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KMX6 APPLICATION #5
KMX-6+Hi-lemp

GPC-=

Absolute MW of Polyolefins

A new KMX-6 heated sample cell accessory
makes possible the coupling of a high
temperature gel permeation chromatograph with
the KMX-6 Light Scattering Photometer to
provide rapid direct measurement of absolute
molecular weight and molecular weight
distributions of polyolefins. This technique
eliminates the problems of GPC column
calibration and variations in column retention
characteristics.

Molecular weight parameters are calculated
from the solute excess Rayleigh factor (a function
of the intensity of the scattered light as measured
by the KMX-6) and the solute concentration (as
measured by an infrared detector or other hi-
temp GPC detector).

Diagrammed at right is an analysis performed
in cooperation with Dr. T. B. MacRury (Union
Carbide Technical Center, South Charleston,

W. VA), of NBS 1484, a high density polyethylene.
Measurements were performed in 1, 2, 4-trichlor-
obenzene at 135°C.

The calculated value for the weight-average
molecular weight is 109,000 and the number-
average molecular weight is 99,000. The NBS
value for the weight-average molecular weight is
119,600 +13,000 and the number-average
molecular weight is 100,500 +4,000.

In addition to the high temperature capability
described here, a low dead-volume test cell is
available for measurements at ambient
temperatures. For complete information on this
and other KMX-6 applications, call or write
Chromatix.

Polyethylene
NBS 1484 in
Trichlorobenzene

&

IR Response, Absorbance Units
N

o

Figure 1. KMX-6/GPC Chromatogram. Peak A corresponds
to IR detector response; Peak B to KMX-6 response for
3.87 mg of NBS 1484 polyethylene.

[chromatix

1145 Terra Bella Avenue D6903 Neckargemund 2

Mountain View, CA 94043  Unlerestrasse 45a

Phone. (415) 969-1070 West Germany

Telex: 910-379-6440 Phone: (06223) 7061/62
Telex: 461691

Chromatix KM£-6 Low Angle Laser Light Scattering Photometer Other
capabiities inciude static determination of molecular weight,

t of diflusion and kinetic studies of
polymerization processes
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HIENERVAS

{

The DW-2a™ UV-VIS Spectrophotometer
Extends the Range ot Sample Investigations!

With our new DW-2a spectrophotometer, small And consider that Aminco offers one of the
differences can lead to new research territories in largest selections of compatible and convenient
UV-VIS spectrophotometry. The reason? Our accessories for UV-VIS research. With this com-
painstaking improvements in such parameters prehensive system, you can extend the range of
as photometric accuracy, stability, and system sample investigations to include extremely turbid
versatility lead to substantial increases in over- samples, frozen samples, solids, anaerobic
all system performance. Now, you can reliably samples, fluorescing samples and many others.
record and reproduce absorbance differences as
small as 0.0005A, even with extremely concen- For more information on the Aminco DW-2a
trated samples. This means that trace compo- Spectrophotometer, contact American Instru-
nents can be easily detected in near-opaque ment Company, 8030 Georgia Avenue, Silver
samples. Spring, MD 20910. Phone: (301) 589-1727.

Write for your free copy of “Selected Applications for the DW-2"/DW-2a™ Spectrophotometer” —over 500 references listed.

U
©1977. Travenol Laboratories. Inc B MINCO

DVISION OF TRAVENOL LABORATOREES, INC
Circie No. 7 For more Information Circle No. 8 To have sales representative call



Whatman filters and media have so become
‘the standard of excellence that our trademark,
»Whatman has just about come to mean filters.

~ But, while that's flattering, it's easy to draw
he wrong conclusions—Whatman is not a generic
" type; it's a specific brand of filters and media.
“Whatman products are standards because of
~ excellence. Excellence of performance and of
quality. Excellence maintained over many decades
and insisted upon for new products as well as for
established products. Two centuries of leadership.

Tel. (201) 777-4825 ® Telex 133426.
Tel. (0622) 61681 ® Telex 96113.

Tel. 9574 15 = Telex 78229,

Whatman Inc. = 9 Bridewell Place, Clifton, New Jersey 07014

Whatman Ltd. ® Springfield Mill, Maidstone, Kent ME14 2LE, England

Equivalents? Hardly.

Whatman filters and media for virtually every
laboratory and technical filtration, and separation
purpose are available world-wide from selected
laboratory supply dealers. There is no need to
chance an “equivalent”—the standard of excel-
lence is available to hand.

Whatman. Filters and media for the separation

sciences.
® Registered trademark of Whatman Ltd

SIS ey
-w W
v v

Whatman S.a.r.l. m Zone Industrielle, BP N.12, 45210 Ferrieres, France

Whatman
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Briefs

Spectroscopic System for the Study of Fluorescent
Lanthanide Probe lons in Solids 1474

A laser spectroscopic system is developed to enable the use
of lanthanide probe ions for detailed fundamental studies
of defects in solids and for qualitative and quantitative de-
terminations of trace ion concentrations.

Marvin P. Miller, David R. Tallant, Frederick J. Gustafson,
and John C. Wright,* Department of Chemistry, University of
Wisconsin, Madison, Wis. 53706 Anal. Chem., 49 (1977)

Determination of Porphyrins at Low Concentration
Using Porphinatocopper(ll) Phosph 1482
The method, which determines concentration of free por-
phyrins by phosphorescence of the copper(1l) complex, is
intended for use in accurate biomedical studies rather than
as a screening technique.

David K. Lavallee* and James Andrew, Department of Chemis-

try, Colorado State University, Fort Collins, Colo. 8052,
Anal. Chem., 49 (1977)

Multielement Trace Analysis of Geological Materials
with Solvent Extraction and Flame Atomic Absorption
Spectrometry 1485

The development of a precise analytical method is reported
for the determination of Cu, Ni, Co, Cr, Ag, Pb, Bi, Cd, Zn,
Mn, Au, Tl, Sb, Ga, and Mo in geological materials with
limits of detection better than 0.5 ppm.

P. Hannaker and T. C. Hughes,* Department of Geology. School
of Earth Sciences, University of Melbourne, Parkville, Victoria
3052, Australia Anal. Chem., 49 (1977)

Enh t of Emission by Pot 1 Chloride in
the Low-Pressure Microwave-Induced Plasma
Emission Spectrometer 1489

Potassium chloride, added to microvolume samples, en-
hances the emission lines of many elements excited in the
low-pressure microwave-induced plasma emission spec-
trometer. )
Tkuo Atsuya, Hiroshi Kawaguchi, Claude Veillon, and Bert L.
Vallee,* Biophysics Research Laboratory, Department of Biologi-
cal Chemistry, Harvard Medical School, and the Division of Medi-
cal Biology, Peter Bent Brigham Hospital, Boston, Mass. 02115
Anal. Chem., 49 (1977)

Determination of Phosphorus in Milk Powders by
Optical Emission Spectrometry with a High Frequency
Inductively-Coupled Argon Plasma Source 1492
A detection limit of 0.1 ug/mL P at the phosphorus
213.62-nm line is obtained, with a relative standard devia-
tion of 2% for the complete analytical procedure.

A.M. Gunn, G. F. Kirkbright,* and L. N. Opheim, Department
of Chemistry, Imperial College, London, SW7, U.K.

Anal. Chem., 49 (1977)

* Corresponding author.

Colorimetric Determination of Hippuric Acid in Urine
and Liver Homogenate 1494

The sample containing hippuric acid (1 to 100 ug), acetic
anhydride, p-dimethylaminobenzaldehyde, and pyridine is
allowed to react to 40 °C for 1 h and hippuric acid is deter-
mined by measuring the absorbance at 458 nm.

Shinji Ohmori® and Mikiko Ikeda, Faculty of Pharmaceutical
Sciences, Okayama University, Okayama 700, Tsushima-Naka-1,
Japan, and Shohei Kira and Masana Ogata, Department of Pub-
lic Health, Okayama University Medical School, Okayama 700,
Shikata 2-5, Japan Anal. Chem., 49 (1977)

New Drift-Tube Source for Use in Chemical lonization
Mass Spectrometry 1497

Varying the electrostatic field strength in the drift region
changes the extent of fragmentation on the quasi-molecu-
lar ions in a way which mimics changing source tempera-
ture or reagent gas.

P. C. Price, H. S. Swofford, Jr., and S. E. Buttrill, Jr.,* Depart-
ment of Chemistry, University of Minnesota, Minneapolis, Minn.
55455 Anal. Chem., 49 (1977)

55455

Negative lon Chemical lonization Mass Spectrometry
of Volatile Metal Chelates 1501

Negative chemical ionization mass spectra are reported for
a series of metal complexes together with sensitivity mea-
surements for several chromium tris-g-diketonates using a
gas chromatograph chemical ionization mass spectrometer
computer system.

S. R. Prescott, J. E. Campana, and T. H. Risby,* Department of
Chemistry, The Pennsylvania State University, University Park,
Pa. 16802 Anal. Chem., 49 (1977)

Predicting Absolute Sensitivity and Limit of Detection
for X-ray Analysis of Pollution Samples 1505

Absolute sensitivity of XRF pollution analysis for all ele-

ments is predictable from tabulated parameters. This al-

lows selection of optimum experimental conditions and di-

rect comparison with other analytical techniques.

L. S. Birks, Naval Research Laboratory, Washington, D.C. 20375
Anal. Chem., 49 (1977)

Determination of Fluorine by Neutron Activation
Analysis 1507

A procedure for the activation analysis of fluorine in a ther-
mal neutron flux of 1.2 X 10'2 neutrons/cm?-s is described
which permits a minimum detectable weight of 14 ug of flu-
orine.

H. Gene Knight,* A. Keith Furr, and T. F. Parkinson, Neutron
Activation Analysis Laboratory, Virginia Polytechnic Institute and
State University, Blacksburg, Va. 24061  Anal. Chem., 49 (1977)
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Running a new (and unfamiliar) analysis can be
a real hassle. Rounding up all the apparatus and reagents you
need, Getting results that don’t make sense, or won'’t repro-
duce. Everything seems to work one day, but not the next.
Finding that you can do it, but nobody else in the lab can —
or vice versa.

At ORION we’re working hard to take the aggra-
vation out of running inorganic analyses with new measuring
technology that’s simple and easy-to-learn. Our Analytical
Methods Guide outlines hundreds of analyses with sample

Now available — the
new 1977 edition of
the Guide. For a free
copy write:

ORION RESEARCH
380 Putnam Avenue,
Cambridge, MA 02139

How do you run an analysis
you’'ve never done before?

Prep
references.

ORION'S Technical Service Group can send you
more detailed inft jon on the methods listed in the
Guide, and they’ll be delighted to help bl
blems you may encounter. We've put “Tech Service™ as
close as your telephone with our toll-free numbers. In the
U.S.A. (outside Massachusetts), call 800-225-1480. In
Canada, call 800-363-9270.
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Briefs

Determination of 13 Elements with Atomic Numbers
between 12 and 47 by 14-MeV Helium-3 Activation
Analysis 1510
The interference-free detection limits are in the range of
1-500 ppb for a 2 pA irradiation of 1 h or 1 half-life, which-
ever is shorter depending on the product nuclide.

C 8. Sutn, H. Petn, and G. Erdtmann,* Zentralabteilung fur
ernforsch lage Julich GmbH, 5170
Anal. Chem., 49 (1977)

Juhch Wesl Germam

Determination of the Surface Predominance of Toxic

Elements in Airborne Particles by lon Microprobe

Mass Spectrometry and Auger Electron Spectrometry
1514

Multitechnique approaches involving surface analysis, bulk
analysis, and solvent leaching are used to characterize par-
ticulate pollutants.

R. W. Linton, P. Williams, and C. A. Evans, Jr.,* School of
Chemical Sciences and Materials Research Laboratory, University
of Illinois at Urbana—Champaign, Urbana, 11l. 61801 and D. F. S.
Natusch, Department of Chemistry, Colorado State University,
Fort Collins, Colo. 80523 Anal. Chem., 49 (1977)

X-ray Photoelectron Sp pic Studies of Iron
Oxides 1521

Core line x-ray photoelectron spectra are reported for the
iron compounds aFe;03, YFe:03, «FeOOH, NiFe, 0y,
CoFe,0y4, Fe;04, and FeO.

N.S. McIntyre®* and D. G. tharuk. Analytical Scnence Branch

Whiteshell Nuclear Research Establish Pinawa, M
Canada . Anal. Chem., 49 (1977)

Sampling Error in lon Microprobe Analysis 1529

Sampling constants are derived and applied to in-situ mi-
croanalysis to estimate and limit sampling error.

G. J. Scilla and G. H. Morrison,* Department of Chemistry, Cor-
nell University, Ithaca, N.Y. 14853 Anal. Chem., 49 (1977)

Qualitative Analysis of Thin Gallium Nitride Films with
Secondary lon Mass Spectrometry 1536

Secondary ion mass spectrometry provides a convenient di-
rect qualitative chemical analysis of thin semiconducting
GaN films. The technique identifies Ga and the tradition-
ally difficult N as well as oxygen and carbon impurities.

J. Edward Andrews,* A. P. Duhamel, and Michael A. Little-
john, Department of Electrical Engineering, North Carolina State
University, Raleigh, N.C. 27607 Anal. Chem., 49 (1977)

Characterization of Lignites by Pyrolysis-Gas
Chromatography 1540
A technique is developed for the rapid characterization and
“screening” of lignite samples by pyrolysis-gas chromatog-
raphy. The production of C,~Cs n-paraffins and 1-olefins is
monitored.

C.S.Giam,* T. E. Goodwin, P. Y. Giam, K. F. Rion, and S. G.
Smith, Department of Chemistry, Texas A&M University, College
Station, Texas 77843 Anal. Chem., 49 (1977)

Generation of Nitrosamines for Gas Chromatographic
Analysis via Direct Injection 1544
Techniques for in-situ generation of nitrosamines for chro-
matographic analysis are described with high and repro-
ducible yields in the 10- to 100-ng range.

D. J. Freed® and A. M. Mujsce, Bell Laboratories, 600 Mountain
Avenue, Murray Hill, N.J. 07974 Anal. Chem., 49 (1977)

Deter tion of Intact Oxazepam by Electron
Capture Gas Chromatography after an Extractive
Alkylation Reaction 1545

The N, O3-dimethyl derivatives of oxazepam and lorazep-
am are determined down to 1 ng/mL serum. At 25 ng/mL,
98.4 £ 3.2% is recovered.

Jorgen Vessman,* Margareta Johansson, Per Magnusson,
and Signhild Stromberg, AB KABI, Research Department, Ana-
Iytical Chemistry, Fack, S-112 87 Stockholm, Sweden

Anal. Chem., 49 (1977)

lon-Exchangers for Gas—Solid Chromatography 1549

The use of lightly sulfonated porous polymers as efficient
and selective stationary phases is described.

Roland F. Hirsch,* Chemistry Department, Seton Hall Universi-
ty, South Orange, N.J. 07079, and Courtenay S. G. Phillips, Mer-
ton College, Oxford, England Anal. Chem., 49 (1977)

Determination of Ethyl and Methyl Parathion in Runoff
Water with High Performance Liquid Chromatography
1551

Determination of ethyl and methyl parathion at the ppb
level yields relative standard deviations of 1-6% and an ac-
curacy of +2%.

Daniel C. Paschal,® Richard Bicknell, and David Dresbach,
Department of Chemistry, lllinois State University, Normal, I11.
61761 Anal. Chem., 49 (1977)
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Matheson has

189 Flowmeters

Specialty Gas Handling equipment is our business. Matheson has engineered 189 different flowmeters,
all of which feature accuracy, precision, quality and durability. When you buy from Matheson, our
experience and technology allow you to measure the flow of over 130 different gases.

Electronic MassFlow Controllers And
Flowmeters

These electronic units sense the mass flow
of gas by measuring the differential cooling
between two points. They are dependent on
heat capacity and provide accurate readings
regardiess of temperature and pressure
changes in the gas stream All meter circuitry
is solid state. The fong list of units includes
over 30 Linear models ideal lor use with in-
legrators, totalizers and computer data re-
duction equipment

Mass flow controllers incorporate a valve con-
trolled by the fiow transducer to reduce or
increase flow 1o maintain a constant stream

CIRCLE 142 ON READER SERVICE CARD

150mm Flowmeter Units, 7600 Series

Matneson’'s most versatile rotameter series.
Can be panel or bench mounted with the
valve on the cutlet or inlet. Accuracy of 3%
and 5% of full scale depending upon the rate
of flow. The series offers a wide selection of
tiowmeter tubes with ranges from 0 0084 SCFH
1o 104 SCFH. Fioats of glass. stainless steel,
and tantalum. Accessories of brass. stainiess
steel, and Monel. Available with various
needle valves including Matheson’'s new PC
metering valve. Typical calibration curves for
many gases available. 24 basic models to
choose from.

CIRCLE 146 ON READER SERVICE CARD

The Gas Proportioner

A 2-component mixture with component ac-
curacy to -5% can be made with this unit
Most simply it consists of 2-150mm tubes. a
mixing tube. va'ves (we recommend high ac-
curacy valves) and 1s compensated for back
pressure by outlet valves A high sensitivity
regulator (Matheson's No 8) is a necessary
accessory You specify the mixture you need
— Matheson does the rest

CIRCLE 143 ON READER SERVICE CARD

Acrylic Purge Meters, 7260 Series

These have an accuracy of 10% full scale.
They are low-priced units for use with non-
corrosive gases. Direct reading scales indi-
cate maximum tiows trom 0.01 1o 50 SCFH of
air. This series can by easily panel mounted.
The acrylic body is protected by an aluminum
trame. Pressure is rated at 100 psig. lempera-
ture 10 150°F, Four standard ranges available.

CIRCLE 147 ON READER SERVICE CARD

150mm Four Tube Flowmeter Units,
7400 Series  rou woe wnis can produce 3 and 4 com-
por.ent gas mixtures, of permit metering of
4 separate streams of gases by changing the
configurations. You can specily 3 tube mixers
and a mixing tube to produce a homogeneous
mixture of 3 gases Or, 4 tubes and one dis-
charge port 1o produce a 4 component mix-
ture Four tubes and 4 outlets permit the
monitoring of 4 separate streams. Specifica-
tions are the same as those for the 150mm
s Series. Two models available in brass and

316 stainless steel

CIRCLE 144 ON READER SERVICE CARD

65mm Flowmeter Units, 7200 Series

This glass flowmeter 13 accurate 1o 5% of tull
scaie It possesses a single ficat and is cali-
brated 1o read directly in SCFH of air (the
series range is 0.2 1o 45 max SCFH air). Cor-
rection factors for many gases are availadie.
Fittings are of aiuminum and stainless steel.
Pressure to 200 psig: temperature to 250°F.
Five standard ranges are available.

CIRCLE 148 ON READER SERVICE CARD

Flowmeter Calibration Services

(o] of all can be provided for virtually any
gas and pressure. An actual flowmeter calibration can increase accuracy
of your flow measurements The gases shown are a partial listing of some
past calibrations. Air, argon, 1.3-butadiene, butane, carbon dioxide,
carbon manoxide. cyclopropane, dimethyl ether. ethane, ethylene, helium,
hydrogen, Isobutane, isobutylene, methane, methyl acotylene, nitrogen,
nitrous oxide, oxygen, propane, propylene, refrigerants, sulfur hexa-
fiuoride and vinyl chloride

CIRCLE 145 ON READER SERVICE CARD

atheson

& Lyndhurst, N.|. 07071
East Rutherford, N.J. 07073
Morrow, Georgia 30260
Bridgeport, N.J. 08014
Gloucester, Massachusetts 01930
Joliet, lllinois 60434

La Porte, Texas 77571
Cucamonga, California 91730

Newark, California 94560

Hanover, Maryland 21076

Whitby, Ontario, Canada LIN 5R9
Edmonton, Alberta Canada T5B 4K6
B 2431 Oevel, Belgium

6056 Heusenstamm, West Germany
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Briefs

Laser Two-Photon Excited Fluorescence Detection for
High Pressure Liquid Chromatography 1554

A selective detection method with sub-ppm detection lim-
its for the oxadiazoles PPD, PBD, and BBD is described
and compared with conventional UV detectors.

Michael J. Sepaniak and Edward S. Yeung,* Ames Laboratory-
ERDA and Department of Chemistry, lowa State University,
Ames, Iowa 50011 Anal. Chem., 49 (1977)

Trace Chloride Determination by Rate Controlled
Coulometric Titration 1557

Trace chloride determinations down to 1 ppm (2.8 X 10~
M) are performed easily and rapidly with deviations from
known values of no more than 5%. The precision of the
method is within a few percent of the relative standard de-
viation.

Michael J. Zetlmeis]* and David F. Laurence, Tretolite Divi-
sion, Petrolite Corporation, 369 Marshall Avenue, St. Louis, Mo.
63119 Anal. Chem., 49 (1977)

Study of the Steady-State Current at Tubular
Electrodes in the Micromolar Concentration Region
1563

Current vs. flow rate data are used to distinguish flow de-
pendent and flow independent current components. A
pulsed flow procedure for measuring submicromolar con-
centration levels is suggested.
W. J. Blaedel® and D. G. Iverson, Department of Chemistry,
Uni ity of Wi in, Madi: Wis. 53706

Anal. Chem., 49 (1977)

Mechanism of Neutral Carrier Mediated lon Transport
through lon-Selective Bulk Membranes 1567

The mechanism of the cation selectivity of neutral carrier
based solvent polymeric membranes is elucidated using
tracer techniques. Their cation permselectivity is due to
the presence of immobile anionic sites.

A.P.Thoma, A. Viviani-Nauer, S. Arvanitis, W. E. Morf, and
W. Simon,* Department of Organic Chemistry, Swiss Federal In-
stitute of Technology, Universitatstrasse 16, CH-8092 Zurich,
Switzerland Anal. Chem., 49 (1977)

Redox Thermodynamics and Electron Transfer
Reactivity of Heme by Enthalpimetry and
Voltammetry 1573
Results of thermometric enthalpy titration, polarography,
and cyclic voltammetry are reported. AH, AG, and AS as-
signments are determined in nonaqueous and mixed sol-
vents.

Raymond Bury and Joseph Jordan,* Department of Chemistry,
The Pennsylvania State University, 152 Davey Laboratory, Uni-
versity Park, Pa. 16802 Anal. Chem., 49 (1977)

Assay of Phenob bital with an lon-Selecti
Electrode 1577

A rapid and reliable assay method is developed based on
the potentiometric sensing of the phenobarbital anion with
a coated wire electrode. The results obtained are in agree-
ment with the standard USP method.
Gary D. Carmack and Henry Freiser,* Department of Chemis-
try, University of Arizona, Tucson, Ariz. 85721

Anal. Chem., 49 (1977)

Silver-110 Microgram Sulfate Analysis for the Short
Time Resolution of Ambient Levels of Sulfur Aerosol
1579

At heric particulate collected on quartz or
glass fiber filters are analyzed for total sulfur at the micro-
gram level with a precision of +3%.

Joseph Forrest* and Leonard Newman, Atmospheric Sciences
Division, Department of Applied Science, Brookhaven National
Laboratory, Upton, N.Y. 11973 Anal. Chem., 49 (1977)

Determination of Acid POH Groups of Hydrolysis-

S ptible Esters of Ph ous Acid 1584
The procedure described has an accuracy of better than 1%
in samples of about 10-20 mg H3PO3.

Robert Siegfried, Federal Research Centre for Nutrition, D-75
Karlsruhe, West Germany Anal. Chem., 49 (1977)

P

Reaction-Rate Method for the Determination of
Hydrocortisone 1586

A rapid, 30-s method is described based on the blue tetra-
zolium reaction. Relative standard deviations less than 1%
are obtained on commercial samples.

R. M. Oteiza, D. L. Krottinger, M. S. McCracken, and H. V.
Malmstadt,* School of Chemical Sciences, University of Illinois at
Urbana—Champaign, Urbana, 11l. 61801  Anal. Chem., 49 (1577)

Cyclic and Differential Pulse Voltammetric Behavior
of Reactants Confined to the Electrode Surface 1589

Cyclic and differential pulse voltammetric behavior of
reactants attached to the surface of graphite electrodes are
examined experimentally and theoretically. The surface ac-
tivities of the attached reactants differ appreciably from
their surface concentrations.
Alan P. Brown and Fred C. Anson,* A. A. Noyes Laboratory,
California Institute of Technology, Pasadena, Calif. 91125

Anal. Chem., 49 (1977)
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2 sensltlvitleslntrmowpsts-pa—trlﬂmaud's :
ModeISFR-m)Isavatmﬁlo,shteol- instrument

A double-beam ratio system for corrected spectra,
together with excellent long-term stability, provides
outstanding accuracy. A high signal-to-noise ratio assures
clear, unambiguous results. Readout of reference, emis-
sion and ratio signals can be selected on an integral panel
display and separate XY recorder. An analog panel

meter facilitates set-up, and BCD output is available for
simple computer interfacing. Many other advanced
operating features are included.

Send today for complete SFR-100 specifications and
operating details, together with data on a broad range of
accessory equipment and devices.

Let us demonstrate the SFR-100 in your own laboratory. Vh will leave
you a free copy of “Practical Fli Theory, and
Techniques," by G. G. Guilbault, for giving us a chance to show what
this unique instrument can do.

m Home Office: Baird-Atomic, Inc.

= 125 Middlesex Tpk, Bedford, MA 01730
m Tel. (617) 276.6000 — Telex: 923491 —
Cable: BAIRDCOBFRD

CIRCLE 24 ON READER SERVICE CARD
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Briefs

lon-Exchange Separation and Determination of
Calcium and Magnesium 1595

Magnesium(II) and calcium(II) are separated by ion-ex-
change chromatography using a sulfonated macroporous
resin, ammonium chloride, or ethylenediammonium chlo-
ride eluent and automatic detection with a color-forming
reagent.

Michael D. Arguello and James S. Fritz,* Ames Lahoratory—
ERDA and Department of Chemistry, lowa State U:

Ames, lowa 50011 Anal. Chem., 49 (1977)

Automated Atomic Absorption Spectrometric
Determination of Total Arsenic in Water and
Streambed Materials 1599

Ultraviolet radiation or acid-persulfate digestion is used to
decompose organic arsenic compounds.

Marvin Fishman® and Roberto Spencer, U.S. Geological Sur-
vey, Mail Stop 407, Box 25046, Denver Federal Center, Denver,
Colo. 80225 Anal. Chem., 49 (1977)

Determination of Ethylene Oxide in Gas Sterilants by
Fourler Transform Infrared Spectrometry 1602

The FTIR method gives accurate results between 5 and
25%, calculated on a weight basis. A brief study of differ-
ence spectrometry shows promise for this technique in
quality control.

P. V. Allen and A. J. Vanderwielen,* Control Analytical Re-
search and Development, The Upjohn Company, Kalamazoo,
Mich. 49001 Anal. Chem., 49 (1977)

Enhancement of the Fluorescence Intensity of
Derivatives of Amino Acids in Mixed Solvent Systems
1606

Mixed solvent systems containing DMSO are found to
greatly enhance the fluorescence intensity of o-phthal-
dehyde, dansyl chloride, and fluorescamine derivatives of
amino acids, leading to the possibility of more sensitive an-
alytical procedures.
Peter M. Frochlich® and Larry D. Murphy, Department of
Chemistry, North Texas State University, Denton, Tex. 76203
Anal. Chem., 49 (1977)

Multichannel Pipet for Parallel Aliquoting of Samples
and Reagents into Centrifugal Analyzer Minidiscs
1608

A multichannel pipet designed for use with a minidisc cen-

trifugal analyzer aliquots and delivers eight solutions in

parallel in 30 s with 0.5% reproducibility.

R. P. Gregory IV, J. D. Lowry, and H. V. Malmstadt,* School

of Chemical Sciences, University of Illinois, Urbana, Ill. 61801
Anal. Chem., 49 (1977)

Determination of Low Levels of Sulfur in Organics by
Combustion Microcoulometry 1615

The limit of detection is 0.2 ppm by weight and the stan-
dard deviation at the 1- to 2-ppm level is 0.1 ppm by
weight.

D. C. White, British Petroleum Company Limited, Group Re-
search and Development Department, Analytical Branch, Sun-
bury-on-Thames, Middlesex, England Anal. Chem., 49 (1977)

Weak Peak Enh t by Selective lon Trapping in

a Quadrupole lon Storage Source 1619

The combination of a three-dimensional quadrupole ion
storage source with a conventional quadrupole mass filter
is shown to provide a means of enhancing the intensities of
weak mass spectral peaks.
G. Lawson and J. F. J. Todd,* Ch I Lab y, Uni ity
of Kent, Canterbury, Kent, CT2 7NH, U.K.

Anal. Chem., 49 (1977)

Lo o

Quantitative Comparison of Combined
Chromatographic/Mass Spectrometric Profiles of
Complex Mixtures 1623

An automated method is described for quantitative com-
parison of GC/MS profiles of complex mixtures with his-
torical libraries of previous results.
Dennis H. Smith* and Michael Achenbach, Departments of Ge-
netics and Chemistry, Stanford University, Stanford, Calif. 94305,
and William J. Yeager, Patricia J. Anderson, William L.
Fitch, and Thomas C. Rindfleisch, Department of Genetics,
Stanford University, Stanford, Calif. 94305

Anal. Chem., 49 (1977)

Correspondence

Radiofrequency Oxygen Plasma Treatment of
Pyrolytic Graphite Electrode Surfaces 1632

John F. Evans and Theodore Kuwana,* Department of Chemis-
try, The Ohio State University, Columbus, Ohio 43210
Anal. Chem., 49 (1977)

Rate of Extraction of Copper from Aqueous Solutions
1636

Stephen J. Kirchner and Quintus Fernando,* Department of
Chemistry, University of Arizona, Tucson, Ariz. 85721
Anal. Chem., 49 (1977)

Corrosion of Stainless Steel by Organic Solvent

Mixtures 1637
Alice Y. Ku and David H. Freeman,* Department of Chemistry,
University of Maryland, College Park, Md. 20742

Anal. Chem., 49 (1977)
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Find the2 membranefilters
you use the most, and you’ll see our point.
And get free samples.

The point you'll see is that S&S offers more different types of
membrane filters or laminates (over 115!) for microfiltration
or ultrafiltration than anybody else.

For instance, just about every nitrocellulose membrane
listed below is available in the following formats: white,
black or green; with low extractables for gravimetrics; plain
or with a 3.1mm or Smm grid; hydrophobic or hydrophobic-
edged; air-side up for leukocyte chemotaxis assays; pre-steri-
lized with ETO gas or packaged for use in the autoclave. Plus

standard size up to 50mm—just indicate
which one.

What does it mean to you if S&S makes
so many different filters and you may use
only two? It means that if you start with
S&S you can stay with S&S,
no matter how your mem-
brane filter applications
might change. One brand,

— as we are surc our samples will prove — they're of the high-
est quality and uniformity.

This list shows some of our best-sellers. Find the two
different membrane types you use most, check the size you
want, fill in your name and address, and mail the form to us.
Your free samples will be on their way to you quickly. If you
don’t see the membrane type you need, indicate what you do
need in the blank space at the bottom — we probably have it,
too. And if the size you want isn’t here, we'll supply any

one source, one high level
of quality.

Check your two choices
now and get your free samples.

SCHLEICHER & SCHUELL

Keene, New Hamgshirc 03431
Schleicher & Schuell GmbH, D-3354, Dassel, West Germany
Schleicher & Schuell AG, 8714, Feldbach ZH, Switzerland

DIAMET

PORE Other l
S&S SIZE DESCRIPTION (Up To l
B GrADE# | (m) 25mm | 47mm | S0mm)
I AE 100/LK 12 Nitrocellulose, white, specially packaged for leukocyte chemotaxis assays l
AE99 8 Nitrocellulose, white, plain l
l AE 98 5 Nitrocellulose, white, plain
l AE 98/LK 5 Nitrocellulose, white, specially packaged for leukocyte chemotaxis assays l
AE 97 3 Nitrocellulose, white, plain l
I AE 95 1.2 Nitrocellul white, plain
l AE91 0.8 Nitrocellulose, white, plain I
BC07/21GAP 0.7 Nitrocellulose, white 3.1mm black grid, autoclave paqk, 10 envelopes, I
l 10 filters and 10 nutropads per envelope, for fecal coliform analysis
l BA 90 0.6 Nitrocellul white, plain l
BA 90/21 0.6 Nitrocellulose, white 3.1mm black grid
' BA 85 0.45 Nitrocellulose, white, plain '
BA 85/21 0.45 Nitrocellul white 3.1mm black grid l
l BA 85/21GAP| 0.45 BABS autoclave pack, 10 envelopes, 10 filters & nutropads per envelope
l BA 83 0.2 Nitrocellulose, white, plain I
BA 80 0.15 Nitrocellulose, white, plain I
l PH 79 0.1 Nitrocellulose, white, plain
I El 41 <0.005 Nitrocellulose, transparent, plain, furnished moist l
ST 69 1.2 Cellulose acetate, white, plain l
l OE 67 0.45 Cellulose acetate, white, plain
l OE 66 0.2 Cellulose acetate, white, plain I
AC 62 gg (1)(5) Cellulose acetate, transparent, plain, furnished moist I
l AC 61 <0.005 Cellulose acetate, transparent, plain, furnished moist l
l RC 59 0.6 Regenerated cellulose, white, plain
l RC 58 0.2 Regenerated cellulose, white, plain l
RC 57 0.15 R ated cellul white, plain
I RCS51 <0.005 Regenerated cellulose, transparent, plain, furnished moist I
TE 39 15.0 PTFE on non-woven polypropylene, white, plain I
I TE 38 5.0 PTFE on non-woven polypropylene, white, plain
I TE 36 0.5 PTFE on non-woven polypropylene, white, plain l
TE 35 0.2 PTFE on non-woven polypropylene, white, plain I
l TE 30 0.02 PTFE on non-woven polypropylene, white, plain l
|
l Send to Schleicher & Schuell, Inc., Keene, N.H. 03431 AC-9 I
' Name. Institution/ Cc pany. l
' Address. City. State. Zip. Phone (). l

-------------------------------‘
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Channel
Recorders

*Up to 6 continuously overlapping records

*Electronic linearization for direct
recording in engineering units

*Plug-in amplifiers for easy span change

*Color coded linear ribbon indicators
easily read at a distance

*High precision and reliability for
laboratory and industrial use

Chessell Model 320 potentiometric recorders provide
6 channel continuous, fully overlapping records
across 250 mm (10 inches) of calibrated chart width.
All inputs are electronically linearized and recorded
as linear functions for easy interpretation. Direct
measurement of AC or DC electrical parameters is
possible by use of plug-in modular input amplifiers
which provide flexibility for quick span changes. No
calibration is required. Stacked pen trays and plug-in
drive PCB's permit easy field expansion up to 6 chan-
nels.

Operational versatility is enhanced by bold, clear,
color coordinated linear ribbon scale indicators that
allow observation of pen position at a distance. A
wide selection of chart speeds permits chart life up
to 2000 hours. Options include 10 speed electronic
chart drive, event marker, individual channel high/low
alarms and fan fold charts.

Call or write for free product guide.

El

A Eurotherm

Briefs

Sheet Resistivity Measurements of Chemically
Modified Electrodes by Four-Point Probe Method 1639
Vakula S. Srinivasan® and Walter J. Lamb, Department of

Chemistry, Bowling Green State University, Bowling Green, Ohio
43403 Anal. Chem., 49 (1977)

Aids for Analytical Chemists

Photographic Techniques for Fluorescent Spots on
Thin-Layer Chromatographic Plates 1640

P. W. Rulon* and M. J. Cardone, Norwich Pharmacal Company,
Norwich, N.Y. 13815 Anal. Chem., 49 (1977)

Determination of Mercury in Edible Oils by
Combustion and Atomic Absorption
Spectrophotometry 1641

Wei-Chong Tsai and Lih-Jiuan Shiau, Food Industry Research
and Development Institute, P.0. Box 246, Hsinchu, Taiwan, Re-
public of China Anal. Chem., 49 (1977)

Dry Ashing of Animal Tissues for Atomic Absorption
Spectrometric Determination of Zlnc Copper,
Cadmium, Lead, Iron, M ium, and
Calcium 1644

E. E. Menden, D. Brockman, H. Choudhury, and H. G. Pe-
tering,* Kettering Laboratory, Department of Environmental
Health, University of Cincinnati College of Medicine, Cincinnati,
Ohio 45267 Anal. Chem., 49 (1977)

Small Volume, ngh Perlormance Cell for Nonaqueous

Company

Data Collection Recording Systems

Isaac Newton Center, Reston, VA. 22090
Telephone: (703) 471-4830 e Telex: 899449

Spectroelect try 1646

Fred M. Hawkridge,* Department of Chemistry, Virginia Com-
monwealth University, Richmond, Va. 23284, and Jeanne E.
Pemberton and Henry N. Blount,* Brown Chemical Laboratory,
The University of Delaware, Newark, Del. 19711

Anal. Chem., 49 (1977)

Ci Studies on the of Atom F inGi

CIRCLE 40 ON READER SERVICE CARD

Furnace Atomic Absorption Spectrometry 1647
R. E. Sturgeon, C. L. Chakrabarti, and C. H. Langford

Ci Gel P Ch phy of Low M Weight
Materials with High Efficiency Columns 1647
Anoop Krishen and Ralph G. Tucker

Correction. Determination of Thorlum and Uranium in Ores and Mill
Tailings by Alpha Spectromelry 1648
C. W.sill

11, SEPTEMBER 1977
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Whileyou're
workingin
the foreground-..

% examples:
oy fourier transformation
¥ datamassage

basic programming
T\/T,pcalculation
ploVprint/CRT display
spin simulation

examples of acquisition:
T/Tp

auto stacking
multi-mode

pulse programmed
kinetic
longterm
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Photon counting:

when light measurement
is difficult-and crucial.

Few developments have so greatly enhanced
light measurements as photon counting. By in-
creasing sensitivity and stability, photon counting
has opened the way to a wide range of high-
precision applications.

For example: At Case Western
Reserve University Hospital, the
Department of Neurology has
been using fluorometric tech-
niguesin the analysis of biogenic
amines and their metabolites in
biologic material of diverse
origin.

Dr. Mars comments, “With low
concentrationsand conventional
analog techniques, it became
apparent  that differences be-
tween sample and reagent blank
were frequently too small to
permit-adequate confidence in
the procedures.” Now, since the
installation of an Ortec photon- - X
counting system, . . . photon  pr. y_Mars, University Hospital, Case WesternReserve University.
counting has extended our ca-
pabilities in the measurement of
low sample concentrations, has
significantly enhanced the ease For complete information on Ortec photon-
and reliability of ‘processing counting systems, write or call Life Sciences
large numbers of samples, and  Division, Ortec Incorporated, 100 Midland Road,
has eliminated human error in Oak Ridge, TN 37830; (615) 482-4411. Worldwide
recording the results.” sales and service.

Providing solutions. ORTEC

anJ\ E6:0 company
76 OFFICES IN 49 COUNTRIES
“Ortec / 8851
CIRCLE 157 ON READER SERVICE CARD
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Extra Precision, Extra Performance in Liquid Chrorr

EXTRA PRECISION

Philips NEW XP Digital Programmer

is microprocessor controlled for extra
precision, so that resolution of % B in A
is controlled to = 0.5% to give the high-
est repeatability of retention times.
The Gradient Programmer requires
only one pump for simplicity and econo-
my, provides 9 segments each up to 99
minutes and each capable of being
programmed with a choice of 99 curve
shapes plus a step function. This XP
series flexibility always assures the
proper program for your problem rather
than a compromise.

EXTRA PERFORMANCE

The XP Digital Solvent Delivery System
gives smooth, pulse-free operation

up to 10,000 PSI with flow rates up to

PHILIPS

10 ML. This high pressure capability
shortens analysis time and pulse-free
operation allows operation at higher
sensitivity for higher performance

To complete the total LC System Philips
offers a wide range of XP Detectors to
assure the highest level of performance
in liquid chromatography. You have a

choice of four detectors to let you select”

the correct one for the job:

1. Fixed Wavelength UV Detector
Operates at 254 NM;

2. Variable Wavelength UV Detector
Operates to 190 NM;

3. Unique Electron Capture Detect
Is available for those compounds with
electron affinity. (It's selective response
allows detection of electron capiuring

compounds down {c

while ignoring non elect Ca na
species.)

4. Universal Flame lonization Detector
Is available when little is known

about the sample. It gives a un

and linear response for all org
compounds

The NEW Philips XP Series brings
together microprocessor controlied
Gradient System, a high performance
Solvent Delivery System, and the
widest available range of Detectors to
provide the best solution to your LC
problems. For more information call or

. write today to: Philips Electronic

Instruments, 85 McKee Drive
Mahwah, N.J. 07430 = (201) 529-3800

PHILIPS

#163 for demonstration requasts




Letters

Single Atom Detection

Sir: The points you raise in your edi-
torial of April 1977 (1) about problems
arising in projected applications of
single atom analytical techniques are
well taken. There have been three
laser-based methods that have dem-
onstrated sensitivities of 1-100 atoms/
cm? (2—4). All of these methods make
use of the ability of lasers to deliver
large optical powers into atomic line-
widths at resonant frequencies. As a
result, they depend on wavelength
tunable devices and/or fortuitous sets
of energy levels. Molecular species can
only be detected at much reduced
sensitivities.

We have developed a method that
has demonstrated detectivities of 104
atoms/cm? with the promise of a very
wide generality (5). The probability of
covering % or more of the periodic
table is very good. In addition, there is
abundant evidence that many molecu-
lar species are susceptible to detection
by this technique (6). Our method re-
quires quantitative optical detection
of fluorescence excited by energy
transfer from “active’” nitrogen. We

call it “analytical photon catalysis”
since the sample species acts as a cata-
lyst for photon production from the
energetic metastable nitrogen species.

Due to the simplicity, generality,
low cost, and extreme sensitivity of
the technique, we feel it is a serious
candidate to occupy a prominent place
““in the kit bag of the profession”. In
addition to the above advantages, the
method has a large dynamic range.
This is clearly demonstrated (5) when
the concentration of Bi atoms is mea-
sured over six orders of magnitude in a
single run.

These comments are in no way
meant to detract from the detection of
single atom events at Oak Ridge. The
paper of Hurst and coworkers (4) re-
ports on an unequivocal achievement
of one of physics’ illusive, long-stand-
ing goals. We merely want to point out
the ultimate utility of our technique to
the readers of ANALYTICAL CHEMIS-
TRY.

References

(1) H. A. Laitinen, Anal. Chem., 49, 529
(1977).

(2) W. M. Fairbank, Jr., T. W. Hansch,
and A. L. Schawlow, J. Opt. Soc. Am.,
65, 199 (1975).

(3) J. A. Gelbwachs, C. F. Klein, and J. E.
Wessel, Appl. Phys. Lett., 30, 489 (1977).

(4} G.S. Hurst, M. H. Nayfeh, and J. P.
Young, ibid., p 229.

1

High Temperature
GC Phases

Extended column life at 400°
and beyond

o arbon

o0 =B

Separate amino acids, drugs, paraffins, hydrocarbons, natural waxes, pesticides,
fatty acids, steroids, alcohols, etc. —at column temperatures of 400° C and more.
Routinely. With outstanding selectivity.

Columns packed with Dexsil 300GC have shown negligible bleed from 20° to
450°C. Limited life applications can be performed at temperatures to 500° C. Two
other Dexsil polymers —400GC and 410GC — can be selected according to appli-
cation, and used at temperatures to 400°C.

When used at lower temperatures up to 350° C, the Dexsils offer the advantages
of using more sensitive GC settings and increasing column life because of the
Dexsils” low bleed. Users report column life under routine conditions at 2, 3, 4
years and more.

Dexsil is available NOW, either directly or from your regular supplier. Write for
details, and an exhaustive bibliography of over 200 Dexsil applications.

n Exs I l 295 Treadwell Street @ Hamden, CT 06514
(203) 288-3509

® Registered Trade Mark Dexsil Chemical Corporation Hamden CT.
CIRCLE 50 ON READER SERVICE CARD
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(5)‘0(71. A. Capelle and D. G. Sutton, ibid., p

(6) A.N. Wright and C. A. Winkler, “Ac-
tive Nitrogen", Academic Press, New
York, N.Y., 1968; G. A. Capelle, unpub-
lished data.

David G. Sutton
Aerophysics Laboratory
Aerospace Corp.

Los Angeles, Calif. 90045

Microscopes

Sir: I feel that your readers deserve
some amplification of Dr. McCrone's
article [Anal. Chem., 49, 659A-664A
(1977)], *“How to Buy a Microscope”.

Although Dr. McCrone is widely
knowledgeable regarding polarizing
microscopes and microscope training
courses, he unaccountably fails to
mention that Vickers manufactures a
complete range (student through re-
search) of polarizing microscopes,
available worldwide, and, in England,
offers a rather good program of inten-
sive courses in microscopy.

G. R. Osgood, Jr.
Vickers Instruments, Inc.
Woburn, Mass. 01801

Dr. McCrone replies: | was embar-
rassed to be reminded of the Vickers
polarizing microscopes, but their cata-
log was missing from my library of
catalogs sent regularly by the other
manufacturers. This library was used
in preparation of the article.

Vickers does have a wide range of
polarizing microscopes very competi-
tive with those I did cover. Their
M-70b student microscope is compa-
rable to the corresponding Nikon, Ol-
ympus, Hacker, Kent, and Unitron in-
struments with the advantage of an
inclined bodytube. They also have a
more sophisticated model with a large
ball-bearing stage with binocular in-
clined bodytube for about $1600. This
and all Vickers microscopes are de-
signed to accept vertical illuminators
to be used for opaque specimens and
especially ore mineral analysis.

Finally, they have a large modular
polarizing microscope in the $6000-
7000 range, the M-41. Mr. Osgood tells
me that this instrument is about to be
phased out in favor of a new M-17
with DIN optics and other improve-
ments including planachromats. Apo-
plans will also be available although
not initially, at least, strainfree. This
is no serious drawback, however, since
planapos (or apoplans) are not gener-
ally necessary for polarized light ob-
servations. Contrariwise, crossed po-
lars are not ordinarily used for obser-
vation or photomicrography at the
highest resolving power. This latter
instrument will fall in the range of the
Leitz Orthoplan or Nikon Apophot.



- COMPARE YOUR IDEA
OF AWORKHORSE
- RECORDERTO OURS.

£ The rugged Gould 105 General Purpose Strip Chart able in four colors. It easily takes Z-fold or roll paper
Recorder delivers such reliable performance, with so without modification. Chart spee range from 1 in./hr
many unexpected features. that it goes beyond the to 20 in./min. It even makes chartl annotation simpler
traditional definition of a workhorse unit with' a flatbed, “write-on” design and event marking
Die-cast to handle the day-to-day rigors industrial standard
analytical instrumentation must face, the 105 still offers And of course you have the Gould/Brush sales and
you a full complement of features you might not expect service organization should you ever need us. Check
on such a competitively priced recorder Gould's 105 — a workhorse of a recorder with a tradi
Full scale accuracy is + 0.1%. Rectilinear data pre- tion of thoroughbreds
sentation 1s available on either single or dual 10-in For a detailed brochure, contact Gould, Inc., Instru

full scale) is

Response time (10% to 90% ment Systems Division, 3631 Perkins Ave.. Cleveland
: Ohio 44114. Or call toll free at (800) 32 f

In Missouri: (800) 342-6600
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The new generation
X-ray analysis system

from Tracor

At Tracor Northern we've
established a reputation for
leadership in developing innovative
analytical instrumentation.

Five years ago we introduced
the NS-880, the first truly computer-
based X-ray elemental analysis
system. The NS-880 has gained
world-wide acceptance and is today
the premier quantitative analysis
system.

Tracor Northern now proudly
introduces System TN-2000, a new
microcomputer-based system with
the exceptional performance you've
come to expect from our
instruments. System TN-2000 offers

human-engineered convenience and.

simplified operation at a
modest price, while
maintaining our tradition
of uncompromising quality
and unmatched verstility. d
System TN-2000 is [
totally human-engineered
for convenience and ease of
operation. The modular
backlighted control keypad
and large-screen high-
resolution display can be
individually placed to
optimally suit your
working environment.

System TN-2000

Tracor Europa B.V. /

hol Airport A dam | Buildi

System TN-2000's
superior display is controlled by its
own microprocessor to provide
comprehensive visual >
information with
unparalleled clarity and
versatility. Labeled
keypad functions
and unique OMNI
control provide
instant interaction
with all
display
features.

Northern.

—12.7 em.—{

p——17.8 cm.—

A uniquely new, elegantly

simplified approach to operation
setup and control allows you to
perform complete analyses
with unprecedented ease. You
simply select desired operations
from displayed choices, with
current selections identified by
complete and lucid text.

Efficient operation is ensured
by permitting operating
parameters to be individually
modified.

System TN-2000 is
more than an innovative
instrument. It is a state-of-
the-art computer-based
system whose capabilities can
grow with your needs.

If you are interested in
rapid and reliable X-ray
elemental analysis, you must
see System TN-2000 in
action. Contact us now.

racor Northern

106, The Netherl
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AND NOW SIGMA:

The first complete GC line with consistent
excellence in performance, adaptable to
any analytical need and budget. The
SIGMA series from Perkin-Elmer is entirely
new, entirely unified. Itincludes gas
chromatographs, lab data systems, and
accessories. Incorporating the iatest
chromatographic technology and the most
recent advances in microprocessors,
SIGMA presents major improvements in
system control and detector performance
SIGMA is unique for another important
reason. You get identical chromatographic

performance from every instrument in the
series because they're all assembled from
common components and accessories
You can transfer most methods developed
on one SIGMA gas chromatograph to any
other in the series, with no deterioration in
performance. Even the column can be
transferred.

Optional SIGMA accessories include
an Autosampler for liquid sampling, and
various systems for gas sampling and
column switching. An Automatic Environ-
mental Sample System enables air

samples to be analyzed with any of the
detectors. There's also a solid sampling
system. You can get a wide selection of
standard interchangeable columns, both
metal and glass —capillary and packed
Everything has been incorporated in the
SIGMA concept

Ask your Perkin-Elmer representative for
all the facts on the SIGMA series. Contact
him now, or write Perkin-Eimer Corp.. Mail
Station 12, Main Ave., Norwalk, CT 06856

SIGMA 1 isthe most sophisticated system.
It combines one or more gas chromato-
graphs with integral microprocessor con-
trol and data handling. It can employ all the
injector and detector options in the series.
A keyboard sets analytical parameters, in-
cluding carrier gas flow rates, automatic
switching of detector amplifier outputs,

and external event timing.

Its microprocessor controls the analyzer
units and reduces data for as many as four
detectors at once. An internal printer/plotter
gives you the chromatogram, analytical

conditions, and results.

SIGMA 2 gas chromatographs are multi-
detector, microprocessor-controlled in-
struments that combine versatility with
operating ease. They include dual channel,
temperature-programmed systems and
can have up to four detectors installed
simultaneously. You set the analytical
parameters on a keyboard that instructs
you in the set-up routine. (Instrument
parameters can be stored on a card and
entered through a Card Reader Accessory.)
The microprocessor also provides multi-
level temperature programming, digital
setting of carrier gas flow rates, and digital
reporting of all set and actual values.
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SIGMA 3 gas chromatographs are
modestly priced. but exceptionally versatile,
single or dual channel temperature-
programmed instruments. They come
with a wide choice of detectors' flame
ionization:. electron capture, nitrogen/
phosphorous; flame photometric; or hot
wire Accessory amplifiers are available for
simultaneous multi-detector operation. A
simple numerical keyboard sets param-
eters while the microprocessor controls the
‘.outine, so no “iImpossible” values can be
entered

SIGMA 4 gas chromatographs are excel-
lent for routine applicatons and teaching
They are dedicated isothermal instruments
designed for single column. single detector
operation They are also available with a
wide choice of detectors: flame ionization.
electron capture: nitrogen/phosphorous.
flame photometric: and the new thermistor
thermal conductivity for rugged routine
operation. Injectors. gas controlsand other
accessories and options are identical to
those used throughout the entire SIGMA
series

SIGMA 10 Lab Data System handles data
from any gas or liquid chromatograph.
Annotated chromatograms can be ob-
tained for any one of thefour achivechannels
connected to it, and multiple data files and
methods can be stored. Six time-controlied
relays are standard on every channel, and
ready signals from gas chromatographs
and Autosamplers can be fed back to the
system for compiete synchronization of
automatic analysis. With the optional pro-
grammability accessory. you can write
programs in standard BASIC. A cassette
accessory provides additional storage
space for programs, and there's alsoan
RS-232C input/output accessory.
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The wide use of spectrophotometry
in chemical analysis results from the
fact that electronic spectra of sub-
stances in solution are easy to measure
with high precision and at relatively
low concentrations. Despite the ease
of t, a large t of the
information contained in the original
spectra is seldom used in analyses and
is almost never reported. As a result,
the conventional use of data at a few
wavelengths requires relatively large
spectral changes for a given precision,
whereas use of the information in the
entire absorption curve would allow
small changes to be analyzed with the
same precision. Attempts at empirical
correlations are made difficult by the
fact that the literature contains the
scantiest of data: emay, Amax (£1-2
nm), and perhaps an indication of the
existence of a “shoulder” at some ap-
proximate wavelength.

Substantial improvements in meth-
ods of collecting, analyzing, and re-
porting spectrophotometric data are
available. The precision of modern
spectrophotometers permits band po-

1 To whom correspondence should be ad-
dressed.

David E. Metzler
Carol M. Harris
Department of Biochemistry and Biophysics
lowa State University

Ames, lowa 50011

Richard L. Reeves'
W. H. Lawton
Mary S. Maggio

Eastman Kodak Co., 1669 Lake Avenue
Rochester, N.Y. 14650

sitions to be located more accurately
than the customary +1 nm. With a
small amount of effort, information
about band shapes can be obtained.
Such data are often more useful with
broad-band spectra than are changes
in €max. Since the information in an
entire curve can be reduced to a few
parameters, changes in curve shape
induced by changes in experimental
conditions can be studied by examin-
ing the variation in these parameters
rather than the variation of the entire
curve. Use of direct-reading digital
output systems together with com-
puter-assisted analysis of band shape
provides further improvement in pre-
cision and saving of time. It is the pur-
pose of this review to summarize the
methods that are currently available
for analysis of spectra recorded in dig-
ital form and to illustrate them with
appropriate examples.

Digital Recording

Consider a simple spectrum such
as that of 1-methylcytosine (Figure 1)
which consists of two overlapping
bands. A spectrum of this type can be
described by specifying the position,
height, and shape of each of the two
bands. Band shape can cften be ex-
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pressed in terms of width and skew-
ness together with a description of the
vibronic fine structure. In many spec-
tra of organic and inorganic sub-
stances, no fine structure is evident
and a spectrum such as that in Figure
1 can be described accurately by re-
cording the coordinates of perhaps 20
points. If vibronic fine structure is
present, 100-200 points will usually
suffice to convey all of the available
information. In other cases, e.g., ben-
zene in the vapor phase, a much larger
number of points is needed. A desir-
able approach is to record the coordi-
nates of the necessary number of
points directly in a form convenient
for computer processing (I-4). Alter-
natively, data from carefully recorded
graphs can be digitized manually (2)
or by machine (4).

Collection of data in digital form
provides the following advantages: (a)
Repeated scans can be averaged easily
to provide a lower noise level, correc-
tions can be applied, and molar ab-
sorptivities can be calculated auto-
matically. (b) Spectra of individual
ionic and molecular forms in equilibri-
um mixtures can be evaluated precise-
ly. (c) Band shapes can be analyzed
readily. (d) Processed data constitute



Report

Elecironic Absorption Spectrs

a library of data in digital form. (e)
Spectra may be replotted readily in
any desired format, e.g., for publica-
tion, at a nominal cost. (f) The redun-
dancy of data affords a sensitive
means to test the correctness ofl
hemical model. A tw
mixture can be analyzed at two wave-
lengths, but there are no degrees of
freedom remaining to test for addi-
tional components if they exist. In our
own expenenee, the emunee ofa
third minor comp e m an

Resolution of Spectra of
mmwmsm

One is d in

several absorbing species. The com-
puter is uniquely suited for simplifica-
tion of the labor involved in studying
such systems.
sinpls application ta analysis of
a mixture of components where spec-
tra are known. Spectra of the pure

tn'
would have been  overlooked without
dlgltal treatment of the lpectrophoto-
metric data (5). (g) Digital acq

are ded, and these
“hbm'ylpectn are then used to-
getharmththo-eofthounknownxmx
tures to compute the eompouhon (7).

d that the of the

of data is also useful in very rapid
spectrophotometry (6).

Absolute Error x 1073

42 48 50
Wave Number (cm™ x 1073)

S T S S
325300275 250 225 200
Wavelength (nm)

Figure 1. Absorption spectrum of 1-

methylcytosine

with Model 1501 Cary spec-
with Cary Datex digital

distribution curves
10 polints. Plot at top Is ditference (In units of
molar Xp
and corresponding points on fitted curve

Itis

mixtures are linear combinations of
those of the individual eomponanu,
and a simple least.

is used. In this npproach the absorp-
tion curve of a single unknown mix-
ture may be resolved.

In many instances, spectra of indi-
vidual species are unknown, but it
mlybemmnedthan.huy:umuhn-
ear—that changes in experimental
variables alter only the concentrations
of absorbing species. It is possible to
resolve families of spectral curves ob-
tained as a function of some experi-
mental variable and to obtain equilib-
rium or rate constants as well as the
spectra of the individual species. Two
methods for solving this type of prob-
lem will be discussed.

The first method is a general one
thntwlllbullustntadbymmmph
(8). The uxcurvu ploned in Flgure
2B were obtai
concentrations of a nonabsorbing
component. A, and an absorbing ecom-
d that the

we

chemical model
A+B é AB

K = [ABJ/[A]([B]
Smca only Band AB absorb in the
h region of i the ob-
served curves A; should be given by
Ai(\) = [Blien(N) + [ABliea(N) (2)

A convenient and useful approach
treats spectra as vectors (9). A digital

1)

-

Molar Absorpivity x 1073

Wavelength (nm)

Figure 2. Results of principal compo-
nent analysis using an equilibrium
model

A. Spectra of two forms B and AB of Equation 6
estimated by procedure. B. Six cbserved

read at common set of 15 wavelengths and
udbymwm w.mmc On-

and AB. V”MWWMKM

nents and summation curve (upper solid line)

recording of a spectrum consists of a
record of the absorbances at a finite
number of wavelengths; thus, itisa
set of p numbers. Such a set may be
regarded simply as a single point lo-
cated in p-dimensional space so that
the p coordinates of the point are, nu-
merically, the p absorbances of the
spectrum. The point may be conceived
of as the end of a vector from the ori-
gin; thus, a complete spectrum may be
regarded as a single vector A;. If it is
now postulated that the observed
spectrum is that of two absorbing
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comp ts—a linear combination of
two component spectra—the vector
representing the observed spectrum
may be thought of as the resultant of
two component vectors in the p-di-
mensional space.

The next step in the analysis is to
describe the two component p-dimen-
sional vectors as vectors in two-di-
mensional space. This can be done
since two vectors constitute three
points, defining a plane. It follows that
all vectors representing spectra of
mixtures of the two components will
be resultants of the two component
vectors and, therefore, must all lie in
one plane. All points in a plane may be
located by two coordinates; therefore,
all spectra of a two-component system
may be represented by pairs of coordi-
nates, that is, they may be represented
as vectors in a plane plot. It would
seem as if p-2 bits of information have
been lost, but such is not the case,
since the plane plot has been oriented
in the p-dimensional space so that
each vector in the plane implicitly
represents all p bits of information.
The eigenvectors provide a set of two
orthogonal unit vectors which repre-
sent the coordinates of the plane plot.
The analysis of a three-component
system involves description of the
spectra in terms of three eigenvectors,
and so on.

To verify the two-component as-
sumption suggested by Equation 2,
one need only show that the observed
A, are linear combinations of the first
two eigenvectors of the second mo-
ment matrix:

A= a;Vi + azVe (3)

where V) and V are the eigenvectors
of the second moment matrix

M=[AAl/n 4)

associated with the two largest eigen-
values of M. In Equation 4, A denotes
the n by p data matrix

Ar(A1) -+ A1(Ap)
A=l issnania (5)
An(A\1) == An(ry)

[see Anderson (10, 11)] and A’ is the
transpose of A. If the reconstruction
in Equation 3 is not within experimen-
tal error, then the presence of more
than the assumed number of compo-
nent species or of nonlinear effects
such as peak shifts or bandwidth
changes is indicated.

Once the two-component assump-
tion is verified, we proceed to the sec-
ond stage of the analysis—estimation
of the shapes of these components.
Note that their spectra must also be
some (as yet unknown) combination of
the eigenvectors:

eg=mV1+ 2V
eaB = n21V1 + n22V2 (6)

Solving for the ¢'s at some p wave-
lengths is reduced to the problem of
solving for the ns.

A straightforward manipulation of
Equations 1, 2, and 4 results in an ex-
pression for A; as a linear combination
of the vectors, the coefficients being
functions of the initial concentration
([A]oi and [B]ei), K, and the #'s. Iden-
tification of these coefficients with the
a’s in Equation 3 results in a relation-
ship of the form

a= fl ,223, 2iF(K; [Alo, [Blo) ()

and K and the n's can be solved for by
regression.

Figure 2A shows the resulting esti-
mates for eg()) and ea()). These esti-
mates together with the calculated
value of K were then used to recon-
struct the A; for comparison with the
appropriate experimental curve. Fig-
ure 2C shows a comparison of the ex-
perimental points from one curve and
the calculated curve (solid line) ob-
tained by addition of the two resolved
components. Significant lack of fit
would have indicated that although
the two-component assumption was
correct, the proposed chemical scheme
(Equation 1) was incorrect.

The method just described is appli-
cable to any system in which a rela-
tionship between the concentrations
of the absorbing species and the ex-
perimental variables is known. The
principal advantages are that it pro-
vides a step-by-step method of testing
hypotheses about the system being
studied, and that the number of un-
knowns to be estimated (vector
amounts rather than e at each wave-
length) is greatly reduced.

As an alternate approach, it is possi-
ble to proceed directly to the evalua-
tion of the constants and the spectra
of the individual species. In this case,
the e at each wavelength for each ab-
sorbing component is estimated by re-
gression.

An example is the evaluation of
multiple overlapping pK, values for
acids or bases (1). A more complex ex-
ample (1, 2) is illustrated in Figure 3.
An aldehyde, 5-deoxypyridoxal (desig-
nated P), and an amino acid, alanine
(designated L), combine reversibly to
form a Schiff base which has acid-base
properties. Figure 3A is a diagram of
the equilibria. Spectra were measured
for various mixtures of the aldehyde
and amino acid in the pH range 5-12.
In separate experiments the spectra
and pK, values of 5-deoxypyridoxal
were determined. By use of the latter
“library data” together with the ex-
perimental spectra, a nonlinear least-
squares procedure was used to find
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the values of the formation constant
and the two pK, values for the Schiff
base (enclosed in boxes in Figure 3A).
At the same time the spectra of the
three ionic forms of the Schiff base
(HoPL, HPL, and PL) indicated in
Figure 3A were estimated by linear
least squares and are plotted in Figure
3B. Comparison plots of the type
shown in Figure 3C are generated au-
tomatically by the computer program
used.

These plots compare observed spec-
tra from the input data (points x, O,
etc.) with calculated curves (solid
lines) based on the computed spectra
of individual forms and calculated
pK, values. Small experimental errors
(in pH or concentration) will appear
as small systematic deviations. Any
serious deviation may indicate that
the chemical model used (the scheme
in Figure 3A) is incorrect or incom-
plete. Failure may be due to the pres-
ence of more than the expected num-
ber of components or from nonlinear
effects such as changes in band shape
with changes in ionic composition.
General programs able to accommo-
date equilibria of various types and
capable of providing treatment of data
similar to that in Figure 3 are avail-
able (12).

Nonlinear Systems

The methods described are applica-
ble to many systems in which experi-
mental variables alter the concentra-
tion of absorbing species without in-
troducing nonlinear perturbations of
the underlying shape functions such
as peak shifts and changes in band-
width. There are equilibria, however,
such as tautomerism (3, 4, 13, 14) or
solvation (14, 15) in which the posi-
tion of equilibrium is shifted by
changing the medium or temperature.
These changes introduce nonlinear ef-
fects and the equilibria must be stud-
ied by resolution of experimental
spectra into components as described
in the next two sections.

Description of Spectra with Log-
normal Distribution Curves. A use-
ful approach to resolution of spectra is
to fit each absorption band with a
mathematically defined function. For
example, spectra of inorganic com-
plexes and the ultravioiet spectrum of
the iodide ion are fitted well by Gauss-
ian distribution curves (16, 17) as a
function of wave number. However,
most absorption bands of organic sub-
stances are distinctly skewed, and the
Gaussian curve does not describe
them accurately. The lognormal func-
tion (2, 3, 18, 19) often provides an ex-
cellent fit (2, 3, 19-24) as illustrated in
Figures 1 and 5. For a Gaussian band,
three parameters, the peak position
(7,), the height (¢,), and width (W = 2
), describe the curve. For lognormal



an additional parameter, a dimension-

less number p (Figure 1), defines the
skewness. It can be shown that p, usu-
ally positive, approaches 1.0 as the
lognormal approaches the Gaussian.
Thus, the lognormal can be regarded
as a skewed Gaussian. The lognormal
is also very similar to the Poisson dis-
tribution, which might be expected to

fit well on the basis of theory, but
which is awkward to use (25).

At the top of Figure 1, the differ-
ences between the lognormal curve,
which has been fitted to the spectrum
of 1-methylcytosine and the expen
mental points, have been g

that the maximum misfit in this curve
is not much more than 1% of the peak
height. While the lognormal is not al-
ways appropriate, we have applied it
with excellent results to a large variety
otLeom. 0 including pyridine,

Thm dlfference plot, useful in visually
ing the g of fit, shows

Molar Absorptivity x 1073

18 22 26 30 34
Wave Number (cm™! x 1073)
500 400 350 300 250
Wavelength (nm)

Absorbances

1622 26 30 34
Wave Number (cm™' x 10")

500 400 350 300
Wavelength (nm)

Figure 3. Evaluation of constants and spectra of 5-deoxypyridoxal and alanine
xwmmmmum&mm)mmmmmwum

shown; K, is pH-

by ‘-‘-‘dnh-mnm B. Spectra of three
lonic forms of Schiff base. Mmunmmw

mmmnanum
1X107*M

and varying
, namely: pH 4.26, 6.18, 11.88, and 12.76 at 1.17 M amino

pn
acid; pH 5.02, 6.21, 11,92, and 13.00 at 0.5 M; pH 6.00, 6.7, 7.71, 8.89, 9.31, 10.20, and 12.44 at
0.05 M; pH 9.21at 0,001 M; pH 9.45 at 0.01 M; pH 9,59 at 0,02 M amino acid. Values of log Ky and of

PK,'s for Schiff base given in Figure 3A found by same

used to evaluate these spec-

computer program
tra. C. mwmwmmmmmummmm

stants of Figure 3A

solid lines). These are compared for three experi-

to generate. spectra
mental solutions: (x) pH 6.77; (O) pH 9.31; (+) pH 12.44; all at 0.05 M alanine

dines, flavins, and aromatic anino
acids (23). Band parameters used
obummxt.hel'uml?igmulmds-'l
are given in Table L.

Shape Functions from Self-Mod-
eling. Not all absorption bands are
fitted well with lognormal curves. The
narrow, highly skewed low energy
bands of the chlorophylls and of many
dyes are examples. In the field of in-
frared spectroscopy, a variety of func-
tions and empirical combinations of
functions have been used to describe
band shapes (18). The self-modeling
of Lawton et al. (26) can also be used
to obtain an empirical shape function.
The shape function obtained may be
shifted, stretched, or compressed to
accommodate changes in amplitude,
peak position, and width of spectral
bands induced by changes in experi-
mental conditions.

A series of spectra containing a mix-
ture of components in varying ratios is
required. The spectra of a two-compo-
nent system could be described by
Equation 8:

.(X)'txll( :h)
+(,.f,(‘;,—r‘) ®

Aj; is the measured absorbance of the

i'th curve, fl and fz are the eomponent
shape fi @i
and e; are the ahsorbaneu or absorp-
tivities at the uuxmu. v1iand d vz are
the ngths or wave of
maximum absorbance, and W); and
Wo; are the bandwidths at half peak
height.

The method produces the shape
functions common to the entire family
of curves and peak locations, band-
widths, and amplitudes for each of the

ding to each in-
dividual curve in the family. The esti-
mated shape functions are cubic
splines (27) that are able to assume ef-
fectively any shape with relatively few
parameters. The method is equally ap-
plicable to data recorded on a wave-
length or wave number base. Note
that the transformation of the axis in
Equation 8 is arbitrary. Any transfor-
mation could be chosen.

In theory, one is not limited as to
the number of component shape func-
tions to be determined. In practice,
however, due to the large number of
unknown parameters, one is usually
limited to one or twq different shapes.
It is often true, however, that all n

in a multicomp sys-
tem have the same shape. If the
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‘Table . Parameters Describing Shapes ai
Absorption Bands in Figures:

1-Melhylcytosim
(calkmh) .
Band 1

shapes are different, frequently n — 1
of the component shape functions are
accessible. The one unknown shape
function can be estimated by the self-
modeling method, and the positions,
amplitudes, and bandwidths of all the
n functions can be allowed to vary in-
dependently.

Systematic Studies of Effects of
T ure and Sol Ch
Ch ure or usu-
ally causes nonlinear effects on band
shapes Medxum et'fects also mclude

such as those that accompany the par-
titioning of absorbing species between
solution and micelles or solution and
polymers in aqueous media. The non-
lmear effects have proved to be quite
tr in ing tra-
tion ratios of indicator species for de-
fining acidity functions in aqueous
mineral acids (28). If one wishes to
measure concentrations as a funcuon
of ort ature, the ch

and 5-7

method for evaluation of the tauto-
meric equilibria of the azo dye, 4-
phenylazo-1-naphthol-2,4’-disulfonate
(PND) (4).

OH

N—NH—@—SO,.' ©

hydrazone

The tautomerization constant, K,
f equal to [hydrazone]/[azo) The hy-
rm p

in band shape must be taken into ac-
count. Fortunately, the area under an
absorption band remains constant
even though the molar absorptivity at
a single wavelength does ‘not, so long

0! in water
and water-rich binary mlxtures,
whereas the azo tautomer is the exclu-
sive species m aprotic solvents.

Ch at a fixed pera-
ture or changmg temperature in a

as the absorbing sp isin

lar dlspemom The constancy of molar
area, a°, represents an extension of
the Beer-Lambert law and has been

given sol the band posi-
tions and bandwidths of the compo-
nent curves as well as Kv. Since the
shape functions of the two species are
not ch d and molar areas could be

used to ad age in spectral
of potassium iodide (17) and substi-
tuted 3- hydroxypyndmes (3).

y of a® with ch in

assumed constant, K- could be deter-
mined in any solvent and at several
li regression

atures by

temperature or solvent, together with
the abxluy to describe band shapes

PP PRI
p ly, has p a

from the ratio of areas under the re-
solved curves. The band parameters
(7 o1 Ay, €, and W) were allowed to
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vary freely. The empirical shape func-
tions used for resolving the experi-
mental curves are shown in Figure 4A.
The shape function for the pure azo
form was determined from the experi-
mental curve in an aprotic solvent.
The function for the hydrazone was
ted by the self-modeling meth-

od from famnlles of expenment.nl
curves of varying tautomeric ratios.

Both of the curves shown in Figure
4 show contributions at short wave-
lengths from overlapping bands.
These contributions have to be ap-
proximated by addition of more bands
to resolve the curves with analytical
functions (Gaussian, lognormal, etc.).
Resolution with the empirical func-
tions is simpler since the latter are not
required to approach zero absorbanee
at any e experi
curvesmFlgure4couldberuolved by
lognormal functions when plotted as a
function of 7, provided the curves were
truncated at 380 nm to eliminate the
contribution from the overlapping
hlgh frequency band

of 3- hydroxypyndmes has been de-
scribed by resolution of the low energy
end of the spectrum with lognormal
curves—one set for each of the two
tautomers (3).

Solvation. Another type of pH-in-
dependent equilibrium is reversible
solvation. An example is hydration of
an aldehyde such as 5-deoxypyridoxal
or pyridoxal phosphate:

08t

0.64

0.4

A

Absorbance

0.2

0

310 390 470 550
Wavelength (nm)

Figure 4. A. Empirically determined
shape functions for hydrazone (long
wavelenth band) and azo forms of dye
PND (Equation 9). B. Resolution of mix-
ture spectrum measured in 1.76 mol
% tert-butyl alcohol in water at 25°
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HO.
Oj/ (10)

6 N’

HC i
In this case, the equilibrium can be al-
tered easily by changing the tempera-
ture as illustrated in Figure 5. The al-
dehyde cation is represented by a
band at 29.4 X 10° cm~!, and the hy-
drate by a band at 34.0 X 10 cm~'.
The bandwidths vary significantly
with temperature, but if the molar
areas (integrated intensities) are con-

data of Figure 5, Kp, = 2.2; a°, = 294
km mol~!; a® = 326 km mol~'. Be-
cause band width and skewness pa-
rameters can be fixed at preselected
values appropriate for the P

and conditions used, it is possible to
resolve complex equilibria involving
three or more tautomers and hydrates
(e.g., in the neutral form of pyridoxal
5'-phosphate) with considerable confi-
dence. Application to complex spectra
of enzy bstrate is an-
ticipated (29).

Solvent effects on the absorption
curve of methyl orange dye in the visi-
ble region of the spectrum have been
interpreted in terms of changing ratios
of two unresolved bands (15). The low
frequency component, which is pre-
dominant in water, was assigned to a
hydrogen-bonded hydrate. Since nei-
ther pure component could be mea-
sured, identical shape functions were
assumed, and resolution was accom-

stant with ure, the following
relationship holds:

Ky, = fraction hydrate/fraction alde-
hyde

Here, ay, and a, are the measured
areas of hydrate and aldehyde bands,
and a°}, and a°, are the molar areas
for the individual components—areas
which cannot be measured directly.
However, the ratio a®,/a®}, is equal to
the ratio of the changes in area Aa,/
Aayp, at any two temperatures (or dif-
ferent set of solvents). Hence, Equa-
tion 11 can be solved. Thus, for the

lished by self-modeling re-

gressnon
Vibronic Fine Structure. If a

spectrum contains intense vibronic
fine structure, as does that of pyrazine
(Figure 6), band parameters are hard-
er to define, but using a computer-as-
sisted least-squares method, it is pos-
sible to find the lognormal parameters
reproducibly. A difference plot show-
ing the difference between each exper-
imental point and the corresponding
point on the mathematically fitted
curve (sum of lognormals), when plot-
ted against wave number, provides a
striking display of the fine structure
(Figure 6). This figure illustrates the

Molar Absorptivity (x 1072

.-.u 5 %
26 28 32 4024 28

Wavelength (nm)

32 36 4024 28 32 36 40
Wave Number (kK)

Wave Nurmer (kK)
400 350 800 250 400 350 300

Wavelength (nm)

Wave Number (kK)
250 400 350 300 250
Wavelength (nm)

48
Wave Number (cm™! x 1073)

i 350 300275 250 225 200
l Wavelength (nm)

Figure 6. Spectrum of pyrazine in hex-
ane

Both n — x* transition at 31.3 X 10° cm™' and
the x — x* transition at 38.7 X 10° cm™" fitted
with I curves. Difference plots (comput-
ed as in Figure 1) provide convenient display of
vibronic fine structure across entire widths of
bands

vibronic structure of both the = — =*
transition centered at 38.7 X 10° cm™!
and the n — =* transition at 31.3 X 10%
cm~! in hexane and with a prominent
spacing at approximately 500 cm~!. In
derivatives of benzene the intensity of
the fine structure changes with
changes in the nature of the solvent.
‘The positions of the peaks in the dif-
ference plot vary in almost the same
way as the value of 7, on the wave
number scale.

Spectra such as that of 1-methylcy-
tosine (Figure 1) appear very smooth.
However, the difference plots, shown
at the tops of the figures, contain re-
producible features that are directly
related to underlying vibronic struc-
ture. These “fine structure plots” can
sometimes be used to locate approxi-
mate positions of major sub-bands,
and observation of their alterations
with changes in environment may be
useful.

Since electronic spectra are compos-
ites of many transitions arising from
excitation of various vibrational
modes in the ground and the excited
states of the molecule, a logical possi-
bility is to describe the spectrum as
the summation of at least all of the

Figure 5. Spectrum of cation of 5-deoxypyrldoxal in 0.1 M HCI at three tempera—

tures (left to right, 2.4, 18.8, and 67.7 °C)

Spectra resolved with lognormal curves into bands representing aldehyde (unshaded) and covalent hy-

drate (shaded)
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principal vibronic sub-bands, each
band being represented by a narrow
Gaussi his h has b

popular with the availability of analog
computers of the “curve analyzer”
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type. However, it is usually deemed
impractical to use more than a small
number of vibronic sub-bands. While
the approach may be valid, we note
that the first electronic absorption
band of benzene contains over 80 sub-
bands whose height is 1% or more of
the maximum (30). Thus, in our
minds, it is questionable whether at-
tempts to sum the vibronic sub-bands
are better than our method of portray-
ing fine structure. In any event, if a
digital output system is available, the
method which we have described is
simpler. We also note that the combi-
nation of band parameters tabulated,
together with the fine structure plot,
contains all of the information origi-
nally present in the spectrum. None is
thrown away.

The spectra of a number of cationic
dyes in aqueous solution present an
interesting problem in curve resolu-
tion that is handled readily by digital
methods. Spectra of monomeric cya-
nine dyes contain a single sharp, in-
tense peak representing the 0-0 tran-
sition and a shoulder about 1200 cm~!
away on the high frequency side (31).
The spectra can be described either by
using analytical functions for the indi-
vidual sub-bands or with empirical
shape functions that include both sub-
bands. West and Pearce (31) have de-
scribed a monomer-dimer equilibrium
for a cyanine dye in aqueous solution.
They showed that the dimeric form of
the dye absorbs in the same region as
the high energy shoulder in the mono-
mer spectrum. For resolution of spec-
tra of such mixtures into mathemati-
cal components related to the two
chemical components, empirical shape
functions are superior to analytical
functions because an absorption curve
containing unresolved sub-bands can
easily be described by a single spline
function.

Difference Spectra and Proteins

The most popular way of examining
small changes in spectra is to measure
the difference between spectra of two
solutions that are matched except for
a difference in solvent ition

Absolute Error x 1072

Molar Absorptivity x 1073

)
32 34 36 38 40 42
Wave Number (cm™! x 1073)
310 290 270 250
Wavelength (nm)

Figure 7. Spectrum of protein ribonu-
clease (lacking in tryptophan) at pH 6.8
fitted with two lognormal curves
Ditference plot shows three high peaks (to left)
resulting from vibronic structure in tyrosine bands
and four lower peaks with characteristic spacing
(to right) representing structure in very weak phe-
nylalanine bands

methods (32, 33) and at low tempera-
tures (34). First derivative spectrosco-
py has also been used (35). Our meth-
ods of band shape analysis provide a
fourth alternative. In one approach
the 280-nm (35.7 X 10° cm~!) band of
proteins is fitted by a single lognormal
band, and a second lognormal is used
to fill in the valley up to 41-42 X 10°
cm™! (~240 nm) (18). The method
gives a set of parameters giving the
overall shape of the 35.7 X 10° cm™!
band plus a fine structure plot which
often contains sharp peaks (Figure 7).
Perturbation of a spectrum (as caused
by pH changes or denaturation) can
be recorded as a change in band pa-

r ters together with a change in

temperature, pH, etc. Unfortunately.
no matter how careful the measure-
ments, difference spectra give an in-
complete picture. Without knowing
one of the absolute spectra from which
the difference was obtained, it is im-
possible to state what changes in the
spectrum gave rise to the difference
curve. In contrast, fine structure plots
of the type shown in Figures 6 and 7
can be directly and easily understood.
Experiments done at different times
in different laboratories and on differ-
ent compounds can all be compared,
one with another.

Spectra of proteins have been stud-
ied most commonly by difference
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fine structure. The peaks in the fine
structure plot can often be related di-
rectly to those of the component aro-
matic amino acids. Thus, in a trypto-
phanless protein such as pancreatic ri-
bonuclease, two peaks can be associ-
ated with tyrosine and up to five with
phenylalanine (Figure 7).

A second approach to protein spec-
tra is to assign separate lognormal
bands to each amino acid. Then, by

ining shifts, broadening, and
other changes in band parameters, it
may be possible to make more definite
interpretations of spectral perturba-
tions. This more complex approach is
still under development. Similar

SEPTEMBER 1977

methods are undoubtedly applicable
to nucleic acids, e.g., to analysis of
“melting” behavior.

Summary

The advantages of digital acquisi-
tion of spectrophotometric data and
methods of computation are reviewed.
The analysis of multicomponent spec-
tra is considered for the foll
cases: (a) Spectra of all pure compo-
nents of a mixture are known, and
only their concentrations are un-
known. (b) Spectra of one or more
components and one or more equilib-
rium constants are unknown. A chemi-
cal model is used to relate the concen-
trations. The correctness of the chemi-
cal model can be tested, and the con-
stants and spectra evaluated. (c) Non-
linear effects such as band broaden-
ing, frequency shifts, and changes in
molar absorptivity occur along with
changes in concentrations. Quantita-
tive descriptions of such spectra using
analytical functions such as the log-
normal distribution curve or empirical
spline functions are presented. The
various cases are illustrated by exam-
ples published from the authors’ labo-
ratories.
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ORNL Conference on Analytical Chemistry
in Energy Technology

Analytical Chemistry in Nuclear
Fuel Processing will be the topic of the
21st Conference on Analytical Chem-
istry in Energy Technology, October
4-6, 1977, in Gatlinburg, Tenn. This
annual conference is sponsored by
Oak Ridge National Laboratory and
its Analytical Chemistry Division. The
conference will emphasize the role of
the analytical chemist in solving prob-
lems arising from new directions in
energy research. One entire day's ses-
sion is devoted to accountability and
safeguards, and another full day’s ses-
sion is concerned with nondestructive
methods of analysis. Other subjects
include instrumental methods for de-
termination of uranium and plutoni-
um, and in-line and effluent analysis.
The $35 registration fee includes a
copy of the proceedings to be pub-
lished in early 1978 and an outdoor
mountain cookout, complete with clog
dancing, on October 5. For those not
registering for the entire conference,
there will be a charge of $10 per day.
Reservations for lodging should be
made directly with the Riverside
Motor Lodge, Gatlinburg, Tenn.
37830. Other inquiries should be di-
rected to L. J. Brady, ORNL, P.O. Box
X, Oak Ridge, Tenn. 37830. The de-
tailed preliminary program appears
below. In addition to the technical ses-
sions, there will be an exhibition in the
lobby of the Riverside Motor Lodge.

Tuesday, October 4

Gatlinburg, Tenn.
October 4-6, 1977

10:05 Analytical Chemistry Needs
for Safeguards in Nuclear Fuel Re-
processing. E. A. Hakkila, LASL
10:45 Significance of Nuclear Ma-
terial Assay Methods for Safe-
guards. Joseph Goleb, ERDA

11:05 HEDL Safeguards NDA
Programs. Paul Goris, Dennis Fazza-
ri, HEDL

11:25 Mission and Responsibility
of a National Safeguards Laborato-
ry. C. D. Bingham, ERDA

Accountability and Safeguards:
Session i

Chairman: J. A. Carter, ORNL

1:30 U.S. Technical Assistance to
TAEA in Safeguards. H. Kouts, BNL

1:50 Role of Destructive Analysis
in IAEA Safeguards. Stein Deron,
IAEA

2:10 Preparation and Isotopic
Analysis of U and Pu for Safe-
guards. J. A. Carter, R. L. Walker,
ORNL

2:30 Laboratory Quality Assur-
ance and Its Role in Nuclear Fuel
Reprocessing and Refabrication.
W. L. Delvin, HEDL

3:10 Verification of Reprocessing
Plant Input and Output Analyses:
Practical Experiences in Repro-
cessing of Lightwater Reactors
with Burn-ups up to 39 GWD/KG.
Rolf Berg, Germany

3:30 A tability Medmdsfor
Plutonium and Urani RC

A tability and Safeguard:
Session |

Chairman: C. D. Bingham, ERDA

9:00 Welcome. W. D. Shults, ORNL

9:15 Enrichment of Safeguards.

H. E. Lyon, ERDA

9 45 Some Aspects of Analysis for
y at Wind LR.

McGowan. England

Manuals. R. G. Gutmacher.F B. Ste-
phens, LLL

3:50 Barnwell Nuclear Fuels
Plant Material Accounting and
Control System. G. D. Workman, G.
A. Huff, D. G. Hill, C. Joseph, AGNS
4:10 Uranium Mass Analysis for
Accountability Purposes. E. E.
Fylby, R. L. Hand, M. A. Wade, Allied
Chemical

Wednesday, October 5

Instrumental Analysis for Uranium
and Plutonium

Chairman: G. R. Waterbury, LASL

8:30 Determination of Submilli-
gram Amounts of Uranium 'nh
LASL A d Spect:

ter. D. D. Jackson, R. M. Hollen, S. F.
Marsh, M. R. Ortiz,J. E. Rein, LASL

8:50 Evaluation of Automated Ti-
tration System for Determination
of Uranium. K. Lewis, D. L. Colwell,
C. G. Goldbeck, ERDA: J. E. Harrar,
LLL

9:10 Improved Technique for
Controlled Potential Coulometric
Determination of Plutonium. M. K.
Holland, J. R. Weiss, C. E. Pietri,
ERDA

9:30 Highly Selective Coulometric
Method and Eqmpmen! for Alno-
mated Deter of P

D. D. Jackson, R. M. Hollen, F. R.
Roensch, J. E. Rein, LASL

10:10 System of Plutonium Analy-
ses in PNC Plutonium Fuel Fabri-
cation Facilities. T. Itaki, K. Onishi,
H. Isagawa, M. Aoki, Japan

10:30 Automated Fluorometer for
Uranium Analysis. R. J. McElhaney,
J. D. Caylor, S. H. Cole, T. L. Futrell,
UCND

10:50 Calorimetric Assay of Plu-
tonium. W. W. Rodenburg, D. R. Rog-
ers, Mound Laboratory

11:10 Conceptual Description of
Real-Time Computerized Labora-
tory Instrumentation System-22-S
Laboratory, Rockwell Hanford Op-
erations. D. L. Anderson, Rockwell

In-Line and Effluent Analysis

Chairman: B. L. Vondra, ORNL

1:30 In-Line and Off-Line De-
structive Chemical Analysis in Nu-
clear Fuel Reprocessing. B.-G.
Brodda, Germany
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1:50 In-Line Measurements for
Fuel Reprocessing Plant. M. H.
Campbell, H. M. Jones, Exxon

2:10 Discussion of Remote Tech-
niques Used in Analysis of Irradi-
ated Fuel Processing Streams. D. N.
LeMaire, D. R. Trammell, J. P. Hen-
scheid, M. A. Wade, Allied Chemical
2:30 Remote Sampling System and
On-Line Analytical Monitors in
Barnwell Nuclear Fuels Repro-
cessing Plant. W. L. Belew, G. A.
Huff, L. F. Sears, AGNS

3:10 Automated Particle Size
Analysis of Sol-Gel and HTGR Fuel
Microspheres. J. E. Mack, ORNL

3:30 Radioactive Particulate
Studies in Gaseous Effluents at Nu-
clear Fuels Reprocessing Facility.
R. C. Girton, A. K. Herbst, Allied
Chemical

3:50 Actinide Analytical Program
for Characterization of Hanford
Waste. S. J. Johnson, W. I. Winters,
Rockwell

4:10 Determination of Tritium in
Solutions from Nuclear Fuel Re-
processing. E. W. Baumann, K. W.
MacMurdo, SRL

Thursday, October 6

Nondestructive Analysis: Session |

Chairman: G. R. Keepin, LASL

8:30 Process Control in Fuel Re-
processing—Applying Destructive
and Nondestructive Nuclear Phys-
ics Determination Techniques. P.
Filss, H. Kirchner, Germany

8:50 On-Line Measurement of
Total and Isotopic Plutonium Con-
centrations by Gamma-Ray Spec-
trometry. K. J. Hofstetter, G. A.
Huff, AGNS; R. Gunnink, J. E. Evans,
A. L. Prindle, LLL

9:10 Nondestructive Determina-
tion of Burn-up by Gamma-Scan-
ning: Examination of '4/Ce/Pr and
134Cs/137Cs as Fission Monitors in
Candu Fuels. J. D. Chen, D. G.
Boase, R. B. Lypka, D. G. Zetaruk,
Canada

9:30 Neutron Methods for Assay
of Fissionable Material in Presence
of Fission Products. T. Crane, D. A.
Close, M. S. Krick, H. O. Menlove,
LASL
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mounting arrangements,
colors, nameplates, chart
paper and scales available.
New 32 Page Catalog.
Provides details on DC, AC,
Temperature, Servo,
Multichannel, Event and a
variety of special

recorder types.

s
& Control

Measurement Division
Gulton Industries Inc.., Eost Greenwich, Rhode Islond 02818
401-884-6800 » TWX 710-387-1500

gulon’

See us at Wescon Show, Booth 1752—54
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9:50 Nondestructive Analysis of
Rover Fuel Using Isotopic Source
Assay System. L. E. Trejo, Allied
Chemical

10:30 Assay of Fissionable Iso-
topes in Aqueous Solution by
Pulsed Neutron Interrogation
Method. P. Campbe.ll, D. G. Boase, E.
M. Gardy, Canada

10:50 Nondestructive Assay In-
struments for LASL Dymac Pro-
gram. R. S. Marshall, LASL

11:10 Measurement of Special Nu-
clear Material Concentrations in
Solution by Absorption Edge Den-
sitometry. T. R. Canada, D. G. Lang-
ner, J. L. Parker, J. W. Tape, LASL
11:30 Close-Coupled X-ray Analy-
sis of Mixed Oxide Fuels. M. C.
Lambert, M. W. Goheen, M. W. Urie,
N. Wynhoff, HEDL

Nondestructive Analysis: Session Il

Chairman: D. A. Costanzo, ORNL

1:30 Statistically Designed Exper-
iment to Determine Effect of Non-
h geneity on NDA M e-
ments for Plutonium. L. P. McRae,
D. F. Shepard, A. E. Schilling, G. T.
Furner, D. A. Sebelien, Rockwell

1:50 Preparation of Test Materi-
als for Interlaboratory Comparison
Program on NDA Physical Stan-
dards. A. M. Voeks, N. M. Trahey, J.
M. Scarborough, ERDA

2:10 Analysis of Refabricated
Fuel: Determination of Carbon in
Uranium Plutonium Mixed Car-
bide. S. Huwyler, Switzerland

2:30 Detection of Carbon Dioxide
in Gases Evolved During Hot Ex-
traction Determination of Hydro-
gen in Ingot Uranium Metal. Milton
L. Jursik, J. D. Pope, National Lead
2:50 Predictive Thermogravimet-
ric Technique for Close-Coupled
Oxygen-to-Metal Ratio Analysis of
Uranium-Plutonium Oxide. G. C.
Swanson, HEDL

3:10 Nondestructive Analysis of
Plutonium Contaminated Soil. H. E.
Smith, L. H. Taylor, Rockwell

12th International
Symposium on

Advances in Chromatography
November 7-10, 1977

The Twelfth International Sympo-
sium on Advances in Chromatography
will be held November 7-10, 1977, at
the International Congress Centre
RAI, Amsterdam, The Netherlands. A



Get the most consistent chromatography with more
consistent Chromosorb® supports.

Whether you're doing gas
or liquid chromatography,
the consistency of your
results often depends on
the consistency of your
support material. For the
most uniform results time
after time, specify
Chromosorb. Only
Chromosorb diatomite
supports are quality
controlled from the
ground up by one
manufacturer. Only
Chromosorb offers you
three types of column
packings to fit your needs.

For Liquid
Chromatography

(Circle 107)

The Chromosorb LC-Series
is the newest of the
Chromosorb lines.
Currently two supports are
available. LC-1 is the first
diatomite-based support
compatible with all liquid
phases. LC-2is a
pellicular packing
specifically developed for
high-speed, high-
efficiency liquid-solid
chromatography. LC-3, 4,
5 and 6 will be available in
the very near future.

For Gas Chromatography
Diatomite Supports

(Circle 108)

Johns-Manville has a
complete line of diatomite
supports for gas
chromatography too.
Chromosorb A, G, P and
W are specially processed
diatomite supports
available acid washed or
non-acid washed for a
variety of analyses.
Chromosorb G, P and W
can be ordered with a
DMCS treatment.
Chromosorb 750 and high
performance grades of W
and G are highly etficient
diatomite-based supports
specifically designed for
biomedical and pesticide
analysis. A fluorocarbon
resin, Chromosorb T, is
used for separation of
highly polar or reactive
compounds.

RSt

Porous Polymers
(Circle 109)

The Chromosorb Century
Series consists of eight
porous polymer packing
materials made of cross-
linked resin with a uniform
rigid structure of a
distinct pore size and
having different surface
characteristics. They have
found wide application in
a number of difficult
separations, i.e., water,
gases, alcohols, fatty
acids, glycols, etc.

For technical assistance
about any chromatographic
situation, contact

Jack Denboske,
Johns-Manville, Box
5108-FM, Denver, CO
80217. Count on his
support, count on our
more consistent supports.
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total of 84 papers representing contri-
butions from 20 countries will be pre-
sented at the symposium. A special
feature of the meeting will be an expo-
sition of the latest instrumentation
and books. In addition to the six for-
mal symposia sessions entitled New
Horizons, Gas Chromatography, Envi-
ronmental Problems, Biochemical Gas
Chromatography, Thin-Layer Chro-
matography, and High-Performance
Liquid Chromatography, there will be
two poster sessions and six informal
discussion groups. The proceedings of
the symposium will be published in
the Journal of Chromatography in a

single issue. Registration should be
made in advance. The programs, regis-
tration forms, and hotel reservation
cards can be obtained from Organisa-
tie Bureau Amsterdam b.v., Interna-
tional Congress Centre RAI, P.O. Box
7205, Europaplein 14, Amsterdam,
The Netherlands; or A. Zlatkis, Chem-
istry Department, University of Hous-
ton, Houston, Tex. 77004. The techni-
cal sessions are scheduled as follows:

Monday, November 7, Morning: New
Horizons. Afternoon: Gas Chroma-
tography, Environmental Problems

Tuesday, November 8, Morning:

Biochemical Gas Chromatography.
Afternoon: Thin-Layer Chromatog-
raphy

Wednesday, November 9, Morning:
Informal Discussion Groups on
High-Performance Thin-Layer
Chromatography, Environment, Se-
lective Detectors. Afternoon: Infor-
mal Discussion Groups on Liquid
Chromatography, Biomedical Gas
Chromatography, High-Resolution
Columns; Poster Sessions on Gas
Chromatography, Liquid Chroma-
tography

Thursday, November 10, Morning
and Afternoon: High-Performance
Liquid Chromatography

Compare Balances...
Sauter has a broader range of electronic and

mechanical balances; far heavier, sturdier
construction; and better prices.

Electronic Precision Balance Typ RS 25

Compounding? Batching?
Be sure with Sauter!

Three digital readouts give an overview of the whole
operation. Read the weight of each ingredient as
you add it. And also read the total weight of all the
ingredients previously added. All electronic, 1 gram
precision, 25 kg capacity.

For a catalog describing the extensive Sauter Lab
Balance line, write or call:

CIRCLE 188 ON READER SERVICE CARD
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Electronics
12 Capacities

Dual ranges. Automatic Tare.
Analog and Digital outputs.
Readings to 10 mg. Capa-
cities from 80 g to 1200 kg.

Analyticals
18 Models

Readability to 1 microgram,
capacities from 2 mg to 200
grams. Tare, pre-weigh,
hydraulic release, high
weighing chambers, etc.

Top Loaders

20 Models

Digital and ,hands-off* Ana-
log models with capacities
from 160 g to 20 kg. Read-
ability to 1 mg. Interchan-
geable pans. Tare. Auto-
Levelling, etc.

SAUTER

August Sauter of America, Inc.
80 Fifth Avenue

New York, N. Y. 10011

Phone (212) 685-6659

Telex 421790



When you choose Precision
you get something extra...S/P

Buy a lab bath the way you buy a people bath. Buy
it to last 20 years, to work reliably under daily use.

Buy it for temperature uniformity. On the Model

Buy it for the name you can trust. In forty years
PRECISION has built more lab baths than all other
manufacturers—that includes the whole fiock.

Quack.

Ask your S/P Representative for the free catalog of
PRECISION Laboratory Baths.

PRELGISION.

Something extra...S/P

S/P carries a lot of laboratory items. But, then, S/P is a leading
distributor for more than 550 top manufacturers. To handle this huge
inventory smoothly, we have 25.4 million cubic feet of warehousing
space, 1.9 million cubic feet of chemical vaults, and 25 strategically
located stocking centers. You benefit with a wider choice in all grades
and price ranges. And we're flexible enough to stock any laboratory
supply items and chemicals used in research, quality control or
production specifically for you. It's all part of the S/P Responsive
System of service for professionals like you. Call your S/P Repre-
sentative and take stock of him.

184 shown here, PRECISION guarantees uniformity
throughout the bath to +0.15°C. at 37°C. and at
57°C. (with cover in place).

Buy it for quality construction, for PRECISION'S
one-piece, deep-drawn, stainless steel chamber,
with no welds or seams to wear or weaken.

scientific products
i ofch laboratory
and scientific instruments
Division of American Hospital Supply Corporation
1430 Waukegan Road, McGaw Park, IL 60085
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91st Annual Meeting
of AOAC

October 17-20, 1977

The Association of Official Analyti-
cal Chemists expects more than 1300
attendees for its 91st Annual Meeting
to be held October 17-20, 1977, at the
Marriott Hotel, Twin Bridges, Wash-
ington, D.C. Over 240 scheduled pre-
sentations will cover the areas of new
techniques, methods, and instrumen-

tation for analysis of foods, drugs, pes-

ticides, cosmetics, forensic materials,
hazardous substances, feeds, fertiliz-
ers, and other materials related to ag-
riculture and public health and wel-
fare.

Three symposia and two workshops
are scheduled to take place during the
four-day meeting. Topics of these
symposia and dates are: drug residues
in animal tissues, Monday, October
17, and Tuesday, October 18; high-
pressure liquid chromatography,
Wednesday, October 19; and environ-
mental pollutants, Thursday, October
20. A thin-layer chromatography
workshop conducted by Kontes Glass
Co. will be held Tuesday evening, Oc-

tober 18. An automated analysis work-
shop run by Technicon Industrial Sys-
tems, Tarrytown, N.Y., will be held
Wednesday evening, October 19.

Immediately before the meeting, on
October 15 and 16, the American
Chemical Society will hold a course on
“High-Pressure Liquid Chromatogra-
phy” conducted by David H. Freeman
of the University of Maryland (for
more information see page 896 A).

A reception on Monday evening,
October 17, at 6:30 p.m. will be fol-
lowed by the Harvey W. Wiley ban-
quet at 7:30 p.m. The highlight of the
bangquet will be the presentation of
the Wiley Award to Gunter Zweig, En-
vironmental Protection Agency, Office
of Pesticide Programs, for his out-
standing contributions to the develop-
ment of chromatographic techniques
for pesticide analysis.

Nearly 40 firms will exhibit labora-
tory equipment and supplies. Regis-
tration will be from 1 p.m. Sunday,
October 16-Thursday morning, Octo-
ber 20. The fee is $10 for one day or
$20 for two or more. For further infor-
mation, contact L. G. Ensminger,
AOAC, Box 540, Benjamin Franklin
Station, Washington, D.C. 20044.

Steven Dal Nogare Award

The Delaware Valley Chromatogra-
phy Forum invites nominations for
the Steven Dal Nogare Award. The
award, consisting of $500 cash and an
inscribed plaque, is given annually for
significant contributions to chromato-
graphic theory, instrumentation, or
applications. The award will be pre-
sented at the Pittsburgh Conference
on Analytical Chemistry and Applied
Spectroscopy in Cleveland, February
27-March 3, 1978. The recipient will
be expected to give an award address.

Nominations including a brief bibli-
ography and a list of accomplishments
related to chromatography should be
submitted before November 15 to Lyle
H. Phifer, Chem Service Inc., P.O.
Box 194, West Chester, Pa. 19380.

“OSHA & US™

A new 17-min, 16-mm color film en-
titled “OSHA & US" has been pro-
duced by the University of Michigan
Television Center in cooperation with
the National Institute for Occupation-
al Safety and Health. The intent of
the film is to make people in academ-
ic, research, and medical institutions,

Where can you get
BMC-quality enzymes
at Sigma prices?

1GN....of course.

W Highest-quality enzymes, enzyme substrates and
related biochemicals

- W Wide selection for clinical and research uses
M Economy — more units of activity/dollar
W Convenient mg thru kg sizes
B Same day service
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W New catalog, free. Call collect: (216) 831-3000

ICN Pharmaceuticals, Inc./Life Sciences Group
26201 Miles Road, Cleveland, Ohio 44128




Our gases are rare.
hardware is not.

Every rare and NG W\ regulators and aluminum
specialty gas you'll , ) ii

sample cylinders—the works

ever need—from For your free copy of our new
Argon and CO to SOz and : 1977 catalog listing them all, and
Xenon. Plus every piece of % including complete physical proper-

’ hardware and equipment you'll ties and equipment recommendations ’
ever need to use them. Like these call Hank Grieco at (201) 464-8100. Or

I valves, for example. Plus flowmeters, send this coupon to Airco Industrial Gases l

I Name Title ___ |
Company.________ L

I Address — I

’ City—— State Zip |

CIRCLE 4 ON READER SERVICE CARD
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as well as other organizations with a
research laboratory environment,
aware of the impact of the Occupa-
tional Safety and Health Regulations.
It is designed to help these workers
understand what the regulations
mean, why it is important to under-
stand them, and what an individual’s
responsibilities and obligations are
under OSHA regulations. The film can
be obtained from Josephine Wenk,
Business Manager, University of
Michigan Television Center, 400
Fourth St., Ann Arbor, Mich. (313-
764-8298), for: film rental for one
week, $40; cassette rental for one
week, $40; film purchase, $180; and
video cassette ¥-in. U-matic pur-
chase, $125.

Analytical Chemistry at Work

Du Pont Installs 1000th aca

Officials of Du Pont and Western
Pennsylvania Hospital (West Penn)
recently celebrated the installation of
the 1000th automatic clinical analyzer
(aca) with ceremonies in Pittsburgh.
The first aca, put into service at the
University of Wisconsin in 1970 fol-
lowing five years of research and de-
velopment, is still operating. Today,
combined sales of instruments and
test packs for use with the analyzer
are approaching $100 million annual-
ly.
Witk a basic capacity of any 30 dif-
ferent test methods, the aca offers un-
usual versatility. The most significant

advantages of this particular instru-
ment setup are the discrete selection
of available tests for each patient, the
ability to run any number of tests in
any order, and presentation of the re-
sults in less than 8 min after the first
reagent pack is inserted in the instru-
ment. The aca can be used 24 h a day
and is particularly economical for reg-
ular runs of small batch, STAT, and
special tests.

Du Pont continues to develop new
methods for use with the aca and re-
cently introduced four new methods at
the American Society of Medical
Technologists national convention.
These new methods, gamma glutamyl
transferase, amylase, ammonia, and
phosphorus, bring the total number of
methods to 32. The special analytical
test packs for use with the instrument
serve both as reaction chambers and
cuvettes for photometric analysis.

Meetings

® 26th IUPAC Congress. Sept. 4-10.
Tokyo. Contact: 26th Congress of
IUPAC, P.0. Box 56, Kanda Post
Office, Tokyo 101-91, Japan

® MCA Workshop on Safety &
Health in the Chemical Industry.
Sept. 8. Marriott Hotel, New Or-
leans. Contact: Milton Freifeld,
Manufacturing Chemists Assoc.,
1825 Conn. Ave., N.W., Washing-
ton, D.C. 20009

® Internal Solvent Extraction Con-
ference, ISEC 77. Sept. 9-16. To-

Test pack operation of Du Pont's aca is discussed by (left to right) Sylvan M.
Sax, chief biochemist; Arthur B. Blackburn, lab supervisor; and John J. Moore,
assistant biochemist, all of West Penn Hospital in Pittsburgh. Officials at
West Penn expect to provide better patient care, improved lab service around
the clock, and overall reduced costs with the installation of the aca
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ronto, Ontario. Sponsored by the
Canadian Institute of Mining and
Metallurgy, the Canadian Society
for Chemical Engineering, and the
Society for Chemical Industry. The
program includes analytical ses-
sions. Contact: M.H.I. Baird, Secre-
tary, ISEC 1977, Chemical Engi-
neering Dept., McMaster U., Ham-
tlton, Ont. L8S 4L7, Canada

® Scanning and Transmission
Electron Microscopy Meeting.
Sept. 12-14. U. of Glasgow, Scot-
land. Sponsored by the Electron
Microscopy and Analysis Group of
the Institute of Physics. Contact:
Meetings Officer, The Institute of
Physics, 47 Belgrave Square, Lon-
don SWI1X 8QX, UK

& 7th International Vacuum Con-
gress and 3rd International Con-
ference on Solid Surfaces. Sept.
12-16. Vienna, Austria. Contact:
Nancy Hammond, Executive Sec-
retary, American Vacuum Society,
335 East 45th St., New York, N.Y.
10017

#1977 General Assembly of Gesell-
schaft Deutscher Chemiker.
Sept. 12-16. Munchen, West Ger-
many. Includes Analytical Chemis-
try Division sessions. Contact:
GDCh-Geschaftsstelle, Postfach 90
04 40, D-6000 Frankfurt/Main 90,
West Germany

® Third Symposium on Environ-
mental Aspects of Fuel Conver-
sion Technology. Sept. 13-16. Dip-
lomat Hotel, Hollywood, Fla. Spon-
sored by the U.S. Environmental
Protection Agency's Industrial En-
vironmental Research Laboratory/
RTP. Contact: Franklin A. Ayer,
Research Triangle Institute, P.O.
Box 12194, Research Triangle Park,
N.C. 27709. 919-541-6260

® 50th Anniversary of the Discov-
ery of Electron Diffraction
Meeting. Sept. 19-21. Imperial
College, London. Organized by the
Institute of Physics in collaboration
with the Royal Microscopical Soci-
ety and the Faraday Division of the
Chemical Society. Contact: Meet-
ings Office, The Institute of Phys-
ics, 47 Belgrave Square, London
SWIX 8QX, England

® 6th International Conference of
the IMEKO Technical Commit-
tee on Measurement of Force and
Mass. Sept. 20-22. Odessa, USSR.
Contact: IMEKO Secretariat, H-
1371, Budapest, POB 457, Hunga-
ry. Page 202 A, Feb.

® 7th North American Thermal
Analysis Society Conference.
Sept. 26-28. St. Louis, Mo. Contact:
D. W. Brazier, NATAS Conference



In metal analysis,
Jarrell-Ash has
the tool you need-

whatever

the workloa

Atomic absorption for
normal workloads...

Analyzing a few samples for many trace
metals? Or perhaps many samples for a few
trace metals? Our Model 850, world's only
totally automated AA spectrophotometer, is
the answer. Provides 6-digit accuracy. Integral
computer controls all functions, cuts set-up
time by a factor of 10. Pre-programming too, if
you wish. Guarantees procedural uniformity —
whether you're in the lab or not. Want
ultra-trace? Merely snap on our flameless
accessory head to convert to 10 '2to 10 ¢
gram range.

For bulleun, circle 78.

Plasma spectrometry for
extra-large workloads...

Inundated with high-throughput tests? Many
samples for many trace metals each? Our
Plasma AtomComp is the answer. An emission
unit that equals a squadron of AAs. Thanks to
its inductively-coupled argon plasma source,
this direct-reading spectrometer matches AA
In detection sensitivity. But has remarkable
capacity. Determines up to 48 elements
simultaneously. in any combination, any con-
centration, in less than two minutes. Pnints out
results in ppb or ®. Computer-controlled,
hence easy to operate.

For bulletin, circle 79.

Jarrell-Ash Division,
trace metals problem-soiver.
Fisher Scientific Company
711 Forbes Avenue

Pittsburgh, PA 15219
(412) 562-8300
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Automatic Viscosity Measuring Systems — AVS — Automates Capillary
Viscosity Measurements.

System AVS/PA with 10 sample capacity employs one capillary viscometer
and performs selected test programs of testing single or repeat measure-
ments, discharge, rinsing and sample change automatically.
AVS/G base unit in conjunction with AVS/PA provides a seven digit tape
print out with a 0.01 sec resolution.
Efflux time is measured opto-electronically resulting in accuracy of meas-
urement of 0.1%. Covers measuring range of 0.3 to 30.000 cSt at tem-
peratures up to +150°C.
AVS systems for single and serial measurement also available.

Send for descriptive color brochure now.

SCHOTT

JENAER GLASWERK SCHOTT & GEN., Inc.
11 East 26th Street * New York, New York 10010 - (212) 679-8535
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NEW SLM 8000
Photon Gounting Spectrofluorometer

With Corrected
Polarization Accessory

New 8-page brochure tells in detail the remarkable efficiency
of this innovative lab instrument that performs direct photon
coL with yinlig (10 '? Molar
Quinine Sulfate) accompanied by the lowest possible “dark
count”driftand highest gain stability.

Please send SLM 8000 brochure.

Other SLM High Performance Instruments:

SLM 4000 Precision Corrected Polarization Fluorometer
SLM 4800 Subnanosecond Fluorescence Lifetime
Instrument

oo ol

1
INAME

1
: AFFILIATION

:ADDRESS

INSTRUMENTS,INC.

1101 East University Avenue « Urbana.IL61801 « Phone (217)384-7730
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News

Chairman, 1977, Dunlop Research
Centre, Sheridan Park Research
Community, Mississauga, Ont. L5K
128, Canada. Page 202 A, Feb.
® 2nd International Symposium on
Aquatic Pollutants. Sept. 26-28.
Noordwijkerhout (near Amster-
dam), The Netherlands. Approxi-
mately 30 papers on transport,
transformation, identification, and
biological effects of aquatic pollu-
tants will be presented by invited
speakers from 10 different
countries. Contact: George L.
Baughman, Environmental Re-
search Lab, U.S. Environmental
Protection Agency, College Station
Rd., Athens, Ga. 30601. 404-546-
3145
= 9th Meeting of the British Mass
Spectroscopy Group. Sept. 27-29.
U. of Swansea, Wales. Contact: J.
R. Chapman, Secretary, British
Mass Spectroscopy Group, AEI
Scientific Apparatus Ltd., Barton
Dock Road, Urmston, Manchester
M31 2LD, England
= 3rd International Symposium on
Column Liquid Chromatography.
Sept. 27-30. Salzburg, Austria. Con-
tact: Verein Osterreichischer
Chemiker, Eschenbachgasse 9,
Al010 Vienna I, Austria
® 2nd International Symposium on
Polynuclear Aromatic Hydrocar-
bons. Sept. 28-30. Battelle's Co-
lumbus Laboratories, Columbus,
Ohio. Contact: Peter W. Jones,
Battelle’s Columbus Laboratories,
505 King Ave., Columbus, Ohio
43201
Arnold O. Beckman Conferences
in Clinical Chemistry. Sept. 28—
30. Hilton Inn, Annapolis, Md.
Sponsored by the American Associ-
ation for Clinical Chemistry. Topics
to be covered are: Basis for Labora-
tory Testing, Screening for Disease,
Strategies for Laboratory Testing,
Response to Abnormal Test Data,
and Education in Laboratory Utili-
zation. Contact: David Uddin,
Naval Medical Research Institute,
Bethesda, Md. 20014
® 16th Annual Meeting of ASTM
Committee E-19 on the Practice
of Chromatography. Oct. 2-5. San
Francisco. Contact: Gerald Dupre,
Bio/dynamics, Inc., Box 43, Met-
tlers Rd., East Millstone, N.J.
08873
® 21st Annual ORNL Conference
on Analytical Chemistry in Ener-
gy Technology. Oct. 4-6. Riverside
Motor Lodge, Gatlinburg, Tenn.
Contact: L. J. Brady, Anal. Chem.
Div., Oak Ridge National Laborato-
ry, Oak Ridge, Tenn. 37830. Page
879 A



Now there are TWO price/performance leaders..

The new, compact HP 1081 high
performance liquid chromatograph performs
routine LC functions with a precision
inherited from HP 1084 —the first micro-
processor-based liquid chromatograph. Its
performance and price will appeal to research
chemists who previously built their own LC
systems. Its convenience and reliability will
satisfy the demands of industrial chemists.
Those just starting with LC will find it includes
exactly the basic elements they require.

HP 1081 has a high-performance
reciprocating diaphragm pump with
in-line pulsation dampmg new design
principles proven in HP 1084. Samples
are injected at full column
pressure through a six-port
valve (seven-port is optional).
Separation columns locate in
a protected compartment.

A UV detector—one of the

finest available—provides
exceptional sensitivity C Olce

Microprocessor-based HP 1084

HEWLETT PACKARD

Hewlett-Packard Co, Route 41, Avondale, Pennsytvan 19311, USA
Hewlett-Packard GmbH, Otvnsuasse 6, D-7500 Karistuhe 41, Germany

HPLC

and interfaces with strip-chartrecorders,
integratorsand computer-based data systems
(other detectors can also be fitted).

Push-buttons and a digital readout
provide instant checks of pump setting or
column pressure.

HP 1081 is the solution for isocratic LC
applications under routine analysis conditions—
where quantitative precision, ease of operation,
simplicity and reliability are key factors. In
method development its low pump volume
makes solvent changes fast and

simple. HP 108l is a

complete, ready-to-use HPLC

system—engineered to
Hewlett-Packard
standards and supported
by Hewlett-Packard
services worldwide.

Hewlett-Packard is

setting new standards in
HPLC instrumentation.

Get the full details today.

New compact HP 1081
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® 2nd Annual Symposium on Ana-
lytical Instrumentation. Oct. 6-7.
Hilton Inn at Corporate Square,
Baton Rouge. Contact: Larry Cat-
tran, BRAIDG, Box 14233, Baton
Rouge, La. 70808

® 152nd National Meeting of the
Electrochemical Society. Oct.
9-14. Hyatt Regency Hotel, Atlan-
ta, Ga. Contact: The Electrochemi-
cal Society, Inc., P.O. Box 2071,
Princeton, N.J. 08540

® Third International Conference
on Nuclear Methods in Environ-
mental and Energy Research.
Oct. 10-12. U. of Missouri-Colum-
bia. Contact: James R. Vogt, Gen-
eral Chairman, Nuclear Methods
in Environmental and Energy Re-
search, Environmental Trace Sub-
stances Research Center, U. of Mis
souri, Route 3, Columbia, Mo.
65201

® 1977 Annual Meeting of the Opti-

cal Society of America. Oct. 10-
14. Royal York Hotel, Toronto,
Ont., Canada. Organized in cooper-
ation with the Atomic and Molecu-
lar Physics and the Optical Physics
Divisions of the Canadian Associa-
tion of Physics. Contact: Optical
Society of America, 2000 L St.,
N.W., §620, Washington, D.C.
20036

® 3rd Annual Conference on New
Advances in Separation Technol-
ogy. Oct. 11-12. Cherry Hill Hyatt
House, Cherry Hill, N.J. Contact:
W. F. Heneghan, 289 Greenwich
Ave., Greenwich, Conn. 06850

m ACS 9th Central Regional Meet-
ing. Oct. 12-14. Charleston, W. Va.
Contact: J. J. Smith, R&D Dept.,
Union Carbide Corp., P.0. Box
8361, South Charleston, W. Va.
25303

8 ACS 13th Western Regional
Meeting. Oct. 12-14. Sheraton An-
aheim Hotel, Anaheim, Calif. Con-
tact: M. M. Owens, Atlantic Rich-
field Co., 1801 E. Sepulveda Blvd.,
Carson, Calif. 90745

® Symposium on Biological/Bio-
medical Applications of Liquid
Chromatography. Oct. 13-14. Bos-
ton. Contact: Gerald L. Hawk, Wa-
ters Associates, Maple St., Milford,
Mass. 01757

® Annual Meeting of the Society of
Forensic Toxicologists. Oct. 14—
17. Aboard S.S. Emerald Seas
Miami/Nassau. Contact: Leonard
Bednarczyk, 1050 N.W. 19th St.,
Miami, Fla. 33136

m ISA/77 Conference & Exhibit.
Oct. 16-20. International Conven-
tion Center, Niagara Falls, N.Y.
Contact: Instrument Society of
America/77—Niagara Falls, P.O.
Box 34093P, Pittsburgh, Pa. 15230

® 91st Annual Meeting of the Asso-

a8 e 2 :
e
e . emists. Oct. 17-20. Marrio!
wﬁ“&“‘&““i\"" ,I" Hotel, Twin Bridges, Washington,
”\30%'9@" o PRg 1 D.C. Contact: Luther G. Ensming-
‘{‘\S\c\“"t‘& el Cd 1 er, AOAC, Box 540, Benjamin
o o/ \‘\0‘2(":,\ ,’ i Franklin Station, Washington,
et T I | D.C 20044. Page 881 A
« & ;,,\t"“;,e*‘@s ;’ .\\0“‘,.91 7 3 1 ® 24th Canadian Spectroscopy
astigs S #7 W 1 Symposium. Oct. 23-26. Confer-
“:‘\0“’ /’4“:& & 1 ence Centre, Ottawa, Canada. Con-
I%@M.&"‘ 1 tact: T. R. Churchill, Canmet, 555
o\\ 1“0."“\ 1 Booth St., Ottawa, Ont., Canada
%\ © , L KiaoG
p“ A I'| = Midwest U. Analytical Chemis-
* Npg,oé‘(% A 1 try Conference. Oct. 27-29. Corn-
’ Y\-;u“ “:p‘\\‘b‘o‘"“'z‘ \ v‘.p“‘ P 1 husker Hotel, Lincoln, Neb. Con-
* @““ﬁ« “‘“oc‘;;‘.«\“' o\ oM 5 i 1 tact: James D. Carr, Dept. of )
O F Wt et L ) 1 Chemistry, U. of Nebraska, Lin-
w° Ll \ ¢ e $ ey 1 coln, Neb. 68588
\ e s s e e e ® ASTM Symposium on Aquatic

CIRCLE 99 ON READER SERVICE CARD Toxicology. Oct. 31-Nov. 1. Holi-
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Thinking about
buying an LC column?

Think MicroPak.™ A
A new universal design makes it possible for K RSt F et 3
everyone to enjoy the high performance of COMOITIONS, f e

Varian MicroPak columns. This universal design
couples 4 mm i.d. tubing with 1/16"” standard
compression fittings for use with almost

any liquid chromatograph. The advantages of
MicroPak columns are significant.

High efficiency

Every MicroPak column will provide in excess of
10,000 plates per meter. Varian tests to this

high standard at flow rates that chromato-
graphers use in the real world, not at ultra-low
flow rates used only in theoretical studies to get
high but unrealizable plate counts. MicroPak
efficiencies really do make it easier to get better
separations.

Wide selection of bonded phases
MicroPak columns are offered in a wide °
selection of bonded phases: CH, CN, NH., K

and MCH. Non-polar and moderately polar
compounds can be handled by reverse phase
on CH and MCH columns. In addition, MCH is
ideal for ion pairing work.

Assured performance

Complete customer satisfaction is assured. If
the column should fail to perform during its
normal lifetime, the user can return it and
receive a proportionate credit on a new column.
You can't lose. You always get full value.

Now, with the universal design, it's easy to give
these great columns a try. For full details write
Varian Instrument Division, Box D-070, 611
Hansen Way, Palo Alto, CA 94303, or circle
Reader Service Number 218.

To have a Varian representative contact you,
circle Reader Service Number 219.

SN

Varian Catecholamines. Sepamredlon‘arhmm MCH column.
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Computerization
of a 4260 Infrared
Spectrophotometer.

Several months prior to the
1977 Pittsburgh Conference.
Beckman technical staff began
private demonstrations of their
new Infrared Spectral Informa-
tion System. Fully integrated
were a basic computer. a
research grade 4260 instrument,
a complete signal interface box.
and applications software on
floppy disc storage.

Then in Cleveland, work-
shops and seminars were held
to introduce formally IRSIS
capabilities to the public. And
now, Beckman is ready to put
users nationwide on line with a
fully tested, turnkey IR system
that can digitize and store
spectra on floppy disc. process
the data fully through 12
operational programs, and
output results to a printer or
plotter for final answers.

Typical all computer-
controlled operations include
spectral subtraction, addition,
ordinate expansion and aver-
aging. along with a peak pick/
search/match routine for
compound identification.

Spectra comparison
operations have been designed
to be completely flexible. For
this latter purpose, each user
can build a high speed personal-
ized data file to do the exact
identification required.

Then. all an operator need
do is place the sample in the
4260. Final answers to complex
identifications appear in
minutes. ’

So. don’t wait a minute
longer to get complete informa-
tion on true IR computer
capability. To talk to the experts,
contact your local Beckman
representative or Scientific
Instruments Division, Beckman
Instruments, Inc., P.O. Box
C-19600, Irvine, CA 92713.

BECKMAN-"

CIRCLE 25 ON READER SERVICE CARD
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News

day Inn Cleveland Airport West,
Cleveland, Ohio. Contact: Leif L.
Marking, Fish Control Laboratory,
P.0. Box 862, LaCrosse, Wis. Page
316 A, Mar.

® ACS 13th Midwest Regional
Meeting. Nov. 3-4. U. of Missouri,
Rolla. Contact: S. B. Hanna, Dept.
of Chemistry, U. of Missouri, Rolla,
Mo. 65401

® 4th Joint Conference on Sensing
of Environmental Pollutants.
Nov. 6-11. Hilton Hotel, New Or-
leans. Contact: V. E. Derr, National
Oceanic & Atmospheric Adminis-
tration, Environmental Research
Lab, Boulder, Colo. 80303

® 1977 International Symposium on
Chromatographic Analysis of
Polymers and Related Materials.
Nov. 7-10. Chicago. Contact: Jack
Cazes, Waters Associates, Inc.,
Maple St., Milford, Mass. 01757

® 12th International Symposium on
Advances in Chromatography.
Nov. 7-10. International Congress
Centre RAI, Amsterdam. Contact:
Organisatie Bureau Amsterdam
b.v., International Congress Centre
RAI, P.O. Box 7205, Europaplein
14, Amsterdam, The Netherlands;
or Prof. A. Zlatkis, Chemistry De-
partment, U. of Houston, Houston,
Tex. 77004. Page 880 A

® Fourth Annual Meeting of the
Federation of Analytical Chem-
istry and Spectroscopy Societies.
Nov. 7-11. Convention Center, De-
troit, Mich. Contact: Mitch Ka-
pron, Ethyl Corp., 1600 W. Eight
Mile Rd., Ferndale, Mich. 48220.
313-542-6940

® 15th Conference on Vacuum Mi-
crobalance Techniques. Nov.
8-11. Boston. Contact: Nancy
Hammond, AVS, 335 E. 45th St.,
New York, N.Y. 10017

u Conference on National Under-
standing for the Devel of
Reference Materials and Meth-
ods for Clinical Chemistry. Nov.
16-17. Atlanta. Contact: Adrian
Hainline, Clinical Chemistry Div.,
Bureau of Laboratories, Center for

Disease Control, Atlanta, Ga. 30333

® Advances in Photon-Excited
X-ray Fluorescence Analysis.
Nov. 27-Dec. 2. San Francisco.
Sponsored by the Isotopes and Ra-
diation Div. of the American Nucle-
ar Society (ANS) and held in con-
junction with the ANS winter meet-
ing. Contact: Enzo Ricci, Analytical
Chemistry Div., Oak Ridge Nation-
al Laboratory, P.O. Box X, Oak
Ridge, Tenn. 37830

® 33rd Congress of the G.A.M.S. on

Analytical Chemistry. Nov. 29-

. 49, NO. 11, SEPTEMBER 1977

Dec. 2. Paris. Contact: Secretariat
du G.A.M.S., 88 Blvd. Malesherbes,
75008 Paris, France

m 1977 Eastern Analytical Sympo-
sium. Nov. 30-Dec. 2. Americana
Hotel, New York City. Sponsored
by American Chemical Society, So-
ciety for Applied Spectroscopy, and
American Mictochemical Society.
Contact: G. W. Ewing, Chemistry
Dept., Seton Hall U., S. Orange
N.J. 07079. Page 316 A, Mar.

m Chemical Applications of Lasers—
Present Status. Nov. 30-Dec. 2. U.
of North Carolina at Chapel Hill.
Contact: C. S. Johnson, Jr., Dept.
of Chemistry, U. of North Carolina,
Chapel Hill, N.C. 27514

m ACS 33rd Southwest Regional
Meeting. Dec. 5-7. Little Rock,
Ark. Contact: A. B. Gosnell, Hen-
derson State U., Arkadelphia, Ark.
71923

m 36th Exposition of Chemical In-
dustries. Dec. 5-8. McCormick
Place, Chicago. Contact: Interna-
tional Exposition Co., 200 Park
Ave., New York, N.Y. 10017

® Meeting on Infrared and Raman

Spectrometries. Dec. 5-17. U. de

Bordeaux, France. Contact: P. Pi-

neau, Laboratoire de Spectroscopie

Infrarouge, 351 Cours de la Libera-

tion, 33405 Talence Cedex, France

Symposium on Applications of

Electroanalytical Sensors. Dec.

6-8. The City University, London.

Organized by Sira Institute. The

technical program will concentrate

on developments in the application
of pH and ion-selective electrodes,
ion-selective fet’s, and other elec-

trochemical sensors. Contact: R. G.

Keiller, Sira Institute Ltd., South

Hill, Chislehurst, Kent BR7 5EH,

England

® 2nd Annual Toxic Substances
Control Conference & Exposi-
tion. Dec. 8-9. Shoreham Ameri-
cana Hotel, Washington, D.C. Con-
tact: Government Institutes, Inc.,
1733 Bethesda Ave., N.W., Wash-
ington, D.C. 20014. 301-657-2922

® International Conference on

Monitoring of Hazardous Gases

in the Working Environment.

Dec. 12-14. The City University,

London, England. Organized by the

Chemical Society in conjunction

with the Health & Safety Executive,

the Electrical Research Association,
and the City University. Contact:

John F. Gibson, The Chemical So-

ciety, Burlington House, London,

W1V 0BN, England

CLEOS '78—IEEE/OSA Confer-

ence. Feb. 7-9, 1978. San Diego,

Calif. Organized by the Institute of



Chromatography Data System

The CDS-111 is more than a powerful chromatography
data system. It will automatically quantitate most chroma-
tograms completely on its own. It will control an entire
chromatography system — chromatograph, AutoSampler,
valving, external events —in automatic closed-loop opera-
tion. It has large-computer power to store, for use on com-
mand, up to 9 (nine) complete method files each of which
can be tailored to automatically control a complex analysis
from start to finish. It will even link method files so that
a single chromatogram can be automatically edited and
calculated up to nine different ways. And the CDS-111
Chromatography Data System makes it all easy.

It automatically quantit most chr tograms en-
tirely on its own. You don't have to punch in sets of pre-
run instructions. The CDS-111 already knows what to do.
All the critical measuring parameters are factory preset
and the CDS-111 automatically updates the parameters
throughout the run to accurately quantitate most types of
chromatograms. For unusual, or complex analyses, you
can easily override the presets and set whatever values
you need.

It accurately measures the areas of all types of peaks,
simple and complex. For accurate, precise measurement
of all true peaks, the CDS-111 continuously filters the noise
from the chromatographic signal and keeps the peak de-
tection threshold-to-noise ratio constant throughout the
analysis.

The CDS-111 aut icall leul the results ac-
cording to-any of 6 (six) dmerent methods: internal
standard, external standard, calibration factor, relative re-
sponse factor, area % and normalized area %. Through
powerful file linking, any combination of these methods

can be automatically applied to the data from a single
injection and the results automatically reported in more
than one form, e.g., weight %, mole %, and volume %.

The CDS-111 stores, for immediate use, up to 9 (nine)
complete method files, each tailored to control a specific
analysis. Files can be simple, using only their presets
which will handle most analyses. Or they can be sophis-
ticated, controlling the entire chromatographic process—
the AutoSampler, the Model 3700 chromatograph, external
devices, data acquisition, calculations and final report. You
don't have to set up the CDS-111 every time you run a
different sample. You can call up your stored file at the
touch of a button.

The CDS-111 controls are simple. Four switches, a small
keyboard and 6 (six) indicator lights give you complete
control and you don't really need the keyboard at all unless
you want to override the automatic settings, edit a report,
or build or alter a method file.

The CDS-111 makes chromatography automation avail-
able to every lab. It interfaces simply with both gas and
liquid chromatographs. Two different basic models are
available, so you can choose a system that best meets
your particular needs and budget.

To have a Varian technical representative contact you
circle Reader Service No. 220.

For more information circle
Reader Service No. 221.

Varian Instrument Division
611 Hansen Way, Box D-070
Palo Alto, California 94303

varian
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News

Electrical and Electronics Engi-
neers and the Optical Society of
America. Contact: CLEOS, c/o Op-
tical Society of America, Suite 620,

2000 L St., N.W., Washington, D.C.

20036. Page 612 A, June

m 29th Pittsburgh Conference on
Analytical Chemistry and Ap-
plied Spectroscopy. Feb. 27-Mar.
3, 1978. Cleveland Convention Cen-
ter, Cleveland, Ohio. Contact:
Edwin S. Hodge, Carnegie-Mellon

U., Mellon Institute, 4400 5th Ave.,

Pittsburgh, Pa. 15213. Page 802 A,
Aug.

m 175th ACS National Meeting.
Mar. 12-17, 1978. Anaheim, Calif.
Contact: A. T. Winstead, ACS,
1155 16th St., N.W., Washington,
D.C. 20036

m ACS 12th Middle Atlantic Re-
gional Meeting. Apr. 5-7, 1978.
Hunt Valley Inn, Hunt Valley, Md.
Contact: F. Gornick, Dept. of

Frigimat™ Dry Ice Maker produces an economical ready to
- use solid block of dry ice in under four minutes- when

_nd where you need it...

.and those are the bear facts.

netuments nc i
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Chemistry, U. of Maryland, Balti-
more, Md. 21228

= 8th Annual Symposium on the
Analytical Chemistry of Pollu-
tants. Apr. 5-7, 1978. Geneva, Swit-
zerland. Contact: Congress Secre-
tariat, P.0. Box 182, CH-4013,
Basle, Switzerland. Page 708 A,
July

m 9th Materials Research Sympo-
sium on Trace Organic Analysis:
A New Frontier in Analytical
Chemistry. Apr. 10-13, 1978.
Gaithersburg, Md. Sporsored by
the National Bureau of Standards.
Contact: Stephen Chesler or Harry
Hertz, Chemistry Bldg., Room
Al05, National Bureau of Stan-
dards, Washington, D.C. 20234.
301-921-2153. Page 708 A, July

® American Nuclear Society Topi-
cal Conference on Computers in
Activation Analysis and Gamma
Ray Spectroscopy. Apr. 23-26,
1978. Mayaguez, Puerto Rico. Spon-
sored by NBS, American Chemical
Society, American Nuclear Society,
Energy Research and Development
Administration, U. of Puerto Rico,
and Puerto Rico Nuclear Center.
Contact: B. S. Carpenter, Bldg. 235,
NBS, Washington, D.C. 20234.
301-921-2167

® Canadian Chromatography Con-
ference. Apr. 27-28, 1978. Hotel
Bonaventure, Montreal, Ontario.
Contact: V. M. Bhatnagar, P.O.
Box 1779, Cornwall, Ont. K6H 5V7,
Canada

® 3rd Annual Regional Spring
Training Conference and Exhi-
bition of AOAC. May 1-3, 1978.
Marriott Hotel, Atlanta. Contact:
Sol Cohen, Assistant Director for
Research and Instrumentation,
FDA, 60 Eighth St., N.E., Atlanta,
Ga. 30309. 404-881-2131

u International Conclave on Ana-
lytical Chemistry. May 9-16, 1978.
Louisiana State U., Baton Rouge.
Contact: J. W. Robinson, Louisiana
State U., Baton Rouge, La. 70803

Short Courses

ACS Courses. For more information,
contact: Department of Educational
Activities, American Chemical Soci-
ety, 1155 16th St., N.W., Washington,
D.C. 20036. 202-872-4508

Thin-Layer Chromatography
Washington, D.C. Sept. 28-29. Victor
Rodwell and Donald McNamara.
f195. ACS members; $235, nonmem-
hers



When you choose EM Laboratories
you get something extra...S/P

Finally, there's a line of ultrapure reagents which For a variety of analytical and research techniques.

won't cost you a fortune. They're Suprapur® re- Atomic Absorption instrumental analysis. Emission
agents. EM Laboratories' ideal combination of price Spectrography. X-Ray Fluorescence analysis of

and purity. particulate matter. Materials Research. Think

Suprapur® reagents are manufactured by and Suprapur® reagents.

are a trademark of E. Merck, Darmstadt, Germany.

Each container carries a guaranteed minimum

assay of impurities—often in the range EM I:‘.nboratories, Inec.
of 10-6%...and less. E Morck. Darmstadt, Germany

Something extra...S/P

S/P carries a lot of laboratory items. But, then, S/P is a leading
distributor for more than 550 top manufacturers. To handle this huge
inventory smoothly, we have 25.4 million cubic feet of warehousing
space, 1.9 million cubic feet of chemical vaults, and 25 strategically
located stocking centers. You benefit with a wider choice in all grades
and price ranges. And we're flexible enough to stock any laboratory
supply items and chemicals used in research, quality control or
production specifically for you. It's all part of the S/P Responsive
System of service for professionals like you. Call your S/P Repre-
sentative and take stock of him.

scxe.nmflc products
ibutor of chemi Y supplies
and scientific instruments

Division of American Hospital Supply
1430 Waukegan Road, McGaw Park, IL 60085
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The purity and sizing of ion
exchange resins play the key
~roles in: reliability and repro-
ducibility of results. Bio-Rad
AG resins are purified by sev-
eral steps to very low levels of
‘heavy metals. And we size our
resins until microscopic exam-
ination shows that 95% of the
resin beads are within the spec-
ified range. The photomicro-
graph clearly shows the differ-
ence painstaking sizing makes.
Oddly enough, you pay little
or. nothing more for these su-
- perior resins! Why not get the
. best?

