tbe EPA limit on Pb in drinking water was recently lowered 
to 5 ng/mL. The LOD for direct aspiration FAA was typically 
90 ng/mL. To test the applicability of the FIDD-FAA ex
periment to drinking water analysis, tap water samples were 
spiked at the 5 ng/mL level and acidified to pH ~3.5. The 
average recovery of Pb'+ was 103 ± 16%, indicating the 
usefulness of this approach to drinking water analysis. 

CONCLUSIONS 

Flow injection Donnan dialysis has been shown to be a 
simple, rapid means for obtaining large (> 100) improvements 
in LOD for flame atomic absorption analysis. The degree of 
LOD enhancement can be controlled for a particular appli
cation through adjustment of the membrane tubing length, 
dialysis time, sample volume, carrier flow rate, and membrane 
thickness. Only about 8 min is required (dialysis time plus 
flush) to obtain near-optimum enrichment factors ( ~ 100) with 
the thin-wall membrane. By the use of multiple dialysis cells, 
the effective analysis time could be reduced to the time re
quired for signal generation and cell flushing, thus providing 
high sample throughput (20-30 per hour). Based on the 
simple hardware requirements, the FIDD approach readily 
lends itself to automation, unlike more traditional enrichment 
techniques, such as precipitation or solvent extraction (10). 

The Donnan dialysis technique also has advantages over 
ion-exchange preconcentration since enrichment factors have 
been shown to be comparable for a wide range of cations (2, 
4,7), while those for flow injection ion-exchange procedures 
have been shown to vary substantially due to differences in 
cation selectivity coefficients (11). Like Donnan dialysis, 
ion-exchange preconcentration methods are effectively subject 
to sample ionic strength limitations (11). 

Registry No. Cu, 7440-50-8; Pb, 7439-92·1; water, 7732·18-5. 
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Automated Slurry Sample Introduction for Analysis of a River 
Sediment by Graphite Furnace Atomic Absorption 
Spectrometry 
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A prototype automated slurry sample Introduction (SS I) sys
tem Is used with a graphite furnace atomic absorption spec
trometer (GFAAS) and Zeeman-effect background correction 
to determine lead, manganese, arsenic, and iron in a standard 
reference material (SRM) river sediment (SRM 2704). Dif
ferent melhods of slurry preparation are lested, optimum 
analysis parameters are determined, and sources of variability 
In the GFAAS measurements are characterized. Measure
ment variability Is found to Increase in proportion to the per
cent of analyte not extracted into the aqueous phase of the 
slurry solution and is highly dependent on the homogeneity of 
analyte distribution in the sample. Analytical results for the 
four elements determined In SRM 2704 are In good agreement 
wllh certified values and confirm the utility of SSI combined 
with GFAAS for analysis of a complex matrix. 
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INTRODUCTION 

The slurry sampling method of material introduction into 
a graphite furnace atomizer has been proposed as a rapid and 
effective technique to reduce the preparation requirements 
for samples to be analyzed by graphite furnace atomic ab
sorption spectrometry (GFAAS) (1). This paper evaluates the 
application of an automated slurry sample introduction (SSI) 
device for the determination of arsenic, iron, manganese, and 
lead in a National Institute of Standards and Technology 
(NIST) standard reference material (SRM) river sediment 
(SRM 2704) (2, 3) by GF AAS, using stabilized temperature 
platform furnace (STPF) technology (4). The automated 
slurry sampling system (5) uses a retractable ultrasonic probe 
for mixing of slurry solutions prior to sampling and deposition 
into a graphite furnace. The accuracy and precision of the 
slurry sample introduction system are evaluated, and different 
methods to prepare the slurry are compared. Sources of 
experimental variability in slurry sampling are identified and 
quantitated. 

© 1989 American Chemical Society 
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Table I. Instrument Conditions Used for Slurry Sampling 

element 

parameters As Fe Mn Pb 

sample size, (I'L) 10 5 5 10 
wavelength, nm 193.6 346.6 403.1 283.3 
spectral bandpass, nm 0.7 0.2 0.2 0.7 
radiation source EDL (8 W) HCL (12 mAl HCL (20mA) HCL (12mA) 
integration time, s 10 10 10 5 
furnace program steps 

drying, ae, S 120, 50 120,50 120,50 120,50 
pyrolysis 800,30 1400,30 1000, 30 650,30 
cooldown 20,15 20,15 20,15 20,15 
atomize 2100, 10 2400,10 2200, 10 1800, 5 
cleanup 2600,5 2600,8 2600,7 2600, 5 

matrix modifierG Ni Pd,MgNO, PO" MgNO, PO" MgNO, 
sonification time, s 15 15 10 10 
vortexing time, Sb 30 30 
concn of high std, mg/U 0.1 150 1 0.3 
Mo (obsd)d 14 5700 24 17 
Mo (theorot)d 
measurement precision, %1 

15 21' 12 

std/sample supernate 1.5 4.0 0.9 0.6 
slurry 4.5 8.8 4.3 1.2 

"Composition of matrix modifier in sample solution: Ni = 0.3% nickel; Pd, MgNO, = 0.06% Pd + 0.04% Mg(NO,),; PO" MgNO, = 0.8% 
(NH,)H,PO, + 0.04% Mg(NO,),. 'Vortexing was only used for slurry sampling of Pb and Mn. 'Concentration of the highest standard used 
to establish the calibration curve. d Characteristic mass, picograrns, for 0.0044 A s. e Estxmated from relatIve senSItIvItIes gIven for flame 
analysis. [Typical relative standard deviation of three replicate measurements at the concentration of analyte in the sample. 

EXPERIMENTAL SECTION 
Instrumentation. All determinations were made on a Per

kin-Elmer Model Zeeman 5100 PC atomic absorption spectrometer 
equipped with an HGA-600 graphite furnace atomizer, AS-60 
autosampler, and IBM PC-AT computer. A prototype ultrasonic 
probe mixer synchronized to the operation of the autosampler, 
after the design of Miller-Ihli (5), was used to suspend sediment 
particles in the sample cups. The graphite furnace used maximwn 
power heating for atomization with pyrolytic graphite tubes and 
L'vov platforms. Peak area measurements were used for all 
analyses. Instrument parameters are summarized in Table I. 

Slurry Preparation. Samples were either weighed directly 
(1-2 mg) into polyethylene autosampler cups or sampled from 
a vortexed suspension (10-50 mg), as described by Miller-Ihli (1). 
Both methods were employed for studies involving lead and 
manganese. Since no significant difference in results was observed 
between the two methods, the simpler method involving direct 
weighing into the autosampler cups was used for studies of arsenic 
and iron. Weighing of samples was done on an electronic balance 
to an accuracy of ±0.01 mg. Each sample was weighed into the 
appropriate container, and a diluent solution consisting of 5% 
HNOa and 0.04% Triton X-I00 was added to the sample in a 
weight ratio of approximately 1 part sample to 500 parts diluent. 
Matrix modifiers were also added directly to the samples in the 
autosampler cups. Standards were prepared from NIST SRM 
spectrometric solutions or other commercial standards that were 
certified in weight/volume units (i.e., mg/L). All dilutions were 
made by using weight aliquots delivered with a micropipet and 
weighed on an electronic balance. When required for conversion 
to volume units, densities were determined by replicate mea
surements of the weight of solution in a calibrated (to contain) 
I-mL vessel. The river sediment reference material (SRM 2704) 
was not dried, but analyzed as received, and corrected for moisture 
(0.8%) determined on separate samples. 

When vortexing and aliquoting procedures were used to prepare 
slurries for sampling, two aliquots were removed from each slurry 
preparation and weighed into autosampler cups. Three replicate 
samples were taken from each autosampler cup for an analysis 
set, and one or two analysis sets were performed. The fraction 
of each element extracted into the solvent phase during prepa
ration of the slurry was estimated by allowing the slurry to settle 
and adjusting the autopipetor tip so that only the solvent phase 
was sampled. 

Design for Evaluation of Sources of Experimental Var
iability. An analysis of variance (ANOV A) nested design, wbich 
analyzes the effect of one or more factors on one response variable 

Direct Weighing 

4Bo)1fleS~ 
~(2) 

SRM27~ 

Vortex - Aliquot Method 

ISotlleof 

SRM 2704 

01 
121 

(0) (b) 

Figure 1. Experimental design for the analysis of variance. (A) Direct 
weighing: (1) two weighings from each bottle into autosampler cups; 
(2) three to six instrument ~neasurements of each weighing. (B) 
Vortex-aliquot method: (1) six weighings into test tubes; (2) two 
aliquots from each vortexed slurry into autosampler cups; (3) three to 
six instrument measurements of each aliquot. 

(the measured analyte concentration in this case), was used to 
examine all sources of variability in the GFAAS-SSI system. 
Figure 1 illustrates the experimental design for (a) the direct 
weighing procedure and (b) the vortexing and aliquoting proce
dure. The design was meant to separate sampling variability 
caused by analyte inhomogeneity from variability due to weighing 
errors, aliquoting errors, and instrument noise. In the direct 
weighing procedure, eight 2-mg samples of SRM 2704 were 
weighed from four different bottles (two samples from each bottle) 
directly into the autosampler cups. In the vortexing and aliquoting 
procedure, six lOMmg samples were weighed into plastic test tubes, 
and two aliquots of each slurry were removed and weighed into 
autosampler cups. Lead and manganese were chosen as the test 
elements, since lead was reported by isotope dilution mass 
spectrometry to be inhomogeneous in SRM 2704, while manganese 
had been shown to be homogeneous to better than 0.4 % RSD 
for a I-g sample size by X-ray fluorescence (XRF) (2, 3). 

RESULTS AND DISCUSSION 

Accuracy and Precision of the GFAAS-SSI System. 
The effect on measurement accuracy of SSI for the GFAAS 
determination of arsenic, iron, manganese, and lead in SRM 
2704 can be assessed from the data in Table II. The analysis 
results for iron, lead, and manganese are in good agreement 
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Figure 2. Absorbance versus time profiles for slurry and standard measurements. illustrating differences observed for release of analyte from 
the solid slurry matrix: upper left panel, Fe; upper right panel, Pb; lower left panel, Mn; lower right panel, As. 

Table II. Analytical Results for Slurry Sampling of 
Sediment (SRM 2704) 

certfd val, 
elem. conditionsa Nb %EC anal. val, ~g/ it' ~g/g 

As 2,DW 8 68 21.7 ± 0.6 23.4 ± 0.8 
Fe 2,DW 8 22 40600 ± 1700 41100 ± 1000 
Mn 2,DW 8 64 558 ± 18 555 ± 19 

10, VTX 6 558 ± 19 
50, VTX 3 522 ± 24 

Pb 2,DW 8 88 171 ± 24 161 ± 17 
10, VTX 6 171±35 
50, VTX 4 165 ± 11 

a Sample size is given in milligrams, and methods of preparation 
are as follows: DW, direct weighing into autosampler cup; VTX, 
vortex mixing and transfer of slurry into autosampler cup. Sam~ 

pIes were diluted in a volume of solution (5% HN03 and 0.04% 
Triton X-IOO) corresponding to a weight ratio with the sample of 
500:1. b Number of discrete samples of sediment weighed. 
cPercent of analyte extracted into diluent solution. dUncertainty 
expressed as confidence limits at a 95 % confidence level. 

with the certified values for those elements. The analysis 
result for arsenic is slightly lower than and slightly outside 
the confidence limits for the certified value. Absorbance 
versus time profiles of samples and standards for all four 
elements are shown in Figure 2. Sample and standard peak 
profiles and appearance times are identical for iron. Profile 
shapes are identical for lead, but the slurry signal appears 
about 0.6 s after the standard signal. Manganese profiles vary 
somewhat in both shape and appearance time. For these 
elements the STPF conditions have been properly optimized 
to eliminate bias caused by sample matrix effects. The arsenic 
absorbance versus time profile for the sediment has not quite 
returned to the base line, which may cause the small bias 
observed in the analytical results. Alternatively, the bias may 
be caused by the loss of arsenic during the charring step, since 
the nickel matrix modifier cannot interact with the solid slurry 
component as well as with the solution component. 

In general, the precision of results for the analytes that are 
known to be homogeneously dispersed in the sample (As, Fe, 

Mn) is equivalent to what might be expected from GFAAS 
using an acid digestion method of sample preparation. 
Relative precision, expressed as 95 % confidence limits, is 
3-4 % of the analyte concentration for these elements. The 
inhomogeneous distribution of lead in SRM 2704 causes the 
measurement precision to vary from 7 to 15 % of the analyte 
concentration. The inhomogeneity of lead distribution was 
reported by analysts participating in the certification of SRM 
2704 (4) and has been suggested to be caused by segregation 
of lead in specific mineral fractions, such as zircon (6). 

The precision of the lead measurements reported in Table 
II is a good indication of the degree of lead homogeneity at 
the weighed sample size (Le., 2-50 mg), since almost 90% of 
lead in the sample is extracted into the solvent phase during 
the ultrasonic mixing step. When the analyte extraction 
efficiency is close to 100%, SSI measurement precision is 
largely determined by the degree of material homogeneity at 
an "effective" sample size (for homogeneity considerations) 
corresponding to the total amount of sample weighed to 
prepare the slurry. For a homogeneously distributed analyte 
in a finely ground sample, the SSI measurement precision 
would be expected to approach the precision defined by in
strument noise. However, for most "real-world" samples, 
degree of analyte homogeneity is likely to limit measurement 
precision. 

At low extraction efficiencies, the SSI measurement pre
cision is determined by the degree of homogeneity at a sample 
size corresponding to only the amount of slurry introduced 
into the furnace. Since this "effective sample size" will be at 
least 2 orders of magnitude smaller than the amount of sample 
weighed into the autosampler cup, the measurement precision 
would be expected to be significantly poorer for analytes with 
low extraction efficiency and inhomogeneous distribution in 
the sample. 

The precision of replicate measurements for standards of 
slurry supernate solutions is contrasted with measurements 
of the slurries at the bottom of Table I. In all cases, precision 
is poorer when the analyte is measured in the slurry samples. 
The difference in the measurement precision of standards 
compared to that of the slurry samples is a function of the 
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Figure 3. Correlation plot of the measurement precision of slurry 
sampling versus the percent anaiyte remaining unextracted after ul
trasonic probe treatment of the sample. 

amount of analyte extracted into solution, the degree of an
alyte homogeneity in the sample, and the level of instrument 
noise. The measurement precision for the standards or slurry 
supernate solutions shown in Table I can be deconvoluted 
from the slurry measurement precision by subtracting in 
quadrature (i.e., the square root of the difference of the 
squares), assuming the variability of the standard measure
ments is not related to the variability of the slurry sampling 
(i.e., independent sources of variability are involved). The 
resulting precision is due only to sampling of the slurry and 
is highly correlated with the fraction of unextractad analyte, 
as shown in Figure 3. This would be the case if the degree 
of homogeneity for all four elements in the sample was similar. 
This is not true at large "effective" sample sizes, as illustrated 
by the analysis results for lead in Table II. However, assuming 
the lead is distributed as a small number of discrete particles 
of high lead concentration, the probability of sampling a 
lead-containing mineral fraction is small at the effective 
sample size (~10 /J.g) aliquoted by the autosampler. Alter
nately, the lead-containing mineral fraction may be soluble 
in the HNOs diluent. Thus, the measurement variability 
observed for replicate aliquots from a single slurry preparation 
will be determined by the homogeneity of the analyte in the 
insoluble fraction of the sample (e.g. a silicate). In either case, 
the composition of the insoluble fraction of the slurry appears 
to be similar for the measured elements, and the degree of 
homogeneity of that fraction dominates the measurement 
process. 

Direct Weighing versus Vortex Mixing/Sampling. 
Direct weighing of sample into autosampler cups is preferable 
to vortex mixing and aliquoting of the slurry into the cups, 
unless weighing to ±0.01 mg or better is not possible. Vortex 
mixing and aliquoting will result in a negative bias of results 
if the extraction efficiency of analyte into the diluent solution 
is low and the analyte is associated with large particles that 
settle out of suspension before a representative sample can 
be taken (1). An example of this phenomenon is the low value 
for manganese in Table II at a 50-mg sample size. The test 
tube used for the 50-mg samples could not be sampled during 
vortexing without loss of sample. The slurry had to be ali-
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Table III. Evaluation of Sources of Measurement Variability 
in GF AAS-SSI 

percentage of the total variability resulting from 

slurry 
bulk aliquot- instrum sampling total 

conditionsG samplingb in/t measmt measmtd roeasmt 

lead, VTX 99.7 0.1 0.2 
lead, VTXe 96.5 1.2 2.3 
manganese, 23.5 7.4 69.1 

VTX 
lead, DW 92.8 1.8 5.4 7.2 
manganese, 12.6 3.8 83.6 87.4 

DW 
iron, DW 1.7 20.3 78.0 98.3 
arsenic, DW 17.5 9.2 73.3 82.5 

a Element and slurry preparation method (VTX is vortexing and al
iquoting; DW is direct weighing into autosampler cups). b Replicate 
weighing of SRM 2704 into test tubes or autosampier cups. C Replicate 
volumes of RSM 2704 taken from vortexed test tube. d Replicate au
tosampler aliquots of slurry taken from autosampler cup. e One very 
high lead value was rejected in this sample set to note the effect on the 
ANOVA. 

quoted after vortexing, which resulted in a nonrepresentative 
sample of manganese. This was not a problem for lead because 
of the high extraction efficiency. It was also not a problem 
for the measurements of manganese when the smaller test tube 
and lO-mg sample weights were used, since that tube could 
be aliquoted during vortexing. 

The vortex mixing method of slurry sample would be ad
van~geous when material homogeneity is a critical concern. 
That method can provide a larger "effective" sample size if 
the extraction efficiency of analyte into the diluent solution 
is high. However, if the extraction efficiency is low, the 
"effective" sample size is the amount of sample aliquoted from 
the slurry by the autosampler. That "effective" sample size 
would be similar to one taken by direct weighing, so there 
would be no advantage to use of the vortex mixing method. 
Furthermore, the chance of error is also increased due to 
contamination or aliquoting errors resulting from the increased 
sample handling required by the vortex mixing method. 

Evaluation of Sources of Experimental Variability 
Using an Analysis of Variance (ANOVA). All sources of 
variability in the SSI process were examined by using the 
ANOVA as described in the Experimental Section. Table III 
shows the percentage breakdown of the sources of variability 
from the ANOV A obtained for lead and manganese when both 
vortexing and direct weighing procedures were used and for 
arsenic and iron with only the direct weighing procedure. 
Sample-to-sample variability in the bulk sample weighing step 
is the dominant source of random error for all lead mea
surement methods, reflecting the material heterogeneity for 
lead. The principal source of variance in all other cases was 
the instrumental measurement process. However, the in
strumental measurement process (Le., replicate within-sample 
measurements) involves components of variance due to both 
the instrument "noise" and the variability in autosampler 
aliquoting of the slurry. The latter operation is a sampling 
procedure that depends on the degree of analyte homogeneity 
in the slurry and the percentage of analyte extracted into the 
diluent. If the analyte is completely extracted into the diluent, 
there is no inhomogeneity contribution to the variance of the 
replicate within-sample measurements. Only the precision 
of the delivered volume is significant. Alternately, if the 
analyte is not extracted into the diluent, analyte inhomog
eneity will determine the variability of the replicate within
sample measurements, as was demonstrated in Figure 3. By 
deconvolution of the slurry sampling function from the in
strument noise, as described previously, using the measure
ment precisions shown in Table I, the actual contribution of 
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Figure 4. Frequency histograms of data from slurry sampling, illus
trating the nonnormal distribution of the data, for (a) Mn (top) and (b) 
Fe. 

material inhomogeneity to the total variance can be seen to 
be greater than 90 % in all cases. 

Frequency Distributions of Analysis Results from 
SS!. Figure 4 shows frequency histograms of results from the 
direct weighing experiments in slurry sampling. The man
ganese distribution in Figure 4a is severely skewed, and the 
iron distribution in Figure 4b appears slightly skewed. The 
distribution for lead was severely skewed, similar to that of 
manganese, while the arsenic distribution appeared normal. 
These distributions are similar to histograms of data from 
geochemical exploration of ore bodies (7). The skewed dis
tributions are characteristic of inhomogeneous analyte dis
tributions, and many of the same principles used in geosta
tis tics may therefore be applicable to data treatment and 
evaluation in slurry sampling. In contrast to the skewed 

1.6 

Monqcnese (,uQ/g) In supernate 

_JJ. JI 
Iron (wi %}in supernole 

Figure 5. Frequency histograms of data taken by sampling from the 
supernate above the slurry after treatment with ultrasonic probe and 
settling of the particles, illustrating the normal distribution of the data, 
for (a) Mn (top) and (b) Fe. 

histograms from the slurry sampling, Figure 5 shows histo
grams of data from sampling of the supernate from the slurry 
after the particles have been allowed to settle. Both iron and 
manganese show normal distributions, which indicate the 
dominance of instrument noise and the random nature of the 
extraction process. 

CONCLUSIONS 

GF AAS-SSI has been shown to be a useful method for very 
rapid and quantitative evaluation of element concentrations 
in a complex sediment matrix. The ultrasonic probe mixer 
allows direct weighing of samples into autosampler cups and 
adequately suspends the solids for sampling into the graphite 
furnace. It is also clear that the precision and accuracy of 
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analytical results obtained by using SSI for GFAAS will be 
highly dependent on the analyte homogeneity in the sample 
material. Since this has been shown to be critical for a ref
erence material that has been extensively sieved and blended, 
it may be a far more serious concern for real samples of more 
questionable homogeneity. Therefore, to obtain accurate 
analyses when SSI is used on a material of unknown homo
geneity, particularly for elements of low extraction efficiency, 
a relatively large number of carefully chosen, discrete samples 
must be taken. A sampling protocol such as described by 
Ingamells (7) for geological samples will ensure that material 
homogeneity is properly evaluated and the measured analyte 
concentration and uncertainty reflect the true values. Such 
a protocol emphasizes that a relatively large number of discrete 
samples must be taken to obtain accurate analyses, and that 
"abnormally" high data points cannot be arbitrarily discarded, 
as might be done for conventional analytical work. 

Registry No. As, 7440-38-2; Fe, 7439-89-6; Mn, 7439-96-5; Pb, 
7439-92-1. 
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Measurement of Caustic and Caustic Brine Solutions by 
Spectroscopic Detection of the Hydroxide Ion in the 
Near-Infrared Region, 700-1150 nm 

M. Kathleen Phelan, Clyde H. Barlow,! Jeffrey J. Kelly,! Thomas M. Jingnji, and James B. Callis' 

Center for Process Analytical Chemistry, Department of Chemistry, BG-lO, University of Washington, 
Seattle, Washington 98195 

We have explored the feasibility of caustic measurement by 
direct detection of hydroxide Ion using optical absorption 
spectroscopy In the near-Infrared wavelength range 700-1150 
nm. Unfortunately, the spectral features of the hydroxide Ion 
are obscured by strong bulk water absorptions whose Inten
sities and peak shapes are dependent upon temperature and 
the presence of electrolytes. Nevertheless, with the aid of 
difference spectra, second-derivative techniques, and muHI
variate spectral reconstruction, we have obtained a clear 
Indication of the spectrum of the hydroxide Ion. Its features 
Include (a) a sharp absorption band at 965 nm that arises 
from the second overtone of the OH stretching motion 
localized on the hydroxide Ion, (b) a broad absorption band 
centered at 1100 nm that arises from the binding of two water 
molecules to the hydroxide Ion, and (c) a second sharp ab
sorption band that Is attributed to a combination stretch-bend 
transition arising from the concerted motion of the hydrated 
Ion. Using this knowledge as a guide, we have developed 
multivariate analysis methods for determining hydroxide con
centration of caustic brines In the range 0.01-5.0 M that are 
successful even In the presence of a large variable excess 
of NaCI. Such methods are suitable for Implementation as 
process monitoring tools. 

INTRODUCTION 
Measurement of hydroxide concentration in caustic and 

caustic brine solutions is an important industrial problem. In 

1 Permanent address: Department of Chemistry, The Evergreen 
State College, Olympia, W A 98505. 
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the past, a number of techniques have been employed for 
caustic analysis (1). Among these methods, pH measurement 
by glass electrode is most common. However, at high pH, 
conventional glass electrodes become unstable and begin to 
suffer from interferences caused by the presence of other 
cations, most notably sodium (2). As a result, other techniques 
have been developed for caustic determination, such as index 
of refraction, conductivity, on-line titration, and flow injection 
analysis. All of the above methods have the drawback that 
they require physical invasion of the process with some sort 
of probe or sampling device. In a review on the current status 
of process analysis, the potential of remote, noninvasive 
methodologies was described (3). One particularly promising 
approach to noninvasive analysis involves the use of short
wavelength near-infrared (SW-NIR) spectroscopy in the 
wavelength region 700-1150 nm. This technique has the 
following advantages: (a) Measurements can be made re
motely through quartz windows, using fiber optics to guide 
the light to and from the window; (b) path lengths can be long 
(many centimeters); (c) scanning fiber-optic spectrophotom
eters are available that are rugged, small, and relatively 
inexpensive (4); (d) signal-to-noise ratios are very high; and 
(e) good quantitative results are obtained on highly scattering 
samples. The major disadvantage of SW-NIR spectroscopy 
is low spectral resolution, which results in severe overlap of 
absorption spectra. This disadvantage is overcome with the 
aid of multivariate calibration methods (5), which usually work 
well in this spectral region due to the excellent signal-to-noise 
ratio. 

Unfortunately, it is not straightforward to develop a 
spectroscopic method for determining hydroxide ion con
centration because the major spectral features of this ion are 
expected to overlap the broad bands of water. To make 

© 1989 American Chemical Society 
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Table I. Composition of Mixtures Analyzed 

set 1 set 2 set 3 set 4 

salt 
NaOH,M 0-5.027 0-5.015 0-0.465 0-1.011 
NaBr, M 0-1.031 
NaCI,M 2.33-3.72 0-1.037 

temp,OC 20.8 ± 0.6 25.5 ± 0.2 20 ± 1 26 ± 1 
no. of samples 20 11 21 20 
reference air water air water 

matters worse, the exact details of the water absorption 
spectrum in the SW-NIR region remain a matter of some 
controversy (6, 7). In addition, the water spectrum is a strong 
function of temperature and is affected by the presence of 
dissolved ions (8). 

Various types of qualitative studies have been carried out 
on ions in aqueous solutions (9-11). Most research relevant 
to the present work has been performed in the mid-infrared 
region and has shown that the symmetric OH vibration of 
aqueous alkali-metal hydroxide occurs around 3610 cm-I, in
dicating strong hydrogen bonding from the hydroxide oxygen 
to a water hydrogen (12, 13). At the same time, as the hy
droxide concentration rises, an intense continuous absorption 
grows in the 3000-2000-cm-' region at the expense of the OH 
stretching vibration (3600-3000 cm-') of the bulk water (14). 

Information provided by structural and ionic studies can 
provide a basis for developing quantitative methods. 
Hirschfeld (15) has used the effects of NaCI on the water 
bands in the long-wavelength region of the near-infrared 
(1200-2400 nm)-in particular, the effect of NaCI on the 1450-
and 1900-nm water bands-to develop a quantitative method 
for salinity. Of greatest relevance here is the recent excellent 
work of Watson and Baughman (16), who explored the use 
of the near-IR spectral region from 1100 to 2500 nm for de
termining caustic concentration. In this paper, we have ex
tended the spectroscopic approach of Watson and Baughman 
to a spectral region better suited to in situ measurement, used 
multivariate calibration methods to improve quantitation, and 
developed a rationale for the functional basis of the method. 

EXPERIMENTAL SECTION 
Materials. Sodium hydroxide, sodium chloride, and sodium 

bromide were all of reagent grade. Water was distilled in-house. 
Spectroscopy. Absorption spectra wefe measured on a Pacific 

Scientific 6250 scanning near-infrared spectrophotometer 
equipped with a holographic grating and silicon detector for the 
spectral region 680-1235 nm. Subsequent manipulations of data 
sets were limited, however, to 700-1150 nm since excessive stray 
light interferences were noted above 1150 nm and severe noise 
increases were observed below 700 nm. Samples were held in a 
quartz sample cuvette that had a 1.00-cm path length. The spectra 
are referenced to an air or water blank as noted in Table I. All 
spectra are the result of an averaging of 50 scans that took ap
proximately 30 s. 

Data Analysis. Stagewise linear regression (SLR) (17), as 
supplied by Pacific Scientific Co. (Gardner/Neotec Instrument 
Division, Stage-Wise Regression Analysis, 1987), was performed 
to search for correlations between various features in the spectra 
and the independently measured constituent values, namely, 
molarity of the solutions. Further analysis was carried out by 
using the method of partial least squares (PLS), (Veltkamp, D.; 
Kowalski, B. R.; Center for Process Analytical Chemistry, BG-lO, 
University of Washington, Seattle, 981~5; PLS 2-Block Modeling 
Version 1.0 (IBM), 1986). The selection of the optimal number 
of latent variables was done by using predictive residual sum of 
squares plots as provided in the PLS package. The standard error 
of prediction is from a cross validation estimate (18), which uses 
all but one sample as a calibration set to form a prediction 
equation, and then a prediction is made of the remaining sample. 
This "leave-one-out" exercise was repeated for each sample in the 
training set, and the standard error of prediction was determined 
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Figure 1. Short-wave near-infrared absorbance spectrum of distilled 
water referenced to air: path length, 1.00 em; temperature, 22 cc. 
Absorption of water at 960 nm is assigned to 2v, + V3' 
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Figure 2. Short-wave near-infrared absorbance of 0.000, 2.040, and 
5.027 M NaOH referenced to air: path length, 1.00 cm; temperature, 
20 cc. 

from the predicted and actual values for samples omitted. The 
software for spectral reconstruction was based on algorithms 
obtained from Lawson and Hanson (19) and was programmed 
by using Microsoft Fortran on IBM and IBM-compatible PC-AT 
computers. 

Solutions. Four sets of experiments were performed in which 
various combinations and concentrations of the reagents were 
dissolved in distilled water. In order to assure accurate concen
tration data, the mass of reagent and the mass of water were 
recorded to five significant figures. Table I lists the mixtures 
prepared. Samples were allowed to equilibrate to room tem
perature before spectra were taken. These temperatures are noted 
in Table l. 

RESULTS AND DISCUSSION 

Spectroscopic Assignment. Figure 1 is the short-wave 
near-infrared (SW-NIR) absorption spectrum of pure water 
referenced to an air blank. In the spectral region 700-1150 
nm, the major feature is a broad asymmetric band centered 
at 960 nm. This absorption band has been assigned to the 
combination transition 2v, + V3, where v, is the symmetric G-H 
stretch, V3 the antisymmetric O-H stretch, and V2 the O-H 
bending mode. Beginning at 1100 nm, in the pure water 
spectrum, is the onset of the combination band v, + V2 + V3' 

The final features that can be discerned are at 740 and 840 
nm and are assigned to the combination bands 2v, + V2 + V3 

and 3v, + V3, respectively. These assignments are from ref 
6 and 20. 

Figure 2 shows three spectra of water with successive ad
ditions of sodium hydroxide in the range 0-5 M referenced 
to air (from data set 1). As the hydroxide concentration 
increases, one observes a change in shape of the 960-nm band 
and an increase in the valley region between 960 nm and the 
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Figure 3. Short-wave near-infrared absorbance of 5.015 M NaOH 
solution referenced to water: path length, 1.00 em; temperature. 25 
°C. The sharp peak at 965 nm is assigned to the second overtone 
of the hydroxide stretching motion. 

feature beginning at 1100 nm. Isosbestic points are noted at 
980 and 1028 nm. However, no new, distinct bands are de
tectable by eye. This is not unexpected, since the O-H ov
ertone stretching transitions of hydroxide ion are expected 
to strongly overlap those of water, as has been observed 
previously in the mid-infrared and near-infrared regions. To 
further elucidate the hydroxide spectrum, we present in Figure 
3 the spectrum of 5.015 M NaOH, now referenced against pure 
water. This spectrum is from data set 2, which has samples 
of the same concentration range as data set 1. The spectrum 
of Figure 3 exhibits two kinds of features: (a) positive going 
bands, which are due to new absorptions contributed by hy
droxide ions, and (b) negative going bands, which are due 
either to the physical displacement of water molecules by the 
ions and/ or to disruption of bulk water structure. The most 
notable feature of the hydroxide ion absorption is the very 
sharp band at 965 nm, which is completely contained within 
the bulk water envelope. This is assigned to the second ov
ertone of the 0-H stretching motion (21). The third overtone 
can also be seen as a positive feature at approximately 740 
nm. The broad positive feature in the region 1021-1050 nm 
is responsible for the "filling in" of the trough between the 
two major water peaks. It has previously been described as 
arising from the gradual disruption of the bulk water structure 
by the hydroxide ion (12). 

Of interest are the negative absorption bands on either side 
of the hydroxide band at 965 nm due to the displacement of 
bulk water. By use of the absorption coefficient of the pure 
water solution, it was calculated that for every molecule of 
hydroxide added to the solution, two molecules of bulk water 
disappeared. This could not be explained by the change in 
volume of the solution, since the partial molal volume of 
sodium hydroxide is too small and the effect is of the wrong 
sign. Thus, we concluded that the two water molecules were 
no longer participating in the bulk structure, but instead had 
formed a complex with the hydroxide ion. This new structure 
could be observed by the increase in intensity in the 1100-nm 
region. 

Since the spectra due to hydrated hydroxide ion and the 
spectra due to bulk water strongly overlap, we attempted to 
separate the two spectra by using multivariate statistics (19). 
We began by assembling the various spectra into a response 
matrix R as follows: 

(1) 

where the rij are the spectral elements indexed by wavelengths 
i and sample number j. The columns of R are the spectra rj 
of the jth sample. We now assume that the water and hy-
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Figure 4. Reconstructed spectra of (a) NaOH and (b) water obtained 
by using the actual molar concentration of NaOH and the actual molar 
concentration of water minus 2 times the hydroxide concentration. 

droxide spectra add linearly and are unaffected by each other. 
In this case we can represent R as 

R= SC (2) 

where 

and 

(3) 

The elements of S are the extinction coefficients at the ith 
wavelength for the kth component, while the elements of C 
are the concentration of the k components for the jth sample. 
The columns of S are the pure component spectra Sk, while 
the rows of C are concentration of the components for the jth 
sample. From eq 2, the analytical problem can now be for
mulated as: Given Rand C, recover S, the pure component 
spectra. In our case i > j > k, and the problem is overdet
ermined. Accordingly, we find an approximation to S from 
a least-squares procedure, i.e., such that 

IIR - SClimin (4) 

where S is the maximum likelihood estimate for S (19). Wben 
eq 2 was solved for S under the condition of eq 4, the two 
spectra of Figure 4 were recovered. The lower spectrum is 
clearly that of bulk water; the upper spectrum is that of the 
hydrated hydroxide ion. In Figure 4a, the narrow absorption 
band at 960 nm is assigned to the second overtone OH stretch 
centered on the hydroxide ion. The broad feature centered 
at 1100 nm arises from the combination bands ofless strongly 
bound water molecules. 

Surprisingly, there is a second very sharp feature revealed 
at 1140 nm. This is assigned to a stretch-bend combination 
band mainly centered on the hydroxide ion, but clearly in
volving concerted motions of the complex as a whole. 

