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Our artist's conception of The
Analytical Approach to problem solv­
ing. page 433 A. emphasizes the
complexity and extended bound­
aries of problems themselves. To
solve. one can focus on various
smaller. sometimes overlapping.
parts of the whole. The choices
are manifold; the results depend
not only on how the problem is
defined but also on the informa-
tion. including negative informa-
tion. gained by the analytical
choices made.

The analytical manager today
has an extraordinary number of
techniques at his disposal. Yet.
even wilh the mosl sophislicaled
instrumentation at his fingsrtips.
he cannot afford to ignore infor­
mation acquired by simple obser·
vation. This type of easily gained
information may have unique im·
portance. The trained analyfical
chemist is acutely aware of the
various facets of problem solving.
This is a great part of the expertise
he offers along with his specialized
knowledge of certain analytical
techniques in industrial, clinical,
educational. research. and regula­
tory situations.

Our new feature, to appear at
irregular intervals. should appeal
particularly to the consumers of
analytical methodology as well as
to the developers.

Volume 46, No. 4
April 1974
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4 place digital readout displays Linear Absorbance.
Concentration and Transmittance. Many
interchangeable sampling options including a
semi-automatic f1ow-thru system with self-purge.
and zero error logic to eliminate cross
contamination. 325nm to 925nm wavelength
range, 8nm bandpass, built-in electronic check.

~e us al the FASED Booth Ca-Cl t

CIRCle 2' ON ReADeR seRvice CARD

The people who sell more
spectrophotometers than any other manufacturer.

BAUSCH & LOMB (i)
ANALYTICAL SYSTEMS DIVISION

SPECTRONlCe 700
Low-cost. UV-visible, single beam instrument with
constant 2nm bandpass over full 200-950nm
range. Permits direct readings in Concentration.
Linear Absorbance to 2.0A over effectively 16
inches of meter, and Transmittance. Exceptionally
high resolution. Stability equal to. or better. than
costlier spectrophotometers.

Write lor literature to Bausch & Lomb
Analytical Systems Division, Dept. 03-D4-31
820 Linden Avenue, Rochester. New York 14625.

Wide 325nm-925nm wavelength range is
continuous. Bandpass is narrow 8nm for excellent
resolution in an extended range of applications.
Accepts virtually all standard glassware-test tubes.
rectangular cuvettes, cylindrical cells. Choice
of quickly interchangeable sampling systems.

The Spectronic 88 has the same excellent
specifications and sampling versatility as the
Spectronic 7o-and more. It permits you to read
directly in Concentration, Linear Absorbance to
2.0A over effectively 16 inches of meter. and
Transmittance. A single knob selects the operating
mode. Choice of interchangeable sampling
systems including semiautomatic f1ow-thru which
permits running 300 samples per hour.

Abrief guide for selecting
aprecision spectrophotometer
matched to your needs-from
Bauschlilombrthe optics people.

S~ECTRONlCe70



PUR'E MATERIALS

With our high-purity materials we can
help you eliminate one evasive variable
haunting research projects: impurities.
We stock a periodic chartful of ele­
ments and inorganic compounds. spec­
trographically analyzed.

PressuReactor

For dissolving substances - con­
tamination-free - in a strong acid or
base with pressure and heat. this ss­
encased. 35-ml-capacity Teflon crucible
provides maximum safety. speed and
convenience.

Spex-only features include a contact
thermometer for monitoring tempera­
ture safely up to 150C and a Tellon­
coated. magnetic stirring rod to hasten
reactions.

NYLON-LUCITE SIEVE SETS

Four mesh sizes in a stack as free from
metallic contamination as their im·
maculate appearance suggests.

BORON CARBIDE MORTAR & PESTlE SETS

If you absolutely must resort to physical
labor. Boron Carbide is the material for
hand grinding: tough. inert. hard.
mirror-finished with no bonding agents.
but under more average lab circum­
stances outdistanced by11

MIXER/MILLS.®

The research literature of our field is
generously sprinkled with testimonials
in praise of these versatile electrical
pulverizers which, in grindmanship.
yield only to the

11

SHATTERBOX.®

This laboratory grinder makes fast work
of the big. hard jobs. having earned its
reputation as the unexcelled work­
horse. May we test grind a 100 ml sam­
ple for you. be it cement. slag. glass.
minerals. fertilizer or such? No obliga­
tion. of course.
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Atthe
FASEB
Meeting

AMERICAN
INSTRUMENT

COMPANY
DIVISION OF TRAVENOllABORATQRIES.INC.

Silver Spring. Maryland 20910

SEE THE NEW
Fluorescence Photon Counter

A very practical new tool of great value in those applications
which are sensitivity- or scatter-limited. This instrument
detects fluorescence signals too weak to measure by con­
ventional techniques; has the greater stability inherent to
pUlse-height discrimination; and reduces noise by observing
only photo cathode impulses which are averaged.

SEE THE NEW
Oxygen Dissociation Apparatus

Generates dissociation curve by spectrophotometrically
monitoring oxygen saturation of whole blood. Using less
than 50 microliters of whole blood or hemoglobin solution,
this dual-wavelength technique can be performed using a
new filter instrument or with a new accessory for the
DW-2T>' UV-VIS Spectrophotometer.

~ SEE THE NEW
m::::..; Corrected Spectra Accessory for SPP"
~ A third-generation corrected spectra accessory ',r the
,~ Am'nco-Bowman Spectrophotofluorometer (SPF) which pro­
~~ duces either quanta-corrected or energy corrected excita-

tion and emission spectra without the use of quantum
counters. The range of total energy correction is 200 to 650
nanometers for corrected excitation spectra, and 290 to
700 nanometers for corrected emission spectra.

~ SEE THE
~ Helium Glow Photometer

~ Determines quantities of biologically significant metals in
~I~ samples of microscopic size. In principle. the vaporized
~1 sample is excited by an Lf. helium·glow discharge The
';I,: emitted radiation is sorted by interference fillers and ;"eas­
~ ured by Iwo phOtomulliplier tubes allowing integration and
, simultaneous digital display of two components in a single

sample. Sample volumes are often less than 10 nanoliters.

"
Stop at AMINCO's booths M·110 to 113 at FASEB or
contact us tor furfher information.

CIRCLE 4 ON READER SERVICE CARD
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The new '74 Heath/Schlumberger instruments catalog is here
...32 pages of high performance electronic equipment at low,
direct-to.you prices. Whatever you need in test and measure­
ment equipment for desi~n, R&D, or teaching applications,
Heath/Schlumberger has It...at much less than you planned

IU~";ii;ii---lII-"~"-';';;-;;;-""'~-"··.-~"....•~...... ~J~~!i
~ recorder

I
~ _ ia- (Ieft)isa

.~ good
. example.

Four calibrated spans,
10 mY·IO Y, ten accurate chart speeds from 10 in/ min to 0.01
In/min.Complete remote control capabilitY,lO in/sec writing
sPeed ... all for just $335•• 600 MHzfrequency counter for jUst
$795·.••110 MHz autoranging counter, just $325•••• dual trace
15 MHz scope only $59S·..•the famous Malmstadt·Enke lab
Stations... power supplies ... generators ... digital multimeters
...and dozens of other high performance, low cost instru­
ments. To get your FREE copy of this catalog. visit your local
Heathklt Electronic Center or use the COUPQn below.

IN_lSdI_lfIor 11IS1rUaI.... "crij§j·;h
I ::1;,~J.-::r, Illehlpn 49022 I
I 0 Plene send 1974 Electronic: Instruments cablQJ. I
1111... I
I nu. I
I CompenyllnstlluUon JI Ad<Ire'''''I-. _
I City Sbte IIp _

I '"Mall order prlcesi f.O.B. flctory. EK--418,
CIRCLE 118 ON READER SERVICE CARD
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Briefs
Solvatochromism of Phenol Blue in the Ethyl
Acetate-Acetic Acid Solvent System
The solvent.induced red-shift for the phenol blue mole­
cule is assigned to a nearly regular perturbation from hy­
drogen bonding by acetic acid. The acid decolorizes the
model dye, following pseudo first order kenetics.
Orland W, Kolling and Jana L. Goodnight. Chemistry Depart.
ment, Southwestern College, Winfield, Kansas 67156

Anal. Chem .. 46, 482 (/974)

Spectrophotometric Analysis with the GeMSAEC
Fast Analyzer-Determination of Zinc Using
4-(2-Pyridylazo)Resoreinol (PAR)
Photometric measurements with the GeMSAEC Fast An­
alyzer are found to be linear, accurate, and precise. From
0.2-1 ppm of Zn are determined with a relative standard
deviation of 0.3-3%.
Gerald Goldstein, W. L. Maddox, and M. T. Kelley. Analytical
Chemistry Di\'ision, Oak Ridge National Laboratory, Oak Ridge,
Tenn.37830 Anal. Chem.. 46. 48.51I974)

Preparation, Properties, and Applications of
8-Hydroxyquinoline Immobilized Chelate
The chelate is studied by investigating its capacity for
metallic extractions at various pH. Also, desorption stud­
ies, exchange capacity, effect of complexing agents, and
NaCI solutions are investi~8ted.

K. F. Sugawara. H. H. Weetall, and G. D. Schucker. Research
and Development Laboratories. Coming Glass Works. Cornin~,
N.Y.14830 Anal. ('hem .. 46. 489(1974)

Determination of a Geometry and Dead Time
Correction Factor for Neutron Activation
Analysis
The determination of 8 normalization constant for nonde·
structive neutron activation analysis which corrects for
dead time and counting geometry between a standard and
sample is described.
Gcrald L. Hoffman, Graduate School of Oceanography. Universi·
ty of Rhode Island. Kingston, R.I. 02881, Paul R. Walsh, Depart·
ment of Chemistry, University of Rhode Island, Kingston. R.I.
02881. and Michael P. Doyle, Rhode Island l\uclear Science
Center. South Ferry Road. ~arrngansett, R.I. 02882

Anal. Chem., 46. 492 (1974)

Determination of Phenols by Fluorine-19 Nuclear
Magnetic Resonance of Hexal1uoroacetone
Derivatives
The chemical shifts of the derivatives and the equilibrium
constant for derivative formation can be related to the
structure of substituted phenols.
Floyd F.-L. Ho. Research Center. Hercules Incorporated. Wil-
mington, Del. 19899 Anal. Chem .. 46. 496 (1974)

Elemental Analysis of Whole Blood Using
Proton-Induced X-Ray Emission
Proton· induced X-ray emission is shown to detect Fe. Cu,
Zn, Se, and Rb to a precision of 7%, 18'70,7'70,50%, and
190/0, respectively.
R .. c. Bearae, D. A. Close,J. J. Malanify, and C. J. Umbar­
ger, Los Alamos Scientific Laboratory of the University of CaU-
lomia, Los Alamos, N.M. 87544 Anal. Chem .. ·/6. 499 (1974)

Substoichiometric Extraction ofCations with
Mixtures of Hexal1uoroacetylacetone and
Tri.n·Octylphosphine Oxide in Cyclohexane

.High precision extractions of Zn2+, Cu2+, and Eu3 + are
reported along with extraction curves for Mn2 +, Fe2+,
Co2+, Cu2 +, Zn2+, Fe3 +, Eu3 +, and Lu3+.

J. W. Mitehell, Bell Laboratories, Munay HiU. N.J. 07974, and
Roland Cangea. Stanford University, Stanford, CaUL

Anal. Ch,m:·. 46. 503 (19741

Computer Utility for the Analytical Laboratory
Computer control of analytical instruments is accom­
plished by using remol" push.button.operated consoles
connected to a time-shared minicomputer via standard in·
terraces to a high data rate party line.
James R. DeVoe, Ronald W. Shideler, Fillmer C. Ruegg, Jutea
P. Aronlon, and Peter S. Shoenfeld, Analytical Chemiatry Divi·
Iiion, Institute for Materials Research, National Bureau ofStan·
dards. Washington, D.C. 20234 Anal. Chem.. 46.509(19741

Pattern Recognition Techniques Applied to the
Interpretation of Infrared Spectra
The application of pattern recognition techniques to tbe
investigation of 1R spectra of small organic molecules is
presented.
D. R. PreUS5 and P. C. JUri, Department of Chemistry, The
Pennsylvania State University. University Park. Pa.
16802 Anal. Chem., 46. 520 (1974)

Statistical Method for the Prediction of Matching
Results in Spectral File Searching
The distribution of the mismatch criterion in tbe file
searching of mass spectra can be accurately predicted for
most codes using the theory developed.
Stanle}' L. Crotch, Jet Propulsion Laboratory, Califomia Insti­
tuteofTechnololO·, Pasadena. CaliC. 91103

Anal. Ch'm .. 46, 526 (1974)

Trace Determination of Beryllium Oxide in
Biological Samples by Electron.Capture Gas
Chromatography
A base dissolution, chelation-gas chromatographic meth·
od for the determination of BeO in biological media is de­
scribed. This method yields recoveries averaging 105'70 for
levels of 1.0 mg Beolml.
George M. Frame and Roddey E. Ford, 6570th Aerospace Medi·
cal Research Laboratory, Aerospace Medical Division. Air Force
Systems Command. Wrijltht·Patterson Air Force Base. Ohio
45433. and WilIiam G. Scribner and Thomas Ctyrtnicek. Mon·
sanlo Regearch Corporation, Dayton, Ohio 45407

Anal. Chem.. 46. 534 (1974)

High Pressure Liquid Chromatographic
Determination of Tetracyclines
A high pressure LC method is devel~ped which separates
tetracycline. anhydrotetracyeline. 4-epi-anbydrotetracy·
eline, 4·epi-tetracyeline. chlorotetracyeline. and dosycy·
eline in less than 30 minutes with a relative standard de­
viation of 1.02%.
Kiyoshi Tsuji, J. H. Robertaon. and W. F. Beyer. Control Ana­
lytical Research and Development, The Upjohn Company, Kala-
mazoo, Mich. 49001 Anal. Chem .. 46. 539(1974)
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Briefs
'Wide-Band, Precision, DC-Coupled Lock-In
Detector and Gated Integrator for
Electrochemical Measurements
An instrument capable of resolving impedance (lQ2-l0"

'19hms) or admittance data into in- and out-of-phase com­
.!~nents is described. Precision is.l.Oo/CI when components
'liffer by a factor of 100.
, ... J .. Bentz,J. R. Sandifer. and R. P. Buck, The Wi1IiBm R.
'Kenan, Jr., Laboratories of Chemistry, University of North Coro-
Ilna. Chapel Hill, N.C. 27514 AMI. Chem., 46. $43 (1974)

Electroanalytical Studies of Methylmereury in
Aqueous Solution
The first pulse polarographic peak in the reduction of
monomethylmercury compounds in aqueous solution is
shown to be analytically useful at concentration levels of
the order of micrograms per liter.
R. C. Hcaton and H. A.l.aitinen, School of Chemical Sciences,
University of Illinois at Urbana-Champaign, Urbana, Ill. 61801

Allal. Chem., 46, 547 (1974)

Mixed-Potential Mechanism for the
Potentiometric Response of the Sodium Tungsten
Bronze Electrode to Dissolved Oxygen and in
Chelometric Titrations
Potentiometric response of the Nax W03 electrode to dis­
solved O2and EDTA in alkaline solution is shown to re­
sult from n mixed-potential mechanism involving sponta­
neous oxidation of the electrode by 02.
P. B. Haho, D. C. ,Johoson, M. A. Wcchter, aod A. F. Voigt,
Department of Chemistry and the Ames Laboratory-USAEe.
Iowa Stote University, Ames, Iowa 50010

Anal. Chem .. ·16. 553 (1974)

Mechanistic Studies Using Double Potential Step
Chronoamplometry: The EC, ECE, and
Second-Order Dimerization Mechanisms
Theoretical working curves are presented showing the he·
havior ofthe current semiintegral in the potential step ex·
periment when perturbed by homogeneous kinetic compli·
cations.
R.Joc Lawson and .J. T. Maloy, Department of Chemistry,
West Virginia University, Morgantown, \V.Va. 26506

Anal. ('lIenL. ·16, 559 (1974)

Recording Polarization of Fluorescence
Spectrometer-A Unique Application of
Piezoelectric Birefringence Modulation
A spectromcter that records polarization of fluorescence is
described. It uses a piezoelectric birefrigence modulator as
a variable retardance wa\'cplate. a single photomultiplier.
no moving parts, and can be directly computer·controlled.
John E. Wamplcr and Richard .J. Il('Sa, Department of Bio­
chemistry. University of GcorJ:ia. Athens, Ga. 30602

Anal. ChL'm., ·16. ,;63 (/974)

Novel Mass Spectrometer Sampling
Device-Hollow Fiber Probe
Asilicone rubber hollow fiber probe is constructed for
monitoring ppm levcls of volatile organic compounds in
aqueous solution and in air. Enrichment factors of chloro·
form and methanol are measured.
L.B. Westover.J. C. Tou, and J. H. Mark, Analytical Labora·
tories, Dow Chemical U.S.A., Midland, Mich. 48640

An"l. Chem .. 46. 568 (/974)

Quantitative Dye Laser Amplified Absorption
Spectrometry
The sensitivity of quantitative spectrophotQmetric tech·
niques is enhanced by an intercavity absorption tech·
nique. Laser intensity is related empirically to sample
concentration for HoJ ... and Pr3+ solutions in the laser
cavity.
Robert C. Spiker, Jr., and James S. Shirk, Department of
Chemistry, Illinois Institute of Technology, Chicago. Ill. 60616

Anal. Chem.. 46. 572 (/974)

The Vidicon Tube as a Detector for Multielement
Flame Spectrometrie Analysis
The feasibility of performing multielement flame emission
analysis is demonstrated using a silicon diode vidicon
tube and optical multichannelanalyzer in conjunction
with a O.5-meter monochrometer.
K. W. Busch, N. G. Howell, and G. H. Morrison. Department
of Chemistry, Comel! University, Ithaca.1'.Y.14850

Allal. Chem .. 46. 57;; (1974)

Analysis of Twelve Amino Acids in Biological
Fluids by Mass Fragmentography
AGC/MS-computer method for the quantitation of
amino acids at the nanogram level in biological fluids is
described.
R. E. Summons, W. R. Pcrcira. W. E. Reynolds, T. C. Rind·
flcisch, and A. M. OufTield, Genetics Department, Stanford
University Medical Centcr, Stanford, CaliL 94305

Allal. Chem .. ·16. 582 (1974)

Notes

Electrochemical Oxidation of Thin Palladium
Films on Gold
The determination of the oxidation state of submono:ayer
Pd films on gold in O.2M H2S0. provides a means by
which small quantities of Pd arc quantitatively determined.
Steven 11. Cadle. Chemistry Department. Vassar College, Pough-
k""psie. N.Y.12601 Allal. Chem .. ·16. 587(1974)

New Methods for the Preparation of Perchlorate
Ion-Selective Electrodes
Ion·selective cle'"ctrodes for perchlorate ion. however with
lower selectivity coefficients than for commercial elec­
trodes, are prepared by incorporating a commercial liquid
ion exchanger in poly(vinyl chloride).
T. J. Rohm and G. G. Guilbault, Department of Chemistry.
Louisiana State Universitv in l'\ew Orleans. New Orleans, La.
70122 . Anal. Chem .. 46.590 1/974)

Change in Potential of Reference Fluoride
Electrode without Liquid Junction in Mixed
Solvents
The shift in potential of the lanthanum fluoride mem­
brane electrode used as a reference in acetonitrile-water
solutions can be calculated from differences in solubility:
Kathlc('n M. S~eltin.: and Stanl(·y E. Manahan, Department of
Chemistry, University of Missouri -Columbia, Columbia. Mo.
r>5201 AII"I. C/u'm .. 46. 592 (1974)

QuantitativeSpectrometric Determination
Specific for Mannose
By dehydration in H2SO, and spectrophotometric mea­
surement of the furan products. mannose is measured in
the presence of other sugars. The standard deviation is
±O.3% mannose if mannose is 6% and glucose is 94%.
Ralph W. Scoll and ,Jetts{' Creen. Forest Products Laboratory,
Forest Service. U.S. Department of A.:riculture. Madison, \Vis.
53705 Anal. Chem.. 46. 594 (1974)
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Quick relief
for (i.C. gas pains

Chromatrol™ Flow Controller.
Flow control down to 1 SeeM.
Dual Channel. Set and forget.
$375.00. Volume discounts.
of course.

Dual Channel G.C.neverhad
it so good. Our Chromatrol1l.'
Flow Controller maintains
constant, independent, pre-set
flow of carrier gases to each
of two columns, regardless
of variations in input pressure,
temperature or column back
pressure. Ideal for dual
column G.C.'s. And perfectly
adaptable to computer or
sequencer control.

What could be simpler?
Hydrogen, Helium, Nitrogen,
and Argon from 1 to 100
SCCM with exact repeatability
of setting :lcO.2%. No tweak.
No delay. No needless bulk­
the ChromatrolTI.l Flow Con­
troller doesn't require its own
power supply. It operates
on available G.C. instrument
power.

The voltage program capa­
bility makes it particularly

applied materials

CIRCLE 3 ON READER SERVICE CARD

valuable in automated sys­
tems where it's necessary to
program various flows of
carrier gas by computer or
sequencer control.

And there's no beating
the price. $375.00. Even less
in quantity. Just six weeks
delivery.

Call collect for immediate
requirements or write: Rod
Manning, Applied Materials,
Inc., 2999 San Ysidro Way,
Santa Clara, California 95051,
(408) 738-0600.

We make it easier for you
to make it better.
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Briefs
Application of the Carbon Rod Atomizer to the
Determination of Mercury in the Gaseous
Products of Oxygen Combustion of Solid Samples
Combustion ofsolid samples with concentration of Hg di­
rectly onto gold plated graphite atomizer tubes is used.
The relative standard deviation is about 7% on coal sam­
ples.
Duane Siemer Bnd Ray Woodriff. Department of Chemistry,
Montana State University, Bozerosn, Mont. 59715

Anal. Chem .• 46. 597(1974)

Graphite Braid Atomizer for Atomic Absorption
and Atomic Fluorescence Speclrometry
The graphite braid is introduced 8S 8 new non-flame at­
omizer. Some of the characteristics of the atomizer are
discussed and data are presented for the determination of
Cu. Pb, Cd, and Zn.
Akbar Montaser, S. R. Goode. and S. R. Crouch. Department
ofChemist.ry, Michigan State University, East LaRsing, Mich.
48824 Anal. Chem .. 46. 599 (1974)

Double Modulation Atomic Fluorescencc Flame
Spectrometry
A double modulation 9OO-W continuum source atomic fiu­
orescence flame spectrometer, \"'ith compensation for scnt­
ter, is described. Limits of detection are given.
W. K. Fowler. D. O. Knapp. and J. D. Winefordner. Depart­
ment of Chemistry, Unhtersity of Florida. Cainesville. 1"10. 32601

Anal. Ch.m., 46. 601 (1974)

Direct Mass Spectrometric Analysis of High
Pressure Gasoline Streams Containing Light
Ends
The method of analysis and calibration described permits
the determination of hydrocarbon lypes present in sam·
pIes containing large amounts of C,-C. hydrocarbons di·
rectly from the undepentanized mass spectrum.
Dirk V. Rasmu8scn, Gulf Oil Canada Limited, Research and
Development Departmenl. Shcridan Park, Ontario, Canada

Anal. Ch.m .. 46. 602 (197·1)

Semimicro Procedure for the Determination of
Hydrocarbon Types in Shale-Oil Distillates
Saturated hydrocarbons and oletins are determined as
groups in shale oil distillates. Results from rcplicate tests
deviate from 8vera~evalues by 1.30/0 or less. Aromatics are
lOO minus (saturates plus olefins).
Larn' P. Jackson, Charles S. Allbrighl, and Howard 8. Jen­
sen, V.S. Department of the Inlerior, BureouofMines.l.aramie
Energy Research eenter, Lararnie, Wyu. 82070

Anal. Chem., 46. 6M (/9741

Improved Ion-Exchange Technique for the
Concentration of Manganese from Sea Water
A batch technique alleviates difficulties in the column
technique caused by swelling and contraction propert.ies of
the resin. The method yields quantitative recovery with a
variation in efficiency of %0.6%.
Ralpb G. Smith, Jr., Skidaway Institute of Oceanography, P.O.
Box 13681, Savaooah. Go. 31400 Anal. Ch'm .. 46. 60711974)

Separation of the Trivalent Actinides from the
Lanthanides by Extraction Chromatography
An extraction chromatography procedure for the separa·
tion of tervalent actinides from tervalent lanthanides is
able to recover 98 % 1% of americium-241 with only 0.2 %
0.2% of cerium-l44 in 40 minutes of column time.
Terry D. Filer, Health Services Laboratory, V.S. Atomic Energy
Commission. Idaho Falls, Idaho 83401

Anal. Ch,m., 46. 61»3 (1974)

Gas Chromatographic Separation of Water from
Cryogenically Collected Air Samples-Enhanced
Concentration ofTrace Organic Volatiles Prior to
GC-MS Analyses
This method is shown to be useful for the analyaili of a
wide variety of organic compounds.
Rennett J. Tylon and Glenn C. Carle, Ames Research Center.
NASA. Moffe't Field. CaliC. 94035 Anal. Chem., 46. 6/0 (1974)

Pyrolysis Esterification of
Phosphorous-Containing Acids for Gas-Liquid
Chromatographic Analysis
Analysis of aqueous solutions of methylphosphonic acid
and methylfluorophosphinic acid by pyrolysis esterifica­
tion of their tetramethylammonium salts and GC analysili
is demonstrated. Quantitative yields are obtained under
controlled conditions.
WiIliam L. Clapp, Robert J. VaU., Stanley R. Krsmer,.nd
John W. Mercer, Process Technology Branch, Chemical &: Planta
Division, ManufacturingTcchnolog}' Direclorale, Edgewood AnJe·
001. Md. 21010 Anal. Chem., 46. 613 (1974)

Sensitivities for Photon Activation Analysis with
Thick-Target, llO-MeV Electron
Brehmsstrahlung
Photon-activation analysis sensitivities for a new facility
of uncommon operation conditions are determined. These
sensitivities are good, and agree with values for thin-tar­
get 25-30 MeV electron bremsstrahlung.
Enzo Hied, Analytical Chemistry Division. Oak Ridge National
Laboratory, Oak Ridge. Tenn. 37830

Anal. Chem .. 46. 615 (1974)

Determination of Lead in Paint with Fast
Neutrons from a Californium-252 Source
Activation analysis with a 202Cf source is shown to 00 8

reliable nondestructive method for the determination of
Pb in paint allevels of 1%.
Gcorji;e J. Lutz. Activation Analysis Section. Analytical Chemis­
Iry Division. National Bureau of Standards. Washington, D.C.
2023~ Anal. Ch,m., 46. 618 (1974)

Colorimetric Determination of
N-Arylhydroxylamines with 9-Chloroacridine
A new colorimetric method for the determination of N­
arylhydroxylamines with 9-chloroacridine is described.
Concentrations of IO-oM hydroxylamines are determined
wilh un accuracy of IClfo.
Richard E. Gammans. Jamcs T. Stewart. and Larry A. Stern·
son, The BioanalYlical Laboratory, Uepartment of Medicinal '
Chemilltry, School of Pharmacy, The University of Georgia. Ath-
eos. Go. 30602 Anal. Ch.m .. 46. 620 (1974)

Aids for Analytical Chemists

On the Use of a Power Divider for Thermostated Elec­
trodeless Discharge Lamps in Atomic Fluorescence Spec­
trometry
D. O. Knapp, C. J. Molnar, and J. D. WineCordner, Depart­
ment of Chemistry, University of Florida. Gainesville. Fla. 32611

Anal. Ch'm .. 46, &'22(1974)
High Pressure Gradient Chamber for Liquid Chromatog­
raphy
E. H. Pfadenhauer. T. E. Lynes. and T. V. Updyke, Newport
Pharmaceuticals International,lnc., 1590 Monrovia Boulevard,
Newport Beach. Calif.. 92660 Anal. Chem.. 46. 623 (1974)
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Ortec's newest
x-ray fluorescence analyzer.

(A sneak preview.)

::: 1-2% RELATIVE ACCURACY

10ppm TYPICAL
DETECTABllITY LIMIT

HIGH-RESOLUTION
SI(lI) DETECTOR

DUAL-ANODE X-RAY TUBE
FOR FLEXIBILITY

24-POSITION AUTOMATIC
SAMPLE CHANGER

HIGH-STABILITY
NIM ELECTRONICS

1024-CHANNEL MCA

MASS STORAGE
FLOPPY DISC PERIPHERAL

HIGH-LEVEL
QUANTITATIVE SOFTWARE

with computer programs for quantitative analysis. These
programs are written in a powerfUl new interactive lan~

guage called ORACL. which you can learn in just a couple
of hours-even il you've had no exposure to software be­
fore. ORACL lets you write your own special-purpose pro­
grams and modify existing programs (such as our XRF
CALC, XRF ID, and XRF QUAN) to suit both the work
you're doing and your personal taste in formats and so
forth. It also lets the Iluorescence people at Ortec respond
quickly with new programs as soon as improved analysis
methods come into use.

The new TEFA will be available soon. See it demon­
strated at this year's shows and meetings. Ask your nearby
Ortec representative lor details. Or contact Ortec Incorpo­
rated, 110 Midland Road, Oak Ridge, Tenn. 37830. Phone
(615) 482-4411. In Europe: Ortec, Ltd., Dallow Road, Lu­
ton, Bedfordshire, Phone 058227557. Ortec GmbH, 8
Munchen 13, Franklurter Ring 81, West Germany. Phone
(0811) 359-1001.

CRTEC"

We'd like to tell you something about the new 6110 TEFA
;'(Tube-Exclted Fluorescence Analyzer) Ortec is about to
;. Introduce. '

. . You don't have 10 be a scientist to operate it. Just ini­
.1iate the automatic program sequence and, in minutes,
you'll have a computer printout 01 the quantitative elemim­
tal composition 01 up to 24 samples (powdered, granular,

· solid, or liquid-just about anything).
And the results you get will be consistently, depend­

ably good. TEFA analyzes every elementlrom sodium on
up through the periodic table, and does it with ± 1-2% rela-

· thie accuracy lor major elements. Total system repeat-
· ability is beller than ±0.025%. Detectability varies accord­
"I(lg to atomic number and matrix, butl0ppm is typicallor
"elements heavier than vanadium (atomic number 23), and
Jow parts-per-bllllon sensitivity can be had with sample

· p.reparatlon (accuracy lor trace elements is limited only by
the. statistics 01 x-ray production and counting time).
TEFA'sdual-anode x-ray tube combined with regenerative

· mq.nochromatlc IlIters lets you optlmize ssmple excitation
· (a.nd, thereby, delectability) lor the analysis at hand.
". Something else to smile about: TEFA comes complete

CIRCLE 181 ON READER SERVICE CARD .....
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Planning a new GC/MS
for your lab?

Ask for the brand-new model
MAT 112 from Varian

@
varIan

..I
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,
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o

VARIAN MAT GmbH
28 Bremen 10lGermany
Postfach 4062

accessory for multi ion selection.
A combined ion source for chem~
cal ionization and electron impact
ionization is available.

large tube diameters and connection
facility for a 600 115 pump, direct
inlet system with controllable eva­
poration temperature, reference
inlet system, GC interface for
different separator types, oscil-
loscope for optical spectrum dis­
play, peak matching unit for mass
determinations with an accuracy of
approx. 10 ppm, mass marker and
digital mass display, as well as the

CIRClf 239 ON IfAllH SUV1CE CAlD
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For the MAT 112 we have developed
a variety of system components which
provide for the versatility and high
technical standard of the instrument.
These include, in particular, double
focusing analyzer, variable slits, effi·
cient differential pump system with

You can expect a lot from your new
mass spectrometer - we have anti­
cipated your needs.
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Computers in Clinical Chemistry
Ronald H. Laesslg
Slale Laboratory of Hygiene and
University of Wisconsin Medical School
Madison, Wis, 53706

Thomas H. Schwartz
Stata Division of Health
Madison, Wls. 53706

The analytical chemist's relation- .
ship to clinical chemistry ranges from
one of casual observation to enthusi­
astic partic'ipation. Clinical chemistry
laboratories annually perform over 4.{;
billion analytical determinations with
direct bearing on the health of indi­
viduals. The analytical clinical chem­
ist shares with his colleagues many
unique and challenging problems,
This article focuses on one-the utili­
zation of computers in the cHnical
analytical laboratory. These laborato·
ries, with their patient-oriented mis­
sion t have developed concepts and
approaches to laboratory compuler
systems worthy of consideration by
other laboratories.

This article first compares the op­
erational philosophy of clinical and
general analytical laboratories. A dis·
cussion of computerization in clinical
laboratories emphasizes those tech-·
niques of general interest. Part 11 de­
scribes basic operational areas in
clinical laboratories in the context of
the potential contribution of compu­
terization. Part III discusses signifi­
cant computerization concepts devel­
'oped for clinical laboratories. and
,Part IV briefly reviews some of the
working systems. In Part V we have
provided an annotated bibliography.

Part I. Analytical Vs. Clinical
Laboratories: Philosophy of
Operation

The analytical and clinical chemis­
try laboratories share a common ob­
jective-to produce chemical deter­
minations. The emphasis in clinical
labs is the ultimate objective of the
analyses-the treatment and/or de·
tection of disease. The clinicallabo­
ratory supplies the physician with
data forming the basis of diagnosis
and treatment. Since samples ema­
nate from a hospital patient popula­
tion, minimum turnaround time is
emphasized. Benefits derived there­
from are obvious: effective therapy.
reduced costs. minimum hospital

stay, and increased efficiency-all to
meet increased demands on the med­
ical care facilities. These practical
considerations give impetus to the
development of clinical laboratory
computers.

One must also consider the nature
of the clinical laboratory data. A pa­
tient's lab results are not a collection
of discret.e data points: they are ele­
ments in a data sct characterizing the
individual, his disease, the diaf{nosis,
the therapy and its progress, and ulti­
mately the restoration of his hcalth,
Data are used by primary and consul­
tant physicians, nurses, and other
health professionals. Records are
needed for billing and workload in­
ventory. Completed results arc ma­
nipulated for quality control. Interac­
tions with lab data are frequent, re­
peated, and take place at different
points in time. for different purposes,
and in many different ways. Often,
the format and presentation of the
data play a major role in determining
its effectiveness at each interaction.
The total operation of the clinical
laboratory and thc unique contribu­
tion of the computer in meetin~ its
needs are precisely problems and so­
lutions which we wish to emphasize.

[n a casual perusal of the great
array of articles, papers. and books on
computerization, an obvious dichot­
omy of approach between the two
types of laboratories becomes readily
apparent. The analytical laboratory's
approach to computers often views
them as an adjunct or "back end 'I pe­
ripheral to specific analytical instru­
ments-emphasizin~the analytical
instrument with the computer secon­
dary in a role. In the clinicallabora­
tories, the initial approach was simi~

lar: Within three years past introduc­
tion, 8 system-oriented computeriza­
tion concept emerged-a result of the
'patient-oriented utilization of the in­
formation. This marked a shift in
clinical laboratory computerization
philosophy, a shift born of the neces­
sity to involve all aspects of the labo­
ratory in the information flo~ system.

Part 11. Clinical (Hospital)
L.aboratory

The present stage of development
for clinical laboratory computer sys­
tems is as much a product of evolution
as necessity. Its understanding- re­
quires some background in clinical
laboratory operation. The eight ele­
ments below enumerate interrelated
arcas to which computer systems
must address themselves.

I. Request/Samples. Requests to
draw samples are received randomly
by the laboratory (or its computer)
and must be organized into a se­
quence of acquisitions (draw list).
Technologists (often laboratory per­
sonnel) are dispatched to obtain the
specimens from the patients and
check samples into the laboratory.
Spccial provision must be made for
emergency ··STAT I

• requests and re­
peat or roHow-up tests on the original
specimen.

2. Raw Data Acquisition. Pri­
mary data (sensor output), instru­
ment readings (bolh analog and digi­
tall, and technologist observations
and commentary on specimens con­
stitute typcs of raw datn. Information
must be assimilated, transformed
into usable laboratory results, and
matched to specimen identification.

3. Intermediate Reports/Editing.
Primary lest results arc reviewed soon
after analysis. Data are "edited," that
is, modified (adjective added), dis­
carded for analyzer or sample inade- ,
quacy, corrected for dilutions, identi­
fied as to analyst. etc., and ultimate­
ly approved for temporary filing, prior
to dispersal as a finished product.

4. Quality Control. Quality con­
trol is involved in every stage of the
laboratory operation. It is critically
needed at the intermediate stage
where data are accepted or rejected
on the basis of control data. Multiple
forms of Quality control information
are a necessary part of the laborato­
ry's operating records for internal.
long-term, and proficiency Iicensure
purposes. Efficient handling. storage,
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Figure 1. User-controlled card input: card from University of Wisconsin Hospitals Urinalysis Laboratory

and presentation of quality control
data are required.

;). Reports. Reports in many dif­
ferent formats which reference the
data in a variety of ways are needed
for different pu;poses:Herc, the com­
puter must be able to respond to the
unique needs of the institution. An
intermediate report i$ required at the
editing stage. Other reports are re­
quired for STAT samples on n priori­
ty basis. The immediate need for
telephone-requei'ted results on n spe­
cific test from n specific patient and
sample places an immense burden on
the laboratory-a fast and simple
means of locating the result must be
aV3ilable. The audit trial showin~
progress of nil specimens is essential.
Updated and complet.e reports O1U1;t
be expedited to the patient's records.
an area where most systems fail or
succeed. Heports are also needed for
billing and for long-term patient rec­
ords.

6. Inventor\'. Inventor\' includes
information on' samples t~ be drawn
(test requests), the specimens avail­
uhle. and t hose scheduled to be run
(in progress) and completed. It in­
dudes the status of all samples, re­
quests, and reports in the laboratory.

7. Administration. The adminis­
trative aspects of laboratory operation
include: maintenance of the patient
census file, quality control records.
workload data. and statistical data on
parameters such as turnaround time.
requests per patient. test frequency.
etc. It also ma\, include inventor"
data on suppli-es and resource utiliza­
tion, cost analysis. and other opera­
tional data. The administrative as­
pects of computer systems will be­
come more important as cost ac­
countin~, justification, and effective-

ness principles are applied to the lab­
oratory.

K. Interface. The laborntorv must
interface the remainder of the insti­
tution. Users of the system include
nonlaboratory perso~nel. Regardless
of the effect a system has on the labo~

ratory operation. its apparent effec­
tiveness at many different points de­
termines its ultimate success.

Part Ill. Computerizalion
Concepts in the Clinical
laboratory

Goals. The goals of computeriza­
tion in the c1inicallaboratorv are ob­
vious-to enable the laboratorv to
concentrate on producing high'-quali­
tv analvtical data within a time
f;ame ~onsistent with the ultimate
use of the data. The advent of rapid,
highly automated instrumentation.
particularly multichannel analyzers.
leaves the laboratory without a re­
porting system limited by its paper
shuffling ability rather than its labo­
ratory capabilities. For example, onc
S:-.1A 12/60 (Technicon Corp.. Tarry.
town. ="~.Y. 10591) analyzer has a pro­
duction potent ial of 5760 test results
per S-hr shift. Since standards and
controls (comprising :W-300/0 input
specimens) actually me part of the
quality control records, they are
therefore included in the total. One
to two competent technologists pro­
duce this data. Expediting results to
patient records. the only place where
they are useful to the physician. is
the critical problem. Yesterday's lab­
oratory results. in terms of usefulness,
are on a par with yesterday's newspa~
per.

Approaches to Computerization,
The approach of clinical and analyti.

callaooratories has been remarkably
similar. Early attempts to use large,
remote, or time shared systems were
generally unsuccessful, largely be­
cause of the unpredictable, yet de­
manding use requirements of labora­
tory operation. Direct linka~e with
"outside" computers was abandoned
in favor of producing data in an inter­
mediate form which could be handled
independent of laboratory operations,
Card-oriented systems were by far the
most common.

The development of the small (i.e.,
hardware cost equals SI00,OOO or less)
computers, such as the Lll''C (Labo­
ratory Instrument Computers), was 8

prime mover in the evolution of lo­
day's computerized laboratory sys­
tems. Classic LINe minicomputers
were initially developed under ~:a­

tionallnstitutes of Health and other
Federal sponsorship in the early
1960's. A commercial ~eneral-purpose
computer (POP·S) was produced by
OEC (Digital Equipment Corp.,
Mavnard. Mass. 01754) even earlier.
Tw~ groups share in the early history
of the development of systems for the
clinical laboratory , The BSL (Berkeley
Scientific Laboratories, Hayward.
Calif. 94545) as early as 1968. utiliz­
ing basically a POP:S. was marketing
a complete turnkey system. This was
the initial custom-programmed sys­
tem for clinical laboratories.

The G. P. Hicks group at Wiscon·
sin (of which the principle author is
not a part) incorporated the first
LIi\'C computer into the clinical lab­
oratories before 1966 und described
their system at the AACC (American
Association of Clinical Chemists)
meeting of that year. The approach
was to automate analog signal acqui­
sition and numerical data production
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.from automated laboratory instru­
ments. These included both single­
channel and multichannelanalyzers.
Hicks' approach, as an anal.ytical
chemist by training, thought first of
the allalyzer, then the lahoratory, and
ultimately the laboratory 8S 8 unit
(with sy~tcm interface to the rest of
the dats consumers) within the insti­
tution. This effort represented the
"do-it-yourself' programming ap­
proach. The BSL initial "turnkey"
appr.oach and the early HICKS' ap­
proach of "do-it-yourself' to pro·
gramming have both made significant
contributions to the development of
today's systems.

uDo-It-¥ourselr' Vs. "Turnkey"
Profitramminf,t'. In considering the de­
velopment of onc's own laboratory
through computerization. most ana·
lytical chemists are faced with an im­
mediate dilemma. Each laboratory
would like to build its own computer
system. The analytical chemist would
like tocomrol the lab; he feels that
he alone accurately perceives its
needs and goals and that the comput·
er should be used as any other labora·
tory facility ot his di~posal. Unfortu­
nately, luboratory computer system
programs take years to develop, are
often hopelessly inadequate for fur­
ther expansion. and fall short of
achieving real goals. On the other
hand, a turnkey,·custom-prug-rammed
system is not the whole answer.
Hardware/software vendors do not
fully gral'ip the dimensions of individ­
ual (often inadequately descrihed)
laboratory problems. Systems are
ri}!id-modification requires vendor
support (in onc ca~e, flyin~ in an ex·
pert from California to make even the
smallest change in respon~e to a
change in laboratory protocol). Self­
modification or additions to the sys·
tern usually void any software guar­
antee. Thi~ dilemma has a conceptual
solution y.·hich we describe as user
control.

User Control Prolt1"amminl: (Do
Your Way). Clinical chemists. unlike
other analytical counterparts. ha\'e
virtually no standard methods or pro­
cedures. To illustrate user-controlled
programming concepts. "le will dis­
cuss the routine operation of the g:lu­
cose AutoAnalyzer (Technicon Corp..
Tarrytown , !".Y. 10591), a simple de­
termination for which there arc as
many individualized protocols as
there are laboratories. Variables in­
clude sample rates and times. chemi­
cal procedures. sequence of samples,
use of controls. and concentration of
standards. These parameters also
vary within laboratories owing to
changing conditions or lots of reag:ent.
control or standard. Each laboratory

. has established its own criteria of ac­
cept.able AutoAnalyier operalion
(Le., quality control parameters). For

some clinical laboratory computer
systems, all such variables must be
software "programmed." Changes in
the laboratory represent changes in
software, hence reprogramming by
the vendor or modification by knowl·
edgeable do-it-yourself progTammers.
The former involves additional ex­
pense at a minimum. meticulously
detailing modifications to allow re·
mote software changes. The latter re·
quires a full·time proJ{rammer on the
staff and almost always jeopardizes
the ~oftware performance guarantee.

For several of the clinical systems.
user·controlled. do-it-yourseif soft­
ware modificmion under operating­
system control is provided. Chan~es
arc made by knowledgeable (of labo·
ratory analyzer. nut computer tech­
nology) bench-level analysts. The
J{oul of user·controlled programming
is to have the analyst make the sys·
tem function by his criteria of opt i­
mum laboratory protocol. Two de­
tailed applications illustrate this
unique form of software and the flexi­
bility it gives to the analyti<:allabora­
tory.

Pro~ram =1. User Contrul f:stah­
lishm~)T1t of Software to Opf'rate Si,,­
J,;lt·-ChanTlPI AutuAnalyzt'r. This J{cn­
eral-purpose program enables ann­
lysts to specify operating parameters
needed to set up and bring: new in­
struments on linc. It also allO\..,s labo­
ratory personnel to modify operating
software. Chung:es call be minor
(modification of a standard value) or
major (rc\'ision of control tolerance.
acceptable basc line drift criteria. or
schedules of specimen sequences).

The basic pro~am is interacti\·c.
The user is asked questions and
shown the type and format of re·
quired responses. Input responses are
monitors for logical errors. Dnl'e a
complete set of needed operational
data is ohtained. it files the informs-

· tion for use by the operating system
whenever this unolvzer is run. These
filed software para~eters are de­
signed for repeated and routine access
by laboratory personnel-not pro­
grammers. The user-controlled sys­
tcrn is safeguarded: it is impossible th

· "crash" the main ~ystem.

We have reproduced the complete
text from an interact ivc program used
to set up the single-channel analyzer.
The text to the right of asterisks is
the user response to t he question.
1':ote that depressing the ··CR" key
after an asterisk forces the program

· to present an explanation of the re­
quired information including the for·
mat of the input. For users familiar .
wit h the system. this step can be sup­
pressed. sp~eding use. The system re­
jects illogical or wrong fQrmat re·
sponses. An explanatory handbook

keyed to the questions is usually used
during the initial experience with the
system.

For purp~esof this paper, we have
included in italics, comments which
expand on the meaninJ{ of some of the
terms encountered. For this display
we consistently used the full text ex­
planations of each response. Note
that a wrong format was rejected. and
the question repeated in item '0. 17.