 To help you select the proper

~AG resin for the application,

“Bio-Rad has prepared a mas-

* sive (70x100 cm) full color wall
chart that is both useful and at-
tractive.Yourinquiry will speed
a copy toyou. Contact:

51010 SO

2200 Wright Avenue
Richmond allfornia 94804
Phone (415) 234-4130

" Also in: Rockville Centre, N.Y.:
. Toronto, Ontario; London;
Mllnn, Munich; Sao Paulo; Vienna.
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News

Chr ographic Mai

and Troubleshooting Workshop
San Francisco. Oct. 1-2. John Walker,
Minor Jackson, and M.P.T. Bradley.
$195, ACS members; $235, nonmem-
bers

High-Pressure Liquid Chromatog-
raphy

Washington, D.C. Oct. 15-16. David

H. Freeman. Given in conjunction

with 91st AOAC Meeting. $195, ACS

members; $235, nonmembers

Laboratory Safety: Recognition
and Management of Hazards
Detroit. Nov. 4-6. Norman Steere and
Maurice Golden. Given in conjunction
with the FACSS Meeting. $255, ACS
members; $305, nonmembers

Column Selection in Gas Chroma-
tography

Detroit. Nov. 10-11. Harold McNair

and Walter Supina. Given in conjunc-

tion with the FACSS Meeting. $165,

ACS members; $205, nonmembers

Thermal Methods of Analysis
Detroit. Nov. 10-11. Wesley Wen-
dlandt and Ilya Sarasohn. Given in
conjunction with theFACSS Meeting.
$195, ACS members; $235, nonmem-
bers

Electroanalytical Chemistry

New York City. Nov. 17-19. Dennis
Evans and Paul Whitson. $255, ACS
members; $305, nonmembers

Laboratory Safety: Recognition

and Management of Hazards
San Francisco. Dec. 7-9. Norman
Steere and Maurice Golden. 5255
ACS bers; $305, nc

Thin-Layer Chromatography
San Francisco. Dec. 8-9. Victor Rod-
well and Donald McNamara. 5195
ACS bers; $235, nc

A Guide to Gas Chromatographic
Columns
O’Hare Marriott Motor Hotel, Chica-
go. Sept. 30. Harold McNair and Joel
Yancey. $60. Contact: Howard No-
vitch, Course Coordinator, Analabs, 80
Republic Dr., North Haven, Conn.
06473. 203-288-8463

Gas Chromatography

Florham Park, N.J. Oct. 12-14. $155,
lecture only; $225, lecture and labora-
tory. Contact: Varian Instruments,
Training Dept., D-430, 611 Hansen
Way, Palo Alto, Calif. 94303

Practical Mass Spectrometry
Pittsburgh. Nov. 1-4. Contact: Jodi
Kelsey, Manager, Dept. of Admin.,
Extranuclear Laboratories, Inc., P.O.
Box 11512, Pittsburgh, Pa. 15238.
412-782-3884

Atomic Absorption

Florham Park, N.J. Nov. 2-4. $125,
lecture only; $225, lecture and labora-
tory. Contact: Varian Instruments,
Training Dept., D-430, 611 Hansen
Way, Palo Alto, Calif. 94303

Symposium on Clinical Toxicology,
Phar logy, and Carci ic
Hazards

San Francisco. Dec. 9-11. Bruce Ames,

Samuel S. Epstein, Irving Sunshine,

Donald S. Young, and Paul L. Wolf.

$150. Contact: Medical Symposia, Di-

vision of Letters and Sciences, Univer-

sity of California Extension, Berkeley,

Calif. 94720. 415-642-1061

For Your Information

Fisher Scientific Co., Pittsburgh,
Pa., has agreed in principle to acquire

Hazardous Chemical Safety School
Conducted by J. T. Baker Chemical
Co. Attendance is limited to 50. Bos-
ton, Sept. 8-9; Buffalo, Oct. 13-14;
Chicago, Sept. 29-30; Cleveland, Sept.
22-23; Detroit, Sept. 26-27; Kansas
City, Oct. 27-28; Los Angeles, Oct.
17-18 and Oct. 20-21; Minneapolis,
Oct. 3-4; Pittsburgh, Sept. 19-20; St.
Louis, Oct. 24-25; Toronto, Oct. 10—
11. $185 (includes two-volume manual
and meals). Contact: Carol Morris,
Office of Safety Training, J. T. Baker
Chemical Co., Phillipsburg, N.J.
08865. 201-859-2151, ext. 262
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the busi of the Diagnostics De-
partment of Cyanamid’s Lederle Lab-
oratories Division. The acquisition in-
cludes the marketing, sales, research,
and development operations, but not
manufacturing facilities and related
personnel. The agreement provides for
a two-phased transfer. Initially,
Lederle will continue to manufacture
pmducls for Fisher with both com-
panies’ names appearing on the sero-
logical, i logical, and ch 1
products. During the second phase,
Fisher will begin operating its own
manufacturing facilities at a site to be
selected and will market the diag-
nostic products under its own name.




International
Laboratory Exhibition

(/alon du Laboratoire 1977)

Paris porte de Verrailles

Nov.29| Dec. :>‘

are the goals

. \ife .
quaiy & A of Laboratoire.
66‘3?} o 3 %
s 2%
& 72
N %
2

o The 67th Physics Exposition will take place jointly with the Laboratory Exhibit.
The two exhibitions will have a common entrance.
¢ 0 The Congress of Analytical Chemistry—33rd Congress of G.A.M.S.—uwill take place at
the same location and dates as the exhibition.
o The Exhibit is organized by I'Association pour le Salon du Laboratoire régie par la loi de 1901
12, rue Chabanais—75002 PARIS—France—Tel. 742.79.00
For further information contact:
International Trade Shows in France, 1350 Avenue of the Americas, New York, N.Y. 10019
k Tel. (212) 582-4960 Telex: FREN 237 757

J
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Muffle fuRnaCe

WITH NEW

INSULIGHTS

DIAL YOUR TEHPERA‘I‘URE WITH
BUILT-IN AUTOMATI!
PROPORTIONING GDNTHOL
Increased heating efficiency with Insu-Light
insulation . . . heat-up, cool-down and recovery
times reduced by as much as 20% over previous
models. Lighter insulation improves portability
. reduces shipping charges. Automatic solid-
state controller . . . controls to +1% of full
scale reading. “Low-mass” heating elements
respond quickly to minimize temperature varia-
tions. Counter-balanced door maintains cool
side toward operator Models are availablein . .
three volt: ranges to a
maximum of 2150°F (1177°C) Type 2000 avail-
able where greater chamber depth is required
. three voltages . . . two temperature ranges.
Write for Laboratory Apparatus Catalog #3000. Type 10500

SYBRON ’Thennolyne

Thermolyne Corp., a subsidiary of Sybron

~
r QUALITY LABORATORY APPARATUS

k Corp., 2555 Kerper Bivd., Dubugue, IA 52001 J
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ASK FOR
YOUR COPY

You'll find 524
IR accessory
bargains in
this new 32
page catalog.

The 1977 Wilks catalog features ac-
cessories for every make and type
spectrophotometer. Itincludes
transmission, micro samplingand
reflectance accessories, long path
gas cells, pyrolysis equipment, and
crystals. Everything you need for your
presentor new instrument systems
Quality consistent with Perkin-Elmer,
Beckman; and others. You'll save sig-
nificantly, and get same day order pro-
cessing from inventory on most items
Call or write today for your copy
. Wilks, P.O. Box 449, S. Norwalk,

k. CT 06856. Telephone

7 (203) 853-1616

WLKS”

INFRARED
ACCESSORIES
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News

The National Bureau of Standards
(NBS) in cooperation with the Na-
tional Institutes of Health (NIH) is of-
fering a new computerized data base
for the electron impact ionization
mass spectra of 25 600 compounds.
The data base can be used to identify
these compounds in studies of envi-
ronmental pollutants, food additives,
and similar investigations requiring
mass spectrometric techniques. The
data were compiled jointly by the Na-
tional Heart, Lung, and Blood Insti-
tute of NIH, the Environmental Pro-
tection Agency, and the United King-
dom’s Mass Spectrometry Data Cen-
tre. The NIH/EPA/MSDC Mass
Spectral Data Base is available under
a one-year renewable lease from the
Office of Standard Reference Data,
NBS, A-537 Administration Bldg.,
Washington, D.C. 20234.

The “NBS Metric Kit”, a publication
of the National Bureau of Standards,
contains valuable information on the
metric system. The kit consists of a
copy of “What About Metric”, a con-
sumer-oriented explanation of the
metric system; a booklet listing refer-
ences on metric information; a brief
history of measurement systems and a
color chart of the modernized metric
system; a wallet-sized conversion card;
a 15-cm ruler; and a metric conversion
status reprint from DIMENSIONS/
NBS, the Bureau’s monthly magazine.
Introduced in 1975, the kit has now
been revised to reflect the passage of
the Metric Conversion Act. Kits may
be purchased for $2.00 each from Su-
perintendent of Documents, U.S. Gov-
ernment Printing Office, Washington,
D.C. 20402. Order by Stock No.
SN003-003-01736-1.

Digilab, Inc., the leading manufac-
turer of infrared Fourier transform
spectrometers with headquarters in
Cambridge, Mass., has opened a re-
gional sales office to serve the area
from southern New Jersey to South
Carolina. The new office is located at
Wilde Lake Village Green, Suite 200,
Columbia, Md. 21044 (301-596-5700).

The Institute for Scientific Informa-
tion (ISI) will introduce a new index
that offers current, comprehensive
coverage of published conference pro-
ceedings. Beginning in 1978, the
Index to Scientific & Technical

Pr dings will lly cover
around 3000 proceedings and the more
than 80 000 individual papers pub-
lished in them. Proceedings that ap-
pear in book formn as well as those
from the journal literature will be in-




News

cluded. The index will appear month-
ly, with semiannual cumulations. For
further information, contact: ISI, 325
Chestnut St., Philadelphia, Pa. 19106.

In a license agreement with The Up-
john Co., LC Instruments Co., a sub-
sidiary of Lachat Chemicals, Inc., has
acquired exclusive worldwide patent,
manufacturing, and marketing rights
for an automated high-performance
liquid chromatographic system. The
intricate timers and circuitry control
developed by The Upjohn Co. allow
the entire liquid chromatographic sys-
tem to operate without the attention
of an operator for a number of test
samples. Lachat Chemicals, Inc.,
headquartered in Mequon, Wis., man-
ufactures and markets medical and
laboratory instruments through its
subsidiary, LC Instruments Co.

Shimadzu Scientific Instruments,
Inc., is a newly incorporated U.S. sub-
sidiary of Shimadzu Seisakusho, Ltd.
of Japan. The company, which for-
merly operated under its parent com-
pany name from the Silver Spring,
Md., location, is now situated at
9147-H Red Branch Road, Columbia,
Md. 21045. The complete line of its
gas chromatographs, accessories, and
parts will be marketed directly by the
subsidiary and also through American
Instrument Co.

Heyden & Son Ltd., worldwide pub-
lishers of scientific and technical
books and periodicals, announces the
opening of its U.S. office at Kor-Cen-
ter East, Bellmawr, N.J. 08030. The
new U.S. operationis equipped with
complete warehouse facilities for dis-
tribution and will handle all market-
ing and sales promotions for the Unit-
ed States and Canada.

On the occasion of his 90th birthday
celebration, Professor Hans Lieb of
Graz, Austria, was given an Honorary
Dr. Med. title at the University of
Graz, on June 17, 1977. Professor Lieb
is the oldest living pioneer in elemen-
tary microanalysis.

The National Committee for Clinical
Laboratory Standards (NCCLS) an-
nounces the publication of PSI-6,
Guidelines for Service of Clinical
Laboratory Instruments. The stan-
dard recognizes that the proper use of
clinical laboratory instruments re-
quires adequate operator training, in-
stallation, preventative maintenance,
and repair when needed. Copies are
available at $4.00 each postpaid from
NCCLS, 771 E. Lancaster Ave., Villa-
nova, Pa. 19085.

From Buchler...keeping pace

with the age of discovery:

An ALL NEW digital power supply.

Buchler introduces the first laboratory power supply with large
bright L.E.D. digital readout and instant pushbutton selection

of constant-power, constant-voltage. or constant-current modes
The bright L.E.D. display means easy reading, even fro 0SS the
room, without the distraction of dual or multifunction s
Overvollage and overcurrent protection are built in; contro rcuits
operate at low voltage for lorig life and reliability

This is the only truly contemporary power supply. It's new from
Buchler. Available through your leading laboratory supply house

Buchler Instruments

Division of Searle Diagnostics Inc
1327 Sixteenth Street

Fort Lee, New Jersey 07024 U.S A
201-224-3333

B3 Buchler 3-1500
Power Supply

Buchler Instruments: made in the United States
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Three ways
fo innprove your
testing quality

From no one else but Bausch & Lomb

Bausch & Lomb’s
exclusive Spectronic™
Standards filter set. An NBS

traceable set of filters that
checks the accuracy of your
spectrophotometer. Tests
for stray light, wave length
accuracy, and spectro-
photometric accuracy. Each
Spectronic Standards set

is tested and certified by
Bausch & Lomb. At last,
you'll know if your spectro-
photometer is up to your
quality control standards.

Kit™ Reagent Systems
to assure you of reagent
quality water. Because you
can't always be certain you
have Class | reagent water,
we offer these spectro-
photometric tests for Silica
and Permanganate Time.
Both are easy to use
and have illustrated instruc-
tions. They enable you to
test reagent water as sug-
gested by NCCLS, CAP,
and ACS.

Call your nearest B&L representative. Or call us at 716-385-1000, ext. 325.
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Bausch & LombSpectro- #y Bausch & Lomb

Spectronic® Spectro-
photometers—one of many
we manufacture. All share
one capability, and that is
performance quality.
Quality backed by over a
quarter century of spectro-
photometer experience and
a nationwide network of
field support and service.

You have to sell quality.
So do we.
We're Dausch & Lomb.

BAUSCH & LOMB (@)

ANALYTICAL SYSTEMS DIVISION
ROCHESTER, NEW YORK 14625




Menard G. Heydanek, Jr.

Flavor Technology

John Stuart Research Laboratories
The Quaker Oats Co.

617 W. Main Street

Barrington, . 66010

The Analytical Approach

Edited by Claude A. Lucchesi

Tracing the Origin of Off-Flavors
in a Breakfast Cereal

Dunng the touune qualny assur-

..... ofa

ready-to-eat breakfast eereal a piney-

spruce off-flavor was found. These

quality assurance examinations rou-

tinely monitor all aspects of food
ducts, such as pack

fill weight, product appeamnce, flavor,
and odor. and usually total 25 or more
attrib These ions or au-

dits of product quallty are deelgned

to locate probl duction that

may go unnoticed for some period of
time if they are not monitored. They
usually are most important in locating
subtle, esthetic quality differences
which, when absent or changed, wxll
not p the food f

desirable flavor ch Locati analytical flavor chemist uses. Each
ofthewureeofthisadvemﬂavormd oﬂhemgndlenumedmt.hewul
its quick | were of p ture was lled, and no
unpommoe beauae of pmem. day source of piney odorwufmm:lh‘ The
3 ing ing system, especially
amoum.sol' food produmatnsmgle water sources, was examined, and no
piney odor source found. This was
Scheme A shows the steps taken to probably the least likely source of the
locate the piney off- ﬂavouo\n’ee. off-flavor but could not be ruled out
There were three p pletely until the sy was
OThemgredlenuofthecereal hecked. When the packagi terial
p used for the outer boxes was exam-
« The process, i.e., odor develop ined, it was not piney but the inner
ment during cooking glassine liner contained a piney odor.
« The package or the external envi- A similar procedure was used to find

ronment.
One advantage in the devel t

of an analytical approach to this type

best tasting product to the

The observation of this piney off-fla-
vor in the cereal product was very im-
portant since subsequent taste panels
showed that it contributed a highly

Scheme A. Odor source of piney off-flavor
Odor descriptions in parentheses

of problem is that the off-flavor can
be traced organoleptically with the
nose as well as with analytical instru-
ments. In fact, the nose is probably
the most important analytical tool an

the piney source in the components
of the glassine liner. The liner is com-
posed of two sheets of Kraft paper
laminated with a resin in microcrys-
talline wax and overwaxed on both
sides with pamfﬁnwu. As seen in
Scheme A, the resin used in bonding
the paper layers is the obvious culprit.

Since the resin contains an odorous
material, the method of choice for iso-
lation of these components was a dis-
tillation t«:hnique. Vacuum distilla-
tion of the resin at 175 °C and 0.5-u
pressure was used to strip the volatile
odor from the resin, and collection of
the volatiles was accomplished in cold-
finger traps cooled with dry ice—ace-
tone baths.

The collected volatile material was
rinsed from the traps with pentane,
and the resulting solution produced
the typical piney odor that was noted
in the glassine liner and off-flavored
product when examined organolepti-
cally on perfume blotters (thick filter
paper).

To determine preauly what chum
cal

the off-flavor, a funher fncuomuou
of the distillate was undertaken
(Scheme B). Again, with organoleptic
evaluation as the criteria for following
the piney off-flavor, gas chromatogra-
phy was used to fractionate the com-
ponents into discrete flavor entities.
Gas chromatography was carried out
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vac

Distit

Identification

on a Carbowax 20M column, and the

At this point, even with the identi-
i blished, it was not known

separate comp were org p
tically evaluated at the end of the col-
umn. The use of 3/1 exit splitter at-
tached to a heated collection vent and
exit sniffing port allowed each compo-
nent to be or 1 1

ties

which of these components had a pro-

nounced flavor effect in the finished

product. Several avenues were now

available to determine which of the
hemicals or group of

ically d
as it exited from the column.

From the chromatogram (Figure 1),
at least nine of the separated peaks,
including most of the major peaks,
had odors associated with a piney
character. Since more than one com-
ponent had piney character, the iden-
tity of the piney odor components was

ded to eval their individual

were responsible for the off-flavors.
Since there are ranges of flavor
thresholds covering six orders of mag-
nitude, it is not a safe assumption to
regard the most abundant as the most
odorous. One approach would be to
obtain each of the chemicals and de-
termine their odor thresholds in the

duct. Then one must determine

thresholds. GC-MS analysis yielded
the component identifications shown
in Table L. All the components identi-
fied were common to pine oil or could
be derived via hydrogenation of pine
oil during resin processing and had
published odor thresholds in the 1 to
8 ppb range (1).

Scheme C. D

the amount of transfer from the pack-
age to the product and limit the pack-
age to those levels or below for com-
plete flavor compatibility. This would
be a long and time-consuming task
that would not necessarily yield any
more practical results than the alter-
nate approach we chose to use. The

ation of

limits in g| liner for p
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objective of our approach was to de-
velop an appropriate quality control
method and define specification limits
for the purchase of the waxed glassine
liner material. Since the ultimate de-
sire was to prevent odor/flavor trans-
fer to the product, we took advantage
of this transfer property to help define
the specification limits of the piney
odor components.

To develop the appropriate flavor-
instrumental correlations as outlined
in Scheme C, samples of waxed glass-
ine with varying levels of pine odors
were subjected to organoleptic analy-
sis for their ability to produce off-fla-
vor in ready-to-eat cereals. They were
ranked by a panel of expert judges
into two classes: acceptable (no for-
eign flavor imparted) and unaccept-
able (definite foreign odor or flavor)
resulting in substandard finished
product. The latter category was sub-
divided into levels designated as weak,

mmﬁon

d patibility



Distilled Water-The Weak
LinkinYour AA and LC Analyses.

I
| | |
| {

I ERAEA RN E
‘ |

Distilled water

ki

Comparison of distilled and Milli QIS
treated water by reverse phase gracimt
/ Milli-Q water elution chromatography. ;

‘L Sample: 160 ml
F: ( Packing: . Bondapak C;4
Solvent: Acetonitrile

/’ %

- z Gradient Profile: Curve 6

= Flow Rate: 4 ml/min

i Detector: UV 254 nm, 0.1 AUFS

Distilled water has too many trace organics—even when
triple distilled. Also inorganics, particles, and if you store
it, bugs!

But a Milli-Q™system will always deliver the purity you
need, on demand at your point of use.

It removes dissolved organics by carbon adsorption;
dissolved inorganics by ion-exchange; and particles and
microorganisms by 0.22 micron Millipore membrane
filtration. Maintenance is just a disposable cartridge
change.

You can use your still to feed the Milli-Q. But our
Milli-RO™reverse osmosis system is more dependaable,
more economical, and like the Milli-Q maintenance free.

Why not have the water purity you need, consistently?
A Milli-Q/Milli-RO combination costs far less to operate
than a still. Call 800-225-1380 toll free for a copy of our
descriptive bulletin. (In Canada 800-261-0961; in Mass.
617-275-9200.) Water Systems Division, Millipore
Corporation, Bedford, Mass. 01730.

l. CIRCLE 138 ON READER SERVICE CARD

MILLIPORE"




...Its the easy,
economical way to
order H-P columns

Check the quality

e Instrument:
I Hewlett-Packard
. 5831A
: 2 Column:
o1s
K

6'x 2mm ID (glass)
2% OV-101 on 100/
120 mesh (Chromosorb W-HP)

Compare the price

A packed 6' x 2mm ID glass
column costs only $54.*

Now, order

Specify columns, supports,
phases, packing, liners,
adapters, and test mixes for your
HEWLETT-PACKARD GC. If you
need a catalog to simplify
ordering, just ask. We'll send
you one. Fast.

*For U.S. domestic customers only.

BUY BY THE NUMBERS:

800-523-7133

(IN PA, CALL COLLECT: 215-268-2077)

=
HEWLETTW_Y' PACKARD
43704
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- Table I. Component identifications Retontion
. im Identification authentic
£ pke ...,.1 Odor by GC-MS compound
Waeak pine Menthane
Weak: pine : Menthane e
Slightly strong pine Camphene
Pine tree 8-p-Menthene
5 Camphor Limonene +
6 ... Camphor 1,8-Cineol +
7 Fragrant P-cymene
8 Sweet, pleasant 1,4-p-Menthadiene
Yo strong pi ‘Fenchyl alcohol -
ne
ngoydco 3 p-isopropyl anethole
Fatty-citrus TR
13 Flowery, green R
14 . Pine, chestrub, strong Borneol +
15 Resinous, pine pitch Borneol acetate
16 Foul, acidic oo
‘_#f —-—“—mm—:mmmamm

14

Figure 1. Gas chromatogram of resin volatiles

moderate, and strong. Also, 100 g of
these same waxed glassine samples
were subjected to hot jar-headspace
analysis by the ASTM F-151 proce-
dure. This method involves heating
the sealed sample container, with-
drawing a constant volume of head-
space sample via syringe, and injecting
it into a gas chromatograph. The gas
chromatography procedure was cali-
brated by using a-pinene and borneol
as standards for terpene hydrocarbons
and oxygenated terpenes, respectively.
The results showed a general increase
in the level of pine components as the
relative organoleptic strength of the
product off-flavor increased.

From this type of data, the correla-
tion between organoleptic analysis
and objective gas chromatography can
be established. In this case, there was
good correlation between the detec-
tion of piney off-flavor and the pres-
ence of the major terpenes (peaks 1
to 4, Figure 1) and oxygenated species,
borneol and fenchyl alcohol (peaks 10
and 14, Figure 1), at levels of 80 ppb
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or greater for each component. There-
fore, routine quality control testing of
incoming liner shipments with GC was
initiated, and levels of these compo-
nents were routinely determined with
the understanding that at 80 ppb each
or higher, the product might be
subjected to off-flavor development
during distribution.

The net result of instituting these
tighter and more specific controls on
the glassine liner was a marked reduc-
tion in the incidence of these piney
odors in our standard packaging mate-
rial. Several suppliers sought and
found acceptable substitute resins
that did not have this inherent odor
and thus were more easily controlled.
Others have met the specified levels,
and very few problems have been seen
since.

References

(1) Compilation of Odor and Taste
Threshold Values Data, W. H, Stahl,
Ed., DS48, 05-048000-36 ASTM Publica-
tions, 1973.
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“TEK-CHROM" Pre-Coated TLC Plates from ICN

® Uniform coating for analytical or preparative work.
No edge effects! No ridge effects!

@ Controlled narrow particle size for high resolution.
Better separations.

) ® Unique inert organic binder.
featunng Plates can be washed with polar solvents. Particularly

useful for Silver Nitrate impregnation.

® New “Rapid Plates™. :
S::-:cmalyn'; time. Simplifies transferring data to LC and

® Economically priced!
your " for thi
Making your own plates? ICN offers a full line of bulk Silica and Alumina adsorbents for
TLC. Binder and fluorophors optional.

Send for ICN CHROMATOGRAPHY catalog now.

For Immediate Action. . . ‘ ICN Ph Inc.

Life Sciences G
colzoet 216/831-3000 || H) [ seeiimen
Chr graphy Product M. Cleveland, Ohio 44128

See us at FASEB.
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30-ton
motorized
hydraulic press
for safe, fast
reproducible pressing
of pellets 13-mm to
44-mm in diameter.

S woustries inc.

P.0.BOX 798, METUCHEN, N.J.08840

(201) 549-7144
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New HPLC Column News

EM LABORATORIES VOL. I, NO. 1

NEW HIBAR®II

Pure Consistency...

@ laboratory reagents and indicator strips @ sorbents. plates and columns for chromatography

*

ELMSFORD, NY (EM)

EM Laboratories has just intro-
duced a brand new, totally dif-
ferentline of prepacked columns
for HPLC — Hibar-II.

BRAND NEW
HIBARZII
HARDWARE

The Hibar-II columns are 25
cm long and have an inside
diameter of 4.6 mm. Hibar-II
columns are adaptable to all
modular or unitized HPLC sys-
tems, featuring zero dead volume
fittings. Each column contains
removable/cleanable frits for
extended life.

WIDE RANGE
OF PREPACKED
SORBENTS

But the best news is that Hi-
bar-II columns are prepacked
with the entire line of great sor-
bents from E. Merck, Darmstadt,
Germany. That means conve-
nience and versatility like you've
never before enjoyed in HPLC.
Sorbents for partition, adsorp-

tion, gel permeation, and ion
exchange chromatography.Two
different particle shapes: ir-
regular shaped, totally porous
(LiChrosorb®) and totally spher-
ical shaped porous (LiChro-
spher®), and two different parti-
cle sizes . .. 5 and 10 micron.

Foryour price convenienceand
service, Hibar-II columns are
available from selected nation-
wide scientific supply houses.

You need all the facts on this
important development in our
industry, so write today for
complete technical informa-
tion and the name of your near-
est stocking distributor.

CIRCLE 63 ON READER SERVICE CARD

EM Laboratories, Inc.
associate of

E. Merck, Darmstadt, Germany

500 Executive Boulevard
Elmsford, N.Y. 10523
(914) 592-4660

*
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New Products

Pollution/Gas Analyzer

The instrument uses a unique mass
spectrometer principle that affords ppm
range sensitivity, gas selectivity,
ruggedness, and ease of maintenance.
The system can continuously monitor
any number of preselected gases for
quantitative measurements including
carbon monoxide, sulfur dioxide, and
basic hydrocarbons in room or outside
atmospheric environments. An alarm
unit may aiso be purchased with the
unit to alert an operator that any partic-
ular gas level is unacceptably high. Os-
cilloscope presentation is optional.

CVC Products, Inc. 413

SP8000 high: liquid ch
graph ooma}ns a powerful microprocessor that
both ofthe LC P

and provides users with the ability to prepro-
gram series of different chromatographic
tasks. The SP8000 incorporates a unique
ternary gradient system that independently
controls three solvents for both isocratic and
gradient work. Other advances include a single
pump providing pulse-free, constant flow, and
a self-contained helium degas system that is
easy to use and allows uninterrupted chro-
Other f include

full alphanumenc keyboard with LED display,
printer/plotter, temperature-controlied column
compartment, automatic sample injector,
ok “ and

dual—::hannel dat; system. Spectra-Phy'sics,
Inc. 402

Trace | and Trace Il spectrophotometer systems are based on the Model 34 UV/VIS spectro-
photometer with final answer computer, printer, and special for
of clinical chemistries based on kinetic and end-point analyses of enzymes. Trace | and Il simplify
STAT and routine ies and of anal! such as drugs of abuse
and anticonvulsant drugs. Results are eompmed displayed, and prinled out in absorbance, rate,
or concentration, as selected. The Trace | system consists of the Model 34 UV/VIS spectro-
photomter with heated ‘sipper”* (low-volume heated fiow cell), the DP-3000 microproces-
and a pl . The DP-3000 is preprogrammed to handle 13 standard
chemlsmes and has 25 additional . The Trace Il system is
comprised of the Model 34C UV/VIS »w\-u P , which includes a heated *‘sipper”
and a compatible printer. It is specifically doslgned to pedorm virtually all clinical chemistry
ly and a Instr Inc. 401

Gas Chromatograph/
Mass Spectrometer

HP 59993A fully integrated GC/MS in-
corporates all-digital electronics, a mi-
croprocessor-controlled GC, electron
ionization source, hyperbolic quadru-
pole mass filter, electron multiplier de-
tector, power supply, analyzer vacuum
system, inlet vacuum system, and a
GC/MS membrane interface. The data
system includes an HP 21MX E-Series
microprogrammable 16-bit computer
with 32K words of memory and an HP
7900A dual-disc drive with 5 mega-
bytes of data storage. lons are detected
by the continuous dynode electron-mul-
tiplier detector. Sensitivity is rated at 10
to 1 on 1 ng of methyl stearate,
scanned at 300 amu/s. The mass range
is 10-800 amu. Optional features in-
clude a jet or membrane separator; a
capillary injection system that operates
in the splitless mode; Aldermaston,
EPA/NIH, and contributed spectral li-
braries; and a data communications in-
terface to allow transmission between
the GC/MS and the Cornell or Cypher-
netics timeshare systems. Basic sys-
tem, excluding the CRT terminal, is
priced at $70 000. Hewlett-Packard Co.
415

For more information on listed items.
circle the appropriate numbers on
one of our Readers’ Service Cards
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Model D-400 amino acid analyzer separates

and measures amino acids in protein hydro-

lyzates and biological fluids by single-column,
ion-e;

high-resoluti

As many as 24 samples can be Injectsd The
narrow diameter column increases the sen-
sitivity of analysis to 0.5 nm each component
and reduces the consumption of reagent and
buffers. An integral ammonia filter contin-
uously removes contaminating amines from
all buffers. Linear absorbance detection of
ninhydrin-positive components in the sample
is displ onat i writing
recorder Chlomatographlc procedures are
time directed by a 15-channel programmer that
can select six butfers and two column tem-
peratures plus control accessories including
an optional calculating integrator. Durrum In-
strument Corp. 407




Schott—the glass makers for Abbe and Zel'ésébﬁng you...

the THALAMID®
combination electrode

A superior electrode exemplifying
not only the expertise in scientific
glassmaking originated at Schott &
Gen. in the days of Ernst Abbe and
Carl Zeiss, but, as well, the innova-
tive approach to all details of a prod-
uct which has characterized Schott's
contributions to the laboratory.

In this combination electrode, sci-
entifically designed pH-sensitive
glasses are combined with a unique,

Stainless steel (18-8-2) cap resists cor-
rosion and provides mechanical
strength for secure clamping

Refill aperture for reference electrode
has a rubber cap to provide a tight seal
against electrolyte leakage or creepage
and a side tube for connection to a re-
mote reservoir

THALAMID* (thallium amalgam) car-
tridge form internal elements are
characterized by stability, absence of
thermal decomposition and low hys-
teresis at temperatures up to 135°C, by
freedom from complex formation with
sample components (including
cyanide), by indifference to the KCI
electrolyte and polarization currents and
by a long service life. In these respects
the THALAMID system is superior to
one or both of the calomel and silver-
silver chloride systems. Identical ele-
ments in glass and reference electrodes
provide thermal and electrical symmetry
1o speed temperature equilibrium and
reduce asymmetry potential

Liquid junction comprises a platinum
filament sealed through the glass wall of
the reference electrode. This junction
provides low resistance, a low electro-
lyte leak rate, a constant junction poten-
iial, good performance in samples with
very high and very low salt contents,
and resistance to clogging by slurries or
viscous solutions. It is located just
above the pH-sensitive bulb to minimize
sample volume demand. For difficult
samples requiring large electrolyte flow
and frequent purging, a combination
electrode with ground junction is avail-
able

Internal butfer is specially com-
Pounded for stability with temperature
change and with time, and for compati-
bility with the glass surface. Nominal pH
is 7, suited to all common pH meters.

A

high-performance electrochemical
system, a superior reference junction
and sound, time-tested construction
to provide accuracy, stability, dura-
bility and reliability.

The outstanding features of this
electrode are detailed below; and
we'll be happy to send you a bulletin

on the entire Schott electrode line,
available exclusively from Sargent-

Welch.

Special coaxial cable shields the glass
electrode conductor from elec-
and

am&amugh.mpmdwvetlxh
non-microphonic and does not affect

the meter reading when moved.

cap and cable
is made by 10 exclude mois-
ture and relieve mechanical

strain on the internal elements of the
electrode

Type N (g
purpose) and Type H (high tempera-
ture-high alkalinity): Type N—Suit-
able for all uses except those involving
high temperature and/or high sodium
ion concentrations (high alkalinity). Re-
sponse is very close to Nemstian and
linear even in highly acid solutions. Na*
ion response is (insignificant
below pH 12.5 at 25°C) and, even more:
important, it is stable where significant.
Type N glass electrodes can be used
continuously from 0° to 80°C, intermit-
tently to 100°C. Low specific resistance
aliows a 0.5 mm wall with a total resis-
tance of only 100 megohms (10 mm
bulb) at room temperature. The heavy
wall, high inherent glass strength and
careful fabrication result in a strong,
shock resistant construction.

H—In contrast with Type N glass. Type
H has a lower sodium ion error, im-
proved chemical resistance, and a
longer life e athighpHand/or
elevated temperature, and a higher
electrical resistance. It is the glass of
choice for measurements at a pH above
1in solutions with high alkal metal con-
tent and for use in photographic ‘de-

pers and
With Type H glass, can be used at
temperatures up to about 110°C, the
boiling point of the reference electro-
lyte, or, with suitable pressurizing, to
135°C.

SARGENT-WELCH SCIENTIFIC COMPANY

7300 NORTH LINDER AVENUE « SKOKIE, ILLINOIS 60076 =+ (312) 677-0600

10 1Cinel SOl

D, 1S

N.J./To /M |
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New Products

NMR Spectrometer

Model PMX60 proton NMR spectrome-
ter is a high-performance (30:1 S/N on
1% EB), permanent-magnet system
and features the latest in solid state cir-
cuitry. It features a color-coded key-
board to simplify operation. Optimum
parameters can be selected automati-
cally, or specific conditions can be se-
lected. A visual meter for tuning resolu-
tion also allows observation of lock and
signal intensity. A hold button facilitates
simple integration control and can be
used to eliminate unwanted solvent or
water peaks from the spectra. Internal
lock and homo nuclear decoupling is
built into the console. A compressed
air device simplifies sample tube inser-
tion and removal as well as minimizes
abrupt temperature changes within the
magnet console during sample tube ex-
change. Jeol Analytical Instruments
410

Colored Glass Filters

Seventy-eight individual 50-mm square
colored glass filters are supplied with
individual spectrophotometer curves.
Surface parallelism and finish are held
to high standards. Each filter is marked
with an identifying portion of the cata-
log number for permanent recognition.
Available in protective plastic display
pages that can be incorporated into a

storage binder. Melles Groit 420

SpectrEL Simulscan 200 GC/MS offers simulf lysis by ch ion and
electron impact ionization methods in one instrument. In addition to time savings and conve-
nience, this si ing provides the certainty that the Cl and El spectra come from
the exact same sample. The two spectra can be obtained at scan rates of 2 ms/amu. The
Si 1 Sy are available with either the Varian or HP Series GC's or can incorporate
the GC best suited to the customer's individual needs. The standard system includes positive
ion mass spectrometry, analog detection, and operates to mass 1000. Options available include
the addition of negative ion mass spectrometry, pulse counting detection, and a mass range
to 1200 amu. Extranuclear Laboratories, Inc. 404

For more information on listed items, Dye Lasers

circle the appropriate numbers on

The DL-Il series of dye lasers includes
one of our Readers’ Service Cards

the DL12 with oscillator, the DL 14 with
oscillator/amplifier, and the DL 14P with
oscillator/amplifier with pressure-
scanned etalon for 0.0006-nm resolu-
tion at 460 nm. The range of the DL-II
series is 217-930 nm when nitrogen
laser pumped, and 324-930 nm when
Nd:YAG pumped. Synchronized fre-
quency doubling is achieved with a new
desk calculator accessory that permits
selection of scanning either linear in
wavelength or wavenumber as well as
data acquisition. Similarly, the wave-

The PW 1410/20 AHP x-ray sp

length range to be scanned and the or-
dinate expansion may be simply pro-
grammed to suit specific requirements.
Price of the DL12 is $7950, the DL14 is
$9250, and the DL14P is $9750. Molec-
tron Corp. 411

Liquid Chromatography System

This “bench-top’* system for low-pres-
sure applications contains a Mixograd
gradient former, Minipuls peristaltic
pump, chromatographic spectropho-

machine producing fast results at a moderate price. The spectometer incorporates a micro-
processor that can accept and store a large number of analytical programs. The operator simply
loads the sampie and selects the desired program via the calculator keyboard. Analysis is

system offers users an automalic  tometer, column, valve, fittings, shut-off

valve, and Race Track fractionator.
Components can be substituted or elim-
inated to meet particular applications—

performed entirely , and the call
tensities into element concentrations, which it then prints out. It is ideal for both production-line

quality control and lab y

. an HP 9814A, converts the received in- =
ion exchange, gel permeation, absorp-

tion, HPLC, etc. Gilson Medical Elec-

ion. Philips Industries, Scientific and Analytical
Equipment Dept., Lelyweg 1, Almelo, The Netherlands 405

tronics 417
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Carle Puts A Price
On Simultaneous TCD/FID
Analysis of Refinery Gases

Valve switch (inject 0.5 ml sample)

TCD

Valve switch (bypass)

Hydrogen

—
Ethylene plus ethane
FID 1sobutane Isopentane TCD/FID ANALYSIS OF REFINERY GAS
10°% 16 © Instrument: Cat. No. 0357 Series-S AGC-311-H
: & - o~ Col. Temp: 50°C
] 3 & & HTS Temp: 580°C
@ s ° § Flow Rates: 70 psi helium
:‘ ® z s 3 2 50 psi nitrogen
3 5 22 & ©2 Sample Sizes: 1 mi (FID)
° & 5 § §¢ N-Pentane 0.5mi(TCD)
c & > ] = s 3 100 % 32 Chart Speed:  0.5in/min
£ = D 5 Pentene-1 Attenuation:  As shown
% % a = Column 1A: EEA plus Squalane
a = O Column 1B: Moditied Porasil C
5 Column 2: Porapak N
2 - Column 3: Molecular Sieve 13X
E 3
i
= 2
g S
< 8 Pentene-2's
= = (backflush)
g g
z 3 Heptane 10* x 16
1 @
2 U 2 (backflush)
2 3
> >

ﬂ & r \
2
3
e
Acetylene £
g
H
&
H
2k
s
Ethane >%
=
o
Ethylene
CO:
x64
Methane
Nitrogen

x32

. . . © n " .

40 M

Interested in a complete GC analysis of
refinery gas? Shown above is one answer
to that knotty problem, accomplished auto-
matically with the latest Carle Series-S
Analytical Gas Chromatograph. This instru-
ment performs trace level hydrocarbon
measurement with a sensitive FID, while
simultaneously measuring inerts with a TCD.

Each one of Carle’s Series-S AGCs is
factory-dedicated to perform a specific
analysis automatically. That's how Carle puts
a price on the answer. Every Series-S AGC
is ready to go to work on your problem
right out of the box. There’s nothing more
to buy, no more column engineering neces-

sary—Carle’s already done it.

Each Series-S AGC incorporates Carle's
unique multi-column sequencing techniques.
With just one sample these multiple columns
produce a complete, sensitive analysis im-
possible to duplicate with old-fashioned
single column techniques.

This new refinery gas analysis is just one
of the Series-S answers available from Carle.
There are a dozen more, such as natural
gas, combustion gas and hydrogen product
gas. For a concise description of these
Series-S answers, and an Application Data
Sheet detailing this new refinery gas analysis,
call or write today.

CARLE

INSTRUMENTS,INC.

1141 East Ash Avenue, Fullerton, CA 92631 714-879-9900

CIRCLE 38 ON READER SERVICE CARD
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BA symposium sponsored by the
WDivision of Computers in Chemistry of
: the American Chemical Society.

fjcurrently available algcrithms are
jinadequate.

1
fjLeading experts not only evaluate thef]
fjtremendous opportunities for progressf]

in chemical research that algorithms
provide but also analyze the
substantial difficulties that algorithms
may present.

particular interest to scientists doing
Psignificant amounts of computing in
Pthe fields of quantum chemistry,

Chemistry e Rational Selection of Algorithms forf]
Molecular Scattering Calculations e Molecular
| 'Dynamics and Transition State Theory e Newe
JC Tech for Molecular S

151 pages (1977) Clothbound $12.75
JL.C 77-5030 ISBN 0-8412-0371-7

fj SIS/Americar Chemical Societ

Y
1155 16th St., N.W./Wash., D.C. 20036 §

[J Please send _____ copies of SS 46 Algorithms [}
[} /or Chemical Computations at $12.75 per copy. |

New Products

Model SF-330 sp: ter, designed

is intended for food processing, drug

and user

ing, and Yy ap-

plications that require a moderately priced sensitive instrument for analysis of trace concen-
trations of organic and inorganic chemicals. Features include two photomultiplier detectors,

a 150-W xenon lamp source, two

grating mc

omators,

bandwidth combinations, scan speeds of 25 or 50 nm/min, and digital readout. 55795.r\larian

Instrument Div.

Dual-Wavelength Detector

System D-137 is designed to be added
to the Durrum-Gibson stopped-flow
mixing chamber. It employs split-beam
dual-detection optics to measure fast
reactions at two wavelengths simulta-
neously. The two signals are then pro-
cessed by solid state electronics to pro-
vide the ratio and difference of the two
signals. By selecting appropriate wave-
lengths, small absorbance changes of
fast reactions can be measured in tur-
bid solutions where single-wavelength
measurements are hampered by effects
of scattered light. Durrum Instrument
Corp. 418

Carbon Analyzers

These carbon analyzers use a new cou-
lometric carbon dioxide titrator to pro-
vide high accuracy in a wide variety of
carbon analyses including mineral car-
bon, total carbon, and organic carbon in
water, oils, and solids. Carbon levels
from sub ppm to 100% can be deter-
mined. The coulometer can also be
used for other high-accuracy CO, mea-
suring applications. Coulometrics Inc.
419
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An interf. to liquid ch t

graph and mass spectrometer systems per-
mits mass spectral analysis of those chemi-
cals difficult to identify with a GC/MS. Among
its features, the interface allows free choice
of electron impact or chemical ionization and
does not interfere with GC/MS or solid probe
operation. It provides high sensitivity LC de-
tection, high sample yield, and high chroma-
tographic integrity. It is particularly useful in
mass spectral analysis of mycotoxins, poly-
cylic aromatic compounds, pesticides, ste-
roids, triglycerides, coumarins, and many drug
metabolites, and will have wide applications
in pharmaceutical and biomedical research,
and in petroleum, energy, pollution, and pes-
ticide studies. The interface can be added to
any Finnigan mass spectrometer with a dif-
ferential pumping system. It can be installed
on a new mass spectrometer or retrofitted to
an existing system. Finnigan Corp. 403




. Try our
it-can’t-be-a-balance
balance

[There's never been anything quite like it. |

A balance... But ours...
boasts a 4-figure starts at $795
pnce tag
depends on delicate  has rugged
knite-edges electronics
1S a 15-Ib hulk that is a 5-1b wonder
takes up valuabie that fits into a
bench space briefcase
requires tare adjust- has a single
ment, dialing in touch-bar tor
weights. vernier instant tare
interpolation instant samp'e
readout

In short, if you have centain thougrits
about what a “balance” is, tn.n«x
again. The Fisher/Ainsworth
electronic toploader is prob-
ably the smartest balance

buy you can make.
In 20g, 200g, and 20009
models. Plus a 200g fie o
model that runs 8 hours
on rechargeable battery-
pack

OO0
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The mostintelligent
m

The new AD-2Z Autobalance with
both Autoranging and Autozero

It can set zero, balance the beam, select the best range,
shift the decimal, display the weight on a large digital
readout, print it (with an optional printer) and much more
... all automatically and within seconds. That's: what all
microbalances should do, but only the AD-2Z does.
5 gram capacity, 0.1 microgram' sensitivity. Recording
and vacuum models available. :

Call your local Perkin-Elmer sales office, or write
Instrument Division, Perkin-Elmer Corporation, Main Av-
enue, Norwalk, CT 06856.

PERKIN ELMER

CIRCLE 168 ON READER SERVICE CARD

New Products

I For Liquid Chromatography

VALCO’S
MULTI LOOP
AUTO SAMPLER ...

the automatic sample
injection system that lets you
Minimize Sample Waste,
Maximize System Efficiency

All for
under
$3,000.

® |deal for low waste applications where e All Hastalloy C and nickel flow path avail-
very little sample is available able for reactive samples (optional)

© Small uniform bore minimizes error dueto ¢ BCD number identifi 1 for
sample carry-over use with computers or integrators
® i r ility of area e Pulse and continuous contact closures

P
and retention times available

® Up to 150° continuous operation in high e Up to 4 injections per sample
temperature GPC (optional) e Simplicity of operation

® No pressurized gas required for sample instruments _co
loading into injection valve VA LCD PO Bos 1902 rowason T 77020

© No bottles to fill, break, or lose vy

Toun ThE0
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UV-VIS Spectrophotometer

Model 576 scattered transmission
spectrophotometer is designed specifi-
cally to handle turbid, scattering sam-
ples. Automatic digital background cor-
rection compensates for initial differ-
ences between cells. The background
corrector automatically plots out the
flattened spectrum, and necessary cor-
rections are stored in digital memory. A
modified sample can then be run, and
the difference spectrum superimposed.
Repetitive scanning capability is also a
standard feature. Data can be either su-
perimposed or presented sequentially
on the instrument's Format recorder.
The instrument sample compartment
can accommodate all of the sampling
accessories developed for the 57 Se-
ries. Perkin-Elmer Corp. 412

Preparative Gel Electrophoresis

The vertical column system accepts
sample loads up to 5 times greater than
those accepted by existing systems and
can easily handle up to 20 times that
amount when fitted with a larger option-
al inner column. Recovery rate typically
exceeds 80 %, and the design minimiz-
es eluate dilution. No pumps or cooling
systems are needed. The cylindrical de-
sign eliminates leakage and consequent
sample loss and makes the cell easy to
use and clean. Camag Inc. 41

Differential Corrected
Spectra Unit

The ditferential corrected spectra unit,
a digital microprocessor system de-
signed for use with the Model MPF-44A
fluorescence spectrophotometer, can
store in memory all of the correction
factors needed to correct excitation of
emission spectra. This is an electronic
feature equivalent to the optical func-
tion of a double-beam spectrophotome-
ter. Applications include detection of
small differences in samples for com-
pound identification in quality control,
elimination of fluorescing solvents or
blanks, screening unknowns, elimina-
tion of Raman bands, and storage of
original spectra of unstable samples.
Another mode of operation of the unit
provides a combined excitation emis-
sion scan of a sample of interest. Per-
kin-Elmer Corp. 421

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




I’'s now this convenient to
get superior GC/MS analyses.

With the Varian MAT 44
Quadrupole GC/MS,
operation is as straight-
forward as entering a few keyboard commands. You
get qualitative and quantitative results with unprece-
dented ease, sensitivity and precision. The MAT 44
provides full microprocessor control, E1/CI operation,
capillary or packed columns and real-time TV display.

The data below givea
brief indication of the
many capabilities of

this exceptional instrument system. For complete
information or to arrange a demonstration call or write
today. (201) 822-3700. Varian MAT
Mass Spectrometry, 25 Hanover Road,
Florham Park, New Jersey 07932.

varian

PCB ANALYSIS

The data shown opposite are taken from a
capillary column run of a PCB mixture. The
glass column was directly connected to the
ion source and the total ion chromatogram
isshown at the left. Anexample of the TV
display during analysis is given at the right.
The spectraare normalized and have the
mass scale identified before output as hard
copy or further processing via the data
system.

DRUG ANALYSIS

The data opposite shows the quantitative
analysis of the drug Vincamine in an animal
urine extract. Tothe leftisthe TV display
during the elution and monitoring of peaks
from the drug (m/e 367, m/e 426) and the
reference standard (m/e 136, m/e 381).
Attheend of the run, the quantitation is
automatically completed and peak i i
ratios displayed relative to the standard as
shown at the right.
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GOW-MAC
the T.C. Detector
Specialists
can keep your GC
in business.

The best way to save money is pre-
ventive care of your T.C. detector. A
cell using hot wire filaments operates at
elevated temperatures, the wires, too,
are hot due to the current passed
through them, therefore subject to
oxidation. Many things can oxidize the
detector elements: samples, leaks, in-
adequate purge. When filaments are
oxidized their resistance will change and
the bridge is out of balance. Certain
filaments resist oxidation more than
others under different conditions. Other
things which unbalance bridge circuits
are corrosion, vibration, column bleed,
carbon deposits, etc. GOW-MAC can help
by the availability of numerous fila-
ment materials and years of experience
in solving such problems. Thermistors
are also available in various resistance
ranges. GOW-MAC can supply detector
elements for most of the gas chroma-
tographs in production as well as those
that are no longer manufactured.

Four ways to solve the problem

and save time and money:

1. Purchase detector elements in pairs.
If you have several T.C. instruments
and want to re-filament your own
detector this is fast and the least
expensive approach. You can have
elements in stock or, we can ship
from stock. Even our representatives
have emergency stock for customers
in trouble.

2. Purchase a quad. (four matched ele-
ments). This is for those who have
one or two units and want to re-
filament the cell themselves. With a
quad. anyone can re-filament his own
detector. All four elements are

matched so you don't have to pick
two matched pairs to make a well-
balanced bridge.

. The easiest, not the quickest or least
expensive, is to take the cell block
out of the detector oven and send it
to us. We will clean, refilament,
check for leaks, drift and noise for
$110.00°. This takes at least 48
hours, so allow one week for us to
receive and return.

. You can also purchase a spare detec-
tor and keep it on the shelf. Most de-
tectors can be supplied by GOW-MAC
for about $150.00.

Take your pick, by ordering directly
from GOW-MAC you can save either
money, time, or both.

w

»

We're prepared to send time and

money saving information:

. Filament Bulletin listing 8 different
materials available for detector ele-
ments including thermistors.

. Cell Bulletin which lists 12 T.C.
detectors from process to micro, 4
types of Gas Density Detectors.

. Our Filament Replacement Chart.
This lists all major GC manufacturers,
instrument models and the GOW-MAC
replacement elements.

-

N

w

4. General Service Bulletin—tells how

to re-filament a cell, discusses main-
tenance and trouble shooting as well
as recommended operating condi-
tions for T.C. cells.

5. Price List—this will save you money.

We'll even throw in the booklet,
“Selecting a GC Column” written for
GOW-MAC by Dr. H. McNair. DON'T WAIT!

*W or WX filaments for most detectors.

i GOW-MAC INSTRUMENT CO.
100 Kings Road, Madison. N.J. 07940

New Products

Telephone: 201/377-3450 Telex: 136331
Shannon Free Airport, Co. Clare, Ireland
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Spectrum Analyzer

Model FFT 512/S-20 spectrum analyzer
incorporates an all-digital range transla-
tor that enables the analyzer to magnify
the resolution in any selected region of
a spectrum by factors of 8, 16, 32, 64,
or 128. If the magnified portion is of
much lower amplitude than parts of the
original spectrum, additional gain of
X2, X4, and X8 is provided. With this
feature, resolution to within 2 Hz is pro-
vided in the 0-100 kHz range, and with-
in 0.4 mHz in the 0-20 Hz range. Addi-
tional features include vertical scale
calibration in arbitrary engineering units
over wide ranges, and display on com-
mand of the ratio: active spectrum/
stored spectrum. Rockland Systems
Corp. 414

Chemicals

Ethyl Fluorescein

Kromex fluorescein, ethyl ester, is a
fluorescent agent potentially useful in
biomedical and biochemical research
studies where fluorescein has proved
valuable. This high-purity compound
has a quantum yield of greater than
0.95 and is believed to have greater
membrane permeability. It is character-
ized by a broad-based actual lot analy-
sis, and a certificate of the analysis is
supplied. Available in 2-g size. J. T.
Baker Chemical Co. 424

Immobilized Proteolytic Enzymes

Sorbazyme-Q series of immobilized en-
zymes consists of a variety of proteo-
lytic enzymes attached to an inert ma-
trix of cellulose with retention of cata-
lytic properties and improved stability.
They are supplied as a white, dry pow-
der, can be recovered at the end of a
reaction and reused many times, and
can be packed in columns and used in a
continuous flow reactor. Quantimetrix
Medical Industries 425

Ultrapure Elements

Antimony, arsenic, bismuth, cadmium,
copper, gold, indium, lead, selenium,
silver, sulfur, tellurium, thallium, and
zinc are offered at 99.999+ % purity.
Quantities available range from hun-
dreds of grams to kilograms and are
available in various bulk forms including
shot, rods, and fragments. Each ship-
ment includes information on impuri-
ties, toxicity, and handling. Reactor Ex-
periments, Inc. 426



Accuracy is easy with. ..

the compact Zeiss PM 6 Spectrophotometer

with double-grating monochromator

and automatic blank reference.

It's so simple, it's foolproof. All you do is:

1 put your blank in the first position;

2 place samples in the other three positions, or a known
standard in the #2 position;

3 set the display to absolute absorbance or the desired con-
centration value;

4 push the button for the sample position you want, and the
results will be displayed directly either in absorbance or con-
centration. Kinetic determinations are just as simple.

And it's accurate. You can sample volumes from 20ml to 0.2m|
without loss of sensitvity. Read out digitally from —0.300 to

Carl Zeiss, Inc., 444 5th Avenue, New York, N.Y. 10018 (212) 730-4400. Branches in: Atlanta, Boston, Chicago, Columbus, Houston

Los Angeles, San Francisco, Wast

3.000 Absorbance and 0-10,000 Concentration, and expand
the scale 10X with great accuracy. Spectral range is 200-
800nm with high photometric linearity.

No other instrument in its price range offers a double-grating
monochromator.

The PM 6 comes with 4-position motorized and programmable
sample changer, or a unique funnel cell for rapid routine
determinations. Accessories include a new, inexpensive gel
scanner, a thermo-electric temperature control, a multi-speed
recorder and a printer.

Write today for complete details and a demonstration.

Nationwide sales and service
direct and only from Zeiss.

ngton, D.C. In Canada: 45 Valleybrook Drive, Don Mills,Ont., M3B 2S6. Or call (416) 449-4660.




Modular hardware.
Flexible software.

The 3350 Series
gets you into

lab automation
for less than

you think

...and lets you
orow easily

and economically.

The Hewlett-Packard 3350 Series Laboratory Automation Systems protect your investment

tomorrow’s. The Series can satisfy your combined data handling, control, and reporting
needs — whether you're a chemist or a lab manager.



Here’s Where You The CRT with cartridges offers many of the capa-
bilities of a large disc system.

Start GI'OWlng ¢ Data cartridges provide automatic data storage
and retrieval for statistic analysis, trend reporting,
shift summary logs, long-term data storage, and
report retrieval.

The Hewlett- ¢ Data cartridges also offer storage and automatic

Packard 3351A calling of LAB BASIC programs for each analysis

offers full data systems
capability at a multi-
channel integrator

to generate special report formats, to perform
special calculation procedures, and to access and
execute additional programs for other instru-

price. Con- ments (gel permeation, auto analyzers, atomic
figured for your absorption).

laboratory, it ; e

is ready to: If you require capability greater than the 3351, there

are expanded systems, including a disc-based ver-
sion, in the 3350 Family designed to handle larger
applications and provide additional data storage.

Integrate total peak area
Correct baseline drift
Detect low slow peaks
Perform tangent skims
Allocate fused peak areas

Correct for tangent baseline penetration ] 1
Avorage response fectors The Hewlett-Packard 3350 Series

Define multiple reference peaks Assures You Cost-Effective
Predetermine how specific peaks will be integrated '
Override decision logic of the standard software Answers as You Grow!

integrator

The standard system includes all calculation pro-
cedures commonly used by chromatographers,
and can generate final reports with retention
time, response factor, area, amount, and peak
name included.

The 3351 can be expanded to add:

Time of day

LAB BASIC

Sampler control software

Interface to 30 instruments

External events control

Slice width integration

Data file and peak summing software
Systems software loading from cassettes
Simulated distillation software for D-2887 and
crude oil analysis

The most significant addition you can make
is the Hewlett-Packard 2645 CRT with

data cartridges — a high speed, silent data
terminal for keyboard entry, system opera-
tion monitoring, and data results inspection.

Hewlett-Packard 2645 CRT with
dual cartridges to optimize
software flexibility.

HEWLETT w PACKARD

Route 41, Avondale, Pennsylvania 19311

For assistance, call: Washington (301) 948-6370, Chicago (312) 255-9800,
Atlanta (404) 955-1500, Los Angeles (213) 877-1282. 43705E
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Three new reasons why your department should

TAKE ANOTHE
LOOK AT PLAS

1. New End-of-Ashing Detector.
We've incorporated an optical
feedback mechanism that uses
spectral analysis to determine if
any ashing is going on. If the
sample is entirely ashed, or
needs stirring, your IPC system
will let you know.

2. New Temperature Control.
Transferring technology we
developed in maintaining a
critical temperature envelope
for semiconductor manufac-
turing, we have builta
sophisticated temperature probe
into our ashing chamber for
real-time control over
temperature at the sample

3. New Heat Lamps. Until now.
the only benefit you derived
from plasma ashing was its speed
at low temperatures. Now you
can enjoy plasma’s cleanliness.
safety and inexpensive
unattended operation and get rid
of your expensive and hazardous

important advantages when you
need speed and are ashing a lot
of samples. Now you can do
high temperature ashing simply
with our efficient new built-in
heat lamps

So: Three good new reasons.
And there are many more that
won't fit this space. Please let
us tell you our complete story
and show what other chemists
and spectroscopists are doing in
the QC Laboratory with our
ashers Analyzing plastics,
paints, foods. drugs and more
Ca!l or write Dick Bersin; ask for
IPC Bulletin 4802

International Plasma Corpora-
tion, 31159 San Benito Street
Box 4136. Hayward, CA 94544

perchloric acid. These are (415) 489-3030

CIRCLE 115 ON READER SERVICE CARD

ACID DIGESTION
BOMBS

Solvents
SO pure
one grade fills all
your exacting needs . . .

The rapid and safe way to dis-
solve inorganic samples in HF,
HC1 or HNO:, or to digest or-
ganic materials in strong alka-
lis or oxidizing acids with com-
plete sample recovery.

DISTILLED IN GLASS™

fmm general purpose bomb for

Now available in two models: a

temperatures to 150° C and
pressures to 1200 psig, and a
new high pressure bomb for
samples which require disso-
lution temperatures up to 285°
C and pressures to 5000 psig.

BURDICK & JACKSON
LABORATORIES

Ask for Data Sheet BJ-25
Distilled in Glass Solvents
BJ-21 Liquid Scintillation Both have removable, 25 ml
Counting $ Teflon cups with convenient
closures, long-taper seals and
other exclusive Parr features.
I3 BURDICK For details, write or phone:
& [ACKSON ; Parr Instrument Co., Moline,
LABORATORIES. IN(G IIl. 61265. Telephone 309/762-
SKEGO® ¢ 1 7716
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Manufacturers’
Literature

Nitrogen-Phosph Det: Dis-
cusus the advamagos of the nitrogen-
phosphorus flame ionization detector
in therapeutic drug monlto:lng 4 pp.
Hewlett-Packard Co.

X-ray Fluorescence. Reports on the
use of a newly developed energy-dis-
persive x-ray lluorescence technlque

for destructive

of catalysts, pharmaceuticals, andplg-
ments. Ortec Inc.

Multichannel Analysis System. De-
scribes the TN-1710 modular multi-
channel lysi and provid

a detailed descrlptlon of the systom ]
modular, microcomputer-based archi-
tecture, as well as system capabilities
and operating features. 16 pp. Tracor
Northern, Inc. 432

TOC, TC, TOD Monitoring Equipment.

Presents a comprehensive guide for

the potential buyer of an on-line TOC,

TC, or TOD analyzer. 14 pp. lonics, Inc.
433

Photomultiplier Tube Scintillation Ap-
plications. Contains information about
detector tubes in scintillation applica-
tions, including emission spectra, pho-
topulse shape, and intrinsic energy res-
olution relating to a specific scintillator
as well as basic properties, circuits,
and considerations of actual applica-
tions. Hamamatsu Corp.

Analytical Services. Describes analyti-
cal services available for the monitor-
ing of air, water, and wastewater sam-
ples. 6 pp. Nalco Chemical Co. 435

Reporting Integrators. Describes fea-
tures of three 3380 Series graphic inte-
grators including the power of the
built-in microprocessor, automation
flexibility to control integration parame-
ters, calculation of analytical results,
time programming, and control of auto-
matic samplers. 12 pp. Hewlett-Pack-
ard Co. 436

lon Lasers. Provides detailed informa-
tion on argon and krypton ion lasers.
The lasers operate CW from the ultravi-
olet to far red at output powers as high
as 40 W, and they can also be pulsed
for very high peak powers. 28 pp.
Spectra-Physics 437
Hollow Cathode Lamps. Lists over 60
element lamps for use in atomic ab-
sorption spectrometry. Sadtler Re-

search Laboratories, Inc. 456

Atomic Absorption

ter. Details are given on a large number
of two-channel analyses performed
with the IL 751 AA spectr

Examples include analysis of water,
blood serum, steel, ores, fertilizers, and
gunshot resi 16 pp. Instr

S y lon Mass Sp

scribes the “'plus’’-SIMS system of

components for addition to existing

Auger, ESCA, or other UHV systems

to provide surface analysis and depth

profiling for both positive and negative
dary ions over a mass range ex-

De-

Laboratory Inc. 438
High-Temperature Systems. Features
standard combustion tube furnaces and
design and manufacturing capability for
custom heat treating equipment. 4 pp.
Thermcraft, Inc. 439

Liquid Chromatography. Two bro-
chures describe the Model 601 liquid
chromatograph and the LC-55 spectro-
photometric detector. Perkin-Elmer
Corp. 440
Digital Thermometers. Complete infor-
mation on full line of digital thermome-
ters, including prices, options, and ac-
cessories. 8 pp. Omega Engineering,
Inc. 445

Chromatography Products. Features

a new pure air generator for providing
zero air for chromatographs as well as
evaporators, gas dryers, capillary injec-
tion kits, and graphite ferrules. 12 pp.
L.C. Co. 446

tending to 1000 amu. 6 pp. Extranu-

clear Laboratories 441

Analytical Systems. Describes the
company's range of analytical systems
and fields of applications based on the
quadrupole mass spectrometer. Exam-
ples include GC/MS with simult

CI/EI detection, high-sensitivity trace
analysis with API, isotope ratio mea-
sur . reactive species studi

with modulated beam MS, and surface
analysis with SIMS. Extranuclear Labo-
ratories, Inc. 442

ch graphy N “The
Chromatography Optimizer’* informs
chromatography users of latest ad-
vances in accessories and supplies for
gas and liquid chromatography. Includ-
ed in the first issue are such items as

a digital stopwatch for laboratory use,

a GC applications library, and a dual-
flow calibration oven. 4 pp. Varian In-
strument Div. Service Center 443

100l REACTIVIAL®
makes small sample handling
EASIER THAN EVER BEFORE!

" 25 ul

wwggl elg
wwge

50 ul -

ACTUAL SIZE FILL-VOLUMES
TOTAL VISIBLE FILL-VOLUME = 200 ul

Made especially for trace sample isolation and

storage and for small volume derivatizations,
new 100 [ Reacti-Vials mnko volumes as

small as 10 M easily manageable

EEL@U

cHlMIGAL eolvlm
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Inspired by the 1976 ACS Centennial year
ACS Analytical Division
has published a unique book entitled

Compiled from contributions made by many contemporary U.S. scientists,
this book depicts the current field and its diverse origins. Stress is laid
upon the American scene, but many foreign developments are included also.

EDITORS
GALEN W. EWING

Professor of Chemistry
Seton Hall University

H. A. LAITINEN
Graduate Research Professor
University of Florida

TOPICAL EDITORS

Chemical Methodology
Bruno Jaselskis
Professor of Chemistry
Loyola University, Chicago, Ill.

Electrochemistry

Robert A. Osteryoung

Professor of Chemistry
Colorado State University, Fort Collins

Spectrochemistry
James D. Wincfordner
Graduate Research Professor
University of Florida, Gainesville, Fla.

Instrumentation
Galen W. Ewing
Professor of Chemistry
Seton Hall University, South Orange, N J.

Separations
Donald A. Macnaughtan, Jr.
Senior Rescarch Chemist
Mobay Chemical Co., New Martinsville, F. Va.

APPROZIMATELY 400 PAGES

Cost to ACS Analytical Division members 8 7.00
Nonmembers  10.00

Postpaid to domestic subscribers. $1.00 additional for foreign postage.

%0 OROER

Send check or money order payable to
ACS Division of Analytical Chemistry to

Dr. Frank A. Guthrie
Secretary, ACS Division of Analytical Chemistry
Department of Chemistry
Rose-Hulman Institute of Technology
Terre Haute, Indiana 47803

Name.

Address State

Zip

No. of copies
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Manufacturers’ Literature

Vacuum Process Equipment and Sys-
tems. Describes the company's capa-
bilities in engineering and building cus-
tomized vacuum systems. The range

of these products includes environmen-
tal chambers, decorative metallizers,
box coaters, roll coaters, drum coaters,
custom sputtering systems, LCD evapo-
ration systems, and in-line TV tube pro-
cessing. 14 pp. CVC Products, Inc. 447

Calibration Procedures for Vapor-
Phase Analysis. Discusses calibration
procedures for gas- and vapor-phase
analysis by means of infrared absorp-
tion. Theoretical considerations re-
quired for understanding such analyses
are presented in a simplified and con-
cise manner. 14 pp. Wilks Scientific
Corp. 448

Analytical Methods Guide. Contains
descriptions of documented uses of
electrodes in approximately 300 differ-
ent sample types. Explanations of elec-
trode methodology and instrumentation
accompany the methods. 34 pp. Orion
Research Inc. 449

Binding Analysis by Ultrafiltration. Pre-
sents alternative approaches to the use
of ultrafiltration in binding analysis in-
cluding a guide to selection of the best
approach for specific applications. 8
pp. Amicon Corp. A50

Moisture Tester. Describes a semiauto-

matic moisture tester for all types of

solid, plastic, and viscous materials.

6 pp. C. W. Brabender Instruments, Inc.
451

Ovens. Features the 1078 line of ovens
and describes the basic types of cham-
bers available, the control instrumenta-
tion suitable for them, and a verbal
guide to the kind of chamber specified
for different requirements. 8 pp. Blue

M Electric Co. 452

Vacuum Valves. Details the complete
line of valves from Y to 4 in. including
right angle, straight-through, safety, air
inlet, and variable leak valves. 12 pp.
Leybold-Heraeus Vacuum Products, Inc.
454

Computing Controllers. Describes
computing controllers, standard off-the-
shelf interfacing cards, and built-in soft-
ware for original equipment manufac-
turers. Explains how the HP 9815 and
9825 computing controllers may be
used to enhance products and systems
by providing data acquisition and analy-
sis capability. 12 pp. Hewlett-Packard
Co. 457



Polarography, especiaily differential
pulse polarography, is being used at
an unprecedented rate everywhere
for all kinds of analyses. Scan the
table of contents of almost any
analytical journal and you'll find
papers describing the use of the
pe 174A for analysis of metals,
| organics and anions. The papers
are coming out so fast we're hard
pressed to keep our bibliography
and applications index TN-110 up

n .
e EG:G

to date (write for a free copy today).

Our expert staff of applications
chemists and field support special
ists is always available to help solve
your difficult problems. Our wide
assortment of application notes,
briefs and shorts can help get you
started without fuss and bother.
Our staff can provide suggestions,
if you need them, on how to prep
your sample for faster throughput.
Of course there's no charge for any
of this support or, for that matter,
for detailed training at the factory.

For complete information or a demonstration, write or call:

Princeton Applied Research Corporation

Telephone: 609/452-2111
P. O. Box 2565 e Princeton, New Jersey 08540 @ U.S.A.

Circle Reader Service Number 182 for TN 110

Circle Reader Service Numbx

183 for addit

LOW Pass surge

The Model 174A Polarographic
Analyzer provides differential pulse
polarographic capability at low

cost. It's simple to operate and gives
large, noise-free peaks for sub-ppm

and even sub-ppb concentrations

When sample throughput becomes
important, the 315A Automated
Electroanalysis Controller and the
316 Automated Cell Sequencer can
be connected to the 174A for total
ly automated analyses
of accessories for the 174A, 315A

and 316 is available, including cells

electrodes, Kits, and hardware
Everything to speed up your

analyses and make the job casier




with the
NEW
CAHN Series-20
Balances

The new Series-20 digital Balances automatically
weigh up to 3.5g and offer sensitivity to 0.1pg. The new
push-button tare system is unique and the only
full-range tare system available. High sensitivity
weighing is exceptionally fast and precise with these
new Series-20 Balances. There is no doubt about it-
Cahn Now Makes It Easier! There’s a new Series-20
model for every requirement and price range.

L__ EHAHM 25 The full capability balance

with portability; a unique push-button tare; full

plus/minus ranges of 2, 20, 200 and 1000mg; widest

range electrical zero; higher capacity of 3.5g; ultimate

; sensitivity and precision of 0.1pg.
——

lo ole o] < | | ﬁﬂiﬂﬂ 27 The full capability balance
with a free-standing weighing chamber for remote and

weigh-below applications.
| maE . s
L “~-"""] GANWN 23 Users requiring only the

more popular 20mg range, 1.5g capacity and 1.0pg
sensitivity will benefit from this more economically
priced model.

[: | GANMN 21 For applications not re-

qumng push-button tare even greater economy is found
in this model. All other Series-20 features included.

For complete details ask your Cahn representative
for the new Cahn Series-20 brochure or contact:

precision balances
for 100 grams and less. )

Cahn Instruments/A Division of Ventron Corporation
16207 South Carmenita Road/Cerritos, CA 90701 U.S.A
Telephone 213-926-3378 s TWX 910-583-4806
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Electrochemical
Studies of
Biological Systems

ACS Symposium Series No. 38

Donald T. Sawyer, Editor
University of California

A symposium sponsored by the
Division of Analytical Chemistry of
the American Chemical Society.

The twelve papers in this significant
new collection provide a
representative cross section of the
kinds of electrochemical methods
used to characterize biological
systems, as well as the kinds of
biological problems that are being
studied by such methods

Several chapters in this important
volume cover the development of
improved electrochemical
techniques and instrumentation
However, the principal emphasis i1s
on the study of the redox properties
of model compounds for biological
systems

CONTENTS
vitamin Bi2 and related cobalamins e
bioelectrochemical modelling of
cytochrome c e potentials of metal ion
couples in complexes e
hyrins in aprotic

o N- bndy ed dimer in nonaqueous
media e reduclion of nitrogenase
substrates e manganese (Il) and -(lll)
8-quinolinol complexes e interfacial
behavior of purines e coulometric
titration of biccomponents e rotating
ring disk enzyme electrode e left
ventricle/aorta simulator e EDTA and
NTA in phytoplankton media

216 pages (1977) clothbound $15 5C
LC 76-30831 ISBN 0-8412-0361-X

SIS/American Chemical Society
1155 16th St., N.W./Wash., D.C. 20036

Please send copies of SS 38
Electrochemical Studies of Biological Systems
at $15.50 per copy.

0 Check enclosed for § . O Bill me.

Postpaid in U.S. and Canada, plus 40 cents
here.

... S

Addieee

Cty ~ Sawe )




Manufacturers’ Literature

X-Y Recorder. Covers in detail the gen-
eral specifications, ordering informa-
tion, OEM and control modules, and
supplies and accessories for the Omni-
graphic 2000 recorder. 8 pp. Houston
Instrument 444

Thermal Analysis Application Studies.
Four new application studies for the
characterization and quality control of
thermoplastics, thermosets, and films
and two new application studies for the
analysis of coal are available. Perkin-
Elmer Corp. 453

Desktop Computer. Describes the
Model 983 1A Basic language desktop
computer and its software and periph-
erals. Computer features twelve dou-
ble-definable special function keys,
250K-byte high-speed tape drive, eight
editing keys, upper and lower case al-
phanumeric keyboard and display, and
optional plug-in read-only memories.

10 pp. Hewlett-Packard Co. 455

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

Catalogs

Surplus and Standard Stock Optics
and Optical Filters. Contains an ex-
panded line of surplus items including
optical interference filters for UV, VIS,
and IR; neutral density filters, mirrors,
color glass filters, prisms, lenses,
lamps, precision pinholes, filter storage
boxes, fiber optics, and camera lenses.

Sp y Gases. Includes inf

on pure gases, mixed gases, and prod-
uct and application descriptions for a
complete line of equip 105 pp.
Airco Industrial Gases 463

Electrodes. Features a wide assortment
of ph, ORP, and process-type elec-
trodes in various lengths, diameters,
and prices. 16 pp. Chemtrix, Inc. 465

All surplus items are priced b
10-40% of original cost. 26 pp. Corion
Corp. 459

Laboratory Products. Features new
products available as well as sections
on laboratory aids, chemical special-
ties, laboratory instrumentation, pumps,
safety equipment, stainless steel lab
ware, and stirrers. 40 pp. Cole-Parmer
Instrument Co. 461

Microfiltration Products. Describes the
full line of filtration products including
nuclepore polycarbonate membranes,
Toyo-cel cellulose membranes, sup-
ports and prefilters, general filter and
test papers, filter holders, and accesso-
ry equipment. 48 pp. Nuclepore Corp.
462

and Reagent
Features expanded line of plasticware,
circulators, melting point apparatus,
jacks and timers, stirrers and spinbars,
and other laboratory ware. 96 pp. J. &
H. Berge, Inc. 466

Test Instruments. Includes frequency
counters, generators, oscilloscopes,
chart recorders, power supplies, distor-
tion analyzers, learn-at-home electron-
ics courses, and many other test instru-
ments. 32 pp. Heath/Schlumberger In-
struments 467

Recorders. Contains detailed informa-
tion on four new X-Y recorders for OEM
use, lab, medical, and industrial appli-
cations. 8 pp. Esterline Angus Instru-
ment Corp. 468

TMA MADE

Thermomechanical analysis is
the most sensitive way to measure
a material’s temperature-depen-
dent properties. It's also simple,
fast, and precise when you use the
Perkin-Elmer TMS-2 Analyzer.

With the TMS-2 to gauge dimen-
sional or viscoelastic changes, you
can determine properties like
expansion coefficient, heat distor-
tion temperature, softening point,
and heat shrink behavior. TMA
measurements correlate well with
many ASTM tests. What's more, the
TMS-2 routinely performs them
with much greater speed

and precision.

Perkin-Elmer's unique
modular design saves
you money. The TMS-2
can be programmed
simultaneously with the
DSC-2 Differential
Scanning Calorimeter or
as an independent

system with the UU-1 Temperature
Program Control. In addition, the
TMS-2 uses the same heater con-
trol unit and First Derivative
Computer Accessory as the TGS-2
Thermogravimetric Analyzer.
Hence, the TMS-2 can be added
to or purchased with a TGS-2

at minimum cost.

Find out more about the TMS-2
from Perkin-Elmer, the leaderin
modern Thermal Analysis instru-
mentation. Write today to Perkin-
Elmer Corporation, Main Avenue,
Norwalk, CT 06856, or phone
203-762-6915.

PERKIN-ELMER
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‘Special Centennial Tapes

4 Historic Symposia! 24 Speakers! Custom Packaging! Special Prices!

O Milestones in Physical Chemistry

8 Speakers — 315 Figures

Length: 5 Cassettes — 8 Hours

PRICE: $45 (postpaid)

The Speakers:

G. T. Seaborg—40 Years of Transuranium
Elements

D. Hodgkin — Structure of Molecules in
Crystals

G. Porter — Chemistry in Microtime

P. J. Flory — Thermodynamics of Polymer
Solutions

W. O. Baker — Chemistry of the Solid State

L. C. Pauling — Perspectives in Chemical
Bonding & Structure

H. Eyring — Reaction Rate Theory

J. H. Van Vleck — Evolution of Theoretical
Chemistry in America

O Structure and Quantum Chemistry

Evolution of Magnetic Resonance

8 Speakers — 210 Figures
Length: 4 Cassettes — 6 Hours
PRICE: $35 (postpaid)

The Speakers:

J. A. Pople — Orbital Studies of Molecular
Structure & Stability

H. G. Drickamer — Pressure & Electronic
Structure

F. H. Stillinger — Quantum Chemistry &
Eccentric Behavior of Liquid Water

R. Zwanzig — Molecular Hydrodynamics

H. S. Gutowsky — 30 Years of Relaxation

J. S. Waugh — Alchemy of Nuclear Spins

H. M. McConnell — Spin Labels

F. A. Bovey — NMR of Macromolecules

N

—

O Evolution of Kinetics

8 Speakers — 140 Figures

Length: 4 Cassettes — 6 Hours

PRICE: $35 (postpaid)

The Speakers:

B. S. Rabinovitch — Perspectives on
Vibration Energy Relaxation in
Unimolecular Reactions

W. A. Noyes, Jr. — Photochemical Kinetics

R. A. Marcus — Trends in Theoretical
Chemical Kinetics

K. F. Freed — Radiationless Processes in
Polyatomic Molecules

G. B. Kistiakowski — Early Years of Gas
Phase Chemical Kinetics

J. C. Polanyi — Recent Studies of Infrared
Chemiluminescence & Fluorescence

S. Claesson — Diffusion Rates & Chemical
Reaction Kinetics

J. Jortner — Intramolecular Dynamics in
Excited Molecular States

, S

— SPECIAL PRICE —

0O BUY ALL THREE SETS —
ONLY $85 (postpaid)

SAVE $30!

ORDER FROM:
American Chemical Society
1155 Sixteenth St., N.W.
Washington, D.C. 20036
ATTN: DEPT. AP

Address

City State W

(allow 4 to 6 weeks for delivery)
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New plastic-memiorane elechooes maoke
Phiios Pl/9414 Digital oH/lonActivity AVleter

.£VEN BETTER!

It was already the finest digital pH and lon
Activity Meter you could own

Accurale digital readings at a glance.
Operation almost as simple as measuring pH
Push-button  function selection Precise
manual or automatic temperature compen-
sation. Isothermal intersection correction
Full ahgnment for asymmetry potential and
sensitivity Automatic polanty and decimal
indication, readable from across the room
Standard recorder output. Optional BCD
printer output

Now weve made it even better In place of
llquid-membrane electrodes normally used
for making K. Ca and NH, ion determinations
we've developed a completely new range of

plastic-membrane electrodes for K. NH,.
Na.Li.Ca.Baand NO,

Result? For these important 1ons you now
have better stability more dependable
measurements better selectivity over the
life of the electrodes  less interference from
other substances Your electrodes last much
longer. . and are even easier to use'

Wouldn' you ke to see this improvement
for yourselt? Whether youre already a
PW 9414 user or not. we'll be pleased to show
you Contact us now

(Your enquiry will reserve free copies of our
new publications °Instrumentation for the
Modern Electrochemical Laboratory” and
“Plastic-Membrane Electrodes”)

PW B4%4 digitel lee setivity meter

PHILIPS

\EZ

PHILIPS

Dear S please send me lull details ol the
Pniips’ PW 9414 plus your new publications
Instrumentation for the Modern Electro-
chemucal Laboratory“and "Plastic-Membrane
Electrodes

Pye Ether LId.,

Caxton Way, Stevenage,

Herts., England SG1 2DG

Tel: (0438) 4422 Telex: 82319 UKPSTVG

Pos:tior

Company

Aaaress
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If diffraction problems
are holding

-
PHILIPS APD 10 ©
AUTOMATIC POWDER DIFFRACTOMETRY SYSTEM =
-
-
L ]
L ]

* Automatic data processing — more information per analysis,
cheaper, faster and with less risk of operator error.

= Operates unattended, anaiyses up to 35 samples
continuously.

* Cuts measurement time through use of new, high-intensity
tubes.

* Stores up to 99 different measurement programmes -
facilitates rapid adaptation to needs of varying analyses.

5y

1
4
I

| PHILIPS

l

= Easy to operate —plain-language instructions via
teletypewriter keyboard.

L]

L]

L]

L ]

L ]
: = Fortran programming package available for special user
L ]
L]
L
L]

43}

programmes.

* Peak search-match on mini-file gives plain language data
output of compound analyses.
V4

\lll.lill\cy
N

&)
7 S

..wellhand you the answer, #

&N

7 GRS
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LR

is the world’'s most flexible, discrete,
automatic chemistry system

] L Y

for kinetic and end-point determinations
-with speed and precision

APIRA

the Automatic Reaction Analyser

From Pye Unicam - the ideal system for the hard-pressed clinical laboratory and for a wide range of other applications
including biomedical research, pharmaceuticals, water analysis and feedingstuff manufacture

AURA s flexible - because it can handle not only the present day tests, but will easily adapt to any future requirement

AURA 1s modular. It incorporates a versatile sample preparation unit. a precision digital spectrophotometer and a powerful
desk-top calculator - each of which can be used independently !

B Getfullinformation — just wnite, ‘phone or use the reader reply card now !

W Kinetics - two integrating rate measurement programmes

B End-points-reagentand sample blank programme

W Sample ldentification - rack and sample tube number printed with the result

B Audio-visual Alarms — warning messages on the printout for ‘out-of-range’
results: automatic shutdown and buzzer for fault conditions.

B Quality Control - Statistics: means, S.D.s.
C.V.s, printed automatically for controls and
samples.

W Rapid Test Changeover - for increased
throughput and efficiency.

B Low Running Costs - only 800 ul of sample
andr

B There's alower cost system as well, the AC30 — we'll send you information on this also — automatically

l@'@ Pye Unicam Ltd
York Street, Cambridge, England CB1 2PX

Cambridge (0223) 58866. Telex: 817331

At of the Py of Cartrate Grap
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Analytical results must be correct:
on no account should correctness
he jeopardized by compromises in optics
and electronics or operator errors.
Zeiss rules out such compromises:

with the PM 6 spectrophotometer.

Results provided by any PM 6

spectrophotometer are correct. For:

The double grating mono-
chromator is virtually free from
straylight. Any wavelength between
200 and 800 nm can be set and
read off to an accuracy of 0.1 nm.
No filter and detector change.

The band width of 2 nm is narrow
enough even for more exacting
samples.

Electronics replace controls for

gain and exact cell transport.
Concentrations or activity data are
shown by the digital display with
correct decimal point. With auto-
sampler (PM 6P) the photometer
analyzes up to 200 samples/hr
absolutely unattended. It takes into
account sample blanks or common
reagent blanks and prints out

a concentration report with magazine
numbers, sample numbers and other
identification data while the next
samples are prepared. Photometric
perfection without compromises.
Discuss the optimization
potential of your lab with us. Even if
your budget is tight. Come and see
us or write to
Carl Zeiss, D-7082 Oberkochen

- West Germany
Focus on the future

CIRCLE 242 ON READER SERVICE CARD
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The Pye Unicam

The Pye Unicam SP8-100 is a major devetopment in the design of precision instrument
applications which include scanning and reaction kinetics. High performanc
simplicity of operation in a neat and compact package. Bench space is pre
accessories which plug into the control console or fit within the vast sample co

The unique ‘Synchroscan’ recording principle provides calibrated
chart speeds. 5 scan speeds and 9 recorder ranges from 0.05A give th
photometric accuracy up to 3A, low noise. fast response and superb stab
SP8-100 the highest performer in the medium price rang

The very wide selection of accessories
includes quick-change attachments for colou
measurement, fluorescence. densitometry
column monitoring, turbid samples and
automated measurements

So whatever your application, we're
certain that you will discover an SP8-100
system that's Simply the Best for your needs. &g

Write, phone or use the reader reply
service now for full details.

Pye Unicam Ltd

York Street, Cambridge, England C
Cambridge (0223) 58866. Telex: 817
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You told us.

“Make us a constant potential X-ray generator that can be
used for single or two tube X-ray diffraction and X-ray
spectrometry in sequential and simultaneous operation.
Make it stable and precise. et robust enough to work in
almost any conditions. Allow for lots of work space on the
table top and plenty of places to house electronics.

One more thing, we don't want to have to see your service
engineer too often either. Can you make it?”

We made it.

People who've seen it say: “That's the best constant
potential generator you've ever made and you've made
some good ones.” We thought that a little too long for a
name, not to say somewhat immodest. so we called it
PW1730.

PW 1730 won't make the coffee. sweep the labora-
tory floor or increase your chances of success with the
opposite sex. It will just go on doing precisely what you
tell it to, efficiently. quietly and honestly — for years to
come.

PW 1730. the no-problem X-ray generator.

Send us your name and address and we'll send you its
specifications.
Then we'll guarantee that it lives up to them.

Philips Industries, Scientific & Analytical Equipment Dept., Lelyweg 1, Almelo, The Netherlands.

@ PHILIPS
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stop vem mlgmtlon. -

revolutionary lined tubing ... . clear, ﬂexlble ... the new standard

If you're using clear, flexible tubing by other name new BEV-A-LINE Lined Tubing with the

butBEVAL E™ ... your product may be exposed to 3 nexnblerCtubmguwdinlood bever-
chlorlde monomer and plasticizers and your “high medical device applications . .

systam is less than best.

bev-q.ﬁnem\

* Two tubingsinone ... liner and i
shell are merged together in a new

extrusion process.
o Non-toxic liner . . . contains no VC
monomer and no plasticizer.
e Stays glass clear . . . liner will not
absorb liquids.
e Provides a neutral environment . . .
contents undergo minimal change in pH. o Contents can become acidic.
e Excellent physical properties . . . all the advantagesof e Good physical properties . . . but loss of plasticizer
PVC without the d-sadvantages means loss of pliability.
Only one tubing carries this brand of purity: Prove it to yourself . . . write for our free test kit and
sevaine S ME NN lesonywcwpanyle‘uedwad Orcircle
P o s i reader number for literature only.
Prarmacopess XU Cass VI MY
- S THERMOPLASTIC Distriuted Nasonaty
¥ - rsmmewse PROCESSE%;INQ 2]
o eaceads stancers n Natonal Formusary Road, Sti Jersey
P R S N e NJ. 220|)um-u.v. (212) 267-6220 - TWX 710-997-9583

CIRCLE 202 ON READER SERVICE CARD

HPLC
Solvents

by J.T. Baker

Maximum consistency lot-
to-lot, bottle-to-bottle, lot-
to-Iot bottle-to- bottle lot-
to-lot bottle-to-bottle lot-
to-Iot bottle-to- bottle lot-

Extremely tight specifications and superior product
definition minimize the most frequent HPLC problems
17 Baker HPLC solvents provide maxlmum repro-

OS" QH" QS° OF QU QI

Hellma—the largest assortment of highest
precision glass and quartz cells.
Standard - Flow-through - Constant-temperature

ducibility... total predictability... ex- - ) Anaerobic - Special Designs

Also available—ULTRAVIOLET LIGHT SOURCES
ceptional consistency. And actual Do stonif Lhtant - MatcuniVipor Lanps
lot analysis lets you verify this Hollow Cathode Lamps - Power Supplies
Wirite: JIBaker l | ‘: Write for literature
HPLC Dept. 7 Vs E LL M Borough Hall Station
J.T. Baker Chemical Company CELLS, INC. | jamaica New York 11424
Phillipsburg, N.J. 08865 I 7 =1 Phone (212) 544-954
(201/859-5411) |CHEMICALS|
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When you choose Barnstead
you get something extra...S/P

The New Standard for Reagent Grade Water
Bamnstead's NANOpure deionization/submicron
filtration system produces ultrapure water to
meet all CAP/ASTM Type | reagent grade specifi-
cations. Long lasting cartridges deliver up to 3
liters per minute of pure water at exceptionally
low cost. And replacement cartridges are always
stocked by S/P for immediate delivery.

Designed for wall mounting, all NANOpure
systems feature an in-line meter for quantitative
recording of outlet purity.

=l 2.

NANO!

Options include a recirculating pump to main-
tain constant outlet purity and ROpure reverse
osmosis pretreatment to extend the life of car-
tridges by a factor of 10.

Write for the Barnstead Guide to Reagent Grade

Water.
SYBRON |Bamstead
Division of Sybron Corporation

Barnstead Company

Something extra...S/P

S/P carries a lot of laboratory items. But, then, S/P is a leading

distributor for more than 550 top manufacturers. To handle this huge
inventory smoothly, we have 25.4 million cubic feet of warehousing
space, 1.9 million cubic feet of chemical vaults, and 25 strategically
located stocking centers. You benefit with a wider choice in all grades
and price ranges. And we're fiexible enough to stock any laboratory
supply items and chemicals used in research, quality control or
production specifically for you. It's all part of the S/P Responsive
System of service for professionals like you. Call your S/P Repre-
sentative and take stock of him.

scientific products

distributor of chemicals, laboratory supplies

and scientific instruments

Division of American Hospital Supply Corporation
1430 Waukegan Road, McGaw Park, IL 60085
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Fundamentals of Luminescence

Fl and Ph

Spectroscopy: Ph ucoohunlcal Prin-
ciples and Practice. Stephen G. Schul-
man. X + 288 pages. Pergamon Press
Ltd., Headington Hill Hall, Oxford OX3
0BW, England. 1977. $20

Reviewed by Robert J. Hurtubise, De-
partment of Chemistry, University
of Wyoming, Laramie, Wyo. 92071

This book was written for the ana-
Iytical chemist and biological scientist
with a limited background in quantum
mechanics, electronics, and optics and
addresses those with a college back-
ground in physics and chemistry. The
above scientists and others with an in-
terest in the fundamentals of lumines-
cence theory, instrumentation, and
applications should welcome this well-
written book. It can be a useful guide
to more advanced treatments on lumi-
nescence because many topics are
written in a way that stimulates the
reader to pursue other references.

The chapters on photophysical pro-
cesses in isolated molecules and mole-
cules in solution make up roughly half
the book. There is substantial infor-
mation in these chapters for the non-
specialist to obtain a good grasp of the
many interactions, intrinsic and ex-
trinsic, that affect luminescence quan-
tum yields. In one section, though on
excited state proton transfer and fluo-
rescence that occur at comparable
rates, 26 equations are presented. The
equations relate quantum yields of
fluorescence of HA and A~ species
with the concentrations of protonating
and deprotonating species. It is some-
what cumbersome to wade through
the equations, and it is doubtful
whether the nonspecialist will be con-
cerned with all of them.

In the chapter on instrumentation
the components that make up com-
mercial luminescence instruments are
discussed, and an extensive table is
given for solvent systems for phospho-
rimetric analysis. The chapter on ap-
plications emphasizes the analysis of
biological samples, drugs, and metabo-
lites; however, inorganic luminescence
analysis is also discussed. A table at
the end of the chapter gives a compre-
hensive listing of compounds that can
be determined by luminescence meth-
ods. Of the 430 references at the end
of this chapter, only three are from
1975 and the remainder from earlier
years. In fact, in the entire book there
are no references dated 1976 and very
few dated 1975.

‘the R ian k

Some typographical errors appear.
For example, on page 31 the time scale
of a typical electronic transition is
given as ~10~5 5. Also, on page 125 in
the discussion of polarization, “I” is
used to represent both the light inten-
sities emitted with electric vectors
parallel to and perpendicular to the
electric vector of the exciting light.
The author occasionally uses very long
sentences which detract slightly from
the book. For example, the sentence
on the bottom of page 101 and top of
page 102 contains 68 words.

The author has addressed a sizable
fraction of scientists that use lumi

Books

dotherm direction, often without con-
ditions such as atmosphere, etc.). The
collection is based on 87 literature ref-
erences of which less than half are
after 1960, and of these, in turn, most
are from Eastern European sources.
The book is thus useful as a compari-
son guide for those wbo carry out ther-
mal analyses on g

The further aims of the book—to
help understand thoroughly the pro-
cesses that arise when solid com-
pounds are heated, which would make
the book also useful among others for
sohd state physicists, chemists, metal-

and stud in the field, as

cence analysis, and they are urged to
have this book available because of
the wide range of covered sub}ecu
which are pr d in an ing
manner.

Thermal Analysis of Minerals. D. N.
Todor. 256 pages. Distributed by ISBS,
Inc., P.O. Box 555, Forest Grove, Ore.
97116. 1976. $32.50. Translated from
guage by S. M:
Reviewed by Bernhard Wunderlich,
Department of Chemistry, Rensselaer
Polytechnic Institute, Troy, N.Y.
12181

The major attraction of this book
lies in its section that describes in
about 150 pages approximately 200
minerals and groups of minerals, in-
cluding about 100 composite DTG,
TG, and DTA curves of the Derivato-
graph type (without heating rates, en-

THERMAL
1LYS

ABACUS PRESS

suggated in the Preface—are poorly
served by the first 100 pages of the
book. Many empirical facts are listed,
but as soon as exact descriptions are
required, the author falters. There are
only severely abbreviated treatments
of such important topics as heat con-
ductivity, theory of DTA, and noniso-
thermal kinetics. Occasionally, quite
wrong statements are made such as:
fast heating can lead to an activation
energy equal to the reaction enthalpy
(Equation 42), and there is a wrong
definition of entropy (Equation 54).
The general style of the descriptions
of the basic process of thermal analy-
sis can be gained from the following
excerpt from page 78:

‘The melting process is briefly ex-

d as foll Thermal energy

mpomwthemoleculesanenergyof
agitation called thermal agitation.
The mean amplitudes of the vibra-
tions of atoms increase with rising
temperature. When the temperature
has reached values at which one may
speak of a true collision between two
neighbouring atoms, then the atoms
generally fail to return to their initial
positions of equilibrium; they mix in-
stead, and the crystal lattice breaks
down, the crystal melts. Hence, the
melting process is nothing else but a
breakdown of the crystal lattice.”

It remains to be observed that SI-
units are avoided in the book and that
the more modern thermal analysis in-
struments which could increase the
accuracy in temperature by at least
one decade, such as DSC, are not men-
tioned. Heat of fusion, heat capacity,
or glass transitions are not of interest
in “Thermal Analysis of Mmeruh"

B of the t ion, there are
some puzzling terms like heat trans-
mission, unsteady state, range of tem-
perature, T grad., thermal diffusibil-
ity, and most prominently the groove
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THE LC COLUMN

Sept./Oct.

Special

discounts on
new Zorbax
column kits.

DuPont Instruments invites you to par-
ticipate in a special trial offer that makes
it economical for you to determine for
yourself the quality and performance of

Individual

testing is behind
guaranteed high

performance of
Zorbax columns.

To meet your HPLC separation needs
steadlly and reliably, high resolution and
! to-column ducibility are
essenlial To achieve them, DuPont
n
standards for key column pa:ameters
These include:
o Surface coverage (bonded phase)
e Theoretical plates

e Permeability
Each DuPont column is checked
against these criteria and is guaranteed
to meet or surpass them.

Figure 1 illustrates a representauve
quality control check. In this case, a
Zorbax™ CN column was chromato-
graphically tested under the conditions
shown. Theoretical plates and peak

'mmetry were calculated on the phen-
ylacetonitrile peak. Selectivity was
judged between peaks 2 and 3. Column
permeability is defined as a minimum
acceptable flow rate at the given pres-
sure drop for the column configuration.

As an example of typical control values,
minimum_theoretical plates specified
forZorbax ™ columns are showninTable 1.

our new Zorbax™ based columns. We've
prepared kits that include Zorbax™ SIL,
ODS and CN columns. These kits are
available from our Technical Represen-
tatives at a special discount for a limited
time (through November).

For more information contact your local
representative or circle reader service
card number 51 . Or call (302)
772-5500, and your DuPont Technical
Representative will be in touch with you
within twenty-four hours.

2| FIGURE 1 \\

|

Column: Zorbax™ CN |

Mobile Phase:

2% lIsopropanol in
Hexane

Flow Rate:

1.50 ml/min

PEAK IDENTITY

1. Toluene

2. Benzophenone

3. Phenylacetonitrile

I L_A‘ .
O 2 4 6
TIME (min)

NG

In addition, elemental analyses are used
to d ine surface cc ge for all
bonded phase Zorbax™ packings. To
assure maximum reproducible surface
coverage, Zorbax™ bonded phases are
produced with techniques that achieve
bonding of all available sites. A high
level of column-to-column reproducibi-
lity is dependent on this approach.

For all other key parameters as well,
DuPont’s challenging quality control
standards assure you exceptional
results in your separations. We'll be
glad to send more information on the
high performance of DuPont column
products. Just circle reader service card
number 52 . Or write DuPont Instru-
ments, Room 35922, Wilmington, DE
19898.

Table 1 Minimum Theoretical Plates
4.6 mmX25cm 46 mmX15cm
Zorbax™ SIL 9000 5400
Zorbax™ ODS 8000 4800
Zorbax™ CN 9000 5400

Books

(sample holder). Although these terms
do not detract the expert, I would not
want my students to introduce them
into their vocabulary. This leads me
to the suggestion that this book be
hidden on the shelves of

collections dealing with the annlyans
of minerals, but be kept away from
students and workers in other fields.
Thermal analysis is a much more pre-
cise science than one might guess
reading this book.

The Mini in the Lab y:
with Enmplu Using the PDP-11.
James W. Cooper. xvil + 365 pages.
John Wiley & Sons, Inc., 605 Third
Ave., New York, N.Y. 10016. 1977.
$19.50

Reviewed by S. P. Perone, Depart-
ment of Chemistry, Purdue Universi-
ty, West Lafayette, Ind. 47907

This book is most emphatically
written for the user of a DEC PDP-11
minicomputer system in the laborato-
ry. Chapters 3-14 provide almost ex-
clusively the type of detailed opera-
tional and conceptual material one
might expect to find in a well-written
operating manual published by the

facturer. B this
mabennl is well-organized, readable,
and embellished lightly with allusions
to relevant data processing concerns—
and because it contains materials ex-
tracted from several different DEC
manuals—the PDP-11 user should
find it very useful.

Chapter 1 provides a brief introduc-
tion to digital computer concepts, and
Chapter 2 does a fine job of introduc-
tion to number systems and logical op-
erations. Chapters 3-11 introduce the
novice progr to the princip
and, more importantly, the nitty-
gritty details of assembly language
programming with the PDP-11 com-
puter. These discussions include de-
tailed instructions of the use of stan-
dard DEC software and peripherals.
The coverage is complete, including
interrupt handling, general input/out-
put, and floating-point operations.
Chapters 12 and 13 are particularly
useful: one provides advanced pro-
grummmg concepts such as stack ma-

pulation, reentrant, and recursive

Order DuPont columns and packings by toll-free telephone.

All DuPont instruments, HPLC columns
and packings can be ordered by phone
with a tollfree call (800441 7508)
This number is for the exclusive use of
placing orders for HPLC columns,

instruments and accessories. We hope

you find this a convenient and time-

saving way to purchase HPLC products
from DuPont Instruments.

Du Pont Instruments

amy

932 A o ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

routines; the other provides an intro-
duction to debugging operations using
ODT-11.

Chapters 14-19 cover topics related
to laboratory computer applications.
Chapter 14 provides a functional and
operauonal descrlpuon of the LPS-11

y data pel 1 of-
fered by DEC. Chnpt.ers 15—19 cover
the topics of signal averaging, data
display methods, peak detection, Fou-




standard

"

Full digital GC and MS.

Lets you store operating
parameters in the computer,
enter them via the data system
Saves time, reduces errors

New generation computer.
The built-in data system
features a powerful computer
that scans, processes and
analyzes very fast (550 ns
cycle time!). Batch processing
and simultaneous acquisition/
reduction programs are

haveto

Batch processor.

AUTOTUNE.
Enables the HP 5985 to tune
and calibrate itself, yields
consistent, optimized spectra
no matter who's operating
Skeptics can override, but
they ll quickly learn they don't

The new generation HP5985 GC/MS Data System.
Its price/performance capability is unprecedented.

New GC/MS interface.
Its three lines give you maxi-
New generation GC. mum fiexibility. Any of them
:nms system includes ou;r L”e"?iggff’n'g'ﬁgg _2,322 and
ICroprocessor-controlled (
HP 5840 GC, which many g photoroatri)
consider the finest money P %

can buy.
Hyperbolic
For increased sensitivity at
higher resolutions; sharp,
consistent peak shapes

More power for less monex
What real technological
advancement is all about, what
our new generation HP 5985

This powerful software enables CI/EI dual source. GC/MS is all about. Want

the HP 5985 to collect, reduce Changes both conductance proot? Call your local HP office,
and output data automatically and configuration to achieve or write to the address below
for up to 36 samples, with a best results in both Cl and El

different set of GC and MS
conditions for each. Saves

man-hours, many man-hours

operation
HEWLETTEPACKARD

1507 Page Milt Road. Palo Alto, Calornia 94304

For assistance call: Washington (301) 948-6370. Chicago (312) 255-9800. Atlanta (404) 955-1500, Los Angeles (213) 8771282 23702

CIRCLE 95 ON READER SERVICE CARD




You cant geta good chromotogram |
without a great beqginning.
We make ithappen!

VALVES, WELL PACKED HPLC COLUMNS AND FILTERS

In a way, we're sort of the front-end
company in high pressure liquid chroma-
tography. Almost everything you need to
make better chromatograms in the begin-
ning is on our shelf. Here's our line to you:
The 70-10 Sample Injection Valve. For
just $290 you can get our 6-port sample
injection valve with a removable sample
loop and 7000 psi pressure rating. Size,
10 u1to 2.0ml.

The 7120 Syringe Loading Sample Injector.
Fill loops conventionally or in the partial
loop variable volume mode with only

0.5 ul sample loss

Teflon Rotary Valves. For about half the
cost you'd expecf to pay, we offer three,
four and six way valves in 0.8 mm and 1.5
mm bores at $70 to $87. Features zero
dead volume, chemical inertness and
300 psi rating

HPLC Columns. Here are the columns

with guaranteed peak symmetry and mini-
mum plates per meter to doubly assure
optimum column performance. Six columns
currrentiy available priced from $180

to $240.

The Column Inlet Filter. It only costs a
few dollars, but it can save you a boatload
of trouble. Place this low dead volume
filter between the injection valve and
column to protect column inlet frits from
plugging. Price, $40.

The Model 7037 Pressure Relief Valve.
Protect your set-up against damage from
over pressure (2000 to 7000 psi

setting range).

Write or call for more information.
Address Rheodyne, Inc. 2809 Tenth Street,
Berkeley, CA 94710. Phone (415) 548-5374

=
RHEODYNE

THE LC CONNECTION COMPANY
CIRCLE 181 ON READER SERVICE CARD
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Books

rier transform applications, window
functions, and phase correction meth-
ods. Chapter 15 is an excellent intro-
duction to the principles of signal av-
eraging with good illustrations. Chap-
ter 16 on data displays is tied too
closely to the LPS-11 hardware to be
of general use. Chapter 17 on peak de-
tection provides good insight to the
problems and approaches for pro-
grammatic peak detection. Chapters
18 and 19 on the Fourier transform
and various applications to NMR and
IR data are the best of all. The au-
thor’s considerable familiarity with
this area lends authority and useful-
ness to these presentations.

There are several problems with
this text. First and foremost is the fact
that most of the material is useful only
to a user of the DEC PDP-11. Because
of the complexity of the PDP-11 in-
struction set and because of the atten-
tion to operational details, a reader
with general interests would find only
about five of the 19 chapters useful.

It is disappointing that there is no
general description of interfacing
principles and hardware; Chapter 14
approaches this topic, but succeeds
only in describing the functions of the
LPS-11 data system. Finally, although
the last two chapters, regarding Fouri-
er transform applications, might be
very useful to many readers, the book
would be much more valuable if this
level of presentation were extended

to additional topics of interest, such
as the application of smoothing algo-
rithms, curve-fitting, peak deconvolu-
tion, and file searching.

Despite the problems mentioned
above, the text does accomplish very
well the major part of the author’s
goals—to provide a complete and use-
ful guide to the implementation of a
particular laboratory computer sys-

| tem. The many exercises and program

illustrations are most useful for the
novice programmer. It should be high-
ly recommended to the many users of
PDP-11 minicomputers.

New Books

Analytical Pyrolysis. C. E. Roland and
Carl A. Cramers, Eds. ix + 424 pages.
Elsevier Scientific Publishing Co., P.O.
Box 211, Amsterdam, The Netherlands;

| 52 Vanderbilt Ave., New York, N.Y.

10017. 1977. $39.25

The proceedings of the Third Inter-
national Symposium on Analytical
Pyrolysis, held in Amsterdam, Sep-
tember 7-9, 1976, are presented. A
total of 50 papers contributed by au-
thors from the international commu-



Most people use our precision syringes
for chromatography, but a lot of people
need a unique syringe for a particular
job. When you need that special syringe,
chances are you will find it at Hamilton,
the syringe specialists. We make over
240 different syringe models...many
for specific applications. Like these
syringes, for instance.

The oneinthe centeris

a push-button adjustable
syringe with an unbreak-
able metal housing. You
dial your desired volume
on a micrometer setting de-
vice, cock the spring-driven
plunger, and push the button.
Presto, uniform injections, re-
gardless of who operates it.
The CR700 with a stainless
steel plunger and Teflon seal-
ing tip, is available in 20 ul,
50 ul and 200 ul capacities,
with each syringe tested for
+1% repeatability.

On the right is our Carbon An-
alyzer Syringe with a special

metal luer designed for the inlet of

carbonaceous analyzers, 50 ul ca-

pacity. (The CR700 50 ul
capacity also fits the
CA. inlet)

On the left is a Teflon
Syringe for highly reac-
tive chemicals. Your sam-
ple only contacts Tefion
in the syringe. The case
acts as a protection from
external damage and pro-
vides a means to see the
volume indications. Teflon
needles are available to pro-
vide acompletelyinertsystem.

You'll also find a syringe with a
filter...one you can fill through
the back of the plunger...high
pressure syringes...one with a
threaded plunger... supersyringes
up to 1.5 liters...automatic dis-
pensers for a syringe...and many
i more. They are all described in our

catalog. If you needaspecial syringe,
write to the specialists, Hamilton
Co., RO.Box 10030, Reno, NV.89510.

HAMILT®N

CIRCLE 100 ON READER SERVICE CARD




Marine Chemistry
in the Coastal
Environment

ACS Symposium Series No. 18
Thomas M. Church, Editor

A special symposium sponsored by
the Middle Atlantic Region of the
American Chemical Society.

Now available—a comprehensive volume
containing the most recent advances in
this new and increasingly important

field.

The collection represents an indispens-
able source of information for every
marine scientist. Emphasis is not merely
on describing coastal problems but on
showing the potential in applying the
tools of modern oceanography and
chemistry to solve these problems

Forty-one chapters cover six major
areas:

physical organic and tracer man’ne

hydrocalbons and merals in the eslua-
rine ; ocean di;

forum; applications and resouices in
marine chemistry; and organic and
biological marine chemistry.

710 pages (1975) Clothbound $35.75
(ISBN 0-8412-0300-8) LC 75-28151

SIS/American Chemical Society
1155 16th St., N.W./Wash., D.C. 20036

Pleasesend _____ copies of No. 18 Marine
Chemistry in the Coastal Environment a1 $35.75
per book.

O Check 1s enclosed for § O Bill me
Postpaid in U S and Canada. pius 40 cents
eisewhere

Name

Address

City

Books

nity embrace newly emerging pyroly-
sis GC and pyrolysis MS as a promis-
ing analytical technique. The varied
areas of analytical applications of the
technique include the analysis of ma-
terials such as rubber, polymers, tex-
tiles, bnologlcally active compounds,
and microor Also included are
papers on laser-induced GC-MS and
developments in the automation of
analytical pyrolysis instruments. The
book is a poor quality reproduction of
author-furnished typewritten text.

Tabulatis P | Data.
David Dolphin and Alexander Wick. xvi
+ 549 pages. John Wiley & Sons, Inc.,
605 Third Ave., New York, N.Y. 10016.
1977. $19.50

This book tabulates infrared spec-
tra of all of those organic functional
groups for which characteristic
frequencies have been established.
These functional groups are classified
according to the type of vibrations in-
volved. Thus, starting with X—H sin-
gle-bond vibrations in Chapter 1, the
book continues with C—C, C—N
C—O0, N—N, and N—O vibrations,
respectively, in the following five
chapters. Since the organic chemist
now uses a wide variety of inorganic
and organometallic intermediates,
chapters on thionyl and phosphoryl
compounds and on inorganic vibra-
tions are also included. For each of the
functional groups treated, there is a
brief discussion on steric, electronic,
and solute-solvent interactions that
bring about changes in the character-
istic group frequencies. The tables fol-
lowing the discussions show changes
in group frequency as the electronic
and steric environments around the
group are varied. A total of 47 func-
tional groups are covered.

Collogul 1 icum Interna-
lIonaIe—-XVlll J.P. Robln. Ed. 105
pages. Pergamon Press Ltd., Heading-
ton Hill Hall, Oxford OX3 0BW, England.
1977. $8.00

The seven plenary lectures given at
the XVIII Colloquium Spectroscopi-
cum Internationale, Grenoble, France.
15-19 September 1975, are pr

tale, M. Soutif; and some recent as-
pects in the structure elucidation of
natural products, W. Voelter. Lectures
are presented in the original language
in which they were delivered.

Atlas of Thermoanalytical Curves, Vol-
umes 1-5. George Liptay, Ed. Distribut-
ed by Sadtler Research Laboratories,
Inc., 3316 Spring Garden St., Philadel-
phia, Pa. 19104, 1977. $175 ($35/vol-
ume)

This five-volume atlas published in
London by Heyden & Sons, Ltd., pre-
sents DTA, DTG, and TG curves for
350 selected organic and inorganic
compounds. The atlas is complete
with references, notes on curve inter-
pretation, and experimental data on
the changing factors for analyses. In-
cluded with Volume five is a cumula-
tive index for the entire set, consisting
of an index to compounds, a chemical
formula index, and a class index.

ASTM Publications

The following are available from the
American Society for Testing and
Materials, 1916 Race St., Philadel-
phia, Pa. 19103 (USA, Canada, and
Mexico add 3% shipping charges.
Other countries add 5% )

Methods for E: ion Spectrochemi
cal Analysis— 1977 Suppl 268
pages. 1977. Papefbound $10.75
This supplement is published as a
companion volume to the 1971 edition
of *“Methods for Emission Spectro-
chemical Analysis”. The supplement
consists of 21 new suggested methods,
3 new proposed methods, and 15 new
or revised standard methods. Stan-
dards that have been reapproved
without revision are not included.

Part 31 of 1977 Annual Book of ASTM
Standards on Water. 1130 pages.
1977. $34
Part 31 on water analysis contains
139 ASTM standards that are new or
hanged in status since the 1976 edi-

Titles of the lectures and their respec-
tive contributors are: current capabili-
ties and future goals in x-ray spectros-
copy, L. S. Birks; effet Massbauer et
applications a la physique du solide,
C. Janot; design of fluorometric ana-
lytical methods, D. N. Kramer; les
propriétés spectrochimiques de cer-
taines sources lumineuses, E. Pliko;
electron spectroscopy and molecular
structure, K. Siegbahn; recent devel-
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tion. This book supersedes all previ-
ous editions and is brought up-to-date
and published annually. Among the
new standards are a test for evaluating
water testing membrane filters for
fecal coliform recovery; a test for poly-
chlorinated biphenyls in water; tests
for cadmium, cobalt, and lead in water
by atomic absorption spectrometry; a
test for oxygen demand in water by
combustion-infrared analysis; tests for
lithium, potassium, and sodium ions



WHO DID WHAT WITH
"FLORISIL IN
CHROMAF\IIEC%GRAPHY. |

You can get this 60-page
chromatography bibliography
free for the asking from
Floridin.It'li tell you exactly
why Florisil ®is widely used to
solve tough separation prob-
lems in column and thin
layer chromatography.

The bibliography includes

Florisil's chernical composi-
tion, physical properties and
adsorptivity data. And a list-
ing of who did what in chro-
matography with Florisil.
Everything from Alkaloids to
Thiosteroids.

Free for all. Floridin's
Chromatography Bibliogra-

phy. Contact Floridin Com-
pany. Dept. A-4. Three Penn
Center, Pittsburgh, PA

15235. Phone: (412) 243-7500

(Floriclim

A Member of the ITT System
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Reliable
Shakers

When it comes to reliable performance, you can count on
Burrell Wrist-Action™ Shakers. They're ruggedly built for
long life . . . some units have been in operation over forty
years. Burrell Shakers duplicate a hand-mixing swirl with
an even motion at all speeds for as long as necessary.
And Burrell's unique Build-Up® System lets your Shaker
grow as your lab grows . . . from a Shaker that holds

1 to 4 flasks to a Shaker that holds 24. Burrell parts and
accessories are interchangeable. Burrell Wrist-Action
Shakers with Build-Up design . . . the Reliable Shaker.

Write for our literature.

BURRELL CORPORATION
2223 Fifth Avenue. Pittsburgh. Pa 15219

BURRELL
. Telephone 412-471-2527
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ANAGHEMIA
| @ | CHEMICALS INC._]

P.O. BOX 87 CHAMPLAIN, N.Y
ZIP 12919 TEL (518) 298-9441
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Books

in brackish water, seawater, and
brines by atomic absorption spectrom-
etry. The contents include: defini-
tions, specifications, reagents, and re-
porting results; sampling and flow
measurements; general properties of
water; inorganic constituents; organic
constituents; radioactivity; bacterio-
logical examination; water-formed de-
posits; and water treatment materials.

Compilation of ASTM Standards on
Precision and Accuracy for Various
Applications. 256 pages. 1977. Paper-
bound. $10.25

The need for precision and accuracy
statements for standards has become
so persuasive that this book has been
issued to guide those concerned with
the problem. Representation stan-
dards are presented as a guide to those
who must prepare such material appli-
cable to other materials. Among the
topics considered are: determination
of the precision of methods of commit-
tee D-19 on water; statements on pre-
cision and accuracy; rubber—preci-
sion statements for ASTM test meth-
ods; carbon black—stating the preci-
sion of ASTM test methods; defining a
basis for petroleum product quality
disputes; carbon black—measuring
the precision of ASTM test methods;
and use of the terms precision and ac-
curacy as applied to measurement of
properties of materials.

Continuing Series

Infrared and Raman Spectroscopy,
Part B. Edward G. Brame, Jr., and Jean-
ette G. Grasselli, Eds. ix + 715 pages.
Marcel Dekker, Inc., 270 Madison Ave.,
New York, N.Y. 10016. 1977. $37.50
This is the second of a new series
entitled “Practical Spectroscopy Se-
ries” initiated in 1976. Part C, which is
vet to be published, will complete Vol-
ume 1. Part B contains six chapters.
The first chapter, written by R. P.
Young, discusses computer systems. It
describes data acquisition from off-
line and in-line spectrometers as well
as the different methods of handling
the acquired data for both qualitative
and quantitative analysis. Chapter 2
coauthored by R. Nyquist and R. O.
Kagel, demonstrates the successful
application of infrared and Raman
spectroscopy to analysis of organic
materials. Chapter 3, by D. S. Lavery,
covers the uses of infrared and Raman
spectroscopy in environmental sci-
ences. Topics discussed include sam-
ple handling, calibration methods, re-
mote sensing, and multicomponent



The smartest
label around.

o A-998
Certificate of Actual Lot Anatysss 38L
Fulbmcuslcume lr it (1Gal)

CERT#ED

HPLC-Grade_
Acetonitrile

\mm_.’.;..’.p;,u:‘ St
0.--.——-;‘ CLASS 18

FISHER SCIENT#IC COMPANY
Crers s Marsachr g Crenr

Far Lame Nrm sy 24

LOT

WARNING! 7720
ABSORPTION THROUGH

HABMFUL
BREATHING OF VAPOR HARMFUL FLAMMABLE

FLASH POINT 55F

Fisher Certified HPLC Solvents. Only label around that tells you
everything you need to know.

Optical absorbance at a variety of wavelengths (full spectral curves
on request). Refractive index directly traceable to NBS. Background fluorescence.
Assay as mol % determined by GC. Water and preservative/inhibitor content. And
much much more.

Fisher HPLC solvents are distilled in glass. Painstakingly filtered
to eliminate particulates. And shipped by today’s fastest distribution system.

After all, high-pressure liquid chromatography columns, detectors
and samples are valuable things. They deserve the best. Only Fisher defines and
certifies every parameter for their protection.

Only Fisher provides such tailormade services as Customer Reserve
Quantity. Your nearest branch reserves your HPLC solvent needs for you alone,
releasing them to your timetable. (Reserve an entire lot if you wish, assuring
absolute uniformity month-to-month!)

Also: as today’s largest lab supplier, Fisher provides an impressive
selection of auxiliary HPLC materials — apparatus, appliances, supplies — to
simplify your ordering.

Write for HPLC catalog today!

<~

NFﬁé Fisher Scientific Company

711 Forbes Avenue Pittsburgh PA 15219

CIRCLE 77 ON READER SERVICE CARD
ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977 « 939 A



1 Quick Source

... for over 90 standard IR transmission windows.

: were /\
2 \l ‘
| | |
w ' . }

Barnes can be the single source of supply for all your crystal requirements. We provide
discs, rectangles, and squares . . . drilled or undrilled . . . from NaCl to Csl. Over 90
different items . . . all available immediately from stock. We supply prompt price and
delivery information on special orders.

And Barnes windows fit standard cells made by all manufacturers. Barnes crystals are
a product of rigid manufacturing and quality control to assure
flawless performance. And each window is individually wrapped
to insure perfect condition.

For your crystal needs, check page 4 of our new 40-page cata-
log, “Barnes Infrared Analytical Accessories.” Write or phone for
your copy. Barnes Engineering Company, 30 Commerce Road,
Stamford, Connecticut 06904. Call toll free (800) 243-3498,
Ext. 281, or in Connecticut, (203) 348-5381, Ext.281.

Your IR Spectroscopy Source.

CIRCLE 26 ON READER SERVICE CARD

Why sacrifice PERFORMANCE for ECONOMY?

<>HPLC SYSTEM I
gives you both!

Glenco’s System Iis a complete, high-
performance modular system consisting of:
= Pulse free liquid delivery system 1
= High pressure sample injection vaive
= Exclusive sample loop filling syringe
= Prepacked high pressure column
= High performance UV detector
= 12 speed, 10" chart recorder
= Solvent reservoir
= Functional cabinet—chemical resistant finish
= HPLC System | —$3922.00
Gradient Elution Accessory
The Model GE 6 is a complete

4

BARNES

NOW GSA
LSTED

automatically operated,

(SSV-6). In addition o stream selection, thr
can be programmed at any time intervals (0-89

min/sec).

Typlcal Applications:

(GLNCOPSCIENTIFIC, INC. ostonssasr
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analyses. Chapter 4 on the use of in-
frared and Raman spectroscopy in
food analysis is written by A. Eskama-
ni. Chapter 5, written by P. B. Tooke,
describes varied applications of in-
frared and Raman spectroscopy to the
analysis of petroleum products. Final-
ly, Chapter 6, authored by G. Celikiz,
covers the use of infrared and Raman
spectroscopy in textiles. The book is
reproduced from typewritten text.

Comprehensive Analytical Chemistry,
Vol. V1. G. Svehla, Ed. 555 pages.
American Elsevier Publishing Co., Inc.,
52 Vanderbilt Ave., New York, N.Y.
10017. 1976. $73.25

As in the previous volumes of the
series, this text is designed as a self-
sufficient reference. However, where
complete details of methods are not
given, full reference to the pertinent
literature is provided. Volume VI is
devoted solely to one subject: analyti-
cal infrared spectroscopy. As such the
treatment of the subject is from the
point of view of the practicing analyti-
cal chemist rather than from a theo-
retical aspect. The first two short
chapters deal with historical survey,
and symbols and abbreviations. The
following five chapters are devoted to
discussions of theory of infrared spec-
tra, apparatus, experimental tech-
niques, qualitative analysis, quantita-
tive analysis, and applications, respec-
tively. The last chapter contains the
list of literature on infrared spectros-
copy and collections of spectra.

in X-Ray Analysis, Vol. 20.
Howard F. McMurdie et al., Eds. xvii +
604 pages. Plenum Publishing Corp.,
227 West 17th St., New York, N.Y.
10011. 1977. $42.50

Compiled in this volume are the
proceedings of the 1976 Denver Con-
ference on the Applications of X-Ray
Analysis. This conference, 25th in the
series, was jointly sponsored by the
Joint Committee on Powder Diffrac-
tion Standards and the University of
Denver. Fifty-five invited and contrib-
uted papers presented at the confer-
ence are arranged for this book under
five general topics: x-ray powder dif-
fraction (16 papers), x-ray topography
(5 papers), x-ray diffraction stress
analysis (13 papers), x-ray fluores-
cence (14 papers), and x-ray instru-
mentation (5 papers). Titles of those
papers presented at the conference
but not included in the book for vari-
ous reasons are also listed. The book is
a good quality photo-offset copy of au-
thor-furnished typewritten text.



the Kewaunee

SENTINEL ALARM

maintains SAFE laboratory
fume hood face air velocity

The Sentinel, as the name implies, effectively stands guard over the
face velocity of fume hoods—!f irmegularities occur, it signals both
audibly and visually. It is adaptable to all types and sizes of fume hoods
and offers these and other advantages:

+ Adjustable photo cell gauge triggers audible and visual alarms when
fume hood face velocity falls below the safe operating level.

+ Decreasing (or increasing) gauge pressure reading provides visual
The alarm may be mounted on a shelf waming of deteriorating conditions before an unsafe face velocity
at the side of the hood, or on the top level is reached.

front ihood + Conditions of exhaust fan, fiiters, exhaust duct and room air supply
panel. (Spec- system are automatically monitored.
ify mounting
location and For more information call or write:
the proper
mounting
Rl <ewaunee
be s lied 2
gosepe) SPECIAL PRODUCTS DIVISION
4043 LOGAN ST., ADRIAN, MICH. 43221
Phone: 517/263-5731
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Galileo's Channeltron* electron multiplier arrays )
can detect and image more kinds of radiation with a warral

anything else on ssistance you nee
g ¥ . T more int
6 auiach : Channeltron electron

Vs, our stand:

single ¢k

dark current available (<1
count/second/cm? in certain
configurations).

@y

Galileo Electro-Optics Corp.
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R of Trace C

from the Air

Victor R. Deitz, Ed.

Sixteen chapters provide critical and in-depth
coverage of air pollution characterization and
removal. The collection stresses interactions
among particulates and gas phase contami-
nants; ici i
cigarette smoke and aerosol filtration; sulfur
dioxide; trace gas adsorption; nitrogen oxides:
and high ozone concentrations.

207 pages. Cloth. (1975) $17.25

Approaches to Automotive

Emissions Control

Richard W. Hurn, Ed.

Nine chapters spotlight current developments
toward the goals of lower emissions and greater
fuel economy: the impact of automotive trends

American Chemical Society

TITLES IN ENVIRONMENTAL
CHEMISTRY

Advances
Symposia
Reprint

Collection

American Chemical Society, 1155 16th St., N.W./Wash., D.C. 20036

Solvents Theory and Practice

Roy W. Tess, Ed.

Thirteen papers present the latest application
formulas and i to combat

Sulfur Removal and Recovery from
Industrial Processes

John B. Pleitfer, Ed.

Sixteen chapters form a consolidated reference
source of sultur removal and recovery methods

from solvents. Predicted compositions of resin
. solvent by . pre-
diction of flash points for solvent mixtures,
epoxy resin coatings, photochemical smog re-
activity of solvents, solvents in electrodeposi-
tion resin para-
meters, and solubility characteristics of vinyl
chloride homopolymers, copolymers, and ter-
polymers.
227 pages. Cloth. (1973) $15.75

Catalysts for the Control of Automotive
Pollutants

James E. McEvoy., Ed.

Current research by auto makers. catalyst
universities, and chemical and

and on

gaseous motor fuels; fuel vt;lutiluy. the pre-
b

petroleum companies on all aspects of catalytic
to reduce automotive emissions

engine converter; and low
tion engines.
271 pages. Cloth. (1974) $12.95

Air Pollution

Collected by D. H. Michael Bowen

Contains 38 articies from Volumes 3-6 of En-
i Science & Te Laws and

regulations, specific poliutants and standards.

monitoring, control methods, and transporta-

tion.

138 pages. Hard. (1973) $7.50

138 pages. Paper. (1973) $4.50

Solid Wastes—II

Collected by Stanton S. Miller

Thirty-three articles from Volumes 4-7 of En-
i Science & T report on

federal, state, and local government projects;

recycling and resource recovery; auto hulk dis-

posal; plastics; scrap iron and tires; industrial

sewage and sludge; and solid waste treatment

technology.

“The book should be helptul to anyone who

needs to be brought up to date in a hurry.”

Reuse/Recycle (1975) 9, 11

118 pages. Hardback. (1973) $7.50

118 pages. Paperback. (1973) $4.50

Pollution Control and E Needs
Robert M. Jimeson and Roderick S. Spindt, Eds.

ison yt

of catalytic removal. and catalysts themselves.
Specitic topics examined in fourteen papers in-
clude variation of selectivity, catalyst poisoning,
the nature of the catalyst support. and others

199 pages. Cloth. (1975) $19.95

Trace Elements in Fuel
Suresh P. Babu, Ed.

The latest research results on these often-toxic

ating on recovery techniques from
sources other than power plant stacks. Emis-
sions from smelter gas streams and Claus units
are discussed, and seven scrubbing processes
are described. Companion volume is No. 140.

221 pages. Cloth. (1975) $16.95

Marine Chemistry In the Coastal
Environment

Thomas M. Church, Ed.

Forty-one chapters cover topics in six major
areas: physical, organic, and tracer marine
chemistry; estuarine geochemistry. hydrocar-
bons and metals in the estuarine environment;
ocean disposal forum; applications and re-
sources in marine chemistry; and organic and
biological marine chemistry.

710 pages. Cloth. (1975) $35.75

Water Pollution

Collected by Stanton S. Miller

O articles from 4-7 of
E Science & T gy discuss
federal and state policy: how, and to what extent
military, business, and industrial communities
are acting to implement new laws and stand-
ards; monitoring, specific pollutants, tertiary
treatment. drinking water, microstaining, de-

emissions cover their origin, the in
which they escape into the atmosphere. deter-
and effects

Specifically, fifteen chapters detail mineral
matter and trace elements in coal; coal pretreat-
mentand combustion; mercury and trace ele-
ment mass balance; and environmental tox-
icology.

216 pages. Cloth. (1975) $16.50

Trace Elements in the Environment
Evaldo L. Kothny, Ed.

Nine the cycle of
trace elements in the environment. Boron, zinc,
and selenium are discussed, as well as atmos-
pheric pollutants, marine aerosol salt and dust,
particulates, inorganic aerosols, S, V. Zn, Cd,
Pb. Se, Sb. Hg. Includes methods of identifica-
tion, separation, and measurement.

149 pages. Cloth. (1973) $12.50

649 pages. Paper. (1973) $7.25

| Cl , Vol. 1

Nineteen papers focus on energy vS.
primary fuel supplies and the effectiveness of
technologies that have been developed to meet
environmental regulations. Topics Include
natural energy reserves, control of SO, and
NOy, H-Oil desulturization, sulfur oxides re-
moval from stack gases, RC/Bahco system,
effect of desulfurization methods on ambient air
quality, and several available processes.

249 pages. Cloth. (1973) $16.95

Cgpagoa. Paper. (1973) $9.95

Yy
Senior Reporter: G. Eglinton
A review of the literature up to mid-1973 cover-
ing stable isotope studies and biological ele-

ysis. adsorption. and sewage
treatment.
317 pages. Hardback. (1974) $15.00
317 pages. Paperback. (1974) $9.50

rSIS/American Chemical Society
| 1155 16th St., N.W./Wash.. D.C. 20036

-l

I Please send the following books:

DO Check isenciosed for § 0 Bl me.

lus 40 cents

ment cycling; organic y

of rivers, lakes, bogs, marshes, swamps,

oceans, fjords, anoxic basins; hydrocarbon Name — —
distribution in the marine environment; DDT and Adtiress

PCB; organic yof 2, 4 p —
oxyacetic acid. City State Zip

199 pages. Cloth. (1975) $22.00
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THE AA LEADER
SETS THE PACE...AGAIN

Only Perkin-Elmer can offer you a
complete line of microprocessor
atomic absorption spectropho-
tometers. And all include built-in
computer data handling; optical
systems designed for both flame and
flameless sampling; optional deute-
rium arc background correction;
compatibility with Perkin-Elmer's
complete line of AA accessories;
and the unmatched technical back-
up you get only from the leader in
atomic absorption.

The Model 603 is a double-beam
instrument with unmatched perform-
ance, versatility, and ease of use.

From its measured 0.03 nm resolu-
tion to its preprogrammed micro-
computer, the 603 is the instrument
against which all others must be
compared.

Model 460 combines the 603's
computer electronics with its own
double-beam optical system, featur-
ing automatic gain control and op-
tional double-beam background
correction at a moderate price.

Model 373 is a new mid-priced AA
with a 460-type optical system and
new microcomputer electronics

offering many of the features of the

Perkin-Elmer Models 603 and 460.

Model 372, another new one, is
almost identical with the 373, differ-
ing primarily in its burner and gas
control system.

Model 272 is a new low-cost AA with
features and performance never
before available in a single-beam AA
insirument, regardless of price.

Whatever your needs in AA,
Perkin-Elmer has exactly the right
instrument for you. Talk to your
Perkin-Elmer representative now, or
write Perkin-Elmer Corporation,
Main Avenue, Norwalk CT 06856.

| CIRCLE 164 ON READER SERVICE CARD

PERKIN-ELMER
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The New Performance Leader . .. By All Standards

Now you can get all the features and options that make a great
low-flow rotameter, combined in one and the same instrument.
Built by the industry’s most experienced team of control
engineers and glass craftsmen, the new Lab-Crest Low-Flow
Rotameter features a unique precision valve that provides

linear control throughout the range of flows . . . a new low-flow
tube with ¥%-inch float that operates reliably in industrial
environments . . . plus all the time-tested features that have
made Fischer & Porter rotameters the standard of comparison
since the birth of the industry:

Convenience. Quick-release metering tubes with Viton cup seals
are easily interchanged without tools.

Rangeability. Eight interchangeable tubes provide a choice of
flow ranges from 50 cc/min to 148 SCFH (air).

Accuracy. Instantaneous readings are repeatable within +v% %,
a direct result of F&P’s unsurpassed experience.

Visibility. Ceramic scale with white background is easy to read,
permanently fused into the borosilicate glass surface.
Versatility. Choice of meter bodies with 3, 6 or 10-inch scale for
in-line or panel-mounting . . . or with tripod mount.

Controllability. Precision sixteen-turn valve with

interchangeable stems and sleeves provides linear

control at all flow rates, as well as positive shut-off;

low-cost valve also available for less sensitive '_' =
applications. W
Corrosion Resistance. Standard aluminum end fittings .
are also available with interchangeable brass or stainless steel
inserts; stainless steel standard on models with precision valve.

More than ever, it makes sense to call us for all your rotameter
needs, whether you are looking for OEM quantities or just

one of a kind. We have the right type and the right options to

meet your requirements exactly.

Call (215) 674-6000 and ask for Lab-Crest Scientific Division.

Fischer & Porter Company, County Line Road,

Warminster, Pa. 18974.

LAB-CREST

CIRCLE 76 ON READER SERVICE CARD
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NSF Peer Review

A survey of grant applicants and
grant reviewers shows that the peer
review system of the National Science
Foundation (NSF) is judged to be
quite adequate. Of the scientists who
submitted research proposals to NSF
during fiscal year 1975, 77% believe
that the review procedures are appro-
priate. Somewhat predictably, nearly
all applicants whose most recent pro-
posal was funded believe that the re-
view procedures are appropriate,
whereas 50% of those whose most re-
cent proposal was declined believe the

procedures to be inappropriate.
Among the scientists who participated
in the review of research proposals by
mail, 46% feel that the mail review
process is sound, 50% believe that the
process is acceptable, and only 4% feel
that the process is questionable and
includes many weaknesses.

‘The survey was initiated because
of considerable discussion in the sci-
entific community and in Congress of
the peer review process. During the
spring and summer of 1975, a series
of Congressional oversight hearings
on peer review was held by the U.S.
House Committee on Science and
Technology’s sub itteeion
Science, Research and Technology.
Also, the National Science Board
(NSB), which is the policy-making
body of NSF, established a special
task committee to study the process.
In late 1975, NSB and the House sub-

ittee jointly c da
study to gather objective information
about the scientific community’s views
on the peer review process. Originally,
information was to be solicited from
three groups: NSF reviewers, recent
applicants for NSF funds, and scien-
tific researchers who were neither re-
viewers nor recent applicants. Survey-
ing the latter group was deemed not
to be feasible, but from NSF files of
reviews and proposal acuons. it was

ible to select indep

of recent reviewers and appllcams

According to Deborah R. Hensler,
consultant to NSB and author of a re-
port presenting a detailed analysis of
the survey data, the most serious criti-
cism of the NSF peer review process
is that it is biased against proposals
from less prestigious institutions, pro-
posals by younger researchers, and
proposals that are i ive in char-
acter. Data from the surveys cannot
be used to confirm or refute the
charge of bias since no substantive or
qualitative information about propos-
als was collected. However, both re-

viewer and applicant questionnaires
included three questions to measure
general perceptions of bias in the sys-
tem. The questions were generally of
the type: If two equally good proposals
are submitted to NSF, one from A and
one from B, do you think that each
has an equal chance of being recom-
mended for funding by the peer re-
viewers, or does one have a better
chance than the other? A majority of
reviewers and applicants believe that
the NSF peer review process favors
proposals from well-known institu-
tions, proposals by older, well-estab-
lished principal investigators, and pro-
posals that are in the mainstream of
thought rather than those which chal-
lenge current thinking.