Development of Analytical Method. With a better un
derstanding of the features of the hydroxide ion spectrum, 
we are now ready to develop a spectroscopic method for hy
droxide ion quantitation. 

Multilinear Regression. The data set represented in Figure 
2 was first analyzed by stagewise multilinear regression (SLR) 
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Table II. Regression Equation and Performance from Stagewise Regression 

data 
set math analyle "0 i\,nm "1 
1 none NaOH 10.90 964 88.893 
1 2D NaOH -3.10 970 -104.89 
2 none NaOH -0.009 965 110.702 
2 2D NaOH 0.029 965 -90.011 
3 none NaOH -12.60 964 170.024 
3 2D NaOH -7.202 970 -86.038 
3 2D NaCI -5.987 1025 515.116 
4 none NaOH 0.05 966 25.67 
4 2D NaOH 0.03 966 -58.56 
4 2D NaCI -0.18 1111 -1530.64 
4 2D NaBr -0.18 1020 1109.06 
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Figure 5. Correlation coefficient versus wavelength for data set 1. 

because this method is rapid and provides "best wavelengths" 
for routine determination by fixed-wavelength instruments 
(filter photometers). 

The wavelengths chosen also can be subject to a physical 
rationale for interpretation as to the basis of the analytical 
method. In determining how reasonable the chosen wave
lengths are, we find it useful to display correlation coefficients 
(multiple R values) for each wavelength in graphical form. 
When this is done for data set 1, strong negative correlations 
are seen in those areas where bulk water predominates, and 
strong positive correlations are seen in the regions of the OH
band (Figure 5). This data provides excellent supporting 
evidence for the assignment of the "continuum" region of the 
spectrum being due to water molecules that are lost from the 
bulk in binding to the hydroxide ion. 

When the stagewise procedure was allowed to select 
wavelengths over the entire spectral range, the first wavelength 
selected was associated with the disappearance of bulk water 
(996 nm). This occurred because the spectral effect of bulk 
water dilution (or displacement) is larger than the spectral 
effect of hydroxide addition. However, real-world samples 
often contain more than two components. Since other solutes 
can also displace bulk water, this wavelength was rejected and 
wavelengths were searched for that were positively correlated 
with the hydroxide absorption band. We found that a more 
effective choice of wavelengths could be made by examining 
the reconstructed spectrum of the hydroxide ion (Figure 4). 
Using this information, we returned to data set 1 and con
strained the SLR algorithm to choose a wavelength near the 
peak of the hydroxide ion (965 nm); in fact it chose 964 nm. 
The second wavelength selected corresponded to the dis
placement of water (980 nm). By this means a two-wavelength 
equation was developed for the data of set 1, which resulted 
in high correlation (multiple R = 0.999), a low standard error 
of estimation (SEE = 0.051 M), and excellent predictability 
by cross validation (SEP = 0.068 M) (see Figure 6). To 
analyze data set 2, we again constrained the algorithm to the 

"2, nm 
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Figure 6. Actual NaOH molar concentration versus SLR predicted 
NaOH molar concentration for the raw spectra of data set 1. 
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Figure 7. Second derivative of short-wave near-infrared absorbance 
spectra of 0.000,2.028, and 5.015 M NaOH referenced to air: path 
length, 1.00 cm; temperature, 20°C. 

region near the absorption peak of the hydroxide ion. When 
the algorithm was forced to use the hydroxide overtone at 965 
nm as the first wavelength and 980 nm (corresponding to the 
displacement of water) as the second wavelength, good cor
relation was again achieved (multiple R = 0.999; SEE = 0.085 
M; SEP = 0.113 M). The results are summarized in Table 
II. The reader will note that the SEP for data set 2 is not 
as good as that for data set 1. First, referencing to water 
degrades the signal-to-noise ratio due to the marked tem
perature dependence of bulk water and problems with re
producing the cuvette position in a blank measurement. 
Second, the number of samples is small for data set 2. In 
analyzing these data sets, we noted that the second OH ov
ertone absorption band of hydroxide was much sharper than 
the underlying water absorption band. Accordingly, we used 
a second· derivative transformation (segment 10 11m, 0 nm) 
on the spectra of data set 1to see if the stagewise procedure 
would directly select wavelengths that corresponded to hy-



Table III. Regression Performance from PLsa 

data no. of 
set analyte latent var R SEE,M SEP,M 

1 OH 4 1.000 0.014 0.019 
2 OH 5 0.999 0.064 0.130 
3 OH 4 0.997 0.014 0.024 
3 Cl 5 1.00 0.007 0.014 
4 OH 3 0.989 0.045 0.069 
4 Cl 6 0.941 0.100 0.275 
4 Br 5 0.917 0.114 0.194 

a All data were preprocessed by mean centering. 

droxide ion absorption. Figure 7 shows the second-derivative 
spectra of set 1. Second-derivative smoothing parameters were 
chosen to yield the greatest sensitivity to sharp spectral fea
tures at the expense of broad features. Unfortunately, this 
procedure did not eliminate the bulk water spectral features, 
as shown by the 0.0 M NaOH curve. Nevertheless, the first 
wavelength chosen by stagewise regression corresponded more 
directly to hydroxide concentration. Use of the second-de
rivative transformation did lead to a noticeably better pre
diction error with only a single wavelength. 

Partial Least Squares. To supplement the foregoing results, 
data set 1 was also analyzed by PLS (see Table III). Initially, 
our conception was that the hydroxide ion-water system could 
be approximated by two noninteracting components. Ac
cordingly, a PLS model was formed using two latent variables. 
This resulted in a good fit to the data of set 1 (multiple R = 
0.994; SEE = 0.141 M). However, it was noted that the 
standard error of the estimate obtained with the PLS model 
with two latent variables was larger than the standard error 
of the estimate obtained with stagewise regression and two 
wavelengths. In order to achieve the same magnitude of 
standard error as that of stagewise regression, PLS required 
at least three components on mean-centered data, suggesting 
that the data contains an interaction effect or nonlinearity. 
Examination of the first three loading plots obtained from 
data set 1 is very informative (Figure 8). The first latent 
variable resembles the spectrum of Figure 3, which is essen
tially the difference between the hydroxide ion and water 
spectra. This result is exactly what would be expected for a 
mean-centered single-component linear noninteracting model. 
However, this model is inadequate, as can be readily seen by 
examining the second and third latent variables. These appear 
to be accounting for changes in the number of less tightly 
bound water molecules as a function of concentration. 

Caustic Brine. In real-world analysis, other components 
are frequently present with caustic. One example is caustic 
brine. Here, a typical industrial problem is to neutralize the 
caustic sufficiently so that it can be disposed of safely. At 
first sight, the presence of variable amounts of sodium chloride 
might be seen to pose no problem for SW-NIR hydroxide 
analysis because solid NaCI has no absorption in this region. 
However, the sodium and chloride ions do exert considerable 
influence on the water absorption bands in the near-IR region 
due to rearrangement of the water molecules in the inner 
solvation sphere (8). In order to assess whether a caustic 
neutralization analysis could be performed in the presence 
of a large and varying sodium chloride background, a sample 
set was made up of 21 solutions where the sodium hydroxide 
concentration varied in the range 0-0.465 M, while that of 
sodium chloride varied from 2.33 to 3.72 M. Sample tem
peratures were allowed to equilibrate to room temperature 
and were run at 20 ± 1 cC. Figure 9 presents all 21 spectra 
referenced to the air blank (data set 3, Table I). These spectra 
are virtually identical. The major variance arises from the 
irreproducibility in the base line caused by an inability to 
precisely remove and replace the sample in the spectropho-
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Figure 9. Twenty-one short-wave near-infrared spectra of NaOH and 
NaCI dissolved in water referenced to air. NaOH concentration ranged 
from 0 to 0.465 M, and NaCI concentration ranged from 2.33 to 3.72 
M; pathlength, 1.00 cm; temperature, 20 cC. 

tometer. Nevertheless, with the use of second-derivative 
transformation, an excellent correlation to NaOH molar 
concentration was obtained by stagewise multilinear regression 
(see Figure 10). It should be noted that the wavelengths 
chosen for data set 3 were similar to those chosen for data set 
1. With stagewise regression on the second-derivative spectra 
of data set 3, a two-wavelength equation resulted that gave 
a multiple R = 0.981, SEE = 0.033 M, and SEP = 0.041 M. 
PLS analysis was performed on the raw data, and a good 
correlation using four latent variables was attained (multiple 
R = 0.997; SEE = 0.014 M; SEP = 0.024 M). 

One of the major benefits of multivariate data is that 
multicomponent analysis becomes possible. Accordingly, we 
attempted to correlate both the raw and second-derivative 
data with concentration of NaCI. Application of the stagewise 
regression algorithm on the second-derivative spectra gave a 
multiple R = 0.985 and a SEE = 0.085 M using a one-wave
length equation (see Figure 11). With five latent variables 
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Figure 10. Actual NaOH molar concentration versus SLR predicted 
NaOH molar concentration from second-derivative data of data set 3. 
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Figure 11. Actual NaCI molar concentration versus SLR predicted NaCI 
molar concentration from second-derivative data of data set 3. 

on mean-centered data. PLS was able to achieve a multiple 
R = 1.00 and a SEE = 0.007 M. We attribute the poor per
formance of stagewise regression to its inability to confidently 
choose more than two wavelengths. This point is discussed 
by Draper and Smith (17). With PLS using a cross-validation 
approach. we could confidently use more latent variables to 
describe the phenomenon. As an extension of the above 
analysis, NaBr was added along with NaOH and NaCl to water 
(data set 4). NaOH concentration ranged from 0.0 to 1 M. 
Good correlation to hydroxide was attainable with both 
stagewise regression and PLS. With stagewise regression a 
two-wavelength equation was obtained for NaBr with a 
multiple R = 0.900; with PLS, five latent variables were used 
with mean-centered data to obtain a multiple R = 0.917 (see 
Tables II, III). 

CONCLUSIONS 
The results we have obtained are significant at several levels, 

The first is the use of the short-wavelength near-infrared 
spectral region. This region allows us to use very long path 
lengths (path lengths of 0.5-5 cm yield absorbancies of 0.1-1.0 
at 960 nm) with attendant ease of sampling. Moreover, one 
can employ inexpensive optics and detectors, and the mea
surements can be made noninvasively and nondestructively. 

The second is the advantage of direct detection of hydroxide 
ions by spectroscopy. Our method translates absorbance 
measurements directly into concentration, whereas the pH 

electrode actually measures activity and is plagued with in
terferences from other ions at high pH. In addition, one must 
address the issue of junction potentials and the problem of 
sampling when using the pH electrode. On the other hand, 
spectroscopy is not free of environmental effects. The ex
tinction coefficient is not guaranteed to be independent of 
other analytes. Yet, with multivariate calibration, an ana
lytical method can be developed that is at least robust to 
known interferences as properly accounted for in the training 
set. In spite of the apparent nonlinear interaction terms, the 
SW-NIR method provides excellent measurements of caustic 
concentration to ±0.05 M in the concentration range 0.0-5.0 
M. In the case where full spectrum methods are used, re
siduals can be a powerful technique for determining whether 
an input spectrum is sufficiently similar to the original data 
set. Univariate methods do not have this feature. Multivariate 
methods also allowed us to reconstruct the hydroxide ion 
spectrum. 

We wish to caution the reader that the water spectrum is 
temperature dependent and this source of variance must be 
adequately controlled. When this effect is studied and ac
counted for, one can not only correct for temperature varia
tions, but measure the temperature accurately as well. 
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Near-Infrared Laser Diode Intracavity Absorption Spectrometry 
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A simple and Inexpensive laser diode Intracavlty spectro
photometer (LOIS) was constructed from off-the-shelf com
ponents. The design has significant advantages over other 
Intracavlty laser systems and has the potential to detect an
alyles at low concentrations compared to those detected wHh 
commercial spectrophotometers. The design and control of 
a compact laser diode Intracavlty spectrophotometer are 
discussed. Data are presented to Indicate the advantages of 
Intracavlty operation. 

INTRODUCTION 
Laser intracavity spectrophotometry has had limited use 

in analytical chemistry since its introduction in the 1970s. 
Harris et al. described an intracavity dye laser in 1980 (1), 
in which intracavity absorbance was determined by an elec· 
troop tic cell placed in the cavity. As discussed by Harris and 
co-workers (1), the intracavity effect has three factors that 
increase its analytical sensitivity. First, there is a very large 
effective sample path length due to the multipass effect. 
Second, at the lasing threshold a large change in the laser 
output power results from a small sample absorption in the 
laser cavity. Third, there can be mode competition between 
modes affected by intracavity loss and other modes; if the 
sample absorbance line width is less than the laser gain 
bandwidth, the net effect can be reduced output intensity at 
the absorbed wavelength. Thus, comparing laser output power 
with an analyte within the cavity and a reference or blank 
within the cavity can result in analytical data. 

Unfortunately, the use of intracavity spectrophotometers 
has been limited by instability and high cost. Several pub
lications (2-4) over the last two decades have addressed the 
problems involved. While these reports demonstrate the 
potential of the intracavity method, no practical application 
has resulted from these early studies. Several methods were 
developed to obtain analytically useful signals. These methods 
varied from simple photographic light intensity determinations 
to more complicated photodiode measurement (5,6). It was 
noted that the system operation was more reliable when the 
system operated at a stable lasing condition rather than close 
to the threshold of lasing. 

With the development of laser diodes, a new approach to 
intracavity spectrometry has become possible, since increased 
cavity loss may be counterbalanced by simple electrical means. 
Laser diodes in addition have the advantages of low cost, 
compactness, light weight, low power consumption, fast direct 
modulation, and ease of integration with data acquisition 
systems. 

Several analytical and spectroscopic uses of laser diodes and 
light-emitting diodes (LED) have recently been reported 
(7-11). Camparo and Klimak demonstrated the usefulness 
of laser diode instrumentation in determining hyperfine 
structures of atomic systems (7). PbSnTe and PbSnSe laser 
diodes were used by Kim and co-workers to record spectra 
of small molecules (8). Ishibashi and co-workers used laser 
diode fluorometry to detect very low concentrations of the 
cyanine dye DDTC (10), as well as to detect very low con-

* Author to whom correspondence should be addressed. 
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centrations of human serum proteins by labeling them with 
cyanine dyes (11). 

To our knowledge, no publication has described the ap
plication of the intracavity technique using laser diodes. It 
is our goal in this paper to demonstrate that ordinary spec
trophotometric procedures can be improved for high-sensi
tivity determinations via laser diode intracavity spectropho
tometry. We describe an LDIS that is compact, inexpensive, 
and capable of determining the analyte optical absorbance 
by simple electrical means. We will compare detectable ab
sorbencies of the LDIS to those of commercial UV-visible 
spectrophotometers. 

EXPERIMENTAL SECTION 

Optics. A block diagram of the LDIS is shown in Figure 1. 
The laser diodes used in this study are emitting at 780 nm. 
Because laser diode beams are poorly collimated, a lens was 
needed. We chose a gradient index lens (GRIN), purchased from 
NSF America, SLW 3.0-0.11-CjBC-.78. The collimated beam was 
passed through a I-cm quartz sample cell to a reflecting mirror 
and back through the sample cell and lens to the laser diode active 
layer. All optical components were secured to a Newport Corp. 
optical rail, MRL-12, which was secured to a Newport optical 
breadboard, LS-23. Thus the instrument is an extended dou
ble-cavity laser resonator in which the multipass enhancement 
is partially offset by the reflectivity of the front facet mirror of 
the laser diode. 

Electronics. The laser diode output was measured by a Temna 
Model 72-050 digital multimeter. This measured the output of 
the laser diode as voltage via a monitoring photodiode (PIN) 
incorporated into the laser diode package. Forward current to 
the laser diode was monitored by another Tenma multimeter. 
Power was suppled by a VIZ Model 708A regulated power supply. 
A drive circuit was constructed to protect the laser diode from 
excessive current and from transients caused by switching. A 
potentiometer incorporated into the circuit enabled us to null the 
PIN output, thus compensating for differences in sample and 
reference absorbencies. The system was grounded in order to 
protect the laser diode from static charges. An electronic sche
matic is shown in Figure 2. 

Laser Diodes. Commercial laser diodes are available in low-, 
medium-, and high-power versions. The high-power versions are 
usually multistripe devices and therefore less suitable for intra
cavity applications since these lasers typically have as many as 
5-40 cavity stripes. The low- and medium-power versions are 
usually single-stripe devices; i.e., there is only one active lasing 
cavity in the semiconductor material. Low-power laser diodes 
have a medium reflectivity coating (R = 30%) at both facets and 
are made for consumer applications; optical feedback is inten
tionally minimized. Thus, low-power laser diodes are less suitable 
for intracavity applications. 

Medium-power versions (30-40 mW) achieve higher optical 
output by coating the back reflecting surface with a highly re
flective multilayer film composed of amorphous silicon and alu
minum oxide, while the front facet is coated with a transparent 
dielectric film of aluminum oxide, which acts as a passivation 
coating and provides the required reflectivity. This chip structure 
efficiently directs the laser beam forward out of the chip. The 
back facet is highly reflective (R = 95%), while the front surface 
has much lower reflectivity (R = 5%). The medium-power laser 
diodes are more suitable for intracavity applications due to their 
highly transparent front reflecting surface. Since the back re
flecting surface is only 5% transmissive, the multipass effect is 
enhanced. With our system, we would expect an enhancement 
factor of 20 (12), based on round trips of 20. We used a Sharp 
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Figure 1. Schematic of the laser diode intracavity spectrometer: LD, 
laser diode; GRIN, gradient index lens; CU, sample cuvette; M. mirror. 

sw LD 

sw PIN 

1 k 

Figure 2. Electronic schematic of the laser diode intracavity spec
trophotometer: VS, variable power supply; V, digital voltmeter; LD, 
laser diode; PIN, monitoring photodiode. 
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Figure 3. Effect of optical feedback obtained with low-power laser 
diode. 

L T023MFO as a low-power laser diode (5 m W) and a Sharp 
LT024MFO as a medium-power device (30 mW). 

Chemicals. Since the wavelength of the LDIS, in its present 
form, is fixed at 780 nm, we chose analytes that could be detected 
at this wavelength. We chose silica, tennic acid, phosphorus, and 
two cyanine dyes, indocyanine green, ICG (CAS 3599-32-4), and 
1,1,l',1',3,3'-hexamethyl-4,4',5,5'-dibenzo-2,2'-indotricarbocyanine 
perchlorate, HDITC (CAS 23178·67·8). The cyanine dyes were 
purchased from Kodak in laser grade and used as received. Silica 
was determined by Method 425D in ref 13, normally detected at 
815 nm. Tannic acid was detected by Standard Method 513, 
normally detected at 700 nm. Phosphorus was detected by a 
variation of the molybdenum blue method first reported by 
Ishibashi and co-workers (9), using hydrazinium sulfate as a 
reducing agent. The cyanine dye ICG was detected in methanol, 
where it has an absorbance maximum at 795 nm. HDITC was 
detected in acidic ethanol, where the absorbance maximum is at 
780 nm. 

RESULTS AND DISCUSSION 
We have observed the effect of optical feedback; i.e., the 

output intensity vs driving current curves are different when 
the external cavity mirror was in place. Figures 3 and 4 show 
the results obtained with the low-power L T023MFO and the 
medium-power LT024MFO laser diodes, respectively. As 
expected, an increase in the effect of optical feedback was 
observed as the power of the laser diode is increased, indicating 
the importance of the reflectivity of the front facet mirror of 
the laser diode. The integral monitoring photodiode (PIN) 
in the laser diode package responds to the differing back 
radiated light energy due to absorbing analytes placed in the 

Laser Diode Opticol Feeobock 

With Feedback 

.~ 2.47 

i 

No Feedback 

Figure 4. Effect of optical feedback obtained with medium-power laser 
diode. 

Table I. Silica and Tannic Acid Determination Using a 
30-mW Laser Diode 

SiliC3,O mg/L output, V tannic acid,!' mg/L output, V 

0.0 0.06 0.0 0.31 
0.001 0.08 0.05 0.38 
0.01 0.50 0.25 0.68 

1.00 1.14 
2.00 2.02 

"s = 2.284; r = 0.998. b s = 0.0456; r = 0.0995. 

Table II. Intracavity Detection of Cyanine Dyes 

HDITC," nmol/L output, V ICG,' nmol/L output, V 

0.0 0.0 0.0 0.0 
1.0 0.14 1.0 0.0 
2.5 0.36 20.0 0.01 
5.0 0.66 50.0 0.03 
10.0 1.30 

"s = 0.0020; r = 0.999. b s = 0.000284; r = 0.998. 

extended cavity. A multimeter (Figure 2) interprets the PIN 
output as voltage. The greater the analyte absorption, the 
less the output voltage. The calibration curve for phosphorus 
determination was obtained by using a l-cm-path-Iength cu
vette and the 30-m W laser diode (Sharp LT024MFO). The 
slope was calculated by using least square fit: V; 9.96c, where 
V is the voltage measured on the PIN diode in volts and c is 
the phosphorus concentration in mgjL. The range of linearity 
extends up to 0.4 mgjL. At 1 mgjL, there is a deviation of 
about 10% from linearity. 

Table I provides information about the silica and tannic 
acid data obtained with the LDIS. The detection limits for 
silica and tannic acid were significantly lower than those 
reported in the literature (10). Table II summarizes the 
cyanine dye data obtained for the experiments performed in 
this study. On the commercial spectrophotometer we found 
an absorbance of 0.522 for a 4.49 X 10-6 molar solution of 
HDlTC. The laser diode system was able to detect an ab
sorbance of 1.06 X 10-4 for 1.0 nmoljL HDITC and gave an 
output voltage of 0.14 V. The noise level was below 0.01 V, 
resulting in a 1.2 X 10-5 absorbance noise level well below that 
of commercially available instruments. lCG could not be 
detected at concentrations similar to that of HDITC despite 
similar high extinction coefficients. These data show some 
disparity among the analytes detected by LDIS. We were able 
to determine that some of the mechanical perturbation caused 
by ordinary laboratory events contributed to signal noise. This 
resulted in the need for frequent readjustment of the optics. 
However, more research is needed to explain the remaining 
differences. There is reason to suspect that thermal effects 
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may occur in the sample cell; photodecomposition of the laser 
dyes is another possibility. Since the active layer of the laser 
diode is extremely small. minor changes in the refractive index 
of the solution can result in drifting of the reflected laser beam. 
Further studies are planned to determine the extent of this 
effect. 

The described extended intracavity single-beam laser diode 
spectrophotometer can detect absorbencies as well as or better 
than many commercial double-beam absorption spectropho
tometers. The commercial double-beam spectrophotometer 
was unable to distinguish between the 1 nmol/L HDITC 
solution and a 20 nmol/L solution of HDITC from the blank. 
It was observed that the major noise contributing factor is the 
optical noise generated by the mechanical instability of the 
optical mounts. When compared to commercial instruments, 
the laser diode system proved to be superior. Moreover. it 
should be noted that this simple arrangement is a single-beam 
instrument, using only a $160 laser diode as a light source and 
detector simultaneously. 

The detectable absorbencies can be lowered by a number 
of improvements to the instrumentation. Less reflectivity of 
the front facet mirror of the laser diode will enhance the 
multipass effect and therefore increase the effective sample 
cell path length. If we can decrease the front facet's reflectivity 
to 1 %, it would result in a much greater enhancement factor. 
Studies using special antireflective coated (AR) laser diodes 
are currently under development. Output stability can be 
improved by locking the optical components together. This 
will allow use of a more sensitive scale on the output mul
timeter, resulting in a lowering of the detection limits. Further 
improved detection limits can be expected from using an AR 
coated laser diode pair where one of the lasers can serve as 
a reference source. The use of a double-beam instrument as 
opposed to our present single-beam instrument will com
pensate for source and detector fluctuations and lower de-

tection limits. The use of batteries instead of a regulated 
power supply can improve signal stability while reducing the 
size. The drive circuit can be put on a chip, further reducing 
the size. The instrument can be tuned to different wave
lengths by changing the laser diode temperature or by sub
jecting it to an adjustable magnetic field. Using a 5- or lO-cm 
cell will allow for smaller detectable absorbencies. New laser 
diodes with lower emission wavelengths (a 680-nm device is 
now available) will extend the analytical utility of the in
strument. 
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Atomic Absorption Determination of Copper in Silicate Rocks 
by Continuous Precipitation Preconcentration 
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A selective atomic absorption spectrophotometric method has 
been developed for the preconcentration and determination 
of copper after continuous preCipitation with rubeanic acid. 
The precipitate is separated by continuous filtration and dis
solved in potassium dichromate. A concentration factor of up 
to 500 is achieved. Several calibration graphs are used for 
the determination of copper( II) in the range 0.3-200 ng/mL 
with a sampling frequency between 1 and 20 h-1 and a reia
tlve standard deviation between 1.4 and 3.0%. The proposed 
method has been successfully applied to determination of 
copper at the 1'9/9 level in silicate rocks. 

INTRODUCTION 
The precise determination of trace elements in rocks is 

usually hindered by the fact that they occur at levels beyond 

1 Permanent address: Department of Geochemistry, University 
Federal Fluminense, Niter6i-24020, Brazil. 
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the typical detection limits of currently available instru
mentation. Even with sensitive methods, constituents other 
than those of interest (whether major or minor elements) may 
hinder the detection of an element through secondary effects 
such as broadband absorption in electrothermal atomization 
atomic absorption or background radiation in neutron acti
vation. Separation techniques have been used to overcome 
these problems, both by increasing concentrations above 
detection limits and by removing matrix constituents. Pre
cipitation is one of the separation techniques most frequently 
used for enrichment purposes in inorganic analysis (1, 2). 
Coprecipitation of trace elements with an unselective organic 
reagent is used quite frequently in the enrichment of trace 
elements (3), mainly in waters. Dithizone (4), 8-hydroxy
quinoline (5), thionalide (6), a-benzildioxime (7), diethyldi
thiocarbamate (8), ammonium pyrrolidinecarbodithioate (9), 
and 8-hydroxyquinoline in combination with thionalide and 
tannic acid (10) are typical precipiate collectors and precip
itants for copper. After collection of the desired trace ele
ments, the precipitate collector is isolated from the sample 
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solution by filtration or centrifugation, followed by washing, 
drying, or dissolution for trace determination by one of various 
techniques available. Carrier elements and organic matter 
are sometimes removed by different procedures prior to the 
determination. These operations result in low sampling fre
quencies and irreproducible recoveries; however, they afford 
enrichment factors of about 103. 

The interest roused by automatic methods of analysis is 
ostensibly shown by the increased number of papers and 
monographs published on this topic in the last few years 
(11-13). The advantages of continuous automatic techniques 
become particularly evident when extensive manipulation is 
involved (e.g. when a separation technique is required). 
Continuous precipitation systems were recently approached 
by the authors. Our earliest endeavors in this respect were 
aimed at the study of continuous automatic precipitation
dissolution systems, coupled on-line with conventional atomic 
absorption instruments in implementing different metho
dologies such as indirect determinations of organic and in
organic anions and preconcentration of metal traces (14, 15). 

In this work, continuous precipitation-dissolution is used 
in conjunction with a flame atomic absorption spectropho
tometer for the preconcentration and determination of p.g/g 
quantities of copper in silicate rocks. Dithiooxamide (rubeanic 
acid) is used as an organic precipitating reagent, and no 
collector is required. The precipitate dissolution is effected 
by a solution of potassium dichromate in nitric acid. This 
concentration method allows the determination of copper in 
the range 0.3-200 ng/mL. 

EXPERIMENTAL SECTION 

Apparatus. A Perkin-Elmer 380 atomic absorption spec
trometer equipped with a hollow-cathode copper lamp was used. 
The instrument was set at a wavelength of 324.7 nm, and the 
air/acetylene flame was adjusted according to standard recom
mendations. The peristaltic pump was a Gilson-Minipuls-2, 
furnished with poly(vinyl chloride) and Solvaflex tubing for 
aqueous and ethanol solutions, respectively. Two Rheodyne 5041 
four-way valves connected to two channels were also used. A 
Scientific System 0.5-105 column with a removable screen-type 
stainless steel filter (pore size 0.5 IJ.m, chamber inner volume 580 
p.L, and filtration area 3 cm2), which was originally designed as 
a cleaning device for high-performance liquid chromatography, 
was employed for filtration purposes. 

Reagents. A 1000 mg/L copper solution was prepared by 
dissolving 1.000 g of metal copper in a small volume of concen
trated nitric acid and diluted to 1 L with 1 % (v Iv) nitric acid. 
A 0.1 % (w Iv) rubeanic acid solution was made in ethanol/water 
(60:40 (v Iv)); this solution was stable for at least 1 week. A 0.083 
M potassium dichromate solution was prepared in 1 N nitric acid. 
AIM acetic acid/1 M ammonium acetate buffer (pH 4.8) was 
also used. All other reagents were of analytical ree~.nt grade. 

Preparation of Standards and Samples. COPJO. 3tandards 
in the range 0.1-2.0 p.g in a 0.2 M acetic/acetate buffer (pH 4.8) 
were prepared in 10-250-mL calibrated flasks. 

The silicate rock material was decompcsed by the recommended 
method (16). An accurately weighed portion of finely powdered 
silicate rock was placed in a platinum crucible and moistened with 
some drops of water; then 10 mL of 48% hydrofluoric acid and 
1 mL of 70% perchloric acid were added. After evaporation to 
perchloric acid fumes in a sand bath, the mass was allowed to cool, 
and a new portion of 5 mL of 48% hydrofluoric acid was added 
before evaporating next to dryness again. Once cool, the residue 
was extracted with several small portions of 1 M acetic acid/ 
ammonium acetate, transferred to a volumetric flask, and diluted 
with water to a concentration of 0.2 M in the buffer. The re
maining residue (e.g. iron, aluminum or silica) was removed by 
continuously filtering the solution through a microfilter. The 
solution was stored in polyethylene bottles. The amount of rock 
sample weighed ranged between 0.25 and 2.0 g, and the total 
volume of the rock solution depended on the copper content. The 
different solution volumes to be used in the determination (10-100 
mL) contained about 1 IJ.g of copper. 

RECORDER 

Figure 1. Schematic diagram of flow system for preconcentration of 
copper. 

Procedure. The manifold used is illustrated in Figure 1. In 
the preconcentration step, 10-250 mL of sample containing 0.1-2.0 
IJ.g of Cu(II) in 0.2 M acetic acid/ammonium acetate buffer (pH 
4.8) was continuously pumped into the system and mixed 
throughly with a 0.1 % rubeanic acid solution. Precipitation was 
instantaneous and was followed by continuous filtration. In the 
dissolution step, the selecting valve was switched to pass a stream 
of 0.083 M potassium dichromate in 1 N nitric acid through the 
precipitate, which, once dissolved, gave a positive flow injection 
analysis (FIA) peak proportional to the amount of copper present 
in the sample volume introduced. No blank or precipitate washing 
was required. A second selecting valve was incorporated to directly 
aspirate a water stream intended to flush the nebulizer after each 
measurement. All reagents and instrumentation were kept at room 
temperature throughout the experiments. 

RESULTS AND DISCUSSION 
Continuous systems allow the precipitation of trace ele

ments without the need for another precipitate collector as 
they permit one to deal with minute amounts of precipitates, 
which are not handled directly (17). Rubeanic acid can be 
used for the quantitative precipitation of copper, nickel, and 
cobalt in conventional methods (18). When a continuous 
preconcentration system (as shown in Figure 1) is used, neither 
nickel nor cobalt precipitates. The copper precipitate is dark 
green. There are no references to the use of this reagent for 
the preconcentration of metal traces, probably because of the 
insolubility of its precipitates. 

Selection and Foundation of the Method. Precipitating 
Reagent. We assayed various organic reagents precipitating 
with dilute Cu(II) in acetic/acetate buffer. We also checked 
the potential precipitation of these reagents with other metal 
ions occurring as major or minor constituents in silicate rocks. 
The organic reagents in question were cupron (a-benzoinox
ime), a-nitroso-J3-naphthol, and rubeanic acid. Cupron and 
a-nitroso-J3-naphthol were discarded, as they precipitated with 
Fe (III) at concentrations identical with that of Cu(lI). Ru
beanic acid was therefore chosen as the Cu(II) precipitant on 
account of its increased sensitivity and selectivity (it did not 
precipitate with Fe(IlI) or AI(III) at concentrations as high 
as 1 giL). 

Dissolving Reagent. Small amounts of the Cu(II) /rubea
nate precipitate were subjected to the potential dissolving 
action of various solvents in test tubes. The solvents assayed 
were as follows: (1) acids (HCl, HN03) and bases (NaOH, 
NHsl at different concentrations and organic solvents (acetone, 
acetonitrile, and dimethylformamide) (results dissatisfactory 
in every case); (2) complexing reagents such as 0.5 M ethyl
enediaminetetraacetic acid in 2 M ammonia and 5% (w/v) 
thioglycolic acid in 2 M ammonia (results also poor in this 
case); (3) oxidants such as H 20 2 in NH3 and NaI04 , KBr03, 
KIOs, K2Cr207, KMnO" and (NH4lzCe(N03)6 at different 
concentrations in acid media (results satisfactory in all cases, 
but some oxidanta dissolved the precipitate more rapidly than 
others). With an automated configuration similar to that 
depicted in Figure 1 and a 10-mL sample containing 0.2 
p.g/mL of CU(II) in 0.2 M acetic acid/ammonium acetate 
buffer, the above oxidants were assayed at different concen
trations in an acid medium in order to select the fastest. The 
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Table I. Characteristic Parameters of the Calibration Graphs and Analytical Features of the Determination of Copper in 
Different Sample Volumes 

regression eq (absorbance 
aliquot taken/mL vs I'g/mL) corr coeff 

10 A = 0.003 + 1.023(Cu2+) 0.999 
25 A = 0.001 + 2.519(Cu2+) 0.999 
50 A = 0.001 + 5.204(Cu'+) 0.998 

100 A = 0.002 + 10.510(Cu2+) 0.997 
250 A = 0.003 + 26.060(Cu2+) 0.998 

A B C 

1 F A ~ ~ 1 1 A- 1 
10;: Cr207 MnOi: 10, (r20'7 MnOi: 10i (r20'7 MnOZ 

Figure 2. Influence of the nitric acid concentration on the precipitate 
dissolution process. A, B, and C: 0.1, 0.5, and 1-2 N nitric acid, 
respectively; oxidant concentration, 0.5 N. 
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Figure 3. FIA peaks obtained with different oxidants in the dissolving 
solution. The concentrations of oxidants were 0.5 N in 1 N nitric acid; 
peak a, H20 2 in 2 M ammonia. 

results obtained in these experiments are summarized in 
Figures 2 and 3. As can be seen, the best results were pro
vided by Cr207'-, Ce'+, and MnO,- in 1 N nitric acid. Per
manganate, which yielded the best results of all three oxidants, 
was discarded as it was unstable in the acid medium and gave 
rise to MnO" which clogged the filter and the nebulizer, after 
the redox reaction. The final choice was 0.083 M (0.5 N) 
potassium dichromate in 1 N nitric acid, which was stable and 
more economical than Ce'+ and dissolved the precipitate very 
rapidly. 