Program =2. User-J)('sigl1ed Card
Input. Many laboratories find it con­
venient to use custom.designed mark
sense card input (or certain tests.
This input form is useful for qualita­
tive test results or particularly those
which require analyst comments.
Benefits include extremel\' flexible
design and easy adaptati~n to unique
laboratory situations. A single card
reader station serves as input device
for a va'rietv of tests bv use of differ·
cnt kinds of card!'. Th'rough internal
l'oding, the card type is identified to
the svstcm wit hout any other analyst
actio·n. The disad\'antage to custo~­
izen cards is highly personalized pro­
~rarnming needed to implement ne'...
curds to at:cept changes in existing
cards.

A user·colltrolled c"rd input pro­
gram similar to t.hat for singlc-chan­
nel analyzers uses the interactive
question-and-answer routine t.o han­
dle a new card'type. Input options in·
elude recognized programming op­
tions to u mark sense location as a
qualitative result (trace Qr +2. etc.).
a quantitative result (digit in numeri­
cal field). or modifier to either (clou- '
dy. lurhid. elt'.1.

The laboratory introducing a new
card first designs it in on optimum
format (or suil ing: its needs. Figure I
is a card from Universitv of \Viscon­
sin Hospitals lJrinalysi~Lahoratory.
It is printed in six colon. correspond·
il\~ to the six "CLl:-':ITEST" (Ames
Co.. Elkharl, Ind.) dip"it'k tests.
Specimen accession number. results.
and/or m(ldifiers are assigned to
mark sense card local ions which arc
arranged to maximize- laboratory/
annl~'st efficiency (i.e.. to correspond
'0 ,he forma' of the CU:-':ITEST svs·
tern), not <..'omputer compatihility.·
The analyst simply fills in the appro­
priate boxes. Th!' ahsenl~eof extra
locnt ions and direct correspondence
between the test and card format
minimize errors. For exa.mple, boxes
designated neg-3ti\'c, small. moderate.
and laq{c ure the four possihle an­
swers for ketones by this method.
Likewise for pH results. values less
tban 5.0 arc not possible (hence, the
numbers 5 through 91. Since the
technique i, readable only to the
nearest 0.5 pH unit. appropriate re-
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Onlyone
GC/MS Data System

youcan buytoday
has all the performance features

you'll need tomorrow.
Real lime CRT display 01 GC
and MS data during
acquisition and reduction.

Ii2l
Real lime mass

~ fragmenlography of up 10 lour
ions with automatic signal

optimization and quanlitation.

Ii2l Real.tim.e identilicalion 01 ion
~ lragm~nts, even during

acqulsltton.

~
Acquisition rate of up 10 500

~ amu.'second (imperative for
quantitative and reproducible

Capillary Column GC/MS).

~
Acquisition capacity 01 about

~ 1000 spectra with an average
of 300 amu per spectra. for

each disc (about llf2 hours of an
avcrage GC run).

1!21
Acquisition and display

.,... 01 up to 1000-amu
per spectrum.

Ii2l
Fully interactive data system

~ (user can tryout any number
of data reduction steps and

instantly observe the results on CRT).

Ii2l
User can aller any data

~ redu~h?n steps. eve." during
acqulslllon (processing

decision can be based on data
acquired and displayed on .CAT).

Ii2l
User can simultaneously

~ display any two spectra.
overlap them for comparison.

expand any portion vertically or
horizontally for close scrutiny.

I!2I
lnstant background

~ subtraction for mas~ spectra
with both raw and net spectra

displayed.

1!2l 1nstant qUant.itation including
.......", background subtraction for

GC peaks wIth or wilhout
normalIzation.

I!2I
lnstant calculation and

~ display of isotope ratios
(invaluable for labelled

compound analysis).

I!2l
Storage 01 up to 99 spectra

~ or chromatograms for
delayed hard copy output.

Automatic calibration and
diagraming 01 mass
spectrometer deficIencies.

Ii2l
AUlomallc correction for mass

~ defects. Any calibration
compound can be used.

Adjustable mass window for peak top
search.

Ii2l Dedicated spectra library of up
~ la 32 individual compartments

and up to 20,000 library spectra
per dISC (most intense peak in every
14-amu segment coding).

1!21
Fully documented spectra

~ libraries for Drugs & Drug
Metabolites. and Pesticides.

Ii2l Access .to large scale computers
~ via standard ~ormat 9-track

magnellc tape.. . time-share
access via acoustic coupler.

Ii2l
Each user can freely

~ cstablish. add to. subtract 9r
mooify spectra libraries.

1i2l
16-bit CPU. 8K core memory

~ expandable to 32K. BASlc.and
FORTRAN packages available

for use as general purpose computer.

1!21
Each disc drive controller can

~ handle u~ to 4 disc drives.
pluS cartfldge tape for archival

storage 01 large volumes of data.

The Finnig'an Mode16000!
Unlike others; the capabilities of the

Model 6000 GelMS Data System are
not "promises," , .. both hardware and
software are complete and debugged,

And worldwide acceptance of the
Model 6000 has been impressive,

with more than 30 installations
wilhin 8 months of the system's

introduction. Contact us for
a comprehensive

24-page brochure.

flnnigan
595 N. Pastorla Avenue
Sunnyvale, California 94086
408·732-0940

CIRCLE 77 ON READER SERVICE CARD
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sponses for fractional units nre 0.0
and 0.5. In user control pro~amminJ:
for this card. one recognizes a lotal of
40 columns in 1~ rows. By identifica­
tion of "nctivc"·locations. the com­
puter is ~ided as to interpretation of
the mark sense locations.

The analyst custom programmin~

the !'ystem for input irom this card
first specifies six different tests. The
system queries the user about eOl'h of
the six tests re~nrding: the IOl'ution
and nature of results. English name
to he designated. etc. !'lote thut the
system "thinks" like the unulyst­
lo/!icnlly by test und rn{)difie~.not in
lht> serial fashion of the card render.
OIU'(' 011 interpretative information is
assimilated, the user-controlled input
proJ,:rom assembles it into a system
suhpro~rum.This proJ,:ram is a~ll' to
accept input, r!ansform ir rodi~ital

data for storage, and ultimately pre­
sent quantitative and qualitative re­
sults wirh En~lish modifiers in pa­
tient reporrs (records). Cards improp­
erly or illogically filled out are reject,
ed. Extraneous marks, Ihe bain of
murk sense syslems, nre i~nored.

By use of these two examples, we
wish 10 illuslrulc one aspecl of Ihe so­
phisticuted level of development of
c1inicalluborotnry systems. At the
onset. user~controlledproJ.::rums were
specialized, Le., for the sule use of

the sinRle-channel AutoAnalyzer.
Current user control programs. con­
sistpnl with the Reneralized view of
laboratory operation, permits pro­
grammin~ for sinRle channels, multi­
ple channels (SMA 12/60, 12/30, or
6/601, and discrete analyzers such as
the MARK X or HYCEL I~ through
Ihe same user·controlled proJ::Tom.
Applicalion 10 the newer types of
l'ontinuous and discrete aoah'zets is
assuml'd. These inslrumenls-are sig­
nifk'8nth' different in analvlical can­
"ept and'approach. The a,:ailability
of Ihis system flexibility in adapting
the t:ompUler 10 a variety ai instru­
menbi is judged to bp a si~nificant

advaJlla~e. User l-ontrol, by mark
sense curd manipulalion. enabll.'s the
laboratory to adapt Ihp computer sys·
tern tu almosl any new data form.

. The combined instrumental and
soft copy dUla acquisition techniques
of "Iaborutory computerization" open
the door 10 slmo:'1 unlimited expan­
sion. Full :,oftware (:uurantees for sys­
lems based on user control prol{l'sm­
min~ may be the means of mcelin~
thl.' analvlical chemist's need for flex­
ibility nnd adaptabililY in operaling
his own laboralory. Recently, se\'eral
S\'slem \'endors indkatl.'d rhe\' will
ha\'e special assemblers for t';tally
self-wratten programs in standard
t:omputer language which operate

within Ihe main system. This facility
is usually available in large time
shared facilities built around huge
computers, Their availability, along
with user control in the "minis, ,. "rill
significantly change the chemist's
concept of laboratory computeriza·
tion.

Interface-Computer and/or Bac)<
End Peripheral. The most consistent
approach to analyticallaboratol)'
computerization utilizes the comput­
er as a dedicated "back end" (i,e"
dara acquisition and reduction) pe.
ripheral. This technique is most com·
mon in gas chromatol{l'aphy/mass
spectrophotometry. The clinicallabo­
rarory has a counterpart to this ap­
proach. The current maxi version bf
one such instrument is capable of
handling an SMA 18/60 lTechnicon
Corp.. Tarryto""n, :\.Y. 10591) (or
two SMA 12/6O's in tandem), The
basic system has 2~K of 16-bit memory
and sells for approximately \i> to'" of
the basic analyzer price. It is capable
of programmable operations for re­
ducing, collatinR. formatting, and
edi.ting data under software control.
Special memory portions are aHoeat·
cd 10 quality control and laboratory
operalion. The instrument is highly
cuslomized for the individuallabora·
tory under scma user-controlled pro­
grammanJrt (Le., responses are not in
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plain Engli.h but are quite under­
standable through use 01 a laboratory
handbook). In contrast to the vendor
concerned analytical laboratory back
end peripherals (computer). these
back end peripher.ls arc capable of
many of the same options available
under user-controlled programming of
systems. These devices are more like
single-instrument computer systems.
They also represent 8 first step for
the laboratory wishing to be~in corn·
puterizing: with 8 minimal investment
in hardware and systems program·
ming_

These some s\'stems can serve 85

interfaces to loial (c\'en outside) lab­
oratory systems. They provide backup
capability (0 computerized data han­
dling in the event of main system
failure), an intermediate stage where
editing functions can be performed
without the press of the total system.
and 8 highly specialized interface
which reduces processing loads on the
central system. Actual connection to
the main system can be throu~h soft
linkages such as cards or paper tape
or hardwired for analo~ or dif:"ital si~­

nals.
The generalized. u~er-controlled

programmable back end peripheral
concept seems to ha\'e been lost on
developers of analyticallnboratory in­
strumentation. The rigidly den'loped
systems. dedicated to n single instru­
ment. needlessly constrain the labo·
ratory.

InteKrnl Instrumentation. \\'ithin
the last several vears. the clinical
laboratory has ;een the development
of computers inseparably intef:"rated
within the instruments. Centrifugal
chemical analvzers. first described b,'
Anderson, 8re-integTol computer sys.­
terns. Their analysis processes make
this a necessitv rather than a conve·
nience. The c~mputerserves as a
data a("quisition device. background
corrector. concentration calculator.
and printer device. These are not Inb·
oratory computer systems but inte·
J!;ral parts of analytical instruments
themselves.

The SMAC ITechnicon Corp.. Tar·
rytown. Y.Y. 10591) (SMAwith com­
puter) is a third generation of multi·
channel annlyzer but the first to use
an integral computer. It is responsible
for operating the instrument by con·
trollin,::: many of the parameters here·
tolore handled by the technician/op­
erator. The computer also serves as a
data handling device in addition to
performing functions of laboratory
computer systems sUl'h as schedule
retention, calibration checks, trouble·
shooting, quality control, and report
preparation. PrivLlte communication
with the manufacturer has indicated
that plans are being developed for
telephone line communication of op'

erational data from the integral com­
puter to a manufacturer'. central pro·
cessing facility. This is to be a pan of
routine troubleshooting and mainte·
nance, lease service, etc. The low
costs of computer modules and the
:ncreasing complexity of instrumenta·
tion will combine to give gro""'th to
this aspect of computerization in the
future.

Part IV. Some Clinical Laboratory
Systems

In one short article and without re·
sources. we cannot hope to do what
others could not do in a 550.page
book. \\'e will briefly review some
current c1inicall&boratory computer
systems_ Comments are necessarily
brief and cast in the context of this
article and therefore not complete de·
script ions of all features. Systems are
reviewed at three levels-the extend·
ed laboratory calculator. the true
minicomputer system (not just hard­
..... are). and the larJ{e computer facili·
ties.

Extended Calculator Systems.
These acquisition. calculation. and
printing systems do not orJ{anize the
flow of information in the laboratory.
They au~ment its capacity of han­
dlin~ data efficiently and rapid!y at
individual points.

Heu·l.tt-Packard. /50/ Page _~tiI1

Road. Polo A/to Ca/ij. 9-130-1. Compa­
nv makes alar~e assortment of inter·
faces and modular peripherals. as
well as a minicomputer. These could
be developed into a total system or
efficient stand·alone device. At pres·
ent. no claims are made for clinical
applications or clinicallabofatory
svstems.
..\IS/. :\Iidu·e.;ot Seirntijic Instru·

n)cnts. Inc .. 1303 \Villo!~' Drit:e. al·
ot}zt·. Kon. 66U61. Computer is actu·
ally n \\'AYG- iOO type calculator.
Throu~h series of extended peripher·
als and special interfaces. the config.
urution i:o' capable of many system­
like functions in clinical laboratories.

\·orious. Pro~ammable calculators
and true small mini lmicro) comput­
ers can perform specialized functions
which ~reatly assist thr laboratory.
Exnmples include calculating and
formattinf,: electrophoresis data from
inteKrator trace counts. accept in};:
gamma counter input for calculation
as "·3 or T·ot levels. etc. Some soft·
ware proRTams Llre available; many
arc self-de\'Cloped.

Clinical Laboratory Systems.
These are minicomputer systems
which consider approaches to the
whole laboratory.

BSL·Clilldata-700. Berkelev Sciell­
ti/ic Laboratorie.s. 2301 Im·e.siment
Blvd.. HOYll"Ord. Ca/if. 9-15-15. Origi·
nal company in "turnkey" system

bu.in.... Early veniom grouped up
to three PDP-8, 12-bit computen.
Current "700" maximum sYltem UIft

16-bit !l--64K system which could be
expanded to include three computen
in the processor. Has on-line FOR­
TRA:-: programming capability_ Em·
phasizes special.purpose terminals for
input with nonnumeric results indi·
vidually keyed. i.e.. urinalysis-pro­
tein·trace.

LDM Laboratory Data Manager. T
and T Technology, Inc.• 4820 Dale
Road. McFarland. Wi.,. 53558. Total­
ly vendor programmed system using
customized 16·bit computer. System
uses back end peripherals which
allow elements of the laboratory. i.e.,
S~lA 12/60. to operate autonomously
of the main computer system. Flexi·
bility in "programming'· peripherals
introduces a new concept in indi....i·
dualizinJ!; the system to the laborato­
ry.
- Honeyu·ell Data Systems. 270/

Fourth :..h:~nuE' South..~innf!apolis.
-'finn. 5.5-108. :\oledical management
system uses 16·bit Hone....v.·eIl317 or
6·17 computer with 32K ~emory. Sys­
tem has unique computer·generated
mark sense sheet verification and
editing of results and data. including
output from analyzers monitored on
line. ~Ianual test results are reponed
through line printer.generated mark
sense forms which prO\;de workload
organization and peninent patient In·
formation.
CL.~S System. B-D Spear. Becton

Dickin.'ton Co.. 123 Second Avenue.
Wa/tham. Mass. 02/5-1. Vendor pro­
grammed and developed system. Em­
phasis on support of laboratory
through custom programming by ....en·
dor staff in customer's laborator\".
The approach is strong in areas ~r
billing. bookkeeping. and laboratory
organization. Current CLAS 823 sys­
tem built around 16-bit computer.

CaM· CaMP Inc.. /32~ Motor
Porku·ay. Hauppauge. Long Island.
S. )'. 11787. ~tinimum emphasis on
totallaborator.... s....stem. uses small
computer to a~q~ire and organize
data. Special interfaces arc used to
reduce the load on main processor.

LABCOM. Laborato')· Computing
Inc .. ~9/5 Monona Dri.... Madison.
Il'is. .53716. Emphasis is on lotal sys­
tem using DEC hardware. PDP-12
with at least 12K. Most extensi....eh·
deyeloped user-controlled program­
ming (including mark sense cards)
with overall emphasis placed on corn·
puter operations in the laboratory by
its own personnel. Very flexible in the
use of general· purpose terminals fOf
input and output. Vendor claims soft·
ware for new installation is 95~ corn·
plote but guarantees highly "custom­
ized" results by use of user.
MODUL.~B, Medical Data Sys-
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tems, 2300 Fisher Building. Detroit,
Mich. 48202. Uses trained program­
mers in customer's laboratory. Basic
system built in four stages, starting
with back end device (or analyzers,
expanded around basic terminals to
include total laboratory. One o( two
vendors emphasizing phased compu­
terization-small initial investments
with an overall system desi~n in h'en­
dorsI mind.

DNA Diversified Numeric Applica­
tions Automated Clinical Laboratory
System (UNI-LAB), 9801 Logan Ave.
South. !>finneopolis. Minn. 554Jl.
Vendor programmed system also rec­
ognizing four levels of performance.
Largest system is built around 16-bit
computer \\1th potential expansion of
up to 8 processors (computers). Also
has capabilities of interface of small·
est clinical laboratory system at re·
mote sites to total laboratory system
in central laboratory .

CLlNLAB 12. Digital Equipment
Corp.• Moynord. Ma.<.<. PDP·12 based
system using some user·controlled
software. Special program is by ven·
dor. System is currently off market
though support continues for users.

Time Shared Clinical Laboratory
Systems. These are true laboratory
systems whose main processor is not a
laboratory. but rather a multiproces­
sor dedicated to a large object ive.

Technicon Corp., 1'arrytou'n, N. )'.
Entire hospital system designed for
time shared utilization by a group of
users. Current installation uses re­
dundant IBM 370 computers. This is
definitely not a clinical laboratory
s"'stem in the context of the article.
- Clinical Laboratury Information

System. IBM Carp.. ArmQnk. N. Y.
10,;0-1, A custom-programmed system
based on the IBM 1800 series corn·
puter. Many standard packages. Le"
billing. are available to buyers. Ap­
proach is strong in hardware area
with 8 variety of peripherals and ex­
tensive interfacing capabilities_ Ade­
quately described in several biblio~­
raphy references.
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Jones. D .• and Perone, Si, "Digilal Com·
puters in the ScientifiC Inslrumenlallon­
Applications:' published by McGraw-HllI.
1973. IAn analytical (not speCifically chnl'
cal) chemist's guide to laboratory com­
puters)

Computer Systems in Clinical
Laboratories

"Clinical laboratory ComOluler Systems. A
Comprehensive Evalualion,' l. l Johnson
and ASSOCiateS-Authors. l 1I0yd Johnson
ASSOCiates. Not!hbrook, Ill., 1571 IASCP
sponsored C1escrlpllon thnte real evaluat,on)
01 computetS In clinical laboratofles Writ­
ten 10 prOVide general InlOtmallon onlyl

Knights. Jr .. E. M., M.D.. Ea.. "MIni-Com­
puters in Ihe Clinical laboratory," Charles C.
Thomas. publisher. $pflngf1eld. Ill .. 1970. lA
presenlallon 01 the concepts briefly stated
In the portion 01 lhls article on programma·
ble calculators I
Kreig. A. F . Johnson. T. J .. McDonald. C..
and Callone. E.. "Clinlcal laboratory Com·
puterizahon," unlverSlly Patk Press. Baltl.
more. Md., 1971- IShot! telll set ling lorm
baSIC concepts otlaboratory computers. ,n­
cludes Information on hOw to evaluate sys·
tems)

Ball. M. J., Ball. J. C.. and Magn,er. E. A.
"A Review 01 NI~e Chnlcal labotatory Com­
puter Systems." Lab. Management. 8 (101.
23-32 (October 19701. [Brief review 01
whole SyslemS as ot 19701

Vasil" John. and Doyne. T. H.. "laboralory
Cost ContrOl Through COmpulerS." Amer

Lab.. 5, 27-34 [January 1973). [Excellent
presenlallon 01 one aspecl 01 computer
use)

lindberg. D. O. 8-. Schroeder, J J .. aM
Rowland. l. R., and Saatholt. J.. ·Elpen.
ence with a Computer laboratory DATA
Syslem.· "Mull'ple laboralory Screen,ng.··
Benson. E. S.. and Strandjor. P. E.. Eds.
AcademiC Press. New York. N Y.. 1969
(IBM 1460 and 360/50 system WIth coded
ma!r1x keyboards lor Input 01 in!ormahon.
Discusses Sltengths and weaknesses 01
system. Ideas lor developmenl 01 future
systems. Virtual lhumbnail descnptlon 01
the need lor advanced syslems 01 today
with user control I
lewis. J. W.. "A FleXIble ClinIcal laboratory
Compuler SYSlem,"' Med. Electron. Data. 4,
6B-71 (May-June 19731. IEmphasls ot user
conlrol concepls as In present arlicle In pt!­
vate hospital HICKS (lCI) lABCOM sys·
lem)

Epler. R. J .. "Tailoring the Soltware," Ind
Res .. 15, 34-37 (November 12, 19731.
IDevelops idea 01 speCIal purpose minipur.
pose in laboratory wilh cuSlom or sell-bUilt
software at heatllo conceptj

Premo, D. J .. "A Progtammable Calc:ula·
tor," Amcr. Lab., 4, 69-71 (February
19721. fUse of WANG programmable cal·
culators as a laboratory compuler I

Computerization 01 Chemical
Laboratories

Fral.er, J. W.. "DeSign Proceduros lor
Chemical Automation:' Amot. Lab.. S (2).
21 (February 1973). (Sec bolow)

Per one. S. p .. Erns!. K. and Ft41.Ct. J. W..
"A Syslematic Approach to Instrument Au­
tomallon." AmCt. Lab., S (21. 39 (February
1973).

Brubaker, T. A .. "Accuracy SpOClhcations
in Chemistry Oala Processing." Amer Lab.
5 (2), 53 (February 19731.

Grey. P., "Dedicated Mlnlcomputors In lhe
laboratory," Amet. Lab.. 5 (21. 57 (Febru­
ary 19731-

Beckwith. D. C.. "Computerlzahon-A
Planned ExpanSIon."' Amcr. Lab 5 (2 •. 67
(February t9731

Kloplensteln. C E., "A Planned Data Sys·
tem," Amet. Lab.. 5 (2). 77 lFebruary
19731. [The precedrng SIX papers are ham
a symposium. "Guldelrnes lor Delrnrn9 and
Implementing the Computerl:ed lilboratory
System" Published in Amef. Lab.. February
1973 This cxcellenl set 01 monographs.
wrlllen at a sophisticated level 101 compul·
er technologyl. prOVides lO onc publication.
an exceilenl source document I
Bogie. R.. Zarembo. J. Bender. AD.
··h.lImcomputers lor R&D," Lab Manage­
menr. 58-62 (MarCh 19731 IArllc1e Similar
to the presen!. but dealmg wllh costs. not
syslemsl

EHllns. J C. "Selecting a Compuler S)'s­
tem lor laboratory Aulomatlon," AmOf
LaD" 4, 37 41 (September 19721 [Chem.
ISts gUide. nOI cllfllcal systems onlyl

Ahuja. S "Compuler Applications m the
Analytical laboralory," AmCf LaD .. 5 19/.
12-18 tSePlerr,ber 19731 [ClaSSIC analytl'
COli chemlSlS' view 01 compulerrzatlon 01 the
laboratory. Recommend for baLance Wllh
present arllcle I
Rapkln. EOwarO. and Rosensllngl. Emman·
uel. "Slmpllfled Compuler Programming lor
liqUid Sc.nhltatlon Counhng.·· Amer Lab.
5, (91. 41-45 (Seplember 19731. {One 01
speCialized languages whtCh enable the tab·
oratory lnonprogrammers) personnel 10 ull'
Ilze lhe computet. ThiS IS a program wrltlOg
de\llce. not a system programl

Toren. E. C.. Jr Cafey. RN., Sherty. A.
E., and D<I\lls. J. D .. "lablfan-A language
and Syslem for Programming Chemical Ell:'
perrments."· Anal Cnem. 44 (21. 339 (Feb·
ruary 1972) IAnalyllCal chemlS!"s verSion
01 above I
Jennm9. Roger. "When <1 Mini IS Too
Much" In(J Res. 15. 52 54 (November
12. 1973) (Makes case 10' calculalOtS
(programmable I vs mml computers I
Coopet. J W. "The Computer and Signal
Averager In lhe laboratory," Amcr Lab. 4,
10-21 (Septembet 19721 [A concept uti­
lized in most chemical analyzefs wllh IOle·
grated cOmPUlefS such as SMACI

Computers in Clinical Medicine
and laboratories

Altschufet, C. H., "CompulOt Selochon
ShOuld be a Task for Ihe Palhologlst," Me(J
Lab.. 9, 20 (OCIOber 1973).

Shannon. W. N.. "Boloro Vou Select a labo­
ratory Computor," Lab. MiJn<Jgomonl. 24­
26 (April 1972).

MullerlZ. S.. "A Systom lor Identification
and DiSlrlbution 01 Samples and for Pro­
cessing and Storage 01 Data ,n Clinical
Chemistry," Scand. J. elm Lab. Invost., 26
(4),407-13 (Novomber 1970).
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SChw.lI. H. P., "A 'Living' Computer 8YI­
lem fOt Ihe High Volume HOlpltal Labor.to­
ry:' L,b. M,n,gement. 32-"2 10ctob4ir
1872).INo'o 18/,1·11001

Shannon. W. N., "The hn.ml of • Llb
COmputer." L.b. M'fl.gem.nt. 20-33.
(M.rch 1972).

Anderaon. Fr.ncel. "The Chlet Technolo­
gIst; H.nd m.lden or M.nag.r?" M.d. L,b..
t, 13 eOctober 1973).

semb., T. T., "How the M.T. Should Orleni
Ihe COmput.r"· M.d. L.b.. 30-33 (Nov.m­
ber 1973). [Exploit.tlon of Id•• th.t I"e
uler. must decide on hOw the Iyslem will
look to h.ve 11 'ilthe hospit.1 .t h.nd)

M.dlson, M. L., "What We Think 01 Our
Blood Bank Computer," Med. Lab.. t,
16-17 (Oclober 1973).

Pollycove. Myron, "An Economic Projection
01 Clinical lab Aulomatlon.·· Lab. M,n,g.­
ment. • 151. 16-20 IJune 19711. (Colt liV­
Ings due to computer billing operlllons)

Hay!. R. S.. Brookes, Derek. anCl PrlbOt. H.
C.. ··Departmentaliz.d Accounllng System
ShOws How to Cut Costs in u'Ie Lab:' Lab.
Man,gement . .. (5), 22-27 (June 19731.
(Cost managemenl aspeCIS 01 labOralory
computer use)

Simard. E. E. (an interview wllhl, "2-Com­
puter ApproaCh to Laboralory Automah()n. '"
Lab. Manag.ment. 11. 2" (OClober 1973).
(Uses OEC-CLINOATA-12 in Laboralory. a
second compuler lor bUSiness)

Jacquez. J. A.. M.D.. Ed.• "Compuler Diag­
nOSIS and Diagnostic MethOCls,"' Charles C.
Thomas. publiSher, Spring'jeld. Ill.. 1972.
jPtimary assel is an mdlcation 01 how phy_
siCians react 10 computer prOduced, volume
quanlitles 01 dala. It should be a valuable
contribuhon 10 tne concept 01 computerize·
lion 01 suggested diagnOSIs)

AUshuler. C. H.• "The PAll and SLlC Sys­
lems," CAC CritIcal ReViews In Clmlcal
Laboratory Sciences. September 1972. IC.

AlllllU... I. P<'1nc:Jple orcMOCl end prime
mover behind deYMopmenI of • unique
computer IYIlem which comblnn with: th.
pathOlogist In Ihe laboratory to IlgnlrlcanUy
modify rh. manner In whiCh Iabor.tory .....
vie" ere utiliZed by It.ff phyllclalll.)

Llndbe1g. O. A. B., "The Computet" and
Medical ear•." Charl.. C. ThOmu, pub­
11"'... sc><logflokl. Ill.. '8el1. (Folr1y doloJlod

::::~=n:u:~~I~:~=:rltem
Fall')'. J. P.. "Clinic&! Lab A",tomaUon SYI­
tem-CLAS," "'.t1. Electron. 0.1.. ..,
'1-17 (May-June 1973). (Oesetlption of
8-0 Spear System by comp.ny represent.­
live)

Ctuldrell. C. C., "FOf the Small LaD: Com­
pulerlzalion on a Shoestring.·· ub. M,n-
• g.m.nr. • (61, 18-21.34-35 (July 1971).
(A c.lculator-based .yllem (WANG). not •
computet-based .yslem)

Computers In Analytical
laboratories
Lindberg, O. A. B.. Uflthods Inform. M.d..
I, 97 (19671. (Early general descrIption 01
computers in mediCine, particularly labora­
tory)

Bowman. C. M .. "Why the alg Computer?"·
loa. Res.. 15, 30-33 (November 12, 19731.
(Use of large computer in A and 0 labOra­
tory at 00. Chemical)

Dessy. R E.. et al.. "MlnlcompUI8fS: Focus
of Lab Aevolullon.·· Chem. fog. News.....
"2-"7 (Decemoer 20.1971)

"MOdernlzed Blood Bank Management Sys­
lem.·· Lao. Management. 2"-26 (July
19721.

BtocalO. L. J.. "Writing SpeCIfications for a
LaOOralory Aulomahon System:' Am'f.
Lab.. 5 (9). 41-51 (SepIember 19731.
(Similar to chal)ters in BaU anO Ktelg texts)

_. D.• "Lall-. all.- Cool:
Ilft./Oo_.. 22-25 (May 18731. I.......
compUter .. inI.-tac. CIeWC.e 10 latter ay..
loml
Douy. R. E.. end TItua. J. A.. "l:clmpuw
I_wog:' Anal. CMm.. ea (2). 12<A­
13eA (Fo",UOty 1873). l~ i__.
m.m Interfaces are delcrlbed. MoeI are
VfItY aophlltJcared. Oink:al lMOraaory " ........."'lglnolty_ ....__

(al..... po1enUometer. and ttaI1etlea_. Cut·
rent version. of some Ite "~. ca.1 ....
egant. Uncs.ltanding of intetfacn Is fadli-­
IIted by utiliZing c:onc:epCI in this 111"*.J
Btigg~. P.• Dix. D., G~. 0 .• and KIein­
nan. R.• ·'A Mulliinstrument Data~
tion System 'or UN with Man Spec:lrome-­
try," Am.f. Llb.• 4, 57-65 lSeptember
1972) .

Timmet. R. B.• and MaJrnstadt. H. V.• "A
Minicompuler-ContrOlled UV-Vi$-NIR
5gect1'ophotomet....,'· Amet. ub.. ... 43-51
(September li72).

WaJ~ee, O. L, "Computet AcQulliUon of
Chromatograph Signals." Amer. Lab._ ...
67-71 (September 19721.

8ee<:h. Graham, '"Computer Treatment of
Nuclear Magnetic Resonance Call." Am.t.
ub.. • (9). 53-60 ISoptoml>or 1873).

Scan. C. 0 .. Chllcote. O. D .. and Pm. W.
W.• Jr.. ··MethOd tor Re$oMng and MMSuf"­
lno Ovetlapping Ovomatograpt'llc PeaIu by
Use or an On-Une Computer wTth limited
Storage CapaCity:· Clin. (;hem.. 1'" 137
(1970).

Patenaude. Josept!. BIb!. KJaus. and Rein­
ISCh. Bodo W .. ··[)iIK1 Digrtal atAPhtcS;
The DIsplay of Large Oata FI4t4<Ss." Am.,.
Lab.. 5 191.95-101 (September 1973). (In.
teresl1ng concepl-definl1ely In the futur.
tor application 10 clll1lC&ll&bOr.IOties)

HOadley. H. W.. ··Ulcfographic Data Pro­
CesSing In Automatec LaDoriltOty Inform..­
hon Syslems:' Amer. Lab.. 4, 73-81 lSep­
tember 1972). {same as abOve)

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

Ronald H. Lae.sig is chief of clinical chemistry at tbe State Laboratory 01 Hy·
giene and associate professor of pre\'enth" medicine at the University 01 Wis·
consin Medical School. After teCl'iving his PhD in enalytical chemistry from the
University of Wisconsin in 1965, Dr. Laes.sig studied at Princeton University and
at the Communicable Disease Center in Atlanta. Ga. His primary research in·
terests are in the development of computers in public health and in clinical
chemistry laboratories and research into the fundamental properties 01 auto- .
mated chemical analyzers. Since October 1970. he has been assistant director 01
the State Laboratory of Hygiene. a part of the University of Wisconsin and offi·
ciallaboralory of the State Division of Health and the Department 01 Natural .
Resources. He is currently a member of the FDA Diagnostics Products Advisory
Commillee.

Thomas H. Schw&rtz received his bachelors degree from Milton College in
1965. Prior to his current position of administrator of the Wisconsin Department
of Heelth and Social Services Multiphasic Screening Laboratory. be worked ~
vitamin chemistry at the Wisconsin Alumni Research Institute. Hism~ inter­
ests are in the field of multiphasic health screening and computer applicationa
to administretion of public health programs.

ANALYTICAL CHEMISTRY. VOL. 46. NO. 4. APRIL 1814 • 401A



More information per minute
than any other analytical technique.

New high intensity XES.

NOS #1571 Standard orchard leal-300 second analysis. mo­
lybdenum secondary target. 35 KV, 5 mA, 1000 counts full
scale using chromium target X-ray tube

ADalyUcallDllrumeDI DlvllloD
888 Mahler RoadJBurllDBame, CA NOlO
TelephoDe (U8) 887-6801•

Applications? The firsl 25 Kcvex 01110 series sys­
tems are analyzing air pollution P). IUrlg lissue inclusions.
oceanogruphic minerals. criminClI c\'iucIH.:e. sf:lIlic:ondur:·
tor materials. nuclear reactur materials. exol ic alloys.
food and drug oudiUves. metal ores. industrial d1l~m;c(J/s

(2). commcrcial/aborufory samples. h/rmd. nwlcoritcs. oil
contaminants. toxic compounds. industriill wllste. culu­
Iys's, cosmetics. leod in gasoline. sulfur in oil. ullspecified
samples in universities (2) and precious Ilwtu/s. Ohviollsl}1
the 0810 is well·adapted for rcscarch and quality r.onlrul.

XES
(X-ray energy spectrometry) is about the
only way to analyze up to 81 elemen ts
rapidly, non-destructively, and quantita­

tively from ppm to 1000/0. Now Kevex announces a ma­
jor improvement-high intensity XES. The Kevex system
differs from other energy dispersive instrumentation in
two key respects:

1. It uses a high-intensity (3000 watts) X-ray tube,
thereby making secondary excitation practical.

2. Its secondary target emits pure characteristic X-
rays with low background.

Here's what that means to users of the Kevex 0810
system:

1. Spectral peaks are genuine, not system induced. In­
terpretation is therefore much simpler.

2. High peak-to-background (2500: 1 typical with
80 mm' detector) yields early confirmation of ele­
ment peaks.

3. Analytical sensitivity is enhanced by both peak-to­
background ratio and high count rates.

4. Reduced costs stem from simple pushbutton opera­
tion that requires less operator time and little or no
sample preparation.

Low Budget. If your laboralory has a wn""n·
tional X-ray wavelength spcclrometer.lhe chances arc
that you can make even more efficient use of the
X-ray generator and tube. You can SilV(! the entire cost
of these componenls for XES applical ions. Th" K""ex
system is especially suilc!d to be used in conjunction
with Philips, Siemens. Ceneral Eleclric:. Rigaku O"nki.
Diano. Picker and Seifcrt generators.

We have published a 160-page hard cover manual de­
scribing XES principles, techniques and instrumentation.
Useful and plentiful graphs, tables and illustrations
make "X-Ray Energy Spectrometry" an important refer­
ence handbook. -price $7.95 plus 50 cents postage and
handling. For your copy, contact us at the address below.

CIRCLE 148 ON READER SERVICE CARD
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Newsand
Views

Mummy Range from Trail Ridge Road. Rocky Mountain National Park

On-Line Process Analytical Chemistry

Colorado State University
Fort Collins, Colo.
June 12 to 14, 1974

Sponsors: ACS Analytical
Chemistry Division and Analyti·
cal Chemistry

Process analytical instrumentation
is the subject of the 27th Annual
Summer Symposium on Analytical.
Chemistry to be held in Fort Collins.
Colo., June 12 to 14. 1974. Technical
sessions will be held in the Chemistr\'
Building at Colorado State Universi:
ty. Symposium participants will be
housed in Parmelee Hall.

The subject to be covered is one
that, until recently, had moved away
from the analyst's normal domain.
While quality control, in traditional
operations, brinlts the plant process
to the laboratory, the process anal\'Z·
er moves the laboratory to the pla~t.
In the transition, the analyst has al·
most completely lost touch with an
important segment of his discipline.
While sales of this type of instrumen·
tation have increased yearly. the rep·
utation of the process analyzer has
steadily declined. In re\'iewing con·
tributing causes, cochairmen Richard
A. Hagstrom and Frank W. Karasek
felt that the analytical chemist must
become familiar with the instrument
variations required to more success­
fully effect the transition from the
laboratory to the plant proc.... The

program. therefore. is designed to
bring the analyst up-ta·date ~ith the
present state·of-the·art. Additionally.
subjects are cO\'ered with sufficient
depth to encour8~efun her analyst
participat ion. particularly to an es.­
tent that will renew activf-contribu·
tion in this orphaned extension of the
analytical discipline.

Colorado State Universitv. as Cola·
rado's land ~rant institutio~. has a
tradition of excellence in higher edu·
cation and research. The present en·
rollment of 17,000 students includes
more than 2500 in the Graduate
School. The Chemistry Department,
located in a new buildlng \\'ith exten·
sive modern te8chin~ and research Ca·
cilities. has 8 faculty of 28. more than
20 po.,tdoctoral fellows, and 60-70
Kraduate students. It is one of the few
departments in the \Vest with an un·
usually strong program in analytical
chemistry.

Situated in Fort Collins in the foot
of the Rocky Mountains, CSU pro·
vides an inspiring setting for the 2ith
Annual Summer Symposium. Locat·
ed 60 miles north of Denver on Inter·
state 25, the 55,000 residents of Fort

Collins are \\;thin minutes of Roose­
"elt National Forest. Rocky Moun­
tain National Park, tbe canyon oftbe
Cache La Poudre River. and numer­
ous other outdoor recreational areas.
Symposium attendees planning to l1y
should come 10 Denver. Ground
transportation to Fort Collins will be
made available at a cost of about
57.00, but early registration is urged
to permit appropriate scheduling of
this transponation.

Symposium participants wishing to
stay on campus ...ill be housed in
Parmelee Hall, located one block
from the Chemistry Building where
the meetings will be held. The cost of
a double occupancy room for Tuesday
through Thursday nights is 519.86;
single occupancy cost is $22.06; the
cosl for participant and spouse is
536.39. Reduced rates are a\'aiIable
for children, depending on age and
sleeping accommodations requested.
A meal package may be purchased for
the Student Center Cafeteria for
$12.92 for breakfast and lunch on
Wednesday, Thursday, and Friday
and dinner on Thursday. The sympo­
sium mixer, followed by a barbecue,

ANALYTICAL CHEMISTRY. VOL. 46. NO. 4. APRIL 1974 ••1511



June 12 to 14,1974

27th Annual Summer Symposium

r-----------------------------------------------------Registration Form

News and
Views
will be held on Wednesday. There is
no additional charge for the mixer for
participants; (or others, the mixer fee
is $2.00. The barbecue is $4.25 for all
those attending. For those who wish,
a list of motels is available, and indi­
vidual meals may be purchased. Sev­
eral excellent restaurants are within
walking distance of the campus.

Activities are planned for accompa·
nying ladies, including a trip to Bear
Lake in the Rocky Mountain Nation­
al Park on Thursday (SIO, including a
box lunch). For free time, the recrea­
tional and cultural facilities of the
University will be open to 8ttendees.
Visits to nearby cities, such as Chey­
enne (40 miles), Laramie (65 miles),
Denver, or Colorado Springs and the
Air Force Academy (120 miles) may
be of interest.

The complete technical program
and 8 coupon for early registration
are included below.

Richard A. Hagstrom of Olin Corp.,
275 Winchester Avenue, New Haven,
Coon. 06504, and Frank W. Karasek,
University of Waterloo, Waterloo,
Ont., Canada, are program cachair­
men. Ranald K. Skogerboe, Depart­
ment of Chemistry, Colorado State
University, Fort Collins, Colo. 80521,
is responsible for local arrangements.

PROGRAM

Wednesday Morning, June 12

General

Richard A. Hagstrom, Presiding

9:00 The Role oftbe Analytical
Chemist in Process Analysis_ S.
Siggia, University of Massachusetts

10:00 How to Approacb On-Line

Problem•. R. A. Hagstrom, Olin
Corp.

11:00 Prnce.. Analyzer Sample
Syatem•. L. Fowler, Monsanto Indus.
Chemical Co.

Wednesday Afternoon, June 12

Process Chromatography

John Scales, Presiding

1:00 Process Chromatography In·
strumentation, J. Scales, Bendix
Corp.

I :45 Column Selection for Process
Chromatol(J"aphy

2:30 Process Chromatol(J"aphy Ap·
plications

Thursday Morning, June 13

SpeclroscoplC Inslrumentallon

\Villiam V. Dailey. Presiding

9:00 Infrared Instrumentation. W.
V. Daile)', Mine Safety Appliances
Co.

10:00 Ultraviolet Instrumentation.
R. S. Saltzman, E. l. du Pont de
Nemours & Co.

11:00 Automatic Chemical Analyz­
ers. M. Du Cros. Technicon In­
struments Corp.

Division of Analytical Chemistry
and Analylical Chemisfry

Colorado State Universily, Fort Collins, Colo. 80521

Name (plea.seprinl):...· _
Mailing Addreu: _

-Professional Altilialion: _

Registration Fee (enclOsed):~ Oa18,-· _

Campus housing from Tuesday through Thursday nights is $19.86 per person lor a double room
and $26.40 lor a single room: cost for participant and spouse is $36.39. Family rales will be
provided on request. Meals from Wednesday breakfast through Friday lunch will be $12.92 (not
including the barbeCue), if desired. These charges are payable upon arrival.
PIe.. check apcnoprtale Hems:
___I would like to share a double room with__--'- _

___I will Sh8l8 a double room with someone you assign

-------J prefer 8 single room

___I would like a room for myself and spouse

___I WOuld like accommodations for myself and the following members 01 my family
(names and ages 01 children)

___I will arrange my own housing. Please send a list of local motels
___I ellpect to anend the miller and Darbecue WedneSday evening. June 12. Please

indicate number. if more than one IS".25 per person for barbecue: $2.00 additional
per person for mi.cer)

___I would like the meal package 81 the student Ctrnler

___Please make reservations lor the ladies' trip to Bear Lake (S10. including
lunch!

I p'an to travel by aulo . plane . _ and will arrive in Denver on June .

a' :carrier and flight = :and depart on June . a' .
carr"r and fl1t)ht = . I would like university transportation trom Denver _

Rental can are also available at the airport.
This form should be relurned before May 2", 197", togelher with the $25 registralion deposit to:
Prot. Rodney K. Skogerboe. Department of Chemistry. Colorado Slate Universlly. Fort Collins.
Colo.80521

L.~~~~~:~:~:~~~·~~~~~~~~~~~~~~~ _ .
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Thursday Afternoon, June 13

Electroanalyllcallnslrumenlallon

Fred H. Zimmerli, Presiding

1:00 Introduction to Electroanalyt­
ical Instrumentation. F. H. Zimmer·
li, Rahm & Haas Co.

I:30 pH and REDOX. R. Oliver,
FoxboroCo.

2: 15 Use of Chemical Sensing
Electrodes. J. Krueger, Orion Re­
search Inc.

3:00 Electrolytic Moisture Analyz­
ers. l. A. Capuano, Olin Corp.

Friday Morning, June 14

Electroanalytlcal Inslrumenlallon

Fred H. Zimmerli, Presiding

9:00 Electrolytic Oxygen Analyz·
en. L. Bames, Milton Ray/Hays

10:00 Automatic Titrators. R.
Dishman, lanics, Inc.

The Teaching of Process
Analytical Inslrumenlatlon

Kenneth W. Gardiner, Pre.,iding

10:45 A Rational Approach to the
TeachinlC of Process Analytical In­
strumentation. K. W. Gardiner, Uni­
versity of California, Riverside



Charles Bender (sealed) of Lawrence LI'Jermore LabOra!Ory, Unl\I'ers1ty of california, and
Bruce Kowalski 01 the L:niverslty 01 Washington are shown at the uvermore computer
terminal

Drugs'Molecular
Structure Linked to
Anticancer Activity

Pattern reco~nitiontechniques
ho\'c been used to establish the rela·
tionship between therapeutic activity
of anticancer druii:s and details of
their molecular structure. Bruce
Kownlski of the University of Wash­
ing:ton and Charles Render of the
University of California's Lawrence
Livcrmorc Laboratory have collaho·
fated in applying: this artificial com­
puter intclliKcnce technique to
screening: prospective anticancer
druKs. Their work. reported in J.
AnH'r. Chcm. Soc., 96. 916 (1974),
deoh with purine and pyrimidine nu­
cleoside derivatives. n doss of corn·
pounds that has produced several
substances of clinical interest. The
pattern rccog:nition technique proved
93.5% accurate in screenin~ 200 of the
class of druf:s studied for their wei~ht
inhibition effects on solid tumors in
small animals. This accuracy fit::urc
refers to the ability of the technique
to place the dru~s in "positi\'e" and
"ne~ati\'e"categories of a standard
National Cancer Institute (;,\CIltest­
int:: system, The standard :\CI test
was CA 7,:'",,) (adenocarcinoma), in
which a drug causing a tumor weight
loss of 70o/~ or greater is considered
"posit in'" and eli~ibh.> for furlher
testing, Since all the drugs sludied
had been lested previously under XCI
auspices. the computer's OUlput could
be checked wilh actuallaborator\' re-
sulls, ,

The chemists selected 5U structural
characteristics of the drugs, The com­
puter eliminated 30 as telling lit lie or
nothing aboul any tumor weil!ht inhi,
bition that had been reported in :\CI
tests. The remaining characteristic~

were then ranked according: to the
contribution each made toward soh"
ing the problem. First in importance
was the number of suHur atol11s per
number of total atoms, and second
was the number of sing:le carbun-sul­
fur bonds per number of carbon
atoms. Based on the 20 structural
characteristics alone, the screen was
94.2% accurate in placin~ drugs in
the po:;iti\'e categury and 92.9% accu­
rate in placing drugs in the negativ('
category or 93.5% accurate overall.
Althou~h this screening method is

not designed to replace laboratory
testing. it should be of value in estab­
lishing priorities among the thou- ­
sands of new compounds thought to
have potcntialanticnncer acti\'ity.
The authors belie\'e the technique is
readily adaptable to other compounds
and scrceninK systems. It is under ex­
perimental use in screeninl{ drul{s
under the L 1210 (leukemia) and
Walker 256 (solid tumor) syslems,

and results of this work will soon be
publi,hed. Another possible applica·
tion of the:,e techniques is in drug de­
sign where compounds might be
tailor-made accordin~ to structural
characteristics found to be close"·
linked \\'ith therapeutic activity.-

1st FACSS Meeting
Focuses on Energy

The theme of the first meeting- of
the Federation of Analvtical Chemi~­
try and Spectr05coPY Societies
(FACSSI. to be held :\0\".18-22.
1974. at the Challonte·Haddon Hotel
in Atlantic Cit\". :\.J .. will be cen·
tered on the ch'allenge~facing the an­
alytical community in proJ!Tams to
alleviate the Xation's energy prob­
lems, The first day of the meetin~

will be dl'voted to position papers on
thE' ('hallcn~e of the energy re:'oearch
programs to the analytical chemist
and spectroscopist, the chemistry and
anah,tiral chemistr.... of coal. the ana·
Ivtic'all'hemistrv or"nudear materials.
the anal\'tical n~E'ds in coal coo\'er­
sion. th~ anah,tical needs in oil shalt>
development: and the analytical in­
::;trumentotion for ener~y source:, and
future ener~y sourl'es,

On Tue,day throu~h Friday. the
prol{rant will be opened by plenary
and award lecturt.>s. Followin~ thesE'.
invitE'd symposia and contributed pa­
pers will be presented.