Data from the survey also show
that:

« Reviewers believe that strengths
of the peer review system are the well-
matched reviewers and proposals and
the broad range of expert r

Editors’ Column

of the sy lude lack of feedback
end the opportunity for favoritism.

« A majority of both applicants and
reviewers thought that NSF should
require some type of peer review for
all proposals. In selecting reviewers
the majority favored continuance of
a role for the NSF staff in reviewer se-
lection; however, a significant minori-
ty favored random sampling tech-
niques.

« Applicants and reviewers approve
of the recent NSB policy of fumuhmg
verbatim anonymous coples of reviews
to grant appli
of providing the names of reviewers
with their reviews.

Dr. Hensler’s report, “Perceptions
of the National Science Foundation
Peer Review Process: A Report on a
Survey of NSF Reviewers and Appli-
cants”, No. NSF 77-33, may be ob-
tained from the Mail, Security, and
Records Section, 1800 G Street, N.W.,
Washington, D.C. 20550.

dations solicited.
« Reviewers feel that weaknesses

A. A. Husousky

Reliable. Fast and Easy.
MCI automatic analyzer.

MITSUBISHI CHEMICAL INDUSTRIES

LIMITED
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A
lifetime
collection
of journals,
publications
and papers

fit in the palm
of your hand with

Microfiche

A MONEY SAVING, TIME-SAVING, SPACE-SAVING AID FOR YOUR HOME, OFFICE, WORKSHOP OR LAB

It started when big organizations found microfiche an
efficient, low cost space-saver. Now many individual
scientists, information managers, teachers, researchers
and executives recognize that the same benefits apply in
their own homes and offices.

Consider: you can store three file cases of materials in
one small album you can carry in your hand. Yet, you can
buy a microfiche reader for less than the cost of a single
good file cabinet.

Not only is a large portion of current reference mate-
rial (including all ACS journals) now available in mic-
rofiche, you can even arrange to have your own material
put in microfiche form!And subscriptions to many jour-
nals and other publications cost the same in microfiche
or printed edition.

If space is important where you work or live; if you like
to refer to back issues of ACS journals and other periodi-
cals; if you like material that is easily mailed and distrib-
uted —turn to microfiche. Not only is it easy to file and
retrieve, ACS Microfiche is archival quality so your mate-
rial will be in good shape for a lifetime.

Surprisingly, it’s not only scholarly material that is
available on microfiche, you'll find everything from
catalogs to magazines, from news weeklies to computer
information can be ordered on microfiche. Imagine the
advantages of doing away with cumbersome computer
readouts and using a tiny film to replace pounds and
pounds of paper!

Cut down on wasted space, time and money—turn to
the modern method of storing readily available informa-
tion...turn to microfiche!

Call or write to us for more information on this impor-
tant aid.

THIS PUBLICATION IS AVAILABLE ON MICROFICHE

ACS Microforms Program, Room 606
American Chemical Society,
1155 Sixteenth Street, N.W., Washington, D.C. 20036

(202) 872-4554



Some interesting facts about a unique tubing

material which you will find beneficial for the
preparation of GC columns.

Nickel tubing is a fresh answer to
the problems which have confronted !
the gas chromatographer for years |

First, it combines the chemical in-
ertness of glass with the handling
characteristics of metal tubing. No
more struggling with fragile glass
columns!

Comparison of separations of wvari-
ous classes of compounds known to
be adversely effected by stainless steel
columns were investigated. A typical
series of chromatograms is shown.
®**®*As can be seen, the results observed
on a nickel column are comparable to
those obtained on a glass column_****

UNIVERSAL APPLICABILITY

When you simply can't tolerate
impurities or uncertainties in
your starting materials.

Over 100 of the purest reagents and chemicals available
anywhere in the world. Every product is accompanied by a
detailed Certificate of Analysis of the actual lot supplied. In
terms of spectrochemically detectable impurities, ULTREX
products are typically 99.995% to 99.99995% pure. And
the extremely low content of all impurities (often at the parts
per billion level) satisfies the most rigid use requirements

Whenever your requirements for purity and product
definition are stringent, ULTREX ultrapures can indeed
insure against loss of time, effort, and other expenses

Consider ULTREX when you just can't atford to gamble with

Impurities or uncertainties
J.T.Baker
Phillipsburg, N.J. 08865

Write for new ULTREX ultrapure
201 859-5411 'CHEMICALS

Reagent brochure
J. T. Baker Chemical Co.
CIRCLE 19 ON READER SERVICE CARD

Alltech’s technical Brochure No. 29
describes similar results for steroids,
barbituates, catecholamines, ampheta-
mines, pesticides and other difficult to
chromatograph labile chemicals. The use
of this tubing material as an alternative to
glass for analysis of biclogical samples
has been recently reported in literature.*
It was this article which spurred All
tech’s commercial offering of this
material

As more and more nickel tubing is being
used, more and more separations are
being reported almost as fast as the
proverbial rabbit. If this tubing permits
you to make a separation, we hope you
will share it with us, hopefully to every-
one’s mutual benefit

DLING ES

Nickel tubing handles just like met-
al twubing. Connections to your chroma-
tograph are made with easy 10 assemble
metal nuts and ferrules. No longer will
you have to contend with difficult to
connect glass columns or the fragility of
glass which makes the packing and
changing of columns a test of skill for
even the most experienced user

THE NIENCE

Enjoy the convenience of using this low
cost material where you are now using
glass columns. Please write us for our
detailed Brochure No. 29. Perhaps the
contents of this interesting brochure wall
stimulate an idea spinning In your head -
solving one of your nagging prob NARCOTI

lems or just making your life a little e

casier ANALGESICS

ANT

*Journ. of Chrom., Vol. 140/%1/10-1-77/PP 9-15

202 CAMPUS DR.e ARLINGTON HTS., IL «50004

312/392-2670 TWX 910 687 0425
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TWO GIANT

Perkin-Elmer introduces two new groups of liquid
chromatographs - Series 2 and Series 3. They give you
the most advanced LC for your money.

All at once you have unprecedented
alternatives in liquid chromatography.
These instruments are all state-of-the-
ar, significant additions to the Perkin-
Elmer line. They're not cost-burdened
with features that should be options.
Instead, they're an innovative concept
in matching price to performance.

Series 2. Five modular units.

For economy and efficiency, any
LC system you buy should be closely
tailored to the work it must do. This
is the main advantage of the Series 2
modular design. Begin with the sim-
plest practical unit— add more mod-
ules and accessories later.

The Series 2/1,
with a single
pump, is the
basic unit. It's
compatible with
all commercial
LC detectors. The
pumping system has only three mov-
ing parts, so it's dependable and ex-
ceptionally easy to maintain. Series
2/2 adds a sec-
ond pump for
more efficiency
and output. Its
basic linear gra-
dient capability
can quickly ap-
proximate solvent conditions neces-
sary for isocratic separation.

Inthe LC-65T
Detector/Oven,
superior UV/Visi-
ble detection is
combined with
temperature con-
trol. Series 2/1,

combined with the LC-65T, joins the
reliable, convenient solvent delivery
of the one to the spectrophotometric
detection and temperature control of

the other. You get better quality sepa-
rations with improved column effi-
ciency, along with more readily op-
timized separation time. Series 2/2,
combined with the LC-65T, has the
additional pump that provides gradi-

ent and flow-programming capability,
and the Detector/Oven for tempera-
ture control and UV/Visible detection.

Series 3. Two units with micro-
processor control.

Everything you need for highly pre-
cise qualitative and quantitative
analyses is designed into these instru-
ments. At the same time, they have all
the convenience you need for routine
problem solving. Both have their sol-
vent delivery systems under micro-
processor control. And both include
high pressure capability and a wide
flow rate range for analytical and
preparative separations.

Series 3 adds
the precision and
convenience of
microprocessor
control to the
dual-pump sol-
vent delivery
system of Series 2/2. It's also com-
patible with all commercially avail-
able LC detectors. Series 3 with the

LC-65T adds up to the top of the line.
It has the full solvent delivery capa-
bility of the Series 3 along with two
other features for reliable problem
solving: (1) temperature control and
(2) UV/Visible spectrophotometric
detection. The first results in excellent
reproducibility. The second lets you
check each step with confidence in
developing a separation.

A wide choice of Perkin-Elmer
accessories is available for all these
instruments. Find out how efficiently
Series 2 and Series 3 can fit all your
liquid chromatography needs. Con-
tact your Perkin-Elmer representative,
or write Perkin-Elmer Corporation,
Main Avenue, Norwalk, CT 06856.

CIRCLE 167 ON READER SERVICE CARD
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Series 2/2 with LC-65T

Series 3 with the LC-65T



Push-bution Titration.

No Burettes.

New lon Trak II

by Petrolite’

Petrolite lon Trak Il does most of the work. All you do
is put in the sample, push the button and read the
answer.

There is no need for inconvenient and costly
burettes. lon Trak Il automatically performs any titra-
tion where the titrant can be generated coulometri-
cally and where the ion of inferest can be detected
by potentiometric or ion-selective electrodes.

It automatically regulates generation of the titrant
and controls the rate of potential change at the
sensing electrode. As the equivalence pointis
reached. the instrument slows down and automati-

cally shuts off when titration is completed. The an-
swer is displayed in equivalents of the ionic species
of interest.

lon Trak il eliminates the secondary steps necessary
o conventional “automatic* titrators. Easy to use,
versatile and low in cost, it dramatically enhances
sensitivity at trace levels and reduces the need for
back titration. And there’s no warm-up period.

For more information about burette-less, push-
button tifrimetry, write or call Petrolite Instruments
and ask about lon Trak |l.
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/

/
/
{

/
CompLETE |




In the late 1960’s the prevailing
view among many NMR spectrosco-
pists was that the field had reached
maturity, and except for routine ap-
plications, few problems of real inter-
est remmned Thm feelmg led toan

of ph
from the field. Of those that continued
t.o pracuce '.he art, many involved
pplications of the
bject to p 108 in
or to chemical or
problems. However, during that peri-
od several technical and scientific ad-
vances were made which opened new
areas of scientific endeavor. Specifi-
cally, the development of supercon-
ducting solenoids, together with Fou-
rier transform techniques (7), made
observation of spectra of low abun-
dance and/or sensitivity nuclei a rou-
tine matter. The most notable exam-
ple of this is the observation of spectra
of 1.1% abundant '3C nuclei in liquids;
the wealth of information on molecu-
lar conformation, dynamics, etc.,
available from these spectra is enor-
mous.
In addluon, during these and later
hni used for ob
hlgh resoluuon NMR spectra of solids
were developed. It is these techniques
their p and future appli
uons that we will discuss here. In Sec-
tion I we outline the problem of high
resolution NMR in solids; that is, we
discuss the origin of the broad line
spectra one customarily observes in
solids and then outline three ap-
proaches to regaining resolution in the
solid state. The approaches are con-
sidered in order of their chronological
development, i.e., magic angle sample
spinning, multiple pulse techniques,
and magnetic dilution. Given that one
can obtain high resolution spectra in
solids, we consider in Section II what
can be learned from such spectra.
High resolution liquid NMR spectra
are routinely employed in structural
determinations and in the examina-
tion of chemical dynamics in solution.
The observation of chemical shift,
quadrupolar, and dipolar tensors in
solids can also provxde structural data,
and when mol is p
in a solid sample, the spectra can, in
pnnciple, elucidate the rate and
of that motion. In the final
section, III, we discuss some new ex-
periments which combine cross polar-

Yinlaainal

Insfrume‘ntation

H|ql1 _
‘Resolution

luuon. multiple pulse, and sample
spinning techmqus. Each of these ex-
periments is designed to obtain a par-
ticular type of information, and these
hybrid approaches may develop into
the most ucmng and generally appli-
cable of the various experiments. We
should mention at the outset of this
review that in the last year two mono-
graphs concerned with this subject
have appeared. One, by U. Haeberlen
(2), is concerned primarily with multi-
ple pulse techniques; the second, by
M. Mehring (3), discusses both multi-
ple pulse and magnetic dilution exper-
iments. This author highly recom-
mends both of these monographs to
the serious student of solid state
NMR. A re\:;w on sample spmnmg
“

some t.u'ne ago.
L Approacfm to High Resolution

NMR spectra of solids are with few
exceptions characterized by broad
featureless lines. We can understand
the source of this broadening and how
to cope with it if we examine the size
and form of the various terms in the
nuclear spin Hamiltonian. A typical
nuclear spin Hamiltonian is given in
Equation 1 and contains four “inter-
esting” terms:

¥ = Hes + Hy + FHp + FHq (1)
Liquids 10° 10 0 0
Solids 103 10 5Xx10¢ 10°-108

The table indicates the expected sizes
of the various interactions for liquids
andsohdsmHz.mhqmdsthednpohr
(#p) and quadrupolar (#q)

vanish, and only chemical 21:.3 (Fcs)
and scalar coupling terms (#,) con-
tribute. The reason that #p (and like-
wise ﬂq) vunshes in hq\ud.s can be

4.

d by
which is the dipolar Ha'ml(omn
Hp=vh L

i<y

L s e
—ﬁ(h- r,--8r.-,r,~,)

x (@1, =351 @

for two like spins, for instance, two
protons. Here  is the length of the in-
ternuclear vector, the I's are the spin
operations, and vy and A are the gyro-
magnetic ratio and Planck’s constant,
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respectively. Since ri; = r cos 0,
where 0;; is the angle between t‘le lab-
oratory field and the internuclear vec-
tor, we obtain an angular dependence
for #p of (1 — 3 cos? 6;;). In liquids 6;;
is modulated by rapid isotropic molec-
ular tumbling which causes (1 —3
cos? ;) = 0; thus, #p = 0. However,
in solids 6;; is fixed by the orientation
of a crystallite in a magnetic field;
thus, ##p # 0. For two protons #p is
typically ~5 X 104 Hz and is clearly
larger than #cs and #,; when there
are many adjacent nuclei, there are
many splittings, and these lead to the
broad unresolved lines which are well
known. Although #q is generally larg-
er than #p and thus resolvable, the
lines in quadrupole spectra are typi-
cally several kilohertz wide for similar
reasons, e.g., proton dipolar broaden-
ing.

The first attempts to reduce or
eliminate #p in solids were made in-
dependently and simult v
Lowe (5) and Andrew et al. (6) some
years ago. These workers proposed
that rapid spinning about an axis in-
clined at the “magic angle” of 54°44’
with respect to 7, would reduce or
eliminate #p. This approach, which
we call MASS (magic angle sample
spinning), has been employed success-
fully in some instances, but in general
it cannot remove homonuclear dipolar
interactions. The reason for this is
that one must spin rapidly compared
to the magnitude of the interaction,
~5 X 10* Hz for two protons, and at
speeds of ~4 X 10° Hz, one finds that
the rotors begin to disintegrate due to
centrifugal forces. With specially pre-
pared materials one can reach speeds
of ~10% Hz, but to date this seems to
be the practical limit (7). Thus, be-
cause it is not generally possible to
make vg 2 50 kHz, one can employ
MASS only in cases where relatively
small interactions are present. We
note, however, that since the chemical
shift and scalar coupling are tensor in-
teractions of rank two, they can, in
principle, also be eli ted or re-
duced to their trace by MASS. We will
see below that this is quite important
for dilute spin double resonance ex-
periments. In summary, MASS was
thought to be useful only in special
cases. For this reason high resolution
NMR in solids was thought to be un-
achievable until about 1966.

At this time E. D. Ostroff, an elec-
trical engineer designing pulse NMR
spectrometers, did something no self-
respecting NMR spectroscopist would
do—he applied a high-power Carr-
Purcell pulse train to a solid. The re-
sult was that the free induction was
lengthened, i.e., the dipolar broadened
lines narrowed (8a)! At about the
same time similar results were ob-
tained by Mansfield and Ware (8b).
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This experiment led J. S. Waugh and
his coworkers, L. Huber and U. Hae-
berlen, to propose a pulse experiment
referred to as WAHUHA which suc-
ceeded in reducing linewidths in rigid
solids from 104 to ~102 Hz (9). The ra-
tionale for this experiment is quite
similar to MASS in that it averages
#p; however, this is accomplished by
modulating the spin rather than the
spatial factor. We have written Equa-
tion 2 in a form which emphasizes the
mathematical similarity between the
spatial and spin parts; in fact, multi-
ple pulse experiments average about
an axis inclined at the magic angle in
analogy with MASS. However, this
axis is the 111 direction in the rotating
rather than the laboratory frame (2.3).
The third and final approach to
high resolution in solids was suggested
by A. Pines when he was a graduate
student in the laboratory of J. S.
Waugh. This approach utilizes the
1/r3 dependence of #p to achieve nar-
row lines (10). Specifically, if two nu-
clei are separated by 10 A rather than
1A, then Hp for these nuclei will be
reduced by 10°. Because of its 1.1%
abundance, '3C satisfies the condi-
tions for being magnetically dilute;
moreover, an additional reduction in
the size of # 4 occurs because of the
relatively low magnetic moment of '3C
which enters Equation 2 as the factor
72 We will see below that low values
of v, together with “chemical” dilu-
tion, are sufficient to observe high res-
olution spectra from nuclei which are
100% abundant, e.g., '*N and 3!P.
Dilute spin NMR in its pure form is,
however, of little practical importance
since most chemically interesting
species contain protons as well as car-
bon, nitrogen, phosphorus, etc. Thus,
proton-dilute spin broadening must be
removed with large decoupling fields.
In addition, T';, which can be excru-
ciatingly long in rigid solids, can be
shortened In many instances by cross
polarizing dilute and abundant spins
in the manner suggested by Hartmann
and Hahn (11). Pines et al. (10) recog-
nized that cross polarization also en-
hances the dilute spin polarization by
a factor of (v;/vs) where I and S refer
to the abundant and dilute spins, re-
spectively. Since the abundant spin is
usually protons, the name given to this
experiment is proton enhanced nucle-
ar induction spectroscopy (10).
Finally, we should mention that two
other double resonance schemes have
been proposed for examination of rare
spin species (12). These techniques
rely on detection of changes in the
abundant spin signal after cross polar-
ization with rare spins and are re-
ferred to as “indirect detection” meth-
ods. While these approaches do not
offer much advantage in terms of sig-
nal-to-noise over the direct method
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Figure 1. Absorption line shapes for
polycrystalline samples with (a) axially
asymmetric and (b) axially symmetric
chemical shielding tensors

Principal values 14, 022, 8nd 033 [011 = 02, =
@, 033 = 041 in (b)] can be read off directly
Reprinted by permission of the American Institute of

for nuclei such as 13C, they may prove
very useful for study of lower v nuclei.

Il. Anisotropic Magnetic
Interactions

High resolution spectra of solids
distinguish themselves from spectra of
liquids in that they display the anisot-
ropy of the chemical shift, dipolar,
and quadrupolar tensors. We now dis-
cuss examples of each and what can be
learned from the study of these inter-
actions.

Chemical Shift Tensors. The first
examples of chemical shift tensors
were derived from multiple pulse
studies of '°F in powders (13) and sin-
gle crystals (14, 15). Since then dilute
spin double resonance and multiple
pulse experiments have been used to
study shift tensors of a number of nu-
clei including 13C, 'H, 15N, 31P, 295,
and 2H. (For a summary of most of the
available data, see Chapter 6 of ref. 2
and Chapter 5 of ref. 3.) As an exam-
ple, we discuss !3C tensors of carbonyl
and carboxyl groups, since at this time
they are the most thoroughly investi-
gated and illustrate the type of infor-
mation that can be obtained.

In general, a symmetric second rank
tensor possesses six independent ele-
ments: three principal values of the
tensor and three Euler angles that re-
late the principal values to some refer-
ence frame, for instance, the unit cell
axes. If the orientation of the mole-
cules in the unit cell is known, then
the tensor can be related to molecular
axes. This requires a single crystal
study, and we discuss below the man-
ner in which one performs this experi-

Acetic Anhydride

\\w\‘v\,‘a

11 11

Methyl Acetate {\}' |

J
i\ |

1 ;|

Acetic Acid

|

j/r/\\»\J

i e O] N 1
Silver Acetate l

L

|
[
/

Acetaldehyde

Signal

(Arbitrary Units)

-160 -80 0

Chemical Shift
(ppm From Liquid CeHe)

Figure 3. '3C single crystal spectrum of
AHOX taken with C; #,
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cal analysis of these lineshapes has
been dealt with elsewhere (2, 3, 16),
and we simply note that one can ob-
tain the principal values of the shift
tensor directly from these spectra as
shown in Figure 1. Figure 2 illustrates
a series of 13C powder spectra for a
ber of d ining car-

bonyl groups; in all of these com-
pounds oy and o33 are nearly identi-
cal, but g2, moves from being equal to
a1 to being equal to o33. Thus, the
reason that isotropic '3C chemical
shifts are different in these com-
pounds is due to the fact that a29
changes (10).

As mentioned above, a single crystal
study is required for a complete deter-
mination of a chemical shift tensor. In
such a study one measures line posi-
tions as the crystal is rotated in the
magnetic field. Generally, three or-

g, Y, P
Acetone i
\
h i1 1 | ey
-200 -100 0 100 200

Figure 2. '3C spectra of polycrystalline
compounds containing carbonyl groups
Low field patterns from carbonyls, and high field
from methyl groups. Temperatures: all ~77 K.
Note ivity of 032 10 F

axis calibrated in ppm relative 1o external CgHg
(23°C)

Regprinted by permission of the American Institute of
Physics

ment. In the event that single crystals
are not available, then powder sam-
ples can be examined, although at a
partial loss of information. Specifical-
ly, from powder spectra one obtains
only the principal values of the tensor
and not the orientation. Figure 1 illus-
trates a theoretical powder spectrum
for an axially symmetric and axially
asymmetric shift tensor. The theoreti-
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thogonal crystal orientations are re-
quired. A typical 13C spectrum of a
single crystal of ammonium hydrogen
oxalate hemihydrate (AHOX),

NH HC,0,4 - bH,0 (17), is shown in
Figure 3. Rotation plots giving line po-
sition as a function of rotation angle
for three different orientations are
shown in Figure 4. The data of Figure
4 can be analyzed to yield not only the
principal values of the shift tensor,
but also its orientation in the molecu-
lar frame. Figure 5 illustrates the ten-
sor orientations for the two different
—CO,~ groups in AHOX. For the ion-
ized CO, the 0y, element is almost
along the C—C bond, but for the pro-
tonated COy, 01, is rotated about 24°
around o33, which is perpendicular to
the 0—C—O plane, so that g2, is al-
most parallel to the C=0. The move-
ment of the o,, toward the C—O di-
rection with increasing double bond
character has been observed in a num-
ber of cases. In summary, then, we see
that the reason carboxyl and carbonyl
shifts are different in high resolution
liquid spectra is that 23 changes, and
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Figure 4. Rotation plots of AHOX ob-
tained by rotating crystals about a, b,
and c axes of unit cell

Reprinted by permission of the American Institute of
Physics

Figure 6. "N spectrum of NH ions in AHOX
Despite 99.4% abundance of "N, lines are ~300 Hz full width. In other crystal orientations splittings

reach ~500 kHz. C axis, 60°. vy, = 21.200 MHz

Reprinted by permission of the American Institute of Physics

Figure 5. Schematic representation of
AHOX molecule illustrating orientation
of ionic and protonated carboxyl ten-
sors

33 elements of both tensors perpendicular to
plane of page (0—C—O plane)

Reprinted by permission of the American Institute of

concurrent with the change in g2z is a
change in the tensor orientation.

As data accumulate on shift tensors,
trends such as were observed for
—CO, groups are beginning to
emerge. For instance, m aromatic car-
bons a3 is always perpendicular to the
aromatic ring (18, 19); in C=C ten-
sors, o2 is along the C=C direction
(20). In POy groups, gy, is approxi-
mately perpendicular to the 0—P—O
plane formed by the shorter of the two
P—O bonds, and o5, approxi 1

Figure 7. '3C dipolar spectrum of DAOX
13C; doublets

around natural lines due

Weak lines due to 1.1% natural
to 3C—13C dipolar splittings

This invariance of shift tensors could
be employed in structural studies.
Perhaps the greawst potential lies in
studies of disord liquid
crystals (23), Polymers (24)—where
diffraction techniques yield only lim-
ited information.

Quadrupolar Tensors. Although
nuclear quadrupole spectra in solids
have been studied for many years with
pure guadrupole resonance and con-
ventional NMR techniques (25, 26),
there are advantages to examining
these nuclei by the techniques out-
lined in Section L First, decoupling of
abundant spins yields more well-re-
solved spectra. In addition, spins with
121 generally possess low gyromag-
netic ratios; consequently, cross polar-
ization and Fourier transform tech-

confers the advantage of increased
resolution. For instance, quadrupole
couplings for 2H and !N are 10° and
105-106 Hz, respectively. With 102 Hz
linewidths, this yields a resolution of
10~3-10~4, which compares favorably
with resolution obtained in '3C spec-
tra of liquids at superconducting
fields. This is illustrated in Figure 6
which is a typical spectrum of the
14NH,* ions in a single crystal of
AHOX (27). This spectrum was ob-
tained in a crystal orientation where
the lines were all within the 100-kHz
spectral window of our spectrometer,
but in a general orientation the split-
tings reach 500 kHz. The linewidths
here are ~300 Hz full width, and the
two sets of four strong and weak lines
correspond to the two differently hy-

niques are very helpful in ob

bond "“NH‘ ions in the

p From the scientific point

y
bisects the 0—P—O angle (21, 22).

the
of view, the quadrupole interaction
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crystal lattice. The intensity differ-
ence arises because we were recycling
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in solution)

Figure 9. '3C NMR spectra of polysulfone

Figure 8. Two-dlmenslonal local ﬂald spectrum ol Sr(HOOz)-

2H,0 Top: 13C shift sp with dilute mnmt;s
Nsori.nmimC(!)—Mde(Z)—HbormmmMB =3.7°and resonance. Middle: '*C spectrum obtained with double resonance and MA!
0,=020‘w|mﬂ°.rupocﬂvolr c—Hapohr;p(m;mnz.m Bottom: Normal FT spectrum of polysulfone in solution
6.3 kHz,

the experiment at a rate ~1/T. Be-
cause 14N is 99.4% abundant one can
obtmnapectrahkeF:gureSmafew
of signal ing. To date,

there have been only a few high reso-
lution solid state studies of quadrupo-
lar nuclei, but this promises to be a
growing field of research. With these

ies one should be able to i
disorder and rates and mechanisms of
molecular motion in single crystals;
because the signal-to-noise is good,
one can think of studying single crys-
tals of relatively large molecules to
partially determine t.heu' structure. Fl-
nally, we tion that d
quantum experiments may be used to
decouple quadrupolar species from I
= % nuclei—for instance, 2H from 'H
(28)—and also to remove the quadru-
polar interaction (29).

Dipolar Tensors. Early in the de-
velopment of NMR, Pake (30) showed
that dipolar splittings in NMR spectra
would yleld internuclear distances and
directions. H , except in speci
cases, the multnude of such sphttmgs
led to an unresolved spectrum, and
this approach quickly fell into disre-
pute. Today, with the development of
high resolution solid state techmquu,
this type of experiment is again at-
uacuveuthelpectmmofl’xgum 7

1at, -;

(DAOX) (NH,)2C204 HgO which
contains ~5 mol % doubly !3C labeled
oxalate ions, e.g., 13CO,-13CO,. In the
DAOX crystal lattice the oxalate mol-
ecule is nonplanar, i.e., the

planes are twisted by 28° with respect
to one another (31). Consequently, the
two ends of the molecule have differ-
ent chemical shifts. Thus, the two
weak lines in the spectrum are due to
the two differently oriented 1.1% nat-
ural abundance CO; groups in the
crystal. The four strong lines are due
to the doubly enriched oxalate
moieties and show dipolar splittings
because each 13C is adjacent to anoth-
er. Thus, a study of the angular de-
pendence of this splitting will yield
the internuclear C—C distance and
direction in the unit cell (32). Other
examples of dipolar splittings which
have been observed are 4N splittings
in 13C spectra of glycine (33) and
Kth(CN)4BI'o_r3H20 (34), and 1°F
splittings in 'H spectra of KHF; (35).
It is also possible to observe 'H split-
tmp in 13C spectra and thus to deter-
mine C—H distances and directions,
with an experiment which combi

tion NMR of liquids was the discovery
that one could study rates and mecha-
nisms of fast inter- and intramolecular
chemical reactions in solution (36).
High resolution solid state techniques
permit examination of similar phe-
nomena in solids. Specifically, they
allow determinations of rates of aniso-
tropic molecular motion, and they
provide detailed information on the
mechanisms of such motion. In early
studies it was shown that benzene
rings reoriented about their Cg axis
(12) and that —CF;3 groups rotated
rapidly about their Cj axis (13) in the
solid. At that time it was assumed that
this motion was continuous. More re-
cent work has demonstrated the fact
that tepwise rather
than continuous motion. For instance,
P, tetrahedra jump by 109° steps
(37), and benzene rings move by 60°
steps (38). Similarly, water molecules
execute 180° flips about the H—O—H
bisector (39). Since motion in the
solid state must reflect the symmetry
of the lattice, one might, after a mo-
ment’s thought, find these results not
terribly surprising. Nevertheless, the
NMR spectra provide rather convinc-

multiple pulse and dilute spin doubl
resonance techniques. We discuss this
hybrid experiment below.

Motion in Solids. One of the most
exciting developments in high resolu-
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ing evid of thed te nature of
the motions. Thuu, obeervatlon of mo-
tionally
tensors can provnde detaded informa-
tion on dynamic processes in solids.
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L. Hybrid Experiments

In the last year or two, several ex-
periments have been performed which
combine multiple pulse, magnetic
dilution, and MASS in very effective
and interesting fashions. Recently,
Hester et al. (40) and Stoll et al. (41)

rated that C—H dipolar cou-

plings, and thus C—H distances and
directions, can be obtained by com-
bining multiple pulse and dilute spin
double resonance. In this experiment
one first cross polarizes and then per-
forms a WAHUHA or MREV-8 (2, 3)
multiple pulse experiment on the pro-
tons for some variable time 7. During
this time the protons in the lattice are
decoupled from one another but not
from the 13C’s. Following this period is
a second period, ¢, where the protons
are decoupled from the 13C and the
free indyction decay is recorded. Next,
a double Fourier transform is per-
formed as a function of ¢ and 7 to
yield the dipolar split chemical shift
spectrum. A typical two-dimensional
spectrum of a single crystal of
Sr(CHOz)g-Zﬂzo is shown in Figure 8;

this spectrum can be analyzed to ob-
tain C—H distances and directions
(42). Thus far, this technique has
been used to locate 'H positions in Ca
formate and Sr formate (40, 42), C¢Hg
(41, 43), ammonium hydrogen malo-
nate (42), and, tetramethylcyclobuta-
1,3-dione (42).

The second hybrid experiment, and
possibly the most generally useful
from an analytical point of view, com-
bines MASS and dilute spin double
r This technique, first dem-
onstrated by Schaefer and Stejskal
(44), utilizes high power decoupling to
remove proton dipolar interactions. At
low fields and/or high spinning rates,
MASS reduces shift anisotropy pow-
der patterns to single “high resolu-
tion” lines. A spectrum that illustrates
this for the polymer polysulfone is
shown in Figure 9. At high fields
where the shift anisotropy is large
compared to the spinning rate, the
lines still narrow but sidebands appear
in the spectra (45). From a strict high
resolution standpoint, these sidebands
are annoying, and a clever technique
involving synchronous sampling can
be used to remove them (46). How-
ever, the intensity of the sidebands
and their number contain information
on the shift anisotropy and are thus
potentially an important analytical
tool (45). In summary, we see that
with MASS and double resonance, one
can potentially obtain a high resolu-
tion NMR spectrum of an arbitrary
powder sample. Thus, this technique
should be useful for studying a num-
ber of systems such as polymers which
cannot be crystallized or otherwise




made to yield a “high resolution”
NMR spectrum.

IV. Conclusions

One often hears the NMR spectros-
copist use the phrase “everything is in
Abragam” (47), but this is not quite
true. The last decade has witnessed
the development of high resolution
NMR techniques for studying solids,
and consequently, the opening of sev-
eral new avenues of scientific research.
The idea of averaging in “spin space”
in the rotating frame permits observa-
tion of high resolution spectra of
strongly coupled spin systems in sol-
ids, e.g., 'H and '9F. The simple ap-
proach of magnetic dilution, either
isotopic or chemical dilution, together
with decoupling, allows observation of
spectra of many other nuclear species.
The information such spectra provide
on the anisotropy of magnetic interac-
tions should form the basis for a bet-
ter understanding of the quantum

hemical aspects of magnetic
shielding, and it should also be useful
for examining structure and dynamics
in the solid state. For example, knowl-
edge of the molecular orientation of
chemical shift and quadrupole cou-
pling tensors can be used to interpret
the NMR spectra of ordered and dis-
ordered systems to provide informa-
tion on molecular structure. Data on
bond distances and directions can be
had rather easily from dipolar split-
tings, and we have seen such splittings
are observable when dilute spin pairs
are present and in hybrid multiple
pulse—double r experi s.
Dynamic processes in solids can be ex-
amined by observing motionally aver-
age magnetic resonance tensors. To
date there has been only a handful of
such experiments; nevertheless, they
have demonstrated rather convincing-
ly the discrete rather than continuous
nature of molecular reorientation. Fi-
nally, by combining MASS with mag-
netic dilution, it is possible to obtain
narrow line spectra of powdered sam-
ples. Although this hybrid approach to
high resolution in solids is still being
developed, it shows promise of becom-
ing a powerful analytical tool for
studying amorphous, sparingly solu-
ble, or otherwise intractable solid
samples.
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International Participation in Scientific
Meetings

The typical European scientific meeting is international in character,
whereas most meetings in the U.S.A. have few, if any, foreign partici-
pants. The reason does not lie in a lack of appreciation by Americans of
the contributions of their foreign colleagues, but rather in the practical
difficulties of meeting the costs of travel. Granting agencies in the U.S.A.
have for years provided at least a modest level of support for Americans
to attend meetings in foreign countries, but our own meetings often tend
to lack the proper international perspective because corresponding
support is not available in other countries.

This brings up the question of what would be the most economical and
efficient means of sponsoring increased numbers of foreign visitors. From
the viewpoint of economy and maximum benefit, what is needed is
usually just one or two specialists at each of a number of conferences
rather than a large number at one or two meetings. A peer review would
be needed both on the conference and the suggested participants. Such
a peer review system appears so administratively cumbersome as to
explain why it has not happened. Yet it would seem possible to set up
a single program within an agency such as the National Science Foun-
dation, open to competitive requests by the organizers of symposia for
participation by specific foreign specialists. Reviewers could be called
upon for peer judgments to assure quality and equitable distribution
of allocations.

Whatever the details of procedure, most of our scientific meetings
would benefit from increased participation by our colleagues from
overseas. Communication of current progress by personal contact rep-
resents a largely intangible but nevertheless important stimulus; to
creative work, and its effectiveness should not be severely limited by

geographical barriers.
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Spectroscopic System for the Study of Fluorescent Lanthanide

Probe lons in Solids

Marvin P. Miller, David R. Tallant,’ Frederick J. Gustafson, and John C. Wright*

Department of Chemistry, University of

It has recently been shown that lanthanide lons can be used
as fluorescent probes for the study of the defects in solids and
for qualltative and quantitative determinations of trace con-
lons of foreign lons included In the lattice. A spec-
troscopic system based on a tuneable dye laser excitation
urce Is described which Is capable of selectively exciting
the probe lons present In different crystallographic sites.

FaeItm for ring the fi nt lifeth using signal
havo been developed, In addition to a computer
ystem for obtaini; Itation and absorptk
spectra simultaneously, callod EXABS. The use of this tydem
allows the d inath | effick and
the cal of ! du ! Al ledg

of these physical p ters Is ntlal for the develog t
and refinement of a new analytical procedure, based on the
effect of foreign lons on the site and fii

Intensity of the lanthanide lon probe. Thus, the instrument has
been constructed with the capabllity to undertake a wide
varlety of spect pic experiments of elther a fundamental

or an analytical character.

The crystal field splittings of lanthanide ions can be used
as fluorescent probes of the short range structure in their
immediate vicinity when placed in an ordered environment.
Since in any real sample of analytical interest the lanthanide
ions may encounter many local environments, a practical
system must discriminate between the fluorescence transitions
of the probe ions present in different crystallographic sites.
The key idea for providing the necessary discrimination is the
use of a narrow-band, tuneable dye laser which can selectively
excite fluorescence from specific sites. This technique has
been used to provide new insights into a number of funda-
mental problems in the understanding of solid materials and
has recently been used to perform trace analysis by selectively
exciting probe ion luminescence (SEPIL) with very high
analytical sensitivity and selectivity (7, 2). In the SEPIL
method, lanthanide ions are incorporated into crystalline
lattices as fluorescent probes by a variety of techniques. The
inclusion of other ions into the lattice perturbs the crystal field
levels of nearby lanthanide ions which produces a site with
different optical transitions. The intensity and wavelength
position of the transitions can be used for quantitative and
qualitative ts of the included ion. Alternatively,
trace lanthanide ion concentrations can be measured directly.
The continuing development of this new technique, however,
requires more than the ability to measure intensity as a
function of wavelength or concentration which by themselves
do not provide any insight into the physical mechanisms
behind these observed intensities. It is also necessary to know
the radiative quantum efficiencies, radiative and nonradiative
relaxation rates and mechanisms, absorption coefficients, and
site concentrations for all sites present in a sample. Thus the
selective laser excitation technique must be modified to permit
the measurement of these important quantities while retaining

! Present address, Sandia Laboratories, Albuquerque, N.M. 87115.
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the ability to discriminate between sites. For this reason, a
system has been developed which allows both the fundamental
studies of the physical processes and the analytical deter-
mination of trace concentrations of a dopant lanthanide ion
or an ion coprecipitated into the lattice.

Studies of single crystals of the fluorite structure materials
used for the ultra-trace analysis of lanthanide ions have been
investigated with this system to understand the mechanisms
behind the site distributions and the intensities observed. In
these materials, the trivalent rare earth ion replaces a divalent
cation, thus requiring a charge compensation. The different
configurations of the rare earth ion and its charge-compen-
sating ion produce a number of distinct crystallographic sites.
The use of this system has led to an understanding of the
dependence of the nonradiative relaxation rate on the energy
gap between adjacent electronic levels. Measurement of
fluorescent lifetimes and radiative quantum efficiencies allows
the selection of efficient fluorescence transitions for devel-
opment of an analytical method. By using the narrow-band
dye laser excitation source, the individual charge compensated
crystallographic sites present in CaF,, SrF,, and BaF, have
been identified (3-5), permitting the identification of these
same sites in powder samples formed for analytical deter-
minations. A study of absolute site concentrations for each
site as a function of total dopant concentration has led to an
understanding of the necessity to convert all dopant ions to
a single site symmetry for analytical work to eliminate the
complex site distribution equilibria among sites (6, 7).

The purpose of this paper is to describe the apparatus and
procedure that have been developed and used in both the
fundamental and applied aspects of this research. The ap-
paratus is complex and for that reason has not been discussed
in the previous papers. A detailed description of the apparatus
is important, however, in understanding the SEPIL technique.
A basic outline of the necessary theory will be presented,
followed by a detailed description of the experimental ap-
paratus used. Data will be presented to demonstrate the type
of spectra obtained with selective excitation and to illustrate
the physical measurements that are possible.

THEORY

The fluorescence intensity of a spectroscopic probe ion is
determined by the radiative quantum efficiency, which in turn
is a function of the radiative and nonradiative processes that
can allow relaxation from an excited state back to the ground
state. The measured fluorescent lifetime of the excited state,
71, is determined by the sum of the radiative rate, wg, the
vibrational relaxation rate between successive levels, wy, and
the rate of energy migration to a sink, wy.

1
T FwrTwrp twytwy (1)
Tr

If the nonradiative quantum efficiency for relaxation be-
tween adjacent levels, f, is defined as the ratio of wx/wr, the
radiative quantum efficiency, n becomes:

) T
wnlf (2)

T We
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Figure 1. Diagram of the energy levels required for measurement of
the efficiency of relaxation from level 3 — 2. The Intensity of
fluorescence from 2 — 1 s d b direct from
o— 2 and indirect excitation from 0 — 3 followed by relaxation from
3 —

The quantity f can be measured directly by the EXABS system
described later. A value for wy can be determined because
it alone will show a dependence on the probe ion concen-
tration. It therefore can be determined by measuring the total
rate as a function of concentration and extrapolating to zero
probe ion concentration.

For crystallographic sites consisting of a single ion, the
relaxation rate between adjacent levels will result only from
multiphonon relaxation because exciton migration and energy
transfer can be neglected. If the site consists of two or more
ions capable of nonradiative energy transfer steps which result
in relaxation to a lower level and are competitive with the
multiphonon relaxation, the determined rate will be a
summation of the two nonradiative rates involved (8). Since
the multiphonon rate is independent of site symmetry, the
rate of energy transfer can be calculated by determining the
total radiative rate and the nonradiative quantum efficiency
for both single pair and dimer sites.

In order to understand the requirements for deter

Stepper PINA
Control

n-mgumv

lnwmm

Monownmﬂn i |0~3

Figure 2. Block diagram of experimental apparatus. Dashed lines
indicate light path

capability to correct for source intensity fluctuations.

INSTRUMENTATION

Since the spectroscopic apparatus is called on to perfonn a

variety of different measur each requiring a unique
figuration of the available ¢ the basic system design

was chosen to allow the freq i h of all
The foundation of the optical system was the rail and rider design
of Walters (10) which enables optical components to be positioned
on the optic axis quickly yet accurately with high long term
reproducibility. The remainder of the system was built around
this optical base. A block diagram of the entire apparatus is nhuwn
in Figure 2. The switch di variable
which permit the different ired. Each possibl
connection will be described in detail in subsequent sections. In
this section, the components will be described individually, with
further information given in Table L.

the nonradiative quantum efficiency, the 1
energy level diagram shown in Figure 1. If fluorescence is
monitored from the 2 — 1 transition while exciting the 0 —
3 or 0 — 2 transitions, utilizing the ideas of Partlow and Moos
(9), the fluorescence intensity for these two cases can be
described by:

P(2
I(2) = z(y-}az”luﬂ (3)
1(8) = o Yasfna® @

where I,(2) = observed fluorescence intensity from 2 — 1
exciting 0 — 2; I5(3) = observed fluorescence intensity from
2 — 1 exciting 0 — 3; P(2), P(3) = power of dye laser exciting
0— 2,0 — 3; vy, v3 = frequency of the 0 — 2, 0 — 3 transitions;
ag, a3 = absorptivity of 0 — 2, 0 — 3 transitions; n,; = radiative
quantum efficiency from 2 — 1; f3, = nonradiative quantum
efficiency from 3 — 2; and Q = instrumental constant.

Eliminating the common term from Equations 3 and 4 and
solving for f3; yields:

vs P(2) 1) a3

ion Sources. A nitrogen laser pumped tuneable dye
laser is used as the primary excitation source. The high rf noise
levels from the nitrogen laser discharge prevented the use of TTL
level signals with the laser as purchased. In order to correct the
problem, the power supply was disassembled and rebui't as an
integrated component within the laser head itself since shielding
of the two separate units proved insufficient. A double walled,
insulated copper mesh enclosure was constructed around the laser
head wﬂ.h both shlelds hored to a d
Ited in the suppressi oft.berfnomtoneghglble
levels and permitted the operation of the laser in the presence
of the sensitive electronic circuits described below. A procedure
similar to this has recently been reported by Defreese and
Malmstadt (11).

The nitrogen laser is normally operated at a repetition rate of
16 Hz. It is focused onto the dye cell by a two-lens system
consisting of a 152-mm focal length bi-convex spherical lens and
a 102-mm focal length cylindrical lens, producing a focused
horizontal beam about 10 mm across. The dye laser cavity follows
the design of Hansch (12), utilizing an echelle grating, beam
expanding telescope, dye cell and output mirror, giving a beam
FWHM of 0.01-0.02 nm. The echelle grating (Model TF-R2, PTR
Inc., Ann Arbor, Mich.) has a 63°35’ blaze angle with 316
groo&es/mmand is used in 8th to 15th order. It is scanned li
in hbya ional design sine bar mechanism driven
bya stepper motor (Type SS50-1001, Superior Electric Co., Bristol,
Conn.). The stepper motor can be driven manually by a controller
or remolely under computer control. The beam expanding
is constructed from a 120-mm focal length achromatic

I 1@ P s %)
Thus in order to calculaw fa2, one needs to e the
transition fr the flu ities, absorp-

tivities, and excitation beam powers for the two cases. Because
of pulse to pulse variations in dye laser intensity and fluc-
tuations in the dye laser bandwidth, it would prove difficult
to measure the absorptivities and fluorescence intensities at
different times. For these the EXABS system was
developed to allow the sunultaneous measurement of ab-
sorbance and us ting any measurement
error induced by different excitation bandwidths, with the

doublet. (LAU 117, Melles Groit, Irvine, Calif.) and a -5-mm focal
le ng lens. These i ive lenses allow tuning over
the bandwidth of the dyes used without refocusing. The output
mirror is a Hershel wedge (Edmund Scientific, Barrington, N.J.).
In order to facilitate dye interchange and to reduce the volume
of dye required when expensive dye solutions are needed, a quartz
cuvette is used in place of the conventional large volume flow cell
design. The cuvette was constructed (ESCO Scientific, Oak Ridge,
N.J.) with the opposing sides wedged at an angle of 1.5° to prevent
amplification of broadband emission. It has a total volume of
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Table 1. C ts of Instr

Component
Minicomputer
Minicomputer interface system

Transient recorder

M. q

/spectr

Photomultipliers

Description and manufacturer

Model PDP/8f computer (Digital Equipment Corp., Maynard, Mass.) 8K core, M1703 input
interface, M1705 output interface, ASR-33 teletype. . .

Lab constructed, enables multiplexing of input and output lines, self-contained +5 V = 15
V power supplies, plug in circuit card construction.

Model 802 (Biomation, Cupertino, Calif.) dc to 500 KHz, 1000 channel, 500 ns to 20 ms
per channel. .

Model CT-103 one-meter spectrometer (Interactive Tech. !nc., Los Gatos, Calif.) 1200
grooves/mm grating blazed for 1 um, straight adjustable slits. . )
Model 82-410 '/, -meter monochromator, (Jarrell-Ash, Waltham, Mass.) high blaze grating;
1180 grooves/mm blazed for 600 nm. Low blaze grating; 590 grooves/mm blazed for 1
um, interchangeable fixed slits. L .

For 1 meter: Type 9658R (EMI Gencom Division, Plainview, N.Y.) with extended S-20

photocathode.

For /.-meter: Type 1P28 (RCA, Harrison, N.J.) with S-5 photocathode.

PIN photodiodes
photodiode.
Cryogenic refrigerator

Model PIN-10 (United Detector Tech. Inc., Santa Monica, Calif.) Schottky barrier
Model CSW-202 (Air Products and Chemicals, Inc., Allentown, Pa.). Two stage

refrigerator capable of 10 K, with water cooled compressor.

Gated integrator
Stepping motor controllers

Lab constructed, variable gate width and delay, dual channel. )
For 1-m monochromator: Model 103/210 (Interactive Tech. Inc., Los Gatos, Calif.)

allows variable scan speeds in both manual and computer controlled opcralior?.
For dye laser: Lab constructed, either manual or computer controlled scanning of the

dye laser.
Nitrogen laser

supply.
Dye laser
Strip chart recorder
X-Y recorder

signal modules.

Model UV300 (Molectron Corp., Sunnyvale, Calif.) 300 kW pulsed with 30-kV power

Shop constructed, all components mounted on rigid rail system (see text).
Model 680 M (Hewlett-Packard, Pasadena, Calif.).
Series 2000 Omnigraphic (Houston Instrument, Belleair, Texas) with Type 3 and Type 6

about 3 mL. A Teflon-coated cell stirrer is placed inside the quartz
dye cell and the cell is mounted above a magnetic stirrer. When
the dye solution is placed in the cell it is constantly stirred,
avoiding any local saturation of the dye and yet the total volume
of dye needed is kept small. A single solution cf dye can normally
be used continuously for an 8-h period with only a minor deg-
radation of output power. However, the dyes used in the near
UV tend to deteriorate at a more rapid rate, requiring a new
solution within 2 h. In addition to the tuneable dye laser excitation
source, a high intensity air cooled tungsten-iodine lamp and a
water cooled mercury capillary lamp (Model C-1-L, Illumination
Industries, Inc., Sunnyvale, Calif.) are available for experiments
requiring a conventional source.

Sample Holders and Temperature Control. A cryogenic
refrigerator unit is used to provide sample temperatures between
10 K to 300 K. The sample is mounted in a holder (see Figure
3) appropriate for the experiment being run. The holder is
mounted in thermal contact with the refrigerator copper cold
finger through an indium washer and the refrigeration unit is then
evacuated. For single crystal samples, thermal contact with the
holder is maintained by a conductive grease (Cry-Con, Air
Prod and Ch Is Inc., All , Pa.). Powder samples,
such as precipitates, are packed into depressions in the holder
shown in Figure 3a with an aluminum rod. The laser beam is
directed onto the samples by a set of optics appropriate for the
particular sample holder. For the powdered les, a cylindrical

fluorescent manifolds are in the range of 100 s to 10 ms, allowing
temporal discrimination between the analytical fluorescence and
the broad background. Powder sample lifetimes can be measured
in the same manner as single crystal lifetimes, as described later.
The observed fluorescence intensity can be corrected for laser
power fluctuations using the EXABS system. A similar system can
be used for opaque single crystals.

When the maximum amount of fluorescence is required for
single crystal samples, a holder is used (see Figure 3b) in which
the beam is directed vertically through the crystal by reflection
from a mirror mounted on the holder beneath the crystal. The
resulting vertical line of fluorescence can be focused on the
monochromator entrance slit. For experiments that require
absorbance measurements, a sample holder is used (see Figure
3c) that allows the beam to pass through the crystal in the
horizontal direction while the fluorescence is observed at right
angles through the front surface. Since the fluorescent line in
the crystal is orthogonal to the vertical slit height of the
monochromator, the observed fluorescence intensity is corre-
spondingly much lower than that observed with the holder shown
in Figure 3b. This configuration is optimum however, for those
experiments that require the fluorescence intensity to be in-
sensitive to optical alignment.

Detectors and Wavelength Isolation. The fluorescence
excited in the powdered samples or crystals by the dye laser is
itored by either the 1-meter or the !/,-meter monochromator.

and spherical lens combination is employed to focus the beam
onto the sample in a vertical line. To introduce other samples
into the fixed optic axis successively as required for multiple
analyses or external dardization techni the cryogenic
refrigerator is raised and a spacer inserted, aligning the next
sample with the beam. The angle between the sample face and
the laser beam in the horizontal plane is about 35°, with the
le 1 fi d with an ach ic lens onto a
mechanical chopper and then onto the entrance slit of the
h The chopper is used to block the optical path

to the monochromator for about 30 us after the laser has fired
geis ey to the ph Teinlt ey

(e ] 1

P

le, arising possibly from p ric fluc p
induced by the laser pulse. The laser is triggered by a variable
hronized to the chopper to maintain proper timing.
For most lanthanide fluorescence transitions, the lifetimes of

1476 » ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

The !/ ~meter instrument is used with sufficiently wide slits to
provide a bandwidth of about 7 nm. For typical samples, this
bandwidth is large enough to allow the detection of fluorescence
from all crystallographic sites p . For of
individual fluorescence lines, the 1-meter monochromator is used
in second order to provide a dispersion of 0.4 nm/mm. The
photomultipliers described in Table I are used as detectors in the
visible, with a PIN photodiode or PbS detector available for
measurements in the near IR. The ph Itiplier or photodiod
output is amplified by a current to voltage converter (labeled as
a preamp in Figure 2) with a variable gain of from 10* to 10° V/A.
The preamplifier output is then either directed to the gated
i or to the t i d ing motor control
unit allows either local or computer controlled scanning of the
1-meter monochromator.

For the measurement of absorbance, two PIN photodiodes are
used. A portion of the laser beam is diverted into the channel
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Figure 3. Sample holders. (a) For powder samples; fluorescence
observed orthogonal to plane of page, analytical determinations. (b)
For single crystals; time and site jon studies. (c)
For single crystals; exass holder, for quantum efficiency, site con-
centration and classification studies requiring absorption measurements

A photodiode holder by a beam splitter. The beam then passes
through two pieces of frosted glass that minimize the highly
directional character of the beam. A set of neutral density filters
is used to reduce the intensity of the beam further so that it is
within the linear response region of the photodiode. Thus, when
the light strikes the photodiode, it is diffuse and the entire surface
of the photodiode is illuminated. Any small wandering of the
beam position will have a negligible effect on the intensity of the
light actually striking the surface of the photodiode. A technique
similar to this has been reported to eliminate a variation in
detector response due to a nonuniform detector surface (11).
Hence the signal detected by channel A is directly proportional
to the intensity of the beam incident on the sample.

A second PIN photodiode, designated as channel B, senses the
beam after it passes through the crystal. Before striking the
detector surface, the beam is scattered by passing through frosted
glass and attenuated with several neutral density filters. Since
the intensity of the beam is measured before and after it passed
through the sample, the absorbance of the crystal can be cal-
culated. It should be noted that this absorbance measurement
is possible only when the crystals are mounted in the sample
holder shown in Figure 3c, but the channel A photodiode can be
used to detect the incident beam intensity with any holder
enabling the correction of the detected fluorescence for fluctu-
ations in the nitrogen laser power from pulse to pulse, as described
more fully below.

The current output of the photodiodes is amplified by a 3-stage
preamplifier in the current-to-voltage converter configuration with
gains of between 10° and 107 V/A. The preamplifier response
has a rise time of ca. 5 us and a decay of ca. 150 us as required
for the peak readers.

The peak readers are a modification of the design of Egbert,
Selzer, and Yen (13) which allows use from 0-10 V. The circuit
diagram is shown in Figure 4. The first two operational amplifiers

10 FET switch
on other channel

Figure 4. Peak reader circuit

(OA1 and OA2) are both in the feedback loop, with the third, OA3,
wired as a unity gain mverter producmg a posmve output. The
output of one ch 1 of the pr lifier is ted to the
noninverting input of OA1 which is essentially a voltage follower.
Hence the output of OA1 will slew to follow the input, but will
overshoot slightly, since direct feedback is inhibited by the IN914
diode, until the voltage level at the output of OA2 tracks up to
the signal level.

The output of QA1 drives the base of Ql controlling the
collector-emitter current which ch the ing
C2 until it is at the voltage of the input signal. This capacitor
will hold this charge as long as the gate of FET1 is maintained
at +15 V, turning the FET off. As the input signal drops off from
its peak value, the base-emitter junction of Q1 becomes reverse
biased and the peak voltage level is held by C2, which maintains
the output of OA2 at this voltage until the gate of FET1 is
grounded, allowing C2 to discharge. This is accomplished by the
TTL interface logic pulse READER RESET which occurs after the
peak reader voltage has been transferred into the computer. Since
the voltage range attainable by C2 is set to lie between 0-10 V,
the READER RESET pulse must be boosted to +15 V to prevent
leakage through the FET. This is done using Q2 as a switch
controlled by the 5-V logic pulse.

Use of inexpensive 741 op-amps for OA1 and OA3 was found
to be acceptable, but the offset current quickly caused C2 to charge
to +15 V if used for OA2, even when using the offset null inputs.
For this reason, an FET input op-amp (Signetics 536) was used
for OA2, with a 10-K trimpot (R6) used to adjust the offset current.
Since OA1 was found to slew very negative after the peak of the
input signal, a diode was inserted between R3 and the base of
Q1 to protect the base-emitter junction of Q1. This transistor
provides the charging current for C2, as well as reducing the
loading of OA1 and helping to decouple OAl and OA2. The
dynamic range of the peak readers is dependent upon the value
of C2, a larger value increasing the dynamic range until other
circuit properties come into effect. A discussion of the absorbance
measurements obtained, their accuracy, and precision can be found
below.

The output of the two channels of the peak reader were
multiplexed to the analog-to-digital converter. An analog switch
(IH 5010, Intersil Inc., Capertino, Calif.) is used for this function,
with the two signals being sequentially gated through the switch
into a sample and hold circuit and then latched into the ADC.
Since the peak readers hold the signal until reset, the S/H circuit
is not necessary. The control pulse train generated by a series
of monostable multivibrators is shown in Figure 5 for the se-
quential switching of the two peak reader signals into the
computer. The FIRE pulse is generated by a software command
and causes the nitrogen laser to be triggered in addition to starting
the peak reader sequence. The second pulse, RF DEL, establishes
a delay of appmximately 3 us and then triggers the READER RESET
monostable, which in turn brings the gate of FET1 in Figure 4,
as well as the gate of the correspondmg FET for the second

hannel, to +15 V enabling the i ing to begin to
charge. This delay after the laser fires was found to be essential
because of a small amount of rf noise present during this time.
By leaving the integrating capacitors shorted, the peak readers
do not detect this noise. Since the peak response for the preamps
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Figure 5. exass pulse train, sequence for reading in two peak reader
values for one laser pulse (see text)

of the photodiodes occurs about 10 us after the laser fires, this
delay does not affect the ability of the peak readers to sense the
maximum signal. The ADEL pulse establishes a delay of 100 us
before the channel A peak reader value is allowed to pass through
the analog switch in order to allow the maximum intensity to be
reached and the peak readers to become stable. The trailing edge
of this pulse triggers the next one-shot, generating the CHANA pulse
which turns the analog switch on, allowing the channel A signal
pass through. When the switch is first turned on, the S/H MODE
pulse enables the S/H tracking mode which follows the output
of the analog switch. About 30 us before channel A is switched
off, the tracking is halted. The trailing edge of S/H MODE is used
to start the analog-to-digital conversion after a 1-us delay to allow
the S/H to settle and the conversion is completed in 30 ps. The
ADC generates a pulse upon completion which is used to trigger
the interrupt facility of the minicomputer, at which point the
software takes over and reads the output of the ADC and stores
it as the relative intensity of that laser pulse. As can be seen in
Figure 5, a 50-us delay occurs between the time CHANA is shut
off and the time the CHANB pulse allows the channel B signal to
pass through the analog switch. It is during this time that the
conversion of the channel A signal takes place and is read by the
p . A similar seq occurs to enable the conversion
and r ding of the ch 1 B photodiode r maximum.
Once both values have been obtamed the peak readers are reset
by the READER RESET pulse, draining the integrating cap s
and preparing for the next laser pulse. The entire operation of
obtaining the two values and calculating and storing the ab-
sorbance requnes about 450 s, leavmg 62 ms before the next laser
pulse. ’I'he P d and ded before
thet d n.s sweep, its fastest time base
being 500 us for 1000 pomta
Signal Processing Devices. The output of the photomul-
tiplier preamp can be processed with the gated integrator whose
gate is synchronized with the laser pulse. The gated integrator
has a variable gain of from X1 to X100 with a time constant of
1-30 ms. An external gate with a width of 10 us to 10 ms and
a delay of up to 5 ms is provided by a separate device. The
combination of variable gate width and delay enables discrim-
ination between fluorescence lines with differing relaxation rates.
The output of the gated integrator is normally displayed on the
strip chart recorder, although it is also possible to multiplex this
signal into the ADC and the computer.
For the time dependence studies or for the EXABS system, the

d d by the ph Itiplier is amplified and
sensed by the i der, a 1000-channel device with 8-bit
resolution. The i der is interfaced to the p

allowing data transfer and computer control of arming and reading
functions. One of the most useful functions of the transient
recorder is the pretrigger record mode which allows storage of
the input signal for a selected percentage of the total time base
prior to the triggering of the nitrogen laser. This pretrigger region
can be used to calculate the background signal level present in
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the photomultipler and pmmphﬁer and, by summing a number
of the transient recorder els in this region, a correction can
be made to the actual fluorescence signal recorded. This
eliminates the need to detect the fluorescence decay curve until
it decays to the zero level, enabling a greater freedom in the
manner in which the decay is recorded. The stored signal may
be output through D/A converters to an oscilloscope or an X-Y
recorder.

DETERMINATION OF FLUORESCENT
LIFETIMES

The fluorescence decay lifetime of the individual crys-
tallographic sites is a spectroscopic parameter that charac-
terizes the site and contains information about the radiative
and nonradiative relaxation rates that determine analytical
sensitivity and interference. In addition, the shape of the
fluorescence transient contains information about energy
transfer processes that may be taking place. The noise present
in the fluorescence decay excited by a single laser pulse is high
enough to require signal averaging, accomplished by using a
transient recorder interfaced to a minicomputer.

The dye laser and monochromator are both tuned to lines
characteristic of one site and the beam is focused through the
crystal in a vertical line as shown in Figure 3b. The
fluorescence is focused on the entrance slit of the mono-
chromator, with the photomultiplier response being amplified
and detected by the transient recorder. In this mode, the laser
is fired from a pulse generator, with the transient recorder
trigger synchronized to this pulse. The information stored
in the 1000 channels of the transient recorder is read by the
computer and summed to that from the previous pulses until
the desired S/N is obtained. Normally, this requires the
summation of approximately 4000 laser pulses.

Data processing routines have been developed to extract
the lifetime values from the fluorescence decays and for simple
data manipulations such as background correction and scaling
routines. In the case of a single exponential decay, the lifetime
is found directly by a weighted least-squares fit to the log-
arithm of a user selected portion of the decay curve.
Fluorescence decays can be observed that are described by
linear combinations of two or more simple exponentials if
multiphonon relaxation or energy transfer processes are
present. These phenomena have been treated in a previous
paper (8). Computer generated decay curves of these com-
binations are used for comparison with experimentally ob-
tained results to extract relaxation rates. Examples of these
computer fits for multilevel decays can be found in Figures
5, 6, and 10 of Ref. 8.

OPERATION AND APPLICATION OF THE EXABS
SYSTEM

The EXABS system was designed to enable the simultaneous
recording of absorption and excitation (or fluorescence)
spectra. This procedure is needed for the calculation of the
nonradiative quantum efficiencies and for the measurement
of the relative and absolute site concentrations where the
fluorescence intensity must be corrected for absorbance of the
excitation beam within the crystal. In addition, the EXABS
system has proved especially valuable in classifying lines in
the complex spectrum observed when many sites are present.
In order to correct for the beam attenuation that occurs before
the point where fluorescence is monitored, the distance from
this point to the front crystal face is measured by backlighting
the crystal with a tungsten lamp. The absorbance measured
for the entire crystal thickness can then be used to correct
the observed fluorescence intensity at all excitation wave-
lengths. Since both uncorrected fluorescence and absorption
spectra are stored in the computer, the correction described
is left as a user option, being i ted at the 1
of the scan if desired. The fluor spectrum does not
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usually require correction for self-absorption because the
observed transitions are almost always nonresonant lines.

When using EXABS the crystal holder shown in Figure 3¢
is employed, with the laser beam passed through a 3/ ¢-in.
diameter aperture to define the beam before it passes through
the crystal and strikes the channel B photodiode. The
aperture allows reproducible positioning of the laser beam to
ensure a minimal error in positional stability.

The sequence of events which occurs when running the
EXABS system is shown in block diagram form in Figure 6.
The user must first initialize a ber of control p t
which include the number of data points to be taken
(maximum 1000), the number of laser pulses to be averaged
for each data point, the wavelength interval between data
points, and the time base and full scale voltage settings used
on the transient recorder. (Required for normalization
routines.) In addition, either the dye laser or the mono-
chromator is selected to be scanned to take either excitation
and absorption spectra or a fluorescence spectrum. Finally,
the monochromator and dye laser are both tuned to the point
of maximum fluorescence of the site being investigated, and
the fluorescence is recorded by the transient recorder and
displayed on the oscilloscope. Using this signal, that portion
of the fluorescence transient that will be used to provide the
fl output intensity is selected by setting a gate width
and position. When a scan is taken, the data points within
this region will be summed to given an integrated intensity,
while the pretrigger region is used for correction of background
fluorescence. The transient recorder is thus used as a digital,
computer-controlled gated integrator.

After initialization the computer enters the data acquisition
loop by firing the nitrogen laser and triggering the acquisition
electronics described previously. The computer then performs
three measurements, reading the values of I, (the incident
laser i ity as ed by the ch 1 A photodiode), Iy
(the laser intensity transmitted through the crystal as sensed
by the channel B photodiode), and F (the fluorescence decay
stored in the transient recorder). The transient recorder data
are read point by point and the signal data within the pre-

lected gate are d to a value that represents the
integrated total of the gated portion of the fluorescence
transient. The absorbance, A, is calculated and stored at this
point. The laser intensity correction is applied to the value
F using the relationship F’ = F(I,/I) where I, is a constant

2.0r
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0.5¢

0.0 r L n L L ek
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Figure 7. Comparison of exass and conventional absorption spectra.
(—) Absorption spectrum of CaF :Er** 2 mol % obtained using exAss
system. (X) A values calculated from spectrum
of CaFEr** 2 mol % obtained using tung lamp and t
monochromator

reference intensity equivalent to one-half of the full scale
intensity and F and I, are defined above. The entire data
acquisition loop is repeated until the prescribed number of
laser pulses per data point have been taken. The values of
A and F’from each laser pulse are signal-averaged by summing
values from sequential laser pulses and dividing by the number
of pulses summed. Both absorption and excitation (or
fluorescence) spectra can be scaled by a constant to maintain
proper magnitude when displayed on the oscilloscope.

Upon completion of the data acquisition loop for one data
point, the computer steps either the monochromator or dye
laser the preselected interval and the acquisition loop is
re-entered for the next point by firing the laser. Subsequent
absorbance (A) and fluorescence (F) points are stored in
sequential memory locations. Once all data points have been
taken in this manner, the absorption spectrum resides in one
continuous portion of the computer core memory while the
excitation (or fluorescence) is in another. Either or both
spectra can be displayed on the oscilloscope. The simulta-
neous display of the excitation and absorption spectra is a
powerful way to analyze systems containing multiple sites as
will become apparent in later discussion.

For very weak signals, as many as 100 laser pulses have been
averaged for each of the 1000 data points, requiring about 13/,
h. Normally, 5-10 pulses per point is sufficient, requiring
about 5 to 10 min. Hard copies of the spectra can be made
on the X-Y recorder, normally superimposing absorption and
excitation spectra for rapid wavelength correlation. A digital
record of the spectra can be punched on paper tape for later
data evaluation. Software routines have been written for
integration of the entire spectrum or for specific transitions
or regions.

The precision of the entire EXABS system was tested by
periodically measuring the integrated excitation intensities
of different sites in the CaF,:Er®* 0.2 mol % crystal. The
maximum range of measurements taken for one site over a
period of several months is 10-15% (6). The accuracy of the

EXABS absorbance was d with that taken
by making a point by point measurement of the absorbance
using the 1-m h tor for length isolation of the

tungsten lamp (see Figure 7). The largest variation between
the two methods appears at high absorbance values, where
the intensity of the light reaching the channel B photodiode
is very low, producing an output signal from the preampli-
fier-peak reader chain of only 50-100 mV. The accuracy of
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the absorbance t was further checked by inserting
a series of neutral density filters between the two photodiodes
and recording the decrease in the channel B response.
Since absorption and excitation spectra are obtained si-
multaneously with the EXABS system, a comparison of the two
allows rapid site identification. By taking an absorption
spectrum, one can quickly locate all possible laser wavelengths
that can excite fluorescence. The dye laser is then tuned to
each of these absorption lines sequentially and a fluorescence
spectrum for each excitation frequency is taken. Each distinct
site must give rise to a unique fluorescence spectrum, and by
paring these f1 spectra, the absorption lines can
be classified as to their specific site origin. Confirmation can

A
|

n
e

Absorbance
o

)

T I

be obtained by setting the h tor to a fl

transition characteristic of one site which does not overlap
fluorescence lines from other sites and taking an excitation
and absorption spectrum by scanning the dye laser. Each site
will give rise to a unique excitation spectrum which must
correspond to particular lines in the previously identified
absorption spectrum. Any overlap of excitation lines in the
absorption spectrum can be identified immediately, as
demonstrated in Figure 9.

In Figure 9a, a portion of the absorption spectrum for the
41152 to 2Hyy;, transitions in a CaF,:0.05 mol % Er*® crystal
is shown. (See Figure 8 for the positions of these energy levels
(14).) Each line is identified as originating from the A, B, or
C site, as designated in an earlier paper (3). This absorption
spectrum is repeated in the upper traces of Figures 9b,c, d
superimposed on the excitation spectra (the lower trace) of
the A, B, and C sites respectively. This superposition rep-
resents the manner in which these data were obtained from
the EXABS system and was acquired by monitoring a
fluorescence transition characteristic of each site. The location
of each excitation line is easily compared with those of the
other sites because of the positional reference of the absorption
spectrum. This method is superior to obtaining excitation
spectra successively with a strip chart recorder or other device
because of the elimination of the need for reproducibility and
correlation of successive scans. Any nonlinearity in the scan
rate will be apparent by a variation in the line position of the
reference absorption spectrum, allowing a simple correction
to be made to the excitation spectrum involved. This ad-
vantage is illustrated by the two absorption lines located at
516.26 nm and 516.35 nm in Figure 9b and 9d. The absorption
line at 516.26 nm consists of two major transitions, one from
the A site and one from the C site. A slight contribution from
the B site, as shown by the shoulder in the excitation spectrum
in Figure 9c, is also apparent. The absorption line at 516.35
nm is seen to be almost entirely the result of the B site
absorbance in Figure 9c. Note even the relatively weak
absorption lines at 516.43 nm and 516.45 nm can be matched
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Figure 9. ‘I,5;; — H,, , absorption and excitation spectra of CaF,:Er** 0.05 mol % using exass. (a) Absorption spectrum (reproduced as upper
trace in b, ¢, and d). (b) Lower trace, A site excitation, monitoring 540.00 nm (E, — Z;) (3). (c) Lower trace, B site excitation, monitoring 539.15
nm (E, — Z,) (3). (d) Lower trace, C site excitation, monitoring 537.98 nm (E, — Z,) (3)

Wavelength (nm )

1480 » ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977



Table II. N diative Q Efficienci
, r(*S,,)
Site f us (8) Wy (571
A 0.012 = 0.0015 1452+ 5 83:1
B 0.0074 + 0.0015 848+ 8 8.7:1.8
o] 0.082 = 0.007 710+ 6 115+ 9
D(1) 0.13: 0.01 546+ 9 238+ 19
D(2) 0.11: 0.01 462+ 7 238 = 22

@ Sum of all nonradiative rates.

be noted that the D(1) and D(2) sites are each known to be
made up of a number of nearly equivalent sites, exhibiting
very similar excitation and absorption spectra. For the
measurements presented in Table II, the assumption was
made that all the D(1) sites and all the D(2) sites had the same
quantum efficiency, allowing the fluorescence from all sites
to be measured together. Data taken at a number of different
fluorescence transitions were identical within experimental
error, indicating this assumption is valid. The quantum
efficiencies of several other nonradiative relaxations for the

to A and B site lines in parts b and c. The wavelength scale
shown in Figure 9 results from the most rapid scan rate
normally used for the dye laser. Scale expansions of 20 times
this rate are possible, allowing resolution of even more nearly
coincidence absorption lines originating from different sites.
Absorbance scale expansions of ten times that shown are also
possible, enabling the measurement of 0.005 absorbance unit.

The knowledge that an absorption line is composed of
contributions from more than one site is vital when calculating
quantum efficiencies, since it is necessary to know the ab-
sorbance of each site individually. Normally, it is possible
to find a transition for each site which exhibits no overlap,
allowing the unambiguous calculation of the quantum effi-
ciencies. Methods for deconvoluting the absorption peaks are
being developed.

Measurement of Quantum Efficiencies. The nonra-
diative quantum efficiencies can be calculated using Equation
5. The EXABS system directly measures the ratios P(2)/I,(2)
and P(3)/1,(3) by correcting the observed fluorescence for the
power of the laser pulse that generated it. These ratios are
determined from the spectra by using the integration and
normalization routines described above. In a similar manner,
the absorptivities, a; and ay, are taken from the absorption
spectra stored by EXABS. In addition, the laser intensity
measurement must be corrected slightly for the variation in
response with wavelength of the photodiode for channel A and
the neutral density filters used to attenuate the beam. These
values were determined to an accuracy of 5% using a cali-
brated thermopile detector as a standard. The spectral re-
sponse of the monochromator or photomultiplier is unim-
portant in this procedure because for a given quantum ef-
ficiency measurement, the same fluorescence transition is
monitored for both excitation spectra. The gate width used
by the computer for the fluorescence decay was set such that
the entire decay curve was included. All excitation spectra
are corrected for absorbance occurring within the crystal as
described above.

The nonradiative quantum efficiencies for the A, B, C, D(1),
and D(2) sites for the *Sy;, to *Fy, case are given in Table II,
along with the fluorescent lifetimes of the Sy, levels for these
sites as determined with the time dependence system for a
CaFyEr** crystal. These values were used to calculate the
nonradiative relaxation rate between the *S;, and *Fg/,
manifolds from Equation 2. The 3050 cm™ energy difference
between the two manifolds must be dissipated by lattice
phonons. It can be seen that the two single pair sites, A and
B, which have only one Er®* ion in the site, have essentially
identical nonradiative relaxation rates. This nonradiative rate
is determined by multiphonon relaxation which has no known
dependence on site symmetry, but does depend on the energy
gap and temperature (see, for example, (9, 15)). The C, D(1),
and D(2) sites have been shown previously to have at least
two Er®* ions clustered together in a configuration which
allows a very efficient energy transfer step when relaxing from
the Sy, to the Fy/, manifold (8). The higher nonradiative
rates caused by the additional energy transfer processes are
quite evident for these sites in Table II. Additional work is
continuing to determine these energy transfer rates. It should

CaF5Er** crystal system have been measured and those for
BaFEr®** and SrF,:Er** systems are currently being inves-
tigated.

Determination of Site Concentrations. The ability of
the EXABS system to selectively excite the crystallographic sites
and correct the measured fluorescence for source fluctuation
and excitation beam absorbance is essential for the mea-
surement of both relative and absolute site concentrations.
By studying the absolute concentrations of individual sites
as a function of total dopant concentrations, an understanding
of the important defect equilibria involved in the site for-
mation can be realized. Studies have been carried out on
CaF2Er** crystals with total dopant concentrations ranging
from 10 to 1.0 mol %. The *I;5/ to ‘S, excitation spectra
for each site were obtained monitoring fluorescence from the
4S;/2 to the ‘I;3/, manifold. The spectra were integrated,
yielding a total relative excitation intensity for each site for
each concentration crystal, corrected as described above. The
intensity measurements are indicative of how a given site
population varies with total dopant concentration, but
comparison of populations of different sites requires a
knowledge of the spectroscopic parameters for that site. These
relative site concentrations can be calculated if the fluc
lifetime, radiative quantum efficiency, fluorescent, and ab-
sorption branching ratios and integrated absorption intensity
are known. The ‘S;), lifetimes were measured as described
above and are reported in Table II. By studying the con-
centration dependence of these lifetimes, the rate of energy
migration to a sink (also called the concentration quenching
rate), wn, can be obtained. This value in turn allows the
calculation of the radiative quantum efficiency from Equation
2, using the nonradiative quantum efficiencies from Table IT
and assuming the multiphonon relaxation rate is independent
of site symmetry. Two fluorescent branching ratios are re-
quired; the ratio of fluor at the th monitored
to the total fluorescence intensity for a given site, and the ratio
of fluorescence from the lowest crystal field level in the ‘S,
manifold to the lowest level in the ‘I;5/, manifold. One
absorption branching ratio is needed, i.e. the ratio of ab-
sorbance (or excitation) for the transition between the lowest
level in *S;), and the lowest level in ‘I;5; to the total integrated
absorption for all transitions between these two manifolds for
that site. The quantities were determined by using EXABS to
obtain fluorescence or absorption spectra for all transitions
between the two manifolds, integrating all lines, and finding
the ratio of the line of interest to the total making the
necessary corrections for the spectral response characteristics
of the instrument. To calculate absolute site concentrations,
the integrated absorption intensity for the absorption line is
required, which can also be obtained from the EXABS system.

Calculation of the absolute site concentrations of the
different sites present in CaF; has led to some interesting
results. The concentration of the single pair sites is found
to go through a maximum and actually decrease in absolute
value, while the dimer site concentrations continually increase.
No equilibrium model to describe this behavior is possible,
since the single pair site concentration will reach a maximum
and level off in any such treatment. This behavior has been
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described by a quasi-equilibrium model, in which the idea of
a solid state precipitate is used, along with the idea of
“gettering” species first introduced by Yaney et al. (16). A
complete description of the details of this experiment, the
calculations, and the theoretical derivation of the model can
be found elsewhere (6, 7).
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Determination of Porphyrins at Low Concentration Using
Porphinatocopper(ll) Phosphorescence
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We p a new technique utilizing phosp which
avolds Interf (hnl are pi t In sp F tric
and fi ( This method, which

concentration of m- porphyrins by phoophorescance of (ho
copper(1I) plex, is ded for use in di
studies rather than as a screening technique. Use of a
ynthetic | dard of high stabliity, the copper(II)
lex of t | b , Is also described.

P Ly YIpoTpiy

Analysis for porphyrins in body fluids is diagnostically
useful in cases of lead poisoning, iron deficiency anemia, and
a number of porphyrias. Present methods for the determi-
nation of the concentration of porphyrins in blood and urine
utilize spectrophotometric and fluorometric techniques (1-7)
which are subject to interferences. Many substances com-
monly found in body fluids absorb in the visible region of the
spectrum used for the detection of porphyrins (near 400 nm).
Particulate matter also interferes with spectrophotometric
determinations. Bilirubin and other pigments fluoresce in the
same region as the porphyrins. In urine samples, a nonspecific
fluorescent interferent of varying intensity is found (7). No
significant phosphorescence is commonly found, however, for
body fluids under the experimental conditions that we report
herein for the determination of porphyrins by a phos-
phorescence technique. This method involves complexation
of copper(II) with the porphyrin and subsequent recording
of the phosphorescence spectrum. Under the proper con-
ditions, the reaction is relatively rapid and an internal
standard (the synthetic porphyrin complex, tetraphenyl-
porphinatocopper(II)) allows accurate determination of the
porphyrin concentration.

EXPERIMENTAL

Free base protoporphyrin IX (Porphyrin Products, Logan,
Utah-purity established from published visible absorption molar
absorptivities (8)) was added to whole blood samples from healthy
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individuals, which was then diluted with !/, its volume of 1.0
M Tris buffer (Sigma Chemical Co.) at pH 7.7 and incubated at
37 °C for 12 to 25 h. The samples were extracted with ethanol
(the clinically preferred method of porphyrin extraction, showing
consistent results and procedural simplicity (1)). The ratio of
ethanol to blood was 3:1 by volume. The ethanol extract was then
combined with one-tenth its volume 0.25 M CuCl,2H,0 in
ethanol. The blood may be stabilized with normal amounts of
EDTA (0.1%) since there is sufficient Cu(II) present for com-
plexation with the porphyrin even though EDTA removes some.
Blood stabilized with heparin was also used, with similar results.

After 2 to 3 min, the ethanol solution (e.g., 100 uL) was ex-
tracted by the addition of diethyl ether (e.g., 200 uL) and 1 mL
of H,O. The ether layer was removed and washed twice with
additional 1-mL portions of water. It was then placed over about
'/, mL of 4 A molecular sieves in a culture tube. After a few
minutes (5 min is sufficient) 100 uL. was withdrawn into a
phosphorescence tube and frozen in liquid nitrogen. Spectra were
then recorded within 2 h. The timing which is most important
in this procedure is the time allowed for copper
complexation—when the ethanol extract and the CuCl»2H,0 in
buffered ethanol are mixed. For good reproducibility, the same
time (2 to 4 min) must be allowed for each sample. Once the ether
extract is frozen, it remains stable for over 2 h if protected from
light. We use a short (25 cm) cylindrical Dewar with aluminum
foil around the top for storing samples before taking phos-
phorescence spectra. The diethyl ether extract forms an excellent
glass if it has been dried over the molecular sieves.

Blood from patients with conditions such as lead poisoning or
iron deficiency anemia show very significant incorporation of zinc
into non-heme protoporphyrin IX (5). It has been shown pre-
viously that HCl removes zinc readily from porphinatozinc
complexes (I). The recombination of zinc(II) with free proto-
porphyrin is slow with the concentrations of zinc(II) which
correspond to the ration of protoporphi inc(II) in
blood (5, 9). With these facts in mind, the following procedure
has been used to convert protoporphinatozinc(Il) (Porphyrin
Products, Logan, Utah) in blood to the copper(1l) complex. The
blood with protoporphyrin IX added was extracted with ethanol
(3:1 by volume). To the ethanol was added one-tenth of its volume
of 1.0 M HCL. The acidified extract was shaken for 1 min and




neutralized with 1.0 M Tris buffer. The procedure for reactxon
of copper(Il) and the ether extract deacrlbed above was then used.

To use the internal dard, tet pp ’II)
(available from Stnm Chemicals, Inc.), a stock solution con
the h (IT) may be added either to the

stock solutlon of CuCly 2H20 in athanol or to the ether extract.
It is best to dissolve the tet (II) in a small
amount of diglyme (bm(i-methoxyat.hyl) ether) (Aldrich Chemical
Co.) and dilute to the desired concentration with ethanol or ether.
Use of the internal standard in the ethanol stock is recommended
since the ethanol is less volatile and concentrations are, therefore,
easier to maintain. If the internal standard is added to the ethanol
extract, it is then not necessary to know the ether volume precisely
since the porphyrin concenuauon is obtained with the ratio of
thei of the of the copper complex of
the natural porphyrins and the intensity due to tetraphenyl-
porphinatocopper(II).
An Aminco-B spectrophotofl

a Hi tsu R818 ph Itiplier tube and a p
accessory was used. The copper porphyrins have very short
phosphorescence lifetimes (10), so the spinner was run near
maximum velocity. The rotation rate was regulated by controlling
the voltage to the motor using a dxg\tal voltmeter. The sensitivity
of this unmodified cial instri ion is sufficient to
detect normal porphyrin levels (11). Critical features of this
procedure with respect to instrumentation are maintaining the
same spinning rate for each sample and properly positioning the
phosphorescence sample tube to obtain maximum emission in-
tensity.

(SPF 125) with

RESULTS AND DISCUSSION

Use of Copper Ion. The copper(II) ion was chosen as the
reagent for porphyrin determination by phosphorescence
because it is extremely efficient in causing phosphorescent
emission from its complexes with porphyrins rather than the
fluorescence normally encountered for metalloporphyrin
complexes (12). The blood samples were buffered at pH 7.7
with Tris buffer because the reaction of copper(II) salts with
porphyrins is much faster in slightly basic solutions than in
acidic ones (13). In the procedure, the copper(II) concen-
trations are much greater than the highest known non-heme
porphyrin levels in blood (11), giving pseudo-first-order
conditions. Hence, the time it takes for the reaction (95%
completion in 2 min at 25 °C) is dependent only on the
copper(II) concentration, not the concentration of porphyrin
in the sample. Kinetic runs for the incorporation of copper(II)
ion into the principal free porphyrin found in blood, pro-
toporphyrin IX, at 25 °C consistently gave pseudo-first-order
behavior with a half life of less than 30 s for a copper(II)
concentration of 2.5 X 103 M.

Phosphorescence Results. Since the most prevalent free
porphyrin in blood is protoporphyrin IX, we report quan-
titative results for the copper(II) complex of this species.
Experiments with the copper(II) complexes of coproporphyrins
Iand I and u.roporphyrms 1 and 111 show similar results, th.h
slight changes in emission wavelength (means of distinguishi
these species from one another without tedious chemical
separations are now being developed). The relationship
between phosphorescence intensity and concentration of
porphyrin, shown in Figure 1, refers to the diethyl ether
extract of ‘blood samples with protoporphyrin IX added.
Dilution from the blood sample must be accounted for in
determining the porphyrin concentration in the blood sample.
‘The extraction efficiency for the procedure can be determined
by the use of spiked samples and has been determined
previously for the ethanol extraction procedure to be 56%,
linear up to 4 X 10°® M (I). A typical dilution (6.6) divided
by extraction efficiency factor for this procedure is 12. The
range of linearity illustrated in Figure 1 spans the range from
non-heme porphyrin levels in the blood of healthy individuals
to levels in the blood of those seriously ill from iron deficiency
anemia, porphyrias, etc.

3

PHOSPHORESCENCE INTENSITY
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L

s
MOLARITY 107 10 o

™9 4 PR (36x104) (56x10°2) 56)
[cu(mirrRP]
Figure 1. Variation of phosphor as a function of

protoporphinatocopper(Il) concentration. Slope = 1.14, correlation
coefficlent = 0.987. SD of repetitive measurement on same sample
<1%. SD of separate samples which were diluted to the same nominal
concentration = £5%

Internal Standard. The phosphorescence intensity of the
synthetic porphyrin used as internal standard varied linearly
with concentration from 10 to 10° M. Above a concentration
of 10 M, the emission intensity no longer varies linearly with
concentration, possibly because of the aggregation of the
metalloporphyrin molecules at higher concentrations (14), or
because of the high extinction coefficient of tetraphenyl-
porphinatocopper(II) (15). The synthetic tetraphenyl-
porphyrin complex is more stable toward decomposition than
natural porphyrins and shows quite similar phosphorescence
properties—similar regions of excitation and emission and
similar phosphorescence decay lifetimes. Hence, it makes a
very acceptable standard. The excitation wavelength for
tetraphenylporphinatocopper(II) which gives maximum
emission is sufficiently different from the copper(Il) complexes
of the natural porphyrins, however, that these complexes can
be selectively excited. The spectra of separate solutions of
protoporphinatocopper(Il) and tetraphenylporphinato-
copper(Il) in diethylether are shown in Figure 2. A separate
stock solution such as this can be used for instrument cali-
bration.

Figure 3 shows the emission spectra of a solution containing
both protoporphinatocopper(II) and the tetraphenyl-
porphinatocopper(II) with excitation first at 420 nm and then
at 405 nm. It is quite evident that the two complexes can be
selectively excited without giving problematical interference.
By knowing the relative intensities characteristic of the two
complexes, the two measured intensities and the concentration
of added CuTPP, the concentration of protoporphyrin is
determined. Figure 4 shows the results of concentration
determination by the internal standard method.

CONCLUSIONS

The procedure for protoporphinatocopper(1I) analysis by
phosphorescence is reasonably straightforward. After ex-
traction with ethanol and complexation with copper(Il), a
second extraction with diethyl ether leads to a matrix whlch
forms a good frozen glasa for phosphor
The emission intensity is pmportloml to concentration from
10%t0 10° M.

In order to make quantitative determination by this method
reliable, we have evaluated a stable internal standard which
is commercially available. The copper(II) complex of the
synthetic porphyrin, «,8,v,6-tetraphenylporphine, has many
of the same characteristics as the copper(II) complexes of the
natural porphyrins. It is however, more stable toward de-
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as length and of tetraphenylporp pper(ll) (---)
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CuPRP + CuTPP
ex
— 405
--- 420
=
v
z
E
£
X (nm)
Flgun 3. Spectra exhibited by a mixture of protoporphinatocopper(1l)
pper(1l) using gths of

405 nm (—) and 420 nm (---)

ition by light, temperature, and chemical reactions.
Identical spectra have been recorded after weeks of sample
storage at room temperature (the solution was stored in the
dark but no special care was required in handling the samples
when spectra are taken). The position of the intense visible
absorption band of tetraphenylporphinatocopper(Il) is dif-
ferent from that of the protoporphyrin complex and allows
the use of tetraphenylporphinatocopper(Il) as an internal
standard. One can selectively determine tetraphenyl-
porphinatocopper(II) or protoporphinatocopper(II) by using
their different absorption band wavelengths for excitation.
The synthetic porphyrm also shows a linear dependence
between emi tensity and ration.

Our results demonstrate that the measurement of proto-
porphyrin IX in blood by phosphorescence of the copper(II)
complex is sufficiently sensitive to detect levels found for
healthy individuals (capability of this method is 5 ug of
protoporphyrin per 100 mL of whole blood, while the normal
adult range is 16 to 52 ug of protoporphyrin per 100 mL of
whole blood (16)). This sensitivity is of the same order of
magnitude reported for fluorescence methods of porphyrin
determination (I). Reproducibility of £5% for this method
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Figure 4. Use of CuTPP as an internal standard for determination of
protoporphyrin concentration. The equation which relates JPRP] to
[CuTPP] is: [CuPRP] = [(Icme/ Icuree) o X 4.256 X 10°
Icgonp! Icutee for each porphyrin at 4.25 X 10”7 and Is equal to 0 87

is also very similar to the reproducibility of the fluorescence
methods (I). The phosphorescence method is not as simple
as the use of the direct reading hematofluorometer (5), but
is comparable to commonly used fluorescence techniques that
involve extraction (I).

The phosphorescence method described herein measures
total porphyrins in blood. Protoporphyrin IX is the most
prevalent free porphyrin in blood with coproporphyrins
generally constituting about 5% of total porphyrins and
uroporphyrins even less. Given the reproducibility limitations,
coproporphyrins and uroporphyrins in blood may prove not
to be a problem in use of this technique. However, further
work should be done to develop rapid separation of these
porphyrins in blood, perhaps by an ion-exchange technique
similar to that developed by Sobel et al. for urine samples (7).
It will also be y to obtain ples from lead intox-
icated and porphyric individuals to test this method against
fluorescence methods currently in use. The potential for
eliminating interference due to the fluorescence of bilirubin
and other substances in blood will be evaluated further.
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Multielement Trace Analysis of Geological Materials with
Solvent Extraction and Flame Atomic Absorption Spectrometry
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The develop of a precl lytical method is reported
for the d ination of the el ts Cu, NI, Co, Cr, Ag, Pb,
Bl, Cd, Zn, Mn, Auy, Tl, Sb, Ga, and Mo In geological materials.
Results are quoted for USGS standard rocks and are eomparod
with pubiished values; p limits of detection are g
better than 0.5 ppm. The melhod utilizes solvent extractlon
and p techniques (chioro complexes,
dlolhyldllhlocarbamala. and 8-hydroxyquinoline chelates are
used with methyl isobutyl ketone and n-butyl acetate as

, Parkville, Victoria 3052, Australia

(Koirtyohann and Wen (7); Kinrade and Van Loon (8)). This
relatively simple technique has the further advantage of
significantly improving AA detection sensitivities by (a) al-

lowing el tal pr ration and separation, and (b)
presenting the elements of interest to the ﬂame in an aqueous
free solvent which can p t ion and

combustion characteristics (Lakanen (9); Culp et al. (10)). For
AAS measurements at very low levels (below 1 to 5 ppm), some
sample pre-treatment is required and the adoption of solvent
extraction techniques has been shown to give accurate, re-
producible results together with simple, rapid analytical

| ), with el tal d-lormlnallon by flame atomic
bsorption sp: y. Analytl y Is achl by
the chemical elimination of chelate forming iron and man-

ganese. The rock di
measurement procedures are reported, together with partition
data, for a range of pH, Eh, and ionic strengths.

Atomic absorption spectrometry (AAS) has become a fa-
vored technique for elemental determinations in geochemical
distribution and exploration studies. The technique is rel-
atively simple and reliable in operation and the inherent micro
(ppm) detection sensitivity for many elements of geochemical
interest, together with the speed of analysis, has assisted in
its acceptance.

AAS is subject to matrix interfering effects which can
normally be more easily controlled with flame techniques
rather than with the alternative furnace atomization methods.
These interferences have been extensively investigated and
methods now exist to minimize or correct for their effects
(Amos et al. (1), Price (2), Slavin (3), Rubeska and Moldan
(4)). A number of authors have reported specific elemental
interferences. Govett and Whitehead (5) noted that for the
elements Pb, Zn, Ni, and Co, which are used extensively in
exploration geochemical studies, extreme caution must be used
when employing the standard practice of varying sample
weight and dilution of a sample solution to suit the expected
elemental concentration. Foster (6) has tabulated the effect
of high Ca content on trace Ni and Pb data, where Ni at 4
ppm showed an apparent 13 ppm and Pb at 20 ppm gave a
32 ppm result.

The main source of interference at low concentrations of
trace elements (up to 5 ppm) and low concentrations of major
elements (up to 5000 ppm total metal content) is considered
to be enhancement due to background or nonatomic ab-
sorption. This effect can be corrected for using the hydrogen
or deuterium continuum, or by the use of a nonabsorbing
wavelength. Matrix matching and standard addition tech-
niques can further improve the analytical precision. At higher
concentrations of the matrix materials, suppression effects
in the flame and a reduction of atomization efficiency in the
nebulizer occur. When these conditions predominate, the use
of the standard “background corrector” methods for total
molecular absorption results in an overall negative error.

SAMPLE PREPARATION USING SOLVENT
EXTRACTION METHODS

The use of solvent extraction techniques in AAS to
eliminate undesirable matrix effects has been widely reported

pr ing and low chemical blanks.

This paper describes an investigation into the use of three
solvent extraction for geological les. The method
has been developed for the determination of Cu, Ni, Co, Cr,
Ag, Pb, Bi, Cd, Zn, Mn, Ay, T, Sb, Ga, and Mo in a wide range
of materials. Results are quoted for USGS standard rocks
and are compared with published values.

A number of chelate and ion association solvent extraction
systems were considered. Based on previously reported work
(Morrison and Freiser (11), Stary (12), Zolotov (13)), cost
availability and ease of handling, sodium diethyldithio-
carbamate (NaDDC) and B-hydroxyqumolme chelates and
chloride ion iation were adopted
Methyl isobutyl ketone (MIBK) (Kuwata et al. (14); Chau and
Lum-Shue-Chan (15)), and n-butyl acetate were chosen as the
nonaqueous solvents. NaDDC has been widely used for metal
spectrometric determinations, particularly for river and
seawater trace metal analysis (Welcher (16), Lacoste et al. (17),
Kuwata et al. (14), Nix and Goodwin (18)). Mixed chelating
agents such as ammonium pyrrolidine dithiocarbamate
(APDC) and diethyl-ammonium diethyldithiocarbamate
(DDDC) (8) were found to be unnecessary; the use of NaDDC
with control of pH and general extraction conditions was
adequate for the reproducible extraction of the chelate
complexes from geological samples. 8-Hydroxyquinoline is
known to readily form extractable complexes ((11), (15), Butler
and Mathews (19)).

The use of nonspecific chelating agents for AAS precon-
centration processes can be limited by the presence of rel-
atively high concentrations of lex forming el In
geological materials, Fe is often present at the 10-20% level
and Mn occurs from minor amounts up to approximately 1%.
Both of these el ts form DDC pl which have a
saturation effect on the organic phase during solvent ex-
traction. Their presence effectively reduces the partition of
minor and trace elements into the MIBK, particularly for
those chelates of lower stability. A light scattering process
(Billings (20)) also becomes apparent at high complex con-
centrations when measuring organic phase constituents by

The combination of poor extraction reproducibility and
variable light scattering effects leads to a major loss of accuracy
and detection capability. Dilution of the organic phase, al-
though reducing the interfering effects, results in an unac-
ceptable loss of sensitivity.

A quantitative chemical ion p! was d
to eliminate Fe and Mn dunng the solvent extraction pro-
cedure. The Fe was removed in two stages, first using the

1 q
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chloride system with control of HCI concentration and second,
using 8-hydroxyquinoline with control of pH. The Mn was
held in the aqueous phase during the NaDDC extraction by
the use of EDTA.

The importance of investigating extractlon parameters,
particularly pH and aq and phase tions,
to optimize elemental separations has been stated bv Kinrade
and Van Loon (8). Partition coefficients and extraction rates
were therefore examined by the use of radiotracers. These
were prepared by thermal neutron irradiation of pure elements
in the HIFAR reactor at Lucas Heights, Sydney. The isotopes
used were °'Cr, ®Co, ®Zn, Mo, "°Ag, '*Sn, '*'Sn, and '#Sh.
The radioactive tracers were added to crushed mineral samples
and the dissolution and separation processes were followed
by monitoring the associated v activity after each step. The
optimization of extraction times and the number of equili-
bration steps needed was readily assessed using the tracers.
Further tracer work showed that some Hg and Ge was lost
from geological materials during the dissolution step when
HF/HCIO, was used. The complete replacement of HC1O,
by H,SO, eliminated the Hg loss (Ehmann and Lovering (21))
but the presence of insoluble sulfates resulted in the possibility
of trace element occlusion by absorption into the precipitate
and the determination of Hg was therefore omitted from the
present scheme.

EXPERIMENTAL

Reagents. The reagents used were “analar” grade with the
exception of n-butyl acetate which was reagent grade. All water
used was distilled and deionized (DDI).

Solutions. Buffer. Dissolve 102 g potassium biphthalate in
500 mL water. Extract once with 15-mL MIBK.

8-Hydroxyquinoline. Dissolve 1 g 8-hydroxyquinoline in 100
mL MIBK.

NaDDC. Dissolve 6 g NaDDC in 100 mL water. Filter the
resultant solution and extract three times with 15-mL portions
of MIBK.

Standard Solutions. Stock Standard Solutions. Dissolve
appropriate metal or stoichiometric salt (“analar” or 99.9% purity)
to prepare stock standard solutions at a concentration of 1000

ppm.

Instrumentation. The AAS used was a Techtron Model AA-3
with a Varian Techtron 1M-6D Indicator Module. The pH
measurements were made using a Radiometer Type TTT-1
Titrator-pH meter.

DISCUSSION

Elimination of Fe Interf The extraction of Fe(III)
as a chloro complex into an organic solvent is well known
(McKaveney and Freiser (22)). The use of this process was
investigated as a means of removing the majority of the Fe
before adding the NaDDC complexing agent.

There are a number of elements which can be extracted with
Fe from chloride solutions; they include Sb(V), As(I1I), Ga(III),
Ge(IV), Au(III), Mo(VI) and TI(IIT) (11). The partition
coefficient and extraction efficiency of these ion association
complexes depends essentially on HCI concentration and the
organic solvent used. A number of systems were therefore
examined to investigate the possibility of using the Fe removal
step as an integral part of the preconcentration solvent ex-
traction scheme. After removal of the Fe, it was found that
Auy, Tl, and Sb could be measured in the organic phase. Mo
and Ga required a further solvent extraction step; they were
found to closely follow Fe(III) in Cl-ion association systems
and they required a chelate formation step before their
separation could be achieved. Other elements which form
extractable chloro ion association complexes were not con-
sidered in the present study.

The efficiency of extraction of metal-chloro ion association
complexes into three solvents of suitable volatility and
combustion characteristics, namely, ethyl acetate, methyl
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Figure 1. pH dependence of extractions with NaDDC showing the effect
of EDTA-Pb and Bi
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isobutyl ketone and n-butyl acetate, was examined. Morrison
and Freiser (11) and Edwards and Voigt (23) reported a
general increase in partition coefficients with increasing HCI
concentration for these systems and this was observed with
all of the solvents used. It was found that for acid concen-
trations greater than 4 M HCI, although the elemental ex-
traction was essentially complete, the solubility of the orgamc
solvents in the strongly acid solutions b

serious problem, except with n-butyl acetate. This ester was
therefore used for the quantitative extraction of the elements




Absorbance

1 o §f 3§
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Figure 4. pH dependence of extractions with NaDDC showing the effect
of EDTA-Ag and Cu

Fe(III), Au(III), TI(ITI), Sb(V), Mo(VI), and Ga(III) from 8.0
M HCl solutions. Back extraction with 1 M HCI was found
to completely remove the Fe, Mo, and Ga leaving the other
extracted elements in the n-butyl acetate. Au, Tl, and Sb
could then be measured directly by AAS.

Separation of Mo and Ga from Fe. Fe, Mo, and Ga are
known to form extractable complexes with 8-hydroxyquinoline
(Luke and Campbell (24), Welcher (16)). However, in acidic
solutions (pH < 1.6) in the presence of ascorbic acid, Fe(II)
does not react and Mo and Ga can be quantitatively extracted
as 8-hydroxyquinoline chelates into MIBK, leaving the Fe in
the aqueous fraction. The organic phase can then be analyzed
directly by AAS for Mo and Ga.

Elimination of the Mn Interference. The use of metal
DDC chelates as a means of preconcentrating a number of

minor and trace elements in rocks is restricted by the ready
formation of large amounts of the relatively unstable Mn-DDC
chelate. The initial high Mn complex concentration and build
up of decomposition products makes the general DDC ex-
traction unreliable for accurate AAS measurement of other
chelate forming elements (e.g., Cu, Ni, Co, Cr, Cd, Ag, Pb, Bi,
and Zn).

Hague et al. (25) stated that Mn can be strongly masked
with EDTA so as to restrict the formation of other extractable
Mn complexes. This was found to be true even in the presence
of concentrated NaDDC solutions (e.g., 2000 mg/L Mn was
not precipitated from a 100-mL acidic solution containing
EDTA in the presence of 10 ml of 6% w/v DDC solution).

The effect of EDTA on the formation and extraction of
DDC complexes was investigated for the elements Mn, Cu,
Ni, Co, Cr, Cd, Ag, Pb, Bi, and Zn. The atomic absorbance
of solutions containing EDTA was compared with similar
solutions which were EDTA free. The results are shown in
Figures 1, 2, 3, and 4. It was observed: (1) That EDTA
completely inhibited the formation of Mn-DDC chelates in
acid solutions. (2) The presence of EDTA had little effect
on the DDC complex partition coefficient of the elements Pb,
Bi, Cd, Cu, Cr, and Ag over the pH range 1.5 to 7. (3) Zn and
Ni showed very poor extraction characteristics above pH 2
but for lower pH solutions, EDTA had little effect. (4) Co
showed a constant and reproducible (ca. 20%) reduction in
absorption signal.

Stability of DDC Complexes at pH 2. The stability of
DDC chelates of Cu, Ni, Co, Cr, Cd, Ag, Pb, Bi, and Zn with
respect to time was fully investigated. The metal chelate
stabilities were examined in aqueous solutions at pH 2 and
also after extraction into MIBK with removal of the aqueous
phase. In both experiments, the metals were prepared at
approximately 300 ppb in 100 mL of solution in the presence
of 10 mL 0.1M EDTA and 3 mL of phthalate at a pH 2.0 £

Dissolve rock (2 g) in HF, HNO3, HC1O,, HSO, in Teflon (PTFE)

crucible.
8M HCl containing free Clj.
acetate,

Evaporate to incipient dryness, take up in 100 ml
Extract with 2 x 10 ml n-butyl
Combine and separate phases.

I
Organic phase

]

Wash with 3 x 10 ml 1M HCl

Organic Aqueous (contains Fe)

Transfer to a stop-
pered test tube -
determine Au, T1, Sb

Add Ascorbic Acid, dilute
to 90 ml with DDI water,
adjust pH to 1.6 + 0.1.

by AAS. Add oxine in MIBK, shake
for 15 mins and separate
phases.
Organic Aqueous
Transfer to a stop- Discard
pered test tube -
determine Ga, Mo by
AAS.
Figure 5. y of lysis pr

1
Aqueous phase

b

Evaporate to <10 ml.

Make up to 200 ml with DDI
water. Take appropriate
aliquots, dilute each to
~80 ml with DDI water.

3 ml phthalate buffer,
10 ml of 0.1M EDTA. Note -
to determine Mn the EDTA is
not added. Adjust pH to

2,0 + 0.1, Make up to 100
ml 6% w/v NaDDC solution,
extract with 25 ml MIBK

and allow phases to separate.

Add

Organic Aqueous

Transfer to a stoppered Discard

test tube - determine

Cu, Ni, Co, Cr, Pb, Zn,

Ag, Cd, Bi in turn by
AAS.

Mn is determined separ-
ately with EDTA absent.
The measurement is made
immediately after
extraction.
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Table L. El tal Co tr in USGS Standard Rocks
BCR-1, ppm AGV-1, ppm PCC-1, ppm
Measured Quoted Measured Quoted Measured Quoted
Element concn value? concn value® concn value®
Sb 0.63 0.69 4.01 4.5 1.28 1.4
Tl 0.42 0.30 1.31 1.0 <0.2 0.8 ppb
Mo 3.63 1.1 3.35 2.3 BDL® 0.2
Ga 20.0 20 24.1 20.5 BDL 0.4
Au BDL® 0.95 ppb BDL? 0.6 ppb BDL 1.6 ppb
Ag <0.2 0.036 <0.2 0.11 <0.1 5 ppb
Bi <0.5 0.05 <0.5 0.057 <0.5 0.013
Cd <0.2 0.12 <0.2 0.09 <0.2 0.1
Co 33.0 38 15.3 14.1 183 112
Cr 17.0 17.6 14.9 12.2 s 2730
Cu 22.4 18.4 65.0 59.7 10.0 11.3
Mn 1201 1406 693 763 815 959
Ni 18.1 15.8 18.7 18.5 2313 2339
Pb 20.1 17.6 37.4 35.1 17.0 13.3
Zn 146 120 118 84 40.0 36.0

@ Flanagan (26), weighted average figure.

% BDL, below detection limit.

0.1. The chelates were extracted into 15 mL of MIBK and
the atomic absorbance measured at the appropriate time. It
was observed that the presence of EDTA generally reduced
the rate of decomposition of the metal-DDC complexes.

The stability of metal-DDC chelates in a separated MIBK
phase was examined over a period of 8 h and no significant
reduction of absorbance was observed for Cu, Ni, Co, Cr, Cd,
Ag, Pb, Bi, and Zn. Nix and Goodwin (18) noted the stability
of Cu, Fe, Mn, Co, Ni, Cr, Pb, and Zn chelates in MIBK and
commented on the need to standardize the extraction and
analysis times; this was particularly important in the case of
Mn. With the Mn and Fe removed prior to DDC chelation,
the time standardization was not critical over normal working
periods. Mn was determined in an EDTA-free fraction and
in this case the atomic absorption was carried out quickly after
a fixed limited time interval.

PROCEDURE
The analytical procedure is shown diagrammatically in
Figure 5. A more detailed account can be obtained from the
authors.

RESULTS

Analytical results together with published values are shown
in Table I for three USGS standard rocks. These results agree
reasonably well with the recommended published values
(Flanagan (26)) and demonstrate that the method can be
successfully applied to geological samples. The procedure was
tested extensively with mixed synthetic solutions and linearity
of response for the elements being determined was established.
Elements which are not measurable in the USGS rocks (listed
as BDL in Table I) were shown to be readily determined when
present at higher concentrations.

The solvent extraction separation and concentration of
metal-DDC chelates was found to be quantitative if complex
forming elements, when present in large excess (e.g. Fe and
Mn), were removed. The presence of these elements in ge-
ological proportions interfered with the partition of trace
element chelates particularly those of lower stability.

At very low levels (sub-ppra) the ultimate limit of detection
of the AAS system was governed by the presence of other
metal-DDC complexes at the 50-500 ppm level. A variable

background due to a light scattering process was observed with
mixtures of metal chelates covering the range of 0.1 to 100
ppm and this effect became particularly troublesome when
attempting to measure concentrations below 0.5 ppm. To
overcome this interference problem and to further extend the
range of the present work, the use of a number of chelate
separation techniques is under investigation.
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Enhancement of Emission by Potassium Chloride in the
Low-Pressure Microwave-Induced Plasma

Emission Spectrometer
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to deposition of the sample take place automatically

The emission lines of many el ts are greatly enh d b
when potassium chloride is added to microvolume samples
10 be analyzed In the low-p , mi i)

issi This ph Is observed when

hydrochloric acid Is used in place of potassium chloride and
Is explained by considering the effect on the solute-volatiization
process. An excltation mechanism in the hellum plasma
proposed earller Is confirmed

In a low-pressure, microwave-induced plasma emission
spectrometer employing tantalum filament volatilization (1),
the addition of potassium chloride to sample solutions has
been shown to enhance intensities of spectral emission lines
of many elements. Zinc emission is enhanced by nearly one
order, and copper and manganese by nearly three orders of
magnitude. An appreciation of the mechanism of action of
this additive requires evaluation of its effect on each of the
processes of desolvation, volatilization, dissociation, and
excitation.

In the previous paper (2), we have proposed a possible
mechanism for the enhancement of excitation in this low-
pressure helium plasma and have pointed out that potassium
chloride enhances the spectral intensity largely by affecting
the volatilization of metals from the filament. Metals are
excited more effectively in the plasma when they are intro-
duced as chlorides rather than as neutral atoms. The present
paper examines the effect of hydrochloric acid on the in-
tensities of manganese and copper lines and further confirms
the proposed excitation mechanism.

EXPERIMENTAL

Apparatus. The experimental conditions and arrangements
used in this work are described elsewhere (2). In addition to the
conventional V-shaped tantalum filament, a 2-well, W-shaped
tantalum filament of similar dimensions described in the previous
paper (2) was employed which permitted the separate and si-
multaneous introduction of microvolume samples and matrix
aliquots.

Reagents. All standard solutions were prepared from reagent
grade salts or spectroscopically pure metals dissolved in metal-free
acids and diluted to volume with metal-free water. Copper,
manganese, and zinc were used as the nitrates.

Procedure. Sample solutions of 5 uL volume are placed on
the tantalum filament (V- or W-shaped), and slowly desolvated
by passing a current of 2-3 A through the filament. The plasma
discharge is initiated, allowed to stabilize and the sample is then
volatilized into the helium carrier gas by pulse-heating the filament
via the discharge of a 0.22-F capacitor charged to 7.5 V. Pressure
within the plasma tube is maintained at ~4 Torr, and the sample
vapor is carried into the disch where it und ization
and excitation. In the “automatic mode” of operation, all processes

! Present address, Kitami Institute of Technology, Kitami, Japan.
2Present address, Nagoya University, Nagoya, Japan.

and in sequence. Both the peak height and area of the emission
line intensity are printed out digitally, and, in addition, the signal
is displayed simultaneously on a dual-trace storage oscilloscope.

RESULTS AND DISCUSSION

Effect of Hydrochloric Acid on Spectral Intensity.
Though the effect of anions present in sample solutions on
the intensity of lines has not been described fully in the
previous papers (I, 2), their role is important from the
viewpoint of solute-volatilization phenomena from the fila-
ment. The effect of chloride ions on the spectral intensity
of copper and manganese was examined using hydrochloric
acid with the results shown in Figure 1. The addition of
hydrochloric acid to the samples increased the copper and
manganese emission approximately 100-fold, and the en-
hancement occurred at lower HCI concentrations for man-
ganese than it did for copper lines.

In the presence of hydrochloric acid, the manganese
emission peak appeared at 14 ms after the initiation of heating
of the filament (the duration was termed “delay time” (2)),
while without the acid the delay time was 45 ms. These facts
suggest that in the presence of hydrochloric acid, the nitrates
of metals are converted to chlorides in the desolvation process
on the filament, and the salts are volatilized at lower tem-
peratures of the filament. In the absence of hydrochloric acid,
the nitrates may be decomposed to oxides or free atoms in
the volatilization process and necessitate higher filament
temperature for complete volatilization to occur.

As expected, a log-log calibration curve for manganese in
0.05 M hydrochloric acid shifted toward a concentration range
of manganese lower than that obtained without the acid, and
the slope of the curve became steeper. When comparing these
results with those obtained in the presence of potassium
chloride in the sample solution (2), where 1000-fold en-
hancement and a calibration curve of unit slope were obtained,
it seems that the hydrochloric acid is insufficient to retain the
salts as chlorides on the filament during the volatilization
process.

In the desolvation process, hydrochloric acid was also
insufficient to stabilize the salts on the filament, as exemplified
by copper emission (Figure 2). With increased desolvation
current and in the absence of potassium chloride, the spectral
line intensity of copper decreased rapidly, perhaps because
of the partial loss of copper chloride from the filament.

Effect of Potassium Chloride in the Presence of
Hydrochloric Acid. To examine the effect of hydrochloric
acid on the potassium chloride enhanced manganese, line
intensities were compared in the presence and absence of the
acid. In the absence of hydrochloric acid, potassium chloride
gradually increased the intensity of Mn 4030.75 A to a
maximal, constant intensity but in the presence of 0.05 M HC1
the maximum was achieved at a lower KCI concentration
(Figure 3). The effect on copper emission was quite similar:
in the absence of HCI, constant emission was observed over
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Figure 1. Effect of HCl on the emission intensities of Cu and Mn atomic
and ion lines. (M) Cu I 3247.54 A, 0.20 ug/mL. (O) Mn I 4030.75
A, 0.32 ug/mL. (A)Mn II 2576.10 A, 2.0 ug/mL
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Figure 2. Effect of desolvation current on the line intensity of Cu I

3247.54 A. (a) Cu 0.08 ug/mL in 0.4 M HCI solution. (b) Cu 0.08 ug/mL
in 0.4 M HCI solution containing 0.75 mM KClI
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Figure 3. Effect of KCl on the line intensity of Mn 1 4030.75A with
conventional V-shaped, single-well filament. (O) 0.20 ug Mn/mL in 0.05
M HCL. (@) 0.20 ug Mn/mL in water

a range of 4-12 mM KClI, but in the presence of 0.4 M HCI
the range was 0.75-12 mM HCI. Hydrochloric acid apparently
enhances the role of potassium chloride but cannot substitute
for it.

The slope of a calibration curve for manganese (and copper),
obtained with a solution containing solely 0.05 M hydrochloric
acid, is steep (see above) and becomes unity on addition of
potassium chloride; the slope of the curve obtained with the
solution containing 1 mM KCI + 0.05 M HCI coincides with
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Figure 4. Effect of KCl on the emission intensities of Mn atomic and
jon lines. Well 1: 5 uL of 0.10 ug Mn/mL in 0.05 M HCI. Well 2: 5
uL of various KCI concentrations. (O) Mn 1 4030.75 A (O)Mn1
2794.82 A. (A) Mn II 2576.10 A
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Figure 5. Effect of KCI on the siope of curves for gar

(O) Mn 1 4030.75 A, 0.05 M HCI-H,0. (®) Mn I 4030.75 A, 0.05 M
HCl-4 mM KCI. () Mn I1 2576.10 A, 0.05 M HCI-H,0. (A)Mn II 2576
10 A, 0.05 HCI-4 mM KCI

that for a solution of 10 mM KClI in the absence of HCIL.

Effect of Potassium Chloride Vaporized Separately.
The fact that potassium chloride enhanced spectral intensity
largely by affecting the volatilization process was demonstrated
in the previous paper (2) with a W-shaped, 2-well filament.
This experiment was extended to manganese in 0.05 M hy-
drochloric acid. Five uL of 0.05 M hydrochloric acid solution
containing 0.1 ug/mL manganese was placed in one of the
wells, while the same volumes of various concentrations of
potassium chloride solution were deposited in the other.
Between 0 and 1 mM potassium chloride, the spectral in-
tensities of the atom and ion lines of manganese increase
rapidly, then rise very gradually to a constant level at 4 mM
potassium chloride and beyond (Figure 4). At a manganese
concentration of 0.1 ug/mL, potassium chloride when in-
troduced separately enhances the atomic lines about 10-fold
and the ion lines about 5-fold. These results can be explained
by assuming that the decomposition of manganese salt in the
vaporization process is suppressed or the recombination
reaction is rapid because of the presence of the vapor of
potassium chloride. Calibration curves for manganese in 0.05
M hydrochloric acid are shown in Figure 5 with or without
separate introduction of 5 uL of 4 mM potassium chloride
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Figure 7. Axial distribution of the zinc atomic population along the
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the filament seems to have an important role in the en-

of Zn 2138.56 A. Well 1: 5 uL of 0.016 ug Zn/mL in water. Well
2: 5 ulL of various concentrations of potassium halides (KX), where
X = Cl (a), Br (A), I (O)

solution. Although potassium chloride and manganese were
volatilized into the plasma separately, the slope of the cali-
bration curves for manganese altered to unity in support of
the basis persumed to identify the steep calibration curves
(see above) (2).

Effect of Recombination Reaction on the Intensities.
To examine the effect of anions volatilized separately on the
intensity of metals, the W-shaped, 2-well filament was used:
5 uL of a 0.016 ug Zn/mL solution was deposited in one of
the wells and 5 uL of various concentrations of potassium
chloride, bromide, or iodide solutions in the other. The
spectral intensity of zinc depends on the particular halide
introduced separately (Figure 6). This fact suggests that some
interaction between zinc and potassium halides occurs in the
vapor phase, since the zinc and potassium halide solutions
placed on the filaments are desolvated and volatilized sep-
arately, but simultaneously. When the sample is volatilized
from the heated filament, neutral atoms of metals are formed
by dissociation of the compounds and can be observed by
atomic absorption methods (2). This technique was applied
to zinc halides under the same conditions described above,
except that the microwave power was turned off. The axial
distributions of neutral atoms of zinc along the discharge tube
are shown in Figure 7. The population of zinc atoms decreases
in the order chloride > bromide > iodide, an order opposite
to that observed for the enhancement effect (Figure 6). From
these results, recombination reaction after volatilization from

t of pot halide when introduced separately.
Apparently, the more rapid recombination of zinc and halogen
atoms results in higher intensity of the zinc line.

In summary, potassium chloride serves to prevent the
decomposition of a sample salt in the process of volatilization
and permits the volatilization of the sample from the filament
as the chloride. The increase in spectral intensity of copper
or manganese by the addition of hydrochloric acid is due to
the same effect which is exercised by potassium chloride
though HCl is less efficient. Even if neutral atoms of a metal
are formed by dissociation when the ple is volatilized from
the heated filament in the presence of potassium chloride, they
largely recombine with chlorine atoms. An excitation
mechanism in the low-pressure helium plasma has been
proposed in an earlier paper (2): metal ions are produced
directly from the metal chlorides by their collision with high
energy electrons or metastable atoms of helium. This
mechanism requires the sample to be introduced into the
plasma as a vapor of metal chlorides and all evidence described
above support the hypothesis.
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Determination of Phosphorus in Milk Powders by Optical
Emission Spectrometry with a High Frequency
Inductively-Coupled Argon Plasma Source
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A rapid, direct method for the d Inatl ph In
milk powder solutions by optlcal emission tpociromﬂry using
an Inductivel pled argon pl. perated at 27

MHz Is pruonlod. Optimum conditions for the determination
have been established and a detection limit of 0.1 ug/mL P
has been obtained at the phosph 213.62 nm line. A study
of the precision of the technique has also been carrled out and
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The determination of phosphorus in aqueous solution by
optical emission spectrometry using an inductively-coupled
plasma source (ICP) has been reported by several groups of
workers (I1-4). The technique has been applied to the de-
termination of phosphorus levels in blood by Greenfield and
Smith (5) and Kniseley et al. (6); Kirkbright, Ward, and West
(7) have reported its use for the determination of phosphorus
in acetic acid extracts of soils. The results of the above studies
indicated that the sensitivity attainable by the technique
would allow the direct determination of total phosphorus in
milk powders. There is a need for a rapid and precise direct
method for the determination of phosphorus content of milk
products without recourse to destruction of organic matter
by wet ashing. As phosphorus is an essential nutritional
component in milk, and is present at relatively high levels,
it is necessary to achieve good precision in its determination.
The molybdate colorimetric method (AOAC 7.095) is most
commonly used for the determination. Inevitably, however,
the necessity for wet ashing of samples before development
of the absorbing species for solution spectrophotometry results
in a lengthy and tedious procedure. In this paper we describe
a rapid and convenient emission spectrometric method in
which total phosphorus is determined by pneumatic nebu-
lization of aqueous milk powder solutions into the induc-
tively-coupled plasma source.

EXPERIMENTAL
Apparatus. The instrumental system employed utilized a
2-kW crystal-controlled radiofrequency generator operating at
27 MHz (International Plasma Corporation, Hayward, Calif.) and
a 1-m plane grating scanning monochromator (Rank Hilger Ltd.,

Table I. Instrumentation

Plasma power supply IPC model 120-27: operating fre-
quency: 27.12 MHz; power out-
put: 0-2 kW continuously var-
iable. Work coil: 1'/; turns 6-
mm o.d. copper tubing, internal
diameter of coil 26 mm.

Hilger Monospek 1000: Czerny-
Turner scanning monochromator
with plane grating (1200 lines
mm™') blazed at 300 nm; recipro-
cal linear dispersion 0.8 nm mm™'.
Plasma imaged in 1:1 ratio onto
entrance slit with two fused silica
lenses (7.5-cm focal length, 4-cm
diameter).

Signal from EMI 6256 B photomul-
tiplier tube displayed on Servo-
scribe chart recorder, model RE
511.

Demountable fused silica torch
with brass base. Coolant gas

Spectrometer

Optics

Readout

Plasma torch

tubing: 18-mmi.d. Plasma gas
tubing: 16-mm o.d. Injector
tubing: 6-mm o.d., 1.5-mm orifice
diameter.

Nebulizer Concentric glass nebulizer and
spray chamber (Plasma-Therm Inc.,
Kresson, N.J.). Uptake rate: 1.3
mL min~! for water, 1.2 mL min™!
for 10% v/v acetic acid; at argon
flow rate 1.3 mL min~'. Effi-
ciency for water, 3%. Efficiency
for 10% v/v acetic acid, 4%.

Table II. Plasma Operating Conditions

Net forward RF power 1200 W
Spectrometer slits 20 u entrance and exit slits
Argon coolant gas flow rate 11.0 L min™!
Argon plasma gas flow rate 1.0 L min~!
Argon sample transport gas
flow rate 1.3 L min™!

Viewing height 25 mm above work coil

water to produce a stable solution.
le solutions prepared in this way contained between 5

Margate, Kent, U.K.). A demountable pl torch bly
with tangential argon inlets and sample introduction from a eentml
injector tube was used in this work. Specifications of the
equipment employed are presented in Table I.

Reagents and Materials. All chemicals used were of reagent
or analytical reagent grade. The phosphorus stock solution (1000
pg/mL) was prepared by dissolving potassium dihydrogen
phosphate (Analar grade, Hopkin and Williams, Chadwell Heath,
U.K)) in distilled water. Analyzed milk powder samples were
kindly supplied by Cow and Gate Baby Foods, Trowbridge,
Wiltshire, UK

Procedure Approxlmawl) 0.5 g of the milk powder to be

d was ly and mixed with 10 mL of glacial
aceuc acid. This mixture was then diluted to 100 mL with distilled
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and 40 ug/mL phosphorus. These were analyzed by measurement
of the phosphorus emission intensity at 213.62 nm produced on
nebulization of the sample solutions into the plasma and com-
parison with a calibration graph constructed by measurement of
the mtens:t) at 213.62 nm produced on nebulization of aqueous

dard solutions prepared in 10% acetic acid solution.
The plasma operating conditions employed are shown in Table
1. These were chosen to optimize the signal-to-noise ratio
observed at the phosphorus 213.62 nm line.

RESULTS AND DISCUSSION

Choice of Analytical Line for Phosphorus Determi-
nation. Although the principal resonance lines of the




h

Table III. D ination of Ph

Content of Milk Powders

Phosphorus content, %
Calcium By AOAC By

Sample content, molybdate ICP OES
%

No. method® method RSD, %
1 0.36 0.22 0.21 2.2
2 0.72 0.42 0.44 -
3 0.78 0.15 0.17 -
4 0.73 0.49 0.50 -
5 0.75 0.17 0.17 -
6 0.93 0.64 0.62 2.0
7 0.46 0.42 0.42 1.4

@ Estimated precision, : 3%.

phosphorus atom all lie below 200 nm, there are a number of
atomic emission lines in the range 200-300 nm which are of
sufficient intensity to be analytically useful. In order to
establish the most suitable of these lines for determination
of phosphorus, the relative intensities and detection limits for
the 213.62, 214.91, 253.56, and 255.33 nm lines were measured;
the 213.62 nm line exhibited the highest intensity and the
lowest detection limit (0.1 ug mL ) and was therefore selected
for use in all further work.

Effect of Calcium. The interference of phosphate in the
determination of Ca is well known in flame atomic spec-
trometry and has been explained by the postulation that a
relatively nonvolatile compound is formed between calcium
and phosphorus in the flame (8). A number of studies of the
effect of phosphate on calcium emission intensity in the ICP
have been reported (9-11). These have indicated the absence
of any significant interference in the plasma tail flame. This
might be expected as a result of the large amount of thermal
energy available in the ICP source combined with the rela-
tively long residence times of the particles in the axial channel
of the plasma.

The effect of the concomitant calcium ion on the intensity
of phosphorus atom line emission observed in an early form
of “tear drop” shaped ICP has been investigated by Kirk-
bright, Ward, and West (7); a 20% enhancement in the
phosphorus emission intensity at 213.62 nm in the presence
of a 50-fold excess of calcium was reported. As relatively high
calcium levels are present in milk, it was decided to investigate
the effect of calcium on the phosphorus determination with
the source employed in this work. The results obtained at
an observation height of 25 mm above the work coil dem-
onstrated the absence of any significant interference in the
presence of up to a 10-fold weight excess of calcium. A slight
(4%) suppression was observed at a 50-fold excess but this
is not important for the purposes of the present work, as
calcium concentrations of this order are not encountered in
milk powder samples as is evident from Table III. These
results are in general agreement with the complementary
observations (10) of the effect of phosphate on calcium
emission in the ICP source.

Analysis of Milk Powders. The accuracy of the method
was examined by determining the phosphorus content of seven
milk powders which had been independently analyzed by the
standard AOAC solution spectrophotometric method (7.095)
after wet ashing.

Initial attempts to analyze the samples after their disso-
lution in hot or cold distilled water gave rise to low results
for the majority of the samples. This was attributed to in-
complete dissolution of phosphorus-containing protein
components in the milk powders. This problem was overcome
by the use of acetic acid in the procedure employed to prepare
the sample solutions. Addition of glacial acetic acid to the
milk powders resulted in the formation of a fine precipitate
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Figure 1. Effect of acetic acid on the emission intensity at 213.62 nm
of a 10 ug mL™" phosphorus solution

which could then be easily taken up by dilution with distilled
water to form a homogeneous solution which did not settle
out on centrifuging.

The presence of acetic acid in sample solutions was found
to result in an t of the ph
intensity at 213.62 nm as shown in Flgure 1. ’I'his may be
attributed in part to the effect of the changed physical
properties of the solution (surface tension, density, and
viscosity) on the nebulization efficiency as shown in Table I.
Thus, in the determination of the phosphorus content of the
milk samples, it was necessary to construct the calibration
curve from aqueous phosphorus standards containing a
concentration (10%) of acetic acid equivalent to that present
in the sample solutions.

The results obtained for the phosphorus determinations
using the recommended procedure are shown in Table III.
These can be seen to be in good agreement with the results
obtained by independent analysis.

Precisi The precision of the plete method was
estimated by carrying out replicate analyses on three of the
milk samples (sample numbers 1, 6, and 7 in Table III). Four
separate solutions were prepared for each of the three samples
and four replicate analyses were then made on each of these
solutions. Intensity measurements were obtained for sample
solutions by wavelength scans through the 213.62 nm line and
these were compared with the emission intensity observed for
a standard phosphorus solution measured in a similar manner.
The relative standard deviations in the results of the 16
analyses for each sample were calculated and are shown in
Table III.

An overall value for the precision of the complete method
was also obtained by computing the pooled relative standard
deviation for the three series of analyses (48 samples); a
relative standard deviation of 2% was obtained in this way.

ACKNOWLEDGMENT

The authors thank J. V. Stevens, Cow and Gate Baby
Foods, Trowbridge, Wiltshire, U.K., for the supply of the
analyzed milk samples.

LITERATURE CITED

(1) G. W. Dickinson and V. A. Fassel, Anal. Chem., 41, 1021 (1969).

(2) V. A. Fassel and R. N. Kniseley, Anal. Chem., 46, 1110A (1874).

(3) P. W. J. M. Boumans and F. J. de Boer, Spectrochim. Acta, Part B,
30, 309 (1975).

(4) M. H. Abdallah, R. Diemiaszonek, J. Japosy, J. M. Mermet, J. Robin, and
C. Trassy, Anal. Chim. Acta, 84, 271 (1976)

(5) S. Greenfield and P. B. Smith, Anal. Chim. Acta, 59, 341 (1972).

(6) R.N.Kniseley, V. A. Fassel, and C. C. Butier, Cin. Chem. (Winston-Salem,
N.C.), 19, 807 (1973).

ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977 « 1493



G. F. Kirkbright, A. F. Ward, and T. S. West, Anal. Chim. Acta, 82, 241
(1971
(9) S. Greenfieid, LL Jones, and C. T. Borry AMM((Lamon) 89, 713

(1964).
(10) G.F.Larson, V. A. Fassel, R. H. Scott, and R. N. Kniseley, Anal. Chem.,
47, 238 (1975).

(11) M. H. Abdaliah, J. M. Mermet, and C. Trassy, Anal. Chim. Acta, 87, 329
(1976).

RECEIVED for review April 5, 1977. Accepted June 3, 1977.
We thank the British Council for the award of a Postdoctoral
Scholarship to one of us (L.N.O.).

Colorimetric Determination of Hippuric Acid in Urine and Liver

Homogenate

Shinji Ohmorl* and Mikiko Ikeda

Faculty of Ph. IS Ok u ty, O

Shohel Kira and Masana Ogata

700, Tsushima-Naka-1, Japan

Department of Public Health, Okayama University Medical School, Okayama 700, Shikata 2-5, Japan

To a dried extract contalning hippuric acid (HA), 1.0 mL of
acetic anhydride and 2.0 mL of 0.5% p-dimethylamino-
benzaldehyde (DAB) solution In pyridine were added, and the
solution was kept at 40 °C for 1 h after thorough mixing. The
absorbance was then determined at 458 nm against a blank
contalning acetic anhydride, DAB, and pyridine. This method
was In good agreement with Beer's law within 1 to 100 ug
and the mean * SD absorbance for 20 ug HA was 0.939 £
0.013 (n = 5). The apparent molar absorptivity of 2.5 X
10*/mol/cm, and the relative standard deviation of 1.4% was
calculated.

The determination of hippuric acid (HA) in urine is of great
significance, mainly for testing of liver function (1), diagnosis

mixture additionally contained silica gel.
The colorimetric procedure reported in this paper is based
on the DAB method.

EXPERIMENTAL

Chemicals and Instruments. Analytical grade chemicals
from Wako Pure Chemical Industries Ltd (Osaka, Japan) were
used. A Hitachi-139 Spectrophotometer was used for measuring
the absorbance at 458 nm and a Hitachi-124 Spectrophotometer
for recording the absorption spectra.

Determination of HA. Extraction of HA from Urine. Urine
(0.1 mL), 10 xL. 6 N HCI, ca. 20 mg NaCl, and 1 mL ethyl acetate
in a 10-mL test tube were mixed for 30 s with a Vortex mixer
(Thermonics Inc., Japan). After 5 min, a 0.1-mL aliquot of the
ethyl acetate layer was transferred to a 20-mL test tube and
evaporated to dryness under reduced pressure.

Extractwn of HA from Liver Homogenates. Method A: for
containing more than 20 ug HA per 0.5 mL. Rat

(2-4), and estimation of the detoxication of alkylb and
drugs (5-7).

In this paper a convenient and reproducible method based
on colorimetry is presented. About 40 papers dealing with
methods of determination of HA have been published. These
methods depend on column chromatography (8), extraction
(9), colorimetry (10-13), gas chromatography (14-17), thin-
layer chromatography (18), paper chromatography (19),
fluorimetry (20), titration (21), and determination of radio-
activity (22). The method most widely used at present is based
on gas chromatography. Applying this method to the de-
termination of HA in liver homogenates of rat and eel (instead
of urine), we had difficulties with overlapping peaks. The
method to be described here is applicable to urine as well as
liver homogenates.

Two colorimetric methods have been presented for the
determination of HA. With the method of Umberger (10)
which was later modified by Ogata, the color is produced in
a mixture of the HA-containing sample with benzene-sul-
fonylchloride and pyridine. With the method reported by
Gaffney et al. (19) and Ogata et al. (23), DAB is used. Gaffney
et al. employed paper chromatography. They detected the
HA spot by spraying a 4% solution of DAB in acetic anhydride
which contained a few crystals of sodium acetate with sub-
sequent heating of the chromatogram at 130150 °C for 1-2
min. The absorbance of the color was determined after elution
of the spot. Ogata et al. improved this method. Their reaction
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llver (10 g) was homogenized in 90 mL of 1.15% KCl in a Pot-
ter-Elvejhem Teflon pestle homogenizer and then centrifuged
at 1000 X g for 10 min.

To a 10-mL glass stoppered centrifuge tube, 0.5 mL of the
supernatant and 20 uL. 6 N HCI, 20 L glacial acetic acid, ca. 150
mg NaCl, and 2.5 mL ethyl acetate were added. The mixture was
agitated with a Vortex mixer for 30 s and centrifuged at 1500 X
g for 5 min. The ethyl acetate layer was dried over anhydrous
sodium sulfate. An aliquot (0.5 mL) was then evaporated under
reduced pressure.

Method B: for homogenates containing less than 20 ug HA
per 0.5 mL. To a 10-mL glass stoppered centrifuge tube 0.5 mL
of the supernatant of the homogenate and 50 uL 6 N NaOH, ca.
150 mg NaCl, and 5 mL. ethyl acetate were added. The mixture
was agitated with a Vortex mixer. It was then centrifuged at 1500
x g for 10 min and the ethyl acetate layer was removed as

hly as possible. The layer was acidified with 0.1
mL 6N HCl and extracted with 5 mL n-hexane by vortexing and
centrifuging. After the hexane layer was removed as thoroughly
as possible, the aqueous layer was extracted with 5 mL ethyl
acetate by vortexing and centrifuging. The extract was dried with
anhydrous sodium sulfate and an aliquot (3.5 mL) was evaporated
under reduced pressure.