Precipitate Dissolution Mechanism. Copper forms an 
uncharged chelate (CuL) with rubeanic acid. Polymeric 
chelates are probably formed through bonding of the metal 
to 8 at each end of the ligand (19). The mechanism of the 
redox reaction involved in the dissolution step could be as 
follows: 

I !==C--S • l ::sJ=r>< x o,,~:"t HN=C-C=NH ~ I I sample 

HS SH 

reagent 

precipitate 

804
2 -. N03-, CO2 t . Cu 2+ 

The presence of 80,'- and N03- was confirmed by the Ba2+ 
and Griess reaction; gas bubbles (C02) were also detected in 
the dissolution step. 

Optimization of Chemical Variables, This study was 
performed by continuously introducing into the system 10 mL 
of a solution containing O.ll'g/mL of copper. As the organic 
reagent occurs in tautomeric forms, pH changes were bound 
to affect its reactivity. The maximum absorbances were ob-

detection lim, ng/mL RSD,% sampling, freq/h-1 

5 1.4 20 
2.5 1.2 10 
1 1.6 5 
0.5 2.0 2 
0.3 3.0 1 

tained in the pH range 4.3-6.0. The absorbance decrease 
observed above pH 6.0 was probably a result of copper pre
cipitating and being partially absorbed on the walls of the flask 
containing the sample. The effect of the concentration of the 
acetic acid/ ammonium acetate buffer (pH 4.8) was examined 
up to 1 M; this variable did not affect the analytical signal 
over a wide range (0.1-1.0 M). A 0.2 M concentration of buffer 
was chosen as optimum. The influence of the ionic strength 
(adjusted with KN03 or NH,CI) was also tested; it had no 
effect, at least up to 3.5 M. When various concentrations of 
rubeanic acid solutions were used for a fixed concentration 
of copper, 0.002% of organic reagent solution was found to 
be sufficient for maximum response. Above this concentration, 
the absorbance remained constant up to 0.5%. A 0.1 % con
centration of rubeanic acid in (60:40 (v Iv)) ethanol/water was 
used. 

Precipitate dissolution must be instantaneous in order to 
obtain a transient signal rather than a plateau. Therefore, 
the precipitated copper rubeanate was dissolved by using a 
stream of potassium dichromate in nitric acid. Nitric acid 
concentrations below 1 N resulted in slow dissolution (Figure 
2); above 1 N, the signal was virtually constant. Dissolution 
was complete at potassium dichromate concentrations above 
0.35 N in 1 N nitric acid. According to the above consider
ations, we chose 0.5 N (0.083 M) potassium dichromate in 1 
N nitric acid in order to achieve the best possible results in 
the dissolution step. 

Optimization of FIA Variables, The variables studied 
were the length of the precipitation coil and flow rates of the 
sample, organic reagent, and dissolving reagent solutions. The 
influence of the precipitation coil length was investigated at 
constant flow rates in the range 20-300 em (0.5-mm i.d.). This 
variable had no effect as precipitation was instantaneous. A 
coil length of 60 em was chosen for further experiments. The 
tube length between the filter and the nebulizer (dissolution 
coil) did not influence the peak height below 50 em, whereas 
longer lengths increased the dispersion of dissolved copper. 

The sample flow rate (10 mL of a solution containing 0.1 
I'g/mL copper in the buffer) caused the smallest variations 
in the range 1-5 mL/min. As the preconcentration method 
required the aspiration of large sample volumes (up to 250 
mL), the sampling time was rather long. A high flow rate (4.0 
mL/min) was therefore selected in order to increase the 
sampling rate. The absorbance was maximum for rubeanic 
acid flow rates included within the interval studied (0.4-1.6 
mL/min), so that a flow rate of 1.0 mL/min was chosen. The 
influence of the flow rate of the dissolving solution on the peak 
height was examined in the range 1-7 mL/min. The latter 
increased with increasing flow rate of the potassium di
chromate solution and was constant above 3.5 mL/min. The 
peak height decreased below 3.5 mL/min; however, the peak 
width increased, and in all instances the area under the peak 
remained constant (a similar effect to that observed upon 
decreasing the dissolving reagent concentration). A flow rate 
of 5.0 mL/min was chosen in order to increase the sample 
throughput. 

Determination of Copper. Figures of Merit. Under the 
optimum chemical conditions and by use of the manifold 
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Table II. Analysis for Copper in Silicate Rocks 

sample 

marine mud, MAG-1 (USGS) 
mica schist, SDC-1 (USGS) 
granite, JG-2 (GSJ) 
granodiorite, JG-3 (GSJ) 
andesite, JA-3 (GSJ) 

aliquot taken/mL 

10 
10 

100 
25 
10 

SiO, 

51.19 
66.15 
76.95 
67.10 
62.26 

compositionj% 

AI,03 Fe,03' 

16.46 
15.75 
12.41 
15.52 
15.57 

6.98 
6.85 
0.92 
3.73 
6.59 

copper content, Mg/ g 

MnO certfd foundb 

0.10 30 ± 3 27.3 ± 0.8 
0.12 30 ± 2 30.1 ± 0.8 
0.015 0.4 0.40 ± 0.05 
0.072 6.0 5.6 ± 0.3 
0.106 45.3 44 ± 1 

Il Percentage of total Fe2030 b Average of three separate determinations. 

depicted in Figure I, several linear calibration graphs were 
run for copper with different sample volumes (between 10 and 
250 mL). Table I lists the characteristic parameters of these 
graphs and the analytical features of the determination of 
copper(Il) in the range 0.3-200 ng/mL. The detection limit 
was calculated as 3-fold the standard deviation of the peak 
height for 10 determinations of the same sample (14). The 
precision of the method (expressed as the relative standard 
deviation) was checked on 11 samples containing 1 }Lg each 
in different sample volumes. 

Concentration factors of up to 500, calculated as the ratio 
between the slopes of the calibration graphs obtained by this 
method and by direct aspiration (A = 0.002 + 0.0517(Cu'+», 
were readily achieved. 

The effect of some components of silicate rocks was exam
ined in order to detect potential interferences in the deter
mination of copper. The cations assayed in this study of 
interferences can be classified in two groups: (a) major and 
minor elements commonly found in silicate rocks (e.g. Fe3+, 
AI3+, and Mn'+), which can precipitate in the acid medium 
(pH 4.8) or with rubeanic acid and clog the fllter; and (b) trace 
elements such as Co'+' Ni'+, and Zn'+, which compete with 
copper for the reagent and give rise to poor results. AJ3+, Fe3+, 
and Mn2+ caused no interference with the determination of 
1 }Lg of copper (sample volumes of 50 mL) at concentrations 
of 15000 }Lg; neither did 3000 }Lg of Fe3+ or Ai3+ (sample 
volumes of 10 mL). Higher Fe3+ or A13+ concentrations pre
cipitated in the buffer of pH 4.8 and required the addition 
of tartrate (2% (w/v» as a masking agent. As Co'+, Ni'+, and 
Zn'+ normally occur in silicate rocks at concentrations 5-20 
times higher than that of copper, we only assayed concen
trations up to 100-fold, which posed no interference. Finally, 
we prepared a synthetic silicate rock solution containing all 
the typical major and minor constituents at their maximum 
levels of occurrence. The copper recovery ranged between 98 
and 101 %, and the error made was rather small. 

Determination of Trace Amounts of Copper in Silicate 
Rocks. The knowledge of the content and distribution of 
trace elements in 'ocks is of great interest to geochemical 
(particularly petrological and mineralogical) studies. The 
concentration of trace metals in, 'icate rocks varies with the 
silica content. Acidic rocks (higher silica content) generally 
contain small amounts of copper and other metals. 

The applicability of the proposed copper/rubeanate method 
was studied by using silicate rocks in international reference 
samples from the United States Geological Survey (20, 21) 
(MAG-1 and SDC-1) and the Geological Survey of Japan (22) 

(JG-2, JG-3, and JA-3). The materials were dissolved as 
described in the Experimental Section, and the copper content 
of the resulting solutions was determined by the recommended 
procedure. The results obtained are listed in Table II. 

CONCLUSIONS 
Continuous preconcentration with rubeanic acid has proved 

to be an efficient and convenient method of overcoming the 
interference of relatively large amounts of some elements in 
the preconcentration and determination of copper in silicate 
rocks. The proposed automatic preconcentration method 
offers several major assets such as high sensitivity (a con
centration factor of up to 500 is achieved), selectivity, and 
rapidity. 
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Light Absorption and Mixed Micelle Composition as Factors in 
Determining Intensities of Room-Temperature 
Phosphorescence 

N. E. Nugara and A. D. King, Jr.-

Department of Chemistry, School of Chemical Sciences, University of Georgia, Athens, Georgia 30602 

A series of experiments have been performed that demon
strate (a) thai problems arising from precipitation of TI+-alkyl 
sulfate salts at high TI+ concentrations In micelle-stabilized 
room-temperature phosphorescence (MS-RTP) solutions can 
be avoided by using mixed surfactant systems that include a 
short chain alkyl sulfate and (b) that in cases where the 
sulfite Ion Is used as a chemical deoxygenating agent, light 
absorption by a TI+ -SO"- complex can severely attenuate the 
exciting radiation, particularly at wavelengths below 275 nm, 
thus offsetting any gains derived from increasing the TI+ 
content of MS-RTP solutions through the use of mixed sur
factants. The stoichiometry, formation constant, and molar 
absorptivity of this TI+ -SO"- complex are determined by 
using UV spectrometry. Fluorescence and thallium-induced 
phosphorescence IntenSity data derived from three aromatic 
compounds solubilized in a mixed micelle MS-RTP system 
containing Na2SO. are Included to Illustrate the advantages 
of long wavelength excitation in such MS-RTP systems. 

INTRODUCTION 
Micelle-stabilized room-temperature phosphorescence 

(MS-RTP) is an interesting manifestation of the external 
heavy-atom effect, which shows great promise as a means of 
detection in liquid chromatography (1-16). Basically, MS
RTP achieves its effect by utilizing the amphiphilic character 
of micellized surfactant ions to compartmentalize solubilized 
lumiphore molecules, normally aromatics, in a submicroscopic 
region surrounded by a high concentration of heavy-atom 
counterions. This facilitetes collisions between the two species 
and has the effect of increasing the flux of energy passing 
through the phosphorescence channel by increasing triplet 
quantum yields and perhaps phosphorescence efficiencies as 
well. Anionic micelles composed of dodecyl sulfate anions 
surrounded by a counterion sheath containing either TI+ or 
Ag+ cations are commonly used to effect MS-RTP although 
micelles of the cationic type composed of cetyltrimethyl
ammonium bromide have been shown to induce MS-RTP as 
well (11). While lumiphore concentration effects attributed 
to triplet-triplet annihilation and the inner-filter effect (5), 
as well as a specificity of Ag+ relative to TI+ toward solubilized 
heterocyclic compounds (I5) have been found to affect 
phosphorescence intensities in MS-RTP, there are two fun
damental conditions that must be met in order to maximize 
the intensity of MS-RTP: (a) the relative concentration of 
heavy-atom ions relative to other counterions in the micellar 
solution must be as high as possible and (b) the concentration 
of O2, a potent triplet quencher, must be minimized. In 
practice, however, the low solubilities of heavy-metal dodecyl 
sulfate salts at room temperature place a ceiling (approxi
mately 30 mol % in the case of Tl+) on the amount of 
heavy-metal ions that can be introduced into the commonly 
used MS-RTP systems based on sodium dodecyl sulfate. 
Likewise, the traditional method of using N2 purging to re-

0003-2700/89/0361-1431 $0 1.50/0 

move O2 from solution has been of limited utility because of 
foam generation and its concomitant problems. Because of 
this, the recent discovery that sulfite ions act as efficient O2 

scavengers in micellar solutions used for MS-RTP by Garcia 
and Sanz-Medel (16) represent a major technical advance in 
the use of MS-RTP. 

The purpose of this paper is 2-fold. First, it will be shown 
that for MS-RTP systems that employ TI+, the solubility 
limitations encountered with sodium dodecyl sulfate (SDS) 
can be greatly ameliorated through the use of a mixed sur
factant system composed of SDS blended with a shorter chain 
surfactant, sodium octyl sulfate (SOS). Secondly, evidence 
will be presented to show that light absorption by a 1:1 com
plex of TI+ with S032- acts to diminish the intensity of 
phosphorescence generated by micellar solutions which use 
TI+ as a heavy atom perturber and SO;- as a chemical de
oxygenating agent. 

EXPERIMENTAL SECTION 

Instrumentation. The UV absorption spectra of the micellar 
solutions of interest were obteined by using a Hewlett-Packard 
Model 8451-A diode array spectrophotometer. The emission 
spectra were measured with a Perkin-Elmer Model MPF-44B 
spectrofluorometer, equipped with a differential corrected spectral 
unit (DSCU) and a thermosteted cell compartment that utilizes 
a Brinkmann-Lauda super K-2/R circulating constant temper
ature bath to control the temperature to 25 ± 0.5 °C for the work 
reported here. Surface tension measurements used to determine 
values for the critical micelle concentration (cmc) of purified SDS, 
SOS, and their mixtures were obtained by using a Fisher Auto
tensiomat, Model 215, automated duNouy tensiometer having 
a Haake Model FS constant temperature circulator to maintain 
solution temperature to ± 0.1 °C. 

Chemicals and Reagents. The SDS and SOS used in this 
work were purchased from BDH Chemicals Ltd. (lot no. 9088113 
C 500) and Eastman Kodak Co. (lot no. 16A), respectively. Each 
was recrystallized from 1:1 (for SDS) and 1:3 (for SOS) (v Iv) 
ethanol/2-propanol mixtures and dried in vacuo prior to use. The 
purity of each surfactant with respect to alkyl group chain length 
was verified by comparing erne values obtained with aqueous 
solutions of the recrystallized SOS and SDS with recommended 
literature values (17). Good agreement was found in each case. 
Thallium(!) nitrate, purchased from Fluka Chemie A.G., was 
recrystallized twice from H20 and dried in vacuo. Sodium sulfite 
(anhydrous), purchased from J. T. Baker Chemical Co., was used 
as received. The naphthalene, Baker Analyzed Reagent Grade, 
purchased from J. T. Baker Chemical Co., was used as received 
while the phenanthrene and pyrene, both Eastman White Label 
Grade, were purchased from Eastman Kodak Co. and were re
crystallized from ethanol prior to use. Doubly distilled water was 
used to prepare all solutions. 

The luminescence intensities shown in Figures 1 and 4 are 
"uncorrected spectra" with no corrections being made for the 
wavelength dependence of instrument response. The 15-nm slits 
were used for both excitation and emission. 

RESULTS AND DISCUSSION 

Concentration-temperature phase diagrams for aqueous 
systems containing ionic surfactants have one feature in 

© 1989 American Chemical Society 
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common, namely that the solid solubility-temperature curves 
exhibit an abrupt increase in slope at a temperature known 
as the Krafft temperature, T K (18). Short-chain surfactants 
have low Krafft temperatures and hence tend to be very 
soluble and readily form micellar solutions at ordinary tem
peratures. Long-chain surfactants on the other hand are 
characterized by high Krafft temperature and become quite 
insoluble whenever T K exceeds ambient temperature. Mix
tures of short- and long-chain surfactants have Krafft tem
peratures that are intermediate to those of the two pure 
species. Large polarizable counterions, such as Tl+ in the case 
of SDS, have the effect of increasing T K and hence reducing 
solubility. This effect is roughly proportional to the con
centration of the large counterions and the addition of a salt 
containing such an ion will cause a surfactant to precipitate 
whenever the concentration of that counterion reaches a level 
sufficient to raise T K above ambient temperature. As noted 
earlier, in the case of SDS, precipitation occurs when the Tl+ 
content reaches approximately 30 mol % relative to Na+, i.e. 

Since the addition of a short chain surfactant acts to lower 
T K, one expects that a surfactant blend containing a short
chain and a long-chain surfactant of the same class will be 
more resistant to precipitation by polarizable counterions than 
the long-chain surfactant alone. This is found to be the case 
with MS-RTP systems based on SDS and Tl+. Here one fmds 
that the increased resistance to precipitation afforded by the 
addition of sodium octyl sulfate to make a 20 mol % SOS-SO 
mol % SDS blend allows one to obtain spectra with Tl+ 
contents reaching (Tl+ /Na+) % = 50% without precipitation. 

Figure 1 is derived from intensities of fluorescence, Ir, and 
phosphorescence, I p , measured at 325 nm and 476 nm, re
spectively, for naphthalene solubilized in three different 
micellar solutions composed of SDS, a SDS /SOS blend (SO% 
SDS), and pure SOS, each containing 0.005 M Na,S03 and 
varying amounts of TIN03. The absorbance of naphthalene 
dissolved in each solution is 1.00 at the wavelength used for 
excitation, Aox = 276 nm. The cmc values measured in the 
absence of added salt at 25 °c for SDS, the SO% SDS/SOS 
blend, and pure SOS are s.o x 10-3 M, 9.0 X 10-3 M, and 0.13 
M, respectively. Therefore, to a first approximation, each of 
these solutions contains the same concentration (0.1 M) of 
micellized alkyl sulfate ions. 

Figure 1a shows the phosphorescence intensity measured 
with each of these solutions plotted as a function of Tl+ 
content expressed as (Tl+ /Na+)%. While the intensities 
obtained by using the SDS/SOS blend do not differ appre
ciably from those obtained with pure SDS at low Tl+ con
centrations, one sees that Ip falls off sharply at higher con
centrations so that little is gained by using the mixed sur
factant system to achieve Tl+ concentrations in excess of the 
precipitation limit for SDS, i.e. greater than (Tl+ /Na+) % = 
30%. The phosphorescence intensities observed with pure 
SOS under the same conditions are less intense and pass 
through a similar though less pronounced maximum at a 
thallium content of (Tl+ /Na+) % = 30%. 

The errors associated with the intensities of phosphores
cence, I p, and fluorescence, If, originate from instrumental 
error, uncertainties in thallium ion and sodium ion concen
trations (hence (Tl+ /Na+) %), as well as errors in the con
centrations of the solubilized aromatic lumiphore, sulfite ion, 
and residual 0,. The sensitivity of Ip (or Ir) to each of these 
factors is unknown although each of the chemically related 
sources of error is expected to become more severe at shorter 
excitation wavelengths. However, an error estimate based on 
replicate spectra obtained with naphthalene at two different 
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Figure 1. (a) Intensity (arbttrary untts) of phosphorescence, I p, at 476 
nm for naphthalene solubilized in 0.10 M SOS (0), 0.23 M SOS (A), 
and 0.080 M SOS/0.020 M SOS (0), each with 0.005 M Na,SO, and 
varying TIN03 concentrations at 25 ce, shown as a function of 
(TI+lNa+)%. A" = 276 nm. [Naphthalene] = 1.67 X 10-4 M. (b) 
The ratio of intensities, (I pi I f), for naphthalene solubilized in the micellar 
solutions used in Figure la, as denoted by the same symbols, plotted 
as a function of (TI+ INa +) % . 

(Tl+ /Na+)% using 276 nm excitation indicates that Ip and 
Ir can be reproduced to within ±8% using a MS-RTP system 
based on a 0.10 M 20% SOS-80% SDS mixture. Since Ip and 
If used to calculate individual values of Ip/ If are measured 
in the same experiment, only instrumental error, uncertainties 
in (Tl+ /Na+) % and residual 0, concentration contribute to 
the error associated with this ratio and the error limit for the 
ratio Ip/ If based on this same set of experiments is found to 
be ±12%. 

Two factors may be responsible for this fall off in phos
phorescence intensity at high Tl+ ion concentrations. First, 
Tl+ ions concentrated about the alkyl sulfate micelles may 
act as quenching agents by increasing the rate of nonradiative 
energy loss from the lowest triplet state of the solubilized 
naphthalene molecules. Alternatively, the Tl+ ions may cause 
a reduction in luminescence by simply reducing the intensity 
of light at the excitation frequency that reaches the solubilized 
naphthalene, presumably by forming a light absorbing com
plex with one or more of the species in solution. 

The ratio of phosphorescence and fluorescence intensities, 
Ip/Ir, obtained with uncorrected emission spectra having 
constant band shapes can be shown to be a function solely 
of the various rate constants that govern the internal channels 
for energy flow within the lumiphore; i.e. 

Ipj If = (const) :::{ kPTk:kGJ (1) 

Here kTM represents the rate constant for intersystem crossing 
between the lowest excited singlet (SI) and triplet (T 1) states. 
The term kGT is the rate constant governing nonradiative 
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Figure 2. Absorption spectra of naphthalene solubilized in 0.23 M SOS 
and 0.019 M TINO, (a) before and (b) after the addition of 0.005 M 
Na,SO, at 25°C: path length, 1 cm; [naphthalene] = 1.67 X 10-' 
M. 

decay of T 1 while kFM and k pT are rate constants governing 
the radiative decay of S, and T h respectively. Therefore, the 
fact that the experimentally determined ratios of Ip/ If for 
naphthalene in the three different micellar solutions, shown 
plotted in Figure lb, all follow a smooth, concave upward path 
over the full range of (TI+ /Na+) % concentrations available 
to each system indicates that the loss of phosphorescence 
intensity observed in Figure 1a is not due to a quenching 
process whereby TI+ accelerates the rate of nonradiative decay 
from T 1 by increasing kGT but rather is caused by attenuation 
of the exciting radiation by either light scattering or light 
absorption by some complex formed by TI+ in solution. 

The absorption spectra shown in Figure 2 taken with a TI+ 
based MS-RTP solution containing naphthalene solubilized 
in SOS support this conclusion. Here it is seen that a broad 
absorption band develops under the absorption band of 
naphthalene when Na2S0, is added to the solution. This 
strongly suggests that a thaIlium(I)-sulfite complex is re
sponsible for the light absorption, although the possibility 
exists that light scattering by large micelles produced by added 
sodium sulfite may be the cause of the observed attenuation. 

Figure 3 compares the absorption spectra obtained with 
aqueous solutions containing (a) 0.010 M TINO" (b) 0.010 M 
Na2S0" and (c) a 1:1 mixture of these two solutions, all in 
the absence of any surfactant. Here it is seen that a strong 
structureless absorption band develops in the region between 
250 nm and the weak NO,- band at 310 nm when the two salts 
are mixed. Since no surfactant is present in these solutions, 
one concludes that a TI+ -SO,'- complex is responsible for the 
light absorption observed with the mixture in Figure 3 and, 
by inference, for the light absorption found with the MS-RTP 
solution shown in Figure 2 as well. 

A series of spectral measurements were performed to de
termine the absorbance of binary solutions having various 
concentrations of TINO, and Na2S03 in order to characterize 
the TI+ -SO,'- complex responsible for this light absorption. 
The first of these entailed using a method developed by 
Vosburgh and Cooper (19) in which a Job plot is used to 
determine the stoichiometry of the light-absorbing complex. 
Here equimolar solutions of TIN03 and Na2S0, are mixed in 
different proportions to produce a series of solutions having 
the same total volume but different relative concentrations 
of the two salts. The absorbance values measured for these 
mixtures, when plotted against the relative concentration of 
one salt compared to the other, expressed as mole fraction, 
will yield a curve having negative curvature whose maximum 
corresponds to the mole fraction representing the stoichiom
etry of the light-absorbing complex. The upper-left inset of 
Figure 3 shows the results obtained with TIN03-Na2S0, 
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Figure 3. Absorption spectra of aqueous solutions containing (a) 0.010 
M Na,SO" (b) 0.010 M TINO" and (c) a 1:1 mixture of 0.010 M TINO, 
and 0.010 M Na,SO,. Path length, 1 em. Upper left inset: Job plot 
showing absorbance values plotted as a function of X T1+ Isol- for so
lutions containing different proportions of TIND3 and Na2SOS at 25 cG. 
Upper curve, absorbance at 260 nm; lower curve, absorbance at 270 
nm. Total concentration of T[+ and 803

2+ is 0.02 M. Optical path 
length, 1 cm. Upper right inset: Absorptivity of the TISO, - complex 
in aqueous solution shown as a function of wavelength. (0) Absorp
tivities obtained directly from nonlinear least-squares fit of absorbance 
data taken over range 276-292 nm. (0) Absorptivities calculated by 
using the K sc value obtained from nonlinear least-squares fit of 
276-292 nm data with more dilute solutions of TINO, and Na,SO, 
having differing relative concentrations. 

mixtures at two different wavelengths, 260 and 270 nm. Both 
maxima occur at a mole fraction of 0.5 indicating that a 1:1 
complex between TI+ and SO,'- is responsible for light ab
sorption over the range 260-290 nm seen in Figures 2 and 3. 

Once the stoichiometry is known, one can utilize similar 
spectral data to determine the value of the stability constant, 
K", for this TI+ -SO,'- complex using a method developed by 
Yoneda (20). Here, absorbance values were measured at five 
different wavelengths over the range 276-292 nm for a series 
of solutions containing 0.0100 M TINO, and varying amounts 
of Na2S03' The results obtained at each wavelength were 
fitted to the equations derived by Y oneda using nonlinear 
least-squares methods to yield values for the absorptivity of 
the complex and K". The values obtained for K" show no 
trend with wavelength and yield an average value for K" at 
25°C 

It is interesting to note that this value is quite similar to 
that found for the 1:1 complex of TI(l) with sulfate ion which 
is K" = 28 at 25°C (21). 

Once the stoichiometry and formation constant are known, 
it becomes a simple matter to calculate values for the ab
sorptivity of this TI+ -SO,'- complex using the absorption 
spectra obtained with these solutions. The results calculated 
at 4-nm intervals are shown plotted as a function of wave
length in the upper-right inset of Figure 3 along with the 
values derived by the original least-squares fit. It is clear from 
these results that the absorbance due to this TI+ -SO,'- com
plex can become quite large in MS-RTP solutions using 
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Figure 4. (a) Intensity (arbttrary untts) of phosphorescence, I p, at 470 
nm obtained by using two different excitation wavelengths, for phen
anthrene solubilized in solutions ccntaining 0.080 M SOS, 0.020 M SOS, 
0.005 M Na,SO~ and varying amounts of TINOs at 25°C, shown as 
a function of (TI INa+)%. (0): Ae, = 276 nm, (0): he, = 296 nm. 
[Phenanthrene] = 5.3 X 10-5 M ca. Absorbance (276 nm) = 1.0, 
absorbance (296 nm) = 0.84, 1 cm path length. (b) The ratio of 
intensities, (1 pi If). for phenanthrene solubilized in the micellar solutions 
used in Figure 4a, as denoted by the same symbols, plotted as a 
function of (TI+ INa +) % . 

Na2S0S for deoxygenation, particularly at higher thallium 
concentrations. For example, ignoring ionic strength effects, 
one can use the experimentally determined value K", = 48 and 
the absorptivity values shown in Figure 3 to estimate that the 
absorbance over a 1-cm path length due to the TI+ -SOs2-
complex in the SOS-SDS MS-RTP solution used in Figure 
1 will exceed unity at wavelengths less than 276 nm whenever 
the thallium ion content exceeds (TI+ /Na+) % = 30%. This 
situation, of course, becomes progressively worse at higher 
thallium concentrations. 

The fact that the intensity of phosphorescence depends 
upon the relative concentrations of TI+ and Na+ in these 
solutions while the concentration of light-absorbing complex 
depends upon the concentration of TI+ alone explains why 
the intensity of phosphorescence of naphthalene solubilized 
in SOS shown in Figure 1 is weak in comparison with that 
generated by the solutions containing SDS or the SOS-SDS 
mixture. The cmc of SOS is 0.13 M at 25°C (17). Therefore, 
a surfactant concentration of 0.23 M is required to produce 
0.1 mol of micellized surfactant ions per liter, the amount of 
micellized surfactant ions common to all the data shown in 
Figure 1. Including the Na2S0S' the sodium ion concentration 
in these SOS solutions is 0.24 M, roughly twice that in the 
solutions containing SDS or SOS mixed with SDS, both of 
which are 0.1 M with respect to surfactant. It follows that 
twice as much TI+ is required to produce a given (TI+ /Na+) % 
in the SOS solutions, which in turn produces increased con-
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Figure S. (a) Intensity (arbttrary untts) of phosphorescence, I p, at 575 
nm obtained by using two different excitation wavelengths, for pyrene 
solubilized in solutions containing 0.080 M SOS, 0.020 M SOS, 0.005 
M Na,SOs, and varying amounts of TINOs at 25°C, shown as a 
function of (TI+INa+)%: (0) Ae, = 276 nm, (0) h" = 338 nm; 
[pyrene] = 2.2 X 10-5 M. Absorbance (276 nm) = 1.0, absorbance 
(338 nm) = 1.1, 1 cm path length. (b) The ratio of intensities (I pll,), 
for pyrene solubilized in the micellar solutions used in Figure Sa, as 
denoted by same symbols, plotted as a function of (TI+ INa +) %. 

centrations of the light-absorbing TI+ -SO;- complex. One 
calculates that the 1 cm path length absorbance of the MS
RTP solution containing 0.23 M SOS used in Figure 1 will 
exceed unity whenever the thallium content exceeds (TI+ / 
Na+)% = 15%. 

Finally, the absorptivity of the TI+ -SO;- complex shown 
in Figure 3 is seen to fall off rapidly with wavelength. This 
suggests that, where a choice is possible, much is to be gained 
by using long wavelength excitation. This is illustrated by 
phosphorescence data obtained with phenanthrene. The 
vibronic structure of the 'La absorption band of phenanthrene 
contains two well-defined maxima having nearly the same 
absorptivity at 276 and 296 nm, respectively. Inspection of 
the absorptivities of the TI+ -SO;- complex shown in Figure 
3 leads one to conclude that excitation at 276 nm will be 
attenuated to a much greater extent than that at 296 nm in 
MS-RTP solutions thus leading to reduced excitation and 
hence weaker phosphorescence when 276-nm excitation is 
used. The data in Figure 4 show this to be the case. A second 
and more exaggerated example illustrating this same effect 
is provided by MS-RTP spectra derived from solubilized 
pyrene shown in Figure 5a. Here, the combined effects of 
a low triplet quantum yield (kFM is large relative to kTM for 
the unperturbed molecule) and the high absorptivity of the 
TI+ -SO;- complex at 276 nm render excitation at 276 nm 
virtually ineffective. On the other hand, illumination at 338 
nm, where no attenuation is expected, generates intense 
phosphorescence from the same solution. The pyrene ab-
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sorption bands at 276 and 338 nm have nearly identical ab
sorptivities but are derived from optical transitions to two 
entirely different excited electronic states. Although the 
experimental error associated with the extremely weak 
fluorescence and phosphorescence emissions obtained by using 
276 nm excitation are quite large, the near identity of the Ip/ If 
ratios shown in Figure 5b indicate that, as expected, rapid 
interconversion between the excited singlet states of pyrene 
prevails leaving the phosphorescence quantum yield insensitive 
to the fact that the excited singlet states resulting from ex
citation at 276 and 338 nm are different. 
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Aromatic Bases as Eluent Components for Conductivity and 
Indirect Ultraviolet Absorption Detection of Inorganic Cations in 
Nonsuppressed Ion Chromatography 

Paul R. Haddad' and Roy C. Foley 

Department of Analytical Chemistry, University of New South Wales, P.O. Box 1, 
Kensington, New South Wales 2033, Australia 

A range of protonated aromatic bases was investigated as 
eluents for the nonsuppressed Ion chromatography of inor
ganic cations, using simultaneous direct conductivity and in
direct UV absorption detection. When a low-capacity sty
rene-dlvlnylbenzene catlon-exchange column was used, me
thylpyrldlne Isomers, dlmethylpyrldlne Isomers, benzylamine, 
2-phenylethylamlne, and 4-methylbenzylamlne proved suitable 
for the separation of alkali-metal cations and ammonium. 
Detection limits were In the range 0.3-6.7 ppb for conductivity 
detection and 0.2-21.0 ppb for UV absorption detection. 
Alkallne-earth-metal cations could be separated by using 
higher concentrations of the same eluent species, giving de
tection limits of 9-917 and 1.3-1370 ppb for conductivity and 
UV absorption detection, respectively. Aromatic base eluents 
were applied to the separation of calcium and magnesium in 
seawater and are potentially suitable for the determination of 
aluminum. 

INTRODUCTION 
Detection modes in ion chromatography can be conveniently 

classified as direct or indirect by comparison of the detector 
signal occurring during elution of a solute species with the 
base-line detector signal occurring wben no solute is eluted. 
When the base-line signal is less than that of the solute, the 
detection mode is direct, whereas indirect detection results 
when the base-line detector signal exceeds that of the solute. 

0003-2700/89/0361-1435$01.50/0 

For example, the most common mode of conductivity detec
tion for anions in ion chromatography is direct (that is, with 
the use of low-conductance eluents), while indirect UV ab
sorption detection is commonly employed with the aid of 
strongly absorbing eluent ions. Moreover, use of an aromatic 
acid anion (such as phthalate) as eluent enables both of these 
detection modes to be employed simultaneously. 

Detection modes applicable to nonsuppressed ion chro
matography of cations are much more limited, with the general 
approaches being restricted to indirect conductivity or po
stcolumn derivatization. It is therefore of interest to detarmine 
whether direct conductivity and indirect UV detection using 
eluents of suitably high absorbance and low conductance can 
be applied successfully to inorganic cations. Eluent species 
that have been evaluated for indirect UV absorption detection 
of cations include copper(II) (1-7), mixtures of copper(II) and 
cobalt(II) (4, 5), cerium(III) (7), pyridine (2), aniline (for 
indirect refractive index detection) (8), benzylamine (9), and 
benzyltrimethylammonium bromide (2). Copper o-sulfo
benzoate has been shown to be a suitable eluent for the si
multaneous detection of anions and cations using indirect UV 
absorption (10). Cerium(III) appears to be the most promising 
of the inorganic eluent ions, while the organic eluent ions 
studied to date have given only moderate sensitivity and poor 
chromatographic selectivity for alkali-metal solute ions. In 
this paper we provide a comprehensive assessment of the 
suitability of a range of aromatic bases as eluents for indirect 
UV absorption and direct conductivity detection of cations 
in nonsuppressed ion chromatography. 

© 1989 American Chemical SOCiety 
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THEORY 

Indirect UV absorbance detection of inorganic cations has 
been shown in principle to be a viable technique using aro
matic bases as eluents (9). The principle of indirect detection, 
when applied to cations, relies on the premise that each solute 
cation eluting from the ion-exchange column displaces an 
equivalent number of eluent cations from the mobile phase 
so as to preserve electroneutrality. 

The following relationship has been derived to describe the 
retention of cations on low-capacity ion-exchange columns: 

log k' = constant - (y Ix) log [Elm (1) 

where k' is the capacity factor, [Elm is the concentration of 
the eluting ion in the eluent, y is the charge on the solute ion, 
x is the charge on the eluent ion, and the constant term 
incorporates a number of factors such as the selectivity 
coefficient. The full derivation of this relationship has been 
presented elsewhere (9, 11). 

Equation 1 predicts a linear relationship between log k' and 
log [Elm with a negative slope equal to the ratio of the charges 
on the solute and eluent cations. A slope of -1.00 for a singly 
charged solute indicates that a singly charged eluent species 
is the eluting ion. Plots oflog k'versus log [Elm are of fun
damental importance in elucidating the nature of the eluting 
species in ion chromatography. 