Those who wish to present pap('fS
should submit titles bv !\lav 1 and
200-wurd abstracts b\"Juh:l, 197-1. to
Jame. C. White, Oak Hid~e National
Laboratory. P.O. Box X. Oak Hid~e,

Tenn.37830.

Analytical Chemistry
of Pollutants

Basle. Switzerland. is the site of
the 4th Annoal Symposium on He·
cent Advances in the Analvtical
Chemistrv of Pollutants. iune 1i -19.
1974. Amon~ the sponsors of this
meetin~ are the ACS. EPA. lini\·ersi·
ty of Gffir~ia. and organizations in
Switzerland. Austria, Canada, and
Germany. The planned program is
desil!ned to bring together persons
concerned with the application of an·
alnical chemistry to environmental
p~oblems.The applied chemists will
hear from experts in 8 broad range oi
analytical techniques. At the same
time. researchers \\ill have an oppor­
tunity to meet with those who apply
the techniques they develop. The de·
tailed technical program. all invited.
appears below.

The address for the symposium is:
Fourth Annual Symposium on Recent
Advances in the Analytical Chemistry
of Pollutants. P.O. Box 23, CH·~013
Basle. Switzerland. Those in the V.S.
who want more information may con­
tacl David :\1. Hercules. Dept. of
Chemi:-.try. Cni\'ersity of Georgia.
Athens. Ga. 30602.

Pferlar')' Lecture.,
Eutrophication in the United
States-Status and Action. A. F.
Bartsch. :\ationa! En\'ironmental Re­
search Center, EPA. Corvallis, Ore.

A Comparative Studs of Analvtlcal
Techniques Cor Inorganic Pollu­
tants. H. F. Coleman, Laboratory of
the Government Chemist, London.
En~land
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and still take a quantum jump
with Perkin-Elmers new
3920 gas chromatograph system.
As a beginning, there Is the Model 3920 Gas
Chromatograph. In Its versatile versions, It Is
better than the previous world's best-the
Perkin-Elmer'· Model 90o-and somewhat
lower In cost. In Its low-cost configurations,
It does not sacrifice any performance. And,
as needs change, the low-cost unit can be
built up to the high-versatility version at any
time.

Attractive? Yes. Secure? Yes. A quantum
jump? Not by itself.

The quantum jump comes from some
Important and exclusive extra modules, which
are so interesting that we'll describe them first.
The MS·41 Capsule Sampler makes syringes
obsolete for many applications. Imagine a
device which can inject solids and viscous
samples directly without fouling the column;
which can improve sensitivity and throughput
by eliminating solvents; which ends problems
of sample carryover forever, and which avoids
the many troubles associated with syringes.
This is the MS-41.lt isn't cheap, but a few
minutes' calculation may convince you that
you can and must afford it.
Capillary columns can give 4X better resolu­
tion, or speed, or both. It has been well known
for years that capillary columns (WCOT and
SCOT) can give chromatographic resolution
that packed columns cannot approach. But
what If you don't need the improved resolu­
tion7lt's less well known that the resolution
advantage can readily be traded for greater
speed. Is a 4X increase in speed, with no
sacrifice in quantitative accuracy, interesting
to you? Then send for Application Study
GCD-35, which gives all the details.
Get the new Dial·A·Flow'· module, and throw
away your soap bubble meter. The measure­
ment and setting of carrier gas flows has always
ranked as a cruel (though not unusual) pun­
Ishment, Involving swltchings, unscrewings,
connectings, peerings, bubble-squeezings and
nomograph-consultings at a minimum, some­
times accompanied by dead volume, Ignition
trouble, broken columns and burned fingers.

Now, for mere money, the new Dial-A-Flow
carrier gas regulator removes the whole
problem. When you wish to set or change flow

rates, you turn two digital switches to the
desired values In mll min. and the Dlal-A-Flow
does the rest.
The Model 3920 aims high but starts low. The
modular Model 3920 represents a series of gas
chromatographs, with a unique new concept.
It Is tailor-made, at the factory, to meet the
individual user's requirements.

For versatility, the Model 3920 can be
equipped with all the functions of the world's
premier research chromatograph, the Model
900, and will give somewhat better perfor­
mance (see below), at a somewhat lower cost.

For specific purposes, the Model 3920 is
simplified by the omission of unwanted com­
ponents, but there is never any substitution
of cheaper equipment.

The specific-purpose instrument delivers
the same reliability, accuracy, sensitivity,
and ease of operation.

What's more, you don't have to marry the
instrument you initially buy. If your needs
later change or increase, the extra compo­
nents can then be readily installed.
Ail-Digital Oven Controls make complicated
mechanical programmers a thing of the past.
Temperatures and program rates are set
directly on numerical switches.
Twin Electron Capture Detectors are available
at modest cost, with new electronics which
give a linear range up to 10'. Many govem­
ment agencies are now requiring two-column
ECD measurements for trace pesticides.
A New FID Amplifier can reliably measure
currents as low as 10-15 amps, has 0.1 %
linearity within a range, and is so drift-free that
chromatographers will look in vain forthe
"balance" knob.
Detector Combinations, including FID-ECD
and TCD-FID, can be used simUltaneously.
An Interesting fact about reader service cards.
To get further information on the Model 3920
and its friends, the easiest thing to do is to
circle the number on the reader service card.
However, such cards can take weeks to
reach the manufacturer. If you need the data
faster than that, please drop a note directly
to Perkln-Elmer, Department AMS,Maln Avenue
Norwalk, Connecticut 06856.

PERKIN-ELMER
CIRClf 198 OH IfADER SERVICE CAlD



A Study ofPartlculate Matter In
Air by X-ray Fluorescence Analy­
sis, J. Gilfrich, U,S. Naval Research
Laboratory
Neutron Activation Analysis. G.
Gordon. University of Maryland, Col·
lege Park, Md.
Determination oCTrace Organics in
Drinking Water, K. Grob, Universi·
ty of Zurich, Switzerland
Use of Enzymes Cor the Detection
and Decontamination of Environ·
mental Pollutants, G. G. Guilbault,
Louisiana State University, New Or­
leans, La.
Analysis oC Pollutants in the C6­
C20 Range in the Atmosphere oC
Paris by Chromatography, G. Guio·
chon, Ecole Polytechnique, Paris,
France
Environmental Parameters by Re­
mote Sensing: Evaluation oC Satel·
lite Photographs: E. B. Henson,
University of Vermont, Burlington.
Vt.
Recent Advances in Automation of
Pesticide Residue Analysis, W. D.
Hormann, D. Eberle, Ciba-Geigy,
Basle, Switzerland
High-Efficiency Liquid Chromatog­
raphy oC Polynuclear Hydrocar­
bons. J. F. K. Huber, University of
Amsterdam, Holland
Reliability oCTrace Analysis in
Aquatic Systems, D. Hume, Massa­
chusetts Institute of TechnoloK}'.
Cambridge, Mass.
Structure Elucidation oC Metabo·
lites by Mass Spectrometric Tech­
niques. O. Hutzinger, National Re­
search Council, Halifax, Canada

Detection ofTrace Constituents on
Airborne Particulate Matter by Ion
Sputtering Surface Analysis, F. W.
Karasek, University of Waterloo,
Canada
New Possibilities in Instrumental
Analysis. Especially oCTraces
Using the Separation Cassette
Principle, R. E. Kaiser, Bad Dur­
kheim, West Germany

Water Analysis by X-ray Fluores­
cence. D. Leyden, University of Geor­
gia, Athens, Ga.
Some Aspects oC Mass Spectrome­
try, F. McLafferty, Cornell Universi·
ty,lthaca, N.Y.

Air Quality and Analytical Chemis­
try, H. Malissa, Institute of Technol·
ogy. Vienna, Austria

Recent Develo'pments in hoelectric
Focusing, B. J. Radola, Institute for
Radiation Technology, Karlsruhe,
West Germany

The Use oCHigh·Performance Liq·
uid Chromatography Cor the Analy·
sIs oCPestlcide Residues, K. Ram­
steiner, W. D. Hormann, Ciba·Geigy,
Basle, Switzerland

Problems of Qualitative Assess­
ment in the Environment, F: Korte,
Gesellschaft fOr Strahlen-und Urn·
weltforschung mbH, Munich, West
Germany
Recent Evaluations oCthe Signifi·
cance oC Chemicals in Natural
Aquatic Systems, G. F. Lee, Texas
A&M University, College Station,
Tex.
Understanding oC the Complexity oC
the Environment: New Goals Cor
Analytical Chemistry, W. Stumm,
Federal Institute for Water Pollution
Control, Zurich, Switzerland
What is the Future Role oC Analyti·
cal Chemistry? W. Simon, Federal
Institute of Technology, Zurich, Swit­
zerland

Program
The Chromatographic Approach to
the Environment-Potential and
Perils, W. Aue, Dalhousie Universi­
ty, Halifax. Canada
European Intercomparison Pro­
grams and Harmonization oCTech­
niques. A. Berlin, J. Smeets, Health
Protection Directorate, Luxembourg

Environmental Toxins in the
Human Body and Their Detection
and Characterization. H. Branden·
berger. University of Zurich, Switzer­
land
A Computer Approach to the Iden­
tification ofPoliutants, T. Clerc,
Federal Institute of Technology,
Zurich, Switzerland
Neutron Activation Analysis for
Multielement Determination in
Foodstuffs and Other Biological
Samples. J. F. Diehl, Institute for
Radiation Technology, Karlsruhe,
West Germany

Chemical Characterization oC Pol·
luted Seawater. D. Dyrssen. Univer­
sity of Gothenburg, Goteborg, Swe­
den
Recent Experiences in the Detec­
tion oCToxic Substances in tbe Air
by Means ofCoupled GC-MS Sys­
tems. D, ElIgehausen, Sandoz Ltd.,
Basle, Switzerland
Methods Development in Support oC
Monitoring Systems. H. F. Enos.
Environmental Protection Agency,
Perrine, Fla.

Derivatization-High-Speed Liquid
Chromatography ofOrganophos­
phorus Pesticides, R. W. Frei. San­
doz Ltd.• Basle. Switzerland

News and
Views

ENVIROTECH

carbon in
water? ~'"

~,~-r"
.fl":",~:"'....- '.:

/ ~:~:",. .,:;-.,
'0\1 '

total organic carbon
volatile organic carbon
total carbon
Oohnnann's DC~SOorganic analyzer makes
0/1 of tbeae measurements accurately and
rapidly. Based on proven methods, it avoids
interferences and undesirable pyrolysis re­
actions that historically have resulted in
licnificant errors. Hel"e'. why the DC-SO is
the complete solution for the analysis of
carbon in water:

DIRECT READOlJT. Four--digit presen·
tation shows carbon conlent directly in
mg/liler or ppm. No recorder needed!
DIRECT MEASUREMENT. A single
sample injection gives either Organic Car­
bon or Total Carbon content directly, not
by diHerence.
INDEPENDENT MEASUREMENT.
Volatile Organics are determined sepa­
rately from Total Organics to aid in source
identification.
RELIABLE MEASUREMENTS. Deter­
mines important, lightweight volatiles such
a. Iow molecular weight alcohol. and ke­
tones, normally lost by acidification and
sparging.

FAST: 5 minutes per determination

ACCURATE: repeatability of ± I mg/
titeror ~ 2%

WIDE RANGE: I to 2,000 mg/liter
(ppm) without dilution .

PRICE: $7,500, including start-up assist­
ance and operator training

ContacJ: DOHRMANN Division, Enviro­
teeh Corporation, 1062 Linda Vista Ave.

Mountain View, CA !?4040
(415) 968-9710

-.,
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Perkin-Elmer announces
the absolute in fluorescence...
the Model MPF-4.

The MPF-4 extends the highly-regarded MPF series
of fluorescence instruments from Perkin-Elmer.
Quality is a dominant characteristic of the MPF
series; the MPF-4 abounds with it! The MPF-4 is
made better, performs better and does more useful
functions than any other fluorescence spectropho­
tometer.

The MPF·4 costs a little more than "run-of-the­
mill" instruments, but quality is well worth its cost.
The versatility and the high-performance specifica­
tions of the MPF series will provide reliability and
continue to satisfy your laboratory fluorescence
needs. If you have the pleasure of owning an MPF­
2A or MPF-3, you know about the high standards of
reliability of these instruments and Perkin-Elmer's
competent service and technical support. If you
have not used an MPF-2A, or MPF-3, ask your col­
leagues-you will find consistently good reports.

Following are a few of the specific features and
their benefits that now make the MPF-4 the quality
and performance leader:

• Recording of excitation and emission spectra
in relative quantum units for both fluorescence and
phosphorescence. This makes it possible to record

the "true" spectral characteristics to facilitate
quantum efficiency measurement, fluorescence
probe studies and compound identification.

• Curved bilateral continuously adjustable slits
providing better than 2A resolution and optimum
bandpass for all applications.

• High efficiency gratings and monochromator
design to provide the highest sensitivity/spectral
bandpass available. This is especially useful for
trace level measurements as in air and water pollu­
tion analysis.

• Extended wavelength range of monochroma­
tors to 1200 nm thereby increasing the applicability
of luminescence measurements.

• Digital wavelength readout accurate to 3 ang­
stroms.

• Synchronous scanning of both monochroma­
tors for absorption spectrum r4;lcording.

• Solid state electronics featuring ratio record­
ing, automatic dynode control, optical chopping to
give no more than 2% noise and less than 1% drift!
hour at maximum gain.

For more Information, write: Instrument Divi­
sion, The Perkin-Elmer Corporation, Main Avenue,
Norwalk, Conn. 06856.

PERKIN-ELMER
Committed to helping your samples tell you more.
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troocopy in the medicalsciencea,
characterization of ultrapure materi·
als, photochemical degradation of
pollutants, energy dispersive X-ray
spectroscopy, and analytical atomic
spectroscopy (including new instru­
mentation developments). 150·word
abstracts before May 15 to: A. R.
Davis, DepL of the Environment, In­
land Waters Directorate, 562 Booth St ..
Ottawa, Ont .. KIA OE7, Canada.
613·994-9163

,.;....

• Teaching Analytical Chemistry
and Instrumentation Ana1.)·sis.
May 16-17. DawsonCollege, Mon­
treal, Canada. Contoct: A. Vat'id
Adley. Vau·.on College. 350Silby
St., Montreal. P.Q.. Canada. 514­
931-8731, ext. 332. Page 208 A.
Feb.

• International Exposition and
Seminar on Ylater Resources In­
strumentation (Instruments and
Systems for Measuring and Mon­
itoring Water Quantity and
Quality). June 4-6. Pick-Congress
Hotel, Chicago. Ill. (previously
scheduled for Feb. 25-271. Sponsor:
International \Vater Resources
Assoc. Contact: Brian J. Gallallher.
Limnetics. Inc.. 6132 West Fond du
Lac Aae.. Millmukee. Wi•. 53218.
4N-461-95()()

• Conference on Analysis of Lipids
and Lipoproteins. June 12-15.
Sheraton Park Hotel, Washington.
D.C. Sponsor: American Oil Chem­
ists' Society. Contact: E. G. Per­
kins, Dept. of Food S('ience, Burn­
,o;id('s Research Laborator)', Univer­
sity of /IIinoi.,. Urbana. J1i 618W

• 29th Northwest Regional ACS
Meeting. June 13-14. Eastern
Washington State College, Cheney,
Wash. Contact: H. IV. Johnston.
Chem. Vept .. WhiCU'orth Collelle.
Spokane. Wa.h. 99218. 509-489­
3550

• 4th Annual Symposium on Recent
Advances in the Analytical
Chemistry of Pollutants. June
17-19. Basle, Switzerland. Contact:
V. M. Hercule., Chem. Dept., Uni­
versity uf Georgia. Athens, Ga.
30602.404-542-2626. Page 417 A,
Apr.

• 2nd Rocky Mountain Regional
ACS Meeting. July 8-9. University
of New Mexico, A1buquerque,
N.M. Contact: G. BI)'an, Los Ala­
mos Scientific Lob., CMB-!, Los
Alamos, N.M., 87544. 505·667-4088

Meetings

1974 Meetings are listed in theJanu­
ary, Februaf)'. and March ;s!)ues. The
follou';nJJ meetings are neu'ly listed in
Analytical Chemistry

21st Canadian Spectroacopy
Symposium
Ottawa, Ontario. Oct. 7-9. Contribu­
tions are BOught in the following areas:
history of speetroscopy, laser spectros­
copy, remote sensing of the environ­
ment, molecular spectroscopy, spec-

16th Annual Rocky Mountain Spec-
troscopy Conference

Brown Palace Hotel, Denver Colo.,
Aug. 5-6. 300-word abstracts due by
May 20 to Roland R. Manning, Ball
Brothers Research Corp., P.O. Box
1062, Boulder, Colo. 80302.

Ion-Specific Electrodes. G. Rech­
niu, State University of New York,
Buffalo, N.Y_

Aspects of Organic E1ectroehemis­
try. P. Zuman, Clarkson College.
N.Y.

23rd Annual Denver Conference on
Applications of X-ray Analysis

Brown Palace Hotel, Denver, Colo.,
Aug. 7-9. Emphasis on "Applications
of X-ray Technology to Current Prob­
lems in Energy and Resource Devel­
opment, t. including X-fay diagnosis of
plasmas produced by lasers and elec­
tron beams; on-line X-ray monitoring
and control; X-ray analysis of re­
source materials and pollutants;
X-ray lasers. 300-word abstracts due
before Apr. 15 to C. O. Ruud, Metal­
lurgy and Materials Science Div.,
Denver Research Institute, University
of Denver, Denver, Colo. 80210. 303­
753·2621

News and
Views

Call for Papers

1974 Pacific Conference on Chemis-
try and Spectroscopy

Jack Tar Hotel, San Francisco,
Calif., Oct. 16-18. Sponsors: North­
ern California SAS and Northern
California Section, ACS. Titles and
authors' names due by April 2. 200­
word abstracts on standard ACS ab­
stract forms for regional meetings due
by May 7. Send to (ACS): Fred
Stross, Dept. of Anthropology, Uni­
versity of California, Berkeley, Calif.
94720, or (SAS): John W. Green,
Chevron Research Co., 576 Standard
Ave., Richmond, Calif. 94802. Addi­
tional information is available from
W. J. Eisenlord, Public Relations
Chairman, Shell Oil Co., 1660 S. Am­
phlett Blvd., San Mateo, Calif.
94402.415-929·1100

don't be
high pressured
into buying a
low pressure
metering pump

Operating at pressures to 2000 psi.
Iseo metering pumps will deliver a
reproducible flow
over wide dial-se-
lected ranges. easily
outperforming lower
pressure peristaltic or
similar variable
speed pumps. Three
models offer flow
rates from 1.S to 2500
mllhr at 50 psi, to a
pulseless 0.8 to 200
mllhr at 2000 psi. No
calibration is re­
quired and practical­
ly any liquid can be
accommodated.

All Iseo metering and gradient
pumps are described in our current
catalog. Your copy is waiting for
you.

BOX 5347 UNCOLH. NEBRASKA 68505
PHOIlE (4021~31 TELEX 48-6453
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Newin infrared:
Perkin-Elmer Model100Data Manipulator
makesquantitativeanalysisarealit}(

Users of infrared spectrophotome­
ters: Would you like to use your in­
struments lor quantitative analysis,
and print out the answers in con­
centration. after reading them on
electronic digits? Would you like
to run spectra at will in transmit­
tance or absorbance, at any de­
sired scale expansion? Would you
like to measure the depth of an ab-

LINEAR % TRANSMITTANCE

Fi9l~
Polystyrene. linear T, Spectrum Shown
Actual Size.

POLYSTYRENE
LINEAR ABSORBANCE

Trlf
Fig 2

Polystyrene, Linear Absorbance.

sorption band automatically, with
no guesswork? Would you like to
set your 100% line by pushing a
single button? Would you like to
make single-point readings in an
integrated mode, to improve the
precision of repeated determina­
tions?

If the answer to any of these
questions is "Yes", meet the new
Perkin-Elmer Model lOO Data Man­
ipulator. It's easy to use, works with
most instruments. and doesn't cost
much.

Think of it as a little computer
for people who don't have much
money and don't want to know
about computers.

Polystyrene Can Be Fun.
Here are two unusual views of
polystyrene. run on a new Perk in­
Elmer Model 735, a Model lOO Data
Manipulator, and a Perkin-Elmer
056 Laboratory Recorder. Figure 1,
reprinted actual size, is a little
smaller than you're used to seeing.
Figure 2 is recorded linearly in 'ab­
sorbance, over a range of 0 to 1.

on In Flbers Is Measured Directly,
Textile people often need to know
the concentration of lubricating oil
in artificial libers. The usual IR
method is to make a CCI. extrac-

tion, draw a spectrum, convert 'he
transmillance readings at 2930
cm-' to absorbance (See Figure
3A), and compare the results to a
working curve made with known
concentrations. This is a whole lot
faster than the gravimetric method.
but is still a nuisance.

With the Data Manipulator (and,
say, a Model 567) the spectra can

Fig 3

Oil In 5-Gram Flber Samples. Left:
Transmittance Scale. Right: linear in
Concentration.

be drawn in absorbance (with
scale expansion), and the conver­
sion step is eliminated. (See trac­
ings in Figure 3B). In practice, you
don't need to draw a spectrum at
all.

You scan a sample of known
concentration across the 2930 cm-I
band. using the Concentration and

Peak Reader modes. The digits
hold the reading. You use the Con­
centration control to set the digits
to read the known concentration.
All the other samples wi 11 now read
out directly in the desired units,
and the results can even be printed
out on the PRS-7A Printer Se­
quencer. Table below shows some
comparative results.

Lubricating Oil on Flber
(g of oil/Sg liber)

Known Cone. Measured Cone.
0.044 0.044
0.127 0.127
0.221 0.222
0.330 0.326

Models 735 and 567
Have Extended Range,

Auto-Chek'· Gain.
There's also good news regarding
instruments. The new Model 735
is a low-cost unit with a range
extended to 400 cm-·. The new
medium-priced 567 has a range
down to 200 cm" (SO microns).
Both have a simple new way to set
gain. called Auto-Chek. You press
down on the gain control. and the
pen should move ten recorder divi­
sions. If it doesn't, rotate the gain
control until it dOES. Couldn't be
easier.

For more information write to the
Instrument Division, Perkin-Elmer
Corporation, 7fJl Main Avenue,
Norwalk, Conn. 06856.

PERKIN-ELMER
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Be Specific, Specify
Tracor Gas Chromato­
graphs and Detectors

Tracor Instruments
Tracor. Ine
6500 Tracor Lane
AUSlIn. Texas 78721
Telephone 512:9262800

News and
Views

• Fourth International Conterenee
on Thermal Analysis. July 8 -13.
Budapest, Hungary. Conlact: 41h
ICTA Conference. c/o Hungarioll
Chemical Society. 1368 Budapest.
P.O. Box 240. AnkerkO>!. Hunga­
r\"

• Gordon Research Conference on
X-ray Photoelectron Spectrasco­
py. July 15-19. Brewster Academy.
Wolfeboro. N.H. COlltact: A. M.
Cruickshank. Pastore Chem. Lab..
Unin'n;ity of Rhode Island. Kings.
Ion. R.1. 02881. 401-783-4011

• Gordon Research Conference on
Analytical Chemistry. Aug. 12-16.
!\ew Hampton School. N.H. Call­
tact: A. AI. Cruick ...hank. Pastore
Chem. Lab.. University of Rhode
Island. Kingslon. R.1. 021J81. 40/·
783-4011

• Gordon Research Conference on
Infrared and Raman Spectrosco·
PY·. Aug. 19-23. Kimball Union
Academy. M.eriden, N.H. Contart:
.4. M. C;uickshank. Postore ehem.
Lab.. Uni,wsity of IIhode Island.
Kingston. 11.1. 02881. 40/-7S:/-4011

• Gordon Research Conference on
Separation and Purification. Aug.
19-23. Colby College. :\ew London.
N.H. Conlaet: A. M. Cruiehhanh.
Pastore Chem. Lab.. Unin>rsity uf
Rhode Island. Kin~slon. 11.1.112881.
401·783-4011 .

• International Symposium on
Trace Analysis in BioloKical Ma~
terials. Aug. 21-23. Dalhousie Uni·
versity. Contact: D. E. Ryan.
Chem. Dept .. Dalhousie UniL'er.'ii·
Iy. Hail/ox. NS.. Callada. Pa~e
326A. Mar.

• ISth Ampere Congress on Mag­
netic Resonance and Related
Phenomena. Sept. 9-14. University
of :--lollingham, England. Contact:
/:;. R. Andreu', Physics Depl ..
The University, University Parh.
Nottingham NG7 2RD. F.~gland

• 21st i'\ational Vacuum Sympo·
sium. Oc!. 8-11. Anaheim, CaliL
Contact: L. C. Beavi.... Sandia Labs
Div. 2413. Albuquerque. NM.
8711,

• 26th Southeastern Rel:ional ACS
Meeting. Oc!. 23-2~. Convention
Center, I'orfolk, Va. Conlact: M.
A. Kise. R&D, Vir;:inia Chemicals.
Inc., Portsmouth. Vu. 27:103. 7fJ:J.
484·.'j()OO

• 9th International Symposium on
Advances in Chromatol:raphy.
Nov. 4-7. Sheraton-Lincoln Hote!,
Houston. Tex. Call1ael: Alhert .
Zlathis. Chem. Dept., Ulliversityof
Houston. Houslon. 7'ex. 770!J4.
Page 326 A. Mar.

• lOth Tokyo Conterence on Applied
Spectrascopy. Nov. 6-8. Tokyo,
Japan. Conlacl: The Japan Sociely
for Allalylieal Chemist,:,'. 1·/·.5
Hon·machi. Shibuyaku. Tokyo.
Japan 151. Pag<'326A. Mar.

• 10th Midwest Regional ACS
Meeting. Nov. i-B. University of
Iowa, Iowa Cit\'. Iowa. C()nta~t: V.
J. Pictrzyh. CJicm. Dt>pt .. C'nil'cn,i.
t." of lou'a, lou'a City. luwa 522·10.
319-3.53·4661

• 30th Southwest Rel{ionalMeetinl:.
Dec. 9-11. Astroworld Hote!' Hous·
ton, Tex. Corltacf:J. /\'1. Fitz~l'r(J{c1.

Cht'm. Dept., Unh'f'rs;ty of H/lu....
tun, Cullen /lll'd., !iCJLI ... tn!l, '!'ex.
7ili(J.l.7}3-7·19-26.'19

Short Courses
ACS Cour...e.... For more ;rlformatiorl,
contact: Department vf EdlJcatiorllll
Aftil';t;(·... , AmairulI Chf'micol.""flri·
et\", J1.55 }6th Sf., S. \\'.. \\'"o...him..'.
to"n. D. ('. :!OO:W. :!fJ2-872··,.jfl8 .

Modern Liquid Chromato~raphy

Atlanti(' City, :\.J. :\pr. 6-1. L. Sny­
der..J. Kirkland. 8140

Interpretation of Infrared Spectra
~ew York City. Apr. 19-:'W. ~ormnl1
Colthup.8125

Principles of Calor Technolo~y
Boston. \1as<. \la,·I;'-I'. Fred Bill­
mayer•.Jr. 5150 -

Laboratory Safety-Recognition
and !\tana~ementof Hazards

:--lew York Cit\'. i\la,' 29-:1I. :\. V.
Steere. H. L. Olsen.\laurice Goiden.
8160

:\lodern Liquid Chromato~raphy

\1inneapolis. :'>linn..Iune 1-2. L. H.
Snyder..1. .J. Kirkland. 8125

Gas Chroma tOl(raphy. Theory and
Practice

Blacksburg, Va..June :3-,. H. \1.
Mc~uir.•Iames l\'1i11er. $29;-)

Regional Liquid Chromato.:raphy
Seminars

U.S. and Canada. April and Ma\'.
Half·day seminars. ('rmloct: \V~ters
Assoc., Maple St., Milrord, Mnss.
01757.61,·4,8·2000

Chemical Microscopy
Chicago, ilL May ;j-9. $:32;"). ('m!tuct:

McCrone Research Institute. 28:20 S,
Michigan A\,e., Chicago. Ill. 60616.
312·8-12·710"

Applied Gas Chromatol(rllphy: In-
termediate

Philadelphia, Pa. May (i-H. $200.
C'untCl('(: Sadtlcr Hescurc:h Lahorato­
ries. 3:116 Spring Garden St.. Phila­
delphia, Pa. 19104. 21~-;IR2-,tlOO

aRCLE 226 ON RfADER SERVICE CARD
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PERKIN-ELMER

• Auto-Chek'"Gain Control lets operator check
gain repeatedly, even with sample in position, by
simply pushing a knob.

• 5x abscissa expansion for proper presentation
of high-resolution spectra.
• Ease and simplicity of operation means even the

most inexperienced operator can get fast, accurate,
reproducible results.

The Model 167 is compatible with all Perkin­
Elmer' accessories, including 'our Model 100 Data
Manipulator which quickly displays digital quantita­
tive results in either concentration or absorbance
units.

The new Model 167 is a lotof spectrophotometer
for not so very much money. A fact we'd be glad to
demonstrate in your lab. For details and descriptive
booklet, write Instrument Division, Perkin-Elmer
Corporation, Main Avenue, Norwalk, Conn. 06856.

Perkin-Elmers new
ModeI167IR.
Wfive lowered the cost
of high performance..

This new, double-beam infrared spectrophotometer
is a remarkable combination of typical Perkin-Elmer
performance and versatility, coupled with a very
moderate cost.

By concentrating on the capabilities needed by
most laboratories most of the time, we've brought
high performance to the budget-conscious. In fact,
in order to beat the frequency and transmittance
accuracy of the Model 167, you need to pay about
three times the price.

And thaI's not all you gain. Just look down this
list of other features:

• Scans from 4000 to 600cm-'. Choice of 5-, 12-,
or 48-minute scan time.

• High resolution (O.7cm-' at 1000cm-') is avail­
able, or you can choose wide-slit programs for low­
energy situations.

• Flowchart" recorder system locks chart and
monochromator together, for unbeatable chart
wavelength accuracy and repeatability.

CIICU: 197 ON lEADfI SflVlCf OlD
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DlI Pont's new ESCA
helps solve surface
characterization problems.

A few examples-
• Changes responsible for degradation or poisoning of a

process catalyst.
• Surface contaminants causing poor performance of semi­

conductor devices.
• Analysisof human skin composition in biomedical research.
• Chemistry of a fluoropolymer surface treatment.

Ex. Na/NH,.
The Du Pont 650 Electron Spectrometer provides a high­
quality, analytical tool for surface analysis. By analyzing
photoelectrons ejected from samples under X-ray irradia­
tion, detailed chemical analysis can be made of the top few
monolayers. All elements except hydrogen may be identi­
fied. Also measurable are oxidation state, bonding and other
structural details.
The Du Pont 650 Combines Low Cost with High Perfonn­
anee-uses a unique non-dispersiveelectron energyanalyzer
which provides the scientist with high sensitivity and resolution
in a compact unit: 300K cps on Au 4f", at 1.2 eV FWHM,
in a unit requiring less than one square meter of floor space.
This instrument has been designed for maximum operator
convenience and efficiency. For quality-control measure­
ments or basic research programs, the 650 offers more per­
formance at a lower price than currently available instruments.
Other fields of study utilizing ESCA include:
• textile fiber surface • chemical structure

characterization determination
• organometallic chemistry • surface reactions of metals
For further information on the Du Pont 650 and its applica­
tions, write Du Pont Co., Rm. 23255, Wilmington, DE 19898.
Offices in major U.S. cities and in Frankfurt (Friedberg);
London (Hitchin); Milan; Paris; Mexico City; Caracas and
sao Paulo.

<[([POBl>
•..... 0l_.O'·

Inslrumenls
CIRCLE 62 ON READER SERVICE CARD
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News and
Views

Four One-Day Programs: Competi·
tive Protein Binding Assays and
Related Techniques; Hadioimmu·
noassay in the Clinical Lab: lm­
pro,'ing Clinical Enzyme Analy·
sis: Aspects of Agnrose Electro­
phoresis

Denver. Colo., May 6-9: SeaUle.
\Vash.. Mav 20-23. Contact: Beck­
man Tech~icnl Education Center.
2500 Harbor Blvd .. Fullerton. Calif.
92634.714-521-:3700

Electron Microprobe
Chica~o, Ill. May 6-10. $:325. Con.
tact: McCrone Hesearch Institute.
2820 S. Michi~an Ave.. Chica~o. Ill.
60616.312-842· 7105

Microscopy for Conservators
Chica~o. Ill. May 13-17. $32.';. C,,"­
tact: McCrone Research Institute.
2820 S_ Michi~an Ave., Chica~o. 11\.
60616. :312·842·7105

Practice of ESCA Workshop
Purdue Uni\·ersit\,. Ma\' 20-22. ('011­

tact: W. E. 8aiti~ger. Chem. Dept ..
Purdue University, \Vest Lafayette,
Ind.47907

Practice of UV/VIS
Philadelphia. Pa_ May 20-24. $275.
Contact: Sadtler Hesearch Laborato·
ries, 3316 Sprin~ Garden St .. Phila­
delphia. Pa. 19104. 21.';-:IH2-7HOO

Nuclear Magnelic Resonance 11
Philadelphia. Pa. May 20-24_ $275.
Contact: Sadtler Hesearch Laborato·
ries, 3316 Sprin~ Garden St .. Phila­
delphia. Pa. 19104. 21ii-:lH2-7HOO

Liquid Chromatography
Chica~(), Ill. May 22-24. COlltact:
Varian Instruments. ::!05 \V. Touhv
Ave., Park Hid~e. Ill. 60068 .

Basic Chromatography; Liquid
Chromalography; Advanced
Chromalography; Gas Chroma­
lography-Troubleshooling

LSU, New Orleans. May 24. COlltacl:
Larry Mars, :312 S. Glavez St., New
Orleans. La. 70119

l\ticroscopy in lhe Pharmaceulical
Laboratory

Chicago, Ill. May 27-;j 1. $325. Cml.
tact: McCrone Hescarch Institute.
2820 S. Michi~an Ave., Chica~(), 11\.
60616.312·842·7105
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Four times as versatile
Do you know how to make a
Hamilton 701 N Microilter Syringe
four times as versatile? You simply
add allachments ... such as a
guide to inhibit bending ot small
diameter plungers ... or a Chaney
Adaptor that makes the 701 N into
a repeating dispenser. Or, you

can get anyone ot several special antee that) or its repeatable
needles. Or, you can get a 701 delivery and accuracy. 0 The
with a removable needle, designed 701 N ... versatility is only one ot
10 make it possible to replace its vinues. Write for literature to
bent or plugged needles. But no Hamilton Company, Post Office
maller how versatile you make Box 17500, Reno, Nevada 89510.
your 701N,there's no way to Loa A .
improve upon its quality (we guar-~ ~
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Everything yOD
always wanted to
know aboDt fdters*

Thin film Produc1s Division of Inlrared Industries.
Inc. annouoces a new 32-page Design Guide
aOO caulOl! of llPical Fl!ters. It provides a
basic reference work for e~neers and scien1isls
involved in the specifalion. prOCllrement. and
use 01 inler1e1ence fillers. It includes discussiofls
of lhe effects of angle 01 incidence and of
temperature on Olllical properties and 01 rejection
oI~Ol.tsidelhepassband;aalSClJSSion

of mechanial construdion ledu.quos; and tables
of readily attainable specifICations with respect
to IRnsnission and bandwidth for fi~ers at all
wave/eneths between 1950 Angslroms and
2Q niaomders.
In adciIion. over 325 ditfererd standard filters
ill wavelercths bel-. 365ll Ang>troms and
10.6 niaomders. immediately available Irom
sIod. are listed along wilh their prices

"And had to phone or write 10 ask.

Write for acataJoe to:

"HDUST.fES, INC.

n. FIJI PlllIlUClS lllVISIOIi
JIfIAlIElIlIlDUSIIIl£S, 111:.
P.O BOX557

. *Nm. MassacIIusetls 02154
Tel. (617) m5400

News and
Views

Gas Chromatography
Springfield, N.J. June 5-7. Contact:
Varian Instruments =25, Route 22,
Springfield, N.J. 07081

Seanning Electron Microscopy and
Electron Probe Microanalysis

Bethlebem, Pa. June 10-14. S3OO.
Contact: J.I. Goldstein, Metallurgy
& Materials Science, Lebigb Univer·
sity, Bethlebem, Pa. 18015.215-691­
7000, exl. 627

Polymer Cbaracterization
University of Utab. June 10-14. $325.
Contact: Polymer Conference Series,
2020 Merrill Engineering Bldg., Tbe
University of Utab, Salt Lake City,
Utab64112.801·58I·6431

Liquid Chromatograpby
New Orleans, La. June 12-14. Con.
tact: Varian Instruments, Plaza .
Soutbwest, 5750 Bintliff, Suite 202,
Houston, Tex. 77036

Applied Polarized Ligbt Microseopy
Cbicago, Ill. June 24-28. $325. Con­
tact: McCrone Researcb Institute,
2820 S. Micbigan Ave., Cbicago, Ill.
60616.312·642-7105

Electrode Kinetics Seminar
Fawcett Center for Tomorrow, Obio
State University. July 7-12. 5425, in·
cludes luncb and dinner. Contact:
Jud B. Flato, Princeton Applied Re·
searcb Corp., p.a. Box 2565, Prince·
ton, N.J. 08540. 809-452-2111

Recent Advances in NMR Spectros·
COP}'

University of East Anglia. July 8-10.
Contact: J. M. Usber, Tbe Cbemical
Society, Burlington House, London
W1V OBN, England

Principles of Color Tecbnology
Rensselaer Polytecbnic Institute. July
8-12. $300. Contact: Office of Con·
tinuing Studies, Rensselaer Polytecb·
nic Institute, Troy, N.Y.12181

Fiber Microscopy
Appleton, Wis. July 8-19. Contact: T.
A. Howells, Tbe Institute of Paper
Cbemistry, p.a. Box 1048, Applelon,
Wi•. 54911. 414-734·9251

Gas Chromatography
San Francisco, Cali!. July lO-i2.
Contact: Varian Instruments, 4940 El
Camino Real, Los Altos, Cali!. 94022

Recent Advances in Vibrational
Spectroseopy

University of East Anglia. July 11-12.
Contact: J. M. Usher, The Chemical
Society, Burlington House, London
W1VOBN, England

Applied Molecular Spectroseopy:
Infrared, Raman, Ultraviolet

Arizona Slale University. July 22-26.
$225. Contact: Jacob Fucbs, Chem.
Dept., AriZj>na State University,
Tempe, Ariz. 85281

Modern Industrial Spectroseopy
Arizona State University. Aug. 5-16.
5400. Contact: Jacob Fuchs, Cbem.
Dept., Arizona State University.
Tempe, Ariz. 85281

Analysis of Specks and Deposits
Appleton, Wis. Aug. 6-8. Contact: T.
A. Howells, Tbe Institute of Paper
Cbemistry, p.a. Box 1Q48, Appleton,
Wis. 54911. 414·734·9251

Fisk Institute
Fisk University, Nasbville, Tenn.
Aug. 12-16. Three one·week courses:
Basic Infrared and Raman Spectros.
copy; Inlerpretation of Infrared and
Raman Speclra. C. D. Craver, Nor·
man Colthup; Gas·Liquid Chroma·
tograpby, Ricbard Juvel, S. J. Cram,
Dave Stafford. 8220. Contact: Nebon
Fuson. Box 8, Fisk University, Nash­
ville, Tenn. 37203. 615·329·9111, exl.
235

For Your Information

Amicon Corp. of Lexington, Mass.,
has formed a subsidiary, Amieon
GmbH, in Wilten, West Germany.
Headquarters (or Amicon's entire Eu­
ropean operation is in Oosterhout.
Holland. Amicon is a leading manu·
facturer of membrane filtrations sys­
tems.

GCA/McPherson Instrument, 530
Main St., Acton, Mass. 01720. has
acquired tbe complele line of Heathl
Sehlumberger spectropbolomelers
and will continue to honor currently
held warranties and offer service for
these instruments 8S well as its own
line.

Perkin-Elmcr Corp., Instrument
Div., Main Ave., Norwalk, Conn.
06856, 203·762·1000, offers a new
medical newsletter with articles of in­
terest 10 people in clinicallahorato·
rie•. Tbe first issue of Laburatory
Medicine New.,letter, 20 p, includes
articles sucb as "Tbe Analysis of
Renal, Biliary, and Prostatic Calculi
by Infrared Spectroscopy" and "Au·
tomation of the Indirect Fluorescent
Antibody Test for Toxoplasmosis."

ORCLE 134 ON READER SUVICE CARD
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Do you need a 20 cm qel ~nnerl
If so, we have an accessory for such work, plus
the only spectrophotometer than can accommo­
date such a sample. And even if you don't, that
same instrument design versatility can help you
meet your particular application requirements.

See us at FASEB,
Booths A-S, BS-6, and CS·6

The unique optical bench of our Model 240
permits the attachment of a wide variety of
accessories to fulfill application needs in
research, industrial, and clinical laboratories
including:

• Density gradient scanning
• Rapid sampling
• Thermal programming for absorption

vsToC plots
• Aspirating therm<H:uvette for precise

temperature control
• Programmed, reference compensated

wavelength scanning for accurate
qualitative assay as part of the basic
system

• Automatic sampling system for batch
analysis

The flexibility of the Model 240 for a wide variety
of applications means cost savings for you. For
a laboratory demonstration and additional
information write or call AI Marchesi. Research
Products Manager.

Obertin, Ohio 44074
Paris (Malakolfl, France
DusseIdorf. W. Germany
Morden. Surrey, Englandi
216, 7H-t)41 .~GI..l*
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You receive
valuable
reference point
data, for today's
advanced
analytical
tachniques

Foraccurate
results

in organicand
biochemIcal research,

select the reagents
with actual

analytical values
~~5~ ~ n the label.,,, ,

, .'1'·8'~·9"".,I·,'.'~"'".~",.."....:;;: I • t·'('.,c,
~~:~!~.:'.~'. ~-r:;~:.J;/7t;;" "

.~Zfl~:,>:<' E':OfA, Dihydrate';!~~
~"_'.,. ~ um

.;;;..{;-:;:', ", Crystll

You receive
proof of purity with

the actual lot
analysis for the

product in the
container

You receive useful information for
repetitive work, for assessment of

blank values. and for reference in
evaluating test results

You receive actual valuas for key
impurities. which saves you time
and money by eliminating the naed
to determine these values yourself
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Figure 1. Terephthalic acid sublimation purification process

Urgent Production Problem Solved
by Unique capabilities of Analytical Chemists

Claude A. lucchesi
Contributing Editor

Analytical chemists at the Mobil
Chemical Co. were confronted with a
challenging problem during the start·
up stages of the company's tere­
phthalic acid (TPA) pilot plant. The
Mobil TPA process consisted 01 two
parts. an oxidation seCtion and the
purification section which is illus­
trated in Figure I. Dry, impure TPA
powder from the oxidation section
was led into a hopper where it be·
came entrained in 8 high·velodty
carrier gas and passed into a furnace
where substantially all 01 the solids
were vaporized. The e!fluent lrom the
lumace was passed through an ash
filter where entrained solids. includ·
ing catalyst rcsidues (rom the oxida­
tion section. were removed (ram the
vaporized material. The vapor then
entered 8 condenser for fractional
condensation 01 the solid TPA prod­
uct. .

The TPA was being produced as a
potential replacement lor dimethyl
terephthalate (DMT1, then the only
source 01 the dicarboxylic acid in
many polyester lilm. and fibers. TPA
had an expected cost advantage over
DMT, provided it could be produced

at an equivalent level of purity which
was judged by a set 01 specification
tests. One specification test involved
the calor 01 a 5'1. solution afTPAin
dimethyllarmamide (DMFI. And this
is where the problem started. Its so­
lution. in time to be of practical
value to the company. required the
integrated elforts 01 a team 01 spe­
ciaHsts in lR. X-rav diffraction. X-ra,'
spectrography. arc--spark spectrogra-­
phy, thermal methods, gas chroma­
tography, and solution chemistry. In
addition. a literature searcher was
needed to find a synthesis procedure
for the tentatively identified material
to "cinch" an identification.