Development of the Color and Its Measurement. To the dried
HA-containing residue, 1.0 mL of acetic anhydride and 2.0 mL
of 0.5% DAB solution in pyridine were added in turn. After
thorough mixing, the solution was kept at 40 °C for 1 h. The
absorbance was then determined at 458 nm against a blank
containing acetic anhydride, DAB, and pyridine.
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Figure 1. Time course of color development. HA (10 and 20 ug) was
allowed to react with 1.0 mL of acetic anhydride and 2.0 mL of 0.5%
DAB solution in pyridine at 30 or 40 °C
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Figure 3. Influence of the concentration of DAB on color development.
HA (15 pg) was allowed to react with 1.0 mL acetic anhydride and 2.0
mL of 0.5% DAB in pyridine at 40 °C for 1 h
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Figure 4. Influence of water on color development. HA (15 ug) was
allowed to react with 1.0 mL acetic anhydride and 2.0 mL of 0.5%
DAB In pyridine at 40 °C for 1 h, in the presence of different amounts
of water
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Figure 2. Absorption spectra under varying ratios of acetic anhydride
and pyridine. HA (15 ug) was reacted in a final concentration of 0.33%
DABat30°Cfor2h

RESULTS

Time Course of Color Development. As is shown in
Figure 1, it takes about 1 h at 40 °C or up to 2 h at 30 °C to
develop the maximum absorbance. The color is stable for at
least one day.

Absorption Spectra under Varying Ratios of Acetic
Anhydride and Pyridine. In a total volume of 3 mL with
constant amounts of DAB and HA, the color was developed
in the presence of different ratios of acetic anhydride and
pyridine. As shown in Figure 2, there was a minute red shift
with increasing pyridine concentration. The maximum ab-
sorbance at 458 nm was obtained with a pyridine/acetic
anhydride ratio of 2.

Influence of Concentration of DAB on Color Devel-
opment. HA (15 pg), 1.0 mL acetic anhydride and 2.0 mL
of pyridine containing different concentrations of DAB were
kept at 30 °C for 2 h. As shown in Figure 3, almost the same
absorbance was found in the range of 0.375 to 1.0% DAB in
pyridine. A final concentration of 0.33% DAB was, however,
chosen as standard concentration to avoid HA-independent
color development. Figure 3 also shows that the color is

Table I. Reliability of Color Development under the
Standard Condition?®
Mean + SD Rel std
HA, ug N  absorbance at 458 nm dev, %
10 5 0.466 = 0.015 3.2
20 5 0.939 = 0.013 1.4
30 5 1.444 £ 0.017 1.2

@ Using a standard ethyl acetate solution of HA, the
color was developed according to the procedure in Exper-
imental after ethyl acetate was evaporated.

developed in the absence of DAB. It took, however, more than
3 h until the absorbance reached a constant value.

Influence of Water on Color Development. The color
was developed under standard conditions except that varying
amounts of water were added to the reaction mixture. As
shown in Figure 4, up to 30 uL of water do not influence the
color development significantly.

Calibration Curves. (a) Calibration Curve without
Extraction. The calibration curves which were prepared using
a standard ethyl acetate solution of HA showed fine linearity
within 1 to 100 ug. Moreover as shown in Table I, this method
is precise to 1.4% relative standard deviation for 20 ug HA.
The apparent molar absorptivity was 2.5 X 10*/mol/cm at
458 nm.

(b) Calibration Curves with Extraction. The calibration
curves, which were prepared using an HA aqueous standard
solution according to the extraction procedures for urine or
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Figure 5. Absorption spectra of two yellow spots separated on a
thin-layer chromatogram. The solid lines represent the absorption
spectra in methanol and the dotted lines in the mixed solution of acetic
anhydride and pyridine (1:2)

liver h genate, also showed good agr t with Beer's
law and about 94% of absorbance by comparing with (a).

Recovery Tests. As shown in Table 11, recoveries of HA
added to urine are 100.1 + 3.4%, and in the case of liver
homogenates, they are 73.8 + 1.3% for Method B and 92.7
%+ 2.3% for Method A. When Method A is applied to the
sample containing less than 20 ug HA per 0.5 mL, an HA-
independent color development attributable to the contents
of liver homogenate prevents accurate determination. This
is why two methods are applicable respectively.

DISCUSSION

The colorimetric method for determination of HA, pres-
ented in this paper, is simpler, more reproducible, and about
5 times more sensitive than the previous colorimetric methods.

With thin-layer chromatography of the colored substance
on silica gel developing with toluene/acetic acid 9:1, three
yellow spots (R, 0.70, 0.48, and 0.42) could be separated. The
absorption spectra of the eluted spots with methanol indicated
that the colored compound with the R; value of 0.42 mainly
contributed to the absorbance at 458 nm (see Figure 5). This
substance may be 2-phenyl-4-(1-hydroxyethylidene)oxazol-
5-one which was synthesized by Attenburrow et al. (24). The
substance wnh the R; value of 0.70 may be 2-phenyl-4-(p-
dimethylami: 1)oxazol-5-one, which was synthesized by
Schueler et al. (25) and Gaffney et al. (19). The spot with the
Ry value of 0.48 was paler than the other two. The color faded
away after elution with methanol. Work is in progress to
identify the colored substances.

Seventeen urine samples were used for comparing the
present method with the gas chromatograph method by
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Table I Recovery Studies of Hippuric Acid Added to
Urine and Liver Homogenate by the Present Method

HA HA HA(ug)/0.5
add- HA(ug)/0.1 Re- add- mL of liver Re-
ed, mL of urine covery, ed, homogenate covery,

bE (n=3) %  ug (n=3) %
0 15.9:0.2 0 N.D.

10 254:15 950 5  3.62:0.08 72.4°
15 30.5:0.7 97.3 10 7.43:0.28 74.3°
20 35.9:1.2 100.0 15 11.22:0.39 74.8°
50 65.3:4.1 987 20 17.9:12  89.5°
100 121.2:1.0 105.3 50 46.4+30  92.8°
150 169.8:3.3 1026 70 65.5:4.6  93.6°
200 218.9:28 101.5 100 95.0:7.2  95.0°
Mean 100.1 Mean 73.82
92.7°
1.3%
sSD 3.4 SD 2.3%

@ HA was extracted according to Method B. b HA was
extracted according to Method A.

Buchet et al. (14), and from data a correlation coefficient of
0.977 and the regression line of Y = 0.896X + 0.090 was
calculated (Y = the present method).

With the present method the absorbance can also be
measured at 489 nm in good agreement with Lambert-Beer’s
law. C d with ts at 458 nm, the sensitivity

is about 70%.
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New Drift-Tube Source for Use in Chemical lonization

Mass Spectrometry

P. C. Price," H. S. Swofford, Jr., and S. E. Buttrill, Jr.*2

Department of Chy Y. Ur ty of A Al A

A new lon incorp | | drift tube allows
control over the oxtemolhagmmmonolﬂnqud-nmm
ions produced in chemi tion mass sp Y.

Increasing the electric field strength in the drlﬂ-!ube region
causes fragmentation similar to that observed at higher source
temperatures or with more energetic reagent gases. Effective
fon temperatures in excess of 1000 K are avallable at the
highest drift fields. Since a single drift voltage setting controls
the extent of frag lon, It is possible to obtaln both

lecular lon spectra and Ive fi lon on suc-

cessive scans of a single sample.

Chemical ionization mass spectrometry (CIMS) has gained
very wide acceptance as an analytical tool in the decade since
its initial development (). One of the greatest advantages
of CIMS over electron impact ionization is the great reduction
or elimination of fragment ions, simplifying the spectrum and
usually producing an intense quasi-molecular ion, i.e., either
MH?* or (M - 1)*. CI conditions under which only quasi-
molecular ions are present are ideal for quantitation of a

55455

the units V/cm Torr. This quanm.y may also be expresﬂed
as E/N or V cm? where N = mol /mL, the
being E/N = (E/P)(2.83 X 107). Often E/N is expressed
in Townsends, where Td = (V cm?)(107).

The mean kinetic energy of the ion distribution may be
approximated (12) by

KE = mv?/2 + Mv?/2 + 3kT/2 1)

where m = mass of the ion, M = mass of the neutral gas, v
= drift velocity, and T' = gas temperature. The additional
ion kinetic energy from the electric field may be described
in terms of an “effective ion temperature,” which will be equal
to T at very low E/P, but may be several thousand Kelvins
as E/P enters the high field region (13, 14). This “effective
temperature” is defined by Mason (11) as:

Tege= T(1 + Mv?/3kT) (2)

Qualitatively, both the ion velocity and internal energy
increase with E/P. The average translational energy of the
ions is determined by the steady-state balance of the energy
gained from the electric field and the energy lost to the
neutrals as a result of collisions. These collisions with the

compound, and they greatly facilitate the deter ion of
the number of components or the purity of an unknown
sample. However, the molecular weight alone is not sufficient
to identify a compound; considerable additional information,
such as is available from the masses and intensities of fragment
ions, is almost always required.

The extent of fragmentation of the quasi-molecular ions
in CIMS may be increased by increasing the source tem-
perature (2), or by using a more energetic reagent gas (3). Both
of these methods are relatively slow and experimentally in-
convenient and would certainly require the introduction of
additional samples with conventional instrumentation.

Early in the development of CIMS, it was recognized that
increasing the electric field inside the ion source increased the
relative intensities of fragment ions (4-6). This effect was
attributed to unimolecular fragmentation of the MH* ions
activated by energetic collisions with neutral reagent gas
molecules in the source. This report describes a drift-tube
chemical ionization source which uses this effect to provide
a variable degree of fragmentation of the quasi-molecular ions
in the CI spectrum.

A drift tube is a cylindrical chamber in which a uniform
longitudinal electric field is maintained by a series of ring
shaped electrodes. Ions introduced into one end of the tube
by an ion source may be accelerated through a neutral buffer
gas by applying a voltage gradient down the tube. The theory
of ion motion in drift tubes has been reviewed by several
authors (7-11). Briefly, ions entering a drift tube will acquire
energy from the electric field. It has been shown that this
energy is related to a parameter E/P, where E = electric field
strength, and P = neutral gas pressure in the tube. E/P has

! Present address, Umon Carbide 770-120, P.O. Box 8361, South

Charleston, W. Va. 25303.

94;;resem address, St.anford Research Institute, Menlo Park, Calif.
5.

gas molecules also increase the internal energy of the
lons, resulting in an effective “vibrational nempemmre which
is comparable to the “translational temperature.” If ions are
formed by the CI process at the rear of a drift tube, one should
be able to raise the “effective temperature” of those ions by
collisions with neutral gas molecules to very high values. This
should simulate the operation of a conventional CIMS source
at temperatures not normally attainable, and should result
in increased fragmentation. Since the crucial parameter, E/P
may be rapidly changed by varying E, by merely changing the
voltage of the drift electrodes, one should be able to rapidly
change the “effective source temperature”.

EXPERIMENTAL

The basic mass spectrometer used in this work is a DuPont
21-490B modified for CIMS as described previously (15). A
cross-sectional view of the drift tube chemical ionization source
is shown in Figure 1. The source is cylindrically symmetrical
about the direction of ion motion.

The electron beam enters at the rear of the source at an angle
of approximately 45° with respect to the axis. The filament and
rear electrode of the Pierce style (16) electron gun are about 2.5
cm from the 0.79-mm electron beam entrance hole. Under the
usual operating conditions, the filament and rear electrode are
at zero potential, the front electrode is at 300-700 V, and the
source is at ing potential ( i ly 1300 V) From
observation of the burned discoloration of the polished flat surface
at the rear of the source housing, it appears that the image of the
filament on the source is 100% to 125% of the actual filament
area (0.75 X 7.5 mm). The filament is made of 0.75 mm X 0.025
mm rhenium ribbon and lasts at least 4 months in normal op-
eration.

The metal parts of the source are machined entirely from

inless steel. The insulators are made of MACOR Machinable
Glass-Ceramic (Corning Glass Works) and are shown shaded in
Figure 1. Beginning at the left in Figure 1, part A is the ion source
ltselfwhlchmaybeblasedbyupw%anhrespecttothednﬁ.
tube base, part B. In addition to serving as the union between

ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977 » 1497



CJceramic

315 em—

Figure 1. Drift tube lon source
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Figure 2. Drift tube CI source circuitry

the source and drift tube, the base plate, B, contains the gas inlets
and a thermocouple well, which are not shown. Part C and the
next four metal parts are the drift rings which are designed to
pletely shield the i s from the ions moving through
the drift tube. Part D is the drift tube cap and contains a second
thermocouple well and mounting holes for an Einzel lens assembly
(not shown). The ion exit aperture is a 1.0-mm hole in a 9.5-mm
diameter disk 0.05 mm thick which is clamped to the cap.

To make the source relatively gas tight without the use of
numerous gaskets, both the insulating rings and the mating
surfaces on the metal parts were machined flat and highly
polished. The entire stack is clamped tightly together with four
0-80 rods running through the eight metal parts.

The voltages for the drift tube source are provided by the circuit
in Figure 2. The voltage divider, consisting of seven 69.5-kOhm
0.5% resistors, is mounted inside the source housing. The batteries
and controls are enclosed in a box floated at accelerating potential.
With this particular circuit, both the repeller field and the drift
field may be varied independently over a wide range without
appreciably changing the energy of the ions reaching the magnetic
sector (but see below).

The electron gun could be biased at any potential up to 1000
V relative to the ion source. However, with the source pressure
at 0.1 Torr, the ion current increased steadily with increasing
electron energy. Thus, maximum sensitivity was obtained by
running the filament at ground potential giving an electron energy
of approximately 1300 eV. Using water as reagent gas, repeller
settings of greater than 6 V gave less than 10% increase in
sensitivity, even with low drift fields. Hence the repeller was
usually run at 5 V or less. As in previous work with a more
conventional CI source (17-19), maximum total ion current and
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Table I. M t of A Effective Ion
Temperature of MH* Ions from 1-Octene in Water
Reagent Gas® as a Function of E/P

Drift E/P,
voltage, V/em AV, Tetr,
V Torr v K
0 0 0 303
31.3 33.1 0.2 550
45.5 48.1 0.4 800
69.4 73.4 0.6 1040

@ See text for experimental conditions.

stable operation were obtained by tuning the ion focusing and
beam steering lenses to maximize the HyO,* ion from water
reagent gas. Very detailed descriptions of the drift tube ion source
(20) and the new source housing and ion optics (21) are available
elsewhere.

The dynamic sensitivity of the drift-tube source was frequently
measured with a standard sample as a check on tuning parameters
and source conditions. With the source at 100 °C, 0.1 Torr, and
E/P of 67 V/cm Torr (using water as a reagent gas), the detection
limit for an injected aqueous solution of 1-octene was 5 to 10 ppm.
While this present detection limit does not permit trace analyses,
it is sufficient to demonstrate potential analytical utility.

RESULTS AND DISCUSSION
It was of immediate interest to demonstrate that, under CI
conditions, large amounts of energy could be imparted to ions
in the drift tube. This measurement was made by utilizing
a basic property of a magnetic sector mass spectrometer; ions
are focused at the detector according to the following formula:

mfe = kH*r*|V 3)

where k is a constant, H is the strength of the magnetic field,
and V is the voltage through which ions are accelerated. If
a given ion is focused at the collector, it would be observed
to shift position if the accelerating voltage was changed. Thus,
at constant accelerating voltage, any changes in the energy
(eV) of ions leaving the source will appear as a slight shift of
V in Equation 3. There will then be a shift of the peak
position as observed at the collector. If the accelerating voltage
is changed an t corresponding in voltage to the ad-
ditional energy accumulated by the ion in the source, the peak
should return to its previous position as observed at the
collector.

First, to determine the accuracy of this method, an ex-
periment was performed with the source operating in the
electron impact mode. The source pressure was less than 1
um, the temperature was 30 °C, and the repeller was set at
0V; the only gas present was air. With the accelerating voltage
set at 1270.6 V, m/e 28 was focused on the collector. An
increase of the drift voltage from 0 to 3.3 V necessitated a
decrease of 3.2 V of the accelerating voltage to 1267.4 V to
refocus m/e 28. Thus, the application of 3.3-V drift voltage
increased the ion energy by 3.2 eV. Similarly, 24.3 V applied
to the drift tube contributed 24.5 eV to the ion energy, and
95.8 V contributed 95.4 eV of energy. From these data, it can
be seen that by keeping an ion peak focused on the collector
by varying the ing voltage, ch in energy of ions
leaving the source can be measured. Slight errors are the result
of the probl iated with ing 0.1-V changes at
the kilovolt level.

The experiment was repeated with the drift-tube source
operated in the CI mode with water as the reagent gas and
1-octene as the sample. The source pressure was 0.217 Torr,
the temperature was 30 °C, and the repeller voltage was 0.
The MH* ion (m/e 113) was focused at the collector with the
accelerating voltage at 1268.4 V. The results of increasing the
drift voltage under these conditions are shown in Table I.
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Figure 4. Water cluster lons: 30 °C, 0.105 Torr

As the drift voltage (or E/P value) was increased, the
corresponding accelerating voltage necessary to center mass
113 at the collector decreased. At an E/P of 73.4 V/cm Torr,
the ions exiting the source have accumulated an excess of 0.6
eV over their energy when the drift field is zero. This excess
kinetic energy of motion along the axis of the drift tube (eAV)
is just the quantity represented by the first term (11) in
Equation 1, so that we have a crude measure of the drift
velocity. Combining this fact with Equation 2 yields an
expression for the “‘effective temperature” which can be
evaluated directly:

Tete= T[1 + (2MeA V)/(3mkT)] (4)

As shown in Table I, the effective temperature of the ions
estimated in this way exceeds 1000 K at E/P = 73.4 V/cm
Torr.

Itisof i to e the water reagent ion intensities
obtained with this source with those observed in the more
conventional CI source (17) and those expected under
equilibrium conditions (22). Figure 3 shows the variation of
water cluster ion intensities at 115 °C and constant 3.45 V/cm
drift field. The larger clusters at m/e 55 and 73 begin to
dominate the spectra at much lower pressures than in the
modified DuPont source (17). This is undoubtedly due to the
much longer distance which the ions must now travel within
the source to reach the source exit aperture.

Figure 4 shows the variation of water cluster ion intensities
with E/P at 0.105 Torr and 30 °C. The effects of increasing
E/P are qualitatively very similar to those expected from
raising the source temperature. Figure 5 is a plot of the
relative equilibrium concentrations of the various ions in water
calculated from Kebarle's thermochemical data for these ions

0.10 torr

PERCENT TOTAL ION CURRENT [percent)

1 h 4
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Figure 5. H,0 clusters vs. temperature at 0.10 Torr
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Table II. Methane Reagent Gas Ions (Percent Total Ion
Current) Observed in the Drift-Tube Source at
30 °C and 0.10 Torr

E/P values, V/em Torr
mle 0 33.3 66.7 133 200 267

15 6 0.3 0.3 1.9 6.3 12
17 28 15 26 26 18 14
19 11 32 22 6.4 1.9 0.6

(22). Comparing Figures 4 and 5 shows that at low values of
E/P in water, the ion intensities are very close to those ex-
pected at equilibrium. The small signals at m/e 55 and 37
are possibly due to collisional dissociation of a small fraction
of the ions as they leave the source. At higher values of E/P,
the behavior of the relative intensities of the cluster ions
deviates from that expected at any particular temperature.
At any given E/P value between 100 and 200 V/cm Torr, three
different ions are always present in significant (>15%)
amounts, whereas under true thermal equilibrium, there is
no temperature at which more than two ions are significant.
This observation is totally consistent with the fact that only
the ion “temperature” is increased by the drift field. Also,
the ion speeds and vibrational energies are not accurately
described by the Boltzmann distribution.

Since methane was the first reagent gas used in CIMS and
is probably still the most common, it was tried in the new
source. Table II shows the intensities of the major peaks
observed in methane with the drift-tube source at a variety
of E/P values. At zero field, the spectrum is similar to that
obtained by Field (1) and others under conventional CI
conditions. As E/Pis i d, there do appear to be in-
creases in fragmentation; the m/e 15, 27, and 39 peaks in-
crease, while m/e 17, 29, and 41 decrease. Plots of the in-
tensity of ions in methane reagent gas vs. pressure were similar
to Field's work (at low E/P), except it appeared that a
“steady-state” population was reached at approximately 0.1
Torr. Notable exceptions were m/e 39 and 27, which con-
tinued to decrease in intensity up to 0.2 Torr. In terms of
pressure behavior, methane is analogous to water reagent gas
in that CI conditions are attained at 0.07 to 0.10 Torr in the
drift-tube source (as compared to 0.7 to 1.0 Torr in many
conventional CI sources). It should be noted that, in contrast
to water, methane reagent gas is markedly affected by the
repeller voltage. Above 10 V, the spectrum is “distorted”, and
m/e 41 by very i B of the plex nature
‘of the changes in the methane reagent ions with drift field,
methane will probably be of limited value as a reagent gas in
the drift tube CI source.

In contrast to methane, isobutane is almost ideal as a
reagent gas for the drift tube CI source. Figure 6 shows the
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Table I1I. Comparison of Decane CI Spectra (Percent Total Ion Current Above m/e 57)
Methane CI (Ref. 23) source Methane Clat 110°C Isobutane Cl at 110°C
temperature, °C E/P, V/ecm Torr E/P, V/em Torr
mje 35 100 200 0 100 200 0 100 200 mle
71 12 15 25 23 46 43 10 32 42 71
85 10 15 25 23 36 36 8.4 35 33 85
99 4.2 6.1 12 12 7.6 13 5.3 7.4 12 99
113 1.2 1.2 1.2 2.9 1.0 = 2.4 3.2 = 113
127 2.8 2:1 0.6 0.3 - - 2.4 = = 127
141 70 60 36 39 9.4 8.7 71 22 14 141
e . T T
| 2 “ 17 ISOBUTANECH |
| nsc |
80 e z | 0070 1orr ‘
' ; 7:‘[—
“]’ 30 C 00066 rorr g
g | ; =
g wr =
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Figure 8. Major isobutane lons: 30 °C, 0.066 Torr EP {Miem tom,
Figure 7. I of ethyl b as a function of

major ions in isobutane as a function of E/P at 0.066 Torr
and 30 °C. Over most of the available range of E/P, the C;Hg*
ion at m/e 57 accounts for 90% of the total reagent ion
current. At low values of E/P, there were some contributions
from m/e 41 and 42 which are omitted from Figure 6 for
clarity. The spectra obtained in the drift tube source at 0.06
to 0.09 Torr are similar to those obtained by Field (4) at
somewhat higher pressures.

Both methane and isobutane CI spectra of decane were
obtained at three different values of E/P in order to compare
the variation in fr ilable with the temperature
effects reported by Hunt and McEwen (23). Since the C;Hq*
reagent ion from isobutane is identical with one of the decane
fragment ions, only the peaks above m/e 57 are included in
Table III. Hunt's data were obtained at 1.0 Torr methane
pressure while the drift-tube source data were taken with 0.10
Torr of isobutane or methane. Using methane, it is obvious
that, even at zero drift field, the drift-tube CI data show more
fragmentation than Hunt found at 100 °C. This is probably
the result of the lower source pressure, although, as noted
above. t.he reagent ion dlstnbuuon is also somewhat different.

ng E/P causes fi ion even more ive than
was observed by Hunt at 200 °C. The isobutane data show
the extent of control over the degree of fragmentation available
with the drift-tube CI source. With no drift field, the
fragmentation of the (M - 1)* ion at m/e 141 is essentially
the same as that found by Hunt at 1.0 Torr methane and 35
°C. With E/P =100 V/cm Torr, the extent is substantially
greater than that which can be obtained by heating the source
to 200 °C.

The ability to control and rapidly change the extent of
fragmentation under CI conditions has tremendous analytical
utility. As an example, Figure 7 shows the isobutane CI
spectrum of ethyl butyrate as a function of E/P. Below 50
V/cm Torr, the MH* ion at m/e 117 is 95% of the total
sample ionization. At 200 V/cm Torr, the MH* is 70%
fragmented. Furthermore, the fragments are just those which
would be obtained from ethyl butyrate with methane CI
reagent gas (2). Thus the additional information which could
be obtained by switching from isobutane to methane reagent
gas is available with the drift-tube CI source by simply
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C
E/P. Isobutane pfessuey= 0.070 Torr; source temperature = 115
o,
C

changing a single voltage. This unique feature makes it
possible to determine the molecular weight and purity of a
material with one mass spectrometer scan and obtain
structural information on the next scan of the same sample.
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Negative lon Chemical lonization Mass Spectrometry of

Volatile Metal Chelates

S. R. Prescott, J. E. Campana, and T. H. Risby*
Department of Chemistry, The Pe

ia State Uni ity, Ur

The negative lon chemical lonization mass spectra for 34
volatile metal chelates are reported. Also a sensltivity study

using a gas ch graph ch I mass spec-
puter sy paring detection limits for
several Cr((-diketonates), in both and positive lon

dolectlonmodnhdembed. This study llustrates the ability
of negative lon chemi Ization mass spectrometry to
provide two to three orders of magnnudo lnmm in spoclﬂc
fon currents for
functional groups.

P g

Chemical ionization mass spectrometry has been shown to
be a potentially sensitive method of analysis for trace metals
(1-4). Detection limits in the picogram range have been
reported for several of the first, second, and third row
transition metals (4). This earlier work used the more
conventional positive ion detection mode in which ionization
of the sample occurs by the transfer of a proton from a hy-
drocarbon reagent ion such as CHs* or C;Hg* to the sample
molecule. In this paper the results of a companion study
utilizing negative ion chemical ionization mass spectrometry
are presented.

Recently it has been suggested that negative ion chemical
ionization mass spectrometry is more sensitive than positive
ion chemical ionization mass spectrometry for those com-
pounds which contain heteroatoms that promote anion for-
mation (5-10). In electron impact mass spectrometry, negative
ions are formed by three generalized mechanisms which are
dependent on the electron energies and pressure: (1) reso-
nance capture; (2) dissociative resonance capture; and (3)
ion-pair production (11). Historically, negative ion electron
impact mass spectrometry has been limited by ion currents
which are two or three orders of magnitude lower than the
corresponding positive ion currents (12). The higher pressures
available in a chemical ionization source produce larger
numbers of low energy electrons, which are secondary and
thermalized primary electrons. It has been found that at the
normal chemical ionization source pressures (0.7-1.5 Torr) the
secondary electron current is several times more intense than
the primary electron current, which indicates that the primary
electrons are undergoing multiple collisions with the reagent
gas (13).

Under these conditions it is apparent that molecules which
have large cross sections for electron capture (and/or large
electron affinities) should form anions efficiently. Often these
same molecules will have greater cross sections for electron
capture than for proton transfer. This advantage has been
exploited successfully in the electron capture gas chroma-
tographic detector.

Although the formation of negative ions by chemical
ionization mass spectrometry has been studied for several
years, it has only recently been shown quantitatively that, for
selected molecules, electron capture currents can exceed their
corresponding positive ion currents by two or three orders of
magnitude (8).

Park, F 16802

The purpose of this paper is to report on negative ion
chemical ionization mass spectra for several transition metal
B-diketonates together with a preliminary study on the use
of various reagent gases. Also a relative sensitivity study will
be discussed using time resolved scans to compare relative
sensitivities in the positive and negative ion detection modes
for several fluorinated and nonfluorinated chromium g-di-
ketonates. Finally a quantitative determination of the de-
tection limits for these same chelates using a gas chroma-
tograph chemical ionization mass spectrometer system will
be described.

EXPERIMENTAL

Chelate Preparation. The 2,4-pentanedionates (acac), the
1,1,1-trifluoro-2,4-pentanedionates (tfa), and the 2,2,6,6-tetra-
methyl-3,5-heptanedionates (thd) of VO(II), Mn(II), Ni(II),Cu(II),
Zn(I1), PA(II), Pt(11), Cr(III), Mn(III), Fe(III), Co(I1I), Rh(III),
and Ru(IIl) were prepared by methods reported previously
(14-16). The chelates were punﬁed by either recrystallization
or reduced pressure sublimation. Ch i tris(1,1,1,5,5,5-
hexafluoro-2,4-pentanedionate) [Cr(hfa);] and chromium tris-
(1,1,1,2,2,2,3,3-heptofluoro-7,7-dimethyl-4,6-octanedionate)
[Cr(fod);] were synthesized by modlﬂcauon of conventional
methods and purified by sublimation at p (17,
18).

Chemicals. 2,4-Pentanedione, H(acac), and 2,2,6,6-tetra-
methyl-3,5-heptanedione, H(thd) were obtained from Polysciences,
Inc., Warrington, Pa.; 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-
4,6-ocmnedione, H(fod), l,l.1,5,5,5-hexaﬂuoro-2,4-pentnnedione,
H(hfa), and 1,1,1-trifluoro-2,4-pentanedione, H(tfa), from Pierce
Chemical Co., Rockford, Ill.

Reagent Gases. Methane (39.0%) and isobutane (99.0%) were
purchased from Air Products and Chemicals, Inc., Allentown, Pa.;
nitrogen (99.99%) was obtained from Philip Wolf and Sons, Inc.,
Lewistown, Pa.; and argon-10% methane was purchased from
Airco Industrial Gases, Rivertown, N.J.

Apparatus. The gas chromatograph-mass spectrometer—
cumputer system consists of the following components: gas

h with ic injection system (Hewlett-Packard
High Efficiency Gas Chromatograph 402B, Hewlett-Packard
Automatic Injector 7171A); quartz capillary interface (General
Electric Company); hig perature fine control bellows valve
(Nupro B.M. Series); chemical ionization mass spectrometer
(Scientific Research Instruments Corporation Biospect System);
and comp system (Modcomp II/11I, “Lab Box” system and
graphics terminal Techtronix 4006-1).

Gas Chromatograph and GC/MS Interface. The column
is connected so that the column eluent passes directly into the
GC/MS interface without passing through a detector. In all the
studies which used the gas chromatograph for sample introduction,
the carrier gas was also the reagent gas. The column effluent was
stream split so that most of it went to atmosphere and 10 mL/min
passed into the CI source. This flow rate results in a source
pressure of 1 Torr which produced the optimum signal. The
GC/MS interface originally consisted of a length (50 cm) of

ilanized glass lined stainless steel tubing (Supelco Inc., 0.16-mm
i.d.) but after a period of time the integrity of the glass lining was
found to deteriorate. The inlet was then replaced by a quartz
capillary tube (6-mm o.d., 0.25-mm i.d.). The interface was
connected to the CI source through a fine control stainless steel
needle valve which was adjusted so that the required flow rate
of column effluent entered the CI source. The interface and needle
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Table I. Instrumental Conditions

Cr(fod),
Column temperature 170°C
Interface temperature 190°C
Source temperature 170°C
Methane flow rate 40 mL/min
Retention time 1 min
Splitting ratio 7:1
Sample size 0.2uL
Solvent Hexane
Column 3% OV-101

on Gas Chrom Q

1m, 4 mm (id.)

Cr(hfa), Cr(tfa),
40°C 140°C
65°C 165 °C
70°C 140°C
40 mL/min 40 mL/min
3 min 6 min
71 6:1
0.2uL 0.2 uL
Toluene Toluene
15% OV-101 15% OV-101
on Chromsorb on Chromsorb
w WHP

1m, 4 mm(id.) 1m, 4 mm (id.)

valve were wrapped with a heating tape and temperatures were
measured at four dnfferent pomt.s wn.h thermocouples. These

were d at app lv 20 °C higher than
the column temperature.

Mass Spectrometer Modifications. The chemical ionization
mass spectrometer was modified so that the detection system could
monitor either positive or negative ions in a manner similar to
that which has been reported previously (19). In addition, a high
voltage relay was used which enables the conversion from positive
to negative ion detection systems to be made easily. Another
modification was made which enables the quadrupole and de-
tection systems to be computer controlled

Computer Facilities. The GC/MS system is interfaced to
The Pennsylvania State University Department of Chemistry's
Modcomp II/III computer via the department's “Lab Box"
system. The authors have developed a GC/MS software package,
CAD, for data isition, mass spect control, data
manipulation, and display through a graphics terminal in their
laboratory (20).

Procedure. Methane, isobutane, nitrogen, or argon-10%
methane were used as reagent gases (21). Aliquots of known
solutions of the metal chelates in toluene or hexane were
evaporated onto a direct insertion probe, and the probe was
inserted directly into the ionization source. The following are
the source ures used to sublime the chelates into the mass
spectrometer: 140-180 °C (acac), 100 °C (fod), 80 °C (hfa),
130-140 °C (tfa), and 140-160 °C (thd). All other conditions were
identical with those previously reported (1, 2). The mass-to-charge
ratios of the various peaks in the mass spectra were determined
by the mass marker, which was calibrated with methyl stearate
and Lu(thd),.

A study comparing the relative sensitivities for several Cr-
(B-diketonates); in the positive vs. the negative ion detection
modes was carried out in the following manner: 1.0 uL solutions
of Cr(acac)s, Cr(fod)s, Cr(hfa)s, Cr(tfa);, and Cr(thd), in toluene
or hexane (10 ppm) were injected into sections (1 cm) of glass
capillaries. The solvent was evaporated using an infrared lamp
and the capillaries inserted into the CI source via the solids probe.
The quadrupole controller was adjusted so that there was unit
resolution at the region of the parent molecular ion and a 10-amu
region encompassing the parent ion region was repetitively scanned
(18/scan). The resulting time resolution spectra were integrated
and relative sensitivities calculated.

Quantitative determinations of detection limits for Cr(fod);,
Cr(hfa);, and Cr(tfa); were made in a similar manner except that
the sample was introduced from the gas chromatograph.

The gas chromatographic conditions are listed in Table 1.
Because of their lower volauhty. the detection limits for Cr(acac);
and Cr('.hd); were obunned using a heated solids pmbe Aliquots
of orh were evap d onto 1-cm
capxllan secuons, placed on the probe, and inserted directly into
the CI source. The probe was then heated while the quadrupole
repeatedly scanned the parent ion regmn This method proved
to be reproducible and thus the d

sn

10N CURRENT

JL | .

Figure 1. Thernelfnnenegaﬁvebnchenicalbnlmtbnnussspechm
of Cr(tfa),

RESULTS AND DISCUSSION

Reagent Gases 1. Methane. The methane used in our
laboratory contains trace amounts of water (~1%) causing
intense ions to be observed at 19, 37, and 55 amu, respectively,
in the positive ion detection mode. These ions correspond
to the protonated water monomer, dimer, and trimer. This
observation is not surprising since methane is a stronger
Bronsted acid than water and will upon collision transfer a
proton.

CH," + H,0 ~ CH, + H,0*
C.H,* + H,0~ C,H, + H,0"

In the negative ion mode a rather intense ion was observed
at 32 amu which was determined to be the superoxide anion,
0O.. This ion was due to the water present in the methane
and was eliminated by passing the reagent gas through a
drying tube containing activated molecular sieves.

2. Nitrogen, isobutane, argon/methane (10%). There was
no evidence of reagent ions associated with any of these gases
in the negative ion mode. Parent anions were observed for
the chelates and there appeared to be no difference except
that with nitrogen the maximum signal for the parent ion
occurred at a slightly lower source pressure which suggests
it is a more efficient moderator of the electron energy.

In all cases the major ion observed, disregarding the anion
resulting from the ligand itself in a few cases, was the mo-
lecular parent ion formed by resonance capture of low energy
electrons. An example of the negative ion chemical ionization
mass spectrum for Cr(tfa); using methane as the reagent gas
is shown in Figure 1. It can be seen from this spectrum that,
apart from the parent ion there is only one other ion of major
importance (>5% parent ion intensity). This ion occurs at
153 amu and is attributed to the ligand H(tfa). The extreme

with these chel when inj d into gas chr hi

columns were avoided. Stock solutions were prepared by “dis-
solving a known amount of chelate in toluene or hexane to yield
a 10-ppm solution (with respect to Cr). Subsequent dilutions
yletl)ded ple solutions ing in ration from 10° to 1
PP
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licity of the Cr(tfa); spectrum is not surpnsmg since
resonance capture involves electrons with energies near 0 eV.
The chelates based on H(acac), H(fod), H(hfa), H(tfa), and
H(thd) likewise exhibited little or no fragmentation. Prior
to drying the methane, several of the chelate spectra showed
another ion in the molecular parent ion region resulting from



Table II. Relative Sensitivities from
Time Resolved Scans

Relative sensitivity

Positive Negative
Metal Mol mode mode
chelate wt, g M+ 1) (M)
Cr(hfa), 673 1 5000
Cr(tfa), 511 1 100
Cr(fod), 937 1 10
Cr(thd), 601 10 1
Cr(acac), 349 10 1

an ion-molecule reaction between the superoxide ion (O,) and
the chelate to form an iated ion [M + O,]". This ion-
molecule reaction was observed with all the metal 1,1,1-tri-
fluoro-2,4-pentanedionates, but only with a few of the divalent
2,4-pentanedionates or 2,2,6,6-tetramethyl-3,5-heptanedionates
(VO, Zn, and Ni). Charge delocalization caused by the
presence of many electronegative fluorine atoms contained
by the metal 1,1,1-trifluoro-2,4-pentanedionates most certainly
contributed to the stability of the ion-molecule product. In
order to verify this assumption, another fluorinated g-di-
ketonate Cr(hfa); was studied. The Cr(hfa); spectrum also
contained an [M + O] ion which disappeared when the
methane was dried. The fact that the [M + O,] ion was
observed with several of the divalent 2,4-pentanedionates and
2,2,6,6-tetramethyl-3,5-heptanedionates results from the
divalent metal chelates containing two unoccupied coordi-
nation sites.

Several first row transition metal chelates of the ligands
H(hfa) and H(tfa) have been analyzed by 70-eV negative ion
mass spectrometry (22, 23). In most cases the spectra were
simple with large ion currents located in the molecular parent
ion region. However, in other cases the most dominant peaks
observed were fragments resulting from fluorine migrations.
Another interesting result was that during the analysis of
Co(hfa), the ratio of negative to positive ions in the ion source
was (1:3). This observation indicates that the fluorinated
B-diketonates have large electron capture cross sections, and
if large low energy electron currents can be generated (i.e. the
CI source), high sensitivities can be achieved.

A sensitivity study was undertaken using solutions of
Cr(tfa); (10 ppm) in toluene to determine the sensitivity
difference between the positive and negative ion modes. The
method of injecting solutions directly into the CI source was
used which has been previously discussed (3). While the
method of direct injection into the CI source is useful, it suffers
from problems of perturbation of the CI source which are more
acute in the negative ion mode. Unfortunately, together with
the negative ions, electrons are also transmitted by the
quadrupole mass filter and impinge on the ion multiplier
causing a noise level of 100 mV to be observed when the ion
multiplier and electr are maxi d. This “sy v
noise is directly proportional to the electron density in the
CI source and, when injections are made through the direct
injection port, the “system” noise increases dramatically
because of ionization of the solvent. It was for this reason
that it became apparent that an alternative method of sample
introduction would be needed to determine the sensitivity
difference between the positive and negative ion modes.

Another routine method for determination of sensitivity
was undertaken by the use of time resolved spectra (24-28).

A series of Cr(S-diket: ) was analyzed by this method with
the results summarized in Table II. (Figure 2 illustrates t.he
str of the ligands involved in this study.) The i

C”z\c,cu Gy
acac I'-" .'-?
O 40
L
ek
tfa I H
0. 0
CF CF
3 o
Nerne” ’
hfa |: 4
¢ _0
. /cu3 CHy
W NN /\CHC 3
thd Gy Hf
0 _~o
M3 o
CHy—C—C 7 C-CFCF, CF,
fod I: l
CH3 0

Figure 2. Structure of various B«liketonates

in the sensitivity of these metal chelates in the negative ion
mode. The expected decrease in the electron capture cross
section of the Cr(thd); and Cr(acac),, due to the presence of
two electron donating tert-butyl groups on the H(thd) ligands
and two-electron.s donating methyl groups on the H(acac)

is rated by the i d sensitivities of
Cr(thd), and Cr(acac); in the positive ion mode. Cr(fod)s
which contains a ligand having an electron releasing tert-butyl
group on one end and an electron capturing heptafluorinated
propyl group on the other end is sensitive to both proton
transfer and electron capture.

A quantitative sensitivity study was made using Cr(acac)s,
Cr(fod);, Cr(hfa),, Cr(tfa)s, and Cr(thd), in toluene or hexane
(1 ppb-1 ppm by weight in terms of Cr). As discussed earlier,
there were some problems associated with the direct injection
port related to the amount and type of solvent injected into
the mass spectrometer. Because of the difficulties associated
with this sample introduction system, it was decided to couple
a gas chromatograph to the mass  spectrometer in order to
separate the sol and the ch helate. The resulting
area of the mass chromatogram was measured and a cali-
bration curve plotted. The relationship between the area of
the mass chr t and the ration of the Cr-
(B-diketonate); was linear for three to four orders of magnitude
in both the positive and negative ion modes. The minimum
detectable limits, after taking into account the split ratio of
the sample prior to entrance into the mass spectrometer for
the chelates introduced through the gas chromat«ograph, are

ized in Table IIl. As expemd the minimum de-

electron capture cross section of the Cr(tfa); and Cr(hfa); due
to the presence of nine and 18 electronegative fluorine atoms
on each metal chelat pectively, is reflected in the i

tectable limits in the negative ion mode for the fluorinated
helates are g than those for Cr(acac); and
Cr(thd);. This sensitivity increase is attributed to the large
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Table III. Mini D ble A t
Minimum detectable amount, g Cr
Positive Negative
Metal mode mode
chelate M+ 1) (M)
Cr(hfa), 1.3x 10~° 2.4x 107"
Cr(tfa), 1.2x 10" 29x 107"
Cr(fod), 1.9 x 10°*? 1.9 x 10-*?
Cr(thd), 8.6 x 107'* 8.6 x 107"
Cr(acac), 8.6 x 107" 8.6 x 10°"?

cross section for electron capture provided by the fluorine
atoms on the H(fod), H(hfa), and H(tfa) ligands which
promote anion formation. Increased sensitivity towards cation
formation due to the electron releasing inductive effect of the
methyl and tert-butyl groups associated with the chelates
Cr(acac); and Cr(thd); is demonstrated by the higher sen-
sitivities in the positive ion mode.

CONCLUSIONS
On the basis of this study, we feel that it is possible to
postulate the hani! which t for the relative

sensitivities (Table II). In the positive ion mode, the chelate
is protonated either at the methylene carbon or at the oxygen
atoms. The reason why the 2,4-pentanedionate or 2,2,6,6-
tetramethyl-3,5-heptanedionate produces a larger ion current
that the 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octane-
dionate, 1,1,1-trifluoro-2,4-pentanedionate, or 1,1,1,5,5,5-
hexafluoro-2,4-pentanedionate is that the electron releasing
inductive effect of the methyl or tert-butyl groups stabilize
the cation whereas the trifluoromethyl or heptafluoropropyl
groups have electron withdrawing inductive effects which
destabilize the cation and decrease the probability of pro-
tonation. The presence of the tert-butyl group does not have
the effect of increasing the stability of the cation as compared
to the methyl group because of the reduced effect over an extra
carbon atom and increased steric hindrance. Therefore the
probability for proton transfer is as follows: acac > thd > fod
> tfa > hfa.

In the negative ion mode, the chelate captures an electron
which is stabilized either in the = electron system on the
B-dienolate ring or on the oxygens. Once again the side groups
affect the stability of the anion and the trifluoro methyl or
heptafluoropropyl groups stabilize the ions through electron
withdrawing inductive effects while the methyl or tert-butyl
groups destablize the anion through an electron releasing
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inductive effect. As a result the probability for electron
capture is as follows: hfa > tfa > fod > thd ~ acac.
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Predicting Absolute Sensitivity and Limit of Detection for X-ray

Analysis of Pollution Samples

L. S. Birks
Naval R h L y. Washington, D.C. 20375

Tabulated parameters for x-ray emisslon, absorption, and

Step 3. Recall that the incremental attenuation of x-ray

scattering can be used to pi bsolute line | ity and
background ring from poliution samples. Using only the

pl i ics, an ple calculation predicts 640
counts/s from 1 ug/cm? of Cd dto an 1

P

value of 335 nts/s. Likewise the predicted lon limit
for Cd was 0.7 ng/cm? In 100 s to an L |
value of 0.7 ng/cm?.

L P

With parameters already available in the literature, it is
possible to calculate absolute values for both the ch istic

intensity, Al, in a thin layer, Az, can be expressed as

A/l = pypAz 1)
where g, is the total mass-attenuation coefficient and p is the
density of the layer. The photoelectric absorption part of u,
is 7) which is the part that excites fluorescence. For the thin
layers of concern here (~10 g/cm?) the increment pAz is the
total mass thickness and commonly expressed as pz. A/l is
the fractional attenuation in the layer. Therefore
Fractional absorption = 7, pz (2)

Step 4. For each wavelength incri t, AN, the b

x-ray emission lines and the scattered background for pollution
samples. The characteristic emission divided by concentration
is the sensitivity while the scattered background determines
the limit of detection using the 3¢ rule (I). As the example
in the body of this paper will demonstrate, the predictions
do not require elaborate mathematics or a computer but, in
fact, may be done quite easily with only a slide rule. Thus
the analyst may alter the p ters in the calculation at will,
the better to judge what conditions would be required to
measure any specified element and concentration. Such
calculations also allow pencil-and-paper comparison of the
x-ray method with any other analytical method whose ca-
pabilities are known or can be calculated. This should be
helpful to management when selecting methods for new or
untried applications.

SENSITIVITY

Sensitivity is defined (1) as the slope of the calibration
curve, dI/dC. In x-ray fluorescence analysis of pollution
samples, the units of I are usually counts per increment of
time (viz. seconds or 100 seconds) and the units of C are
ug/cm? To predict absolute sensitivity from first principles
we must consider the parameters, Table I, which determine
the generation and measurement of the element line of in-
terest. We will assume a 1 ug/cm?® sample of Cd to use as an
illustration. The line of interest is the Cd La line and it is
measured with a PET-crystal spectrometer. We will also
assume a Cr target x-ray tube operated at 45 keV and 50 mA.
(Similar predictions could be made for an energy dispersive
spectrometer.)

First we will calculate the secondary x-ray intensity gen-
erated, i.e. the fluorescent line from the element of interest.
We will follow the sequence of parameters shown in Table L.

Step 1. From the published spectra distribution for a Cr
target x-ray tube (2) obtain the primary intensity, I, as a
function of A for that part of the spectrum which can be
photoelectrically absorbed by the Cd Lyy shell, see Figure 1.
Multiply each I, by the A\ interval to get the increment of
primary radiation. These values are listed in Table II.

Step 2. From Ref. 3, determine that part of the photo-
electric absorption which represents the Ly shell. It is ap-
proximated by the difference between the extension of the
Ly edge and the extension of the M edge in Figure 2. These
7, values are also listed in Table IL

of incident photons/sr/s absorbed becomes I,A\ X 7,0 and
the total is just the sum over all the wavelength increments.
As shown in Table II, the sum for the continuum spectrum
plus the Cr target lines is 5.9 X 10'° ph/sr/s for the 1 ug/cm?
Cd sample.

Step 5. X-ray fluorescent samples usually intercept be-
tween 1% and 3% of the total 47 solid angle around the x-ray
tube, i.e. @ = 0.120 to 0.35 sr. We will use the 0.35-sr value
in which case the absolute number of ph/s absorbed by the
Ly shell of Cd becomes

0.35X 5.9X 10'°=2.1X 10" ph/s

Step 6. The total fluorescent yield (4) for the Cd L shell
is about 0.1 and the Cd La line comprises about half of this.
Therefore we use w;, = 0.05 and multiply by the ph/s from
Step 5 to obtain I, = 10° ph/s of Cd La emitted in the full
47 solid angle around the specimen. The secondary intensity
per steradian is just I,/4x or 8 X 107 ph/sr/s of Cd La emitted.

Step 7. Next we must introduce the efficiency of the crystal
spectrometer. The efficiency depends on the R value integral
reflection coefficient, R, of the analyzer crystal, the fanning
angle, A¢, from the specimen to the detector window, and the
detector efficiency Ep. For PET, R is 1.6 X 107 rad for Cd
La (5), and A¢ for the usual detector size and distance from
the sample is about '/5 rad. The efficiency of a flow-pro-
portional detector for Cd La is about Ep, = 40%. The overall
efficiency of the spectrometer is the product R(A¢)Ep = 8.2
X 106, Using the emission from Step 6 and the spectrometer
efficiency we obtain the absolute counting rate for 1 ug/cm?
of Cd

8 X 107X 8 X 107° = 640 counts/s

As a check on the calculations, we d Cd 1
with the Philips PW 1410 spectrometer and determined an
experimental value for the sensitivity of 335 counts/s for 1
ug/cm? of Cd. This agreement between prediction and ex-
periment is better than one might expect, considering the
simple approximations used in the calculation.

LIMIT OF DETECTION
The minimum concentration which can be detected, Cy,
depends on the background parameters in Table I as well as
the line intensity; so the next steps are to calculate the absolute
background scattering from the 1 ug/cm? of Cd for the same
operating conditions as above.
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Table I. Factors in X-ray Sensitivity and Limit of Detection
Element Substrate )
Factor Element line background background Units
Generation
Primary intensity z,)""‘l,‘u Iy A I AN ph/sr/s
Solid angle occupied Q Q Q sr
Fraction absorbed mailp2)i ai(pz); ag(pz)s 1
Fluorescent yield wj 2 « 1
Total secondary radiation Iy Ig; Igs ph/s
Measurement
S dary i ity per steradi. Ip/4n Igi/4n Igg/4n ph/sr/s
Spectrometer acceptance angle Rag Rpe Rag sr
Detector efficiency Ep Ep Ep 1
Counting interval t t t s
Total counts Np Ng; Ngs ph
Table II. P ters for X-ray Emission and S ing
(1 ug/em? of Cd; Cr x-ray tube operated at 45 keV, 50 mA)
Emission
I, Tabsorbeds
ph/sr/s/A, Pz, ph/sr/s,
A A keV all x 10" AN A 2, cm’ g all 107 all x 10°
0.32 39 25 0.04 1.2 1 1
0.36 34 35 0.04 1.6 1 2
0.40 31 42 0.04 2.4 1 4
0.45 28 47 0.05 3.2 1 7
0.50 25 49 0.05 4.8 1 12
0.60 21 48 0.1 6.7 1 32
0.80 15 43 0.2 18.7 1 161
1.0 12 37 0.5 40.2 1 744
1.5 8.3 22 0.5 76 1 836
2.0 6.2 13 0.5 171 1 1113
2.5 5.0 17 0.5 350 1 ~3150
3.0 4.1 10 0.5 590 1 2950
3.5 3.6 6 0.5 750 1 2250
2.3 Cr Ka and Kg - 200 x 10" 240 1 48000
Total 5.9 x 10"
Scattering
Aj keV I AXj oj pz Iscattered
3.96 3.1 3x 10" 9.4 x 107° 6 10" Cd 1.7 x 10*
3.96 3.1 3 x 10" 9.4 x 107 0.6 5x 10°*C 8.7 x 10°
e KB| ke Cr torge o'
45 Wy
Codmum

wfvsusuoam W
Figure 1. Excitation of Cd La is by the shaded portion of the primary
spectrum

Step 8. The appropriate I, to be considered is I;, that
portion of the primary continuum at the element-line
wavelength, because this is what will be diffracted at the same
crystal setting. The AM increment is obtained from the
differential form of Bragg's law

A\ = 2d cos 0 A8 (3)

where Af is the divergence allowed by the collimator because
there is some wavelength in the continuum appropriate to be
diffracted anywhere within this A8 range. Putting in the
values of 2d and cos 6 for PET and a Af of 0.0012 rad (a
0.005-inch spacing, 4 inches long), AA becomes

AX=8.75X 0.89X 0.0012=9.4X 1072 A
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Figure 2. Photoelectric absorption by the Ly; shell in Cd is the difference
between the two dashed curves

1
10" 10°

Table II shows the appropriate ;A\ for the background.
Step 9. The scattering coefficient o; is obtained from Ref.

3. The fraction of primary radiation attenuated by scattering

(analogous to the photoelectrically absorbed fraction in Step



3) is 0; (pZ) which is 1.7 X 10° ph/sr/s for 1 ug/cm? of Cd as
given in Table II.

Step 10. As with the characteristic line, we multiply by
0.35 for the sample area (Step 5), by !/, « to get the scattered
intensity per steradian (Step 6), and by 8 X 10 for the
spectrometer efficiency (Step 7).

1.7X 105X 0.35X 8X 10"*/4n =3.8X 10" counts/s
The line/back ratio becomes

640/(3.8 X 107?)=1.7X 10*

One must remember that this favorable line/background ratio
is for 1 ug/cm? of Cd without any supporting substrate. If
we include the scattering from, for example, 0.5 mg/cm? of
carbonaceous substrate (like Mylar), Table II shows the
scattering from it to be 8.7 X 10° ph/sr/s which is 51 times
larger than the scattering from the Cd itself giving a total
scattering of 2 counts/s. The practical line/background ratio
becomes

640/2 = 320

Step 11. To estimate the limit of detection, Cy, we must
use the total line and background counts, Np and N, collected
in a selected counting interval, t. For t = 100 s and the
counting rates above, we get Np = 6.4 X 10* counts and Ng
=2 X 102 counts. The definition for limit of detection (1) is
that the line must exceed the background by 3 standard
deviations of the background or 3v/200 = 42 counts. Now we
can form the ratio to determine Cy.

6.40 X 10* 42
<, _; counts =— counts
1 pg/cm CL

L =42/6.4X 10°=6.8X 10™* pg/cm?~ 0.7 ng/cm?
Again to compare with measured results, our experimental
estimate of Cy, was also 0.7 ug/cm” for Cd which happens to
agree exactly with the prediction.

DISCUSSION

The prediction of absolute sensitivity and limit of detection
for x-ray fluorescence analysis of pollution samples can be done

with simple mathematics and t ilable in the

lit The for the d total counts from
a characteristic x-ray line is the product of the t
in Table I.

Np = [(02)2wiR(A9)Ep tE M TpAN] /4T (4)

Similarly the total background counts which interfere with
the characteristic line come from the parameters in Table I
and can be expressed as

Ny =Np; + Nps = Iy ANR(A¢)Ep t[o4(p2Z);

+ 05(pZg)] /4m (5)
The calculated sensmvny and lumt of detection for the
example illustrated were in i good agr t with

the experimental values, but even dmagreement by a factor
of three to five times would have been completely satisfactory
as a prediction method.

Although it was not demonstrated, the x-ray predictions
can be made for energy dispersion as well as for crystal
spectrometers. Perhaps advocates of other analytical tech-
niques will be challenged to devise similar predictive capa-
bilities for their methods so that various methods can be
compared on paper and the most effective method selected
scientifically rather than by intuition.

A word of warning should be noted about trying to predict
absolute x-ray resp for bulk speci ! In bulk speci-
mens, absorption of both the incident and emerging radiation
would alter the intensity so radically as to make the pre-
dictions impractical.
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Determination of Fluorine by Neutron Activation Analysis

H. Gene Knight,* A. Kelth Furr, and T. F. Parkinson

Activation Analysis L y, Virginia Polytechnk and State Us ty, Bla
The analysis of fluorine by | tal t vatk
analysis Is hampered by the lhoﬁ half-ife (11.41 s) of
fluorine-20 and by frequent | from chlord A

procedure is described which mitigates these problems. Using
this p dure, Teflon dards were lyzed and an es-
timated minimum detectable weight of 14 ug of fiuorine was
determined.

In recent years the fast and accurnte determination of
fluorine ration has b i 1gly important to

g, Virginla 24061

researchers in many diverse fields. More work is now being
done requiring fluorine determination over a wide range of
concentrations. This range varies from the low concentrations
of fluorine as it is found as an environmental pollutant to the
high concentrations found when a fluorine compound is used
as a solvent in coal liquefaction. The increased interest in
determination of fluorine content emphasizes the importance
of a single analytical technique which is suitable for use on
a wide variety of materials and over a wide range of con-
centrations.
The oonvenhoml nnalysm methods include titration, x-ray
p ric tomic absorption spectrometry, and
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neutron activation analysis (NAA). Other methods are
available for fluorine determination in liquid media only; thus
these methods are limited to specific types of samples. The
advantages and problems associated with each major analytical
method for fluorine determination are summarized below.

The chemical analysis for fluorine utilizes a thorium nitrate
titration method. The titration end point is so poorly defined
as to require comp refi t for determination. This
ill-defined end point causes the analysis results to be ques-
tionable.

X-ray spectrometric analysis (or x-ray fluorescence) has a
major handicap in that the absorption of the primary x-rays
in the beryllium x-ray tube window becomes significant at the
long wavelengths required to excite elements of atomic number
less than 22 (I). With elements of low atomic number, the
excited x-rays will be attenuated in the beryllium window and
will not impinge on the Si(Li) detector; thus the fluorine
content cannot be determined. Fluorine has an atomic
number of 9 which precludes it from determination by the
x-ray spectrometric method.

Any element may be determined by atomic absorption
spectrometry (AA) if the resonance line is in the portion of
the light spectrum which the AA instrument can utilize. Most
instruments currently in use operate with wavelengths of
greater than 1900 A (2) which is in the upper portion of the
ultraviolet and in the visible part of the spectrum. The
fluorine i e line has a length of 955 A and is thus
below the operational limit of most atomic absorption in-
struments.

Fluorine has been a difficult element to determine by NAA
because of interferences from other substances within a
particular material, the very short half-life (11.41 s (3)) and
the relatively high radiation levels associated with irradiated
high density materials.

NAA utilizes the activation of stable fluorine-19 and the
subsequent decay of fluorine-20 (4) to stable neon-20:

on' + oF¥ = ((F¥)* > ;(Ne® + 67(5.41 MeV)
+ v(1.6331 MeV) + Q (1)

The procedure discussed in this paper has been quite ef-
fective in overcoming the problems normally encountered and
has proved to be a viable procedure for fluorine determination
when used in conjunction with the soft-ware analysis program
(5, 6) used at the VPI & SU Laboratory.

EXPERIMENTAL

The equipment used for this analysis consists of a 100 kW
Argonaut type nuclear reactor used for sample irradiation in a
thermal neutron flux of 1.2 X 10'? neutrons/cm*s, a v radiation
counting system featuring a high resolution Ge(Li) detector, a
Nuclear Data Model 4420 Function Control Unit with a 100 MHz
Analog-to-Digital Converter (ADC), an internal 32000 word

central p ing unit, a dard tape unit,
an opuonal video-data terminal or telet)pe and the VPI & SU
main computer system IBM 370-158. Two Ortec Model 775 scalers
were added to the standard counting system to totalize counts
for the dead-time correction. See Figure 1.

The observed weights of the standards are based on an absolute
determination of fluorine content using the known position

auTo
SAMPLE
CHANGER

| 100maec
cLock

| INTERUPT

NDBI2
MINICOMPUTER

VIDEO-DATA
TERMINAL [*

Figure 1. ND4420 counting system

MAGNETIC
TAPE UNIT

and start of count, care must be exercised to avoid saturating the
ADC or the Ge(Li) detector.

To increase the activity at which a sample may be analyzed,
a restricted region must be set up on the ADC to eliminate the
effects of all other y peaks not contained within the region of
interest. The upper and lower level discriminators on the ADC
must be adjusted to encompass the region immediately sur-
rounding the fluorine-20 v peak. This restricted region includes
the fluorine peak at 1633.1 keV, a chlorine peak at 1642.4 keV
and part of the Compton edge for aluminum. Since the ADC is
affected only by the interactions occurring within the restricted
region, the sample activity as sensed by the ADC will be quite
low; thus the saturation of the ADC will no longer be a limiting
factor.

The hard g particles (up to 5.41 MeV) emitted will cause an
energy shift and broadening of the fluorine peak. It will also
contribute to the overall radiation levels of the sample. To
minimize the effects of this B particle and the associated
bremsstrahlung, a sheet of lead 0.74 mm thick was installed
between the sample and the Ge(Li) detector. Lead was selected
because of sample and detector geometry considerations. Alu-
minum, with a lower atomic number, would have been the ideal
shielding material but would have necessitated too great a change
in the sample-to-detector geometry. This thickness of lead will
not seriously attenuate the ¥ from fluorine-20 decay. The lead
absorber decreases the energy shift, the peak broadening, and the
radiation levels of the sample. Thus, a sample with a higher total
activity may be analyzed with little peak distortion and without
saturating the Ge(Li) detector, provided that the sample activity
as sensed by the Ge(Li) detector is maintained at less than
approximately 40% deadtime at which point the Ge(Li) detector
will become too highly saturated. There is a deadtime correction
factor incorporated into the analysis program (7) which will correct
for error due to the percent deadtime.

A pile-up correction (7, 8) must be used to compensate for the
loss of data due to the detector transmitting fluorine-20 pho-
toelectric event pulses to the ADC which are not recognized as
coming from fluorine-20. The time the detector requires to
transmit a pulse from a single interaction to the ADC is called
the resolving time (7). During this period of time, two or more
pulses may arrive at the detector and, since the detector cannot
separate the multiple pulses, they will be summed together and
transmitted as a single pulse of a higher energy. Their energies
thus bined will be interpreted by the ADC as a v photon of

of the standard materials, weights, half-lives, activation times,
delay times, and neutron flux. The VPI & SU research reactor
has an extremely stable neutron flux in the activation region over
a long period of time. The initial determination of the absolute
flux levels was made by absolute activation of

and periodic rechecks affirm the stability of the flux.

An optimum activation time must be determined which will
vary with the material composition. This time must be long
enough to allow the fluorine-19 in the sample to become suffi-
ciently activated while maintaining overall sample radiation levels
low enough to allow data acquisition. Because of the short time
interval (less than one half-life) between the end of activation
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a higher energy than that for fluorine, resulting in an observed
fluorine concentration which is lower than the true concentration.
The resolving time has been determined to be 5.89 us by the
split-source method (9). The total number of interactions oc-
curring within the Ge(Li) detector will determine the magnitude
of the effect that pile-up will have upon a particular sample. The
installed scalers will show the indicated count rate in the detector
from the input signal to the ADC whether the ADC utilizes the
signal or not; thus it is a measure of the total interactions occurring
within the Ge(Li) detector.

Pulse pile-up affects the entire spectrum. However, the loss
of counts from the photopeak area, and hence the amount of



Table I. Results of Analysis of (C,F,), Standards

Caleulatad M ed
Sample weight, ug® weight, ug?
1 76.0 65.9 + 11.2
2 152 156 + 4.8
3 380 381 + 28.5
4 760 815 + 45.9
5 1520 1770+ 106
6 2960 3210 = 257
7 5930 6230 : 154
8 12400 12300 = 447
9 23800 21800+ 1090
10 47 500 39300+ 1260
11 95000 71900 + 6 210
12 190000 135000 + 5960

@ Calculated weight (micrograms) = (Molecular weight of
fluorine X weight x 10°)/(Molecular weight of C,F,) =
micrograms (3). [4(18.9984) x 1 gram x 10°]/
[2(12.01115) + 4(18.9984)] = 759 815 ug = 760 000 ug.
® Measured weight = mean + standard deviation

fluorine present, can be computed by the method of Roscoe and
Furr (7) using Equation 2.
(2)
T )]

HE/Bobsd
total counts

The overall effect of pile-up will be greater as the sample activity

is increased.

count time
Each sample analysis was replicated five times to minimize
statistical variations and activation timing errors due to limitations
of existing timing devices. The mean value and standard deviation
of the mean were then calculated by the sum of squares method
(10). A more complete discussion of errors due to the curve-fitting
algorithm and to counting statistics is given in Ref. (7).

RESULTS AND DISCUSSION

In Figure 2 are shown typical v spectra from samples
containing fluorine. The fluorine content in the contaminated
vegetation (Figure 2D) was found to be 106 £ 43 ug/g. This
result demonstrates the capability of the analytical procedure
for analyzing fluorine in the presence of chlorine.

The results of calibrating the system with Teflon standards,
(C,F,),, are summarized in Table I and Figure 3.

As can be seen in Figure 3, a plot of experimental results
for (C,Fy),, the fluorine weight from NAA vs. the calculated
weight correlates well until the higher mass samples begin to
show an increasing systematic deviation. This deviation was
tentatively attributed either to self-shielding effects or to
double pulse pile-up. A self-shielding correction factor was
calculated by the methods of Kruger (11) and Zweifel (12) and
was found to be negligible. Samples exhibiting this deviation
were then reactivated under the same conditions at ap-
proximately one-half the original activation times. The ra-
tionale for this procedure was that if this deviation were indeed
caused by double pulse pile-up, then, by decreasing the ac-
tivation time, the total activity and ultimately the effects of
double pulse pile-up would be minimized. With less error
contributed by the double pulse pile-up effect, the correlation
between measured and calculated weights should be much

HE/Birue = '——[
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Figure 2. (A) Spectrum plot for MgF, standard. (B) Spectrum piot for

C,F, standard. (C) Spectrum plot for treated coal. (D) Spectrum piot
for contaminated vegetation
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Figure 3. Comparison of measured and calculated weights in C,F,.
The error bars are smaller than the symbols

improved. As can be seen in Table II, the double pulse pile-up
effect was quite significant at very high fluorine concentra-
tions. With the correction to decrease the effects of double
pulse pile-up, the disparity between measured and calculated
weights of fluorine was indeed decreased.

Double pulse pile-up error may be minimized by decreasing
the total activity of the sample while still maintaining suf-
ficient activation for determination of the fluorine-19. This
procedure, h , will not eliminate the error entirely.
Hence a discrepancy will still exist between measured and
calculated weights. A mathematical correction for double
pulse pile-up, described by Cohen (13), may be used for the
very high fluorine concentrations where this has been found
to be a problem.

We have defined the minimum detectable weight for
fluorine to be three times the background level. This cor-
responded to 14 ug for the Teflon, (C;F,),, standards analyzed.

Table II. Double Pulse Pile-up Effects
Sample No. 10

47 500
39300 : 1260
30

Calculated weight, ug
Measured weight, ug
Activation time, s
Measured weight, ug 41900 + 3180
Activation time, s 15

11 12
95 000 190000
71900 : 6210 135000 + 5960
9

15
85400 + 2030 154 000 + 3850
9 5
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Determination of 13 Elements with Atomic Numbers between
12 and 47 by 14-MeV Helium-3 Activation Analysis

C. S. Sastri, H. Petri,* and G. Erdtmann
7 lung fir Chemische Analy

Kernfors

Nuclear reactions for the trace d tion of the el it
Mg, Al, Ti, V, Cr, Mn, Fe, NI, Zn, Zr, Nb, Mo, and Ag by ac-
tivation analysis with 14-MeV *He lons were Investigated. For
these reactions, thick target ylelds were measured and in-
terference-free detection limits were calculated. For an ir-
radlation of 1 h or 1 half-life, whichever Is shorter dependi
on the product nuclide, at 2 pA, the detection limits are in lho
range 1-50 ppb for Al, Ti, V, Mn, NI, Zn, and Nb; 50-100 ppb
for Mo; and 100-500 ppb for Mg, Cr, Fe, Zr, and Ag.

Charged particle activation analysis has gained great im-
portance in the detection of light elements at the sub-ppm
level. The particles that are commonly used are protons,
deuterons, tritons, helium-3 and helium-4 ions (1-5). Protons
have been used (6-8) also to find heavy element impurities
in high purity metals, minerals, etc. Sometimes other
techniques like proton activation followed by x-ray counting
and PIXE (particle induced x-ray emission) have been used
(9, 10) for trace element study. Markowitz and Mahony (11)
were the first to suggest *He ions for activation analysis of
light elements. Following this, to a limited extent, this
technique has been used for investigating heavy element
impurities (12, 13). Ricci and Hahn (14) have calculated
sensitivities for elements from Be to Ca for 18-MeV *He ions.
Kormali and Schweikert (15) have measured thick target yields
for elements from Zr to Cs with 40-MeV °He ions.

In our laboratory the light elements C and O in metals are
being investigated by the 14-MeV helium-3 activation
technique (16, 17). Concurrently systematic studies have been
made to see if these irradiation conditions are useful also for
the determination of heavy elements by nondestructive
analysis. This energy corresponds to the Coulomb barrier of
14.2 MeV between *He nucleus and a target nucleus with Z
~ 42, assuming both the nuclei to be spheres with radii of 1.4
X 107'* AY3 cm. This means that elements lighter than
molybdenum will undergo nuclear reactions and therefore can
be determined. With heavier elements, reactions take place
to a very limited extent because of the tunnelling effect. Thus,
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metals and other elements with Z > 42 can be investigated
for their low Z impurities.

In previous papers (18, 19), the determination of impurities
in the matrices Nb, Ta, and W, by activation analysis with
14-MeV *He-particles was described. At this energy, the
commonly observed nuclear reactions are (*He, a), (‘*He,2p),
(*He, p), (*He,p2n), (*He,n) and (°*He,2n).

In the present work, 13 elements between Z = 12 and Z =
47 were irradiated and from the y-ray spectra of the irradiated
targets, the optimum detection reactions having high specific
activities and low nuclear interferences were found and the
detection limits based on these reactions were calculated.

EXPERIMENTAL

High purity metal foils of natural isotopic composition
(suppliers: Goodfellow Metals and Ventron) of the size 20 X 20
mm (approx.) were irradiated in the form of thick targets. The
range of the 14-MeV *He ions was from 30 to 60 mg/cm? in the
targets used; the target thickness varied from 100 to 150 mg/cm?,
in all cases being thicker than the range of the beam in the
material. Most of the irradiations were made in the internal beam
of the isochronous cyclotron JULIC at Kernforschungsanlage
Jalich. The irradiations were made with 14-MeV *He ions at
currents ranging from 50 to 500 nA and for times ranging from
10 to 30 min. It has been found that these irradiation conditions
can be reproduced without difficulty.

As a check, the thick target yields for some of the standards
were measured periodically. Short irradiation times of a minute
or less were avoided to minimize the errors due to occasional
fluctuations in currents, lasting a few seconds, that are likely to
happen with the machine. If for some reason a large fluctuation
in beam current had occured during an irradiation, such a
measurement was discarded. A current integrator was not
available for the present measurements.

Because of the high magnetic field in the cyclotron, Fe and Co
targets could not be irradiated in the internal beam of JULIC.
They were irradiated in the external beam of the Compact
Cyclotron CV 28 of Kernforschungsanlage Jiilich. Irradiations
were made for 5 to 10 min at 400 nA to 1 uA current.

At the isochronous cyclotron JULIC, the internal beam (~2
mm diameter) strikes the rectangular target onto a side. In the
compact cyclotron CV 28, the external beam (~10 mm diameter)
strikes the rectangular target at the center. In both cases, the



Table 1. Calculation of Detection Limits for 14-MeV *He Ions

Minimum

detectable

Net photopeak  Thick target ~y-emission

. v-Ray, counting rate, ~y-emission rate, rate, R, Detection
Element Nuclide Half-life® MeV@ P, counts/minb A, v/min® y/mind limit, ppb®

Mg Mg 9.48m 0.843 2.3 x 10* 2.9 x 10* 65.0 220
w 1.014 7.4 x 10* 1.2x 10* 71.7 650
Al Al 2.246 m 1.779 2.4 x 107 6.3 x 10° 111.6 17
Ti “Cr 23.0h 0.112 5.5 x 10* 5.5 x 10° 1.1 200
0.308 2.1x 10° 6.4 x 10¢ 0.90 140
“Cr 41.9m 0.090 1.2 x 10* 1.2 x 10° 3.5 3
" . 0.153 6.7 x 107 7.8 x 10* 3.6 5
i Mn 21.3m 1.434 1.1 x 107 2.4 x 10° 53.7 22
Mn 5.6d 0.744 2.7:% 10° 2.8 x 107 6.4 230
0.935 2.2 x 10* 3.1x 107 8.3 270
1.434 1.4 x 10° 3.0 x 107 7:2 240
Cr “EFe 8.51m 0.378 6.6 x 10* 2.7 x 10* 33.3 120
Mn “Mn 2.576 h 0.846 4.3 x 10° 5.4 x 10* 20.9 40
1.810 4.6 x 10°* 1.2 x 10* 19.5 160
Fe *Co 17.9h 0.931 2.1x 10° 2.9 x 107 8.0 280
*Co 270d 0.122 2.5 x 10* 2.7 x 10° 1.2 440
. “*Co 71.3d 0.810 2.2 x 10* 2.6 x 10° 0.71 270
Ni *'Cu 341h 0.283 3.7 x 10° 1.0 x 10* 4.2 40
0.656 1.1x 10° 1.0 x 10* 10.3 100
Zn *Ga 15.2m 0.115 7.4 x 107 7.4 x 10* 9.1 10
0.153 1.2 x 107 1.4 x 10* 8.3 60
*’Ga 78.1h 0.093 1.4 x 10° 1.4 x 107 1:1 80
0.184 5.6 x 10°* 9.0 x 10° 1.8 200
0.300 2.2 x 10°* 6.3 x 10° 2.3 370
Zr “Nb 72.0 m 0.657 6.0 x 10* 5.6 x 107 17.7 320
Nb %8Tc 4.88 h 0.703 2.7 % 10¢ 2.7 x 10* 9.3 30
0.850 2.1x 10¢ 2.6 x 10* 11.2 40
Mo wmTe 6.02 h 0.140 2.1x 10° 2.6 x 10’ 1.9 70
“Ru 2.88d 0.215 2.0 x 10° 3.8 x 10¢ 1.9 500
Ag %8 ]n 58 m 0.876 3.7 x 10° 4.9 x 107 21.8 440

4 Half-lives a‘md 7 energies are taken from Ref. 20. b Photopeak counting rate (counts/min) at the end of an irradiation of
1 h or 1 half-life, whichever is shorter at 2 yA current and measured with a GETAC Ge(Li) detector which has 0.50% abso-

lute efficiency (see text).

Measurements done with another detector were normalized to this efficiency.

€ y-emission rate

A = Ple; P from column 5. ¢ = photopeak counting efficiency. ¢ According to Equation 11. € According to Equation 1.

target-holders were water cooled.

After irradiation, the samples were measured with a y-ray
spectrometer consisting of a Ge(Li) detector and a Nuclear Data
4096 channel analyzer. Most of the measurements were made
with a 50 cm® Ge(Li) detector (Getac, Mainz, Germany) and a
few were made with a 30 cm® Ge(Li) detector (Canberra, Meriden,
Conn.). Their characteristics were as follows; resolution 2.3 and
3.1 keV FWHM, respectively, for the 1332-keV v line of ®Co and
absolute efficiencies 0.50% and 0.18%, respectively, for the
1332-keV 7 line of ®Co and for the geometries used. The peak
area evaluation was done with the program ND 411007 developed
by Nuclear Data Inc.

From the peak areas, the thick target yields at the end of
irradiation were calculated by correcting for the decay between
the end of irradiation and start of measurement and for the decay
during measurement. As different irradiation times and fluxes
were used for different targets, the thick target yields obtained
were normalized to the conditions of 2 uA beam current and an
irradiation of 1 h or 1 half-life, whichever was shorter, and for
100% detection efficiency.

RESULTS AND DISCUSSION

From the activation experiments, two values referring to
the sensitivity of the method were calculated for each el t
and are given in Table I: the thick target yields and the
detection limits. The thick target yields are the average values
of 2 to 4 irradiations for each element and are expressed as
gammas/min instead of disintegrations per min and therefore
are named “thick target y-emission rates”. They were ob-
tained by dividing the observed photopeak counting rates
(counts/min) at the end of irradiation, by the efficiency of
the Ge(Li) detector for the v ray concerned of the given
nuclide. While measuring the activated targets, their posi-
tioning was such that the irradiated side always faced the

detector in order to minimize the absorption of, particularly
low energy, v rays in the target itself.
The detection limit is defined as follows:

Detection limit (ppm) = [minimum detectable
y-emission rate (R) X 10°]/[thick target
y-emission rate (A)] 1)

The d ble v rate is obtained from
the minimum detectable net peak count rate which in turn
is determined by a photopeak which is clearly contrasted from
the background. In all practical cases the background under
a photopeak is composed of three parts: (1) the “natural”
background including all contributions from external sources,
(2) the “intrinsic” background arising from the Compton,
scattering, and bremsstrahlung continua of the radionuclides
due to the element to be determined, and (3) the “matrix™
background arising from all other radionuclides produced in
the sample. The matrix contribution cannot be generally
estimated since it strongly depends on the nature of the matrix
and the purity of it. For this reason we have calculated
“interference free” detection limits.

It can be shown by a simple mathematical treatment that,
of the two remaining types of background, the natural
background alone plays the major role in deciding the in-
terference-free detection limits.

Assume that the minimum detectable peak area is given
by

C=30p (2)

where C is the number of net counts in the peak, op is the
standard deviation due to the statistical error of the total
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Table II. Nuclear Interferences to the Applied Reactions with 14-MeV *He Ions

Useful nuclear Q-value, Interfering
Element reaction MeV¢ element
Mg *Mg(*He,2p)*"Mg -1.3 -
Al *Al(*He,2p)* Al 0.0 Mg
T “Ti(*He,n)*Cr +5.6 Cr
“Ti(’He,2n)“Cr -4.3 Cr
v #V(*He, 2n)“™Mn 2.7 Cr
“'V(*He,2n)**Mn -2.7 Cr
Cr “Cr(’He,2n)"*Fe -5.7 Fe
Mn “Mn(’He,2p)**Mn -0.4 Cr
Fe “Fe('He,pn)*Co =2.7 —
“Fe('He,pn)*'Co -1.7 Mn
Co
“Fe(’He,p)*Co +6.9 Co
Ni “Ni(*He,pn)*'Cu 2.9 Co
Cu
Zn “Zn(’He,pn)**Ga -3.8 Cu
**Zn(’He,pn)"'Ga -2.4 Cu
Zr *Zr(*He,pn)”’Nb -0.2 -
Nb “'Nb(’He,2n)"¥Tc -4.3 Mo
Mo “Mo( He,n)*Ru +5.1 Ru
“Mo(’He,pn)“™Tc ~1,2 —
Ag ' Ag(’He,2n)'*™MIn -5.5 Cd

@ From Keller et al. (Ref. 21). P Interference level (%):
per ppm of element to be determined) x 100.

Interfering nuclear Q-value, Interference
reaction eVa level, %Y
*Mg(*He,p)* Al +8.3 <10
“Cr(*He,an)*Cr -3.0 <0.1
°Cr('He,a )*Cr +7.6 <3
?Cr(*He,p2n)*™Mn -13.2 <9
“Cr(*He,p2n)***Mn -13.2 <0.1
“Fe( He,a)*’*Fe +7.2 &2
“Cr(’He,p)*Mn +7.6 <1
“Mn(*He,n)*’"Co +8.5 <1
“Co(’He,an)*'Co +1.5 <10
“Co(’He,a)*Co +10.1 15
“Co(’He,n)"Cu +6.6 12
“Cu('He,an)"'Cu +1.5 12
“Cu(’He,n)**Ga +3.9 <5
“*Cu(’He,n)*"Ga +6.5 <5
“Ga(*He,an)*Ga +2.0 <8
“Mo('He,p)*#Tc +5.0 <2
“Ru(’He,a)”Ru +10.3 3.
#Cd(*He,p2n)'“™In ~13.6 <1

(y-emission rate per ppm of interfering element)/(y-emission rate

background, B in the energy window of interest.
The natural background, B,, is obtained from a separate
measurement for ¢; min.
Iyt
B === (3)

ty

where I; = number of counts in the energy window of interest
during the measuring period tg. t, = measuring period for
the sample; this period is taken as 1.8 X half-life or 20 h
whichever is less.

The intrinsic contribution to the background is obtained
from the peak to background ratio Q for a given photopeak
in the y spectrum of a sample of pure element.

2 (4)
B- B,
where P is the net peak area expressed in counts obtained
during the measurement of the standard. With high counting
rates which are typical for a standard B > B, so that B only
consists of the intrinsic contribution B, When a ¥y spectrum
is measured at the detection limit, the P is substituted by C,
and B; becomes

Q=

C
B; o) (5)
Thus,
B=B, + B (6)
o5 =VB, + B/ (7)
and

C
C=30y =3/(B, + 5) (8)
9 9 ?
st 1/(—2Q ) + 9B, (9)

From Equation 9, it becomes obvious that for large values of

C=~ 3VB, (10)
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This means the intrinsic contribution becomes negligible. It
can be shown that Equation 10 even becomes true for @ >
3, which, in general, is valid for all peaks selected for in-
strumental analysis. Therefore the natural background is the
only one to be considered in the estimation of detection limits.

Hence, for the calculation of detection limits, the minimum
detectable y-emission rate R is given by

3V B,

cty

R= (11)

where ¢ = counting efficiency of the detector for the given vy
ray.
In Table I, thick target yields and detection limits for 13
elements with 12 > Z > 47 are listed. The study has been
limited to those elements which could be obtained as thick
foils. From the many radionuclides produced from each
element, usually 1 or 2 of them are found suitable for trace
analysis and are listed in Table 1. The criteria for the selection
of these nuclides are that their half-lives must be >2 min and
they must not, or only to a low percentage level, be affected
by nuclear interference.

Many nuclides emit more than one prominent v line. If,
in an analysis, one of them is interfered by vy rays from other
components of the matrix, one of the other lines may be chosen
for an assay of the element. Therefore, the calculation of
detection limits was made for up to three 7 lines, if found
suitable, for each nuclide. The 511-keV positron annihilation
line is not considered for any of the nuclides since most of
the radionuclides formed with *He ions are positron emitters.

v-Ray interferences from radionuclides produced from the
element itself have been observed in four cases; vanadium,
chromium, manganese, and iron. With vanadium, the nuclides
*»Mn and **Mn are useful for trace analysis and both emit
1434-keV v rays. In applying “**Mn for analysis, the influence
of the latter nuclide, calculated from its other v lines 744 keV
and 935 keV, on the former is found to be <1% for short
irradiation periods. With chromium, *Fe and ***Mn are
produced and both nuclides emit 378-keV v rays. The
contribution of %**Mn on **Fe, found from the 1434-keV v
line of **®Mn, is <1%. For manganese, the useful + lines of
the nuclide *Mn are 846 keV and 1810 keV and both are
interfered by v lines of *Co. The contributions, found from



the 1238-keV « line of *Co, are <1% and <0.05% for 846 keV
and 1810 keV, respectively, and for short irradiation periods.
For iron, the interference is observed if *Co (half-life = 71.3
d) is used as the identifying nuclide. The interference caused
by the 812-keV v line of *Ni (half-life = 6.1 d), found from
its 158-keV v line, is 3% but this can be brought to <1%, after
an appropriate waiting period for the matrix, because of the
large difference in the half-lives of the two nuclides.

Besides the list of elements presented in Table I, we have
irradiated Co and Cu foils but we could not find any useful
reactions with low levels of nuclear interference to identify
them. The thick target yield from Co via **Co(*He,2n)*Cu
is of the same magnitude as that from Ni via *Ni(*He,p)*Cu.
It is but natural that the actual detection limits will be much
higher than those “interference-free” limits reported in column
8. The true limits for a given matrix will depend on the
activity induced in it and the purity of it. This limit is in-
fluenced also by the ranges of the 14-MeV *He ions in the
given matrix and the element of interest. If the matrix is
highly activated, it may be difficult to measure short lived
nuclides formed from Mg, Al, Cr, and V when they are present
at very low concentrations. Even if the matrix activity is not
high, the determination of some of the elements may not be
possible if the product nuclides from the matrix emit y rays
with the same energy as those expected from the element
under study. For example, because of the tunnelling effect,
the matrix tantalum gets activated with 14-MeV *He ions and
the y-ray interference caused by the product nuclides of this
matrix makes the determination of Ni, Zn, and Mo in Ta not
possible.

In Table II, the useful nuclear reactions for the identifi-
cation of the elements and the reactions causing nuclear
interference along with the level of interference are listed. The
level of interference in each case was found by irradiating the
interfering element (excepting Ga and Ru) under identical
conditions and assuming an equal concentration of the element
of interest and the interfering element. For Ga and Ru, the
level was theoretically calculated (21).

From all these limitations, it becomes clear that the matrix
is the ultimate deciding factor in knowing whether a given
element can be detected at all, and what its detection limit
is. Nevertheless, these “interference-free” detection limits
will help to decide if it is useful to take into consideration the
application of this method to a given analytical problem.
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ash parudn. Substantiation and quantitation of the ion
microprobe data won achleved by using a multitechnique
g and bulk multielemental
unalytlt using spark source mass npoclromotry Elemental
Macopudomkuncclncoalﬂyuhhexplahodhtmmd
a volatilization-

leachabliities and strongly onhancod suriaco region con-
centrations of numerous tentlally toxic
ones such as Pb, T, Mn, andCf,hdcanlhateoalﬂyad\may
have a more deleterious environmental impact than Is apparent
solely on the basis of lonal bulk lysi

The surface predominance of potentially toxic elements has
been demonstrated recently in coal fly ash particles emitted
to the atmosphere (I). Preliminary studies also indicate that
elemental surface predominance may be a general phe-
nomenon occurring in airborne particles derived from high
temperature combustion operations (I, 2)

These findings are of significance in part because they
provide direct confirmation of previous predictions (3, 4) that
surface predominance should occur. The phenomenon is
attributed to the condensation of species previously volatilized
in the high temperature combustion zone of a particulate
emission source (3, 4).

The exi of el tal surface predc is also
important in demonstrating that bulk analysis techniques.
which give only average concentration values, provide little
insight into the actual chemical nature of the particles. For
example, results obtained solely on the basis of bulk analysis
markedly underestimate the potential environmental impact
of airborne particles derived from high temperature com-
bustion operations in that (1) surface regions of the particles
have enhanced concentrations of elements, including some
which are potentially toxic, and (2) the smallest particles will
have much higher bulk (ug/g) concentrations of such elements
because of larger surface area to volume ratios (3). The first
factor is of envir | significance b it is the particle
surface which comes in contact with, and is extracted by, body
fluids upon ingestion or inhalation; which is subjected to
aqueous extraction in the natural environment; and which
takes part in the catalysis of heterogeneous atmospheric
reactions such as the oxidation of SO, to sulfate (5, 6).
Enh d bulk el tal concentrations in the smallest

! Present address, De ent of Chemistry, University of North
Carolina, Chapel Hill, N.C. 27514.
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particles are aiso highly undesirable from an environmental
standpoint because it is the small particles (less than about
5 um in aerodynamic diameter) which most readily elude
particle collection devices (7), which have long atmospheric
lifetimes (8), and which penetrate the innermost regions of
the lung when inhaled (9).

On the basis of the above discussion, it is apparent that
there is a need for analytical techniques capable of surface
and in-depth elemental characterization of individual particles.
Several approaches to obtain this analytical information
comprise the subject matter of this paper. Principal methods
employed include the surface analytical techniques of sec-
ondary ion mass spectrometry (SIMS) and Auger electron
spectrometry (AES) as practiced for microanalysis, i.e., ion
microprobe mass spectrometry and scanning Auger micros-
copy.

This paper also illustrates the benefits of a multitechnique
approach, not only by the application of several comple-
mentary surface microanalytical techniques, but also by the
use of solvent leaching in conjunction with both surface and
bulk (spark source mass spectrometry) analyses. Specifically,
the combination of leaching, bulk, and surface techniques
demonstrates that the observed elemental surface predom-
inance is not the consequence of artifacts, especially those
which may result from the use of ion sputtering to obtain
depth profiles. It also permits semi-quantitation of elemental
concentrations in the surface region.

In the case of coal fly ash, the information obtained by this
approach provides substantial insight into the physicochemical
characteristics of fly ash surfaces and permits assessment of
its potential environmental impact.

EXPERIMENTAL

Sample Selection. The fly ashes studied were emitted by coal
fired power generating plants, one utilizing chain grate stoking
and the other pulverized coal feed, and both burning midwestern
U.S. bituminous coal. Samples were d in the stack sy
at temperatures in the range of 200-300 °C. Ash from the chain
grate stoked plant was studied most extensively because it had
generally higher trace element bulk concentrations, facilitating
detection by the various analytical techniques. Large particles
(45-180 um physical diameter) were analyzed to facilitate both
particle handling and the characterization of individual particles
using surface microanalytical techniques.

Analytical Procedures and Instrumentation. Solvent
Leaching and Bulk Analysis. Solvent leaching of the fly ash was
performed using Fisher reagent grade dimethyl sulfoxide (DMSO)
and triply distilled water. DMSO was chosen after inorganic
species were found in DMSO extracts during studies investigating
the extraction of trace organics, while H,O was employed to
simulate leaching in the natural environment. Leaching with
DMSO was carried out for 48 h in a Soxhlet extractor at a
temperature of 40 °C and a pressure of ~0.1 mm Hg. A DMSO
blank was prepared by leaching of an empty Soxhlet thimble using




identical experimental conditions. Leaching with H,0 was
performed by placing fly ash in a glass jar containing triply-
distilled water for a 12-h period. The jar was also placed in a
DISONtegrator Model 320 and sonicated for 1 h in a water bath
in order to maximize interaction of the solvent with fly ash
surfaces. The leachate solution was then filtered twice through
Whatman No. 41 filter paper, as was an H,0 solution serving as
the blank. The aqueous leaching procedure was used primarily
to indicate relative el | leachabilities under the conditions
employed, and thus it may not solubilize the entire available
fraction of most elements (10).

To assess the extent of elemental leachability from fly ash, bulk
analyses of particles and solution leachates were performed with
an AEI MS-7 spark source mass spectrometer (SSMS) employing
photographic detection. Unleached and leached particles were
crushed to increase homogeneity, and 50 mg of the crushed fly
ash was then mixed with 200 mg of spectroscopic graphite
containing 5 mg of MG-1 Spex Spikes. Leachate solutions were
prepared for analysis by doping 250 mg of spectroscopic graphite
containing 5 mg of the Spex Spikes with 1-2 mL of leachate using
2 mL acetone-free methanol as a wetting agent. Complete
evaporation of the solvents was carried out at a low temperature
(50 °C). The leachate and particle samples were homogenized
by use of a mechanical shaker and subsequently pressed into
electrodes. All electrodes were sparked using a 25-us spark
duration and a repetition rate of 300 s,

Of the six possible internal standards in the Spex Spikes, *Mo
and 'Eu were least subject to natural abundance interferences
from the fly ash and thus were chosen as the internal dard
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Figure 1. Ion microprobe depth profiles of the Group A elements (TI,

Al, Si) obtained for unleached and leached fly ash Al
d: to Si (**Si* or *Si*) measured

A series of graded photographic exposures was obtained for each
sample. Subsequently, ion intensities for the internal standards
and elements of interest were determined by densitometry and
expressed as Seidel numbers (11). Elemental concentrations in
the electrode material were calculated by use of the following
equation:

607 32
&:i‘ s 5 & 1)
C-l Sl 60 ¢ll

mll

where u, s = analyte and internal standard quantities, respectively;
S = Seidel number; m = atomic mass; ¢ = isotopic abundance;
and C = concentration. The terms containing m are empirical
corrections for the variation in photoplate sensitivity with atomic
mass. C, in the above equation was also multiplied by the ap-
propriate factor to convert from concentration in the electrode
to concentration in the original particle or solution sample.

Elemental Depth Profiles. The variation of elemental con-
centrations as a function of depth for both leached and unleached
fly ash particles was determined by ion microprobe mass spec-
trometry and Auger electron spectrometry combined with ion
etching. The procedure for particle mounting involved placing
large particles (45-180 um) in a folded strip of indium foil and
hand pressing to imbed them into the foil. This mounting
techni has the ad that indium is electrically con-
ducting, presents few spectral interferences, is soft and malleable
allowing imbedding of particles without physical alteration, has
a low vapor pressure for ultra high vacuum compatibility and is
inexpensive (12).

An AEI Model IM-20 ion microprobe was used to obtain el-
emental depth profiles. Basic features of the instrumentation
have been described previously (13). A 25-keV negative oxygen
primary beam of 40 nA and 20-um diameter was rastered rapidly
over an area of 100 um by 100 um. The rastering procedure was
important primarily because it enabled fairly uniform current
densities to be maintained over the entire area of the particle being
analyzed. Mass spectrometer resolving powers used ranged from
250 to 1800 (10% valley definition) as required to resolve molecular
ion interferences. Depth profiles were acquired by two methods:
(1) continuously monitoring the positive secondary ion intensity
of one element vs. time using electrical detection, and (2) use of
photographic detection of the positive secondary ions as dispersed
by the double-focusing Mattuch-Herzog analyzer. Results re-

y ion ies were
at a depth of ~1000 A

ported herein were obtained only by electrical detection since the
use of photographic detection was limited by a lack of sensitivity.

In order to convert sputtering time to depth, sputtering rates
for SiO, were measured under identical primary ion beam
conditions as those used for the analysis of fly ash. The time
required to sputter a 3000 A SiO, layer on Si was determined by

itoring the Si i ity and corresponded to a sputtering rate
of 4 A (0.5 A) per second.

Elemental depth profiles were also obtained using a Physical
Electronics Industries Model 545 Scanning Auger Microprobe.
‘The indium foil containing the imbedded particles was mounted
on the standard carrousel at 30° grazing incidence to a 5-keV,
50-um primary electron beam. Elemental depth profiles were
obtained by recording entire Auger spectra after incremental
periods of sputtering with 2-keV Ar*. Sputtering rate calibrations
were achieved in an analagous manner to those for the ion mi-
croprobe depth profiles.

RESULTS AND DISCUSSION

Ton Microprobe Analysis. On the basis of its inherently
high sensitivity, good depth resolution, and ability to perform
microanalysis of samples (including those which are insula-
tors), ion microprobe mass spectrometry was a priori one of
the most useful surface analytical techniques for the in-depth
characterization of airborne particles. Specific analytical
concerns or objectives involved in the application of the ion
microprobe to obtain elemental depth profiles of individual
fly ash particles were the following: (1) to establish which

1 s of envir tal interest could be characterized,
(2) to analyze particles before and after solvent leaching to
reduce concerns about possible sputtering artifacts, (3) to use
solvent leaching and bulk analysis to substantiate and to
quantitate the ion microprobe results, i.e., to estimate surface
region elemental concentrations, and (4) to examine general
constraints on the analysis such as limits to depth resolution
or possible effects due to charging. Experimental results with
regard to the above objectives will be summarized in the
following paragraphs.

Ton microprobe depth profiles for 15 elements in fly ash are
shown in Figures 1-6. These elements include all of the major
and minor elements in fly ash (greater than about 1% by
weight) as well as six trace el ts with trations below
1000 ppm as determined by bulk analysis. Other elements
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of possible surface predomi and toxicity (3, 14) which

could not be characterized were Co, As, Ni, Zn, Se, Cd, Hg,
and Sb. These elements were present at low bulk concen-
trations ranging from approximately 10-1000 ppm by weight.
Secondary ion mass spectral interferences from species such
as molecular ions, hydrocarbons, and isotopes of major ele-
ments were common in the fly ash mass spectra and generally
required the use of high mass resolution (13, 15) with an
accompanying loss in sensitivity. The above eight elements
were not of sufficient i ity to be ch ized. Elemental
identifications were made only when mulu-motoplc specles
exhibited correct isotope ratios or when
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Figure 4. lon microprobe depth profiles of the Group C elements (Pb,
Tl) obtained for unleached and leached fly ash samples. All secondary
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Figure 5. Ion microprobe depth profiles of the Group C elements (Cr,
Mn, V) obtained for unleached and leached fly ash samples. All
secondary ion intensities were normalized to Si (*Si* or *°Si*) measured
at a depth of ~ 1000 A

mass difference measurements. Most of the elements listed
above also have intrinsically poor detection limits since they
have relatively low positive secondary ion yields (16).

The major potential constraints on the depth resolution of
the ion microprobe elemental depth profiles of fly ash (Figures
1-6) are variations in the sputtering rate over the area of the
particle being analyzed (16), crater edge effects (17, 18), escape
depths of secondary ions (19), and cascade mixing of sub-
surface layers resulting from penetration of the primary ion
beam into the sample (20, 21). For purposes of sputtering rate
calibration, an SiO, standard was used to approximate the

ition of the glassy aluminosilicate fly ash matrix. The

could be mass-resolved from interferences and identified by
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major limitation in applying this calibrated rate to fly ash was
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Mg) obtained for unleached and leached fly ash samples. All secondary
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that the irregular surface of a fly ash particle may cause
substantial variations in sputtering rate over the region
sampled. That is, microtopographical features approaching
grazing incidence with respect to the primary beam (e.g., the
edges of a particle) will sputter faster (up to about a factor
of 3) than those at normal incidence (I16). Therefore, the
calibrated sputtering rate was considered to be a minimum
rate for fly ash, with secondary ions actually being produced
from a range of depths approximately 1-3 times greater than
the calibrated depth. Thus, the remaining factors mentioned
above affecting depth resolution are considered insignificant
relative to the effects of sputtering rate variation and would
in any case tend to diminish and broaden, rather than en-
hance, surface peaks.

One of the most important analytical requirements was to
establish that the observed el tal surface predomi
was not the consequence of sputtering or analysis artifacts.
Conventional methods to assure that variations in secondary
ion intensities reflect relative differences in element con-
centrations are to (1) perform the profile under conditions
which ensure a high oxygen ration in the 1
surface, (2) reference the profiled element intensity to a
uniformly distributed element, and (3) apply quantitation
procedures to the data (20). All of these methods have been
utilized and will be discussed as follows.

First a high oxygen concentration in the sample surface was
ensured by using an oxygen primary beam. Specifically, the
purpose of using a negative oxygen primary beam was twofold:
(1) oxygen promotes the production of stable, high intensity
yields of positive secondary ions (22) and (2) a negative
primary beam has been shown to maintain charge neutrality
on insulating surfaces (23). The absence of large variations
in the secondary ion intensities of matrix elements (Si, Al, Ti
in Figure 1) beyond the initial rise in the first 100 A did

Table I. Leaching of Fly Ash

Concentration
f:pm by Wt) % Leached (wt%)
Element particles DMSO H,0

Ti 4 700 1.6 0.5
Al? >6 600
Si 120 000 0.1 0.3
Fe 92 000 0.7 5.8
S 7100 27 36
K 39 000 0.2 6.0
Na“® >5 300 <5.2
Li 200 17 14
Pb 620 3.4 0.4
Tl 30 25 11
Cr 380 2.4 4.5
Mn 310 71 35
\'% 380 1.5 3.9
Ca® >12 000 <13 <5.8
Mg 12 000 0.6 2.7

@ Could not be quantitated because of interfer-
ences, or analytical lines were too intense to fall within
the working range for the internal standards.

in the amount of sample within the rastered area and for
variable ion extraction efficiency. Silicon was felt to be the
most appropriate element since (1) it was homogenously
distributed in all particles at depths greater than several
hundred angstroms, (2) the Si profiles showed minor variations
for different particles in the same sample, and (3) Si was
negligibly leached by either DMSO or H,0. The use of Si as
an internal standard was also necessary in the quantitation
procedures to be discussed.

Quantitation of the Ion Microprobe Results—Use of
Solvent Leaching and Bulk Analysis. In order to
quantitate the ion microprobe results (i.e., determine surface
region elemental concentrations), it was first necessary to
obtain additional experimental confirmation that elemental
surface predominance was not the consequence of analysis
artifacts. This was accomplished by the use of the following:
(1) complementary surface analytical techniques such as AES
(to be discussed later), and (2) solvent leaching of the fly ash
particles.

Semiquantitative values for bulk elemental leachabilities
were obtained by ratioing the total mass of an element in a
solution leachate to its total mass in the original fly ash sample
as was determined using spark source mass spectrometry
(SSMS). Analytical precisions for the solution or ash samples
were about £20%. The percent leached values (Table I) were
accurate to within about a factor of two of the true value. This
can be attributed to the small variations in the sensitivity of
the same element in different matrices (24) (i.e., the sensitivity
of an element in the leachate solution doped onto graphite
differs somewhat from its sensitivity in the fly ash-graphite
mixtures).

High elemental leachability should in part reflect high
surface accessibility. Results indicated that the extent of
leachability (Table I) did correlate with the extent of surface
predominance (depth profiles of unextracted particles in
Figures 1-6). Specifically, the elements which were not surface
predominant (e.g., Si, Mg, Ca, Ti) generally had the lowest

1 hahilities

indicate that secondary ion yields are relatively over
the greater part of the depth profile.

All secondary ion intensities (Figures 1-6) were referenced
to Si in order to permit a direct comparison of depth profiles
for different elements and also for companson of the same

! t in the leached vs. the unleach ple. Use of Si
as the internal standard allowed comp ion for variations

Of the instrumental methods presented in this paper, the
ion microprobe was the only one that detected trace level
elements including Pb, T, Cr, Mn, and V. Solvent leaching
was used to substantiate the surface predominance of these
elements by comparison of their depth profiles before and after
solvent leaching (Figures 4 and 5). Normalized secondary ion
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intensities for a given el t were reproducible to about a

factor of two for different particles in either the leached or
unleached samples. Following leaching, secondary ion in-
tensities of Pb, T, Cr, and Mn near the surface were reduced
by more than a factor of four (Figures 4 and 5). Thus, the
depletions in the surface region concentrations of these el-
ements following leaching were indeed significant.

The factor of two irreproducibility in the depth profiles was
largely the result of variations in the chemical composition
of individual particles. Because of this imprecision, solvent
leaching cannot be considered to have a significant effect on
the depth profiles of the other elements (Figures 1-3, 6). As
was anticipated, depth profiles of elements (Al, Si, Ti, Ca, Mg)
with negligible surface peaks and only low to moderate
leachability generally showed no significant change following
leaching (Figures 1 and 6). However, the highly leachable and
surface predominant elements (Na, K, Li, S, Fe) surprisingly
showed no significant reduction in peak secondary ion in-
tensity after leaching (Figures 2 and 3). These elements (with
the exception of Li and S) are present at high concentrations
in less soluble forms as part of the bulk matrix composition
of fly ash. Such high “interior” concentrations may obscure
the effect of the surface leaching of Fe, K, and Na on the shape
of the depth profiles within the limits of reproducibility for
different particles. These elements also may be present to
some extent in insoluble species near the particle surface.
‘Thus, dissolution of such el ts may be limited in part by
solubility product considerations. Secondary ion intensities
observed for the alkali metals in the unleached and leached
particles also may be influenced by alkali ion migration to the
surface sometimes observed for insulators during negative ion
bombardment (21, 25).

With regard to methods for quantitation of surface region
concentrations, it is well known that secondary ion yields are
highly variable from element to element and exhibit strong

+ N -1
Crel=1I' 11+ NO (3)

Absolute concentration values were established by assuming
that the Si intensity measured at the end of each elemental
profile resulted from 12% by weight Si (SSMS bulk value).

The bulk analysis values were used to guide the choice of
the best value of T at which to calculate relative sensitivity
factors as follows. All elements exhibited nearly constant
secondary ion intensities at depths greater than 500 A to 1000
A. In addition, the region of surface predominance can be
shown to have a negligible contribution to the bulk con-
centration determined by SSMS for the large particles studied.
Therefore, at a depth of 1000 A, where comparisons to Si were
made, the concentrations of surface predominant elements
should approach their bulk analysis values. For the ten el-
ements for which complete SSMS data were available (Pb,
Tl, Cr, Mn, V, K, Li, Fe, Ti, Mg), a value of T of 12000 K
satisfied these conditions best. In fact, for the fitting pa-
rameter chosen, all ten elements for all samples at the 1000-A
depth were within approximately a factor of 3 of the SSMS
concentration. The only exceptions were Pb, T, and Cr in
the unleached sample for which elemental concentrations were
more than 5 times above the bulk value. By comparison of
the secondary ion intensity at 1000-A depth for the unleached
sample to the maximum secondary ion intensity observed for
the leached sample, it is apparent that sputtering to 1000 A
did not completely remove the surface predominant region
for the elements Tl and Cr.

An alternative approach to the quantitation of surface
region concentrations was to ratio the mass of a given element
leached from the particles to the total mass removed from the
particles during leaching. This procedure was deemed un-
satisfactory for the following reasons: (1) it integrates the

matrix effects. For fly ash, the surface el tal composition
apparently is very different from the interior and standards
suitable for surface analysis are not available. To obtain the
estimates of elemental concentrations shown in Figures 1-6,
the essentially constant secondary ion intensities observed for
all elements at depths greater than about 500 to 1000 A were
taken to approximate bulk concentration levels. As sum-
marized below, this assumption was verified using calculated
relative elemental sensitivity factors, the bulk concentration
of Si in fly ash as an internal standard, and the results of bulk
analysis using SSMS.

Our quantitation procedure was based upon the empirical
observation that a simplified form of the Saha-Eggert
equation can be used in reducing secondary ion yields to
elemental concentrations (26):

N} AT
NS N,

where N;* and N,° are the number densities of singly charged
and neutral atoms of element i, A is a numerical constant, w
is the ratio of ground state statistical weights of the ion and
neutral, /; is the first ionization potential and N, (electron
density) and T' (temperature) are fitting parameters. An
empirical relationship between the parameters N, and T'in
the Saha-Eggert equation has also been established giving an
equation with only one dependent variable (T) (26). In the
absence of several internal standards for the fly ash samples,
sets of relative elemental sensitivity factors were calculated
using the one-parameter equation for various values of the
fitting parameter T. Relative atomic concentrations (C;)
were then obtained from relative sensitivity factors and ion
count rates corrected for isotopic abundance (/;*) according
to the relation:

[exp™'i/kT] (2)
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1 al concentration over the entire surface region that
is leached, and (2) it is not known how uniformly, or to
precisely what depth, the particles are leached.

Auger Electron Spectrometry. The application of Auger
electron spectrometry (AES) for in-depth characterization was
of interest since Auger depth resolutions are roughly com-
parable to those obtainable with the ion microprobe and
microfocusing of the primary electron beam also permits the
analysis of individual particles. Unfortunately, the application
of AES was severely limited by electron beam charging effects
(27) and the inability to detect elements at concentrations less
than about 0.1-1% atomic in the analytical volume.

The charging problem was the result of the insulating nature
of fly ash. Charging effects are normally minimized by use
of grazing or glancing incidence to increase secondary electron
emission coefficients. However, for irregular surfaces such
as those of fly ash particles, grazing incidence cannot be readily
maintained over the entire area being analyzed. The resultant
charging caused occasional loss of particles during analysis,
instabilities and/or shifts in the positions of Auger peaks
(especially those having energies below a few hundred eV),
and shifts in the position of the electron beam.

Because of the basic limitations discussed, Auger electron
spectrometry was used only to obtain qualitative elemental
depth profiles of Al, Ca, Fe, K, Na, S, and Si contained in fly
ash particles. For unleached particles, Auger depth profiles
showed agreement with the ion microprobe results in that only
K, Na, and S exhibited major surface enhancement. Examples
of Auger elemental depth profiles are shown in Figure 7. The
qualitative agreement between the Auger and ion microprobe
data obtained using different sputtering conditions offers
additional evidence that both techniques yield depth profiles
which reflect the actual elemental composition of the surface
region.
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Figure 7. Examples of AES elemental depth profiles for unleached fly
ash

The solvent leaching experiments were of minor value in
substantiating the Auger results for two reasons: (1) the highly
leachable, surface predominant trace el ts could not be
detected and (2) the leached particles were more susceptible
to charging. No pronounced changes in the Auger depth
profiles were observed following leaching with the exception
of Na and K. The stronger surface enhancement shown by
Na and K following leaching may have resulted from
charge-induced migration of alkalies to the particle surface
(25). Leached particles were generally observed to be more
susceptible to charging as the consequence of the apparent
removal of a more conducting surface layer by solvent leaching.

Despite the limitations discussed, scanning Auger mi-
croscopy does exhibit several advantages relative to the ion
microprobe for particle characterization: (1) The initial surface
spectrum is obtained without sputtering and thus is not
subject to the effects of sputtering artifacts. (2) Multielement
depth profiles of the same particle are more readily obtained
(the IM20 ion microprobe does not have rapid magnetic peak
switching or multiple electrical detection capabilities). (3)
Spectral interferences may be less severe for a few elements.
For example, sulfur was routinely determined by Auger, but
the ion microprobe mass spectrometric analysis required high
mass resolution.

Other Techniques—Scanning Electron Microscopy,
Electron Spectroscopy for Chemical Analysis. The major
disadvantage of ing electron micr pe or electron
microprobe methods for in-depth characterization is the lack
of depth resolution, i.e., x-ray escape depths are on the order
of a micron relative to the 10-50 A analytical escape depths
for the ion microprobe or Auger techniques.

Qualitative differences between surface and interior
composition can be discerned, however, by comparison of x-ray
spectra before and after the removal of material in the surface

region by ion sputtering (1, 28, 29). X-ray intensities can also
be measured from the sputtered and unsputtered sides of the
same particle (I, 28). Experimental results using Ar*
sputtering of fly ash were previously reported using scanning
electron microscopy-energy dmpemve x-my spectrometry
(SEM/EDS) (1, 28). Results i d surface
region concentrations of Pb, Zn, K, Na, P, and S with no
detectable surface predominance of Ca, Si, Al, and Fe. Thus,
the SEM/EDS technique is significant in providing a
qualitative corroboration of the results obtained with the true
surface mi lytical techni for the lly detectabl
elements.

Other possible approaches to the surface characterization
of particles using the electron microprobe include the fol-
lowing: (1) varying the primary electron beam energy to
produce a variation in the analysis depth (30) or (2) ratioing
x-ray intensities of elements to matrix elements as a function
of particle size (31). Both methods suffer from the poor depth
resolutions obtainable using electron probe techniques. To
make use of the first technique above also requires a very
stable electron beam current and extensive x-ray quantitation
methods including corrections for particle shape (30, 32).
Elemental detection limits also increase at lower electron beam
energies, thus limiting the extent w which beam energies may
be reduced. The d approach that the 11
the particle, the greater is the relative surface area being
sampled by the electron beam (31). However, this approach
oversimplifies the hanisms of x-ray production and really
requires detailed corrections for the effects of particle shape
on the emission of x-rays.

Electron spectroscopy for chemical analysis (ESCA) is
another technique used for the surface characterization of
environmental particles (33, 34). ESCA not only has depth
resolution and detection limits generally comparable to AES,
but has advantages over AES for surface characterization in
that (1) chemical information is more available since ESCA
chemical shifts are usually more readily related to oxidation
states (35) and (2) charging of insulating particles is minimized
since x-rays rather than electrons serve as the source of
ionization. However, ESCA is not favored over AES for
in-depth characterization because (1) chemical information
is potentially lost since destructive ion sputtering may alter
the forms of the elements present (35) and (2) individual
particles cannot be depth profiled since ESCA microanalysis
is not yet feasible. Thus, heterogeneity and variations in
sputtering rate within the field of particles being analyzed are
major difficulties in obtaining meaningful ESCA depth
profiles.

Interpretation of Surface Chemistry. It is evident that
the combination of solvent leaching with bulk multielemental
analysis and with surface microanalysis provides the infor-
mation necessary to construct a composite picture of the
physicochemical characteristics of the surface regions of fly
ash particles. Based upon the leachability, the extent of
surface predominance, and the effect of leaching on the extent
of surface predominance, the elements studied can be cate-
gorized into four general groups (Table II).

The Group A elements (Si and Al) are major constituents
of the glassy fly ash particle matrix (36). The refractory nature
and low solubility expected for Al and Si coalesced as oxides
m the fly ash matrix account for the lack of surface pre-

and low leachabilities observed for these elements.
Similar analytical results for Ti and its close association with
complex silicates in the original coal (37) indicate that Ti is
also incorporated as a minor component in the fused fly ash
matrix.

The Group D elements (Ca, Mg) exhibit behavior similar
to the Group A elements. The alkaline earths are often
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Table II. Summary of Analytical Results-Surface Ch tion of Fly Ash Particles
Significant .
surface Effect of leaching on concentration .
Group Elements peak observed? in the immediate surface region Leachability
A Al, Ti, Si no insignificant low .
B S, Fe, K, Na, Li yes insignificant ) moderate to high
C Pb, Tl, Mn, Cr, V yes depletions observed following leaching moderate to high
D Ca, Mg no generally not significant moderate

present largely as carbonates in coal and subsequently de-
compose to form refractory oxides during combustion (38).
The refractory nature of the alkaline earth oxides apparently
explains their lack of surface predominance in fly ash. The
oxides are potentially quite soluble, as are alkaline earth
sulfates which form by reaction with sulfur oxides in the flue
gas (37, 39, 40).

The surface predominance observed for the Group B and
C elements (Table II) apparently results from the volatilization
of these species in the high temperature combustion zone and
their subsequent deposition on the surfaces of refractory
particles as the temperature falls inside the stack (1, 3). It
has been established that certain trace metals, for example
Hg and Se, are so volatile that a large percentage of their total
emission from coal-burning power plants is in the vapor phase
(4, 41). Enrichments of elemental concentrations observed
in fly ash relative to the residual slag or bottom ash are in
excellent agreement with the results of the depth profiles.
Specifically, elements which were not surface predominant
(Groups A and D) have shown negligible concentration en-
hancements in fly ash relative to the slag (41). However,
elements which exhibited significant surface predominance
in this study (Groups B and C) also have been observed to
show minor to major enrichments in fly ash relative to the
slag (41). In summary, the results of the ion microprobe and
AES depth profiles, the enrichment of elements in fly ash
relative to the slag (41), and the inverse dependence of bulk
elemental concentrations on particle size (3) strongly suggest
that a volatilization-condensation process occurs for the Group
B and C elements.

Environmental Significance. Potentially toxic elements
including Pb, Tl, Cr, and Mn have been shown to have surface
concentrations much higher than hitherto supposed on the
basis of conventional bulk analytical data. For example, Pb
and T were present at concentrations of only 620 and 30 ppm
on the basis of bulk analysis (Table I), but reached respective
concentrations of 4% and 4500 ppm near the particle surfaces
(Figure 4). In addition, the surface predominant region for
such elements was highly leachable. The region of surface
predommance is thus very hkely to be accessible to the en-
vir t either by hout processes in the atmosphere or
ground waters, or by solubilization in lung and digestive fluids
of higher organisms. Undoubtedly, the high surface con-
centrations and substantial solubilities of many elements must
be considered in assessing the overall environmental impact
of fly ash emitted from coal-burning power plants. They must
also be recognized in the design of bioassay or inhalation
studies using simulated particles.

Knowledge of the chemical nature of fly ash surfaces is also
of potential use in suggwtmg or understandmg conlrol
procedures used to h
modification of the particles (7, 42). Prevnous studies have
indicated that the higher the bulk ration of the alkali
Fe, and S in fly ash, the greater its electrical conductivity and
efficiency of collection by electrostatic precipitation (7, 43).
Our results indicate that higher concentrations of these el-

ts may ivity in part by promoting the
formation of condensed alkali-iron sulfates which may render
the points of contact between particles more conducting.

Results of this study also suggest the possibility that el-
emental surface predominance may be a general phenomenon
in particles derived from high temperature processes for which
volatilization and subsequent condensation of elements is
likely to occur. Preliminary studies have already established
the surface predominance of Br, C, S, P, Pb, Tl, K, and Na
in automobile exhaust particles and of Mn and Zn in in-
cinerator fly ash (2).
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Core line x-ray photoelectron spectra are reported for the iron
compounds aFe,0; YFe,0;, aFeOOH, NiFe,0,, CoFe,0,,
Fe;0,, and FeO. Such XP spectra are of particular value in
characterizing surface films containing Iron corrosion products.
For the oxides and hydroxides FeOOH, FeO and Fe;0,, the
observed chemical shift is sufficiently large to permit these
pecies to be uniquely distinguished from other iron oxides.
In Fe,0,, both ferrous and ferric oxidation states are observed
and thelr relative concentrations can be determined using
spectral line fitting procedures. The oxides aFe,0;, YFe,0,,
NiFe,0,, and CoFe,0, have almost Identical core binding
energles, but the multiplet splitting patterns observed in their
Fe(2p) core levels are sufficiently different to permit their use
for characterization. The Fe(2p) multiplet pattern observed
for aFe,0, agrees well with splitting previously calculated for
the free Fe®* lon. Valence band spectra for YFe,0;, aFe,0,,
Fe,0, and FeO are reported and band assignments are made.
The effect of lon bombardment of iron oxide surfaces has been
died and evid: for the reduction of ferric oxides to FeO

Is presented.

The formation of a variety of ferrous and ferric oxides and
hydroxides is possible during the aqueous corrosion of iron
metal surfaces under alkaline conditions. At low temperatures
(<100 °C) in high-oxygen environments, a number of forms
of ferric hydroxide result, which, on further heating gradually
transform to aFeOOH (geothite) and aFe,0; (hematite) (1).
At similar temperatures but under reducing conditions, Fe;Oy
(magnetite) is a major corrosion product. (I). At high
temperatures (300 °C), ion exchange occurs rapidly between
Fe,0, surfaces and other ions such as Ni** or Co** leading
to the formation of the mixed spinels NiFe,O, and CoFe,0,
(2). Electrochemical studies of magnetite oxidation show that
vFe,0; (maghemite) is formed by hydrolysis as a passivating
layer on the Fe;O, surface (3). In corrosion studies in this
laboratory, it is of interest to identify these and other oxide
species in thin films grown on iron and iron alloy surfaces.
X-ray Photoelectron Spectroscopy (XPS or ESCA) is being
used as a surface analytical tool to determine such chemical
structures.

This paper reports a study of the XPS spectra of the simple
and mixed iron oxides aFe;03, YFe, 03, Fe;04, FeO, NiFe,0,
and CoFe,0, and the oxyhydroxide aFeOOH. The details of
core line spectra (Fe(2p), Fe(3s), Fe(3p), and O(1s)), valence
band spectra, and Auger line spectra (L3M,sM, ;) are discussed
with the particular view to identifying features which allow
identification of each species in corrosion systems. In addition,

, Pinawa,

the effect of ion bombardment on a number of iron oxide
systems has been studied to determine the chemical effects
of depth profiling in an iron oxide film.

One other comparative study of iron oxide XP spectra has
been made by Allen et al. (4) who obtained Fe(2p) and O(1s)
spectra of aFe;0;, Fe;0,, FeO, aFeOOH, and several ferrates.
They found that the Fe(2p) spectra were particularly difficult
to analyze, because of a steeply rising background and
broadened line widths. They attributed such broadening to
multiplet splitting and shape-up phenomena. In this work,
the spectra of some of these and other oxides have been
obtained under higher resolution and distinct structure within
the peak envelopes can be identified in most cases. The
resolved structure is found generally to agree with multiplet
splitting parameters calculated for free ferric and ferrous ions,
but the structure of the surrounding environment also has
some effect on the splitting of the Fe(2p) line. The resultant
shape of the Fe(2p) line is useful for characterizing some of
the ferric oxides where chemical shifts are minimal. Using
both chemical shift and multiplet splitting effects, distinct
spectral characteristics can be described for each oxide studied.

Several previous XPS studies have been concerned with the
analysis of Fe;O (4-9). This inverse spinel oxide is of
particular interest because it contains both ferric and ferrous
ions in a 2:1 ratio and these should be distinguishable by their
differing chemical shifts. Previous XPS investigations of
Fe;0, have shown that the core line shapes are skewed on their
low binding energy side, compared to spectra of pure ferric
oxides, particularly after ion bombardment of the Fe30.
surface (6). This suggests the presence of a ferrous ion
component of low binding energy under the envelope. Asami
et al. (9) have recently attempted to isolate such a ferrous iron
component by subtraction of the Fe(2p */,) spectrum of Fe;03
from that for Fe;0,. In this work the Fe;O4 spectra are
analyzed by a novel process of least squares spectral line fitting
in which the line shape contribution from ferric ion is re-
strained during the computer assisted resolution of the en-
velope. This method can be used to estimate Fe**/Fe®* ratios
on magnetite surfaces. A major problem confronting XPS
investigations of Fe;0,, FeO, and NiFe,0, is the tendency of
these surfaces to react rapidly with oxygen to yield an
overlayer of Fe,O3 (10). In this present work, spectral
characterization of these oxides has been improved consid-
erably by taking account of this during sample handling.

EXPERIMENTAL

Spectroscopic Procedure. The photoelectron spectrometer
used was a McPherson ESCA-36 with a cryogemcnlly pumped
sample chamber whose operating pressure is 5 X 10~ Pa. Cal-
ibration of the energy dispersion of the spectrometer was done
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using the known energy difference of 1253.6 eV between the
Mg(2p) and Mg(1s) lines for evaporated magnesium metal. The
instrumental work function was set to give a value of 84.00 eV
for Au(4f 7/,) line for metallic gold. Appropriate relativistic
corrections were made to the energy values (11). During operat.lon.
copper metal was used as a secondary energy standard in the
spectrometer. The values of Cu(2p) */,) and Cu(3p ?/,) lines used
were 932.45 eV % 0.1 and 75.10 £ 0.1 eV respectively. Al Ka
exciting radiation was used, except where the higher resolution
Mg Ka radiation was required for improved definition of a
complex peak shape.

Surface charging was not detected on any sample except
aFeOOH. This observation is based on the invariance of the
background hydrocarbon C(1s) binding energy (285.0 + 0.15 eV)
as well as the reproducibility of sample bmdmg energles to betwr
than £0.2 eV for at least three i
The surface charging of «FeOOH was measured using ‘the C(1s)
line and ranged from 0.9-2.3 eV.

Ion bombardment of sample surfaces was carried out with a
Varian ion gun. With this gun, it is possible to raster the ion beam
evenly over an area 7 X 7 mm. Argon ions of 3-KeV energy were
used with a flux density of 20 mA/m? The beam intersected the
surface at a glancing angle of 50°.

Sample Preparation. All powder specimens were mounted
by smearing them onto a grooved copper flat. aFe,0; (hematite)
was examined as a powder (Fisher Reagent) and as a thin film
grown on iron metal in oxygenated water. They gave identical
spectra. yFe,0; (maghemite) was prepared by reaction of iron(II)
sulfate and iron(III) ammonium sulfate in boiling 1 M NaOH,
followed by autoclaving under oxygen in 1 M NaOH at 130 °C
for 4 days. X-ray diffraction showed that the tetragonal phase
of vFe;0; was the only form present. The powder was crushed
under argon i iately before ination to reveal surfaces
not previously exposed to air. XPS spectra were identical to those
for uncrushed powder showing that no decomposition product
such as hematite formed on the outside surface. CoFe,0, was
obtained from Cerac Inc., Butler, Wis. and its structure was
confirmed by x-ray diffraction. NiFe,0, was made by copre-
cipitation of the oxalates of nickel and iron followed by heating
at 600 °C for several days. Although the bulk composition was
confirmed to be NiFe,04 by x-ray diffraction, changes in the
Ni(3p)/Fe(3p) intensity ratio with time showed that the surface
of NiFe;O, was air sensitive, often forming iron rich oxide phases
on the surface. Samples were considered acceptable only where
the corrected intensity ratio (12) approached that expected from
stoichiometry.

High purity Fe,0, was prepared in a quartz tube furnace by
reactmg aFe;04 at 700-1000 °C under a mixture of CO and CO,,

lated (13) to give stoichi ric Fe;0, at that t,emperature
The si prod: was rapidly q hed to roo! perature

L (0)Fe(2p) 2 -

1
'

A

Qg g o I " N
728 722 d3 710 704

(b)Fe(3s)

» g
62 56 50
~<——BINDING ENERGY (eV)

Figure 1. Major core line photoelectron spectra of aFe,0;. (a) Fe(2p)

spectrum, (b) Fe(3s) spectrum, (c) Fe(3p) spectrum. The da:

in the Fe(2p) spectrum represents the form of background mnctlon
b d during peak fitting procedures. Arrows indicate spectral

and i diately ferred lol.he---- sample chamb

always under a ml.rogen atmosphere. X-ray dlffracuon lysi
showed only lines attributable to Fe;0,. The Fe**/Fe®* con-
centration ratio was determmed to be 0.50 £ 0.02 by redox ti-
tration of a sample i ly fc g its dissolution in dilute
sulfuric acid. Fe;O, spectra with fermus/ ferric ion concentrations
lower than normal were obtained from samples prepared using
iron metal as a starting material rather than Fe,0; (14). Ferrous
oxide (Wustite) was also prepared by reducing Fezog at 600 °C
in a CO/CO; mixture whose ratio was adjusted (13) to give FeOjgs.
This le was also handled letely under nitrogen.
aFeOOH (Goethne) was prepared by dehydratlon of gelatinous
Fe(OH);, which was precipitated from a 1 M Fe(NO,); solution
by 0.1 N NH,OH (15). The precipitate was dried in a vacuum
furnace for four days and was confirmed to be pure aFeO(OH)
by x-ray diffraction.

Spectrum Analysis. To reduce distortion caused by the
sharply rising backgrounds in the Fe(2p) and Fe(3p) spectra, a
line correction function of the type suggested by Barrie and
Street (16) was subtracted. The form of this function is shown
in Figure 1(a). The magnitude of the correction at any point
is proportional to the int d spectra intensity on the low
binding energy side of the point. Fitting of the low binding energy
onset region with Gauss-Lorenzian peak shapes is found to be
substantially better when using this function, instead of the more
linear imation which the back-

PP
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ground contribution in this region.

The peak fitting routine used in this work has been described
previously by Bancroft et al. (17). The bands used in fitting a
peak envelope are defined according to their centroid position,
half-width, shape (usually an equal combination of Gaussian and
Lorenzian distributions), and i y. These par ters are
then varied to obtain a minimum error sum of squares between
the values for the experimental curve and the trial combination
of bands. A quantitative measure of the “goodness” of the final
fit is provided. An important feature of this program is its ability
to constrain certain parameters of selected bands within set limits,
while allowing others to vary freely. This permits known con-
tributions to the band envelope to be fixed, while a best fit is

blished for the ining portion of the envelope.

RESULTS

Core Line Spectra. aFe;0;, YFe,0;, and aFeOOH. These
compounds are grouped together because of certain basic
similarities in their Fe(2p) spectra which will be discussed
below. The iron core line spectra of aFe,0; are shown in
Figure 1, while high resolution Fe(2p 3/,) spectra of a and vy
forms of Fe;0, are compared in Figure 2. Although the main
Fe(2p 3/,) line is broad (FWHM = 3 eV), considerable




j'no.aov

rFe,0y

@)

,—m -BeV .
7% gmos70 i

T4 T2 710
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Figure 2. Detailed Fe(2p /,) spectra of (a) YFe,0s, (b) aFe,0,

structure, which is quite reproducible, is seen as part of the
asymmetric peak envelope (see arrows 2 and 3 in Figure 1(a)).
Prominent also in the aFe,0; Fe(2p) spectrum is a satellite
band about 8 eV above the Fe(2p /) line (see arrow 1 in
Figure 1(a)). For yFe;0;, the shape of the main Fe(2p /,)
line is clearly narrower. The spectrum of the a form has two
distinct peaks separated by ~1 eV while that for the v form
has only slightly broadened maximum. Further peak structure
is found on the high binding energy side of both peaks, which
are asymmetric on the high binding energy side.

The structure in the Fe(2p) spectra was fitted by least
squares routine following subtraction of the background. The
steep leading edge and double maximum in the aFe;0; Fe(2p
3/,) spectrum was found to be well fitted by two narrow
(FWHM = 1.4 eV) peaks of approximately equal intensity,
separated by 1.2 eV. The remainder of the envelope was fitted
by a series of peaks of decreasing intensity constrained to
similar width and shape (see Figure 3). Any other attempted
combination of fewer peaks and greater half-width could not
reproduce the structure in the envelope.

The intensity distribution of these peaks can be rationalized
on the basis of multiplet splitting of the Fe(2p) core line.
Gupta and Sen (GS) (18) have calculated the multiplet
structure expected for core p levels of the free Fe* ion, taking
account of electrostatic and spin-orbit interactions and using
the Hartree-Fock approximation of the free ion. The model
is considered appropriate for highly ionic solids. The en-
ergy-intensity distribution calculated for the Fe(2p) spectrum
of Fe®* is plotted in Figure 3 for comparison with the ex-
perimental distribution determined for the « and vy Fe,0;
spectra. The energy-intensity distributions of the experi-
mental spectra clearly resemble that predicted for Fe(2p)
multiplet splitting of the Fe®* ion. The weak satellite 8 eV
above the main Fe(2p %/,) line (see arrow 1 in Figure 1(a))
is predicted at this energy as a component of the Fe(2p !/,)
line multiplet splitting by the level 2 model of GS. The major
peaks fitted within the Fe(2p 3/,) envelope correspond well
to the predicted four-line distribution for Fe(2p 3/,).

The measured splitting of the two most intense components
of the aFe,03 Fe(2p %/,) line is 1.2 eV, as compared with 1.6
eV calculated for Fe*. An analysis of the same Fe(2p */5)
envelope for yYFe;0; yields an intensity distribution almost
identical to that in aFe,03, but splitting is reduced by 0.2 eV

Q-Fep03 b i

719 il
O—BINDING ENERGY (eV)

Figure 3. Spectraline fit of (a) aFe.0. (b) YFe;0;. Calcuated spiting
andrelauvehtsmmesforafmoFo fon are shown by the soiid bars.
CG denotes peak center of gravity. The solid line drawn through the
polmslsthesunofhelrﬂmwbandshmeemobpe The different
point symbols indi regions subj P or
subtraction procedures

resulting in the observed narrowing of the peak maximum.
The mean binding energy of 711.0 % 0.15 eV (weighted average
of all components) is the same for a and y Fe,0;. The only
change is in the multiplet splitting distribution within each
peak.

The oxyhydroxide «FeOOH has a Fe(2p) spectrum similar,
in many respects, to that for Fe,O; (see Figure 4(a)). Evidence
of several components under the Fe(2p %/,) envelope is seen.
The main core line is again asymmetric to the high energy side
and a weak satellite is observed 8 eV above it. A least-squares
fit of the envelope (see Figure 4(b)) yields components similar
to aFe,0; in energy distribution, but with a somewhat altered
intensity distribution. The mean binding energy of the line
(711.85 £ 0.2 eV) has shifted 0.85 £ 0.1 eV above that for
Fe,0; (see Table I). Metal(2p) chemical shifts of a similar
magnitude and direction have been previously found between
the equivalent oxides and hydroxides of copper, cobalt (19),
zinc and chromium (20). A shift of 0.9 eV is sufficiently large
to permit FeOOH to be distinguished from Fe,03.

The Fe(3p) spectra of a and yFe,0; are identical, both in
terms of intensity distribution and the measured binding
energy of the main peak. The Fe(3p) spectrum of aFeOOH
has an intensity distribution similar to Fe,03, but is chemically
shifted 0.6 % 0.2 eV to higher binding energy (see Table I).
A low intensity satellite is observed 7.0 eV above the main
3p for all these compounds (see arrow 1 in Figure 1(c)).
Neither this peak nor the shape of the main line can be
explained by the Fe(3p) multiplet splitting predicted for Fe**
by GS (18). However, electron correlation effects in the Fe(3p)
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Table I. Binding Energies of Major Core Lines in the Iron Oxides®

Compound Fe(2p /5)? Fe(3p s, /:)° Fe(3s)° O(1s)®

Fe metal 706.9 = 0.10 53.0 = 0.15 90.9: 0.3

FeO 709.5 = 0.2 54.9: 0.3 92.5: 0.2 530.0 = 0.2
Fe?* 708.3 = 0.15 53.9: 0.2 530.2 + 0.2

Fe,0. {Fes f a a

NiFe,O, 710.6 + 0.2 55.9+ 0.2 ggg 3 gg 530.1+ 0.2

CoFe,O, 710.6 + 0.2 55.9: 0.2 .5+ 0.

aFE,d, 711.0 = 0.15 55.7 = 0.15 93.6 + 0.2 529.8 = 0.10

vFe,0, 711.0 + 0.15 55.7 =+ 0.15 93.6 = 0.2 gggg + 8;0

aFeOOH 711.9 = 0.2 56.6 + 0.2 94.2+ 0.2 531'4 : 0'2

@ Errors quoted are one standard deviation.
ible components of the line.
CoFe,0, (see text).

¢ Refers to peak maximum binding energy.

b Refers to mean binding energy taken as the weighted average of all discern-

d Inferred from binding energies of NiFe,0, and

cg& (‘_7" eV
Fe OOH

(b)

715 71 707
BINDING ENERGY (eV)

Figure 4. (a) Fe(2p) spectrum of aFeOOH, (b) Spectral line fit of Fe(Zp

3/,) envelope using peaks of identical width to those In Figure 3(b). CG

denotes peak center of gravity

level are expected to be more important than in deeper core
lines and would be expected to affect strongly the observed
Fe(3p) intensity distribution (21).

The Fe(3s) peak for aFe;0; (see Figure 1(b)) is split into
two major components as expected for a high spin d° ferric
ion (22). The relative intensity of the components, 6:5, is in
reasonable agreement with the 7:5 ratio expected from the 3s
multiplet splitting of an ion with a ®S ground state. In addition
to the two main components separated by 6.2 + 0.2 eV, an
additional weak line appears 13.2 eV above the main line (see
arrow 1) which again may be due to correlation effects, similar
to those seen in the Mn(3s) spectrum of MnF, (23). The 3s
spectrum for yF,0; shows identical splitting of the compo-
nents.

The O(1s) spectra for « and yFe,0; and aFeOOH are shown
in Figure 5(a)-(c). The lattice oxygen binding energy in
aFe,0; is shifted 0.2 = 0.05 eV lower than for yFe,0; (see
Table I). For relatively clean a and yFe,0; surfaces (Figures
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Figure 5. O(1s) spectra for (a) aFe,0;, (b) YFe,0;, (c) FeOOH. The
ratio of hydroxide to oxide peak areas is 0.9. The presence of some
adsorbed species appears likely at binding energies above 532 eV

5(a) and (b)), two additional low intensity bands are observed
with quite similar binding energies. These are likely due to
chemisorbed hydroxyl or carbonyl species. The very low
intensity of these bands in the reference spectra of a and
vFe,0;, indicates that surface hydroxides of iron do not
complicate the spectra of these oxides. Such hydroxides can
form on some metal and oxide surfaces because of reaction
with moisture in the air.

The spectrum for aFeOOH (see Figure 5(c)) contains
approximately equal contributions from hydroxyl and oxide
oxygen, as expected from stoichiometry (0.9:1.0 ratio in Figure
5). Allen et al. () previously observed the broadened O(1s)
band for FeOOH under lower resolution. The lattice oxygen
(0*) O(1s) line in FeOOH is shifted significantly higher (0.5
% 0.1 eV) than that for the structurally similar aFe,0;. This
suggests that the proton on the hydroxyl oxygen has some
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Figure 6. Fe(2p) and Fe(3p) spectra of (a) NiFe,0,, (b) pure Fe,;0,,
(c) partly oxidized Fe;0,

interaction with the O% oxygen. The binding energy for the
hydroxyl oxygen is very similar to that in Ni(OH), and
Co(OH), (19).