Two further important equations have been derived for the 
detector response occurring during elution of a solute. For 
conductivity detection, the change in conductance, tlG, ac
companying solute elution is given by (12) 

(As+ - AE+)Cs+ 
tlG = (2) 

1O-3K 

where AS+ and AE+ are the limiting equivalent ionic conduc
tances (A+) of the solute and eluent ions, respectively, Cs+ is 
the concentration of ionized solute, and K is the cell constant, 
which accounts for the physical dimensions of the celL 

For UV absorption detection, the change in absorbance, M, 
that accompanies elution of the solute is given by (13) 

(3) 

where I is the cell path length, Cs+ is the concentration of 
ionized solute, and 's+ and 'E+ are the molar absorptivities of 
the solute and eluent ions, respectively. 

EXPERIMENTAL SECTION 
Apparatus. The liquid chromatograph consisted of a Millipore 

Waters (Milford, MA) Model M6000 pump, U6K injector, Model 
430 conductivity detector, and a Model 481 variable wavelength 
UV-vis detector interfaced to a Houston Instruments (Austin, 
TX) Omnscribe Model B5217-1 dual pen chart recorder. The UV 
detector preceded the conductivity detector in the flow stream. 
A Waters IC-PAK C (50 X 4.6 mm Ld.) low-capacity poly· 
styrene-divinylbenzene-based cation-exchange column was used, 
and the column was housed in a Waters Mode11122jWTC·120 
column heater, operated at 35°C. A Waters IC-PAK C cation 
concentrator column was used as a precolumn, and further pro
tection of the analytical column from contamination by polyvalent 
metal ions was achieved by inserting a used IC-PAK C analytical 
column between the pump and injector. 

The limiting equivalent ionic conductance determinations were 
performed on a homemade conductance meter connected to a 
Philips conductance cell, Model PW951O, and the UV spectral 
data were collected on a Hitachi U·3200 UV jvis spectrophotom
eter. 

Reagents. Eluent solutions were prepared from 2-amino
pyridine, 3,5-dimethylpyridine, 2-methylbenzylamine (EGA
Chemie, SteinheimjAlbuch, West Germany), 4-aminopyridine, 
benzylamine hydrochloride, 2,4-dimethylpyridine, 2,3-di
methylpyridine, lA-phenylenediamine dihydrochloride (Aldrich, 
Milwaukee, WI), benzylamine (B.D.H. Chemicals, Ltd., Poole, 
England), 2·phenylethylamine hydrochloride, 2-methylpyridine, 

3-methylpyridine, 4·methylpyridine, 3,4-dimethylpyridine, 2,6-
dimethylpyridine, 4-methylbenzylamine, N-methylbenzylamine 
(Fluka AG, Buchs, Switzerland), disodium ethylenediamine
tetraacetate (May and Baker, Ltd., Dagenham, England), am· 
monia gas, and nitric acid (Ajax, Sydney, Australia). These were 
used without further purification except for the nitric acid, which 
was distilled in a poly(tetrafluoroethylene) PTFE stilL Water 
treated with a Millipore (Bedford, MA) Milli·Q water purification 
system was used to prepare eluent solutions. 

Stock solutions of the individual alkali-metal ions, ammonium 
ion, alkaline-metal cations, and aluminum(III) were prepared with 
a polypropylene volumetric apparatus. The analytical grade 
chloride satls were used, with the exceptions of lithium, aluminum, 
rubidium, and magnesium, which were prepared from the re
spective sulfate, carbonate, and nitrate salts. 

Procedures. Mobile phases were prepared by dissolution of 
the required amount of material in water, with the pH being 
adjusted if necessary with dilute nitric acid, followed by filtration 
through a 0,45-lLm membrane filter and degassing in an ultrasonic 
bath. All eluents were operated at a flow rate of 1 mLjmin. 

The mobile phase used to periodically regenerate the cation· 
exchange column consisted of an aqueous solution of ethylene
diaminetetraacetate (10 mM), buffered to pH 9.9 with ammo
nia/ammonium solution. The aqueous ammonia component of 
the buffer solution was prepared by bubbling ammonia gas 
through purified water and measuring the specific gravity to 
determine concentration. The resultant solution was diluted 
appropriately. 

The seawater sample was pretreated prior to analysis by passage 
through a Waters Sep-Pak CI8 filter cartridge that had been 
preconditioned with methanol and water. 

RESULTS AND DISCUSSION 

Selection of Suitable Eluents. Theoretical considerations 
suggest that bases to be used as eluent components for direct 
conductivity and indirect UV absorption detection of cations 
should have a pKa > 6, a relatively large molar absorptivity, 
and a low limiting equivalent ionic conductance (9). The 
limitation on the value of the pKa of the eluent base arises 
due to the necessity for a considerable fraction of the eluent 
to be protonated (so that it can function as a competing ion), 
without maintaining a significant concentration of hydrogen 
ions in the eluent. Hydrogen ions function as an effective 
ion-exchange displacing species for monovalent cations and 
can therefore interfere by competition with the protonated 
eluent ion during the ion-exchange process. When solute 
elution is influenced simultaneously by hydrogen ions and 
protonated eluent ions, the sensitivity of conductivity de
tection is reduced (9) because these two eluting species have 
opposite detection characteristics. In the conductivity de
tection mode, hydrogen ions provide indirect detection of 
solutes (Le. decreasing conductance signals), whereas pro
tonated eluent ions provide direct detection of solutes (Le. 
increaSing conductance signals). It is apparent that the 
composite change in conductance occurring on elution of a 
solute can be positive or negative, depending on the relative 
degrees to which retention is governed by hydrogen ions and 
protonated eluent ions. From this point of view, the free 
hydrogen ion concentration must be minimized, and this can 
be achieved by using a mobile phase of sufficiently high pH, 
typically around 6-7. 

Table I lists the bases evaluated as eluents in this study, 
together with their pKa values, measured limiting equivalent 
ionic conductances, measured molar absorptivities, and 
wavelength of maximum absorption. Table II shows the 
limiting equivalent ionic conductances of the solute cations 
used. It can be seen from Table I that all of the compounds 
considered were aromatic bases of appropriate pKa values, with 
low limiting equivalent ionic conductances and moderate 
molar absorptivities in the mid-UV wavelength range. Com
parison of Tables I and II suggests that direct conductivity 
detection should be possible for all solute ions except for 



Table I. Properties of Aromatic Bases as Prospective 
Eluent Components 

E,Lmol-1 

eluent component "max, nm cm-1 

2,3-dimethyl- 266.4 6494 31.7 6.57 
pyridine 

2,4-dimethyl- 258.5 5460 32.8 6.99 
pyridine 

2,6-dimethyl- 269.2 7705 31.4 6.72 
pyridine 

3,4-dimethyl- 258.0 4619 36.9 6.49 
pyridine 

3,5-dimethyl- 267.5 5623 34.4 6.15 
pyridine 

2-methylpyridine 262.3 6449 29.8 5.92 
3-methylpyridine 262.3 7177 20.4 5.52 
4-methylpyridine 253.4 6516 36.7 6.08 
2-methylbenzyl- 263.3 492 34.9 9.19 

amine 
4-methylbenzyl- 261.6 276 36.3 9.36 

amine 
N-methylbenzyl- 255.8 509 34.5 9.54 

amine 
2-phenylethyl- 256.7 219 39.5 9.84 

amine 
benzylamine 255.9 249 31.6 9.33 
2-aminopyridine 290.0 4188 33.4 6.71 
3-aminopyridine 289.6 2717 34.1 6.03 
4-aminopyridine 260.5 14175 24.4 9.11 
1,4-phenylene- 284.1 12984 nd" nd" 

diamine 

a Not determined. 

pK" 

-7.6 
-1.5 
-6.55 

2.89 

Table II. Limiting Equivalent Ionic Conductances for the 
Inorganic Cations Investigateda 

cation "+, S cm2 equiv-1 cation "+, S cm2 equiv-1 

H+ 349.81 Li+ 38.68 
Na+ 50.10 K+ 73.50 
NH4+ 73.50 Rb+ 77.81 
Cs+ 77.26 Mg2+ 53.05 
Ca2+ 59.50 Sr2+ 59.45 
Ba2+ 63.63 A13+ 61.00 

a Data taken from ref 14 and 15. 

lithium, which has a limiting equivalent ionic conductance 
very similar to those of the eluent ions. 

Separation and Detection of Monovalent Cations. 
Each of the aromatic bases listed in Table I was used over 
a range of concentrations and pH values to form eluents 
suitable for the separation of monovalent cations. Table III 
lists the eluent conditions used for some of these eluents, 
together with the capacity factors observed. Elution char
acteristics for all the dimethylpyridine isomers were similar 
to those shown for 2,6-dimethylpyridine. Similarly, data for 
2-methylpyridine are representative of those for other me
thylpyridine isomers. Plots of log k'versus log eluent con
centration were constructed by varying the eluent concen
tration at fixed pH, and the slopes of these plots for the eluent 

ANALYTICAL CHEMISTRY, VOL. 61, NO. 13, JULY 1, 1989.1437 

Trme(mrn) 

~ 12 16 

No' 

I 0 »)Js L' [ 

Figure 1. Chromatogram obtained with 2 mM nitric acid as eluent by 
use of indirect conductivity detection. Sample: 20.uL of a solution 
containing 10-5 M of each of the indicated ions. 
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Figure 2. Chromatogram obtained with 0.2 mM 2,B-dimethylpyridine 
at pH B.35 as eluent by use of (a) direct conductivity and (b) indirect 
UV absorption detection. Sample: 15.uL of a solution containing 2 
X 10-5 M of each of the indicated ions. 

species shown in Table III are listed in Table IV. All of the 
results shown were obtained from direct injection of 100-I'L 
aliquots of a mixture containing 1.0 X 10-6 M of each of the 
solutes listed. 

Nitric acid is a standard eluent used with conductivity 
detection of monovalent inorganic cations and was included 
in this study for comparison with the aromatic bases inves
tigated. Figure 1 shows a typical chromatogram obtained with 
nitric acid and illustrates that indirect conductivity detection 
occurred as a result of the very high limiting ionic conductance 
of the hydrogen ion. 

Table III. Capacity Factors of Monovalent Cations Obtained with Typical Eluents 

capacity factor 

eluent concn, roM pH Li+ Na+ NH: K+ Rb+ Cs+ 

2,6-dimethylpyridine 0.20 6.35 35.9 32.8 42.1 42.4 47.6 54.4 
2-methylpyridine 0.50 5.46 11.9 10.4 15.0 13.8 15.3 17.5 
benzylamine 0.15 7.14 9.6 11.3 14.1 15.9 18.1 21.8 
2-phenylethylamine 0.11 5.58 8.1 9.5 11.3 12.5 13.8 15.9 
4-methylbenzylamine 0.10 6.92 6.8 8.2 10.2 11.6 13.2 15.0 
nitric acid 2.0 2.70 3.8 5.6 9.0 11.3 14.5 19.8 
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Table IV. Slopes of Plots of log k'versus log Eluent 
Concentration for the Monovalent Inorganic Cations 

eluent pH Li+ Na+ K+ NH: Rb+ Cs+ 

2.6-dimethyl- 6.30 -0.83 -0.86 -0.87 -0.86 -0.86 -0.88 
pyridine 

2-methylpyridine 5.95 -0.79 -0.82 -0.79 -0.78 -0.75 -0.77 
benzylamine 7.00 nd" -0.94 -0.93 -0.93 nd" nd" 
2-phenylethyl- 6.00 -1.15 -1.17 -1.14 -1.14 -1.24 -1.16 

amine 
4-methylbenzyl- 6.20 -0.77 -0.77 -0.79 -0.77 -0.79 -0.79 

amine 

a Not determined. 

Figure 2 shows the chromatograms obtained by using 0.2 
mM 2,6-dimethylpyridine at pH 6.35 as eluent, with both 
conductivity and UV absorption detection. Two points of 
interest emerge from Figure 2. First, the elution order of 
lithium and sodium was reversed in comparison to that ob
tained with the nitric acid eluent. No conclusive reason for 
this behavior was found, but it is possible that complexation 
effects between tbe eluent and the solute are responsible. A 
similar reversal of the conventional elution order for ammo
nium and potassium was noted for all of the dimethylpyridine 
isomers examined, except for 2,6-dimethylpyridine. The 
second point of interest from Figure 2 is the very small con
ductivity signal obtained for lithium, which is expected from 
the limiting equivalent ionic conductances for lithium and 
2,6-dimethylpyridine listed in Tables I and II. It is noteworthy 
that potassium and ammonium could not be resolved under 
the chromatographic conditions used in Figure 2_ 

The slopes obtained for plots of log k' versus log eluent 
concentration (Table IV) can be used to ascertain the degree 
to which hydrogen ions contribute to the elution of the cations 
studied. Since the pH (and thus the hydrogen ion concen
tration) were constant for each eluent concentration used in 
the preparation of the above plots, the slope can be expected 
to range between zero (for the case where hydrogen ions are 
solely responsible for elution) and -1.0 (the theoretical slope 
for the case where the base exists as a monoprotonated cation 
and is solely responsible for elution of a singly charged solute). 
Knowledge of this slope provides an insight into the relative 
contributions to elution of the base cations and hydrogen ions 
and therefore into whether the chromatographic conditions 
in use provide optimal detection. It is noteworthy that the 
degree of protonation of the eluent does not affect the slope 
and is reflected as an increased intercept on the log k' axis 
as the degree of protonation decreases. These effects are 
illustrated schematically in Figure 3. The slopes shown in 
Table IV for 2,6-dimethylpyridine fall in the range -0.83 to 
-0.88. These results indicated that the contribution of hy
drogen ions to elution was small. Similar results were observed 
for other dimethylpyridine isomers, with the exception of 
2,4-dimethylpyridine, which gave an average slope of -1.25. 
This gives an effective charge for 2,4-dimethylpyridine eluent 
of 0.8, which for a univalent solute cation is calculated by 
taking the reciprocal of the observed slope. This low value 
for the effective charge on the eluent cation can possibly be 
explained by steric effects that prevent close approach of the 
cationic nitrogen atom to the sulfonate exchange site on the 
stationary phase (16). 

The methyl pyridine isomers also eluted the monovalent 
cations as a closely spaced group of peaks; however, the se
lectivity exhibited by these eluents was such that resolution 
of five solutes could be achieved with a shorter analysis time 
than that possible with the dimethylpyridine eluents. Figure 
4 shows a typical separation obtained with 2-methylpyridine, 
using both conductivity and UV absorption detection. Slopes 
of the plots of log k' versus of eluent concentration for me-

20 
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-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 

log [basel 
Figure 3. Schematic representation of plots of log k'versus log base 
concentration showing the effect of varying degrees of protonation of 
the eluent. In curve A, hydrogen ions are solely responsible for elution, 
while in curves B, C, and Of the aromatic base cation is solely re
sponsible for elution. Curve E shows the case where the eluent is fully 
ionized and both species contribute to ekrtion. A singly charged eluent 
and solute cation is assumed. 
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Figure 4. Chromatogram obtained with 0.5 mM 2-methylpyridine at 
pH 5.46 as eluent by use of (a) direct conductivity and (b) indirect UV 
absorption detection. Sample: 25 /,L of a solution containing 2 X 10'" 
M of each of the indicated ions. 

thylpyridine eluents were close to -1.0, except for 2-
methylpyridine, which gave an average slope of -0.78 (see 
Table IV), indicating some competition by hydrogen ions 
under the chromatographic conditions employed. Once again, 
sodium eluted before lithium, but this effect was not observed 
for 4-methylpyridine. In all cases, lithium appeared as a small 
negative peak when conductivity detection was used. 

Chromatograms obtained with the other aromatic bases 
studied, namely benzylamine, 2-phenylethylamine, and 4-
methylbenzylamine, were all similar, and as a representative 
example, the chromatogram for 0.1 mM 4-methylbenzylamine 
at pH 6.92 is shown in Figure 5. 

Resolution of all six monovalent cations could be achieved 
with these eluents, with lithium appearing as a small positive 
peak with conductivity detection. The slopes of plots of log 
k I versus log eluent concentration for these eluents are given 
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Table V. Detection Limits Obtained for Monovalent Cations with Typical Aromatic Base Eluents, Calculated for a lOO·j.LL 
Injection 

detection limits, ppb 

eluent detection mode Li+ Na+ K+ NH4+ Rb+ Cs+ 

2,6·dimethylpyridine conductivity a 2.1 0.6 1.4 2.9 6.7 
indirect UV 0.4 0.8 0.9 1.8 5.0 11.1 

2-methylpyridine conductivity a 1.1 0.6 1.1 2.5 4.7 
indirect UV 0.4 1.2 3.0 1.9 5.7 11.1 

2-phenylethylamine conductivity 1.6 0.6 0.4 0.6 1.3 2.9 
indirect UV 0.7 2.0 1.8 3.4 6.6 14.3 

4-methylbenzylamine conductivity 0.3 0.8 0.4 0.6 1.3 2.5 
indirect UV 0.2 0.8 0.7 1.3 4.1 10.2 

benzylamine conductivity 0.8 0.4 0.4 0.5 1.4 2.9 
indirect UV 0.6 1.3 2.3 2.8 9.1 21.0 

nitric acid conductivity 0.1 0.4 0.4 1.4 2.4 5.3 

a Negligible detection signal for lithium in the concentration range studied. 
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Figure 5. Chromatogram obtained with 0.1 mM 4-methylbenzylamine 
at pH 6.92 as eluent by use of (a) direct conductivity and (b) indirect 
UV absorption detection. Sample: 15,UL of a solution containing 2 
X 10-5 M of each of the indicated ions. 

in Table IV. The elution order of sodium and lithium for the 
eluents was identical with that observed for nitric acid, pro
vided the column used was in good condition and had been 
adequately conditioned with eluent. A large system peak at 
a retention time of 35 min was observed for the 2-phenyl
ethylamine eluent with both conductivity and UV absorption 
detection. System peaks were not found for any of the other 
eluents examined. 

As a general trend, it was found that ortho and para isomers 
of the substituted aromatic bases provided superior chro
matographic separation to that achieved with meta isomers. 
It is noteworthy that the direction of the lithium peak obtained 
by conductometric detection could not be predicted from the 
values of limiting equivalent ionic conductance listed in Tables 
I and II. For example, it was expected that a positive lithium 
peak would result when 4-methylpyridine was used as eluent, 
since the limiting equivalent ionic conductance for the eluent 

Table VI. Capacity Factors of Polyvalent Solutes Obtained 
with Typical Eluents 

concn, capacity factor 

eluent mM pH Mg2+ Ca2+ Sr2+ Ba2+ 

benzylamine 10 5.5 1.9 3.5 4.1 8.2 
2-phenylethylamine 10 5.7 3.8 7.0 9.2 19.0 
4~methylbenzylamine 8 7.2 5.8 10.4 12.5 26.1 
4-aminopyridine 10 7.02 8.2 14.5 24.8 nd" 

(l: Not detected. 

cation was less than that for the lithium ion. In practice, a 
negative peak was observed. This discrepancy can be ex
plained by considering the contribution to elution of hydrogen 
ions, which would produce a negative (i.e. indirect) conduc
tivity peak. With all eluents tested, lithium was easily de
tectable by indirect UV absorption. 

The detection limits (calculated for a signal to noise ratio 
of 2) attained for monovalent cations by using typical aromatic 
base eluents are listed in Table V. Nitric acid provided the 
highest sensitivity for lithium and sodium when conductivity 
detection was used, but for the remaining monovalent cations, 
the aromatic base eluents gave superior sensitivity. Exami
nation of the limiting equivalent ionic conductances listed in 
Table I suggests that eluents based on the hydrogen ion should 
give the highest detection signals, but the requirement to offset 
the high background conductance of nitric acid eluents re
sulted in increased base-line noise. Direct conductivity de
tection with eluents of low background conductance did not 
suffer from this drawback, and good detection sensitivity was 
attained despite the fact that the difference in limiting 
equivalent ionic conductance between the eluent and solute 
cations was less for aromatic base cations than for hydrogen 
ions. Detection limits for indirect UV absorption detection 
were comparable to those for conductivity detection for lith
ium and sodium, but were somewhat worse for the remaining 
solute cations. Nevertheless, UV detection of cations can be 
performed at great sensitivity, and the detection limits ob
tained are superior to those reported for inorganic anions when 
aromatic carboxylic acids are used as eluents (13). 

Separation and Detection of Polyvalent Cations, 
Several of the aromatic bases studied were found to be suitable 
for the separation of alkaline-earth-metal cations, and all 
showed the same selectivity for these solutes, giving an elution 
order of magnesium, calcium, strontium, and barium. Table 
VI shows retention times obtained for representative eluents 
of each type, and Table VII lists the slopes of plots of log k' 
versus log eluent concentration for alkaline-earth-metal cations 
obtained with the use of these eluents. 

The alkaline-earth-metal cations are not eluted by hydrogen 
ions, even when relatively high concentrations of acid are 
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Table VII. Slopes of Plots of log k'versus log Eluent 
Concentration for Alkaline-Earth-Metal Cations 

eluent pH Mg2+ Ca2+ 8r2+ Ba2+ 

benzylamine 5.50 -2.02 -2.02 -2.07 -1.97 
2-phenylethylamine 5.70 -1.99 -1.88 -2.02 -2.00 
4-methylbenzylamine 5.70 -2.00 -1.96 -1.97 -2.00 
4-aminopyridine 5.30 -1.04 -0.95 -0.88 -0.87 

Table VIII. Detection Limits Obtained for 
Alkaline-Earth-Metal Cations with Typical Aromatic Base 
Eluents, Calculated for a IOO-~L Injection 

eluent 

2-phenylethylamine 

benzylamine 

4-methylbenzylamine 

detection 
mode 

conductivity 
indirect UV 
conductivity 
indirect UV 
conductivity 
indirect UV 

detection limits, ppb 

9 19 48 82 
1.3 3.8 12 58 

12 13 87 917 
11 63 290 1370 
20 50 110 514 
5.1 16 47 147 

present in the eluent. The detection interference problems 
caused by hydrogen ions that were encountered with mono
valent solute cations were therefore no longer present. The 
pK, of the eluent base and the pH of the eluent were not 
critical, and the only constraint was that an eluent pH that 
is too low resulted in a high background conductance, which 
was required to be electronically offset by the detector. This 
had the effect of increasing base-line noise and reducing the 
sensitivity of conductometric detection. For this reason, the 
eluents were used at a pH that ensured total protonation of 
the eluent base, leading to an effective eluent charge of -1.0 
for all of the base cations (see Table VII), except for the 
difunctional 4-aminopyridine, which had an effective charge 
of -2.0. The slopes listed in Table VII and all close to the 
theoretical values predicted from eq 1. 

Figure 6 shows chromatograms obtained for alkaline
earth-metal cations by using 10 mM phenylethylamine at pH 
5.49 as eluent, with conductivity and UV absorption detection. 
These chromatograms are representative of those obtained 
with all of the eluents listed in Table VI. Detection limits 
for each cation, obtained by using three of the eluents exam
ined, are listed in Table VIII, from which it can be seen that 
conductivity detection was generally inferior to indirect UV 
absorption detection. The phenylethylamine eluent was ap
plied to the separation of calcium and magnesium in seawater 
by direct injection of a sample that had been diluted by a 
factor of 100. Figure 7 shows the chromatogram obtained and 
illustrates that the large excess of sodium in the sample did 
not cause any significant interference, presumably because 
the sodium ions were unretained with the eluent used. 

More powerful eluents can be obtained by using bases that 
can carry two positive charges. Fortier and Fritz (17) have 
employed l,4-phenylenediamine at pH 2.94 as an eluent for 
the determination of aluminum(III) using conductivity de
tection. Table I shows that this eluimt has a considerable 
molar absorptivity, suggesting that indirect UV absorption 
detection should be possible. Figure 8 shows chromatograms 
obtained with both of the above forms of detection using an 
eluent prepared from the dihydrochloride salt of 1,4-
phenylenediamine, and it illustrates that aiuminum could be 
detected by either method. The detection limits for con
ductivity and UV detection were 100 and 270 ppb, respectively, 
and these values were limited by the high background signals 
produced by the eluent, which increased base-line noise and, 
in the case of UV detection, necessitated use of a detection 
wavelength giving decreased absorption. 

Sr2+ 

(02+ 

[I'IO'AU 

(b) 

B02+ 

I') 16 
Time (min) 

Figure 6. Chromatogram obtained with 10 mM phenylethylamine at 
pH 5.49 as eluent by use of (a) direct conductivity and (b) indirect UV 
absorption detection. Sample: 60,u.L of a solution containing 10-5 M 
of each of the indicated ions. 

~XlliAU 

(b) 

Jir'"' 
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Figure 7. Separation of magnesium and calcium in seawater with use 
of (a) direct conductivity and (b) indirect UV absorption detection. 
Sample: 20 III of a seawater sample diluted 100-fold. Chromato
graphic conditions are as for Figure 6. 

CONCLUSIONS 

This study has shown that indirect UV absorbance detec
tion and direct conductivity detection of inorganic cations can 
be applied simultaneously in the separation of alkali-metal, 
ammonium, alkaline-earth-metal, or aluminum(III) cations 
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Figure 8. Chromatogram of aluminum(III) obtained with 5.48 mM 
1,4-phenylenediamine at pH 2.68 as eluent and (a) direct conductivity 
and (b) indirect UV absorption detection. Sample: 100 ILL of a 10-4 
M solution of aluminum(III). 

using protonated aromatic bases as eluent components. Ad
equate resolution of the six monovalent cations was obtained 
with eluents containing benzylamine, 2-phenylethylamine, or 
4-methylbenzylamine, and these three eluent systems offered 
sensitive detection of the six ions by either form of detection. 
Eluents formed from any of the remaining aromatic bases 
could separate five of the six monovalent ions. However, the 
very low detection limits offered by these eluent systems for 
common ions such as sodium, ammonium, and potassium still 
make them attractive with indirect UV absorbance detection. 
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The separation and detection of alkaline-earth-metal ions 
was possible with many of these same eluent systems, provided 
they were used at higher concentrations, with the best results 
being obtained with 2-phenylethylamine when used with in
direct UV absorbance detection. 

Use of these aromatic bases as eluents for the simultaneous 
separation of monovalent and divalent cations does not appear 
feasible due to the large disparity in affinity for column sites 
between these two groups of solutes. However, it has been 
demonstrated that the same column and eluent type can be 
used for the determination of monovalent, divalent, or tri
valent inorganic cations. 
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Aromatic oxlmes and p'-hydroxyoxlmes are reduced to their 
corresponding Imlnes by Interaction of their solutions In gly
cerol solvent with a 7-keV argon atom beam. Evidence that 
the reduction occurs for the protonated oxlmes comes from 
fast atom bombardment (FAB) mass spectrometry, tandem 
mass spectrometry, and time-resolved FAB studies. The re
quirement that the oxime be In solution was established by 
comparing the FAB results with those obtained by electron 
ionization, chemical Ionization, and laser desorption. The 
tlme-dependent studies of the concentration of the protonated 
oxime and the reduced product, a protonated imine, were 
made with and without added anionic surfactant. The abun
dance of the reduced species depends on the concentration 
of the protonated oxime at the matrix surface, thus showing 
that the first step of the reduction mechanism Is the proton
atlon of the analyte, followed by reduction and eventual de
sorption of the reduced species. Surface reduction occurs for 
all the compounds containing an oxime group that were 
studied and Is a useful characteristic for identifying oximes by 
fast atom bombardment mass spectrometry. 

INTRODUCTION 
Fast atom bombardment mass spectrometry is a useful 

technique especially for the analysis of polar and nonvolatile 
compounds. Mechanisms of desorption that occur upon fast 
atom bombardment are still the object of some controversy, 
and several interpretations of the ionization phenomena under 
fast atom bombardment conditions were advanced by different 
authors (1-fi). A better understanding and a better utilization 
of this technique can be achieved through the investigation 
of the many facets of desorption ionization from a liquid 
matrix. 

Reduction of the analyte under desorption ionization con
ditions has received considerable attention and occurs for 
different types of compounds (7-10). Evidence exists that 
reduction takes place for the same type of compound both 
in the absence (11) and in the presence of a liquid matrix (12, 
13). Suggestions that radicals produced in the liquid matrix 
playa role in reduction phenomena were advanced by Field 
(14) and Ligon (15), whereas Cerny and Gross (16) proposed 
multiple protonation followed by one and two electron re
ductions. Williams et al. (17) attempted to generalize the 
mechanism for reduction under fast atom bombardment and 
secondary ion mass spectrometry by postulating that the 
electrons produced by the impact of kiloelectronvolt ionizing 
particles are the effective reducing agents. Reduction involves 
in part the capture of thermal or near thermal energy electrons 
by sample molecules. 

Under fast atom bombardment conditions, reductions in
volving dehalogenation were observed (18, 19). For some 
N-hydroxy nitrogen compounds (benzohydroxamic acid, 1-
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Table I. Aromatic Oximes of the General Formula 
C,H,C(R)NOH 

R oxime mol wt 

I 
II 
III 
IV 
V 
VI 
VII 

H 
CH3 
C,H, 
C3H7 

CaH 13 
CllH23 

C,H, 

benzaldoxime 
acetophenone oxime 
propiophenone oxime 
butyrophenone oxime 
heptanophenone oxime 
dodecanophenone oxime 
benzophenone oxime 

121 
135 
149 
163 
205 
275 
197 

hydroxybenzotriazole, and N-hydroxysuccinimide), reduction 
to their deoxygenated counterparts was also reported (19). 
Deoxygenation was observed for sulforhodamine B, a xanthane 
type dye (10). In all these studies, the mechanism and gen
erality of the reduction processes were not established. 

A substance that was extensively used for studying re
duction is methylene blue (11-13, 20). A correlation of the 
extent of the reduction occurring in fast atom bombardment 
mass spectrometry and secondary ion mass spectrometry with 
its electrochemical potential in solution was established (12, 
13), and it was concluded that the substance must be dissolved 
in a liquid matrix for reduction to occur (12). On the other 
hand, the same reduction processes were shown to occur in 
the absence of any protic solvent, due to self-hydrogenation 
by the analyte molecules, and the correlation mentioned above 
was suggested to be fortuitous (11). Thus, the requirements 
of fast atom bombardment mass spectrometry and the 
presence of a matrix for inducing reduction remain open 
questions. We will address these questions for oximes by 
studying their reduction to the corresponding imines under 
fast atom bombardment conditions. 

Oximes are widely used in industry (21, 22) and in chemical 
analysis (23-26). Methods for structure proof and analysis 
of oximes are therefore needed. The reduction that we observe 
is common to all the compounds containing an oxime function 
group and is useful for establishing more clearly the mecha
nism of reduction induced by fast atom bombardment. 
Furthermore, reduction is a general feature of the fast atom 
bombardment (FAB) mass spectrometry of oximes and, as 
such, can be used in the identification and structure proof of 
this class of compounds, in either the pure or mixed state. The 
reader is directed to a recent review for a more detailed 
discussion of chemical reactions that accompany desorption 
ionization (27). 

EXPERIMENTAL SECTION 
All the oximes (Table I) and some of the hydroxyoximes (I to 

VI, Table II) were syothesized from their corresponding aldehydes 
and ketones by using standard procedures (28). Industrial hy
droxyoximes (VII to X, Table II) were purified first by com· 
plexation with Cu(II) (29) and further by high-pressure liquid 
chromatography (30). Benzophenone imine was purchased from 
Aldrich (Milwaukee, WI). 

© 1989 American Chemical Society 



Table II. Aromatic .B-Hydroxyoximes of the General 
Formula RC6H,OHC(R')~NOH 

R R' hydroxyoxime 

H H 2-hydroxybenzaldoxime 
(salicylaldoxime) 

II H CH, 2-hydroxyacetophenone oxime 
III H C,H, 2-hydroxybenzophenone oxime 
IV CH, H 2-hydroxy-5-methylbenzaldoxime 
V CH, CH, 2-hydroxy-5-methylacetophenone 

oxime 
VI CH, C,H, 2-hydroxy-5-methylbenzophenone 

oxime 
VII C,H l7 H 2-hydroxy-5-octylbenzaldoxime 
VIII C,H13(CH')2C H 2-hydroxy-5- (1',1" -dimethyl-

heptyl)benzaldoxime 
IX C,H1,(CH')2C CH3 2-hydroxy-5-(I' ,I" -dimethyl-

heptyl)acetophenone oxime 
X C,H1,(CH,),C C,H, 2-hydroxy-5-(I',I"-dimethyl-

heptyl)benzophenone oxime 

Fast atom bombardment mass spectra were obtained with a 
Kratos MS-50 triple analyzer mass spectrometer (Manchester, 
U.K.), which was described elsewhere (31). A standard Kratos 
F AB source equipped with an Ion Tech gun was used. The 
samples were dissolved in glycerol and bombarded with 7-keV 
argon atoms. For the time dependence studies, 0.01 M solutions 
of the oximes in glycerol and a 0.01 M solution of lithium dodecyl 
sulfate in glycerol were used. Ion abundances were measured by 
using the same calibration file (mass range from 99 to 282 amu) 
and doing the same number of successive scans, with the same 
instrumental parameters, for the selected mass range. Normal 
spectra were acquired at low mass resolution (ca. 3000). 

Metastable ion and collisionally activated decomposition (CAD) 
mass analyzed ion kinetic energy spectra (MIKES) were obtained 
by scanning the second electrostatic analyzer. CAD spectra were 
obtained by using helium as collision gas (collision cell located 
between the magnetic sector and the second electrostatic analyzer), 
with 50% suppression of the intensity of the signal. The data 
were processed with a standard DS-55 data system by using 
software written at the Midwest Center for Mass Spectrometry. 

Accurate mass measurements under F AB conditions were made 
by peak-matching with a Kelvin-Varley voltage divider, using 
selected ions from a desorption of a cesium iodide/glycerol sample 
as references. 

Full scan, high resolution (R = 10000) electron ionization (EI) 
mass spectra were obtained with a Kratos MS-50 double focusing 
mass spectrometer, interfaced to a Nova-4X computer and op
erating with DS-55 software. The source temperature was 250 
°C, and the solids probe was heated sufficiently so that an ion 
beam was produced. 

Laser desorption spectra were obtained with a Fourier trans
form mass spectrometer, constructed in the Midwest Center for 
Mass Spectrometry (32) and controlled with a Nicolet FTMS-l000 
computer and data acquisition system. A Quanta-Ray DCR-2 
Nd: YAG laser was used at two wavelengths and pulse intensities: 
266 nm, 5 mJ and 1064 nm, 140 mJ. 

RESULTS AND DISCUSSION 

Fast Atom Bombardment and Fast Atom Bombard
ment Mass Analyzed Ion Kinetic Energy Spectra. Fast 
atom bombardment of all the compounds studied (aromatic 
oximes and /l-hydroxyoximes) produces [(M + H) 0]+ ions 
in the gas phase. The abundances of [(M + H) - 0]+ ions 
increase with increasing time, to the point where this ion is 
the most abundant. In Table III, the fast atom bombardment 
mass spectra of the oximes with the general formula C6H,C
(R)=NOH, listed in Table I, are presented. The data were 
obtained from spectra recorded at the same elapsed time after 
sample introduction in all cases. Because the relative abun
dances of the [M + H]+ and [(M + H) - 0]+ ions vary with 
time, the choice of the spectra was made after the time-de
pendent studies were analyzed. Spectra are reported at the 
point when the ratios of both the [M + H]+ and [(M + H) 
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Table III. Relative Ion Abundances of Fast Atom 
Bombardment Mass Spectra of Oximes I to VII (0/0 of Base 
peak)' 

[(M+H) [(M+H) 
oxime [M+ H]+ M+' - 0]+ -H2O]+ C,H,CNH+ 

I 28 25 100 50 49 
II 34 100 49 13 
III 27 55 26 19 
IV 70 100 42 30 
V 18 100 15 54 
VI 30 74 11 17 
VII 19 35 13 11 

a "Plateau" values. 