An early pilot plant run in Beau­
mont yielded TPA product which, not
only lailed the colartest, but also did
not completely dissolve in the DMF.
The question was, "What is the
DMF-insaluble material'" This was
the Question I was asked to answer
when I was with Mabil Chemical as
manager of the Analytical and Physi­
cal Chemistry Department. The then
vice president 01 the Research and
Development Division phoned and
told me to go to Beaumant and find

out what that DMF "turbidity" was.
Although the immediate question was
the identity ofthe turbidity, the crit­
ical Question .....as how to prevent it,
..... hatever it was, from forming. The
problem had top priority, and for sev­
eral weeks most of the specialists in
the department did little else. Fi,,,
pounds of TPA product whicb failed
the DMF test was requested for tbe
Research Laboratory in Metucben,
N.J., and I "'"nt to Beaumant. T....
to hecome familiar with the pilot
plant operation and to obtain test
samples for study.

Nondestructlve Tests Used to
Survey Test samples

Because only a few milligrams 0(
the DMF turbidit\' could be isolated
lrom several pounds of TPA product,
initial tests on the DMF-insoluble
material were limited to the nonde­
structive techniques readily available
in our lab: X-ray diUractian, X·ray
spectrography. and infrared spectros­
copy. The same measurements ""ere
made with the Beaumant test sam­
ples. and the material removed from
the ash fiher and the DMF turbidity
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from the TPA product were almost
identical (Figure 2). '!'he two materi·
als had identical infrared spectra and
nearly identical X·ray diffraction pat­
terns. Also, the X·ray fluorescence
spectrographic measurements showed
that the two materials contained the
same metallic elements in roughly
the same concentration ratios. These
findings enabled us to do subsequent
work with the pound or so of ash fil­
ter material father than with the lim­
ited amount of DMF-insolubles.

Identification of Inorganic Part

The nature and concentration of
the inorganic materials in the ash fil­
ter sample were established to the ex­
tent justified by the nature of the
sample as illustrated in Figure 3.
From all the data shown. it was esti­
mated that about half of the inorgan­
ic material was CaSO,. Thus, at
most. only 3 or 4% of a metal was
available to form a salt or chelate
with TPA. Consequently, the data on
the inorganic part of the ash filter
sample supported the IR conclusion
that the main constituent of the ash
filter sample (and the DMF insol­
ubles) was not primarily 8 salt or
chelate of TPA. (For example,
Ca(TPA) contains 11% Ca.)

Cobalt, iron. and calcium were
found in the DMF-insolubles by
X-ray spectro~aphy.The ratios of
the three metals in the DMF-insol­
ubles and in the ash filter sample and
the concentrations in the ash filter
sample suggested that less than 0.1%
cobalt was in the DMF-insolubles.
Consequently, the DMF-insolubles
could not have been a cobalt salt or
chelate. The same can be said for
iron.

Identification of Organic Part

Having convinced ourselves that
only a minor part of the DMF-insol­
ubles could have been of an inorganic

Figure 3, Techniques for inorganic
and organic substances used in com­
bination to show what material could
and could not be

Look at
Organic

Part

(Ash Filter and OMF-Insolubles Are
Vlltually the Same)

Figure 2. Nondestructive methods used to show DMF turbidity
and ash filter material were virtually the same

1 Nol TPA

The.maUymOle
!lablelhan TPA
iwluchsubhmes
al- 400' Cl

Convened 10
TPAand OMT
bychemttill
Iledlmllnls

4 HydlOlyllcaUy
stable
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:L ..""".,,, '., a., ~!)h~f!,~ttfY~:~tC:~;~eti::,":: ~
:'~Y:Cb.,~:;o!~~Jn,!l'SIZlls'andmlnl(l1umpulsatl9n. Spit you

rieed.a'relfable pymp'for electrophoresis, chromatography,
density gradients; for on-lIne ratio mixing in process develop­
ment; with automatic analyzers..•• wherever a versatile, precise
metering pump is essential, check out the Buchler line today.

A. DekaSlaWr"'with 10 channels

B. MuW·SlaW!'with 4 or 8 channels

C, Mono-S/aWJI'with one channel

D. POlys/aW!'with 4 channels

BD Buchler Instruments

Division of Searle Analytic Inc.
, 327 Sixteenth Street
Fort Lee, New Jersey 07024

CIRCLE 23 ON READER SERVICE CARD

436A • ANALYTICAL CHEMISTRY, VOL. 46, NO. 4, APRIL 1974

nature, wc concentrated on the or·
ganic part of the problem. The ash
filter sample and several TPA snm­
ple~ were treated with methanol to
produce methyl esters nnd other voln­
tile substances which were cxtructn­
hie with chloroform und could bl'
passed throu~h 0 gas chromotograph.
Although only about 20% of the sam·
plc was esterified. almost 011 of the
material that ~ot throu~h the chro­
matograph was DMT,

Because of the J:"as chromatographic
observation thut the ash filter sample
yielded only ubout :20% TPA ester
when carried throu~h the esterificn­
tion procedure and hecuu~ the lR
spectrum of the residue wus thr same
as the starting material. a hydrolysis
study was made. The sample wns
treated with NaOH. and the insuluble
residue was separated by filtration.
dried. and weighed, When the filtrate
was acidified. it gan' n precipitate
which was identified as TPA. About
62% TPA was recoVl.;,red with the first
treatment. After four treatments.
83% was recO\·ered. This gave a resi­
due of 1,% which was in the ball park
with the 8.5% ash figure obtained
earlier.

Unfortunatel\'. we did one more ex­
periment thut caused unnecessary
confusion. \Ve boiled the ush filte-r
sample in water for ut least 2 hr. and
it remained insoluble. Nevertheless.
we came to the conclusion thut we
had a highly crystalline polymer that
was hydrol"zed wit h base or acid to
J{ive TPA a"nd could be partiall\' con­
verted to DMT by a con"entio~al es­
terification proc~dure.

At this point. I had a meeting with
all of the specialists who worked on
the problem. and wr svstematicallv
decided what the DM~··in50lubles·
could not be. The only possibilities
we had left was an anhvdride or a
peroxide. and we conct"uded that the
TPA more Iikelv had {armed an an­
hydride. But it ~as difficult to con­
vince our organic chemists that TPA
most likely had formed an anhydride.
Consequently. onc of our literntuH'
searchers went to the Chemists' Cluu
Library in New Yurk City and fuund
a 19f)9 'German article d~:;l'fihing the
synthesis 01 TPA anhydride. \Ve
translated the article and followed
the recipe. The IR spectrum of the
synthesized material matched the In
spectra u{ both the ash filter snmple
und of the DMF·insolubles, The
X-ray diffraction pattern:; also
matched.

\Vhen wc were cunvinced that the
DMF-insolubles indeed were pol\'·
(TPA anhydride), we suggested to the
engineers thut stcum he used as II

carrier gos instead of nitrogen to pre­
vent the formation o{ the nnhydride.
This sulved the prohlem: nu more
DMF-insolubles und no more color.



Books

Quantitative NMR:
Good Coverage of the Uterature

QuanthaU.e Analy. by NMR Spec­
troecopy. F. Kasler. viii + 190 pages.
Academic Press Inc .. Lld.. 24-28
Oval Rd.. London. NW 1 7DX. En­
gland. 1973. £4.50
Reviewed by John A. Sogn. The
Rocke/eller University. New York.
N. Y. 10021

Steady advances in instrumenta­
tion and methodology are substan·
tially increasing the range of applica·
tions of NMR to quantitative analysis
at the same time that new. relatively
inexpensive &pectrometers are making
the technique available to a wider au·
dience. This makes the appearance of
any book on the subject timely. al·
though this particular book is less
than ideal.

The stated aims of this volume, the
third in a series of monographs on the
analysis of organic materials (series
editors R. Belcherand D. M. W. An·
derson). are twofold. The first, sub·
stantially successful aim is to collect
under one cover all of the relevant lit·
erature references in what has been
until now a rather diffuse application
of NMR. The literature is covered
through early 1972. The second.
largely unsuccessful aim is to intro·
duce this application to readers who
are not yet familiar with the method.

The book is divided into four parts.
Part A gives the basic theory of NMR
and a discussion of instrumentation.
with a table of performance criteria of
commercial spectrometers. The theo·
ry is too condensed to be an accept· .
able introduction to NMR for some·
one unfamiliar with the subject. and
it does not go into enough depth on
subjecta specifically relevant to quan·
titative studies. A good feature. how·
ever, is the section on lanthanide
shift reegenta, which are too new to
be discuased in most NMR texta and

which should be useful for quantita·
tive applications because of their
ability to reduce spectral complexity
in some cases. The section on instru­
mentation is brief but of use to new·
comers to NMR, parricularly because
of the lucid discussion of the merits
of different types of spectrometers.
Spectrometer design is changing rap­
idly enough. however, that the list of
commercial spectrometers has al·
ready become somewhat outdated.

Part B covers the most imponant
practical considerations involved in
quantitative studies by NMR, includ­
ing such matters as solvent selection,
sample handling, and integration
techniques. It is done well with the
exception of the chapter on sensitivi­
ty enhancement. which is superficial
except for a detailed set of instruc­
tions for using the Varian C·1024
CAT with the Varian A·60 spectrom·
eter. a subject of moderate but not
universal interest.

Part C covers specific procedures
that have appeared in the literature.
The coverage is broad; yet, experi·
mental details are included wherever
they are of use. Part D briefly men·
tions three topics-polymers. wide
line methods, and nuclei other than
protons-which are in general not
covered in part C.

Despite its drawhacks. this book is
recommended to workers in the field,
who will appreciate the collection of
references. Since it is the only book
devoted solely to this subject, it must
also be recommended to nonexperts
interested in learning about the pos.
sible applications of NMR to quanti­
tative analysis, but only after they
gain a basic understanding of the
background of NMR from one of the
standard introductory texts, such as
"Nuclear Magnetic Resonance Spec­
troscopy" hy Bovey.

Modular Treatment
of Instrumentation

Chemlc:allnatrumentatlon: A &,a­
tematlc Approach. Second editiOn.
Howard A. StrObel. xxii + 903 pages.
Addison·Wesley Publishing Co.. Inc..
Reading. Mass. 01867. 1973. $22.50
Revieu:ed by Gory M. Hie/tje. De·
ponment 0/ Chemutry, Indiana Uni­
ve...il)·, Bloomington. Ind. 47401

According to the author', preface.
this book is designed to acquaint a
student with the various spectromet·
ric, electrometric, and other physical
methods which are of importance to
chemists and to develop in the stu­
dent a working knowIed&e of the
measurement process itself. With this
background. the student should be
able to select and perform insUUmen­
tal procedures appropriate to a spe­
cific problem and to readi\y master
unfamiliar techniques. This text is a
substantially expanded revision of tbe
earlier edition and includes a number
of additional topics and chapters, two
of which (on mass spectrometry and .
chromatography) ha,.. been contrib­
uted by other authors.

In his treatment. the author has
presented a more unified approaeh to
instrumentation than was provided in
the Hrst edition. InstrumentalllYS­
tems are viewed as being modular,
with block diagrams extensively em­
ployed. Modules are then claaaified
according to function, examined indi­
vidually, and employed in 1arJer IIYS­
tems. Accordingly, the book is OI'Ia­
niled in sections. with an initial
chapter on measurement principles
and "systems" design. followed by
several excellent chapters on buie
electronics and optics. Later-uona
deal with integratad modular _m· .
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Books

bUes in the form of entire instru·
ments, and cover spectrometric. elee­
trometric, and chromatographic tech­
niques in detail.

This book has several strong points.
Throughout, the theoretical basis of
each technique is presented with a
depth and clarity missing in most
terts on instrumental methods. Also,
the chapters on electronics and optics
are well-written and unusually com­
prehensive. They are directed toward
the practical user of these tools but
are sufficiently rigorous to satisfy the
better student. Wherever possible,
the author has combined the discus·
sions of several methods to emphasize
their similarities. For example, the
absorption of electromagnetic radia­
tion by molecules is first discussed in
a general way, with later emphasis on
experimental differences to be found
in each spectral region (ultraviolet,
visible, infrared, and microwave). Ex·
cellent references are given at the end
of each chapter and in an appendix,
and frequent examples are provided
within eacb chapter to illustrate and
clarify important points. In general.
the questions and problems are
tbought provoking and challenging,
and when answers are supplied, they
appear to be correct.

The primary shortcoming of the
book is its attempted breadth. Even
in the area of spectrochemical analy­
sis (clearly the strongest), several
topics have been omitted to maintain
El manageable length. Thus, X-ray
spectrometJy and electron spectrome­
try (ESCA, etc.) are not even men­
tioned. More importantly, only a sin­
gle chapter has been devoted to sepa·
rations methods, wbich form such an
important part.of modern instrumen·
tal analysis. High-speed liquid chro­
matography, for example, is allotted
little more than one paragraph. Other
criticisms, less important than the
above, could be directed at the occa­
sional inconsistent or improper use of
terms (e.g., intensity, fluorometry)
and the infrequent but confusing
usage of a single symbol for several
different quantities.

Because of its excellent treatment
of optics and the theoretical founda­
tion of spectrometric methods, this
text can be strongly recommended for
use in graduate and advanced under·
graduate COUl!ies in spectrochemical
analyais and instrumentation. How·
ever, the book is less suitable for two
other curricular appliclltions suggest·
ed by the author. The brief coverage

of chromatography would seriously
weaken any undergraduate course in
instrumental analysis, unless that
material had been covered in an ear·
lier class or could be provided in lec·
ture.by the instructor. Also, the exis·
tence of more detailed texts on elec·
tronics and instrumentation and the
absence of accompanying laboratory
experiments would preclude the
adoption of this book for this latter
kind of course.

Another Textbook
Analytical Chemistry. J. G. Dick. viii
+ 696 pages. McGraw-Hill Book Co ..
1221 Avenue of the Americas. New
York. N.Y. 10020. 1973. $13.95

Revieu'ed bv Robert L. Pecsok. De·
partment oi Chemistry, Uniucrsityof
Hou·oii. Honolulu. Hou'oii 96822

They say you shouldn't judge a
book by its cover, but this one is an
exception. The cover design-a pair of
crossed retorts on a black field-sets
the tone for the next 500 pages. In the
introductory chapter, the author re·
minds us that the techniques of qual.
itative analysis, such as in hydrogen
sulfide separations, provide excellent
opportunity to learn much concerning
chemical reactions. and he regrets
that these procedures are rarely
taught or used.

After the usual overview of "funda~
mental" concepts in quantitative
anaJysis (solution concentration
units, chemical equations, and stoi·
chiometry), we are treated to 50
pages on the treatment of analytical
data-an overdose at this point, to
say the least. Next come 124 pages
on chemical equilibria including rig.
o1Ous deri\'ations and detailed eX8m~

pies of all types of ionic equilibria.
Unfortunately, it is not elear to the
reader why it is important for him to
struggle through cubic equations in
solving for the pH of HA or NaA so·
lutions; or why he sh9uld be subject·
ed to a quartic equation to get (H +)
= v KiC for a solution of H2 A. Four
pages are used to derive the equation
for a simple buffer system. Such love
of detail may please the purist, but
think of the poor student who
thought he was going to learn some·
thing about analysis!

The next 220 pages present detailed
discussions of titration curves, in­
eluding about six pages on the oxida·
tion of organic cornpounds and a
short chapter on nonaqueous solvents
(without mentioning the "Ieveling"
effect). An adequate chapter on
gravimetric analysis includes a brief
mention ofthe use of a thermoba· .
lance to obtain pyrolysis curves.

The chapter on electrochemistry
does contain five pages on ion·selec·

tive electrodes and discuaaions of cou·
lometric titrations and polarography
which resemble the material in J. J.
Lingane, "Electroanalytical Chemis·
try," and L. Meites, "Polarographic
Techniques." A fairly standard treat·
ment of visible light absorptiometry
is given. The author's devotion to
equilibrium calculations is obvious in
his rigorous handling of the Craig
separation followed almost immedi·
ately by all of three pages on gas-liq.
uid chromatography. The final chap·
ter gives rather brief, cookbook style
procedures for a variety of both stan·
dard and few more modern student
experiments.

A few surprises are to be found. On
page 15, the oxidation state of 0 in
NaHSO, is given as -2. but its oxi·
dation number is said to be -B, On
page 86 a Greek" is used to repre­
sent both the proportionality sign and
as a symbol for activity. all in the
same line without definitions. HCI,
HNO., and HCIO, are listed as "or·
ganic acids" on page 92. and Na2A is
called a "dibasic acid salt." The word
"desiccator" is misspelled throughout
the text.

The author's style is scholarly but
pedantic. The instructor will find it
difficult to teach from. and the stu·
dent will find it dull. It is doubtful
that manv students will be turned on
by the fr.,quent pleas. "It is suggested
that an appropriate student project
would be the development of such
exact and approximate equations."
Extensive problem sets are given in
each chapter. but many of these in­
volve too much repetitive busy work.

To summarize, there is little in this
text that could not be found in the
texts of 30 years ago. The author has
overemphasized the riRorous handling
of equilibria without J{iving 8 compo·
rable or even an adequate description
of careful Jaboratory manipulative
techniques. There is hardly an insight
8S to how real analyses are performed
in a modern laboratory.

New Books

Undergraduate Instrumental Analy­
sis. Second edition. James W. Robin­
son. xvii + 379 pages. Marcel Oek­
ker. Inc .. 95 Madison Ave.. New
York. N.Y. 10016. 1973. $12.75

The object of this book, written
with the nonchemistry major in
mind, is to present a survey of recent
innovations in analytical chemistry.
For example, in the fields of spectros·
copy. an attempt ha. been made to
provide a simple approach to each
development. It is not expected that
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Today's supply of raw materials is
creating shortages certain to result in higher
prices. Finding a way to clean and reuse
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From the standpoint of availability and
economy, ALCONOX· and L1QUI-NOX" help
extend the life of your disposables ...
Pipettes, syringes, test tubes, emesis
basins, bed pans, petri dishes, flasks, and
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compare the different techniques. and
to integrate two or more techniques
for wider applications." The subjects
covered are gas, high-resolution liq­
uid. thin-layer. paper, and gel perme­
ation chromatography; visible, ultra­
violet, infrared, Raman, nuclear mag­
netic resonance, and electron spin
resonancc.spectroscopy; mass spec­
trometry; GC/MS; electroanalytical
methods; and differential thermal
and thermogravimetric analysis. The
book is intended ss an advanced
guide. and although not an exhaus­
tive survey, it is comprehensive
enough to give the reader the most
important information.

Continuing Series

Analytical Methods Developed tor
Application la Lunar Sample Analy­
ses. Special Technical Publication
539. Publication Code No. 04­
539000-38. 156 pages. American 50­
ciely for Testing and Materials. 1916
Race St.. Philadelphia. Pa. 19103.
1973. $15 (For countries other than
U.S.A.. Canada. and Mexico. add 5%
shipping charges)

This publication describes the
present status of advanced testing
methods used in lunar sample analy­
sis. Particular emphasis is placed on
the description and evaluation of the
various experimental techniques as
opposed to lunar science conferences
which have emphasized interpreta­
tion of the results.

Annual Reports on Analytical Atomic
Spectroscopy: Vo12. D. P. Hubbard.
Ed. x + 216 pages. Society for Ana­
lytical Chemislry. 9/10 Savile Row,
London. W1X lAF. England. 1973.
$13

References in the text are given to
over 1100 papers which appeared in
the literature or were presented at
conferences. symposia, and meetings
in 1972. The references are numbered
in approximately chronological order.
An attempt was made by the editor
to be comprehensive, critical, and
constructive. The contents are divid­
ed into two parts: fundamentals and
instrumentation (light sources, exci­
tation sources and atomizing systems,
optics, detector systems, data pro­
cessing, complete instruments, and
ancillary equipment); and methodol­
ogy (general techniques and applica­
tions).

Ion Exchange and Solvent Extraction:
Vol 5. Jacob A. Marinsky and Yizhak
Marcus. Eds. xii + 278 pages. Mar­
cel Dekker. Inc_. 95 Madison Ave..
New York. N.Y. 10016. 1973. $19.75

Comprehensive Inorganic Chemistry.
J. C. Bailar, Jr.. et al .. Eds. 6000
pages. Pergamon Press, Inc., Fair­
view Park, Elmsford, N.Y. 10523.
1973. $386 (five-volume set)

This reference set is designed to
"fill the gap between the typical one
or two volume inorganic textbooks
and the existing multi-volume series
which have reviewed the Periodic
Table intermittently with upwards of
ten volumes, often scattered over as
many years."

the student will become an expert
after reading this book, but he should
become sware of the principle fea­
tures of the methods such ss the in­
fonnation they provide. the difficul­
ties involved in obtaining this infor­
mation, and what information cannot
be obtained from these different
methods. No discussion of volumetric
and gravimetric analysis is presented
since the author feels that these
subjects are more thsn adequately
treated elsewhere.

The Analysis 01 Slags and Related
Oxide-Type Materials-Audio Sym­
posium. Special Technical Publica­
tion 542. Publication Code No. 04­
542000-39. Two cassettes and book­
let. American Society for Testing and
Materials. 1916 Race St .. Philadel­
phia. Pa. 19103. 1973. $12.75 (For
countries other than U.S.A.. Canada.
and Mexico. add 5% shipping charg­
es)

This 3-hr audio symposium con­
tains discussions on the application of
multichannel spectrometers to ele­
mental analysis, current status of
X-ray emission analysis, atomic ab­
sorption spectrophotometry, and opti·
cal emission spectrometers as used in
the analysis of slags and related ma­
terials.

Books

Guide to Modern Methods of Instru­
mental Analysis. T. H. Gouw. Ed. xii
+ 495 pages. John Wiley & Sons.
Inc .. 605 Third Ave., New York. N.Y.
10016.1972. $19.95

This "Guide" uses theoretical ma­
terial as well as specific methods to
describe the most widely used proce­
dures for instrumental analysis. Its.
aim is to provide the rcader with the
informat ion necessary "to understand
the role of each technique in the solu­
tion of a particular problem. to easily

.
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Contained in this volume are dis­
cussions of new inorganic ion ex­
changers, application of ion exchange
to clement separation and analysis.
and pellicular ion·exchange resins in
chromatography.

Organic Electronic Spectral Data: Vol
9. John P. Phillips. Henry Feuer. and
B. S. Thyagarajan, Eds. xiii + 960
pages. John WHey & Sons, Inc" 605
Third Ave" New York, N.Y_ 10016,
1973.$40

This series is an effort to abstract
and publish in formula order all the
ultraviolet-visible spectra of organic
compounds presented in the journal
literature. The total collection,
throug-hout the volumes so far pub­
lished. amounts to nearly 200.000
spectra. The data in this volume were
abstracted from 109 journals and gen­
erally had to satisfy the following re­
quirements: the compound had to be
pure enough for satisfactory elemen­
tal analysis and for a definite empiri­
cal formula; solvent and phase had to
be g-iven (some spectra are men­
tioned, even if the solvent were not
given since the solvent was most like­
ly ethanol); and sufficient data to
calculate molar absorptivities had to
be availahle, Wavelength values for
all maxima, shoulders, and inflec­
tions and the logarithms of the corre­
sponding molar absorptivities are
given.

Methods of Biochemical Analysis:
Vol2l. David Glick, Ed. viii + 572
pages. John WHey & Sons. Inc.. 605
Third Ave" New York. N.Y. 10016.
1973. $22.50

Subjects covered in this volume in­
clude techniques for the characteriza­
tion of tightly bound microsomal en­
zymes, determination of selenium in
biological materials, analysis of nu­
cleic acid constituents at the subna­
nomole level by high-performance
ion-exchange chromatoJ{raphy with
narrow-bore columns, enzymic deter­
mination of D-glucose and its anom­
ers, radiometric methods of enzyme
assay. polarography and voltammetry
of nucleosides and nucleotides and
their parent bases, and chemical and
biological applicatinns of integrated
ion-current quantitative mass spec­
trometric analysis.

Encyclopedia of Industrial Chemical
Analysis: VoI1S. Foster Dee Snell
and Leslie D. Eltre, Eds. xiv + 545
pages. John Wiley & Sons, Inc.. 605
Third Ave .. New York. N.Y. 10016.
1973. $40 ($35 by subscription)

This latest volume proceeds from
Si, through Si organic compounds, Ag,
soaps, Na, steel, Sr, styrene and its
polymers, sugar, S, Ta, tea, and 1'1.
to thiophene.
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SIEMENS

The key to perfect analysis

Modular design stands for free com·
bination and step by step extension.
The sequential X-Ray Spectrometer SRS
has been for years a concept of high
performance analysis. Continuously
modernizing technology and consistent
modular block principle, make it more
then ever the equipment of your choice
today.
Versatile analytical problems require
versatile instruments with extension
capability at reasonable and economi·
cal prices. This is offered by the Siemens
SRS system with its different versions.
Since the several hundred installed
SRS are so universal, they analyze ai-

most everything: ... Glass, blood, grain,
soil, meat, aluminium, oil, dust, water,
coal, steel, paint, cement, milk, non·
ferrous metal, plants, gasolin, pharma­
ceutical products, _

Further information concerning our X-Ray
Analysis Spectrometers can be obtained
from the Siemens Offices or through
Siemens Corporation, 186 Wood Avenue
Soulh, Iselin, New Jersey 08830.

Sequential X·Ray Spectrometer SRS

Some special features:

• 4-kW generator with equipment for
simultaneous operation of two tubes
(highly stabilized constant potential)

• 10 analyzer crystals available

• X-Ray tubes with Au, W, Mo, Cr, Rh­
targets (assymetricallocatcd)

• Hardware or computer control with
a new evaluation program TP 881
SP 88 - powerful and flexible

• Compact electronic modules accord­
ing to the NIM AEC standard

X-Ray Analytical Equipment
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The Analytical Approach

\Vith this issue of the Journal. we
begin 0 new feature entitled "The
Anulyt icnl Approach." The title WOl'i

inspired by an editorial by Dr. Lai·
tinen IAmll. Chem .. ~2. 1121 (197011
in which he discussed the "two equal­
ly importllnt aspects" of analysis. re­
search und service. It is 8 curious fact
that (.'vcn though most analytical
chemists-indeed. most practitioners
of any profession-spend 1110st of
their time solving problcm~ as a ser­
vice to someone else. there is no place
to report the general approach taken
in recognizing und soh, jog problems.
This vital role of the nnalvtical chem­
ist is scarcely ment ioned in our jour­
nals. und it is virtually ignored in our
formal training. It is the intent of the
feature to illustrate how the analvti­
cal chemist solves problems via defi·
nition of the problem and choice uf
the most suitable method or combi­
nation of methods to arrive at a :-.olu­
tion consistent with the urgency and
priority of the problem. Stress will he
placed on the generality and the no\,·
city of the approaches presented. and
a special effort will be made to point
out \\'hat was flol as well as what was
done.

The feature i:-. expected to be of
part icular interest to the "generali~t"

project leader in the industrinl ana·
lyticulluboratory and tu the anulyti­
cal manager who must keep methods
in a cOlnplcmentary relationship so
that the purticular advuntages und
limit ut ions of the methods ure bal·
anced for each problem. It is hoped
thElt the llrlicles Also will be llseful to

teachers uf analvtical chemistrv who
muy use thecxa'mples prescntc'd to
show their students the scope and ex·
citement involved in the service as·
pect of professionnl UI1111yt icnl pruc·
tice.

A great deul of effort has g:one into
milking this feuture 11 renlity. As eurly
as 1967, Hemv Freiser. as u member
of the Editori~ll A(l\'isory Bourd, pro·
pOlicd the ideu of publishing a fenture
entitled "Casebook of Annlvticul
Problems" to show the "pr~blcm up­
proach counterpllrt to the method
and t.echnique approach of most of
the Journal nrticles." After discus·

sions with the editors and the Adviso·
ry Board. he wrote to many industrial
laboratories for contributions. but
with little success. He encountered
the same reluctance as I did initially
in soliciting papers for the Fall 1973
ACS Symposium on "The Analytical
Approach to Problem Solving"
(('hem. Efl};. Neu·s. p21, Sept. 197:1).
There is a tendency to judge a po3si·
ble contribution from an industrial
laboratory as either too proprietary or
too technically trivial to report.

In 1969. after I had given a seminar
on "Analytical Problem Solving" at
the L"niversitv of Illinois. Or. Laitinen
asked me to sec about rekindling the
idea of n problem-solving column.
After ~everal attempts. I managed to

put together the 19i3 Chicago Sym­
po:-.ium and from it obtained the
commitments for the fir~t four contri­
bution~ to the feature which willap­
pear at irregular intervals. The chem­
ists and the companies that partici­
pated in the Symposium deserve our
special thanks.

The 19i3 Symp<n;ium wa:, success­
ful because the time has come for
"The Analytical Approach." ~lore

und more. the analvtical chemist will
make his most impOrtant contribu·
tion through his problem-solving: abil·
ities. The shortening life cycle of
chemical products means more fre·
quent plunt start-ups and the atten·
dunt nnnlytical problems as.sociated
with plant debugging: and with new
production and :-,ale5 promotion
schrdules. The increasE.'d nct ivitie~ of
environmelltaland cOllsumer inter(>5t
groups mean more nnulytical prob­
lellls. On thE.' other hand. the neE.'d for
specialist.:-' to SlIPr>Ort the gencrally
diminishing synthesi:, progrullls in in·
dustry probably will dC'('ft.'ase brcause
of the escalating: cost Ihealth und en·
vironmental data) of bringing new
compounds to market. Even the rapid
chunges in annl.\'ticul chemistry it:'E.'lf
mitigate ugainst the flourishing spt.'·
cialists of the 196()'s. Laboratories
find it more difficult to support n
specinlist for ('Hch of t he new too\:.;
now entering the nnnlytil'ullabornto­
ry. Forcxulllple, witness the u\'llil·
ubility of comlHercinl analytical ser-

Editors'
Column

vices by Du Pant and Dow [Anal.
Chem" H. 6-19 (197211. ~10re than
evcr. there is 8 need to recognize and
to encourage the unique and vital role
of the analytical ~eneralist by provid·
ing a place for him to report his work.
On page 433 A is my contribution to

initiate "The Analyticdl Approach."
Claude A. Lu.cchesl

(Iaude Lucehcsi I.~ It>Clurer and dirt>ctor
0; anahtlcal ... crl'lcf':>;or the Ch~ml.Str.

J)~parimr'nlo:l SortJlU.l.'lott'rTl l-mL'f'n>lt,
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L·rlll·er... I!.\ 0; IlIlnOI... 111 /%Oand f'urni'd a
J.1fI.D at Sunhl1l· tt'rn L·nW('f.}l!\ m /95-1
.-tftl'r ... ("'Tt Iflg (l.) peclro"cop, g;oop /.,.ader
at :"hd/l>t'l't'lupml''ll Cu. tlou..,lon. Ta.
from /!-6-l-.56. he brcaT1h' dlreclOr o{ tht
:\no(\tlcal H""'t·arch Vepartml?fl! of
....hall ut· \\·llflOm.s Co, Ifl Chlca~o In 1901
h"jul1I"d .\Iubil CheT1llcal Co dnd U(l.)
h.'ad ui tht'lf Anah clcaf and J~\!llCOJ

(·hcml ... r~ lJt'partm"nl in rh,' .\lnuchl'11.
S J . U.· ... ,'(lrch l..aboralIJr, Utl!IlI966 u ht'n
hI' bl'roT1lt, ma'l~t'r 0; .\Iobil·., Coa:ln...~.,
VH·I''''lOn laboratof'\ H.' ha..., b"t'n al
SIJfthu.,.• tan ... OIC-'" 1~ Ur Luccht'.}l ha...,

~~;:~r~~lt~;/~;~~I::~ 1~~/f;I/'~;1 ~!l;'~~;~~~d
...pt'Clro..~cOP.\. (tIld fJQl.\ Tnt'r... and cOCJtln}:~

HI'!.' art In' lTl rht' ChiraKo.-\CSand .sAS
S.'ctwn... arid ha.• r,'CI'Ilth ht't',1 dected atl
.-\C....· ('ounci/or Ht' 1... 0/;0 a m.'n1b('r ul the
(,'ot't'mlTlg Hoard 01 tht' r~'centl.\ form~d

Fl'd..roticm of Anah tleol Ch.'mi.;;:"" and
8p.,(·trlk>coP.\ Sot·j;llt'.... (1-:.\ ('S81. .
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repetitive measurements. Every lab reagent - even cor- 'J number for our free new catalog "LII REPIPETS and
rosives - can be used with REPIPET Dispensers except ,'... Dilutors."

[I
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RtLallYllsotopc Abu"'.I(Au. '-I

Instrumentation

Figure 1. Percent accuracy and pre­
cision of isotope abundance mea­
surements as functions of relative
abundance on gases :ntroduced from
reservoir

Direct Analysis of Stable Isotopes with
a Quadrupole Mass Spectrometer
R. M. Caprloll
Department 01 ChemIstry
Purdue University
West Lafayette. lnd. 47907

W. F. Fies and M. S. Story
Finnigan Instrument Corp.
595 N. Pastoria Avenue
Sunnyvale. Calil. 94086

Isutope ratios can be deter­
mined ll'ith high precision by
quadrupole mass spectrom­
etry even under the dynamic
conditions imposed by
cumbined gas chromatog­
raphy-mass speetrumetry.
Applications abound
especially in chemistry,
biology, and medieine

Inter£>St in the use of stable iso­
topes has sharply increased in recent
wars in all fields of chemistrv. biolo·
~'. and medicine as a combi~ed re­
sult of a decrease in the cost of stable
isotopes. advances in the design and
performance of magnetic resonance
and ms...:.s spectrometric instrumenta­
t ion. and the general concern o\·er the
hazards of radioactive isotopes. Of
particular utility in isotope methodol·
o~' is the emergence of mass spectro­
metric techniques designed to simul­
taneouslv determine the abundance
of a particular isotope and also its
loration within the molecule. This di­
n~ct analysis thus provides much
structural information and has con­
siderable ad\'anta~('Qver other iso­
tope It.'rhniqul>S which require com­
plex det:rudative procedures to locute
the isotopic atom.

Stable isotopes have been used in u
widl' variety of applications. most of
which involve their use as tracers ei­
ther to follow the fate of a particular
atom in a reaction series or an entire
molecule in 8 complex sy~tem. For
example. tracin~ particular atoms of
n molcl'ule is vital to the elucidation
of the ori~in of certain atom~of cellu·
lar metabolitl'S in biosynthetic stud·

ies (l. 2) or in the studv of reaction
mechanisms where tb~ fate of one or
more atoms is diagnostic of a particu·
lar mechanism (3. 4). Specific isoto­
pic labeling is also used when the fate
of the entire molecule is of interest.
such as in studies of the metabolism
of drugs or other compounds in living
cells (5) or in isotope dilution experi­
ments in which quantitath"e analyses
are sought. In \'iew of the increasing
u~ of stable isotopes. it is becoming
of critical importance to dC\'elop
mass spectrometric techniques which
attain better accuracy in the mea·
surement of isotope abundances in
complex molecules. In addition. the
use of the technique of mass fragmen·
tography in which samples containing
miJ.ture~art' anal\'zed bv continuous
ion monitoring alSo requ-ires accurate
ion intensity measurements if quanti­
tative data are to be obtained. This is
of significant value in the analysis of
drugs. drug metabolites. and other
compounds at subnanol{ram le\'els
(61.

Direct Analysis 01 Stable Isotopes

Direct analy"is of stable isotopes
in\'olvcs measurement of ton intrnsi·
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ties of the several isotopic species of a
molecular or fragment ion formed in
a mass spec:trometer. In addition, if
structural information is required, a
study of fragmentation reactions
through the use of normal and specif­
ically labeled compounds may also be
necessary. The alternative method for
the mass spectrometric analysis of
stable isotopes is indirect and in­
volves the combustion of the sample
to a gas. usually H. for deuterium
analysis. N2 for l~N analysis, and
CO2 for "C and"O analyses. fol­
lowed by measurement of the isotope
ratios of these gases (7). However,
this method has the disadvanta~esof
providing no structural information;
requiring relatively large amounts of
sample. usually at least 1m~; and
poor accuracy as 8 result of the si­
multaneous combustion of contami­
nants or incomplete combustion. even
though the mass spectrometric ratio
measurement may hav~ a precision 85

high as ±0.001'1o.
Although direct analysis of stable

isotopes is the method of choice in
many cases. it has not become a rou­
tine tool because of the relatively
poor precision obtained in isotope ratio
determinations by use of magnetic
mass spectrometers. To be of ~eneral
utility, methods for direct analysis
must be able to achieve a precision of
approximately ±0.1%or better with
microgram or nanogram quantities of
sample injected inlo the GC inlet of a
mass spectrometer. Many biomedical
experimenL'i invoh'e the isolation of
small amounts of samples containing
low isotope abundances. In many
cases, even high initial isotope con­
centrations give low abundance prod­
ucts owing to the enormous dilution
of the isotopic compound by the sys·
tem.ln addition, better precision in
measurement would also permit the
use oC isotope methodology in low en­
richment experiments where, pre­
viously. the high cost of high enrich·
ments was prohibitive.

To achieve high precision in lhe
measurement of the intensities of two
or more ions, it is desirable to mea­
sure these ions simultaneously in the
manner of double collector techniques
used with isotope ratio mass spec­
trometers. However. the fIXed focus of
magnetic instruments and use of a
Faraday cup collector. which are es­
sential to the high precision achieved
with this method, do not lend them­
selves to ratio measurements on high
mass and low abundance ions. The
potential solution to these problems
lies in the utilization or repetitive
scanning techniques. Thus. Hites and
Biemann (8) used continuous rapid
scanning over a given mass range to
measure ion intensities. Althou~h this
was an improvement over data ob-

tained from individual mass spectra.
scanning a portion of the mass spec­
trum in this manner results in poor
ion statistics since a great deal of
time is spent between peaks where
ions are not collected. In another ap­
proach. Sweeley el a1. (9. 10). Klein
et u1. (11). and. more recently.
Holmes el a1. (12) and Walson et a1.
(13) used an acceleratin~vollage al­
ternating (AVAI device 10 conI in­
uously switch the accelerating voltage
in a cyclical manner so as to succes­
sively focus a series of ions at the col­
lector. The precision of isotope ratio
measurements achieved with this
method was approximately ± 1%.
Limitations of the AVA technique are
detuning of the ion source when the
accelerating volta~e is changed. rela·
tively slow switching ratl'S demanded
by the high voltages involved. and lhe
requirement that thE.- mass differencl'
in ions to be comparl'd may not be
~ater than about 40%.

Advantages 01 Ouadrupoles

Quadrupole mass analyzers present
some attractive features in the pur·
suit of higher precision isotope ratio
measurements. First. the electrostatic
voltages used to produce mass disper­
Gion can be switched rapidly and
measured accurately. Thus. in a high
switchin~ rate mode. each ion of an
isotope series would be collected for a
time on the order of milliseconds with
continuous cycling over the series of
ions to be measured. Such a svstem
would approach the ideal of simulla.
neous collection of ions used with the
double collector method. Thus. with
rapid switching. only those instabili­
ties or pressure changes comparable
10 the swilching rate will arfecl the
abundance measurements. Since the
dead time or settlin~ time between
masses is smalll-I msec), almost all
the time the sample is in the instru­
ment is spent collecting the ions of
interest. Thus. compounds emerging
from the GC having a duration of
several seconds can also be analvzed.
Second, ions in a particular seri~s
may be collected for different
amounts of time depending on their
relative abundances. maximizing ion
statistics. Third, any ions in the spec­
trum, no matter their mass differ­
ence, may be measured in a particu­
lar analysis and need not lie within a
given percentage of the mass range.

During lhe pasllive years.lhe im·
provement of quadrupole mass spec­
trometer design and performance has
virtually eliminated difficulties gen·
erally associated wilh lhese inslru·
ments, such as lack of high mass sensi­
tivity and peak-tailin~.and has pro-·
vided capabilities which are compara­
ble to magnetic deflection instruments
in this re~ard. Quadrupole mass spec-

trometers. already in the forefront of
GC/MS methodolo~.further hold
the polential of becomin~a primary
instrument for the direct analysi!\ of
stable isotopes.

In the work described here. isolope
abundances were determined on a va­
riely ofsamplcs wilh a quadrupole
mass spectrometer. These include
some of the inert gases and 1110-10_
beled sugars. The inert ~ases are
ideal samples for testing both preci­
sion and accuracy of isotope ahun­
dance measurpments because their
abundances are known exactly and
because there is a sin~le isotopic
species per mass, unlike or~anic com­
pounds where ther(' may be mixtures
of carbon. hydrogen. nitro~en, and
oxygen isotopes at a particular mass.
In addition, the ran~e in thl' relative
abundances is 18r~e. bein~ nearly
1600:1 for m/I' 40:m/I' 38 for ar~on

and I: 1 for certain isotopes of krypton
and xenon. Thus, in the experiments
which follow. Ar. Kr. and Xe were
employed as standards. Their isotope
abundances were measured bv use of
a data system to analyze sam(lll's in­
troduced both from a reservoir inlet
in which the pressure is stable and
from the GC inlet in which lhe pres­
sure is ('onstantly varyinJ,:. The mea·
surements obtained from the data
system were also compared with
those obtained with the programma·
ble multiple ion monitor (PHOMIM)
coupled to di~ital integrators. A sec­
ond series of l'xperiments was per­
fonned involving measurement of iso­
tope ratios in fra~ml'nt ions of natu·
ralabundance and It!lQ·enriched pen·
taacetyl~lucosesamples introduced
into the mass spectrometer via the
GC inlet. This experiment was also
performed with the multiple ion
monitor-inteJ..'Tator system, and the
results were compon-d with those ob­
tained from the data sYstem. The
precision and occuruc)' of the mea­
surement techniques are J:iven to­
gether with a discussion of critical
pnrametf'cs involved in such measure­
ments.

Experimental

The inert gases (analyzed ~rnde)

.....ere obtoin('d from Mathieson (;as
Producls. (2_ 1"0) and (j·"0) penla­
acetylglucose were prepared and ana·
Iyzcd as previously descrihed (/2).

A Fillni~un Model :1100 quadrupole
moss spectrometer equipped with a
Model 9.500 gos chromntoJ:raph und u
Model r,OOO dota system wos used for
the determination of isotope ahun·
dunces. For ion detection, a 14-stu~e

beryllium-copper electron multiplier
WUN employed. The mass spectrume­
ter was {'quipped with u l·liter rc~r·
voir inlet 8ystem for the introduction
of ~ases. For GC studies, a 3·m X 2-mm
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Fisher Universal
Scintillation
Cocktail
is specially
fonnulated to give
youmaximum
counting efficiency
with all types
of samples

Use ScintiVerse'" Universal Cocktail
right from the bottle, with any sample,
No miXing, Unique formula insures
maximum counting efficiency - even
in the 18~/o water content range where
some cocktails give you only partial
readings or none at all.

ScintiVerse is one of the most con­
venient and versatile liquid scintilla­
tion counting media you can buy. It's
also one of the most thoroughly
purified and tested.

Purification eliminates contaminants
that would quench energy, shift
spectral absorbance, increase back­
ground, or cause chemiluminescence.
Lot analysis determines purity and
spectral absorbance. Pertinent infor­
mation is printed on the label.

Use-testing on contemporary instru­
mentation insures low background,
counting efficiency and quench
resistance.
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branch for immediate delivery of all
your Scintanalyzed'W Reagents,
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space-saving pre-measured concan·
trates and dry mixes. economical
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All are carefully tested to insure
reliable results, consistently high
counting efficiency, and lot to lot
reproducibility.

ScintiVerse is one 01 the most con­
venient and versatile liquid scintilla­
tion counting media you can buy. It's
also one of the most thoroughly
purified and tested,

o
Fisher Scientific Company
711 Forbes Avenue
Pittsburgh, Pa. 15219
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Table I. Isotope Abundance Measurements on Some Inert Gases
from Reservoir sample System

Theor.tlcal
'01 M..ad r.1

.bund.nce. .bun;,.nc., Accur.cy, Preci,alon.
Slimpl. .,. '!G• '"

Argon 36 0.337 0.344 :I: 0.003 +2.1 :1:1,0
38 0.063 0.067 :I: 0.0005 +6.0 ±0.7
40 99.600 99.587 :I: 0.003 -0.01 :1:0.03

Krypton 78 0.35 0.39:1: 0.003 +11.4 :1:0.83
80 2.27 2.31:1: 0.015 +1.8 :1:0.64
82 11.56 11.51 . -0.4
83 11.55 11.63 ± 0.015 +0.7 :l:O.U
84 56.90 56.69:1: 0.12 -0.4 :1:0.22
86 17.37 17.47:1: 0.05 +0.6 :1:0.28

Xenon 124 0.096 0.098 :I: 0.001 H.1 :l:l.0
116 0.090 0.095 :I: 0.001 +5.5 :1:1.0
128 1.92 1.98 :I: 0.01 +3.1 :1:0.50
129 26.44 26.41 • -0.1 •
130 4.08 4.18:1: 0.02 +2.4 :1:0.48
U1 21.18 21.37:1: 0.07 +0.9 :1:0.33
132 26.89 27.05 :I: 0.04 +0,6 :1:0.14
134 10.44 10.35 :I: 0.02 -0.9 :1:0.20
136 8.87 8.53:1: 0.02 -4.0 :1:0.23

• ~·H.ndbook of ChemistrY end Physlca," 51st .d., Ch.mal Rubber Ca•• 1971. 'Ion
nor"..11ud on.

(i.d.l OV·l column was used. A mass
defect adjust device was installed in
the mass calibrate circuit so that
after calibration witb perfluorotri­
butylamine, the mass set point could
then be moved the proper fraction of
a mass unit, depending on tbe mass
defect of tbe ion to be measured, to
monitor tbe top of the mass peak.
That this indeed occurred was veri­
fied by using the "diagnostic" mode
ofthe data system which aUows the
operator to observe on the oscillo­
scope display the peaks of interest
and the point on these peaks at which
the instrument is calibrated.