NiFe,0,, CoFe,0, and Fe;0,. The Fe(2p) and Fe(3p)
spectra of mixed oxide NiFe,O, are shown in Figure 6(a). In
the 3p spectrum the Ni(3p)/Fe(3p) intensity ratio, corrected
with the appropriate photoelectron cross-sections (12), gives
a Ni/Fe atom ratio of 1:2. The overall intensity distribution
under the Fe(2p) spectral envelope differs from that for v or
aFe;03. In NiFe,0,, the core line shape is almost symmetric
and appears to contain none of the fine structure seen for the
oxides discussed above. The satellite peak 8 eV above the
Fe(2p) line, which is particularly characteristic of the Fe(2p)
spectra of Fe,03 and FeOOH, is not observed in the Fe(2p)
spectrum of NiFe,0,. Spectra of similar shape are obtained
for CoFe,0,. Using such characteristics of the Fe(2p)
spectrum, it is possible to determine if iron oxide in a mixture
with nickel or cobalt oxides is present mainly as a separate
single oxide phase, i.e., Fe,0j, or if it has reacted with nickel
or cobalt oxide to form a mixed inverse spinel oxide.

Table I lists binding energies of the major core line positions
for CoFe,0, and NiFe,0,. No differences in binding energy
were found between these ferrites. Core line chemical shifts
between the ferrites and Fe,0j are also quite small and are
not very useful for analytical purposes.

The Fe(2p) and Fe(3p) spectra for pure and partially
oxidized Fe;0, are shown in Figures 6(b) and 6(c). The iron
core line spectra of Fe;O, can be compared with those for
NiFe,0,—an iron oxide of identical structure but containing
only ferric ions. Both Fe;O, and NiFe,0, have inverse spinel
structures with similar cell constants (ay(Fe;0,) = 0.8396 nm.
ay(NiFe;0,) = 0.8339 nm), It is assumed that ferric iron
binding energies are not affected by the exchange of Ni** ions
in the lattice for Fe?*. This is supported by the fact that the

Fe(3p) o

(o) NiFe04

~—BINDING ENERGY (eV)

Figure 7. Spectral line fits of the Fe(3p) line for (a) NiFe,0,, (b) pure
Fe;30,, (c) partly oxidized Fe,0,. The peak parameters obtained for
the NiFe,0, sp: in (a) were to these values in spectra
(b) and (c). Ci hatched areas are ribed to the ferrous iron
contribution

ferric iron binding energies and peak shapes are identical for
the inverse spinels CoFe,0, and NiFe,0,. From inspection,
the Fe;O, Fe(3p) spectra are clearly broadened on the low
binding energy side compared with the NiFe,0, spectrum. In
the equivnlent Fe(2p) spectra, the presence of an additional
component is also apparent from the sharp shoulder around
708 eV. In both spectra the low binding energy p

are ascribed to the presence of ferrous iron.

These Fe;O4 spectra were analyzed in detail using the
least-squares peak fitting program, allowing the ferric iron
contribution under each Fe;O, lope to be rep d by
the equivalent iron core line spectrum of NiFe,0,. In Figure
7(a), the Fe(3p) spectrum of NiFe,0, was fitted using two
peaks whose energy centroids, half-widths, and relative in-
tensities define its characteristic shape. These parameters
were constrained within the limits of experimental repro-
ducibility and the entire shape was fitted under the Fe;0,
Fe(3p) envelope, allowing only the overall intensity of the
entire ferric contribution to vary. The remaining portion of
the Fe;0, spectrum was attributed to the ferrous iron con-
tribution and the peak(s) representing this contribution did
not have their parameters constrained.

In Figure 7(b), the Fe(3p) spectrum of pure Fe 0, is an-
alyzed using this procedure. The two peaks at higher binding
energy represent the ferric iron contribution derived from the
shape of the Fe(3p) spectrum of NiFe,0,. The lower binding
energy peak (cross-hatched in Figure 7(b)) represents the
ferrous iron contribution under the Fe;O, envelope. The
resultant “best fit” from the least squares analysis indicates
that the ferrous contribution can be represented by a single,
symmetric, relatively narrow peak (FWHM = 2.4 eV). Its
energy centroid is 2.1 eV below the center of gravity of the
ferric component of the Fe;O, spectrum. In the pure Fe;O,
Fe(3p) spectrum, the ferrous/ferric intensity ratio of the
resolved components was found to be 0.52. This is in excellent
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Figure 8. Spectral line fits of the Fe(2p 3/,) line for (a) NiFe,0,, (b)
pure Fe;0,, (c) partly oxidized Fe,0, Cross-hatched areas are ascribed
to the ferrous lon contribution

agreement with the ferrous/ferric stoichiometry of 0.50 in
Fe;0, and is good evidence that proper discrimination of the
ferrous and ferric components in the Fe(3p) spectrum has been
achieved.

The above procedure has been applied to the analysis of
Fe,0, surfaces containing lower concentrations of ferrous ion
(Sample II). In Figure 7(c) the Fe(3p) spectrum from Figure
6(c) has been analyzed. The resulting peak representing
ferrous iron had the same shape, width, and energy as in the
analysis of pure Fe;0,, but its intensity, relative to the ferric
component, was reduced to 0.15.

The Fe(2p) spectra of these Fe;O, samples were analyzed
using the same spectral line fitting procedure as outlined
above. The Fe(2p %/,) spectrum of NiFe,0, (see Figure 8(a))
is used as a model for the ferric iron contribution. The ferrous
iron contribution which is derived from the Fe;O, envelope
using this procedure is a symmetric narrow peak (FWHM =1.8
eV) centered at 708.3 eV (see Figure 8(b)). The Fe?**/Fe®*
peak intensity ratio is 0.32, which is low compared to the
“correct” value of 0.5 obtained from Fe(3p) line analysis. This
discrepancy could arise from the presence of additional weak
Fe** line components on the high binding energy side of the
peak. Such components would be included as part of the ferric
contribution using the present method of analysis.

The Fe(2p) spectrum for Fe;O, with a lower Fe** con-
centration is shown in Figure 8(c). The Fe**/Fe®* ratio of 0.07
measured from this spectrum is 22% of the measured ratio
for pure FeyO, in Figure 8(b). This corresponds well with a
factor of 27% obtained from the Fe(3p) spectrum analysis.
Thus, although the absolute ratio measured from the Fe(2p)
spectrum analysis does not reflect the actual stoichiometry
of the Fe,0, surface, the change in this ratio appears to reflect
changes in the ferrous/ferric ratio.

FeO. The Fe(2p) spectrum of the divalent oxide is shown
in Figure 9. As in the spectra of the ferric oxides, the Fe(2p
3/,) peak is quite broad and some evidence of structure is seen.
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Figure 9. (a) Fe(2p 3/,) spectrum for FeO, (b) spectral line fit of a
portion of the FeO Fe(2p ’/Zl spectrum. Calculated spiitting and relative
intensities for the free Fe*™ ion are shown by the solid bars

A broad satellite band extends for ~6 eV above the main peak
(see arrow).

The structure under the subtracted background Fe(2p 3/,)
line was fitted, using components of the same shape and width
as in the analyses of the Fe,0; spectra. Three major bands
were required to fit the Fe(2p %/,) line. The energy splitting
of these bands, and their approximate intensity distribution,
were in reasonably good agreement with the multiplet splitting
pattern calculated for the Fe®* free ion by Gupta and Sen (24).
This is seen from Figure 9, where the experimental line fit
is compared with the calculated Fe®* splitting.

Table I lists core line binding energies for FeO. The mean
binding energy of the Fe(2p */,) line (709.5 £ 0.2 V) is shifted
1.5 % 0.3 eV below that for Fe,0, and chemical shifts of 1.0
eV and 1.1 eV are found for Fe(3p) and Fe(3s) lines, re-
spectively. Shifts of this magnitude are clearly useful for
discriminating ferrous and ferric oxides.

The ferrous iron binding energies in Fe;0, are substantially
lower than those for ferrous iron in FeO. Moreover, the Fe(2p)
line shape for Fe** in Fe;0, is considerably narrower and less
complex than that in FeO. This could possibly result from
different multiplet splittings of Fe?* in the FeO and Fe;0,
structures.

Valence Band Spectra. Figure 10 shows XPS valence
band spectra for FeO, aFe;0;, yFe;03, and Fe;0, samples.
Valence orbitals in iron oxides are formed from Fe(3d) and
O(2p) atomic orbitals. Valence states with high p character
have low cross-sections when excited by x-ray energies, so that
the bands observed in the present spectra provide a measure
of the partial densities of localized d states. The XPS
spectrum of FeO (Figure 10(a)) has two maxima—a strong
one at 4.0 eV and a shoulder at 1.5 eV. These spectral features
agree with the partial densities of Fe(3d) states in FeO derived
from a frequency dependent photoelectron study made re-
cently by Eastman and Freeouf (25). The peaks at 1.5 eV and
4.0 probably represent excitations from e; and t,; levels,
respectively.

In the valence spectra of both a and yFe,0; (Figures 10(b)
and 10(c)), three distinct peaks are observed. Following
background subtraction, these spectra were subjected to a
least-squares fit using three bands of identical shape. The
band positions and intensities resolved from the spectra (see
Figure 11), are clearly different in the spectra for vy and
aFe;0;. The two bands of lowest energy are assigned to
excitations from 3e, and 2t,, orbitals, respectively. A recent
SCF X, calculation for aFe;0; (26) has determined a splitting
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Figure 11. Spectral line fits of the valence band spectra for (a) YFe,0s,
(b) aFe,0;. CG denotes envelope center of gravity

energy of 2.5 eV between the 3e; and 2t orbitals, in good
agreement with our experimental value of 2.3 eV. The
splitting found in yFe,0; is also 2.3 eV, but the absolute
position of both bands has shifted 0.4 eV closer to the Fermi
level and the relative emission intensities of the two bands
has altered considerably. The third band in the aFe,03
envelope located 2.4 eV above the 2t,, band is identified with
the 2e; orbital, which also has strong 3d character. In the X,
calculations (26), this orbital was determined to lie ap-
proximately 2.5 eV below the 2t,, level in the energy level
diagram. The center of gravity of the valence band system
is 5.5 £ 0.1 eV for both vy and aFe,0;. This suggests that all
bands result from orbitals with strong 3d character, since each
band system is split about a common energy.

The valence band spectrum of pure Fe;0, (Figure 10(d))
is too complex for detailed treatment, but it appears to contain
features seen in both ferric and ferrous oxide spectra. Lower
ferrous ion concentration in the Fe;O, matrix results in a
diminution of the peak around 4 eV.

Auger Spectra. Wagner (27) has shown that the Auger
line chemical shifts observed for many compounds of the
nontransition elements, are, in fact, larger than the equivalent
photoelectron core line shifts. Changes in the Fe My; VV line
shape with chemical structure have been observed by Seo et
al. (28), using electron excited Auger spectroscopy. Analysis
using this particular line is not practical in XPS, but the more
intense LM, sM, ;s and LyM,3M, ; lines were investigated for
several oxides to determine if they could provide further
characterizable spectra. The LM, ;M lines for FeO, aFe,03,
vFe;0;, and Fe;O, were quite broad (6-9 eV (FWHM)),
because of the many overlapping Auger lines. Only slight
alterations in the shape of the envelope were found and these
were of little use for analytical purposes. No changes in the
L3M,;3M, 5 line shape were observed.

Ion Bombardment Effects. Analysis of iron oxide cor-
rosion films by XPS freq ly involves ion bombard t
of the oxide, in order to obtain a concentration profile through
the film. If characterization of the iron oxide within the film
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is to be made, the effects of ion bombardment on the chemical
integrity of each possible oxide species must be known.
Consequently, the oxides aFe,03, NiFe,0,, Fe;0,, and FeO
were subjected to a 3-keV argon ion beam flux of 20 mA/m?*
for periods up to 10 min. This is equivalent to removal of ~40
nm of oxide film (12).

Bombardment of an aFe,0; surface resulted in almost
complete reduction to FeO during the first few mi of ion

Similarly, in FeOOH, introduction of the more electronegative
hydroxyl groups into the oxide lattice results in a decrease
in the average charge on the ferric ion and this change is
reflected in the increased binding energies for all core lines.
The presence of FeOOH, precipitated from alkaline solution,
has been detected on actively corroding iron surfaces, using
the distinctly higher Fe(2p) and Fe(3p) core binding energies
for this species (29). The chemical shift t Fe,0; and
FeO is useful for characterizing the initial oxide species formed
during oxidation of a clean iron metal surface. Kishi and Ikeda
(30) report a mean Fe(2p) binding energy difference of 0.8 eV
between that for the initial oxide and the Fe,0; which pre-
dominates after increased oxygen exposure. The initial oxide
phase which nucleates during exposure of an iron surface to
oxygen has been identified as FeO in earlier LEED studies
(31).

Among the simple and mixed ferric oxides, very little change
in mean core line binding energy is evident, and character-
ization by means of binding energy is not possible. However,
differences in the Fe(2p) core line spectra due to multiplet
interaction are clearly present and these can be used to provide
“fingerprint” identification of the particular oxide species
present. For example, the product of the oxidation of an Fe;O
surface in air could be identified as a or yFe,0; on the basis
of the Fe(2p) peak shape provided this product layer were
sufficiently thick (3 nm) to obscure any contribution from the
original Fe;0,.

In their treatment of multiplet interaction in free transition
metal ions, Gupta and Sen (24) point out that the crystal field
could be important in determining the final terms of the ion,
particularly if the degeneracy of the ground state is removed
by this field, resulting in a redistribution of the intensities
of the predicted lines. However, even without crystal field
and other effects being taken into account, remarkably good

sputtering. This can be seen from the Fe(2p) spectrum of
sputtered Fe;0; in Figure 12(a) which has the same structural
features and mean binding energy as the spectrum of FeO in
Figure 9.

Ion bombardment of the spinels Fe;0, and CoFe,0, also
resulted in the appearance of a new low binding energy
component in the Fe(2p */,) and Fe(3p) spectra that indicates
their partial conversion to ferrous oxide. This is particularly
clear in the Fe(2p) spectrum of CoFe,0, (Figure 12(b)), where
only a single ferric component was visible before ion bom-
bardment. The low binding energy component produced by
sputtering was derived using the previously described pro-
cedure and was tentatively identified as FeO. For the more
complex Fe;O, spectra, (Figure 12(c)) the partial reduction
to FeO was inferred from the spectral broadening observed
and the analagous behavior of CoFe,0,. No effect of ion
bombardment on FeO was found.

Ion bombardment of ferric oxides under our conditions thus
results in the conversion of at least a portion of the top several
atomic layers to FeO. XPS identification of a specific iron
oxide phase thus becomes difficult following ion bombard-
ment. However, in all cases studied, ion bombardment of iron
oxides caused no reduction of oxide to metal. Thus, an oxide
phase can be differentiated from iron metal by XPS following
sputtering, even though its specific chemical structure cannot
be readily identified.

DISCUSSION
Some of the iron oxide structures studied are identifiable
on the basis of their chemical shift. A ch 1 shift results
from a change in the average electrostatic potential field about
an atom. This occurs, for example, in Fe;0, where ferrous
and ferric ions in the same lattice can be readily distinguished
by the 2.0-eV difference in their core line binding energies.
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agr t has been achieved between the predicted ener-
gy-intensity distributions and those observed experimentally
for a number of transition metal compounds with high spin.
In addition to the reasonably good accord shown here between
the Fe?* and Fe®* free ion models and their respective oxides,
Kowalczyk et al. (23) have found even better correspondence
between Gupta and Sen's predicted Mn(2p) structure for high
spin Mn** and their experimentally observed structure for
MnF,. The exceptionally good agreement probably results
from the highly ionic nature of the compound used. Signorelli
(32) has also compared multiplet structure in the Fe(2p)
spectra of high spin ferric organometallic complexes with the
Fe®* results of Gupta and Sen.

A study of the XP spectra of both structures of Fe,0; is
useful in isolating some of the factors affecting chemical shifts
and multiplet splitting in different core levels. In both y and
aFe;0;, the metal core line binding energies are identical,
within experimental error, suggesting that the average po-
tential about the metal ion is the same. This is also suggested
by the identical Fe(3s) multiplet structure observed for both
a and yFe,0;. Because this multiplet results from ’S and °S
final spin states, it is affected only by the average charge about
the metal ion. The two iron oxide structures do differ in the
symmetry of the crystal field about the metal ion, and it is
this difference that likely affects the observed change in
multiplet splitting of the Fe(2p) levels. The energy splitting
of the two main multiplets is 0.20 eV larger for aFe,03 than
for yFe,0;. In the hexagonal close packed aFe,0; structure,
the octahedrally situated oxygens create a symmetric field
about each ferric iron, while in the distorted spinel structure
of yFe,04, an axial field component is present. It is possible
for such an axial field to result in reordering of final states
and change of the splitting. This could arise from the in-
teraction of an axial field with a low-lying P or D initial state



to result in a final state which was more stable than the ’P
or °P states calculated for Fe* (18).

The multiplet structure in the Fe(2p) spectrum of FeOOH
is similar to that observed in Fe,0;, except that some al-
teration in the relative intensity of the components appears
likely. As in aFe;0,, the ferric ions are octahedrally sur-
rounded by oxygen, but three of these are hydroxyl ions which
create a slightly asymmetric field on the metal ion. No
component structure is observed in the Fe(2p) spectra of the
iron spinels, NiFe;O, and CoFe,0,. The absence of structure
comparable to that calculated for the Fe®* free ion may be
at least partly associated with the high axial field component
present in these oxides.

Since satellite structure observed in the oxides can at least
be qualitatively accounted for by multiplet interaction,
shake-up interaction does not appear to make a major con-
tribution to the spectra. However, Carlson (33) has shown
that the shake-up process is responsible for strong satellites
in the Fe(2p) spectra of a number of ferric and ferrous salts.
In the case of the oxides, the probability of the (O(2p) —
M(3d)) charge transfer transition, thought responsible for
shake-up in these compounds (34), is apparently very low.
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error and to evaluate the applicability of specific standards
for microprobe analysis.

Ion microprobe techniques have found wide application in
such diverse fields as metallurgy, geology, solid state materials
characterization, and biology (I-4). The main objective is to
provide in-situ microchemical information on small features
in solid samples and thus establish their chemical identity and
possible compositional variations that might exist between
different features.

! Present address, The Procter and Gamble Company, Winton Hill
Technical Center, 6110 Center Hill Rd., Cincinnati, Ohio 45224.

It is common practice to calibrate the microprobe signals
with standard samples that have been certified for bulk
concentrations using more conventional analytical techniques
not sensitive to concentration gradients on a microscale. This
situation often gives rise to large errors mainly due to improper
sampling. Attempts to evaluate quantitative methods of ion
microprobe analysis have been limited by this fact, since
empirical (5, 6) and semi-theoretical (7, 8) calibration ap-
proaches have shown marked discrepancies for some species
from the known concentration in the standard samples used.
Consequently, an understanding of the sampling problem as
it applies to microprobe analysis is a prerequisite to any
complete evaluation of quantitation attempts in secondary
ion mass spectrometry (SIMS).

Normal procedures for reducing sampling error in analysis
include choosing as large a sample as practical, followed by
grinding, mixing, and/or dissolution to ensure homogeneity
of the subsequent laboratory subsamples used for analysis.
Many studies of the theory of bulk sampling can be found in
the literature (9-11). Also, a fair amount has been done to
characterize the theory of pling and h ion
techniques for laboratory subsamples (12-15).
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Table I. Approximate Analytical Sample Sizes for
Microprobe Techniques

Volume Mass
T h '\‘ r‘ )'“m) 1, A'g
Electron microprobe 1-10 10-"-10"%
Ton microprobe 0.1-50 10°'-10"*
Laser microprobe 10-1000 10°'°-10"*

In microprobe analysis, however, the analyst is presented
with two unique sampling problems. Unlike most analytical
techni noh ization treatments to reduce sampling
error are employed since the primary advantage of a mi-
croprobe lies in its ability to perform in-situ analysis. A second
problem that exists is the extremely small volume sampled.
Table I lists the analytical sample sizes common to the various
microprobe techniques. In view of these two constraints,
sampling of heterogeneous materials with a microprobe is a
serious problem and often the major contribution to the total
analysis error.

The only viable approach to the microprobe analysis of a
heterogeneous material, therefore, is one which allows for the
a priori estimation of sampling error to be expected if the
experiment is to be carried out in a certain way. Ingamells
and Switzer (12) have used the sampling constant concept of
Gy (10) and Visman (16) to establish criteria for proper
sampling of bulk geological materials. The present study
develops such an approach applicable to the in-situ micro-
sampling situation encountered in ion microprobe analysis.
Equations are provided which estimate the degree of hete-
rogeneity present, and procedures are recommended for
establishing the practical number of replicate analyses re-
quired to achieve a desired precision. The approach is ex-
perimentally verified using NBS SRM-662 and 664 low alloy
steels. The method can also be used to evaluate the appli-
cability of specific standard reference materials to ion mi-
croprobe analysis. The concepts developed here should be
directly applicable to other microprobe techniques with little
or no modification.

EXPERIMENTAL

Samples. Samples of 99.999% polycrystalline iron and copper
and NBS SRM-660 low alloy steels were polished using a series
of silicon carbide abrasive papers to 600 grit, followed by fine
polishing using 1 um, 0.3 um, and 0.05 um alumina. Samples of
(100) single crystal gallium arsenide were polished using a

T R e h 3)

Instrumental. A CAMECA IMS-300 lon Microprobe/lon
Microscope previously described in the literature (17) was used
in this study. In the analysis of all of the samples, the primary
ion beam was '°0,* at an energy of 5.5 KeV. The ion current was
0.5 pA rastered over a 300-um X 300-um area. Sputtering rates
were measured using a Rank Precision Industries Talystep depth
measuring device, and were determined to be less than 25A per
second in all cases. All materials were pre-sputtered for at least
5 min prior to analysis to remove contamination caused by
polishing and handling. Ambient p in the v: system
was approximately 10”7 Torr in all cases.

Data were collected in the pulse counting mode using a DEC
PDP-11/20 computer interfaced directly to the ion probe. The
computer was equipped with a DEC GT-40 graphics display unit
as a peripheral device for real time monitoring of the data.
Mechanical apertures located at the exit of the mass spectrometer
were used in the ion probe to vary the analytical area viewed by
the detector.

RESULTS AND DISCUSSION

In order to properly evaluate the sampling problem it is
helpful to consider the different types of information usually
desired from microprobe analysis. These may be classified
as (1) chemical identification of microfeatures in the bulk of
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the sample, (2) distribution of these microfeatures in the bulk,
and (3) bulk analysis of volumes too small for other techniques.
Implicit in all of these is the need to calibrate signal with
standards. For the complete characterization of a hetero-
geneously distributed constituent in a microfeature, evaluation
of the degree of heterogeneity is a prerequisite to the char-
acterization of the microfeature. Thus, the analysis of any
one microfeature may entail separate analyses of smaller
microfeatures within the larger host.

If the information required is related to the distribution
of microfeatures in the bulk, then the sampling problem is
identical to that encountered in particulate analysis (18, 19),
metallurgical studies (20), and image analysis (21, 22).

If the analyst is concerned with information from a par-
ticular homogeneous microfeature large enough so that the
only signal collected originates from within the boundaries
of the microfeature, then there will be no sampling error. If
the microfeature, either h »us or heterogeneous, is so
small that it is smaller than the minimum collection area of
the instrument used, then assuming that the entire micro-
feature can be sampled, the sampling error should be minimal
provided the background area contains none of the constituent
of interest, or if a simple correction for background contri-
bution is applied.

Finally, if the analyst is concerned with information from
a heterogeneous microfeature so large that collection of signal
from the entire microfeature is impractical, or if bulk analysis
of a microvolume is required, the sampling situation is more
complex. This situation is commonly encountered in ion probe
analysis with the use of standards either for empirical methods
of quantitation, or for comparison of results from theoretical
or semi-theoretical calculations to known bulk concentrations.
As previously stated, sampling error in this case may become
the major contribution to the total analysis error. It is in this
final situation that the concept of a sampling constant will
be most useful. The sampling constant can be used as a
quantitative measure of heterogeneity, to estimate sampling
error and to determine the number of replicate analyses
required for a desired precision.

Precision of M T t of Signal Arising from a
Homogeneous Material. Before embarking on a study of
the effect of sample heterogeneity on precision and accuracy
in ion microprobe analysis, a full understanding of the pre-
cision of measurement which is associated with the analysis
of a homogeneous material is required. For these purposes,
samples of polycrystalline Fe, polycrystalline Cu, and single
crystal (100) GaAs were highly polished as described above,
to avoid the possibility of topographical effects. Each material
was studied using varying pulse count times and mechanical
aperture sizes, so that the effects on precision of volume, area,
and time sampled could be determined. Twenty sets of five
data points were taken for each case, from the same area on
the sample in order to avoid effects of polycrystallinity or any
possible heterogeneities. The relative standard deviation
(RSD) for each set of five was calculated and the mean value
of RSD for the twenty sets was determined, the RSD values
being taken as a direct measure of precision. The approach
of choosing sets of five data points was adopted since in
practice few analysts use more than five replicates. Data were
collected using peak heights, after adjusting the magnet to
the maximum signal for the mass being monitored.

It was experimentally determined that RSD is inversely
proportional to the square root of pulse count time, analysis
area, and analysis volume, the proportionality constant being
a function of the element. By combining the data, and plotting
RSD vs. mean number of counts, the plot displayed in Figure
1 is obtained. This plot defines the equation:

RSD = 100(N)™ V2 (1)
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Figure 1. Precision of measurement vs. mean number of counts
collected. Data collected using varying collection times: (@) ®Cu*.
(m) *Fe*. (A) ®Ga*. Data collected using varying aperture sizes:
(0) *Cu*. (O) %Fe*. (A)*Ga*. Data collected with varying collection

time and aperture: (¢) Cu. Data collected at photomultiplier by opening
converter to light leak: (@) No secondary lon current

where N is the mean number of counts collected. Equation
1 may be reduced to the form:

= Variance= N (2)

where s is the standard deviation. Data which follow Equation
2 are distributed with Poisson Statistics (23). Therefore, the
experimentally determined precision in ion microprobe
analysis is the reciprocal square root of the mean number of
counts independent of how the data were collected and follows
the Poisson distribution.

A similar situation exists in electron microprobe analysis
where precision is theoretically estimated by the Poisson

surface using a 10-um aperture to limit the area on the surface
of the sample viewed by the detector. The changing ¥Fe*
signal is apparent in this figure.

Sampling Constants. Mathematical Derivations. A
rigorous statistical treatment of ling error, encompassing
all of the possible cases ed in three-dimensional
microanalysis, would be tedious at best. However, with some
simplifying assumptions, equations can be denved wluch gwe
an estimate of the ling error to be expected in an analy

If, in the lysis of a heter g constituent, it is
assumed that the constituent of interest is located mainly in
inclusions and it is also assumed that the total volume of the
inclusions is small relative to the overal.l sample volume, then
the incl may be app d as point in space.
In this case, the Poisson probability function can be used to
model the distribution of the inclusions (23). Let 11 = the
average number of inclusions per unit volume and v, = volume
sampled. Itis d that each incl contributes more
or less equally to the total signal. Taking a set of volumes
of size vy, and counting the number of inclusions in each
volume yields a mean value which estimates the population
or true mean, riv,. According to the properties of the Poisson
distribution, the population variance, ¢?, is equal to the mean,
therefore

=T, (3)
and
0y = (Ave)'? (4)

where o, is the true or population relative standard deviation.
The value of o, is then used to represent E,, the error as-
sociated with sampling alone. If reasonable care is taken to
minimize systematic errors caused by instrumental, sample
preparation, matrix effects, etc., then these sources of error
are small relative to E,, so that E, approximates the total

Statistics associated with x-ray photo (24). H 5
Ziebold (25) has shown that the actual experimental precision
with the electron probe does not generally follow the reciprocal
square root of the number of counts, which is an overestimate
of precision. This is due to the fact that with the electron
probe, the excitation step is governed by Poisson statistical
fluctuations, thus allowing for propagation of error throughout
the spectrometer. On the other hand, with the ion microprobe,
the reciprocal square root relationship is experimentally
determined at the detector and is the actual precision of
measurement from a homogeneous material. The response
of the detector itself is governed by the Poisson distribution
(see Figure 1); therefore other sources of error, if they exist,
must be small relative to the reciprocal square root of the
number of counts.

However, the analyst must exercise caution, even when
calibrating signals with a homogeneous standard with the ion
probe. This is due to the effect of crystallographic orientation
on secondary ion yield. The effect is most serious when
bombarding with inert gas ions, is somewhat better when
bombarding with oxygen ions, and is least serious when
bombarding with oxygen ions in the presence of a pressure
of oxygen gas (approximately 10 Torr) (26, 27). If a
polycrystalline standard is employed and the crystal phases
are large, erroneous results may be obtained.

The effect is illustrated for 99.999% polycrystalline Fe in
Figure 2. Figure 2a is the ®Fe* ion image arising from
bombardment of the sample with 5.5-keV *0,* primary ions.
The varying secondary ion yields from the different crystal
faces are evident in this picture. Figure 2b shows a light
micrograph of the same region after sputtering, the crystal
faces clearly visible due to the etching effect of the primary
beam. Finally, Figure 2¢ is a line scan across the sample

lysis error. It has been shown that appropriate calibration
standards can be used to correct for many of the above types
of error except heterogeneity (5). The assumption that the
constituent of interest is located mainly in inclusions can be
dropped simply by multiplying the expression for E, by a
correction term, |I; — I,|/I where I and I, are the signals arisi
from the inclusions and matrix, respectively, and I is the
overall signal. The expression for sampling error then be-
comes:

= \I, -
E, = (nvy)™ "2 Ill IZI=K(UO)_“2 (5)
where
= I, - Il
K (n) 172 1 fih U b (6)

and K is the sampling constant for in-situ analysis, dependent
only on inherent properties of the sample being analyzed. If

v is exp! in um® and 1 in inclusions/um®, K has the units
of um®2,

A more plete expression for the i can
be derived by droppmg the ion of point and

considering the volume of the inclusions. Letting 0, = the
average volume of the inclusions, the entire specimen is
imagined to be divided into units of size 0,. The effect of
distribution of volume, shape of inclusion, and density, have
been neglected. Certain of these units are the actual in-
clusions. The probability of selecting a unit which is an
inclusion is:
Total # inclusions
e no, (7
Total # units
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Figure 2. 99.999% Polycrystalline Fe sample: (a) **Fe* lon image; (b) light micrograph of same region; (c) line scan across the surface of

the sample

where 7 is the number of inclusions per unit volume and vy
is the total volume of the specimen. The total number of units
sampled in an analysis volume v is:

n= v/, (8)

Using the properties of the binomial distribution (23) the
expression for o, can be derived as

o= (1-p)"*(np)""? )

Substituting for p and n, and dropping the assumption of
constituent of interest located mainly in the inclusions, we
have for sampling error:

E = (1-n0,)"? (I, - LI/1)/(7ve)'? (10)
Equation 10 is identical to Equation 5 if the sampling constant
is written as:

K=(1-nv,)"? (I, - LI/I)/(R)""? (11)

where again K is dependent only on inherent properties of
the sample and has the same dimensions as the K defined by
Equation 6. The expression for the sampling constant given
by Equation 11 reduces to that given by Equation 6 as the
volume of inclusions, v, approaches zero (assumption of point
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masses). Also, it should be noted that the quantity v, is
equivalent to the fraction of the material which is occupied
by inclusions. As this fraction approaches unity, the entire
sample is comprised of inclusion material, and is therefore
homogeneous. In this case, Equation 10 correctly predicts a
sampling error of zero.

It is possible that the constituent of interest may be located
in heterogeneities with different distributions superimposed
on each other (dropping the assumption that each inclusion
contributes more or less equally to the total signal). In this
case a sampling constant for each distribution, or a range of
distributions, could be determined. The “total” sampling
constant would then be calculated by taking each distribution
constant, weighted for its contribution to the total signal, and
doing a square root of the sum of squares calculation. This
approach will be especially useful when calculating sampling
constants with computerized image analysis techniques.

One final approximation is made in this study, that being
the consideration of sampled area as opposed to sampled
volume. We are justified in making the approximation since
the area sampled in SIMS is so much greater than the depth
sampled, the heterogeneity of the area under analysis should
not change significantly during the time of analysis. The
derivations of the sampling equations above are also valid for
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Figure 3. Sampling error vs. (a) area sampled; (b) number of heterogeneities; (c) area of inclusions (coverage)

areal analysis, the equations now being expressed in terms of
number of inclusions/unit area, 11, area analyzed, a, and
average area of inclusions, d,. Sampling constants are now
expressed in units of microns. This approximation is made
merely to aid in the visualization of the pts of li

Equations 5 and 10 above were derived to be used as a tool
to enable the analyst to esti the ling error
with the material under study. The equations utilize the true
or population standard deviation and mean to estimate the

and heterogeneity, as applied to the ion probe. o
Plots of the various parameters iated with E

le or experimental standard deviation and mean. The
larger the number of replicate analyses, the more exactly the
experi | statistical parameters approach the population

5 and 10 are displayed in Figure 3. In Figure 3a, E, is plotted
vs. area sampled for various heterogeneity distributions using
the point mass approximation. Figure 3b displays the behavior
of E, as a function of heterogeneity for various sampled areas,
again using the point mass approximation. These plots il-
lustrate the powntml severity of the mmplmg problem, the
ling error b i

Finally, Figure 3cis a plot of the effect of area of mclumons,
a,, on the sampling error. Here, the effect of the size of the
inclusions can be seen to be minimal for a total coverage of
less than 10%.

parameters. Even if only a few replicates are taken, an es-
timate of sampling error will be available.

One of the more powerful appllcanons of these equations
m'.ha'.oncea pling is calculated for a particular
1 tina 1 idelines are available which suggest
the number of rephcates required for a particular confidence
limit, assuming sampling is the major source of error. The
confidence interval can be expressed in terms of percent of
the mean as:

A(%) = 100 ts,/(N)''? 12)
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Table II.  Sampling Constant from Ion Images for Ti-NBS SRM-662

Blocks Inclusions Inclusions n(x10°%)
Image counted® counted per block (Inclusions/um?) K(um)
1 210 80 0.381 0.273 19.1
2 200 91 0.455 0.327 17.5
3 184 73 0.399 0.287 18.7
4 203 86 0.424 0.305 18.1
5 203 82 0.404 0.291 18.5
Total = 1000 Total = 412 mean = 0.413 mean = 0.297 mean = 18.4°

9 1 block = 139 um?.

® mean K = 18.4 : 0.8 at 95% confidence level.

where A% is the percent confidence interval, N is the number
of replicate measurements, ¢ is a statistical factor dependent
on N, and s, is the relative standard deviation.

Again, if other sources of error are small relative to sam-
pling, the relative standard deviation is equivalent to sampling
error, E,. Rearranging terms in Equation 12 and substituting
for E,, the expression for the number of replicate analyses
required for a confidence interval of A(%) where sampling
is the major source of error, is given as:
N = (100 tK/A (%) Vao ) (13)
where K is the sampling constant and a, is the area sampled.
This equation can also be used to estimate A(%) for an
analysis using N replicates of area a,. If other sources of error
are of significant magnitude relative to sampling error, an
estimate of the total analysis error may be obtained through
the laws of propagation of error if a good estimate of the other
sources of error is available. The total analysis error could
then be used in Equation 12 to predict either A(%) or the
number of replicates required for a particular A(%). Also,
it should be noted that the value for the statistical factor ¢
in the above equations can be obtained from the Student ¢
tables which are calculated for normally distributed data, since
for our purposes, the Poisson and Binomial distribution can
be approximated by the normal distribution (28). As an
example of the applicability of the above equations, assume
that the desired results of a particular analysis are required
+10% at the 95% confidence level. Assume also that a good
estimate of K for a particular element is 20 and that the
analysis area is 20000 pm® Using Equation 13 and a value
of 1.96 for t, we have: N = [(100)(1.96)(20)/(10)(20000)]* =
7.7. The results of eight replicate analyses, therefore, should
have a precision of £10% at the 95% confidence level, as-
suming other sources of error are small relative to sampling.

The value of ¢ used when calculating A(%) or N will depend
on the accuracy with which the value of K has been deter-
mined. For example, if K has been determined with one set
of 20 replicate analyses, the ¢ value corresponding to 19 degrees
of freedom should be used. If K has been obtained from a
large number of measurements, and a good estimate of K is
available, the value of ¢ used can be that calculated for an
infinite number of degrees of freedom.

As a final consideration, it should be noted that in this study
we have used precision as a e of ing error. This
approach is justified only for large sample areas and becomes
erroneous when the area sampled is small. This approach is
necessary, however, since SIMS is not quantitative at this time
and precision presents the most convenient means of
measuring sampling error.

Calculation and Application. Sampling constants may be
calculated either from ion images or indirectly by equating
experimental RSD with sampling error. The first method is
difficult to accomplish without the aid of a high speed image
analyzing computer, except for relatively simple heterogeneity
distributions. The latter method has the disadvantage that
a large number of replicate analyses, typically 20, are required

1534 « ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

Figure 4. “*Ti* lon image from NBS SRM-662

Table III.  “*Ti*/**Fe* Ratios from Twenty Random Spots
of 49000 um?-NBS SRM-662
“Ti*/ STi*/ “Ti*l
Area  *Fe* Area “Fe* Area “Fe

1 0.383 8 0.444 15 0.362
2 0.470 9 0.396 16 0.412
3 0.400 10 0.423 17 0.407
4 0.346 11 0.366 18 0.354
5 0.410 12 0.408 19 0.385
6 0.380 13 0.417 20 0.429
7 0.369 14 0.448

s=0.033. Xx=0.401. s, =8.2% K=18.2um.

to obtain a reasonable estimate of K. Also, a quantitative
estimate of other sources of error is required to determine the
contribution due to sampling alone to the total analysis error.

Each of the methods above was used to calculate K for Ti
in NBS SRM-662. Figure 4 is the *Ti* image from this steel.
A grid dividing the sample surface into 139 um? regions was
superimposed on the image during the photographic printing
process to simplify counting. The number of inclusions
contained in a total of 1000 such grid spacings were counted
on a series of ion images taken randomly on the sample. From
these date 11 was calculated and used to determine K neg-
lecting the effect of signal arising from the matrix. The results
are displayed in Table II. The resultant K from five ion
images is 18.4 % 0.8 um at the 95% confidence level. This
result was compared to the K calculated from the relative
standard deviation of replicate analysis of 20 random areas
on the sample. The ratio of **Ti*/*Fe* signals were used to
avoid the effect of changes in the primary beam intensity
during analysis. The data for this determination are displayed
in Table III. Here the value of K, assuming sampling error
is large relative to the other sources of error, is 18.2 um, well



Table IV. Predicted S g Error vs. Experimental Table VI. Predicted E vs. Experimental RSD of Ten
RSD for Ti-NBS SRM-662 Replicate Analyses at 49000 um’~-NBS SRM-664
Es, Ni V Ti C Mn
Gy, um? predicted®  Exptl RSD% Predi Pe '
i S 00 e'lcﬁed 17 2 5 18 4 4
49000 8.3% 7.7 eri
15000 oy o Experimental 17 2 4 11 5 7
3420 31.3% 34.9 ' 17 2 6 15 3 3
3420 31.3% 30.6 15 2 5 18 4 5
3420 31.3% 31.1 23 2 5 20 4
@ K=18.3um.

Table VII, Predicted E; vs. Experimental RSD of Ten

Table V. Sampling Constants from RSD of Twenty
Replicates-NBS SRM-664¢

Ni Co A Ti Cr Mn
Set 1 40.0 5.1 9.8 38.0 6.3 7.2
Set 2 33.5 4.9 12.9 42.0 10.3 9.3
Average 36.8 5.0 11.4 40.0 8.3 8.3

@ K’s in microns.

within experimental error of K determined by imaging.

The data in Table IIT can be used to illustrate the use of
K to predict the required number of replicates for a particular
confidence limit. For example, using K = 18.3 um, and a ¢
factor for N = 20 of 2.09, Equation 13 predicts the number
of replicates required for a 10% of the mean confidence limit
at the 95% level is three. Choosing the worst possible case
of the three highest and three lowest data points, a percent
deviation from the mean of 13% for the high values and 12%
for the low values is obtained. Therefore, the % deviation
from the mean of three replicates would be better than 10%
except for the unlikely case of obtaining the three highest or
lowest values in a row.

Finally, K was used to estimate the experimental RSD
associated with ten replicate analyses for Ti using areas of
49000 um?® and 3420 um® The results are displayed in Table
IV. The predicted sampling error is 8.3% and 31.5% for the
larger and smaller areas, respectively. The counting error in
both cases was less than 0.5%. Three independent sets of data
were taken for each area. As can be seen in Table IV, the
experimental RSD is close to that predicted by the sampling
equation.

Sampling constants for a number of elements in NBS
SRM-664 were determined by the method of equating ex-
perimental RSD to sampling error. Again, the ratio arising
from the constituent of interest to the ®Fe* signal was used
to avoid the effects of changes in the bombarding beam during
the analysis. Two sets of 20 replicate analyses each were
obtained on a highly polished sample after presputtering for
5 min to remove surface contamination. The sampling
constants obtained for Ni, Co, V, Ti, Cr, and Mn are displayed
in Table V. In each case, except for cobalt, the experimental
RSD was much greater than that which would be expected
from counting error alone, so that the major source of error
was assumed to be sampling error. With cobalt the magnitude
of the experimental RSD was approximately the same as that
expected from counting error. However, when sampling
constants are determined by equating experimental RSD to
sampling error, the contribution of the analytical error is
incorporated into the sampling constant since the counting
error also follows a reciprocal square root law. The K values
displayed in Table V were used to estimate the sampling error
expected for analysis areas of 49000 um?® and 3420 ym? The
estimated sampling error for each case and the actual ex-
perimental RSD are displayed in Tables VI and VII. Each
experimental RSD represents 10 replicate analyses. In each

Repli Analyses of 3420 um?-NBS SRM-664
Ni Co V Ti Cr Mn

Predicted 63 8 19 68 14 14
Ey, %
Experimental 51 4 12 79 12 3 15 |
D, %
53 6 10 80 9 12
61 7 10 55 9 6
62 8 11 83 12 11

case the experimental RSD is closely estimated by the
sampling error calculated using the ling constant.

Significance. The in-situ pling constant t
provides a link between bulk and microscale analysis; i le s
guidelines are established for the extension of standards
characterized by bulk techniques to the micr pling sit-
uation. It is now possible to evaluate the usefulness of a given
standard reference material for microprobe analysis. These
ccnstants also provide a co ient means of condensing and
storing information from prior anal garding the precisi
of measurement of unknown materials. Samplmg constanta
are also useful as a quantitative e of the h g y
of a material, as well as a means of predicting sampling error
and required number of replicates for a desu-ed precision.

Although the e pr d here have been
determined in a manner which lends itself to the SIMS in-
strument available in this laboratory, it is possible to de-
termine constants applicable to any in-situ measurement
technique. The correctness of the constants determined by
one technique to analyses using other techniques or instru-
mental conditions may vary, but since the purpose of these
constants is to estimate expected sampling error this should
not diminish their usefulness. For example, in ion probe
analysis, cognizance must be taken of both spatial and phase
heterogeneity. This is due to the varying effect on secondary
ion yield of chemical speciation, crystal orientation, vacuum
conditions, matrix, etc. To a certain extent, phase hete-
T ity can be c ted for by backfilling the source
chamber with a partial pressure of oxygen (oxygen leak). The
apparent homogeneity may then improve somewhat for certain
elements. However, if the sampling constant has been de-
termined at residual vacuum (no oxygen leak), an estimate
of the upper limit of sampling error is obtained and thus the
most serious case defined.

Finally, it should be noted that analysis of heterogeneous
samples with an ultra small probe (a few microns in diameter)
may yield both unrealistically high precision and erroneously
low concentrations. This is because with a constituent located
both in inclusions and in the matrix, the probability of the
probe striking an inclusion may be quite small, especially if
the number of inclusions per unit volume is small. This will
result in a set of replicates which reflect the concentration
of the constituent in the matrix, with the possibility of an
occasional “nnomnlous result which in reahty arises fmm the
probe striking an inclusion. If the iy
result is neglected, precision may be quite good. The above
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situation arising during calibration with a standard will cause
subsequent analysis of unknowns to yield erroneously high
results. Use of a sampling constant here would define how
many replicates will be required for each constituent to obtain
results within a certain confidence limit of the true con-
centration, and also eliminate the rejection of valid data.
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Qualitative Analysis of Thin Gallium Nitride Films with
Secondary lon Mass Spectrometry

J. Edward Andrews,*' A. P. Duhamel,? and Michael A. LittleJohn
Department of Electrical Engineering, North Carolina State University, Raleigh, North Carolina 27607

Gallium nitride (GaN) thin films grown from the vapor phase
by pyrolyzing Ga(C.H;s),"NH,, were analyzed using Secondary
Ion Mass Spectroscopy (SIMS). Comparative mass spectra
were obtained from GaN grown by two other laboratories using
two ditferent techniques and were found to be simllar. The
SIMS technique Identified the presence of Ga, N, and O, in
all the GaN films. C was detected In the GaN film prepared
by pyrolysis. Evidence of H as part of the lonic structure was
in the higher mass sp of all the pk , it could
not be determined with certainity if the source of H originated
In the SIMS Instrument, the samples, or both.

Thin gallium nitride (GaN) films grown on a-Al,0; sub-
strates by pyrolytic decomposition of Ga(C,H;);:NH; in a
chemical vapor deposition system have been described in an
earlier publication (I). The as-grown films were typically
yellowish brown in color instead of transparent as would be
expected for a material with a 3.5-eV energy band gap (2).
This yellowish color was characteristic of the films grown

! Present address, Research Tnangle Institute, P.O. Box 12194,
Research Triangle Park, N.C. 27709.

2Present address, U.S. Energy Reseurch and Development Ad-
ministration, Washington, D.C. 20545.
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throughout the temperature range from 500 to 1000 °C. Since
this was the first time that this growth process and system
had been used to grow GaN, it was not at all certain that the
deposits obtained were GaN, especially in view of the coloring
noted above. Therefore effort during the early part of the
research was directed toward obtaining a qualitative analysis
of the deposits. Several analytical techniques were eventually
used (electron microprobe, x-ray diffraction, electron dif-
fraction, secondary ion mass spectrometry) with each pro-
viding some useful but not complete information concerning
the nature of the deposits. The analytical technique reported
here is worthy of note because of its ability to detect nitrogen
as well as the lighter elements, including hydrogen, and was
particularly valuable in analyzing deposits that were too
amorphous to give useful diffraction data.

This paper reports the results of the qualitative analysis
of the GaN thin films using the technique of Secondary Ion
Mass Spectrometry (SIMS). The combination of sputter
etching and mass spectrometry used in the SIMS technique
permits a convenient and rapid qualitative analysis of thin
films and surfaces. In depth discussions of the SIMS
technique and available instrumentation have recently been
presented (3-5). A comparison of the performance of the
SIMS technique with Auger Electron Spectroscopy (AES) and
x-ray photoelectron spectroscopy (XPS) given in Ref. 6 in-



Table I. Experimental Conditions Used
for Sample Analysis

(1) Primary ion beam gas: argon?

(2) Argon gas pressure: 3 X 10°* Torr
(3) Accelerating voltage for argon ions:
(4) lon-beam current at sample surface:

6 KeV
150 g A

@ Oxygen was substituted for argon and mass spectrum
retaken on the GaAs sample after the various samples had
been analyzed.
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Figure 1. Two consecutive mass scans of sample 55S

dicates that the SIMS technique is capable of a much lower
detection threshold.

For purposes of comparison, GaN samples furnished by
courtesy of IBM and RCA were also analyzed. The IBM GaN
was prepared by sputtering Ga in the presence of N, (7, 8).
The RCA GaN was prepared by the ammonolysis of GaCl (9).

EXPERIMENTAL

The analysis of the GaN films (plus a sample of single crystal
undoped GaAs) was performed using an lon Beam Surface Mass
Analyzer (ISMA). This instrument and its operation have been
described in detail in (5). The analysis of the undoped GaAs was
performed in order to eliminate possible background effects
obtained from the instrument and to assist in the interpretation
of the spectral data obtained from the GaN films.

The analysis of the GaN films and pure GaAs were performed
under constant experimenwl conditions listed in Table I.

Sample chamb prior to ple analysis were or-
idinarily of the order of 8 X 10°® Torr. The mass resolution of
the ISMA was typically 0.4 amu.

Mass spectra for the GaN and GaAs were obtained over the
mass ranges 10-25, 62-77, and 80-95. Each range was scanned
in a 2-min period at a rate of 0.125 amu/s with several scans
performed consecutively to obtain data on the variation of various
peak intensities as a function of time.

Species of potential interest in the mass ranges 10-25, 62-77,
and 80-95 were '2C, 1N, '%0; ®Ga, "'Ga; ®Ga'’C, ¥Ga"N, ®Ga'®0,
"Ga'*C, "Ga"N, and "'Ga'®0, respectively.

RESULTS AND DISCUSSION

Figure 1 shows spectra resulting from the first two mass
scans of GaN sample 55-S grown at 600 °C by the process
described in Ref. 1. (The ordinate gives a measure of the ion
beam current, in A, produced by the secondary ions sputtered
from the surface of the sample.) Figure 1 indicates hydro-
carbon fragments being detected only in the first few minutes
of analysis. Normally, hydrocarbon fragments detected with
this technique and exhibiting this behavior (disappearing after
a few minutes of etching) are usually attributed to vacuum
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Figure 2. Mass spectrum of GaAs

system pump oil that has accumulated on the surface.
However, GaAs spectra obtained under identical experimental
conditions (see Figure 2) showed no indication of hydrocarbon
fragments. This would strongly suggest that the hydrocarbon
fragments observed in the GaN spectra were not an instru-
ment artifact.

The sample 55-S mass peaks observed at 14 and 16 amu
persisted with continued etching while those at 12 and 13 amu
gradually disappeared. The peaks at 12, 13, and 16 amu were
interpreted as ['*C]*, [CH]*, and ['®0]*, respectively.

The interpretation of the peak at 14 amu, however, is more
complicated since it could be due to [CH,]*, [**N] or both.
The gradual disappearance of the ['*C]* and [CH]* peaks
suggests that the related [CH,]* peak should similarly dis-
appear. Since the peak at 14 amu persisted, it could eventually
be interpreted as being primarily ['*N]* as indicated in the
second scan in Figure 1. The peak at 14 amu was seen to still
be very evident in Figure 3 which is the spectrum after 8 to
10 min of etching. ’I'he absence of similar peaka in the Ga.As
spectra (Figure 2) i that back d interfe
not responsible for the observed peaks in the GaN spectra

It was noted (compare Figures 2 and 3) incidentally that
the Ga ion yield for sample 55S was more than 1 order of
magnitude larger than that of the GaAs sample. Sample 558
was determined previously to be nearly amorphous in nature
and might therefore be expected to yield Ga ions much more
easily than the single crystal GaAs used for the reference.

Figure 3 shows the mass spectra obtained for sample 555
through the mass range 80-95 amu. No significant mass peaks
were observed for the GaAs in this mass range. The 558
spectra, however, show distinct peaks at 85, 86, 87, 88, and
89 amu. Weak peaks were also observed at 83 and 84.

It is interesting here to compare these data with the GaAs
mass spectrum obtained in the 80-95 amu range using an 0,*
primary ion beam (see Figure 4). As was seen in Figure 2,
the GaAs spectrum (sputtered with Ar) gave no observable
peaks in the 80-90 amu range whereas Figure 4 shows peaks
that were similar to the GaN spectra (the oxygen-containing
fragments were formed as a result of ion-molecule reactions
between the sample and O,* ions from the beam). This
comparison would strongly indicate that the GaN films
contained oxygen.

Figure 4 also indicates the exist of hydrogen in some
of the fragments detected. Both [AsO]* and [AsOH]*
fragments were believed to be responsible for the peaks
observed at 91 and 92 amu, respectively. The Ga from the
GaAs apparently gave rise to [Ga0)*, [GaOH]*, and [GaOH,]*
at (85, 87), (86, 88), and (87, 89) amu, respectively, with
[GaOH]* corresponding to the prominent peak.
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Evidence of formation of both gallium and arsenic oxide fragments in
the analytical environment

It cannot be stated at this time whether the hydrogen is
contributed by the ISMA environment or whether it is an
impurity common to both the GaAs and GaN samples. A
fragment corresponding to [GaC]* or [GaCH]* was not de-
tected at 81 and 82 amu, respectively, and therefore cannot
make any detectable contribution to the 83, 84 amu peaks.

The likelihood of [**GaCH,]* and [**GaCHj]* was con-
sidered in the interpretation of the peaks considered at 83 and
84 amu since it is here that [**GaN]*, and [*GaNH]* would
be detected if they exist and could result in an ambiguity in
interpretation. The identification of the fragment ions at 83
and 84 amu as [®GaN]* and [®*GaNH]*, respectively, is
supported by comparing the mass spectra of GaN samples
grown by the two other processes referenced earlier.

Comparison of Mass Spectra for GaN Grown by Other
Techniques. Two other samples of GaN grown by the two
techniques referenced earlier (identified as the IBM and RCA
samples) were analyzed while still using the GaAs for a
reference. The spectra for the IBM sample are shown in
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Figure 5 while the spectra for the RCA sample are shown in
Figure 6.

These GaN samples resulted in spectra similar to 558
throughout the 83-89 amu range. In addition, these spectra
were also similar to the one shown in Figure 4 (GaAs sputtered
with oxygen) in the 85-89 amu range. The RCA sample was
small and thus exposed the edge of the sapphire (a-AlO;)
substrate to the primary ion beam; thus the oxygen indicated
by the spectra for the RCA sample (i.e., through [GaO]*
fragments) could easily have resulted from the ion-molecule
reaction between substrate furnished oxygen and sample
supplied Ga atoms. The RCA sample contributed rather
definite peaks at 83 and 84 amu which were interpreted at
[**GaN]* and [**GaNH]*, respectively, which supports a
similar interpretation in the 55S spectra.

Sample 55S and the IBM sample did not experience any
substrate interference; therefore oxygen indicated in their
spectra was interpreted as originating from the samples.

As stated earlier, hydrogen is also very much in evidence
in these spectra, but cannot be identified as originating from
the sample or the ISMA.

CONCLUSIONS

The qualitative analysis of deposits obtained from the
pyrolysis of Ga(C,H;);NH; has shown that the sample
contains gallium, nitrogen, oxygen, and carbon, the latter being
concentrated near the surface of the sample. While x-ray
diffraction was relied on for the verification of the deposits
to be GaN, it is significant that SIMS provided a means of
directly detecting the presence of nitrogen in the deposits.
Hydrocarbons from the vacuum system oil were ruled out as
a source of carbon because of the absence of hydrocarbons
in the GaAs spectra. Hydrocarbons detected in the S-55S film
would be significant since this was suspected to be the reason
for the yellow-brown color that has been characteristic of the
films grown from Ga(C,Hs);NHj. It was interesting to note
that sample 55S has changed color (in the region being an-
alyzed) from yellowish brown to gray. No explanation can
be offered for this change in color at the present time.

The GaAs sample permitted establishing a background
baseline against which the GaN spectra could be compared.
‘The mass spectra obtained from the GaN grown by two other
laboratories added confidence to the interpretation of the mass
peaks as did the spectra obtained by using the oxygen primary
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ion beam on the GaAs sample at the end of the analysis.

Some of the fragment ions occurred at an m/e that could
be explained only through the addition of one or two hydrogen
atoms (or ions). Although the analytical environment of the
ISMA could itself be a source of hydrogen, one cannot rule
out the actual growth process and systems as a source, es-
pecially where reactants such as NH; or Ga(C;H;);NH; are
involved. It was in fact the hydrogen question that motivated
the analysis of the IBM sample which did not intentionally
use any hydrogen-containing reactants. Only extremely careful
experimental procedure can hope to pinpoint the source(s)
of the hydrogen. It is emphasized here that the evidence for
hydrogen persisted even after extended lengths of sputter
etching.

Upon reviewing these spectra, it appears unnecessary to
seek [GaN]* ions directly as evidence of the N in GaN for the
experimental conditions described here. Nitrogen ions de-
tected at 14 amu are attributed to the sample and not to the
instrument background for the conditions of our analysis.
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Characterization of Lignites by Pyrolysis—Gas Chromatography

C. S. Glam,* T. E. Goodwin, P. Y. Glam, K. F. Rlon, and S. G. Smith
Department of Chemistry, Texas A&M University, College Station, Texas 77843

A technique has been developed for the rapid characterization
and “lcrunlng" of lignite samples by pyrolysis—gas chro-
tography. The application of this t to a serles of

Texas lignites Is described. The production of n-paraffins and
1-olefins with 1-5 carbons Is monitored.

Pyrolysis is probably the oldest operation to be carried out
on coal (1, 2) and is the foundation for many coal liquefaction
(3, 4) and gasification (5-7) procedures. Recent innovations
in this area include vacuum pyrolysis in a mass spectrometer
(8-13), laser irradiation (14, 15), “flash heating" (16, 17) and
the use of arc plasmas (18).

While this manuscript was in preparation, Hanson, Van-
derborgh, and Brookins (14) reported their applications of
laser pyrolysis-gas chromatography to study the influence of
coal composition on the distribution of gaseous products.
Correlations between experimental results and elemental
compositions were presented.

Romovaéek and Kubat (19) developed a technique for rapid
pyrolysis whereby the coal sample is dropped into a bath of
molten tin. The product gases were swept by an inert carrier
gas into a gas chromatograph, whereby the production of
selected low molecular weight hydrocarbons was monitored
at several pyrolysis temperatures.

EXPERIMENTAL

Apparatus. At our request Chemical Data Systems, Inc.
(Oxford, Pa.) designed a “Controlled Atmosphere Pyrolysis
System". It consists of a “Pyroprobe” pyrolyzer with a coiled
platinum wire as the heating element, an interface to a gas
chromatograph, and three detectors (electron capture, thermal
conductivity and flame ionization). Only the flame ionization
detector was used for the analyses described herein.

The gas chromatograph was fitted with a 10-ft X !/g-in. stainless
steel column packed with Poropak Q (80-100 mesh) (27). The
air, hydrogen, and nitrogen (carrier gas) flow rates were 200, 40,
and 40 mL/min, respectively. The column was held at 60 °C for
3 min after injection, temperature-programmed at 12.5 °C/min
up to 150 °C, and held at that temperature for the duration of
the run. The injector, detector, interface (between pyrolyzer and
GC), and final pyrolysis temperatures were 150, 360, 250, and 850
°C, respectively. A ramp speed of 1 °C/ms was used to arrive
at the final pyrolysis temperature. The total pyrolysis time was
20 s.

Procedure. The lignite samples were air-dried, crushed, sieved
to <200 mesh, dried at least 12 h at 160 °C and allowed to cool
to room temperature. It was necessary to allow the samples to
achieve “moisture-equilibration™ with laboratory air in order to
get consistent pyrolysis results. Attempts to keep the lignite
anhydrous led to weighing difficulties due to its “molecular
sieve-type” properties.

Open-ended, quartz pyrolysis tubes (2.4 0.d. X 27.7 mm) were
cleaned before each run by soaking overnight in chromic acid

Coates, Chen, and Pope (20) studied the and

1 solution and rinsing with distilled water, ammonium

composition of gases evolved during rapid pyrolysis (1350 °C
in <0.3 s) of a bituminous coal. A number of other pyroly-
sis-gas chromatography procedures have been reported
(21-25).

Recently Gray, Cogoli, and Essenhigh (26) reviewed the
literature regarding coal pyrolysis and came to the following
conclusions, inter alia: (a) Rapid heating can raise coal
samples to high temperatures without significant decom-
position, and they can then pyrolyze at a constant temperature
with a yield of volatiles that is higher than can be obtained
under any other experimental conditions. (b) Pyrolysis at
lower heating rates may cause part of the coal substance to
cross-link during the period of temperature rise to the final,
constant pyrolysis temperature. This cross-linking binds
material that would otherwise be able to escape as volatiles,
thus reducing the volatile yield.

This manuscript describes a simple procedure for the rapid
pyrolysis of lignite samples. The use of gas chromatography
for determination of the C,~Cj; pyrolysis products is reported.
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hydroxide, distilled water, acetone, and distilled water. The tubes
were dried at least 12 h at 350 °C. A small plug of quartz wool
was inserted halfway into a clean quartz tube and this was heated
twice for 20 s at 850 °C in the pyrolysis apparatus. Subsequently,
the tubes were manipulated with tweezers and *“Micro-wipes”.
It is quite easy to obtain pyrograms of “‘skin oils” if the tubes come
in contact with the skin.

Small portions (<1 mg) of the lignites were precisely weighed
into a clean quartz tube using a Mettler Microbalance Model M5
(accuracy approximately = 0.002 mg). Some conventional analyses
of the lignite samples are given in Table 1.

The heights of the peaks (corresponding to C,~C; n-paraffins
and C;-C; 1-olefins) in the pyrograms and their elution times were
compared with those obtained from GC analyses of pure gases
and of calibration mixtures containing known amounts of the
constituents under investigation. Figure 1 portrays a typical
pyrogram.

Peak heights were found to be acceptable indicators of product
yields. In the latter stages of this work when an automatic, area
integration system (Varian CDS-111) was acquired, peak areas
were used for quantitative purposes.



Table I.  Analyses of the Lignite Samples Used for Pyrolysis-Gas Chromatography

. Ash, % % Sulfur BTU/lb
Sample » Moisture, (dry VM,° FC} %C, %H, %N, (dry (dry
No. Origin % basis) d.af.,% daf.,% daf. daf da basis) basis)
1 Brazos Co.¢ 8.1 35.0 62.9 37.1 69.8 4.8 1.3 3.6 7158
2 Brazos Co. 10.0 26.1 57.5 42.5 68.0 4.8 1.4 3.6 4791
3 Brazps Co. 9.2 28.0 57.6 42.4 83.1 4.9 1.2 3.3 5356
4 Mad}son Co. 10.2 30.0 57.1 42.9 59.7 3.2 1.3 3.4 7005
5 Marion Co. 10.6 34.3 56.0 44.0 76.0 4.2 1.9 1.6 8070
6 Ma'.rlon Co. 15.1 23.6 51.7 48.3 60.6 4.2 1.3 1.0 9890
7 Gr{me! Co. 24.0 20.2 58.0 42.0 73.9 5.1 1.3 2.8 8439
8 Grgmes Co. 30.8 20.2 52.1 47.9 76.5 4.9 1.7 2.1 8161
9 Grimes Co. 16.2 20.7 61.2 38.8 66.0 5.3 1.3 2.7 10130
10 ‘‘East Texas" 39.4 20.9 51.3 48.7 67.9 5.2 1.1 1.5 10330
11 N. Dt'ikt_:'.a 38.9 6.2 42.7 51.1 66.8 4.4 1.0 0.4 11060
12 W. Virginia 23.8 8.6 43.9 47.5 64.7 4.4 1.0 0.5 10750
@ Volatile matter; dry, ash-free basis. ? Fixed carbon., ¢ Texas (samples 1-10).
Table II. Peak Heights® (mm) from Pyrolysis Experiments
Sample No. CH, C.H, C,H, C,H, C;H, C.H, CH, CH, CH,;
1. Peak height 239.7 189.7 127.4 179.1 60.5 99.7 48.5 22.6 34.7
% std dev 9.6 16.3 11.9 15.2 6.3 15.8 12.0 25.2 23.1
2. Peak height 234.4 108.9 87.4 98.7 43.3 59.0 31.0 15.8 20.5
% std dev 3.9 13.0 5.3 11.4 10.9 17.5 11.9 114 20.56
3. Peak height 233.1 116.7 93.0 110.5 47.8 61.1 31.2 141 20.4
% std dev 22,56 7.4 13.9 8.7 13.8 9.0 115 27.0 10.3
4. Peak height 129.5 556.5 43.1 55.2 27.8 35.56 20.7 11.3 14.3
% std dev 20.5 16.0 11.8 14.1 9.0 10.4 33.3 40.7 23.1
5. Peak height 141.8 91.0 67.0 93.56 33.9 49.9 23.0 11.8 17.1
% std dev 22.1 7.6 9.0 10.3 12.4 12.0 11.3 3.4 4.7
6. Peak height 202.9 85.7 66.9 83.7 37.1 50.2 25.4 12.0 17.4
% std dev 4.9 6.7 2.4 5.1 5.7 5.4 2.4 12,56 8.6
7. Peak height 332.1 173.0 145.4 155.9 78.5 102.5 49.6 24.8 33.2
% std dev 4.2 5.2 9.6 5.4 8.4 6.9 10.3 13.7 10.5
8. Peak height 313.3 143.9 125.3 140.0 61.0 81.3 40.7 17.6 26.0
% std dev 10.7 12.7 9.1 4.5 7.2 4.2 6.6 5.7 19
9. Peak height 414.4 247.8 196.7 234.6 97.8 140.8 68.3 31.6 43.2
% std dev 16.5 9.1 12.3 121 14.7 7.3 15.5 21.8 12.7
10. Peak height 275.3 137.7 107.2 131.1 54.4 77.6 37.3 15.7 26.5
% std dev 9.8 10.3 6.3 10.3 5.1 9.8 1.3 7.0 10.6
11. Peak height 262.5 90.4 68.6 82.6 32.8 46.6 22.2 9.8 16.9
% std dev 33.9 9.2 19.2 4.2 119 8.4 15.8 31.6 16.0
12. Peak height 245.6 95.4 74.9 84.8 36.5 47.0 21.9 8.7 16.3
% std dev 0.7 3.9 7.5 8.7 4.9 6.8 8.2 9.2 9.2
@ mm; arithmetic mean of 3 runs nor dtoal-mg
For accuracy determinations, quartz tubes containing pre- s = PR ’
cisely-weighed amounts (approximately 0.5 mg) of n-hexatria- TableHIL, 430670 Eyralyaisat Lipiite Sumple Hix 8
contane (“Quant Grade", Polyscience Corp.) or picolinic acid % std dev % std dev
(pyridine-2-carboxylic acid) were prepared as described above. Product  (pk. ht.)? Product (pk. ht.)?
Eastman practical grade picolinic acid was recrystallized from CH 6.2 C.H 1.3
95% ethanol, mp 137-138 °C (reported (28) 136-137 °C), dried c.H 8.6 C"H' 3.0
under vacuum, and finely-powdered before weighing. Pyrolysis CH 27 CH: 25.4
products from n-hexatriacontane (n-Cy alkane) were chroma- cH 5.6 CH. 12.7
tographed on a Poropak Q column using the conditions described CiH: 7.3 28

above. For picolinic acid pyrolyses, the gas chromatograph was
fitted with a 10-ft X '/g-in. stainless steel column packed with
10% SP-2100 on 100/120 Supelcoport. The flow rates were as
previously described. The column was held at 125 °C for 3 min
after injection, temperature-programmed at 30 °C/min up to 250
°C, and held at that temperature for 6 min. The injector, detector,
interface, and pyrolysis conditions were as listed above. Toluene
injections were also made on the SP-2100 column using the
conditions outlined previously.

RESULTS AND DISCUSSION

Precision. Three precisely-weighed samples (of approx-
imately equal weight) of each lignite were pyrolyzed (Figure
1). The peak heights (mm) representing the major compo-
nents, i.e., C,-Cjs n-paraffins and 1-olefins, were normalized
for a 1-mg sample. It is noteworthy that acetylene was never
observed as a pyrolysis product.

@ Three replicates.

The data were processed to obtain the arithmetic mean peak
height and the percent standard deviation. These results are
listed in Table II. For some lignite samples, the percent
standard deviations were quite low (e.g., samples 6 and 12)
while for others, the values were quite high (e.g., samples 1
and 9).

Since pyrolytic studies of pure standards revealed better
reproducibility for pyrolysis at 1200 °C (vide infra), this
temperature was applied to a lignite sample. Three portions
of sample number 8 (Table I) were pyrolyzed as before, except
that the final temperature was 1200 °C. Except for the two
higher hydrocarbons (Cs), the standard deviation values were
below 10% (Table 11I). This level, although not thoroughly
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Table IV. Pyrolysis-Gas Chromatography Data from
n-Hexatriacontane

850°C 1200°C

%8.D° %S8D. %SD. %S8.D.

Product (area) (pk.ht.) (area) (pk.ht.)
CH, 16.3 11.1 4.3 8.1
C.H 13.2 14.2 2.7 6.5
C.H, 13.7 13.6 13.0 11.9
C,H, 15.8 12.6 3.3 10.1
C,H, 10.0 10.3 3.3 5.2
CH,, 14.3 14.0 8.9 9.2
C.H, 10.1 10.5 15.3 14.8
Average 13.3 12.3 6.8 9.4

@ Standard deviation, 3 replicates,

satisfying, is in accord with similar work. Hanson and co-
workers (29) recently reported deviations of about 10% in the
product yields from laser pyrolysis-gas chromatography of
oil shales.

It is desirable to know how much of this variation can be
attributed to either the instrument or our technique, and how
much (if any) is attributable to the heterogeneous nature of
the various lignite samples. The experiments designed to
answer these questions are described below.

Tests of Reproducibility of Procedure and Instrument.
The pyrolytic decomposition of n-hexatriacontane (n-Css
alkane) was studied to assess the reproducibility of our py-
rolysis procedure using a pure, homogenous substrate (which
lignite is not!). The C,~C; n-alkanes and 1-alkenes produced
thereby were monitored by peak height measurements from
the chromatograms, and by area determinations.

Three precisely-weighed samples (of approximately equal
weight) were pyrolyzed at 850 °C under the conditions used
for lignite pyrolysis. Three similar pyrolyses were carried out
at 1200 °C. The product peak heights and areas were nor-
malized to a 1-mg sample, and the percent standard deviations
of the normalized data are shown in Table IV. The results
were more reproducible at 1200 °C, reaching a maximum
reproducibility for ethylene (percent standard deviation = 2.7,
from area measurements).

Table V. Reproducibility of Toluene Injections

Sample Peak ht. Arithmetic
No. (mm) mean % std dev
1 89.50 89.50 3.9
2 86.00
3 93.00
Table VI. Picolinic Acid Pyrolysis Data
Pyridine
peak ht.
Sample  Wt. (mm), Arithmetic % std
No. (mg) 1 mg mean dev®
1 0.485 275.3 260.10 10.6
2 0.459 289.8
3 0.585 246.2

@ Three replicates.

Three 1.1-uL injections of toluene were made through the
gas chromatograph under the same conditions as above (but
without pyrolysis). The reproducibility of the toluene peak
heights was taken as a measure of the maximum error (since
syringe error is included) in reproducibility of the GC detector.
These data are in Table V.

In cases where the percent standard deviation for n-hex-
atriacontane pyrolysis products exceeds 3.9% (Table IV), the
excess may be taken as a measure of the instrumental/op-
erational error. In cases where the standard deviation values
for lignite pyrolysis products (Table II) exceed corresponding
values for n-hexatriacontane pyrolysis, the excess may be
attributed to the heterogeneous nature (at the molecular level)
of the particular lignite sample under investigation, or to
variable amounts of adsorbed atmospheric moisture.

As an additional check of the reproducibility of our pro-
cedure, picolinic acid (pyridine-2-carboxylic acid) was py-
rolyzed. Picolinic acid is known (30) to undergo thermal
degradation to pyridine and carbon dioxide. Three samples
of approximately equal weight were pyrolyzed at 850 °C and
the peak heights corresponding to pyridine were measured
and normalized to 1 mg. The arithmetic mean and percent
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Table VII. Yields of Pyrolysis Products (850 ° C for 20 8)
from Lignite Sample No. 8
Product  %yields®  Product % yields®

CH, 4.4 C.H, 1.4

C,H, 1.8 CH,, 2.6

C,H, 1.5 C.H,, 0.3

C,H, 1.5 C,H,, 0.6

C,H, 0.8

@ Average of three replicates; not corrected for adsorbed
moisture,

Table VIII. Weight Loss upon Pyrolysis (850 ° C for 20 s)
Sample % weight
No. loss % std dev
1 31.1 0.5
2 47.0 7.2
3 38.19 7:1
4 39.7 19.9
5 28.2 4.3
6 29.9 13.9
7 36.19 149
8 47.3 4.9
9 46.99 8.4
10 41.6 15.1
11 40.79 8.4
12 36.9¢ 3.8

@ Arithmetic mean of two runs (others were three re-
plicates).

standard deviation of the normalized peak heights are shown
in Table VI. These results compare favorably with the
percent standard deviation data from the 850 °C n-hexa-
triacontane pyrolysis.

Yields of Pyrolysis Products. Using known amounts of
pure gas standards, the yields of pyrolysis products were
determined. The yield averages, which must be regarded as
approximate, are listed in Table VII. Repyrolysis of the
samples gave more of the same products; therefore it is
recognized that the yields expressed in Table VII are not
maximized. The data in Table VII have not been corrected
to allow for the presence of adsorbed moisture in the lignite
samples; thus the actual yields are somewhat higher.

Weight Loss upon Pyrolysis. The tared samples were
weighed before and after pyrolysis and the percent weight loss
is shown in Table VIII as the arithmetic mean of three runs.
A large portion of the weight lost was due to adsorbed water.
Investigations are in progress to identify all the major pyrolysis
products.

CONCLUSION
We have developed a rapid pyrolysis-gas chromatography
technique for the characterization and “screening” of lignites.
Only about 0.5 h (excluding weighing time) and 0.5 mg of
lignite are required for each analysis, and the production of
a number of important products can be monitored. Significant

differences in hydrocarbon ratios and yields can be discerned
among the various lignite samples (Table IT). Such data may
be useful in evaluating lignites for commercial coal projects.
Work is in progress to extend this technique to coals of all
ranks. In addition, these procedures are being extended to
monitor the production of higher molecular weight product:

The pyrolysis-gas chromatography system described herein
should be quite versatile in application. The reproducibility
is good for a multicomponent system of this sort, as evidenced
by the pyrolyses of n-hexatri tane and picolinic acid. As
we have shown, the reproducibility is acceptable even when
pyrolyzing lignite, a complex, irregular polymer of indefinite
structure. Preliminary data indicate the utility of this
technique for pyrolytically “screening” various organic wastes
(e.g., cotton gin wastes, bovine manure) as potential sources
of hydrocarbons for fuel and chemical usage.
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Generation of Nitrosamines for Gas Chromatographic Analysis

via Direct Injection

D. J. Freed® and A. M. Mujsce
Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

Technlquos for in situ generation of nitrosamines for chro-

grap lysis are d. Using amine salt pre-

ction on p jum nitrite precol affords high

(greater than 95%) and reproducible ylelds of the corre-
sponding nitrosamines in the 10- to 100-ng range.

Although the estimation of nitrosamines is an extremely
important subject, in which much interest has been generated,
the extraordinary toxicity of these compounds renders the
preparation of standards extremely hazardous (1-3). Recently,
we have demonstrated that it is possible to generate precisely
controlled amounts of toxic or hazardous materials directly
in the injection port of a gas chromatograph (4). Application
of this in situ method circumvents the necessity for storage
and manipulation of these potent carcinogens and facilitates
the preparation of accurate (£3%) trace level comparison
standards (in the 10- to 100-ng range). This report describes
techniques and methods for generating submicrogram
amounts of nitrosamines for gas chromatographic analysis.

EXPERIMENTAL

Instrumentation. A Varian MAT 112 Gas Chromato-
graph Mass Spectrometer was used for all mvestxgahons
were ded by use of a second ionizer operated
at 20 eV with detection by means of a Faraday cup and dc
amplifier. The column used for this work was 2 m by 3.2 mm
(stainless steel) packed with Chromosorb 103 (100-120 mesh).
Injections were made with Hamilton 7101 syringes which had been
gravimetrically calibrated with mercury. These were found to
be reproducible to +1.8% for a 0.5-uL injection.

Materials. Morpholine, pyrrolidine, piperidine, and di-
ethylamine were purchased from Aldrich, Inc., and redistilled
before use. Dimethylamine (gaseous) was purchased from Linde,
Inc., and used directly. Standard solutions of the above (in the
range 0.1 to 1.0 mg/mL) were prepared by dissolution in water
and titration with 0.1 M HCL. Diethyl nitrosamine was prepared
in small amounts (ca. 5 mg) using glove box techmques (5).
Suandards were prepared from the above material using a sealed

(6). Precol were constructed from Teflon
tubmg (8 cm by 6 mm o. d ), packed with 1 g of ACS Reagent Grade
KNO,, plugged with glass wool at each end, and preconditioned
at 200 °C for 12 h before use.

RESULTS AND DISCUSSION

The generation of nitrosamines is easily accomplished by
direct injection of the corresponding amine salt onto a suitably
prepared precolumn of KNO,. Solutions of the desired amine
were prepared by dilution of a freshly prepared and stand-
ardized master solution with 1 M sulfuric acid. These solutions

gradually decreased in strength (after two weeks 90% of the
original amine was still present) and therefore, for highest
accuracy, periodic restandardization by titration was em-
ployed. Attempts to use the amines as their hydrochloride
salts led to poor reproducibility. We attribute this to the
volatilization of the amine hydrochloride which results in
incomplete reaction with the KNO,. Table I lists nitrosamines
prepared by this technique together with absolute yields
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Table I. Yields and Conditions for
Generation of Nitrosoamines®

Amount

Compound nmol Yield (g, min

N-Nitrosodiethylamine 0.86 951+ 3% 3.7
0.66 94+ 3%
0.44 94+ 3%
0.22 94+ 3%

N-Nitrosodimethylamine b 1.5
N-Nitrosopyrrolidine b 11

N-Nitrosopiperidine b 12.6
N-Nitrosomorpholine b 10.6

¢ The column was operated at 220 °C with a helium flow
rate of 20 mL/min. The injector port temperature was
200 °C. Y See text.

obtained for diethyl nitrosamine generation. These latter were
obtained as follows. Aqueous solutions of chromatographically
pure diethyl nitrosamine were prepared in the range 10 to 100
ug/mL by gravimetry and suitable dilution. A calibration plot
of total integrated ion current in the nitrosamine peak was
obtained for amounts from 10 to 100 ng. Aliquots of the
diluted diethylamine sulfate solution were then injected and
the integrated total ion currents under the generated ni-
trosamine peak were also plotted on the same graph after
correction by the gravimetric factor for the reaction stoi-
chiometry (for the case of diethyl nitrosamine this is 0.716
for the reaction Et,NH + HONO — Et,NNO + H,0). These
curves are shown in Figure 1a. In order to ensure that the
nitrosamine did not react with KNO,, amounts from 5 to 50
ng were injected onto both packed and empty precolumns.
No differences greater than 2% in the measured peak areas
could be seen (cf. Figure la). The yields exhibited little
dependence on either injector temperature (in the range 180
to 250 °C) or on flow rates (in the range 10 to 30 mL/min).
Therefore these parameters were chosen so as to optimize
column efficiencies.

The efficiency of nitrosamine generation depends strongly
on the acid concentration of the precursor amine solution. A
plot of relative yields as a function of sulfuric acid concen-
tration is shown in Figure 1b. As expected, increasing acid
concentrations favor increased yields (i.e., by ensuring an
adequate generation of nitrous acid); however, too strong an
acid concentration actually lowers the yields. This is due to
the reverse reaction of the nitrosamine with acid to regenerate
the original amine salt. For this work, an optimum acid
concentration was found to be 1 M. At this concentration the
absolute yield of diethyl nitrosamine was high and repro-
ducible (95 £ 3% in the range from 10 to 100 ng). Precolumns
were found to be stable for approximately 30 injections and,
as also expected, lifetimes decreased drastically at higher acid
concentrations.

Although a mass spectrometer was used as a detector, it
was not feasible to use single ion monitoring at the parent peak
for high sensitivity detection of the nitrosamines. A previous
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report (7) demonstrates, and we have confirmed, that at ion
source temperatures much above 100 °C thermal decompo-
sition is evident, resulting in loss of NO and much variability
in the parent peak intensity. During our work, it was possible

to ensure that the method results in nitrosamine production
by operating the source at 60 °C. However, because of the
low volatility of the nitrosamines, condensation in the source
quickly resulted in high backgrounds at this temperature.
Therefore measurements were made at a source temperature
of 200 °C. The resulting mass spectra were those of the amine
portion of the nitrosamine, although they appeared at the GC
retention time of the authentic nitrosamine.

In this work, other nitrosamines have not been synthesized
directly for absolute yield studies. However, comparison of
the measured ion currents from the respective nitrosamines
generated in situ with that of diethylamine (for which the
sensitivities should be similar) suggests that the efficiency of
generation for all amines tested should be well over 90%.
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Determination of Intact Oxazepam by Electron Capture Gas
Chromatography after an Extractive Alkylation Reaction

Jorgen Vessman,*' Margareta Johansson, Per Magnusson, and Signhild Stromberg
AB KABI, Research Department, Analytical Chemistry, Fack, S-112 87 Stockholm, Sweden

Oxazepam was converted to an N,,0;-dimethyl derivative in
an extractive alkylation reaction. The derivative was quan-
titated by electron cap gas chr graphy using lora-
zepam as an internal standard. Concentrations down to 1
ng/mL could be determined. At the 25 ng/mL level 98.4 =
3.2 % werer d. Serum les taken after admin-
of dlazep or clorazepat tained measurable
concentrations of oxazepam aﬂar 2 to 4 h. The dialkyl de-
rivatives of the two b di peclally that of lo-
razepam, are converted to lsomorlc derlvallves with high
trations of the q Y lum hydroxide in the
organic phase. The candﬂlom which glvo quanillallvo for-
tion without I ization are di

The 1,4-benzodiazepines are a widely used class of drugs.
The compounds have been assayed in biological fluids by
various techniques, but gas chromatography (I) and po-
larography (2) are the principal ones. The bioanalytical field
has been reviewed (3).

The gas chromatographic techniques used in the early
sixties were based on the product of hydrolysis, e.g. amino-
chlorobenzophenone (4). The sensitivity of electron capture
detection was good, but the selectivity could be doubtful in
some cases because of the interferences of metabolites yielding

! Present address AB HAESSLE, Fack, S-431 20 Mélndal, Sweden.

the same h)drolyms product. Direct determinations for
diazepam and were introduced by de Silva (5).

Oxazepam cannot be determined directly as it undergoes
ring contraction when injected into the gas chromatographic
column. The product of the rearrang t, a qui li
derivative, has a shorter retention time than that of the
unchanged benzodiazepine, but the gas chromatographic
properties of the compound make analysis difficult below
about 50 ng/mL. The structure of oxazepam favors ring
contraction. However, alkylation at the N, position or absence
of the 3-hydroxy group or derivatization of this group will give
thermally stable derivatives (6).

The present paper describes a procedure for dialkylation
of oxazepam by an extractive alkylation procedure and its
subsequent determination by electron capture gas chroma-
tography.

EXPERIMENTAL

Apparatus. A Varian Model 1400 gas chromatograph with
a scandium type electron capture detector was used with a 1.5
m X 1.8 mm glass column, filled with 3 % OV-225 on Chromosorb
G (100-120 mesh, acid washed and silanized). The column
temperature was kept at 265 °C after conditioning with gas flow
for 2 h at 290 °C. The detector temperature was 300 °C. The
nitrogen flow rate was 30 mL/min. The mass spectra with electron
impact ionization were run in an LKB 9000 gas chromatograph
mass spectromeuer wn.h an 1omzauon energy of 70 eV. The gas
chr as as indicated above, but used with
a helium flow of 20 mL/mm at 250 °C. The mass spectra with
chemical ionization were run in an LKB 2091 instrument with
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Figure 1. Structures of the ds involved. R = H
R = Clk (1) B (W] Y
obtained after thermal 0 (i nzoph after

hydrolysis, (IV) N;,05

isobutane at 0.5 mm Hg and an ionization energy of 300 eV.

Reagents. Methylene chloride and toluene, both of analytical
quality, Merck, Darmstadt, German Federal Republic, were used.
Methyl iodide was analytical quality, redistilled. Oxazepam was
obtained from AB KABI, Stockholm, Sweden. Lorazepam was

contraction or hydrolysis. The structure of oxazepam favors
ring contraction, which has also been shown to occur with the
analogue lorazepam and with 3-hydroxynitrazepam (8). For
structures see Figure 1. Substitution at the N; position will
prevent this reaction, cf. 3-hydroxydiazepam.

—N

N,-Desmcthyldlazepam S-Hydroxydnazepam

T 0
z
N—C _H
/C\H
NO; (i—N

R
Nitrazepam

Rq@

Absence of the hydroxyl group in position 3 also excludes ring
contractmn. cf. N-desmethyl diazepam (nordiazepam) and

0

\n/

obtained from Wyeth Laboratories Inc., Radnor, Philadelphi
Pa. Tetrahexylammonium hydrogen sulfate (THA) was obtained
from AB HAESSLE, Molndal, Sweden.

Standard Solution: A solution containing 500 ng/mL of
oxazepam in methylene chloride was prepared.

Internal Standard Solution. A solution containing 500 ng/mL
of lorazepam in methylene chloride was used.

Tetrahexylammonium Hydrogen Sulfate. THA, 0.1 M; 4.51
g are dissolved in and diluted to 1 L with 0.1 M sodium hydroxide.

Methy! Iodide. 4 M; 14.2 g (6.2 mL) of methyl iodide are
diluted to 25 mL with methylene chloride.

Saturated Silver Sulfate Solution. A small amount of Ag,SO,
(~25 mg) is shaken with ~20 mL of water and heated on a boiling
water bath. Prepared fresh each time it is used.

All centrifuge tubes were washed with chromium trioxide in
acetic acid containing 6% (w/v) sulfuric acid (7) and then rinsed
with ethanol.

Procedure for Determination of Intact Oxazepam in
Serum. (1) A dilution of serum (<2 mL) corresponding to 5 to
50 ng of oxazepam is diluted with 4 mL of a phosphate buffer,
pH 7.4. Then 50 uL of interral standard solution are added and
the compounds are extracted into 8 mL of methylene chloride
for 15 min.

(2) After centrifugation the organic layer is filtered through
silanized glass wool in a Pasteur pipet into a 12-mL centrifuge
tube and then evaporated to dryness.

(3) The tubes are cooled and 1.5 mL of 4 M methyl iodide and
0.5 mL of 0.01 M THA (pH 13) are added. The mixture is shaken
for 5 min.

(4) The organic layer is filtered through silanized glass wool
into a centrifuge tube (10 mL) with a tapered bottom section with
a volume of about 200 uL. The solvents are evaporated.

(5) One mL of hot, saturated silver sulfate solution is added
to the residue which is dissolved by vortexing for 10 s on a Vi-
bromixer.

(6) One-tenth mL of toluene is added and vibrated in a Vi-
bromixer for 10 s.

(7) One to two uL of the toluene layer are injected into the gas
chromatograph.

A standard curve is prepared from the peak area ratio vs. the
weight ratio obtained from the analysis of known amounts of
oxazepam and lorazepam. 0, 15, 30, and 60 uL of the oxazepam
standard solution, (i.e., 7, 5, 15, and 30 ng) and 50 uL of the
lorazepam standard solution (= 25 ng) are added to four centrifuge
tubes together with 0.2 to 0.5 mL of a blank serum.

RESULTS AND DISCUSSION
The aim of this study was to make possible the gas
chromatographic determination of oxazepam without ring
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nitrazep Simple silylation of the 3-hydroxy group giving
thermally slable derivatives has recently been described by
de Silva (6). The introduction of alkyl groups on the N;
nitrogen can be effected easily by extractive alkylation as
shown by Ehrsson and Tilly for nitrazepam (9) and by de Silva
et al. for clonazepam (10). One alkyl group was introduced
into these benzodiazepines. The presence of the hydroxyl
group in position 3 of oxazepam may, however, also give rise
to O-alkylation. This would indeed be favorable as compounds
like, for instance, 3-hydroxydiazepam have rather poor gas
chromatographic properties. By extractive alkylation, more
than one alkyl group can be introduced as has been clearly
demonstrated by Ervik and Gustavii (17) by the introduction
of four alkyl groups into chlorothalidon.

Initial experiments in extractive alkylation with oxazepam
and lorazepam in particular showed that the formation of
single derivatives was not readily accomplished. Instead, a
mixture of two derivatives in varying proportions was obtained
with each of the benzodiazepines.

The yields in the studies of effects of pH, quaternary
ammonium ion, and alkyl iodide concentration were deter-
mined with microgram amounts of the two benzodiazepines
using a hydrocarbon, hexatriacontane, as reference substance
and flame ionization detection.

Identification of the Alkylated Derivatives. Two
products were obtained from each benzodiazepine. The
derivative formed first (derivative 1) had the longer retention
time (See Table I). It was identified as a dimethylated
derivative by gas chromatography and mass spectrometry. By
comparison with O-methylated 3-hydroxydiazepam, available
as a reference substance, it was established that both N;- and
O;-methylation had occurred with oxazepam.

The second derivative appearing in the reaction mixture
(derivative 2) and having a shorter retention time (See Table
1), was shown by gas chromatography-mass spectrometry
(electron ionization and chemical ionization) to have the same
molecular weight as derivative 1.

The electron ionization mass spectra of derivatives 1 and
2 were almost identical. All derivative 1 compounds exhibited
the expected molecular ion M*. The dimethyl derivatives of
oxazepam showed m/e 271 as the base peak which is the same
as reported for N-methyloxazepam (or 3-hydroxydiazepam)
(8). The corresponding base peak in the dimethyl lorazepam
derivative was m/e 305.



Table I. Relative Retention of Oxazepam and
Lor Alkyl Derivati

Oxazep Lorazep
Rearrangement product 0.66 0.85
Methyl derivative 1¢ 2.02 2.76
Methyl derivative 2 0.98 1.20
Ethyl derivative 1 1.62 2.47
Ethyl derivative 2 0.84 113
Hexatriacontane 1.02
Diazepam® 1.00
Temazepam
(3-hydroxydiazepam) 3.73

@ For structure see Figure 1, IV. ° Diazepam has a
retention time of 4.5 min on a column of 1% OV-225 on
Chromosorb G at 265 °C.

Extractive Alkylation. The extractive alkylation process
can be described as a two-step reaction, in which the anion,
X of an acid HX (e.g., oxazepam), is first extracted as an ion
pair with a suitable quaternary ammonium compound, Q*,
into an organic phase where the alkylation then takes place.

X +Q 3 QXorg
QXorg + Rlgrg ~ RXorg + Qlorg

Step 1, extraction (1)
Step 2, alkylation (2)

The concentration of QX in the organic phase, QX is
governed by the partition ratio expressed as

Dox = Eqx[Q'] @)

where Eqx is the extraction constant for the ion pair (12). It
is seen from this equation that the partition of the ion pair
into the organic phase can be regulated by both the con-
centration of the quaternary ammonium compound in the
aqueous phase, [Q*], and its chemical nature. The more
lipophilic the counter ion, Q*, the easier the ion pair will
partition into the organic layer and the more rapidly will the
alkylation reaction proceed (13). In this study it was necessary
to use tetrahexylammonium (THA) as the counterion, as
tetrabutylammonium required too long a reaction time.

If the ion pair and the undissociated acid simultaneously
are partitioned to the organic phase, this will decrease the
reaction rate as the ion pair is a considerably more reactive
species in solvents like methylene chloride (13, 14). In ion
pair extraction this coextraction of the acid can be treated
as a side reaction with the use of « coefficients as discussed
in detail by Modin and Schill (12).

The conditional extraction constant, Eqx?, is related to the
true extraction constant, Eqy, in the following way if the
undissociated acid is extracted simultaneously.

1
Egx* = E, K 4
K L2 1+ apg + (1 + kqux) )

K'ux

where kqyy is the partition coefficient for the acid HX with
the apparent dissociation constant Kyy'.

The pK, values of oxazepam have been reported to be 1.7
and 11.6 and those of lorazepam 1.3 and 11.5 (15). The site
of deprotonation has been discussed by Hagel and Debesis
(16). After comparisons with structurally related compounds,
these authors concluded that the slightly acidic hydrogen on
the amide function (N,) is responsible for the value around
11.5 and the azomethine nitrogen for the value around 1.5.
The amide anion is thus the ion pair forming form.

From distribution data in a previous study (17), k4 for
oxazepam (CH,Cl,) was calculated to be 100. This means that
at pH = pk = 11.5, Eqx* is only /10 of Eqx.

A pH of pk + 2 would, however, give negligible influence
from the acid. It was found in practice that the yields of the
dialkylated benzodiazepines increased up to about pH 13.

Higher pH values favored the formation of derivative 2 from
derivative 1, especially for lorazepam.

The tendency to form the rearranged dimethylated product
was most apparent with lorazepam, the more lipophilic
compound, and was clearly influenced by the THA con-
centration and the pH of the aqueous phase. The isomeri-
zation was negligible when pH was 13 and the concentration
of THA 0.01 M. This indicates that the formation of de-
rivative 2, the isomer, is dependent on the amount of THA
hydroxide present in the organic phase.

(THA®)3q + (OH")aq == (THA® OH")opy (5)

The extraction constant for this ion pair has been determined
by Nordgren and Modin (18) to be ~10, which gives a
concentration of 5 X 10~ or more in the organic phase in a
typical experiment.

In experiments with the dimethyl derivative 1 of lorazepam
(prepared by the analytical procedure) in methylene chloride
without any alkylating agent present and with an aqueous
phase of 0.05 M THA at pH 13, it was found that derivative
1 completely disappeared in 10 min with the simultaneous
appearance of derivative 2. With oxazepam this isomerization
process was considerably slower. After 3 h more than 75%
of the dimethyl derivative 2 had formed.

These findings verified that the isomerization was de-
pendent on the presence of the hydroxide ion pair in the
organic phase.

Isomerization could also occur when the reaction mixture
was evaporated to dryness, as during this operation the
concentration of the THA hydroxide increased as well as the
temperature, resulting in unreliable yields. This could be
prevented by shaking the reaction mixture before evaporation
with an acidic aqueous phase. However, under the conditions
used in the method, this acid washing step could be omitted.

Methyl iodide was used as alkylating agent. To obtain
constant yield from lorazepam and « the
tration of the iodide in methylene chloride had to be 1 and
4 M, respectively. The reaction was complete in less than 5
min at room temperature. Ethyl iodide required 15 min with
otherwise equal conditions.

The dimethyl derivatives 1 were very rapidly formed. None
of the N ,-monoalkylated derivatives (e.g., 3-hydroxydiazepam)
were observed under the experimental conditions employed.
It was also found that 3-hydroxydiazepam did not react at
all under the experimental conditions. 3-Hydroxydiazepam
(N;-methylated oxazepam) does not form an ion pair and is
therefore not a probable intermediate during the course of
the reaction from oxazepam to the dialkylated derivative.
Both alkyl groups are therefore most probably introduced into
oxazepam simultaneously.

Of the two benzodiazepines it was always possible to convert
lorazepam derivative 1 into 2, whereas oxazepam was most
easily retained as derivative 1. Conditions which yielded only
derivative 1 were therefore chosen in the procedure.

Gas Chromatographic Properties. The gas chromato-
graphic properties of the alkylated products were excellent.
Compared with the rearrangement product, the adsorption

are eliminated. The high column temperature
used is a drawback, however, as the stationary phase is de-
pleted from the support, which shows up in the form of tailing
and, finally, adsorption effects. The life time of the column
was two to three weeks. A gas chromatogram is shown in
Figure 2.

The relative retention times for the various derivatives,
including the rearrangement products, are given in Table L.
It can be seen that the ethyl derivatives have shorter retention
times than the corresponding methyl compounds. 3-
Hydroxydiazepam does not undergo alkylation and will not
interfere as such.
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Figure 2. Gas chromatogram of derivatives from a serum extract. (A)
Dimethyloxazepam (=0X 1) from a sample containing 197 ng/mL of
oxazepam. (B) Serum blank. (LOR 1 = dimethyllorazepam)

The detectability of the dimethyl derivative 1 of oxazepam
expressed as MDQ (Minimum Detectable Quantity) was 7 X
107 mol/s in the electron capture detector used (17). This
corresponds to ~60 pg injected onto the column (retention
time 7 min).

Elimination of Interference from THA. The presence
of residual amounts of the quaternary ammonium iodide
caused interferences such as broad solvent peaks already
noticeable with the flame ionization detector. Ehrsson re-
moved these by treating the mixture with silver sulfate (19).
This approach was utilized here with the modification of
heating the silver sulfate solution on a boiling water bath. This
decreased the influence of the tailing solvent front consid-
erably.

Interferences. When oxazepam is assayed in samples
obtained after the administration of di the metabolites
N-desmethyldiazepam and 3-hydroxydiazepam are present
in addition to oxazepam. Under the experimental conditions
the N-demethylated compound yielded diazepam, whereas the
hydroxylated one was found to be unaffected. This metabolite
has a longer retention time (Table I). No interference is
therefore involved.

Under the present conditions the method cannot measure

and N-d hyldi simult ly with
oxazepam By the use of another alkyl halide, preferably
n-butyl iodide (cf. 20), it would be possible to determine
diazepam, N-desmethyldiazepam, and oxazepam in the same
sample.

Quantitative Applications to Serum Samples, Re-
covery and Precision. The alkylation procedure was apphed
to methylene chloride extracts from h serum s

y/mi

TIME
Hours

Figure 3. Serum levels of oxazepam after single dose administration
o! diazepam and clorazepate. = Diazepam (5 mg p.o.). A =

(after 10 mg p.o.). ® = Oxazepam
aher diazepam dose. A = O after dose.
D and N- lyzed g to

et al. (20)

loss was due to incomplete recovery of the organic phase from
the interface formed in the presence of the serum sample, an
effect that the internal standard apparently did not fully
compensate for.

The alkylation reaction was found to be more than 99%
complete with reference to the standard compound, N;,03-
dimethyloxazepam. The alkylation reaction was complete
within 2 min for extracts, both from water and serum.

Twenty-one samples analyzed with the hydrolytic procedure
(17) one month before were analyzed with the present method.
A plot of the oxazepam concentrations obtained with the two
methods gave a regression line with a slope of 0.90 and a
regression coefficient of 0.97. The good agreement between
the two methods is not surprising as oxazepam in samples after
administration of oxazepam does not give rise to interfering
metabolites in the hydrolysis procedure (17). It was therefore
more interesting to see if the method was sensitive enough
to detect oxazepam in serum after the administration of
diazepam or clorazepate. These two drugs have oxazepam as
the major metabolite. The hydrolytic procedure cannot be
applied to samples containing these compounds as the same
benzophenone is formed from N-desmethyldiazepam (clo-
razepate) and oxazepam.

Serum samples taken in comparative studies of diazepam
and clorazepate with oxazepam (20) were analyzed for the
presence of oxazepam. As can be seen in Figure 3, the ad-
ministration of 10 mg of clorazepate (N-desmethyldiazepam
precursor) rapidly produced measurable concentrations of

The conditions for the extraction of oxazepam from serum
were as outlined in the hydrolysis procedure for oxazepam (17).
Under the present conditions quantitstive analysis was
possible down to about 1 ng/mL. The relative recovery at
25 ng/mL was 98.4 + 3.2%.

It was found that standard curves from plain aqueous
solution and from serum were linear but did not coincide. The
standard curves were therefore always prepared with the
addition of 0.2 to 0.5 mL of blank serum. Experiments with
14C oxazepam showed that the difference was due to a slight
loss (about 5% for 2 mL of serum) of oxazepam in the ex-
traction step when serum was present. The decrease in re-
covery depended on the amount of serum. Most probably this
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[0% with a peak value after about 4 h. The adminis-
tration of 5 mg of diazepam produced a slower increase in the
concentration of oxazepam, probably due to the fact that in
this case two metabolic steps are necessary for the formation
of oxazepam.

In monitoring drug levels after
the hydrolysis procedure is somewhat easier to handle in
practice. However, the alkylation procedure is more rapid and
can be used where the hydrolysis method gives rise to in-
terferences. The present method can also be useful for the
determination of lorazepam.
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lon-Exchangers for Gas—Solid Chromatography

Roland F. Hirsch*'

Chemistry Department, Seton Hall University, South Orange, New Jersey 07079

Courtenay S. G. Phillips
Merton College, Oxford, England

Lightly-sulfonated porous polymers are efficient and selective
packings for gas—solid chromatography. They are easy to
prepare and do not show the talled peaks observed when
conventional icular lon- resins are used In
GSC. The degree of sulfonation can be varled, and with it the
extent of specificity for compounds Iorrnlna complexes with
the metal on the packil talyzed by
the packings were also oburved

Ion-exchange materials are finding increased use in gas
chromatography because they offer a great range of potential
selectivity through variation of the ionic form of material (1-5).
Two difficulties have prevented more widespread use of ion
exchangers in GC: their chromatographic separation effi-
ciencies are poor, and they are such strong adsorbants that
many substances cannot be eluted without raising the tem-
perature above the decompostion point of the ion exchanger
or of the sample.

One solution to these problems has been to prepare
bound-monolayer cation exchangers, in which the ion-ex-
change group is covalently bound to a porous silica support
(5). Impressive separations of cis-trans isomers of olefins were
obtained with these packings. However, their synthesis is
time-consuming and requires special handling techniques for
some of the reagents, and the matrix must be deactivated by
silanization after the ion exchanger has been prepared.

We wish to report on the use of lightly-sulfonated porous
polymers as ion exchangers for gas-solid chromatography.
These materials, which have previously found application in
liquid chromatography (6-8), allow efficient separations at

! On sabbatical leave at the Inorganic Chemistry Laboratory, Oxford,
1975-76.

moderate temperatures. They are easy to prepare and require
no special treatment prior to use. The extent of sulfonation
of the polymer determines the degree of enhancement of
retention of specifically-adsorbed substances; hence it is
possible to tailor the packing to the needs of a particular
separation problem by choosing the proper synthesis con-
ditions.

EXPERIMENTAL

All chromatographic expenmem.s were carried out m Pyo-
Unicam Series 104 gas chr hs with flame i
detectors. Nitrogen was the carrier gas. Glass columns (!/inch
o.d.) contained the packing materials.

Commercial ion-exchange resins were washed with 2-propanol,
water, 1 M NaOH, 1 M HCI, and water, dried at 110 °C for at
least 4 h, and sized into the 40-60 mesh range using standard
screens. The resins were converted into the silver form by washing
with 1 M AgNO,, to the sodium form by washing with 1 M NaOH,
to the nickel form by washing with 0.2 M Ni(NO,),, and to the
cadmium form by washing with 0.5 M CdCl,, followed in all cases
by washes with water, and drying at 110 °C for at least 4 h.

Porapak Q (80-100 mesh) was sulfonated by suspending a 10-g
portion of the porous polymer in about 50 mL of concentrated
sulfuric acid (6, 9). The mixture was swirled vigorously for the
prescribed time, and then about 50 mL of 50% aqueous sulfuric
acid was added to quench the reaction. The resin was washed
with dilute sulfuric acid and water. It was then converted to the
desired metal ion forms in the same way as already described for
the commercial ion exchangers. The degree of sulfonation was
determined by controlling the temperature and duration of the
sulfonation step, as discussed below. It was measured by titration
of a portion of the washed resin with sodium hydroxide solution.
The silver ion content of the silver form was determined by atomic
absorption spectrometry of an acid-digested portion of the resin.

RESULTS AND DISCUSSION

For use in gas chromatography, an ion-exchange resin must
have a permanent pore structure, as there is nothing present

ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977 « 1548



RESPONSE

DO 8

L \Mﬂ

TIME

Figure 1. gas graphy on a fon-
exchange resin. NI” form of A 15: 2,2 thylb 180
°C, 10 mL/min N, carrier: (A) flow of carrier gas stopped (B) flow
restarted, (C) main peak, (D) stopped-flow peak

(as in liquid chromatography using polar solvents) to swell
the resin to allow the sample access to the ionic groups inside
the beads of resin. The macroporous (or macroreticular) type
of resin is therefore necessary for gas chromatography (2).

Rohm and Haas Amberlyst 15 macroreticular cation-ex-
change resin, which was used in a previous study (2), gives
a satisfactory range of retention for many samples, but the
efficiency (in terms of the height per theoretical plate) is not
adequate. On further study of this resin as a GSC packing,
it was discovered that a small but distinct tailing is present,
regardless of the type of hydrocarbon being tested or the metal
ion form of the resin. Other macroporous cation-exchange
resins were obtained and tested in their sodium and silver ion
forms. Among the resins studied were Rohm and Haas
Amberlite 200 and Amberlite 252, Permutit Zerolit 625, and
Dow Chemical Dowex MSC-1. All were unsatisfactory in their
poor efficiency and lack of freedom from tailing.

This tailing was p regardless of the ple size used
(over a range from 1 ng to greater than 1 ug) and the retention
time of the peak did not change until the largest sample sizes
were reached. The tailing therefore is not of thermodynamic
origin. To prove that it is a kinetic phenomenon, several
samples were chromatographed using flow stops before and
after elution of the main portion of the sample (10). In all
cases, new peaks appeared after each flow stop period on the
trailing edge of the main peak, indicating that a slow process
had proceeded during the stop, releasing some of the sample
for elution. An example is shown in Figure 1.

Since this behavior occurred with all samples on all of the
resin forms, it was concluded that a chemical reaction was not
responsible for the peak after each flow stop. In other words,
the stopped-flow peaks correspond to the same chemical

which was originally injected. Rather, a slow mass
transfer process within the stationary phase must be the source
of these observations. Although the resins are all of the
macroporous type, their internal volume contains small
(“micro”) as well as large (“macro™) pores (11). Slow diffusion
of sample molecules within the small pores would explain the
results obtained with the resin packings.

Elimination of the small pores should eliminate this kinetic
tailing. Several unsuccessful attempts were made to do so.
A sample of Amberlyst 15 was heated in concentrated sulfuric
acid at 110 °C for 1 week in the hope that sulfonation of the
relatively small number of unsulfonated aromatic rings would
occur under these extreme conditions, making the material
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Figure 2. of 2-p on short of
sulfonated Porapak Q. (a)ﬂeahl 13—cmoolum 230 °C. (b)Resin

11, 13-cm column, 230 °C. (c) Resin III, Il-cmcoltlm 170 °C. (A)
trans-2-Pentene. (B) cis-2-Pentene. Ag* form of resins

more homogeneous and enlarging the small pores. The peak
shapes were not significantly improved compared with the
original resin. Several experiments were carried out using
carrier gas saturated with water or a high-boiling organic liquid
(such as n-butyl benzene) in the hope that the resin would
become swollen, opening up the small pores. These exper-
iments were interesting in their own right as they represent
a controlled case of tition of two species for an ad-
sorption site, and this work is being pursued. However, the
tailing was not entirely eliminated, and the conditions are
somewhat awkward for routine use in gas chromatography.

It was then decided to take a copolymer of styrene and
divinylbenzene (the basis of most ion exchangers) and to
sulfonate it lightly. By selecting a porous polymer which gave
efficient separations in gas chromatography and modifying
it only on the surface of the large pores, it was expected that
the efficiency would be retained and tailing prevented, since
no small pores would be produced. This has proved to be the

case in liquid chromat on similar materials; such ion
exchangers allowed more rapid ch -aphic tions
than conventional, fully-sulfonated resins (6-8).

Three sulfonations were carried out on the porous polymer,
Porapak Q. The first (designated I) was carried out for 5 min
at 75 °C, and resulted in a resin with an exchange capacity
of about 1.5 mmol H*/g dry resin, and 15.5% silver content
(1.4 mmol Ag*/g) for the silver ion form. The second (II) was
carried out for 2 min at 25 °C, with the product having 0.9
mmol H*/g exchange capacity, and 9.0% silver content (0.8
mmol Ag*/g) after conversion to the silver form. The third
(III) was carried out for about 1 min at 5 °C, with the product
having 0.6 mmol H*/g exchange capacity, and 5.5% silver
content (0.5 mmol Ag*/g) after conversion to the silver ion
form.

These resins gave sharp, symmetrical peaks for a wide
variety of saturated and unsaturated hydrocarbons. Effi-
ciencies were good; plate heights were 1 mm, with a value of
0.7 mm achieved for cis-2-butene on the silver form of resin
I. Typical plate heights on the commercial exchangers, in
contrast, were 2-6 mm (2). Tailing was not observed on the
new resins, except in situations where the sample was reacting
on the column, as described below. Short columns (10-15 cm)
could be used to obtain good and rapid separations of isomeric
compounds (see Figure 2; each chromatogram required less
than 4 min).

The retention times for saturated hydrocarbons were
comparable on all three resins. The unsaturated compounds
gave retention times which depended directly on the silver
ion content of the resin. The retention indices for these

pounds therefore i with increasing sulfonation, as




Table I. Retention of Unsaturated Compounds on
Sulfonated Porapak Q

Kovats Retention Index on

Resin I Resin III
(15.5% Ag)Resm 1I (9% A(;z)(5 5% Ag)

225°C 230°C 140°C 140°C

trans-2-Butene o 620 680 570
cis-2-Butene see 720 750 650
1-Pentene 900 800 goois 730
trans-2-Pentene 830 720 780 680
cis-2-Pentene 930 830 860 750
Benzene 920 830 810 700
Toluene 1070 960 » o 830

|

z

9

A B
a4 8 c °

TIME
Figure 3. Stopped-flow studies of the 2-butenes. Cd®* form of resin
1I; 140 °C; 45 mL/min carrier gas flow; (A) flow stopped, (B) flow
restarted, (C) trans-2-butene, (D) cis-2-butene. Top chromatogram
Is for pure trans-2-butene, bottom for pure cis-2-butene injected into
column

is shown in Table I. In all cases they are fully resolved from
the saturated hydrocarbons, but the enhancement of retention
is different for each resin.

‘The cadmium form of resin II gave quite different results
for the olefins. While ¢rans-2-butene and cis-2-butene gave

separate peaks with retention indices of 620 and 725 re-
spectively (at 140 °C), 1-p and the 2

a single peak with a retention index of 700 and considerable
tailing and 1-hexene provided a peak with a retention index
of only 760, also with substantial tailing. It appeared that the
samples were undergoing a reaction catalyzed by the packing
material. Stopped-flow experiments with the 2-butenes, shown
in Figure 3, confirmed this. The chromatograms show that
the initially pure isomers have isomerized to a significant
extent while they were stopped in contact with the resin. The
larger olefins may well isomerize to the most readily eluted
form, providing a single peak with a tail caused by further
reaction of the more strongly retained isomers taking place
gradually on the column. Cadmium ion is known to catalyze
these reactions (12).

The partially-sulfonated porous polymer packings are easy
to prepare and retain the high separating efficiency of the
parent material. They would appear to offer a great deal of
flexibility in meeting the selectivity requirements of a specific
sample. Further work is under way to determine more
completely the advantages and limitations of these packings
in gas chromatography.
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Determination of Ethyl and Methyl Parathion in Runoff Water
with High Performance Liquid Chromatography

Daniel C. Paschal,* Richard Bicknell, and David Dresbach
Department of Chemistry, Illinois State University, Normal, lllinois 61761

High psrlormancc liquid chromatography with varlable

h detection is described for the determination of
methyl and ethyl parathion at the part per billion level in runoff
water. The macroreticular resin XAD-2 was used as an
adsorption dium for pr ion of trace organics In
water by a factor of 100. lear relationships between peak
height or area and were obtained In the range
0 to 120 ppb of methyl and ethyl parathion, with a lower
detection limit of 2 to 3 ppb (S/N = 2). Relative standard
deviations In this range were 1 to 6%, with an average re-
covery of 99%. Only 30 min Is required for the complete
determination, and as little as 2 ng of methyl or ethyl parathion
can be quantified with a 10-uL Injection.

Organophosphorous insecticides enjoy wide use due to their
relatively rapid decomposition and low accumulation in bi-
ological food chains. For these reasons, the organophosphorous
insecticides are rapidly replacing the more persistent orga-
nochlorine agents. In fact, recent EPA restrictions have
curtailed the use of several of the once widely used orga-
nochlorine pesticides such as DDT, aldrin, dieldrin, and
heptachlor (I). Among the more popular replacements for
these organochlorine compounds are ethyl and methyl par-
athion.

Ethyl parathion (diethyl p-nitrophenyl phosphorothionate)
and methyl parathion (dimethyl p-nitrophenyl phosphoro-
thionate) were introduced in the 1940s. Their high, wide-
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spectrum insecticidal activity makes them useful in a number
of applications. Both methyl and ethyl parathion are subject
to hydrolysis, with a strong dependence on pH and tem-
perature. In general, half life decreases at elevated tem-
perature and pH. For example, at pH 7.4 and 20 °C, ethyl
parathion has a half life of 2594 h, while at the same tem-
perature and pH 5.0, the half life is 3670 h. At pH 5.0 and
70 °C, the half life decreases to 19.5 h (2). Under field ap-
plication conditions, about 1-10 Ib (0.45 to 4.5 kg) /acre are
normally applied (3), which could lead to entry of the par-
athion into runoff water. The presence of ethyl or methyl
parathion in runoff water presents a potential hazard due to
the high mammalian toxicity of ethyl and methyl parath:on
as well as that of their major hydrolysis product, p-nitrc

compounds in the interference study. A 10-mV recorder was used
in the 5-mV range with scale expansion of 5X from the detector,
which provides a sensitivity of 0.02 aufs.

Reagents and Materials. The macroreticular resin XAD-2
was obtained from Rohm and Haas and was purified by soxhlet
extraction as described by Junk et al. (8), and stored under AR
methanol. Pesticide grade acetonitrile was used as received;
diethyl ether was glass distilled before use. Glass distilled water
was used throughout. Parathions were “analytical standard” grade
(99+% by GC analysis) obtained from Monsanto Agricultural
Products (ethyl) or Research Triangle Health Effects Research
Lab (methyl). Both parathions were stored in the dark at 4 °C,
and fresh 100-ppm methanolic stock solutions were made from
the standard materials at least once a week. The methanolic
standards were also stored at 4 °C in the dark. Interference studies

Under environmental conditions both ethyl and methyl
parathion could persist at the sub-ppm level in water for a
number of days or weeks, depending on temperature and pH
).

Most methods for the determination of methyl or ethyl
parathion involve an extraction followed by chromatographic
separation and quantification. Thin-layer chromatography
methods are generally slow and difficult to quantify; while
gas chromatographic methods can give unreliable results due
to the thermal lability of ethyl and methyl parathion. High
performance liquid chromatography offers a nearly ideal
system for determination of parathions due in part to the
gentleness of the technique in which separations are ac-
complished at ambient temperature. A recent review article
(5) described the usefulness of liquid chromatography for ethyl
parathion and other thermally labile compounds such as the
carbamates. Variable wavelength detectors offer much in the
way of increased selectivity, a factor particularly important
in environmental samples in which a large number of po-
tentially interfering compounds are often present. As has been
suggested in recent articles (6, 7) the variable wavelength
spectrophotometer also permits the optimization of sensitivity,
a function of source intensity and detector response as well
as the absorption maximum of the species determined. With
the use of such a detector, even such weak UV absorbers as
lindane can be determined at the microgram level.

Extraction procedures have been developed recently which
involve the use of macroreticular resins which offer much in
the way of pre-concentration (8). The XAD materials (Rohm
and Haas) are particularly useful in this regard. Organics in
water can be sorbed on a small column of macroreticular resin,
and the sorbed organics then eluted by diethyl ether. After
evaporation of the eluate, the concentrated organics can be
determined by chromatography. In addition to the obvious
benefit of 100- to 1000-fold concentration, this method offers
the possibility for on-site sampling, avoiding the necessity to
transport, store, and preserve large volumes of water (9, 10).

A procedure has been developed for the determination of
ethyl and methyl parathion using an XAD resin for sampling
and preconcentration, followed by chromatographic separation
and quantification by high performance liquid chromatog-
raphy on a reverse phase microparticle column, with detection
by variable wavelength UV-vis detector. The method is
simple, rapid, and free from most interferences.

EXPERIMENTAL

Apparatus. A modular chromatographic system was used
consisting of a Spectra-Physics Model 740B pump, a Glenco 7000
PSI six-port valve injector, a Whatman (Reeve Angel) prepacked
microparticle reverse phase column (Partisil ODS), and a Per-
kin-Elmer Model LC-55 variable wavelength detector. The pump
was used in the analytical range (0-4 mL/min) at a flow rate of
2.4 mL/min. Injections were 10 uL and were uccomphshed with
fixed volume loop for i The d
was operated at 270 nm for the determination of methyl and ethyl
parathion, or at an absorption maximum of potentially interfering
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were conducted using analytical reference standards obtained from

Research Triangle Health Effects Research Lab, used as received.

Precautions similar w the above were taken with organo-
phosphorous and carb pesticides.

Procedure. Preparation of Standards. Microliter amounts
of 100-ppm stock solutions of organophosphorous insecticides
made up in methanol were diluted volumetrically with glass
distilled water to 100 mL. The diluted standards were then passed
through a 10-cm column of purified XAD-2 resin, prepared
according to the method of Junk et al. (8), at a rate of 46 mL/min.
After the last of the dilute aqueous standards were passed through
the column, most of the water clinging to the resin was removed
by gentle vacuum aspiration. Thirty mL of glass distilled diethyl
ether was then passed through the column at 2-3 mL/min, after
which the last of the ether was removed by passing dry purified
nitrogen through the column. The ether was dried by shaking
with 2 g of anhydrous sodium sulfate, and evaporated to dryness
using a rotary evaporator at temperatures not exceeding 35 °C.
The residue was then dissolved in 1.00 mL of nanograde ace-
tonitrile, and the resulting solution chromatographed on a
Partisil-ODS reverse phase column at 2.40 mL/min with 50%
acetonitrile-water mobile phase.

Recovery Studies. Standards made as described were compared
with volumetric dilutions of methanolic stock solutions in na-
nograde acetonitrile to evaluate the recoveries obtained by the
described method. Comparison of the peak areas and heights of
the extracted and volumetrically diluted standards showed a
98-101% recovery of methyl and ethyl parathion, with an average
value of 99% recovery.

Extraction of Runoff Water. Grab samples of 2-L volume were
obtained from a nearby drainage stream which removes runoff
water from a large agricultural area. Samples were either analyzed
immediately or stored for no more than 24 h at 4 °C in the dark.
Since ethyl and methyl parathion were not found in the samples
at levels above the limit of detection of the procedure (2 ppb),
microliter amounts of the methanolic parathion standards were
diluted with runoff water to evaluate the chromatographic be-
havior of extracts of these spiked samples and to evaluate re-
coverability of the parathions in this matrix. Extracts were
prepared as in the above procedure, and chromatograms were
evaluated to establish calibration curves for the parathions.

RESULTS AND DISCUSSION

In order to evaluate the efficiency of extraction of XAD-2
for trace organics in natural water samples, several different
types of water were analyzed. Well water, spring water, and
runoff water were all examined by the described procedure.
A large number of peaks were present in the 0-2 min region
of the chromatogram in all three water samples. An increase
in the number of peaks and peak areas was observed in runoff
water as compared to either spring or well water. This result
suggests a greater variety and larger number of dissolved
organics in the runoff water. This is consistent with previous
work (11), in which similar observations were made. The
chromatograph of runoff water used in this study is shown
in Figure 1. A number of relatively polar compounds elute
early in the chromatogram, with relatively few peaks in the
3-10 min region of the chromatogram. On changing from 50%
acetonitrile to 100% acetonitrile to regenerate the column,
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Figure 1. Chromatogram of runoff water extract. Separation of organics
in runoff water. Eluent; 50:50 (v/v) acetonitrile water, Partisil ODS 4.6
mm X 25 cm; detector at 270 nm, 0.02 aufs

METHYL

i v ATRAZINE ETHIL
. | |
270nm i |
| |
[__J N o\
i 2 3 dF 5
fime { min)

Figure 2. Chromatogram of spiked runoff water extract. Conditions
as in Figure 1

several more peaks were eluted, apparently consisting of less
polar materials strongly adsorbed under the conditions of the
procedure. No interference was obtained from these strongly
adsorbed compounds, although it was found to be useful to
regenerate the ODS column with 100% acetonitrile after every
five to six runs to insure reproducibility.

The retention times for methyl and ethyl parathion, ob-
tained from volumetric dilutions of methanolic standards with
acetonitrile, were 3.45 and 4.65 min, indicating no interference
from naturally occurring organics in the runoff water. Spiked
samples of runoff water were prepared containing ethyl and
methyl parathion. A typical chromatogram for such a spiked
sample is shown in Figure 2. The parathions are well-sep-
arated, with no observed interference from organics already
present in the water. Retention times obtained for the
parathions were in agreement with those of standards.

Preparation of Calibration Curves. Calibration curves
were prepared from a set of standards made up by volumetric
dilution of methanolic stock solutions in runoff water. The
concentration range of parathions in the resulting solutions
was from 10 to 120 ppb. Atrazine was added as an internal
standard to the concentrated extracts, on the basis of ex-
amination of the chromatogram of the runoff water for the
absence of any eluted material with retention time identical
to atrazine. Since no material naturally occurring in the water
samples determined was found that behaved like atrazine
chromatographically under the conditions described, it was
determined to be a suitable internal standard. Ratios of peak
heights or areas of parathions to those of atrazine were plotted
vs. concentration. Good linearity was obtained over the range
of concentration examined for both parathions. In order to
evaluate the accuracy and reproducibility of the method, a
series of solutions was prepared in runoff water with con-
centrations of parathions in the range of the calibration curve.
The results of this study are given in Table I. The lower hmn.
of detection, defined as that t giving a d
signal at least twice that of noise, was calculated from these
data to be 3.1 and 2.9 ng for methyl and ethyl parathion,
respectively.

Table I. Reproducibility of Method
Methyl Parathion

Taken Found
ug/L ug/L® SD RSD, %
15.0 14.8 0.45 3.0
37.5 37.1 1.07 2.8
75.0 75.9 0.73 1.0
112,56 112.7 2.56 2.3
Ethyl Parathion
Taken Found
wg/L ug/Le SD RSD, %
10.0 9.9 0.37 3.7
25.0 24.6 1.40 5.6
50.0 49.3 0.97 1.9
75.0 75.0 2.40 3.2
@ Average of six determinations.
Table II. Interference Study
Relative
retention Wave-
(Methyl length
Parathion measured,
Compound = 1.00) nm
Aroclor 1260 3.94-5.88 225
multiple peaks
Atrazine 0.75 265
Azinphos Ethyl 1.14 285
Alachlor 0.89 235
Carbaryl (Sevin) 0.69 280
Carbofuran 0.61 270
Chloramben 0.26 240
Chlorpyrifos 2.01 290
p,p’-DDT 2.78 235
DEHP 1.59 235
Dialifor 1.61 290
Diazinon 1.30 245
Dyfonate (Fonofos) 1.36 240
Fenitrothion 1.08 265
Methoxychlor 1.72 225
p-Nitrophenol 0.72 310
Phosmet 0.93 230
Phorate 1.30 220
Propachlor 0.67 260
2,3,5-T 0.28 250
Trifluralin 0.58 270

Interference Studies. Potential interference by other
agricultural chemicals and organics commonly occurring in
natural water were examined, the results of which are given
in Table II.  All compounds were examined under the
conditions described for analysis, and relative retention times
were calculated in ison with methyl parathion.
Wavelengths ch for t were at or near the
absorbance maxima for the compounds as determined by UV
scans from 350-200 nm. If a potentially interfering compound
showed a retention time near one of the parathions, then
chromatography was performed with detection at 270 nm.
Many of the pesticides and herbicides are in common use in
Central Illinois (12), a somewhat representative agricultural
area. Of the compounds investigated, only Fonofos (Ethyl
S-phenyl ethyl phosphonothxolothxonaw) interferes. All others
are either separated ch hically or only weakly

absorb at 270 nm. A 10-ppm solution of Fonofos elutes at 4.7
min and absorbs at 270 nm to the same extent as 2 ppm ethyl
parathion. However, if the wavelength of detection is changed
to 280 nm, the interference is overcome. Only a slight loss
of sensitivity is observed for the parathions at this wavelength,
so that if Fonofos (Dyfonate) is known to be present, then
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analysis can be performed at this wavelength.
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A laser two-phot: It ic for hlgh
p graphy s described and characteri.
for the sep lon of the diazoles PPD, PBD, and BBD.
Excltation Is provided by the absorption of two photons of
radlation at 5145 A from an argon lon laser. The detection
limits, linearity of resp , precisl and selectivity are
reported and are found to compare favorably with other UV
detection methods.

o Y

While the fluorometric high pressure liquid chromatography
(HPLC) detector is not as commonly used as the UV ab-
sorbance detector (1, 2), it does possess some definite ad-
vantages, namely higher sensitivity for those compounds with
an appreciable fluorescence quantum efficiency and greater
selectivity since relatively few of the molecules that absorb
UV radiation actually fluorescence. Selectivity is also en-
hanced by the fact that fluorescent molecules have both an
excitation and emission spectrum that can be scanned (3, 4).
The present paper describes a fluorometric detection method
that has two unique features. First, excitation is provided by
an argon ion laser capable of 4 W of radiation at 5145 A.
Second, the excitation process is the result of the absorption
of two photons of the 5145-A light.

In 1931 Maria Goppert-Mayer realized that a molecule could
absorb two photons simultaneously to achieve a change in its
quantum level (5). The process involves some distinctive
selection rules and represents a way for spectroscopists to find
and describe new molecular states (6). The value of the
two-photon process in fluorometric HPLC detection lies in
its improved selectivity. The fact that two-photon absorption
involves different selection rules than one-photon absorption
results in different one-photon and two-photon absorption
spectra, and this produces an additional variant in the selective
detection of fluorescent molecules. Two-photon fluorescence
detection is somewhat limited by the small size of the two-
photon absorption strength (3) and it is only with the high
output power of a laser that measurable fluorescence signals
can be obtained.

The two-photon absorption strength is defined by the
relationship

AP=PCLA™'S (1)
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where AP is the absorbed optical power, P is the optical power,
C is the solute concentration, L is the path length, and A is
the optical beam cross-sectional area (6). Typical values for
6 are <10 ** em* s photon ! molecule!. The fraction of the
absorbed optical power that is actually detected as fluores-
cence (R) can be calculated from Equation 2

R = Qkq (2)

where @ is the solute fluorescence quantum efficiency, k is
the optical collection efficiency, and g is the detector quantum
efficiency.

This report characterizes a laser two-photon excited
fluorometric (LTPEF) detector used in the two-photon de-
tection of PPD, PBD, and BBD. These oxadiazoles have the
general structure

N—N
[
R—C~o-C—R
where R and R’ are either phenyl or biphenyl groups. A UV
absorbance detector is used for the comparison of detection
limits, linearity of response, and selectivity.

EXPERIMENTAL

Chromatographic System. The liquid chromatographic
system was composed of a LDC, Riviera Beach, Fla., minipump
capable of delivering 16-160 mL/h of eluent at pressures up to
5000 psi, Rheodyne, Berkeley, Calif., injection valve with a 100-uL
sample loop, and a Waters Associates, Milford, Mass., u-Bondapak
C,5 column (30 cm long X 3.9 mm i.d.). The eluent used for all
separations was 60/40 UV grade tetrahydrofuran/water. The
oxadiazoles were from Pfaltz and Bauer, Inc. Separations were
all at ambient temperature with a flow rate of 2.0 mL/min and
an injection volume of 100 uL.

UV Absorbance Detector. The UV detector used for
comparison purposes was a Chromatronixs, Berkeley, Calif., Model
230 mixed wavelength detector. The detector was operated at
280 nm where background noise was smallest and oxadiazole
absorptivities greatest.

LTPEF Detector. The fluorometric detector (see Figure 1)
is composed of a light-tight cubic metal box containing a 1-mm
i.d. X 3-mm o.d. quartz flow cell. The 5145-A laser radiation of
a Control Laser model 553 argon ion laser passes through a 0.5-inch
aperture, then two Corning 3-71 sharp cut-off filters, and one
Corning 4-96 wide bandpass filter, before being focused on the
center of the flow cell by a 50-mm focal length X 25-mm diameter
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Figure 1. Schematic diagram of laser two-photon excited fluorometric
detector. The Ortec photon counting system is outlined by the dashed
line

PERCENT TRANSMISSION

i —
l/ :x,»,m,m e ,,,,,.‘r_ 51454 line
1 1

3000 4ooo 5000 sooo 7000
WAVELENGTH (&)

Figure 2. Sp for the fiuor

Table I. Detection Limits®

UV absorbance LTPEF
detector, ng detector, ng
PPD 13 150
PBD 10 9
BBD 76 31

@ Detection limit taken as amount of solute that gives
S/N = 3 where S is peak height and N is peak to peak
background noise.

a stagnant solution of 10° M PPD in the flow cell, then adjusting
the optics (the lens holders shown in Figure 1 provide slight
adjustment of the optics) to give a photon count of 20000 counts/s
at a laser power of 1 W. The focusing lens adjustment was critical
but, once set, the system remained stable until other experimental
operations required moving the laser.

RESULTS AND DISCUSSION

Detection Limits. The concentration necessary to detect
a particular solute with a given response can be calculated
using Equations 1 and 2. For the present detection system,
R is approximately 10°% L, the diameter of the flow cell, is
0.1 cm; and A, the cross-sectional area of the focused laser
beam, is roughly 10 cm® Using these quantities the con-
centration necessary to register a photon count of 100
counts/s, at a power of 4 watts (5145 A) for a solute with an
absorption strength of 10 cm* s photon™! molecule™, is 1.5
X 10° M. As seen from this calculation, sub parts-per-million

rations can, in principle, be detected even for solut
with moderate two-photon absorption strengths, providing
high laser output power can be obtained at the proper ab-
sorbing frequency.

In the previous calculation a relatively small photon count
of 100 counts/s was chosen as an easily detectable signal. This
is mainly due to the ease with which optical filters can be used
to reduce background signals. The laser light is better
separated, spectrally, from the fluorescence (see Figure 2) than
in normal one-photon excitation fluorescence (8).

The favorable detection limits of the LTPEF detector are
shown in Table I where detection limits for two of three
oxadiazoles are better for the LTPEF detector. The peak-
to-peak background noise, and therefore the detection limits,
of the UV absorbance detector could be, in principle, improved
by effective eluent pulse dampening, but the improvement
is limited by detector drift and fluctuations other than the
regular pumpmg noise of the system. And, in fact, the

. Upper
graph: Transmission curves for primary filters (3-71 and 4—96) and
secondary fiters (7-51 and 7-54). Lower graph: Fluorescence
regions for PPD, PBD, and BBD. The super radiance of the argon ion
I.Aaseroonhhsm‘phs:mheemissimhmregmfmn%wwsus

quartz focusing lens. The fluorescence emanating from the flow
cell is collected and collimated by a 38-mm diameter quartz lens
with a f-number of 1. The collimated fluorescence is passed
through three UV bandpass filters (two Corning 7-51 filters and
one Corning 7-54 filter), then onto the photocathode of an
Amperex, Hicksville, L.I., N.Y., 56-DVP photomultiplier tube.
The purpose of the Corning 3-71s is to eliminate laser plasma lines
present in the laser super radiance (7), and the Corning 4-96 is
used to block orange fluorescence, from the Corning 3-71s, which
is passed by the secondary filters. This and other spectral
considerations are lllustrated in Figure 2.

Signal Pr i The signal was in
0.5-s intervals with an Ortec, Oak Ridge, Tenn., photon counting
system (see Figure 1). A latching circuit and Ortec D/A converter
were used to convert the digital signal to an analog readout on
an Omini-scribe stripchart recorder. The D/A converter time
constant was set at 0.1 s, since it was found that longer time
constants decreased detector precision.

Detector Optimization. Prior to chromatographic operation,
the detector optics were optimized and standardized by placing

tad

tion of p ing noise, sol peaks, d drift,
and problems with gradient elution are some of the distinct
advantages of the LTPEF detector.

There are a few LTPEF detector improvements that should
in theory improve sensitivity. The first is to replace the
primary filters by a good quality dispersive prism, which would
remove plasma lines from the laser super radiance with
approximately 40% less beam attenuation than with the
filters. The second is to use a focusing lens with a shorter focal
length. The theoretical limit of the cross-sectional area of the
focused laser beam (A in Equation 1) is dependent on the focal
length of the focusing lens (9). With a shorter focal length
lens, higher power densities, and therefore larger two-photon
absorption, could be obtained. The quadratic dependence of
two-photon signals on laser power is shown in Equation 1. A
third improvement would therefore be increasing the laser
output power by means of a mode locker. The reader is
referred to Ref. 7, p 199, for a good description of mode
locking. When mode locked, the continuous output of the
argon ion laser is converted to a series of high energy pulses.
Sensitivity could then be greatly enhanced by properly gating
the detection sytem so that signals are counted only during
and directly after a laser pulse. Even without gating the
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Figure 3. Chromatograms for laser two-photon excitation fluorometric
detection of PPD, PBD, and BBD, 100-uL Injection volume, sensitivity
100 counts per Inch. (a) 2.4 X 10-° M PPD, 1.5 X 107° M PBD, 4.0
X 10 M BBD; (b) same oxadiazole concentrations but with ap-
proximately 10~* M phenol, fluorene, chrysene, and anthracene

detection system, the mode locker could theoretically produce
approximately a two-fold increase in signal.

Linearity of Response. Calibration plots for 100-uL
injections of 8.0 X 107 M to 1.0 X 10 M PBD were drawn
for both detectors. The inner-cell effect oftentimes causes
nonlinearity in fluorometric detection (10), but the small active
cell-length (about 1 mm) and large incident radiation of the
LTPEF detector result in a linear calibration curve for PBD,
even at solubility limited concentrations. The linear regression
constants for the calibration plots were 0.984 for the UV
absorbance detector and 0.987 for the LTPEF detector,
showing equally good linearity.