- 0]+ ion abundances to their sum became constant within 
experimental error. 

Besides the [(M + H) - 0]+ ions, the ions formed by a loss 
of one H20 molecule are also significant for oximes. Formation 
of the molecular radical cation is only found in the case of the 
benzaldoxime. The ion of mlz = 104, probably having the 
formula C6H,CNH+, is a common fragment for all the oximes. 

To confIrm that the [(M + H) - ot ions are not the product 
of a gas-phase decomposition of the [M + H]+ ions, but the 
result of an independent reduction process, metastable ion 
and collisionally activated MIKE spectra were obtained of the 
[M + H]+ ions of all the oximes. The three most abundant 
ions for each of the oximes listed in Table I, are shown in 
Tables IV and V. The principal decompositions as registered 
in the metastable ion spectra are the loss of H20, the formation 
of ions of mlz = 104, mlz = 91, and mlz = 77, and alkene 
elimination in the case of oximes with larger alkyl groups (from 
C3H7 to CllH"J. Upon collisional activation, the principal 
decompositions are the losses of H, ROH, and CRNHOH, the 
last two giving the ions of mlz = 104 and mlz = 77. Alkane 
elimination is only important for the heptanophenone oxime 
and dodecanophenone oxime. Loss of H20 gives the most 
abundant fragment in the mass spectrum of benzophenone 
oxime. 

From these resuIts, the complete absence of a decompo
sition, either metastable or collisionally activated, giving rise 
to the loss of an oxygen atom from the protonated quasi
molecular action, is ascertained. Similar results were found 
in the case of the /l-hydroxyoximes, so we can conclude that 
the [(M + H) - 0]+ ions are not formed by gas-phase de
composition of the [M + H]+ ions but are probably produced 
in the matrix and then desorbed. 

Identification of the Reduction Products. For the /l
hydroxyoximes with the general formula RC6H30HC(R')= 
NOH, listed in Table II from VII to X, the composition of 
the ions formed by the loss of 16 amu from the [M + H]+ ions 
was established on the basis of accurate mass measurements. 
These are presented on Table VI. The correct composition 
is [(M + H) - OJ+' and other possible compositions such as 
[(M + H) - NH2]+ and [(M + H) - CH4]+ are ruled out 
because they give deviations in the range 67-97 and 106-151 
ppm, respectively. 

In addition, the iminium ion structure of the [(M + H) -
0]+ ions had to be checked. It is well-known that imines of 
the general formula RR'C=NH are often very unstable and 
highly reactive (33). Nevertheless, some aromatic imines such 
as the benzophenone imine are stable enough to be synthesized 
and stored. Therefore, we sought to compare the CAD 
spectrum of the protonated ion of the benzophenone imine 
and that of the [(M + H) - 0 j+ ion of the benzophenone oxime 
(see Figure 1). On the basis of their near identity, the pro
posed iminium structure for the reduced form is confirmed. 

It is interesting to note that an iminium type intermediate 
has been postulated for the electrochemical reduction of ox-
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Table IV. Metastable Ion MIKE Spectra of [M + H]+ Given as Decreasing Abundances" 

oxime fragments 

ion [(M + H) - H2O] CSH5+ M+' 
(mlz) (104) (77) (121) 
rei abund 50% 34% 16% 

II ion [(M + H) - H2O]+ C,H,+ C7H7+ 

(mlz) (118) (77) (91) 
reI abund 83% 4% 2% 

III ion [(M + H) - HP]+ [(M + H) - ROHj+ C2H,CNOH+ 
(mlz) (132) (104) (72) 
rei abund 46% 24% 17% 

IV ion [(M+H) OH]+ [(M + H) - C3H,]+ [(M + H) - H2O]+ 
(mlz) (147) (122) (146) 
reI abund 19% 18% 16% 

V ion [(M + H) - C,H,,]+ [(M+H) H2O]+ C7H7+ 

(mlz) (122) (188) (91) 
rei abund 26% 10% 8% 

VI ion [(M + H) - H2O]+ [(M + H) - CllH,,]+ C7H7+ 

(mlz) (258) (122) (91) 
reI abund 31% 18% 9% 

VII ion [(M + H) - H2O]+ C,H,CNOH+ CSH5+ 

(mlz) (180) (120) (77) 
rei abund 62% 9% 2% 

(J Ion abundances were normalized to 100. 

Table V. CA MIKE Spectra of [M + H]+ Given as Decreasing Abundances" 

oxime 

ion [(M + H) - ROH]+ 
(mlz) (104) 
reI abund 32% 

II ion [(M + H) - ROHJ+ 
(mlz) (104) 
reI abund 25% 

III ion [(M + H) - ROHJ+ 
(mlz) (104) 
reI abund 17% 

IV ion [(M + H) - ROHJ+ 
(mlz) (104) 
reI abund 22% 

V ion [(M+H) ROH]+ 
(mlz) (104) 
rei abund 18% 

VI ion [(M + H) - C,HzoJ+ 
(mlz) (148) 
reI abund 17% 

VII ion [(M + H) - H2OJ+ 
(mlz) (180) 
rei abund 39% 

(J Sum of abundances normalized to 100. 

Table VI. Accurate Mass Measurements Establishing the 
Composition of [(M + H) - 16]+ Ions 

calculated 
mass for [(M 

hydroxyoxime + H) -OJ+ found error, ppm 

VII 234.185789 234.18479 -4.3 
VIII 248.201439 248.20066 -3.1 
IX 262.217089 262.21614 -3.6 
X 324.232739 324.23074 -6.2 

imes in solution (34), where they are reduced, in some cases, 
to the corresponding amines via the imines in an overall 
two-step, four-electron process. These studies were mainly 
performed in an acidic or neutral media. Here we propose 
a two-electron process that will be discussed later. 

FAB in Other Matrices and CI. We attempted to 
evaluate whether reduction occurs in a matrix-less FAB ex
periment. Unfortunately, the signals for (M + H)+ were so 

fragments 

M+' C,H,+ 
(121) (77) 
24% 21% 
M+' CSH 5+ 

(135) (77) 
16% 13% 
M+' C,H,+ 
(149) (77) 
16% 15% 
M+' CSH5+ 

(163) (77) 
14% 10% 
[(M + H) - C,H lO j+ M+o 
(148) (205) 
13% 10% 
[(M + H) - ClOH2d+ [(M + H) - ROHj+ 
(135) (104) 
14% 12% 
M+o CSH5+ 

(197) (177) 
26% 15% 

[(M .. H)-O), from 

50 100 

Figure 1. CAD MIKE spectra of ions (C,H,),C=NH: (mlz ~ 182): 
(AJ ion obtained in FAB spectrum of benzophenone oxime; (B) ion 
obtained in F AS spectrum of the benzophenone imine. 



transient, even at the lowest atom dosages we could arrange 
with a saddle field gun, that no conclusion can be drawn from 
these experiments. 

Nevertheless, we are able to establish that the reduction 
is most facile in protic solvents. The fractions of the ion 
current of the [(M + H) - 0]+ ion with respect to the sum 
of the currents of [(M + H) - OJ+ and (M + H)+ for tetra
decylaldoxime are given as follows for four test matrices: 
3-nitrobenzyl alcohol, 7%; o-nitrophenyloctyl ether, 18%; 
dithioerythritolfdithiothreitol, 34%; acidified glycerol, 52%. 

The trend is evidence that a protic solvent is required for 
reduction to occur. 

Under isobutane chemical ionization conditions, the relative 
abundance of the [(M + H) 0] for the tetradecylaldoxime 
is 1 % at best, also confirming the need for a protic matrix 
for the reduction. 

High-Resolution Electron Ionization and Laser De
sorption Fourier Transform Mass Spectra. Having es
tablished that the [(M + H) - 0]+ ions are iminium ions and 
that their formation is not a result of gas-phase decomposi
tions, we wish to demonstrate that the iminium ions are 
formed almost exclusively as the result of a fast atom bom
bardment induced reduction. The absence of imine traces in 
the oxime samples was established. High-resolution EI mass 
spectra were obtained to ensure that even traces «1 %) were 
not present. The loss of an oxygen atom upon EI was reportsd 
for some oximes and oxime O-alkyl ethers (35-40) and was 
at first considered an unusual mass spectrometric fragmen
tstion (35-37). Later it was explained as a thermal decom
position process (38-40), in agreement with the known fact 
that when oximes are subjected to intense heating, they can 
decompose to the corresponding imines (41). One source for 
the [M 0]+ ion formation under EI conditions, other than 
a thermal reaction, was proposed to be the bimolecular re
action 2[M]+' ~ [M - 0]+ + [M + 0]+ (42). Because [M -
OJ+ ions are not detected in the high-resolution EI mass 
spectra (the two most abundant ions are the [M - OHj+ ion 
and the molecular radical cation), we conclude that neither 
thermal decomposition nor bimolecular processes give rise to 
the above mentioned ions. 

Laser desorption is a desorption ionization (DIl method in 
which the tendency toward thermal degradation is greater (43) 
than for other DI methods. So, having excluded the possi
bilities of thermal decomposition and of trace impurities, we 
sought evidence for the possibility of a thermal decomposition 
under more vigorous conditions by obtaining the laser de
sorption Fourier transform mass spectra of the oximes in the 
absence and in the presence of a liquid matrix (1 % acidic 
glycerol). In all the recorded spectra, the fragment ions [(M 
+ H) - H20 j+ were observed in addition to ions formed by 
protonation or attachment of metal ions (Le., [M + H]+, [M 
+ Na]+, and [M + K]+. The spectra were recorded at two 
different wavelengths and pulse energies. 

The relative abundances of the ions under LD conditions 
vary; most abundant at 1064 nm is the [(M + H) - H20]+ ion 
and at 266 nm the [M + K]+ ion. The general spectral pattern, 
as far as the mass-to-charge ratios of the ions are concerned, 
remains the same, however. No detectable [(M + H) - 0]+ 
ions are produced. This suggests that the presence of the 
matrix is not the determining factor for the formation of the 
[(M + H) - 0]+ ions, nor is the desorption process by itself. 
In a previous study by solid secondary ion mass spectrometry 
of monoquaternary and diquaternary pyridine aldoximes, no 
reduction of an oxime to imine was observed (44). This is 

possibly due to the fact that the matrix, although not a de
termining factor by itself, has nevertheless an important role, 
either as a source of protons or by its "self-cleaning" char
acteristics (4). 

ANALYTICAL CHEMISTRY. VOL. 61, NO. 13, JULY 1, 1989 • 1445 

0.8,--------_________ ~ 
A 

0.6 

04 

0.2 
0 10 

Time /60s 

0.7 

B 

0.6 

0_0_0~0-0-0-0---0 

/ 
~ 05 
;5 

• (M +H)+ 

0.4 '", .-.- ............... 
0.3 +---~---~---.~-.----.~----=::::!.'-J 

o 4 10 

Time /60 s 

Figure 2. Relative abundances of [(M + H) - OJ+ and [M + H]+ ions 
vs elapsell time: (0) [(M + H) - OJ+/([(M + H) - OJ+ + [M + H]+), 
(_) [M + H]+/([(M + H) - OJ+ + [M + H]+); (A) FA8 spectrum of 
dodecanophenone oxime in glycerol, (8) As A, but with added sur
factant (lithium dodecyl sulfate). 

An exclusive thermal formation of the reduced species can 
be ruled out because the matrix plays the role of buffer for 
the deposited energy, which is dissipated by losses of matrix 
molecules from ejected clusters (45). Furthermore, one of the 
processes giving rise to secondary quasi-molecular ions, the 
sputtering of low internal energy (vibrationally cold) ionic 
species iuto the gas phase, is said to be analogous to the cooling 
caused by an adiabatic expansion in the vacuum (46). 
Moreover, laser desorption is a thermally driven process, but 
it gives no reduced species. If a significant increase in tem
perature is sufficient to cause thermal formation of the [(M 
+ H) - OJ+ ions under fast atom bombardment conditions, 
the lifetime of the oxime in the matrix is insufficient for 
decomposition to compete significantly with desorption. 

Time Dependence Studies. Having ascertained that the 
reduction to the imine occurs under fast atom bombardment 
conditions, we seek more information about the kinetics of 
the reduction process. For that purpose, time dependence 
studies of the relative abundances of the protonated oxime 
cations and of the reduced forms were undertaken for the 
oximes listed in Table L The [M + Hj+ and [(M + H) OJ+ 
ion currents were recorded at different time intervals from 
the start ofFAB. For all the oximes under study, the abun
dance of the [(M + H) OJ+ ion increased, whereas the 
abundance of [M + H]+ ion decreased with increasing time. 

The general trend showed by the plots of the ratios [M + 
H]+ fl[M + Hj+ + [(M + H) - 0j+1 and [(M + H) - OJ+ fUM 
+ HJ+ + [(M + H) - 0]+1 vs time is an initial steep increase 
of the abundance of the [(M + H) - OJ+ ion and a corre
sponding decrease of the [M + H]+ ion. Following these 
regions of rapid change are zones where both ratios remain 
approximately constant. This can be observed in Figure 2A 
where the time dependence behavior for the two ions from 
dodecanophenone oxime is presented. 

These "plateau" zones correspond to the stage where the 
concentration of the reduced species at the matrix surface 
exceeds the concentration of the protonated oxime at the same 
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surface. The basis for this state is that the relative abundances 
of their corresponding ions in the gas phase are a measure of 
their concentration at the matrix surface. The results point 
to the fact that, after an early stage where desorption to the 
gas phase of the protonated oxime dominates, reduction in 
the matrix becomes the main pathway for consumption of the 
protonated oxime at that surface. In that case, protonation 
precedes reduction, and a more favorable accumulation ofthe 
[M + H]+ ion at the matrix surface in the early stage of the 
experiment will result in a more rapid attainment of the 
"plateau". 

To test the last hypothesis, the experiments were repeated 
in the presence of an anionic surfactant, lithium dodecyl 
sulfate. Surfactants have been used in desorption ionization 
mass spectrometry experiments, either by what has been 
termed "hydrophobic reverse derivatization" (formation of a 
surface active intermediate) (47,48) or by binding analyte ions 
to a position near the surface where they can be efficiently 
desorbed (49). The plots of the same ratios for the same ion 
abundances recorded in the presence of the surfactant show 
that the initial increase of the [(M + H) - 0]+ is much more 
abrupt and the initial decrease of the [M + H]+ is also more 
rapid. The "plateau" is attained sooner in each case. An 
example of this time-dependent behavior of the two ions from 
dodecanophenone oxime in the presence of the surfactant is 
shown in Figure 2B. 

Chemical noise in the spectra obtained in the absence of 
surfactant is not considerable and becomes almost completely 
suppressed when the surfactant is added. This fact, taken 
in conjunction with the above mentioned results, points to 
the formation of the [(M + H) - 0]+ ion by reduction of the 
[M + H]+ ions at the surface. This reduction is dependent 
on the extent of protonation within the matrix, the diffusion 
of the protonated species to the surface being the rate-de
termining step. The anionic surfactant causes a concentration 
gradient to develop, resulting in the surface enrichment of the 
[M + HF ions. This enrichment is responsible not only for 
the observed initial changes but also for the higher "plateau" 
values of the [(M + H) - 0]+ I{[M + H]+ + [(M + H) - 0]+1 
ratios observed under these conditions, when compared to the 
values obtained in the absence of surfactant. By plotting the 
[M + H]+ II[M + H]+ + [(M + H) - 0]+1 and [(M + H) -
0]+ I{[M + H]+ + [(M + H) - 0]+1 ratios for all the oximes 
at the same fixed times, it can be seen that, as a general rule, 
the difference in the "plateau" values, with and without the 
surfactant, becomes smaller with the increasing length of R 
(for those cases where R is a linear alkyl group in oximes of 
the general formula C6H5C(R)=NOH). The evidence for the 
surface formation of ion [(M + H) - 0]+ from the protonated 
cation is thus reinforced because the oximes with longer linear 
alkyl groups are themselves surfactants. 

Reduction Mechanisms. For the reduction of oximes to 
imines under fast atom bombardment conditions in the 
positive ion mode, the possible mechanisms can be summa
rized in the scheme depicted by eq 1-3. 

RR'C=NOH (sol) + 2e - + 2H+ :r= RR'C=NH(sol) + H20 (1) 

Jr Jr 
RR'C=NHa-t+(sol) + 2e- + 2H+ 

~ RR'C=NH2+{SOI) + H2O (2) 

Ji Ji 
AR'C=NHOH +{Surf} + 2e- + 2H+ ~ RR'C=NH2+(SUrf> + H2O (3) 

From the previous considerations, mechanism 3 (reduction 
at the surface of the condensed phase preceded by protonation 
and followed by desorption) is favored over mechanisms 1 and 
2. The addition of the surfactant causes an enrichment of 
RR'C=NHOH+ in a surface layer. Thus, the probability of 
the reduction process increases with respect to the desorption 
process as the concentration of the protonated oxime increases 
at the surface. The complete reduction to the amine, as it 
occurs in solution (34,50), is not observed, possibly because 
the reduction of the iminium ion is slow when compared to 
its desorption. 

Further support for the mechanism is found in the po
larographic behavior of compounds containing a carbon-ni
trogen double bond (34,50). The protonated cation is reduced 
at a less negative potential than the corresponding conjugate 
base, the height of the polarographic wave being determined 
in a certain pH range by the rate of protonation. 
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Ion Confinement in the Collision Cell of a Multiquadrupole Mass 
Spectrometer: Access to Chemical Equilibrium and 
Determination of Kinetic and Thermodynamic Parameters of an 
lon-Molecule Reaction 
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7531 Paris Cedex 05, France 

Ions can be confined In an rf-only collision cell of a tandem 
quadrupole mass spectrometer so that lon-molecule reactions 
can be studied for variable Interaction times (0_05-250 ms). 
The chemical system studied (ammonium Ion, pyrrolidlne, 
piperidine) Involved the following reactions: proton exchange, 
formation of proton-bound dlmers, and amine exchange be
tween dlmers. Chemical equilibrium could be reached for the 
exchange reactions. The equilibrium constants of these re
actions, as well as the rate constants of the dHferent reactions 
Involved, were thus easily determined from the variation of 
relative abundance of reactant and product Ions versus con
finement time. 

Detailed kinetic and thermodynamic data concerning ion
molecule reactions are useful both from a fundamental point 
of view and as a basis for designing analytical uses of these 
reactions for mass spectrometry. The most direct way of 
obtaining such information is to provide for a variable reaction 
time under a given set of conditions and to observe the var
iation of reactant and product ion abundances. Numerous 
such experiments have been performed either in ICR (ion 
cyclotron resonance) cells (1) (reaction pressure; 10-8 to 10-5 
Torr) or in high-pressure ion sources (see for example ref 2-5) 
and flow tube instruments (6) (reaction pressure; a few Torr). 
It is interesting to make this possibility available in the rf-only 
collision cell of a quadrupole spectrometer, which allows in
vestigations in an intermediate pressure range (10-5 to 10-2 

Torr). Quadrupole ion traps (reaction pressure: 10-7 to 10-4 

0003-2700/89/0361-1447$01.50/0 

Torr) have also been used in this way (7, 8). 
Thus, we modified the operation of a rf-only collision cell 

of our multiquadrupole MS /MS /MS instrument in order to 
control the duration of an ion-molecule reaction, Le., to trap 
ions in the cell for a variable time. A similar trapping device 
has been used to improve the efficiency of reaction product 
detection in a MS/MS quadrupole spectrometer (9). Pro
viding the interaction time is long enough, one can expect to 
reach chemical equilibrium for a reversible reaction and thus 
determine its equilibrium constant. 

The ion confinement technique was first tested on a simple 
process: collisionallyactivated dissociation of the FeCO+ ion 
leading to the Fe+ fragment ion (10). We now wish to report 
its application to the study of ion-molecule reactions, showing 
that chemical equilibrium actually can be attained under ion 
confinement conditions. 

In order to determine the efficiency of this method, we chose 
to confine NH. + ions with a mixture of pyrrolidine and pi
peridine in the collision cell. The reactions involved are proton 
exchanges and formation of proton-bound dimers. This 
system seemed suitable for our purpose because (i) it is of 
reasonable complexity, having six different ions present in the 
reaction mixture; and (ii) such reactions were studied under 
ICR conditions, so that some of the kinetic and thermody
namic data obtained can be compared with literature values. 

EXPERIMENTAL SECTION 
The experiments were performed on a prototype MSjMSjMS 

multiquadrupole mass spectrometer described elsewhere (11). 
Briefly, it is composed of the following parts; source (electron 

© 1989 American Chemical Society 
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Figure 1. Successive stages of a confinement cycle. 

impact, chemical ionization, or fast atom bombardment}, first 
quadrupole analyzer, first rf-only collision cell, second analyzer, 
second rf-only collision cell, third analyzer, and detector. In all 
the experiments described here, the first collision cell contained 
nO collision gas, and the second analyzer was left in the rf-only 
mode. Ion confinement was performed in the second collision 
cell, using the entrance and exit lenses of this cell as electrostatic 
mirrors. The potentials of the lenses were varied according to 
the confinement cycle described below. The corresponding po
tentials were generated by a two-channel fast rise power supply 
driven by an auxiliary microcomputer slave of the main data 
system. The power supply from SN Nermag has the following 
characteristics: continuously adjustable output voltage 0-100 V, 
input voltage 0-5 V; the maximum frequency allowed without 
distortion of the signal is 50 kHz. The auxiliary data system is 
a personal computer with a homemade 8-bit digital-to-analog 
interface. The confinement cycle is defined by the following 
parameters: filling time, storage time, and detection time. The 
minimum value allowed by the system for one operation is 50 jJ.s. 
EMMA, the main data acquisition system, was modified so as 
to trigger the confinement cycle. This improvement allows one 
to record standard mass spectra in the confinement mode. 

Ammonium ions wefe generated in the source by chemical 
ionization using ammonia. Piperidine and pyrrolidine were pu
rified by distillation over calcium hydride. Equal weights of liquid 
piperidine and pyrrolidine were mixed in a flask connected to the 
cell via a controlled leak valve from Riber Co. (Rueil-Malmaison, 
France). The composition of the gas mixture was determined by 
lH and l3C NMR after pumping a small amount of vapor over 
the liquid mixture and condensing it into a cold trap: The 
measured pyrrolidine to piperidine molar ratio was 1.9 ± 0.1. The 
absolute pressure in the collision cell was measured by using a 
Bayard-Alpert gauge, calibrated for the mixture to be studied with 
a capacitance manometer from MKS Instruments, Inc. (Andover, 
MA). 

RESULTS AND DISCUSSION 
The Confinement Cycle. The entrance and exit lenses 

of the collision cell were used as cell doors. At its normal low 

c 
o 

20~--------------------------, 

10 

Confinement time (rnl [I seconds) 

Figure 2. Variation of total ion current with confinement time in a given 
series of experiments. 

potential, a lens allows the ions through (open door), whereas 
at high potential it functions as an electrostatic mirror (closed 
door). Figure 1 displays the potentials applied to the lenses 
during the following successive stages of a confinement cycle: 

(1) Filling Stage (250 J1.S). The entrance lens is at its normal 
low potential, and the exit lens is at a high potential, i.e., 2 
or 3 times the average kinetic energy of the incoming ions. 

(2) Storage Stage (Variable Time). Both lenses are at high 
potential. 

(3) Detection Stage (250 J1.S). The exit lens is switched to 
low potential, while the entrance lens is kept at high potential; 
ions are thus allowed to reach the last analyzer. 

The entire cycle is then repeated after a delay time. 
The confmement time can be varied from a few hundredths 

of a millisecond to 250 ms. In order to scan a range of con
finement time in a single experiment, the time can be auto
matically increased by a defined step. Figure 2 shows that 
in such an experiment the total ion current measured re
mained fairly independent of the confinement time. This 
means that little ion loss occurred during the storage step, 
showing the high efficiency of the confinement device. 

Variation of Relative Abundances of Reagent and 
Product Ions versus Confinement Time. The reaction of 
ammonium ions with the pyrrolidirie-piperidine mixture was 
followed at five different pressures (1.0 X lO-5 to 2.7 X 10-4 
Torr), with the confinement time varying from 0.035 to 10.1 
ms. For one pressure (5.3 X lO-5 Torr) the confinement time 
was increased up to 220 ms. The reaction mixtures consisted 
of the following six ions in variable proportions according to 
the different reaction periods: NH4+ (m/z 18), reagent ion; 
C,HlON+ (m/z 72), protonated pyrrolidine (PyH+); C5H I2N+ 
(m/z 86), protonated piperidine (PiH+); C8HlSN2+ (m/z 143), 
pyrrolidine proton-bound dimer (PyHPy+); CsH21N2+ (m/z 
157), pyrrolidine-piperidirie proton-bound mixed dimer 
(PyHPi+); ClOH23N2+ (m/z 171), piperidine proton-bound 
dimer (PiHPi+). 

Figure 3 displays the variation of the relative abundance 
of each of these ions with confinement time at a 5.3 X lO-5 
Torr pressure. The pattern of these abundance curves allows 
qualitative analysis of the successive processes occurring in 
the reaction mixture. 

(i) 0-1 ms. NH/ decreases to 0; PyH+ and PiH+ increase 
because the initial reaction is protonation of the amines by 
NH.+ ions. 

k, 
NH.+ + Py ~ PyH+ + NH3 

k2 
NH/ + Pi ~ PiH+ + NH3 (2) 

The relative amounts of PyH+ versus PiH+ formed by these 
reactions are kinetically controlled, so that the mixture initially 
formed is not in equilibrium. 
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(ii) 1-10 ms. PyH+ decreases, PiH+ increases; the dominant 
reaction is proton exchange leading to the acid-base equi
librium 

k+ 
PyH+ + Pi ==" PiH+ + Py K = k+lk_ (3) 

k_ 

(iii) 1-220 ms. Concurrently with the preceding reaction 
and throughout the confinement period, a slow increase of 
dimer abundance (PyHPy+, PyHPi+, PiHPi+) is observed. 
However, their abundance ratios relative to each other rapidly 
become independent of time (see Figures 5 and 6 for the 
corresponding curves), showing that equilibrium is achieved 
among the dimers. This means that the dimers undergo amine 
exchange much faster than they are formed from their mo-
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nomer precursors, according to the following scheme: 

PyH+ + Py ~ Py HPy+ 

PyHpi fast equilibrium 

PyHPl fast eqUilibrium 

PiH+ + Pi - PiHPi+ 

The abundance curves obtained at other pressures display 
similar features. As expected, all the reaction rates increased 
with pressure. For the lowest pressure used (1.0 X 10-5 Torr) 
no significant amount of dimers had yet formed after 10 ms, 
and chemical equilibrium for reaction 3 had not yet been 
attained. 

These results are entirely consistent with the ICR studies 
of amine protonation and dimerization; the sbapes of the 
curves obtained are similar to those reported for protonation 
and dimerization of an azetidine-pyrrolidine mixture (12). 

In the experiments performed, the dimer abundance had 
not reached a constant value for the longest (220 ms) con
finement time studied, indicating that thermodynamic 
equilibrium had not been attained with regard to dimerization 
reactions. Our results indicate, however, that this equilibrium 
is shifted far toward dimerization, since in two cases (P = 5.3 
X 10-5 Torr, confinement up to 220 ms, and P = 2.7 X 10-' 
Torr, confinement up to 10 ms) dimers constituted, respec
tively, more than 92% and 96% of the final reaction mixture. 
The temperature dependence of the equilibrium constant of 
pyrrolidine dimerization was recently determined (13). Ex
trapolation to room temperature of the corresponding linear 
plot of In K versus 1/ T leads to an approximate K value of 
108 Torr-" which me'llS that within the pressure range used 
in our experiment (10-5 to 10-3 Torr) the remaining monomers 
would not be detectable if the equilibrium were completely 
achieved. 

No significant amount of trimer was detected in our ex
periments. A minor amount of pyrrolidine trimer (ca. 10% 
at 10'" Torr) should be present, however, at equilibrium (13). 
The trimerization reaction is likely far too slow to be detected 
under the conditions used. 

These results illustrate the utility of ion confinement in 
characterizing the successive steps of a chemical process in 
the gas phase. Furthermore, knowledge of the relative con
centrations of reactant and product ions as a function of 
reaction (confinement) time allows one to obtain quantitative 
thermodynamic and kinetic data concerning the reactions 
involved. 

Determination of Equilibrium Constants. Proton Ex
change between Piperidine and Pyrrolidine (Reaction 3). 
Figure 4 shows the variation of the PiH+ /PyH+ ratio with 
confinement time. Except at the lowest pressure, this ratio 
clearly attains a constant equilibrium value, independent of 
pressure: (PiH+ /PyH+), = 1.85 ± 0.15. 

The equilibrium constant of reaction 3 thus can be deter
mined: 

K = (PiW IPyW)(Py IPi) = 3.5 

corresponding to aGo = -3.1 kJ mol-! = 
-0.74 ± 0.10 kcal mol- l 

Although slightly lower than those determined by other 
workers, this value is in agreement with them within exper
imental uncertainties: 

aGO = GB(Py) - GB(Pi) = -1.1 ± 0.2 kcal mol-! (14) 
= -0.9 kcal mol-! (15) 
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Figure 4. Variation of the PiH+ /PyH+ ratio with confinement time for 
the different pressures used (pressures indicated in 10-5 Torr units): 
medium (a, top) and short (b, bottom) confinement times. 

where GB(Pi) and GB(Py) are the gas-phase basicities of 
piperidine and pyrrolidine, relative to the same absolute scale. 

It was pointed out by Bowers et al. that competitive di
merization may alter the measurement of proton-exchange 
equilibrium constants, the apparent equilibrium being shifted 
toward the more slowly dimerizing species (16). Because of 
the fast amine exchange between the three dimers, individual 
dimerization rates are not accessible from our experiments. 
However, comparison between the average dimerization rate 
and the proton-exchange rate (see below for determination 
of the corresponding rate constants) shows that even if one 
amine dimerizes much faster than the other, no significant 
error is introduced in the K value for the pressure range 
studied. This is supported by the fact that K is pressure
independent within experimental uncertainties. 

Base Exchange between Dimers. These reactions corre
spond to eq 4 and 5: 

PyHPy+ + Pi ;=t PyHPi+ + Py K4 (4) 

PyHPi+ + Pi ;=t PiHPi+ + Py Ks (5) 

Figures 5 and 6 show the variation of PyHPi+ /PyHPy+ and 
PiHPi+ /PyHPi+ ratios, respectively, with confinement time. 
Both of these ratios attain their equilibrium value at the four 
pressures used: 

(PyHPi+ /PyHPy+), = 1.2 ± 0.2 

(PiHPi+ /PyHPi+), = 0.20 ± 0.04 

The dispersion of the results is slightly larger than in the 
preceding case, probably because in these experiments dimers 
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are very often minor components of the reaction mixture. 
These ratios lead to the following equilibrium constants: 

K4 = (PyHPi+ /PyHPy+),(Py /Pi) = 2.3 



corresponding to AGo 4 = -2.0 kJ mol-' = 
-0.48 ± 0.15 kcal mol-' 

Ks = (PiHPi+ /PyHPi+),(Py /Pi) = 0.38 

corresponding to AGo s = 2.4 kJ mol-' = 
0.56 ± 0.20 kcal mol-' 

These values are close to those that can be calculated from 
reported molecule pair gas-phase basicities (MPGB) (17): 

AGO 4 = MPGB(PyHPy+) - MPGB(PyHPi+) = 
-0.5 kcal mol-' 

AGos = MPGB(PyHPi+) - MPGB(PiHPi+) = 

0.2 kcal mol-' 

The formation of a proton-bound dimer from an acid AH+ 
and a base B was shown to be increasingly exoenergetic with 
increasing acidity of AH+ and with increasing basicity of B 
(18,19). Consider the dimerization equilibria 

PyH+ + Py <=' PyHPy+ AGO (PyPy) 

PyH' + Pi , 

PyHPi+ 

PiH' + Py dI 
PiH+ + Pi <=' PiHPi+ AGO(PiPi) 

As piperidine is more basic than pyrrolidine, these free 
energies should verify the following relationships: 

AGO(PyPi) < AGO(PyPy) < AGO(PiPy) 

AGO(PyPi) < AGO(PiPi) < AGO(PiPy) 

The preceding free energies are related to the experimental 
free energies t:.Go, t:.GO 4, and t:.Go s: 

AGO(PyPi) - AGO(PyPy) = AGO, = -0.5 kcal/mol 

AGO(PyPy) - AGO(PiPy) = AGO - AGO 4 = 
-0.3 kcal/mol 

AGO(PyPi) - AGO(PiPi) = AGO - AGos = 
-1.3 kcal/mol 

AGO (PiPi) AGO(PiPy) = AGO. = +0.6 kcal/mol 

The expected inequalities are therefore verified, with the 
exception of the last one. This may be interpreted as 
t:.Go (PiPi) being slightly higher than expected, possibly be
cause of steric interactions hindering piperidine dimerization 
more than formation of the other two proton-bound dimers. 
Since the basicities of piperidine and pyrrolidine are close to 
each other, even a slight steric effect may reverse the order 
of the free energy values under consideration. 

Reaction Temperature. In the preceding considerations 
we have assumed a reaction temperature of 298 K, i.e. the 
temperature of the collision gas in the cell. However, the 
reacting ions may not be thermalized at this temperature, since 
their average translational energy may be modified by the 
variable electric field present in the collision cell. In order 
to check the validity of our initial assumption concerning 
temperature (this point was raised by a reviewer) two ex
periments were performed: 

(i) Variation of the rf power of the cell quadrupole. The 
position of the piperidine-pyrrolidine proton-exchange 
equilibrium was observed to be insensitive to this variation. 

(ii) Study of a known temperature-dependent equilibrium. 
Proton exchange between triethylamine and putresceine (20) 
was chosen for this purpose., Ammonium ions were reacted 
with mixtures of triethylamine and putresceine in the collision 
cell until the protonated triethylamine to protonated pu
tresceine ratio attained its equilibrium value. In this ex
periment the collision cell was slightly heated (ca. 50 °C) due 
to the low volatility of putresceine. The equilibrium ratio, 
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Figure 7. Variation of In (NH4 +) with confinement time for the different 
pressures used (pressures indicated in 10-5 Torr units). 

joined to the pressure ratio of the two amines, allowed us to 
determine the corresponding equilibrium constant: 1.16 ± 
0.1. According to the temperature dependence reported in 
ref 20, this corresponded to a temperature of 330 K, in fair 
agreement with the temperature of the gas in the cell. These 
measurements were performed at a total pressure of 10-· to 
10" Torr, i.e. in the same pressure range as with the pyr
rolidine-piperidine mixture. However, experiments done in 
a wider pressure range on trimethylamine proton-bound dimer 
formation equilibrium (18) have shown that at the highest 
pressures usable in the cell (a few milliTorr) the apparent 
reaction temperature is much higher than the gas temperature. 
These phenomena are under investigation. 