Ion intensities for the isotope abun­
dance determinations were obtained
by using the mass fragmentography
program of the data system in which.
for a given mass, ions are coUected
through a series of sampling times. l.
2,4,8, 16,32, and 64 msec or until
the analog-digital convertor satu­
rates. At this point, the computer
will store the total signal intensity
accumulated at the time prior to sat­
uration and then shift to the next ion
in the isotope series and repeat those
operations. Thus, the time spent col­
lecting ions of a given mass varied
from 1 to 64 msec, depending upon
tbe intensity of the ion current. After
the last isotope in 8 series was mea­
sured. the system immediately recy­
cled to the first, providing continuous
monitoring throughout the anal.ysis.
Isotope ratios were determined by
using the area under tbe peaks pro­
duced by the mass chromatograms.
i.e., the curve produced from a plot of
ion intensity vs. time for 8 given iso­
tope. A total of four ions could be
monitored at one time. For isotope
series containing more than four ions,
one ion was arbitrarily chosen as
unity, and the others were calculated
as a ratio of this. The abundance
measurement of the ion normalized
on was repeated in each set of deter­
minations until all isotopic species
were measured.. The oscilloscope dis­
play of the data system aUows the
mass chromatogram to be observed as
tbe data are being acquired. When
this is complete, the operator can
then choose the two points on the
mass cbromatogram through whicb a
base line sbould be drawn. Tbe two
points between wbicb tbe peak area is
to be calculated are then chosen. and
finally tbe peak area is obtained in
arbitrary units or as a voltage, witb
the portion of tbe background under
the peak subtracted. Other ions in
the isotope series are then similarly
measured and tbeir relative abun·
dances calculated.

Tbe precision of tbe measurements
preaented in tbe tables which foUow
is given in terms of the mean devia­
tion as a percent of the average value

calculated from four to.ix indepen·
dent determinations of each isotopic
species. Tbe percent accuracy of the
measurements is given 8S the per­
centage by wbicb the average abun·
dance differs from its true value.

In tbe experiments where the pro­
grammable multiple ion monitor

. (PROMIM) was used, each isotopic
species was monitored on 8 separate
channel of the unit, and the ion cur­
rent measured by individual digital
integrators (Autolab Model 6300).
The ion monitor was modified to
sweep over the top of each peak cov­
ering 8 range of approximately 0.25
smUt rather than remain stationary.
Sampling times of 1, 10. and 100
msec could be cbosen for each sweep.
As before, the instrument switched
from peak to peak continuously
througbout tbe analysis.

Results

Reservoir Samples. The relative
abundances measured for the inert
gases are given in Table I. Tbe gases
were admitted from a t·liter reservoir
at room temperature through 8 mo­
lecular leak to give an indicated ion
source pressure of approximately 5 x
10- 7 torr. Measurements were ob­
tained \\;th the data system in the
mass fragmentography mode, as de­
scribed earlier. witb a total sampling
time of 5 min. Since 8 maximum of
four ions could be monitored simulta­
neously, for krypton and xenon. iso­
tope abundances were determined as
ratios of mje 82 and 129. respective·

Iy, and tben relative abundances cal·
culated. Tbe precision and accuracy
attained as a function of isotope
abundance are sbown in Figure 1.

GC Samples. To make a direct
comparison of the precision and accu·
racy possible between the reservoir
gas sample where the pressure is not
changing and 8 more dynamic case of
GC samples wbere sample pressures
are constantly chanKing, xenon and
krypton were introduced via the GC
inletal room temperature by using a
gas·tight syringe. The results are
given in Table 11. As a typical exam·
pie, Figure 2 sbows the mass chro·
matogram of xenon at mje 124, the
Iightesl and least abundant isotope,
taken on continuous monitoring with
the injection of four different sam·
pies. Each GC peak w.s of approxi­
mately B-sec durat ion. The abun­
dances of each of the four peaks
shown in Figure 2 were, from left to
rigbt, 0.098%. 0.093%, 0.095%. and
0.095%. with the true value being
0.096%. The greater precision of the
last two renects the effect of better
ion statistics.

Comparison of the data given in
Table 11 for GC analyses to that in
Table I for reservoir analyses shows
comparable accuracy and precision.
Thus. it can be concluded that with
the rapid peak·switching system used
here, changes in sample pressure en·
countered with GC samples are suffi·
ciently slow compared to the switch­
ing time so as to have no significant
effect on abundance measurements.

Isotope abundances of fragment
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Whatsanew
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HANDIFLUOR'·
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Figure 2. Mass chromatogram of xenon al mle 1241aken on continuous
monitoring of four separate sample injections. Each scan number in plot
represents 1 sec

ion monitor was connected to 0 sepa·
rate digital integrator, it was neces­
sary to calibrate the integrators to
obtain a valid comparison between
this system and that used earlier.
The calibration was performed by
tuning the two channels of the ion
monitor to the same mass by using a
HX>·msec sampling time and compar­
ing the integrated peak areas from
each channel for different amounts of
sample. Figure 4 shows this calibra·
tion curve plotted as integrator units
vs. the ratio of the areas. When the
area of the peaks was greater than 4
X 105 units, the ratio of the areas
from the two channels was constant.
In the measurements which follow,
sensitivity was adjusted so that the
ratios fell in the linear portion of this
curve. In a typical analysis. one or
two sample injections are required to
set the mass, of each channel at the
top of the proper peak and to set the
sensitivity range of each channel if
the approximate abundances are not
known. Subsequent sample injections
can then be used for the actual isoto­
pic abundance measurements. The
isotope abundances of three samples
admitted via the GC were measured
in this way-krypton and the two
1SO-enriched glucoses-and the re·
suits are given in Table IV. The pre·
cision achieved was again similar to
that obtained in the earlier experi­
ments.

Discussion
One of the critical factors in deter­

mining isotope abundances with a
mass spectrometer is peak shape.
Thus, whether dealing with a mag­
netic or quadrupole instrument, it is
important to adjust the ion source
controls to give rounded tops-the
cI""er to a nat top, the better the
precision which may be obtained.
However, since this type of "tuning"
decreases the sensitivitv of the instru­
ment, 8 compromise m~st be made to
favor onc or the other depending
upon the particular application. In
the work reported here using 0 qua­
drupole, ion source tuning conditions
for the attainment of a precision of

ion at mle 242 contains the C·2, C-4,
and C-G oxygen atoms of the original
glucose molecule. Samples of (2_ 'SO)
and (6-180) pentaacetylglucose, as
wen as unenriched pentaacetylglu­
cose, were dissolved in methanol to a
concentration of approximately 1
"g/,,1 and were injected into the GC
inlet system at a column temperature
of 220·C. The ion intensities at mic
242 and 244 were measured, and the
isotope abundances of mic 244 are
given in Table Ill. The mass chro­
matogram for unenriched pentane­
etylglucose is gh'en in Figure 3. The
precision obtained with these samples
was the same as that obtained from
the nnalysesofthe inert gnses.

A finnl set of experiments was per­
formed in which the multiple ion
monitor-inte,,-ator system was used
to measure isotope abundance of GC
samples. Since each channel of the

ions of organic molecules were also
measured. In the mass spectrum of
pentaacetylglucose, the ion of mic
242 is derived from the molecular ion
by the successive loss of acetic anhy·
dride and formic acid (13). Thus. the
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0.1-0.2'11> resulted in a concomitant
1088 of a factor of only approximately
2 in sensitivity. Since tbese instru­
ments CM generally obtain mass
spectra from as little as I x 10-'
gram of sample, this loss ofsensitivi·
ty is not of major si~nific8nce.

Resolution also plays a significant
role in isotope measurements. At
maximum resolution, the peaks be­
come extremely sharp, making it
more difficult for the mass set to re­
main on top, since any instabilities
will cause it to shift to the side of the
peak. On the other hand. at low reso·
lution the tail of one peak will add to
the intensity of adjacent peaks. giving
poor accuracy. Therefore. resolution
was chosen tono more than a 1-2%
valley between adjacent peaks. pro·
viding a good tradeoff between reso­
lution and accuracy.

Inspection of Figure I shows that
for data obtained for gases sampled
from the reservoir, the average preci·
sionoblained was ±0.15% in the
abundance range 1Q-100 alom %,
±0,4% in the range 1-10 atom %. and
±0.9% in the range below I atom %.
The rather sharp falloff in precision
y.'hen the isotope abundance being
measured is below 1-2 atom % is pri.
marily the result of poorer ion statis­
tics.

Also from Figure I, the average ac­
curacy obtained for the reservoir
gases was 0,4% of the true value in
the abundance range 10-100 atom %.
1.4% in the range l-IOatom %. and
3.8% below 1 atom %. The decrease
in accuracy at low abundances is the
result of the combination of several
factors. First, at low resolution. a
small amount of cross-talk takes
place between peaks and has its

.greatest effect when the ratio of adja­
cent peaks is high. Second, any back­
ground peaks pf!!scnt will make a
larger percent contribution to the
lower abundance isotopes. as also will
any systematic errors in the measure·
ments.

Figure 4. Calibration curve for multi·
pie ion monitor-integrator system
with m/e 242 of pentaacetylglucose
Introduced via GC inlet as a slan­
dard. Curve plots arbitrary integrator
BreB units for each mass chromato­
gram vs. ratio of these araCi units for
two channels used

f,

I

V. m/e 244

"- rn/.242

liD 100 lliD
~~

Figure 3. Mass chromatogram of m/e 242 and 244 of unenriched pentaacetyl­
glucose. Each scan number in plot represents 1 sec
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of two flame ionization instruments in one. You can
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7 There's also an oven safety limit switch to prevent
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to 400°C allowing more precise adjustment for
optimum performance.

The 2740 includes every standard feature expected
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improve your analyses.

No other manufacturer matches the research performance
of the 2740. Those that come anywhere close charge a
higher price. For detailed information contact your Varisn
representative or Varian Instrument Division, 611 Hansen
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A comparison ofTable J (reservoir
inlet) and Table n (GC inlet) shows
that although the precision of the
measurements is about the same in
both cases. the accuracy of the low
abundance measurements is bet ler
for samples introduced via the GC
inlet. This is not surprising since the
data system allows a base line to be
drawn for the mass chromatoftTam
peak and background subtracted from
the &rea of this peak to 0 close ap·
proximation. This could not be done
for the reservoir samples. and nny re·
sidual background was included in
the measurements. Thus. these dats
show that rapid switching techniques
with 8 Quadrupole mass speclrometer
can be used to analyze GC peaks for
isotope abundance without sacrificing:
accurac'·.
Perh~psa more riJ!:orous tlOst of the

technique used here is thlO isotope
abundance analysis of the fra~ment

ions of normal and I·O-Iaheled pcn·
taacetylglucoses introduced via the
GC inlet. The data in Table 1II again
show excellent precision. in a~r('e­

ment with that obtained with the
inert ~ases. This. of course. provides
the capability of simultaneously ob­
tainin~ structural information and
higher precision isotope ratio analy.
ses, giving both the position of the
isotope within the molecule and its
abundance at that position.

The experiments with the multiple
ion monitor-integrator system show
that such a system may also be em­
ployed for high-precision isotope
measurements, as shown in Table IV.
This system has the main ad\'anta~e

of being less expensive than the data
system. On the other hand, with the
data system it is easier to focus the
masses to be monitored. This system is
also more flexible in that it has the
ability to adjust for maximum inte~a­

tion time without prior knowled~eof
the isotope abundance, the capability
of directly determining the ratio of
areas by an "area ratio" function. and
the capability of allowing the operator
to visually choose the two points
through which the base line is drawn.
The latter is of major importanc<' and
is illustrated by the comparison of
the isotope abundances of the 1HO_

enriched glucose samples from the
data system and ion monitor svstem.
In both cases. the abundance'-o".
tained with the ion monitor arc lower
by 0.2 to 0.3 atom % "0 than those
with the data system. This was due
to the presence of an impurity in the
sample, giving: a small peak at m/l'
242 on the leading edge of the sample
peak. and resulting in a base line
change. but there wati no correspond­
ing peak at m/e 244. Thus. the digi·
tal integrators on the ion monitor
added this shoulder into t he peak

area at m/e242. giving a lower abun­
dance for m/e 244. The data system. on
the other hand, allows visual in~pec·

tion of the peak and provides the
ability to go back after all the data ore
taken and choose the b8!\e line to 8
closer approximation. Thus, in the
above case for the data system. this
shoulder was not added to the peak
area for mje 242.

Ono furth.. point dealing with iso­
toJ>C abundance measurements with a
quodrupolt> mass spectrometer is
worth nuting and concerns mass dis­
crimination. Of the several isotopic
series studied. the accurncy attained
with the low mass species was the
same as that for the high mass
species. within the abundance limits
discussed above. Thus. no mas-"dis·
erimination was observed. e.g .. in To­
bles I und 11. the relative accuracy
obtained for the xenon isotopes ~ onc
proceeds from low tu hi~h moss shows
no trend as 8 functiun uf moss within
these 12 moss units.

In conclu~ion. the work prcsl'ntcd
here demonstrates the cnpahilit~·of n
qundrupo!e I1lnS,,"i spl'ctrometer for use
as a hi~h.prel·isi()n instrument for tht·
determination of isotopl' ratios. ('ven
under the dynamic l:onditions im·
posed hy comhint'd gas chromatogra­
phy-mass Spt·ctroml'try.
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anahrtical
.~ ~istry

A New Feature

For several years there have been discussions among the edi­
torial staff and Advisory Board about the desirability of broad­
ening the editorial coverage of Analytical Chemistry even fur­
ther by some sort of feature that would stress the application of
analytical methodology to the solution of problems. rather than
the development of the methodology itseU. The idea. while rec­
ognized as having merit, floundered for several years because of
obvious problems that could be foreseen. These included the
possible difficulty of obtaining the release of pertinent informa­
tion from industrial laboratories where most of the examples
would originate, the possible narrowness of appeal to a small
group interested in a specific problem, the difficulty of main­
taining quality over a period of time. and several others.

With the cooperation of the ACS Division of Analytical
Chemistry, a symposium was scheduled for the Chicago ACS
meeting in August 1973. The symposium was organized by Dr.
Claude A. Lucchesi, who had an exceptional background in
having had several years of experience in an industrial labora­
tory prior to his present academic appointment which involves
a service as well as a teaching function at NorthWf$tem Uni­
versity. Dr. Lucchesi agreed to an experimental appointment as
a contributing editor in 1974. during which four articles arising
from the ACS symposium will be published. Dr. Lucchesi will
work with editorial staff members to prepare articles of content
and style designed to appeal primarily to working analysts. The
first. based on Dr. Lucchesi"s own industrial experience, begins
on p 433A. His account of the origins of the new feature appears
in the Editors' Column. p 451A.

It is hoped that the articles will illustrate principles applica­
ble to a variety of situations. rather than just to the specific
problem at hand. It is also hoped that the articles will prove
educational to students and teachers in describing actual prob­
lems confronted by the practicing analytical chemist. Finally, it .
is hoped that readers will give us the benefit of their opinions
as to the usefulness of the experimental articles. as well as pro­
viding material for future articles so that the feature may ap­
pear more frequently in the years to come.
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Solvatochromism of Phenol Blue in the Ethyl
Acetate-Acetic Acid Solvent System

Ortand W. Kolllng and Jana L. Goodnlghl

Chemlst,y Department. Southwestern College, Win field. Kansas 67156

The solvent-Induced red shlll for the principal absorption
band of Phenol Blue was examined over the complele
solvent mole traction range In ethyl acetate-acetic acid.
The Influence 01 ethyl acetate-acetic acid upon the spec­
Irum 01 Ihe dye has some slmllarfly to Ihe elhyl acelate­
chlorolorm system and Is classified as regular wllhln the
mole Iractlon Interval from 1.0 to 0.28 (EIOAc). Because
01 the small change In dielectric constant and Index 01
relractlon lor the mixed solvent. the large red shlll must
be assigned almost entirely to Ihe perturbation energy
Irom hydrogen bonding by acetic acid. As the composi­
tion of the binary solvent approaches pure acetic acid,
the medium response of Phenol Blue Is Irregular. The re­
sulls 01 a restricted Investigation 01 the kinetics of the
bleaching of the dye In the same solvent pair are re­
ported as well.

The principal electronic absorption bands of the azo­
methine dyes exhibit a high degree of sensitivity to changes
in the solvent environment and this characteristic of the
dyes hos provided onc experimental route to the measure­
ment of solvent polarity (I). Phenol Blue (or N-(4·di·
methylaminophenyl)benzoquinonemonoimine) has been
the most thoroughly examined ozomethine dye from both
the experimental and theoretical viewpoints (2-4). The
significant influences shown by minor structural changes
in the dye molecule and by possible hydrogen bonding
from the solvent led Figueros to conclude that solvent po.
larity scales based on solvatochromism can have only lim­
ited utility (:I). In our preceding study, the solvent·in·

.duced red shift for Phenol Blue was measured os 0 func·
tion of solvent composit ion in binary aprotic solvents (5)
and we are reporting herein an extension of that investiJ:o­
tion to on oprotic-hydrogen bondinlt solvent pair.

A number of factors suggest that the cosolvents, acetic
acid and ethyl acetate, ore a suitable model pair for a hy·
drogen bond donor-acceptor system. Anhydrous acetic
acid is an important nonaqueous solvent for volumetric
analysis and organic syntheses. and it is a self-associated
solvent. Considerable information is available on Phenol
Blue in ethyl acetate. and in this solvent the transition
energy for the dye conforms closely to the predictions of
the McRae equation. The dielectric constants of the two
pure solvents are close together: 6.20 for acetic acid and
6.02 for ethyl acetate (at 25 ·C), thereby ossuring only a
small change in dielectric constant over the total solvent
composition range. Likewise. the two solvents have nearly
identical values for the index of refraction. .

One disadvantage of the model cosolvent system is the
destruction of the ozomethine dyes by protonic acids. Ki·
(') F. Fowler. A. Katrillky. and R. Rulherlord. J. Chem. Soc. (8).

1871, <60.
(2) E. G. McAae. J. Phys. Chem.. 61. 562 (1957).
(3) J. Flgueras,J. Amor. Chem. Sac.. 83. 3255 (1971).
(4) J. Flgueras. P. Scullard. and A. Mack. J. Or9. Chem.. 36, 3497

(197'1.
(5) O. Kolllng and J. GOOdnight. Anal. Chem.. 45, 160 (1973).
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netic data for the decomposition of Phenol Blue in ethyl
acetate-acetic acid were obtained for the acetic acid range
0.42 to 0.94 mole fraction.

EXPERIMENTAL

Solvents and Reagents. Ethyl acetate was dried over anhy­
drous calcium sulfate ond rc-distilled as reported in the preceding
work (5). Anhydrous ucetic acid was prepared from reagent grade
glacial acetic acid. followin~ the method of Taflpmeyer and Da·
vidson (6). The water content of the anhydrous solvents was less
than 0.001%. ba...ed upun Karl Fischer titrations.

Phenol Blue was purified by the same column chromato~raphic

procedure as before and the mcltin~ J)()int of the final product
was 161 ·C (5). Stock solutions of the dye were prepared at the 5
x 1O-4M level in ethyl acetate only. because of the decomposition
of the solute by acetic acid. Dilutions nnd binary solvent
mixturrs were made from burets protected with dryinJ{ tubes.

Spectra. The spectra of Phenol Blue in euch of the solvent
mixtures was examined from 450 to 740 nm using the Pcrkin­
Elmer Coleman 111 spectrophotometer, as reported previously
(5). However, since the dye slowly decolori7.es in the presence of
acetic acid' durinJ: the time required for spectral measurement,
the following modificatiun of technique was nece!:lsary.

The scan of the spectrum was mode at a constant rate for in­
crcasin~ wa\'elenf.:1.h until the absorption peak was reached; and
this lIcan was beKun exactly two minutes after the addition of the
acetic acid. Then. usin~ an identical freshly prepared solution of
the dye in the same sol ...ent mixture. the spectrum was scanned
after 2 minutes (at constant rate) in the revenie direction until
the peak was reached. The value of .\nuu was determined from
the composite sl)Cctrum obtained by superimposing the fOf\l,'ard
and reverse scans and opplyin~ the h"raphic method outlined ear­
lier (5).

For each solvent mixture. the absorption maximum was mea­
sured at five dye concentration.." hetween l.a x to- 6 and 5 X

to-eM. There was no litatistical evidence for a concentration ef­
fect upon )..mu obtained in this way and the maximum experi·
mental uncertainty in these results is ±O.[) nm.

Dielectric-Constant Vata. A SarJ:cnt·.Jensen model HF titra­
tor, havin~ a 4.5 me~acycle oscillator. was used to measure
changes in dielectric cell capacitance at 15 ·C. Calibration of the
cell was made with the dried pure solvents, elhyl acetate and
acetic acid, followin~ Jlrocedures outlined earlier (7). The stan­
dard dielectric COJlstant \"alues employed were: ethyl acet.ate, 6.02
(8); and acetic acid. 6.198 (9). The experimental precision in the
dielectric constant for each binary solvent mixture is ±O.O:\ unit
(std dev) based on five measurements.

Rate of Decomposition of Phenol Blue (at 25 ·C). Solutions of
known initial concentration (C,,) of the dye were prepared in
ethyl acetate as the solvent; and, for (l J{ivcn solution, the desired
amount of acHic acid was added rapidly with mixin~. At exactly
2 minutes after the addition of the protonic solvent. absorbance
measurements were begun on the !ii2-nm peak of Phenol Blue
and monitored at regular time intervals until the dye was decom­
posed to at least one-half the initial ::amount. Lipon plotting ab·
sorbance (A) (IS. time (t) curves. the absorbance (A,,) correspond­
ing to concentration (C,,) was determined by extrapolation. Then,
the dye concentration (C) rcmainill~ at any cXI)Crimental time
was computed by liimple proportion: C = (A/A,.)e".

(6) W. Tappm~verand A. Davidson. Inar9. Chem.. 2.832 (1963).
(71 O. Kolling and C. VanArSdalo. rams. Kans. Acaa. Sei.. 68, 65

(19651·
(8) J. Riddick and W. Bunger. "Organic Solvents."' 3rd ed . Wiley-Inler­

science. New York. N.Y.. 1971. P 279.
(9t R. $. Phadke.J.lndlan Inst. Sei.• 34, 293 (19521.
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Figure 1. Experimental ET as a function of the mole fraction (X)
for ethyl acetate in the binary solvents: (1) ethyl acetate-chloro·
form; and (2) ethyl acetate-acetIc acid

A minimum of five initial dye concentrations in the range from
1 x 10- 0 to 5 x JO-'M were used to obtain the decomposition
fate data in each EtOAc-HOAc mixture. Once absorbance mea­
surements were begun on 8 given solution, that sample WQS not
removed from the spectrophotometer until the full set of data bad
been coJlecled.

RESULTS AND DISCUSSION

Polarity Measurements on the Two-Component Sol­
vent. The general trend for the transition energy (ET) of
Phenol Blue as a function of the solvent composition is
shown in Figure 1. For the purpose of comparison. the
curve for the dye in the ethyl acetate-chloroform mixed
solvent is included in the same figure.

If the twofold classification scheme for binary solvents
which we suggested previously is now applied to the ethyl
acetate-acetic acid system, the overall curve clearly indi·
cates an irregular mixed solvent (5). By contrast, the sim­
pler hydrogen bonding donor-acceptor pair (CHCI3­

EtOAc) exhibits a quite regular though nonlinear change
in transition energy with increasing proportion of the
donor solvent.

It is instructive to divide the curve for ethyl acetate­
acetic acid into two parts: (a) the larger composition in­
terval from X"IOA< of 1.0 to 0.28; and (b) the higher acetic
acid range from 0.28 to 0.0 mole fraction (XI:tOAcl. In the
first region (a), the shape of the curve conforms to that of
a regular solvent pair and is much like the aprotic system
ethyl acetate-dimethyl sulfoxide (5), although having a
steeper change in slope than for the latter solvent. The
magnitude of the red shift for Phenol Blue upon adding

Table I. Phenol Blue Absorption Maxima and
Solvent Parameters in Ethyl Acetate-Acetic
Acid

El:pU ET (ET»),(
>.,,"'. (kat/ (kw/

XEtOAe n" n" (~) ~..) mole)

1.000 1.3698 6.02 572 49.98 50.07
0.841 1.3708 6.05 581 49.21 50.06
0.701 1.3710 6.07 588 48.62 50.05
0.577 1.3704 6.09 593 48.21 50.06
0.467 1.3707 6.12 597 47.89 50.05
0.368 1. 3708 6.14 602 47.48 50.04
0.280 1.3710 6.15 60l; 47.22 50.04
0.200 1.3706 6.16 607 47.12 50.04
0.127 1.3700 6.18 607 47.12 50.04
0.061 1.3710 6.19 606 47.16 50.03
0.000 1.3710 6.198 606.4' 47.14 50,03

G EJ:perimenUlI value. for lhe ref'ract.i'Ye index at 25 "C, bucd upon ELOAc
Ba Uto atand,ud (ref. B). • Meuured dielectric conatanLa at 25 °e deter-
mined UIIi.,.. Ut.clnaturo value- for pure EtOAc and HOAc u .tandarda (nf.
B, 9). 'Ext.rapolatcd value for Phenol Bluo in pure HOAc.

0.5

x
Figure 2. Perturbation energy (aEH) as a function of the mole
fraction (X) or ethyl acetate in the binary solvents: (1) ethyl ac·
etate-acetic acid; and (2) ethyl acetate-chloroform

large amounts of acetic acid is greater tban that for
DMSO; and, as a hydrogen bond donor, tbe acetic acid
induced shift of 35 nm is similar to p-cresol in DMSO or
to that in the pure a1cobols (3). Among the binary sol­
vents studied to date, the limiting horizontal region (b) in
Figure 1 is unique with the EtOAc-HOAc system.

Because of this general similarity between the ethyl ac­
etate-chloroform system and the first portion (a) of the
ethyl acetate-acetic acid pair, the Quantitative treatment
used in the preceding study was applied to the latter
donor-acceptor mixed solvent. The McRae equation
(Equation I) was used to calculate the nonspecific influ­
ence of the solvent upon the ground state-excited state
transition energy for the dye molecule (2). In this relation­
ship nand D are the measured index of refraction and di­
electric constant for the solvent mixture; and the McRae
constants A, B. and C are -33.0, -4.4, and 57.92, respec­
tively, when the transition energy (E,d.. is in units of
kcal/mole.

(ET),I-A(;~2-"\) +B(g~~<:~~)+C (1)

A second concept applied to the donor-acceptor solvent
system was the Figueras assumption (3) that tbe domi­
nant perturbation energy from hydrogen bonding is inde­
pendently additive, and this is stated by Equation 2.

t.EII - (ET)" - ET (2)

Here, ET is the transition energy computed from the mea­
sured Amu and ~Ell is the difference attributed to hydro­
gen bonding.

The numerical quantities needed for Equations 1 and 2
are listed in Table I, along with the calculated transition
energies.

It will be noted that the ethyl acetate-acetic acid sys­
tem is unusual in having a change in (ET) .. of only 0.04
kcal/mole over the total mole fraction range of the C0601­
vent. Thus, tbe large change in the experimental transi­
tion energy upon the addition of acetic acid (Figure 1)
must be attributed almost entirely to specific solvent-dye
interactions (i.e., hydrogen bonding).

When the perturbation energy, ;lE", is plotted as a
function of the solvent mole fraction (Figure 2), the regu­
lar and irregular solvent composition intervals are again
visible, Over the range 1.0 to 0.28 ethyl acetate, the plot is
nearly linear to within the reliahility of the data, and the
contribution from hydrogen bonding can now be expressed
by Equation 3.

(3)
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Figure 4. Trend in apparent tjrst-o~der .rate constant (kj) as a
function of mole fraction (X) tor acetIc aCid

to ,oo

0.' 0.7 0.'

Table U. First-Order Decomposition of Phenol Blue
in Ethyl Acetate-Acetic Acid at 25 QC

t

Flgur. 3. Representative plots for the rale of decom~sjtion of
1.34 X 10- 5M Phenol Blue in ethyl acetate-acetlc aCid as ab·
sorbance (A) vs. time (tl in minutes. Curves 1-7 correspond to
increasing values for mole tracUon of HOAc listed in Table 11

Reaction timo
Mole traction (min) (or hot

HOAc: ordor proce8lll" Mean vRlue k.1 (min -I) Std dcv

.. Itcndion LUne re(c", Lo Lhc claplM.'d lilDe over whi~h the loft et,s. t plol
ialin~r.

Final colorless products (PI and 1'2) have been identified
as a p-phenylenediamine and a quinone (1.';); and essen­
tially the same functional groups are expected as the
products of the acid-catalyzed reaction (14).

The empirical rate of the bleachin~ reaction for Phenol
Blue in the binary solvent (EtOAc-HOAc) was deter­
mined within the mole fraction range from 0.42 to 0.94 in
the protonic acid. From the typical rate curves in Figure
3 it will be noted that there is a decided acceleration of
the reaction with increasing acetic acid content; however,
this effect diminishes at the higher mole fractions.

If the destruction of the chromophore in acidic media is
analogous molecularly to either of the schemes in Equa­
lions 4 or 5, one would expect the rote of reaction to be
first order with respect to the dye. Semilugarithmic plots
demonstrate that the rate function is definitely linear at
the lower mole fractions of HOAc over a long time inter­
val. As the proportion of the protonic solvent increases.
the time period over which the simple first-order linearity
is followed becomes systematically shortened (as listed in
Table 11). Therefore, the rate of bleaching is a pseudo-first
order process and at lower acetic acid activities it pro·
ceeds directly to a product 1'2 with an apparent rate con­
stant of h,. On the other hand, in mixed solvents contain­
ing acetic acid as the dominant component, the decompo­
sition of the dye parallels the hydroxide-catalyzed reac­
tiQn (Equation 4) in aqueous solutions (15). For the con­
secutive reactions, the same apparent rate constant hi can
still be graphically evaluated for the faster initial reaction
and this quantity is given in Table 11 for eacb of the seven
solvent mixtures which were investi~ated. The second lin­
ear region observed in aqueous media (15) for the slower
step was not found in the EtOAc-HOAc system.

DI'''+W ="'Z ~I',

DI''' + B- ~ P,

By comparison to the. ethyl acetate-chloroform system,
the slope of the mole fraction term is about 2.5 times lar~­

er for the EtOAc-HOAc pair. The horizontal re~ion of the
curve in Figure 2 depicts a condition of saturation for the
influence of the hydrogen bond donor upon the " - ,,'
transition of Phenol Blue as the solvent composition ap­
proaches pure acetic acid.

Presumably the simple acetic acid monomer is the fun­
damental hydro~en bond donor in the binary solvent, even
though the formation constant for the dimer is of the
order of 10' (10). However, recent information derived
from factor analysis of the infrared spectrum of acetic
acid as well ..< dipole moment data indicate that the self·
ft88ociation equilibrium involves two ot.her acetic acid
species in addition to the dimer and monomer (11. 12).
Evidence on hydrogen bonded adducts bctween chloroa.
cetic acid and dipolar aprotic bases supports the view that
the primary association in such systems involves the mo.
nomeric form of the acid attached to the .. ·bonded oxygen
of the acceptor (13). Thus, it is likely that the quinone
oxygen is the acceptor site for the hydro~en bonded corn­
.plex with Phenol Blue (3).

Kinetics of Decomposition of Phenol Blue. The azo­
methine dyes are generally unstable in acidic media and
Phenol Blue is no exception. The dye has been observed
to decolorize in chloroform solutions of Hel as well as in
mixtures of ethyl acetate with acetic acid (14). Since
there appear .to be no published rate studies for the de­
composition in nonaqueous media. we are reporting here
the findings from a brief kinetics investigation in the
model binary solvent.

Kinetics for the reactions of azomethine dyes with
atrongly basic anions in aqueous solutions have been thor­
oughly examined by Reeves and Tong (15), and we have
adopted the use of their term "bleaching" for those decol­
orizing reactions which are not photochemical. The exper­
imental evidence in aqueous alkaline media conforms to
Equations 4 and 5 in which DpH is the uncharged dye, B­
a nucleophile, and Z a complex.

(10) G. a."ow and E. Yerger, J. Amer, Chem. Soc.• 76.5248 (19S4).
(11) H. Altsprung, G. Findenegg, and F. Kohlef. J. Chem. Soc. (A),

lUS, 1364.
(12) J. Bulmer and H. ShurveU, J. PhY$. Chem.. 77. 256 (1973).
(13) D. Hadzl and J. Rajnvajn. J. Chem. Soc.. Faraday rrans. (I), 1173.

(14) l~'Figu.r.s. MethOds Research Division. Easlman Kodak Co..
Rochester. N.Y" private communication. 1973.

(15) R. RMy.,and L. Tong,J. Am.t. Chem. Soc.. a., 2050 (1962).
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0.423
0.533
0.632
0.720
0.800
0.873
0.939

>500
375
225
140
90
65
50

0.00164
0.00244
0.00440
0.00586
0.00935
0.0104
0.0135

0.00014
0.00026
0.00040
0.00052
0.00021
0.0003
0.0002

(4)

(5)



In seeking to rationalize the significant increase in k,
with increasing acetic acid content, any simple electrostatic
model for the influence of the solvent upon dipole-dipole
interactions must be excluded (16). The magnitude of the
observed acceleration for the faster step in the bleaching
reaction is inconsistent with the small increase in dielectric
constant (D), and the theoretically predicted reciprocal
functions in D must cover the very short interval from 0.161
to 0.164 in the solvent variable. However, most theoretical
and empirical linear free energy functions share the com­
mon characteristic of expressing the reaction parameter 8S

the logarithm of the rate constant (16). For this reason, we

(16) E. $. Amis. "Solvent Effects on Reaction Rates and Mechanisms:'
Academic Press. New York. N.Y", 1966. P 59.

have correlated the log k, with the mole fraction of acetic
acid; and in Figure 4 the empirical plot is linear within
the precision of the experimental data.
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Spectrophotometric Analysis with the GeMSAEC Fast Analyzer­
Determination of Zinc Using 4-(2-Pyridylazo)Resorcinol (PAR)

Gerald Goldslein, W. L. Maddox, and M. T. Kelley

Analytical Chemistry Division. Oak Ridge National Laboratory. Oak Ridge. Tenn. 37830

The application 01 the GeMSAEC Fast Anatyzer to con­
ventional spectrophotometric methodology has been
studied. Because the analyzer is coupled to a computer,
large numbers of measurements can be rapidly averaged
and relative standard deviations as small as 0.2% have
been obtained. Precision is currently limited by Instru­
ment noise and unequal optical path lengths in the rotor.
both of which can be improved. Instrument response is
linear. and accurate results can be obtained by running
standards and samples in the same rotor. As an exam·
pie, a method lor the determination 01 zinc using 4-(2­
pyridylazo)resorcinol (PAR) was adapted to the analyzer.
From 0.2 to 1 ppm of zinc in natural and treated water
was determined with a relative standard deviation of
0.3-3%.

The GeMSAEC Fast Analyzer was developed at Oak
Ridge National Laboratory (1-5) primarily for analysis of
enzyme activities and enzyme substrates in physiological
fluids in the clinical laboratory; commercial versions of
the instrument are currently marketed for this purpose.
The advantages of the instrument-versatility, high preci­
sion, and short analysis time-suggest that it should have
more general applicability. For example, methods for sul­
fate analysis by turbidimetric measurement (6), and phos­
phate (7) and sulfur dioxide (8) analysis by fixed-time
reaction rate methods have been described. Since
straightforward spectrophotometry is still the most widely

(1) N. G. Anderson. Anal. Biochem.. 28. 545 (1969).
(2) N. G. Anderson. Anal. Biochem.. 32. 59(1969).
(3) N. G. Anderson. Science. 166.317 (1969).
(4) D. N. Mashburn. R. H. Slevens. D. D. Willis. L. H. Elrod. and N. G.

Anderson, Anal. Biochem.. 35. 98(1970).
(5) C. D. S;::oll and C. A. Burlls. Anal. Chem., 45 (3). 327A (1973).
(61 R. L. c.oleman. W. D. Shuns. M. T. Kelley. and J. A. Dean. Anal.

Chem.. ..... 1031 (1972).
(7) R. L. Coleman. J. A. Dean. W. D. Shults. and M. T. Kelley. Anal.

Lell.. 4.169(1972).
(8) R. L. Coleman. W. D. Shults, M. T. Kelley. and J. A. Dean. Anal.

tell.. 5. 169 (19721.

utilized method of analysis (9, 10), particularly in routine
testing laboratories, we have made a study of the charac·
teristics of the GeMSAEC Fast Analyzer that are impor­
tant in spectrophotometric applications and, as an exam­
ple, have adapted a method for the determination of zinc
(11) using 4·(2·pyridylazo)resorcinol (PAR) to the analyz­
er.

EXPERIMENTAL

Apparatus. The GeMSAEC Fast Analyzer and its operation
have been described in detail elsewhere t6-8). Basically the in­
strument consists of: a rotor with 15 cuvettes in the rim, a trans­
fer disk for samples and reagents. a Heath Model EU·701 mono­
chromator. and a photomuhiplier assembly; interfaced to a Digi­
tal Equipment Corporation Analog to Digital Convener and
PDP-8/1 Computer. A Tektronix Type 503 Oscilloscope permits
visual inspection of the signal.

Reagents. All materials were Analytical Reagent Grade or bet­
ter.

Cobalt Sui/ate Solutions. Prepare solutions containing I. 2. 4,
6,8, and 10 grams of C050.· (NH.hSO.· 6H20 per lOO mt of I'll,
(v/v) H2SO•.

Potassium Dichromate Solution. Dissolve 0.5()() gram of
K2C'20, in IliterofO.0INH2SO•.

PAR Solution. Dissolve 17.64 grams of 50dium citrate dihyd­
rate. 305 mg of NaHC03• and 382 mg of Na2C03 in about 80 ml
of water. Dissolve 8.3 mg of 4-(2-pyridylazo)resorcinol. disodium
salt, dihydrate. in about 10 ml of water. Combine the two solu­
tions and dilute to 100 m!. This solution should be freshly pre­
pared before use.

Standard Zinc Solution. I mg/ml. Dissolve 500 mg of zinc
metal in 8 rnl of 1:1 He!. Dilute to 500 ml with water. Prepare
less concentrated solutions by appropriate dilution of this stock
solution.

Procedure. Determination 0/ Zinc. Pipet 0.2 rnl of PAR solu­
tion into all 15 smaller wens in the transfer disk. In the larger
weUs, pipet 0.4 ml of H20 into the first (position 0), 0.4 mt of sev­
eral standards in succeeding positions, and 0.4 ml each of the
samples in the remaining positions. Set the rotor speed for 600
rpm and the monochromator at 493 nm. Read the absorbances 60
seconds after rotor startup.

(91 F. W. K8rBsek. Re$./Oevelop.. 23 (2). 30 (1972).
(la} W. N. Wham and K. S. Halaby. Am,r. Lab.• 4(10). 44(1972).
(11) M. Kitano and J. Uecta. Nippon Kagak.u Zushi. '1. 987 (1970).
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Table I. Improvement in Precision by Averaging

(12) J. D. Ingle. Jr., and S. R. Crouch. Anal. Ch&m.• 44. 1375 (1972).

ll)

(2)

0.38
0.27
0.19
0.14

0.54
0.46
0.26
0.20
0.14

A = -log T

dA!A = (0.434 dTJ/(T log TJ

1
2
4
8

16

Obeervat.iona aVCltll.cxl
per I"CIplieate. N

it follows that

ment is adjusted so that the dark current reading is about
20 and Ihe reference cuvette reading is about 4000, a
range of about 4000 numbers. Under these conditions, tbe
transmittance range that can be measured is 1/4000 to
3999/4000 or 0.025% T (3.6 Absorbance) to 99.975% T
(0.0001 Absorbancel in steps of 0.025% T, and the trans­
mittance uncertainty due to A-D conversion is ± 0.025%
T.

Photometric Precision. The precision of measurements
is first of all dependent on the number of independent ob­
servations (N) averaged for each measurement. If system
noise is random, then the relative standard deviation is
pmportional 10 I/,'N. For example, the data in Table 1
show typical precision data for 14 replicate measurements
on the same solution in the same cuvette, a dichromate
solution of absorbance 0.7, with each replicate an average
of 1 to 16 observations. Computer interfaced instruments,
such as the GeMSAEC analyzer, have an advantage in
thot large number.; of observat.ions cun he rapidly aver­
aged with no effort on the part of the operator. We nor­
mally average 16 observations from successive revolutions
of the rotor for each absorb.l1nce value, and hence our
standard deviation is 1(4 that obtained by comparing single
mea~.:;urements. At 600 rotor revolutions per minute, the
time required for 16 observations on each of the 15 cu·
vettes is only 1.6 seconds.

Photometric noise and precision ore related to the mag­
nitude of the signal, and a convenient way to represent
this is in the form of .11 plot of relative photometric error,
dA/A. as a function of transmittance. Appropriate data
are easily obtained by making replicate measurements of
solutions of different transmittances. Furthermore, the
plot is useful in evaluating the optimum transmittance
range for maximum photometric precision and in ascer­
taining which instrumental factors limit the precision.
From

The shape of Ihe plot and the transmittance at which
dA/A is a minimum depends on the relationship between
the signal, T, and the noise. dT. which is characteristical­
ly different for different Iypes of noise. TOlal system noise
is actually the sum of contributions from 011 of the compo­
nents of the measurement and readout devices, a subject
which has been considered in some detail by Ingle and
Crouch (12), but in practice one usually deals with limit­
ing cases in which one of the noise contributions is domi­
nant. This plot is shown in Figure I for the GeMSAEC
analyzer and for three other types of instruments. In pre·
senting data for other instruments in Figure I, it is our in­
tent to evaluate the precision of the GeMSAEC analyzer
in ordinary analytical applications by comparing it with
widely used, commercially available spectrophotometers

GeMSAEC ltheory)

';no~·btOlI'l tru",",IUanu
inslrul'J\tnf loctuoll

RESULTS AND DISCUSSION

Transmittance Measuremcnt. The GeMSAEC Fast
Analyzer is 8 single-beam transmitt.ance·rcadinJ{ instru­
ment. On each revolution of the rolor (every tenth of a
second at 600 rpm), the signal from the photomultiplier,
as each of the 15 cuvettes passes over the light beam, is
amplified, digitized, and stored as a 12-bit number in the
computer. Dark current is measured when the light beam
is interrupted by the hody of the rotor between cuvettes at
the start of each revolution. This signal is amplified, digi­
tized, and subtracted from each of the cuvette readings.
To correct for unequal transmittances caused by intrinsic
optical factors (scratches, dirt, reflections, etc.) and to
match the cuveltes, a calibration procedure is employed
in which all the cuvettes are filled with water, and the
reading obtained for each, after correction for dark cur­
rent, is adjusted to equal that of cuvette 0 by multiplying
by a factor-the inverse ratio of its reading to that of cu­
vette O. This procedure is equivalent to adding or sub­
tracting an appropriate absorbance to each cuvette so that
its absorbance becomes zero relative to cuvette O. This
factor is retained by the computer and applied as a cor­
rection fact.or to every subsequent measurement on that
cuvette until 8 new calibration is fun. For analyses, the
reagent blank is always placed in cuvette 0, and in our
computer programs treated as a reference representing
100% transmittance. The transmittance or absorbance of
any cuvette relative to the blank can then be calculated
from the ratio of its correcled reading to thal of cuvette O.

Inputs of from 0-10 volts. to the A-D converler generate
numbers of 0 to 4096, Ihe range of numbers that can be
represented in 12 bits. To minimize the transmittance
error due to the =I-bit conversion error, the amplified ref­
erence (100% T) signal should ideally be 10 volts and the
dark current (0% T) signal, 0 volts. The 100% T signal
from cuvette 0, is displayed on the oscilloscope and can be
adjusted by opening or closing the spectrophotometer slit,
while the dark current can be adjusted by a bucking cir­
cuit on the photomultiplier output. Generally the instru-

o 20 40 60 80 100
TRANSMITTANCE • ~

Figure 1. Relative photometric error of representative spectra­
photomelers 01 several types
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10gU.llu) = adb" - b,> + (ku - k,) (4)

but since we have no values for bo and ko and can only
evaluate differences

where the subscript, i. refers to the cuvette number, k
represents the intrinsic absorbance of the cuvette, and the
other terms have their usual meaning. Using cuvette 0 as
a reference

All the previous discussion refers to replicate measure·
ments of solutions in a single cuvette. In practice. how·
ever. we compare samples and standards in different eu·
vettes and, consequently. differences between cuvettes
will increase the standard deviation of the results. From
the manner in which the cuvettes are formed by clamping
a Teflon spacer between quartz plates, one might reason­
ably expect small differences in the optical path length.

The cuvettes were compared in the following way. It has
been shown (19) that the light intensity emerging from
cuvettes containing identical abso'rbing solutions can be
expressed by:

(3)

-0.0025
-0.0016

0.0036
0.0028
0.0031
0.0011
0.0020
0.0027
0.0026
0.0035
0.0038
0.0042
0.0044
0.0024

-0.0054
-0.0042
-0.0064
-0.0054
-0.0084
-0.0086
-0.0086
-0.0101
-0.0092
-0.0090
-0.0096
-0.0082
-0.0030

0.0006

lntri.naic abeorb&nce,- till

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Co""""

o Relative &0 cuvette O.

Table n. Evaluation of GeMSAEC Cuvette.

Optical ..thJenoth
difl'cenoe,- 46, CIQ

log( IJ I 0) = acllb + Ilk (5)

A plot of log(l,/Io) os. c will have a slope of a~b and an
intercept of k. We carried this test out at a wavelength of
512 nm using cobalt solutions and water with the results
shown in Table n. Intrinsic absorbance can be corrected
by the calibration procedure described earlier. The aver­
age ~b is 0.0023 cm with a standard deviation of 0.0020
cm. Since, as will be shown later, the average' cuvette
path length is close to 0.973 cm, in the rotor tested mea·
surements comparing solutions in different cuvett~ win
have a minimum relative standard deviation of about
0.21% because of optical path length differences. Each
rotor is of course different. Newly-assembled rotors usual­
ly show some change in the first few weeks of use and very
little change thereafter.

Photometric Linearity. Linearity was tested with solu­
tions containing carefully weighed quantities of cobalt
ammonium sulfate, at 512 nm, with the results shown in
Table Ill. The uncertainty shown for the ratio was ob­
tained by propagating the standard deviation of the absor·
bances. The instrument is linear, within the precision of
the measurements, from absorbance 0.12 to 1.2, the range
tested.

Photometric Accuracy. The accuracy of absorbance
measurements made with the GeMSAEC Fast Analyzer
(19) C. V. Banks. J. L. Spooner, and J. W, O'Laughlln, Anal. Chem., 21,

1894(1956).