Precision. The precision of the detection system was
evaluated by making five injections of the three oxadiazoles
at the concentrations listed in Figure 3. The peak heights
were measured and the BBD peaks were used as internal
standards. This was done so that only inconsistencies resulting
from detector response would be considered. The relative
standard deviation for the five PPD and PBD peaks were
6.7% and 10.1%, respectively. The LTPEF detector re-
producibility compares favorably with that reported by
Perchalski, Winefordner, and Wilder for a fluorometric HPLC
detector (11), but is not as good as the reproducibility of a
fluorometric detector reported by Cassidy and Frei (12).
Inconsistencies in LTPEF detector response can be attributed,
in part, to the nonlinear dependence of two-photon signals
on laser power density, which makes beam and power stability
critical to reproducibility. Better reproducibility could be
attained if fluorescence signals were normalized to laser power
output using Equation 1.

Selectivity. The selective detection of the oxadiazoles
PPD, PBD, and BBD is illustrated in Figure 3. Chroma-
tograms 3a and 3b are essentially identical despite the fact
that the sample injected in Figure 3b contains several
Polyaromatic Hydrocarbons (PAH) at concentrations of
approximately 10°® M. The same separations in Figure 4 show
appreciable interference effects for the UV absorbance de-
tector. In Figure 4b the PBD peak is almost totally obscured
by the PAH and the PPD peak is unresolved as well. The

1556 « ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

Figure 4. Chromatograms for UV absorbance detection of PPD, PBD,
and BBD, 100-uL Injection volume, sensttivity 0.008 absorbance unit
per inch. (a) 4.0 X 10" M PPD, 7.0 X 107 PBD, 1.0 X 10~* M BBD;
(b) same oxadiazole concentrations but with approximately 10-° M
phenol, fluorene, chrysene, and anthracene

PAH were chosen so that the BBD peak was not interfered
and could be used as an internal standard.

At this point the selectivity of the LTPEF detector is
limited by the availability of laser output frequencies. The
present detector employs an argon ion laser which has several
visible plasma lines between 4579 and 5145 A. To take full
advantage of the uniqueness of two-photon spectra, lasing
action must be attained at two-photon frequencies covering
most of the near UV region of the spectrum. This could
possibly be done with high output power tunable dye lasers.

While two-photon absorption strengths are very small,
molecular two-photon states are as common as one-photon
states. This means that LTPEF detection can be applied to
most fluorescent compounds provided a laser can be found
with the proper output frequency and power. Of course many
compounds would require laser output frequencies and powers
which are not available at this point but, with the steady
advancement of laser technology and two-photon absorption
research, more applications of LTPEF detection are possible.
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A new type of coulometric Instrument which uses feedback
mu\olmmm.gon«atorlnuwhamyﬂmmwnm

M. The method is fully automatic for concentrations down
to 1 ppm, and requires a minimum of manual control for

Is a decaying exponential function of the of

ples more dilute than this. No standardization or blank

chioride Is described in detall. Mathematically, it is shown that
for this dE/dtls a constant at a good distance from
the equivalence point and equal to one half the initlal constant
value In the vicinity of the equivalence point. Using con-
ventional cell P t wllh lho I t, trace chloride
determinations are per tically on ples with
concentrations as low as 2.8 X 10°M. A tochnlqu. requiring
some manual control is described for samples down to 5.6 X
10~ M. The precision of the data Is within a few percent of
the relative standard deviation. The deviations from the known
values are no worse than 5% for the samples down to 2.8 X
10° M. The rolallvo accuracy gets worse for the more dilute

les. C to argentimetric analysis are
obvlahd by means of preoxidation with KMnO,.

Since the time of Lingane's (I, 2) original work on cou-
lometric determination of chloride in the early fifties, de-
termination of chloride by coulometric procedures has become
widely accepted. The lower sensitivity level for Cl~ has been
extended into the nanoequivalent region by the use of special
instrumentation and cells. The use of feedback circuits, such
that silver ions are produced only as needed, dates back to
at least 1960 (3). The method involved use of 70% acetic acid
as electrolyte to suppress K,, levels. Work at the
nanoequivalent level was reported by Ladrach et al. (4), but
success of the method depended on precise knowledge of the
end-point potential which changed appreciably with small
amounts of water added to the acetic acid electrolyte. Bishop
aad Dhaneshwar employed differential electrolytic poten-
tiometry to determine Cl™ at the subnanogram level at about
20% accuracy and with special manipulation of the sample
and the use of a 0.5-mL microcell (5). The use of organic
solvents as electrolyte has been widely investigated, and seems
to be gaining universal acceptance (6, 7). Cedergren also has
reported data in the nanoequivalent range, but his method
at these lower levels entails making a curve each day to obtain
a correction for the drift at the electrodes (7). The lowest
concentration of chloride in the samples analyzed by Bishop
and Cedergren was 5 X 10° M. McCracken has developed
an instrument in which a feedback signal which is propertional
to the first time derivative of the indicator electrode potential
continuously varies the electrolysis current. Data in the 1-100
pequiv range are reported (8).

In this paper, we would like to report Cl” analysis with a
new type of instrument which uses feedback from the sensor
to the generator in such a way that the generator current
decays exponentially as needed. As pointed out by the other
authors, the benefits of this type of instrumentation arise from
a better approximation of equilibrium at the end point,
avoidance of overshoot, and ease of performing cumulative
titrations in the same solvent,

The range of data that we have investigated extends down
to a lower sensitivity of 0.2 ppm Cl" in water or about 6 X 10°®

correction is made and macro titration cells with conventional
components are employed. Minor drift of the electrodes is
no problem. Moreover, multiple titrations can be performed
in the same electrolyte, each titration taking only a few
minutes to perform. In short, this technique is a rapid, simple,
and automatic method of routinely analyzing for Cl- at trace
levels.

PRINCIPLE OF THE INSTRUMENT

Whereas other coulometric instruments have worked on
either a constant current or a constant potential principle, this
instrument works on the principle of constant rate of change
of potential with time. The instrument supplies a current
which is proportional to the antilog of the voltage difference
between the cell potential and some bias voltage which is
selected to be near the equivalence point. When a large
amount of Cl” is present, the cell potential is far removed from
the bias voltage, and a large current passes. As the Cl is
titrated and its concentration is reduced, the cell potential
increases and the titration current level exponentially de-
creases. Consequently, the titrator approaches the equivalence
point slowly near the end of a titration, thereby reducing the
possibility of overshoot. Moreover, since current levels are
low near the end of a titration, only very slight errors are
encountered when Ey,,, is set considerably different from the
equivalence point potential.

A block diagram of the apparatus is given in Figure 1. A
differential input amplifier receives the voltage signals from
the reference, E¥, and indicator, E*, electrodes respectively and
provides an output voltage equal to the difference between
the two, E* - E* = E. This potential difference will be directly
proportional at all times to the logarithm of the Cl~ con-
centration through the Nernst equation as follows: E = E°
- (RT/nF) In [CI']. A comparator receives the voltage output
from the amplifier and subtracts from it some arbitrary
reference voltage, Ey;,,. This output of the comparator, E —
E\,,, is applied to an antilogarithm converter in such a way
that the output of the antilogarithm converter is proportional
to the comparator output, i = i exp |(-nF/RT) (E - Ep,)}
where i, is a small preset current of a few microamps. The
current output is passed through the generator section of the
cell. The total amount of current passed during a deter-
mination is registered in the integrator of the instrument.

The experimental relationship between current at the
working electrode and cell potential brings about a situation
in which silver ions are generated according to the demand
for them by the presence of excess chloride ions. Moreover,
the chloride is titrated at a constant rate as reflected in the
derivation presented in the following paragraphs.

In these determinations, we are concerned with the cou-
lometric generation of silver ions which then titrate the
chloride ions according to the following equation: Ag* + Cl°
— AgCL In order to explain how the instrument can process
the chloride at a constant rate, it is convenient to consider
first the situation that exists at a good distance from the
equivalence point; i.e., chloride decreasing in concentration
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on a 1:1 basis with the silver ion being produced. For this
situation, we can write the following Nernst equation:

s Mulen[8]) o

where [Cl'], = initial chloride ion concentration, (Q/FV] =
amount of charge that has passed, F = Faraday constant, and
V = volume.

[cry, - F%, = exp[if(b‘ E° )] (2)

Equation 1 can be differentiated with respect to time:
dE

- () () [ ] ©

But, dQ/dt = i, and, substituting Equation 2 into 3
LI A "
dt nf)FV)e [nf(E E)]

Let (RT/nf) 1/FV = K. Built into the instrument is
Equation 5:

i=i, exp[%(E = E.,_)] (5)
So:
ic exp[ (E - EN'E'
% =K (6)
exp[ (E - E,,_il
aE [ n .
A

Equation 7 says that, at a considerable distance from the
end point, dE/dt is constant for any given value of Ej,.
Moreover, the value of dE/dt can be made greater or smaller
by changing the value of Ey;,,. This value, however, should
be chosen as close to the equivalence point as possible.
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As described by MacInnes (9), a more complicated ex-
pression is needed to describe adequately the concentrations
of silver and chloride in the vicinity of the equivalence point
of this type of titration. Exactly at the equivalence point, of
course, the following holds: [Ag*] = [C]] and [Ag*][Cl] =
K,,.

f&ecause silver ion is the generated species, it is convenient
in describing the situation near equivalence to discuss a point
infinitesimally past equival and look at the cell potential
as a function of silver ion concentration. At this hypothetical
point infinitesimally past equivalence, the chloride ion
concentration will be infinitesimally less than \/K_.p and the

silver infinitesimally greater than V'K,
(v Ksp - A[Cl-])(\/ Ksp + A[Ag’]) = Ksp (8)

The situation of being slightly past equivalence is brought
about by adding silver ions coulometrically. Some of these
silver ions stay in solution as excess and some cause more
chloride to precipitate. Consequently, the increment in the
equivalents of charge, AQ/96500, can be described as the sum
of the silver that stays in solution as excess and that which
precipitates more AgCl. The part of the silver that precipitates
will, of course, precipitate Cl" in the same amount and
consequently that part of the silver can be equated to the
amount of CI" that precipitates, A[Cl'], [AQ/F = A(equivalents
Ag*)] + [A(equivalents C1)].

But, [A(equivalents Ag*)]/V = A[Ag*] and [A(equivalents
Cl)]/V = A[C]'] where V = volume.

Therefore, AQ/F = V(A[Ag*] + A[C]]) and

afer= 'j,-s - A[Ag] )

Substituting Equation 9 into 8

WK + A[AEDWVES -
Solving the quadratic equation:
AlAg') = VK, + AQ/(2FV)
+ VK, + (8Q7/(EF V) 11

Taking the first derivative of Equation 11 with respect to
time, and rearranging:

+ A[Ag) = K, (10)



dt
SR
_1.de1 2FV -
PV 2\ VR, ¥ aeyrarvy) Y

In the vicinity of the equivalence point AQ has become very
small, and the second term in the parentheses of Equation
12 approaches zero.

Consequently,

dlAgT _ 1[ 1 .dQ]

at  2|FV ar 13)
or
d[Ag’] _ 1[;J

dt  2|FV (14)

We can now write a Nernst equation describing the cell
potential as a function of [Ag*].

RT

E=E" + oF In [Ag'] (15)
dE _ RT\(d[Ag'] 1
dt <nf )( dt )([Ag’]> (8
Since [Ag*] = [Cl] at equivalence, we can write
. -nF o
[Ag"] = exp[ﬁ(E -E )] an

Substituting Equations 14 and 17 into 16:

i cxp[:};TE(E = Em)]

exp[%lg(lf = E°)]

(18)

dE
dt

[N

(X)

and finally,

de 1, . nF o
T = 3K exp| B (Fuia ~ E°) a9)

Comparing, Equation 19 with Equation 7, we see that
dE/dt, the rate of change of potential with time at equivalence,
is !/, the value of dE/dt at a good distance away from
equivalence. Consequently, we can begin a titration and
determine dE/dt at the start of a titration. When the starting
value of dE/dt has decayed to half the original value, the
determination is complete.

There is no need for a description of the situation much
beyond the equivalence point since the generation of silver
ions essentially stops at equivalence owing to the fact that E
— E\, is zero at this point and i = i.

Proving that the potential changes at a constant rate with
time is also proof, of course, that the chloride is disappearing
at a constant rate with time. Considering the first derivative
of the Nernst equation for [Cl']

dE __RT dln [CI]

at~ nF  dt (20)
at 25 °C and for a 1-electron change

dE _ dln [CI] _ d log [CIT]

at - 0.026 at =-0.059 dat (21)

This says that for each 26-mV change in potential per unit
time, the [Cl] ion correspondingly decreases by a factor of
“e” (59 mV per factor of 10) in the same period of time. A
plot of actual experimental data for E vs. t and In i vs. t is
given in Figure 2. The consequent decrease in [Cl] is
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Figure 2. Plots of E, In(i), In[CI"] vs. time

calculated in the same figure.

As we can see from Figure 2, E is a linear function of time
except at the beginning and end of the titration. The former
deviation is due to time lag at the sensor electrode which
prevents the sensor from i ly seeing the ch
in Cl” due to the current that has passed. The latter deviation
is due, of course, to the fact that the current becomes very
small when E > E,;,,. In other words, there is no longer any
significant demand for current. The deviation from linearity
in the beginning of the Cl” curve is due, of course, to the
deviation in the potential curve. The important point to note
from these curves is that the current line is parallel to the Cl-
line. This parallelism is reflected in the following equations
describing the In (i) and In [C]] functions with potential:

In ()= 10 (ic) = 22(E - Eue) (22)

In [CI] = -i{’%s -E) (23)

Since E is a linear function of time and In (i) and In [CI]
are inverse linear functions of time, In (i) and In [Cl"] are
inverse linear functions of E. This is reflected in Figure 3
where actual data for In (i) vs. E is plotted and In [Cl7] vs.
E is calculated. The failure of the two lines to superimpose
is explained by the difference in the constants of the two
equations. Also, the deviation from linearity in the current
line is explained once again by time lag in the sensor elec-
trodes. If there were no time lag, the In (i) and In [C]] lines
would be parallel from the beginning.

In performing a titration, an E\;,, is set and current begins
to pass according to Equation 5. The passage of current causes
decay in the Cl” ion concentration, causing an increase in cell
potential. When the cell potential has reached the value of
E\a, the current is equal to i, and at this point the current
automatically and very rapidly decays to a value approaching
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zero. An Ey,, setting of 350 was used for the data generated
in Figures 2 and 3. To get an idea of how closely these curves
approach ideality, as shown in Figure 3, we can calculate the
current line using the i, value which is set in the instrument.
The lack of correspondence is explained by the approximately
half second time lag between what the sensor sees and what
the working electrode is doing. This lag causes an insignificant

lag at the electrode. Some knowledge of the standard S-
shaped curve is helpful in deciding this setting. If the break
is very sharp, a setting anywhere along the sharp portion, and
preferably below the midpoint of the break can be used. If
the nature of the standard curve is not known, one can set
a very high Ey;,, let the machine pass current until the
potential levels out, then back off Ey,, until the current nulls
to i.. One or two quick pre-titrations of this type can de-
termine Ej,,,. Because of the decaying nature of the current,
relatively large errors in the end-point setting will lead to very
small errors in the Cl~ determination as long as a value on the
steep portion of the S-shaped curve is chosen.

EXPERIMENTAL

Apparatus. The instrument used in these determinations is
the Petrolite “Iontrak Analyzer”, available from Petrolite In-
str , 4411 Blueb t, Suite C, Stafford, Texas 77477.

The data reported in this paper were determined using two
basic cells, designated cell A and cell B. Cell A consisted of a
100-mL Berzelius beaker with the electrodes mounted in a Teflon
cap, Part No. 180751, available from Beckman Instruments. The
generator cathode was a platinum wire in a glass sleeve with fine
frit, and a planar spiral of silver wire about 1 cm in diameter was
the anode. The anode spiral was placed about 2 mm from the
frit. A silver wire was the indicator electrode and the Orion Model
90-02-000 electrode, or a low impedance custom-made glass
electrode from Markson was the reference. Cell B consisted of
the Brinkmann cell cap, EA874, and the titration reservoir No.
EAB875-50 or EA875-20. A glass sleeve with fine frit was mounted
in a plastic sleeve No. 20-21-570-4, available from Brinkmann.
A hole was drilled into the side of the sleeve to accommodate the
silver anode of the same type as used in cell A. Platinum was
once again the cathode. Brinkmann No. EA242 silver electrode
was the indicator and the Brinkmann double junction electrode
was the reference. Alternatively, the Beckman glass electrode
in a porous Vycor test tube, filled with water and a few drops of
35% HCIO, was used as a reference. The internal portion of the
Brinkmann double junction reference was filled with a saturated
solution of LiCl in methanol or KCI in water. The external
chamber was filled with titration electrolyte.

It was our experience that a few simple cell maintenance
procedures should be followed at least daily. The anode should
be cleaned by dipping in concentrated nitric acid solution for a
few seconds and then rinsing thoroughly in distilled or deionized
water. The isolation frit should be soaked in nitric acid overnight,
and rinsed thoroughly before use. The indicator should be wiped
with a soft tissue when precipitate begins to flc e at its
surface. The solvent should be titrated with standard solution
twi'se after any such manipulation of cell components.

error at the minute current levels at the end of a titration.
Moreover, this error could be made even less by slowing the
titration down by choosing a smaller Ey;,, or lowering the value
of i.. Using the approximate calculated concentration of CI-
at the end of the titration, a K,, of about 10"'* would be

Iculated, in close agr t with published values of K,
for AgCl in 90% acetone (10) which was the approximate
composition of this electrolyte.

In short, the advantage of this method is that relatively large
currents pass at a good distance away from the equivalence
point, and decrease to very small values as the equivalence
point is reached. The error due to time lag at the electrodes
and the resulting end-point overshoot is minimized. Con-
sequently, titrations in nonaqueous media can be performed
without worrying about poor transport properties and end-
point overshoot. Moreover, since the titrations essentially stop
at the endpoint, cumulative titrations can be performed.

In using a nonaqueous electrolyte and adding aqueous
samples, the end-point potential will change slightly from

ple to le due to changes in the Kj;,. It should be clear
to the reader that the ideal E\;,, setting is at, or a little before,
the equivalence point potential. Slight anticipation of the
equivalence point in the setting helps compensate for time
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s. The electrolyte was acetone plus 5 drops of 35%
HCIO,. Cell A used 50 mL of solvent whereas cell B used 20 mL.
The isolation sleeve was filled about half way with acetone and
one drop of 35% HCIO, was added. Other organic solvents could
doubtlessly be used as long as the K,; of AgCl in them is low (5-7).
The same electrolyte can be used for up to 20 titrations, or until
the acetone becomes appreciably wet. Standard Cl- solution,
prepared by accurately weighing 0.0850 g dry, reagent grade NaCl
into 100 mL deionized water, was pre-titrated several times in
fresh electrolyte before samples were titrated. Standard Cl-
solution was added to the titration vessel with a Hamilton mi-
crosyringe, CB-700-200.

Preoxidation of Interferences. Common interferences such
as 8%, SH", CN', and SCN" were conveniently handled by means
of preoxidation with KMnO, under acidic conditions. The sample
with interferences was added to the cell, and 7-10 additional drops
of acid were added. With the electrodes out of the solution, 1%
KMnO, was added until a pink color persisted. The excess MnO,"
was discharged by adding 1% ascorbic acid until the color dis-
appeared. Ascorbic acid was used instead of the more conventional
oxalic acid because the latter reacted with Ag* in acetone. One
precaution with the preoxidation procedure is that the acetone
must have a few percent water for good results. The addition
of extra aqueous acid takes care of this problem.

Instrumental Procedures. For samples with 1 ppm Cl” or
more, the analyst can leave the machine unattended during a



Table I. Det: of ClI" in Aq Samples Using Cell A
CI” taken, No. of
ug determinations  Mean, ug SD, ug?®
50.4 7 52 1.71
50.4 9 52 1.52
50.4 10 49.7 0.75
50.4 10 48.3 1.49
25.2 60 25.95 0.57
25,2 6 26 1.14
25.2 29 25.2 0.25

@ SD = Standard Deviation.

RSD, %

=409 00 1 09 60
obMdHTOW

b RSD = Relative Standard Deviation,

Reference electrode

Double junction Ag/AgCl
Double junction Ag/AgCl
Double junction Ag/AgCl
Double junction Ag/AgCl
Glass electrode
Glass electrode
Glass electrode

Table II. Determination of Cl” in Aqueous Samples Using Cell B
CI taken, No. of
HE determinations  Mean, ug SD, ug RSD, % Reference electrode
53 15 54.3 0.75 1.3 Double junction SCE
53 6 52.4 0.38 0.7 Double junction SCE
53 6 55.25 0.94 1.7 Double junction SCE
53 9 53.37 1.05 2 Double junction SCE
53 12 54.63 0.13 0.24 Double junction SCE
10.3 5 10.1 0.48 4.9 Double junction SCE
10.3 5 10.09 0.25 2.4 Double junction SCE
5.15 6 5.4 0.25 5.7 Double junction SCE
10.3 6 10.2 0.43 4.2 Glass electrode in porous
Vycor test tube
10.3 10 9.8 0.52 5.3 Glass electrode in porous
Vycor test tube
10.3 11 10.26 0.68 5.7 Glass electrode in porous
Vycor test tube
5.15 9 5.10 0.14 2.7 Glass electrode in porous
Vycor test tube
titration. The only setting to be determined is Ey,,, which, for
concentrated samples, can vary over the range, 100-200 mV. E\.,, g:l:r (l:Llu B&;‘sn‘?:::l:%d Cée::: queous Samples
= 5 z e bias gs
can be determined by running a few trial auto-titrations of Cl
standard and finding the setting for Ey,;,, where the current nulls No.
to zero at the end point. A potential close to the equivalence point of
potential can also be chosen for Ey,,, if that potential is known. de-
Using the Orion reference electrode, E};,, settings in the 270-350 cr ter-
mV range were found optimum. With the Brinkmann electrode, taken, min-  Mean, RSD,
using nonaqueous filling solutions, potentials of 375-425 mV were ug ations g SD % Epias
found optimum. With the glass electrode, a setting of ~125 to 53 5 55.4 1.82 3.2 350
150 mV was used. . 53 2 548 33 6 400
For samples with much less than 1 ppm, observation of the 53 4 55.5 0.7 1.2 450
change in dE/dt was used to indicate the end point. Dilute 53 4 55.5 1.58 2.8 500

solutions require addition of such large samples that we end up
with high K, values and small potential displacements. Con-
sequently, we are fairly close to equivalence even at the beginning
of a titration, and we must titrate very slowly or we will overshoot.
After adding sample and letting the electrodes equilibrate, the
titration is run with a bias voltage sufficient to give an initial rate
of 10-20 mV per minute. This initial rate of change, dE/dt, is
the maximum, constant rate at which the instrument settles.
When the rate has decayed to half the initial value, the titration
is complete. Several pretitrations were performed before data
collection began.

RESULTS AND DISCUSSION

Representative data of Cl™ analyses using cell A are given
in Table I. To put these data in the context of a field sample,
it is possible to use up to a 10-mL aqueous sample in 50 mL
of electrolyte. Consequently, the data presented here rep-
resent about 5 ppm Cl” (1.4 X 10™* M) in the sample. For
samples where greater sensitivity is required, a smaller cell
such as the one discussed below with Table II, or the rate
end-point method can be used. The data in Table I were
generated using either a double junction Ag/AgCl reference
electrode filled with aqueous KCl interior, and aqueous
NH,NO; exterior solutions or a glass electrode. Whereas the
glass electrode was noisier than the double junction Ag/AgCl
electrode, it had the advantage of absolutely eliminating the
possibility of Cl™ leak.

In Table II, data are reported from cell B and two different
reference electrodes. Comparing the deviations from the
known values and the precision of the data from the two cells
for Cl” values of about 50 ug, it is concluded that this cell is
slightly better than the 50-mL cell. Moreover, because of the
smaller volume and ¢ higher CI” ration for
a given Cl assay, it was possible to analyze les down to
5 ug CI. When the series at 5 ug Cl” was performed, a total .
of 5 mL of water had been added to the cell. Therefore, these
results would represent aqueous samples with about 1 ppm
Cl (2.8 X 10°® M), about a factor of 5 more sensitive than the
data in Table I. The deviations from the known values are
no worse than 5% for any of the data in Tables I and II, even
the less concentrated samples.

Tables I and II contain many sets of multiple determi-
nations under identical conditions. The reason for this
repetition was to convince ourselves of the reproducibility of
our methods. A period of at least a day, and in some cases
several months, elapsed between the data gathering repre-
sented in each line of Tables I and II.

Both the double junction SCE and a glass electrode were
used with cell B with p Its. A 17-mm p
Vycor test tube filled half way with water and then two drops
of 35% HCIO, offered an aqueous bridging solution between
the glass electrode and the electrolyte. This configuration
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Table IV, Determination of C1- Using dE/dt Mode on Aqueous Samples Such That Titration Cell Contains 33.3%

H,0-66.6% Acetone

Sample
ugCl-/mL size, No. of
taken mL determinations
1.04 50 14
0.207 50 8
0.202 25 12
0.207 25 15

Mean, RSD,
ugCl"/mL SD %
1.08 0.02 1.54
0.204 0.036 17.57
0.25 0.008 6.51
0.232 0.009 3.85

Table V. Determination of Cl- in Presence of S*-, SH", CN-, and SCN~

Cl-
taken, No. of Mean,

HE determinations ug SD
50.1 35 50.8 1.25
25.2 60 26 0.57
50.2 8 53.65 3.85
50.2 8 51.43 3.12
50.2 13 51.43 1.97

Interferences present, ug

RSD,

% 8§ SH- CN- SCN-
2.47 0 0 0 0
2.20 0 0 0 0
7.18 106.2 0 52 0
6.07 106.2 0 52 51
3.83 106.2 297 52 51

removed some of the electrical noise from the glass electrode,
and prevented dehydration of the membrane. The porous
Vycor junction offered very low impedance and low leak rate.

As pointed out above, the leeway in setting E},, is a function
of the total potential displacement. From Equation 5, it is
obvious that E\;,, must be greater than the cell potential at
the start of a titration and less than, or equal to, the cell
potential at the end in order for the current to approach zero.
Consequently, the range of possible choices for Ey,, is greater
for a larger potential break than for a smaller one. To il-
lustrate the invariance of the results when the break is large,
the data in Table 111 were generated. The potential break
for this determination is 250 mV. As we can see, the results
were the same for E},, settings over a 150-mV range. The
only caution is that the first titration after changing E\,,
should not be used, because this titration sets the finishing
point of a determination. Whether that point is exactly the
same as the equivalence point is not important after the first
titration because it will take exactly the amount of Cl in the
next sample to bring us back to the finishing point.

The end-point can also be located by observing a decrease
in dE/dt. This method depends on the fact that potential
is a linear function of time as described above. As the end
point of a titration approaches, the change of potential with
time approaches one half the original value, and we can use
this point as an indication of the end point of a determination.
The way that we actually monitor the linear E vs. ¢ region is
by observing the region where dE/dt is constant, and then
continuing to pass current until dE/dt decays to one half of
its initial value.

Data generated using this mode of operation are sum-
marized in Table IV. The enhanced sensitivity comes from
the fact that we can analyze samples that cause a very small

1562 ¢ ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

potential displacement, 10-20 mV. Note that the sample size
used in Table IV was 25-50 mL. A 100-mL Berzelius beaker
was used for the smaller samples and a 200-mL beaker for
the larger. Such large aqueous samples give us an appreciable
amount of Cl (~5 ug) even for samples of very low con-
centration such as 0.2 ppm. These data demonstrate another
order of magnitude sensitivity over the data in Tables I and
11, and concentrations comparable to those reported by Bishop
and Cedergren (5, 7). The precision and accuracy of these
determinations is not as good as for the more concentrated
samples in the auto-mode of operation.

Interferences common to argentimetric analysis such as S*,
SH', CN", and SCN have been successfully handled by means
of preoxidation with KMnO,. Data from these analyses are
reported in Table V.
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Study of the Steady-State Current at Tubular Electrodes in the

Micromolar Concentration Region

W. J. Blaedel* and D. G. Iverson

Department of Chemistry, U ty of W Madi

The steady-state current at tubular electrodes was found to
consist of a flow rate Independent (l..,) and a Ilow rate de-
dent (/) In solutions
contalnlng pho-phah buffer, the effects of oloctrodo pre-
lrealmonl ferricyanide concentration, pH, lonic strength,
lied p and electrod: terlal on the steady state
cunem components are reported. The component /,, varies
with the cube root of the flow rate, whereas /,,, is Independent
of flow rate. Both ts d d linearty on ferricyanide
concentration. Awbodﬂowmdmaﬂomulouohﬂonnmrnd
of measurement for low ations of electroactl
materlal are Investigated. The pulsed flow mode of vol-
t y shows able analytical promise for the
t of low lons of electroactiy rl

Steady-state voltammetry at solid convective electrodes has
been found to have advantages compared to scanning vol-
tammetry for the measurement of low concentrations of
electroactive materials (). Ideally, in the steady-state mode,
charging currents and transient currents due to electrode
surface reactions are permitted to die away, and the remaining
steady-state current reflects only the presence of electroactive
material which is convectively brought to the electrode surface.

It is generally well established, theoretically and experi-
mentally, that the steady-state current at tubular electrodes
depends on the cube-root of the flow rate. However, work at
micromolar concentrations in our laboratory over the past few
years indicates that the steady-state current at small tubular
flowthrough electrodes (2 mm long, 1-2 mm diameter) consists
of two components:

Iss = fing + laep (1)

The component i;,4 is independent of flow rate, and the
component ig,, shows the cube-root dependence on flow rate.

The existence of a flow-rate independent current component
has not been recognized by some workers including ourselves.
Recently, however, several investigators have reported currents
deviating from those expected in simple hydrodynamic re-
gimes. Current components similar to i;,y have been described
at tubular and flow-through electrodes (2-5) and have been
ascribed by most workers to an axial diffusion mode of
transport. Also, the role of a diffusional component along with
a convective component has been established at rotated disk
electrodes (6).

The main purpose of the following work is to study how
the two steady-state current components of Equation 1 depend
on the physical and chemical characteristics of the system.
As a result of this study, a pulsed-flow voltammetric procedure
is indicated to have definite advantages for the measurement
of low concentrations of electroactive materials with tubular
electrodes. The advantage of ing very low
trations of electroactive material by a differential current
measurement between zero and high flow rates has been
described (7). An analogous procedure has been described
by Miller and Bruckenstein (8) with a rotated disk electrode

53706

driven at sinusoidally modulated speeds, with limits of de-
tection approaching the nanomolar level.

THEORY

The character of ig,, for tubular electrodes is well defined
9):

iaep = 2:01 nFC,D* >R X2V /> @)

In Equation 2, n is the number of electrons per molecule
of electroactive species transformed, F is the value for the
Faraday, C,, is the bulk concentration, and D is the diffusion
coefficient of the electroactive material. R and X are the
radius and length of the tubular electrode respectively, and
V is the volume flow rate of solution.

According to Equations 1 and 2, a plot of i,, vs. V;!/ should
be linear with an intercept (i;,q) and a slope S (S = 2.01
nFD?*3R*3X?/3Cy), so that

iss= ijng + SV/3 (3)

Almost all of the data presented in this paper are condensed
into the slopes and intercepts of straight line plots of Equation
3

In practice, the steady-state current may sometimes have
to be measured on top of a residual or drifting background
current that is significant at low concentrations of electroactive
material. Such residual currents may be troublesome when
i, is used as a measure of concentration of electroactive
species. These complications may be circumvented with a
pulsed flow technique in which the difference of two
steady-state currents is measured—one at a high flow rate and
one at a low flow rate:

iu.lo=s(vhil'3‘ Vis''%) (4)

Since S is proportional to the bulk concentration of the
electroactive material, the steady-state current difference (Ai)
is also proportional to C, for a fixed set of high and low flow
rates:

Al =g pi ~

Aix Cy (5)

Equation 5 is the basis for the pulsed flow method of
measuring concentrations.

EXPERIMENTAL

Instrumentation. Potentials were applied to the two electrode
cell with a simple batwry powered potentiometer. Current was
d witha (Model 414S, Keithley Instruments,
Cleveland, Ohio) and recorded ona st.np chart recorder (Om—
niscribe, Series 5000, Single C! Instr
Bellaire, Texas). Cell resistances were measu.red with a con-
ductance bridge (Model RCM 15B1, A. H. Thomas Co., Phila-
delphia, Pa.) Measurement of the cell voltage was performed with
a vacuum tube voltmeter (Model 850, Triplett Electrical In-
strument Co., Bluffton, Ohio), during times when current
measurements were not being made, mainly to simplify circuitry
and to avoid interf with the reading of low currents.
Cell and Electrodes. The cell (Figure 1) consisted of two
cylindrical Lucite blocks held together with 4 stainless steel bolts
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Figure 1. Flowthrough cell with tubular electrode and siver—siiver chioride
reference electrode. A. Sample solution outlet. B. Lead to reference
electrode. C. O-ring. D. Fritted disk, agar impregnated. E. Lead
to tubular F. Tubular G. Sample
solution inlet. H. Silicone rubber J. Reft k

solution inlet (0.01 M KCI). K. Reference electrode solution outlet

(not shown). The upper block held the silver-silver chloride
reference electrode (15 cm of 24 gauge silver wire), wound around
a post which fitted into the cavity of the lower block. The tubular
electrode was potted into the lower block with epoxy (Epotek 349,
Epoxy Technology, Watertown, Mass.). Two interchangeable
lower block assemblies were made: one with a platinum electrode
(0.055-in. diameter, 0.099 in. long), and one with a gold electrode
(0.055-in. diameter, 0.102 in. long). Bridging between the sample
channel and the reference electrode solution cavity was made with
an agar impregnated fritted disk (20F, Corning Glass Works,
Corning, N.Y.) sandwiched between two silicone rubber washers.
When the lower and upper blocks were bolted together, com-
pression of the gave a leak-p the sample
solution and the reference electrode solunon. The separation
between the tubular electrode and the bridging frit was about 2
mm.

The solution inlet tube was made of glass rather than Lucite,
on which there appeared to be a high tendency for bubbles to form
and adhere, which in turn interfered with sample washout and
rinsing.

The electrode leads were made of heavy gauge copper wire,
inserted into holes which had been bored into the block and
slightly into the electrode material, and then joined with con-
ducting epoxy (Epotek 410E).

After the cell was assembled, and before use, the silver wire
electrode was converted to a silver-silver chloride electrode (SSCE)
by anodization (10).

analytical reagent grade. Phosphate buffer solutions were made
from 0.1 M stock solutions of K,HPO,-3H;0 and KH,PO,. Buffer
solution at pH 7.4 was prepared from a 1:4 mixture of the di-
hydrogen and monohydmgen phosphate atock solutions; and pH
6.4 solution was prepared from a 4:1 :

A 1 mM stock solution of ferricyanide was prepared every 10
days from K3Fe(CN)g in the phosphate buffer of the desired pH
and stored in the dark. The working standards were prepared
by diluting the stock solution with the desired buffer as needed
each day.

The reference electrode solution was 0.01 M KCl saturated with
AgCl. All poten'.lals in this work were measured against the
Ag—AgCl electrode in 0.01 M KCL

Proced The el des were polished with
600-mesh carborundum on a wetted, wooden match stick. A 0.01
M buffer solution (pH 7.4) was purged continuously and vigorously
in the parafilm covered beaker with dry, purified tank nitrogen.
After 10-15 min of deaeration, the buffer was allowed to flow
slowly through the cell for 1-2 min. Electrical pretreatment of
the electrode was changed through the course of the work. Most
data were taken with pretreatment of the electrode at +0.9 V,
-0.9 V and +0.9 V for 1 min at each potential. Following pre-
treatment, the desired working potential was applied and transient
currents were allowed to decay until steady state was reached.
Decay times were about an hour, although longer times up to two
hours were allowed when very low background currents were
sought. Typical background currents in the potential region
from-0.3 V to —0.6 V were less than 3 nA with noise levels around
+0.3 nA.

Current vs. flow rate data for various conditions were obtained
over flow rates ranging up to about 10 mL/min by adjusting the
Teflon needle valve and reading the recorded current. Current
response for the platinum electrode and 4 uM ferricyanide solution
at pH 7.4 ranged from about 55 to 110 nA over the stated flow
rate range. Blank buffer solutions gave only about 1 nA of current
at an applied potential of -0.3 V.

To delineate i,, vs. V' plots, currents were measured for about
seven flow rates. A least squares calculator program gave the
intercept, slope, and their 90% confidence limits (17). Pulsed
flow analysis was performed by switching between low and high
flow rates of 0.95 and 9.5 mL/min early in the work, and between
0.5 and 5 mL/min for later experiments. This was done by turning
the stopcock on the pulser on and off. Estimates of the current
differences (Ai) were obtained by averaging over five cycles of
low to high flow rates. Ferricyanide solutions g up to 4uM
were measured at an applied potential of 0.3 V. After a change
in flow rate, only 2-3 s were needed to reachieve steady currents.

An alternate solution procedure was devised that consisted of
exchnnging the sample solution and the blank periodically, and
measuring the current difference between them. Here, beakers
conmnmg deaerated blank solution and sample solution were
lly at the sample tube inlet. Except for a 1-s

The Solution Train. The sample solution was contained in
a beaker fitted with a parafilm cap containing two holes: one for
the sample solution inlet of the cell (Figure 1), and another for
ad ion tube that delivered a stream of nitrogen. After exit
from the cell, the sample solution was passed via Tygon tubing
through a calibrated rotameter (No. 9143 Fischer and Porter,
Warminster, Pa.) and a Teflon needle valve to control flow rate.
The drainage end of the tubing was well below the sample solution
beaker, to provide siphoning that produced a steady flow of
solution.

To provide the high and low flow rates needed for pulsed flow
voltammetry, a manual flow pulser was inserted between the
rotameter and the Teﬂon needle valve. The pulser consuv.ed of
two ining a Teflon stopcock and one
containing a length of 'I‘ygon tubmg with a screw clamp. The
low flow rate (about 0.5 mL/min) was achieved with the stopcock
closed, by adjusting the pinch clamp. The high flow rate (5 or
9 mL/min) was achieved with the stopcock open, by adjusting
the needle valve.

The reference solution was also deaerated, siphoned through
glass tubing to the reference electrode cavity, and drained through
Tygon tubing below the reservoir. Reference solution flow was
controlled at about 0.1 mL/min by a screw clamp.

Preparation of Solutions. Tap distilled water was redistilled
once from a basic permanganate solution. All chemicals were
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shut-off time during the exchange, the solution flow rate was
maintained at 3 mL/min. After an exchange of beakers, about
3 min were needed to reachieve steady currents. Estimates of
the current differences were obtained by averaging over three
cycles of solution exchange.

RESULTS AND DISCUSSION

Effect of Electrode Pretreatment on Current-Flow
Rate Data. In general, plots of steady-state current vs. the
cube root of flow rate were highly linear (see Figure 2).
Because the electrode surface was not polished reproducibly,
and because the surface aged slowly over several days after
polishing, day-to-day data showed greater variation than
within-day data. Within-day variations of the slopes and
intercepts were around 5% relative. It is well known that
platinum and gold electrode surfaces are subject to oxidation
at around +0.4 V and +0.9 V vs. SCE respectively (12). A
procedure was therefore adopted for electrochemical pre-
treatment of the platinum electrode by applying +0.9 V and
0.9 V for 1 min at each potential followed by a 10-min
application of +0.4 V where slight oxidation occurs, and then
5 min at -0.6 V to remove any oxide coating. A 5-min ap-
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Figure 2. Current-flow rate plots for different electrode pretreatments.
These plots give some of the slopes and intercepts summarized in Table
1. Curve identification is made with a Roman numeral (day) and a letter
to indicate mode of pretreatment (N is normal) according to Table I.
Conditions: As in Table I

Table 1. Effect of Electrode Pretreatment on
Current-Flow Rate Parameters®

Slope,°¢ Inter-

Pretreatment? nA/(mL/min)""? cept,® nA
DAY I
Normal® 45.4 + 1.7 15.3+ 2.8
Modification A 54.5: 1.0 8.7+ 1.8
Modification B 52.2: 1.9 T.6.2:3:1
Modification A9 43.5+ 2.6 16.0 + 4.3
DAY II
Modification A% 45.9: 1.6 11.7: 2.6
Normal¢ 50.1: 1.6 9.7+ 2.7
Modification C 52.8+ 1.7 7.1+ 28
2-day Av. (std dev) 49.2 (4.2) 10.9 (3.6)

@ Conditions: 4 uM K,Fe(CN), in 0.01 M phosphate
buffer (pH 7.4) at platinum electrode, with applied poten-
tail of - 0.3 V vs SSCE (0.01 M KCl). ® Normal pretreat-
ment is described in text. Modification A: -0.9 V (1
min), +0.9 V (1 min), +0.05 V (5 min). Modification B:
+0.4 V(10 min), -0.6 V (5 min), +0.05 V (5 min).
Modification C: ~0.9 V (1 min), +0.9 V (1 min), -0.9 V
Sl min). € Tabled values include 90% confidence limits.

Preceded by electrode polishing.

plication of an intermediate potential (+0.05 V) preceded the
application of the —0.3 V working potential. The effect of
various modes of electrode pretreatment on the current-flow
rate plot parameters is summarized in Table I. It appears
that there is little difference among the electrochemical
pretreatments, which is the basis for choosing the simple 3-min
treatment (Modification C) in most of the following work.
However, there does appear to be a definite effect of polishing
in reducing the slope and perhaps in increasing the intercept.

Effect of Ferricyanide Concentration on the
Steady-State Current Components. The slopes and in-
tercepts of current-flow rate plots were measured for 10
ferricyanide concentrations over the range 0-40 pM. As
expected from Equation 2, the slope (related to the flow rate
dependent component, i4,;) was linearly dependent on the
ferricyanide concentration. In addition, the flow rate in-
dependent current component (i;,4, as measured by the in-
tercept) was also linearly dependent on ferricyanide con-
centration, as shown in Figure 3. This suggests that i;,4 is
due entirely to transport of the electroactive material, but by
a mechanism different from the radial transport of the laminar
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Figure 3. Concentration dependence of the flow rate independent
current component (i,). Conditions: Various concentrations of
K3Fe(CN)g in 0.01 M phosphate butfer (pH 7.4) at platinum electrode
with applied potential of 0.3 V vs. SSCE (0.01 M KCI)

Table II. Effect of Ionic Strength on Current-Flow Rate
Plot Parameters®

Total

phosphate Slope,®

molarity  nA/(mL/min)'® Intercept,? nA
0.01 54.8 = 1.2 4.6+ 1.9
0.05 62.9 1.1 -1.1:+1.8
0.10 65.1= 0.9 -25+ 1.5
0.05 60.7 =+ 1.1 -0.8:1.8
0.01 50.8: 1.6 7.8+ 2.6

¢ Conditions: As in Table I, except variable phosphate
buffer concentration (pH 7.4). ® Tabled values include
90% confidence limits.

flow regime that gives rise to iy, Axial transport (3), par-
ticularly at the ends of the tubular electrode, would explain
the observed behavior of -{ 4.

Examination of the original data and calculations leading
to Figure 3 shows that i;,4 is obtained by extrapolation, and
that it is only a component of the larger experimentally
measured steady-state current, iy,. (The 90% confidence limits
of the data points in Figure 3 are around *15%, relative).
Consequently i,q is not very precisely measurable by the
simple procedure of this paper. However, if an equally simple
but more precise way could be found, it might prove to be an
easy and rapid way to obtain information on the diffusional
properties of electroactive substances, because the axial
component appears to be diffusion-controlled rather than
convection-controlled.

Effect of pH and Ionic Strength on the Steady-State
Current Components. Measurements in K;Fe(CN)g—
phosphate buffer systems indicated little effect due to pH in
the range 6.4 to 7.4 on the steady-state current components.
Table I shows small but significant effects on the slope and
intercept caused by several-fold changes in ionic strength. For
example, even though small, i;,4 appears to change from
cathodic to anodic as the buffer concentration increases. Since
this effect could be associated with impurities in the phosphate
salts, it was not investigated further. Also, the slope appears
to increase significantly with the ionic strength, perhaps
because of its effect on the diffusion coefficient or kinematic
solution viscosity.

The Gold Electrode. After the 0.3 V working potential
was applied, less time was required for the gold electrode to
reach steady state than for the platinum electrode. The
steady-state background currents (about 0.9 & 0.4 nA) were
also more reproducible. However, the day-to-day response
to ferricyanide was less reliable and more dependent on
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Table III. Current-Flow Rate Plot Parameters for the
Gold Electrode®

Slope,?
Day nA/(mL/min)"’® Intercept,® nA

xe 42.3: 1.8 7.4+ 3.0
2¢ 48.4+ 1.8 1.1+ 3.0
3 40.0+ 2.4 9.2+ 4.0
4¢ 46.5 + 1.3 4.0: 21
b 42.5+ 2.0 6.6 + 3.2
Average

(std dev) 43.9 (3.4) 5.7 (3.2)

@ Conditions: As in Table I. ® Tabled values include
90% confidence limits. € Preceded by electrode polishing.

Table IV. Comparison of Pulsed Flow and Alternate
Solution Procedures®

Pulsed
K,Fe(CN), flow Alt. soln
concn, uM Al nA A, nA
4 39.8 53.5
2 20.5 30
1 10.6 14
0.4 4.5 6.7

@ Conditions: Various concentrations of K,Fe(CN), in
0.01 M phosphate buffer (pH 7.4) at platinum electrode
with applied potential of -~ 0.3 V vs. SSCE (0.01 M KCI).
Pulsed flow rates: 0.95 and 9.5 mL/min. Alternate solu-
tion flow rate: 3.0 mL/min. Characteristics of plots of
the above data (ai vs, K,Fe(CN), concentration) are, for
pulsed flow and for alternate solution procedures, respec-
tively: slopes (nA/uM), 9.8 + 0.2 and 13.8 + 1.9; inter-
cegt,s (nA), 0.74 = 0.47 and 1.2 + 4.4; Sy (nA), 0.19 and
1.8.

polishing. The gold electrode also responded more slowly to
changes from blank to ferricyanide solution. Table III gives
daily measurements on the current-flow rate plot parameters
under conditions similar to those for the platinum in Table
I. Comparison of the average slopes and intercepts in Table
I and Il indicates slightly smaller values for the gold electrode
than for the platinum electrode. However, the differences are
not significant enough to warrant the statement that ferri-
cyanide reduction is inherently easier at the platinum electrode
than at the gold electrode, even though the geometries and
surface finishing of the two electrodes are virtually identical.
Comparison of the Pulsed Flow and Alternate Solu-
tion Procedures for the Measurements of Low Con-
centrations. A comparison of the two procedures is given
in Table IV. It is clear that the precision of the alternate
solution procedure is much poorer than that for the pulsed
flow method. The chief reason for the poorer precision of the
alternate flow procedure was postulated to be that much more
manipulation and a longer time are involved in determining
Ai, which is a difference in current between two different

solutions.
Table V gives the results of a quantitative study of the
dependence of pulsed flow current (Ai) on ferricyanide
ration in the submicromolar region. The plot of Ai
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Table V. Dependence of Pulsed Flow Current upon
Ferricyanide Concentration?

K,Fe(CN),
concn, pM al,nA
4 40.9
2 21.0
1 11.5
0.5 6.5
0.2 3.5
0.1 2.1
0 0.76

@ Conditions: As in Table IV, except that pulsed flow
rates are 0.5 and 5.2 mL/min. Characteristics (with 90%
confidence limits) of plots of ai vs. K;Fe(CN), concen-
tration are: slope, 9.9 = 0.18 nA/uM; intercept, 1.3 =
0.32nA; Sy, 0.32nA.

18 SEC

Al=Tna

Figure 4. Pulsed flow response for 1 uM K,Fe(CN)s. Conditions: 1
1M KFe(CN), in 0.01 M phosphate buffer (pH 7.4) at platinum electrode
with applied potential of -0.3 V. Flow rates: 0.5 and 5.2 mL/min. A
1500-mf capacitor was used across the recorder input to reduce noise
when the flow rate was pulsed

vs. concentration is highly linear up to 4 M, which was the
highest concentration studied. If the limit of detection is taken
to be equal to the background level, or to be the standard
deviation of the individual data points from the straight line,
a value around 0.05 uM is obtained.

Figure 4 is a reproduction of a pulsed flow chart record for
1 uM ferricyanide in 0.01 M phosphate buffer (pH 7.4). The
low blank value and also the reproducibility with which Ai
is measurable indicate considerable promise for pulsed flow
as a method of measuring low concentrations of electroactive
materials.
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Mechanism of Neutral Carrier Mediated lon Transport through
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Analytically rel | carrier b lective for d to a pure cation-response function of the Nicolsky
K*, Ca?*, Na*, LI*, and organic catl pectively were type:

studied. By applying an electrical lal gradient, a cation RT *K.a,'

transference number of nearly 1 wu found. To oiucldah the E=— ln ! ‘,, = const + ] ln [a,

mechanism of this cation permselectivity, electrodialysis ZKa

experiments as well as Interditfusion studies were carried out + Z,,,K,,»a,- ] (2)

on 0.02-cm valinomycin-based solvent polymeric membranes,
using *C-labeled valinomycin and millimolar aqueous solutions
of “K* and *CI. The carrler concentration profile thus
obtained agrees with theoretical predictions. The ion con-
centration levels in the membrane (potassium: ~0.5 mM;
chloride: ~0.006 mM) Indicate the presence of additional

lonl les. Further experiments were p d to study
the nature of these charged sites. They originate from the
aqueous system and offer an explanation for the cation
permselectivity observed, the extraction behavior described
by other authors, as well as for the electric characteristics
of neutral carrier membranes at extreme voltages.

Of the different types of ion-selective membrane electrodes
known so far, liquid-membrane sensors offer a wide range of
accessible ion selectivities. In these electrodes, mobile ion-
selective sites, e.g. ion-selective ligands, dissolved in an ap-
propriate solvent, are interposed between the sample solution
and a reference system. Extremely high selectivities can be
achieved by using neutral ion-specific ligands as membrane
components (I-3). These ion carriers or ionophores have the
property to complex certain ions (usually cations) of the
sample solution and to transport these across lipophilic
membranes by carrier translocation.

In spite of the wide use of carrier membrane electrodes in
analytical chemistry, some facts as to their mode of function
remain obscure. This point was emphasized by Buck (4, 5)
who therefore styled these systems as “‘apparent neutral carrier
membranes” (4). There is no doubt, however, that electrically
neutral complexing agents such as valinomycin, macrotet-
rolides, and related compounds exhibit real carrier properties
for cations in membranes. This is underscored by evidence
from thin lipid bilayer membranes (6, 7) as well as from thick
solvent polymeric membranes (6, 8) (see also below).

The predominant problem is then to explain permselectivity
of carrier membranes for cations, as is observable in both
potentiometric ts and electrodialysis experiments.
This means that a carrier membrane tends to be permeable
for cations only and, accordingly, its electrical properties are
scarcely influenced by sample anions such as chloride. For
an ideal system, the integral transference number of anions,
t,, comes out to be zero and the general relationship for the
zero-current membrane potential (9-11):

ZKa; RT . Zka,'
TKa," t, In

RT
E=(1-t,)—
A-t) g In oF P Tha D

In addition to the parameter t,, the potential-determining
factors in Equations 1 and 2 are: a’,a” = activities of cations
(index i, j), respectively, anions (index x) in the aqueous
solutions contacting the membrane. K, Kj, k. = partition
coefficients of permeating ionic forms. Kj; = K;/K; = se-
lectivity factor for cations of the same charge. z;, z, = charge
of permeating cations and anions respectively; in units of the
proton charge. RT/F = Nernst factor.

Different theories and views are called upon to explain the
origin of cation permselectivity of neutral-carrier-based liquid
membranes.

(a) The fund tal thin brane model by Ciani,
Eisenman, and Szabo (12-14) does not stipulate electro-
neutrality, and cationic carrier complexes therefore may be
the only charged species existing within the membrane.
Hence, permselectivity for cations may be explained by a
complete exclusion of hydrophilic anions from the lipid
membrane. This theory was ex d to thick branes
by Boles and Buck (15) who still assume large deviations from
electroneutrality to occur within the membrane interior (see
also (5)).

(b) A recent suggestion made informally by Buck (5) is that
slow anion interfacial kinetics permit near-Nernstian response
to cations.

The remaining theories (c) to (e) of thick neutral carrier
membranes may be summarized under the general assumption
that the anions present within the membrane are rather
immobile. The reasons for such a behavior may be as follows.

(c) The membrane contains permanent anions that are
chemically bound to the supporting material, as was suggested
by Kedem, Perry, and Bloch (16) (see also (15)).

(d) The membrane contains permanent anions that are
immobilized because of their poor water-solubility (11, 17, 18).

(e) The membrane extracts anions from the sample solution
but the integral mobility of these species across the membrane
is low as compared to the cationic complexes (11, 19-22).

We present here experimental evidence that reveals an
actual mechanism for permselectivity in neutral-carrier-based
solvent polymeric membranes. These results are at variance
with most of the theories mentioned above.

EXPERIMENTAL

Cell A bly. In electrodialysis experiments the cell
consisted of two electrolyte compartments separated by the
membrane or membrane stack studied. The cell shown in Figure
1 was used for all experiments involving radioactively labeled
species. All other experiments were performed in a similar cell
(electrolyte compartment volume: 10 mL) described earlier (20).

Procedures. Permselective liquid membranes consisting
typically of 1 wt % ligand, 33 wt % poly(vinylchloride) and 66
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Figure 1. Cell used for )
(2) Ag/AgCI inthe p
olecuodea were used. (3) Cathode compartment (volume 230 uL)
g ~200 uL solution. (4) Anode compartment
(volume 230 uL) containing ~200 uL electrolyte solution. (5) Cell body
(T enon) (6) Cell support (brass). (7) 4 tightening screws. (8) Con-
g to (the mixing of the half-cell
contents was achieved by shaking the cell with a frequency of about
5 Hz); (A, B, C, D, E) 40 um,
13 mm). (S) Spacer rings (Teflon, thickness: 50 um; lnner dlamele'
9 mm; outer diameter: 13 mm)

wt % phmucmer were used throughout the experiments. Fm the

Figure 2. Ion-selective ligands used. A racemic mixture of the en-

R and S of carrier 5 was used. Carrier 8 is the natural

preparation technique, see (23). ion and ion
of silicone rubber membranes, see (24) Compact b were
40- to 200-um thick. Comp b (stacks) isted

of 5 identical segments each 40 -um thick. In order to facilitate
a swift unstacking at the end of electrodialysis, four 50-um thick
Teflon spacer rings were mounted as a skeleton between the
membrane segments sticking together (see Figure 1). For the
determination of transference numbers, the time-current integral
was measured by means of an integrator and the quantity of the
ion of interest transported to the cathode and anode compartment

of

%Cl as a 0.2 M HClI solution: code CIS.1, The Radiochemical
Centre, Amersham, Great Britain. Butyl-PBD-scintillator cocktail:
Ciba-Geigy AG, Basle, Switzerland.

Apparatus. Digital voltmeter: type LM 1440, The Solartron
Electronic Group Limited, Farnborough, Hampshire, Great
Britain. Microammeter: type 150 B, Keithley Instruments,
Cleveland Ol'uo 44139. Integrator: recorder model SRG/disc

respectively was eval d either by radi ivity ]
(Geiger-Muller and liquid scintillation counters) or by an atomic
sbsorpu'on spectrophotometer. The transference number of an
ion was obtained as the ratio of the charge equivalent of the
transferred species to the ume—current mtegml

For ion profile studies the
on steel sample holders and forwarded to the Genger ~Muller
counting tube. For “C-labeled ligand profile studies, the
membrane segments were dissolved in a mixture of 0.5 mL di-
methylsulfoxide and 0.5 mL toluene before adding 15 mL of
butyl-PBD-scintillator cocktail. For determination of the cur-
rent-voltage curve of a permselective membrane, the two
compartments of the electrodialysis cell were filled with identical
electrolyte solutions. A stepwise decreasing voltage was applied
and the respeclive current, constant in time, was reached after
10 to 60 min.

In mn-exchange experiments, 200-um thick membranes

ted in liquid b electrode bodies (Philips IS 560;
diameter of d b surface: 4 mm) were conditioned
in a 2 X 10 M KCl solution for 48 h (internal filling solution:
2 X 10°* M KCI). Then the inactive sample solution was replaced
by 2 X 10® M **K®CI and the uptake of the labeled ions was
measured as a function of time.

Changes in pH of previously de-gassed electrolytes in quartz
test tubes where carrier membranes had been introduced were
recorded by means of a mini-pH-electrode (Philips type C71/02)
dipped in the argon-flushed sample. For further details see (25).

Reagents. Synthetic carriers: for preparation see (26);
poly(vinylchloride): PVC SDP hochmolekular, Lonza AG, Basle,
Switzerland. Tris(2-ethylhexyl)phosphate (purity: 98%): Merck
AG, Darmstadt, Germany. Dibutyl sebacate (purum), dioctyl
adipate (purum), and tetrahydrofuran (puriss., p.a., 0.025%,
2,6-di-tert-butyl-4-methyl-phenol): Fluka AG, Buchs, Switzerland.
Valinomycin: Calbiochem, Los Angeles, Calif. 90054; *C-labeled
valinomycin: graciously offered by Yu. A. Ovchinnikov, USSR
Academy of Sciences, Shemyakin Institute for Chemistry of
Natural Products, Moscow, USSR. *K as anhydrous K,COj:
obtained by neutron activation (2 X 10" n cm™® s at the

4

Co., Chlcago, Ill Gelger—Muller anti-

det

comcndenoe counting unit:
Laboratories, Edinburgh, Great Bnmn, Iow-background anti-
coincidence unit: type PW 4092, Philips; high voltage power
supply: type PW 4022 and PW 4023, Philips; counting unit: type
ELD 5 and ELB 5, Landis & Gyr, Switzerland; printer: type ERH
1, Landis & Gyr, Switzerland. Liquid scintillatjon counting unit:
Mark I, Nuclear Chicago. Atomic absorption spectrophotometer:
type 300 (graphite cell HGA 72), Perkin-Elmer, Ueberlingen,
Germany.

RESULTS AND DISCUSSION

Evidence for Permselectivity. As a rule all the ana-
Iytically relevant cation-selective neutral-carrier-based lig-
uid-membrane electrodes studied in detail so far exhibit cation
permselectivity in electrodialysis experiments (10, 20, 27-30).
A y of the p ly available information is given in
Table I. It includes data published earlier as well as new
results obtained on membmnes containing the carriers 1—6
(see Figure 2). Throughout, a cation t fi
of nearly 1 (t, = 0; Equatxon 1) is found which is in perfect
agreement with the slope of the electrode response observed
for the same membranes (see Equation 1 and last column of
Table I). In one case (valinomycin in dioctyl adipate) the
transference number for ?K* of 1.02 £ 0.04 is corroborated
by the imul dioch | determination of the
tr b ot' the le anion *Cl- of 0.0004 =
0.0002. It can therefore be concluded that the integral
transference number ¢, for anions (Equation 1) is practically
zero for the systems studied.

Ion and Ligand Profiles in Neutral Carrier Mem-
branes. In order to reveal the mechanism of permselectivity
of neutral carrier b the ration profiles of
cations, anions, as well as ionophores within the membrane
phase were studied. To this end radioactively labeled carriers,

Exdgenbeslsches Institut fir Reaktorforschung, Wiirenli
itzerland) of K,CO; Merck AG, Darmstadt, Germany.
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ti and anions were used in electrodialysis experiments
with stacked sol polymeric b (see Figure 1). The




Table I. Transport Numbers and Slopes of the Electrode Response of Cation P lective Neutral Carrier Memt

Slope of
electrode
s response in
Membrane composition Electrolytes percent of
Cation Ligand; Solvent?d Matrix; Anode Cathode Transf b tical
studied wt% wt % wt % compartment compartment for cations studied? slope
Ca™ 2;3 o-NPOE; 65 PVC; 32 107 M CaCl, 107 M KCl1 0.99 : 0.08 (27) 94 (31)
Ca® 2;3 DBS; 65 PVC; 32 10~ M CaCl, 102 M KCI 1.00 + 0.105 (27)
=
Ca* %3 oNPOE:65 PVCi32 0 0.y mmer 107 MKCI 0.99 = 0.08 (27) 04 (31
S
Ca* 2.3  oNPOE;65 PvCiaz o X 20UMOGCL s mka 0.9 + 0.02 (27) 94 (31)
Ca* 2;3 o-NPOE; 65 PVC; 32 10" M CaCl, 10 M KSCN 0.995 + 0.025 (20) 94 (31)
Ca™ 1;3 o-NPOE; 65 PVC; 32 10 M CaCl, 10 M KCI 1.01 + 0.08 (28) 95 (32)
Na* 4;3 DBS; 65 PVC; 32 10 M NaCl 107 M KCI 0.92 + 0.08 (27, 29) -
Na* 4;3 DMK; 65 PVC; 32 10— M NaCl 107 M KCI 0.92 + 0.061 (27) o
Na® 4;3 o-NPOE; 65 PVC; 32 107 M NaCl 107 M KCI 0.90 = 0.075 (27) 96 (33)
Li* 3;5.8 TEHP;62.8 PVC;31.4 10— M LiCl 1072 M KCI 0.97 + 0.11 97 (34)
Li* 3;5.8 TEHP;62.8 PVC;31.4 10 M LiCl 10° M KClI 1.02 + 0.21 97 (34)
Li* 3;5.8 TEHP;62.8 PVC;31.4 10 M LiCl 10~ M KClI 0.98 + 0.10 97 (34)
K* 6;3 DPP; 67 PVC; 30 107 M KCI 107 M HCI 1.08 + 0 07 (27, 30) Sals
K* 6,5 ) Silicone 107 M KCl 107 M HCI 1.1+ 0.15 (27, 30)
rubber; 95
K* 6;5 Silicone 107 M KCI 107* M HCIO, 1.1+ 0.15 (27, 30)
rubber; 95
K* 6;1 DOA; 66 PVC; 33 9x 10 M KClI 9x 10 MKCI 1.02 « 0.04 100 (35)
PEAH'® 5;1 DOA; 65 PVC; 34 4 x 10" MPEAHCI 4 x 107 M PEAHCI 0.95 : 0.04 (120)° (25)

@ Measured on the membranc specified in the region of ohmic behavior of the current-voltage curve (at low voltage) (20);
95% confidence limits. ® PEAH*: '“C-a-phenylethylammonium cation. ¢ From electrode response in buffered 10" M and
10 M solutions of the ammonium salt; activity coefficients unknown. ¢ o-NPOE: o-nitrophenyloctyl ether; DBS: di-
butyl sebacate; DMK: decylmethyl ketone; TEHP: tris-(2-ethyl-hexyl)-phosphate; DPP: dipentyl phthalate; DOA: di-
octyl adipate.
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Figure 3. Current-time characteristics of neutral carrier membrane. 0
A potential gradient of 20 V was applied to a 200-um thick valino- 1 mole 17!
mycin-based liquid membrane in contact with KCI solutions; the cell zo+
is shown in Figure 1 3
current-time characteristics obtained on a stack of membranes 104
containing '*C-labeled valinomycin (0.99 wt %) in dioctyl
adipate (66.2 wt %)/PVC (32.8 wt %) in contact with 4 X 107 ANION €1°
M KCl is given in Figure 3. One hour after reaching the o0 —

steady state, the electrodialytic transport was stopped and
the membranes were unstacked within 3 min. Identical
experiments were carried out by bringing the membrane stack
(not labeled) in contact with 9 X 10* M *2KCl in the anode
and 9 X 10" M K*Cl in the cathode compartment. The
meast of the radioactivities in the different membrane
sections led to the profiles displayed in Figure 4. As indicated

earlier for a different carrier system (8, 36), an i hore the brane after reestablishing a Tent state was

- 200 um —ﬁ
ESAKeE D[ C[B]AJ®
SEGMENT

Figure 4. lonophore and ion concentration profiles within a valino-
mycin-based liquid membrane (stack). Results represent the lon profies
3 min after interrupting a steady-state electrodialysis. The 95%
confidence limits are given by vertical bars

concentration gradient builds up which is in agreement with
theoretical predictions (20). This is an unambiguous proof
for carrier translocation accompanying the cation transport
and it is a requirement for the back-diffusion of free carriers
to end up in a steady state (20). This back-diffusion is
substantiated by results presented earlier (36). There the
complete decay of the ionophore concentration gradient within

experimentally confirmed for the valinomycin-induced
transport of a-phenylethylammonium ions. These experi-
ments led to a diffusion coefficient for valinomycin of (1.8 £
0.3) X 108 cm? 87! (25).

In a similar experiment of the valinomycin-induced
transport of a-phenylethylammonium ions (8), only the carrier
in the b section cting the anode compartment
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(section A, Figure 1; entry for cations) was labeled. After the
transport experiment, only about 20% of the labeled ligand
drained off section A reached section E (8). This proves an
exchange of ligands during the transport process so that a
carrier-relay mechanism must be operative (25, 37).

According to Figure 4, cations as well as anions enter the
membrane phase. Although this was expected, it is most
remarkable that the overall concentration of cations K*
exceeds by far (factor 85) the one of the sample anions CI".
This fact can be explained only when assuming either dramatic
deviations from electroneutrality or the presence of anionic
species other than Cl” within the membrane phase. The rather
high cation concentration level (see Figure 4) as well as the
relatively low electrical resistance of only about 10° ohm cm?
(25) found for the valinomycin-based membranes studied here
are at variance with the space-charge theory (a) mentioned
above. If anions were completely excluded from the mem-
brane phase, the limiting resistance for a thick membrane
would be (10, 15, 38):

dJ

R = 4n%e,eD

(3)

and the theoretical concentration of cationic charges in the
center of the membrane would be (8, 38):

2n%,eRT
Cm (d/2) = 'W (4)
Inserting the experimental values d = 0.02 ¢cm for the
membrane thickness, D = 1.8 X 10 ® cm* s ™! for the diffusion
coefficient of carrier complexes in the membrane, ¢ = 4 for
the dielectric constant of the membrane, and the fundamental
constants ¢, = 8.85 X 10 " C/V cm, RT/F = 0.0257 V at 25
°C, and F = 96500 C/mol, the following values are calculated:

R, =3.18X 10" Q c¢m?
cm(d/2) = 4.65X 107" mol/em?

Obviously, these values are far from reality and therefore a
space-charge model (hypothesis (a)) appears to be untenable
for thick carrier membranes. The sample anion deficiency
in the membrane phase of around 99 mol % presented in
Figure 4 must be due to anions different from CI".

To differentiate between the other models suggested,

diffusion experiments were carried out. A valinomycin-based
solvent polymeric membrane previously conditioned with 2
X 10* M KCI was brought in contact with 2 X 10" M ¥*K*Cl.
Results of the uptake of labeled ions by the membrane are
given in Figure 5. The number of moles of cations exchanged
is higher by a factor of 35 to 70 than that of the exchanged
anions. The ratio of the slopes of the curves in Figure 5, which
is a measure for the ion-exchange flux ratio, varies from 25
to 80.
If the interdiffusion of isotopes within the membrane is the
rate-controling step, i.e. if there is no kinetic limitation at the
phase boundary, the initial tracer uptake can be described by
(39):

M, = 2Ac, /D, t/n (5)

where M, = amount of labeled ion » in membrane at time ¢
2 0 (mol). A = phase boundary area (cm?). ¢, = concentration
of unlabeled ion v in the membrane in equilibrium with the
aqueous phase at t <0 (mol cm™). D = diffusion coefficient
of ion » in the membrane (cm?s™).

On the other hand, when the tracer transfer from the
aqueous phase into the brane is rate-determining (hy-
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Figure 5. Tkm-dependent uptake of labeled ions from aqueous solution
by a neutral carrier based liquid membrane
was equilbrated with an electrofyte solution containing unlabeled lons.
Curves I and 11 refer to the left-hand scale; curve 11 refers to the blown
up scale on the right-hand side. Vertical bars indicate 95% confidence
limits

pothesis (b)), the initial flux J, across the phase boundary is
given by (20):

J, = kya, (6)
and therefore

M, = Ak,a,t (7)
where k, = rate constant (cm s™') for the transfer of the ion

v into the membrane (including a phase boundary potential
contribution (20)). a, = activity of the tracer in the aqueous
solution at ¢ = 0 (mol cm™).

Equation 7 predicts a linear increase of M, with time (at
least in the initial stage of the diffusion experiment) which
clearly contradicts the curves in Figure 5. According to
Equation 5 we should expect the uptakes of labeled ions » to
be linear functions of v/Z having a slope proportional to c,
v/D,. Sucha time-dependence has indeed been found in our
experiment (see Figure 6) as well as in similar studies on glass
membranes made earlier by Eisenman (39). The ratio of the
slopes of the straight lines in Figure 6 is (cx \/D‘K)/(cu \/D_a)
=~ 40 and compares favorably with the ratio cx/cc; found
previously in Figure 4. Correspondingly, the diffusion
coefficients Dk and D¢ must be of the same order of mag-
nitude and we therefore have no kinetic control of the
preference of K* over CI'. We then have to conclude that
hypothesis (b) is not a likely explanation for the cation
permselectivity.

Since the different sections of the stacked membranes were
prepared under identical conditions from the same batch of
raw material, the chemically bound anions suggested in (16)
(hypothesis (c)) should be homogeneously distributed
throughout the membrane. This is in contrast to the situation
presented in Figure 4. There the difference between the K*
and Cl” concentrations, which represents the apparently
missing anions, varies significantly from section A to E. This,
as well as the indication of cation permselectivity for liquid
membranes prepared only from n-heptane and valinomycin
(40), clearly rules out the fixed-site theory (c). The latter
argument also contradicts hypothesis (d) because lipophilic
anions permanently in the membrane phase can be introduced
only through impurities or additives (17). The anion defi-
ciency documented in Figure 4 is around 1.0 X 10 mol L%
Such high levels of impurities are excluded by select methods
of preparation of cation permselective solvent polymeric
membranes. Therefore, the apparently missing anions in the
membrane phase must originate from the aqueous system.
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sample solution; for the preparation of the

were dissolved in 1 mL ol stabilized tetrahydrofuran (23) (hny\esl
available; stabilized with 0.025% 2,6-di-tert-butyl-4-methyl-phenol). (B)
86-mg membrane in a 0.75-mL sample solution; 2 mL of freshly distilled
tetrahydrofuran (freed from the and other latile sub-
stances) were used to dl the p during
preparation (23)

Mechanism of Cation Permselectivity. Since in addition
to theory (e) there is no clear-cut explanation for the cation
permselectivity left, one has to rationalize the nature of the
dominant anions in the membrane phase as well as their
apparently poor mobility. In agreement with earlier obser-
vations (41), solvent polymeric membranes of the type dis-
cussed are susceptible to water uptake and water permeability.
A 200-pm thick membrane prepared from valinomycin (1.0
wt %), dioctyl adipate (66.2 wt %) and PVC (32.8 wt %)
equilibrated with a 9 X 10* M aqueous KCl solution on each
side shows a water concentration of about 0.15 mol L' and
a water flux of about 1.7 X 10® mol cm™? s!. These values
were obtained by labeling the water with °H. Even membranes
prepared from n-heptane and valinomycin have a water uptake
of around 0.003 mol L™ (25 °C) (42). It is therefore reasonable
to assume that the dominant anions in the membrane originate
from proton exchange reactions involving water. If a freshly
prepared membrane is brought into contact with an aqueous

KCl solution, there is indeed a flux of protons out of the
membrane phase (Figure 7) according to the formal exchange
reaction:

K- (aqueous) + H,O(membrane) = K*(membrane)
+ OH (membrane) + H*(aqueous) (8)

Because of a possible formation of water clusters involving
the OH™ formed by reaction 8, the mobility of these anionic
sites is likely to be low. It may, however, be expected that
a direct electric transference of such sites occurs under extreme
conditions. In Figure 8 a current/voltage diagram including
transference information covering the range from 10 to 70 V
is given. Whereas up to about 30 V the theoretically predicted
behavior of an ideal cation permselective carrier b
is observed, the transference number for K* drops well below
1.0 at extreme voltages. The contribution to the electric
current by C1” with a value of 0.0007 at 70 V is still negligible
(see Figure 8). The remaining 23% contribution to the current
in the electrodialysis experiment at 70 V must then be due
to the transport of charged forms of water.

The mechanism suggested here gives a plausible explanation
for the | extraction behavi nponedbyLevetnLMO)
For a valinomycin-modified hept. and KClI (as
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well as other alkali metal chlorides) in the aqueous sample
solutions, these authors found that the concentration ck of
the extracted cations is a function of the square root of the
sample concentration cx®™. This may be explained by as-
suming the existence of an equilibrium 8 described by

cx X cou X ey™ =const X cx™ X cy, 0 (9)
and
Ck = Con (10)

If the concentration of water cy,g in the membrane phase as
well as the pH of the sample solution remain constant, we
indeed obtain:

¢k prop. Veg™ (11)

The facts presented here lead to the conclusion that the
neutral carrier membrane model developed earlier (20)
(hypothesis (e)) gives the most adequate description of the
observed electromotive and transport behavior. Accordingly,
the origin of permselectivity is the presence of anions of low
mobility in the membrane which can be considered as “fixed"
charges (20). The crucial difference between this theory and
the pioneering model suggested by Kedem, Perry, and Bloch
(16) (hypothesis (c)) rests in the nature of the immobile sites,
which we show as originating from the aqueous system.
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Redox Thermodynamics and Electron Transfer Reactivity of
Heme by Enthalpimetry and Voltammetry

Raymond Bury' and Joseph Jordan*
Department of Chemistry, The Pe h State Uni

The first extensive investigation of the redox thermochemistry
of proloheme Is described. A wealth of thermodynamic In-

was obtained by Judiclously bining results of
p and th tit Hoab. Gibbs free
gles, and of the reduction of ferriheme to

ferroheme have been determined in dimethyiformamide (DMF),
In dimethylacetamide (DMA), and In mixtures of DMF or DMA
and water. The reducing agent was chromous acetate. In
order to segregate solvent effects attributable to the ferro—
ferrlheme half-reaction, the AH, AG, and AS assignments
have been ref d to the ferrocene/ couple whose
energetics are known to be virtually Independent oi solvom
The th dy par ters of the ferroh

redox process exhibited kabl ic trends as
function of position. The results were generally
! with itantly observed effects of solvent-
solute Int tions on electrod: 1 Ral ey
hemical rate were | d by polarography and

cyclic voltammetry.

Oxidation-reduction properties of octahedral complexes of
iron with the equatorial ligand protoporphyrin IX are of
evident biological interest because the prosthetic groups of
hemoproteins (“heme”) are moieties of this type. They are
implicated in crucial physiological functions (I) including
oxygen transport (by hemoglobin), oxygen storage (by
myoglobin), and cellular respiration (via cytochrome c).
Extensive information is available in classical monographs (2,
3) on the standard and formal potentials of metalloporphyrin
redox couples. Because heme tends to dimerize and poly-
merize in aqueous solutions (I, 4-7) many recent electro-
chemical studies have been carried out in the presence of
nonaqueous solvents (1, 4, 8-11) where the situation is not
complicated by aggregation.

Surprisingly, data on the thermochemistry of oxidation—
reduction reactions of heme are cc 1s by their ab:
In fact, only one study on the redox thermochemistry of any
iron porphyrin (viz., of hematoporphyrin) has been reported
in the literature (12). In the present paper, calorimetric results
are presented and discussed involving the heat of reduction
of ferriheme to ferroheme with chromous acetate in the aprotic
solvents N,N"-dimethylformamide (DMF) and N,N"-dimethyl
acetamide (DMA), and in mixtures of these with water.
Concomitantly, Gibbs free energies were estimated by elec-
trochemical methods and corresponding entropies were
computed. These thermodynamic findings were comple-
mented by evaluation of electrode kinetics via cyclic vol-
tammetry yielding illuminating insights on mechanistically
significant solvent effects.

EXPERIMENTAL
General Conditions. Very dilute solutions of ferriheme,

ferroheme, and chromous acetate (in a range between 0.0001 M
and 0.001 M) were prepared in purified solvents (DMF, DMA,

! Postdoctoral Scholar (1974-75) on leave from Umvemté Plerre
et Marie Curie; present d'E 4 place
Jussieu, 75230 Paris Cedex 05, Franoe

ty, 152 Davey L ¥, Uniy

ity Park, F Y la 16802

and mixtures of these with water). Since ferroheme and chromous
acetate were prone to air-oxidation, oxygen was eliminated by
storing all chemicals in an inert atmosphere (nitrogen or argon),
by deaerating solvents and solutions, and by maintaining a su-
pernate of nitrogen or argon in all experiments. Traces of oxygen
were removed from the inert gsses by bubbling through a solution
of dous sulfate. Likewi: ging gases and supernates
were equilibrated by bubbling Lhrough wash bottles containing
solvents of compositions identical with those used in the ther-
hemical and electroch | experiment:

Two types of studies were performed, viz., (I) Investigations
of chemical oxidation-reduction reactions between ferriheme and
chromous acetate. (II) Voltammetric studies of the ferro—fer-
riheme redox couple. All experiments of type I were carried out
in the presence of a 0.01 M sodium salicylate-0.01 M salicylic acid
buffer whose pH is known to be 7.94 in DMF (13). Chromous
acetate proved stable under these experimental conditions, while
it decomposed rapidly (e.g., by reducing water contained in the
solvent) in unbuffered solutions. In experiments of type II, 0.1
M tetraethylammonium perchlorate (TEAP) or 0.1 M perchloric
acid was used as supporting electrolyte. All results reported in
this paper were obtained in a temperature range of (25.00 % 0.02)
°C

Thermometric Enthalpy Titrations. Heats of reaction were
determined by a titration calorimetric method, viz., thermometric
enthalpy titrations (TET). Titration curves were obtained by
monitoring the change in temperature, AT, in an adiabatic cell,
concomitantly with the addition of chromous acetate to ferriheme.
Because solutions were extremely dilute, AT was on the order of
a few millidegrees. A typical “normalized curve” is illustrated
in Figure 1. Temperature increments shown on the ordinate are
values corrected for changes of heat capacity due to the inevitable
changes (e.g., volume increments) occurring during the titration.
AT was normalized to an average heat capacity, k, effective at
the mid-point of the titration. Actual heat capacities were de-
termined by appropriate joule heating calibrations carried out
in situ. Heats of reaction were computed from the ordinate
increment, using Equation 1

Q=kAT=-nAH;® (1)

where @ denotes the number of calories evolved, n the number
of moles reacted at the stoichiometric end point, AH® denotes
a formal heat of reaction which corresponded to infinite dilution
[identified by the superscript “0" (zero)] of the redox reactants
in a specific solvent in the presence of buffer. The crucial
temperature increment, AT, (and the corresponding integral heat,
Q) were assigned with the aid of the self-explanatory extrapolation
shown in Figure 1, which corrects satisfactorily for extraneous
effects. The most important of these were the heats of mixing
as is apparent from the excess reagent line (between the “end
point” and the stop of titrant addition).

Actual titration curves were recorded automatically by de-
livering solutions of titrants at a constant rate from a motor-driven
syringe-buret. Temperature was monitored with the aid of a
thermistor bridge which had the effective sensitivity of a
thousand-junction thermocouple. The bridge unbalance potential
(proportional to AT) was displayed on the Y-axis of a strip-chart
dc millivoltmeter whose time (X)-axis was driven by a synchronous
motor. Taking into account the likewise synchronous titrant
delivery (and the concentration of the titrant), the abscissa was
calibrated in terms of moles of titrant added. Detailed procedures
and instrumentation have been described previously (14).

Entropy and Gibbs Free Energy Assignments. Equilibrium
constants were evaluated from potentiometric titration curves
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Figure 1. Typical normalized thermometric enthalpy titration curve in
DMF. Appreciable slope of excess reagent line is due to the relatively
large heats of dilution in nonageuous solvents of low dielectric constant
(e = 37)

of ferriheme with chromous acetate, which were carried out under
the same conditions as the corresponding thermometric enthalpy
titrations. A conventional platinum indicator electrode was used.
Conditional “formal” Gibbs free energy and entropy values were
computed from the well-known thermodynamic relationships:

AGg°=-RTIn K (2)
AHg’ = AG® + TAS® (3)

Voltammetry. Current-voltage curves of ferriheme and
ferroheme were recorded with the aid of a Model 170 Electro-
chemical System, supplied by Princeton Applied Research Co.,
Princeton, N.J. The indicator electrodes used were the dropping
mercury electrode (DME) or Kemula's hanging drop mercury
electrode (HDME) for classical polarographic measurements and
cyclic voltammetry, respectively. The counter electrode was a
platinum wire of relatively large area. Special care was taken to
minimize uncertainties due to liquid junction potentials. With
this purpose in mind, all electrochemical experiments were
duplicated using two different reference electrodes, viz., (1) A
conventional aqueous saturated calomel electrode (SCE) with an
agar bridge saturated with aqueous KCl. (2) Pantony's silver—
silver chloride half-cell (15) in DMF saturated in potassium
chloride and containing 0.8 M potassium perchlorate with a salt
bridge consisting of a methyl-methyl cellulose gel impregnated
with a saturated solution of tetraethylammonium perchlorate
(TEAP) in DMF.

Experimental potentials of the indicator electrodes DME and
HDME measured against each of the two reference half cells were
intercompared and found to be consistent with directly measured
potential differences (60-80 mV) between the SCE and Patony's
Electrode (PE), when the two reference half cells were connected
via a solvent (pure DMF and/or DMF plus water) containing 0.1
M TEAP. The potential of Pantony’s electrode vs. a normal
hydrogen electrode (NHE) in DMF is known to be +0.279 V (15).
Accordingly all potential assignments reported in this paper have
been referred to the NHE in DMF. This must—naturally—be
taken into account when comparing numerical assignments in the
present ication with our p -y data reported earlier
in Ref. 8, where we referred powntials to the conventional aqueous
SCE. The two sets of data are in satisfactory substantive
agreemenL where mmor differences transpire, the values in the

ion rep the definitive assignments.

Hev,erogeneous electron transfer rate constants (ko; = kpea =
ky), effective at relevant formal potentials, were evaluated (16)
from anodic-cathodic potential peak separations, AE,, observed
on cyclic voltammograms, using the equation

_rDOx ko

L‘DE“l ["DOX"F]Hz - (4)

Bt v
RT
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where y denotes a function of AE, which has been tabulated by
Nicholson (17), v is the potential scan rate in volt per second, D
denotes diffusion coefficients and the subscripts Ox and Red refer
to ferri- and ferro-heme respectively. The transfer coefficient a
was assumed equal to 0.5.

In order to specify the formal potential at which our various
k assignments were effective, the following procedure was used:

(a) Polarographic half-wave potentials (E) ;") in the various
solvents were determined experimentally at the dropping mercury
electrode.

(b) Corresponding reversible half- potentials (E, ;") were

evaluated from the relationships (18, 19)
RT
*P=F,;,,™"+——=1In0. k t 5

E, 1/2 ank n 0.886 0\/5 (5)

(c) Formal potentials, E’, were estimated using the equation:

RT . D

E,, " = Ex° + — ~Red

2 = Eg 4 L In s ®)

Density and Viscosity Measurements and Heats of
Mixing. A Cannon pycnometer (volume = 25.4842 mL at 25 °C)
and an Ubbelhode viscometer were used. These devices were
calibrated with triply distilled water, utilizing the following
“reference values” (20)

=0.99707
= 0.8903 cp

Heats of mixing of water and DMF (and water plus DMA) were
determined by an unconventional procedure, viz., by titrating pure
water into pure DMF, using the same titration calorimeter as in
the thermometric enthalpy titrations described previously.

Chemicals. Triply re-crystallized hemin chloride (FW 651.59),
supplied by Nutritional Biochemical Corporation, Cleveland, Ohio,
served as the source of ferriheme. Ferroheme was prepared from
hemin chloride by controlled potential electrolysis using a vigorous
stirred mercury pool cathode and a Model 61-TR Wenking
Potensiostat. Chromous acetate was prepared from 0.2 M aqueous
chromic chloride which contained 0.05 M sulfuric acid. That
solution was percolated through a Jones reductor column
(amalgamed zinc, 5% mercury) into aqueous sodium acetate,
yielding a red brick chromous acetate precipitate whose com-
position was [Cr(OAc),];H,0. This hydrated dimer was washed
successively with water, ethanol, and ether, pulverized, dried, and
stored under argon. The presence of the water of crystallization
in the compound precluded, naturally, the preparation of
completely anhydrous solutions of chromous acetate in DMF or
DMA. However, since the chromous solutions used in this in-
vestigation were invariably very dilute (<0.001 M) the con-
tamination amounted to 20 ppm or less. This proved tolerable
and results could readily be extrapolated to the pure anhydrous
solvents (see section on Results below).

Solvents consisted of mixtures of N,N"-dimethylformamide
(DMA, dielectric constant = 36,7) or N,N-dimethylacetamide
(DMA, dielectric constant = 37.8) and water. The aprotic solvents
DMF and DMA were painstakingly purified by appropriate
distillation procedures (21, 22).

RESULTS
Thermodynamic Assignments. Experimental findings
actually obtained by potentiometric and thermometric en-
thalpy titrations of ferriheme with chromous acetate yielded
readily AH, AG, and AS assignments for the reaction:

Fe(III) heme + Cr(II) = Fe(II) heme + Cr(III) (7)

Any interpretation regarding solvent effects on the ferri-ferro
heme couple require, naturally, their segregation from effects
due to the chromic-chromous half reaction, which is, in
principle, impossible without extrathermodynamic as-
sumptions. The following procedure was used to circumvent
this difficulty.

(a) Ferricinium was titrated with Cr(II) under the same
conditions (solvent, etc.) as prevailed in Reaction 7. In this



Table I. Thermodynamic Assignments® in Mixed DMF-Water Solvents

Concen- . i ;
A = - - 0 ~
;;ﬁ,;;,;r AGE (kczfl mol™!) AHg(kcal mol™') ‘ASIF“(“]X
in DMF, Reaction Reaction mol-! deg
Cw(mol L") 7 8 9 7 8 9 Reaction 9
0 2.49 0.15 2.34 15.60 3.15 12.35 33.6
1 3.26 0.256 3.00 23.00 3.60 19.40 55.0
2 3.57 0.32 3.20 24.20 3.95 20.25 57.2
3 3.70 0.41 3.29 24.65 4.40 20.25 56.9
4 3.87 0.50 3.37 24.95 4.95 20.00 55.8
5 3.94 0.65 3.29 25.00 6.50 19.50 54.4
6 3.99 0.72 3.27 24.80 5.80 19.00 52.8
8 4.06 0.94 3.12 23.65 7.00 16.65 45.4
10 413 1.05 3.08 20.90 8.45 12.45 31.4
12 4.17 1.18 2.99 17.40 10.40 7.00 13.4

@ The absolute precision of the data (expressed as the standard deviation of the mean of 5 replicates) was + 2 units of the
last significant figure tabulated above. Estimation of the absolute accuracy is not feasible, because comparable independent
assignments are not available in the literature. The data tabulated here are the first known relevant assignments.

Table II. Thermodynamic Assignments® in Mixed DMA-Water Solvents

Concen- . " . "
;;Ml.oln — AGg°(kcal mol™') —AHg(keal mol™') —~ Sp°(cal
in g&: Reaction Reaction mol™! deg™")
Cyw(mol L) 7 8 9 7 8 9 Reaction 9
0 2.80 0.18 2.62 17.70 4.25 13.45 36.3
1l 2.90 0.27 2.63 24.90 4.70 20.20 58.9
2 3.05 0.35 2.70 25.80 5.05 20.75 60.5
4 3.20 0.50 2.70 26.85 6.20 20.65 60.2
6 3.35 0.85 2.50 26.00 18.65 7.35 54.1
8 3.50 1.09 2.41 25.05 15.60 9.45 44.2
10 3.75 1.42 2.33 21.90 10.70 11.20 28.0
12 3.95 1.80 2.15 18.20 3.80 14.40 5.5
@ See footnote a, Table I.
20+
100+ bo
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[9 20 30 30 30
Cy mot-2~!
T —T 86 80 Figure 3. Physical properties of DMF-water solvents as function of
Cy mol: f-! water content (C,)

Figure 2. Heat of Reaction 9 as function of water present (C,,) in DMF
and DMA solvents

manner, effective AH, AG, and AS assignments were obtained
for the process:
ferricinium + Cr(II) = ferrocene + Cr(III) (8)

(b) By appropriately substracting the relevant heats, Gibbs
free energies and entropies of Reactions 7 and 8, thermo-
dynamic assignments were obtained for the hypothetical redox
process:

Fe(III) heme + ferrocene = Fe(II) heme + ferricinium (9)

Thermodynamic parameters of Reaction 9 are not amenable
to direct experimental determination b of the cl

of the standard potentials of the two couples and to slow
kinetics, which, however, presented no difficulty in the case
of Reactions 7 and 8.

(c) Using Strehlow’s hypothesis (23), viz., that the ther-
modynamic parameters of the ferrocene—ferricinium couple
are virtually independent of solvent composition, it was as-
sumed that any solvent effects observed in Reaction 9 reflected
exclusively solvent-solute interactions affecting the ferri-
heme-ferroheme couple.

Data obtained in mixtures of water with DMF and DMA
are summarized in Tables I and II. Results in DMA and
DMF exhibited similar trends which are apparent from Figure
2. Figures 3 and 4 show results of corresponding mea-
SurH ts of physical properties of the solvent mixtures.
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Table III. Polarographic Diffusion Coefficients of Ferriheme (Do) and Ferroheme (Dgeq) in Various Solvents®

Concentration DMF DMA
of water in sol-
vent mixtures, 10¢ Doy 10° Dged 10° Doy 10° DRpeg
Cw(mol L") cmi/s cm?/s Dox/DRrea cm’/s cem’/s Doy/DRed
0 4.9 5.1 1.05
1 5.2 5.2 1.00 5.2 5.3 0.98
2 4.8 5.2 1.08 5.0 5.1 0.98
3 5.0 5.2 1.04 5.0 5.3 0.94
4 4.9 4.8 0.97 5.1 5.0 1.02
5 4.9 5.1 1.05 5.0 5.2 0.96
6 4.7 4.9 1.05 5.0 5.2 0.96
8 5.0 5.5 1.10 5.3 5.4 0.98
10 5.1 5.2 1.02 5.3 5.5 0.96
12 4.9 4.7 0.95 5.5 5.5 1.00
15 5.2 4.9 0.95 5.7 5.9 0.97
18 4.9 5.0 1.02 5.8 6.2 0.94

OH cal/mole
g
-

o
o

1 i
os 10

o

mole fraction of DMF

Figure 4. Heat of mixing of DMF and water as function of mole fraction
of DMF

Electrode Kinetics. Specific (“standard”) rate constants
ky for the electrode reaction:

Fe(III) heme + ¢ = Fe(Il) heme (10)

determined in the present study are plotted in Figure 5 as
function of solvent composition. The same results were
obtained in DMF and DMA solvents in the presence of
comparable amounts of water. Our DMA data agree satis-
factorily with earlier work by Davis and Bynum (24). The
corresponding standard potentials (where ko, = kg = k) are
also shown in the figure. In order to evaluate E° and k; in
the various solvent mixtures via Equations 4, 5, and 6, the
diffusion coefficients of ferriheme and of ferroheme were
required. These were calculated from polarographic diffusion
currents with the aid of Koutecky's expanded Ilkovic Equation
(25). The assignments which transpired are shown in Table
1L

DISCUSSION

The experimental findings are accounted for as follows.

(a) The electroreactive Fe(IIT) heme and Fe(II) heme species
had the axial coordination illustrated in Figure 6. The di-
vergence of the E® and k, plots in Figure 5 when Cy0 <5 M
was due to the chloride abstraction process:

X + H* + X(Fe heme)Cl = HCl + X(Fe heme)X

(where X denotes DMF or DMA) occurring in the presence
of HCIO,, which is a strong acid in DMF and DMA, while HC1
is known to be a weak acid in these solvents (26). In con-
tradistinction, chloride remained axially coordinated (as in
crystalline hemin chloride) in the presence of TEAP. When
Cu,0 > 10 M, both X(Fe heme)Cl and X (Fe heme)X were
converted to H,O(Fe heme)X. This was in complete ac-
cordance with previous reports in the literature (8).
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Figure 5. Sp (formal) electro | rate and cor-
responding formal potentials of the ferri-ferroheme couple in DMF in
the presence of water. Supporting electrolytes are specified on each
curve. C, = concentration of water present

| |
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Figure 6. Axial coordination of electroreactive species in solutions
prepared from hemin chloride. C,, = molarity of water. X = DMF or
DMA. Supporting electrolyte (0.1 M HCIO, or 0.1 M TEAP) as specified

(b) The convergence of the kj values in Figure 5 (top curves)
is paralleled by striking effects in the entropies of Reaction
9, as is apparent from the minimum in Figure 7. Con-
comitantly the solvent properties (heat of mixing viscosity and
density) also exhibit corresponding maxima or leveling features
(see Figures 3 and 4). However, it is worth emphasizing that
specific analytic geometry features in Figures 2, 3, 4, 5, 7 (e.g.,
maxima in plots of physical properties vs. leveling off of rate
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Figure 7. Variation of the entroples of Reaction 9 as function of solvent
composition

constants or formal potentials) are not necessarily the same.
The point we wish to make is merely the qualitative obser-

vation that ch in physical sol properties appeared
to be most drastic in certain d of solvent position
where electrochemical thermody ic and kinetic t

also changed a great deal. The observed solvent property
effects are indicative of changes in liquid structure which are
known to be due to solvent-solvent interactions (27-29). Our
findings suggest that they were matched by corresponding
solvent-solute interactions reflected in electrochemical be-
havior.

Indeed, the trends in the electrode kinetics on the one hand
(Figure 5, top), and in redox thermodynamics on the other
hand (Figure 5, bottom, and Figure 7), both appear to point
to the involvement of the solvent-solute interactions. The
kinetic effects are entirely consistent with an electron transfer
path via the porphyrin ring while the entropy effects can
reasonably be accounted for by the solvation of the periphery
of the equatorial porphyrin ligands (8). It should be noted,
however, that the findings reported in the present paper (per
se!) do not necessarily preclude supplementary effects due
to the involvement of axial coordination orbitals of heme-iron.

Work is in progress to clarify this interesting question.
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Assay of Phenobarbital with an lon-Selective Electrode

Gary D. Carmack and Henry Frelser*

Department of Chemistry, University of Arizona, Tucson, Arizona 85721

A rapid and rellable phenobarbital tablet assay method was
developed based on the potentiometric sensing of the phe-
nobarbital anlon using a coated-wire electrode. The results

btalned are In agi t with the standard USP method,

Phenobarbital (5-ethyl-5-phenylbarbituric acid) is con-
ventionally assayed in pharmaceutical preparations using the
extractive-spectrophotometric procedure specified in the U.S.

Pharmacopeia (I). A number of other analytical methods are
also available including fluorimetry (2), coulometry (3), and
liquid chromatography (4). However, these methods generally
involve the use of more sophisticated instr ion or more
complex procedures and are perhaps best suited to the analysis
of complex mixtures, e.g., human sera.

The development of ion-selective electrodes based on ion
ion syst in this lab y (5-7) and other (8) have
demonstrated that a wide variety of simple and economical
analyses are possible with these sensors.
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This study deals with the application of a coated-wire
phenobarbital electrode based on the ion-pair complex be-
tween phenobarbital anion and the quaternary ammonium
cation, tricaprylylmethylammonium, for the analyses of
phenobarbital solutions. The advantages of using this
electrode instead of previously mentioned methods are
simplicity, speed of analysis, and economy.

EXPERIMENTAL

Materials. ACS Reagent grade chemicals were used except
as noted. Aliquat 3368 (tricaprylylmethylammonium chloride)
was obtained from General Mills Chemicals, Inc. Chromato-
graphic grnde poly(vinyl chloride) powder, epoxy resin (Epon 826),
and curing agent (dlethylenetnamme) were from Polysciences,

Table 1. Selectivity Ratios for Various Anions with
Coated-Wire Phenobarbital Electrodes

Selectwnty
Foreign ion ratio, K4 ;%
Nitrate 0.2
Chloride 0.1
Acetate 0.02
Salicylate 0.7
Sulfate See text
Phosphate See text

@ As defined by the equation: E4 = E4° + 59.2log-
A4 + Kaja;''™) where E 4 is the potential of the pheno-
barbltal e{ectrode a, its ionic activity, and g; the activity
of an anion i of charge n.

Inc. Mallinckrodt sodium phenobarbital was used for p ion
of standard solutions. Decyl alcohol, melting point 5.5-6.5 °C,
was from Eastman Kodak. Chloroform, spectrophotometric grade,
was obtained from Aldrich Chemical Co. Platinum wire (0.07-cm
diameter) was used without special preparation of the metal
surface.

Conversion of Aliquat 336S to the Phenobarbital Form.
Five milliliters of Aliquat 336S were dissolved in approximately
an equal volume of decyl alcohol and equilibrated with four
separate 10-mL aliquots of 0.5 M sodium phenobarbital raised
to pH 9.0 by addition of 0.01 M NaOH. After each shaking, the
aqueous phase was separated and tested for the presence of
chloride with acidified AgNO;. The absence of chloride indicated
complete exchange. The organic phase was washed twice with
deionized water and then centrifuged until a clear liquid was
obtained.

Construction of Electrodes. Coated-wire electrodes were
constructed using the technique as reported previously (5-7).
Weighed amounts of the electroactive material were dissolved
either in a 5% (w/w) solution of PVC in tetrahydrofuran or mixed
with the epoxy mixture (containing equal weights of resin and
curing agent) and the end of a platinum wire repeatedly dipped
into the mixtures until a uniform coating was obtained. This
usually required about three dippings. A greater number could
be tolerated as long as the electrode impedance does not exceed
107 @. The electrodes were cured or air-dried overnight. The
exposed portion of the wire was wrapped tightly with Parafilm
(American Can Co.).

All electrodes were subjected to initial conditioning by soaking
for an hour in a 10 M sodium phenobarbital solution. Im-
mediately before use, the electrodes were soaked in a dilute (ca.
10* M) phenobarbital solution for approximately 15 min. When
not in use, they were stored in air.

An Orion Model 701 digital pH meter was used for all mea-
surements and a Beckman Fiber Junction calomel electrode served
as reference electrode. Calibration curves were obtained using
sodium phenobarbital solutions; the pH was adjusted to 9.6 by
the addition of 0.01 M sodium hydroxide. All potentiometric
measurements were made at 25.0 °C.

Interference Studies. These were carried out by the mixed
solution procedure described previously (5-7). The concentration
of sodium phenobarbital was fixed at 5 X 10° M while the
concentration of interfering anions was varied between 10 to
10" M. A pH of 9.6, chosen to retain the phenobarbital
quantitatively in the anionic form without unduly raising the
concentration of the interfering hydroxide ion, was maintained
for all solutions.

Electrode Analysis of Phenobarbital Tablets. Pheno-
barbital tablets (Eli Lilly and Co.) were analyzed by finely
powdering a batch of not less than 20 tablets. A portion of the
powder, equivalent to about 50 mg of phenobarbital, was
transferred to a 100-mL volumetric flask and diluted to volume
with water. The pH was adjusted to 9.6 with 0.01 M NaOH.
Potentiometric measur: ts were alternately made on this
solution and a standard solution having approximately the same
phenobarbital ration, until a ducible difference in
readings was obtained (+0.1 mV).

USP Procedure. The USP procedure (I) for the assay of
phenobarbital tablets involves successive chloroform extractions
from an acidic phenobarbital solution. Following evaporation of
the chloroform solution, the residue was taken up in an alco-

1578 « ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

holic-borate solution and the UV absorbance determined at 240
nm.

RESULTS AND DISCUSSION

The response characteristics of the electrodes were tested
using solutions of from 0.1 M to 10° M sodium phenobarbital,
pH 9.6. The optimal membrane composition was 70 wt %
Aliquat salt in the PVC films and 50 wt % for the epoxy films.
The PVC coated-wire electrodes gave a linear response (slope
= 55 + 2 mV/log a) from 0.1 M to approximately 10 M.
Coated-wire electrodes using the epoxy films gave slightly
greater sensitivity (slope = 57 mV/log a) and were therefore
used for the tablet analyses. In both types, the sensitivity of
the electrodes rapidly decreases beyond a concentration of
ca. 10 M phenobarbital because of hydroxide ion interference.

The response time of the coated-wire electrodes was fast,
being nearly instantaneous at higher concentrations and
requiring less than 1 min with a 10 * M phenobarbital solution.
The potential readings could be reproduced to better than
+1 mV over the entire concentration range, but the absolute
potential varied daily from 5 to 15 mV necessitating a one-
point restandardization before each run. The useful lifetime
of these electrodes is at least three months.

The interference by other anions was determined from
selectivity studies in which the calculated selectivity ratio, K
(9), is used in evaluating the degree of interference. The
results, summarized in Table I, show that most of the ions
interfered moderately. Sulfate and phosphate gave negligible
interference when present in approximately the same con-
centration as that of phenobarbital but, unexplicably, the
electrode response became unstable when large excesses
(>10-fold) of either ion was present.

The ions listed in Table I were chosen as representative of
potentially low level contaminants in the phenobarbital tablet
preparations. The bulk of the excipient, usually consisting
of a lactose diluent and maize starch or gelatin binders (10),
should not show any interference.

High precision (relative standard deviation of +1.3%)
quality control-type analyses are made possible with these
electrodes because the approximate phenobarbital content of
a tablet is known beforehand. A standard solution containing
this concentration can be prepared and measurements can be
performed repeatedly on it and the sample solution until a
reproducible (£0.1 mV) potential difference is obtained
between the two solutions. Usually, the difference in potential
was within 1-2 mV. So despite an electrode drift of ap-
proximately 1 mV during the course of several determinations,
the relative potential difference remained constant. Samples
exhibiting readings differing from the standard by more than
2 mV can either be rejected or redetermined by preparing a
more closely matched standard.

The results of the potentiometric analyses of phenobarbital
tablets using an epoxy coated-wire electrode are reported in
Table II. In contrast to the 4 h required for assay by the USP



Table II. Comparison of Conventional and Electrode
Method for the Analysis of Phenobarbital Tablets

Electrode method, USP method,

Tablet® mg/tablet mg/tablet
16 mg 15.7 + 0.2% 15.8+ 0.2
32.5 mg 31.9: 0.4 32.1:0.2

@ Concentration as stated by manufacturer. ® Standard
deviation (at least 4 determinations with electrode and 2
with USP method).

method (2), an electrode assay can be accomplished within
20 min. The rapidity with which the assay can be carried out
using the coated-wire electrode makes it practical to perform
the procedure on single tablets, so that tablet-to-tablet
variation could be followed if desirable.

These results clearly show that ion-selective potentiometry

using a coated-wire electrode sensitive to sodium pheno-

barbital is a useful and accurate method of analysis.
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Silver-110 Microgram Sulfate Analysis for the Short Time
Resolution of Ambient Levels of Sulfur Aerosol

Joseph Forrest® and Leonard Newman

Atmospheric Sciences Division, Department of Applied Br

At s 1 m

par d on glass fiber or
quartz mlers have been routinely analyzed for total sulfur at
the milligram level with ''°Ag tracer. The method has been
refined to permit sulfate analyses of <10 ug SO,>. Samples
are reduced with a mixture of HI, H,P0,, and HCI, converting
S0,* to H,S, which Is adsorbed as CdS. Metathesis of CdS
with AgNO, containing tracer '"°Ag Is tollowed by collection
of Ag;Son a b filter and g g In a NaI(Tl)
well counter. Recoveries of ~97% with a std dev of :H%
were obtained with dard sulfate and
were comparable In the presence of quartz or glass-fiber
particulate filters. Compart were made between total and
particulate sulfate in amblent air | ! d at
urban and rural locations, utlllzlng the “"Ag technique. The
hni was also d with a sulfate turbidi-
metric method of analysis.

With the recent awareness that atmospheric particulate
sulfate may be a serious health hazard (I, 2), increased
emphasis is being placed upon control strategies for this
pollutant. An important aspect to the identification of the
significance of this concern is the accurate determination of
the ambient concentration of aerosol sulfur. Critical reviews
on the current state of analytical methodology for sulfate in
airborne particles (3, 4) discuss the limitations of existing
technology. Although real time instrumental sensing of aerosol
sulfate would be the most desirable means for monitoring
atmospheric concentrations, existing techniques are not yet
practical. Consequently, filter collection of airborne par-
ticulates followed by any one of numerous procedures for
sulfate analy the popular recourse. Determination
of total aerosol sulfur is presem.ly limited to direct deter-

Laboratory, Upton, New York 11973

mination on a filter by x-ray fluorescence techniques (5).
Remaining procedures require preliminary extraction by water
prior to analysis. Errors may arise from incomplete extraction
of insoluble sulfates or formation of insoluble sulfates with
certain cations after dissolution (6).

The origin of aerosol sulfate and conversion of atmospheric
sulfur dioxide to particulate sulfur are problems undergoing
extensive scrutiny (7). Aircraft tracking of power plant plumes
(8) and urban and rural air masses (9) over extended distances
from their origin is a popular experimental mode of inves-
tigation. As an example, our participation in the Multistate
Atmospheric Power Production Pollution Study (MAP3S) (10)
requires short-time resolution of atmospheric pollutants for
adequate modeling input. This requirement results in ob-
taining samples for analysis with only a few micrograms of
aerosol sulfate.

Among the many current procedures for measuring ambient
sulfate, the most widely used are probably turbidimetry,
thorin, methyl thymol blue, and x-ray fluorescence. An
exhaustive study (6) of 24-h high-volume samples taken at
three geographical locations and analyzed by the first three
of the above methods indicated acceptable agreement among
procedures. In all cases, the glass fiber filter extracts were
diluted to provide optimum concentrations for each technique.
Additional comparisons were made between thorin, methyl
thymol blue, and x-ray fluorescence on 24-h samples taken
with low-volume (12 L/min) filters. Results revealed dif-
ferences of up to a factor of 2 for individual samples and 1.6
when pooled by sampling site, contrasting markedly with the
high-volume samples. X-ray fluorescence results by two
different laboratories differed by nearly a factor of two. The
need for improvement at these levels seems evident.

A recently-developed technique, ion chr graphy (11,
12), has shown promising capabilities for measuring sulfate
with good precision and sensitivity. The method has not been
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extensively tested with real samples; in addition, specialized
equipment is needed. Total time for analysis would not be
significantly less than for the method proposed in this
publication.

In this paper we describe a technique for direct determi-
nation of low-level (microgram) amounts of total, both soluble
and insoluble, particulate sulfur collected on glass cr quartz
fiber filters with a time resolution for ambient levels of less
than a half hour. Quartz fiber filters were demonstrated to
retain particulates at > 99.9% efficiency, similar to glass fiber
filters, at varying air velocities and particle sizes (13).

Routine analyses have been performed at Brookhaven on
field samples using a turbidimetric procedure with a Tech-
nicon AutoAnalyzer. The results obtained therein were used
as a basis for comparison with the newly devised '°Ag
technique.

PRINCIPLE

Reduction of sulfate to hydrogen sulfide followed by de-
tection of H,S by any one of the many sensitive available
reagents offers an attractive basis for the determination of
total sulfate. Reduction was first proposed by St. Lorant (14)
who employed hydriodic acid for this purpose. He measured
the evolved sulfide colorimetrically as methylene blue. Luke
(15, 16) used a mixture of hydriodic, hydrochloric, and hy-
pophosphorous acids to convert sulfate, followed by iodimetry.
He later increased sensitivity by photometrically determining
sulfur as a suspension of lead sulfide (17). Pepkowitz and
Shirley (18) using Luke's reducing solution, detected mi-
crogram quantities with ammonium molybdate-potassium
thiocyanate solution. Johnson and Nishita (19) analyzed plant
material sulfate as methylene blue with a hydriodic acid,
formic acid, red phosphorous mixture. An extensive study
of hydriodic acid reduction was made by Gustafsson (20) who
applied a medium of hydriodic and hypophosphorous acids
in acetic acid solution followed by methylene biue detection.
Davis and Lindstrom (21) replaced acetic acid with acetic
anhydride to overcome water interference and measured
sulfide with ferric ion and 1,10-phenanthroline.

Thode et al. (22) described a procedure for processing
seawater, minerals, and meteorites to produce highly purified
SO, for #S/%8 isotope ratio mass spectrometry. Yields of
over 99% were obtained in all steps as a prerequisite to avoid
the possibility of isotope fractionation. Seawater sulfate was
precipitated as BaSO, which was subsequently reduced with
a mixture of hydriodic, hypophosphorous, and hydrochloric
acids. Hydrogen sulfide was swept out with a stream of
nitrogen, washed in distilled water, and collected in a cadmium
acetate solution. Because silver sulfide was easier to filter than
cadmium sulfide, the latter was converted to Ag,S by adding
0.1 N AgNO;. The Ag,S was then filtered, dried, and further
processed by combustion to SO, for mass spectrometry.

Adaptation of Thode's procedure plus miniaturization of
equipment enabled us to analyze milligram quantities of
atmospheric SO, and particulate sulfur for *S/%S isotope
ratios (23). Simultaneously, a modification of the reduction
step which took advantage of the normal preparation scheme
and required little additional time was developed to provide
accurate estimations of sulfur levels. This involves the ad-
dition of ""Ag tracer to the standard AgNO;. The sulfide
precipitate filtered on a quartz wool plug was introduced into

-

REDUCTION ASSEMBLY

o » SAMPLE FLASK
b * GAS WASHING TUBE
c e H,S COLLECTOR

Figure 1. Reduction assembly

The above technique required hundreds of micrograms of
material for an accurate analysis. Following, we describe the
extension and testing of the technique for the determination
of <10 ug of sulfate.

EXPERIMENTAL

Reagents. Reducing Solution. Place 816 mL of concentrated
hydrochloric acid, 500 mL of hydriodic acid (48% Baker Analyzed
Reagent) and 245 mL of hypophosphorous acid (50% J. T. Baker
Purified) into a 4-L beaker. Add several boiling chips, cover with
a watch glass, and boil gently for 1.5 h to volatilize any sulfur
contaminants. Cool and store in stoppered bottles.

Cadmium Acetate, 0.1 M (Dihydrate, Baker Analyzed
Reagents). Allow the solution to age for at least 2 days. Filter
through a glass frit filter.

Silver Nitrate, 0.01 M (Baker Analyzed Reagent, 99.9%). Dry
reagent grade AgNO; at 110 °C. Weigh 1.6987 g, dissolve and
dilute to 1 L with doubly distilled water. The solutlon may be
assayed gravimetrically for highest AmL
to 160.3 ug S. Several drops of a concentrated '?Ag solutlon (New
England Nuclear Corp.) are added to give about 80000 counts
min” mL™. Counting 1 mL for 1 min is sufficient to standardize
this solution. With a half-life of 252 days, the solution will
maintain its activity for relatively long periods of time, but may
be renewed with several drops of ''°Ag concentrate.

Nitrogen. Prepurified cylinder nitrogen.

Filters. Cellulose membrane filters 0.22 ym porosity, 25-mm
diameter (Millipore Corp. GSWP 025 00).

Filter Holder. Pyrex microanalysis frit support consisting of
Pyrex funnel and base, fritted glass filter support, aluminum
spring clamp, neoprene stopper (Millipore Corp. XX10 025 00)).
The length of the funnel may be shortened by removing a section
from the center and re-attaching the base to the funnel.

Apparatus. The reduction train, shown in Figure 1, is fa-
bricated from borosilicate glass. Sample and acid are placed in
a 50-mL round-bottom flask with standard taper 24/40 joint and
heated by a micro burner. The stopper assembly contains a side
arm leading to a water-cooled condenser and also a capillary gas
inlet tube, 7-mm o.d. and 1-mm i.d., extending to 2 mm from the
bottom of the flask. Standard taper 19/38 joints are fitted to both
ends of the condenser. Gas is led from the condenser to the gas

hing tube via an bly with two dard taper 19/38 joints

a counting tube and counted in a Nal(T1) well ter. An
aliquot of the '"?AgNO; standard was counted for reference.
From the ratio of sample counts to reference, the weight of
silver, and therefore of sulfur, was calculated. Particulates
collected on glass filters were reduced directly by digesting
the filter plus contents. In this fashion, prior extraction was
eliminated and total sulfate, rather than soluble sulfate, can
be measured.
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and a side arm ending in a 12/30 joint. The gas washing tube
is made from a 50-mL centrifuge tube fitted with a standard taper
19/35 joint. Gas is introduced to the collector tube by a short
piece of glass tubing beginning with a standard taper 12/30 joint
and terminating with a 5-mm inner Luer glass ground joint to
which is attached a Teflon needle with Kel-F Luer hub (Hamilton
Co. KF28TF, 1 ft). A 50-mL centrifuge tube, lengthened by 4
cm, serves as the H,S collector. Tapered joints are lubricated



with silicone grease and fastened with springs.

Nitrogen is supplied to a bank of reduction assemblies from
a 1A cylinder leading to a '/-in. copper tubing manifold. The
Tygon line from the cylinder regulator to the manifold is “teed”
to a fritted disk-gas washing bottle filled with mercury to provide
a constant head pressure. Flow of nitrogen to the individual
sample flasks is controlled by a fine metering valve (Nupro. Co.
B-2MA) followed by a check valve (Nupro Co. SS4C-1/3) to
prevent acid back-up. Tygon tubing connects the check valve
to the gas capillary inlet tube.

11%Ag.S is gamma counted in a 3 in. X 3 in. Nal (T1) well counter
with preamplifier, amplifier, scaler, and timer (Ridl Corp.).

Sample Collection. A conventional (23) 8 X 10 in. high volume
filter assembly has been replaced with 5-in. diameter circular
filters. This permits a higher sample to blank ratio, but at a
sacrifice of absolute quantity of material collected per unit time.
It has been found that the particulates can be collected on Pallflex
tissuquartz 2500QA0 filters (Pallflex Production Corp.), pretreated
with phosphoric acid to neutralize alkaline sites (24). A portion
of the sampled filter is devoted to sulfate speciation. The re-
maining sample available for total sulfate analysis contains 3-50
ug S on 10 in.? of quartz fiber filter.

Procedure. As with any trace analysis, care should be taken
to avoid extraneous cc ination. A the cl d ap-
paratus as illustrated in Figure 1, greasing joints with silicone
grease. Thirty mL of distilled water and cadmium acetate solution
are placed in the gas washing tube and collection tube, respectively.

Cut sample filter into small sections, place into flask (<10 in.?,
50-mL flask; 20-40 in.?, 100-mL flask). Add 25 mL reducing acid
for 10 in.% 50 mL for 20-40 in.2. With water flowing through
condensers, commence N, flow at ~2.5 bubbles s through
washing tube (17 mL min™).

Using a small flame, heat flask gently until boiling begins and
continue for 20 min. Increase N; flow to ~40 mL min* for an
additional 15 min. Again increase flow rate to a vigorous flow
of about 75 mL min! and shut flame. Purge system for 15 min
without heat.

Remove the collector tube and add '*°AgNO; solution: 0.5 mL
for <25 pg S, 1 mL for 25-50 pg S, 2 mL for 50-150 ug S. Place
in a darkened area for 0.5-1 h.

Filter the Ag,S through a cellulose membrane filter. Rinse tube
and wash the filter eight times with water. Wash the Ag,S with

s of i hydroxide followed by five
washings with water.

Remove the filter, fold, and insert into a small sample test tube
precounted for background. Wipe the filtering funnel and
collection tube free of adhering particles with a small piece of
paper tissue and insert tissue into the counting tube.

Count 1.00 mL of "'°AgNO; reagent, equivalent to 160.3 ug S,
in the well counter, and calculate counts min™ pg S. Then count
the sample and calculate the ug S.

Adherence of Ag;S to collection tube walls could be minimized
by filling the tubes with chromic acid cleaning solution between
use. With a bank of 10 distillation trains, total working time per
sample, including sample preparation and clean-up is ~40 min.

RESULTS

Sample handling and transfer, not solubility, are the po-
tential limitations to the utilization of this ''°Ag-Ag,S method.
In order to evaluate the sampling transfer aspects, we added
119A¢NO; to standard sulfide solutions.

Reagent grade Na,S-9H,0 (Mallinckrodt Analytical
Reagent, crystal) was washed, dried and weighed directly.
Based upon the experience of Axelrod et al. (25), this reagent
yields solutions accurately containing 97% of the stated value
and further standardization for our purposes was unnecessary.
One-half mL of """AgNO; was added to varying amounts of
“standard” S* in 25 mL water. After 0.5 h the resultant
colloid was filtered through a 0.22-um membrane filter. The
walls of the tube and funnel were wiped, and the combined
filters and wipings counted in a small test tube for ''°Ag.
Table I indicates that recoveries were quite complete even for
samples containing significantly less than the equivalent of
10 ug of sulate.

Table I. Recovery of Sulfide with Silver-110

ug §*"

Added Found
1.95 1.87
2.91 2.78
4.88 4.87
9.75 9.36

48.8 46.9

=l

9 S RECOVERED

L L L J
0 10 20 30 40

49 S ADDED

Figure 2. Recovery of SO*

Microgram amounts of sulfate were next reduced and
distilled to confirm this step of the procedure. Anhydrous
sodium sulfate (Baker Analyzed Reagent, anhydrous powder,
99.9%) dried at 100 °C, was weighed as a standard to prepare
a 5 mg mL! solution of S. This working standard was further
diluted and aliquots were reduced with the hydriodic, hy-
pophosphorous, hydrochloric acids mixture. Evolved sulfide
was scrubbed with water and collected directly in a '°AgNO;
solution. Erratically high yields were attributed to the re-
duction of Ag* to Ag® probably by volatile products of the
combined acids. It was found necessary to employ 0.1 M
cadmium acetate solution as the absorbant followed then by
the addition of '?’AgNO; to metathesize the CdS to '"°Ag.S.

Recoveries of sulfate were now checked by reducing 3 to
40 pg S for 1 h. Yields averaged 97% = 7.2% rel std dev over
this range (Figure 2).

Corrections for reagent blanks of 0.5 ug S were employed.
These experiments were then repeated by analyzing sections
of quartz fiber filters (6-10 in.?) to which standard sulfate
solution had been added. Filter plus reagent blank corrections
of 0.2 ug S in.”? are required. The results avernged 101% =
5.6% rel std dev. Subseq experi di d that
sample heating time could safely be reduced from 1 h to 35
min with no loss in yields, and this modification was adopted.

In spite of the substitution of cadmium acetate for silver
nitrate as absorbant for H,S, occasional spuriously high results
were still encountered. They were usually accompanied by
the appearance of a silver mirror on the walls of the collector
tube, suggesting that reduction of Ag* to Ag® could still occur.
Davis and Lindstrom (21) mention that phosphorous acid
could decompose when heated with the evolution of phos-
phine. The transferred phosphine could then cause reduction
of the Ag*. Consequently, after precipitation of the CdS and
prior to addition of AgNOj, the system was flushed for 15 min
with N,. The burner was off during the flushing. Evidence
of reduced silver was now absent and the precision of sub-
sequent analyses was markedly improved, to ~£3% rel std
dev.

Among the more abundant and common constituents of
atmospheric particulates, the nitrate ion would be most likely
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Table II. Interference of Nitrate
ug S added Added Found ug S
as SO,*" ug NO, (corrected for blank)
20 50 19.6
20 50 19.2
20 100 19.1
20 100 20.1
Table III. Response to Sulfite
ug S added pug S added ug S found
as 8O,*" as SO,?~  (corrected for blank)
20 ~20 37.9
20 ~20 38.3
20 ~20 39.82
20 ~20 39.1¢

9 In presence of 6 in.? of quartz filter.

to act as an interferent. Accordingly, 20 ug S as sulfate added
to 6 in.? of quartz filter was analyzed in the presence of 50
and 100 ug NO;". The results presented in Table II show no
interference from this source.

Another source of potential interference could arise from
metal cations forming insoluble sulfides which could go
undetected. However, Davis and Lindstrom (21) obtained
complete recovery of sulfate with a similar reducing medium
in the presence of Pb%*, Sn**, and As®*.

Sulfite might be present in ambient aerosols (26, 27) and,
since this technique measures total sulfur, its presence should
be determinable. Approximately 20 ug S from an unassayed
Na,SO; (Baker Analyzed Reagent, anhydrous powder, 99.3%)
solution was added to 20 ug S as SO,*". Results of the analyses,
both in the absence and presence of quartz filters, are
presented in Table III.  As anticipated, sulfite responded
equally with sulfate.

AMBIENT SAMPLES

Virtually all methods for the measurement of aerosol sulfate
in atmospheric particulates depend upon prior dissolution of
soluble sulfate from the collection media. Inasmuch as the
present procedure yields total sulfur by the direct digestion
of the particulates collected on the filter, it is of interest to
discern if differences exist between the soluble and total sulfur.
Atmospheric particulates were collected at BNL for 165 min
with a 8 X 10 in. high-volume sampler on a quartz fiber filter.
Quadruplicate 2 X 3 in. strips were cut from the center of the
filter and reduced directly to obtain total sulfur. Similar
quadruplicate sections were heated with 15.0 mL of water to
extract SO,* and then 5.0-mL aliquots from each were placed
into 50-mL flasks. After addition of several mg of K,COj; to
neutralize any acid, the extracts were evaporated to dryness
and analyzed by the present technique. Total sulfur averaged
93.9 ug S & 7.3% rel std dev as compared to 88.0 ug S £ 7.3%
rel std dev for soluble sulfur. Based upon the Student “t”
test, the difference between total and water soluble SO,* is
not significant in this instance. A substantial portion of the
analytical scatter unfortunately is attributable to the variation
of particulate loading (£5%) across the face of the filter (28).

Further comparison was explored with selected ambient
particulate samples obtained at urban (New York City) and
rural (High Point, N.J.) locations. One-quarter sections of
4-in. diameter quartz filters were available from the New York
City series. A 1-in. diameter circle was punched out from each
filter for total reduction; the balance of the filter was extracted
with 15.0 mL water; a portion of the solution was analyzed
for sulfur by a turbidimetric method (29). A 5.0-mL aliquot
was evaporated for soluble sulfur. The High Point samples
were taken on 8 X 10 in. glass filters. Total sulfur was again
obtained from 1-in. diameter circles and 3-in.? sections ex-
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Table IV. Comparison of Ambient Particulate Sulfate

Total Soluble Turbidimetric
("°Ag) ("°Ag) (AutoAnalyzer)
pugm380,> ugm?80,>” ugm? 80"
New York City
17.2 15.9 26.5
17.1 18.4 19.9
2.42 3.14 23.89
16.5 17.8 17.6
24.2 26.5 24.7
24.1 24.1 26.5
High Point
9.44 9.17 7.39
23.6 20.3 16.4
20.3 20.3 17.8
27.9 27.3 20.4
22.2 26.2 20.0

@ Taken during hurricane weather; high atmospheric sea
spray.

Table V. Comparison of Particulate Sulfate
Measurement Techniques for Samples Taken at
Elevated Altitudes

Turbidimetric

Total (''°Ag) (AutoAnalyzer)
pgm SO,*" pgm™ S0,
5.48 4.64
4.11 7.11
2.84 6.75
3.48 3.70
9.30 8.13
11.8 11.3
12.6 17.8
12.7 16.7
7.84 8.22
12.1 11.9
11.4 13.8
13.2 14.4
1.36 0.98
1.39 0.81
2.25 1.55
4.41 4.70

tracted with 20.0 mL water. Again a portion was analyzed
for SO, by a turbidimetric method and 5.0-mL aliquots were
analyzed for soluble sulfur. Results are given in Table IV.

Comparison of the two '°Ag methods, one measuring total
S, the other soluble S, by the Student “t” test, indicated no
significant difference at the 95% confidence level. Turbi-
dimetric measurements occasionally yielded results which
appear to be obviously in error. Sometimes the differences
were explainable, e.g., the New York City sample taken during
hurricane weather could have unusual interferences introduced
by the high sea spray content. However, comparison of the
turbidimetric sulfate values with either of the two ''°Ag results
by the Student *t" test (omitting the sea spray sample) showed
no significant difference.

The Milwaukee urban plume was sampled with an airplane
as it traversed downwind of the city across Lake Michigan.
These samples were taken on 4-in. diameter filters. Results
of analyses of total sulfur by ''’Ag and turbidimetric soluble
sulfur for some typical samples are presented in Table V.
Comparison of the two methods by the Student “t” test did
not permit a conclusive statement of correspondence at the
95% level.

Plume samples of the Long Island Lighting Co. power plant
at Northport, N.Y., were taken on 5-in. diameter filters and
analyzed by both procedures. Comparison of both sets of data
in Table VI by the “t" test indicates a significant difference



Table VI. Comparison of Particulate Sulfate
M t Techniques for S; les from Northport

Power Plant Plume

Total Turbidimetric
(""°Ag) (AutoAnalyzer)
Distance wgm> 80,  ugm S0

Series 1

Bkgd 1.85 3.80

0.5 5.22 5.33

1 2.13 1.96

3 2.84 3.33

18 0.70 1.61
Series 2

Bkgd 7.06 7.05

0.5 22.8 23.0

1 9.78 16.5

3 11.5 14.1

10 9.20 10.2
Series 3

Bkgd 3.81 5.97

0.5 25.5 28.0

1 19.5 25.4

3 34.8 37.8

10 24.1 27.7
Series 4

Bkgd 8.38 9.08

0.25 69.8 85.8

3 16.3 18.4

10 10.1 11.5
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Figure 3. Composite plot comparing soluble sulfur by turbidimetry and
total sulfur by silver-110

at the 95% confidence level, with turbidimetry showing an
apparent bias toward higher concentrations.

A series of 2-h samples taken atop the 410-ft Brookhaven
meteorological tower with 4-in. diameter filters were subjected
to both methods of analysis, as presented in Table VII. A
significant difference at the 95% level is again indicated, with
turbidimetric results once more being biased toward greater
values.

In Figure 3, turbidimetric soluble sulfur was plotted against
total sulfur by '"°Ag for 91 samples, including some not listed
in the tables, but omitting the sea spray sample. A best fit
least-squares regression line was drawn, using logarithmic
coordinates to give equal weight to all points. A slope of 1.00
was obtained, with a correlation coefficient of 0.941.

The lack of agreement at times between the "’Ag and
turbidimetric procedures by the “t” test may be attributed

Table VII. Comparison of Particulate Sulfate
M. t Techni Py

for Taken on

Brookhaven Tower

Turbidimetric
Total ('°Ag) (AutoAnalyzer)
ugm™ 80, wgm™ 80,

2.18 2.44
2.20 2.60
2.25 2.33
2.04 2.46
6.44 5.17
5.20
4.53
5.60
5.57
5.04
7.02
6.31
8.31
8.64
6.91
6.85
9.58
9.48
6.86
9.62
14.3
16.6
8.21
7.43
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to the propensity of the latter to errors introduced by a variety
of interferences. These results suggest that any uncritical
routine use of turbidimetry for particulate sulfate analyses
may be accompanied by a compromise in accuracy.

DISCUSSION

The capability of the !'?Ag method to accurately measure
microgram quantities of atmospheric particulate sulfur has
been demonstrated. The direct treatment of samples collected
on glass or quartz fiber particulate filters eliminates the
necessity for prior extraction. All aerosol sulfur species are
completely converted to H,S by the mixture of hydriodic,
hypophosphorous, and hydrochloric acids; H,S is efficiently
absorbed by cadmium acetate. The metathesis of CdS by
AgNO; is stoichiometric and quantitative and the employment
of the specific activity of a '"’AgNOj; solution is all that is
necessary to calculate the pg S in the sample.

If the threshold for sulfate detection is taken as a signal
equal to the blank value, it will correspond to a detection limit
of 1.1 = 0.3 and 1.7 + 0.6 ug S for 6 in.? and 10 in.? of filter,
respectively. The BNL airborne 5-in. diameter filter pack can
sample 10 m*® air in 20 min (30). Analyzing half the filter (10
in.?), we can detect 1 ug m® SO,> with this time resolution.
Analytical precision for pure sulfate solution at this level is
~#+10%. However, a value for actual filter samples would
be ~+40% at this level because of the variability in filter
blanks. At 3 ug m™ SO,* and 20-min time resolution, the
precision would improve to £10%. Additional accuracy may
be achieved by longer sampling times or increased flow rates.
Further optimization can only be obtained by finding a
method to reduce the filter blank variability.

Utilizing the '"?Ag method, the data obtained to date in-
dicate no major differences between total and soluble sulfur.
However, when comparing !'°Ag to turbidimetry, discrepancies
do arise, which we attribute to errors in the latter mea-
surements. Although somewhat slower than automated
methods, we feel the ''?Ag technique is less subject to error
and should find a roll in routine use and in addition could be
used as a referee method for the determination of total aerosol
sulfur.
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Determination of Acid POH Groups of Hydrolysis-Susceptible

Esters of Phosphorous Acid

Robert Slegfried
Federal Research Centre for Nutrition, D-75 Karlsruhe, West Germany

Quantitative determination of acid POH groups of hydroly-
sls ptible Is ds of phospt acld, based on the
conductivity In water-free medium Is described. Water-free
methanol ( 7) serves as solvent. It Is very similar to water
and particularly well sulted because of its good dissolving
property, low conducting power, and lonizing power. Phos-
phorous acld Is applied as indicator. The limit of detection for
POH groups Is 0.01 mmol.

As was demonstrated by more than 200 publications during
the years of 1974 and 1975 (2), titration in nonaqueous so-
lutions is a method widely used to solve, in an elegant way,
individual problems such as the determination of acid groups
in samples sensitive to hydrolysis, for instance. Our problem
was to determine the acid groups during the polycondensation
of ethyl-(8-hydroxethyl)phosphite (I).

CoHs =0-P /Q_TH2
LY
0—-CH2
(1)

Acid POH-groups are present only as free phosphorous acid
or as end groups ROPH(—0)OH, since the two-proton
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phosphorous acid cannot contain any more acid POH groups
within a diester chain. Titration using lyes in aqueous so-
lutions, however, leads more or less rapidly to the formation
of another acid POH group and is therefore not applicable.
In a titration using alcoholates (for instance, sodium meth-
ylate) in a water-free medium (for instance, methanol), the
following reactions are supposed to take place in the presence
of free phosphorous acid and its monoesters (diesters do not
react).

H,PO, + NaOR = NaH,PO, + HOR (1)
NaH,PO, + NaOR = Na,HPO, + HOR (2)
[R,OPH(~0)0]" + H' + R,ONa = [R,OPH(~0)0]"

+ Na' + R,OH (3)

‘The reactions can be followed by means of a conductometer.
If the conductivity (') is plotted vs. the quantity (mL) of
alcoholate added, a bend can be expected at the point where
acid H* is completely exchanged by Na*. Partly hydrolyzed
dialkyl phosphite, however, results in a continuous increase
of the conductivity, and it can therefore be assumed that in
methanol all participating electrolytes of Equation 3 have
about the same ionic mobility. Determination is possible,
however, by means of an indicator (in our case: phosphorous
acid), as will be shown below under the paragraph Results and
Discussion.

EXPERIMENTAL

Apparatus. The conductivity was measured at 3 KHz using
a conductometer by F. Bauer, Frankfurt/Main, FRG. A glass
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Figure 1. (a) Conductometric titration curve of H,PO; in water-free
methanol. Titration with sodium methylate. (b) Conductometric titration

curve of H;PO; in water-free methanol. Titrated with lithium-methylate

cell with 2 platinum electrodes of about 0.5 cm? each at a distance
of about 0.7 cm from each other served as measuring cell. The
microtitration apparatus Metrohm that we used consisted of: (a)
a stand, (b) a microburet (accuracy 0.001 mL), (c) a receptacle
of 5 mL with heat regulator and cover (the latter with 5 openings
for thermometer, measuring cell, nitrogen inlet, nitrogen outlet,
and one opening to fill in samples, and (d) a stirring motor.

Reagents. Methanol of the highest quality (Merck) was dried
over molecular sieves and distilled. Its water content after this
procedure was less than 10°% (Karl Fischer titration). The
alcoholates were made out of this methanol and oxide-free metals.
The titration solutions were: NaOCH; 1.7 N, LiOCH; 1.0 N.
Diethyl phosphite (Fluka) of the highest quality was distilled twice
over Vigreux columns under nitrogen. Phosphorous acid (Fluka)
of the highest quality was found to have a purity degree higher
than 99% after aqueous neutralization tltratlon

Procedures. The les (oli ds of the
phosphorous acid esters) 0. 5-1.2 g were welghed into the titration
receptacle under nitrogen and 5 mL of methanol were added. The
receptacle temperature was kept constant at 25 £ 0.1 °C. The
platinum measuring cell, the thermometer, and the nitrogen
supply lead were connected. By using the nitrogen stream, an
access of atmospheric moisture to the apparatus was avoided.
‘Then 17.3 mg of phosphorous acid were added (1-mL solution:
made of 1.730 g phosphorous acid filled up with methanol to 100
mL). The content was vigorously stirred using a Teflon-coated
stirring rod. For the titration, the above alcoholates were used.

RESULTS AND DISCUSSION

Whether or not a titration of the acid protons of phos-
phorous acid in water-free medium is lly feasible, was
tested by titration of water-free H;PO; in methanol. This
titration yielded a curve with 2 bends, shown in Figures la
and 1b.

The consumption of methylate until the first bend cor-
responds precisely to the molar quantity of H3PO; applied
(neutralization of the first acid POH group). The methylate
consumption recorded from the first to the second bend
corresponds as well to the applied molar quantity (neutral-
ization of the second acid POH group). The different gra-
dients of the curve sections facilitate the determination of
intersection points. When lithium methylate is used as ti-
trating solution, Li,HPO, precipitates after the neutralization
of the first acid POH group and after further addition of
lithium methylate. Frequently, however, a supersaturation
occurs in the solution, and in these cases the bend is not sharp
or delayed particularly when the phosphorous acid

8 c D

w conductivity —

Na- methylate —

Figure 2. Conductometric titration curve of a monoaky! phosphite in
water-free methanol with NaOCH, after addition of H;PO,
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Figure 3. Conductometric titration curve of a distillate residue of
xaphospholane. LIOCH,

2-ethoxy-1,2,3-dio; Indicator H,PO,. Titer solution
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Figure 4. Conductometric titration curve of a distillate of 2-ethoxy-
1,2,3-dioxaphospholane. Curve I = 0.5361 g weighed portion, curve
11 = 0.5011 g weighed portion. Indicator HyPO;. Titer solution NaOCHy

obtains A-B which indicates the share of POH groups
(monoalkyl phosphite) in the partly hydrolyzed dialkyl
phosphite.