Determination of Rate Constants. Amine Protonation 
by Ammonium Ion (Reactions 1 and 2). Figure 7 shows the 
variation of In (NH4 +) versus confinement time for the dif
ferent pressures used. The corresponding curves are linear, 
in agreement with the expected rate law: 

d(NH/)/dt = [k,(Py) + h2(Pi)](NH/) 

In (NH,+) = -[k,(Py) + k2(Pi)]t = -kpt 

With a = (Py) / (Pi) = 1.9 and P = total pressure 

kp = P(k, + k 2a)/(1 + a) 

Plotting kp values (slopes of the different curves of Figure 
7) versus pressure P showed that kp is actually proportional 
to P. The corresponding slope is 

kp ° = 2.22 X 10-9 s-' molecule-' cm3 = 
(k, + k2a)/(1 + a) 

The second relationship needed to determine k, and k2 is 
obtained by evaluating the k,j k2 ratio: For short reaction 
times the (piH+) / (PyH+) ratio should tend to be constant and 
equal to k2(Pi)/k, (Py), since reaction 3 is much slower than 
reactions 1 and 2. Figure 4b shows that this is actually the 
case (as expected it is more apparent at the lowest pressures) 
and allows one to determine k2/k,: 

k2(Pi)/k,(Py) = [(PiW)/(PyH+)]o = 0.48 ± 0.1 

k2lk, = a[(PiW)/(PyW)]o = 0.91 ± 0.25 

The rate constants k, and k2 are then derived from the 
values of kp 0 and k2/ k,: 

k, = (2.3 ± 0.5) X 10-9 s-' molecule-' cm3 

k2 = (2.1 ± 0.5) X 10-9 8-! molecule-! cm3 

The values of k, and k2 are close to each other, which is not 
surprising as piperidine and pyrrolidine are approximately 
the same size and are both much more basic than ammonia, 
so their proton-transfer cross sections with the ammonium 
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ion have no reason to be very different. These rate constants 
are also of the same order of magnitude as those reported for 
protonation of piperidine and pyrrolidine by their respective 
radical cations (21). They are in good agreement with the 
values calculated from the ADO theory of Su and Bowers (22): 
2.60 X 10-9 S-l molecule-1 em' for pyrrolidine and 2.46 X 10-9 
S-l molecule-1 em' for piperidine. 

Proton Exchange between Pyrrolidine and Piperidine 
(Reaction 3). Determination of the corresponding rate con
stants k+ and k_ can be done after complete disappearance 
of ammonium ions, i.e. excluding short reaction times. As will 
be shown below, dimerization reactions are much slower than 
proton exchange (the largest kd/ k, ratio, corresponding to the 
highest pressure used, is 0.23 ms-1/2.1 ms-1 = 0.11). Thus it 
can be assumed that concurrent dimerization reactions have 
negligible rates versus proton-exchange rates. The following 
rate law can then be expected: 

d(X - X,)/dt = -[k+(Pi) + k-CPy)](X - X,) 

where X = (PiH+)/[(PiH+) + (PyH+)] and X, is the equi
librium value of X. 

In (X - X,) = In (Xo - X,) - [k+(Pi) + k-CPy)]t 
= In (Xo - X,) - k,t 

k, = P(k_ + k+a)/(l + a) = k,oP 

Figure 8 displays In (X - X,) versus confinement time, 
showing that the corresponding curves are linear. Their slopes 
k, were plotted versus pressure P. The slope of the resulting 
linear curve is 

k,o = 7.0 ms-1 mTorr-1 = 
2.14 X 10-10 S-l molecule-1 em' 

k+ and k_ are then easily determined, since k+/k_ = K = 3.5. 

k+ = (2.8 ± 0.5) X 10-10 8-1 molecule-1 cm' 

k_ = (8.1 ± 2) X 10-11 8-1 molecule-1 em' 

Dimerization Reactions. As already pointed out, these 
experiments do not give access to the individual dimerization 
rate constants, because of fast equilibration occurring among 
the dimers. An average dimerization rate constant kd can be 
defined as follows: 

d[(PyHPy+) + (PyHPi+) + (PiHPi+)]/dt = 
kd[(PyH+) + (PiW)] 

As in the preceding case we consider only reaction times 
long enough so that no ammonium ion is present in the re
action mixture. With S = (PyH+) + (PiH+) 

d(l - S)/dt = kdS 
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Figure 9. Variation of In S = In [(PyH+) + (PiH+)] with confinement 
time for the different pressures used (pressures indicated in 10-5 Torr 
units), for medium confinement times. The pOints obtained for longer 
confinement times (up to 220 ms) at 5.3 X 10-5 Torr pressure are 
aligned with those shown here and are included in the represented 
linear regression. 

kd will remain constant with reaction time providing 
equilibrium 3 is achieved, or if the individual dimerization 
rate constants have similar values. In that case we expect the 
following relationship: 

In S = In So - kdt 

Figure 9 displays In S versus confinement time for the 
different pressures used, showing that the corresponding 
curves are linear. Their slopes, kd, when plotted versus P and 
versus p2, appeared to be proportional to p2: kd = kdo P2. 

k do = 3.3 ms-1 mTorr-2 = 3.0 X 10-24 S-l molecule-2 cms 

kd ° is the average third-order dimerization rate constant 
for the considered pyrrolidine-piperidine mixture. Similar 
dimerization reactions have been shown to follow a rate law 
consistent with the likely mechanism involving collisional 
deactivation of the excited dimer initially formed (23, 24): 

kf 
AH+ + A :;:= (AHA +)* 

kb 

(AHA+)* + A ~ AHA+ + A 

d(AHA+)/dt = k(AW)(A) 

where k = kfk,(A)j[kb + k,(A)]. 
This means that these reactions approach second order at 

high pressure and third order at low pressure. 
The preceding results show that the considered dirnerization 

reactions follow third-order kinetics implying rate-limiting 
collisional deactivation, which is also the case for similar amine 
systems in the same pressure range (24). 

CONCLUSION 
Ion confinement in the rf-only collision cell of a tandem 

quadrupole mass spectrometer allows the study of a reaction 
mixture for variable reaction times and thus gives access to 
reliable kinetic and thermodynamic data for the reactions 
involved. The described application of this method to 
quantitatively characterize competitive reactions between 
pyrrolidine and piperidine in the gas phase demonstrates that 
it has the potential for investigation of complex reaction 
mechanisms. Application of the ion confinement technique 
to various ion-molecule reactions, for instance in the area of 
gas-phase organometallic chemistry, is thus very promising. 
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Heparin, a polydlsperse, sulfated copolymer of 1 ~ 4 linked 
glucosamlne and uronlc acid residues, has been used clini
cally as an anticoagulant for half a century. Despite a yearly 
use of over 50 million doses In the U.S. alone, heparin's exact 
chemical structure remains unclear. The negative ion fast 
atom bombardment mass spectrometry (FAB-MS) analysis is 
presented for a series of enzymatically prepared, homoge
neous, structurally characterized, highly sulfated, heparin
derived ollgosaccharldes using triethanolamine as the FAB 
matrix. In addition to the clear presence of monoanionlc 
sodlated molecular Ions, structurally significant (sequence) 
fragment Ions are observed and characterized with respect 
to the known structure for five of the heparin-derived oligo
saccharides. The structure of a sixth oligosaccharide is 
predicted by using negative ion FAB-MS and subsequently 
confirmed by chemical, enzymatic, and NMR spectroscopic 
methods. 

INTRODUCTION 
Heparin, a polydisperse (having multiple sugar chain 

lengths), sulfated polysaccharide of 1 ~ 4 linked glucosamine 

* Author to whom correspondence should be addressed. 

0003-2700/89/0361-1453$01.50/0 

and uronic acid residues, has been used clinically as an an
ticoagulant for half a century (1). Despite a yearly use of over 
50 million doses in the U. S. alone (1), the exact chemical 
structure of heparin remains unclear. The role of heparin in 
anticoagulation involves the regulation of the coagulation 
cascade primarily through its potentiation of serine protease 
inhibitors (2) and is due to the presence of specific protein 
binding sites in the heparin chain (3,4). The heparin mac
romolecule is a proteoglycan (molecular weight approximately 
1000000 amu) that consists of several polysaccharides having 
approximate molecular weight of 100000 amu attached to a 
protein core (5). Although the structure-activity relationship 
of the heparin-serine protease inhibitor interaction has been 
explored in detail (6, 7), considerably less is known about the 
structural requirements for heparin's other activities (8, 9). 

Glycosaminoglycan (GAG)-heparin resulta from the meta
bolic processing of proteoglycan heparin by proteases and a 
Il-endoglucuronidase resulting in polydisperse polysaccharide 
chains of 5000-40000 amu (average of 13000 amu). The se
quence of the polysaccharide chains comprising GAG-heparin 
is of considerable interest (as this is heparin's drug form); thus 
heparin lyase is used to enzymatically depolymerize GAG
heparin into smaller oligosaccharides more suitable for 
structural analysis (10). In general, the structure and sequence 
of these heparin-derived oligosaccharides have been deter-

© 1989 American Chemical Society 
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mined by using an integrated approach involving enzymatic, 
chemical, electrophoretic (11) spectroscopic (including l3C and 
'H NMR) (12, 13), and mass spectrometric methods. 

Heparin is composed of polar, nonvolatile, and thermally 
labile oligosaccharides. Mass spectrometric (MS) methods 
that would result in detailed structure elucidation without the 
need for prior chemical degradation or derivatization have not 
yet been fully developed. For example, McNeal et al. reported 
on the 252Cf plasma desorption (PD)-MS (14) analysis of a 
disaccharide, tetrasaccharide, and hexasaccharide enzymat
ically prepared from GAG-heparin. Due to the highly sulfated 
and carboxylated composition of these heparin-derived oli
gosaccharides, the possibility exists for these molecules to have 
several negative charge sites, making observation of a singly 
charged molecular ion and structurally significant fragment 
ions difficult. It was shown that by using the surfactant 
tridodecylmethylammonium chloride (TDMAC), these neg
ative sites could be blocked by ion pairing and an intact 
positively charged molecular ion is observed (14). For a he
parin-derived hexasaccharide, which contains seven sulfate 
and three carboxylate groups, the use of TDMAC resulted in 
an increase in molecular weight from 1603 to 7510 amu. Owing 
to the poor resolution of the time-of-flight MS experiment, 
the molecular ion of the ion-paired heparin-derived hexa
saccharide was observed as an ion 400 mass units wide with 
the centroid calculated at approximately 7510 amu. It was 
also reported that structurally significant fragment ions were 
not observed and that the majority of fragment ions were 
assigned to the TDMAC surfactant (14). Interpretation of 
these results suggests that the use of PD-MS may be im
practical for molecular ion analysis of even larger heparin
derived oligosaccharides. 

Fast atom bombardment (FAB) ionization has proven to 
be a versatile and sensitive ionization method for many bio
logical compounds (15-21). Several papers have been pub
lished dealing with the positive and negative ion MS analysis 
of polysaccharides (22-25); however, in most cases the analyzed 
polysaccharides were structurally simple, neutral oligo
saccharides or were derivatized prior to analysis. Highly 
sulfated polysaccharides are more difficult to analyze with 
F AB ionization due to the possible presence of several negative 
charge sites. Recently, several papers dealing with the analysis 
of sulfated oligosaccharides have been published (13,26,27). 
For example, Reinhold et al. reported on the negative ion 
FAB-MS analysis of heparin-like oligosaccharides prepared 
by chemical synthesis (27). The dominant molecular ions 
observed were of the type [M + Nax - Hx+lr (where M is the 
fully protonated, acid form of the oligosaccharide and x = 2-9), 
and in all cases the observed spectra contained a molecular 
ion dispersion and little or no structurally significant fragment 
ions (27). More recently, Dell et al. described a strategy for 
sequencing sulfated oligosaccharide mixtures using positive 
ion FAB-MS, which required derivatization steps including 
permethylation, desulfation, and peracetylation (28). 

In this paper, negative ion FAB-MS analysis is presented 
for a series of enzymatically prepared, homogeneous, struc
turally characterized, highly sulfated, heparin-derived oligo
saccharides using triethanolamine as the F AB matrix. In 
addition to the clear presence of monoanionic sodiated mo
lecular ions, structurally significant (sequence) fragment ions 
are observed and characterized with respect to the known 
structure for five of the heparin-derived oligosaccharides. The 
structure of a sixth oligosaccharide is predicted by using 
negative ion F AB-MS and subsequently confirmed by chem
ical, enzymatic, and NMR spectroscopic methods. 

EXPERIMENTAL SECTION 

Heparin sodium salt from porcine intestinal mucosa (145 
units/mg) was obtained from Hepar Industries, Franklin, OH. 

Heparin sodium salt from bovine lung (145.7 units/mg) was ob
tained from Sigma Chemical Co., St. Louis, MO. Heparin lyase 
(heparinase, EC 4.2.2.7) was either purified from Flavobacterium 
heparinum (29) (5 units (,umol/min) /mg) or heparin lyase (1.5 
units/mg) was obtained from Sigma. 

Strong-anion-exchange high-performance liquid chromatog
raphy (SAX·HPLC) was performed on a Spherisorb (5-,um particle 
size) column of dimensions 2 em X 25 cm from Phase Separations, 
Norwalk, CT. Sephadex G-I0 was purchased from Pharmacia 
Biochemicals, Piscataway, NJ. 

The triethanolamine used as the FAB-MS matrix was obtained 
from Sigma. All other chemicals utilized were of reagent grade. 

Enzymatic Depolymerization of Heparin. A 750-,uL 
aqueous solution containing 75 mIU of purified heparinase (13) 
or commercial heparin lyase was added to a 15-mL aqueous 
solution containing 120 mg of porcine mucosal heparin in 0.20 
M sodium chloride/5 mM sodium phosphate, pH 7.0, and the 
mixture was incubated at 30 °e. The reaction was monitored 
(absorbance at 232 nm) by removal of lO-,uL aliquots, which were 
then added to 990,uL of 0.03 M HCI. The reaction was complete 
within 24 h as determined by a constant absorbance. The addition 
of more enzyme caused no observable increase in absorbance. 

Purification of Heparin·Derived Oligosaccharides DS-I, 
TS·I, TS-U, TS-III, and HS-I Using Strong-Anion-Exchange 
High-Performance Liquid Chromatography. SAX-HPLC was 
performed as described previously (30). Briefly, the column was 
equilibrated with 0.2 M NaCl, pH 3.5. Heparin oligosaccharides 
(100 mg in 2 mL), produced in a complete heparin lyase reaction, 
were applied to the SAX-HPLC column by using a 2-mL fixed
volume loop. The column was eluted with a linear gradient 
(concentration (y, in molarity) at any time (x, in seconds) = 
O.OOOlx + 0.2) of NaCI, pH 3.5, with a flow rate of 10 mL/min. 
The separation was monitored by UV absorbance at 232 nm at 
2.0 absorbance units full scale. Fractions were collected, desalted 
twice by using a freshly prepared Sephadex G-10 gel permeation 
column, and quantified by UV absorbance at 232 nm (31). The 
SAX-HPLC purification and desalting was repeated to obtain 
heparin-derived disaccharide DS-I, tetrasaccharides TS-I, TS-II, 
and TS-III, and hexasaccharide HS-I, of greater than 90% purity 
(31). 

Preparation and Characterization of Heparin-Derived 
Hexasaccharide HS·II. Bovine lung heparin was depolymerized 
as described above, but the reaction was terminated at 80% 
completion. This results in a variety of transient oligosaccharides 
(oligosaccharides still possessing linkages at which heparin lyase 
could act). Following SAX-HPLC and desalting steps, oligo
saccharide HS-II is isolated, having a slightly shorter retention 
time than oligosaccharide HS-I on SAX-HPLC under the elution 
conditions described above. 

Fast Atom Bombardment Mass Spectrometry. The studies 
reported here were performed with a VG ZAB-HF in the fast atom 
bombardment (FAB) ionization mode. The FAB ion source used 
for these studies was the standard VG Analytical, Inc., system 
equipped with a saddle field atom gun. Xenon was used for the 
bombarding fast atom beam; typical operating conditions were 
beam energies of 8 ke V and neutral beam currents equivalent to 
1.5 mA supplied by an ION TECH (Model B 50) current and 
voltage regulator-meter. Negative ion F AB spectra were obtained 
by signal adding four or eight scans with the use of the multi
channel analysis (MCA) software of the VG 11-250 J data system. 

The solutions of heparin-derived oligosaccharides were prepared 
for negative ion FAB-MS by dissolving the solid sample in doubly 
distilled-deionized water to a concentration of 10-20 ,ug/,uL. 
Typically 1 ,uL of triethanolamine is placed on a standard VG 
stainless steel probe tip to which 1.5 ,uL of the oligosaccharide 
solution is added. 

RESULTS AND DISCUSSION 

In earlier papers, several experiments describing the mass 
spectrometric analysis of enzymatically (12, 14) and syn· 
thetically (26) prepared heparin oligosaccharides have been 
reported. Owing to the acidic nature of these highly sulfated 
and carboxylated compounds, negative ion fast atom bom
bardment mass spectrometry is used to provide molecular ion 
information (12, 26). Alkali-metal-attached molecular ions 
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Figure 1. Negative ion fast atom bombardment (FAB) spectrum of 
disaccharide OS-I. For clarity only those ions that correspond to 
molecular or sequence fragment ions are labeled. The structure of 
OS-I is presented in the polyanionic form (M - 4H). The molecular ion 
is the trisociiated. monoanionic species [M + 3Na - 4H]- at m/z 642. 

of the type [M + Nax - Hx+,j- (M represents the fully pro
tonated acid forms of di-. tetra-. and hexasaccharides; x = 2-9) 
were preferentially observed. For all previously reported 
experiments on the FAB-MS analysis of heparin oligo
saccharides. thioglycerol was the F AB matrix of choice and 
structurally significant fragment ions were not observed (12. 
22.23). 

It is interesting to note that thioglycerol has been reported 
to produce between a 5- and 10-fold increase in positive ion 
signal to noise ratio for a variety of polar organic molecules 
(32). For example. it was reported that sequence-specific 
fragment ions of oligopeptides. analyzed in the positive ion 
mode. were characterized by an increased signal to noise ratio 
facilitating the recognition of structurally significant fragment 
ions (32). Unlike oligopeptides. the sulfated oligosaccharides 
described in this paper are best analyzed in the negative ion 
mode. While the use of thioglycerol permits molecular ion 
determination of highly sulfated oligosaccharides, on the basis 
of the results stated above (32) it was anticipated that thio
glycerol would not aid in the production of structurally sig
nificant sequence fragment ions in the negative ion mode. 
Analysis of these enzymatically prepared oligosaccharides, 
using thioglycerol as the F AB matrix, yielded satisfactory 
molecular and fragment ion information only for the di
saccharide presented in this paper. Attempts at analysis of 
the tetra- and hexasaccharides, however, provided some mo
lecular ion formation (with extremely high sample loading; 
40 Itg/mL), but structurally significant fragment ions were 
not observed (13,33). 

Triethanolamine has been shown to provide an increase in 
overall sensitivity when FAB-MS analysis is performed in the 
negative ion mode (34). In this paper, the MS analysis of 
enzymatically prepared heparin oligosaccharides is reported 
using triethanolamine as the F AB-MS matrix. In all cases, 
molecular and structurally significant fragment ions are ob
served that correspond unambiguously to the known structures 
for these molecules. 

The negative ion FAB-MS spectrum and structure of the 
heparin-derived disaccharide MdoA2S(1 - 4)-a-D-GlcN2S6S, 
DS-I, (where Ll.ldoA is 4-deoxy-a-L-threo-hex-4-eno
pyronosy1uronic acid, GleN is glucosamine, and S is sulfate) 
is shown in Figure 1. The ions at m/z 642, 620, and 598 
correspond to molecular ions [DS-I + 3Na - 4H]-, [DS-I + 
2Na - 3 Hr. and [DS-I + Na - 2Hr. respectively. The most 
prevalent fragment ion observed is loss of a N aSos group (with 
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Figure 2. Negative ion FAB spectrum of tetrasaccharide TS-I. The 
structure of TS-I is presented in the polyanionic form (M - 7H). The 
molecular ion is the hexasodiated, monoanionic speCies [M + 6Na -
7H]- at m/z 1205. 

addition of H+) from the molecular ion, most likely resulting 
from a reaction between the matrix and the analyte. For 
example, the ions at m/z 540 and 518 correspond to loss of 
a NaSO, group from the previously described molecular ions 
at m/z 642 and 620 ([DS-I + 3Na - 3H - NaSOsr and [DS-I 
+ 2Na - 2H - NaSOsr, respectively; see structure in Figure 
1). In contrast to previously reported results (12,22, 23), 
structurally significant fragment ions are also observed. For 
example, in the spectrum of DS-I, the ion at m/z 360 assigned 
as the disulfated glucosamine fragment [D-GlcN2S6S + Na 
- 2Hr represents a sequence fragment ion of this heparin
derived trisulfated disaccharide. Note that the ion at m/z 
446 corresponds to the commonly observed triethanolamine 
(TEA) matrix ion of the type [3TEA - Hr. 

The negative ion F AB-MS spectrum and structure of the 
heparin-derived tetrasaccharide Ll.ldoA2S(1 - 4)-a-D
GlcN2S6S(1 - 4)-~-D-GlcA(1 - 4)-a-D-GlcN2S6S, TS-I 
(where GlcA is glucuronic acid), are shown in Figure 2. The 
molecular ions for TS-I are observed at m/z 1205, 1183, and 
1161. Structurally significant fragment ions corresponding 
to the loss of a NaSOs group are also observed in the negative 
ion FAB-MS spectrum of TS-I. For example, ions at m/z 1103 
and 1001 are assigned to the loss of one and two NaSOs groups 
(with addition of H+). Several sequence fragment ions are 
observed in the FAB-MS spectrum of TS-I. For example, the 
ion at m / z 923 is assigned as loss of the sugar residue from 
the nonreducing terminus of TS-I, whereas the ion at m/z 840 
is assigned to loss of the sugar residue from the reducing 
terminus of TS-I ([TS-I - (Ll.ldoA2S) + 4Na - 5H]- and [TS-I 
- (D-GlcN2S6S) + 5Na - 6HL respectively). The ion at m/z 
642 is the result of loss of two sugar residues nearest the 
reducing end of TS-I and corresponds to the sodiated mo
lecular ion observed for disaccharide DS-I ([TS-I - (D-GlcA(l 
- 4)-a-D-GlcN2S6S) + 2Na - 3H]- or [DS-I + 3 Na - 4Hn 

Ll.IdoA2S(1 - 4)-a-D-GlcN2S(1 - 4)-a-L-IdoA2S(1 -
4)-a-D-GlcN2S6S, TS-II (where IdoA is iduronic acid), is a 
structural isomer of TS-I differing only in the chirality of its 
internal uronic acid residue and the placement of a single 
sulfate group. The negative ion FAB-MS spectrum and 
structure of the heparin-derived tetrasaccharide TS-II are 
shown in Figure 3. Molecular ions at m/z 1205, 1183, and 
1161 are identical with those observed for TS-I, corresponding 
to [TS-II + 6Na -7Ht. [TS-II + 5Na - 6Ht. and fTS-II + 
4Na - 5Hr, respectively. Ions at m/z 1103 and 1001 corre
spond to loss of one and two molecules of NaS03 (with the 
addition of H+) from the molecular ion at m/z 1205 ([TS-II 
+ 6Na 6H - NaSOsr and [TS-II + 6Na - 5H - 2NaSOsL 
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Figure 3. Negative ion FAB spectrum of tetrasaccharide TS-II. The 
structure of TS-II is presented in the polyanionic form (M - 7H). The 
molecular ion is the hexasodiated, monoanionic species [M + 6Na -
7H]- at mlz 1205. 
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Figure 4. Negative ion F AS spectrum of tetrasaccharide TS-II I. The 
structure of TS-II I is presented in the polyanionic form (M - 8H). The 
molecular ion is the heptasodiated, monoanionic species [M + 7Na 
- 8H]- at mlz 1307. 

respectively). Ions at m/z 923 due to the loss of a single sugar 
residue at the nonreducing terminus of TS-II and m/z 840 
assigned as loss of the sugar residue at the reducing end of 
TS-II are observed. In addition, a fragment ion at m/z 642 
due to the loss of two sugars from the reducing terminus of 
TS-II and corresponding to the sodiated molecular ion of DS-I 
is observed. Finally, the ion at m/z 540 corresponds to loss 
of NaS03 (with H+ addition) from the fragment ion at m/z 
642. 

An abundance of structurally significant fragment ions is 
observed in the spectrum of the tetrasaccharide t.ldoA2S(1 
~ 4)-a-D-GlcN2S6S(1 ~ 4)-a-L-IdoA2S(1 ~ 4)-a-D
G1cN2S6S, TS-III, shown in Figure 4. Molecular ions are 
observed at m/z 1329, 1307, 1285, and 1263, which correspond 
to [TS-III + 8Na - 9H)", [TS-III + 7Na - 8H]-, [TS-III + 6Na 
- 7H]-, and [TS-III + 5Na - 6H]-, respectively. Structurally 
significant fragment ions assigned to loss of a NaS03 group 
are also observed in the negative ion FAB-MS spectrum of 
TS-III at m/z 1205 and 1103, corresponding to [TS-III + 7Na 
- 7H - NaSO,)" and [TS-III + 7Na - 6H - 2NaS03)". Al
though these compounds are thoroughly desalted, by use of 
repetitive gel permeation chromatography, an ion at m/z 1365 
is observed that corresponds to a sodium chloride adduct of 
the molecular ion at m/z 1307 ([TS-III + 7Na - 8H + NaCln 
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Figure 5. Negative ion FAS spectrum of hexasaccharide HS-I. The 
structure of HS-I is presented in the polyanionic form (M - 10H). The 
molecular ion is the nonasodiated, monoanionic species [M + 9Na -
10H]- at m/z 1810. 

Experiments to elucidate the chemical nature of the inter
action between NaCl and these heparin oligosaccharides are 
currently under way. 

Several sequence elucidating fragment ions are observed 
in the negative ion FAB-MS spectrum of TS-III. The ion at 
m/z 1025 is assigned as loss of one sugar residue from the 
nonreducing end of TS-III ([TS-III + 5Na - 6H - (MdoA2S))") 
while the ion at m/ z 942 corresponds to loss of the reducing 
terminal sugar, ([TS-III + 5Na - 6 H - (D-GlcN2S6SW). In 
fact the ion at m/ z 840 is assigned as corresponding to loss 
of a NaS03 group from the sequence fragment ion at m/ z 942 
([TS-III + 5Na - 5H - (D-GlcN2S6S) - NaS03rJ. The ion 
at m / z 744 corresponds to the triethanolamine (TEA) matrix 
complex [5TEA - H)". 

It is interesting to note that when TS-I, TS-II, and TS-III 
are exhaustively treated with either heparin monosulfate lyase 
or heparin lyase, they each form 1 mol of DS-I (TS-III gives 
2 mol of DS-I) (35). It is not surprising, therefore, that each 
spectrum contains an ion at m/z 642 corresponding to the 
sodiated molecular ion of DS-I ([DS-I + 3Na - 4HrJ. 

The ability to produce fragment ions corresponding to the 
sequence of these highly sulfated polysaccharides is much 
more difficult in the analysis of larger heparin-derived oli
gosaccharides. The structure of hexasaccharide t.ldoA2S(1 
~ 4)-a-D-G1cN2S6S(1 ~ 4)-a-L-IdoA(1 ~ 4)-a-D-GlcNAc6S(1 
~ 4)-{J-D-G1cA(1 ~ 4)-a-D-GlcN2S3S6S, HS-I, and its FAB
MS spectrum are shown in Figure 5. Molecular ions are 
observed at m/z 1810, 1788, and 1766 corresponding to [HS-I 
+ 9Na -10H]-, [HS-I + 8Na - 9H)", and [HS-I + 7Na - 8H)", 
respectively. Loss of one and two NaS03 groups from the 
molecular ion at m/z 1810 results in the fragment ions ob
served at m/z 1708 and 1606 ([HS-I + 9Na - 9H - NaS03)" 
and [HS-I + 9Na - 8H - 2NaS03)", respectively). Three 
sequence elucidating fragments are observed at m/z 1145, 840, 
and 642. The first ion, at m/z 1145, is assigned to loss of two 
sugar residues from the nonreducing end of HS-I ([HS-I -
(MdoA2S(1 ~ 4)-a-D-GlcN2S6S) + 5Na - 6Hn The second 
ion, at m/z 840, corresponds to the loss of three sugar residues 
from the reducing end of HS-I ([HS-I - (a-D-GlcNAc6S(1 ~ 
4)-{J-D-G1cA(1 ~ 4)-a-D-G1cN2S3S6S) + 4Na - 5HrJ. The 
third ion at m/ z 642 corresponds, as described above, to the 
sodiated molecular ion of DS-I resulting from the loss of the 
four reducing terminal sugars from HS-I ([HS-I - (L-IdoA(1 
~ 4)-a-D-GlcNAc6S(1 ~ 4)-{J-D-GlcA(1 ~ 4)-a-D
GlcN2S3S6S) + 3Na - 4H]- or [DS-I + 3Na - 4HrJ. 

Although sequence information for oligosaccharides DS-I, 
TS-I, TS-II, TS-III, and HS-I was obtained with negative ion 
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Figure 6. Negative ion F AB spectrum of structurally unknown hexa
saccharide HS-I I. The proposed structure of HS-I I is presented in 
the polyanionic form (M - 11H). The molecular ion is the decasodiated, 
monoanionic species [M + 10Na - 11H]- at mlz 1870. 

FAB-MS, these were all samples of known structure. The 
utility of this technique is clearly dependent on the ability 
to aid in the prediction of unknown sample structures. Oli
gosaccharide HS-II (Figure 6), isolated from a partial enzy
matic depolymerization of bovine lung heparin, was originally 
thought to have the same structure as HS-I. Upon analysis, 
HS-II was observed to produce molecular ions that were 60 
amu higher in mass than HS-I. The molecular ions at mlz 
1870, 1848, and 1826 are assigned as nonacetylated octa
sulfated hexasaccharide with molecular ions [HS-II + 10Na 
- llHr, [HS-II + 9Na - 10Hr, and [HS-II + 8Na - 9Hr, 
respectively. The ion at ml z 1928 results from addition of 
one molecule of sodium chloride to the molecular ion at mlz 
1870 ([HS-II + lONa -llH + NaCW). The loss of one and 
two NaSO, groups from the molecular ion at mlz 1870 is 
observed at mlz 1768 and 1666 ([HS-II + lONa - 10H -
NaSO,]- and [HS-II + lONa - 9H - 2NaSO,L respectively). 

Owing to the fact that DS-I, TS-I, TS-II, TS-III, and HS-I 
comprise approximately 86 % of the total oligosaccharide mass 
of heparin (31), it seems reasonable to suggest that HS-II 
would be composed of some combination of the di- and tet
rasaccharides described above. Therefore, the fragment ions 
in the negative ion FAB-MS spectrum of HS-II at mlz 1307, 
1205, and 642 provide structure information required to de
duce the sequence of HS-II. These fragments correspond to 
the sodiated molecular ions of TS-III, TS-I (or TS-Il), and 
DS-I, respectively. The fragment at mlz 1307 is assigned as 
the loss of the two sugar residues from HS-II ([HS-II - ({3-
D-GlcA(l ~ 4)-a-D-GlcN2S6S) + 7Na - 8Hn and corresponds 
to the sodiated molecular ion of TS-III. The fragment ion 
at mlz 1205 can be assigned to three different structures, two 
corresponding to the sodiated molecular ions of TS-II or TS-I 
and the third corresponding to the loss of a NaSO, group from 
the TS-III fragment at mlz 1307 ([TS-II + 6Na -7Ht, [TS-I 
+ 6Na - 7Hr, and [TS-III + 7Na 7H - NaSO,L respec
tively). Owing to the fact that formation of this fragment ion 
would require loss of two sugar residues and that this ion 
would have to be formed in accordance with the observation 
of the sodiated TS-III fragment (see structure of TS-III in 
Figure 4), it is proposed that the fragment ion at mlz 1205 
corresponds to the sodiated TS-I residue only (see structure 
of TS-I in Figure 2). In either event, loss of a NaSO, group 
from TS-III could account for a significant portion of the 
abundance of the fragment ion at mlz 1205. The fragment 
ion at m I z 642 is once again assigned as the sodiated molecular 
ion of DS-I, which could be produced via loss of four nonre
dueing end sugar residues. Combining the interpretation of 
the fragment ions observed in the negative ion F AB-MS 
spectrum of HS-II, one could propose either DS-I(l ~ 4)TS-I 
or TS-I(l ~ 4)DS-I as structures for oligosaccharide HS-II. 
The fragment ion at m/z 923 is further assigned as the loss 
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of one nonreducing end and two reducing end sugars from 
HS-II ([HS-II - (Ll.ldoA2S)-({3-D-GlcA(1 ~ 4)-a-D-GlcN2S6S) 
+ 4Na - 4H]-. Recall that a fragment ion at mlz 923 is 
observed in the negative ion FAB spectrum of TS-I and TS-II. 
It seems reasonable to suggest, therefore, that the structure 
of HS-II corresponds to DS-I(l ~ 4)TS-I (fully sodiated 
molecular ion formed is [DS-I(l ~ 4)TS-I + 10Na - llHrl 
from which the sodiated TS-III ion at m I z 1307 can be formed 
by loss of two reducing end sugars as described above. 

Proposing DS-I(l ~ 4)TS-I as the structure for HS-II by 
using negative ion FAB-MS analysis does not identify the 
chirality or the precise position of sulfate groups on each sugar 
residue. Therefore, enzymatic and NMR analyses were also 
used to aid in the interpretation of the structural information 
derived from the FAB-MS spectra. On exhaustive treatment 
with heparin lyase, oligosaccharide HS-II was broken down 
into 1 equiv each of two products that coeluted on SAX-HPLC 
with DS-I and TS-I, suggesting that oligosaccharide HS-II was 
simply DS-I(l ~ 4)TS-I or TS-I(l ~ 4)DS-I. Ozonolysis of 
HS-II followed by acidic workup (35) removes the unsaturated 
uronic acid residue on the nonreducing terminus of HS-II, 
affording a pentasaccharide with no UV chromaphore. On 
exhaustive treatment with heparin lyase this pentasaccharide 
afforded a single product (by SAX-HPLC using UV detection) 
that coeluted with TS-I. This experiment demonstrates that 
oligosaccharide DS-I is ozone-sensitive and must lie at the 
nonreducing terminus and thus establishes the sequence of 
oligosaccharide HS-II as DS-I(l ~ 4)TS-I. Proton NMR at 
360 MHz was also used to confIrm the structure of HS-II. The 
chemical shifts for the anomeric signals starting at the non
reducing terminus are 5.57, 5.45, 5.21, 5.39, 4.62, and 5.50, 
consistent with the proposed sequence of the heparin-derived 
oligosaccharide HS-II (12, 13). 