(13) L. Cahn, J. Opt. Soc. Amer.. 45. 953 (1955).
(14) M. A. Ford. Photoelect. Spectrom. Group, Bull" 18,554 (1968).
(15) W. Slavin. Appl. Spec/rose.. 19.32119(5).
(16) N. T. Gridgeman, Anal. Chem.. 24. 445 (1952).
(17) R. Mavrodineanu. J. Res. Nat. Bur. Stand.. Secl. A, 76. 504

(1972).
(18) H. V. Malmstadt. M. L. Franklin, and G, Horlick, Anal. Chem.• 44

(8). 63A (1972).

operated in their normal, everyday manner. To that end,
we selected represp.ntative instruments which are well
known, have been studied, and for which precision data
are available in the literature. GeMSAEC data are all for
ensembles of 16 measurements, the nonnal procedure,
while the data for the other instruments are for single
measurements without averaging, scale expansion, or
other features which may be available to improve preci.
sion. Consequently, it should be kept in mind that the
curves in Figure 1 are not intrinsic properties of the par·
ticular type of instrument-other instruments of the same
type may have different characteristics-and that the pre­
cision does depend on measurement conditions.

The familiar top curve in Figure 1 is taken from Cahn
(13) who surveyed a large number of instruments of this
type and is generally understood as a case in which the
dominant error is & constant rcarlout error of about 0.25%
T on a linear readout scale. Optimum transmittance is
characteristically 37% T (14). The curve for double-beam
absorbance reading instruments is replotted from data
collected by Slavin (15) from a survey of such instru­
ments. In this case, photomultiplier shot noise is domi­
nant and optimum transmittance is about 13% T (14).
Although manufacturers usually do not provide this kind
of information. it is probable that the majority of general
purpose, inexpensive spectrophotometers on the market
today have a relative error curve, for single measure­
ments, very close to one or the other of these two. The ac­
tual curve for the GeMSAEC analyzer was obtained from
measurements of cobalt sulfate solutions (group means of
16 measuremenis) with absorbancies ranging from 0.12 to
1.2. From the shape of the curve, with a minimum at
about 20% T. it is evident that the instrument is noise
limited rather than readout limited, but we have not at­
tempted to isolate individual noise contributions. Assum­
ing that instrumental noise could be minimized so that
precision became readout limited, the limiting error
would be the A-D conversion uncertainty of 0.025% T, in­
dependent of transmittance. This same error would ap­
pear three times in estimating the absorbance of a sam­
ple-measurement of dark current, 1()()Cfo transmittance,
and sample transmittance signals-and the bottom curve
in Figure 1 was calculated by weighting and propagating
these errors as described by Gridgeman (16). then reduc·
ing the relative error by a factor of 4 to reflect averaging
of 16 readings. Potentially then, relative errors as small as
0.02% over a transmittance range of 20 to 70% T can be
attained with the GeMSAEC analyzer. Reduction of in·
strument noise to this level is well within the state of the
art. The National Bureau of Standards has recently
achieved an average relative standard deviation on se­
quential transmittance measurements of 0.010% with an
instrument constructed there (17). To complete the com­
parison. a curve for a photon counting system is also in·
cluded in Figure 1, plotted from calculations by Malm­
stadt, Franklin, and Horlick (18) based on counting sta­
tistics. The position of this curve on the Y-axis depends
on the number of counts actually taken, but assuming
that the number used in the calculations (2 x 10") is rea·
sonable and that instrument components do not contrib­
ute any significant noise. then thii curve represents the
precision that one might expect for single measurements.
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Table Ill. Photometric Linearity of the
GeMSAEC Fast Analyzer

Table V. Recovery of Zinc Spike. in Natural Water

ltelativo .t.andud deviation. %'"

CoSO.·
(NH.>.BOt·

61-120.
./100 ml

1.0000
OOסס.2

OOסס.4

OOסס.6

8.0000
10.0000

At.orbance

0.1207 ± 0.0008
0.2420 ± 0.0007
0.4835 ± 0.0010
0.7247 ± 0.0015
0.9652 ± 0.0017
I. 0235 ± 0.0026

ltalio

1.000
2.005 ± 0.005
4.006 ± 0.01l
6.004 ± 0.017
7.997 ± 0.023
9.997 ± 0.033

Approai·

Zinc spike, ppm =te Nou.e +
ab.orb· Individual optical Spike

Added FOWld an", cuvette. recovery

0.200 0.205 0.16 0.53 0.57 3.2
0.400 0.409 0.32 0.35 0.41 0.60
0.600 0.606 0.50 0.27 0.34 0.52
0.800 0.802 0.66 0.24 0.32 0.34
1.00 0.997 0.81 0.25 0.33 0.31

- 9 det.enninaliona.

Tablo IV. Absorbance Measurements on NBS Liquid
Absorbance Standards

Table VI. Determination of Zinc in Natural and
Treated Water

sion at shorter times, Absorbances were constnnt for at
lea<t 5 minutes thereafter and probably much longer. We
chose to measure absorbnnce:; after 60 seconds. A comput·
er program was prepnred so that, nner t he preset GO-sec­
ond delay, groups of 16 measurements were made on each
cuvette at. 2·second intervals, averaged, and stored as a
sin~le number. Up to 18 such groups could be accumulat­
ed, then avera~ed for the final result, and the relative
standard deviation calculated. For analyses, five zinc
standards were placed in cuvettes 1 to 5 and their concen­
trations entered in computer memory. After data coUec­
t.ion and averaging, a calibration curve was constructed by
a least-squares fit to the data from the standards and the
zinc concentration in each of the other cuveUes calculated
and printed out.

Compared (Q the previous measurements on stable ab­
sorbing solutions, the procedure for zinc analysis intra·
duces the possibility for additional errors; pipeUing errors
in loading the transfer disk, and chemical problems such
as solution instability and variable calor intensities. To
ascert.ain whether any of these are important factors, we
spiked 8 natural wnter sample (containing: no detectable
zinc) with known quantities o(zinc, determined zinc by
the recommended procedure. and made a statistical anal­
yse< of the results (Table V). The precision of repetitive
measurements on an individual cuvette, bosed on 3 f{roups
of 16 observations, is sli~htly poorer than those deter­
mined previously with cobalt sulfale solutions. The differ­
ence is consistent with an estimated 0.3% pipetting uncer·
tainty. The absorbances of the zinc-PAR complex and the
reagent bJank are very stable during the measurement pe­
riod. In the absence of any of the other error contributions
mentioned above, the relative standard deviation of the
spike recoveries ought to equal the sum (root mean
square) of instrument noise and pipetting- error, as repre­
senled by the relative standard deviation of the individual
cuvettes and the relative standard deviation of the optical
path length differences. These combined errors are also
shown in Table V. The relative standard deviations of tbe

A},IlIOrbAnCfl

AblIorbllncc ratio,
SLlndard WavelengLh, -------_. GeMSAEC/
lIOlution (;tlMSAEC NBS NHS

A 302 0.298 0.307 0.971
395 0.295 0.304 0.970
512 0.297 0.303 0.980
678 0.112 0.115 0.974

B 302 0.593 0.608 0.975
395 0.586 0.605 0.969
512 0.591 0.606 0.975
678 0.225 0.229 0.983

C 302 0.881 0.906 0.972
395 0.875 0.907 0.965
512 0.884 0.911 0.970
678 0.337 0.346 0.977

AverH~C 0.973
Relative standa.rd deviation 0.51%

was tested usin~ liquid absorbance standards (Standard
Reference Material 9:ll) from tbe National Bureau of
Standards (20). Tbe blank provided was placed in cuvette
o and one of the liquid standards in all of the other cu­
vettes. Results arc shown in Table IV. The average fatio
of GeMSAEC to NHS certified absorbances is 0.973, inde­
pendent of wavelength and absorbance value. Since the
precision of both GeMSAEC and I\BS measurements is a
few tenths of n per cent. the differences 8fC significant.
Tests of the mcasurinJ: circuits and A·D conversion incH­
cated no bias, leading to the ronclusion that the optical
path length of cuvette 0 (all the other cuvettes having
been normalized to cuvette 0) is 0.973 cm.

Determination of Zinc. We chose to study the reaction
of 4-(2-pyridylazo)resorcinol (PAR) with zinc hecause this
reagent provides a very srnsitivC' test for many of the met·
als of interest in evaluntin~ water qua1ity. The molar ab­
sorptivity reported for the zinc complex is 8.3 x 10' (I I),
eonsiderably greater than that of the dithizone and zineon
methods currently recommended for water analysis (21).
The method was adapted to the GeMSAEC analyzer by
combining the required reagents-carbonate buffer, ci·
trate complexing agent, and PAR reagent-in one solution
such that the final concentrations after mixing 0.2 ml of
the combined reagent with OA ml of sample were those
recommended as optimum. Preliminscy tests indicated
that the absorbance reading stabilized ahout 40 seconds
after rotor start up. Color development was complete be­
fore then but turbulence in the cuvette caused poor preci-

(20) R. W. Burke, E. R. Oeardorll. and O. Menis, J. Res. Na!. Bur.
Stand.. Secl. A, 76, 469 (1972).

(211 American Public Heallh Association. American Waler Works Asso·
ciatlon. Water Pollution Control Fsderalion, "Standard Methods lor
the Examlnalion of Waler and Waslewaler," Thirteenth Edition,
American Public Heallh Associalion, Washington, D. C., 1971. P
359.
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&mplc

Natural water
White Oak Creek'}
\Vhite Oak Dam"
Melton Brunch­
Well-water

Treated water
Potable (tap)
Poloble (cooler)
Proccs.... water
Distilled (lop)
Dcmineralizcd

.. Solul.llozinc.

Zinc found. ppm

<0.05

3.68

<0.05-0.2
0.2-0.4
0.4-1.2

<0.05-0.9
<0.05



spike recoveries indicate that precision in the analysis of
0.8 to 1 ppm of zinc is limited by instrumental and pipet­
ting error. At lower concentrations it is evident that other
factors are also important, most probably chemical prob­
lems. Since standards and samples were run in the same
rotor, the actual optical path length is not a critical factor
and recovery of spikes was quantitative. Using 0.973 cm
for the path length, we calculated a molar absorptivity of
8.2 X 10' litercm-' mole-'.

Several samples of treated and natural water from the
Oak Ridge area were analyzed by the recommended pro­
cedure with the results shown in Table VI. Although this
method is not specific for zinc, in many cases, particularly
in treated waters, zinc is the major heavy metal contami­
nant due to deterioration of galvanized storage tanks and
piping. and separations are unnecessary. We found the
zinc content of treated water to be Quite variable with
time, but it never exceeded the drinking water standard of
5 ppm. Interferences in the determination of zinc by this
method and techniques for eliminating them are discussed
by Kitano and Ueda (I 1).

In the zinc determinations, 5 standards and 9 samples
were completed, including calculations, in about 10 min­
utes with a 15-cuvette rotor and manual loading of the
transfer disk. Rotors with as many as 42 cuvettes have
been fabricated (22) and transfer disks can be loaded au­
tomatically (23), saving considerable time. We should also
point out that the analyzer need not be dedicated to only
one, or a few, analyses but can be used for whatever as­
says are required. We had no difficulty in adapting the
method for zinc determination, tbe appropriate existing·
spectrophotometric methods for most elements can cer­
tainly be found.
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(22) C. A. Burtls. W. F. Johnson. J. E. Altril1, C. D. Scatt. N. Gho. and
N. G. Anderaon, Clln. Chem.. 17. 686 (1971).

(2a) C. A. Burtls. W. F. Johnson. J. C. Mailen, and J. E. Altrill, Clin.
Chem.. '8,0433 (1972).

Preparation, Properties, and Applications of
8-Hydroxyquinoline Immobilized Chelate

K. F. Sugawara, H. H. Weetall, and G. D. Schucker

Research and Development Laboratories, Coming Glass Works. Coming. N. Y. 14830

An Immobilized chelate, Controlled Pore Glass-S Hy­
droxyquinoline, has been prepared by azo-lInkage to an ar­
ylamlne coupled to Controlled Pore Glass via ,,-amino­
propyltrlethoxysilane. The preparation Is described. This
Immobilized chelate was evaluated for its ability to ex­
tract metals under various conditions. The effects of pH,
complexlng agents, sodium chloride, and equilibrium pe­
riods on the extractions were studied. Also, exchange ca­
pacity and desorption experiments were completed. Con­
trolled Pore Glass-S Hydroxyquinoline was used In the
analysis of distilled-de Ionized water lor the determination
of iron and copper as ultratrace contaminants. This im 4

mobilized chelate having a glass substrate extends the
versatility and the scope of current available exchangers.

As a direct result of research relating to the attachment
of enzymes to inorganic carriers via sHane coupling agents
(I. 2) forming immobilized enzymes, a unique type of new
analytical reagent referred to as immobilized chelates has
been developed. These immobilized chelates are capable
of extracting specific cations from solutions over a defmite
pH range in a manner somewhat analogous to the corre­
sponding organic ligands from which they have been pre­
pared. The immobilized chelates were prepared from the
Controlled Pore Glass-arylamine -derivative described by
Weetall (J, 2). Several immobilized chelates. differing
only in the particular organic ligand used for coupling,
were prepared. In this paper, only the preparation, prop­
erties, and applications of Controlled Pore Glass-8-Hyd·

(lj H. H. Weetall. Blachlm. Biaphys. Acta, 212, 1 (1970).
(2) H. H. WoelaU. Ras./Deve'op.. 22 (12). 18 (1971).

roxyquinoline (CPG-8-HOQ) are discussed. In a previous
publication Bauman, Weetall and Weliky (3) described
the preparation of diazo-coupled ligands such as
dithizone and hydroxyquinoline coupled to benzidine­
carboxymethylcellulose. These ligand-cellulose products
were used to effect recovery of trace metals from sea
water. In past years. numerous types of 8-hydroxyquin­
oline chelating resins have also been prepared for the
purpose of separating metals from solutions with varied
success. Vernon and Eccles (4) have reviewed this area
and reevaluated much of the published data. New meth­
ods for analyzing ultrapure water have been a matter of
real concern for many years. Hughes et al. (5) have sum­
marized the numerous facets of research concerning this
broad and important subject.

EXPERIM.ENTAL

Reagents. Controlled Pore Glass (Pierce Chemical Company)
40/80 mesh, 80 m2/g surface area, 550-A pore diameter was used.
"Y-Aminopropyltriethoxysilane (AI 100, Union Carbide Corp.), trio
ethylamine, p-nitrobenzoylchloride, sodium dithionite, 8·hy­
droxyquinoline, and Controlled Pore Glass-8 Hydroxyquinoline
(Pierce Chemical) were used.

Equipment. This consisted of a Burrell Wrist Action Type
Shaker.

Preparation oC CPG-8 Hydroxyquinoline (CPG-8 HOQ). The
arylamine derivative of the silanized Controlled Pore Glass was
prepared according to the method described by Weelall (1, 2).
The arylamine glass was diazotized in 2N HCI medium by adding
solid sodium nitrite (0.25 gram per gram of intermediate) to the
mixture in an ice bath. The reaction flask was placed in a vacu-

(3) A. J. Bauman. H. H. Weetall. and N. Weliky. Anal. Chem.. 3',932
(1967).

(041 F. Vernen and H. Eccles. Anal, Chim. Acta. 13,403 (1973).
(51 R. C. Hughes. P. C. Murau. and Garden Gunderson. Anal. Ch.m..

43.691 (1971).
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RESULTS AND DISCUSSION

AI; a new type of material, the properties of the CPG­
8-HOQ proved quite interesting and experiments with
8tandard solutions confirmed th8t they can be utilized to
effect useful analytical separations. Inasmuch as these
materials have a relatively low exchange capacity for met­
als, their use must be limited to separation involving ei·
ther trace or low level concentrations. One such experi·
(6) E. B. sandell. "Colorlmetrlc Determination 01 Traces 01 Metals," 3rd

ed. Intersc~ncePubliShers. New York. N.Y., 1965, P 671.
(7) Rol.6, P 419. .
(8) Rot, 6, P 541.
(9) ReI. 6, pp 234-235.

(10) O. f. Wood and J. T. Janes, Analyst (London). la (068). 125
(19851,

(11) J. H. Yoe and A. R, Armstrong. Anal, Chem" 11.100 (19471.
(12) U. Prlyadarshini and S. G. Tendon, Anal. Chem., 33,435 (196t).
(13) G, f, Smilh and 0, H. Wilkins, Anal. Chem.. 25.510 (1953),

urn desiccator and evacuated. After allowin~ the mixture to reBct
for approximatel)' 30 minutes. it was filtered and washed with
cold distilled water. cold 1% sulfamic acid solution. and again
with cold distilled water. The diazotized glnss was coupled to 8·
hydroxyquinoline by adding 10 it 8 saturated solution of B·hy·
droxyquinoline in a.MM sodium carbonate. The product wall fil­
tered. washed with distilled water, and air dried. An anol.,.~is uf
the product indicated 4.4'70 carbon. 0.52% hydrogen. and '0.97%
nitrogen. This composition. however. will vary somewhat from
one preparation to the next. Experiments have indicated that u
layering effect of the silane on the gurface of the Controlled Pure
Glass occurs which probably contrihutes toward some variahility
in the amount of or)::anic present.

Batch Experiments. In separate experiments, specific amounts
of different metol cations were buffered in 0.2;\1 acet.ate solutions
and then shaken in separatory funnels with 0,5-1.0 gram of
CPG-8·HOQ for 30 minute!! at definite pH intervals, The solu·
tions were filtered to separate the CPG-8·HOQ (No, 41 What­
man) and. ofter washin~ the latter with 'distilled water. the fil­
trate was analyzed for the concentration of unextracted cations.
The difference found between the mkro)::rams of metal added to
the separatory funnel and that found in the filtrate represented
the amount extracted from the solution by the CPG-8·HOQ. The
concentrations of the rcspl.'Cti\·e metals determined in the filtrate
were determined spectrophotometrically as follows: a) nickel by
dimethylglyoxime (6), b) cobalt by nitrow·R salt (7), c) iron by
Q·phcnanthroline (8). dl aluminum by 8·h)'droxyquinoline (9). e)
zirconium by pyrocatechol violet (/0), f) titanium hy tiron (J I).
g) vanadium by N·benzoyl·N·phenylhydroxylamine (/2) and h)
copper by bathocuproine (13).

. Column Experiments. Columns were prepared from ~·ml bu·
rets using bor06ilicate gloS8 wool as support for the CPG-B-HOQ.
Standard solutions of metuls, buffered in O.W acetate solutiuns.
were added to the columns. After wash inK the CPG-B·HOQ with
diatiJIed·deionizcd water, the metals were eluted with I.OM hy­
drochloric acid solutions. The effluent8 were aqalyzcd spectropho·
tometrically for the respective metols 85 with the botch experi·
ments. The columns were prepared for subsequent runs by wash­
ing with approximately 100 ml of distilled·deionized water fol­
lowed by 25 rn' ofO.05M acetate buffer solution.

ment was the analysis of distilled-deionized water for the
ultra trace contaminants iron and copper.

Bakh Experiments. Stability of CPG-8-HOQ. The
stability of the CPG-8-HOQ was studied experimentally
in acidic, neutral. and basic media by observing' any phys·
ical changes occurring in the material. When extractions
were completed in acidic and neutral media, the stability
appeared to be very good. However, when extractions were
extended to beyond pH 7.0 in ammoniacal medium, a
slight degradation of the material was indicated by the
appearance of a brownish tint imparted to the solution.
On filtration, the suspended particles wcre removed from
the solution and their appearancc on the filter paper sug­
gested that they consisted of organic poniculates. fo~vi­

dently, the ammoniacal medium degraded the silica sub­
structurc sufficiently to cause separation of the organic
material. Later experiments showed that a CPG-8-HOQ
product prepared from zirconia-coated Controlled Pore
Glass exhibited improved stability in ammoniacal medi­
um but poorer stability in strong: acid. Extraction efficien­
cy appeared approximately the same in both products.

Effect of pH. Several elements which were tested for
their extractability as a function of pH using CPG-8·HOQ
indicated that the general extraction pattern was similar
to that ohtained using 8·hydroxyquinoline-chloroform in
liquid-liquid extract:ons. For example. the extractions of
Ni(lI), CoWl, Fe(IIIj, Cu(U), ZrllV), TillV), V(V), and
AllIII) gradually increased from pH 2.0 to 5,0 and then
leveled off (Figures I and 2). The extractions of aluminum
was studied from pH 3.0 to 9.0 using zirconia·coated con·
trolled pore glass-8-hydroxyquinoline. The pH from 3.0 to
7.0 was adjusted using acetate buffer and from pH 7,0 to
9,0 using acetate buffer plus ammonium hydroxide solu­
tion, Hydrolysis of aluminum under these conditions did
not present a problem at the IO-ppm concentration level
used. Extraction of the remaining metals was not exam­
ined beyond pH 7.0. Since hydrolysis of titanium present­
ed a slight problem at the 200-~g level, the amount em­
ployed for extraclion was decreased to 47 ~g. Complete
extraction of Mo and W (Figure 3) occurred at pH 2.0 and
dropped off at pH 5.0, probably caused by tbe formation
of anionic molybdate and tungstate species. The respec­
tive curves represent extraction patterns and do not repre-
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sent exact values at a particular pH. However, in in­
stances where per cent extraction values of 100% are indi­
cated, the accuracy is within the normal spectrophoto­
metric range of two to three relative per cent.

Effect of Complexing Agents. To study the effect of
complexing agents on the efficiency of extraction, 102 I'g
of Fe was extracted at pH 4.0 and 5.0 (acetate buffered)
from 1% tartaric acid and 1% citric acid solutions. The
results indicated that the extraction of Fe(Ill) by CPG-8­
HOQ was effective from a tartaric acid medium but was
strongly suppressed by citric acid.

Equilibrium Periods. The extraction of Fe(Ill) at pH
5.0 was studied under varying equilibrium periods from 1
to 10 minutes. The data indicated that after 1 minute of
shaking, 84% of the Fe(IlI) was extracted from the solu­
tion. After only 2 minutes of·shaking, 95% of the Fe(Ill)
was extracted. AI.though a 30·minute equilibrium period
was allowed for the batch extraction of the various metals,
equilibrium was probably actually attained much more
rapidly than this.

Exchange Capacity. The exchange capacity was deter­
mined by agitating an excess of acetate buffered (pH 5.0)
Fe(IlI) solution (0.365 mg Fe) with 100 mg of CPG-8­
HOQ. The buffered Fe(ID) solution (approximately 35 ml)
was added to the separatory funnel followed by the CPG­
8-HOQ and then agitated for 30 minutes. The solution
was filtered using rapid filtering filter paper and the
CPG-8-HOQ washed with distilled-deionized water. The
amount of Fe(II1) extractcd from solution was determined
by the difference between the amount of Fe(Ill) found in
the solution b~fore and after reaction with the CPG-8­
HOQ. The results indicated that the exchange capacity
for this material was 0.057 mmol per gram.

Column Expcriments. Elution of Fe with Dilute HCI.
To determine the approximate hydrochloric acid concen­
tration necessary to elute iron quantitatively from the coi~

umn, 4080 I'g of Fe(Ill) at pH 5.0 was added to a column
of CPG-8-HOQ. A column height of 28 cm was used in a
50·ml buret. The iron was then eluted successively with
0.01, 0.10, 0.50, and l.OM HCl. At each corresponding
acid levcl, loo-ml volumes were used for the elution.
Complete recovery was not attained until the acidity was
increased to l.OM HCl. To verify whether iron could be
eluted quantitatively, the experiment was repeated by
adding 1020 I'g of Fe(IlI)to the column and eluting with
l.OM HCl. The results confirmed that the iron was com·
pletely recovered using 100 ml of l.OM HCl.

Exchange Capacity at Calumn Breakthrough. The ex·
change capacity of l.0 gram CPG-8·HOQ at the column
breakthrough point was determined at pH 5.0 using a col­
Umn prepared from a 25-ml buret. Exactly 1044 I'g of
Fe(IIl) buffered at pH 5.0 with acetate was transferred to
the column and passed through. After washing the column
thoroughly with distilled-deionized water until the ef­
fluent gave a negative test for Fe(IlI), 150 ml of l.OM HCI
was passed through the column. The amount of Fe(lll)
eluted by the acid was equivalent to the exchange capaci·
ty per gram at the approximate breakthrough point of the
column. This amounted to 965 I'g of Fe(Ill) or 0.017
mmolfgram. Flow rate was adjuste.d to about 8 ml per
minute.

Effect of Sodium Chloride. The effect of sodium chlo­
ride on the elution of Fe(IlI) from a CPG-8·HOQ column
was investigated. A solution consisting of 204 I'g of Fe(III)
in 0.25 M NaCI buffered with acetate to a pH of 4.0 was
added to the column. The column was then eluted succes­
sively with 150 ml of O.25M NaCI, 150 ml of 0.5M NaCl,
100 ml of 0.5M NaCI (pH 4.0), and 150 ml of l.OM NaCl
(pH 3.0), In no instance was there any iron detected in

Table I. Recovery of Trace Fe(IU) and Cu(D) from
One Liter ot mstllled-Delonized Water

Fe recovery CU recovery
Fo, Cu,

.pike.14 ". % .pike, Pit: .r %

41.6 39.3 95 39.1 38.3 98
41.6 36.7 88 39.1 39.6 101
41.6 39.0 94 39.1 38.3 98
41.6 37.4 90 39.1 40.2 102
10.4 9.5 91 10.9 7.0 .64
10.4 9.8 94 10.9 7.8 72
10.4 8.8 85 10.9 8.8 81
10.4 9.0 87 10.9 8.0 73

the effluent. The initial trace of iron eluted from the col·
umn occurred when the pH of the l.OM NaCl solution was
lowered to 2.0. The last trace of iron was eluted with a
l.OM NaCI-l.OM HCl solution. A subsequent column
wash with l.OM NaCI-2.0M HCI solution did not detect
any Fe(lll).

Extraction and Elution of Aluminum. By using a col·
umn prepared from a SO·ml buret with a CPG-8-HOQ
height of 28 cm, 654 I'g of A1(IIl) was extracted from a so­
lution huffered with acetate at pH 5.0. Aluminum was
eluted from the column with 150 ml of l.OM HCl. Over
90% of the a1uminum added to the column was recovered
in the first 50 ml of l.OM HCl. Additional experiments in·
dicated that more dilute solutions of hydrochloric acid up
to O.IM HCl did not elute the aluminurn completely from
the column.

Recovery Experiments for Trace Amounts of Fe(III)
and Cu(II). Several lite" of distilled·deionized water
used for chemical analysis was buffered at pH 5.0 (addi­
tion of 5 ml per liter of l.OM acetate buffer) and purified
by passing through a column prepared of CPG-8·HOQ to
remove any trace cations that might be present. This pu­
rified water was then used for the blank and to conduct
recovery experiments by adding trace amounts of Fe(Ill)
and Cu(ll), Three experiments were completed. The first
experiment consisted of adding 42 I'g of Fe(III) and 39 I'g .
of Cu(ll) to 1 liter of the purified distilled-deionized water
and passing through a column of CPG-8-HOQ (25·m!
buret; column height, 13 cm). The flow rate was approxi­
mately 5 ml per minute. The second experiment paral·
leled the first experiment; however, only 10.4 I'g of Fe(III)
and 10.9 I'g of Cu(Il) were added to 1 liter of purified dis­
tilled·deionized water prior to passage through the col·
umn. After eluting Fe(III) and Cu(Il) with 50 ml of l.OM
HCl, they were determined spectrophotometrically using
the bathophenanthroline (14) and bathocuproine (13) Pr<?'
cedures, respectively. By extracting with 5.00 ml ofheu­
nol, and measuring the absorbance of the organic phase,
calibration curves from 1 to 10 I'g of each element were
prepared and used to determine the amount of each ele­
ment in the eluate. The recovery data (Table I) show that
the mean recovery for iron and copper at approximately
the 40-l'g level was 92 and 100%, respectively. At the
lower concentration level (approximately 10 I'g), the mean
recovery for iron and copper was 89 and 73%, respectively.
A third experiment consisted of adding a mere 4.2 I'g of
Fe(lIl) to 4 liters of purified distilled-deionized water and
testing for the recovery. Duplicate determinations showed
2.9 and 3.0 I'g of Fe(III) were recovered.

Analysis of Distilled-Deionized Water. By applying
the same method used for the recovery experiments, the
laboratory distilled·deionized water was analyzed for iron

(1.) G. F. Smith. W. H. McCurdy, and H. Olehl. Analyst (London), 77.
418 (1952).
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and copper as ultratrace contaminants. Iron was not de­
tectable in 4 Iiters of distilled-deionized water «0.2S
ppb), the absorbance being comparable to the blank
(0.040). However. 1 Iiter of distilled-deionized water was
of sufficient volume to determine copper contamination at
the 8-ppb level. The source of copper contamination was
probably in the metal fittings and fixtures used for the
distilled water line.

SUMMARY

Because of its low exchange capacity. CPG-8-HOQ is
not intended to replace ion exchange or chelnting resins.
Rather. its application will probably involve special areas

of research where its unique properties will make it par­
ticularly useful. Being essentially a glass product of rigid
structure, shrinkage and swelling are practically non-exis­
tent. Physical properties such as pore volume and surface
area are well defined. Sterile conditions are probably more
easily maintained than wit.h resins. The substrate can be
altered from Controlled Pore Glass to crushed Vycor. Var­
ious organic compounds can be successfully coupled to the
diazotized glass surface.
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Determination of a Geometry and Dead Time Correction
Factor for Neutron Activation Analysis
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A method Is presented for an Instrumental nondestructlve
determination 01 trace metals by thermal neutron activa­
tion analysis. The method Involves determining a normal­
Izing factor which relates the geometry and dead time
between standard and sample. National Bureau of Stan­
dards certified orchard leaves and bovine liver have suc­
cessfully been analyzed by the method. The elements de­
termined were Na. Mn. Cu. V, and AI.

Neutron activation analysis has been applied to trace
metal determination for a number of years (I). Thermal
neutron activation analysis is usually accomplished by ir­
radiating a standard and sample simultaneously. It is gen­
erally assumed that the neutron nux and energy distribu­
tion are the same for sample and standard. [f errors less
than 1% are required in the analysis. accurate placement
of standard and sample in the neutron nux are required to
obtain reproducible results (2).

Multiple element analysis by instrumental neutron ac­
tivation analysis (INAAl utilizing lithium drifted germa­
nium IGe(Lill solid state detectors coupled to l!lultichan­
nel analyzers has greatly expanded the range of multiele­
ment analysis with each neutron activated sample. How­
ever. if [NAA is used. then corrections must be made for
counting geometry and counting dea3 time between the
sample and the standard. Unless liquids are analyzcd, it
is often difficult to physically match the counting geome­
try of a standard to a sample. Dead ·time losses can be
taken into account by using the general equation derived
bySehonfeld (3). UsingSchonfeld'sequation. De Wispelaere

(1) "Modern Trends In AClivalion Analysis," J. A. OeVoe. Ed.. Vo!. 1 and
2. Nalional Bureau of Slandards. Washington. D.C.. 1969.

(2) E. Brunlnx. Anal. Ch/m. Acta, 60.207 (1972).
«3) E. SChonleld. Nuel. 'nstrum. MethOds. 95.13 (1971).
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et al. (4) developed an instrumental technique to correct
for dead time with the aid of computer analysis. Heurt.­
bise et al. (5. 6) developed a method to remove nux inho­
mogenity, counting geometry, counter dead time, and ma·
trix effecL'\ uf;ing one of the macro constituents in a sam­
ple as a reference standard. This technique of macro con­
stituent correction will not work on a sample that is a
complete unknown. It is a simple matter to extend the
method of Heurtebise et al. (.';. 6). such that one of the
constituents in an unknown can be used to correct the ac­
tivities of the other elements.

This paper describes a simple technique for the deter­
mination of a correction factor that will normalize the ge­
ometry and dead time during counting for a standard and
sample. This technique is most useful for INAA of short
lived isotopes (i.e.. t1'2 < 30 minl. but it can be applied
to longer lived isotopes (i.e.. t1l2 > 30 min). The tech­
nique developed in this work has been successfully ap­
plied to the analysis of National Bureau of Standards
(NBS) certified orchard leaves and bovine liver.

PRINCIPLE OF THE METHOD

In a homogeneous matrix, the measured ')'-ray activities
of any two nuclides counted with a Ge(Li) detector will be
in error to the same extent relative to a standard if the
1'-ray attenuation is similar for both nuclides. This
implies that both nuclides will have a similar normaliza­
tion factor (Ko) which encompasses both the geometry
and dead time corrections. If Ko can b. determined for
one nuclide relative to a standard, then the second nu-

(4) C. De Wispelaere. J. Op de Beeck. and J. Hoste. Anal. Chem.. "5,
M7 (19731.

(5) M. Heurlebise and J. A. LubkowilZ. Anal. Chem.. 43. 1218 (1971).
(6) M. Heurlebise. F. Monloloy. and J. A. LubkowilZ, Anal. Chem.. "5.

47119731.
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Table I. Abaolute Amount of Each Element~t
In the Three Standarda

(15)

(13)

(4)

(12)

- K,

s.........
No. N_,,,.. CUt ".. Mo.".. Al... v...

I 100 20 1.0 5.0 0.2
Il 20 1.0 5.0 0.2

III 1.0 5.0 0.2

Mulirllil - l~us.ltnl

M.CtlLll - M.SdtTIi

Simplifying Equation 12 gives:

[~LIlTl'
[~Lt."

It is obvious that:

(3)

Dividing Equation 2 by Equation 1 and solving for Mu
yields:

[A. - K.M.J",".ll (1)

[Av - KvMv]""uo (2)

where A. and Au = activity of the standsrd and unknown,
respectively, at zero time; M. and Mu = mass of the ele­
ment present in grams for the standard and unknown, re­
spectively; K. and K u = proportionality constant for the
standard and unknown, respectively. Ke and K u are not
equal and are dependent upon the following variables:
neutron flux, counting geometry, and counting dead time.
It is not important to determine the exact proportionality
constants K. and K u • It is only necessary to detenoine tbe
normalization constant (Kn ) such that:

clide can be determined accurately by using the same K.
value. Wben the standard and unknown are counted for
an identical length of clock time, the corrected activity at
zero time is proportional to the mass of the radioactive
nuclide present. This can be expressed in two simple rela­
tionships:

It should be noted that Equations I, 2, 3, 4, and 5 are rel­
alive only ,to )'-ray activities measured for 8 single nuclide
with a Ge(Li) detector.

If the standard and unknown are counted for an identi­
cal length of live time with a Na1(TI) well detector, the
corrected activity at zero time is proportional to the mass
of the radioactive nuclide present. Like Equations I and
2, this can be expressed as:

Substituting Equation 3 into Equation 4 gives:

[M,Jr."t.;, = [AA" M.J K,_ G,..ll.l)

[.4, = K.M.h"oTP

[A, = K,M,], .•"TI'

Dividing Equation 7 by Equation 6 yields:

[M=~K'M~J" AI< K u ~ :-;~dITII

It should be emphasized that:

However, under certain conditions:

(4)

(5)

(6)

(7)

(8)

(9)

Therefore K. can be approximated experimentally by
counting the unknown and standard first with a Ge(Li) de­
tector and then with a Nal(T1) well detector. The K n value
can then be applied to Equation 5 to determine any other
nuclide present in the unknown provided the same nuclide
is present in the standard.

It is not necessary to use a Nal(T1) well detector to de­
termine the Kn factor. Any method of analysis that would
determine any convenient element present in the -y-ray
spectrum determined with the Ge(Li) detector would be
satisfactory. If the normalizing element is determined by
atomic absorption spectrophotometry, for example, tbe
Kn factor will also correct for neutron flux inhomogeneity
between the standard and sample. Therefore, it would not
be necessary to place the standard and unknown 88 close
together as physically possible during the thermal neutron
irradiation. This is evident from the following equations:

[C. - X.K] •.•.s (16)

[C, - X"K] ... s (17)

where C. and Cu = concentration of the dissolved stan­
dard and unknown in liters; X. and X u = the absorbance
measured by atomic absorption analysis; and K = molar
absorptivity for the element of interest.

K is equal for Equations 16 and 17 if tbe operating pa­
rameters of the atomic absorption unit are the same .for
standard and unknown. Tbe subscript A.A.S. refers to
atomic absorption spectrophotometry. Dividing Equation
17 by Equation 16 yields:

The conditions governing Equation 10 arc the following.
The neutron flux must be similar for standard and un­
known; the time duration of the count must be sbort in
relation to the half life of tbe nuclide determined; and the
Nal(TI) well detector must be capable of minimizing the
geometry factor between standard and unknown (i.e., 4..
geometry sbould be approximated). If the above three
conditions are realized, then Equation 8 reduces to:

[ M = AVM J
u A. "S.IlTII

Dividing Equation 11 witb Equation 5 yields:

(10)

(11)

[
C, XvJ
C. - X. ,\AS

M. and Mu are related to Cu and C. by a volume term:

Mvv:­
C = M,

• V.

If

V, V,

then

[ M. X'J
M, - X • •..,

(18)

(9)

(20)

(21)

(22)

ANALYTICAL CHEMISTRY. VOL. 46. NO. 4. APRIL 1974 • 483



EXPERIMENTAL

It is apparent that when Kn is determined by a second
method of analysis, the neutron flux' inhomogeneity never
enters into the calculation. The primary disadvantage of
determining Kn by a secondary method of analysis is that
the sample matrix is usually destroyed.

Preparing of Standards and Unknowns. Solid standards were
prepared by adding 0.100 ml of a liquid standard to a polystyrene
filter disk (l.27-cm diameter). The filter disks were cut from a
Delbag Microsorban polystyrene filter (Type 99/97) with 8 poly­
ethylene disk cutter. Delbag poly!Otyrenc filters are hydrophobic
60 the liquid drop does not wet the surface. The liquid drop was
allowed to dry on the filter disk in 8 laminar flow clean bench.
After drying, the metal salts were deposited as 8 small area (ap­
proximately O.3·cm diameter) on the filter disk. The disk stan­
dard was then transferred to a polyethylene die specifically con·
structed for the standards. A second Delbag filter disk was placed
on top of the standard filter disk and a polyethylene ram was
pushed into the die. Hand pressure was sufficient to ensure that
the two polystyrene disks are pressed together. The standard
metal salts are then approximately in the center between the two
polystyrene disks. The pressed disk standard was then inserted
into a small polyethylene bag (3 cm x 3 cm) and heat sealed .
Standards made up in this manner are stable and do not change
concentration for the elements determined in this study. Present­
ly we make several hundred of theRe standards at a time and
then use them as needed over a period of several months. Three
standards are irradiated with each sample. The absolute mass uf
each element in each standard is given in Table 1.

NBS (No. 1577) bovine liver and orchard leaves NBS (No.
1571) were simply weighed (lOO mgl into acid cleaned O.5-dram
polyeth)'lene vials Rnd heat sealed. The outside of the sealed
polyethylene vials were rinsed with distilled-demineralized water
and inserted into a clean polyethylene bag (3 cm X 3 cm) which
was then heat sealed. It should be noted that the bovine liver and
orchard leaf samples had a different geometry from the stan·
dards.

Thermal Neutron Irradiation. Irradiations were carried out at
the Rhode Island Nuclear Science Center. The nuclear reactor at
this facility is of the swimming pool type with a power rating of 2
megawatts. A thermal neutron flux of -4 x 1012 njcm2 .sec is
available in the pneumatic irradiation tube tbat is used to rapid­
ly insert and retrieve samples from a location near the reactor
core. The thermal to fast neutron nux ratio is 40 in the pneumat­
ic irradiation tube location. The lenKth of the irradiations for this
study was exactly 5 minutes.

Data Collection and Processing. Subsequent to irradiation•
the sample and standard were counted at decay times of exactly
2 minutes and 6 minutes. respectively. The duration of the count
for samples and standards was uactly 200 seconds of clock time.
The first counts of sample and standard were made with an Grtet
40 cm;) Ge(Li) coaxial detector (resolution of 2.3 keY for the
1332-keV gamma ray of &OCo) coupled to 8. Nuclear Data 2200
4096 channel analyur with computer compatible magnetic tape
output (AMPEX TM-7) for spectrum analysis. A computer pro­
gram (J. L. Fasching, personal communication) was used to pro­
cess the Ge{Li) spectra acquired. Only standard I was counted on

(24)

(26)

(25)

(23)

and

Again it is obvious that:
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[M.l•• ,e;, - [M.]A.A.s

Dividing Equation 22 by Equation 5 yield.:
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Table IV. AnalyaiJI of Laboratory Prepared Unlmowna Uain. the K. Factor In the Calculation.

Sample No. Mn.,... Cu.4 V, .. AI.,.,

1 1.03 ± 0.04 19.4 ± 0.8 0.188 ± 0.009 4.6 ± 0.2
2 1.02 ± 0.04 20.7 ± 0.9 0.188 ± 0.009 5.0 ± 0.2
3 1.04 ± 0.04 19.8 ± 0.9 0.204 ± 0.009 5.0 ± 0.2
4 1.03 ± 0.04 20.3 ± 0.9 0.210 ± 0.010 5.0 ± 0.2
5 1.03 ± 0.04 22.7 ± 0.9 0.204 ± 0.009 5.0 ± 0.2
6 0.98 ± 0.04 21.2±0.9 0.207 ± 0.010 4.9 ± 0.2
7 0.98 ± 0.04 19.5 ± 0.8 0.205 ± 0.009 4.9 ± 0.2
8 0.96 ± 0.04 20.2 ± 0.8 0.199 ± 0.009 4.9 ± 0.2

Mean 1.01 ± 0.03 20.5 ± 1.1 0.201 ± 0.008 4.9 ± 0.2
Quantity 1.00 20.0 0.200 5.00

present
1 1.02 ± 0.04 5.0 ± 0.3 0.49 ± 0.02 10.2 ± 0.4
2 1.03 ± 0.04 5.1 ±0.3 0.49 ± 0.02 9.8 ± 0.4
3 1.03 ± 0.04 4.8 ± 0.3 0.52. ± 0.02 10.2 ± 0.4

Mean 1.03 ± 0.04 5.0 ± 0.2 0.52 ± 0.02 10.0 ± 0.2
Quantity 1.00 5.00 0.50 10.0

present
1 0.97 ± 0.04 10.3 ± 0.5 1.02 ± 0.04 5.2 ± 0.2
2 0.96 ± 0.04 10.0 ± 0.5 0.99 ± 0.04 5.1 ± 0.2
3 0.98 ± 0.04 10.2 ± 0.5 1.03 ± 0.04 5.2 ± 0.2

Mean 0.97 ± 0.01 10.2 ± 0.1 1.01 ± 0.02 5.1 ± 0.1
Quantity 1.00 10.0 1.00 5.00

present
1 0.1O±0.01 5.2 ± 0.5 0.10=0.01 10.0 ± 0.8
2 0.11 ± 0.01 4.3 ± 0.4 0.093 ± 0.008 9.6 ± 0.8
3 0.11 ± 0.01 5.0 ± 0.5 0.094 ± 0.008 9.5 ± 0.8

Mean 0.11 ± 0.01 4.8 ± 0.5 0.096 ± 0.004 9.7 ±0.2
Quantity 0.100 5.00 0.100 10.0

present

the Ge(Li) detector. The various l' rays used for the activity de­
termination with the Ge(Li) detector were as follows: In9 keY for
2.23 min 28AI; 1434 keY for 3.75 min 32V; 1039 keY for 5.10 min
tlfeu; 1811 keY for 2.58 hr ~Mn; and 1370 keY for 15.0 hr 24Na.
The 847·keV "'(-ray of ~Mn was not used since the activated bo­
vine liver and orchard Icaves contained reasonably large quan­
tities of 27Mg, which has 8)'-ray 0£844 keV.

The second sample and standard count was made 5 hours to 2
days after the irradiation. This count was made using a 3-io. x
3-in. NaI(Tl) well detector (resolution of 106 keY for the 1332-keV
gamma ray of eOeo) coupled to a Nuclear Data 512 channel ana­
Iyzer. The sample~ and standards were counted for 1 minute of
live time. The spectrum was read out on a typewriter and hand
integrated for the ,,),·ray of interest. Standards I, 11, or III were
counted with NaHTl) detector depending on the presence oPfNa
or e:.cu in the sample. The "Y·ray peaks used for the activity de·
termination with the Nal(TI) detector was one of the following:
847 keY for 2.65 hr MMo; 510 keY for 12.8 hr "Cu; or 2750 keY
for 15.0 hr 2fNa. It should be noted that the 847 keY "Y-ray acti,·i·
ty of 6tMn could be used in the NaI(Tl} spectra since all the
21Mg activity was It0ne 5 to 6 hours after irradiation. The 51O·keV
annihilat.ion "Y·ray of 'fCU was used since the activity due to the
1040 keY . ..,.-ray of aacu was gone after 5 to 6 hours. The 2750­
keY ,,),-ray of 2'Na was used since less spectral interference was
encountered at the higher end of the energy spectrum, making
background corrections more exact. If efCu or 2fNa were used as
the normalizing isotope, the samples and standards were counted
several days after the irradiation 10 ensure that shorter lived ra­
dioactive nuclides had decayed away_

RESULTS AND DISCUSSION

The results of the NHS bovine liver and orchard leaves
analysis are shown in Tables 1I and ill, respectively. The
Ge(Li) counter dead time for bovine liver and orchard
leaves was approximately 40% and 30%, respectively. The
Ge(Li) counter dead time for Standard I was 20%. The re·
suits of the analysis have been calculated two ways. The
first method (I) compares the corrected activities of the
standards and unknowns for dead time and decay time.
The second method (Il) was done by using Equation 5.
Mn was used to determine K. for orchard leaves and Na
was used to determine K. for bovine liver. The certified

NHS values for Mn, Cu, and Na are also given in Tables
1I and ill. The uncertainties given for each individual
analysis are a combination of the count rate uncertainties
for the activities used in each metal determination. The
uncertainty given for the average is the standard deviation
of the mean for each set of analyses. It can be seen that
the precision of Methods I and Il is comparable but the
accuracy is not. The agreement between Method Il and
NBS certified values for Na, Mn, and Cu is good. The
certified values of Al and V are not available from NHS at
this time. However, Maienthal (7) has reported an Al
value of 347 ± 7.5 for orchard leaves. Method I values are
lower than Method 11 values for all the elements listed by
factors of 2 and 4, respectively, for bovine liver and or·
chard leaves. The differences are predominantly due to
the lack of a geometry correction in Method I.