The accuracy of the method is demonstrated by the fol-
lowing examples. Five determinations using 17.3 mg of HyPO;
were made. The deviations were 0.1 mg H3;PO; at the
maximum per determination, i.e., less than 1%. Also, multiple
detennmatlona of the products obtained by means of poly-

ion Ited in deviations of less than 1% in samples

tration is very low. Sodium methylate is preferable in this
case.

1t is possible therefore to obtain, by addition of HyPO; to
a monoalkyl phosphite, a titration curve with two bends, which
can be interpreted in the following way. The distance A-C
(until the first bend) corresponds to the sum of the acid POH
groups of the monoalkyl phosphite and the first neutralization
phase of the added phosphorous acid. The distance C-D
cor ds to the d lization phase of the added
phosphorous acid. When C-D is subtracted from A-C, one

of about 500 mg. A le of thyl phosphite (for
which we thank Pfliiger) was found to be 99.5% pure. This
finding could be verified by gas-chromatography. 2-Eth-
oxy-1,3,2-dioxyphospholane (I) was prepared according to
Lucas (3). This compound hydrolyzes rapidly and quanti-
tatively with H,O. Increasing (up to molar) quantities of H;O
were added, and the POH groups formed were determined.
The POH groups formed out of the added water corresponded
to the quantity calculated theoretically. The accuracy was
better than 1% also in this case. If an excess amount of H,0
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is added to hydrolysis-susceptible esters, complete hydrolysis
takes place. In this case no water-free titration is necessary
since all POH-groups in aqueous solution can be titrated with
lye. The described method is also suitable to determine
hydrolysis-susceptible samples with a high degree of accuracy.
Figures 3 and 4 show conductometric titration curves.

The method allows one to examine, besides phosphorous
acid and its monoesters, other acids and esters also for the
presence of POH groups.
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Reaction-Rate Method for the Determination of Hydrocortisone

R. M. Oteiza, D. L. Krottinger, M. S, McCracken, and H. V. Malmstadt®

School of C Uniy

A ion-rate hod for the d ination of hydrocortisone
Is described. ‘I'hommodlsbmduponanwdmuonoﬂho
widely ted blue i An lysis time
ofonlyao:ls quired dard deviati olaboul
1% or less are oblained, and the analytical working curves
are linear. Analysis of phar stical skin prep I by

the new rate method gave results which correlate well with
the time-consuming d equilibrium method

The quantitative determination of corticosteroids by various
spectrophotometric methods has been previously discussed

ity of lllinois at Urbana-Champaign, Urbana, lllinois 61801

Table I. Reaction-Rate Result for Different
Measurement Times®

Measurement time, s Rate, AmA/s? RSD, %
1.0 26.5 3.7
5.0 25.6 1.0
10.0 25.2 0.8
15.0 24.8 0.4
30.0 23.7 0.5
45.0 23.8 1.0

@ Analysis of 2.5 mg/dL standard with 15-s delay time.
b Average of 5 determinations on a single sample.

h)droxnde was prepared by dissolving 5 g of tetramethyl-

(1). One of these is based on the reduction of blue tet Li
in an alcoholic solution of a strong base by the a-ketol group

ide pentahydrate (Sigma Chemical Company)
in 50 mL of USP reagent quality, absolute ethanol (U.S. Industrial

on the Cy; side chain of the corticosteroid to form a chr

which has an absorbance maximum at 525 nm. This ab-
sorbance, measured 90 min after mixing the sample with blue
tetrazolium and the base, is then compared to that of a
standard and blank solution to cbtain quantitative information
concerning the steroid concentration in the sample (2, 3). This
is the basis for the official method of the National Formulary
(4) and the United States Pharmacopeia (5).

Graham et al. have studied the blue tetrazolium procedure
and have noted a first-order dependence of the corticosteroid
concentration on the rate of the reaction (6). By employing
the time-saving advantage of reaction-rate methods (7), we
have developed a new procedure which decreases the analysis
time considerably. Results obtained by the reaction-rate
procedure are compared with the official method of the USP
for pharmaceutical skin preparations.

EXPERIMENTAL

Apparatus. The apparatus used for the reaction-rate method
was the automated system described by Malmstadt et al. (8). This
system provides for automatic aliquoting and mixing of sample
and reagent and delivery of the mixed solution into the mea-
surement cuvet (2-cm pathlength 60-uL volume) by means of a

Chemicals Company, Tuscola, Ill. 61953). Different base con-
centrations were prepared from the 5% solution by appropriate
dilution with absolute ethanol. The standard hydrocortisone
solutions were prepared daily by adding 2 mL of the blue tet-
razolium solution to an appropriate volume of the stock hy-
drocortisone solution and diluting to 10 mL with 95% ethanol.

Sample Preparation. Samples were prepared from the
pharmaceutical preparations—creams, gels, and ointments—by
the column chromatographic procedure of Graham et al. (9) in
which the corticosteroid is trapped in the column while inter-
ferences are removed by n-heptane. The corticosteroid is then
removed from the column with chloroform. The eluate obtained
from the column is carefully evaporated to dryness. The residue
from the chloroform eluate is then dissolved in 95% ethanol and
diluted to 25 mL. A 5-mL aliquot is then added to 2 mL of the
blue tetrazolium solution and diluted to 10 mL with 95% ethanol.
This 10-mL solution will be referred to in subsequent discussions
as the sample. Approximately 30 minutes are routinely required
for the sample preparation which provides an interference-free
sample for analysis.

Equilibrium Procedure. The equilibrium procedure was the
official procedure given in the USP XIX (5) with the absorbance
measured 90 min after mixing the standard with the two reagents.

Reaction-Rate Procedure. One hundred uL each of a tet-
ramethylammonium hydroxide solution and the appropriate

stopped-flow unit incorp d in a modular spect

A ratio-recording speclrophotometer (Model 721, GCA/
McPherson, Acton, Mass. 01720) was used for the equilibrium
measurements.

Reagents. A single 10 mg/dL hydrocortisone stock solution
was prepared weekly by dissolving 10 mg of hydrocortisone (Sigma
Chemical Co., St. Louis, Mo. 63178) in 100 mL of 95% ethanol.
A 0.5% blue tetrazolium (Sigma Chemical Company) solution was
prepared by dissolving 0.5 g of blue tetrazolium in 100 mL of
absolute methanol. A 5% solution of tetramethylammonium
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dard or sample are sampled by the automatic syringes of the
stopped-flow module (8). The syringes in the module then drive
the solutions through the mixer and transfer the mixed solution
to the observation cell. The change in absorbance is automatically
monitored at 525 nm during the measurement time and used to
construct a rate curve, working curve, or provide quantitative
concentration information for the pharmaceutical skin prepa-
rations.
For the results presented, the solutions and spectrophotometer
were at ambient temperature in a temperature-controlled lab-
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Figure 1. Effect of y y [(Q) 5%, (+) 3%, (A) 1%, (X) 0.5%, (0) 0.25%] on the rate of reaction

for hydrocortisone concentration of 3 mg/dL

Table 1I. Results Used for Hydrocortisone Reaction-
Rate Working Curve®

Hydrocortisone

concn, mg/dL Rate, AmA/s® RSD, %

1.06 9.5 1.2
1.59 13.8 0.4
2,12 18.3 0.4
2.65 23.1 0.5
3.18 27.7 0.4

% Working curve: Slope = 8.62, intercept = 0.2, r =
0.9998. ° Average of 5 determinations on a single
sample.

oratory maintained at a nominal temperature of 25 °C.

RESULTS AND DISCUSSION
As shown in Figure 1, the rate of the reaction is dependent
on the base strength. The appropriate base strength can be
chosen to provide the degree of sensitivity needed at a
minimum cost per analysis. For our system, good sensitivity
and precision could be obtained in a short measurement time
with the 5% base.

The reaction-rate curves for the five standards with 5% base
over a period of 90 s are shown in Figure 2. A delay of 15
s after mixing was employed before the measurement period
began. This allows for any nonreproducible behavior near the
beginning of the reaction to terminate as shown in the insert
of Figure 2. The optimum measurement time was determined
by using the 15-s delay and varying the measurement of rate
data over various periods from 1 to 45 s. The results are shown
in Table I. It can be seen that the best reproducibility, about
0.4%, is obtained with a 15-s measurement time. Thus, a 15-s
delay and a 15-s measurement time are used for the deter-
minations.

The results obtained for the working curve are shown in
Table II and give a correlation coefficient of 0.9998 and a
relative standard deviation of 0.4 to 1.2%. The working curve
can be generated in about 8 min for triplicate analyses on each
standard. This is more than a factor of 10 less than the time
required to prepare a working curve for the equilibrium
method where a single determination on a standard, sample,
and blank are generally performed (5). Thus, the total analysis
time including sample preparation can be reduced from over
2 h using the equilibrium procedure to slightly over 30 min

Table III.

Concentration,

Hydrocortisone Assay Results of Commercial Skin Preparations

Assay, % of Declared

Preparation % Product type
1 0.5 cream
2 0.5 cream
3 1.0 gel
4 1.0 gel
5 1.0 cream
6 1.0 cream
iy 1.0 cream
8 1.0 cream
9 1.0 ointment
10 1.0 ointment

Reaction rate® Equilibrium® Difference®
70.0 71.0 -1.0
58.8 59.3 -0.5
95.6 94.9 +0.7
94.4 95.4 -1.0
93.6 95.3 -1.7
94.3 93.0 +1.3
95.5 95.1 +0.4
95.5 93.8 + 1.7
91.6 91.5 +0.1
95.5 94.9 +0.6

i
@ Average of 3 determinations on a single sample. ? Average of 2 determinations on a single sample. € % of reaction-

rate - % by equilibrium.
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Figure 3. Reaction-rate curves for hydrocortisone concentrations of 3.18 (O), 2.65 (+), 2.12 (4), 1.59 (X), and 1.08 (0) mg/dL using 1%

tetramethylammonium hydroxide

with the reaction-rate procedure. Table III shows the results
obtained on a series of commercial creams, gels, and ointments
by the new reaction-rate method and the official method for
steroid analysis. Good agreement exists between the two
methods.

Successive serial dilutions on one of the commercial creams
were analyzed by both the reaction-rate and the equilibrium
methods. A direct comparison between the two methods
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yielded a correlation coefficient of 0.9995 and a slope of 1.053.

The stopped-flow module used in this study allowed ob-
servation of the absorbance of the reaction mixture in less than
1 s after mixing. For many laboratories this speed of mixing
and transfer of the solution to the measurement cuvette is not
possible, but by varying the base concentration this short time
is not necessary. Shown in Figure 3 are the reaction-rate
curves for the five standards over 2 min with the 1% base.



Table IV. Reaction-Rate Working Curve® for 1% Base?

Hydrocortisone

conen, mg/dL Rate, AmA/s® RSD, %
1.06 3.38 0.8
1.69 4.92 0.2
212 6.78 2.5
2.65 8.53 2.7
3.18 10.01 0.4

s Workmg curve: Slope = 3.17, intercept = -0.01,r =

0.9993.
measurement time,
single sample.

b Analysis using 30-s delay time and 30-s
¢ Average of 4 determinations on a

By decreasing the base strength, we were able to slow the
reaction so that the reaction-rate curve is linear over a longer
period of time. For the case where a manual mixing operation
must be performed, it may take 30 s or longer to mix the two
solutions and place the cuvette in the spectrophotometer. We
show in Table IV the results obtained for a 30-s delay time
and a 30-s measurement time for the series of standards
analyzed previously. Good precision and a linear working
curve were still obtained, but at twice the previous analysis
time. However, this is still a vast improvement over the
90-min equilibrium procedure.

It should be emphasized that these results were obtained
on an automated spectrophotometric system which incor-
porates several features to ensure high reliability in its
measurements. A beam splitter and reference detector are
employed to correct for light source fluctuations which may
occur during the measurement time (10). The stopped-flow
module provides precisions better than 0.2% RSD for the
aliquoting, mixing, and transfer of solutions to the 2-cm long
observation cell. Finally, control of the spectrophotometer,

acquisition of data, and reduction of these data to provide
quantxtatlve information are all reproducibly performed by

and iated interface electronics. It also
should be noted that the sample and standards were run in
rapid succession, thus precluding the necessity of thermo-
stating the solutions. If standard and sample information are
to be obtained at significantly different times, precise tem-
perature control of the stopped-flow module can be main-
tained (8) over long periods. These factors should be con-
sidered when comparing results obtained with other in-
struments.
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Cyclic and Differential Pulse Voltammetric Behavior of
Reactants Confined to the Electrode Surface

Alan P. Brown and Fred C. Anson*

A. A. Noyes Laboratory, California Institute of Te Pasad

Experlmontal and theoretical cyclic and differential pulse

California 91125

the electrochemical behavior of several reactants that were
bound to the surface of graphite electrodes by strong,
spontaneous adsorption. The experimental data indicated that
differential pulse voltammetry could prove to be a more
sensitive technique than cyclic volt try for exami
the electrochemical behavior of such systems. The advantages
of the former technique are particularly noteworthy when the
quantity of bound reactant is small.

In this paper, more detailed experimental results are

grams are pared for ctants Irr ibly at-

tached to the surface of graphﬁo electrodes. Quantitative
agr t bet: (| t and lheory can be obtalned
only If account Is laken of possibl | behavior In
applying the Nernst |o the attached tants. The
Intentional addition of external P ted resi when
ding diff lal pulse volt leads to significant
Increasuh!heaanlﬂvuyduh hnique for itoring small
quantities of attached An approximat thod Is
described which allows the surf of attached

reactants to be estimated when the quantities present are too
small to yleld discernible cyclic voltammograms.

Electrochemistry with electroactive reactants attached to
electrode surfaces is under active study in a number of
laboratories (I-5). In a recent publication (6), we described

pr d and are compared with theoretical analyses of the
expected cyclic and differential pulse voltammetric behavior
of reactants irreversibly attached to electrode surfaces. To
account for the observed peak heights and wave shapes (e.g.,
half-peak widths), it was necessary to include activity coef-
ficients which depend on the surface concentrations in the
Nernst equation as written for the surface-bound reactants.

One unique virtue of the differential pulse voltammetric

hnique is that enh d sensitivity can be obtained by the

intentional addition of uncompensated resistance to the cell
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circuit. In addition, the dependence of peak currents on the

t of d resistance added provides an
approximate method for determining the surface concen-
tration of the attached reactant.

EXPERIMENTAL

Materials. Electrodes were constructed from both pyrolytic
graphite and vitreous carbon. All of the electrodes used were
cylindrical rods which were sealed onto glass tubing by means
of heat-shrinkable polyolefin tubing (Alpha Wire Co., style FIT
300). With pyrolytic graphite (Union Carbide Corporation, Parma,
Ohio), the electrodes were mounted so as to expose either the
basal-plane surface or the plane edges to the solution. The vitreous
carbon electrodes (Grade GC-A, Tokai, Ltd., Tokyo, Japan) and
the d-edge pyrolytic graphi elecuodes were polished with
an aqueous slurry of 0.5 x4 alumina before use, producing smooth,
shiny surfaces. The basal-plane pyrolytic graphite electrodes were
freshly cleaved with a razor blade just prior to being used. The
exposed electrode areas were 0.2 cm? for the vitreous carbon and
basal-plane pyrolytic graphite and 0.08 cm? for the exposed-edge
pyrolytic graphite.

9,10-Phenanthrenequinone and benzo[c]cinnoline were re-
crystallized twice from benzene and 9,10-anthraquinone-2-
monosulfonate was recryslallized from ethanol. 1,4-Naphtha-
quinone was sublimed just prior to use. Iron protoporphyrin IX

CURRENT, pA

Figure 1. Experi | and ical cyclic grams for 1.9
X 10-"° mol cm2 of 9,10 Im Ibly adsorbed
ona baul—plane pyrolytic graphite electrode. Potentlal scan rate: 50
mV s™'. Supporting electmvyte 1 M HCIO,. (—) expeﬂmemal volt-

chloride (Aldrich Chemical Compan)) was used as ived. Iron
tris(dibenzyldithiocarb ) was p d act g to ref

(7). Its electrochemical behnvmr mawhed that descnbed in
reference (8). Supporting electrolyte salts and buffers were reagent
grade materials used without further purification.

Apparatus. A conventional two-compartment electrochemical
cell was employed. In perchlorate electrolytes, potentials were
measured vs. a sodium chloride-saturated calomel electrode which
has a potential 5 mV more negative than the conventional SCE.

Cyclic and differential pulse voltammograms were recorded
with a Model 174 Polarographic Analyzer (Princeton Applied
Research, Princeton, N.J.). For some experiments, a modified
version of this instrument was used in which the pulse width,
sampling time, and memory time constant could be varied (9).

Methodology. In early experiments it was observed that the
differential pulse voltammetric peak currents obtained with
moderate to high concentrations of attached reactants exhibited
strong and unexpected dependences on the rate at which the dc
potential of the electrode was scanned. This was traced to the
relatively large memory time constant employed in the standard
PAR 174 instrument (10, 11). To obtain differential pulse
voltammetric responses that accurately reflected the true in-
stantaneous currents for which the equations in this paper were
derived, it proved necessary either to restrict the rate of the dc
potential scan to values no greater than 1 mV s or to utilize a
modified version of the PAR 174 (9) in which shorter memory
time cc could be selected. Acceptable values of scan rate
or memory time constant were established by determining the
point at which no significant changes in the peak current resulted
from further decreases in scan rate or memory time constant.

The other experimental settings employed during the recording
of differential pulse polarograms were: Pulse amplitude: 5 mV;
“Drop time™: 0.5 s (i.e. pulse repetition rate: 2s™'). The effective
time at which the current is measured in the unmodified PAR
174 is 48.5 ms.

Most experiments were conducted in solutions containing
0.5-1.0 uM concentration of the adsorbate. At these concen-
trations about 30 min were required for the adsorption to reach
a stable value. If the equilibrated electrodes were washed and
transferred to solutions free of adsorbate, their initial behavior
was identical to that observed in the solution of low adsorbate
concentration. However, with no adsorbate in solution, slow
desorption gradually lowered the surface concentration. To avoid
this desorptive loss, the very dilute solutions of the adsorbates
were usually employed.

Numerical calculations were carried out with a PDP 11/40
computer.

RESULTS AND DISCUSSION
Cyclic Voltammetry. The solid curve in Figure l is a
cyclic voltammogram ded for 9,10-ph h ne
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2. (O) points calculated from Equations 7 and 8 with a nonldoallty
parameter, r, of -2.7 X 10° mol™' cm?

irreversibly adsorbed on a basal-plane pyrolytic graphite
electrode. The area under the curve corresponds to about 1.9
X 107'° mol ¢cm? of the quinone (Q) on the electrode surface.
If the electrode reaction, Equation 1,

Q+ 2" + 2H* = H,Q (1)

is assumed to obey the Nernst equation (written in terms of
the concentrations of Q and H,Q on the electrode surface),
the expected current-potential behavior in cyclic-voltammetric
experiments is given by Equation 2 (12, 13)
n*F v
TR L - @)
RT (1+¢)y

where Iy is the total amount of Q initially present on the
electrode surface, v is the potential scan rate, ¢ = exp[(nF/
RT)(E - E°)], and the other symbols have their customary
significance. It follows that the cathodic and anodic current
peaks will both appear at E°, the standard potential for the
Q/H.Q couple, and will have equal magnitudes given by
Equation 3.

_n*Frw
" 4RT (3)

The dashed curve in Figure 1 is the cyclic voltammogram
calculated on the basis of Equation 2 using the value of 'y
obtained from the area under the experimental voltammogram
(corrected for the background current). The calculated and
experimental voltammograms are quite similar in shape but
the use of Equation 2 does not produce a good quantitative
match. Although the smaller experimental peak currents
could be the result of slow electron transfer kinetics, the lack
of any significant separation of the anodic and cathodic peak
potentials and the lack of asymmetry in the wave shapes [both
of which are also predicted consequences of slow charge
transfer kinetics (14)] do not support such an interpretation.

Another possible explanation for the differences between
the calculated and observed curves in Figure 1 is that the
surface activities of the attached reactants differ from their
surface concentrations, To for such nonideal b 3
surface activities must be used in place of surface concen-




Table I. Nonideality P: and Peak P ials for
9,10-Anth 2 Ifonate Attached to
Various Carbon Electrodes®
Peak
poten-
Total attached tial,®
Elec- reactant, 10°°r, mV vs.
trode? mol em™¢ mol™* cm’d Na SCE
BPG 1.4x 10" -5.86 -208
EPG 1.3 x 107 -4.44 -209
vc 1.1x 10" -6.05 -209

a Suppomng electrolyte was 1 M NaClO,-0.01 M
HCIO,. ° BPG = basal-plane pyrolytic graph:te EPG =
polished exposed-edge pyrolytic graphite. VC= pol-
ished vitreous carbon. ¢ Determined by measuring the
area under a cyclic voltammogram. ¢ Evaluated by fit-
ting the cyclic voltammograms to Equation 8. € Average
of the cathodic and anodic peak potentials; peak sep-
arations were smaller than 10 mV.

trations in writing the Nernst equation for the attached
reactant couple:
Yol'o 4
ap  7rlgr “)
where a, v, and T are the surface activities, activity coefficients,
and concentrations, respectively; the subscripts indicate the
oxidized (O) and reduced (R) forms of the adsorbate. The
existence of nonideal behavior in reversibly adsorbed molecules
is well recognized (I5) and it is not surprising that it should
also occur with irreversibly adsorbed species. Reversibly
adsorbing organic species often exhibit activity coefficients
which are exponentially dependent on their surface con-
centrations (15, 16). The activity coefficients for the two
species on the electrode surface in the present case were
therefore represented as in Equations 5 and 6:

Yo =exp —(rool'o + rorl'r) (5)
Tr = exp —(rgrlr + rrolo0) (6)

roo and rop are parameters which describe the perturbing
influence experienced by a given molecule of attached oxidant
due to the presence of the other attached oxidant and re-
ductant molecules, respectively. rgrg and rgo are the analogous
parameters for a given reductant molecule. A very similar
treatment of the nonidealities encountered in the reversible
adsorption of molecules on electrode surfaces has been utilized
by Laviron (17). As did she, we will neglect the possibility
that the interaction parameters depend upon potential.

Substituting Equations 5 and 6 in Equation 4 and desig-
nating the fraction of the molecules on the surface in their
oxidized form as f, leads to Equation 7:

f

_% _

where ro = roo - ror and rg = rgg - 'ro-

The use of Equation 7 in place of the Nernst equation in
deriving the expected cyclic voltammetric behavior gives
Equation 8 from which the current-potential behavior can
be calculated, using Equation 7 to relate the potential and
the parameter f.

n*Frof(l-1)
RT[1- fTq(ro + rr)(1-1)]
(As expected, Equation 8 red to Equation 2if ro = rg =
0). Important predictions of Equation 8 are that the cathodic

and anodic peak currents have equal magnitudes given by
Equation 9.

@)

n*F v

RT[4- Tqlro + r)l ®)

iP
and the two peak potentials are given by Equation 10
RTTy(ro — rg)

2nF

where E'y g is the formal potential for the attached couple.

Equation 10 predicts that the two peak potentials, while
remaining equal, will shift along the potential axis as a function
of the total concentration of attached reactant unless ro = rg.
We observed constant peak potentials (2 mV) for all of the
reactants examined even though I't was varied by more than
an order of magnitude. For this reason the two nonideality
parameters, ro and rg, were equated in fitting the experimental
current-potential data to Equation 8.

The current-potential data calculated with a value of r =
ro = rg = -2.7 X 10° mol ! cm? in Equation 8 are shown by
the points plotted in Figure 1. The agreement with the
experimental curve is very good. Comparably good fits also
resulted with the other d (see Experimental
section) independent of the particular type of electrode
employed. For example, Table I lists the nonideality pa-
rameter evaluated from cyclic voltammograms for the strongly
adsorbing 9,10-anthraquinone-2-monosulfonate molecule on
three types of electrode. Note that while the value of r
depends on the type of carbon used, the peak potentials are
invariant. This observation adds support to the approximation
made in equating ro and rR in Equauon 8.

Table II lity paramet 1 d for
a variety of reactants that are very strongly adsorbed on
basal-plane pyrolytic graphite electrodes. In every case we
have examined thus far, the current-potential behavior could
be accounted for quantitatively only if a nonideality parameter
was introduced, i.e., no system yielded an r value of zero. The
fact that the values of r in Table II are negative indicates that
the processes responsible for the nonideality act to destabilize
the attached reactants.

Ep,=Ep, =E'op- (10)

£= 1-f exp— l"T[f("o +rR) - rR] (7) Although the origins of nonideal behavior of reactants on
surfaces have been discussed in a variety of contexts (16-20),
Table II. Nonideality Parameters for Several Reactants Attached to Basal-Plane Pyrolytic Graphite Electrodes
Quantity
attached,®
mol cm™* 107°r,
Attached reactant Supporting electrolyte x 10 mol™' em*?
1,4-Naphthaquinone 1 M HCIO, 6.1 -1.6
9,10-Phenanthrenequinone 1M HCIO, 1.9 -27
9,10-Anthraquinone-2-monosulfonate 1M NaClO,-0.01 M HCIO, 1.4 -5.9
Iron protoporphyrin IX 0.1 M Na,B,0, adjusted to pH 10 1.1 -4.0
Iron tris(dibenzyldithiocarbamate) 1M HCIO, 0.5 -3.4
Benzo[c Jcinnoline 1M HCI 1.2 -3.1

@ Determined by measuring the area under a cyclic voltammogram.

Equation 8.

% Evaluated by fitting the cyclic voltammogram to
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Figure 2. Simple equivalent circuit for an ireversibly attached reactant.
R, Is the total uncompensated resistance in the cell and measuring
cbcult Cg4 Is the double layer capacitance, and C, is the faradaic

pseudo-capacitance

none of the previous treatments seems directly applicable to
the cases at hand. We wish to complete additional experi-
ments involving kinetic ts and t ature
variations before speculating further on the physical “basis for
the observed nonideal behavior of the attached reactants.

Differential Pulse Voltammetry. The differential pulse
voltammetric response to be expected with attached reactants
can be usefully discussed in terms of the simple equivalent
circuit given in Figure 2. The parallel combination of the
electrode double layer capacitance, Cy, and the faradaic
pseudocapacitance, Cy, arising from the attached reactant is
in series with the uncompensated cell resistance, R,. The

potential-d dent, faradaic pseud itance can be
expressed as in Equation 11:
dl'p dry d¢
=nF—2 = 210 28
Ci=n dE n a dE (11)

I'o can be calculated from Equation 7 which leads to Equation
12whenr =rg = rg:

S . S
Fo = expin(Ta—2ro)] + £ 12)

Differentiation of Equation 12 and substitution in Equation
11 produces the following expression for Cy:

_nFry_ fa-f)
RT 1-2Cf(1-)

If the amplitude of the potential steps employed in re-
cording the differential pulse voltammogram is sufficiently
small to allow the change in surface concentrations of the
oxidant and reductant to be ignored, the faradaic pseudo-
capacitance can be regarded as constant during the life-time
of each pulse. Making this assumption, and neglecting the
much ller potential depend of Cy, the current flowing
in the circuit of Figure 2 following each potential pulse can
be shown to obey Equation 14.

AE t
-l N 14
=%, P [Ru(cd.+ co] 7

where AE is the magnitude of each potential pluse and ¢ is
the time since its application.

Equation 14 predicts that at any fixed ¢ the largest currents
will result when Cy is largest and according to Equations 7 and
13 C; will reach its maximum value at the standard potential.
In fact, although experiment differential pulse voltammograms
for irreversibly attached reactants exhibit current peaks at
the standard potential, the magnitudes of the peak currents
are typically several orders of magnitude greater than those
calculated from Equation 14. The source of this discrepancy
was traced to the approximation that C; remains constant for
the duration of each potential pulse. Even with pulse am-
plitudes as small as a few millivolts, the value of C; can
undergo significant changes during the life-time of each pulse,

Cy (13)
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Figure 3. Experimental

for 1.9 X 107" mol cm™2 of 9,10-
adsorbed on a pyrolyﬁcgapﬂieebcvodo Po‘lemhlseen
rate: 5 mV s™'; memory time constant of the modified PAR 174
polarograph: 14.0 ms. (a) Experimental voltammogram; supporting
electrolyte: 1M HCIO,. (b) Th
described in the text using a nonideality parameter, r, of -2.7 X 10’
mol™' cm?. (c) Tt forr=0

especially when the dc potential is near the standard potential.
Allowing C; to vary during the duration of the pulse leads to
Equation 15 which cannot be solved analytically.

AE-¢
R\I
where ¢ is the true potential difference across the parallel
combination of C4 and C; with the potential dependence of
the latter being implicitly expressed in Equation 13. Equation
15 was solved numerically by means of a standard fourth-order
Runga-Kutta method (21) as part of a complete numerical
evaluation of the expected differential pulse voltammetric

response.

Figure 3 shows a comparison of such a theoretical volt-
ammogram (curve b) with the experimental voltammogram
(curve a) for attached 9,10-phenanthrenequinone. The values
of r, 'y, and Cy employed in the calculation were evaluated
from a cyclic voltammogram recorded just prior to the dif-
ferential pulse voltammogram. The value of R, used to obtain
\‘.he best fi t shown in the figure compares favorably with

t meast ts of the p ted resistance
(50-100 Q)

Curve c in Figure 3 is the differential pulse voltammogram
calculated by neglecting any nonideality in writing the Nernst
equation, i.e., setting r = 0. Comparing curves b and c in
Figure 3 with their cyclic voltammetric counterparts in Figure
1 shows that the differential pulse response is much more
sensitive to the nonideal behavior of the attached reactants.
The fact t.hat the half- peak widths of the experimental and

lated volt grams in Figure 3 do not match as well
as do the peak currents is probably a reflection of uncertainties
in accounting for the background currents. The circuit in
Figure 2 is not a good model for the background current
observed in the ab of attached reactants. These currents
appear to contain appreciable contributions from faradaic
processes associated with the graphite electrode surface.
Accurate correction for this current is not straightforward
because of its uncertain origin and because its magnitude is
affected by the attachment of reactants to the surface.

d
= [Ca+ C’]d—j (15)
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Figure 4. Experimental cyciic and diferential puise Evs SCE £ s SCE
for 1.2 X 107" mol cm™* of 9,10-pt Figure 5. Cyclic and diNerenual puise votammograms 1oranadao-on
adsorbed on a basal-plane pyrolytic graphite aleclrode Supporﬂng pyrofyuc, p o which app! 4.2 X 107" mol
electrolyte: 1M HCIO,. (a) cyclic d with p of a ruthenium(Il) hed (23).

scan rate of 50 mV s™'. (b) Differential pulse vottammogram recorded
MmapolantalsmnmteonmVs" modified PAR 174 memory time

22.3 ms; ~75%Q. (c)Asin b
except that 2 k2 of addlﬂonal uncompensated resistance was placed
in the measuring circuit

The most important point to note in comparing the dif-
ferential pulse voltammograms in Figure 3, and the cyclic
voltammograms in Figure 1, is that they both yield current
peaks at the same potential, i.e., the formal potential for the
attached reactant couple. This observation coupled with the
ability of the numerical calculation to match the peak currents
and potentials of the differential pulse voltammograms is good
evidence that this technique can be used confidently to
identify quantities of attached reactants too small to be found
with cyclic voltammetry alone. However, it should be em-
phasized that discrepancies between the peak potentials
obtained with the two techniques can result unless the dif-
ferential pulse voltammograms are recorded at scan rates no
greater than 1 mV s~ with the standard PAR 174 instrument
or with an instrument modified to provide a shorter memory
time constant (9).

The small over-shoot at the foot of the calculated differ-
ential pulse voltammograms in Figure 3 arises because the
numerical calculation is approaching a true derivative of the
cyclic voltammogram. Indeed, under certain conditions (small
pulse amplitude, scan rate, and uncompensated resistance),
experimental differential pulse voltammograms having
negative components on one side of the peak have been re-
corded by employing the modified version of the PAR 174
instrument (9) with a memory time constant of a few mil-
liseconds (22). The fact that such behavior is not obtained
under most experimental conditions results primarily from
the slow effective response time of the unmodlf' ed PAR 174

instrument and the larger 1 p lly
encountered.
Effect of U dR The rate of decay

of the current following the application of each potential pulse
decreases as R, increases. So long as R,, is not too large (see
below), the magnitude of the current sampled near the end
of each pulse is correspondingly greater and the more so the
larger the value of C;. Thus, adding external resist in
series with the working electrode can lead to larger differential
pulse voltammetric peak currents and enhanced sensitivity
in the detection of small quantities of attached reactants. For
example, Figure 4 shows a cyclic voltammogram for an
electrode with only 1.2 X 10! mol cm™ of 9,10-phenan-
threnequinone on its surface. The faradaic peaks are now
almost dominated by the background currents. By contrast,
the differential pulse voltammogram for the same electrode

is
Supporting electrolyta 1M CF,COOH. (a) Cyclic vonammwam
Potential scan rate: 50 mV s™". (b) Differential pulse voltammogram.
Potential scan rate: 5 mV s'; memory time constant: 114 ms;
uncompensated resistance: ~ 100 . (c)as In (b) but with 1000 Q
of additional uncompensated resistance placed in the measuring circuit

(curve b, Figure 4) leaves no doubt about the presence of the
attached reactant and when 2 kQ of additional uncompensated
resistance is added (curve c), the response is very large and
easy to measure.

An even more p ive ple of the enh d sen-
sitivity obtainable by the intentional addition of extra un-
compensated resistance to the cell is evident in Figure 5 which
shows the behavior of a ruthenium(II) pentammine complex
covalently bonded to an exposed-edge pyrolytic graphite
electrode (23). The faradaic peaks in the cyclic voltammogram
(curve a, Figure 5) are almost imperceptible. The differential
pulse voltammetric response for the same electrode (curve b,
Figure 5) shows a small, but clearly evident peak and when
an additional 1000 Q of uncompensated resistance is added
to the circuit (curve ¢, Figure 5), the peak is enhanced sig-
nificantly and provides excellent evidence for the presence
of the attached reactant. The implications for the study of
electrodes to which only very small quantities of reactants are
attached seem clear.

Differentiating Equation 14 with respect to R, leads to the
prediction that the current at any fixed sampling time will
reach a maximum at the value of R, given in Equation 16:

[R], = tCa+ Cy! (16)

The plotted points in Figure 6 show the variation in peak
current produced by increasing R, with an electrode to which
9,10-phenanthrenequinone was attached. The predicted peak
current maximum is evident. The solid curve in Figure 6
represents the peak currents of voltammograms calculated
for each value of R, by means of the same numerical procedure
used to obtain voltammogram b in Figure 3. The good
agreement between the experimental and calculated peak
currents is apparent.

When R, is selected to produce the maximum peak current,
the rate of change of I'g (and I'y) is much smaller than when
no uncompensated resistance is intentionally added. The
approximation involved in regarding C; as a constant
throughout the duration of the potential pulse is more justified
under these conditions and the evaluation of C; can then be
used to estimate I'r. The maximum predicted peak current,
(ip)m in plots such as Figure 6 is given by Equation 17.

: AE(Cq4, +
@)= _(—der(C'J_)P—) 17)
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Figure 6. Differential pulse voltammetric peak current vs. the total
in the ring circuit for 1.9 X 10-"° mol
cm? of 9,10-ph ibly adsorbed on a bas-

akplane pyrolytic graphite electrode. Supporting yte: 1 M HCIO,.
Potential scan rate: 5 mV s™'. (@) experimental points; modified PAR
174 memory time constant was 14 ms. (—) peak currents of differential
pulse voltammograms evaluated numerically as described in the text

Where AF is the magnitude of the potential pulse, (Cp), is the
faradaic pseudocapacitance at the peak potential, 7 is the time
after the pulse application when the current is measured, and
e = 2.718. Since (Cy), corresponds to f = 0.5 in Equation 13,
its magnitude is given by

n*Fry
2RT(2 - rT'y) (18)

(Cl>p e

With systems such as 9,10-phenanthrenequinone, which
yield values of (Cy), much larger than Cy, the contribution
of the latter to the peak current given by Equation 17 is
virtually negligible. In such instances the peak current may
justifiably be measured with respect to the extrapolation of
the background current flowing on either side of the peak in
the voltammogram. (This current presumably results from
faradaic processes associated with the oxidation and reduction
of the graphite electrode surface.) Making this approximation
and combining Equations 17 and 18 yields Equation 19

2RT(iy)
B ————ea PO
P vy + WFSE (19)
pim " 2RTre

from which I'y can be calculated if r is known. The value of
(ip)m shown in Figure 6 and the r parameter obtained from
the cyclic voltammogram (r = 2.7 X 10 mol™ cm? were
substituted in Equation 19 with the other known experimental
parameters to obtain a value of I'y of 1.9 X 107*° mol cm™.
The value obtained from integration of the area under the
cyclic voltammogram obtained with the same electrode was
1.9 % 0.2 X 10" mol cm™. Thus, Equation 19 can provide
a reliable estimate of I't when (Cy), » Ca.

Figure 7 shows a differential pulse voltammogram for
attached 9,10-phenanthrenequinone recorded with the value
of R, required to produce the maximum peak current. The
plotted points were calculated numerically as described above.
The excellent agreement shows that the shapes of differential
pulse voltammograms can be understood quantitatively under
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Figure 7. A comparison of experimental and theoretical differential
pulse voltammograms recorded with a value of total uncompensated
(400 Q) P g to the i peak current in Figure
6. (—) experimental am; (@) currents. Ex-
perimental parameters as in Figure 6

conditions where background currents are negligible compared
to the faradaic current resulting from the attached reactant.
Even when the attached reactant is present in quantities too
small to yield discernible cyclic voltammograms from which
the nonideality parameter, r, would be evaluated, Equations
16, 17, and 18 may still prove useful: At sufficiently low
surface concentrations, the second term in the denominator
of Equation 18 will become negligible compared to the first,
concentration-independent term so that a knowledge of r is
not required.

In cases where the double layer and faradaic capacitances
are more nearly commensurate, the peak current measured
with respect to an extrapolation of the background current
will not correspond to the current calculated from Equation
19 because the faradaic and background currents cannot be
separated reliably in this way. A simple, approximate pro-
cedure for obtaining a rough estimate of the surface con-
centrations in such cases is to evaluate C; via Equation 16
using the value of R, corresponding to the maximum peak
current in a plot such as Figure 6 and the effective value of
Cy estimated from the background current in a cyclic volt-
ammogram. The value of I'y is then calculated from Equation
14 by assuming that the surface concentration is low enough
to allow the nonideality parameter to be neglected. For
example, the differential pulse voltammogram shown in Figure
4 corresponds to 1.2 = 0.2 X 10" mol ecm™? of 9,10-
phenanthrenequinone (determined from the area of a cyclic
voltammogram). The value of Cy, estimated from the cyclic
voltammogram was 10 yF and the maximum peak current
resulted when R, was 2.5 k2. These data and Equations 16
and 18 (with r set equal to zero) lead to 1.2 X 107! mol cm™
for I'r. This good agreement is somewhat fortuitous and is
critically dependent upon having an accurate value for the
effective double layer capacitance. On freshly cleaved, bas-
al-plane pyrolytic graphite electrodes, Cy can be determined
with reasonable accuracy. The same cannot be said for
roughened, edge-on pyrolytic graphite, vitreous carbon, or
heavily oxidized graphite electrodes, at least in our hands (23).
However, even in these cases, the differential pulse volt-
ammograms obtained with added uncompensated resistance



produced readily detectable waves where no cyclic voltam-
metric responses were noted. The use of Equation 16 in
estimating attached reactant concentrations for such waves,
while exceedingly approximate, is not likely to produce errors
greater than a factor of five to ten in the calculated values
of T'p.

CONCLUSIONS

‘The primary objective of this study was to demonstrate the
properties of differential pulse voltammetry as applied to
reactants attached to electrode surfaces in order to allow this
highly sensitive technique to be utilized in examinations of
sub-monolayer quantities of attached reactants. The results
have shown that it is possible to provide a semiquantitative
account of the observed differential pulse and cyclic vol-
tammetric responses by introducing concentration-dependent
activity coefficients for the attached reactant molecules.
Having done so, the magnitude of differential pulse peak
currents can be correlated with the quantity of adsorbed
reactant and the peak potentials with the standard potentials
of the reactant couples. Tests of the equations and suggestions
presented here are under way with a wider variety of attached
reactants in order to verify more precisely the ranges of their
validity.
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lon-Exchange Separation and Determination of

Calcium and Magnesium

Michael D. Arguello and James S. Fritz*

Ames Laboratory-ERDA and Department of Chemistry, Iowa State University, Ames, lowa 50011

Magnesium(II) and calclum(II) are separated from each
other and from several other metal lons by ion-exchange

aphy on a sulfonated resin of 1.8 to
2.0 mequiv/g capacity. The eluent ls 1 M ammonium chloride
or 0.03 M ethyl hioride. The separated metal
lons are detected automatically with a color-forming reagent
and are quantitated with the aid of a callbration plot.

The separation and determination of calcium and mag-
nesium has been a problem of continuing analytical interest
because of the many kinds of materials in which significant
amounts of these two elements occur together. Cation-ex-
change procedures for separation of calcium and magnesium
have included elution with hydrochloric acid (I-3), ammonium
chloride (4), ammonium acetate (5), ammonium acetyl-
acetonate (6), EDTA (7), ammonium lactate (8), and pH-5
a-hydroxybutyric acid (9). These procedures are rather slow
and are not readily adaptable to automatic detection of the
eluted metal ions. Ion exchange with forced eluent flow and
automatic detection of eluted species has been successfully
used for separation of a number of metal ions. Fritz and Story
(10) used spectrophotometric detection after addition of a

color-forming reagent. Small, Stevens, and Bauman (11)
employed conductance detection after removal of eluent ions
on a “stripper” column. Freed (12) used flame emission for
detection of calcium, strontium, and barium separated on a
Zipax SCX cation exchanger.

A method is now given for rapid separation of calcium and
magnesium from each other and from other metal ions. The
separation is done on a column containing a sulfonated
macroporous resin of low capacity. The elution curves are
recorded using a unique color-forming system and spectro-
photometric detection.

EXPERIMENTAL

Apparatus. The liquid chromatograph has been described
previously (13) and is shown schematically in Figure 1. A Milton
Roy minipump (Model 396) and a Chromatrix CMP-2 metering
pump were used for solvent delivery as well as for delivery of
buffered color-forming reagent.

Columns were constructed from lengths of 4-mm i.d. Pyrex
tubing onto which Altex 200-28 glass connectors had been fused.
The use of Viton O rings between the polypropylene bushings
and caps of the glass r that were
both leak-tight and ch lly inert. All plumbi
(tubing, tube-end fittings, couplings, plugs,\ees valves, aample
loops, etc.) used were either purchased from Laboratory Data
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Figure 1. Block diagram of forced-flow chromatograph

Control or Altex or were constructed in the Ames Laboratory
shops.

Reagents. Stock solutions (0.01 M) of metal ions were prepared
from the best available grade of metal salts. In most cases reagent
grade chloride salts were used but in a few cases it was necessary
to use metal oxides or other salts. Sufficient hydrochloric acid
was added to each stock solution to prevent hydrolysis.

Ethylenedlnmmomum chlonde (en-2HC!) was prepared by
di 1g 100 g of ethyl! ine (J. T. Baker) in 1 L of distilled
water. The solution was cooled in an ice bath and 330 mL of
concentrated hydrochloric acid (Dupont reagent grade) was added
slowly with stirring. The en-2HCI was crystallized by the addition
of 2-propanol, filtered with suction, washed with acetone, and air
dried.

Resin. Partially sulfonated XAD-2 was prepared by a pro-
cedure similar to that described by Fritz and Story (10).

A 5- to 10-g portion of the 250-325 mesh fraction was suspended
in concentrated sulfuric acid (Dupont Reagent grade) and stirred
for 30 min at 102-103 °C. Close control of temperature was
maintained by means of a well regulated, electrically heated oil
bath. The capacity of resin was 1.8 to 2.0 mequiv/g.

Color-Forming Reagents. To prepare Arsenazo I reagent,
121.1 g of THAM (Tris(hydroxymethyl)aminomethane) was
dissolved in approximately 750 mL of distilled water. Sufficient
concentrated hydrochloric acid was added to adjust the pH of
the solution to 9.0 and the volume was made up to 1 L using
distilled water. Then 0.100 g of Arsenazo I was added with stirring.
The resulting solution could be used immediately and was stable
at room temperature for a month or longer.

PAR reagent was prepared by dissolving 0.100 g of PAR
(Eastman No. 7714) in 1 L of THAM-HCI buffer (pH 9.0).

A stock solution of Zn(EDTA) was prepared by reacting
stoichiometric amounts of zinc and EDTA stock solutions. The
correct ratio was determined by prior titration of the zinc stock
solution with the EDTA stock solution using xylenol orange as
indicator at pH 5. Several NaOH pellets were added to each liter
of freshly prepared solution to raise the pH sufficiently to prevent
the precipitation of the free acid form of EDTA. The Zn(EDTA)
concentration of the final solution was 7.65 X 10 M.

mL of this solution was added to each liter of PAR reagent
and the final solution was made 0.200 M in sodium hydroxide.
‘The resulting solution of PAR-Zn(EDTA) reagent was 4.43 X 10*
M in PAR and 3.64 X 3.64 X 10* M in Zn(EDTA) and the pH
was approximately 12.

Detection Wavelength. A wavelength setting of 590 nm was
chosen for use in conjunction with Arsenazo I and a setting of
495 nm for use with PAR-ZnEDTA.

Column Parameters. In general a column 7 cm X 0.4 cm was
filled with 250-325 mesh sulfonated XAD-2 resin, 1.8 to 2.0
mequiv/g. An eluent flow rate of 2 mL/min was usually employed.
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The flow rate of color-forming reagent was usually 0.5 mL/min.

RESULTS AND DISCUSSION

Resin. A highly cross-linked resin that does not swell or
shrink appreciably is best for column separations where the
eluent is under pressure. The resin used here (XAD-2) is a
highly cross-linked macroporous polystyrene which has been
sulfonated under mild conditions. This results in a resin with
excellent exchange kinetics and with lower capacity than
conventional resins. The lower ity (1.8 to 2.0 mequiv/g
of air-dried resin) permits use of more dilute eluents than
would be needed with conventional resins. With commonly
used eluents, the separation factor for calcium/magnesium
is also more favorable with the sulfonated XAD-2 resin.

Eluent. Hydrochloric acid and several ammonium salts
were tested as eluents for separation of calcium and mag-
nesium on sulfonated XAD-2 resin. Of these, ammonium
chloride is the best with a separation factor for calcium/

ium of approximately 4.0 with 0.6 M ammonium
chlonde (Flgure 2). Several column separations of calcium
and magnesium were achieved using 0.8- to 1.0 M ammonium
chloride as the eluent.

Ethylenediammonium chloride, first proposed as an eluent
by Fritz and Karraker (14, 15), is a 2+ cation and is more
effective in eluting metal cations than the usual eluents
containing 1+ cations. Thus a 0.035 M solution of ethyl-
enediammonium chloride is roughly as effective for eluting
calcium and magnesium as a 1.0 M solution of ammomum
chloride. The lower ration of ethylenedi
chloride eluent also permits a more sensitive detection of
calcium and magnesium with color-forming reagents than the
ammonium chloride eluents. Distribution coefficients of
several metal ions are plotted as a function of ethylenedi-
ammonium chloride concentration in Figure 3.

Color-Forming Reagents. Solutions of the following
indicators were checked for sensitivity of color-forming re-
action with calcium and magnesium at 9 different pH values
from pH 4.2 to 12.0: Arsenazo I and III, Sulfonazo III,
Methylthymol Blue, Titan Yellow, Murexide, sodium rho-

Erioch Black T, Chlorophosph and TAR.
Of these, Arsenazo I appeared best suited for use in the




Table I. Effective Molar Absorptivities, M-' em~'

Color-Forming Reagents

Metnl Arsenazo | Arsenazo [
ions (0.8 M NH,Cl)® (0.03 M en- 2HCI)? Arsenazo I PAR-Zn(EDTA)
Mg 1900 4600 8300 17 000
Ca 870 1700 6800 22000
Sr 2500 19000
Ba == 1400 18 000
@ Values in parentheses refer to background electrolyte.
Table II. Ch tographic Separation and Deter of Calcium and Magnesium
Ratio of other Mg, vg Ca, ug
Other ion ion: Caor Mg Taken Found Taken Found
Li* 50 25.0 24.0 41 41
Na* 50 25.0 27.2 41 39
K* 50 25.0 22.6 41 40
NH,* 50 25.0 24.6 41 38
Sr?* 0.1 25.0 24.6 41 42
Ba’® 1 25.0 23.8 41 41
Be’*, Al** 1 23.8 23.8 41 41
Cd*-, Co?*, Cu?’, Zn** 1 each 25.0 41 40
UO0,**, Fe’*, Mn** 1 each 25.0 41 44
Ni** 1 25.0 41 42
Er®*, Yb**, Nd** 0.75 each 25.0 25.6 41 41
H,PO,- 25 25.0 24.0 41 39
H,PO," 2.5 25.0 25.5 41 41
300 5
oQ
200t F J FI
e
©s
. 100t 2=
= =
8 \\'Qo Mg
£ S0t 0.8 '9'00 _ a
€ 30 2 |
© 20t 07 I ‘: |
é | | ‘ ® l
5 1o- 06 I ‘ z “
c 3 [ ]
- s} 9 ‘ | o
&5” » 0.5 | ° | co
ab o I = !‘ = 1
2} goat 2|l & 5|
= z b= o
© | 4 =101
1 : ‘ wosf ! s 2|\
=
000 M oCI M OIM w ‘ i Vol
CONCENTRATION CF en 2HC! = 02k f | “
Figure 3. Distribution coefficients of several divalent metal ions on 2.0 ‘ [V
mequiv/g low catex as a function of ethyl o1k
chloride concentration ) .,,,_J
G
continuous spectrophotometric detection of calcium and = = 0 : L & L L
< . spdiin 10 15 20 25
magnesium in column effluents. The sensitivity of Arsenazo TIME (MIN)

1 for metal ions is reduced by the eluent salt, especially in the
case of calcium (Table I). However, Arsenazo I was used for
most of the results reported.

Towards the end of the work a much superior color-forming
reagent, PAR-ZnEDTA, was developed. Equal-molar con-
centrations of PAR and zinc(1I)-EDTA are mixed together
and buffered at pH 9.0 with THAM and hydrochloric acid.
The reaction with calcium(II) or magnesium(II) is as follows:

Ca’* + ZnEDTA + PAR - CaEDTA + ZnPAR

The molar absorptivity of the resulting color (ZnPAR) is 17000

for magnesium and 22000 for calcium, vs. a reagent blank

(Table I). The kinetics for this reaction are favorable and no

delay loop is needed in the detection system. As seen in Table

{), this color-forming system is also effective for strontium and
arium.

Figure 4. Comparison of stepwise and single stage elution of caicium
and magnesium. Column: 2.0 mequiv/g low capacity catex; 7 cm X
0.4 cm. Eluents: 0.03 M en-2HC!; 2 mL/min; 0.1 M en-2HCI; 2 miL/min.
Detection: Arsenazo I color-forming reageant; 0.5 mL/min; 590 nm.
Sample: 38.1 uL; 4.63 ug Mg and 30.5 ug Ca

Separations. Elution with 0.03 M ethylenediammonium
chloride is compared with stepwise elution in Figure 4. The
stepwise elution is clearly better but requires careful timing
in the change of eluent. For this reason, a constant 0.03 M
ethylenediammonium chloride or 0.8 to 1.0 M ammonium
chloride was used for all calcium/magnesium separations
reported.

The effect of several other metal ions on the separation of
calcium and magnesium was studied. Beryllium(II) and
aluminum(III) can be eluted from the cation-exchange column
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Figure 5. Separation of manganese(ll) and nickel. Column: 1.9
mequiv/g low capacity catex; 7 cm X 0.4 cm. Eluents: 0.4 M HCI-95%
acetone; 1.5 mL/min; 0.4 M HCI-95% acetone-0.25 M DMG; 1.5
mL/min. Detection: Methanolic solution of PAR saturated with THAM;
4 mL/min; 490 nm. Sample: 51.4 ulL

Table III. Analysis of Hard Water Samples

Our EDTA Plasma
Sample Metal analysis, AA, tit.,  emission,
No. detnd ppm pPpm  ppm ppm
1 Mg 33.5 34.0 38.8 34.0
Ca’ 99.5 106 98.8 104
2 Mg“ 10.5 10.1  10.5 10.5
Ca’* 38.0 36.9 35.9 36.0

with 0.1 M sulfosalicylate (pH 3.6). After 2.5 min, the eluent
is switched to 0.8 M ammonium chloride or 0.03 M ethyl-
enediammonium chloride and the calcium and magnesium are
separated from each other.

Divalent metal ions that readily form anionic chloride
complexes can also be eluted prior to a calcium/magnesium
separation. Cadmium(II), cobalt(II), copper(II), iron(III),
manganese(II), uranium(VI), and zinc(Il) are eluted with 0.4

1598 « ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977

M hydrochloric acid in 95% acetone. After 7.5 to 15 mm, the
recorder trace returns to baseline and calcium and
can be separated. Although the distribution coefficients of

both magnesium(II) and calcium(II) are high in 0.4 M hy-
drochloric acid-95% acetone, the magnesium recovery was
always low in actual sef ions. H , results for calcis

were always quantitative.

Nickel(II) was found to be completely eluted with 0.25 M
dimethylglyoxime in 0.4 M hydrochloric acid-95% acetone.
By this method, nickel(II) can be separated quantitatively
from manganese and other metal ions (Figure 5).

Rare earths are more tightly held than calcium and
magnesium on the cati h Followi
calcnum/magnesnum separation, rare earths can be eluted wnt.h
4 M ammonium chloride.

Separations can be quantitated by measuring the peak
height and reading the amount of metal from a calibration
plot, which is nearly linear, of peak height vs. amount of metal
ion. Data for quantitative calcium/magnesium separations
in various samples are summarized in Table II.

The column chromatographic method can be used to de-
termine separately calcium and magnesium in hard water
samples. This procedure should be advantageous when more
detailed information than just “total hardness” is required.
Results for the chromatographic method are compared with
other common analytical methods in Table III.
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Automated Atomic Absorption Spectrometric Determination of
Total Arsenic in Water and Streambed Materials

Marvin Fishman® and Roberto Spencer

U.S. Geological Survey, Mail Stop 407, Box 25046, Denver Federal Center, Denver, Colorado 80225

An automated method to determine both homanlc and organic

Ion'ns of In water, wat I , and
bed materlals Is d o Organlc . s

pounds are d posed by elther ult diation or

by sulfuric acid-potassium p digestion. The :

ib d, with Inorg ginally p , Is reduced

to arslnowﬁhsodhmborohydﬂdo Thoanhmburbpcdfmm
the solution with the aid of nitrogen and Is then decomposed
in a tube furnace heated to 800 °C which Is placed In the
optical path of an atomic absorption spectrometer. Thirty
samples per hour can be analyzed to levels of 1 ug arsenic
per liter.

Automated methods for the determination of inorganic
arsenic at the microgram level in water by atomic absorption
spectrometry using hydride generation have been reported.
Goulden and Brooksbank (1) determined arsenic, antimony,
and selenium using stannous chloride, potassium iodide, and
aluminum for the hydride generation. The hydrides produced
in the automated system are then passed to a tube furnace
mounted in the light path of an atomic absorption spec-
trometer. The use of a tube furnace gives an increase in
sensitivity over the conventional hydrogen-argon-entrained
flame. The system will measure any inorganic arsenic present
in the sample. To determine arsenic in organo arsenic
compounds, they first used a manual hydrochloric acid-
persulfate pretreatment to decompose any organic compounds
present. Pierce et al. (2) employed sodium borohydride to
convert selenium and arsenic to their respective hydrides.
They used the stripping column suggested by Goulden and
the tube furnace combustion concept. Again, only inorganic
arsenic was determined.

It has been reported in the literature that some alkylated
arsenicals can be determined without digestion. Braman and
Foreback (3) separated and determined arsenic(III), arsen-
ic(V), monoethylarsonic acid and dimethylarsonic acid based
on sodium borohydride reduction of the arsenicals to their
corresponding arsines. They used a specialized electrical
discharge apparatus for the measurement of the arsines.
Talmi and Bostick (4) used a similar technique followed by
gas chromatography. More recently Edmonds and Fran-
cesconi (5) reported that the time consuming and possible
error inducing digestion stage could be omitted from atomic
absorption spectrometric procedures for estimating some
alkylated arsenicals. When using the method of Pierce et al.
(2), we were unable to obtain 100% recovery of some alkylated
arsenicals (see Table I) and felt that a digestion step was
necessary with their procedure.

We have been unable to find any mention in the literature
of an automated method that incorporates a procedure to first
decompose organo arsenic compounds prior to the hydride
formation. Automated methods for determining other
complex organically bound substances have been reported
El-Awady, Miller, and Carter (6) described an

using either acid persulfate—dick te or acid-p

digestions. An automated method to determine cyanide was
reported by Goulden, Afghan, and Brooksbank (7). To de-
termine complex cyanides, they passed the solutions first
through an ultraviolet digestor. The purpose of our study was
to incorporate a digestion procedure into the automated
arsenic procedure of Pierce et al. (2). Two automated digestion
procedures are described: (1) ultraviolet radiation and (2)
acid-persulfate digestion. The arsenic liberated by digestion,
with inorganic arsenic originally present, is reduced to arsine
with sodium borohydride. The arsine is stripped from the
solution with the aid of nitrogen and is then converted to
arsine ground state atoms in a tube furnace placed in the
optical path of an atomic absorption spectrometer. The
stripping column and tube furnace used by Pierce were in-
corporated into this method. Thirty samples per hour can
be analyzed.

The method may be used to analyze waters and water-
suspended sediment mixtures containing at least 1 ug arsenic
per liter. Samples containing more than 15 pg/L, must be
diluted. The method may also be used to analyze bottom
materials containing at least 1 ug arsenic per gram. For
samples containing more than 15 ug/g, less sediment is used.
Both inorganic and organic forms of arsenic are determined.

EXPERIMENTAL

Apparatus. A P-E 603 atomic absorption spectrometer with
arsenic electrodeless discharge lamp and P-E Model 056 stripchart
recorder for daw readout were used.

The ists of a Techni ler with
stirrer, proporuomng pump, ultraviolet digestor and/or hentmg
bath. The ultraviolet digestor is used only for dissolved arsenic
and cannot be used when analyzing water-suspended sediment
mixtures or bed materials. The heating bath is used only in the
acid-p Ifate digestion p

The stripping column is identical to that used by Pierce et al.
(2) and is packed with glass helices or beads. Because the stripping
column is not heated, it is not necessary to cool the condensing
column. Nitrogen is introduced into the stripping column and
is used to carry the arsine to the tube furnace. The flow rate is
adjusted for maximum sensitivity by analyzing a series of identical
standards. A flow rate of approximately 100 mL/min has been
found satisfactory.

The tube furnace is made from quartz tubing, 10 mm i.d. X
100 mm, with an eyelet at each end of the tube to anchor the
nickel-chrome wire. The tube is fused at the center with a 2-mm
i.d. quartz tube for the gas entry port. A ball and socket joint
may be fused at the end of the condensing column and gas entry
tube to facilitate in joining the two units together. The tube
furnace is wrapped with 18 ft of 26-gauge nickel-chrome wire,
covered with asb cloth and ted in the optical path of
the atomic absorption spectrometer.

R The ration of the r used in this
method are as fol.lows. hy dmchlonc acid (6 M), potassium iodide
(100 g/L), pc 50 g/L), sodium hydroxide (10
M), and sulfuric acid (3 M). The sodium borohydride solution
is prepared by dissolving 5 g NaBH, and 40 g NaOH in water and
diluting to 1 L. Demineralized water is used to prepare these
reagents.

Procedure. Determine arsenic at 193.7 nm. Apply a voltage

method to determine organomercury in water and wastewater

of 47 V or more (voltage regulator) as necessary to the tube furnace

ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977 « 1598



Table . Recovery of Arsenic from Organic A ic Comp ds by A ted and M. 1 Pr d (All results in ug/L)
Amount found®
Manual
method
Automated methods Nitric-sul-
Amount No Ultraviolet  Acid-persul- furic acid
Compound added digestion radiation  fate digestion digestion
Phenylarsonic acid 10 3.9 9.8 9.8 2
Phenylarsonic acid 5 2.8 4.8 5.0 bl
Thorin (o-(2-hydroxy-3,6-disulfo- 10 1.8 5.6 7.0 5
1-naphthylazo)benzene
arsonic acid)
DSMA (Disodium methane arsonate) 15 7.9 14.9 14.4 10
Cacodylic acid (Dimethylarsonic acid) 10 6.3 10.4 10.2 7.5
@ Based on several replicates.
FLOW TUBE DIA
mL/min . Table II. Comparison of the Automated and Manual
| — Determination of Arsenic on Filtered Water Samples
120 0036 A (All results in ug/L)
TH 40 " "
wearime 2" 22:1urn m’« w0 anm&,_,_;%g — 881 sampie I nh'::lnh‘?(ll
390 oo Automated methods Nitrie—
Coaling coil 042 0033 Safuric ocid SA:;L;:“'V W—_— sulfitric
M3:0208:01 200 0073 Potassum 172 com Sample sulfate  Ultraviolet  acid di-
Sersatlate ooy s 3
e oi08 ) Sadive hyaiasaE No. digestion radiation gestion
B 042 0 035/ Petossiwm 1oa e 1 0.4 0.4 0.0
| 4
1071 ¢l 390 0 110 Scewm_borchyeride g (1)3 (1),; 83
oty N 2 30 0y o
20-turn coil 5 1.2 0.8 0 8
BT 390 00 2 g
i, e S, : e V2
receptacie T j’ 7 1.6 C.4 0.0
To seperator 8 1 9 1 G 1-7
PROPORTIONING PUMP 9 3'2 3'2 3.0
Figure 1. Acid p ifold. 1f only dissolved arsenic 10 5.1 1.7 1.0
is to be determined, add air just prior to the sulfuric acid 11 5.3 4.8 6.0
12 6.4 6.0 4.9
to obtain a constant temperature of 800 °C. Use a portable 13 8.3 7.6 6.0
pyrometer to check the temperature of the tube furnace. Place 14 8.7 7.5 9.0
the tip of the thermocouple just inside the end of the tube. 15 10.0 9.9 9.0
Remove the thermocouple when the furnace temperature becomes 16 18.2 18.1 17.0
constant. Set up the manifold as described in Figure 1 (acid-
persulfate) or Figure 2 (ultraviolet radiation) (use only for dis- - -
solved arsenic samples that have been filtered). Feed all reagents Table III.  Arsenic Working Curves for

through the system using demineralized water in the sample line
and allow the heating bath to warm to 95 °C. Beginning with
the highest dard, place a complete set of dards in the first
positions of the tray. It is best to place two or three samples of
the highest standard at the beginning since the first peak is usually
low. (No explanation can be given for this phenomenon.) The
first standard should not be used in any of the calculations.
Remove the sample line from the demineralized wash solution
when the baseline stabilizes and begin analysis.
For bed materials, weigh 100 mg or less of sample, transfer into
a 100-mL volumetric flask, dilute to volume with demineralized
water, and analyze as above. When the analyses are complele
the tubes in the manifold and 1 should be cleaned
if any sedlmenl is present. The cleanmg is accomphshed by
6 M hydrochloric acid and d lized water through

all the tubes.

RESULTS AND DISCUSSION
‘Two automated digestion procedures are incorporated into
the above described arsenic methods: (1) ultraviolet radiation
and (2) acnd—persulfale dxgauon Bot.h proceduree degraded
the lized water matrix,
to about the same degree (Table I). Without digestion, re-
covery of arsenic from these compounds was low. The arsenic
recovery was also low when the standard nitric-sulfuric
manual digestion procedure was used. The loss of organic
pounds in the standard nitric-sulfuric acid di-
gestion method cannot be explained. It was first thought that

Automated Methods

Recorder peak heights
in absorbance mode

Arsenic Acid per-
standards, Ultraviolet sulfate
ug/L radiation digestion
15.0 58 58
12,5 51 49
10.0 40 39
5.0 21 21
2.0 9 9
1.0 5 5

the organic arsenic compounds were partially volatilized during
the manual digestion process, whereas in the automated
processes there could be no loss because the compounds were
confined in a closed system. To determine if this were the
case, the same organic arsenic compounds as well as inorganic
arsenic were digested to fumes of sulfur trioxide in distillation
apparatus and the distillates were collected in both weakly
acidic and basic solutions. The concentrations of arsenic found
in the distillates were negligible. Recoveries of arsenic in the
digests, except for the inorganic arsenic solutions, were
similarly low as is shown in Table I. It appears that the
arsenic has been converted to some unreactive form in the
digest. Further investigation is warranted and planned.
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Table IV. Precision of Automated Methods on Standard Refs Water S les (SRWS) (All results in ug/L)
Acid-persulfate digestion® Ultraviolet radiation®
Sample No. Mean Std dev Range Mean Std dev Range Mean Std dev
SRWS 52 9.1 3.7 9.5-11.0 10.4 0.5 9.0-11.2 10.4 1.0
SRWS 53 556.5 12.8 55.0-64.0 59.6 2.8 55.5-66.0 61.4 4.4
SRWS 56 14.3 4.9 14.6-16.6 15.56 0.7 13.2-14.5 13.8 0.6
SRWS 57 5.4 1.3 5.3-6.3 5.8 0.3 4.3-5.3 5.0 0.5
D¢ 4.6-5.1 4.8 0.2 4.3-5.2 4.7 0.4

¢ Values based on seven replicate determinations.
contains 5.0 ug/L of arsenic from phenylarsonic acid.

b Values based on four replicate determinations.

€ Sample solution

Table V. Recovery of Organic Arsenic Compounds in Water-Suspended Sediment Mixtures (All Results in ug/L)

Found?

Sample Amount Ultraviolet Acid-persul-
No. present?® Amount added Tota! radiation fate digestion

1 3.2 10 (as phenylarsonic acid) 13.2 9.3 13.3

2 1.4 10 (as phenylarsonic acid) 11.4 7.4 10.2

3 1.0 10 (as phenylarsonic acid) 11.0 8.2 11.0

4 0.8 10 (as phenylarsonic acid) 10.8 7.7 9.8

1 3.1 10 (as cacodylic acid) 13.1 12.6 12.0

2 1.4 10 (as cacodylic acid) 11.4 9.9 10.0

3 1.0 10 (as cacodylic acid) 11.0 10.3 10.7

4 0.8 10 (as cacodylic acid) 10.8 10.6 10.2

¢ Based on duplicate values of both automated procedures.
L Table VL. © of Aut and Manual
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Table II shows results found for arsenic on filtered natural
water samples (0.45-um membrane filter) by both automated
and manual methods. There is excellent agreement between
results found by the ultraviolet radiation and acid-persulfate
automated methods. The results generally agree with those
found by the manual nitric-sulfuric acid digestion procedure
followed by manual generation of the hydride and mea-
surement by atomic absorption.

The almost identical and linear arsenic working curves for
the two automated methods based on replicate analyses are
shown in Table III.

Table IV gives the precision and an indication of the ac-
curacy of the automated methods. Several Standard Ref-
erence Water Samples used by the Geological Survey and one
organic compound, phenylarsonic acid, were used for this
purpose. The precision of both digestion procedures is about
the same.

The method for water-suspended sediment mixtures and
bed materials (less than 2 mm) incorporates only the acid-
persulfate digestion. The study showed that recovery of
arsenic from organic compounds was lower when ultraviolet
radiation was used (Table V). This is caused by the loss in
penetration of ultraviolet radiation in the samples in which
suspended material was present. This was especially apparent

Analyses on Wnter-Suspended Sediment Mixtures
(All results in ug/L)

Manual
Automated methods method
Acid-per- Ultra- Nitric-sul-
sulfate violet furic acid
Sample  digestion radiation digestion
1 ae 0.8 1.0
2 e 1.0 2
3 a 1.4 2
4 o 3.1 5
5 3.1 2
6 3.2 4
7 10.0 7
8 18.0 o & 15
9 143 28 140

for sample 9 in Table VI. The quantity of suspended material
was also a problem in the acid-persulfate method. Samples
contammg sediment concentrations above 1 g/ L caused
various probl First, sedi llected at various points
in the second, the baseline drifted iderably and
arsenic peaks became very ragged.

It is suggested that the ultraviolet radiation procedure be
used if only dissolved arsenic is to be determined; however,
if a laboratory is also analyzing water-suspended sediment
mixtures and bed materials, the acid-persulfate method
should be used. This would eliminate the need of converting
the manifold from one sysbem to another or from having a
separate ifold, for dissol

The quartz tubes have a limited life. Over a period of time,
the voltage applied to the tube furnace was increased gradually
in order to maintain a temperature of 800 °C. When it became
impossible to obtain a temperature of 800 °C with the voltage
regulator, the tube and nickel-chrome wire were replaced.

An interference study was not conducted since the arsine
is freed from the original sample matrix. Also, a detailed
inorganic interference study by Pierce and Brown (8) showed
that most trace elements below 300 ug/L do not interfere.

=eolde
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Determination of Ethylene Oxide in Gas Sterilants by Fourier
Transform Infrared Spectrometry

P. V. Allen and A. J. Vanderwielen*®
Control Analytical Research and Development, The Upjohn Comp

, Kal

Michig 48001

A quantitative infrared d of oxide in
dichlorodifluoromethane has been described. The method was
developed on a F ized single beam Fourler Transform
Infrared (FTIR) system to overcome some of the problems
assoclated with dispersive infrared spectrometers. The FTIR
gave results bet 5 and 25 %, calculated
on a welghl basis. A comparison was made between a gas

hi thod, an Infrared lysis on a dispersive
infrared spoclropholomoter, and the FTIR determination. A
brief study on ditference spectrometry has been made and
showed promise as a quality control technique.

Gas sterilization using ethylene oxide or propylene oxide
as the active ingredient has become a preferred method for
treating a wide variety of foodstuffs, drugs, and medical
supplies and equipment. Basically, gas sterilization is used
because certain materials cannot be readily sterilized with dry
heat, steam, or chemical soaks without damage (1, 2).

Present analytical methods utilize gas chromatography to
determine the amount of active ingredient present in the
sterilizing gas mixture. Gas chromatography using a flame
ionization detector has been investigated (3-5) and satisfactory
results were obtained by using a gas-sampling loop as verified
by two independent methods (5). However, a large fraction
of some gas sterilants consists of halocarbons (e.g., CCL,F, is
a common inert propellant) and flame ionization detectors
are not well suited for halocarbon analysis. To date, there
have been no studies that have examined the possibility of
utilizing infrared spectrometry as an analytical method to
identify and quantitate the amount of ethylene oxide in gas
sterilants, although infrared analyzers have been used to
monitor the amount of ethylene oxide in sterilization units
(1). The objective of the present research was to examine the
viability of using infrared spectrometry as an analytical
method for determining the ethylene oxide content in di-
chlorodifluoromethane (Freon 12) in cylinders of sterilizing
gas using Fourier Transform Infrared spectrometry.

In this paper we describe a quantitative infrared method
for determining the ethylene oxide concentration in cylinders
of sterilizing gas containing ethylene oxide and Freon-12.
Procedures for taking samples from the gas cylinders and
analyzing these gas mixtures have been established. The
results are compared to quantitative methods using a con-
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ventional double-beam grating spectrophotometer and an
analytical gas chromatograph. We also report the results of
a brief study to determine the usefulness of difference
spectrometry as a quality control method (6).

EXPERIMENTAL

Infrared. Spectra were obtained on a Digilab Model FTS-10M
Fourier Transform Infrared Spectrophotometer (FTIR) and on
a Perkin-Elmer 421 grating spectrophotometer. The P-E 421 was
set to scan at approximately 9 cm ‘/s using a fivefold gain and
no suppression. These conditions give a nominal resolution of
about 6 cm™. Calibration curves were constructed using standard
mixtures whxch were prepared in a vacuum line by combining pure
Linde ethylene oxide and dichlorodifluoromethane.

Spectra measured on the FTS-10M were collected in a single
beam mode and ratioed against a stored spectrum of the empty
gas cell. The spectrophotometer was purged using dry nitrogen.
From 50 to 500 scans were co-added to obtain an acceptable signal
to noise ratio at 4 cm™ nominal resolution (as given by the
FTS-10M instrument settings). All calculations (except one as
will be indicated later) were carried out in single precision without
apodization of the interferograms. Except for the difference
spectra obtained using the absorbance subtraction technique,
spectra were plotted on the transmittance scale and the intensities
of the peaks were measured by the baseline method. This worked
very well since the empty gas cell provides the ideal reference and
flat baselines were obtained for the ratioed spectra.

Gas Chromatography. The sterilizing gas mixture was also
analyzed by gas chromatography (GC) using a Hewlett-Packard
Model 402 instrument with a flame ionization detector. The GC
conditions used were those adapted by P. B. Bowman and P. A.
Hartman (7) for headspace analysis (8) and are as follows: (i)
Column: 4 ft X 0.25 inch o.d. glass, packed with Porapak R; (ii)
Temperatures: Oven at 67 °C, injector at 64 °C, detector at 120
°C; Carrier Gas: Helium at 40 mL/min. A 100-uL gas tight
syringe was used to withdraw samples from the cylinder (method
discussed under Sampling Procedures) and inject approximately
30 uL of gas onto the GC column.

Sampling Technique. We attached a two-stage regulator to
the tanks of sterilizing gas and assembled the sampling apparatus
shown in the diagram depicted in Figure 1. The regulator was
adjusted to deliver 5-10 psi of gas to the 250-mL sampling bulb.
Special care must be taken in sampling to prevent fractionation
of the gas mixture. The sampling apparatus was purged six times
in a stepwise fashion so that there was never a dynamic flow
through the system which could cool the regulator enough to cause
fractionation (whenever practical, a heat gun or heating tape
should be used to keep the regulator at or above room tem-
perature). The sample was then trapped in a small bulb on a
vacuum system using liquid nitrogen, warmed to ambient
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Figure 2. Gas phase spectra collected by 50 scans on the FTS-10M
instrument: (A) is ethylene oxide at 36 Torr and (B) is CCI,F, at 12
Torr

temperature, allowed to equilibrate for 5-10 min, and finally

ded into an d 10-cm gas cell with NaCl windows.
All of the quantitative analyses were preformed using sample
pressure between 100 and 125 Torr. Mixtures for the experiments
on difference spectrometry were prepared using the standard
mixture and adding small amounts of propylene oxide obtained
from Union Carbide, Inc. The spectra were obtained using the
same 10-cm cell filled to a pressure between 20 and 50 Torr of
gas mixture.

For the gas chromatographic analyses, the method of sampling
was altered; for this experiment a septum and two needle valves
were attached to the regulator and the gas was sampled with a
gas-tight syringe. The same precautions as noted above were taken
during purging.

RESULTS

Spectra were obtained of pure ethylene oxide (ETO) and
CCLF; (Figure 2, A and B, respectively) and the peaks of
interest were found to be a C-H stretching band between 3150
cem™ and 2850 cm™ and a CF; overtone between 2350 cm™
and 2150 cm™ (Figure 3A and 3B). A calibration curve of
the ratio of the peak intensities vs. % ETO (by weight) was
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Figure 3. Gas phase spectrum of (A) ethylene oxide (9% w/w) in CCLF,
(cell pressure, 24 Torr, 500 scans), and (B) the scale expanded spectrum
of the region of interest

constructed. The weight percent of ETO was calculated
according to:

w
% E -
oo (2
_ Ppro X MWgro X 100
(Pero X MWgro) + (Pecy,r, X MWeeyr,)

(1)

where P and MW refer to the pressure in mm of Hg (torr) and
molecular weight in g/mol of each gas. A plot of the ratio of
the peak intensities (Ic_y/Icy,) vs. the % ETO (w/w) gave a
slope of 0.052 and an intercept of 0.256 using the FTS-10M
FTIR and somewhat different values on the P-E 421 in-
strument (Slope, 0.070, intercept, 0.619). The correlation
coefficient in both cases was found to be 0.998.

At 10-15% ETO the 95% confidence limits were found to
be £0.8% when a linear regression analysis was performed.
Plotting the ratio of absorbances vs. the ratio of weights in
general would be expected to produce a linear calibration curve
over a wide range of values. However, as is indicated by our
data, the ratio of the peak intensities vs. the weight percent
was linear over the region from 5 to 25% ETO by weight. This
method of presentation was best suited for our needs in terms
of data collection and ease of calculation by the laboratory
analyst. Using absorbance values would be advised for general
application to give a wider range. Plots of the absorbance ratio
vs. % ETO by weight were linear, but a non-zero intercept
(0.2) was still observed. This would indicate that Beer's law
is not strictly obeyed or that there is a low intensity band of
the CCL,F, under the ETO peaks of interest. The weight
percentages of samples then calculated according to:

% ETO <‘V—‘;) =mX [Ratio ’IC—'" - b] @)

CF,

where b = Intercept and m = 1/slope. Ic-y = Peak intensity
at 3110 cm ™ for FTS-10M and at 3030 cm™ for the P-E 421.
Icy, = Peak intensity at 2240 cm™ for the FTS-10M and a
shoulder on the 2240 cm™ peak for the PE-421.
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Table I. Multiple Samples from One Tank
Results on FTS-10M

Intensity Intensity

of peak  of peak
at 3110  at 2240 % ETO by
Sample em™, em  em™, cm Ratio weight
A 14.43 15.27 0.945 13.25
B 13.61 13.64 0.998 14.27
C 13.08 13.39 0.977 13.87
D 12.55 13.26 0.946 13.28
E 12.88 13.74 0.937 13.10
F 12.65 12.78 0.990 14.16
Av=13.7%
Std dev= 0.5
Results on P-E 421
Intensity Intensity
of peak of shoulder
at 3030  at 2240 % ETO by
Sample em™,em cm™,em  Ratio weight
A 9.30 5.54 1.678 15.13
B 9.42, 5.60 1.682 15.18
C 9.18 5.48 1.675 15.08
D 9.48 5.58 1.699 15.32
E 9.25 5.79 1.598 13.97
F 9.50 5.69 1.670 15.00
Av=15.0%
Std dev= 0.5

Table II. Duplicate Samples from Four Tanks

Intensity Intensity
of peak of peak

at 3110 at 2240 %ETO by Av,
Sample cem™, em em™, em  Ratio weight %
Tank No. 1
A 11.68 12.78 0.914 12.66 12.8
B 13.21 14.22 0.929 12.93 .
Tank No. 2
C 13.72 14.40 0.953 13.41 13.2
D 13.21 14.22 0.929 12.93 :
Tank No. 3
E 14.33 13.74 1.043 15.13
F 14.58 13.89 1.050 1527 152
Tank No. 4
G 13.72 14.22 0.965 18.63 13.6
H 13.89 14.48 0.959 13.53 B

Multiple samples were taken from one tank of sterilizing
gas and analyzed using the FTS-10M. The same samples were
also run on the P-E 421 for comparison. The results are given
in Table I and typical spectra are shown in Figures 3-5.

Duplicate samples of four other cylinders were run on the
FTS-10M. The results listed in Table II show good agreement
between the various duplicate experiments. The reproduc-
ibility of the results indicates that our sampling procedure
is adequate for this gas mixture. Table I reveals that while
the FTS-10M and P-E 421 have nearly identical precision,
the average obtained on the PE-421 is significantly higher
(significant difference = 0.8% ETO at the 95% confidence
level).

For the chromatographic analysis of the sterilant mixtures,
areas under the curve were obtained by using a ball and disc
integrator. The percent ethylene oxide was calculated from
the peak areas by normalization with response factors (5):

w 100 A
% ETO (—) =L
¢ w/ A+ (R; X Ay) @)
where A, is the area of the ETO peak, A, is the area of the
CCl,F; peak, and R; is the correction factor for CCL,F; to ETO
(R, = 5.8 was used). The results (Table III) indicate that there
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Table III. Gas Chromatography Results®

% ETO by
Sample ETOarea CCLF, area weight

A 1205 1295 19.6

B 1076 1307 124

C 1060 1266 12.6

D 1274 1250 14.9

E 2577 1797 19.8

F 1860 1827 14.9
Mean 15.7

Std dev 3.3

@ Samples taken from the same tank used during the in-
frared analysis listed in Table I.

are several problems associated with the gas chromatographic
assay when a gas syringe is used; (i) the large variability
indicates that it is very difficult to obtain representative
samples using a gas syringe, and (ii) the results may be biased
high due to gas fractionation (CCI,F; has a higher vapor
pressure than ETO).

The results of the absorbance subtraction experiments
(Figure 6) indicate that a 0.7% impurity is easily detectable.
The spectral data for the difference spectrum depicted in
Figure 6B was collected by 100 double precision scans (res-
olution = 4 cm™) on the FTS-10M FTIR. The Fourier
Transform calculations were carried out in double precision
and used a rectangular apodization function (this results in
essentially no weighing of data points of the interferogram
during the transform calculation).

DISCUSSION

As is s0 often the case, sampling is the most critical aspect
in the analysis of the sterilizing gas mixture. Sampling and
subsequent use of the sterilizing “gas” is facilitated by
withdrawing the liquid mixture (tank is under pressure and
liquid is forced out through a tube that extends to the bottom)
and vaporizing it. By using the apparatus (Figure 1) and the
sampling procedure outlined in the Experimental section,
liquid samples are permitted to vaporize completely (no
fractionation), and the gas mixture, therefore, is representative
of the liquid.

When the ratio of peak intensities is to be used to determine
the relative concentrations of two gas phase components by
infrared spectrometry, it would be desirable to choose a peak
for each component which is distinct, reproducible, and totally
free of interference from peaks due to other components. The
C-H stretching band at 3110 cm™ and the CF, overtone at
2240 cm™* adequately fulfill these conditions. As Figures 2A
and 2B show, the peak at 3110 cm™ is quite distinct, essentially
independent of any peak from CCl,F, and nearly free of
interference from rotational spikes (unlike the slightly more
intense peak at 3030 cm™). The CF, overtone at 2240 cm™
is reproducible, very sharp, and despite the fact that it falls
in the midst of some weak ETO peaks, sufficiently inde-
pendent of ETO to be useful.

The band at 3110 cm ! and the peak at 2240 cm™ which
were used when the analysis was done on the FTS-10M could
not be used on the PE-421 because of the lack of reproduc-
ibility for these sharp peaks. It was necessary to use the
broader peak at 3030 cm™ and the shoulder on the 2240 cm™
peak during analyses with the PE-421.

We chose to use a rectangular (box car) apodization function
to calculate the Fourier Transform of the interferogram to
obtain a signal to noise ratio of approximately 200 in a
reasonable time (9) and to avoid the possible error than can
occur in the absorbance measurement when a triangular
apodization function is used (10). Anderson and Griffiths
indicate that for a 4-cm ™' wide band measured with a nominal
resolution of 2 cm™', the measured peak absorbance will be



Table IV. Pressure Effects

Pressure, Ratio, Ethylene oxide,®
mm Hg Ieullcr, % by weight
150 0.768 9.85
125 0.766 9.81°
100 0.752 9.55%
75 0.719 8.91
50 0.708 8.69

¢ Standard provided by Union Carbide was 10.1% (w/w)
ethylene oxide in CCL,F,. ® Average obtained under nor-
mal experimental conditions was 9.68% ETO (w/w).
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Figure 4. Scale expanded spectrum of ethylene oxide (13.6% by weight
in CCI,F,) obtained on a Perkin-Elmer 421 at 120-Torr pressure

at least 16% low if triangular apodization is used. ‘They also
suggest that apodization somewhere between triangular and
rectangular might be an excellent compromise for analytical
work. However, we feel that rectangular apodization gave us
accurate results in this case with no interference from the
secondary lobes due to neighboring peaks.

The widths of absorption bands in gas phase spectra can
be affected by the total sample pressure. A study was per-
formed on the FTIR instrument to examine these pressure
effects on the ratio of the band intensities. A standard (10.1%
w/w ethylene oxide) was prepared for us by the Linde Division
of Union Carbide. The analysis was performed at pressures
ranging from 50 to 150 Torr and the % ETO was calculated
using the calibration curves obtained under the normal ex-
perimental conditions (100-125 Torr). The results (Table IV)
indicate that there is a pressure effect; however, only the
results at 50 and 75 Torr differ from the actual value by more
than 0.8% (ETO 95% confidence limit).

It is of interest to compare the results obtained on the
FTS-10M to those obtained on the PE-421. As mentioned
previously, the latter gives ethylene oxide concentrations that
are higher (Table I) than those obtained on the FTIR in-
strument. The accuracy of the FTIR result was verified during
the study on pressure effects (9.7% ETO measured vs. 10.1%
ETO actual). There are several possible reasons for this
anomaly. The bias could be caused by the uncertain baseline
(see Figure 4) or by cell effects (e.g., NaCl window fogged).
The problem is corrected on the FTIR instrument since the
empty cell is used as the reference. On the P-E 421, excessive
scanning time was y to mi lies due to
pen response and even then it was necessary to use the
shoulder of the CF; overtone at 2240 cm™ to obtain repro-
ducible results. The instrument line shape of a dispersion
spectrophotometer is approximately represented by a triangle
(11). Therefore, it is quite possible that the resolution and
absorbance errors observed with triangular apodized FTIR
spectra (9) are likely to occur in spectra obtained on con-
ventional dispersion spectrometers. The C-F, band is con-
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Figure 5. Results of the absorbance subtraction of (A) two gas mixtures
(both consisting of 89% (w/w) CCI,F, + 11% ethylene oxide) and (B)
mixture minus (mixture + 0.7 % (w/w) propy oxide). Cell p
of Sample A approximately 22 Torr and Sample B approxlmntoly 50
Torr

siderably narrower than the C-H band. The decrease in
absorbance due to triangular apodization should, therefore,
be expected to have a greater effect on Icy, than on Icy,

ing a net i in the ration of ETO
as calculated from Icy/Icr,. However, this effect should be
accounted for in the calibration curve. It is more likely that
the higher values for ETO concentration obtained on the P-E
421 are due to uncertainties in the baseline, a problem not
encountered with the FTS-10M.

Infrared analysis of ethylene oxide concentration is only
one of many techniques available today (12, 13), but we feel
that this method offers several advantages (speed, accuracy,
and easy sample handling) and will be useful for many ap-
plications.

It has been suggested that difference spectrometry on
Fourier Transform instruments could be used as a quality
control method (6). When the spectrum of an acceptable
product or material is recorded and stored, it can be compared
with any subsequent spectra. The difference spectrum in
Figure 5A shows that when the absorbance spectra of two
acceptable samples of sterilizing gas (11% ETO in each case)
are subtracted from each other, the difference is less than 0.005
absorbance unit (AU) in the region 3800 cm™ to 1200 cm™.
The peaks observed at lower wavenumbers are due to the
difficulty in subtracting peaks due to strongly or totally
absorbing vibrational modes. Figure 5B is the difference
between two samples of gas sterilant (9% ETO), one of which
contains 0.7% (w/w) of propylene oxide as an impurity. The
difference in this case is 0.05 AU in the region 3800 cm™ to
1200 cm™. A comparison of the resulting spectrum to that
of pure propylene oxide (Figure 6) shows that there would be
little difficulty in identifying the impurity. These results
indicate that it is certainly plausible to utilize the capabilities
of FTIR instruments for quality control decisions. In our
example case, we might require that the difference in the
region 1500 cm™ to 1300 cm™ be no greater than 0.01 AU (this
corresponds to approximately 0.5% propylene oxide) and a
different specification for the region 3200 cm™ to 2800 cm™
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Figure 6. Gas phase spectrum of propylene oxide (50 scans, cell
pressure Is 30 Torr)

to allow for acceptable variations in ethylene oxide concen-
tration.

The results of our study on difference spectrometry indicate
that the method can be developed as a quality control
technique. However, computer programs will have to be
written to automate the data manipulation before it can
become a viable technique.
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Enhancement of the Fluorescence Intensity of Derivatives of
Amino Acids in Mixed Solvent Systems

Peter M. Froehlich* and Larry D. Murphy

Department of Chemistry, North Texas State University, Denton, Texas 76203

A ber of reagents are ki to react with amino acids
to form fluorescent derivatives and it has been shown that the
fluorescence Intensity of the deri can be | d by

consideration of the Y used for its formation. The
use of mixed solvent systems such as DMSO/water in place
of water for the formation and detection of o-phthaldehyde
(opt) derivatives of amino aclds was found to ralse the
fluorescence Intensity significantly (e.g., 64% for trypto-
phan-opt In 17% DMSO (v/v) compared to the case where
DMSO was absent). Similar observations were found with
dansyl amino acids and fluorescamine amino acids.

In an analytical procedure where the detection is performed
by fluorometry, the ultimate sensitivity is directly related to
the fluorescence quantum yield of the analyte (or of a de-
rivative directly related to the analyte). The fluorescence
quantum yield of many compounds is very sensitive to the
environment of the excited state (I). It has been determined,
for example, that water is capable of interacting with the
excited state of indole (2), t:ypmphan and its metabolltes (3).
and tryrosine (¢) to form an excited state 1

Table I. Relative Fluorescence Intensity of
o-Phthaldehyde Derivatives of Amino
Acids in Mixed DMSO?

% DMSO
Amino acid 0 7 10 135 17 20 27

Alanine 1.00 1.00 1.34 1.72 1.91 1.57 1.66
Phenylalanine 1.00 1.11 1.15 1.20 1.23 1.34 1.40
Histidine 1.00 1.50 1.70 2.15 2.20 2.45
Tryptophan 1.00 1.40 1.69 1.63 1.64 1.58 1.7

@ All data relative to the fluorescence of the derivative
in 0% DMSO.

nonaqueous conditions. In theory, this would serve the analyst
quite nicely; however, the removal of water may be time
consuming. In those cases, the removal of water is not a viable
procedure for the analysis.

We have recently shown that the fluorescence of various
indoles, tryptophan metabolites, and tyrosine metabolites (3)
is considerably higher in mixed DMSO/water or ethanol/
water than in neat water; this indicates that it may be very
useful to consider the overall solvent system used in the
analysis of these compounds.

The formation of an exciplex is competitive wn.h ﬂ-
hence the fluorescence quantum yield is reduced, thus raising
the minimum detection limit of an analytical procedure. A
reasonable approach to the problem of exciplex formation in
fluorometric analyses might be to perform the analysis under
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A cc tactic in analytical chemistry is the formation
of a derivative of the compound of interest. The final solvent
system in such an analysis is a composite of the original solvent
of the sample, solvents used to isolate the compound of in-
terest from the matrix, and solvents used in the formation of



Table II.  Relative Fluorescence Intensity of Dansyl Chloride Derivatives of Amino Acids in Mixed Solvent Systems®

% DMSO
Amino acid 0 4 8 12 16 20 24 28 32
Alanine 1.00 1.70 2.00 2.20 2.42 2.46 2.54 2.68 2.58
Tryptophnn 1.00 1.65 2.03 2.23 2.41 2.61 2.85 3.00 3.08
Lysx}lg 1.00 1.04 1.85 2.00 2.15 2.30 2.30 2.62 2.48
Histidine 1.00 1.34 1.44 1.56 1.756 1.81 2.06 2.12 212
@ All data relative to the fluorescence intensity of the derivative in 0% DMSO.
the derivative. This strongly suggests that a consideration
: b . C i Enh t
of the solvents used in various steps of such an analysis may z;l::,e;(l)l% DMSO with \;)at;-it::.ﬁ;‘luomnt Derivatives®
lead to an enhancement of the fluorescence intensity of the
derivative. FI luo: Dan_syl o-Phtlu{-
We have studied two analytical procedures which involve Yescaming: chloride™s dahyde
the formation of fluorescent derivatives of amino acids and Alanine 1.38 2.63 1.7
find that the use of DMSO in the place of water or acetone Tryptophan 1.98 3.04 1.8

in the formation process may be quite useful in improving the
luminescent intensity of the derivative.

EXPERIMENTAL

Salts used to prepare buffers (ACS grade or better) and DMSO
(certified ACS grade) were received from Fisher Scientific Co.
(Fairlawn, N.J.). Amino acids were obtained from Sigma Chemical
Co. (St. Louis, Mo.). o-Phthaldehyde, N,N-dimethylamino-
naphthalenesulfonyl chloride (dansyl chloride) and 2-mercap-
toethanol were received from Eastman Organic Chemicals
(Rochester, N.Y.). All reagents were used as received. Distilled
water was doubly distilled from a glass still and used on the day
of distillation.

Fluorometric measurements were made on an Aminco-Bowman
Spectrophotofluorometer (American Instrument Co., Silver Spring,
Md.) equipped with a Hamamatsu 1P21 photomultiplier, a
Hanovia 901C Mercury-Xenon arc and an ellipsoidal condensing
system.

Preparation of o-Phthaldehyde Derivatives. The o-
phthaldehyde derivatives were made via a modification of Roth's
procedure (5). A borate buffer (approximately 0.05 M sodium
tetraborate) was prepared and the pH was adjusted to 9.5 with
concentrated NaOH. A solution of 2-mercaptoethanol (5 mg/mL)
in ethanol and a solution of o-phthaldehyde (10 mg/mL) in
ethanol were prepared daily. The derivatives were prepared by
mixing 0.166 mL of the o-phthaldehyde solution, 0.166 mL of the
2-mercaptoethanol solution, 4.40 mL of a solution of the amino
acid (1 X 10° M in water), and 10.00 mL of a mixture of the borate
buffer and DMSO. After a 5-min incubation period, the
fluorescence was read at 455 nm, upon excitation at 340 nm.

Preparation of Dansyl Chloride Derivatives. One-tenth
mL of a solution of the amino acid was mixed with 1.5 mL of a
solution of dansyl chloride (1 mg/mL in acetone) and 0.1 mL of
20% Na;CO;. A total of 0.8 mL of DMSO and acetone was added
to change the % DMSO in the final mixture. The solution was
heated for 2.5 h at 35 °C. The fluorescence was measured at 514
nm, upon excitation at 335 nm.

RESULTS AND DISCUSSION

The relative fluorescence of the o-phthaldehyde derivatives
of several amino acids may be seen in Table I. The corre-
sponding data for the dansyl chloride derivatives appear in
Table Il. We observe a definite tin fl
as the fraction of DMSO in the solvent system increases.

A small red shift in the A, for fluorescence was observed
for the dansyl amino acids as the DMSO concentration was
increased. A blue shift was observed for the fluorescence
maxima for the o-phthaldehyde derivatives as the % DMSO
was increased. These observations are consistent with
Lippert’s (6) theory relating the wavelength of maximum
fluorescence intensity with the dielectric constant of the
solvent. All fluorometric measurements for a given derivative
(e.g., all the dansyl amino acids) were taken at the same
wavelength. The error that is introduced by the shift in
luminescence maxima will be small (ca. 2-4%) as the max-

@ Average from 28 and 32% taken from Table II.
b Extrapolation from 27% DMSO shown on Table L
€ Each entry is the relative fluorescence of that derivative
in 30% DMSO, compared to 0% DMSO.

imum shifted only 2-4 nm in 30% DMS0/70% water (or 30%
DMSO0/70% acetone) and this will not affect the results of
this work.

Our data clearly indicate that the optimum sensitivity of
fluorometric assays may be improved by careful consideration
of the overall solvent system. This work, in conjunction with
our recent investigation on the effect of using mixed solvent
systems to enh: the lumi of fl ine de-
rivatives (7) shows that DMSO is a useful solvent for assays
which involve the t of the fl of a
derivative. The greatest enhancement by DMSO is for the
dansyl derivatives, as indicated in Table III. Chen (8) has
indicated that the intense fluorescence of the dansyl deriv-
atives leads to extremely low minimum detectable limits, and
the use of DMSO should lead to an enhancement of sensitivity.

We observe that an upper limit to the level of DMSO
present in the final solvent system does exist. In the case of
the o-phthaldehyde derivatives, buffer salts begin to pre-
cipitate out at approximately 40% DMSO. The fluorescence
of the dansyl derivatives and the fluorescamine derivatives
increases with the addition of DMSO but a plateau in the
intensity may be observed. In some cases, a decrease in the
intensity may be observed (e.g., the fluorescamine derivative
of alanine (7)). This suggests that the analyst should de-
termine the optimum fraction of DMSO for the derivative of
interest.

The enh of fluor by the use of mixed
solvent systems is very useful for analytical work. For ex-
ample, the fluorescence of a solution of the dansyl chloride
derivative of tryptophan which has been prepared using 8%
DMSO is double that of a solution of the derivative with no
DMSO. If the derivative is made by a different procedure
than we have outlined, it may still be useful to add DMSO
to enhance the fluorescence. As an example, if 9% (by volume)
DMSO is added to a solution of dansyltryptophan in acetone,
the effect of the added DMSO will raise the fluorescence by
85% (not the 100% indicated in Table II as the dilution will
have a small effect; the data in Tables I and II are for
equivolume solutions).

Our work strongly suggests that it should be very useful for
the analyst to carefully consider the overall solvent system
used in fluorometric analysis, as a small change in solvent
composition may lead to a very useful enhancement in
sensitivity.
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Multichannel Pipet for Parallel Aliquoting of Samples and
Reagents into Centrifugal Analyzer Minidiscs

R. P. Gregory 1V, J. D. Lowry,’ and H. V. Malmstadt*
School of Chemical Sciences, University of lllinois, Urbana, Illinois

A multichannel plpel system has been developed for |he

parallel disp g of ples and reagents Into
ly The p! pipet has elight channels; lout
h Is for pl and four ch is for comp
r ts. Each ch | has a inal vol of 67 puL and

the reproducibility of delivery is within 0.5% RSD. The
multichannel nature of the pipet allows the sample solutions

and posit gents to be simult ly all d and
delivered within 30 s. A mlcroprocemr (BOBOA Intel
Corp ) is used to trol the h e iated with

the pipet, to control the timing necessary for proper operation
and sequencing, and to monitor the operation of the pipet. The

ts, design, and disad ges of the
multichannel pipet are discussed and evaluation data are
presented.

Minidisc Centrifugal Analyzers utilize centrifugal force in
spinning disc to gain several analytical advantages. These
include the parallel transfer and mixing of micro samples with
composite reagent into multiple observation cells, the use of
a single optical channel for encoding the quantitative chemical
information for all samples, and the automatic degassing of
the solutions. The measurements for all samples on the
minidisc can be considered to be done in parallel because the
sequential measurements are very rapid and, typically,
measurements from several rotations of the minidisc are
averaged to obtain the absorbance value for each sample. To
mamtmn the high throughput advantage of essentially si-

ur ts of many 1 1
pipet has been developed for the parallel aliquoting and
delivery of solutions into the minidiscs. The introduction of
this parallel loading system can improve the overall sample
throughput of the minidisc centrifugal analyzer.

Sample-Handling Considerations. Sample throughput
is limited for centrifugal analyzers by the time required to load
the sample discs. To improve throughput, this loading time
must be reduced.

The minidisc used in this work, similar in size and volume
capacity to that developed at Oak Ridge (1), is shown in Figure
1. This minidisc consists of three 3.49-in. diameter pieces,

a multich

& Co., Wil

! Present address E. I. DuPont de N
Del. 19898.
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a’/,s-in. Plexiglas central body and two !/,-in. UVT Plexiglas
windows, sealed together using Dow Corning 3145 RTV
Adhesive/Sealtant (Dow Corning Corp., Midland, Mich.). It
contains eight measurement cuvettes which have optical
entrance and exit ports formed along an outer ring of 1.50-in.
radius. Associated with each measurement cuvette are the
sample and reagent cuvettes which are 0.125-in. deep de-
pressions machined into the central body. This 8-position
minidisc is more compatible with the multichannel pipet
reported here and its design helped ease the complexity of
the initial design, construction, and implementation of the
pipet.

A new X-Y mixer configuration has been incorporated into
this minidisc by machining ®/¢,-in. deep channels from the
sample and reagent cuvettes to the measurement cuvettes.
This geometry provides immediate mixing of sample and
reagent as they travel out to the measurement cuvettes.

The sample-handling problem of the minidisc centrifugal
analyzer is the filling of the sample and reagent cuvettes
(nominal 67 uL each) before an analysis. Access to these
cuvettes is through a 3-mm opening in the top plate of the
minidisc (see Figure 1). For accurate and precise results, it
is necessary to deliver 67-uL aliquots of solution through these
small openings. Further, to improve the sample throughput,
the entire minidisc, i.e., all the sample and reagent cuvettes,
must be filled rapidly. Thus, in designing any delivery system
for centrifugal analyzer minidiscs, it is necessary to provide
reproducible delivery of small volumes either in rapid sequence
or simultaneously to load the entire minidisc in a short period
of time.

Some laboratories which have centrifugal analyzers use
various types of manual pipets. A Pipetmen 200-uL adjustable
pipet (Rainin Instrument Co., Brighton, Mass.) has often been
used in our laboratory. Although these pipets are sometimes
convenient, they do not solve the sample-handling problems
for high throughput. The reproducibility and time required
to manually load minidiscs are greatly dependent on the
technician.

To eliminate the dependence upon a given technician for
reliable results, various mechanized delivery systems have been
reported. These include “Gemeni, the Miniature Centrifugal
Analyzer” (Electro-Nucleonics, Inc., 368 Passaic Ave., Fairfield,
N.J. 07006), “Automatic Gemsaec Fast Analyzer” (Elec-
tro-Nucleonics, Inc.), “Rotochem II, Parallel Fast Analyzer”
(Aminco, American Instrument Co., Silver Spring, Md.),
“Centrifichem” (Clinical Diagnostics, Union Carbide, Tar-



Figure 1. Centrifugal analyzer minidisc

MICROPROCESSOR
CONTROLLER
VACUUNM REVERSIBLE PRESSURE
SOURCE AC MOTOR ORIVE SOURCE

PIPET ROTOR

BOTTOM STATOR

MINIDIS C———)

Figure 2. Block diagram of multichannel pipet system

rytown, N.Y.), and the system described in Ref. 1. These

ystems mimic a technician in loading the sample discs. That
is, sample and reagent cuvettes are filled sequentially until
the complete sample disc is loaded. Since the system is
mechanized, the reproducibility and time required for loading
the sample discs are no longer technician dependent. Thus,
impr ts in precision and loading time are realized as
compared to manual methods.

However, the sample-handling still remains the sample
throughput rate-limiting step with these sequential delivery
systems. The time for loading the sample and reagent cuvettes
with these systems varies from 7-18 s/cuvette and thus 3-5
minutes are needed to load a 16-position disc. The multi-
channel pipet discussed here loads 4 sample cuvettes and 4
reagent cuvettes (8 total) in 30 s. By using the principles of
this pipet and including additional aliquoting channels, an
entire 16-position disc (16 sample and 16 reagent cuvettes)
could be loaded in 30 s.

INSTRUMENTATION
The basic p of the multich | pipet system are

TOP VIEW
«—TOP CAP (DELRIN)
.I’YOP STATOR (TEFLON)

t——PIPET ROTOR (DELRIN)

ALIQUOTING CHANNEL
(1 OF 8)

~—PIPET BODY (DELRIN)

A

/ =4 "\ =—BOTTOM STATOR
\ =233
/ \-—-BOVTOM CAP

FLANGED TUBING
BOTTOM Cap——| f! : ;

[r =—— —SLEEVE

_J=tEmpPLATE

=SAMPLE TUBE [«-DELIVERY TIP

]

[=-SAMPLE CUP

— —

B

Figure 3. (A) Exploded view of multichannel pipet. (B) Close-up view
of tubing alignment

is applied to simultaneously deliver the solutions into the
minidisc sample and reagent cuvettes. The microprocessor
controls the motor drive, activates the pressure and vacuum
sources at the proper time, and handles all the timing and
sequencing necessary for proper operation of the pipet. Four
operator options are switch-selectable on the front panel of
the microprocessor. Each of the components of the multi-
channel pipet system is discussed in detail.

Multichannel Pipet. The present pipet contains only
eight aliquoting ch Is. It was decided to have eight
channels to simplify the design and construction of the pipet.
However, the ex ion of the principles to a pipet with
additional aliquoting channels would not increase the time
for aliquoting and delivering the solutions. To do this, it is
necessary only to drill additional channels and to realign the
encoders; all other hardware can be used as described. As
shown in Figure 2, eight aliquoting channels enable the pipet
to simult. ly load four positions of a minidisc.

shown in Figure 2. Eight solutions are simultaneously ali-
quoted in a pipet rotor which moves between two stators. The
pipet rotor is connected to a reversible, ac motor which turns
the rotor back and forth between the aliquot and delivery
positions, located 45° apart. In the aliquot position, solutions
are drawn into the pipet rotor via a partial vacuum applied
at the top stator. After the solutions have been aliquoted,
the pipet rotor moves to the delivery position and pressure

An exploded view of the multichannel pipet is shown in
Figure 3A. It consists of a pipet rotor and body both made
of Delrin, two Teflon stators, and two Delrin caps. Each of
these pieces contains two concentric rings of 1.5-mm holes.
These are spaced 45° apart in the caps and stators and 90°
apart in the pipet rotor (see Figure 3A, Top View). The holes
in the pipet rotor are the aliquoting channels, each with a
nominal volume of 67 uL.
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The caps are needed to seal flanged Teflon tubing against
the stators as shown in Figure 3B. The Teflon tubing is
flanged in our laboratory using the Durrum Flarefit flanging
tool, placed in the appropriate holes in the caps and then the
cap and stator are screwed together to form one unit. There
are 16 lines of tubing in the top cap/stator unit forming eight
vacuum lines for pulling solution into each aliquoting channei
of the pipet rotor and eight pressure lines for delivering the
eight solutions into the minidisc cuvettes. There are also 16
lines of tubing in the bottom cap/stator unit. These form eight

shown, one for the sample and one for the composite reagem‘.
The other ch Is (three le and three t)

in the same manner and at the same time as the channels
described. The rotor begins in the ready position which is
the same as the delivery position shown in Figure 4B. A start
pulse from the microprocessor activates the motor which turns
the rotor 45° to the aliquoting position (Figure 4A). Here,
a continuous channel exists from the sample and reagent cups
through the aliquoting channels of the rotor to the vacuum
lines attached to the top cap/stator unit. Since the sample
and reagent tubes are positioned below the liquid level in the
sample and reagent cups, applying the proper partial vacuum
will pull the solutions uniformly through the proper aliquoting
channel, as shown in Figure 4A. When these solutions travel
above the top cap/stator unit, the rotor is turned, simulta-
neously aliquoting sample and reagent via a knife-edge action
between the top and bottom stators. The volume aliquoted
is equal to the volume of the channel in the rotor. The rotor
continues turning until it has moved 45° back to the delivery
position. Now a continuous channel exists from the pressure
lines attached to the top cap/stator unit through the aliquoting
channels in the rotor to the delivery tips positioned in the
sample and reagent cuvettes of the minidisc. The proper
pressure is applied to deliver the sample and reagent solutions
into the minidisc cuvettes. The minidisc is removed for
analysis and the rinse solution is pulled through the pipet
channels using full vacuum from the vacuum source (house
vacuum in this work). The rinse solution is then removed and
the pipet channels are dried by the full vacuum.

Control Circuitry. The ac motor is controlled by the
circuitry shown in Figure 5. The motor must turn through
an angle of 45°, first counterclockwise (CCW) and then
clockwise (CW). The 45° travel is determined by two encoders
mounted 45° apart near the motor shaft. Each encoder
consists of an infrared light-emitting diode (LED) and
phototransistor mounted at an angle of 15° from each other.
A reflective surface placed between the LED and photo-

lines for picking up solutions from le and reagent cups
and eight lines for delivering solutions into the minidisc. A
template located below the bottom cap is used to align these
tubes with the sample and reagent cups and the entrance ports
to the sample and reagent cuvettes in the minidisc. This is
illustrated for two tubes in Figure 3B. Each sample tube is
located in the center of a sample cup and is measured to
extend down to just above the bottom of the cup. This ensures
that each tube is always below solution level. The delivery
tips are positioned directly in the center of the cuvette en-
trance ports on the minidisc. They are held stationary within
stainless steel sleeves.

The minidisc and sample cups are placed on a tray which
has vertical movement. In the lower position, the minidisc
can easily be placed on or removed from the tray, while in the
upper position the sample/reagent tubes are in the sample
cups and the delivery tips are in the entrance ports of the
sample and reagent cuvettes. This enables solutions from each
of eight cups to be drawn into the pipet, aliquoted, and
delivered directly into the sample and reagent cuvettes of the
minidisc.

The pipet rotor is pinned to a shaft coupled to the drive
shaft of a high torque, synchronous, reversible ac motor
(SLO-SYN Driving Motor, Type SS-150P2, Superior Electric
Co., Bristol, Conn.). This motor moves the rotor back and
forth between the aliquoting and delivery positions of the
pipet. In opemt.ion, the only external moving part of the pipet
is the rotor shaft since the pipet rotor is enclosed within the
pipet body and between the stators.

The functional operation of the multichannel pipet is shown
in Figure 4. For illustration, only one pair of channels is
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transistor will reflect light from the LED to the phototransistor
and turn it on. Attached to the motor shaft is a blackened
aluminum disc with one vertical silver line on its circum-
ference, which serves as the reflective surface for the two
encoders.

The motor is turned on and off using two optically isolated,
zero crossing switches (MSR 100, Monsanto, St. Louis, Mo.)
which are activated by TTL signals. Two switches are needed
to be able to reverse the direction of the motor. Since only
one switch can be on at any one time to prevent shorting out
the motor, three cases are possible: both switches off; switch
#1 on, switch #2 off; and switch #1 off, switch #2 on. The triacs
in parallel with each of the switches give the isolation necessary
for switching the highly inductive ac motor. The switches are
turned off by a HIGH logic-level signal and turned on by a
LOW signal. The operational amplifier and Schmitt trigger
(ST) associated with each encoder, NAND gates 14, and the
monostable (Figure 5) are used to produce the necessary TTL
signals to control the motor. Table I lists the logic level signals
during operation of the pipet. Refer to both Figure 5 and
Table I for the following discussion.

In the ready position, encoder #1 is ON and encoder #2 is
OFF. The output of ST 1 is HIGH and ST 2 is LOW. This
LOW signal is input to NAND gate 2 producing a HIGH
output. The result is that both inputs to NAND gate 1 are
HIGH producing a LOW output. This is input to NAND gate
4 forcing it HIGH. The @ output of the monostable is
normally LOW which forces NAND gate 3 HIGH. Since the
outputs of both NAND gates 3 and 4 are HIGH, switches 1
and 2 are both off and the motor is off.
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Figure 5. Control and drive circuitry for reversible, ac motor. Capacitance values In uF and resistance values in ohms unless otherwise noted.
A, B are LM3900. C is delivery position status. D Is aliquot position status. E, F are MSR 100

A start pulse from the microprocessor controller produces
a negative-going edge at the monostable inverting @ and Q.
Switch 2 remains off because the @ input keeps NAND gate
4 HIGH. However, both inputs to NAND gate 3 are now
HIGH producing a LOW output. This activates switch 1
which turns on triac 1 activating the motor. As soon as the
motor turns, encoder 1 is turned off because the reflective
surface attached to the motor shaft has moved. When the
motor has turned through 45°, the reflective surface reaches
encoder 32 turning on its phototransistor and the output of
ST 2 goes HIGH. Both inputs to NAND gate 2 are now HIGH
producing a LOW output forcing both NAND gate 1 and
NAND gate 3 HIGH. NAND gate 4 is still held HIGH by
Q. Both inputs to switches 1 and 2 are HIGH and the motor
is stopped. This is the aliquot position and the sample and
reagent solutions are pulled into the pipet. The motor remains
in this position for a time equal to the adjustable delay time
of the monostable (typically 5 s.).

After the delay time, the monostable returns to its original
state and Q is again LOW and Q is HIGH. Switch 1 remains
off because the @ input keeps NAND gate 3 HIGH. However,
both inputs to NAND gate 4 are now HIGH producing a LOW
input to switch 2. This turns on triac 2 and the motor is
turned on, moving in the opposite direction as before. The
motor turns through 45° until the reflective surface reaches
encoder 71 turning on its phototransistor. The output of ST
1 is HIGH and ST 2 is LOW forcing NAND gate 2 HIGH.
Both inputs to NAND gate 1 are HIGH forcing its output
LOW. The output of both NAND gates 3 and 4 are now
HIGH turning off the motor. This is the delivery position
of the pipet and the sample and reagent solutions are delivered
into the minidisc. The motor will remain in this position until
another start pulse is received.

Vacuum/Pressure Module. The vacuum source has two
functions in this system: to uniformly pull solutions into the
pipet aliquoting channels and to wash and dry the pipet. The
former function requires a finely adjusted partial vacuum while
the latter requires a strong vacuum. Thus the vacuum source
must be switched between partial and full vacuum quickly
and easily. The pressure source is used to deliver the aliquoted

PRESSURE VACUUM
SOURCE SOURCE
SOLENOID COAR.
s ARSE
(NC)
FINE soL. "3
(NC)
ADJUST SOL *4
(NO)
VACUUM
TRAP
soL™ ® soL”s
(NC]/ (NC)
DRAIN

MULTICHANNEL

PIPET

Figure 6. Block diagram of vacuum/pressure module

solutions into the sample and reagent cuvettes of the minidisc.
Both the vacuum and pressure must be properly adjusted,
applied at the proper time and applied for the proper length
of time. It is especially important for the pressure source to
be immediately turned off when the solutions have been
delivered. This is because air blowing over the solutions after
delivery can enhance evaporation and bubbling of the solutions
causing significant errors in volume reproducibility.

The components of the vacuum/pressure module are given
in Figure 6. The present design requires five solenoids and
three needle valves. Under microprocessor control, the so-
lenoids (6 volt, Angar Scientific Corp., East Hanover, N.J.)
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Table I. Logic Level Signals

CcCW

Ready motor Aliquot CW motor Delivery

position movement position movement position
ST #1° H L L L H
ST #2° L L H L L
Gate #1° L H H H L
Gate #2° H H L H H
Q of MS¢ L H H L L
Q of MS¢ H L L H H
Gate #30.d H H H L H
Gate #4%4 H L H H H

@ ST #1 and #2 are 7413. ® Gates 1-4 are 7400. © MSis 74121. 9 Gates #3 and #4 are control inputs to switches

#1 and #2 (see Figure 5).

[* !

START
LA soLenoio 2
MICROPROCESSOR
MOTOR s
CONTROL ALIQUOT (soaoA) controt L,
DELIVERY
L5

HOT RESET LOAD START
coLo WASH

Figure 7. Block diagram of microprocessor controller

are used to open and close the vacuum and pressure lines. The
needle valves in the vacuum line are used to adjust the house
vacuum down to a slightly negative pressure, while the valve
in the pressure line acts as a ballast for the air pressure tank
regulated at 3 psi. These manual adjustments are made once
daily prior to using the pipet.

For illustration, one complete cycle of the pipet is described.
In the ready position all solenoids are off. After a start pulse
is given, the motor turns the pipet to the aliquoting position.
Here, solenoid #1 is activated applying a partial vacuum to
the multichannel pipet. After aliquoting occurs, solenoid #1
is deactivated and the motor turns to the delivery position.
Solenoid #2 is activated opening the pressure line to the pipet.
After all solutions have been delivered, solenoid #2 is deac-
tivated and the minidisc is ready for analysis.

The multichannel pipet must be washed and dried before
another minidisc can be loaded. This is necessary to prevent
any significant errors due to possible solution carry-over, which
is quite possible in the delivery tips. The sample/reagent
tubes are positioned in a wash solution (usually water), the
WASH cycle is selected, and a start pulse is given to the
microprocessor. The wash solution is aliquoted and delivered
to a waste reservoir to clean the aliquoting channels and
delivery tips. The delivery tips are first dried by blowing air
through them for 30 s following the delivery of the wash
solution. Then, solenoids #1 and #3 are simultaneously ac-
tivated which applies a full house vacuum to the pipet. This
rapidly pulls the wash solution through the sample/reagent
tubes and the aliquoting channels. After a delay time, the
wash solution is removed and the full vacuum is used to dry
the pipet. This is required so that all aliquoting channels and
associated tubing are clear of any drops of solution. After
drying is complete solenoids #1 and #3 are deactivated and
the pipet is ready to load another minidisc. This entire wash
and dry cycle requires a minimum of 2!/, min.

When the vacuum trap is filled, it must be drained. So-
lenoid #4 is activated which isolates the vacuum source from
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the trap, then solenoid #5 is activated opening the trap to the
drain. After draining is complete, solenoids =4 and #5 are
deactivated. The vacuum trap is sufficiently large that it needs
to be drained only after 20-30 minidiscs have been loaded.

Microprocessor Controller. The operations of the
multichannel pipet system are handled by the microprocessor
controller based on the Intel 8080A (Intel Corp., Santa Clara,
Calif.). The basic system is shown in Figure 7. Located on
the front panel of the microprocessor are four switches and
two lights. The ON light indicates that the microprocessor
is operating and the READY light indicates that the mi-
croprocessor is waiting for a start pulse. If the READY light
is off, the microprocessor ignores all front panel switches
except the RESET, which restarts the program.

The flow diagram in Figure 8 indicates the function of the
four switches. The HOT/COLD switch refers to the start-up
procedure. In a COLD start, usually a power-on start, the first
step is to drain the vacuum trap. The HOT start saves time
by allowing this step to be cmitted. The LOAD/WASH
switch determines the mode of operation: to load a minidisc
with sample and reagents or to wash and dry the pipet. The
START switch initiates the action of the pipet.

The program for .operating the multichannel pipet consists
of a main program and five subroutines and is contained in
one 256 X 8 Programmable Read Only Memory (PROM) Chip
(1702). As shown in Figure 8, the main program monitors the
front panel switches for the mode of operation and the start
pulse. When a start pulse is detected, the microprocessor reads
the mode of operation (load or wash) from the front panel and
goes to the appropriate subroutine. The other three sub-
routines are check the solenoids, drain the trap, and a timing
loop. The microprocessor checks the status of all the solenoids
to be certain that all are off. If they are not off or cannot be
turned off, the microprocessor halts. This prevents the pipet
from attempting to operate with improper solenoid control.
The vacuum trap is drained by the drain the trap subroutine.
The timing loop enables variable delay times to be pro-
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Figure 8. Flow chart of program used by microprocessor to control
multichannel pipet system

grammed into the pipet operation.

The two main subroutines are the load and wash routines.
If a minidisc is to be filled, the LOAD/WASH switch is set
to load and the START switch is pushed. All the solenoids
are checked and if all are off, a start pulse is given to the motor
control circuitry (see Figures 5 and 7). The pipet moves to
the aliquoting position. When the microprocessor detects that
the aliquoting position has been reached, it sends a pulse to
activate solenoid #1 (see Figures 6 and 7). The microprocessor
deactivates solenoid #1 as soon as the pipet leaves the ali-
quoting position. When the delivery position is reached, the
microprocessor activates solenoid #2. After a programmed
delay time, solenoid #2 is deactivated and the minidisc is ready
for analysis. Control of the program is returned to the main
program to await another start pulse.

To wash the pipet, the wash mode is selected and a start
pulse given. Again the micropr or checks the solenoid
The delivery tips are first washed and dried as described
earlier, then solenoids #1 and #3 are activated to wash and
dry the pipet via a full vacuum. After a programmed delay,
both solenoids are deactivated. If the vacuum trap is full, the
drain the trap subroutine is called which controls solenoids
#4 and #5. Control of the program is then returned to the main
program as before.

The microprocessor interface is shown in Figure 9. It
requires only six chips: one 74154 chip, a four-line to sixteen
line decoder for the generation of the device select codes; three
74279 chips, RS flip-flops to control the five solenoids and
two front panel lights; and two 8095 tri-state buffers to input
status information into the microprocessor from the solenoids,
the front panel switches, and the aliquot and delivery posi-
tions. Since only one tri-state buffer can be activated at one
time, both inputs G1 and G2 are needed.

RESULTS
The multichannel pipet system has been experimentally

Table II. Sp h tric Evaluation of
Multichannel Pipet

Cuvet RSD,
position? Method? N Absorbance® %

1 A 15 0.913 0.48
2 A 15 0.912 0.67
3 A 15 0.911 0.57
Average: 0.912 0.57

% RSD: 0.10
4 B 15 0.911 0.46
5 B 15 0.914 0.34
6 B 15 0.913 0.37
Average: 0.913 0.39

%RSD: 0.16

@ Cuvette position refers to measurement cuvette
number on minidisc. ® Pipetting method used: A=
Multichannel pipet; B = Pipetman manual pipet. € Ab-
sorbing solution: 10 ppm Fe, 0.1% H,NOH - HCl, 0.02%
1,10-phenanthroline, 1% sodmm acetate.

evaluated. For the application of this pipet system to a
minidisc centrifugal analyzer, the absolute volume of each
channel is unimportant as long as the delivered relative volume
of each pair of channels is known and is reproducible.
Therefore, only relative volume and reproducibility studies
have been made. The initial test of the pipet was a gravimetric
evaluation using a solution of 0.1 mM paranitrophenol in 0.1
M tris(hydroxymethyl)aminomethane, pH 10.6. This solutlon
was used because it more closely r the serum

used in our laboratory. This solution was aliquoted by “the
multichannel pipet, delivered into four weighing bottles, and
weighed. Thus results were obtained for four pairs of channels
simultaneously. This experiment was repeated over a ten-day
period and the reproducibility of delivery of each pair of
channels is within 0.3% for both within-day and day-to-day
studies. These results show the precision of aliquoting and
delivery of solutions with the multichannel pipet.

To evaluate the performance of the multichannel pipet in
normal operation and to determine relative volumes, the
multichannel pipet was used to load an absorbing solution as
the sample and deionized water as the reagent into the mi-
nidisc (see Figure 1). For the cuvettes not filled by the
multichannel pipet, a Pipetman manual pipet, adjusted to
deliver 67 uL, was used to load iron and water solutions into
sample and reagent cuvettes, respectively. Thus data for both
pipetting methods were obtained simultaneously on the same
minidisc. The absorbing solution, measured at 509 nm, was
10 ppm iron, 0.1% hydroxylamine hydrochloride, 0.02%
1,10-phenanthroline, and 1% sodium acetate. The sequence
followed was to load the minidisc with the iron solution in the
sample cuvettes and water in the corresponding reagent
cuvettes (first manually, then using the multichannel pipet),
measure the resulting absorbance in each measurement cu-
vette with our centrifugal analyzer (2), clean the minidisc, and
repeat. This was done 15 times and the results are given in
Table II. These results show the good reproducibility of
aliquoting and delivery for both methods of pipetting. Further
these data show that the relative volume of each pair of
channels is the same. Since the absorbance resulting from
manual pipetting is known to be from an exact 1:1 dilution
of the iron solution to water (67 uL:67 kL) and the absorbance
determined from the multichannel pipet is nearly identical
to that obtained manually, each pair of channels in the
multichannel pipet must also have a 1:1 volume ratio. It
should be noted that the data obtained manually are rep-
resentative of an expenenced technician while the multi-

h | pipet is tech independent. Further, the
multichannel pipet can handle eight solutions simultaneously,
while only one solution at a time can be handled manually.

ANALYTICAL CHEMISTRY, VOL. 49, NO. 11, SEPTEMBER 1977 « 1613



AII
SoL.5 0,
10
soL. 4 D
3
Ag
soL.3 D
2
A
8
soL.2 ,
soL. | o
Als
N
Ajg
HO%oL0
DELIVERY
ALIQUOT
WASH{ om0 ouT
START

A3 DS 17 5
_ Q [—READY
R
Az DS16 &
A
i DS 12 3 .
al—
- 655 = CONTROL
oS 1 S ol-soL. 4
DS 4 R CONTROL
DS 14 S |
DS IS r B afon
osio S Ql-soL.3
DS 3 R CONTROL
DS 7 S Sol. 8
al=
CONTR
DS 2 R hulifelt
G _C
DS 6 3 —y
o lsot.
b5 & CONTROL

Figure 9. Microprocessor Interface circuitry for control of multichannel pipet system. A, B, C are 74279. The two tri-state buffers are 8095

(54365)

The multichannel pipet was also evaluated by a rate method
analysis of gl Aqueous gl standards were prepared
in the range of 40-200 mg/dL and analyzed by a modified
glucose oxidase-peroxidase procedure (3). These standards
were used to calculate a working curve based on several
loadings of the minidisc with both manual and multichannel
pipetting. Then a 50 mg/dL aqueous standard was analyzed
several times via this averaged working curve. The con-
centration determined with the multichannel pipet was 50.9
mg/dL with a precision of 1.00% while that determined
manually was 50.5 mg/dL with a precision of 1.15%. These
results further demonstrate the performance of the multi-
channel pipet. The multichannel pipet and manua! pipet data
are almost identical. However, the multichannel pipet is
significantly faster than the manual, sequential pipetting
method.

The results obtained with the multichannel pipet show that
the parallel aliquoting and delivery of solutions into minidiscs
is a viable and reliable approach to the sample-handling
problem. This pipet has been in use in our lab for over two
years. The present design of eight aliquoting channels has
improved sample throughput with no loss in precision.
Further, the design of the multichannel pipet has the ad-
vantages of minimal sample carry-over and elimination of
aliquoting with the delivery tips. The carry-over for a pair
of aliquoting channels is less than 0.9% and is not significant
after one aliquoting and delivery cycle. Sample carry-over
is limited to the delivery tips because for proper aliquoting,
solution must travel above the aliquoting channel and is
discarded. This discarded solution cleans out the channel as
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it travels upward. Aliquoting is done inside the pipet body
eliminating design constraints on the delivery tips. Further,
these aliquoting channels remain stationary and all aliquoting
and delivery is done from the same position. This avoids
problems of gravity effects associated with aliquoting and
delivery from different positions.

There are some disadvantages of the current design. The
solution volumes are fixed by the volume of the aliquoting
channels. It is time-consuming and impractical to change the
volume. However, the volume of the sample and reagent
cuvettes in our minidiscs is also fixed and determines the
volume needed. The solution waste of the pipet is about 50
uL per channel. This is due to the discarded solution which
travels above the aliquoting channels. However, this solution
does minimize carry-over by priming the channels.

Only having eight aliquoting channels has limited the
application of the pipet. However, this pipet has demonstrated
that the concept of parallel aliquoting and delivery of solutions
is sound and deserves further work.

Presently the concepts described here are being applied to
the design and construction of a 24-channel pipet. A method
of optically encoding the solution travel in each channel of
the pipet has been tested and will be used with the new pipet.
This will provide positive feedback for each channel and
improve the reliability and performance of the pipet.
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Determination of Low Levels of Sulfur in Organics by

Combustion Microcoulometry

D. C. White

British Petroleum Company Limited, Group Research and Development Department, Analytical Branch, Sunbury-on-Thames, Middiesex,

England

A combustion syshm for the determination of sulfur by oxi-
dative ! y Is d d. The con-
ditions have been selected so that the conversion of organic
sulfur to SO, Is close to 100%, the conversion being largely
Independent of matrix and sulfur function type. The technique
has been applied to a wide range of petroleum products
(residual fuel and wax to low boiling products), and to natural

the sulfur dioxide yield lies typically between 70 and 85%.

The problem with using a low oxygen partial pressure in
the oxidation zone in conjunction with a furnace temperature
no greater than 950 °C is that of ensuring complete oxidation
of the organic material. Incomplete oxidation leads to the
formation of olefins or aldehydes etc. which react with iodine
in the cell to give spurious values (7, 8), and carbonaceous
d its may also form in the inlet or outlet portion of the

gas. In addition, coking problems sometimes with
higher boiling products are avolded. The limit of detection is
0.2 ppm by weight and the standard devlation at the 1 to 2
ppm level Is 0.1 ppm by welght.

The use of combustion-microcoulometry for the deter-
mination of traces of sulfur, nitrogen, and chlorine is now quite
familiar, mainly as the Dohrmann system. Such a system was
used for the determination of trace amounts of chlorine (1-4).
Applications to the determination of trace amounts of sulfur
are more us, finding considerable use in the petroleum
industry (5-17).

From the literature, it is evident that the oxidative route
has been strongly favored in practice (7-17) but the per-
formance has never been entirely satisfactory, especially in
correlative work. It was considered, however, on the basis of
the work by Dixon (11) and Cedergren (13), that considerable
improvements in the efficiency of conversion of organic sulfur
to sulfur dioxide should be possible by proper choice of
combustion conditions.

Consideration of the equilibria involved in the reaction SO,
+ !/50, = SO; show that a high sulfur dioxide yield is favored
by high temperature and low partial oxygen pressure. At high
enough temperatures, the sulfur dioxide yield is largely in-
dependent of oxygen partial pressure, e.g., combustion at 1420
°C with an oxygen partial pressure of 1 atm gives a yield of
98%, compared with about 75% at 930 °C (18). At lower
temperatures, the yield is increasingly dependent on oxygen
partial pressure. The relationship can be seen in Figure 1 (13).
It is evident that unless very high furnace temperatures are
used, high sulfur dioxide yields can be obtained only prac-
tically by the maintenance of low oxygen partial pressure.

Combustion conditions have cc ly employed pyrolysi:
and volatilization of the sample in an inert gas (nitrogen,
helium, argon) at 400-700 °C, which gas stream is then passed
into an oxygen atmosphere in a main furnace at about 700-950
°C where sample oxidation takes place. The oxygen/inert gas
ratio varies from 1:4 to 4:1. Under these various conditions,

combustion tube.

These problems have been overcome in the system de-
veloped and described here which uses a combination of the
methods of Dixon (11) and Cedergren (13). It involves in-
jection of the sample into an oxygen-helium mixture in an
injection section at 700 °C where or nearly )!
oxidation occurs at a high flame temperature followed by
dilution with a large flow of helium in a combustion/equil-
ibration zone. About 100% recoveries of organic sulfur as
sulfur dioxide are obtained, largely independent of sample type
or matrix.

EXPERIMENTAL

Apparatus and R i of the us is
shown in Figure 2. A Dohrmann S—350 pyrolysis furnace is used
with three separately controlled sections, inlet, center, and outlet,
together with valves and flowmeters for the carrier and combustion
gases. The temperatures are shown in Figure 3. The combustion
tube is made in clear quartz and is detailed in Figure 4.

A cooling chamber is provided, made exactly as the water
absorber described by Ladrach (3) except that the side entry for
filling is omitted. Initially in the measurement of sulfur it was
used purely for convenience in linking the combustion tube and
cell. It was, h ly retained b it was thought
to perform the useful f\mcuon of cooling the gases before entry
to the cell. The inlet tube to the absorber was heated to ca. 70
°C as before.

The titration cell used is similar to the Dohrmann T-300-P
titration cell, except that the mulucapdla.ry glass barriers between
the various partments are repl by ially cut glus
sinters. The reference electrode is a platinum wire immersed in
the cell electrolyte saturated with iodine. An excess of solid iodine
is also present. The indicating and generating electrodes are pure
platinum foil (ca. 7 mm square).

The cell is supported on a 250-rpm synchronous magnetic stirrer
(Grant Insu'ument.s, Cambndge, England). Cell plus stirrer are
losed in an al binet (30 X 16 X 16 cm). Th\s.
well as protecting from drafts, provides electrical screening by

connecting the cabinet to the amplifier chassis e:

The coulometer produces pulses of titrating current of constant
amplitude and length. The ber of pulses is ded by a
digital counter and is proportional to the amount of substance
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combustion conditions
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titrated. The mean current is proportional to the frequency of
the pulses and an annlogue voltage output to which the pulse
frequency is proportional is provided for continous recurdmg A
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Figure 5. Pulse coulometer
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Figure 6. Gas supplies to Dohrmann furnace and combustion tube

Helium and oxygen are supplied to Negretti-Zambra pressure
regulators (set at 10-psi output pressure) and thence to the gas
entry ports of the furnace. The configurations used are shown
in Figure 6.

A Hamilton 10-uL syringe 701 with 3-inch needle is most
suitable for liquid samples.

For gas samples, a 20 uL. Summit all-glass syringe is used fitted
with a 2-inch detachable needle.

It is essential that a slow and controlled rate of sample injection
be used. A hand operated device comprises a cradle in which the
syringe lies. A plate travelling on a threaded rod engages the
plunger and pushes it forward. A hand operated crank on the
threaded rod provides the necessary forward travel. The threaded
rod has a pitch such that one complete turn of the handle per
second provides an injection rate of ca. 1 uL/s.

A motor driven device is based on the same principle. The push
rod is driven by a 30-rpm synchronous motor to give an injection
rate from a 10-uL. Hamilton syringe of 1 uLL/11 s. By changing
to a larger cradle to accommodate the 20-mL syringe and ex-
changing the drive motor to a 15-rpm motor, gases are injected
at a rate of 1 mL/11 s. The cradle and motor are quickly in-
terchangeable.

The preferred electrolyte is that described by Clare (9), made
up of potassium iodide AR (0.001 g), potassium bromide AR (0.20
g), and acetic acid AR (0.05 g) dissolved in 100 mL distilled water.

If nitrogen or chlorine are present in the sample, an azide-
containing electrolyte may be used instead (5).

Recommended Procedure. The gas connections are shown
in Figure 6 and the flows and furnace temperatures in Figures
3B. High temperature combustion takes place in the inlet zone
of the combustion tube in the 1 to 2!/, mixture of oxygen and
helium (16 mL/min oxygen plus 40 mL/min helium). On entry
to the combustion/equilibration zone, rapid dilution with helium
(120 mL/min) then takes place, together with cooling to 680-700
°C, at which temperature the oxidation of sulfur dioxide to trioxide
is slow (13). At the same time it is considered that the temperature
in the combustion/equilibration zone is high enough to ensure
oxidation of any residual organic fr: ts. A ing that a
liquid hydrocarbon (e.g., heptane, toluene) is mjecLed at the rate
of 1 uL/11 s or a gaseous hydrocarbon (e.g., methane) injected
at the rate of 1 mL/11 s, then the oxygen concentration in the

bustion/equilibration zone will be 2 to 3% by volume so that

continuous current into the cell to compensate for cell drift and
80 maintain a near zero titration baseline. Since the amount of
titrating current produced is related to the digital output by the
pulse amplitude and width, in practice the system is calibrated
by injecting known amounts of standards into the furnace. Such
a coulometer is easier to design for stable operation and less
expensive to make than those employing a continuous titrating
current, avoiding as it does the need for a current integrating
device. Certain features of the coulometer are the subject of
Patent Cover. A block diagram is shown in Figure 5.
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in the equilibrium SO, + !/,0, = SO, formation of SO, is favored,
see Figure 1. When a sample has been taken into a syringe, the
needle is inserted fully through the septum into the furnace until
the “needle peak” has completely emerged. This peak is due to
liquid or material from the septum on the inside or outside of
the needle.