This study further illustrates that the use of F AB-MS can 
aid in the unambiguous structural assignments of these and 
other heparin-derived oligosaccharides. Triethanolamine 
serves as an excellent FAB matrix in the negative ion mode, 
possibly enhancing the production of abundant molecular and 
structurally significant fragment ions of highly sulfated he
parin-derived oligosaccharides. Since derivatization reactions 
are not required, analysis of larger heparin oligosaccharides 
can be performed. The use of enzymatic, chemical, and NMR 
spectroscopic methods to aid in the confirmation of the pre
dicted structure (based on negative ion FAB-MS results) of 
HS-II for the first time establishes the predictive value of 
FAB-MS in obtaining structure and sequence information of 
unknown highly sulfated, heparin-derived oligosaccharides. 
Further studies into the sequence determination of larger 
biologically active heparin oligosaccharides are currently under 
way. 
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Photodissociation in a Reflectron Time-of-Flight Mass Spectrometer: 
A Novel Mass Spectrometry IMass Spectrometry Configuration for 
High-Mass Systems 

Sir: The relative merits of time-of-flight (TOF) mass 
spectrometers have been discussed frequently. TOF instru
ments have the advantage of multichannel mass detection, 
high-frequency data acquisition, and high mass range. How
ever, the applications of these instruments have been limited 
because of their low mass resolution. In recent developments, 
resolution limits on TOF instruments have been improved 
dramatically by the use of the "reflectron" confIguration (1-6). 
Resolution in reflectron TOF systems has been demonstrated 
in the range of several thousand atomic mass units (1-6). This 
performance is now acceptable for many demanding appli
cations. Nevertheless, TOF instruments have the remaining 
difficulty that they are not easily adaptable to tandem mass 
spectrometry experiments (i.e. MS/MS). In this corre
spondence, we describe a novel scheme involving a reflect ron 
tandem instrument that overcomes many of the previous 
limitations on TOF systems for MS/MS experiments. This 
instrument configuration, and variations on this general theme, 
may have significant applications in a variety of mass spec
trometry environments, particularly those involving large 
molecules. 

Before we describe the new instrument, it is important to 
consider the problems inherent in MS /MS experiments using 
conventional TOF instruments. Collisionally activated dis
sociation (CAD) is fundamentally incompatible with TOF 
measurements because collisions destroy the required well
defined ion kinetic energy. ModifIed TOF instruments have 
been used for CAD studies, but with unsatisfactory results 
compared to those obtained with other instruments (7, 8). 
TOF instruments have been used successfully for one stage 
of analysis in MS/MS CAD experiments (9, 10). Additionally, 
new experiments have been described employing tandem TOF 
instruments with a solid surface for collisional activation (11). 
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However, gas-phase CAD has not proven to be very useful for 
TOF /TOF experiments. In principle, laser radiation can be 
used instead of CAD for photodissociation with less distortion 
of the time-of-flight information. There have in fact been 
some successful examples of end-to-end tandem TOF ex
periments using laser dissociation (12-14). However, these 
experiments are difficult in practice because the fast ion beam 
must be overlapped in time and space with a pulsed (usually 
nanosecond) laser. Deceleration and reacceleration of the ion 
beam provides a partial solution to the problem, but the timing 
considerations are still critical. The reflectron configuration 
described below provides optimal laser overlap with the ion 
beam, while at the same time minimizing the uncertainties 
in the photodissociation laser firing time. 

The schematic diagram of the reflectron system in our 
laboratory is shown in Figure 1. Sample species for photo
dissociation experiments in this system are introduced in a 
pulsed molecular beam. However, this sample introduction 
scheme is not critical for the operation of the reflectron system. 
Ions are formed by intersecting the collimated molecular beam 
with the unfocused output of an excimer laser operating at 
either 193 or 157 nm (ArF or F2 mixtures, respectively). Ions 
are accelerated into the first arm of the flight with a two-stage 
acceleration plate confIguration, imparting a constant kinetic 
energy to all species. Mass selection occurs at the end of the 
first flight tube (1.2 m from the ionization point). Parallel 
plates (3-cm spacing) at this position are biased with a positive 
voltage (typically 100 V), which deflects positive ions off the 
flight tube axis. The rise time of this pulse, which is about 
1 !-,S in the present system, is the limiting factor in mass 
selection capability. At the precise arrival time of the ion 
packet to be selected, the deflection voltage pulses to ground, 
transmitting that ion packet to the reflection region. The 
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Figure 1. Apparatus configuration used for MS/MS experiments in the 
refleetron time-ot-flight mass spectrometer. 

reflection region of our instrument is constructed like those 
described previously (l--fi). The angle between the two flight 
tubes is 12°, determined by other geometrical constraints in 
the molecular beam machine. However, windows are added 
to the vacuum system, allowing the introduction of a photo
dissociation laser in the reflection region. Specifically, the 
laser position and reflection voltages are adjusted so that the 
laser intersects the ion beam at the peak of its trajectory. At 
this point, the average vertical velocity component of the ion 
beam is zero, making it possible to fire the dissociation laser 
with the minimum timing uncertainty. Dissociation is ac
complished with a second excimer laser. Residual parent ions 
and daughter fragment ions resulting from photodissociation 
are reaccelerated and mass analyzed by their flight time 
through the second arm of the flight tube (1.0-m length). The 
lasers and pulsed nozzle for this experiment are synchronized 
with a digital delay generator (Stanford Research Systems). 
Arrival time spectra are recorded with a transient digitizer 
system (Transiac Model 2101), triggered so that time zero is 
the fragment laser firing. Computer differences are accu
mulated for a sequence of 20 cycles with the fragment laser 
on and off for 20 laser shots each per cycle (800 total shots). 
The final spectrum presented is the resulting difference (laser 
on-laser off), indicating depletion in the parent ion channel 
and positive-going daughter fragments. 

An example of the performance of this instrument is shown 
in Figure 2 for the metal cluster ion Pb17+ at m/z 3522. This 
species was produced by pulsed vaporization of a solid lead 
sample with a Nd:YAG laser at 532 nm, followed by pho
toionization at 193 nm. The 17-atom ion was size-selected 
out of a distribution containing clusters from two to 20 atoms 
in size and dissociated at 308 nm (XeCI excimer laser). The 
depletion in the parent ion channel represents approximately 
5 % of the available parent ion density per shot for a disso
ciation laser power of 1 mJ / cm2• Higher laser powers produce 
greater depletion, but at the expense of multiphoton rather 
than single-photon absorption. Mass spectral studies of these 
cluster systems have been discussed in detail in previous 
reports from our laboratory (15). As shown, in this experiment 
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Figure 2. Representative photodissociation spectrum obtained with 
the reflectron system. In this spectrum, the parent ion is a 17-atom 
cluster of lead atoms. Dissociation at 308 nm produces fragment ions 
containing from six to 13 atoms. 

the primary charged fragments are in the size range of six to 
10 atoms. In principle, the integrated intensity of the fragment 
ions should add up exactly to the parent ion depletion, but 
this is not exactly the case in Figure 2. In part, this nonad
ditive effect is caused by the poor shot-to-shot reproducibility 
of our experiment (primarily due to the laser vaporization 
cluster source), amplified by the difference techniq,"e used 
in data acquisition. Another more interesting effect is caused 
by the ion optics of the reflectron itself. Trajectory calcula
tions show that the corresponding parent and fragment ions 
do not follow exactly the same trajectory and are laterally 
displaced from each other on the detector. Our present de
tector has a small acceptance aperture (1 cm2), making it 
difficult to achieve optimum focusing for both parent and 
fragment ion beams. An increased area detector (e.g. I-in. 
diameter) would eliminate this problem. Under the typical 
operating conditions used here, the first-stage acceleration 
voltages total 1700 V, and the delay between the ionization 
and dissociation laser pulses is 179 I"S. The time interval 
within which the dissociation laser beam can be made to 
intersect the parent ion beam is 3.0 I"S. This same experi
mental configuration without the fragmentation laser can be 
used to detect unimolecularly produced, or metastable, 
fragment ions resulting from the laser photoionization process. 
While we have detected metastables for other cluster systems 
(e.g. benzene clusters), we have not detected metastable lead 
cluster fragments. 

It should be noted that laser dissociation experiments in 
reflectron spectrometers have been described previously (I6, 
17). However, this is the first such experiment in which 
dissociation occurs in the reflection field at the turning point 
in the ion trajectory. We have tried experiments with dis
sociation at other positions just prior to the reflection f,eld 
or within the field prior to the turning point and find that 
the timing considerations are quite severe in these configu
rations. 

Although the timing is convenient for dissociation at the 
turning point, it is important to consider the possible effects 
of mass discrimination in this geometry. To do this we have 
used trajectory calculations on a variety of parent ion e Jd 
fragment ion masses, with dissociation at different points along 
the trajectory. If there is no significant kinetic energy release 
in the lighter fragment ions, fragmentation at the turning point 
results in the least possible deviation between the parent ion 
and fragment ion trajectories. However, if there is significant 
kinetic energy release, fragment ion trajectories may be suf
ficiently displaced from the parent ion axis so that they will 
miss the dectector. Significant kinetic energy release is not 
expected for unimolecular decay of large molecule~ However, 
the exact amount of energy release necessary to cause a 
fragment ion to miss the detector depends on the mass ofthe 
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fragment, the distance to the detector, the size of the detector, 
and the angular distribution of the fragment. In our instru
ment, even a few tenths of an electronvolt of energy is suf
ficient to cause fragment loss if the energy is directed exactly 
perpendicular to the ion beam axis. Fragment ejection parallel 
to the beam axis may cause broadening in the arrival time 
spectrum. While we have made preliminary observations of 
fragment ion loss from diatomic and triatomic metal parent 
ions, we have not measured any noticeable broadening in 
arrival time spectra. 

One of the initial applications of reflectron instrumente was 
in the study of metastable ion decay (2,5, 6). These exper
iments used the slow overall time scale for ion drift in the first 
flight tube, deceleration, and reacceleration to probe micro
second metastable lifetimes. Unimolecular dissociation life
times are another common problem in photodissociation 
studies of large molecules. In the configuration described 
above, however, irradiated ions remain in the turning region 
for up to 3-4 !,s (mass dependent) before reacceleration. This 
instrument is therefore sensitive to ~slow" unimolecular 
fragmentation processes. 

It should be emphasized that the present system is not yet 
fully optimized for the study of large molecules. The system 
described in Figure 1 is in fact equivalent to two low-resolution 
spectrometers connected by the reflection / dissociation region. 
Mass selection of parent ions and mass analysis of fragment 
ions are both limited to unit resolution at about m/ z 200 
(typical for a simple linear TOF). However, the same Pb!7 + 

ion can be detected without photodissociation by its time of 
flight through the full reflectron instrument with a resolution 
of about 1000. To incorporate this general idea into the design 
of a genuine high-mass/high-resolution instrument, then, it 
should be possible to include a reflectron for high-resolution 
analysis prior to mass selection and another reflectron after 
the dissociation region for high-resolution analysis of frag
ments. This "triple reflectron" instrument would not be simple 
geometrically, but designs based on the linear reflectron (3, 
18) concept could be used to achieve a more compact system. 

The general design philosophy described here may have 
significant applications for the study of large molecules, 
particularly for biological systems. Kinematic effects asso
ciated with large mass differences between parent ions and 
collision partners make collisionally activated dissociation less 
attractive than high-energy laser dissociation for these systems 
(19,20). In the reflectron configuration the timing problems 
associated with laser experiments are effectively eliminated, 
and the benefits of essentially unlimited mass range can be 
realized without sacrificing resolution. Additionally, the pulsed 
nature of these laser experiments lends them naturally to 
coupling with recently developed laser desorption sources 
(21-25) for the study of involatile species. These and other 

applications of reflectron systems are under current investi
gation in our laboratory. 
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Polishable Modified Carbon Fiber Composite Electrodes Containing 
Copolymers of Vinylferrocene or Vinyl pyridine in a Cross-Linked 
Polystyrene Matrix 

Sir: The carbon fiber composite electrodes described herein 
are polishable, random arrays of polymer-modified ultrami
croelectrodes. These electrodes illustrate two new general 
approaches for obtaining modified electrodes that have re
newable surfaces, but with electrochemical properties resem-
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bling those of their nonrenewable polymer-film counterparts. 
These new types of electrodes may be designed and fabricated 
to have the selectivity, sensitivity, and detection limit of 
surface-modified electrodes, the signal-to-charging-current 
ratio and steady-state behavior ofultramicroelectrodes (1, 2), 
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Figure 1. Cross sectional view of cylindrical modified carbon fiber 
composite electrodes. The black disks represent carbon fibers (7.2-,um 
diameters; not drawn to scale). (a) Matrix-modified electrode. The 
white area represents a copolymer of vinylferrocene or vinylpyridine 
with cross-linked polystyrene. (b) Ring-modified electrode. The rings 
surrounding the disks represent a coating of cross-linked poly(vinyl
ferrocene) (also not to scale). The matrix (white area outside rings) 
is cross-linked polystyrene. 

and the geometric current density and polishability of solid 
electrodes. Electrocatalysts may be incorporated into the 
composite matrix as well. 

Both types of electrodes rely on bundles of carbon fibers 
dispersed in a cross-linked polystyrene matrix; the fibers are 
collinear within the cylinder that comprises the composite 
electrode. Carbon fiber microelectrodes (3-6) and arrays (7, 
8) of carbon fibers have been used widely by electrochemists 
because of the useful physical properties of the carbon fibers 
themselves. Commercially available carbon fibers are typically 
less than 10 }J.m in diameter, are flexible, have electrical re
sistances from 1.0 to 4.0 kll/ cm (3), and are inexpensive. 

Modification of the carbon fiber electrodes was accom
plished by one of two means: matrix modification or ring 
modification. Matrix-modified electrodes were prepared by 
copolymerizing vinylferrocene or vinylpyridine along with the 
styrene and divinylbenzene (DVB) that formed the composite 
matrix. For ring-modified electrodes, individual fibers in a 
bundle were coated with cross-linked poly(vinylferrocene) by 
electrocopolymerization of vinylferrocene and DVB. The 
coated fibers were then incorporated into a cross-linked 
polystyrene matrix as described above. A diagram of the cross 
section of the cylindrical electrodes is shown in Figure 1. 

The general concept of ring-modified electrodes was mod
eled after the work of Subramanian (9) and of Bell and co
workers (10, 11), who used electropolymerization to form 
polymeric interlayers on carbon fibers used in epoxy com
posites, for improved mechanical properties. 

Recently we reported carbon particle composites containing 
solids (12), vinylferrocene (13), and vinylpyridine (14) as 
modifiers. Also, Wang and co-workers used commercially 
available epoxy-bonded graphite to prepare bulk-modified 
electrodes containing a cation-exchange resin, poly(vinyl
pyridine), or cobalt phthalocyanine (15). Both particles and 
fibers have advantages as the conductive components of the 
composite, depending upon the application. The advantages 
of fibers used in electrodes described herein includ e improved 
conductivity, enhanced mass transport propertiec, and espe
cially, ease of miniaturization (16). In addition, the uniform 
size of the microelectrodes will be easier to treat mathemat
ically. 

EXPERIMENTAL SECTION 

Materials. Hercules AS4 carbon fibers were provided to us 
by James P. Bell, University of Connecticut. The fibers were 
packaged as a 3000-fiber bundle around a spool, and individual 
fibers had nominal diameters of 7.2 /lm. Scanning electron mi
croscopy showed that these fibers have uniform, circular cross 
sections. 

Styrene, divinylbenzene (DVB), and vinylpyridine were pur
chased from Aldrich Chemicals and were vacuum-distilled. Vi
nylferrocene was also purchased from Aldrich and was purified 
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by sublimation. Dimethylfonnamide (DMF), obtained from Baker 
Chemicals, was distilled and dried over activated alumina. Water 
was purified by using a Millipore reverse osmosis-ion-exchange 
system and had a measured resistivity of 18 MD cm. All other 
chemicals were of reagent grade and used as received. 

Methods. Matrix-modified electrodes were prepared by mixing 
the modifying monomer (vinylferrocene or 4-vinylpyridine) with 
styrene, DVB, and azobis(isobutyronicrile) (AIBN) radical initiator 
and sonicating for 15 min to ensure dissolution of the AIBN and 
complete mixture of the monomers. An example composition for 
the vinylferrocene copolymer matrix-modified electrode was 67.8% 
styrene, 2.4% vinylferrocene, 26.9% DVB, and 2.9% AIBN. To 
minimize swelling (see below), while maintaining a high capacity 
for binding, the following composition was used for copoly(vi
nylpyridine) composites: 39.1 % styrene, 39.9% vinylpyridine, 
19.0% DVB, and 2.0% AIBN. 

The carbon fibers were inserted into open-ended glass tubes 
(inner diameters of 1-5 mm). The tubes were placed upright in 
glass vials and were filled with the monomer mixture. After 
sonication for an additional 5 min, the vials were sealed with screw 
caps and heated in an oven at 65°C for 3-10 h. 

Vinylferrocene ring-modified composite materials were prepared 
by first electrocopolymerizing vinylferrocene and DVB to form 
films of the copolymer on individual fibers. This process was 
accomplished by maintaining a nominal potential of -2.5 V versus 
a Ag/ Ag+ (0.01 M) reference electrode for 30 min with carbon 
fiber bundles used as working electrodes in dry DMF solution 
that contained 10 mM vinylferrocene, 2 mM DVB, and 0.1 M 
tetrabutylammonium perchlorate (TBAP) (17). Alternatively, 
64% dimethylacetamide (DMAC) in aqueous 0.1 M sulfuric acid 
was used as the solvent. Here, the minimum amount of DMAC 
was used to keep the solution clear, indicating dissolution of 
monomers. This approach minimized the solubility of oligomers 
and polymers produced at the surface of the electrode and allowed 
growth of thicker films. 

After the electropolymerization process, the fibers were rinsed 
thoroughly with dry DMF, spread out, and hung to dry in an oven 
at 40°C for 1 h. These modified fibers were placed in open-ended 
glass tubes that were filled with a solution of 70-78% styrene, 
28-20% DVB, and 1-2% AIBN (weight percent) and sonicated 
for 5 min to disperse the fibers. After sonication, the tubes were 
placed in an oven and heated at 65°C for 2-5 h. 

The composite cylinders were sealed into glass tubes with epoxy 
and prepared for use as electrodes by first grinding with suc
cessively smaller grit (320, 400, and 600 grit) silicon carbide paper 
(3M Company). Polishing was performed with 6-}J.m and l-}J.m 
diamond paste followed by 0.05-}J.m ,),-alumina (all from Buehler). 
The electrodes were rinsed thoroughly with acetone and water 
after each successive polishing step. Glassy carbon electrodes were 
polished according to the same procedure. 

Instrumentation. Scanning electron microscopy (SEM) and 
energy dispersive X-ray analysis were performed by using an 
Amray-1000 SEM instrument with an EDAX-9100 attachment. 
Fourier transform infrared (FTIR) spectra were obtained with 
a Mattson Cygnus 100 FTIR spectrometer. All electrochemical 
experiments were performed with a BAS-100 electrochemical 
analyzer. Electroanalytical experiments were carried out in 
aqueous 0.1 M KCI using a Ag/ AgCI reference electrode unless 
noted otherwise. 

RESULTS AND DISCUSSION 
Preparation and Characterization of Composite Ma

terials. Composites as Materials. The composite cylinders 
formed after polymerization of the matrix were hard and 
appeared dark and glasslike. In the case of ring-modified 
electrodes, the carbon fibers, normally quite flexible, became 
very rigid upon formation of the cross-linked poly(vinyl
ferrocene) film via electrocopolymerization. 

In order to estimate the thickness of the polymer films, 
electropolymerization was carried out using bundles of fibers 
as working electrodes under conditions similar to those de
scribed in the Experimental Section. The fibers were then 
dried in a vacuum oven at 40°C for 15 h. The weight gained 
by the fibers was consistent with coatings in the range of 
0.03-{).7 I'm thick; the thicker coatings were obtained by using 
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Figure 2. Scanning electron micrographs of cross section of vinyl
ferrocene-modified composites. (a) Matrix-modified carbon fiber 
composite electrode magnified 480 times. Bar represents 20 .urn. (b) 
Ring-modified carbon fiber composite electrode magnified 2600 times. 
Bar represents 2 ,urn. 

the mixed solvent system (dimethylacetamide/sulfuric acid). 
Evidence that the films remained intact upon incorporation 

into the cross-linked polystyrene composite is given below. 
The electrodes were evaluated as materials by using scanning 
electron microscopy. Bulk properties, i.e. adherence of the 
cross-linked polystyrene matrix to coated and uncoated fibers, 
and properties of the electrode surface after cleavage, pol
ishing, and ultrasonication were of interest. 

Figure 2 shows scanning electron micrographs of cross 
sections of the matrix- and ring-modified vinylferrocene 
composite materials. The samples were prepared by placing 
the composite cylinder in liquid nitrogen for 30 s and then 
breaking the material in two. The fractured surface of the 
matrix-modified electrode shown in Figure 2a shows that fibers 
protruding from the surface were oriented in a similar di
rection with respect to the fractured surface, and the fibers 
themselves were not evenly dispersed throughout the com
posite. Energy dispersive X-ray analysis (EDX) showed that 
iron from the ferrocene moieties was located throughout the 
polymer matrix, as expected. 

The cross section of the vinylferrocene ring-modified fiber 
composite is shown in Figure 2b. This composita material was 
very similar to the matrix-modified electrode; the fibers were 
unevenly distributed and had a nearly uniform orientation 
with respect to the surface of the material. Energy dispersive 
X-ray analysis showed that roughly 20 times more iron was 
located on the poly(vinylferrocene) coating on the fibers than 
on ends of the carbon fibers; iron was not detected within the 
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Figure 3. Scanning electron micrographs of polished matrix-modified 
composite electrode: (a) after 1 min of sonication, magnified 1000 
times; (b) after 15 min of sonication, magnified 1100 times. The 
polishing procedure is described in text; bars represent 10 ,urn. 

cross-linked polystyrene matrix of this composite. The sides 
of the poly(vinylferrocene)-coated ring-modified carbon fibers 
appeared much smoother in the SEM images than did those 
of uncoated fibers from the same batch (10, 11). These data 
suggest that the electropolymerized vinylferrocene coating was 
indeed cross-linked by copolymerization with DVB and re
mained intact, rather than dissolving in styrene and di
vinylbenzene used to form the surrounding matrix. 

There was a marked difference between the degrees of fiber 
pull-out for the two materials. There appeared to be a strong 
bond between the uncoated fibers and cross-linked polystyrene 
that allowed fibers to pull out of the matrix only very slightly 
upon breakage of the composite rod. However, fibers coated 
with poly(vinylferrocene) pulled out much further and showed 
poorer binding between the poly(vinylferrocene) film and the 
surrounding cross-linked polystyrene matrix. The poor 
bonding led to improved mechanical strength since the fibers 
could slip within the matrix, but occasional fissures appeared 
as well (revealed upon polishing as discussed below). 

Electrode Polishing. The procedure used to polish elec
trodes (described in the Experimental Section) left large 
amounts of alumina on the surface of the matrix-modified 
electrodes as shown by scanning electron microscopy (Figure 
3a) and EDX. The surfaces of the carbon fibers were not 
directly visible anywhere on the surface of the composite, 
probably because they were obscured by alumina and diamond 
particles and polymeric debris that adhered to the ends of the 
carbon fibers and the polymer matrix surrounding them. 
Ultrasonication for 15 min removed the debris and revealed 
the ends of the carbon fibers (Figure 3b). The fibers protruded 
from the surface of the electrode, thereby increasing the active 
surface area of the electrode. Close inspection of the micro
graph shows that even after sonication, some particles were 
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Figure Scanning electron micrographs of polished ring-modified 
carbon fiber composite electrode: (a) after 1 min of sonication, 
magnified 1000 times; (b) after 15 min of sonication, magnified 1040 
times; {c} same as b, different location on surface. Bars represent 
10 11m. 

still imbedded within the electrode's surface. 
The polished surface of a poly(vinylferrocene) ring-modified 

electrode is shown in Figure 4a. EDX analysis again showed 
signal for aluminum, a result of polishing with alumina 

The particles themselves are also visible. EDX 
analysis also showed that iron was distributed evenly across 
the surface as a result of polishing (recall that iron was as
sociated only with the fibers when a cross section of the 
electrode was examined). 

Although sonication for 15 min cleaned the surface of the 
electrode considerably, there were still many alumina and 
diamond particles imbedded in the surface of the electrode 
(Figure 4b). As discussed above, the poly(vinylferrocene)
coated fibers did not bind strongly to the composite matrix; 
this led to formation of rare fissures such as the one shown 
in the polished electrode in Figure 4c. 

Electrochemical Behavior of Carbon Fiber Composite 
Electrodes. Unmodified Composite Electrodes. Unmodified 
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Figure 5. Cyclic voltammogram of 5 mM hexammineruthenium(III) 
chloride in aqueous 0.1 M KC! electrolyte solution on unmodified carbon 
fiber composite electrode containing 3000 fibers in a geometric area 
of 0.0707 cm2. Scan rate was 50 mV/s. 
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Figure 6. CycliC voltammograms of vinylferrocene-modified carbon 
fiber composite electrodes (O.0314-cm2 geometric area) in blank 
electrolyte (0.1 M KGI) solution at scan rates of 100 mV/s: (a) ma
trix-modified electrode, 3000 fibers; (b) ring-modified electrode, 6000 
fibers. 

carbon fiber composite electrodes were prepared to evaluate 
synthetic procedures and electrochemical performance of 
fibrous composite electrodes. Figure 5 shows a cyclic volt
ammogram for an aqueous solution containing 5 mM hex
ammineruthenium(III) chloride and 0.1 M KN03 on an un
modified carbon fiber composite electrode. This electrode had 
a diameter of 3 mm and contained 3000 fibers, which is 42000 
fibers/ em'. The shape of the voltammogram suggests that 
both time-dependent planar diffusion and steady-state radial 
diffusion were important components of mass transport to the 
random array of microelectrodes. The voltammogram's shape 
is similar to that expected at a single microelectrode. However, 
the voltammogram was obtained with conventional instru
mentation since the current was the sum of responses for 3000 
carbon fibers. 

Poly(vinylferrocene) Composite Electrodes. Previous work 
on modified particulate carbon composite electrodes showed 
that vinylferrocene could be incorporated into a composite 
material containing carbon black and that its properties were 
similar to those ofpoly(vinylferrocene) fihns on solid electrodes 
(13). Figure 6 shows cyclic voltammograms for (a) a ma
trix-modified poly(vinylferrocene) composite (3 % vinyl
ferrocene, 78 % styrene, 18 % D VB, 1 % AIBN) and (b) a 
ring-modified poly(vinylferrocene) composite in blank elec
trolyte solution. The peak current densities were 0.7 and 0.6 
mAl em', respectively (geometric surface areas of all fibers 
were added to calculate current density). 
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Figure 7. Square wave voltammograms of (a) poly(vinylferrocene) 
ring-modified carbon fiber composite (same electrode as in Figure 6b) 
in acetate buffer solution. pH 3.0, and (b) same solution as a with 2 
mM ascorbic acid added. Conditions: composite electrode (---) and 
glassy carbon electrode with geometric surface area of 0.0855 cm2 

(-); square wave amplitude. 25 mV; frequency, 15 Hz; step potential, 
4 mV. 

Peak current density can probably be increased dramatically 
by improving the conditions under which the polymer film 
is formed. For example, a peak current density of6.1 rnA/cm2 

was obtained for ferrocene moieties at 50 m V / s for a single
fiber ring-modified electrode (16) prepared as follows. The 
fiber was held at -1.5 V vs SCE for 16 h in a solution con
taining 41 mM vinylferrocene, 11 mM DVB in 74% DMAC 
in 2% (v/v) sulfuric acid before fabrication of the single-fiber 
electrode. The ring-modified electrodes allow higher con
centrations of ferrocene centers at the surface of the electrode 
than do matrix-modified electrodes because incorporation of 
too much vinylferrocene into the matrix yields a crumbly 
polymer. 

Composite electrodes made without vinylferrocene showed 
no evidence of faradaic current in the range of potentials 
attributed to ferrocene moieties in modified electrodes. A 
Fourier transform infrared (FTIR) spectrum of a KBr pellet 
containing pulverized fibers coated with vinylferrocene co
polymer showed peaks at 995, 815, and 1080 em-I, which have 
all been attributed to poly(vinylferrocene); the latter two peaks 
have been assigned to the cyclopentadienyl rings in the fer
rocene moieties (18). No extraneous peaks that would have 
to be attributed to breakdown products of ferrocene were 
observed. 

Electrode surfaces prepared by freezing the matrix- and 
ring-modified composite rods and then cleaving them showed 
electrochemical characteristics qualitatively similar to those 
of surfaces that were polished. However, peak currents were 
2.2 and 3.7 times larger, respectively, which probably can be 
attributed to cleaner surfaces presented to electrolyte solution 
and the resulting increase in active electrode area. 

The electrochemical behavior of these materials as modified 
electrodes for catalytic applications was investigated by using 

-a.2OO 

b T 
'! 

;0. "'.5 

E I\XJL TI 

Figure 8. Cyclic voltammograms of 0.3 mM ferricyanide. The currents 
increase over time on vinylpyridine-rnodified carbon fiber composite 
electrodes: (a) ° and 1 h at pH 3.0; (b) ° and 1 h at pH 2.0; (c) 0, 
1, and 2.5 h at pH 1.0. Scan rate was 250 mV Is. 

the the ferrocene moiety for oxidation of ascorbic acid (19, 
20). Figure 7 shows square wave voltammograms for (a) a 
ring-modified poly(vinylferrocene) fiber composite electrode 
in blank electrolyte solution (pH 3.0) and (b) the oxidation 
of ascorbic acid on a glassy carbon electrode and on a ring
modified composite electrode at pH 3.0. 

A summary of peak potentials and peak currents appears 
in Table L The peak current density at a ring-modified 
poly(vinylferrocene) composite electrode increased by a factor 
of 21 when 2 mM ascorbic acid was added to the pH 3.0 buffer 
solution. The peak potential was about 170 m V less positive 
in the presence of electrode-bound ferrocene, relative to an 
unmodified glassy carbon electrode. The improved efficiency 
of mass transport to the carbon fibers was largely responsible 
for the 32-fold increase in current density, relative to that for 
glassy carbon. 

Poly(vinylpyridine) Composite Electrodes. Matrix-mod
ified composite electrodes were made with fiber densities of 
83000 fibers/ cm2 in a polymer matrix containing 40% vi
nylpyridine, 39% styrene, 19% DVB, and 2% AIBN. These 
electrodes yielded clean background signals and good electrode 
responses for methyl viologen, hexammineruthenium(III), and 
ferricyanide in solutions buffered at pH 7. However, at more 
acidic pH values, the pyridine moieties within the polymeric 
matrix caused the polymer to swell via protonation and 
changed the electrode response toward ferricyanide, as re
ported for particulate carbon composite electrodes containing 
copoly(vinylpyridine) (14). 

A series of voltammograms was recorded that illustrates 
the responses of a vinylpyridine copolymer electrode at dif
ferent pH values as a function of time. The responses of this 
electrode for the reduction of 0.3 mM hexacyanoferrate(III) 
with pH buffered at values of 3.0, 2.0, and 1.0 are shown in 
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Table I. Square Wave Voltammetric Data for Oxidation of 
Ascorbic Acid 

conditions(J 

glassy carbon electrode; 2 mM ascorbic 
acid 

ring-modified poly(vinylferrocene) 
composite electrode; blank electrolyte, 
pH 3.0 

ring-modified poly(vinylferrocene) 
composite electrode; 2 mM ascorbic 
acid, pH 3.0 

peak 
potential, 

mV 

529 

391 

362 

peak 
current 
density, 
rnA/em' 

0.2' 

0.3' 

6.4' 

(JOther conditions are as in Figure 7. bCurrent density was cal
culated by using geometric surface area. C Current density was 
calculated by using the combined surface areas of all fibers. 

Figure 8. Both charging and faradaic currents increased over 
the 1-2.5-h time periods shown. 

The changes over time were more dramatic at lower pH's 
because as the hydronium ion activity increased, swelling of 
the pyridine-containing electrode surface became more ex
tensive and occurred more rapidly. The higher charging 
currents indicate that increased active surface area was created 
as time passed. Since the faradaic current rose much more 
rapidly than the charging current, it is evident that the 
polymer, positively charged due to pyridine protonation, 
concentrated the highly charged ferricyanide ions. 
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A Statistical Justification Relating Interlaboratory Coefficients of 
Variation with Concentration Levels 

Sir: One of the most intriguing empirical relationships in 
modern analytical chemistry was published by Horwitz in 1980 
(1, 2); see for example Figure 1 of ref 2. 

The graph results from an examination of over 50 interla
boratory collaborative studies conducted by the Association 
of Official Analytical Chemists on various commodities for 
numerous analytes over the last 100 years. Individual methods 
are tested by at least half a dozen laboratories on a series of 
blind samples. The results are analyzed for bias and inter
laboratory variability. The graph relates the interlaboratory 
coefficients of variation (CV) found during proficiency testing 
with the concentration levels at which those particular analyses 
need to be carried out. The smooth relationship accomplishes 
this with no respect for the quite different methodologies and 
instrumentation used for the various analyses. 

We have taken the liberty of labeling the graph as the 
"Horwitz Trumpet". The trumpet has profound implications 
for the level of detection and the precision that can be ex-

0003-2700/89/0361-1465$01.50/0 

pected in setting legal controls in health-related legislation. 
The statistical techniques were developed to detect significant 
deviations from predetermined quality requirements and to 
provide a warning when this was no longer being fulfilled. The 
classical expectation of quality assurance is the production 
of identical interchangeable articles. However when an 
analytical laboratory produces results on a foodstuff, the re
sults are not a series of identical measurements. The foodstuff 
varies in composition and there is no predetermined, absolute 
reference point from which to measure. Frequently a con
sensus value is established by adding a constituent and then 
recovering it. This somewhat artificial process is the closest 
that is obtained to a reference. 

We now present a very simple theory that accounts very 
well for the experimental observations. 

Let us postulate the following origin of the "trumpet curve". 
Suppose each laboratory result were the summation of many 
simple yes/no binomial components, each estimating the 

© 1989 American Chemical SOCiety 
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concentration p. Then each point on the curve would be 
computed from a binomial distribution with parameters n and 
p, for some n. Each recorded sample result may be thought 
of as the mean of n binomial components. Of course we are 
not saying that all these experiments are carried out 
individually-only that the statistical accuracy of the results 
is such that the same coefficient of variation could hypo
thetically be achieved by carrying out n individual "yes-no" 
experiments. The yes-no experiments may be thought of as 
the individual quanta of which a large, sophisticated analytical 
scheme is composed. 

The variance of the mean of a binomial value is n-1p(1 -
p), while the expected value is p. Thus the coefficient of 
variation is 

CV(P) = [n-1p(1 - p)j1/2/p '" (n-lp)1/2/p = (nptl/2 

the approximation being valid for small p. For fixed n, a graph 
of (np t 1/ 2 against p or -log p, for p decreasing from 1 to zero, 
has the Horwitz trumpet shape. However, the fit of the 
calculated curve to the experimental curve at the center shows 
a positive deviation at high p and a negative deviation at low 
p. 

To obtain a good fit, the number of "effective binomial 
components" that constitute a result must increase as p de
creases. That is, at lower levels of detection as the experiment 
becomes more difficult, we postulate an increase in the number 
of "effective components" involved. 

The increased difficulty at lower concentrations includes 
the increasing importance of extraction, cleanup, and con
tamination, as well as the increasing demands on the instru
mentation and the operator. 