The Al values given in Tables Il and ill may be high
since the Si content of bovine liver and orchard leaves is
not known. 28AI is produced from 28Si by the n,p reaction
with fast neutrons. Studies at this reactor indicate that
equal concentrations of Al and Si will produce an 28AI ac·
tivity that is "'0.5% in error (e.g.. 0.5'70 of the 28A1 mea·
sured will be produced from the n,p reaction with 28Si). It
is possible that the Si concentration could be greater than
the Al concentration in bovine liver and orchard leaves. If
this were true, the Al values given in Tables 11, and ill
would have to be corrected for both Method I and Il.

In order to test the concept of using a second method of
analysis tv determine Kn, two standards containing iden­
tical concentrations of Na (i.e., lOO I'g) were irradiated
simultaneously. The relative concentrations of Mn, Cu, V,
and Al were varied in the standard chosen as the un·'
known. No attempt was made to reproduce geometry or
detector dead time during counting with the Ge(Li) de·
tector. It was then assumed that the Na concentration
had been determined in the unknown by a second method

17) E. June Maienthal. J. Ass. Ottic. Anal. Chem.. 55. 1109 (1972).
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of analysis and had a zero uncertainty. The K. factor was
tben calculated. The results of the analysis are given in
Table IV. It can be seen that the results are very good.
The uncertainties for the individual analyses are based on
count rate statistics. The uncertainties reported for the
mean values are the standard deviations of the mean for
each set.

It is likely that the improvement in the data presented
in Table IV, relative to bovine liver and orchard leaves, is
due to the elimination of the flux inhomogeneity from the
calculation. Also a small uncertainty in geometry is still
present in the analysis of the bovine liver and orchard
leaves which is obviously not present in the laboratory
prepared unknowns.

There are three primary advantages to using the K.
factor correction. Geometry and dead time corrections are
simple for short lived nuclides for a nondestructive analy­
sis. Accurate standard and sample placement during
counting is not important (This means that a sample with
a high dead time can be moved away from the detector
without noting its location relative to the detector). The

method is fast since no special sample pretreatment is re­
quired.

We presently use this method of K. factor correction
routinely in our laboratory. Several hundred samples have
heen analyzed in this manner. The method is rapid (gen'
erally 20-30 samples can be analyzed per day), and has
been used on atmospheric and &Ca water samples.
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Determination of Phenols by Fluorine-19 Nuclear Magnetic
Resonance of Hexafluoroacetone Derivatives

Floyd F.·L. Ho

Research Center. Hercules Incorporated, Wilmington, Dol. 19899

EXPERIMENTAL

single hydroxylic proton with 6 fluorines) and much great­
er resolution. This report describes the extension of this
technique to the characterization and quantitative mea·
suremcnt of phenuls.

The F-19 NMR spectra orthe HFA adducts were obtained on a
Bruker HFX-90 insLrument. as described pre·..iously (3). The op·
crating: frequency for numine resonance is 84.6i MHz. The ambi­
ent probe temperature was 25 °C.

Hexal1uoroacetone (HFA) was obtained from Pierce Chemicals,
Rockford, Ill.. in disposable cylinders (bp = -28 °C). Preparation
of a stock n:agent of HFA in ethyl acetate was described earlier
(31. Phenol and substituted phenols were reagent grade material
purchased from either Eastrnan Or~anic or Aldrich Chemical Co.
An ~MH spectrum and a gas chromatogram were taken on each
phenol to check its purity. Several o-alkyl phenols used in this
Ktudy were further purified by fracliolll:ll distillation at reduced
pressure. The nuorine resonnnce of n-butyl trinuoroacetate. ob­
tained from peR Inc .. and purified by factional distillation. was
used as an internal standard to provide a fluorine resonance ~ig­
nnl for instrument integral calibration in quantitative measure­
ments.

The normal procedure for sample preparation involves wei~hing

the phenol and internal folandard (tu OO5סס.0 gram) directly into 8

I.OO-ml volumetric nusk. followed by dilution to the mark with
HFA/EA reagent. Spectra taken immediately after mixing the
sample solution showed that the reaction (Equal ion 1) is fast and
quantitati\'e with most Jlhenols.

Our previous stUdy 01 the application 01 hexalluoroace­
tone to the characterization and quantitative measure­
ment 01 alcohols has been extended to the determination
01 phenols. 11 was lound that the F-19 resonance or the
hexalluoroacetone-phenolic adducts can be measured
with high sensillvlty and resolution. All six Isomers of dl­
methylphenoi can be determined In a mixture at low con­
centrallons. The dominant ollect on the lIuorlne chemical
shift 01 the adduct Is sterlc Interacllon with the o,tho sub­
stlluents on the phenols; electronic and resonance ef­
lects trom meta and para substltuents provide secondary
dlllerenllallon. Equilibrium constanls of adduct formallon
were determined lor several ortho alkyl phenols. Although
reacllon with most phenols Is quantitative. caution should
be exercised In the case 01 phenols with bUlky ortho alkyl
groups or sl,ong electron-withdrawing substltuents.

The determination of hydroxyl has been reviewed gener­
ally in two recent monographs (I, 2). In analyses for phe­
nols, by far the most common procedures arc based on ti­
tration of the phenolic hydroxyl with various chemical re­
agents. Recently, wc have demonstrated that hexafluo­
roacetone reacts readily and quantitatively with common
primary and seconoary hydroxyls of both monomeric and
polymeric materiels (3). Measuring the fluorine NMR sig­
nal of these hexafluoroacetone adducts has the advantages
of increased sensitivity (because of the replacement of a

(11 Slig Velbel, "The Oetermlnalion 01 Hydroxyl Groups." Academic
Pross, London, 1972.

(2) "The Chemistry ot lhe Hydroxyl Groups," S. Palai. Ed., Interscience
Publishers, New York. N.Y., 1971.

(3) F. F.·L Ho, Anal. Chem" 45. 603 (1973).
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However, phenol! with bulky substituenta in 'the ortho 'position
require longer reaction times. For example, the reaction with 2·
tert·butylphenol requires 24 houf& at room temperature to reach
equilibrium. Equilibrium constants for several o-alkylphenols
were detennined (Table ill), using the general expreasion:

.J.I

I.'
K _ c

ax(b,-c) (2)
1.1

~

,S 1.4

where a and c are molar concentrations of excess hexafluoroace­
tone (a sharp singlet observed at 7500 Hz from HFB) and pheno­
lic adduct, respectively; bu is the molar concentration of phenol
initially weighed into the flask.

1.1

20M,
~

2-ETHH
J.

2-Iot(THYL

.l.

PHENOL

.1.

I
8l.008'l.00

I
85.00

2.6-DIM[THYl

.l.

86.00

On the other hand, meta and para substituents can pro­
foundly modify the reactivity of the phenolic hydroxyl
group toward HFA. For instance, it was observed that .the
equilibrium constant of Equation 1 with p-nitrophenol is
almost one order of magnitude smaller than that with
phenol. A study of the effect of substitution at the meta
and para positions on the reactivity of the hydroxyl group
with HFA is in progress and will be reported elsewhere
shortly. It is, nevertheless, the ortho substituents which
dominate the chemical shift of the HFA ~dduct. The re·
producible and highly resolvable chemical shifts of the
HFA adducts provide a sensitive tool in analyses of phe­
nols.

This ortho substituent effect evidently arises from steric
interaction, although the detailed mechanism is not clear
at present. A major contribution can perhaps be visual­
ized as arising from the magnetic anisotropy of the aro·
matie ring current. The CF. groups in a HFA adduct can
assume various positions relative to the ring, by virtue of
free rotation along both of the chemical bonds in the C­
O-e.H. moiety. In ortho substituted a1kylphenols, the

~ PPH FIIOM HFB

Figure 2. Summary of chemical shifts of phenols with various
substituents

Figure 1. 1iF NMR spectrum of hexafluoroacetone adducts with
all six dimethylphenol isomers (Field increases from left to
right)

(4) M. W. Dielrlch. J. S. Nash, and R. E. Keller. Anal. Chem.• 38. 1479
(1966).

(5) M. M. Crutchfield. A. R. Irani, and J. T. Yoder. J. Amer. 011 Chem.
Soc..•1, 129 (19641.

(6) L. P. lindeman and S. W. Nicksic, Anal. Chem.. 36. 2414 (1964).
(7) K. Konishi. Y. Mori. and N. Taniguchl. Analyst (London). 84. 1002

(1969).

RESULTS AND DISCUSSION

Isomer Analyses. Several NMR procedures for charac·
terizing isomeric phenols in a mixture have been de·
scrihed in the literature. Dietrich, Nash, and Keller (4)
found that individual hydroxylic proton signals of phenols
in a mixture dissolved in hexamethylphosphoramide
(HMPA) can be resolved. Crutchfield, Irani, and Yoder
(5) reported that characteristic patterns from the reso­
nances of the protons on the carbon atoms in the a-posi­
tion relative to the aromatic ring can yield information
concerning the ortho:para ratio in alkylphenols. Lindeman
and Nicksic (6) used acetate methyl resonances of the ac­
etate derivative to determine ortho and para isomers. Ko­
nishi, Mori, and Taniguchi (7) differentiated isomers by
observing the fluorine resonance of the corresponding tri­
fluoroacetates. After comparing these methods with the
one described in the present study, we believe that mea­
surement of the fluorine resonance of the HFA derivative
generally has the advantages of higher resolution, higher
sensitivity, and easier correlation of chemical shift data
with structural parameters.

To illustrate the excellent resolution and sensitivity ob­
tained with the HFA derivatives, a spectrum showing all
six isomers of dimethylphenol is shown in Figure 1. This
spectrum was run on a solution prepared by introducing
1- to 5-milligram quantities of each dimethylphenol iso­
mer directly into a standard NMR tube containing about
1.0 ml of reagent. Each isomer in the mixture gives a
sharp Rnd characteristic singlet. Interestingly, these iso­
mers can be roughly grouped into 3 classes based on sub·
stitution in the ortho position. Those having no ortho sub­
stituent appear at a higher field; those having one ortho
methyl appear in the center, and the one having two ortho
groups is observed at a lower field. The substituents at
the meta and para position provide a secondary differen­
tial.

To demonstrate further the primary influence of ortho
!:lubstituents on chemical shift, a limited series of phenols
with different degrees of substitution was examined. The
results, summarized in Figure 2, show that the dominant
effect is indeed due to the substitution at the ortho posi.
tion, with the magnitude of the shift increasing with the
bulk of the substituent. In general, substitution at the
meta and para positions provides only a secondary influ­
ence (represented approximately by the length of the hori­
zontal bar in Figure 2). For example, with respect to un·
substituted phenol, the p-nitrophenol adduct appears at
only 0.05 ppm to lower field and the p·methoxyphenol at
only 0.01 ppm to higher field. These relatively small shifts
suggest that the electronic and resonance properties of the
substituents on the phenolic ring have little effect on the
observed fluorine chemical shift ofthe HFA adduct.
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Table I. Chemical Shifts of HFA and HMPA
Derlvatlvea of Phenol.

Table Ill. Equilibrium Constanta of HFA with
o-Alkylphenol. In EA at 26 ·C

CompoundJI IIF·HFAlI IH.HMPA·

Phenol 83.855 10.30
3,5-Dimcthyl 83.820 10.02
3,4-Dimethyl 83.852 9.93
2,5-Dimethyl 84.197
2,4-Dimethyl 84.245 9.97
2,3-Dimethyl 84 .339 10.02
2,6-Dimethyl 85.036 9.20

2-Methyl
2-Ethyl
2.Isopropyl
2.tert-Butyl
2,6-Dimethyl

Equilibrium conatant
(I.-molo· ')

107
84
73
5.8
2.6

• Parta per million downfield (rom he1Aftuorobenzone (HPH), 6Obtained
from HeCercmoo 4.

Table 11. Comparison of Chemical Shift. of
Triftuoroacetate and Hexafluoroacetone
Adduct. of Varlou. Phenol.

Alkylphenot. Tf'ACI HFA"

Methylphenol
Ortho isomer 0. 5071t. - 0 188 84. 1741t. ~ 0.324
Para isomer 0.319 . 83.850
Ethylphenol
Ortho isomer 0.464f t. - 0 103 84.257f t. ~ 0.412
Para isomer 0.361 . 83.845

11 f'rom HororoR08 7, convorted (rom H% (down6e1d trom tritJUOfOAoctic
anhydride) &0 flpm, uaiJ\ll: the roporUld Instrumont frequency of 66.4 MHz•
.. In flpm down6t1ld (rom hontJuorobenzcno.

most favorable structure is that in which the CF, groups
occupy positions relatively far from the alkyl substituent,
with the CoO bond in the C-O-C.H. moiety almost in
plane with the phenolic ring but on the side opposite from
the alkyl group. This structure places the CF, groups in
the deshielding region of the ring current and correlates
with a downfield shift. Because of steric interaction, this
structure becomes more important with increasing size or
number of ortho substituent. Thus, adducts with 2,6-di­
methyl· and 2-tert-butylphenols are observed at a progres­
sively and substantially lower field.

Notice in Figure 2 that the fluorine resonance of the 0­

methoxyphenol adduct is found at a slightly higber field
than 2-methylphenol and that the corresponding signal

. from 2,6·dimethoxyphenol is even at a much higher field.
This again can be qualitatively accounted for by the ring
current anisotropy. The hydroxyl in the adduct (see Equa·
tion 1) is more acidic and thus a good proton donor, favor·
ing intramolecular hydrogen bonding with the electron­
rich oxygen atom of the o-methoxyl groups. A favorable
position for the formstion of this seven·membered, hydro­
gen·bonded structure is with the CoO bond in the C-O­
C.H. moiety making a large angle with the phenolic
plane. This position places the eF. groups above the
plane and subject to the diamagnetic effect of the ring
current, causing the adduct signal to be observed at a
higher field.

The chemical shift due to the difference in ring current
anisotropy between these two extreme positions-i.e., po­
sitions with the CoO bond making the smallest and larg­
est possible angles with the phenolic plane-is estimated
to be. about 4 ppm using. the data of Johnson and Bovey
(8). The chemical shift range in Figure 2 approaches this
limit.

Although the data obtained thus far appear to be con­
sistent with an explanation based on a simple ring current
model, other mechanisms which may contribute to the
chemical shin in these compounds may be postulated, in-

(8) ·F. A. Bovey. "Nuclear MagneUc Resonance Speetroscopy:' Aca­
demic Press. New York, N.Y., 1969. Figure 111-6. p 65.
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Table IV. Comparison of Equilibrium Constants
with Other Structural Parameters of
o·Alkylphenol.

o-Alkylphenol. IOR'K "ortbc" IlK.."

2-Methyl 2.03 -0.13 10.15
2-Ethyl 1.93 10.28
2-ISOI)l"opyl 1.87 -0.23
2-tert-Butyl 0.76 -0.52
2,6-Dimethyl 0.42 10.59

.. Apparent "o.tbo conatanta Cor IlUbAtitution in pbenolll obtained (rom Re!­
etencc 10. "DiaIociation COWltanta Crom Itcf(lfCnce 11.

eluding the carbon-carbon bond interaction and/or short
range polarization effects.

A comparison of the chemical shifts of 8 mixture of di­
methylphenols by proton NMR in hexamethylphosphora­
mide (4) and the present fluorine technique is shown in
Table I. The resolution hetween a few pairs of isomers by'
the fluorine technique is slightly better. Of more impor­
tance in identifying the components of isomeric mixtures,
however, is the pronounced ordering of the observed shift
with respect to the structural parameters, in the phenol/
HFA adducts.

A comparison between two fluorine NMR techniques,
that using trifluoroacetate (7) and the present one using
hexafluoroacetone adduct. is shown in Table n. Although
the data available for comparison are rather limited, high­
er resolution can clearly be obtained by using the HFA
derivatives. This is perhaps due to the fact that the CF.
group in the trifluoroacetate derivative is further from the
phenol ring. snd thus less affected by the ring current or
other localized effects.

Equilibrium Constants. A brief study of the equilibria
of Equation 1 for various phenols was undertaken to verify
the applicability of the HFA technique to quantitative
analyses of phenols. With water and most alcoholic hy­
droxyls, the equilibrium of Equation 1 normally lies far to
the right (.1, 9). For example, the enthalpy of hemiacetal
formation of HFA with methanol in solution at 25 °C was
found to be -22.7 Kcal/mole (9). The present experiment
offers a practical way to stud7' the reaction of HFA with
o·alkylphenols because the equilibrium under normal con­
ditions lies in a convenient region for NMR measurement.
Using the expression given in the Experimental section, a
set of equilibrium constants for several selected o-alkyl­
phenols wss obtained, and the data are shown in Table
Ill. A gradual decrease in K is observed as the size of the
substit uenls increases from methyl to isopropyl. However,
the decrease in K is significantly greater when the substit- .
uent is tert-butyl or 2,6-dimethyl. With either of these
two, steric interaction is severe. This dependence of K on

(91 ~{9;~)~ogers and R. J. RapiejkO. J. Amer, Chem. Soc.. 93. 4596

(10) ~'9:6)~arljn and O. O. Petrin. ~U8rt. Rev.. Chem. Sac.. 20. 75

(11) ~·9~~;~um. W. Vogel. and K. Andrussow, Pure Appl. Chem., 1. 187



the size of the oitho.slkyl suhetituents parallels changes
in other constants derived from the same stroctura1 differ­
ences. as may be seen from the data in Table IV. Again.
only limited comparable data are available.

As to the application of the HFA technique to quantita­
tive analysis. it can be concluded that although it is ap­
plicable to most phenols. caution should be exercised in
systems where there is a bulky ortho suhetituent or a
strong electronegative group at the meta or para position.
In such systems. the equilibrium does not lie too far to the
right. This. however. can be partially overcome by the

,pzesenceof a grealiexc:ell8 of:fie8HFA.Fo. 'exampleFi;o'
reach 99'll> reaction in a substituted phenol whose K with
HFA is 100. a 1.0 molar excess ofHFA should be present.
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Elemental Analysis of Whole Blood Using Proton-Induced
X-Ray Emmission

R. C. Bearse,l D. A. Close, J. J. Malanlfy, and C. J. Umbarger

Los Alamos Scientific Laboratory of the University ot California, Los Alamos, N.M. 87544

A technique lor the analysis 01 trace elements In whole
blood has been developed using proton-Induced X-ray
emission. Samples 01 0.1 ml whole blood from humans
and mice were dried. weighed. and then ashed In a plas­
ma asher. Targets were prepared by placing drops made
Irom the ash and a 400.ppm Pd solution onto Formvar
backlngs. The samples were irradiated with 2.25·MeV
protons, and the X-rays analyzed in a nondlsperslve X-ray
detector. The elements Fe, Cu, Zn. Se. and Rb were de­
tected with a precision 01 7, 18, 7. 50. and 19%. respec­
tively, In human whole blood. The precision 01 the tech­
nique was determined by statistical analyses 01 two dll­
lerent sets 01 27 samples. The system was shown to be
linear for variations in elemental concentration. The sc·
curacy lor determination 01 Zn was lound to be within
10% by comparison to atomic absorption spectrometry.

Although the study of trace elements in biological sys­
tems has been pursued for many years (1). the increased
awareness of trace metal toxicity has created a new inter­
est in improved measuring techniques. The recent intro­
duction of high.resolution nondispersive X-ray detectors
has spurred a great deal of activity in X-ray fluorescence
trace analysis. Several groups (2-4) have reported that
proton-induced X-ray emission has great potential in
trace analysis because many elements can be detected si­
multsneously and only small samples (-100 mg) are
needed. Most of these papers. however. have been of a
general end exploratory nature. and few deal with the de­
tails of a specific system for making measurements of a
particular sample type. Most notably. previous workers
seem to have relied on counting statistics as a measure­
ment of precision. an approach that we have eschewed.

1 Viattlng Staff Member from the University of Kansas. Lawrence, Ken.
66045.

(1) E. J. Underwood. "Trace Elements In Human and Animal NUlrltlon."
3rd ed•• Academic Press. New York, N.Y., 1971.

(2. T. B. Johanason. R. Akseluon, and S. A. E. Johanlson, Nucl. In·
strum. Methods. 84, 141 (1970).

{3} F. C. Young. M. L. Roush. and P. G. Bergman. 1nl. J. Appl. Radial.
lsalop.. 24. 153 (1973).

(4) C. J. Umbarger. R. C. Boarsa. D. A. C1osa. and J. J. Malanlfy.
Ad.an. X-RayA.a/.. 18. 102 (1973).

The purpose of this paper is to present deteils of a
method of measuring trace elements in small volumes (0_1
m!) of whole blood using proton-induced X-ray emission.
Blood was chosen because it is a physiologically important
fluid that is easily sampled. We will discuss the basic
principles of the technique. the blood sampling and prep­
a<ation techniques. the apparatus used in analyzing the
samples. the preparation of the proton beam. and the pre­
cision and accuracY ofour final procedure.

The principles of X-ray emission are simple. A heavy­
ion beam, in P888ing through a thin sample, removes
inner shell electrons with extremely high probability. The
filling of these vacancies by outer shell electrons produces
X-fays whose energies are characteristic of the element in
which it is produced. and the number of X-rays is propor­
tional to the number of atoms of that element present in
the sample. Since the yield of X-rays per atom is a
smoothly varying function of atomic number and bom­
barding energy (5). and since modem X-ray detectors are
capable of resolving Ka X-rays from the elements adja­
cent in the periodic table (for Z > 11), many elements can
be measured simultaneously. Because of the multiplicity
of X-ray lines (e.g. KII) from each element and because or
the possibility that some elements may be several orders
of magnitude more prevalent than others. it may not al­
ways be possible to measure the presence of all elementll
without some prior chemical separation. .

EXPERIMENTAL

Sample Preparation. Capillary pipets, riJUIed in heparin and
air-dried. were used to draw O.l·ml samples of whola ·blood from·
the sinus cavities of mice. Human blood samples were drawn iDto
5·ml syringes. potassium oxalate was added. and the samples
were repipetted with an Ouord O.l-ml autopipet. The samplea
were pipetted directly into t-ml borosilicate glasa heak... that
hsd been previously weighed on a Torbal balance to an accuracy
of 0.2 mg. About 30 sampl.. were processed at one time. ~
ruled hew.. were 8IT8Jlged on a 7.6- by 15.2-cm borooilicate
glass plate on the base of a hen-jar system. and all hew........
repeatedly filled with liquid nitrogen until the blood was thor­
oughly frozen. With the hew.. still containing liquid nitrogen,
th. hell jar was sealed and the system evacuated. Tbe system was
pumped for several hoWll. and an ultimate vacuum of about 0.06

(51 R. C. Bea,... D. A. CIosa. J. J. Malanlfy. anclC. J.' UoftbaIva<.:
Phys. R.... 170. 1269 (1973). ' ...
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Figure 2. System detection efficiency with and without a titani­
um absorber

tot loss of alpha particles (9), to be about 10 JJg/cm 2 • The foils
were prepared ahead of time. allowed to dry. and stored in a des­
iccator containing CoSO. desiccant.

Analysis Apparatus. The samples were bombarded with 0

150-nA beam of protons from the LASL 3.75-MV Vsn de Groaff.
The beam was spread O\'er a I-cm by I-cm area centered on the
frame hole. Bcam collimation was achieved by four sets of slits
and a collimator 8a shown in Figure J. It is important to note that
the final beam definition W8S performed by carbon slits only 12
cm from the tar~el. This reduced the ~tray beam without the pro­
duction of hard X·ray back~round to which the detector would be
sensili\'e.

The X-rayg were detected by an Ortec Si(Li) deteclor having a
resolution of 175 eV at 5.9 keV. In reachin~ the detector the X­
rays passed through a 0.013-mm Mylar foil in the X-ray cbamber,
a O.025-mm sheet of Ti. a O.71·mm Lucite absorber. and the
O.025-mm Be window of the detector. The Ti and Lucitc were
necessary to preferentially attenuate the lar~(' numbers of Fe X·
rays produced in the whole blood samples. The efficiency of the
detector relati\'e to Pd wa.~ determined by preparing targets from
known mixtures of various elements (Horleco. Inc.). The efficien­
cy curve is shown in Figure 2.

The pulses from the detector were amplified by an Ortec 450
amplifier, set for 3-llsec shaping time. and sent to a Northern Sci­
entific NS 624 ADC. The ADC fed lhe LASL A-I POP-9fL (10)
computer system which acted 8S both anal\'zer nnd datn reducer.
Spectra of 1024 channels were accumulated such that the K,d X­
rays from Pd were just on scale. An example is shown in Figure 3.

The yields of X.rays were det~rmined by a computer pro/;{rsm
which added all channels in the region of interest and performed
a linear interpolation subtraction for background. This program
suffers in that it is necessal»' to have peaks completely separated
to effect accurate analysis. This was a drawback on1\' for the Cu
determinations where the Ka from Cu. which is we;k. was very
close to the much stronger Zn Ku transition. The correction to
the Zn due to the Cu interference wa.~ insi((nificant because of the
smallness of the Cu intensity.

The computer. which accepted data for 8 predetermined Jive.
time. usually 500 seconds. also controlled two scalers. One record­
ed the beam current as measured with on Ortec 439 Current Digi­
tizer, and the second kept realtime in hundredths of a second.
The second scaler allowed easy determination of system deadtime
which was typically 2-3'7<.

The targets were prepared in such a way that the final areal
density was between 0.1 and 1 mg/cm2 • In this mass range, there
is enough ma~erial to produce a sufficient counting rate for rapid

(9) M. C. High. UniversIty or Kansas. lawrence. Kan.. private communi.
cation, 1973.

(10) l. V. East. Proceedings of the 1973 Spring OECUS Symposium.
Philadelphia. Pe.

• (0) C. E. Glelland W. D. Holland. Anal. Cham.• 3<. 105< C1962).
(7) R. J. Grader. R. W. Hili. C. W. McGotl. O. S. Salml. and J. P.

Stoerlng. Rev. Sel. Instrum.. 012,"65 (1971).
(8)' E. J. Fektl and C. J. Umbarger. NucJ. Imtrum. Methods. 103. 341

(1972).

Figure 1. Equipment schematic tor proton·lnduced X-ray emls·
lion

Torr was achie\·cd. The beakers were then removed from the bell
jar and reweighed to obtain the dry weiltht of the whole blood.
The weisht reduction from wet to dry blood was about a factor of
-4.8. The sample8 were placed in a Tracerlab LTA-302 8sher on a
7.6- by 16.2-cm borosilic8te Klua plate which aUowed the beakers
to be on the diameter of the ashing chamber. The samples were
abed for 48-72 hours at a power of 100 walls. 0 pressure of 0.9
Torr. and an oxygen flow of lSO-cmsImin.

The purpose of ashing is to increa8e the concentration of the
elements with Z ~ 26 by removal of the elementA H. C, N, and 0
which comprise the bulk of the blood ma.s8. TarJ::et8 with 8 higher
concentration of trace elements can then be fabricated with a
much smaller total mass. This decrease in mass reduces the
amount of background due to secondary electron bremIJstrahlung
(4), thus improving the detectability limit. It has been shown
that plasma ashing i8 the method of choice to keep metallo8ses to
a minimum (6).

After uhing. the samples were removed from the chamber, ond
0.1 ml of a IDlution of 6 ports 1.8% Hel and 4 pans of 1000 ppm
PdCl2 (for normaliution purposes) was added to each sample
using the autopipet. A new disposable tip was used for each sam­
ple, and dissolution was effected by rapid inhalation and expira­
tion of the solution, u8ing the pipet. Occasionally, small black
specks appeared in the solution and, so 10nK os they were few and
smaH, they did not seem to affect the accuracy of the analysis. A
O.02-ml autopipet was used to transfer that amount of the sample
to the surface of a Formvar foil (7) on whicb a still wet a.02-ml
drop of 3% NH.OH solulion had been placed. The NH.OH neu·
tralized the acidic blood solution which would otherwise have at·
tacked the foil. The samples dried on the foils within a diameter
of 6-6 mm. They were stored and transported in a desiccator and

· then transferred to the Los Alamas Scientific Laboratol)' (LASL)
trace-analysis chamber (8) which had been modified to hold six
2.6- by 6·cm aluminum frames with 1.9·cm diameter holes. Larg.
er frame holes were used 50 that the target and beam area could
be increased to a reasonable and practical size (governed by the
aiu to which the liquid drops dried) without stray beam striking
the frame. Even a beam 10:' times smaller than the primary beam
would cause an appreciable background Mpectrum upon hitting
the frame because of the effectively infinite thickness of the
frame.

I Formvar foils were used in this work because they were rela·
tively easy to prepare in quantity, withstood the required beam
intenaity, and were touICh .enough to endure the abuse of target
preparation and subsequent handling. Another important reason
for uaing Formvar was that it can be made very thin, thus con·
tributing insignificantly to the second8J')' electron bremsstrahlung
continuum. A Formvar solulion (7) was prepared which consisted
of 16 grams of Formvar resin 16j95E (Monsanto Polymers and

· Petrochemicala Co.). 200 ml of methyl benzoale. 480 ml of lolu­
.enc, and 320 ml of ethanol. T.he foils were made by placing a drop
01 this solution onto the surface of doubly distilled water. When
the edges of the film began to v.nnkle, it was picked up onto one
or the aluminum frames, with care that double layers were not
formed. These films were measured. by weighing and by tbe ener·
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Figure 4. Blood target profile measurements showing relative Fe
yield as well as Fe/Zn ratio as a function of position

Figure 3. Typical proton·induced X·ray spectrum tor mouse
blood

(1)

analysis: yet the muteriul is thin enuugh to make self-absorption
corrections insigniricunt and to keep heam h~llting' small enough
to prevcnt target sublimation.

Beam Preparation. It was expected that since the targets were
dried frolll solution, they would be neither uniform nor humoge­
neous. To investigate this point. the beam was defined to 81- hy
1-lIlm spot, using the final carbon slits. Th~ turget \"ElS then
moved through this beam in I-mm steps. und the emitted X-rays
were analvzed. The concentration of Fe and the ratio of Fe tu Zn
ut each p~int across the target are shown for onc such sample in
Figure 4. It Clln he seen that the Fe ('oncentration uf the sample
varies considerably over the width of the targct, while the Fe/Zn
ratio is more stable.

Since the X-ray yield is proportional to the product of beam in­
tensity and targ:ct thickness, and since the tar~et is not uniform.
it is necessary to make the beam uniform across thl:' target area.
Several schemes are available to accumplish this. and we investi­
gated two. We attempted to homogenize the beam by passing' it
through II 0.0013-mm ~i foil lInd then accepting only part of the
scattered beum un '"lur I- by I-cm target area. To get sufficient
targel currents we had to uS(: a primary beam of about 2 iJA, and
this uverheatl'CJ the Ni foil, causing pinholes to develop. In addi­
tion. the amount of homogenization was not sufficient.

The method finally adopted was a simple defocusing of the
beam. A 6-iJA beam was focused through the analyzing magnet
and immediately intercepted in a beam cup (sce Figure I) and
measured. The beam was then defncused within the accelerator
su that the I~am Clip measured only .:i(K) nA, the cup was re·
moved, and the c1efucused heam was alluwed to tra....el -8 meters
to reuch the tar~et dmmber. Typically, of the 500 nA in the cup,
200 nA reached the torget area where it passed through the target
and was collected in an electrically insulated tube beyond the
target chamber proper. This amuunt of beam is of optimum in­
tensitv, because it allows reasonable data accumulatiun rates
witho~t deterioration of the samples. At beam currents above 300
nA, about 50% of the samples would be destroyed by the beam.

To measure the beam profile. I.l 0.5-mm square Ni l~hip, 0,000.)
mm thick. was placed on a Mylar foil in the center of the target
frame. The chip was then moved through the beam in I-mm
steps. care being taken to keep the beam from hilling the fnune.
The number of Ni X-rays is a direct measure of the beam intensi·
ty at the Ni chip. The result of this measurement is shown in Fi~­

ure 5. It can be seen that. at least in the horizontal dimension,
the beum is uniform to better than 1090 over the 6·mm tarf::Cl di­
ameter. Th(" result obtained with the Ni diffuser is shown for
compariJo\on, It was ussumed thnt ttU' verticol profiles were simi­
lar. Hecause of the techniques uscd for betl,m preparation. such an
assumption is justified. These results, taken with the information
about target nununiformity. imply that a limit of precision of a
few per cent over and nbove counting statisti<.'S should be attain·
able with the defocused beam.

Another source of variation in our results is due to the Ti ab­
sorber. The X·rays arising from target positiuns a few millimeters
off the central axis must, because or the shallower unl--:le of pas­
~mge through the Ti. traverse more attenuating material. For our
absorber. and an extreme case of 6 mm from the central axis. the
absorption of Fe X-rays is 7% higher than those X-rays passing

40
o
~
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20
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Figure 5. Beam intensity profile showing results for defocused
as well as diffused beam

perpendicular to the Ti. Since no t .....o turgels are exactly alike­
i.l! .. the mass distribution and centering are not the same-varia­
tions in the measured sample quantity of up to a few per cenl can
be expected to occur.

RESULTS AND DISCUSSION

To determine the precision of our method. two series of
measurements were made. In the first. a 4-ml sample of
oxalated whole human blood was repipelled into 27 bea­
kers and targets were prepared as described above. The
blood had 0.1 ml o[ potassium oxalate solution added to
each I ml of whole blood. A subsequent measurement o[
the oxalate solution alone indicated a small Zn contami·
nation which contributed less than 1% to the final Zn
yield. Each sample was exposed to -150 nA o[ beam [or
500 seconds of analyzer livetime. Several elements were
readily seen. among them Fe, Cu. Zn, Se. and Rb. in ad­
dition to the Pd spike. Since the amount o[ Pd in the
sample relative to the original blood weight (dry) is
known, as is the efficiency of the detector system relative
to Pd, it is a simple matter to determine the amount of
each element present.

The ppm or each element (dry weight) is simply

40N
PEW

where E = efficiency o[ detection relative to Pd [or X-ray
of interest, W = dry weight or sample. N = number o[
counts in peak of interest. and P = number of counts in
Pd peak.

The [actor or 40 arises because 0.1 mg of the 400-ppm
Pd spiking solution is used. The amount o[ material rela-
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Figure 6. Deteclion linearity showing Fe. Zo. and Rb response
as a funcllon at Iron concentration

FIgure 7. Proton-induced X-ray emission delectability In whole
blood (wet weight) as 8 function of atomic number. The curve
corresponds 10 the resulls for 8 1S0·nA prolon beam bombard­
ment for 500 seconds
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t·t: Cu Zn znl> Se Hb

Sample No. 1 434 0.77 5.9 5.1 0.09 1.2
Sample No. 2 455 0.72 5.5 5.8 0_25 1.4
Sample No. 3 453 0.59 6.8 8.4 0.25 1.6
Sample No. 4 460 0.51 6.8 7.2 <0.09 1.7
Expcctedd 390' 1.00 7.4 7.4 0.18 1.5

'"A..·crD/o:O vnluCl'I from Anapaugh et al., Ilcfcrcnco 11.I>Resulla from atomic
ablOtption spectromclry. Hefercnce 12. tScu level value. Al altitude of 2.2
km, blood contains 1~1::'% morc hemoalobin; honce. Fe concenlralion ia

cxr--'Clcd to be higher.

Table n. Comparison of the Result. Obtained with
Proton-Induced X-Ray Emission and with
Atomic Absorption Spcetrometry as well a8
with the Average Values of Anspaugh et al.d

arc consistent with their fixed concentration despite 8

widely varying ~'e concentration. The Fe resulL'\ firc con­
sistent with linearity. A least squares fit to the Fe data,
assuming a quadrutic function, was never more than 5%
different than the fit obtained assuming linearity.

The accuracy of the techniquc is primarily determined
by the accuracy with which the Pd spiking solution is pre­
pared and by the accuracy of t he efficiency curve. The
spiking solution was compared with several independently
prepared Pd solutions and wns at the expected strength t.o
within 6%. The efficiency curve was measured on several
occasions using different targets. and all determinations
agreed to within 7%. A further error arises if the self-ab­
sorption in the blood targets is both lar~e and significant­
ly larger than the self-absorption in the targets used to
determine the efficiency curve. Our estimates of self-ab­
sorption effects rule this out. This last effect would de­
crease the measured amount of material in the blood. The
first twC) effects may be in either direction. In Table II, we
compare our results with those of Anspau~h et aJ. (J /).
Considering that our blood samples were taken from
subjects livin~ at an altitude of 2.2 km, agreement is quite
good.

As a further eheck on the accuracy of the technique,
five aliquots of four different human blood samples were
annlyzed for Zn content and were compared to results ob­
tained by atomic absorption spectrometry (AAS) (/2).
The results are shown in Table H. Since our expected sys­
t.ematic error is 10%. the agreement is reasonable.

Alt.hough we arc able to see only five elements, these
arc normal samples, and screening for abnormalities
would be an important use of the technique (screening, for
instance, for Cd or other industrial health hazards). Bc·
fore this work can be undert.aken, we must determine if

Table I. Average Values and Relative Standard ,
Deviations of Five Trace Elements Detected In
Whole Blood

Fe Cu 70n Se Ilb

27 Human samples
0.2 0.9Av, ppm 384 1.2 6.4

Rei std dev 7% 18% 7% 50% 19%
27 Mouse samples

0.3 3.3Av, ppm 394 0.4 4.0
Rei std dev 5% 51% 10% 31% 14%

(11) L. R. Anspaugh, W. l. Aobison. W. H, Marlin, and 0, A. lowe.
·'Compilation of Published Information on Elemental Concentrations
in Human Organs in Both Normal and Diseased SIales." UCAl
51013 (1971).

(12) P. C. Stein. Los Alamos Scienlllic Laboratory, private communi­
cation, 1973.

j
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Alom.c Number

tive to the wet weight can be determined from the 8vern~e

dry wei~ht for all the O.l-ml samples. assuming that in­
deed the overage of 011 pipenings is 0.1 ml. Ry making the
measurements relative to Pd. it is then unnecessary to
know the total mass present in the turget. a difficult de­
termination. The. peaks from Co. K. and Ti (the lost due
to sccondor)' fluorescence in the absorber) were not ana­
lyzed os they were very nonreproducible.

The absolute amounts of Fe. Cu, Zn. Se, and Rb in the
27 human blood samples (wet weight) were determined
and are shown in Table I. A statistical analysis was per­
formed on t.hese measurements, and the rcsults are also
shown in Table I. A second test was run, using samples
from 27 different mice that were from u line inbred for
over 60 generations. A typical spectrum from one such
sample has been shown in Figure 3. The overage values
and the relative standard deviations of these values are
included in Table I.

To determine the linearity of the technique with vorio·
tion in elemental concentration, a set of ninc identical
blood samples was oshed and then spiked with 0 succes­
sively more dilute Fe-Pd solution. Targets were prepared
and run in the usual way. Figure 6 shows the amount of
Fe, Zn, and Rb detected os 0 function of the Fe concen·
tration added to the samples. The results for Zn and Rb
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toxic levels are detectable. The limit of delectability is
generally assumed to be three times the standard devia­
tion of the background. Using our results, one can infer
the detectability limits as a function of atomic number

. and these results are shown in Figure 7. By increasing th;
bombarding time by a fsctor of four, the detectability
limit will be improved by a factor of two.

An imponant facet of any measuring technique is the
time needed for analysis. The cleaning and weighing of
the beakers (twice) takes about 1 man-hour for 30 sam­
ples. The ashing time is about 72 hours; but although we
worked with 30 samples at a time, the- asher would easily
handle 100 samples, and larger ashers are available. Fur­
ther, the asher loading time was only a few minutes. The
Formvar backings could be produced quite rapidly. One
man-hour per 60 foils is easily achieved. The production of
targets from the ash takes about 2 minutes apiece, not
counting the drying time of about 3 hours. The largest ex­
penditure of time per sample was in the actual beam irra­
diation. We used bombardment times of 500 seconds, Al­
though the beam cannot be increased without endangering
the samples, decreasing the accumulation time by a factor
of two would increase the relative standard deviations for
Fe, Zn, and Rb to about 7,7, and 27%. respectively. The
precision of the Fe and Zn measurements are limited by
target inhomogeneities and beam profile variations; t~e

Rb results are primarily determined by counting statis­
tics. It seems, then, that one person could perform at least
40 assays per 8-hour day under production conditions.

CONCLUSIONS
This work shows that proton-induced X-ray eml8810D

analysis of whole blood samples is capable of precision
and accuracy. The spectrum is not particularly rich· be­
cause of the dominance of the Fe in the spectrum and the
necessity of its strong attenuation which also attenuates
other heavier elements but not as severely. It is reasonable
to assume that developmental effona similar to this one
for measurements on other specific samples should meet
with at least equal success.
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Substoichiometric Extraction of Cations with Mixtures of
Hexafluoroacetylacetone and Tri-n-Octylphosphine Oxide in
Cyclohexane

J. W. Mltchell

Bell Laboralories, Murray Hill. N.J. 07974

Roland Ganges

Slanford University. St8nford. Calli.

A new method has been developed lor substolchlometrlc
extraction 01 cations by adduct-reactions In the presence
of excess hexafluoroacetylacetone (HHFA) and 01 aub­
sfolchlometrlc quantities 01 the neutral donor, trl-n-octyl­
phosphine oxide (TOPO), In cyclohexane. The equlllbrla
of adduct-extraction systems are discussed to show ad­
vantages over the conventional approach 01 reacting cat­
Ions with substolchlometrlc amounts 01 chelatlng IIgands.
Distribution curves lor the substolchlometrlc extraction 01
Co2 +, Cu2 +, Fe2 +,'Mn2 +. Zn2 +, Fe3 +", Eu3 +. and Lu3 +,
have been measured, and experimental results with rela­
live slandard deviations 01 0.92, 1.8,- and 3.1 % for Ihe
substoichlometrlc Isolation 01 Zn'+, Cu'+, and Eu3+ are
reported. The. general utility 01 this extraction system lor
substolchlometrlc separation 01 cations lollowlng n'eutron
activation Is discussed:

Recently the utility of methods of separation in nuclear
analyses has been enhanced by the development of sub-

stoichiometric methods, which extend tbe application ·of
radioisotope dilution to the determination of trace ele­
ments and also make it possible to perfonn quimtitative
neutron activation analyses without measurementa of·ra;
dinchemical yield. Such methods have been developed
rapidly and applied frequently since Ruzicka and Stary
first summarized their tecbniquea in 1968 (1). In a second
review, these authors discUssed methods published during
tl)e period 1968 to 1970 (2). Since this review, several ad­
ditional solvent extraction methods have been' reported
(3-16). A general discusSion of substoichiometric metbods

(1) J. Ruzlcka and J. Stary. "S\lbstoichiometry In Radiochemical Analy~
. sls," Pergamon Press, New York. N.Y., 1968.

(21 J. StaryandJ. "Ruzicka. Talllnt•• 1S,l (1971).
(3) F. Kukulaand M. Slmkova.J. Radloana/. Ch.m•• 4, 271 (1970).
(4) G. N. 8111movlch and N. N. Churklna, J. Radioanal Chem.. 10 53

(197').
(51 U. v. Yakovle~ and R: V. StepanelS, Zh. Anal. Khlm.• 25. 578

('970),
(6) R. A. Nadkarni ~nd B. C. Haldar. Anal. Chem.• 44, 1504'(1972).
(71 B. M. Tejam and B. C. Haldar, Radiochem. Red/CHlna/. Le,,;,·.,\19'

(19721· '. ,'.'
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for multielemental separation by metal chelate extrac­
tions (17), a report on the selectivity of substoichiometric
extraction methods (18), and a general review of the sub­
stoichiometric approach in analysis have also been pub­
lished (19).

Most previous investigators have used 8ubstoichiometric
quantities of chelating (1, 2) or ion-888ociating agents (20)
to reproducibly isolate and then determine cations or an­
ions by neutron activation (N.A.), or by radioisotope dilu­
tion (I.D.). Although numerous reagents for extraction are
available (21. 22), applications for substoichiometric sepa­
rations have been limited either by insufficient stability of
the corresponding metal complexes or by lack of stability
of the extractant at low concentrations.

The present authors report a new method, based on ex­
traction of cations in the presence of an excess amount of
a chelating ligand, hexafiuoroacetylacetone (HHFA) and a
8ubstoichiometric quantity of a neutral donor, tri-n-octyJ·
phosphine oxide (TOPO). Particular advantages of this
system arc described for applications in activation analy­
sis.

EXPERIMENTAL

Tri'lI-octylphOllphinc oxide wos obtained from Eastman Koduk
and used without further purification. HexaOuoroacetylorctone
from Peninsular Chcmreseafch, Inc. was freshly distilled before
use. lWagent-grlldc cyclohl'xane and buffer solutions. pr<>part'd by
rnixint: appropriate amounts of rcaf,:ent-Krude sodium 8cetntc and
acetic acid, were UI~ed. Except for lHCU which was prepared by ir.
radiation of nonactive carrier with thermal neutront> at the Indus­
trial ltenctor Laboratorv in Ploinsboro, N.,J.. the radioisutope~.

a8Fe, GOCo, eozn, o.M~, 01Cr, I02.1a.Eu, and lnLu were pur·
chased from commercial !Iuppli(,ni. Stock solutions of the (:orre­
sponding nonactive cations were prepared by dissolving either
lJure l1altll or uccurotcly weighed amountK (If the highly pure met·
alII. Solutions prepared from 8nltiO were standardized subsequent­
ly by EDTA tit rations.