Although rapid deterioration of the needle of the injection
syringe might be expected in the oxidative conditions of the
combustion tube inlet, in fact this is not so, and prolonged use
of a stainless steel needle for sample injection in this mode has



Table I. Effect of Matrix and Sulfur Function Type on Comt Efficiency-R ded Proced
Solvent
Isooctane Toluene Methanol
Efficiency, No. of Efficiency, No. of Efficiency, No. of

Compound % Expts. % Expts. % Expts.
Butyl ethyl sulfide 91.2 4 98.8 3 98.1 4
(C.H,)(C.H,)S 99.4 3 98.2 1
Phenyl sulfide 96.3 4 100.1 3 99.1 4
C.H,),8 98.1 ) 94.9 3
Butyl mercaptan 97.0 4 98.5 3 94.6 2

H
Thiophene 99.4 37 101.9 4 100.9 4
CH=CHCH=CHS std dev, 102.6 4 97.4 3
_ 2.2%
Dimethyl sulfoxide ggé ?3 96.6 3
CH,SOCH, 99.2 5
Dimethyl sulfolane 102.3 3 99.2 3
CH,?HCH,CH(CH,)CH,SO, 99.5 2
e i i |

had no adverse effect. If pure oxygen is used for the inlet gas,
then it is essential to use a platinum needle (11).

RESULTS AND DISCUSSION

The term pyrolysis is used to refer to the process occurring
in the inlet section when a sample is injected into inert gas,
and where it is considered that pyrolysis as well as volatil-
ization takes place. When oxygen is added to these organic
products at a later stage, the process then occurring is referred
to as oxidation rather than oxidative pyrolysis.

Initial work was carried out using pyrolysis in helium in the
inlet section with subsequent oxidation by addition of oxygen
into the center oxidation section, this being the most com-
monly used procedure (cf. introduction). This procedure is
referred to as “pyrolysis-combustion.” The gas flows (helium
120 mL/min, oxygen 50 mL/min) and furnace temperatures
(Figure 3A) were similar to those specified in the ASTM
procedure (15). The efficiency (conversion of organic sulfur
to sulfur dioxide) was 90% for thiophen in isooctane but
results were not as repeatable as would be desired. A slow
sample injection rate (1 xL/10 s) was employed.

In view of the work of Dixon (1I) and Cedergren (13), it
was decided to attempt bringing the conversion of organic
sulfur to sulfur dioxide nearer to 100% by application of the
principle of high temperature combustion in oxygen followed
by dilution with helium to a low oxygen concentration mixture.
This procedure is referred to as “combustion-dilution™. A
center furnace temperature of 800 °C was initially used;
however an improvement in recovery was found on reducing
this to 700 °C.

Although the formation of carbonaceous deposits is a
problem associated with the pyrolysis-combustion technique,
provided a proper rate of sample injection is observed in the
combustion-dilution technique, this cannot occur, and in fact
no such deposits have been observed over a long period of
operation. The fear has also been expressed that the high
recovery using these conditions may be due in part to products
of incomplete oxidation reaching the cell and resulting in
spuriously large titration. This possibility is rendered ex-
tremely unlikely by the negligible responses obtained from
the combustion of sulfur-free hydrocarbon samples such as
isooctane, toluene, and methane.

Calibration of Titration Cell and Combustion Effi-
ciency. Cell calibration by direct introduction of sulfur
dioxide in water was carried out, replicate measurements being
made on each occasion, and having a relative standard de-
viation of 1% or better. Comparison between the response
factor obtained in this way, and also by combustion of a
thiophen in isooctane standard gave a measure of the com-

Table II. Analysis of Reference Gas Samples (Ethane
thiol doped natural gas)

Added S, theory Added S, found

PPmM ppm  No. Std dev,

by by of ppm by

ng/mL weight ng/mL weight expts. weight
1.81 2.33 1.93 2.48 4 0.15
2.77 3.56 2.73 3.51 2 +0.04
3.88 4.99 3.89 5.01 5 0.13
7.06 9.09 7.26 9.34 5 0.09

bustion/absorption efficiency. The mean value for combustion
efficiency obtained in this way was 99.4% with a standard
deviation of 0.9%.

Effect of Matrix and Sample Type. Experiments were
carried out to establish the effect of solvent matrix and type
of sulfur function on the ion efficiency. Solutions of
butyl ethyl sulfide, phenyl sulfide, butyl mercaptan, thiophen,
dimethyl sulfoxide and dimethyl sulfolane were made up in
isooctane, toluene, and methanol.

During each day, calibrations were carried out using
thiophen in isooctane, and the results for other solutions
referred to the mean calibration value, assuming the com-
bustion efficiency for thiophen/isooctane to be 99.4%. The
results are shown in Table I. Each value is the mean obtained
on any day. From the total of 25 mean values obtained on
the 16 different solutions, the mean combustion efficiency is
98.4% with a standard deviation of 2.5%. One can therefore
assume that, for the and compound types ined
the use of the same calibration factor irrespective of compound
type or matrix would give the correct results £5% relative
for 95% of determinations.

Analysis of High Boiling Materials. Problems have been
recognized in the analysis of high boiling materials, especially
using pyrolysis-combustion when coke formation can occur
in the inlet part of the combustion tube—although this is less
likely to occur using combustion-dilution. A further cause of
difficulty arises where there are components of differing
boiling points in the sample of which the lighter evaporate
from the injection needle leaving the residual less volatile
components. When a high boiling viscous sample is diluted
with a lower boiling hydrocarbon in order to reduce the sulfur
level or decrease the viscosity, the same problem will arise (5,
11). Thus dilution of a waxy distillate (S = 2.1%) into toluene
gave results about half those expected. This problem is
overcome by dilution of the high boiling sample with a sul-
fur-free diluent of a comparable boiling range. A suitable
diluent is light liquid paraffin (11) (which has a suitably low
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Table III. Effect of Matrix and Sulfur Function Type on Combustion Efficiency-Oxygen Rich Pyrolysis-Combustion
Solvent
Isooctane Toluene Methanol
Efficiency, Efficiency, No. of  Efficiency, No. of
Compound % No. of Expts. % Expts. % Expts.
Phenyl sulfide 84.4 4
(C,H,).8
Butyl mercaptan 76.3 2
Thiophen 83.6 8 90.4 4 815 4
CH=CHCH=CHS standard ;
deviation
1%
Dimethyl sulfoxide 80.8 3

viscosity) and which has been successfully used for the analysis
of residual fuel and waxy distillate. Residual fuel: expected,
1.97%; found, 2.09, 1.82%. Waxy distillate: expected, 2.07%;
found, 1.94%.

Analysis of Gases. Some work was carried out to dem-
onstrate the application of the method to hydrocarbon gases
such as natural gas.

The motor-driven sample injection device was modified to
accept a 20-mL syringe. The syringe was flushed from a
flowing stream of the gas sample, filled to the 15-mL mark
and the gas sample introduced into the combustion tube with
minimum delay. The needle was inserted just through the
rubber septum so that it remained cool and thus eliminated
the needle peak.

It was considered desirable to set up hydrocarbon gas
samples of known sulfur content so as to validate the pro-
cedure used. The method adopted was the permeation tube
cell, using ethane thiol since the risk of condensation onto the
glass syringe surfaces would then be minimal. Natural gas
(ca. 95% methane), stored in a mild steel cylinder, was used
as carrier.

Samples of ethane thiol doped natural gas (15 mL) were
taken from the sampling point after the permeation tube and
injected into the furnace, as described above. The results are
shown in Table II. The sulfur content of the gas as drawn
directly from the cylinder was determined in the same way
and established as 0.136 ng/mL (0.175 ppm by weight) with
a standard deviation (9 measurements) of 0.066 ng/mL (0.08
ppm by weight). Calibration was carried out as for liquid
samples.

Comparison between Recommended Procedure and
Pyrolysis-Combustion Procedure. A comparative study
was made between the Recommended Procedure and pyro-
lysis-combustion conditions employing a large excess of oxygen
over helium in the oxidation stage (oxygen rich). In this case
the sample was pyrolyzed in helium at 40 mL/min at 450-550
°C and then oxidized by the addition of 120 mL/min oxygen
at 900 °C. The temperature of the outlet furnace was 800-850
°C (Figure 3C). As already discussed, one would expect a
reduced efficiency of conversion of organic sulfur to sulfur
dioxide with this arr

Some of the solutions described above were analyzed using
these conditions. Again the efficiency obtained for the
thiophen/isooctane solution was established by a simultaneous
check measurement of the cell calibration using sulfur dioxide
solution. The results are shown in Table III. The efficiency
for thiophen/isooctane is seen to be 84%, as compared with
99% for the Recommended Procedure. The mean efficiency
for the 6 solutions is 83% with a relative standard deviation
of 5.1%. The efficiency is therefore lower and more variable.
A comparison was also carried out between the Recommended
Procedure, pyrolysis-combustion using an oxygen lean at-

mosphere in the oxidation stage (helium 120 mL/min, oxygen
50 mL/min with the furnace temperatures shown in Figure
3A), and the above pyrolysis-combustion conditions using an
oxygen rich atmosphere in the oxidation stage (Figure 3C),
all the experiments being carried out on the same day by
appropriate adjustments of furnace temperatures and gas flow
rates. All the experiments were carried out on a thio-
phen/isooctane solution (24 ug S/mL), and a check on the
cell calibration was carried out to ascertain that no change
had taken place.

The efficiences found were: oxygen lean pyrolysis-com-
bustion, 91.5%; oxygen rich pyrolysis-combustion, 85.3%;
recommended procedure, 98.6%.

A comparison between the recommended procedure and
oxygen rich pyrolysis-combustion, using the azide containing
electrolyte (5), carried out at a later date gave a recovery of
76% for the latter compared with the former.
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Weak Peak Enhancement by Selective lon Trapping in a

Quadrupole lon Storage Source

G. Lawson' and J. F. J. Todd*
Chemical Lab ity of Kent, C:

Irl'L

The combination of a three-dimensional quadrupole lon storage
source (QUISTOR) with a conventional quadrupole mass filter
is shown to p a of enhancing the Intensities of
weak mass spectral peaks, and to be of potentlal use when
samples are present In only trace amounts.

Current research trends, particularly in the biochemical and
environmental fields have confronted chemists with the task
of applying modern analytical techniques to the problem of
detecting exceedingly low levels of particular species. Such
concentrations may arise because the sample is either a low
volatility (e.g., biochemical) compound or is in the form of
trace amounts of substances in an excess of other gases,
pollutants in air for example. This need to increase sensitivity
has been particularly acute in mass spectrometry (1, 2) and
although the fundamental difficulty, insufficient density of
sample molecules, is the same in both applications, two
separate approaches have been employed. Substances of
biochemical interest are generally highly polar, have high
molecular weights, and possess low vapor pressures even at
elevated temperatures; the general technique for dealing with
such compounds is derivatization to increase the volatility.
This procedure is not only time-consuming, but may be
virtually impossible if only small quantities of the original
material are available. In this regard, field ionization and
desorption are among the new approaches which have proved
successful for a large number of compounds of low volatility
(3, 4), as well as affording a means of reducing the extent of
fragmentation, as does chemical ionization (5, 6). On the other
hand, direct admission of an air sample containing a pollutant
into a mass spectrometer ion source leads to a situation in
which virtually all of the ionization products are of no interest,
e.g., No*, 0,%, etc. This difficulty may be alleviated by
pre-concentration techniques such as liquid nitrogen freeze-out
(7, 8), the incorporation of a membrane separator (9), or more
commonly the direct combination of a gas chromatograph to
the mass spectrometer (10).

In all of the above methods there can be little or no direct
control of either the ions that are formed in the source or the
ions leaving the source prior to analysis, although use of
different chemical ionization reagent gases does afford a degree
of specificity. The ideal ion source, particularly one for
monitoring pollutants, should be capable of creating, or at least
preparing for analysis, only those ions of interest to the in-
vestigator. The retention of such species would allow the
buildup of a sufficient number of ions to facilitate detection
and analysis. The use of both the three-dimensional quad-
rupole ion storage (QUISTOR) (11-13) device and trapped
ion cyclotron resonance (ICR) (14-16) makes it possible to
retain ions of either a single or a range of m/e values. In this
paper we describe the first of these techniques, in which a
quadrupole ion storage device is used in place of the ion source

1 Present address, Rubber and Plastics Research Association,
Shawbury, Shrewsbury Shropshire, U.K.

Y, Kent, CT2 7NH, UK.

of a conventional quadrupole mass filter. This apparatus
differs from the ICR instrument (16) in as much that a
separate analyzer is incorporated. This combination of in-
struments effectively produces an analyzer with a mass se-
lective ion source capable of storing ions over extended periods.
In terms of the analytical problems discussed above, the ability
to reject all ions except those of interest is a considerable
advantage.

THEORETICAL

In order to readily understand the chosen mode of operation
of the Quistor/quadrupole bination, it is y to
consider, in some detail, the behavior of a conventional
quadrupole mass filter when scanning in the zero resolution,
“total pressure mode”. Despite the large volume of research
data published concerning the performance of the quadrupole
mass filter, it is somewhat surprising that so little attention
has been paid to this aspect.

The operation of the quadrupole mass filter, comprising an
array of four accurately parallel rod electrodes, can be ex-
plained (17) in terms of the “stability™ of the ion trajectories,
which themselves are described by Mathieu equations of the
type

2

u

=—=fa+ =
a7 ( 2q cos 2y)u=0
in which u represents the displacement of the ion from the
origin. The values of the quantities a and g determine
whether, by lying within the boundaries of the area shown in
Figure 1, the trajectories are periodic such that an ion traverses
the axis of the electrode structure, or whether the amplitudes
of the oscillations continue to increase such that the ions
collide with the electrodes. a, g, and v are related to the
physical parameters of the mass filter by

4eU 2eV . o
g mr’oﬂz’q mr’onz’an U U
where U and V are the maximum potential differences, dc and
rf, respectively, between opposing electrodes, ry is the radius
of the inscribed circle tangential to the rods and 2xQ is the
angular frequency of the applied rf power. Normal (i.e., mass
selective) operation of the instrument is achieved by using scan
line 1 (Figure 1) in which the values of U and V are scanned
such that U/V remains constant. On the other hand, reference
to Figure 1 suggests that operation along the g-axis (scan line
2), i.e., with zero dc field (a = 0), would result in a range of
masses satisfying the criterion 0 < g < 0.9 and hence that these
would be transmitted by the analyzer. If we limit this ar-
gument further then for a particular ionic species, provided
q has a value within this range, there appears to be no obvious
reason to suppose anything other than invariant transmission
efficiency through the rod structure. Thus for a system having
a constant rate of sample ion generation, the expected signal
output as a function of the applied rf potential should be as
shown in Figure 2a. However the observed signal, for example
as measured for N,* formed from nitrogen containing traces
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Figure 1. Stabliity diagram for a conventional quadrupole mass filter
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Figure 2. (a) “Expec(ed" and (b) observed dependence of the
transmission of N,* ions, formed from nitrogen-containing traces of
oxygen, argon, and krypton, through a quadrupole mass filter operating
in the “‘total pressure mode" (i.e., with zero dc bias) upon the applied
rf potential. With the mass filter employed in this work, an E.A.I. Quad
250A, the potential corresponding to the stability limit (indicated by the
dashed line) was found to be ca. 760 V peak-peal

of oxygen, argon, and krypton (Figure 2b), shows that a
definite maximum ion transmission occurs at a potential
corresponding to a g value in the range 0.3 < ¢ < 0.4. A further
aspect of this phenomenon is that when the ion signal from
a mixture of two gases of widely differing masses, e.g., nitrogen
and krypton, is plotted as a function of the applied rf potential,
two humps are seen, the maxima of which occur at potentials
having the same ratios as the masses. Calculation shows that
the maxima occur over the same range of ¢ values for each
of the gases. Thus the total pressure mode output, for equal
partial pressures of nitrogen and krypton, has the form shown
in Figure 3, a feature which is also apparent for O,*, Ar*, and
Kr* seen as fine structure in Figure 2b. Operation of the
quadrupole at an rf potential corresponding to point A would
result in only nitrogen ions being transmitted by the analyzer.
Similarly for conditions corresponding to point B, only krypton
ions will reach the detector despite equal numbers of both ions
being created in the ion source.

An analogous effect has found to occur in the Quistor. Thus
the number of ions stored within the device, as indicated by
the b llected following pulsed ejection from the trap
after a given storage time, exhibits a maximum at a constant
value of g regardless of the m/e value of the ion concerned.
An explanation of this has been advanced (18) on the basis
that the maximum number of ions which may be contained
within the Quistor (i.e., ignoring ion-loss processes) is a
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Figure 3. Observed “total pressure” signal for a quadrupole mass filter
sampling a mixture of nitrogen and kryton at equal partial pressures
together with the signals obtained with each gas separately
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Figure 4. Schematic layout of the Quistor/Quadrupole system together
with a representation of the timing sequence

compromise between the probability of an ion when initially
formed having a stable trajectory lying within the bounds of
the electrode structure, which decreases as g increases, and
the efficiency of ion trapping, which is favored at high g values
(18, 19). This behavior inevitably, therefore, gives rise to a
degree of mass selectivity in the Quistor, even in the “zero
resolution” mode, and is particularly pronounced when a
mixture of ions contains species of widely differing masses.

EXPERIMENTAL

The experimental apparatus and timing sequence were es-
sentially the same as that designed in this laboratory and de-
veloped over a number of years (20-23); they are shown sche-
matically in Figure 4. Ions, created within the device by a pulse
of nominally 50-eV electrons, are subjected to oscillating electric
fields generated by applying radiofrequency power to the ring
electrode only. After a predetermined storage time, the ions are
ejected from the trap into the quadrupole mass filter by dif-
ferentially biasing the end-cap electrodes. The ion pulse arriving
from the detector is gated, at a given delay time within the boxcar
amplifier, so that spuriously ejected ions from the Quistor are not
recorded. The system is operated at a repetition frequency of
100 Hz and under these conditions, a slow mass sweep of the
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Figure 5. Mass spectra of ions ejected from the ion storage source
operating at the potentials shown for a sample mixture comprising
partial prassures of air, argon, and kryton at a total pressure of ca.
1 X 10~ Torr

quadrupole, sampling ca. 100 ion ejection events per atomic mass
unit, allows the ion “beam™ from the Quistor to be analyzed.

In this work the rf potential at 0.75 MHz was scanned over the
range 0-2000 V (peak-to-peak) and the electron pulse width was
20 us. The sample investigated initially consisted of equal partial
pressures of air, argon, and krypton at a total pressure of ca. 1
X 10 Torr. Mass spectra of the ejected ions were recorded for
the Quistor operating at different points along the rf axis of Figure
3. The data reproduced in Figure 5 do in fact show that the
postulated mass selective ion storage occurs.

To emphasize the selective capability of this experimental
configuration, similar spectra were recorded using nitrobenzene
as the sample. Several experimental difficulties were encountered
since the inlet system was designed only for gaseous sample input
and as a result only a low partial pressure of nitrobenzene could
be admitted. In order to compensate for this, the sensitivity of
the detector was increased by operating the analyzer at very low
resolving power, but the resultant spectra when compared with
the conventional sector instrument data (Figure 6) do in fact show
the possibility of monitoring any chosen group of peaks from a
particular compound. Again the system was operated in the pulsed
mode but with the storage time increased to 2 ms.

At this point it must be emphasized that in these experiments
a certain degree of mass selectivity has been achieved without
recourse to the use of any dc potentials as is customary in
quadrupole applications. There are two advantages to be gained
in this mode. The first relates to the maximum number of ions
which may be stored since the application of a dc potential restricts
the dimensions of the region in which ions when created remain
stable within the trap and this therefore reduces the number of
ions which may be retained (19) (cf. above). The second advantage
is in the reduction in complexity of the electronic circuits required
for the apparatus.

With the selective ion storage capabllmes t.hus available, the
poaalbl.lnyoL ilding up an particular
igated. The approach ad
Qulswr to selectlvely retain krypton ions and i

)

(8)
(c)
(D)
T 1 1 T T
51 65 77 93 123 mle
6. Mass spectra of with a sector

Instrument (A) and with the present system having peak-to-peak
potentials applied to the Quistor of (B) 700 V, (C) 1100 V, and (D) 175
v

o3
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v
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L

02 04 06 0-8 0
ION CREATION TIME mSEC
Figure 7. Curve showing the buildup of the signal from Kr* ions vs.
lon creation time resulting from a sample of air enriched with a trace
(ca. 0.1%) of krypton

intensity (Figure 7) shows at least two orders of magnitude
enhancement of the observed signal over l.he lumuuon period
chosen. The degree of enh d by the
maximum number of ions which may ¢ be swred in the device,
typically 10 ions cm™ for m/e 84 stored under these conditions,
and therefore by the initial ion of the species inves-
tigated.

The two sets of experiments described above were based on
what might be termed the physical characteristics of the ion trap.
Since the ionic species are retained for fairly lengthy periods (ca.
10 ms) t.he number of collisions experienced suggests that chemical
ioni: reactions may also occur within the Quistor and pi-

sample artificially enriched with a small qunnuty (ca. 0. l%) of
krypton. Under conditions of continuous ionization and in-

ingly long storage times, a buildup in the ber of krypton
ions present in the packet of ions ejected from the Quistor is to
be expected. The increase in signal observed for the krypton peak

oneering work in this laboratory (22) has indeed shown that such
reactions do occur. Under these circumstances, it is possible to
employ the Quistor to ivity either by allowing the
straightforward integration of ions as described above or, wn.h
the addition of a suitable reagent gas, by perf
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Table I. C i between E. tal Conditions
for the Study of Chemical Ionization Reacti by
Several Techniques
Conventional
This work  Trapped chemical
(Quistor) I.C.R.(I6) ionization
Reagent gas 107 10°¢ 1.0
pressure, Torr
Sample pressure, 10*-10"* 10°* 107
Torr
Ion residence 5x 107 10 1074
time, 8
Variety of Limited No Extensive
reagent ions clustering  clustering clustering
with polar
reagents

ionization of the desired species. Thus it is worth comparing the
experimental conditions employed here with those reported by
Mclver (16) and with conventional chemical ionization apparatus
(24-26) (Table I).

DISCUSSION

The type of investigations reported in this paper are very
similar to those published as a result of experiments with
trapped ICR devices. The basic features of the experiments
are identical, the fundamental difference being in the mode
of trapping: in the Quistor the ions experience a net restoring
force attracting them towards the center of the device on
account of their motion in the inhomogeneous oscillating
electric fields, while in the ICR cell, confinement occurs
through the combination of a magnetic field with an inho-
mogeneous static electric field. In each case the space charge
potential within the ion cloud determines the maximum
density of the trapped ions, which appears to be some two to
three orders of magnitude greater in the case of the Quistor.
Because the mean kinetic energies of ions trapped within the
Quistor are relatively large (for example it is estimated (19)
that m/e 16 ions trapped with a potential of 800 V peak-
to-peak at 2.75 MHz have a mean kinetic energy of ca. 3 eV),
this prevents the formation of large cluster species charac-
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teristic of thermal ion energy systems (27).
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Quantitative Comparison of Combined Gas
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We describe a method, termed HISLIB, for qualitative and
quantitative comparisons of complex mixtures of organic

ponents. Applications of HISLIB include: (a) validation of

analytical procedures used to isolate complex mixtures; (b)

ds. Our method p combined gas
tographlclmass spectrometric (GC/MS) profiles of new
mixtures with historical libraries of GC/MS data on related

mixtures. Co-occurrence of P Is blished by
tching both indi and mass spectra after
backg| dr | and resolution of ovorlapplng GC com-
ponents. Quantitation Is achleved by P
ations of P Iculated ullng internal
dards. Uses includ: lidation of analytical procedures,
determination of variations among is, and rapid detection
of novel (in identity or ) P ts In new

Improvement of combined gas chromatographic/mass
spectrometric (GC/MS) instrumentation, including auto-
mation of many previously manual procedures, has resulted
in the routine generation of large volumes of data. There has
been a steady progression of developments in computer-based
procedures for analysis of these data. The first major de-
velopment to assist scientists in data analysis was library
search techniques (1, 2). These techniques are valuable not
only in identification of previously observed components, but
also in noting which components are not found in the library
and are thus subjects for more sophisticated procedures for
structure elucidation. More recently, relative retention indexes
(RRI's) have been used to improve the specificity of iden-
tification in cases where related (e.g., isomeric) compounds
exhibit similar mass spectra (3-5). To improve the quality
of mass spectra obtained from GC/MS systems, which fa-
cilitates both library matching and interpretation of spectra
of unknown compounds, computer programs have been de-
veloped to remove background and resolve overlapping GC
components (6, 7).

We describe a logical synthesis and extension of the above
procedures designed to automate the task of quantitative
comparison of GC/MS results obtained on complex mixtures
of organic compounds. A method for qualitative comparison
of GC/MS profiles to detect anomalous compounds has been
reported (8). But that method is limited to comparison of two
sequential analyses and does not provide detailed quantitative
information. Our developments remove these restrictions. We
carry out quantitative comparisons which couple the specificity
of the mass spectrum and RRI to identify each compound
(3-5), with calculated relative concentrations to determine
their relative amounts. This method, “HISLIB", is based on
comparing new mixtures to “historical” libraries of previous
results. It is capable of detecting new p ts and

develop t of historical libraries which might include
complete summaries of all past observations, compilations of
controls, or any other selected subset of results; (c) compu-
tation of average mass spectra and RRI's of known compounds
to improve the quality of existing libraries of mass spectral
data; and (d) rapid comparison of new data to previously
compiled library(ies) to detect differences in kind and/or
amounts of individual components.

During preparation of this report, a paper appeared (9)
which addresses some of the same issues raised in our dis-
cussions. In fact, that paper utilizes concepts and earlier
programs and data from our own laboratory. The work
described in our report represents the results of a maturation
of these concepts and programs and the development of new
programs and GC/MS procedures designed specifically to
obtain reliable, quantitative results. Indeed, several of our
new developments are solutions to problems discussed by
Blaisdell as deficiencies of his method (9).

EXPERIMENTAL

We routinely collect complete GC/MS runs, including repe-
titively scanned mass spectra. Any system capable of providing
these data is potentially adequate; we employ a Finnigan In-
strument Corp. model 1015 quadrupole mass spectrometer
controlled by a Digital Equipment Corp. (DEC) PDP-11/20
computer (10). Subseq data pr ing is done on a DEC
PDP-11/45 with 28K words of core memory, a 5M word disc drive,
teletype, printer, CRT, and Versatek printer/plotter. Unless
otherwise noted, GC and GC/MS experiments were performed
on a Finnigan Instruments Corp. model 9500 gas chromatograph,
employing 6-foot U-shaped !/ginch i.d. columns, packed with 10%
OV-17 on 100/120 mesh Gas Chrom Q. lnmal temperatures
(usual.lySO"C)were intained for 4 min followed by
programming at a rate of (usually) 4 deg/min.

For opumum use of HISLIB, it is desirable to apply a number
of preprocessing steps to experimental data. Because library
matching, determination of RRI's and, particularly, measurements
of relative concemrauons depend strongly on spectra free from
background and overl we first p the
GC/MS data with the CLEANUP (7) program. Next we de~
termine RRI's for each d and
concentrations based on one or more internal standards. We then
match each spectrum against an existing library of mass spectral
data, in our case a library of compounds of biological interest (11).
Finally, the resulting data are combined with previous results to
update the historical library or are compared against an existing
historical library. The flow of data through these steps is
summarized in Figure 1.

The HISLIB system can be used without applying some of the
processing steps above. However, without “clean” spectra, both
library search results and RRI's are compromised, especially for

anomal rations of previously encountered com-

of low abund: t quantlumon becomes
effecuvely impossible. RRI's axe very important to increase the
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Figure 1. Major steps in processing a complete set of GC/MS data to establish and search an historical library

specificity of mass spectral identifications; the combination of names of known compounds to their spectra as a guide in in-
both is highly effective in distinguishing materials with similar terpreting the results of comparisons to the historical library.
spectra (3-5). Matching spectra against a compendium of spectra The following sections describe the details of our method,
of known compounds (as opposed to the historical libraries assuming these preprocessing steps are performed. Further
discussed here) is also not essential, but is useful in assigning information about the programs described below, including
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availability, may be obtained by writing the authors.

Automatic Determination of Relative Retention Indexes
(RRI's). We use an extension of the method proposed by Nau
and Biemann (3, 4) for determination of RRI's. Our procedure
is aut tic and calcul reproducible RRI's under variable
instrumental and experimental conditions including unavoidable
changes in initial GC column temperature, carrier gas flow, or
temperature progr ing rates. It ires only three internal
hydrocarbon standards for the analysis of a GC/MS run.

As previously described (3, 4), each column is calibrated with
a mixture of hydrocarbons (we use 1 yL of an approximately 1
ug/uL solution each of n-C,, through n-Cyg, and n-Cy). This
calibration yields a file of 18 data points relating carbon numbers
and mass spectrometer scan numbers. Each subsequent GC/MS
experimental run using that column is processed using this
calibration file as a reference (assuming that conditions of
temperature programming, initial temperatures, and flow rate
are approximately the same—see Results and Discussion). Three
of the hydrocarbons used in the calibration run are added to each
experimental mixture. The CLEANUP program is run to lsolav.e
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Figure 2. A schematic representation of a GC/MS profile, displaying
relative concentrations of detected elutants vs. relative retention index,

superimposed on the corresponding total ion current plot. For each
detected elutant, the total ion current profile is effectively
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representative spectra and to assign scan corr

to elution times for each component. The TIMSEK pmgram
(Figure 1) then locates the three added standards by matching
their known spectra in windows about the expected elution scan
numbers and fits the three observed hydrocarbon scan numbers
to those corresponding in the calibration run using a least-squares
method. We assume that differences in conditions between a given
experimental run and the calibration run can be accounted for
by a linear transformation of the elution time scale as given in
Equation 1a. We determine the linear coefficients A and b by
maximizing the correspondence between the elution times of the
three standards in the experimental and calibration runs; or
equivalently minimizing the error function given in Equation 1b
with respect to A and b.

Sml = Asexp +b (13)

where S, is a scan number in the elution time scale of the
calibration file, S.,, is a scan number in the elution time scale
of the experimental run, and A and b are the linear transformation
coefficients.

E*i= igllsi(un = ASj(exp) ~ BT (1b)

where S, is the scan number of the ith standard in the cali-
bration file, S is the scan number of the ith standard in the
experiment file, and i indexes over the internal standards used
{n = 3 in our case).

Once A and b are determined (Equation 1b), Equation 1a is
used to determine the effective scan number for elutants in the
experimental run as transformed to the calibration run time scale.
These effective scan numbers are converted to RRI's by a linear
interpolation or extrapolation using the nearest hydrocarbons
measured in the calibration file (3, 4). (If the GC is operated
isothermally, a logarithmic interpolation/extrapolation is used.)

This method differs from that of Nau and Biemann in that
the least squares fitting procedure (Equation 1b) takes explicit
account of both linear offsets and expansion or contraction of the
scan number/retention index curve rather than simply optimizing
about the midpoint of the range (3, 4).

Determination of Relative Concentrations. Relative
concentrations are determined by TIMSEK (Figure 1) based on
any one or combination of the internal standards selected by the
user prior to obtaining GC/MS data. Ideally, standards should
be chosen that reflect the kinds of compounds one wishes to
quantitate, the variety of analytical procedures used to isolate
mixtures to be analyzed, the sensitivity of spectra to changing
MS conditions, and other i ions that affect and

(Equati 2 and 3) into a line whose height represents relative
concentration

standard(s), the relative concentration of the ith component is
calculated according to Equation 2,

Rel Concentration = 100 X
Areal TIC of ith component @)
Areal TIC of internal standard

The “areal” total ion current (TIC) measures the area of the GC
peak of the ith component, not simply its height. The area for
each GC peak is derived from the raw mass spectral data using
the peak model devermmed for each spectrum during CLEANUP
(7). The intensity (ion abund, exp das peak height) of
each mass in the spectrum of the ith component is determined
by fitting the data-adaptive peak model to the intensity profile
for each mass (fragmentogram) about the position of elution of
the component (7). Simpson's Rule is used to determine the area
of the model peak. The areal total ion current for the ith
component is given by Equation 3,

Areal TIC; = = Aitmoden 5 T 3)

i(model) ™

where Ajmodel) 80d (e are the area and height of the peak
model for the ith component and I, is the ion abundance (peak
height) at mass m in the mass spectrum of the ith component
after processing by the CLEANUP program.

If more than one standard is used, the basis for relative
concentrations is the average of the areal total ion currents for
the standards. The inclusion of multiple standards provides the
opportunity for a better statistical basis for computing relative
concentrations since statistical fluctuations in measuring
TIC of one are reduced by averaging with the areal TIC's of the
others. Depending on the relative quantities and reproducibility
of the various standards included, a weighted average may be
appropnate to account for different relative a priori uncertainties
in the TIC’s among them. In our case, these are oomparnble and
a straightforward age is used. An imp
standard reproducibility can be expected i ing approxi 1
as the square root of the ber of dards included. Result:
illustrating the advantages of multiple standards are presented
in Results and Discussion.

Assembling an Historical Library of GC/MS Profiles. We
define a “profile” for a GC/MS experiment as an assembly of data
consisting of: (a) The (unnormalized) spectrum of each component
after p detection, backg | and resolution
of overlapping components; (b) the retention index of each

reproducible quantitation using any analytical p dure. We
wish only to point out that care must go into the selection and
use of such standards. TIMSEK uses a pre-established library
of spectra of standards together with their RRI's. The standard(s)
selected is searched for in the GC/MS data by looking for the
closest spectrum match (Equation 4 below) within a narrow
retention index window (+/-0.2 methylene unit). This is similar
to the method of Sweeley et al. (5). Having found the internal

; (c) the relative ion of each comp and
(d) (opuonally) a name for each component which may be a simple
experiment code or a name iated with the during
routine library search (Flg\ue 1). A GC/MS proﬁle by this
definition may be visualized as shown sch ically in Figure 2.
The relative rations are d d as vertical bars at the
appropriate elutant locations superimposed on a normal total ion
current plot (total ion current vs. RRI). The height of each bar
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corresponds to the areal total ion current or relative concentration
through Equations 2 and 3. The relative heights of the bars will
appmximste the relative heights of the respective peaks in the
total ion current plot. However, depending on the area/height
ratio of the model peak for each elut-am. (Equation 2), the relative
ration can differ y from the peak height in
the total ion current plot (e.g., compare the first and last peaks
in Figure 2, both of which have relative concentrations of 100%).
An historical library is assembled by HISLIB by taking the
GC/MS profile from an experiment and adding it to the library
(Figure 1). If the library is initially empty, the profile becomes
the library. If the library already contains at least one profile,
the new profile is added as follows. Each spectrum in the new
profile is compared to each spectrum in the library within a narrow
retention index window (e.g., +/-0.2 methylene, or +/20 RRI,
units for cur work). A spectral match score, in this case a
cross-correlation score, is calculated by Equation 4,

Spectral Score = 1000 X
[E €m @rot) em(hm)] 2
m

e (4)
Zem prot) £ €m " (ist)
m m

where spectra are reduced to the two most abundant ions every
14 amu (I2) and the spectral intensities are encoded before
matching. emprn 8nd e are the encoded intensities at mass
m for the new profile and the historical library, respectively. They
are quantized to have values 0, 1, 2, or 3 corresponding to the
relative intensity ranges 0-4, 5-16, 17-64, and 65-100% of base
peak, respectively.

The definition in Equation 4 has several useful properties, based
on Schwartz's inequality (13). The spectral match score calculated
is independent of the order in which spectra are compared. If
two ions of the same mass are present, a positive contribution
to the score results. More abundant ions are weighted more
heavily because of the squared term. The score is guaranteed
to be between zero and 1000, 1000 representing a perfect match.
Equation 4 is similar to the “degree of coincidence™ score used
by Jellum et al. (8), except that Equation 4 uses encoded peak
heights rather than just the number of peaks.

The spectral match score and the proximity of the retention
indexes are combined through an heuristic evaluation function
(Equation 5a) which yields the final score. This final score is the
spectral match score weighted by a trapezoidal function (Equation
5b) which penalizes for disparate RRI's. The weight is unity if
the difference in RRI's is less than five units and decreases linearly
to a threshold weight as the absolute difference in RRI's becomes
greater than 5 units up to the empirical cutoff of 20 RRI units.

Final Score = Spectral score X W(ARRI) (5a)

Where ARRI = (RRI,,, - RRI;) and RRI.,,, and RRIy;, are the
relative retention indexes for the experiment and library com-
ponents respectively. The weighting function, W(x), is defined
by,

Wx)=1 ; lxI < 5 RRI units
=1 - (Maxscore — Minscore) . 55 Ix1< 20
15 Maxscore
=0 ;20K Ixl (5b)

where Maxscore = 1000 and Minscore = 400.

If this final score exceeds 400, the experiment compound is
considered a potential match to the library compound. If there
is more than one potential match between closely eluting ex-
perimental and library compounds, the ambiguity is reso]ved by
a procedure (see below) tha the overall corresy
between the pattern of expenmental and library elutant.s. The
Minscore value of 400 was derived empirically by examining the
distribution of scores obtained by matching every nth spectrum
in chemically related subsets of our library (11) with all spectra
in that subset. A representative distribution of the number of
matches with a given score as a of score is shown in Figure
3. From a number of such curves a value of 400 was chosen as
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a threshold for disti hi tches and hes (this
threshold will depend to some extent on the range of compounds
included in the library, derivatization procedures, etc.). Although
artifactual matches may occasionally yield scores higher than the
threshold, the RRI weighting (Equation 5a) significantly reduces
such occurrences.

Anignment of New Spectra to the Historical Library.
The final step in eorrelatmg a new profile with an historical library

lves selecting b alternative hings of experimental
and historical library spectra with similarly high final scores. This
occurs frequently with isomeric compounds with similar spectra
and retention indexes, and accidentally as, for example, with
compounds whose spectra are similar due to domination of the
fragmentation pattern by ions from a functionality added during
derivatization.

We have impl d a pattern hi to resolve
such ambiguities. Briefly, the procedure amampts to maximize
the conslstency between a new experiment and the library, as-
suming they are derived from similar mixtures. In a region
conmmmg ambiguities, a mntnx representing every possible

iting library spectra to one another
is analyzed usmg an algonl.hm whu:h can trace and rank all
self-consistent “paths” through the matrix (14). Such paths
include those which create new entries in the historical library,
i.e., paths with some spectra in the new profile not being matched
to any existing spectrum in the historical library. Consistency
constraints on the assignments include: (a) the scoring threshold
must be exceeded for a match to be considered, (b) RRI order
must be preserved, and (c) a spectrum in either set can be assigned
to at most one spectrum in the counterpart set. Finally, the “best™
assignment is that which has the highest total score, where the
total score is the summation of scores (Equation 5a) for each
candidate pairing of spectra between the two sets (the score is
not incremented for a spectrum found to be only in one set). This
procedure is driven strongly toward maximum overlap between
the two sets of spectra. This is justified when the minscore is
high enough to reject dissimilar spectra and the GC/MS profiles
are from related mixtures.

Once specific assignments have been made, spectra from the
new profile are added to the library. New entries are created for
components which scored less than minscore against library
entries, or which were assigned as new entries by the above
pattern-matching algorithm. When a pairing with an existing
library entry is'made, the new spectrum is averaged with the
library spectrum for that entry, effectively weighting each
contributing spectrum by its total ion current. At the same time,
the new relative concentration and retention index are averaged
with the prev:ous values. Note that an important advantage of

pproach is that need not be identified by name,
only by occurrence in terms of RRI and mass spectrum (9).

Comparing New Profiles to the Historical Library. Once
a suitable historical library has been prepared, subsequent profiles
can be compared to it to detect similarities and differences. In
pracuee. we use the same program used to assemble the library
to the hanging only a flag which prevents




using the new data to update the library and which causes a
summary output to be produced indicating the results of com-
parison. Individual users may select different formats for such
a summary. The one used in our laboratory (see Results and
Disucssion) was chosen to focus the attention of the user on
components observed in significantly different relative con-
centration and on new components present in the profile regardless
of relative concentration.

Manual Method of Extraction of Urinary Organic Acids.
To 3 mL of freshly thawed urine is added an aliquot of m-
chlorophenylacetic acid solution (84 ug, 0.49 wmol, in H,0) as an
internal standard for quantitation. The urine is then acidified
with six drops of 3 N hydrochloric acid and extracted Lh:ee tu'nes

Table I. Average Absolute Error and Standard Deviations
of RRI Measurements with Variation of GC Temperature
Programming Rate, Based on a Four °C/min Calibration

GC Average
programming absolute
rate, error,
°C/min RRI units® Std dev
6 4.5 4.9
8 4.4 3.4

2100 times the value in methylene units.

with 1:1 ether-ethyl acetate (6 mL total). The bi

extracts are dried (NnoSO.) and evaporated to dryness in vacuo.

The resulting residue is dissolved in methanol-ethyl acetate (1:1,

3.0 mL) and a 1.0-mL portion of this is transferred to a Tef-
lon-capped glass vial. The solvent is blown off with a stream of
nitrogen.

DEAE-Sephadex Anion Exch Method of Extraction
of Urinary Organic Acids. As in the manual method, m-
chlorophenylacetic acid (84 ug, 0.49 pmol) is added to 3.0 mL of
urine in a 12-mL centrifuge tube. Barium hydroxide solution (0.1
M, 3.0 mL) is added, the mixture is quickly stirred and centrifuged
for 15 s. The supernatant is removed and treated with hy-
droxylamine hydrochloride (50 mg, 0.7 mmol). This mixture is
heated at 60 °C for 30 min, allowed to cool, and neutralized to
pH 7-8 with dilute hydrochloric acid. This solution of organic
acids and oximes of keto-acids is then placed on a DEAE-
Sephadex A-25 column (1.0 cm X 5.0 ¢cm) prepared as previously
described (15). After the acid solution is passed onto the column,
the resin is washed twice with distilled water (5.0 mL) to remove
neutral and basic constituents. The organic acids are then eluted
with 1.5 M pyridinium acetate solution (15 mL). An aliquot of
this elutant (5.0 mL) is lyophilized to dryness at 5-10 g pressure,
the residue taken up in methanol-ethyl acetate (1:1, 2 mL) and
transferred to a Teflon-capped glass vial. The solvent is blown
down with a stream of nitrogen.

Trimethylsilylation. The urinary acids (from either of the
above procedures) are treated with N,O-bis(trimethylsilyl)tri-
fluoroacetamide (“BSTFA™, 100 uL) and heated at 60 °C for 30
min. Before analysis, a solution of hydrocarbon standards (5 uL.
of a 5 ug/uL solution of dodecane, octadecane, and tetracosane)
is added as a reference for RRI calculations.

RESULTS AND DISCUSSION

Relative Retention Index Calculations. Because of the
increasingly important role of relative retention indexes in
analysis of GC/MS profiles (this study and Ref. 3, 4, and 5),
we have evaluated our method, TIMSEK, for calculation of
RRI's (Experimental section) in several ways. We made
radical changes to temperature programming rates, starting
temperatures, and carrier gas flow rates for GC/MS runs
subsequent to a calibration run. These changes simulate
perturbations of the system far beyond what we expect in
normal operation.

We present in Figure 4a plots of carbon number vs. scan
number for three GC temperature programming rates, 4, 6,
and 8 °C/min. Using the 4 °C/min GC/MS experiment as
the calibration run, we used the method described previously
(see Experimental, and Equations la and 1b) to compute
transformed scan numbers and retention indexes of hydro-
carbons in the “experimental” 6 and 8 °C/min runs. For these
trials we assigned the three standards C,; C,s, and Cy
manually because of the large discrepancies in elution times
compared to the 4 °C/min calibration. The results are
presented in Figure 4b.

The curves (Figure 4b) are superimposable, indicating that
the method has corrected for the considerable contraction in
the carbon number vs. scan number scale (Figure 4a). A more
accurate measure is the set of RRI's calculated for the hy-
drocarbons in the experimental runs, which are effectively
unknowns. We present in Table I the average absolute error,

Table II. Average Absolute Error and Standard
Deviation of RRI Measurements with Variation of GC
Starting Temperatures, Based on an Initial Temperature
of 80 °C as the Calibration Run

Average
GC initial absolute
temperature, error, RRI
°c units Std dev
60 3.1 2.6
100 21.2 36.

Table I1I. Avernge Absolute Error and Standard
Deviation of RRI M ts with Variation of GC
Carrier Gas Flow Rate Based on 30 mL/min as a
Calibration Run

Average
Carrier gas absolute
flow rate, error,
mL/min RRI units Std dev
25 1.5 1.1
35 1.6 0.5

in RRI units, and the standard deviation of the measurements
from the expected values for each programming rate based
on the experiment at 4 °C/min as the calibration. These
results should be evaluated considering that the determination
of component elution times by the CLEANUP program to the
nearest spectral scan time leaves an uncertainty of a fraction
(*/3t0'/,) of a scan. Under our experimental conditions, one
scan represents approximately 0.03 methylene unit (3 RRI
units, Figure 4) at a temperature programming rate of 4
°C/min.

We next performed a similar experiment, this time varying
the starting temperature beginning with 80 °C (used as the
calibration run), then using 60 and 100 °C starting tem-
peratures as experimental data. Results are presented in
Table II.

Finally, we evaluated the ability of the method to cope with
variation in GC carrier gas flow. Because these changes cause
less extreme contractions and ex of the scan ber,
or RRI, scale than variations int ature progr
rates, TIMSEK performs very well for flow rates of 25, 30,
and 35 mL/min. Using 30 mL/min as a calibration run,
results are summarized in Table IIl. The ability of Equations
la and 1b to adjust for variations in carrier gas flow rate is
reflected in Figures 4c and 4d.

Based on these data, the initial GC colummn temperature
is the most critical parameter to control to ensure accurate
RRI's and, fortunately, is the easiest to control precisely. The
initial isothermal period (see Experimental) at higher initial
temperature distorts the linearity of the RRI vs. scan number
curve at low (approximately n-C,;) carbon numbers and is
responsible for the large deviations noted at higher initial
temperatures (Table II).

Method for Quantitation. Areas of gas chromatographic
peaks are widely used for purposes of quantitation of ma-
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Figure 4. (a) Relative retention indexes vs. scan number for three hydrocarbon standard analyses (see text), at GC programming rates of 4,
6, and 8 °C/min. (b) Relative retention indexes ve. scan number for three analyses In Figure 4a, normalized to the 4 °C/min run using the linear
transformation of Equation 1a. (c) Hydrocarbon standard analyses similar to those In Figure 4a, but with varying flow rates of 25, 30, and 35
mL/min. (d) Results of normalizing the runs in Figure 4c to the 30 mL/min run using the linear transformation as in Figure 4b

terials. When complex mixtures are analyzed by GC alone,
however, there arise questions of homogeneity of GC peaks
and identity of components among different analyses. RRI's
and GC peak shapes are often insufficient to answer these
questions, particularly when new components are observed
in routine screening procedures. For these reasons GC/MS
is now used extensively to analyze complex mixtures. Pro-
grams such as CLEANUP and library search techniques assist
scientists in qualitative analysis of such mixtures. But much
less progress has been made in obtaining quantitative results.
Although workers in the petroleum industry have performed
quantitative type analyses utilizing mass spectrometry for
many years, such analyses depend on detailed knowledge of
compound types present and careful calibration of the mass
spectrometer with a suite of standards. These conditions are
not met in most GC/MS analyses of mixtures.

We choose to use the areal total ion current of the internal
standard(s) to compute relative concentrations of each
component (Equations 2 and 3). These relative concentrations
should be a better measure of the amount of material p

component. Auxiliary methods designed for quantitation of
individual components, e.g., mass fragmentography or
“gelected ion monitoring” (16), can be used to establish re-
lationships between relative concentrations and actual
amounts of materials.

We evaluated the reproducibility of relative concentrations
based on areal total ion current values by analyzing five
GC/MS profiles of our mixture of hydrocarbon standards.
Each profile was treated as an unknown. HISLIB was used
to correlate and summarize the data. We determined relative
concentrations in two ways. First, we employed n-Cg as the
internal standard. Then we employed the average of the areal
total ion currents for n-C,, n-C,5 and n-C, as the basis for
determining the relative concentration of each component.
Results are summarized in Table IV.

The results in Table IV are a measure of the reproducibility
of the data acquisition and analysis procedures. They indicate
the variance to be expected using this method and a single
internal standard. The results also indicate significant im-
pro t in precision of relative concentrations when

than calculations based on single or selected ions (5) which
are subject to greater statistical variation, given that the GC
column resolution together with CLEANUP is able to remove
other contributions to the spectrum. We stress that it is
essential for accurate relative concentrations that the method
chosen (e.g., CLEANUP) to remove background and over-
lapping components be able to apportion intensity of an ion

to overlapping p ts appropriately to the
individual spectra (7), rather than assigning the ion to one
spectrum or the other (6). Of course, measurement of relative
concentrations provides a means for quantitative comparison
of profiles but does not determine the actual amount of each
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multiple standards are used to smooth out statistical fluc-
tuations in the areal total ion current of a single internal
standard. The deviations in relative concentration based on
n-C,g alone average about 6.4% of relative concentration.
Using n-C,,15.4 together, the deviations are reduced to about
4.2%, consistent with the square root of three improvement
to be expected a priori for three vs. one standard.

The results, however, do not measure variations in isolation
or derivatization procedures or long-term variations in per-
formance of the GC/MS system. Results presented below
indicate variations observed in a complete analytical procedure
in our laboratories. Other workers must evaluate their own



'l‘nble lV Average Rehﬁve Coneantntiom and Standard
D

for Five A ofa of n-Alkanes
Relative Relative
Relative concentration concentration
Car- retention based on based on
el index n-C,, n-Cis 1420
No. Av. S8SD. Av. %SD. Av. %SD.
11 1101 1.3 30.4 76 134 5.2
12 1199 0.4 40.6 76 179 6.7
13 1300 0.6 48.0 6.2 21.2 3.8
14 1400 0.4 56.4 6.6 24.9 4.0
15 1499 1.2 62.9 6.2 27.8 4.0
16 1600 0.7 75.3 4.5 33.2 1.8
17 1698 1.1 80.3 3.0 355 1.4
18 1801 0.7 100.0 vie e 44.2 3.4
19 1900 1.6 96.7 4.1 427 2.6
20 2000 1.3 102.0 5.3 45.0 2.9
21 2101 1.4 109.5 5.6 48.3 3.9
22 2198 0.0 109.0 5.7 48.1 3.1
23 2298 1.2 1154 5.4 509 3.9
24 2399 0.7 85.8 7.9 378 5.0
25 2498 1.9 73.9 7.4 326 5.2
26 2696 2.7 75.7 7.3 334 4.5
28 2800 0.7 74.6 123 329 10.0

procedures similarly. One advantage of HISLIB is that such
evaluations are greatly simplified.

Application Example—Comparison of Isolation
Procedures. During a study of different isolation procedures
for various organic fractions of human body fluids, we have
used HISLIB as an aid to monitoring analytical procedures
and intercomparing methods. We select as an illustrative
example a comparison of two isolation procedures for the
organic acid fraction of human urine, manual extraction and
anion exchange (see Experimental). Data already exist in the
literature for these isolation procedures, using GC methods
for quantitation (15). To evaluate these procedures for both
keto and hydroxy acids, we used aliquots of a 24-h urine
sample of a patient previously diagnosed as havmg phe-

HISLIB was used to construct a library containing results
from analysis of five aliquots of the above urine, using the
manual extraction method. A representative total ion current
plot for one of the analyses is shown in Figure 5a. The
abundant phenylacetic, p-hydroxyphenylacetic, phenyllactic,
and p-hydroxyphenyllactic acids (as TMS ethers/esters)
(RRI's 1433, 1763, 1689, 1993, respectively) are notable
characteristic compounds excreted in this disease; the
abundance of phenylpyruvic acid is very low (in the baseline
for the injected amount of the total mixture in this experi-
ment) compared to the amount excreted prior to dietary
control. The complete historical library is presented in Table
\Y

The reproducibility of relative concentrations is reduced
relative to data presented in Table IV, because now all the
variables of the isolation and derivatization procedure affect
the results. However, the precision of our results is generally
higher than that reported for similar analyses using a GC
method for quantitation (15). One reason for the improved
precision is, we feel, the addition of the quantitation standard
at the beginning of the isolation procedure rather than just
prior to derivatization (15). The only component with an
inordinately large standard deviation is dioctylphthalate (RRI
2778). We attribute this artifact to sources other than the
urine itself.

To the historical library in Table V, we compared data from
an analysis of the same urine sample, but using anion exchange
as the isolation method. Selected results of the comparison
of a representative GC/MS profile (the total ion current plot
is shown in Figure 5b) with the historical library are presented
in Table VI.

As discussed previously (15), the two isolation procedures
yield quite different GC/MS profiles (Figure 5). These
differences are quantitated by the HISLIB output and can
be quickly observed by scanning the “*DISCREPANCY”
column of Table VI (see footnote to the Table for explanation
of terms). Some components, e.g., palmitic acid, are observed
in nearly equal amounts in the two procedures. Other

nylketonuria (PKU). The patient was on a low phenylal
diet at the time the urine was collected.

comp ts, e.g., urea-diTMS and succinic acid-diTMS are
observed in significantly different quantities. There are

Table V. An Historical Library Containing Organic Acid Analyses of Five Aliquots of Urine from a PKU Patient under

Dietary Control

Retention Std No.
index dev Ocec. Rel Concn % Std dev Chemical name
1131 e 1 9.2 e
1200 0.0 5 97.8 4.9 C =
1359 0.9 5 46.9 LY Urea-leMS
1366 sss 1 10.0 e Benzoic acid-TMS
1409 1.3 5 18.9 9.0 Succinic acid-di-TMS
1433 0.6 5 243.6 17.6 Phenylacetic acid-TMS
1560 s 1 6.3 cee Erythronic acid-tetra-TMS
1596 1.0 2 11.1 21.6 Threonic acid-tetra-TMS
1620 1.5 5 100.0 “ee m-Chlorophenylacetic acid-TMS?
1643 0.9 3 10.3 8.7 2
1664 1.9 3 13.9 15.8 2
1689 1.0 5 654.0 10.7 Phenyllactic acid-di-TMS
1763 1.0 5 78.7 10.4 pHydroxyphenylaceuc acid-di-TMS
1798 1.0 5 343.6 T2
1847 1.4 5 8.1 16.0 Unknown phthalate
1887 1.1 4 17.9 16.2 Citric acid-tetra-TMS
1898 0.8 5 13.2 20.5 Unknown mixture
1991 1.2 5 76.0 3.0 p-Hydroxyphenyllactic acid-tri-TMS
2049 0.7 5 285.8 7.6 Unknown §€
2093 1.0 5 39.1 28.1 Palmitic acid-TMS
2189 irecw 1 4.8 anme ?
2293 0.7 5 27.3 12.8 Stennc acid-TMS
2401 0.7 5 516.0 5.2 Ci
2778 3.8 5 83.2 86.5 Dnoctylphthalate

¢ Internal RRI standard, added just prior to GC/MS analysis.

initial extraction.

® Internal quantitation standard, added to the urine prior to

¢ Subsequently identified as N-acetylphenylalanine-TMS.
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Figure 5. (a) Plot of total ion current vs. scan number for a representative GC/MS experiment analyzinga trimethylsilylated mixture of organic acids isolated by the manual method of extraction.
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(b) Total
in RRI's

. Minor di

method. m-Chlorophenylacetic acid-TMS is the internal

by the

between Figure 5a and Table VI are due to the fact that RRI's in Table VI are averages for five analyses

ion current plot of the same mixture of organic acids i



Table VI. Selected Results of Comparison of the GC/MS Profile of a Mixture of Urinary Organic Acids Isolated by Anion
Exchange to the Historical Library of Table V. The Urine Sample was an Aliquot of the Same Urine Used

to Construct the Library

Cmpd name?® RRI  Relconen HISLIB name
TRI-TMS-GLY 1325 157.5
UREA-DITMS 1360 18.3 UREA-DITMS
SUCCINIC 1411 9.3 SUCCINIC
PHENYLALA 1719 81.5
PHENYLPYRUV 1780 180.1

?(phthalate)

STEARICY 2095 34.9 PALMITIC

Std Rel % Std

N®  RRI dev  concn dev  Discrepancy®
NEW
5 1359 0.9 46.9 17.7 Cing
5 1409 1.3 18.9 9.0 ittt
NEW
NEW
5 1847 1.4 8.1 16.0 MISSING

5 2093 1.0 39.1 28.1 -

9 Names are truncated to conserve space. ? N is the number of occurrences of the compound in the historical library.
€ A discrepancy of “NEW” indicates a component which was observed in the experimental GC/MS profile but is not present
in the historical library. A discrepancy of *“MISSING” indicates the reverse situation. The sign and number of asterisks
indicate, for components present in both experiment and library, the sign and magnitude of the mismatch in relative
concentration, one asterisk/standard deviation unit. ¢ The best match to the library (10) is incorrect.

Table VII. Selected Results of Quantitative Comparison of a GC/MS Profile of Trimethylsilyl Derivatives of Urinary
Organic Acids (72 h after Derivatization) with an Historical Library Composed of the Same Mixture Analyzed Repetitively

at Earlier Times?

Std % Std
Cmpd name RRI Rel conen HISLIB name N RRI dev Relconcn dev Discrepancy

(b) 1323 162.3 2-AMINOETHANOL 5 1326 0.9 1619 2.2
GLYCERIC 1370 11.7 GLYCERIC 4 1376 0.9 12.6 23.0
PHENYLACETIC 1430 32.2 PHENYLACETIC 5 1433 0.6 33.6 6.5 -
THREONIC 1592 30.8 THREONIC 5 1595 1.0 33.9 10.6 -*
PHENYLPYRUV 1781 172.2 PHENYLPYRUV 5 1781 1.1 179.56 16.4 -
4-OH-PHENYLL 1990 58.9 4-OH-PHENYLLAC 5 1992 0.8 52.1 7.3 e
PALMITIC 2093 55.7 PALMITIC 5 2095 0.7 34.8 9.2 shsssEs

9 See text for description. ? Matched poorly to master library, but scored well (835) against average spectrum in

historical library.

components missing in the new experiment, e.g., the unknown
phthalate at RRI 1847 (Tables V and VI). There are new
components, including, of course, phenylpyruvic acid-
oxime-TMS (RRI 1780) because the manual extraction
procedure did not include formation of oximes, and two amino
acids, glycine and phenylalanine as the TMS derivatives (RRI
1325, 1719) which proved to be artifactual on a repeat analysis.

Application Example—Time Stability of Derivatives.
We have also used HISLIB to monitor the long term stability
of the trimethylsilyl derivatives of organic acid fractions,
isolated by ion exchange, of human urine. Five samples were
analyzed (from the same patient as above) 1, 2, 4, 8, and 24
h after derivative formation. The GC/MS profiles r bled

Because the historical library can be updated at will, it is
easy to maintain a long-term history of analysis of a particular
type of mixture. Maintenance of several such libraries for
different types of mixtures is a simple task. In fact, different
historical libraries can be compared with one another, opening
the possibility for comparison of results among laboratories
engaged in similar research.

HISLIB averages spectra of the same compound. Thus,
statistical variations in ion abundances are reduced as ad-
ditional examples are encountered. The resulting average
spectrum is frequently of much higher quality than a single
spectrum in existing libraries. We have implemented a

hanism for adding averaged spectra to or replacing spectra

each other closely enough to indicate decomposition was
minimal after 24 h. After 72 h, a sixth analysis was made of
the same mixture and this new GC/MS profile compared to
an historical library composed of the first five experiments.
We present in Table VII selected results from this comparison.

The GC/MS profile of the sixth experiment remained very
similar to the previous profiles. This is established quan-
titatively by the strong similarity of the profiles reflected in
the data of Table VII and summarized in the discrepancy
column of the Table. We have no explanation for the ob-
servation of significantly greater amounts of palmitic acid-
TMS and also succinic acid-diTMS; all other components
compared very favorably.

Other Applications of HISLIB. From the preceding
discussions, several other applications of HISLIB are sug-
gested. We have presented examples of the use of HISLIB
to check on the reproducibility of instrumentation and
analytical procedures utilized to study complex mixtures.
Clearly, the same technique can be used to explore other
variables in an analytical scheme. HISLIB should facilitate
detailed intercomparisons of complex mixtures, for example
those encountered in diagnostic medicine where enhancements
of GC/MS techniques are desirable (17).

in our primary library. This provides a mechanism for gradual
improvement of spectral libraries with time. In addition,
RRI's are included with the spectra, enabling us to improve
the certainty with which subsequent spectra are matched to
the primary library.

The method of comparing new profiles to an existing
historical library quickly focuses attention on known materials
present in abnormal quantities and on new components. The
latter become subjects for more sophisticated structure
elucidation procedures (18) which can now use the (high
quality) mass spectral data directly to assist in solving the
structures of unknowns (19).

Limitations. There are several limitations to the procedure
which must be mentioned. We have not yet thoroughly in-
vestigated variations in relative concentrations with instru-
ment operating parameters. The performance of any mass
spectrometer may change as a function of time. Any change
in performance which affects the ionization of the internal
standard(s) relative to other mixture components will affect
results of quantitation. This can be avoided in part by using
several different standards in each run.

In the present implementation of the program, there are
several deficiencies in the data analysis scheme. We have not
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included a procedure for easily deleting selected old exper-
iments from an historical library—the library must currently
be recreated excluding undesired experiments. Also the
spectrum averaging scheme makes no decisions about in-
cluding ions of low abundance—all are included. Ions which
occur infrequently are diminished in importance as additional
spectra are averaged, but they are not rejected because we have
not yet developed adequate heuristics for removing such ions.

ACKNOWLEDGMENT
We thank Edwin Blaisdell, Mark Stefik, Wilfred Pereira,
and Alan Duffield for their contributions to initial discussions
of the problem addressed by HISLIB.

LITERATURE CITED

(1) R. G. Ridley, in “'Biochemical Applications of Mass Spectrometry”, G.
R. Waller, Ed., John Wiley and Sons, New York, N.Y., 1972, p 177.

(2) F. W. Karasek and J. Michnowicz, Res./Dev., 38, May 1976,

(3) H. Nau and K. Biemann, Anal. Lett., 8, 1071 (1973).

(4) H. Nau and K. Biemann, Anal. Chem., 46, 426 (1974).

(5) C.C. Sweeley, N. D. Young, J. F. Holland, and S. C. Gates, J. Chromatogr.,

99, 507 (1974).

(6) J. E. Biller and K. Biemann, Anal. Lett., 7, 515 (1974).

(7) R. G. Dromey, M. J. Stefik, T. C. Rindfleisch, and A. M. Dutfield, Anal.
Chem., 48, 1368 (1976).

(8) E. Jellum, P. Helland, L. Ekljarn, U. Markwardt, and J. Marhofer, J.

Chromatogr., 112, 5§73 (1975).
(9) B. E. Blaisdell, Anal. Chem., 49, 180 (1977).

(10) W.E. [ A of Mass Sp y"
G. R. Waller, Ed., John Wiley and Sons, New York, N.Y., 1972, p 109.

(11) S.P.Markey, W.G. , and A R Spectra of
of Biological Interest”, U.S. At. Energy Comm. Rep., No. TID-26553,
National Technical Information Service, U.S. Dept. of Commerce,
Springfield, Va. 22161.

(12) H.S. Hertz, R. A. Hites, and K. Biemann, Anal. Chem., 43, 681 (1971).

(13) See for example, A. N. Kolmogorov and S. V. Fomin, “‘Elements of the
Theory of Functions and Functional Analysis, Volume 1: Metric and Normed
Spaces”, Graylock Press, Rochester, N.Y., 1957, p 16.

(14) E. W. Dijkstra, Numerische Math., 1, 269 (1959).

(15) J. A. Thompson and S. P. Markey, Anal. Chem., 47, 1313 (1975).

(16) C. G. Hammer, B. Holmstedt, and R. Ryhage, Anal. Biochem., 25, 532
(1968).

(17) O. Stokke, Biomed. Mass Spectrom., 3, 97 (1976).

(18) R. E. Carhart, D. H. Smith, H. Brown, and C. Djerassi, J. Am. Chem.
Soc., 97, 5755 (1975).

(19) D. H. Smith and R. E. Carhart, in *‘Chemical Applications of High Per-
formance Spectrometry”, M. L. Gross, Ed., Proceedings in press.

RECEIVED for review April 14, 1977. Accepted June 27, 1977.
Work supported by grants from the National Institutes of
Health (No. RR-612 and GM-20832) and from the National
Aeronautics and Space Administration (No. NGR-05-020-632).

CORRESPONDENCE

Radiofrequency Oxygen Plasma Treatment of Pyrolytic Graphite

Electrode Surfaces

Sir: The formation of oxygen-containing functional groups
such as carboxyl, hydroxyl, carbonyl, lactone and quinone-like
groups by electrochemical (I1-5) or air oxidation (6-8) on the
surface of high density carbon or pyrolytic graphite has been
suggested. More recently, there has been considerable interest
in these groups as a means of chemical attachment of mo-
lecular species for the purpose of “chemically modifying”
electrode surfaces, as exemplified by the early work of Miller
and co-workers on the fabrication of a chiral electrode (10).
They employed high temperature air oxidation for the for-
mation of carboxyl groups for use in binding of a stereospecific
species to high density, microcrystalline graphite surfaces.
Other oxidations of graphite involving the use of chemical
agents (permanganate, chromate, etc.) have been reported (8,
9). In this communication, we wish to discuss the use of a
radiofrequency (rf) plasma treatment of pyrolytic graphite
(PG) in an oxygen atmosphere for the formation and en-
hancement of the surface population of oxygen-containing
functionalities believed to primarily be carboxyl and hy-
droquinone/quinone groups. Surface analysis by scanning
electron microscopy (SEM) and x-ray photoelectron spec-
troscopy (ESCA), and electrochemical characterization by
cyclic voltammetry and differential pulse polarography (DPP)
of the PG surfaces prior to and following plasma treatment
are presented as supporting evidence. The nature of these
plasma oxidized PG surfaces is probed further by chemical
modifications which are specific to certain oxygen func-
tionalities followed by surface and electrochemical analysis
of these reacted surfaces.

EXPERIMENTAL
Materials. Isotropic, vapor deposited pyrolytic graphite (PG)
electrodes in the form of disks (0.750 or 0.375 in. diameter X 0.125
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in. thick) were obtained from Ultra-Carbon Corporation (Bay City,
Mich.). According to the manufacturer the ultra-pure substrate
material (UT-6 grade graphite) was ground flat prior to deposition
of the pyrolytic (PT-101) graphite coating (ca. 1000-um thickness).

Dimethyl sulfate (Eastman, practical grade), N,N’-dicyclo-
hexylcarbodiimide (CDI; Pierce Chemical) and benzidine (BZ;
Sigma Chemical) were used as received. Methylene chloride
(MCB, reagent grade) was freshly distilled from anhydrous calcium
chloride; the fraction boiling at 39.0 °C was retained. Water was
deionized and triply distilled. Buffer compositions were as follows:
pH 2.50 and pH 2.35, Sorensen’s glycine 1 (0.1 M glycine + 0.1
N NaCl) and modified Sorensen’s glycine I (0.1 M glycine + 0.1
N KCIO,); pH 5.10, Sorensen’s citrate II (0.1 M sodium citrate);
pH 7.00, phosphate (EM “titrisol” brand concentrate). All other
chemicals were reagent grade or equivalent.

Apparatus. All electrochemical measurements were made in
a two-compartment cell machined from Lucite (11). The carbon
disk electrodes were held by compression against a neoprene
O-ring to provide a leak-proof seal. Electrical contact with the
working electrode was accomplished by means of a brass screw
embedded in the back side of the disk. Cyclic voltammetric studies
were conducted using a conventional three-electrode potentiostat
with circuitry for compensation of solution resistance (12). A
Princeton Applied Research model 174 polarograph was employed
for differential pulse polarographic determinations. All electrode
potentials were measured vs. a Ag/AgCl (1.00 M KCl) reference
electrode.

S ing electron mi hs were recorded with a Cambridge
model 84-10 Stereoscan. A Physical Electronics Industries, Inc.,
model 548 electron spectrometer was used to obtain ESCA spectra.
Spectra were recorded at a system pressure <8 X 10° Torr.

Plasma etching of the PG electrodes was carried out using a
rf generater manufactured by Harrick Scientific (Ossining, N.Y.).
Electrodes were centrally positioned on a quartz plate inside the
quartz discharge vessel. Oxygen (anhydrous) was admitted to
the discharge cell via a needle valve, and differentially pumped




Figure 1.
untreated surface at Iow magniﬂcauon (X200) (B) untreated surface
at high magnification (X10000); (C) plasma treated surface (1.5-h
exposure) at high magnification (X 10000). Micrographs B and C are
from the surface of one of the spheroids (see micrograph A)

g electron of PG electrodes: (A)

ci

©o 500 0 300 200 100 °
BINDING ENERGY, oV

Figure 2. Low resolution ESCA spectra of PG surfaces: (A) mtmated
(B) rf plasma etched (0.5-h expx (C) as B, with

of BZ. O/C atomic ratios: (A) 0.04, (B) 0. 12 (C) 0.10; N/C atomic
ratios: (A) nil, (B) nil, (C) 0.04

by means of a liquid nitrogen trapped mechamml vacuum pump.
The constant pressure of oxygen ( itored via a ther

gauge) was maintained by adjustment of the needle valve dunng
etching.

Procedures. The PG electrodes were initially extracted for
24 h in a Soxhlet apparatus using nnhydmus methanol. Following
extraction, residual solvent was d by application of
(<50 mTorr) for at least 4 h.

Plasma treatments (etching) were conducted at a pressure of
150 mTorr of anhydrous oxygen at ambient temperatures. With
the exception of the etched specimens examined by SEM (1.5 h),
exposures to the oxygen plasma were for 0.5 h.

Etched surfaces were methylated by dimethyl sulfate in re-
fluxing methanol (10% v/v). The reaction was catalyzed by the
addition of aqueous KOH to a chilled vessel (0 °C) containing
the electrodes and the dimethyl sulfate solution. Following the
addition of base, the solution was allowed to warm to room
temperature and then refluxed for 1 h. Excess dimethyl sulfate
was then hydrolyzed by the addition of water, after which the
electrodes were thoroughly rinsed with water and placed in
vacuum (<50 mTorr) for 4 h.

BZ (0.23 M) was coupled to the etched electrodes via the
carbodiimide method of Sheehan and Hess (13) using CDI (0.17
M) in anhydrous methylene chloride (14). The coupling reaction
was allowed to proceed at room tempem'.ure for 6 h. The reacted
electrodes were then extracted with anhyd methylene chlorid
for 12 h (Soxhlet) to remove adsorbed BZ, CDI, and dxcyclohexy]
urea. Following extraction, the electrodes were placed in vacuum
(<50 mTorr) to remove residual solvent.

RESULTS AND DISCUSSION

The changes in the topography of the PG surfaces induced
by the plasma treatment are clearly evident from examination
of the SEM results shown in Figure 1. At low magnification
(Figure 1A), the untreated surface appears to be comprised
of spheroids. Higher magnification examination of these
spheroids shows their surfaces to be relatively smooth (Figure
1B). After plasma treatment at 150 mTorr O, for 1.5 h., the
surface is considerably roughened (Figure 1C). For the
conditions employed for these treatments, the rate of removal
of surface material is estimated to be ca. 100 A/min.

The plasma treatment also increases the concentration of
oxygen containing functional groups on the surface as detected
by ESCA (Figure 2). Comparison of the low resolution ESCA
spectrum typical of unetched speciments (Spectrum A) to that
of etched electrodes (Spectrum B) shows a considerable
enhancement of the O(1s) band. After correction for the O(1s)
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Figure 3. High resolution ESCA spectra of PG surfaces, C(1s) region:
(A) untreated; (B) rf plasma etched (0.5-h exposure)
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4. Cyclic vottammetry of PG surfaces in pH 2.50 glycine buffer:
(A) untreated; (B) rf plasma etched (0.5-h exposure); (C) as B, with
coupling of BZ. Scan rate = 50 mV/s, g k i

Table I. Shifts of Vol ic Peak Potentials with
Solution pH for the Electroactive Surface
Species on PG Electrodes
Technique® E, (oxidation) Solution pH
cv +0.42 2.00°
+0.41 2.35¢
+0.39 2.504
+0.24 5.10°
— 7.007
DPP +0.36 2.35¢
+0.39 2.50¢
+0.18 5.10°
+0.02 7.00"

@ CV: cyclic voltammetry, 50 mV/s sweep rate;
DPP: differential pulse polarography, 1 mV/s sweep rate,
25-mV pulse amplitude, 2-Hz frequency. ° Unbuffered
HCl. € Glycine buffer, CI” salt. ¢ Glycine buffer, ClO,"
salt. © Citrate buffer. / Phosphate buffer. # Cyclic
voltammetric wave nearly totally attenuated in pH 7.00.
In general CV and DPP peak heights were noted to be di-
minished with increasing pH.

A

Io 02 pojmv

L L s L s
0o o1 02 03 04
POTENTIAL,V yvs Ag/Aqu

Figure 5. Differential pulse polarography of PG surfaces in pH 5.10
citrate buffer: (A) rf plasma etched surface (0.5-h exposure), (B) same

subsequent
area = 1.82 cm?

and C(1s) photoionization crosssections (I5), the surface
oxygen content (in terms of O/C atomic ratios) is increased
by a factor of ca. 2.5 for the etched electrode. The high
resolution C(1s) ESCA spectrum of the etched PG exhibits
slight differences from the corresponding spectrum of the
untreated PG (Figure 3). The C(1s) peak is noted to broaden
at the high binding energy side. This is expected if surface
oxides are formed, since a chemical shift for carbon has been
noted for oxygen-containing compounds (16). The binding
energy of the peak is not observed to shift (cf. Ref 17) nor is
a well-defined shoulder observed on the high energy side of
the carbon band. These results are taken as indication of the
formation of several different types of surface oxygen con-
taining functional groups arising from the plasma treatment.
Resolution of the higher binding energy p (via band
fitting) was not attempted primarily b the C(1s) peak
of graphite basal planes (oxygen free) is noted to have similar
asymmetry attributable to its metallic character (17).
Consequently such fitting procedures would yield tenuous
results (at best) in this case.

The cyclic voltammetry (background) of the untreated PB
is shown in Figure 4, curve A. The quasi-reversible surface
couple (18, 19) was present on all electrodes. The potential
of this couple was dependent on solution pH (ca. 60 mV/pH
unit) as noted from the data given in Table I. This pH
dependence is consistent with a 2¢/2H* process such as that
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after with yl sulfate. Scan rate = 1 mV/s,
puise frequency = 2 Hz, puise amplitude = 25 mV, electrode
area = 1.82 cm?, initial potential = 0.0 V vs. Ag/AgCl

expected for a qui /hydroqui type sp

Plasma treatment affected the voltage-current curves in
two ways. First, the charging current is increased overall as
a result of an increase in the surface area. Second, the current
in the potential region of the surface redox process increased
considerably. This is interpreted as an enhancement in the
number of oxygen-containing functional groups involved in
the surface redox process which is in agreement with the
ESCA findings.

Inferences as to the nature of the carbon surface oxides have
come from examination of plasma treated samples prior to
and following chemical modification by further reaction
through rational chemical steps. For example, DPP curves
shown in Figure 5 dramatically illustrate the decrease in peak
height when the treated surface has been methylated via
reaction with dimethyl sulfate. Methylation, which is expected
to render the hydroxyl groups such as hydroquinone elec-
troinactive, decreased the peak current (cf. curves A and B
in Figure 5) by ca. 80%. However, the charging current at
the methylated surface as examined by cyclic voltametry
remained essentially unchanged.

Reaction of the untreated or high temperature air-oxidized
surfaces with BZ (amidization of surface carboxyl groups)
yielded no observable change in either the electrochemistry
or low resolution ESCA spectrum. This result is in direct




contrast to the success of coupling procedures requiring surface
carboxyl groups carried out by Miller et al. on microcrystalline
graphite rods (10) and edge planes of highly ordered pyrolytic
graphite (20). Our attempts to generate (on PG) the carboxyl
surface groups required for BZ coupling through the use of
wet chemical methods (e.g. aqueous permanganate) were
abandoned when surface analysis showed high contamination
by oxidant. BZ coupling to plasma treated PG surfaces was
found to occur readily. Both the electrochemistry of the
etched PG surface (Figure 4, curve C) as well as the ESCA
spectrum (Figure 2, trace C) were altered following BZ at-
tachment indicative of the introduction of carboxyl groups
by plasma treatment. The N(1s) signal observed in low
resolution ESCA spectra of BZ coupled to the plasma treated
PG is assigned to bound BZ. This conclusion is supported
by the new peaks associated with the electrochemistry of
bound BZ which are observed in the voltammogram for the
coupled electrode.

No quantitation of BZ surface coverage was attempted from
the ESCA data. However, surface coverage of BZ was esti-
mated from the cyclic volmxumetnc responses given in Figure

1 ption of charge for

4. If one a2e cC
the oxidation of bound BZ (2I); then the charge for the
conversion of BZ (curve C), when corrected for background
(curve B), corresponds to a coverage of 2.4(%0.2) X 10!
mol/cm? (geometric area).

CONCLUSIONS

Previous ESCA (17) and electrochemical studies (5, 22) on
highly ordered pyrolytic graphite (HOPG) have indicated that
oxygen functionalities are located exclusively on the edge
planes of this material. These observations are consistent with
the recent conclusions of Miller and co-workers (20) who found
that chemical modification occurred on the edges of oxidized
HOPG. The presence of significant amounts of oxygen by
ESCA and of surface faradaic redox on untreated PG indicated
the presence of exposed edge planes of graphite with oxygen
functionalities. However, the extent of the exposed edge
planes is probably relatively low in comparison to the surface
area which is comprised of basal planes, since the electro-
chemical charging currents are only slightly larger than those
reported for the basal surface of HOPG (22). It should be
noted that the potential region at which the faradaic surface
wave occurs is similar to that observed by Blurton (23) on
pressed microcrystalline graphite, and by Randin and Yeager
(5, 22) on the edge planes of HOPG.

Several authors have suggested a quinone/hydroqui-
none-type species as being responsible for the electroactive
surface groups observed on various forms of carbon (3, 5, 23,
24). The DPP experiments on plasma treated PG before and
after methylation and the attachment of silanes (25) and
cyanuric chloride (26) to graphitic materials all support the
presence of hydroxyl groups on the surface of conductive
carbons. The existence of a quinone-like group is further
implied from the chemical modifications of both glassy carbon
and pressed graphite electrodes by Elliot and Murray (25)
using 2,4-dinitrophenylhydrazine. We concur with Randin
and Yeager (5) that the electroactive surface species is a
1,2-naphthoquinone-like structure rather than a bridgehead
carbonyl, although there is no direct proof for this assignment
at present.

The success of the BZ coupling to the plasma treated
electrode supports the conclusion that rf etching induces the
formation of carboxyl groups on PG. However, the surface
coverage of carboxyl groups appears to be far less than

monolayer. Due to the g in the effi of the
coupling reaction (CDI method) and surface roughness,
quantitation of the amount of carboxyl coverage is difficult.
There may be other surface oxygen containing functional
groups which form as a result of the plasma treatment in
addition to the quinone-like and carboxyl species.

The rf plasma treatment is a rapid, reproducible, and
contaminant-free procedure for the introduction and en-
hancement of oxygen groups. It apparently changes both the
edge and basal planes of graphmc materials and appears
supenor to the use of chemi id or high p €.
air oxidation. Indeed, the oxygen functional groups introduced
on PG may be those involved in the catalysis noted previously
for reduction of p-nitrophenol (3) and oxidation of nicotin-
amide adenine dinucleotide (27) at oxidized graphitic elec-
trodes. We have also observed evidence for catalytic activity
on the plasma treated PG surface (28). Further character-
ization and quantitation of these species are being pursued
using various plasma treatments and physiochemical methods
of analysis.
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Rate of Extraction of Copper from Aqueous Solutions

Sir: The increasing importance of the industrial production
of copper by hydrometallurgical techniques has resulted in
the development of a number of organic extractants under
various trade names, e.g. LIX64N (General Mills), KELEX
100 (Ashland Chemical Company), and VERSATIC 911 (Shell
Chemicals Ltd.). These commercial extractants are invariably
kerosene solutions of organic chelating agents. The addition
of a surfactant to the kerosene solution has been found to
improve the phase separability and the addition of a second
chelating agent has, in several instances, increased the rate
of copper extraction from the aqueous phase. A definite need
has arisen therefore, for a simple method that can be used
routinely for the determination of the rate of copper extraction
with new commercial formulations or new batches of the same
extractant.

‘The extraction processes of industrial importance are quite
rapid and it is futile to attempt to follow the kinetics of
extraction by withdrawing and analyzing samples of the
organic or aqueous phase at various intervals in the course
of the extraction (I). Two general approaches have been found
useful in the study of the kinetics of rapid extractions. One
method that is widely employed makes use of an apparatus
(AKUFVE) for the continuous measurement of the distri-
bution of a solute in an extraction process (2). The apparatus
consists of a mixer, a centrifuge for separation of the phases,
and on-line detectors for the measurement of the solute
concentration in the separated phases. Large volumes of the
two phases are required and the effective interfacial area that
is generated within the mixer cannot be determined. Despite
these shortcomings, reliable distribution data for several
liquid-liquid extraction systems have been obtained with the
AKUFVE apparatus. A second method that has gained wide
acceptance is the single drop technique in which droplets of
known volume and surface area of one of the phases are
allowed to contact the second phase for a predetermined
period of time (3, 4). The problems that arise from the
hydrodynamics of droplet systems are only moderately well
characterized and the limited time of contact between the two
phases restricts the amount of rate data that can be obtained.
The method, however, has the advantage that the interfacial
area can be treated as a variable and much useful information
on the kinetics of solvent extraction has been obtained with
the single drop method.

We have devised a simple and rapid method for monitoring
the rate of extraction of copper ions from an aqueous phase
into an organic phase containing a ligand that chelates copper
ions. The concentration of copper(II) in aqueous phase can
be continuously monitored without separation of the organic
and aqueous phases. In addition, an experimentally repro-
ducible interfacial area can be obtained by mixing the two
phases under controlled conditions.

EXPERIMENTAL

of an aq| phase copper(II)
and an organic phase such as kerosene, containing a chelating
agent, were introduced into a 150-mL jacketed vessel which was
thermostated. The two phases were mixed with a variable speed
magnetic stirring motor and stirring bar that was 1!/, inches long.
The rate of stirring was determined by measurement of the
frequency of the alternating current that was induced in a coil
of coated copper wire wound around the jacketed glass vessel.
At a stirring rate of 500 rpm or greater, the organic phase was
uniformly dispersed in the aqueous layer and the rate of extraction
was found to be independent of the stirring rate. The rate of
extraction of copper(Il) from the aq phase was d
with an Orion Cupric Ion Selective Elect.rode (Model 94-29) with

M. ) eacd
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a double junction reference electrode. The electrodes immersed
in a stirred two-phase system gave stable and reproducible po-
tential differences for several hours at a time. Unstable readings
were caused by the accumulation of the organic phase in the
double junction reference electrode. This was remedied by
periodically cleaning the outer compartment of the double junction
and refilling it with a solution of 10% KNO;. The potential
differences were measured with an Orion Model 701 digital
voltmeter and rate data were obtained from potential difference
readings that were recorded as a function of time on a strip chart
recorder.
The kinetic data were obtained as follows: ~75 mL of a 1.00
X 10" M solution of copper(Il) nitrate and 25 mL of metallurgical
grade kerosene were mixed in the jacketed vessel at 23.9 = 0.1
°C and stirred at 500 rpm for several minutes until the digital
voltmeter reading was constant. When the kerosene phase was
evenly dispersed throughout. the aqueous phase, a 2-mL sample
of rated LIX, ( ined from General Mills) was injected
into the two-phase mixture with a calibrated syringe. The po-
tential difference between the copper ion selective electrode and
the reference electrode was recorded as a function of time for about
12 min.
In one series of experiments that is discussed below, the effect
of using LIX63, LIX65N, and LIX64N on the rate of extraction
of copper from an aqueous solution is clearly demonstrated.

RESULTS AND DISCUSSION

‘The success of the method depends on the response of the
cupric ion selective electrode to the aqueous phase concen-
tration of copper(II) in the presence of the dispersed organic
phase. The electrode response was Nernstian in 75 mL of an
aqueous solution of Cu®** (10”2 M-10-° M) when the volume
of the kerosene phase was increased from 2 to 25 mL and the
rate of stirring maintained at 500 rpm. The electrode can be
used over a wide range of pH and temperature. The only
common transition metal ions that interfere with the electrode
response are Ag*, Hg?*, and Fe®*. Hence, care should be
exercised in the interpretation of the rates of extraction of
leach solutions that very often contain high concentrations
of Fe®*,

The reproducibility of the kinetic data is governed by the
manner in which the kerosene phase containing the organic
chelating agent (LIX) is contacted with the aqueous phase
containing the copper(II). The best results were obtained by
injection of a small volume (2 mL) of a concentrated solution
of LIX in kerosene into the evenly dispersed two-phase system
of kerosene (25 mL) in the aqueous solution (75 mL) con-
taining Cu®*, while stirring continuously at 500 rpm.
Meaningful kinetic data are obtained only in the first 2 min
after injection of the concentrated solution of LIX. The
addition of a large volume of the kerosene solution containing
the LIX to the aqueous phase containing Cu®* is best avoided
because the time that is required for the large volume of
kerosene to be evenly dispersed, and for the electrode to attain
equilibrium is at lease 30 s.

Figure 1 shows the relative rates at which Cu®* is extracted
by LIX63, LIX65N and LIX64N in kerosene under com-
parable conditions. LIX64N extracts Cu®* rapidly and
equilibrium is reached in a little over 2 min. The rate of
extraction of Cu®* with LIX63 is slower than with LIX64N
and the rate of extraction is slowest with the LIX65N which
has not reached equilibrium and is continuing to extract the
Cu?* even after 3 min have elapsed. These qualitative results
have been substantiated by other workers (3-5). The organic
chelating agent that is present in LIX63 is an a-hydroxyoxime,
and in LIX65N a benzophenone oxime. LIX64N is a mixture
containing LIX65N (~45%) and LIX63 (~1%). LIX64N
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Figure 1. Variation of the rate of extraction of Cu?* from an aqueous
solution into kerosene solutions of LIX reagents. The solution consisted
of 75 mL of 10~ M Cu(NO,), and 25 mL of kerosene. Two mL of the
concentrated LIX reagent in kerosene was injected into the solution
that was being continuously stirred at 500 rpm with a magnetic stirrer.
Millivolt gs were r 5 s after injection of the LIX

is clearly a superior extractant than either LIX63 or LIX65N;
several explanations have been advanced for the synergistic
effect of LIX64N, but convincing experimental evidence that
supports any of these explanations is lacking. Kinetic data
obtained by the single drop method and the AKUFVE ap-

paratus for the extraction of copper(Il) by LIX reagents have
been reported recently (3-5). The results indicate that the
interface plays an important role in the extraction process.
It would be of interest to use the method proposed above to
verify this conclusion.
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Corrosion of Stainless Steel by Organic Solvent Mixtures

Sir: In the course of conducting liquid chromatographic
experiments we have noted occasional problems which arise
when organic liquids are allowed to remain in contact with
stainless steel materials (type 316).

Some corrosion effects are anticipated since it is known that
formic, acetic, and propanoic acids are corrosive at room
temperature (1-3). Carboxylic acids with higher molecular
weight serve as corrosion inhibitors, while all organic acids
are corrosive at temperatures above 300 °C (4). Other organic
compounds, anhydrides, aldehydes, and those containing
sulfur are also known to be corrosive to metals (5).

By contrast, most of the common organic solvents are
regarded as noncorrosive. We wish to report our finding that
certain of these solvents, although noncorrosive individually,
may display a highly corrosive attack upon stainless steel when
used in the form of mixtures.

Our findings can be summarized in terms of the following
test. A 1.0-g piece of 316 stainless steel tubing, or of NBS
Standard Reference Material No. 1155, was added to a glass
vial containing 20 mL of a solvent or a solvent mixture—
equally proportioned by volume. After 10 days of unagitated
storage at 20-23 °C the samples showed the following changes.
(I) No apparent change: with pure CCl (this solvent is
occasionally quite troublesome in HPLC, however), tetra-
hydrofuran, acetone, or diethylether. (II) Slight yellow
coloring of the liquid with CCl, + acetone, CCL, + THF, CCl,
+ diethylether, and CCl, + isopropyl ether + acetone. (III)
Forms viscous, brown colored liquid: CCly + diethylether +
acetone, CCl; + tetrahydrofuran + acetone. The results were
not dependent on storage in room light or in darkness.
Mixtures II or III produced changes that could easily be
detected spectrophotometrically, by 210% transmission loss
after 2 or 3 h.

The foregoing experiments were repeated using solvents of
varied purity: reagent grade, those which had been com-
mercially redistilled (in glass), and spec':mcopy grade. The
results were clearly d dent on the chemical nature of the
materials and qualltatwely, at least, independent of their
source or purity. Since the presence of CCl, seemed critical
to the results gathered so far, we also tested the effect of using
chloroform in its place. These results were quite similar,
although the reaction rates were clearly slower.

The weight loss was measured in experiments similar to IT
and III. After a period of time the steel was removed and
rinsed with solvent. This removed a thin film from the surface
of the steel. Mixed CCly + THF caused weight loss that was
linear with time up to 10% loss after 8 days. The loss from
mixed CCly + THF + acetone was also linear, but at twice
the rate, up to 4 days. Then the rate accelerated to 23% loss
after 24 days. The rates in III were boosted considerably by
heating under boiling reflux. When the film was allowed to
remain intact through gentle handling, the same experiments
showed a weight gain of the dried sample of metal plus film.
Gas chromatographic analysis of the liquid phase showed that
a number of volatile products had formed.

In a separate experiment, mixtures of steel and solvent were
stored in the dark at room temperature for 10 days. Gas
chromatography showed that the reaction products contained
a series of volatile compounds, as shown in Figure 1. An
attempt to use GC/MS did not provide specific structure
determinations, but it became clear that most of the volatile
species contained more than one chlorine atom.

The volatile products in the case of the two mixtures in III,
at least, seem to be quite dangerous. Severe eye irritation and
headache were experienced after a single restricted exposure
to test the odor. Gas evolution from any of the mixtures in
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Figure 1. Gas of the f g: (A) control

mixture of acetone, letrahyztohnn and carbon tetrachloride; (B) same
as A but after 10-days contact with stainless steel; and (C) after 10
days of contact with steel, tetrahydrofuran, and carbon tetrachloride.
Conditions: 3% OV-101 on Chromosorb W, acid wash, DMCS treated,
50-275 °C program. At the asterisk (*), the FID amplifier gain was
boosted 200-fold

III was sufficiently rapid that the vial was left unclosed to
avoid pressure buildup. After three days of recirculating a
mixture of CCl; + THF through an all-steel HPLC apparatus,
the liquid stream turned dark brown and fouled the apparatus.

These results indicate a number of chemical changes which
seems to be consistent with the known auto-oxidation of
ethers (6), the ability of certain metals to form etherate
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complexes (7, 8), and the peroxide induced formation of CCl
radicals from CCly (9, 10). Our experiments show that the
present corrosion effects are primarily due to the presence of
the halogenated hydrocarbon solvent while the other solvents
may accelerate the attack and make the reactions more
complicated.

It is clear that certain organic mixtures are peculiarly
unstable during prolonged contact with stainless steel. For
this reason we suspect that certain combinations of sample
and solvent would lead to chemical ch in the ¢
in the sample.
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Sheet Resistivity Measurements of Chemically Modified Electrodes by

Four-point Probe Method

Sir: Recently the use of chemically modified electrode
surfaces has drawn wide attention (1, 2). Also photosensi-
tization of semiconducting surfaces by dye adsorption is known
(3,4). Dyes have been attached to chloromethylated polymer
bases via a chemical method (5). We decided to adsorb dyes
on chemically modified electrodes, via silylation and chemical
coupling. This way the monolayer coverage of the surface,
rather than clusters of aggregated dyes, can be assured. The
proof for surface modifications has been reported with ESCA
and Auger investigations (I, 2). Another approach to in-
vestigate the surface modification, by measuring resistance
change, is reported here. Such a method has been used to
study the changes on electrochemical interphase (6). We used
the four-point probe technique to measure the resistance
changes as done by workers in the semiconductor field (7).
The theory is given in the reference. Raman scattering study
also showed some interesting aspects of the surface modifi-
cation.

The effect of surface modification is more pronounced for
the thin-film electrodes, as thin films possess high surface-
to-mass ratio. The total free electron per unit area of the film

Table I. Slope (V/I) for Tin-Oxide Electrodes Obtained
by Four-probe Method

Before After
No. silylation, @  silylation, @  With dye, 2

13.96+ 0.11 14.40: 0.10 14.70 + 0.19
13.73 + 0.06 14.02 + 0.59
14,40+ 0.15 15.06 = 0.19 15.18 : 0.40
16.46 + 0.04 16.62 = 0.29
14.72+ 0.08 15.46 = 0.70 14.86 + 0.06

A

ew probe
11.95+ 0.03 12.22 : 0.09 16.86 + 0.20
10.81 + 0.09 11.67 = 0.05 11.82: 0.36

ntrol plate

mg o

11.69  0.10

to 2-inch square. The experiments were run with eight such
squares.

Procedure. For chemical modification we essentially followed
the procedure of Murray et al. (1). The silanization was performed
th.h S—d\loropmpyl trichloro silane on the clean tin-oxide electmde

is affected by molecular species forming bonds which ch
the surface scattering of electrons of the film. These per-
turbations of free electrons manifest strongly as a change in
electrical conductance. The relative change in conductivity
AN/ is shown to be

AN n
Si— s

N N

where N is the total number of metal atoms present in the
film, n the total number of adsorbed molecules, and a a
constant characteristic of the adsorbing molecule (8).

Hence it is obvious that the measurement of the resistivity
of thin-film electrodes will throw light on the nature of the
surface modification. The four-point approach circumvents
the problems of contact resistance and potential.

EXPERIMENTAL

Apparatus. Four gold-plated steel needles (sold in any fabric
shop) were inserted collinearly in a Teflon block, with a distance
of 0.300 cm between each. Care was taken to align them so that
all the contacting needle points were at the same plane. To ensure
firm contact, an insulated weight of 150 g was applied on the top
of the Teflon block. Lead wires were soldered to the other ends.
Later we were able to obtain a spring loaded four-point probe
from government surplus (origin unknown) with a mean distance
between the points, 0.064 cm. This probe had a pressure of 50
g when contacted with the surface.

Constant current was forced through the extreme two points,
and the voltage between the inner two points of probe was
measured. We designed the circuit shown in Figure 1, with
operational amplifiers to directly measure the current-voltage
characteristics in a short time. The circuit was driven with a
triangular wave-generator and the /-V relationship was displayed
on a x-y recorder. Values of sheet resistivities can be calculated
from the slop (V-/ curves, in ohms) and the dimensions of the
films and the point contacts (7). For our purpose, for relative
comparison, the measurement of the slope would suffice.

For Raman spectra, a double monochromator Spex-1401 was
used with an argon ion laser.

Electrodes. The chemical modification was performed on
doped tin-oxide electrodes. The plates (PE-81-E) were ob

inb and thoroughly washed with b Then sil
surfaces were refluxed with 1% solution of sodium salt of rose
bengal dye in anhydrous methanol overnight. Finally the plates
were refluxed in a soxhlet with methanol to remove physically
adsorbed dye. All experiments were performed with the rigorous
exclusion of moisture, in a glove bag in a dry nitrogen atmosphere.
The control plate was refluxed with benzene without the silane.
The plate was not refluxed in methanol.

RESULTS AND DISCUSSION

Data for the experimental V/I slopes are presented in Table
1. Plates 1-5 were measured with the home-made probe; 6
and 7 were measured with the new probe. The standard
deviation for 11 measurements is also given. We did this
because the coatings were not very uniform (known by the
appearance of interference pattern) and we were looking for
a relatively small change in resistance. The control plate
stayed constant at 11.69 = 0.1 Q. As one looks across the
columns, one can notice the relative increase in the resistance
of the plates (except plate No. 5). The changes in resistance
for the nonsilylated plates to the silylated plates are more
significant than those for the silylated plates to the dyed
plates. One would not expect too much of a change for the
dyed plates because the plates have already been modified
by the silane and the dyes are attached to the silane. The
effect of surface scattering loss would be less. What we are
looking for here is a trend in the change in resistance, which
we consider significant. It appears the dyes are bonded to
the surface.
The values can be normalized by dividing the change in the
ductance by the conductance of the unmodified surface
(~AR/R). If one assumes the thickness of the films to be
uniform and the conductance to be directly related to area,
the normalized values for all these plates should be the same
for uniform coverage. A survey of the data shows that it is
not so, indicating that the surface is not completely covered,
by silanization. This confirms the observation of others (1,

2).
The Raman spectra of the pure silane [CI(CHj);SiCl;] and
the sil d electrode surface are shown in Figure 2. The

from Libbey-Owens-Ford, Toledo, Ohio. They had electrical
resistivity in the range 20-30 ohms/square. The plates were cut

peaks at 399 cm™ and 423 cm™ for pure silane are also seen
in the reflectance Raman spectrum of the surface. We identify
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Figure 1. Circuit diagram for current-voltage measurement with
four-point probe. e was varied with a ramp-generator. Vand [ were
displayed on a x-yrecorder. I= -e/R

"
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Figure 2. (A) Raman spectrum of pure CI(CH,),SiCl,. (B) Raman

spectrum of the modified tin-oxide electrode surface, washed in benzene

only. The spectra were taken with the filter on, with an Ar ion laser

these to the Si-Cl bond (9). This indicates that not all the
three bonds are involved in the binding of Si to the surface.
It is an experimental observation that if there was any trace
of silane on the electrode unbonded, the surface turned

immediately “frosty” on exposure to atmosphere because of
hydrolysis with water vapor. Our plates were clear despite
the existence of some Si-Cl on the modified surface. The peak
at 469 cm™ is identified with C—Cl which could also be seen
on the surface spectrum. We were surprised to see the Si-Cl
bond even in the atmospheric air, as one would expect the
Si-Cl to be hydrolyzed. Once again this corroborates Murray’s
interpretation of the silyl group extending away from the
surface with C-Cl the farthest.

In conclusion, our results obtained from an independent
technique confirm earlier observations by others.
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AIDS FOR ANALYTICAL CHEMISTS

Photographic Techniques for Fluorescent Spots on Thin-Layer Chromatographic Plates

P. W. Rulon* and M. J. Cardone
Norwich Pharmacal Company, Norwich, New York 13815

Documentation is a critical part of good laboratory practices
and, in thin-layer chromatography (TLC) analysis, the
documentation can be improved by using photographs to
augment the written description of visual observations. To
serve most effectively, the photographs must reproduce the
visual observations as closely as possible. The following
technique covers the color photography of UV activated
fluorescent spots on TLC plates.

When attempting to photograph UV activated fluorescent
spots, two problems become apparent. First, instant color
print films are relatively slow (i.e., Polaroid type 58 film ASA
75) requiring long exposure times. Second, the film is ex-
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tremely sensitive to the UV light used to activate the
fluorescence, causing an overall blue cast in the final print.
This blue cast affects the colors of the fluorescent spots causing
them to appear too blue. The analyst can use color correction
filters to remove the blue cast; however, the amount of fil-
tration required results in exposure times of such length (over
5 min) that the film suffers reciprocity failure which further
adds to the complexity of the problem.

Another way to circumvent the problem of film sensitivity
to UV light is to use a UV cut-off filter over the lens of the
camera. A Wratten 2E filter will eliminate both long wave
365- and short wave 254-nm light from exposing the film. The



resultant photograph will be fluorescent spots, seemingly
suspended in mid air, with true color rendition of the spots.
This procedure is not acceptable since there is no frame of
reference for the spots. In fact, when the analyst visually
inspects a TLC plate in a view box, he can see the plate
because of the eyes' limited sensitivity to UV. Other UV filters
are available that cut off the UV light (i.e. 2A, 2B), but are
not as efficient as the 2E. The residual UV light transmitted
results in a blue appearance of the print, and spot color is not
true.

EXPERIMENTAL

Photography was carried out on a Camag MP-4 Camera system,
equipped with Foto-UV lighting system using Polaroid Type 58
film. The Foto-UV system consists of two 8-W mercury short
wave lamps, 8-W black lite long wave lamps, and two Corning
9863 filters. WARNING: Do not view UV lights without proper
eye protection! Four 150-W photofloods Type B provide the white
light source.

Procedure. Place a TLC plate on the copy stand base, center,
frame, and bring into proper focus. Place an 80B filter in the
filter drawer, set the f-stop for 5.6, and set shutter speed at '/
s. Switch on the photofloods and allow to come to proper
temperature for 5 s before the exposure is made. Trip the shutter,
turn the lights off without moving anything. Replace the 80B
with a 2E filter, reset the f-stop to 4.5 and allow the long wave
UV (short wave may also be used) lamps to warm up for 5s. Make
a second exposure for 1 full minute by holding down the shutter
release. Turn off the lamps, remove the film from the camera,
and process as recommended.

RESULTS AND DISCUSSION

The result is a photograph that has the proper color
rendition and is taken using reasonable exposure times. Each
part of the intentional double exposure serves a different
function. The first exposure sets a frame of reference for the
spots. The 80B filter provides the proper color correction to
allow the use of photofloods with a daylight type film. The
proper result of this exposure should be a dim plate that is
gray in color. The plate should be light enough to be able to

read any notations written on the plate, but as dark as possible
to retain contrast in final print. If the plate is not gray, a color
correction filter may be used (this is usually unnecessary).

The second exposure photographs the spots. The 2E filter
is a UV cut off filter, preventing any of the UV light that is
used to activate the fluorescence from exposing the film. This
filter prevents the blue cast from appearing on the film,
resulting in proper color of the spots. Color correction filters
at this point are unnecessary.

An important benefit from this procedure is that the film
speed is effectively increased for the second exposure. The
first exposure serves to “preflash” the film for the second
exposure. The technique of “preflashing” film to get higher
effective film speeds has been used by photographers for many
years.

CONCLUSIONS

The procedure outlined above allows the analyst to pho-
tograph UV activated fluorescent spots on TLC plates with
the following three advantages: (1) The exposure times are
shorter than with other techniques; (2) the use of color-
correcting filters is usually not necessary; (3) the colors of the
fluorescent spots in the final print closely match those seen
by the eye. Since the prints obtained by this procedure
reasonably represent what is seen by the eye, they can be
valuable documents for the TLC analysis.

The technique outlined above is not limited to the specific
camera system indicated under Experimental. The only
requirement is that the copy stand has both a UV and white
light source and can accommodate filters. The first exposure
can be determined experimentally by installing the proper
filter for the light source, and adjusting exposure until the
print shows a dark gray plate. The second exposure uses the
2E filter and exposure time is adjusted until the intensity of
the fluorescent spot in the prints matches that seen by the
eye.

RECEIVED for review April 11, 1977. Accepted June 6, 1977.

Determination of Mercury in Edible Oils by Combustion and Atomic Absorption

Spectrophotometry

Wei-Chong Tsal and Lih-Jiuan Shiau

Food Industry Research and Development Institute, P.O. Box 246, Hsinchu, Taiwan, Republic of China

In recent years, the environmental mercury contamination
has been recognized as a health problem. Accurate and re-
liable methods of analysis of a wide variety of materials, which
may contain trace amounts of mercury in both organic and
inorganic forms, are needed. Alkyl or aryl forms of mercury
may be determined by gas-liquid chromatography (1-3). After
wet digestion or combustion, total mercury could be quan-
titatively determined by using various methods, of which the
application of flameless atomic absorption spectrophotometry
is perhaps the most common and convenient one. Although
much has been studied on the occurrence of mercury in bi-
ological materials, such as fish and grain, by acid digestion

porized mercury in an acidic permanganate solution, and
essentially quantitative recoveries were obtained. This paper
describes a rapid and reliable method that can be carried out
with equipment available in most laboratories. The method,
which is a modification of the Schoniger combustion technique
(8, 9), includes pretreatment of the sample by burning and
collection of the vaporized mercury in an acidic permanganate
solution. The closed-system combustion apparatus, in which
the sample was burned with the aid of oxygen stream, is
different from Wickbold's combustion apparatus.

EXPERIMENTAL
s. (a) Acidic potassium permanganate oxidizing

R

followed by reduction and aeration (4, 5), by 1 ion
and heating (6, 7), by direct combustion (8, 9), or by various
combinations of these and other less common techniques
(10-14), little has been known about the mercury contami-
nation in vegetable oils.

Knauer et al. (15) determined mercury in petroleum and
petroleum products by burning the sample in a Wickbold
oxy-hydrogen combustion apparatus and collecting the va-

solution was prepared daily by dissolving 5 g of reagent-grade
potassium permanganate in 1 L of 3 N H,;SOy solution. (b)
Stannous chloride reducing solution (16) was prepared by dis-
solving 1 g of reagent-grade hydrazine dichloride, 20 g of sodium
chloride, 20 g of hydroxylamine hydrochloride, and 33 g of
stannous chloride in 25 mL of 18 N H,SO, and diluting to the
volume of 1 L with deionized distilled water. (c) Stock solution
of HgCl, (1000 ug Hg/mL) was prepared from E. Merck standard
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@) 0/l combustion system

To aspirafor
A
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(b) Pyrex gloss sfopper

2 Unit: cm

() Asbestos lining cloth

Figure 1. (a) Oil combustion system. (A) Mercury vapor collecting
tube. (B) Connecting tube. (C) Pyrex glass stopper. (D) Combustion
flask. (E) Oxygenation tube. (F) Small beaker (diameter 2 cm; height,
1.3 cm). (G) Wick. (b) Pyrex glass stopper. (c) Small beaker and
wick. (d) Asbestos lining cloth. (a) hole for oxygenation tube, (b) hole
for observation of combustion

solution for atomic absorption spectrophotometers. The working
solution was prepared by diluting the stock solution 200 times
with 0.5 N HCI. The working solution was prepared immediately
before use. (d) Mercury solutions for recovery studies: the
inorganic mercury solution was prepared by diluting the inorganic
mercury standard stock solution (1000 pg Hg/mL) 100 times with
acetone; phenylmercuric acetate solution was prepared by dis-
solving 1.70 mg of phenylmercuric acetate in 100 mL of acetone,
and the concentration of mercury is about 10 pg/mL; and
methylmercuric chloride solution was prepared by dissolving 1.25
mg of methylmercuric chloride in 100 mL of acetone, and the
concentration of mercury is about 10 ug/mL.

The mercury rations of the three solutions were
standardized against a water solution of mercury standard and
were rechecked every time they were used. Samples were pre-
treated by mixing with 20 mL of the acidic permanganate solution
and incubated in a boiling water bath for 10 min to decompose
acetone and other organic compounds.

Apparatus. The combustion system is shown in Figures 1,
2, and 3 and the Mercury Analyzer, Coleman MAS-50, was used
for cold vapor mercury determination. All glassware used for
experiments was decontaminated from mercury by soaking in a
cleaning solution overnight and then rinsing thoroughly with
deionized distilled water and oven-drying.

Procedure. About 2 g of edible oil was precisely weighed into
a small beaker F and put into the flask D, which was encapsulated
with asbestos lining cloth for insulation. A wick was set at the
center of the heaker F, and a Pyrex glass stopper C, a connection
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Figure 2. Combustion flask (D) and oxygenation tube (E) of Figure 1

Platinum filement (mode by leagth 12 cm.,
dia 0.5 mm of platinwm filoment).

Cupper wire

(L~ o tronsformer

Figure 3. Platinum lighter

tube B, and a mercury vapor collection tube A, which contained
20 mL of 0.5% KMnO,-3 N H,S0; solution and an aspirator were
connected. The wick is made of Whatman Chromatography Paper
No. 1, thickness 0.16 mm, by rolling a small sheet of the dimension
1.6 X 7.5 cm into a column of about 2 cm in diameter and 1.6 cm
high, and fixing in a glass ring of 2-cm diameter and 0.3-cm height.
The wick was pretreated by heating in a 100 °C oven for 30 min
to prevent mercury contamination in filter paper before use. The
aspirator was opened a little to produce low vacuum in the
combustion system, and the wick was lighted with a platinum
electric lighter (Figure 3). The oxvgenation tube E was imme-
diately attached, and the oxygen flow rate was first adjusted to
about 200 mL/min and then to about 600 mL/min, and soot
formation should be avoided. After 12-14 min of combustion,
the sample oil and the wick would be burned out. The oxygen
flow was kept for 2 more minutes to drive out the residual mercury
vapor from the flask D. The mercury vapor collection tube A was
put in boiling water for 10 min (this step could be omitted if the
sample contains no organic mercury), and then the solution was
transferred into a BOD bottle. A small amount of hydroxyl-
amine-hydrochloride was added to reduce KMnO, before 10 mL
of the stannous chloride solution was added. Total mercury in
the sample was determined by the mercury analyzer, Coleman
MAS 50.

: RESULTS AND DISCUSSION
In order to d p lvent acetone and organic forms

of mercury for accurate determination of mercury concen-
tration, the mercury solution was incubated with 20 mL of




Table I. Oxidative Decomposition Effect of 0.5% KMnO,-3 N H,SO, Solution on Acetone and Mercuric Compounds after
Incubation for Different Periods of Time in a Boiling Water Bath
Meter reading (ug Hg) after incubation
Mercuric compound?® 0 min 5 min 10 min 20 min 40 min 60 min

HgCl, 0.151 0.134 0.128 0.137 0.135

CH,ClHg 0.043 0.134 0.141 0.137 0.142 0.141

C,H,HgOCOCH, 0.071 0.098 0.096 0.096 0.097 0.100

@ All three mercuric ds were dissolved in acetone to about 10 ug Hg mL, and 0.01 mL of the solutions were

taken for incubation with 20 mL of 0.5% KMnO,-3 N H,S0,. Each datum was the average of two determinations.

Table II. Recovery of Mercury Added in the Forms of Various Mercury Compounds to Soybean Oil by
the Proposed Method
Mercury compound HgCl, CH,HgCl C,H,HgOCOCH,
Hg added, ug/mL 0 0.033 0.068 0 0.063 0 0.052
Hg found, ug/mL 0.067 0.041 0.074 0.006 0.071 0.007 0.060
0.008 0.042 0.075 0.007 0.066 0.008 0.058
0.008 0.039 0.075 0.006 0.068 0.006 0.059
0.007 0.040 0.076 0.006 0.068 0.008 0.059
Mean, ug/mL 0.008 0.041 0.075 0.006 0.068 0.007 0.059
Corrected for blanks 0.033 0.067 0.062 0.052
Recovery, % 100 99 99 100
Table III. Reproducibility of Mercury Analysis by the Table IV. Effects of Temp of Combustion Flask

Proposed Method on Mercuric(II) Chloride Added at
Various Concentrations

1 11 11
Hg found, 0.045 0.081 0.153
ug/mL 0.046 0.080 0.160
0.044 0.081 0.163
0.045 0.080 0.160
0.045 0.080 0.160
0.046 0.084 0.165
Mean 0.045 + 0.64% 0.081 + 0.90% 0.160 = 0.95%
+ S.D.

0.5% KMnO,-3 N H,S0, in a boiling water bath. Five
minutes of incubation was sufficient to digest organic matters
contained in the incubation mixture, and further incubation
did not change the mercury analytic results (Table I). Ten
minutes of incubation was taken to ensure complete de-
composition of all organic matters in the sample solution. For
recovery studies on mercuric(Il) chloride, methylmercuric
chloride, and phenylmercuric acetate by the proposed method,
known amounts of the mercury solution were added to
soybean oil. The results in Table II showed that recoveries
of HgCl, in levels of 0.033 ppm and 0.068 ppm were 100% and
99%, respectively, and of methylmercuric chloride and
phenylmercuric acetate in levels of 0.063 ppm and 0.052 ppm
were 99% and 100%, respectively. Reproducibility of analysis
by the combustion techniques was good at low levels of
mercury in 2.0 g of soybean oil. Table III showed the results
with standard deviations of 0.64%, 0.90%, and 0.95% for six
repeated analyses at levels of 0.045, 0.081, and 0.160 ppm,
respectively. This recovery experiment was carried out by
weighing 2-g samples to which different amounts of mercuric
chloride were premixed. Therefore, there were no errors
caused by micropipetting variation, which was associated with
the experimental results of Table I and II.

The temperature of flask D before burning, amounts of
oxygen supply (in the range of 420 mL/min to 620 mL/min
without soot formation), and the time length of burning (in
the range of 11-19 min) had no significant effect on the
determination of mercury in soybean oil (Table IV).
Therefore, the apparatus can be continuously used by
changing the small beaker F charged with a new sample.

Satisfactory results of mercury determination depend on
the conditions of sample burning. The soot formation during

before Burning, Amounts of Oxygen Supply. and Time
Length of Burning on the Det. of
Mercury in Soybean 0il

Temperature of

Oxygen flask before Time length Hg found,
flow rate burning, °C® of burning HE

620 mL/min 26 14 min, 20 s 0.090
30 13 min, 28 s 0.090
70 12 min, 21s 0.090
856 10 min, 45s 0.090
420 mL/min 24 15 min, 56 s 0.087
36 18 min, 44 s 0.090
70 17 min, 28 s 0.090
121 18 min, 15s 0.085

¢ Temperature of outside bottom of flask D was meas-
ured with a Type J Iron Constantan Thermocouple.

sample burning caused low recoveries. To prevent soot
formation, the diameter of the tip and the angle or slope of
the oxygen flow tube, as well as the distance between the tip
of oxygen flow tube and the wick should be kept in such a
fashion as shown in Figure 2, and the oxygen flow rate should
be kept at about 600 mL/min in order to avoid over-
oxygenation, which will cause soot formation. Such a special
alignment is very important for obtaining ideal combustion
without soot formation. A few times of practice was needed
to find the best conditions. It is essential to insulate the flask
D with asbestos lining cloth. Partial insulation by putting
some glass fiber underneath the flask D resulted in recoveries
in a range of about 70-80%, which were dependent on burning
conditions. For a sample containing organic mercuric
compounds, after collecting mercury vapor in 0.5% KMnO,-3
N H,S0, in tube A, it is advisable to incubate the solution
in tube A in boiling water for 10 min in order to decompose
the residual organic mercury compounds possibly remained
unburned. Without further incubation in boiling water, the
recoveries of inorganic mercury, phenylmercuric acetate, and
methylmercuric chloride were about 100%, 90%, and 80%,
respectively, while they were all about 100% with further
incubation.
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Dry Ashing of Animal Tissues for Atomic Absorption Spectrometric Determination of
Zinc, Copper, Cadmium, Lead, Iron, Manganese, Magnesium and Calcium

E. E. Menden, D. Brockman, H. Choudhury, and H. G. Petering*

Kettering Laboratory, Department of Environmental Health, University of Cl

In the course of a study of the toxicity of heavy metal
ingestion to the offspring of pregnant rats, we were faced with
the task of analyzing a single sample by flame atomic ab-
sorption for zinc, copper, iron, manganese, magnesium, cal-
cium, and cadmium or lead in a difficult matrix containing
bone in addition to other tissues.

Wet ashing was initially employed. It was observed then
that a large part of the sample residue resulting from ashing
and evaporation of the remaining acid could not be dissolved
in hot 10% or concentrated nitric acids prior to dilution of
the samples for atomic absorption spectrophotometry. This
prompted a decision to investigate dry ashing as a suitable
alternate method of sample preparation.

A survey of literature indicated that there were several dry
ashing methods with possible application to the kind of
samples being investigated, although none described the
determination of all of the eight metals of interest to us (I).
It was also evident that the recovery of metals, such as
cadmium (2), lead (3), iron and calcium (4) and to a lesser
degree zinc and copper, could be affected by sample matrix
composition, temperature of ashing, interaction with the
sample vessel and by incomplete solubility of the ash.

Therefore, in the dry ashing method which was subse-
quently developed and which is described in this publication
it was necessary to incorporate optimal dry ashing conditions
and an effective solubilization procedure so that these ob-
stacles were overcome and maximum recoveries of all metals
were achieved.

EXPERIMENTAL

Apparatus. A Perkin-Elmer Model 403 atomic absorption
spectrophotometer was used as equipped with a strip chart re-
corder, air-acetylene and nitrous oxide-acetylene burners, and
a deuterium arc lamp for background correction.

A large hot plate with regulated temperature settings was used
for evaporating and dissolving. Dry ashing took place in a
Thermolyne Model F-6020 muffle furnace equipped with a close
tolerance temperature controller (Furnatrol 133).

Reagents and Standards. Reagent grade Fisher Scientific
hydrochloric and perchloric acids and potassium sulfate, and J.
T. Baker nitric acid were sufficiently pure for direct use.

Ash-aid (5) consisted of potassium sulfate dissolved in hot
concentrated nitric acid (0.25 g/mL).

Atomic absorption mixed metal standards, covering the range
of 0.01 to 100 ppm were made in a solution consisting of 10% nitric
lacid, 0.85% hydrochloric acid, and 2.5 g of potassium sulfate per

iter.
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Single metal standards, from which aliquots were added to
tissue samples for recovery tests, were prepared in a solution
containing 2.4% nitric acid, 0.18% hydrochloric acid, and 0.05%
perchloric acid. An equal volume of this blank solution was added
to each tissue serving as control.

Procedure. Bodies of day-old rat pups of 5-7 g fresh weight,
one-half of which were from cadmium-exposed mothers, were used
in the experiments. Variable surface contamination of the bodies
was removed by soaking them for several minutes in 1% EDTA
(6) solution and rinsing with deionized water. Chromium plated
surgical instruments also immersed in the EDTA solution, were
used to cut up and mince the tissues. Each tissue sample was
then distributed in equal weights between two 50-mL metal-free
Pyrex beakers, one serving as the control and the other as the
recovery test sample.

The duplicate samples were oven dried until constant weight
was attained and weighed. Standard aliquots containing 70 ug
of zine, 26 ug of copper, 3 ug of cadmium and lead, 300 ug of iron,
10 g of manganese, 1000 ug of magnesium, and 8000 g of calcium
were added to the test samples. An equal volume of the solution
in which single standards were prepared was added to each control
sample and all samples were taken to dryness at ca. 120 °C. The
added metals amounted to between 40 and 200% of the metal
levels usually contained by such tissue samples (except for
manganese, which was in 9-fold excess).

The dried tissue was subjected to charring in the furnace at
300 °C for 5 h. The samples were placed in a cold furnace and
the charring temperature was reached in approximately 40 min.
One milliliter of ash-aid and 3 mL of concentrated nitric acid were
added to each sample and the char was broken up and roughly
ground with a thick glass rod while in contact with the liquid.
‘The samples were taken to dryness at the ca. 120 °C temperature,
which was used for all evaporation and dissolution treatments
on the hot plate.

The ashing took place at 400 °C in the furnace, over 20-24 h.
Then the samples were treated with 3 mL of concentrated nitric
acid and the acid was evaporated. Ashing was completed at the
same temperature over 2-4 h, resulting in a white to yellow ash.

At this point the samples were divided into groups of 5
test/control pairs per group, each group including 2-3 pairs of
tissue samples from cadmium exposed animals. A different ash
solubilization method was tested on each group. One method
which produced good results for all metals and two other ones
which gave poor or inconsistent recoveries of calcium only, are
further described.

Method A consisted of successive additions and evaporations
of two 5-mL volumes of aqua regia. The ash residue was then
dissolved by adding a third volume of aqua regia, heating until
vapors appeared, agitating the beaker contents, adding 5 mL of
water, reheating and again mixing the contents. Water was



Table I. Recoveries of Added Metals, Mean : Relative
Standard Deviation (Percent, n = 5)

Metal Method A Method B Method C
Zn  100.1: 6.8 95.1+ 4.4 100.2 + 6.1
Cu 99.9+ 6.3 95.6 + 7.7 96.5 + 7.0
Ccd 95.9 + 2.2 97.4+ 3.6 96.8 + 3.7
Pb 96.0 + 8.5 96.4 + 8.1 98.9+ 9.8
Fe 94,7 + 8.2 96.2 + 9.0 97.8 + 5.9
Mn 99.8:+ 35 102.8+5.9 102.1+ 7.1
Mg 98.7+ 7.6 99.6+ 7.1 102.3 + 6.2
Ca 96.0: 7.3 51.0+ 24.0 101.8 = 26.8

replenished if a volume reduction occurred upon longer heating,
and the contents were transferred to a 10-mL volumetric flask
and readjusted to 10.0 mL with water upon cooling.

Method B was somewhat similar to Method A. The first two
treatments were with concentrated hydrochloric acid and the third
one was with concentrated nitric acid. The nitric acid was
evaporated to ca. 1.5 mL. Water was added not to exceed a total
volume of 10 mL, and the contents reheated and transferred to
a 10-mL volumetric flask.

Method C followed the procedure of Method B, except for two
treatments with aqua regia after the hydrochloric acid ones, and
before the final nitric acid one.

Background compensation was used with the atomic absorption
instrument when determining cadmi .
magnesium, and calcium, and 100-fold dilutions were required
to read magnesium and calcium.

RESULTS AND DISCUSSION

Table I depicts the recoveries of zinc, copper, cadmium,
lead, iron, manganese, magnesium, and calcium, expressed as
a percentage of the added standard metal amount. The dry
ashing procedure is identical for the three methods, which only
differ at the ash solubilization stage. Of these methods, only
Method A produced good results with calcium, since Method
B had low recovery and Method C a relative standard de-
viation of ca. 27%.

The average total micrograms of the reagent blank metal
levels for zinc, copper, cadmium, lead, iron, manganese,
magnesium, and calcium were, respectively, for Method A:
0.11, 0.06, 0.03, 0.10, 0.22, 0.01, 0.60, and 0.37. For Method
B, they were 0.12, 0.05, 0.03, 0.10, 0.25, 0.01, 0.63, and 0.40,
and for Method C, they were 0.16, 0.08, 0.05, 0.15, 0.34, 0.02,
0.85 and 0.64.

The somewhat large relative standard deviations of the
recoveries of most metals can be attributed to the fact that
since the amount of recovered metal is obtained as the dif-
ference between two determined values, experimental errors
reflected in both are cumulative. Such effect is especially
pronounced in cases where the control tissue sample metal
level is high in comparison with the amount added for the
recovery test. See Table I.

Dry ashing conditions were selected with the aim of
minimizing metal losses and achieving complete oxidation at
the same time. Since no losses occur at 300 °C (7), this
temperature was employed to reduce through charring the
amount of organic matter in the sample, and thus eliminate
the often vigorous reaction during treatment with nitric acid.

Since the chloride salts of some metals (8) are prone to
losses during dry ashing, the chloride anion was eliminated

by heating with nitric acid and evaporating it to dryness. The
generated hydrogen chloride volatilizes (9) before all nitric
acid is evaporated.

The addition of potassium sulfate permits the formation
of nonvolatile cadmium sulfate and possibly other low vol-
atility metal sulfates, which minimizes their loss at the ashing
temperature. Moreover, potassium sulfate provided a matrix
with a large air-exposed surface facilitating oxidation during
the mild ashing at 400 °C and reduced any chemical inter-
action (10) of metals such as copper and iron with the vessel
surface by limiting their contact with it. The low ashing
temperature may also have contributed to reduction in
metal-vessel surface interaction. Although such temperature
necessitated longer ashing, the furnace was conveniently left
in operation overnight. Further work can then be continued
the next day with little extra time needed.

A second treatment with nitric acid is necessary to complete
the ashing. The acid is evaporated and the sample heated
at 400 °C in the furnace, which completes the oxidation.
Evidently, occluded carbonaceous particles are exposed and
further oxidation during heating in the furnace is accelerated.
The ash, due to the presence of sulfates, phosphates, and
pyrophosphates, did dissolve completely only in aqua regia,
after two pretreatments with it—as indicated by the calcium
results.

The above described dry ashing method has also been found
to be useful in our laboratory for the preparation of micro-
samples of tissue and milk for anodic stripping voltammetry.
Here, the ash is not dissolved in acids but is directly taken
up in hot, pH 9 citrate-based supporting electrolyte (11) for
the determination of cadmium, lead, zinc, and copper.

Preliminary results indicate that with suitable scale-up,
larger samples or samples with more bone in them can be
prepared by Method A. Similarly, we have also found that
by heating the ash in aqua regia, adding sufficient water and
reheating, the samples can be solubilized and the first two
treatments with aqua regia used in Method A can be elim-
inated.
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Small Volume, High Performance Cell for Nonaqueous Spectroelectrochemistry
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The growing need to reduce cell volumes while maintaining
favorable cell transfer functions for aqueous spectroelec-
trochemical studies is being met by novel cell designs (1) and
modifications thereon (2, 3). The utility of such cells in
nonaqueous work is most often limited by solvent attack of
cell body material (e.g., Lucite). While cell bodies for non-
aqueous work may be fabricated from Kel F, Teﬂon. or hxgh
density polyethylene, newly availabl
(Macor, Corning Glass Works, Corning, N.Y.) affords cell
bodies for nonaqueous spectroelectrochemistry which have
superior thermal and mechanical properties. This report
describes the fabrication of such a cell and the comparison
of its performance with that of a conventional glass spec-
troelectrochemical cell.

EXPERIMENTAL

Macor machinable glass-ceramic was obtained from Corning
Glass Works. Conventional metal machining equipment and
techniques (4) were employed in fabrication of a Macor cell similar
in design to a previously described small volume Lucite spec-
troelectrochemical cell (7). The cell described here differed
significantly from the previous one in that a circular platinum
auxiliary electrode was located adjacent to the quartz rear window
and encircled the optical beam. This auxiliary electrode placement
afforded a much improved transfer function relative to the
previously described cell. The volume of the Macor cell was 0.80
mL and had a working electrode area of 0.38 cm?®.

RESULTS

The electrochemical response of the Macor cell as evidenced
by the oxidative cyclic voltammetry of 9,10-diphenyl-
anthracene (DPA) was found to be identical to that of a
conventional spectroelectrochemical cell (5) over a broad range
of sweep rates.

Identical single potential step spectroelectrochemical
(chronoabsorptometry) experiments were conducted using
each cell wherein DPA was oxidized to the cation radical at
a platinum OTE. The absorbance-time response predicted
for such potential step perturbations is that given by Equation
1(6)

Appa(\t) = \/'—GDPA {A)D'2ppaC®ppat'® (1)

where all terms have their usual meanings (6). Representative
absorbance-time responses for the Macor and the conventional
cells are shown in Figure 1, A and B, respectively, and the
corresponding absorbance-time'/? behavior is shown in Figure
1,C and D. For eight independent trials using each cell, values
of 27.38(x0.14) M s7'/2 and 27.09(x0.20) M s'/% were
obtained for eppa+.D"?pps in the Macor and conventional cells,
respectively.

The removal of oxygen and its long-term exclusion from
the Macor cell which is necessary for reductive work was
demonstrated. Oxygen was vacuum outgassed from a pH 7.0
buffer (0.10 M phosphate, 0.10 M NaCl) and its subsequent
presence in solution as a function of time was monitored
voltammetrically at a tin oxide electrode. No oxygen was in
evidence for a period of 3 h. The behavior of the Macor cell
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Figure 1. Spectroelectrochemical responses for potential step oxidation
of DPA at Pt-OTE. Experimental techniques and instrumentation (7),
electrode preparation (8), and materials (9, 10) have been described.
(A) absorbance-time response for potential step of +0.70 to +1.35
V vs. SCE in Macor cell. (B) Absorbance-time response for potential
step of +0.70 to +1.35 V vs. SCE in conventional cell. (C) Fit of
absorbance-time data from curve A (Macor cell) to Equation 1. Slope
= 1.624(%0.008) X 1072 intercept = 6.1(%0.9) X 10°%; coefficient
of correlation = 0.9979. (D) Fit of absorbance-time data from curve
B (c ional cell) to Eq 1. Slope = 1.601(%0.006) X 102
intercept = 6.3(£0.7) X 10°%; coefficient of correlation = 0.9981

in this regard is superior to that of Lucite (11).

DISCUSSION

The use of Macor as a material for the fabrication of
small-volume cells for nonaqueous spectroelectrochemical
work affords many advantages over other popular materials.
The modest cost of this glass-ceramic (ca. $6 for the Macor
used in the cell described here), the ease of machining
(conventional metal machining techniques, water cooling), and
the tolerances routinely obtained (£0.0005 in.) (4) permit the
inexpensive fabrication of a wide variety of spectroelectro-
chemical cells. Unlike many ceramic materials, Macor does
not require firing to insure nonporous surfaces. The di-
mensional stability of this material is superior to Kel-F, Teflon,
and high density polyethylene such that high-torque screwing
into tapped holes and high-stress clamping and similar
manipulative operations can be easily executed.

Although cell volume minimization was not the thrust of
the work reported here, smaller volume cells can be readily
constructed which permit the electrochemical and spectro-
scopic characterization of minute amounts of material. This
feature coupled with the extremely low gas permeability of
this material gives rise to cells which are ideally suited for the
vacuum outgassing necessary in bioelectrochemical work where
anaerobic, hydrophobic conditions are required.

The temperature stability of Macor and its small coefficient
of thermal expansion (4) make it an ideal cell body material
both for the spectroelectrochemical examination of the
temperature dependences of various electrochemically induced
kinetic processes and for spectroelectrochemistry in fused salts,
especially those of higher fusion temperatures. The inertness



of this glass-ceramic toward acidic and basic materials (4)
permits the use of less common electrochemical solvents such
as trifluoroacetic acid or fluorosulfonic acid (12). No cell
memory effects (e.g., adsorption, absorption) have been
observed with the material.

Platinum is reported to adhere to Macor with excellent
mechanical stability (4). This suggests the vapor deposition
of auxiliary electrodes within the cell body in order to obtain
electrode configurations necessary for optimal cell transfer
functions. Moreover, in the course of this work it has been
found that other materials can be readily attached to this
glass-ceramic by conventional epoxy cement as well as
high-vacuum epoxy-ceramic materials.

Like all small-volume cells used in spectroelectrochemical
work, the contents of the cell described here are subject to
infrared heating if allowed to remain in the spectral beam for
extended periods. Use of an infrared filter in the optical path
prior to the cell alleviates this problem, as does interruption

of the analyzing beam by means of a shutter when no ex-
periment is in progress.
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CORRECTION

Studies on the Mechanism of Atom Formation in Gra-
phite Furnace Atomic Absorption Spectrometry

In this article by R. E. Sturgeon. C. L. Chakrabarti, and
C. H. Langford, Anal. Chem., 48, 1792 (1976), the proposed
mechanism of formation of aluminum atoms given on p 1804

is wrong b ofa

ilation of thermodynamic data.

However, this does not change the measured E, values.
Although no self-consistent mechanism for Al formation that
accounts for the observed E, values can be advanced, it seems
reasonable to postulate that one or more oxide species (AlO,
Al,0, Al,0;) may be involved, and also that Al, may be
formed by direct thermal decomposition of Al;03.

CORRECTION

Gel Permeation Chromatography of Low Molecular
Weight Materials with High Efficiency Columns

In this article by Anoop Krishen and Ralph G. Tucker
(Anal. Chem., 49, 898 (1977)) the equation on page 899,

column 2, should read:

Molar Volume (mL/mol at 20 °C) .
= 33.02 + 16.18 (CAU) + 0.0041 (CAU)"
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CORRECTION

Determination of Thorium and Uranium in Ores and
Mill Tailings by Alpha Spectrometry

In the paper by C. W. Sill, Anal. Chem., 49, 618 (1977), part
of a sentence was omitted. On page 619, the sentence be-
ginning on the tenth line from the bottom in the right-hand
column should read as follows: “When dry, place the plate
first on a hot plate covered with a piece of asbestos cloth for
1 min, then on an uncovered hot plate for about 5 min and
cool.”

Also, it now seems necessary to call attention to the need
to correct the thorium-234 tracer recovered for that con-
tributed by the sample itself when relatively large samples
of uranium ores, uranium concentrates, or fresh mill tailings
are being analyzed for thorium-230. With ores, or with
concentrates older than a few months since the last chemical
separations were made, the correction can be determined from
the uranium-238 activity, if known. However, with con-
centrates in which the ingrowth of thorium-234 is unknown,
with tailings less than a few months old from which the
thorium-234 will not have decayed sufficiently, or if urani-
um-238 is not being determined, the correction must be
determined by other means. The simplest way is to increase
the thorium-234 added to about 10° dpm instead of the “at
least 10* dpm™ recommended previously. Because 0.27%
uranium ore contains 2 X 10° dpm/g of thorium-234, the error
will be less than 2% for samples up to 1 g, even if no cor-
rections are applied. Similar arguments can be made for
uranium concentrates and tailings. With larger samples or
higher-grade ore, corrections will have to be made.

It should also be emphasized that this method for the
determination of thorium-230 in uranium ore is not applicable
to ores containing relatively high concentrations of natural
thorium and/or the light lanthanides, e.g., uraniferous
monazites. Unless the total quantity of these elements in the
aliquot taken for analysis is kept less than about 1 mg, they
will so saturate the barium sulfate lattice positions that
precipitation of thorium-230 will be grossly incomplete. See
Anal. Chem., 41, 1624 (1969) for effects of these elements on
precipitations with barium sulfate. Also, the thorium, cerium,
lanthanum, etc., carried in the barium sulfate form complexes
with the potassium sulfate also present that are very insoluble
in even hot 72% perchloric acid, making it appear that the
barium sulfate fails to dissolve in the perchloric acid. Because
of their solubility in water, however, the insoluble precipitates
dissolve readily on addition of the strong aluminum nitrate
solution.
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