The question now arises as to what dependence of p on n 
to assume. Zipf's law or the principle of least effort (3) argues 
that a geometric relation exists for the extra "effort" (in our 
case increase in n log n) needed to cope with greater difficulty 
(in our case smaller p) for given cost of the experiment. In 
more detail, note that the effort or negative entropy associated 
with an n-component experiment is proportional to n log n. 
The difficulty of each component is proportional to log p, and 
so the total difficulty of the experiment is proportional to n 
log p. The cost of an n-component experiment is proportional 
to n. Minimization of the effort for a given degree of difficulty 
and a given cost may be shown mathematically to produce 
n = {3p-a, where" and {3 are constants whose values are de
termined by the given difficulty and cost. (Use the method 
of Lagrange multipliers.) Zipf's law may also be derived from 
Fermat's principle of least time (4). 
T~king n(p) = (3p-a in the formula CV(P) = (nptl/2, we 

obtam 

CV(P) = ({3p-aptl/2 = ({3pl-atl/2, 0 < P < 1 (1) 

Equivalently, 10glO CV(P) and 10glO p-l admit the linear 
relationship 

10glO CV(P) = 
(1/2) (1 - a) 10glO p-l - (1/2) 10glO {3, 0 < P < 1 

Approximate values a = 0.7 and (3 = 2 500 are obtainable 
by nonlinear regression from data in ref 2. 

Equation 1 then becomes 

CV(p) = p-o.15/50 (2) 

which is very close to the formula 100CV(p) = 2p-o·510glO 2. 
To test the suitability of this formula, we interpolated from 

Figure 1 at p = 10-3, 10-4·8, 10"', 10-7.5, 10-9.0, and 10-10.0, read 
off values of CV(P), and compared these with the values of 
CV(p) given by formula 2. 

The curve obtained from formula 2 lies almost directly on 
top of the trumpet curve; see Figure 1. 
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Figure 1. A comparison between the empirical Horwitz trumpet and 
the theoretical equation (2). 

The fit is good. It supports the idea that the effort put into 
detecting lower concentrations increases in such a way that 
the "precision" changes as though sample size increased in
versely with the concentration p. The actual relationship is 
as p-o.7. Therefore the precision keeps pace to some extent 
with increasing "intrinsic error", although a would have to 
equal 1.0 rather than 0.7 before the precision would be equal 
at all concentrations. Conversely, one could argue that the 
effort put into measuring at high concentrations is corre
spondingly reduced because the high precision in that region 
is unwarranted. 

The value of" is as approximate as the Horwitz trumpet 
curve itself. However it is the very resilience of the trumpet 
that is its attraction. We believe that the utter simplicity of 
our model and its good fit make it attractive in turn. 

The analytical chemist at work appears to provide a 
beautiful example of Zipf's "Principle of Least Effort"-no 
offence meant! 
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INTRODUCTION 

Recent studies have shown that the ester-based lubricants 
used in naval applications (1) degrade rapidly as antioxidant 
levels decrease (2), emphasizing the importance of monitoring 
antioxidant levels in the oils as operating time progresses. The 
methods presently used for antioxidant monitoring in these 
systems include thin-layer chromatography (3) and visible 
spectroscopy (4), both of which are used in a laboratory setting 
and can be time-consuming when used to acquire quantitative 
information. Considering that antioxidants are themselves 
oxidized in providing stability to oil formulations, it was de
cided to employ a related phenomenon, electrochemical ox
idation, to determine antioxidant levels in these media. In 
recent years, the use of ultramicroelectrodes has revolutionized 
the practice of voltammetry in poorly conducting media (5-8) 
so that the application of this technology to the monitoring 
of antioxidants in lubricating oils seems very appropriate. 
Within this general strategy, several approaches can be taken, 
including addition of long-chain supporting electrolytes to the 
oils to provide conductivity and use of extremely small 
(submicrometer) electrodes so that addition of supporting 
electrolytes is not necessary. Given that such small electrodes 
are difficult to fabricate and that oil solutions are difficult 
to handle in voltammetric operations, it was deemed necessary 
to investigate other methods of voltammetric determination 
of antioxidants. We have found that a particularly convenient 
procedure involves the addition of the oil/antioxidant solution 
to acetonitrile, the resulting solution having sufficient con
ductivity to allow meaningful voltammetric measurements of 
antioxidant concentrations. The results of our investigations, 
including some considerations on the use of ultramicroelec
trodes for these measurements, are presented here. 

EXPERIMENTAL SECTION 

Phenothiazine (PTZ), diphenylamine (DPA), and phenyl-l
naphthylamine (PANA) were purified by sublimation. The oils 
investigated were Hercolube (pentserythritol tetra-n-hexanoate, 
NRL preparation) and TMP (a trimethylolpropane-based lu
bricant with acyl chain length distribution of 7,7,5 carbon atoms; 
Stauffer base stock 707) which were used as received. Standards 
were prepared on a weight percent basis, the manner customary 
in antioxidant/lubricating oil investigations. 

The cell system employed in this work was deliberately kept 
very simple and involved a two-electrode system composed of a 
platinum ultramicroelectrode and a suitable reference/counter 
electrode. The ultramicroelectrode was constructed by sealing 
closed a length of Pyrex capillary tubing (6 mm o.d., 1 mm i.d.), 
inserting a 1-2 em length of platinum wire (10-50 I'm diameter; 
Goodfellow Metals Ltd.) above the sealed area, and sealing the 
wire into the tubing under vacuum. Cutting the sealed end of 
the tube midway along the wire seal exposed a microdisk electrode. 
After the electrode was polished with successively finer grades 
of alumina (final polish, 0.05 I'm), electrical contact with the 
microdisk was made by using a small amount of GalIn eutectic 
mixture (Alfa Products, 89180) in the tube. Three types of cells 

were used in this investigation (Figure 1): 
[1] Initially, a simple glass vial cell with a close-fitting top 

equipped with a platinum wire (0.5 mm diameter) counter elec
trode (Bioanalytical Systems) was used. The counter electrode 
wire could be positioned within 1-2 mm of the ultramicroelectrode. 

[2] The above cell was improved by using an inverted-config
uration counter electrode (exposed platinum disk, 1.0 mm diam
eter), which allowed positioning of the counter electrode to within 
less than 1 mm of the ultramicroelectrode. 

[3] Most of the results in this study were obtained with a cell 
of fundamentally different design. A fritted glass tube (Ace Glass 
Co., Inc.; porosity E) was simply bent into a "'U" configuration, 
with the ultramicroelectrode and a Ag/ AgCl reference electrode 
(Bioanalytical Systems, Inc.) placed in the resulting arms of the 
cell. The solution under investigation was placed in the ultra
microelectrode arm of the cell and an aqueous 0.1 M NaCIO, 
solution was placed in the other arm. This cell was found to be 
most satisfactory for this investigation and most of the results 
were obtained from its use. 

The instrumentation was similar to that described in other 
reports (7), involving application of a linear potential sweep to 
the cell with a simple triangular wave potential generator 
(Bioanalytical Systems, Model CV-IB) and measurement of the 
resulting current with a picoammeter (Keithley Model 617). The 
potential and current outputs were recorded on a Houston Model 
2000 XY recorder. 

The analytical method finally adopted involved adding 5.00 
mL of acetonitrile (Burdick and Jackson) to a weighed amount 
(0.250-1.000 g) of the antioxidant/ oil solution whose antioxidant 
concentration ranged from 0.10% to 2.00%. The acetonitrile/ 
lubricant mixture was introduced into the cell, deoxygenated for 
10 min with presaturated (acetonitrile) nitrogen, and then scanned 
in the positive direction from an initial potential of 0.00 V. Curves 
were recorded at a scan rate of 25 m V Is. The best results were 
obtained when the ultramicroelectrodes were polished (0.05 I'm 
alumina, followed by ultrasonication) after each scan. 

RESULTS AND DISCUSSION 
To describe the method of choice in this investigation, it 

is of interest to mention the evolution of electrochemical cell 
design which led to the development of the final method. The 
results of previous approaches give some insight into the 
problems encountered in making electrochemical measure
ments in these highly resistive systems. 

The first approach taken was perhaps the most obvious and 
involved the attempted measurement of phenothiazine con
centration (1.00%) in Hercolube (a commercial ester-based 
lubricant) using cell configuration 1. Even with the counter 
electrode wire positioned 1 mm away from the ultramicro
electrode tip, very little «10 pAl current was observed upon 
application of a potential scan to the cell. Addition of a 
supporting electrolyte (0.3 M tetra-n-hexylammonium ben
zoate) to the Hercolube solution resulted in a very broad 
oxidation wave for phenothiazine oxidation. Some filming 
of the electrode surface was evident as a gradual decrease of 
the current plateau for phenothiazine oxidation as scanning 
proceeded. In addition, a lessened oxidation current was 

This article not subject to U.S. Copyright. Published 1989 by the American Chemical SOCiety 
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(1) (2) 

UME REF 
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Figure 1. Cell configurations used in this work. Abbreviations are as 
follows: UME, uitramicroelectrode; CNTR, counter electrode (platinum); 
REF, reference/counter electrode (Ag/ AgCI type). 
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Figure 2. Plot of potential vs log (iL - i)/i for oxidation of 1 mM 
ferrocene in acetonitrile solution. Numbers refer to cell configurations 
given in the Experimental Section. Scan rate was 25 mV Is. Potentials 
are measured with respect to Ag/ Agel reference electrode. 

observed during successive scans. The purification and 
handling of the supporting electrolyte were difficult and so
lutions of it in Hercolube were very viscous, making cleaning 
of the electrode very tedious. It was therefore decided to seek 
another approach to these measurements. 

Recent research by other groups has shown that voltam
metric measurements can be carried out at ultramicroelec
trodes in acetonitrile solutions containing no intentionally 
added supporting electrolyte (7,8). This suggested that the 
determination of antioxidants in lubricating oils could be 
carried out simply by mixing the oils with acetonitrile and 
making electrochemical measurements on the resulting solu
tion. The effectiveness of the various cell configurations 
mentioned in the Experimental Section was evaluated by 
obtaining current-potential curves for ferrocene oxidation in 
acetonitrile solutions with no added supporting electrolyte. 
Figure 2 shows the resulting plots of log (iL - i) I i vs potential, 
in which iL is the limiting current. The slopes are quite high 
for configurations 1 and 2 (158 and 148 m V, respectively). Use 

100 
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50 

·0.5 
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Figure 3. Voltammogram of a mixture of 1.00% PTZ/1.00% PANA 
in TMP. after addition of 0.250 g of antioxidant/oil mixture to 5.00 mL 
of acetonitrile. A 50-,um (diameter) platinum uttramicroelectrode in cell 
configuration 3 was used. Scan rate was 25 mV Is. 

of configuration 3 gives a value of 65 m V, close to the theo
retical slope (7). Independent experiments in a cell of type 
2 showed that addition of NaCIO, at the 10-L 10-4 M level is 
sufficient to produce a wave slope of 60 m V, indicating that 
at least this amount of electrolyte is provided by leakage across 
the fritted barrier in cell configuration 3. This finding is in 
general agreement with the results of a similar study in ace
tonitrile/tetra-n-butylammonium fluoroborate (7). 

To investigate the cell configurations for actual determi
nation of antioxidants in lubricating oil (TMP), solutions were 
prepared as described in the Experimental Section. When 
the potential was scanned from an initial value of 0.00 V to 
+ 1.50 V, two oxidation waves were observed for a mixture of 
PTZ and P ANA using cell configuration 1. As expected from 
the results with ferrocene oxidation, these oxidation waves 
were rather broad, having wave slopes of 150 m V (E3/ 4 - E 1/ 4). 

Great improvement was found upon making the measure
ments in a cell of configuration 2, which generally gave wave 
slopes of less than 100 m V. With this improved apparatus, 
calibration curves were linear over the range of 0.1-2.0% in 
antioxidant (both PTZ and P ANA) concentration. This ap
proach showed that this type of measurement was indeed 
feasible; however, this particular cell design does not provide 
for a potential reference, a feature that was deemed very 
desirable for automated workup of the current-potential 
curves. 

The final cell configuration, 3, addresses the above defi
ciency by providing a potential reference. A Agi AgCI ref
erence electrode is placed in one arm of the cell. By use of 
an aqueous electrolyte solution in this arm, increased con
ductivity is provided to the acetonitrile solution through the 
leakage of a small amount ofthe aqueous solution across the 
fritted barrier. To use the cell, the aqueous solution side is 
first filled to within 2 em of the top of the arm, followed by 
placement of the reference electrode into the top of the arm 
through a small plastic cap. Following the removal (by pipet) 
of any aqueous solution from the ultramicroelectrode arm of 
the cell, the acetonitrile solution of the lubricating oill additives 
mixture is then placed in this arm of the cell. The sample 
volume is adjusted to a level slightly above that of the aqueous 
solution. Responses for the electrochemical oxidation of 1 % 
PTZ and 1 % P ANA solutions in TMP are shown in Figure 
3. The first wave corresponds to PTZ oxidation, followed 
by PANA oxidation at more positive potentials. The wave 
slopes are characteristic of one-electron oxidations (60-70 m V) 
and resulted in E1/2 values which were constant with con
centration of the antioxidants. This indicates that iR drops 
are minimal. Calibration curves over the range 0.1-2.0% for 
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Figure 4. Calibration curve for PTZ and PANA in TMP. Data were 
collected for solutions prepared by addition of 1.000 9 of anti
oxidantlTMP oil mixture to 5.00 mL of acetonitrile. A 10-l'm (diameter) 
platinum ultramicroelectrode in cell configuration 3 was used. Scan 
rate was 25 mV/s. PTZ data points, open circles; PANA data points, 
filled circles. Slope/intercept information (units as given on figure): PTZ 
(24.39 ± 0.40; 0.45 ± 0.43) PANA (20.99 ± 0.83; 1.09 ± 0.86). 

both PTZ and PANA were linear (Figure 4), giving r values 
of 0.9996 and 0.997, respectively. The method is characterized 
by rather good precision (1.2 % relative standard deviation), 
leading to detection limits of approximately 0.010% (as ex
pressed for antioxidants in actual oil samples). Continuing 

studies have shown that interferences encountered in used 
oil samples are slight and occur as an increase in background 
current at potentials more positive than +0.95 V. 

CONCLUSIONS 

This work demonstrates the feasibility of electrochemical 
determination of antioxidants in lubricating oils. The pro
cedure is greatly simplified by mixing the oil with a suitable 
cosblvent, thereby providing sufficient conductivity to obtain 
voltammetric measurements on the solution. Further im
provement can be achieved through the use of a compart
mented cell which provides small amounts of additional 
electrolyte by leakage into the ultramicroelectrode compart
ment. Ultramicroelectrodes allow the use of very simple 
measuring equipment and will allow construction of a reliable 
unit for field determination of additives in lubricating oils. 
In addition, the steady-state responses obtained with ul
tramicroelectrodes are easily measured and interpreted. 

Registry No. PTZ, 92-84-2; DPA, 122-39-4; PANA, 90-30-2; 
NRL, 7445-47-8; TlVlP, 77-99-6; Pt, 7440-06-4; acetonitrile, 75-05-8. 
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Carbon Fiber Electrode Cell for Square Wave Voltammetric Detection of Biogenic 
Amines in High-Performance Liquid Chromatography 

Samuel P. Kounaves*,l and James B. Young 

Charles A. Dana Research Institute and Harvard University, Thorndike Laboratory, Department of Medicine, Beth 
Israel Hospital, Boston, Massachusetts 02215 

INTRODUCTION 
Application of voltammetric fast-scan techniques to high

performance liquid chromatography (HPLC) has been in
vestigated by several groups (1-4). Samuelsson et aI. (1) were 
the first to describe the use of square wave voltammetry 
(SWV) with HPLC. SWV is an electrochemical technique that 
allows the rapid scanning of a voltage range with a minimal 
contribution of charging current to the output signal (5). 
Using N-nitrosodiethanolamine and N-nitrosoproline, they 
showed the advantages and possibilities of the technique. 
Detection was limited by flow pulsation noise, the geometry 
of the cell, and the computer-controlled sampling interval for 
both the time and potential domains (ca. 200 s X 400 m V with 
sampling at 2-s and lO-m V intervals). More recently Goto 
and Shimada (4), using SWV in combination with a carbon 
fiber electrode (CFE) and HPLC, described the analysis of 
several catecholamines by three-dimensional HPLC-SWV. 

1 Permanent address: Department of Chemistry, Tufts University, 
Medford, MA 02155. 

0003-2700/89/0361-1469$01.50/0 

The results presented, even though of qualitative value, were 
of very low temporal resolution (4 scans/min or 3-4 peak data 
points/chromatographic peak) and thus of questionable 
quantitative value. Insufficient data was given to make a valid 
estimate of sensitivity or detection limits, and the authors did 
not provide any information on reproducibility. Even though 
both of the above studies suggested potential qualitative uses 
of three-dimensional HPLC-SWV, neither demonstrated its 
actual practical qualitative and quantitative use. 

The use of single graphite fibers as working electrodes in 
HPLC has been reported by several groups. Recently Jor
genson et aI. (2, 6) have used a micropositioner to insert and 
hold a carbon fiber electrode at the outlet of an HPLC column. 
Attempts to use a similar system in this laboratory found that, 
even though this system provides some versatility for research, 
it is rather bulky and highly susceptible to mechanical vi
brations. Goto and Shimada (4) have fabricated an electrode 
by inserting and sealing the carbon fiber into a fused silica 
tube. We found it difficult, however, to duplicate the electrode 
since construction details were not adequately described. 

© 1989 American Chemical Society 
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Figure 1. Construction details of (A) the carbon liber electrode and 
(8) the flowthrough cell assembly. 

Several electrodes made to their approximate specifications 
presented problems with mechanical instability and large 
background noise. 

In attempting to use a fast-scan technique such as SWV 
for the detection scheme in HPLC, one must take into con
sideration several important factors when designing the 
electrochemical cell. Most carbon electrode flowthrough cells 
are designed for amperometric detection and, as such, have 
extremely poor transient response characteristics (i.e. RC > 
5 ms). High-frequency SWV requires a cell configuration with 
an RC of about 0.1 ms or less. Another critical point to 
consider is the positioning of the electrode within the cell. The 
cell must permit the growth of the diffusion layer and the flux 
lines without any hindrance, otherwise the resistance will 
increase and so will the time constant. 

In this paper we describe a chromatovoltammographic 
(HPLC-SWV) system using a commercially available po
tentiostat and microcomputer and a custom-fabricated 
working electrode consisting of a combination carbon fiber 
(permanently mounted at the HPLC column outlet on a glass 
slide) and flowthrough cell. The system is used to obtain 
qualitative and quantitative data from a solution containing 
a mixture of biogenic amines, with the results being presented 
in the form of contour and isochromic plots. We also look 
at the effect of electrode pretreatment on the position and 
intensity of the SW net-current peak for several biogenic 
amines. Combining SWV with HPLC provides a new 
"dimension" in the collection and analysis of chromatographic 
data in that both the chromatographic domain (time vs con
centration signal) and the electrochemical domain (potential 
vs current) can be viewed simultaneously, allowing peaks that 
overlap in either technique to be resolved and detected sep
arately. 

EXPERIMENTAL SECTION 

Apparatus. Square wave voltammetry was carried out with 
an EG&G potentiostatl galvanostat Model 273 (EG&G Princeton 
Applied Research, Princeton, NJ) controlled by a Vectra PC 
(Hewlett-Packard, Sunnyvale, CAl with 640K memory, 40-MB 
hard disk, 10-MHz clock, and a GPIB-488 interface card. Gen
eration of square waveforms through the EG&G Model 273, data 
acquisition from the EG&G Model 273, and display of the resulting 
three-dimensional chromatovoltammographic data were accom
plished by software written and compiled with QuickBASIC V.4 
(Microsoft, Redmond, WA). 

The liquid chromatography system consisted of a Model 196 
minipump (Milton Roy, Riviera Beach, FL), a 50-I'L loop injection 
valve (Model 7125, Rheodyne, Berkeley, CAl, a pulse dampener, 
and a 150 mm x 4 mm Bio-Sil ODS.5S reversed-phase column 
(Bio-Rad, Richmond, CAl. The mobile phase contained 0.1 M 
sodium acetate (Fisher), 0.04 M citric acid (Mallinckrodt), 0.8 mM 
sodium octyl sulfate (Kodak), 0.1 mM ethylenediaminetetraacetic 
acid (EDTA) (Fisher), and 5% methanol (Fisher) and was adjusted 
to a pH of 5.2 with sodium hydroxide. The flow rate was 1 
mL/min. 

Electrodes. The carbon fiber electrode and cell assembly are 
shown in Figure 1. The carbon fiber electrodes were constructed 

OA 

Figure 2. Square wave chromatovoltammogram of NE, DA, and NM, 
all at 1 X 10-5 M, represented as a three-dimensional XYZ plot. 
Chromatographic and voltammetric conditions are given in text. 

by threading a bundle of the 7-I'm carbon fibers (ca. 70-80 mm 
long, Avco/Textron, Lowell, MA) through a 0.8 mm X 30 mm 
capillary tube (Kimax-51, Kimble, Vineland, NJ). The bundle 
was pulled through in such a way as to allow one fiber to protrude 
at least 4-6 mm from one end. This end was then sealed with 
a bead offast-drying epoxy (2R:IH, DURO-Master Mend, Loctite 
Corp., Cleveland, OH) with some of the epoxy being drawn 2-3 
mm into the tube (Figure lA). After about a half-hour was allowed 
for hardening, the bundle of fibers at the other end was tightly 
wound around a copper stranded wire (ca. 20 mm striped wire 
20 em long) and twisted into the capillary. Any excess fibers were 
cut off, and this end was also sealed with epoxy and allowed to 
dry; then ca. 1 em of heat-shrinkable tubing was placed over the 
capillary I wire joint. The electrode was then mounted with epoxy 
onto a slide (7.5 mm X 25 mm X 1 mm) on which Teflon capillary 
tubing (0.3 mm i.d. X ca. 20 em long) had been previously 
mounted, by inserting the fiber into the end of the Teflon tubing 
to within ca. 0.5 mm of the seal (Figure lA), and held in place 
till dry (ca. 4 min). The entire assembly was cured at 70°C for 
3 h. The complete electrochemical detector, shown in Figure IB, 
consists of the above electrode assembly mounted in a modified 
high-density polyethylene (HDPE) bottle along with aPt-wire 
counter electrode and saturated NaCl calomel reference electrode. 
The cell is filled with mobile-phase solution and kept at constant 
volume by suction. Unless otherwise indicated, the carbon fiber 
electrode was pretreated only once at the very beginning before 
being used. The pretreatment consisted of applying a I-Hz 
triangular waveform potential varying between 0 and + 1500 m V 
for 60 s with a mobile-phase flow rate of 1 mL/min. 

Reagents. All solutions were prepared with 18-MIL water from 
an ion-exchange system (Millipore) fed from a singly distilled 
source. Epinephrine (E), norepinephrine (NE), dopamine (DA), 
5-hydroxytryptophan (5-HTP), 3,4-dihydroxybenzylamine 
(DHBA), and normetanephrine (NM) were obtained from Sigma 
Chemical Co., St. Louis, MO. Standard solutions were made up 
containing 1.0 mM concentrations of each amine in 0.1 M per
chloric acid and stored at 4°C. 

RESULTS AND DISCUSSION 

A three-dimensional chromatovolt.ammograph of a mixture 
of biogenic amines is shown in Figure 2. The sample con
tained 1 X 10-5 M NE, DA, and NM in 0.1 M HC1O" 50 JLL 
of which was injected onto the column with a mobile-phase 
flow rate of 1 mL I min. The SWV potential was scanned every 
2 s from 0 to 800 m V with a step height (AEs) of 5 m V, square 
wave amplitude (Es) of 25 m V, and square wave frequency 
(j) of 100 Hz. The raw SWV data collected consisted of 
forward (if) and reverse (i,) current as a function of potential 
and elution time. The data shown in Figure 2 is the resulting 
net current (in = if - i,) after background subtraction and 
smoothing. For this sample, with relatively few peaks, we can 
clearly identify each component in the three-dimensional plot. 
A contour plot is displayed immediately after the analysis as 
an isochromic plot (current signal displayed in 15 different 
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Figure 3. (A) Standard chromatogram of sample containing 5-HTP, 
E, NE, DHBA, NM, and DA, all at 1 X 10-6 M, with the CFE detector 
potentiostated at 650 mV. (B) Same sample analyzed with the chro
matovoltammographic technique as a three-dimensional plot and (C) 
as a isogalvanic contour plot. 

colors) on the computer monitor. The program allows the user 
to select (via hairline cursors) and read the current/ concen
tration signal at any time-potential coordinates. The utility 
of this system becomes more evident during analysis of sam
ples containing a large number of components at lower con
centrations. 

Figure 3A shows a standard chromatogram of a 50-ILL in
jection of a sample containing 5-HTP, E, NE, DHBA, NM, 
and DA, all at 1 X 10-6 M, with the chromatographic condi
tions the same as before, except that the potential was fixed 
at 650 m V for the entire run. As can be seen, the peaks for 
E and NE are completely overlapping and those for DHBA 
and NM are partially overlapping. A 50-ILL injection of the 
same sample run under the same conditions, except with a 
SWV potential scan range of -100 to 900 mY, scan interval 
= 2 s, AEs = 5 mY, Esw = 25 mY, and! = 600 Hz, shows the 
dramatic improvement in both the qualitative and quanti
tative information obtained (Figure 3B,C). With a larger 
number of components and lower concentrations, the three
dimensional chromatovoltammograph (Figure 3B) is useful 
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only for a "qualitative feeling" of the results, with all of the 
biogenic amines in the sample being clearly resolved and 
quantified in the contour plot (Figure 3C). 

The detection limit for these amines is between 6 and 4 
pmol with a 2:1 signal/noise ratio. This limit was obtained 
without using a Faraday cage or a nonpulsating pump. The 
detection limit for a "slice" at 650 m V was ca. 5-2 pmol. These 
limits are an order of magnitude higher than obtained with 
the same detector in the amperometric mode but are several 
orders of magnitude lower than previously obtained with other 
scan voltammetric techniques (2-4). 

The detector's linearity was assessed by injecting 50-ILL 
samples containing 10-7 to 10-4 M epinephrine. The log-log 
plot of concentrations vs i np gave a slope of 0.983, relative 
standard deviation of 0.020%, and correlation coefficient of 
0.998. 

Effect of Electrode Pretreatment on SWV Current 
Response. Previous research by several groups (7-9) has 
shown that the voltammetric sensitivity of carbon fiber 
electrodes to catechol- and indole-based compounds is sig
nificantly increased after "modification" of their surface by 
electrochemical pretreatments. Our studies, using SWV, have 
shown a similar behavior with these electrodes. However, care 
must be taken in making comparisons since SWV operates 
under a different set of assumptions and conditions (especially 
in terms of scan rate). As expected, pretreatment caused an 
increase in the SWV peak current response. However, an 
optimum time was reached for all the amines after approxi
mately 50-60 s (except DA, 125 s). Unlike previous results 
(7-9), which showed a 10-fold increase in sensitivity, the 
difference in this case between treated and untreated elec
trodes was about 2-fold and the same for all the amines. 
However, it is interesting to note that the background current 
between the untreated and treated electrodes decreased by 
about 50%. No significant difference from the above results 
was seen with the use of a higher pretreatment frequency (up 
to 100 Hz) or potential excursion (up to 3.0 V). Electro
chemical pretreatments have also been shown to cause a shift 
in the oxidation potentials of catecholamines (8). We found 
only a slight shift in the peak potentials between the treated 
and untreated electrodes of about 10 m V and no significant 
shift in peak net currents after any of the pretreatment 
electrolysis times (0-300 s). 

This lack of improved sensitivity and shift in the oxidation 
potentials is in contrast to that obtained in several previous 
studies (7-9). There are several possible reasons for these 
discrepancies, such as the following: the lower current den
sities used during our electrolysis pretreatments; the com
position of the buffer solution; the source and/ or fabrication 
process of the carbon fibers; or factors intrinsic to the SWV 
technique, which uses comparatively high scan rates such that 
the usual adsorption equilibrium (7) may not reached. Since 
the exact nature of the pretreatment effects on the carbon 
fiber surface is not well understood (9), it is difficult to venture 
a guess as to the specific reason for these discrepancies at this 
point. We are currently looking at the SWV response of 
carbon fibers in greater detail, the results of which will be 
published in the near future. 

The treated electrodes retained their properties for several 
weeks and did not seem to be affected by the number of times 
they were used for three-dimensional HPLC-SWV analysis. 

Electrochemistry of Biogenic Amines with SWV. Two 
interesting aspects of using SWV for the electroanalysis of 
catecholamines are that no electrode-fouling products appear 
to be generated during the oxidation steps and only single
peak SW voltammograms are obtained at pHs >3. It has been 
previously shown (10) that for cyclic voltammetry (CV) at pHs 
>3 the unprotonated oxidation product of epinephrine (ep-
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inephrine-quinone. EQ) is available in sufficient concentration 
to allow a rapid cyclization reaction to take place (kcyc = 0.6 
S-I, t = 1.2 s), converting it to the indole (5,6-dihydroxy
indoline). The indole however is more easily oxidized than 
epinephrine so that it is oxidized by the EQ to the respective 
aminochrome, which then proceeds to polymerize. This 
complex ECC mechanism (electrochemical reaction followed 
by two chemical reactions) is responsible for the multiple peaks 
normally seen in linear scan voltammograms of catecholamines 
and for the fouling of electrode surfaces under amperometric 
conditions. With SWV, using a frequency of 600 Hz and 
scanning from 0 to 1000 m V (0.2 s), the rate of reduction of 
the quinone back to the catecholamine is an order of mag
nitude greater than the rate of cyclization reaction. Thus, the 
cyclization reaction occurs to an insignificant degree so that 
the SW voltammogram shows only one peak and there is no 
chance for polymerization (fouling) to occur on the electrode 
surface. In addition, by changing the frequency of the SW, 
one could use the above situation to advantage to determine 
the heterogeneous electron-transfer rates of catecholamines 
and indoleamines. 

In conclusion, it seems evident that many of the factors 
involved in using SWV with CFEs are only partially under
stood at this time. The pretreatment and configuration of 
the CFE is crucial to the signal response when one is using 
SWV. We feel that with proper cell configurations and con
ditions, SWV will prove to have much greater sensitivity and 

resolution than the other voltammetric techniques currently 
used. 
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CORRECTIONS 

Bienzymatic Electrode for the Determination of As
partame in Dietary Products 

Orlando Fatibello-Filho, Ahmad A. Suleiman, George G. 
Guilbault, and Glenn J. Lubrano (Anal. Chem. 1988, 60, 
2397-2399). 

Equation 1 on page 2397 should read 
carboxypeptidase A 

aspartame 
L-aspartic acid + L-phenylalanine 

Multifrequency Phase Fluorescence Study of Hapten
Antibody Complexation 

Frank V. Bright (Anal. Chem. 1989,61,309-313). 
Equation 12 on page 310 should read 

~ 1 1 
7 = FP + h/4>r)} + F'pL(l + (7L!¢L)} + 

1 
F'pG(l + (7G/4>G)} 

As a result, Figure 1 should appear as 
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Fraction Free Ag* 





Please send literature un tbe new 
TitraLab® system to: 
Name: 

~--------~-~--

Title: - - - - - - _ ._ ---


	Analytical Chemistry 1989 Vol.61 No.13
	Contents
	Briefs
	News
	Meetings
	New Products
	Index to advertiders in this issue
	Author index
	Analytical Potential of Protein A for Affinity Chromatography ofPolyclonal and Monoclonal Antibodies
	Determination of the Dissociation Temperature of OrganicMicelles by Microcapillary Hydrodynamic Chromatography
	Size Exclusion Chromatography of Poly(ethylene terephthalate)Using Hexafluoro-2-propanol as the Mobile Phase
	Gas Chromatographic Determination of Water Using2,2-Dimethoxypropane and a Solid Acid Catalyst
	Computer-Assisted Prediction of Gas ChromatographicRetention Indices of Pyrazines
	Measurement of Natural Trace Dissolved Hydrocarbons by inSitu Column Extraction: An Intercomparison of TwoAdsorption Resins
	Fluorescence-Detected Circular Dichroism for On-ColumnDetection in Capillary Electrophoresis
	Stationary Phase Solvation in Capillary Supercritical FluidChromatography
	Investigations of Stationary Phase Modification by the MobilePhase Surfactant in Micellar Liquid Chromatography
	Kinetic Determination of Primary and Secondary Amines Usinga Fluoride-Selective Electrode and Based on Their Reactionwith 1-Fluoro-2,4-dinitrobenzene
	Extraction and Isolation of Phenoxy Acid Herbicides inEnvironmental Waters Using Two Adsorbents in OneMinicartridge
	Theory of Optimization of the Experimental Conditions ofPreparative Elution Chromatography: Optimization of theColumn Efficiency
	Direct Current Conductivity Detection in Ion Chromatography
	Identification of Ions in Anion Chromatography by StoppedFlow Chronoamperometry
	Automated Determination of Manganese in Seawater byElectrolytic Concentration and Chemiluminescence Detection
	Permselectivity and lon-Exchange Properties of Eastman-AQPolymers on Glassy Carbon Electrodes
	Second Dissociation Constant and pH ofN-(2-Hydroxyethyl)piperazine-N' -2-ethanesulfonic Acid from 0to 50°C
	Fluorescence Studies of Energy Transfer in SodiumTaurocholate and Sodium Dodecyl Sulfate Micellar Solutions
	Flow Injection Donnan Dialysis Preconcentration of Cations forFlame Atomic Absorption Spectrophotometry
	Automated Slurry Sample Introduction for Analysis of a RiverSediment by Graphite Furnace Atomic AbsorptionSpectrometry
	Measurement of Caustic and Caustic Brine Solutions bySpectroscopic Detection of the Hydroxide Ion in theNear-Infrared Region, 700-1150 nm
	Near-Infrared Laser Diode Intracavity Absorption Spectrometry
	Atomic Absorption Determination of Copper in Silicate Rocksby Continuous Precipitation Preconcentration
	Light Absorption and Mixed Micelle Composition as Factors inDetermining Intensities of Room-TemperaturePhosphorescence
	Aromatic Bases as Eluent Components for Conductivity andIndirect Ultraviolet Absorption Detection of Inorganic Cations inNonsuppressed Ion Chromatography
	Fast Atom Bombardment Induced Reduction of AromaticOximes
	Ion Confinement in the Collision Cell of a Multiquadrupole MassSpectrometer: Access to Chemical Equilibrium andDetermination of Kinetic and Thermodynamic Parameters of anlon-Molecule Reaction
	Sequence Analysis of Highly Sulfated, Heparin-DerivedOligosaccharides Using Fast Atom Bombardment MassSpectrometry
	Correspondence
	Photodissociation in a Reflectron Time-of-Flight Mass Spectrometer:A Novel Mass Spectrometry IMass Spectrometry Configuration forHigh-Mass Systems
	Polishable Modified Carbon Fiber Composite Electrodes ContainingCopolymers of Vinylferrocene or Vinyl pyridine in a Cross-LinkedPolystyrene Matrix
	A Statistical Justification Relating Interlaboratory Coefficients ofVariation with Concentration Levels

	Technical Notes