Preparation of Aqueou!li and Organic Phascs. Mf'thfld I. One
hundred milliter.; of sodium nct-tate-acetic acid buffer (initiol pH
6.37) WOll equilibrat€'d in 0 SCllaratory funnel with un equal vul­
ume of O.07M HHFA in cyc!uhexaOl'. The solution of HHFA wus
prepared by pipettintt 1.0 ml of freshly distiiled reaRent (pre-equil­
ibrated ot 25 ± 2-) into 0 100-ml volumetric flask containing:
solvent and then dilutin~ to volume, After the mixture was shuk­
en fur five minutt's, the aqueous (pH 4.75) and orJ{onic phases
were separated and used as deRcribed below. In expC'riments for
measurint-:: the sub~(()ichiometricdistribution of cations us. pH, II

lIerii·s of oqueou!l phoses were prepared by mixin~ nliquob of
stock cot ion solutions and appropriate amounts of correspondillg
radiosotopcs llnd dilutinK tu neor vulume (9.5 m!) in lO-ml volu·
metric Oasks with portions of buffer solution. The- pH of euch so­
lution W8l'1 then adjusted to the desired value b)' dropwisl' oddi-

18) R. A. Nadkarni and B. C. Halder, Rac1ioctlom. Rac1ioanat. Lell.. 11,
237(19721_

(9) W. J. Zmijewska. J. Roc1ioanal. Chem.. 10, 187 (1972).
(10) B. M. Tejam and B. C. Haldnr. Rac1iochem. Rac1ioaniJ/. Let/.. 9, 77

(19721_
(11) R. A. Nadkarni and B. C. Haldar, J. Radioanal. Chem.. 10, 181

(1972)_
(121 R. A. Nadkarni and B. C. Haldar. Rac1iochem. Rac1ioanal. Le1/.. 9,

205 (19721_
(13) Z. K. DOClorand B. C. Haldar.J. Roc1ioanol. Chem .. 9. 19 (1971).
(1.) B. M. Tejllm and 8. C. Haldar. Rad/ochem. Rac1ioanal. Leff.. 9, 189

(19721_
(15) R. A. Nadkarnl and B. C. Haldar. Rac1iochem. Rac1ioanal. Lett.. 8,

341 (1971).
(16) R. A. Nadkarni and B. C. Haldar, J. Rac1i08nsl. Cllem.. 8, 45

(19711_
(17) A. Elek, J. Bogances and E. Szabo, J. Radioanal. Chem., 4, 281

(1970)_
(18) G. A. Perexhogin. Zn. Anal. Khim.. 25. 1245 (1970).
(19) N. K. Baishya, R. 8. Hestop. and J. R.OeVoe. Crit. Rev. Anal.

Chem., 2, 345 (1971).
(20) l. P. Alimarinand G. A. PerelhOgin. Talanta, 14, 109 (1967).
(21) G. H. Morrison and H. Freiser. "Solvenl Exlraclion in Analylical

Chemistry." John Wiley and Sons. Inc .. New York. N.Y .. 1957.
(22) J. Slary, "The Solvenl Extraction 01 Melal CheJates.'· Pergamon

Press Inc., New York, N.Y., 1964.
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tion of B.OM HCt or 1.0M NH..OH. The resulting solution was di·
luted to volume by adding 0.2 to 0.4 rol of de ionized H20. In
these experiments. the amount of cation present initially. in the
aqueous phase was selected to approximate the concentratIOn ex­
pected in typical activation 8naly~s, where. at lea.st 1- to 10-mg
of nonactive carrier are odded dUTlng the dIssolUtion of samples
following neutron irradiation.

The organic phase was prepared by pipetting oppropriate vol­
umeS of O.IM TOPO-cyc1ohexone from a stock solution into 8

5O-ml volumetric flask and by diluting to volume with 8 portion of
the organic phase which had previousiy been pre-equilibrnte~with
the acetate buffer as described earlier. The initial concentration of
TOPO in the orKsnic phase was selected to be 25 to 50% of the
amount necessary for complete extraction of carrier from the
aqueous phase. .

Method 11. As an alternative method. nrgalllc phases were pre­
pared as follows: 0.5 ml of HHFA, pre-equilibrated ot 2S~, and
oliquots of O.IOAf st.ock solutiun of TOPO were pipetted IOta a
50-ml volumetric flask and diluted to ...olume with cyc1ohexane.
Corresponding aqueous phuses were prepared by adding ca~rier

ond tracer and diluting to volume with 11 series of acetate bulfcrs
coverin~ the desired pH rCj.::ion. In this casE' no previuU!; equilihra­
tion of buffers with O.07M HHFA in cyclnhexone was made.

Five-ml vulumes of aqueous and nr~anic phases were trons·
ferred to 15'101 screw-cap centrifuge tubes, scaled with 0 polyeth­
ylcne cover and copped securely. Following 30 to GO minutes of
cquilibration on 8 wrist-action shaker. each tube was centrifuged
to facilitate separation of phases. After 2- to 4·ml aliquots of the
organic and aqueous phal'le were pippetted into polypropylene and
polystyrene vials. respectively. gumma-ray activities from each
phose were measured by counting in a 3-in. x 3·in. well·type Nal
detector connected to a 1024 multichanneled analyzcr. The equi·
librium I>H of the aqueous phose ......05 then measured with a corn­
bination·elect.rode nnd metcr.

Reagcnt Stability. Fivc-ml aliquots from a set of aqueous and
organic phases prepared by Methods J and JI were pipettcd from
iitock solutions. transferred inltl centrifuge tubes. equilibrated
until equilibrium \\'as ~tllined, and centrifuged. Aftcr this the
y-ray activity of each phase wos measured. At re~ulnr intervols,
the entire procedure .....os repeated until the originlll solutions had
aged for several hours.

Substoichiometric Extraction of 6.CU from SiO:!. A set of
0.5-J{ram samples of ultrapure Si02 (triplicote analyses by N. A.
showed 0.037, 0.059. and 0.012 ppm Cu) were irradiated indepen­
dently for 20 minutes in a nux of thermal neutrons at IOl3 n/cm:!
sec along with standard solutions of copper (0.535 x 10- 6 gram
Cu/ml). Fol1o.....in~ the irradiation. 1 ml of the 6·CU solution was
added to two platinum crucibles in which 1 109 of Cu carrier, 10
ml of HF. 1 ml of 1:1 HNOa. und 1 rnl of HCIO. were added.
After quantitati ....ely transferrinJ{ the irradiated sample of Si02 to
one crucible, nil equal quantity of nonirradinted Si02 .....as added
to the other. Both mixturcs were then heated on a hot plate to
dissolve Si02 and fumed until complete evaporation occurred.
The result.ing residue was dissolved in 3 rnl of acetate buffer that
was pre-equilibrated ..... ith HHFA-cyclohexane and the solllti~n

was transferred quantitatively to a HO-ml sepnrat.ory funnel by
rinsing the crucible with additionol portions of the buffer 80lu·
tion. The pH of this aqueous phose with a total volume approxi·
mat.ely equul to 10 rnl was adjusted to a vnlue greater than 4.8 by
oppropriate addition of liCI or NH.OH. A lO-ml portion of
O.OOIM TOPO in cyclohexane was added and copper substoi·
chiomctrically extracted by shaking for 15 minutes on a wrist­
action shaker. In some experiments. the mixture of acids and
nonirradiated Si02 was not added. The solutiohs containing only
Cu carrier and stondard 6·CU were then mixed directly with buff­
er and extracted with the substoichiometric reagent. In similar
experiments, 0.5·j.lg amounts of Zn, Co, Mn. and Eu tagged with
the corresponding isotopes, 6:1Zn• GOCo, :l4Mn. and IMEu, were'
added along with 10 rng of Cu carrier. In this case, a preliminary
extraction ...... it h 4 ml of 0.OO5M TOPO-cyclohexane was per­
fonned prior to the substoichiomet.ric extraction of 6.CU with 5 ml
ofO.OIM TOPO-cl'c1ohexane.

RESULTS AND DISCUSSION

The paramount importance of the stability of the che­
late complex in determining the applicability of a reagent
for substoichiometric separations by solvent extraction
has been discussed previously (I). Although extraction



methods that form highly stable chelates are very satis.
factory, the number of usable chelate systems are some­
what limited. However, it is well known that few cations
other than Hgh, Cd2 +, Cuh , and Zn2+ (with dithizone),
and Fe" (with cupferron) form primary ehelates that are
more stable than 8 ternary or adduct-complex consisting
of the cation. 8 suitable chelaling agent and a neutral
donor-molecule. For example. a comparison of extraction
constants of thenoyltrifluoroacetonatcs (M(T'TA)n) with
corresponding adduct·complexes of TOPO (M(T'TAln'
(TOPO)m) shows orders of maJ(Jlitude higher constants for
the ternary complexes (23-28).

While available data on extraction- or formation-con­
stants for other ternary complexes of cations with acidic,
fluorinated, beta-diketones and TOPO arc scarce, metal
chelates (MAn) formed by complexation with Iigands
more acidic than HT'TA, particularly hexanuoroacetylace­
tonates, are expected to react very strongly with TOPO
(29). Chelates of hexafluoroacetylacetone, M(HFA)n, form
more stable adducts with tri-n·butylphosphate (TBP)
than corresponding M(T'TAln chelates as indicated by ad­
duct-constants (P2) for Tm(HFA),(TBPlz and
Tm(T'TA),(TBPlz in cyclohexane: log f32 ; 10.8 (30) and
8.2 (28), respectively. The constant for Lu(HFA),(TO­
PO), in benzene is reported as log f32 ; 12.50 (,1/). Ad­
duct-reactions in cyclohexane arc strong:cr by at least two
orders of magnitude indicating a conservative estimate of
log iJz ; 14.5 in this solvent (,12). Inasmuch as a variety of
cations 8rc capable of forming ternary complexes that are
siJ(Jlificantly more stable than binary-chelate species, the
present investigation was conducted to develop methods
for suhstoichiometric extractions with donor molecules.

Theory of Substoichiometric Extractions in Ternary.
Adduct or Synergic Systems. The extraction of a cation
of charge n, (Mn+), by a substoichiomctric amount of n
chelating ligand (HA), represented by the general reaction

Mo' + nHA,,,, = MA".,., + nH' (I)

where the subscript. (0), indicates organic-phase species,
has been treated by Ruzicka and Stary (I). These investi­
gators demonstrated that the threshold pH at which the
same quantity of metal can always be extracted in such
systems can be calculated by substituting values for the
concentration of (MAn)", (HAlo, (Mn 'I and K' at equilib­
rium into the expression for the extraction constant for
reaction I,

dissolves and diasociatea readily in the aqueous phase to
complex the cation via the stepwise reactions

M"+ + A- = MN,,-I, (3a)

MA'''-'' + A- = MA,'''-'' (3b)

MA,,,_,,"""-" + A- = MA" (3c)

IT ligand, HA, is a very poor extractant, the concentration
of chelate (MAn) in the organic phase at equilibrium will
be small even though excess HA is used-i.e. (MAn]o 4:

. (M n+I. Such properties are exhibited by hexafluoroacetyl.
acetone (HHFA). a ligand with a pK. of 4.63 and a Ko of6.8
X 10- 3 at pH ~3.88 in H20-cyclobexane (33). The poor
extraction of rare earths (33), Be2+ (34), and the nonex­
traction of A13+, Zr4+, and Hf<+ (35) with this reagent
have been reported.

If excess HHFA is present in the extraction system, the
same quantity of metal (substoichiometric extraction) can
always be separated from the aqueous phase by introduc·
ing a substoichiometric amount of a strong Lewis base. D.
into the organic pbase. As long as unreacted donor is pres­
ent in the organic phase, reaction 3c proceeds in order to
accommodate the subsequent formation of the ternary
complex, which has a high preference for distribution into
the organic phase.

To obtain reproducible 8ubstoichiometric extraction,
the donor must be quantitatively reacted (99% or belter)
via the reaction

MlHFA)".,o, + mD"" :;:::= MlHFA)"Dm.•", (4)

The reaction product, M(HFA)nDm, must be completely
extracted and have only one composition in the organic
phase-i.e., under substoichiometric conditions all ad­
duct-complexes in the organic phase must have the same
number (m) of donor molecules. It is obvious that substoi­
chiomctric extractions require donors that have large dis­
tribution coefficients and also necessitate conditions that
prevent the extraction of M(HFA)n and preclude tbe for­
mation of extractable species of the form, M(HFA)n(HHF­
A)m. Experimental data have been reported previously to
confirm the above for tri-n-butylphosphate adducts of the
rare earth hexafiuoroacetylacetonates (30).

For the conditions (I) an organic phase initially O.oolM
in D, (2) 99% reaction of D at equilibrium, and (3) a max­
imum of 1% extraction of MAn into the organic phase, the
equilibrium constant for reaction 4,

For many metals, substoichiometric separations will be
precluded in chelating systems if K' ~ 10' since hydroly­
sis, precipitation, or other aqueous phase redox reactions
are possible. A new approach to substoichiometric extrac­
tion, which precludes losses of minute quantities of cat­
ions from the aqueous phase via adsorption or other side
reactions, is introduced in this manuscript. The present
authors have used an excess amount of a ligand (HA) that

(23) T. V. Healy.J. Inorg. Huel. Chem.• 30.1025 (1968).
(24) M. A. Gafey and C. V. Banks. J. Inorg. -Huef. ChOm.. 31, 533

"9691.
(251 T. Sekine and D. Dyrssen.J. Inorg. Nuel. Chem.• 26, 1727 (1964).
(26) A. J. Casey. J. M. Fordy. and W. R. Walker. J. Inorg. Huel. Chem..

29.1139(967).
(27) S. M. Wang, W. R. Walker. and N. C. li. J. Inorg. Nuel. Chem .. 28.

875 (1966).
(28) T. Sekine and D. Dyrssen. J. fnorg. Huel. Chem.. 28, 1457 (1967).
(29) O. Fernando, Separation Sei.. 1.575 (1966).
(30) J. W. Mitchell and C. V. BankS. Ta/anta, 19, 1157 (1972).
(31) T. HonJyo, Bull. Chem. Soc. Jap.. 42,995 (1969).
(321 T. V. Healy. Huel. Sei. Eng., 16,413 (19631.

where CD is the initial concentration of donor in the or­
ganic phase. The above requirements are satisfied if
mono· or diadduct complexes have formation constants,
f3. and f32, 2: 107 and 2: 1012, respectively.

The effect of pH must be considered to define addition­
al requirements for substoichiometric adduct reactions.
For the overall extraction process

Mo+ + nHHFA + mD,., :;:::= M(HFA)"D•.,., + nH+.
(7)

the expression for the extraction constant (K) can be "Tit­
ten as

(33) J. W. MlIeheJl. Ph.D. Thesis, Iowa State UniverslIy, Ames, Iowa.
1970.

(34) W. G. Scriber. M. J. Borchers and W. J. Treat. Anal. Chem.• 31,
1779(1966).

(35) J. A. Slokeley. unpublished Ph.D. thesis, University 01 Tennessee.
Knoxvil1e. Tenn.. 1966.

KO = [MA,,] .. lH+l"
[M"+][HA].:

(2)

becomes

[MlHFA)"Dml.
[M(HFA)"J.[D1"

10'
Pm - (O.Olcll)m

(5)

(6)
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• AqucoWl and Organic pl~ prepared by Method I (Soc 1'':lpenmentRJ
Boction). ~ AqueowJond Organic.ma- prepared by MeLhod 11.

Table I. Subslolchlometric Extraction of ZnH and
Mn" as a Function of the Age ofHHFA-TOPO­
Cyclohexane Reagent

must be met.
The equilibrium concentr.tion of Iig.nd in the .queous

phOBe c.n be c.lcul.ted by substituting .ppropriate
values into

If the initial concentr.tion of D in the org.nic phase is
O.OOIM. 99% of D is consumed, and the diadduct is
formed exclusively;.t equilibrium, expression 12 becomes

IW]' ,
log [ItA], - log 1\ + 2Iog(O.0IC,,) (13)

which simplifies further to

Lewis .cidity tbat p.rticipstes readily in further .dduct
re.ctions to form ten.ry complexes of higb st.bility with
TOPO, a strong Lewis bOBe. This donor is readily .vail­
able in pure form .nd has a low solubility in H,O at 25',
3.68 X 10-. moles/liter (36). 3) Cyclohexane w.s select­
ed since the greatest synergic effects h.ve been ob..rved
in this solvent (32).

Re.gent Stability, The stability of HHFA-TOPO-cy­
clohexane was examined by substoichiometrically extract­
ing Zn" .nd Mn" following the prep.ration of fresh
ph.ses by Methods I and 11, respectively (see Experimen­
t.\). As shown by data in Table I, the extracted qu.ntity
of ZnH .nd Mn" did not ch.nge up to 4 and 11 hours,
respectively. after prep.r.tion of the phases. Although the
stability of the extr.ction system WOB sufficient in both
cases. Method I w.s perferred since control of the equilib­
rium pH w.s f.cile .nd precipit.tion of hydrated HHFA
from the organic phase stock solution was prevented.

Substoichiometric extractions with this system proceed·
ed r.pidly and equilibrium w.s re.ched within 15 minutes
for the caHons that were studied. Data for the extraction
of .'Mn" showed 16132, 17782, 18051. 18441, .nd 17798
counts/minute of g.mm.-r.y .ctivity after 5, 15. 30, 60,
.nd 120 minute. of equilibration, respectively_ In .11 ex­
periments, phases were shaken 8 minimum of 1 hour to
ensure attainment of equilibrium.

Substoicbiometric Extraction of C.tions. Distribution
curves for several cations 85 a function of pH are shown in
Figure 1. Substoichiometric extractions .re shown in 1(a)
for Eu'· .nd Lu", respectively, .t 1.4 :$ pH :$ 3.0 .nd
1.5:$ pH :$ 2.5; in 1(b) for Zn" .nd Cu'+ .t pH'~ 4.5
.nd ~ 3.6; .nd in I(c) for MnH .nd Co" at pH ~ 3.4
.nd ~ 7.0. No region of constant extraction was found for
Fe" or Fe" .s shown in l(d). Apparently the re.ction,
Fe"' + nHHFA '" Fe(HFA)n,,,,, + nH+, is .ppreci.ble.
Studies of tbe extr.ction of Cr" .Iso showed no substoi­
chiometric extraction of this cation. In view of the re·
ported synergic extr.ction of Scs" VO." .nd Th(lV)
(37), V(lV) (25), the .ctinides (38), .nd C." (39), it
is anticipated that 5ubstoichiometric extractions of these
c.tions with HHFA-TOPO-cyclohex.ne will also be possi­
ble.

Under substoichiometric conditions, the cations Mn2 +•
Zn' t , Cu... , Co2 t ••nd other div.lent metals .•re extr.ct­
ed into the organic phase .s M(HFAh(TOPO)m species
where m h.s been reported to be 2 for the extr.ction of
Zn(HFAh(TOPOh (27). The composition of the Lu" .d­
duct has been reported as Lu(HFAh(TOPOh (3I). Other
lanthanides are presumed to have this same composition
in the org.nic phase (30).

Reproducibility of Substoichiometric Separ.tions. To
perform quantit~tive determin.t.ions of tr.ce elements by
neutron activation, substoichiometric separations must be
.t le.st reproducible to within :5% or better. Precision
better than this is obtained e.sily when the .dduct re­
.gent is qu.ntit.tively reacted with the chel.te of the c.t­
ion. to be separated, or .is consumed to the same degree
d.urmg the addu.ct re.ctlon to form. species th.t parti­
tIons completely mto the organic ph....

In ~ddition _~ the requirements of thermal .nd photo­
chemlc.l stablhty of the substoichiometric re.gent, which
are very adequ.tely met by TOPO, c.reful attention must
be given to preventing fluctuations in the concentration of

(36) "Cala Sheel on lri·n·oclylphosphine oxide:' Carlisle Chemical
WorkS. Inc.. Reading. Ohio.

(31) t;g:iterraro and T. V. Healy. J. IlIorg. NucJ. Chem.• 26. 1463

(38) T. Sek~ne and O. Oyrssen.J. Ino/g. Nucl. Ch6m.. 21, 1481 (1967).
(39) T. $ekme and O. Oyrssen.Anal. Chim. Acta.. 31. 211 (1967).

(8)

(9)

(2)

')'-H.ay activity in orll:anic
pb.uo. clmin

[W]'
K - [HAl'[D]..m

K _ [M(HFA)"DmL[Wj"
[M"+J!HHFA]"[DJ,.m

Zn H " Mnt • b ZIl" Mo"

0.1 0.1 89996 18050
1.0 1.0 90684 18440
2.0 2.0 89952 17800
4.3 6.0 90144 18317

24.5 11.5 81724 17659

ARC or oxlraclion .yat.em, hr

To achieve 500/0 extraction with 8 substoichiometric
amount of D in the org.nic ph.se-Le.. [M(HFA)nDm).. /
[MO< J ~ I. where [Mn.) repre..nts .11 met.l-cont.ining·
species in the aqueous phase-the concentration of chelst:
ing .nion (HFA -) in the aqueous ph.se must be sufficient
for complexing at least 50% of the metal. For a cation of
charge n the requirement

[HFA-l,. lI~C"

CIlA
[HA] - K,,", + (IO)

where CIIA is the total initial concentr.tion of HA in the
entire extr.ction system. The threshold pH required to
.chieve the degree of dissoci.tion to satisfy requirement
9 can be c.lcul.ted from the expression,

pH ~ pK" + 10g[A-] - log[HA] (11)

For 50% extr.ction of • div.lent c.tion (n = 2) present
at an initial concentration of O.OO2M in the aqueous
phase, Equ.tion 8 ch.nges to

pH ~ - ~ 10gK - log[HA] + 5 (14)

It is s~en from expression 14 th.t substoichiometric ad­
duct re.ctions are possihle for a div.lent c.tion when K ~

Ill', pH ~ 4, and (HHFA] = O.IM. In the presence of ex­
cess ligand, ..p.r.tions .t higher pH c.n .iso be .cCom­
plishedeOBily for adduct complexes with K < 10'.

The system, HHFA-TOPO-<:yclohex.ne, was ..Iected
for the following reasons; I) Bec.u.. of the we.k chel.ting
powe1'll and poor extr.ction of metal chel.tes into organic
solvents, excess .mounts of the chel.ting .gent, HHFA;
can be uaed. 2) We.k inter.ction between c.tions .nd
bexafluor.cetyl.cetone produces • chel.te with strong
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Figure 1. Substolchiometric extraction curves for ta) Eu3 + and luH ,:(b) Zn2 + and Cu 2+. (c) Mn2 + and Co2 + I and (d) Fe2+ and Fe3+

ConditioIUJ:

Concn Cation IHHFAI ITOPOI

(al Eu" 0.00189M 0.0704 0,001
Lus+ 0.002M 0.0704 0.001

(b) ZnH- 0.0028M 0.0704 0.001
Cu 2 + 0.2 mg/ml 0.0704 0.0015

(c) Mn'+ 0.2 mg/ml 0.0704 0.002
Co:'" 0.2 mg/ml 0.0704 0.002

the substoichiometric reagent by variations in phase vol­
umes, which result from evaporation, spillage or mutual
miscibility.

The data reported in Table 11 for the extraction of
Cu2 +. Zn2 +. and Eu3 + are representative of the precision
obtained with the present method. Five replicate separa­
tions from an aqueous phase containing 0.008 mmole of
Eu'+ indicated 23.5 =0.3 percentage extraction of Eu3 +,
and 14.363 =234 counts/min of -y-activity from U2,l04Eu in
the organic phases. From the series of phases in which the
concentration of Eu3+ was varied from 0.004 to 0.016
mmole. a -y-ray activity of 14,548 =582 counts/min was
found. Corresponding data for Zn2+ indicated 36.4 =0.1

Table 11. Reproducibility of Subatoichiometric
Extractions

Cation ill aqucous phase. mmolm ..,.·Ray activity in orp.nic pbue

Cu" '1.n'· Eu" ''Cu UZn IIIEu

0.0094 0.006 0.004 79471 27581 14072
0.0125 0.008 0.006 80560 26970 13820
0.0142 0.008 0.008 80503 27336 14319
0.0157 0.008 0.008 77040 27356 14395
0.0188 0.008 0.008 77771 27340 14143
0.0220 0.008 0.008 78760 27604 14042

0.010 0.008 26953 14914
0.012 0.010 27113 14898
0.016 0.012 28839' 14938

0.016 15014
79017' 27282' 14455'

a Value rejected; 10 mean. __ 1437; t moon. __ 250;" mean. __ "6.

percentage extraction and a gamma activity of 27.411 =98
C/min from "Zn in the organic phases. From the series of
aqueous phases in which the Cu2+ and Zn2+ concentra·
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Table Ill. Separation or uCu rrom SiO:
Following Neutron Activation

(illmma rDy lIc::li\'ity illOl.'\l«1 in ors:.... c/mill

Sample StnmJanl Sample/tltaudnrd

67566 68617 0.985
65392 67863 0.963
65918 67987 0.969
63587 65376 0.97:3
62533 663:36 0.94:3
69138 70567 0.98U
69060 70525 0.979
66170' 68182' 0.970.1

.. ICu!••.• "" [•.:llJ X 10-' «rom, NIlI deloctor. :lO-min irradiation. ,of
"Cu _ CUil! MeV." Menn \'aluc for l"C1\''\mlinn of Cu from 1.,nnll,le. r1 ­

2tiit. ~ Mlonn \'nluc fur IOt.'pnntlioll n( Cu (rulll .tandanl. " - 1~.J.l!1. <I :\1cnn
va)ucofralill./\rti",ilynfSAllljllc.JActi",ityofSLltndnrd." ... 0.0141.

tions were varied. nn average organic phase activity of
27,491 ± 535 and 79017 ± 1334 counts/min were mea­
sured, respectively.

Practical Applications in Neutron Activation Analy­
sis. Substoichiometric neutron activation analysis has
previously been demonstrated to be useful for practical
analyses of real samples. \Vhere specific or reasonably se·
leetive extractants hove been used. quantitative measure­
ments by direct substoichiometric extractions have been
achieved (I, 2), Complexation of interfering trace ele­
ments by masking agents has also been employed (I, 2.
40), When major constituents or matrix elements inter­
fere, substoichiometric isnlations hovc been performed fol­
lawinJ{ a prcliminary separation of the constituent being
determined. The latter two approaches are expected to be
most suitable far practical applications of t.he system de­
scribed in this paper since a large number of cations par­
ticipate in adduct formotion.

For the analysis of ultrapure materials this nonspecifi­
city is not particularly damaJ':ing. The addition of nonac­
tive carrier followin~ irradiation of the sample allows the
analyst to make the concentration of the constituent to be
separated orders of magnitude larger than the total con·
centration of other trace impurities present in the sample.
Any trace elements with adduct extraction constnnt.s ?:.K
of the cation of interest will complex a negligible amount
of the substoichiometric reagent. This is illustrated by the
data reported in Table III. The first three separations of
e·cu from the standard were l>erformed after carrier only
was added. These data agree closely with the remaining
four st.andard values, obtained by separating 6·CU substoi­
chiometrically from a solution treated in the same man­
ner as the irradiated sample. The reproducibility of the
overall method and thc actual precision expccted for re-

("01 J. Stary and J, Ruzlcka. ra/onta, 11. 697 119641.
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suits calculated from the ratios of "Cu activity in sam­
ples to activity from corresponding standards are demon·
strated to be quite adequate for quantitative trace deter·
minations by neutron activation.

A preliminary separation of trace impurities with larger
K values than the carrier cation can be performed by ex­
tracting with an organic phase containing 1090 of the
TOPO necessary for complete extraction of the carrier,
Substoichiometric isolation of the cation of interest can
then be accomplished in the presence of impurities with
extraction constants less than that of the carrier. To verify
this. a solution of 0.5 pg each of EU3~ • Mn2 -+, Zn2+. and
Co2'" was ta~ged with U2,154Eu, :"'Mn. 65Zn• and tiOCo.
then added to an aqueous phase that contained 10 mg of
Cu carrier and I ml of 64CU tracer. which was prepared by
irradiating a 0.107 X 10- 6 gram/ml Cu solution for 30
minutes in a nux of 2 x 1013 njcm2 sec. A preliminary ex·
traction with 4 ml of 0.OO5M TOPO-cyclohexane was fol­
lowed by the substoichiometric extraction of Cu with 5 ml
of O.QIM TOPO-cyclohexane.

The gamma ray spectrum of the preliminary extract in·
dicated that most of the Eu and Mn were extracled. Trac­
es of the other isotopes were extracted simultaneously
with copper during the suhstoichiometric separation; how·
ever. no interference with the reproducibility of the isola­
tion of copper was found by as...aying the 64CU activity in
the organic phase with a Ge(Li) detector. The results of
five replicate substoichiometric separations of Cu by this
procedure showed the followinJ.{ ~amma ray counts due to
6·CU in the orgllnic phase: 10395, 10639, 11504. 11185, and
10756. In the absence of the impurity, isotopes 11003
counts from the 0,511 McV g:ammas of ti4CU were detect·
ed.

Determinatiuns of traces of eu, Mn. Zn, Co, and rare
earths by direct substoichiometric separat.ions with
HHFA-TOPO-cyclahexane following neutron activation
can be performed in the case of ultrapurc reagents, and
alkali salts or metals. Separations of these cations fmm
appropriately treated samples of the semiconductor mate·
rials, silicon nnd silicon dioxide, should also be possible.
Measurements of these traces in high purity salts of alka·
line earths. in the pure metals AI. Ga. and Ge. or in other
materials wit.h matrix f"lements that undergo reactions
with HHFA or TOPO will require preliminary separa­
tions. A description of a specific procedure for t.he deter·
mination of manganese in ultrapure calcium carbonate by
a preliminary separation with a mixture of pyrrolidine
dithiocarbamic acid and diethyammonium dithiocar·
bamate in CHCI, is forthcoming (41).
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Computer Utility for the Analytical Laboratory

James R. DeVoe, Ronald W. Shldeler, FUlmer C. Ruegg, Jules P. Aronson,' and Peter S. Shoenfeld

Analyt/cal Chemistry Division, Institute for Materials Research. National Bureau 01 Standards. Washington. D.G. 20234

The use 01 a parallel dlgllal data bus as part 01 an elabo­
rate teleprocessor system enables the analytical chemist
to utilize computer control 01 his Instrument In a manner
which Is simpler than has been previously described. The
use 01 pushbuttons and thumbwheels wllh dala display,
plot, or print In the laboratory, coupled wllh Interactive
control of the experiment control program, provides a ca­
pability In compuler conlrol 01 Instrumenlatlon Ihat ap­
proaches Ihe concept 01 a computer ullllty. The lelepro­
cessor and software used In a mUltiprogram environment
are described.

At the beginning of this century, electricity was relegat­
ed to special uses most often related to scientific applica­
tions. Twenty years later it had taken on the aspect of in­
dispensability and today as a utility, electricity has be­
come so critically involved. with our existence that much
concern relates to assurance oC its continued availability
in the desired quantity and quality.

An analogy can be made with the electronic computer.
It has yet to reach the point of being considered indis­
pensable in the sense of its critical nationwide economic
impact, but there is no doubt that it is soon (20-40 years)
to become critically needed. The computer has solved im­
portant scientific and technological problems that would
have been impossible otherwise. Currently. in most areas
of experimental science, there is much interest in the use
of computers (particularly "minicomputers") to control
and acquire data from experiments. In many cases, the
experiment could be performed only with computer inter­
action, and in other cases it relieves the tedium in operat­
ing switches, etc. on the experiment. Like electricity in its
early stages, computers are cumbersome to use. Commu­
nication between the user and a computer is impaired by
constraints that relate directly to the design of computers.
Slowly these barriers to communication are being re­
moved. When this reaches a level of high efficiency, com­
puters will be looked upon as a utility. It is with this con­
cept in mind that a computer system was designed, fabri­
cated, and installed within the laboratories of the Analyti­
cal Chemistry Division.

An ideal computer utility for the laboratory has the fol­
lowing attributes: Low cost per unit of use; high capacity
(for number of experiments that can be accommodated,
for data storage, and for computation); rapid response
time to inputs from the experiment; simple and direct
communication (very easy to program and to operate);
and high reliability-approaching that obtained with elec­
tricity.

As everyone knows, the state of development of com­
puter components and software has yet to result in com­
patibility between all of the above items. However, like
electricity, the item of major consideration. cost per unit
of performance, is continually decreasing and consequent­
ly makes it more attractive to use. Ziegler et al. (I) have

1 Present address. Institute (or Computer Sciencea and Technol·
ogy. National Bureau ofStandards. Washington. D.e., 20234.
(1) E. Ziegler. P. Henneberg. and G. Schamburg. Anal. Chem.• 42 (9).

5'-6'0\ (1970).

described a system that provides for considerable multi­
instrument capability, at considerable investment. Anoth·
er similar system has been described by Shapiro and
Schultz (2), and, of course, a variety of mM 1800 systems
have approximated a multi-instrument operation (3).

The system to be described is believed to represent a
significant advancement toward the concept of a comput­
er utility. A multi-program minicomputer with an average
amount of core and fast access storage communicates to
each laboratory via a bidirectional teleprocessor. A tele­
processor is a device that allows transmission of data from
one place to another and provides the necessary control
and synchronization functions. The user's experiment is
connected to a receptacle box on the wall in the laborato­
ry. Communication from the user to the computer is done
by labeled thumbwheels and push buttons. Communica­
tion from the computer to the laboratory is done by the
usual type of devices; teletypewriters, plotters. cathode
ray tube, light emitting diode display, etc. Communica­
tion between the user and the computer can proceed at all
times during the operation of the experiment. The para­
graphs to follow describe the functional design of the en­
tire system including software. Detailed design parame­
ters can be obtained by writing to the authors.

TELEPROCESSOR
In providing a computer facility as a utility in a labora­

tory, it is a clear requirement that easy access to the com­
puter must be made available to the users. The telepro­
cessor serves in this capacity. Its foremost function is that
of communicating-e.g.. via a bidirectional data link be­
tween an experimenter's device and the computer. The
user should be able to consider the teleprocessor as a
"black box" that accepts signals at the end of some wires
and which connects his data device to the computer. Tbe
designer, on the other hand, must not share this view. He
must consider every aspect of the user's requirements, oth·
erwise, the desired transparency will be lost, and the pres­
ence of tbe teleprocessor will be felt through its inadequa­
cies and unnecessary constraints.

The method of initiating data transfer should be simple
so 8S to invite the experimenter to explore the new capa­
bilities of computer interaction rather than to intimidate.
by ritualistic complexity of its operation. Its operation
should seem natural-that is, in keeping with the usual
methods of operating instruments. It should place few re­
strictions on the customary operation of the data device it
services. In addition, it must be impervious to random or
unprogrammed instructions inadvertently supplied by the
experimenter.

Hardware interconnection to the leleprocessor should be
natural, straightforward. and simple. Altbough the hard­
ware responsibility is not strictly in the user's domain, it
sbould not require "specials" to handle ordinary tasks.
Minor modifications or additions should be easily accom­
modated without re-engineering. The designer must con­
sider, as well, the interactions at the opposite end of the

(2) M. Shapiroand A. Schultz. Anal. Chem.• 43. 398 (1971). .
(3) Proceedings IBM Scientilic Computing Symposium on Computers In

Chemistry. Thomas J. Watson Research Center. Yorktown Hetghts.
N.Y .• August 1969.
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Flgur. 1. NBS Analytical Chemistry Teleprocessor System

teleprocessor where the computer resides. At this end of
the teleprocessorl design criteria may havc an even greater
impact on the success of the system from the standpoint
of a utility. The formatting of the data words, special con­
trol information l and status of the teleprocessor can great·
Iy affect the speed of processing data and the ease in pro·
gramming.

When data sources arc from widely separated locations
and from many independent sources, the decision 8S to
whether to connect each location separately to 8 central
distribution system vs. 8 common bus data carrier for all
locations needs to be considered. Many design criteria
must be evaluated before such a decision can be made.
Tbe types and number of data sources and their individu­
al data rates combined with the very important estimate
of the time averaged data transfer rate from many sources
must be considered. Coupled with this is the all-impor.
tant response time (minimum time for receiving a control
signal from the computer after an input stimulus is sent
from the experiment). Reliability of the data transmission
precludes long distance transmission of analog signals. It
is clear that there is no single optimal design of telepro­
cessor because the various tradeoffs between the require­
ments and resources, both financial and technical, will be
different for each laboratory. Moreover, availability of
electronic components which provide more capability at
decreasing cost will have a profound effect on the design
offuture teleprocessors.

The most compelling reason for implementing the de·
aign of the teleprocessor described below resides in its uni­
versality from both a hardware and software standpoint
between widely dissimilar experiments. A single data bus,
common to all experiments, allows concentration on de·
aign of generalized interfacing to the experiment instead
of being forced to design both the experiment and com­
puter ends of the interface to accommodate special re·
quirements of the experiment.

Tbe Digital Data Bus, A digital communication bus to
provide a bidirectional flow of data between individual
laboratories and the computer facility was installed. It
consiats of fifty twisted pairs of 52·ohm line with each pair
ahielded in an aluminum-coated Mylar sheath, and it in·
,cludea a third bare wire per pair as.a ground. The bus in-
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terconnects the laboratories of the building in parallel.
Approximate 44·foot lengths are connected between dis·
tribution boxes in utility closets located at the side of
every second laboratory module. At each of the distribu·
tion boxes, there are five lOO-pin connectors. The five con·
nectors provide for the bus incoming and outgoing and
one each to ports located at the first, second, and third
floors. The wiring of the boxes is done with a special
printed circuit board which parallel-connects 48 of the 50
pairs. The remaining two pairs are connected in series to
accommodate the intercept pulse to be described below.
(See section tiUed Time Shared Multiplexing.)

The bus appears as a long trunk line with ports ar­
ranged periodically along its length and tied off to tbe in­
dividual laboratories (Figure I). The cables to each port
location are curre~tly in place and in a connected configu­
ration to avoid the situation of adding ports one at a time,
only to find that system performance degrades with addi­
tional connections.

The computer interface is connected at the approximate
center of the bus, and the system can be properly thought
of as having two separate buses l center connected, and
sharing line drivers and receivers.

The bulk of the signals is handled with a bimodal
driving scheme. A balanced line, current-mode transmis­
sion, sends data to the computer interface since high
speed movement of lar~e amounts of acquired data is nec­
essary.

In the reverse direction where computational results or
control data outputs from the computer constitute a much
smaller magnitude and speed of data flow, a voltage mode
system is employed. The voltage mode signal drives both
sides of the balanced line from its normally negative five­
volt state to zero volL'\ when a one is transmitted. At the
laboratory logic box (LLB), or laboratory interface, the
line receivers are composed of simple strobe-pulse·driven
resistor-capacitor integrators. These are diode-coupled to
transistors which directly drive the LLB dala buffers.
These receivers Brc highly immune to noise spikes and
maintain 8 dc level noise immunity of at least. ±2 volts.
They have practically no loading effect on the line and are
highly economical.

The line transmitters are composed of 8 single transis­
tor "floating switch" between the two sides of the bal­
anced line which in the zero state have a differential volt­
age of 300 to 500 millivolts. A second transistor (driven
electrically) isolates the switch except when in the driven
state. When a "one" is transmitted. the driver turns on
the floating switch to shunt the current from one line to
the other. This, in effect, reduces the differential voltage
seen at the high sensitivity differential line receivers of
the computer interface. This method of transmission op­
erates as a true "party line" (wired OR) system, and no
current commutation or compensation is required.

The Laboratory Interface. In each laboratory where
instruments are interfaced to the teleprocessor, a labora­
tory logic box (LLB) is situated on the wall with the data
bus entering from the rear. A blower is housed in back of
this box and blows air from the hallway outside of the
laboratory into the LLB. The cable pass-throughs are
sealed to an extent that only air flow from the LLB into
tbe laboratory is possible. This avoids corrosions due to
laboratory fumes, etc. The LLB houses all of the interfac­
ing and bus interconnecting logic to sustain up to four
separate experimental hook-ups which arc connected by
short cables «100 ft). Provisions made for each experi­
ment include inputs for: a major data source such as a
pulseheight analyzer or other word·serial devices, a con·
trol panel, and six IG-bit words of ancillary data which are
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Figure 3. Diagram representing the modes of data transmission via the teleprocessor

accessible through the control panel. The msjor data
source can accommodate up to 28 bits of data and four
control lines. These lines run directly to the LLB and can
handle data rates in excess of 60 kHz. The control panel
(Figure 2) for each experiment has six lighted push but­
tons, two dual light indicators, and five sets of thumb­
wheel switches to give the experimenter completely inde­
pendent communication to the computer for interactive
control of his experiment. Communications from the com­
puter to the laboratory are provided in eight 16-bit words

.of output which can be divided or shared between the ex­
periments as needed. Standard output devices are avail­
able including: teletype, plotter, display CRT, as well as
logic output for relay drivers used in experiment control.

Operation of the system begins when the experimenter
inserts his identification card (see Figure 2) user number
and dials in appropriate setup data using the thumb­
wheels on the control panel. He pushes SETUP and then
SEND. Each time a pushbutton is depressed, it lights,
signaling to the experimenter that the intended operation
was c!,rried out. If the computer has understood and vali­
dated all commands, the ready (RDY) light extinguishes
and the OPERATE illuminates, and, in AUTO mode, the
experiment proceeds under computer control. The SEND
button flashes to indicate data transmission. The experi­
menter can terminate or abort the experiment. A resetup
constitutes a capability of changing experiment control
criteria 88 the experiment proceeds.

Communication Structure. It is necessary io provide a
teleprocessor design where the data from a. variety of de­
vices in the laboratory can be processed rap'idly with pro­
tection to prevent entry onto the bus at a rate greater
than can be handled. A fully parallel communication bus
provides part of the answer. A second part co.mes from di­
viding the bus into two time-multiplexed subsystems. A.,
symmetric clock pulse of 5-lIsec half-cycle aiternately de­
fines the high and low speed sides of the bus. A data'trip­
let constitutes a single transmission of an 8-bit instrument
address and 32 bits of data, and it occurs within a 5-1I.ec I

half-cycle. The clock signal originates at the, computer iq­
terface but is routed along the data bus in the direction of
the data flow to avoid a "clock skew" due to propagation
time along the bus.

Based upon a survey of data rates expected, 'the sources
are divided into two distinct categories (Figure 3). The
first category is low speed data (LS) and is noncyclic and
usually nonbuffered such as might be provided by a digi­
tal voltmeter. This type of data must be picked up after
only a short time delay. Data in this "time volatile" cate­
gory are transmitted with;' worst case delay of 1 millisec­
ond. Therefore, a maximum transmission repetition rate
of 1000 per second is specified. Only one cycle containing
a data triplet (two 16-bit words plus address) may be
transmitted before control is relinquished to the next de­
viae on the system. This, in effect, time shares the LS
side of the bus between many devioes. Since most data
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Table I. Typca of Record. Transmitted to the
Computer Via the Teleproccssor

deviceR coupled to the system run at much less than the
l-kHz rate, this limitation is not a burden.

The second category i·s high speed data (HS) and is
usually generated from 0 buffered data device such as a
multichannel analyzer. With these data. small delays of 1
or 2 seconds before the dota may be transmitted are toler­
able, but once the readout is begun. data can be sent at
rates of 60-70 kHz. In this case, the high .peed side of the
line is dedicated to t.he transmitting device and. at the
computer. data ore routed into a direct memory access
(DMA) channel. This form of input can handle large
blocks of data, and it contributes little to the time re­
quired for executing data-handling software.

Time Shared Multiple-Tin/!. The LS side of the commu­
nication bus must be shared among each of the LS users
without chance of conflict. To allow control of individual
communications, a pair of data bus lines provide a circu­
lar "daisy chain" path around which a single intercept
pulse circulates. This pulse is regenerated at each LLB

Terminate Snme ns Setup (except
thnt control bits have
heen chan~ed)

8 (address) For all data received
16 (data) from the instrument
12 (data)

8 (address) Normally transmitted
11 (experimenter before a block of

l.D.) triplets, and it. pro-
4 (No. words in vidcs n means of

peD) transmitting special
48 (Time of Y car) parameters that might
16 (Input parameter) need monitorin~or

128 (Special data) for interactive opera­
tor control.

location in sequence. In order for a LS transmit to take
place, the intercept pulse must tirst be received and held
in the interlotch logic circuit of the requesting: device. At
the end of the transmit cycle. the intercept pulse is re­
le~d to proceed to the next interlatch circuit.

Multiple Transmissions. While almost all data records
consist of a data triplet sent in a single transmission with
subsequent release of the intercept. there are other data
records that are used to establish a mode of computer op­
eration (MCO) of the experiments (See Table ().

These MCO data records have a multiword format of
between two and six sequential cycles and include:
SETUP, RESETUP. PRECURSOR DATA (PCD), TER­
MINATE, and ABORT. Each of the sequences holds the
intercept pulse until its transmission is completed. The
arrival of every MCO at the computer interface is detect­
ed, and "Tim~ of Yenr" is automatically included in the
MCO format. Any LLB ready to transmit on MeO record
can hold the intercept pulse and transmit if the compuler
interface buffer is empty: otherwise, because these records
constitute a sizable fraction of the buffer storage in the
computer interface. loss of some control words \1I...ould result.
However, the peD can hold the intercept evcn though the
data buffer is nol empty, but tramimission is defcrred until
the buffer is cleared. Holding thc intcrcept for these MeO
data records does not appreciably affect the l-millisecond
response time because these t~'pes of records occur infre­
quently.

Each of the 1\'ICO data records <See Tohle 1) contain
the followinK information: the combined control word and
instrument address. t.he experimenter ID number. t.he ex­
pcriment IOK number. the input parameter. and time of
year to the nearest millisecond. The setup and rcsetup se­
quences also include: the experiment control routine num­
ber, data handling number, number of repeat cycles,
number of words to be reud. and four variahle entry
words. The peD data record differs in that its length is
hardware-programmable and cnn include up 10 six nddi­
lional words of ancillary data.

Instrument Addres,.. Structur{·. Complete address infor­
mation is required to identify all experiments or in~tru­

ments on the data bus, and the address is sent in parallel
with each data block. Parity of the address word i!'i set on
a fixed parity basis. The suh-address bits are wired to
fixed locations of the input system control hoards and
identify 0 transrnilled word by its physical location in the
LLB. The output words are similarl~' decoded and routed
to specific board locations of the output words.

Common LORic. Whenever possible the LLB makes use
of logic common to all of its input-output (1/01 systems.
The synchronous interaction within the communication
bus is timed by n loo-kHz clock in the computer inter­
face.

All dat.a transmissions arc synchronized to the clock by
a single set of pulses for each transmit cycle. A separate
generator. onc for HS transmission and onc for LS trans­
missions. produce a pulse to reset all buffer registers: a
pulse. overlapping the reset pulse, to strobe data "ones"
from the selected input lines onto the input bus which in
turn will set the appropriate buffer rel{isters; and a trans­
mit pulse which enables the transmit gatcs for the re­
mainder of the clock cycle.

All control word sequences are synchronously initiated
by the clock and produce sucressivc LS transmit cycles.
Any test word received is synchronously transmitted back
to the computer (without clearing the buffer registers) on
the next available clock cvcll'.

The relationship of the timing between the intercept
and clock is under the control of the computer interface

u~

Cnuse~ n terminate of
the current control
pro~ram and a reload
of n new onc or a re­
load of the old pro­
gram with new pa­
mmeters, alsn used
for interactive con­
trol.
Initiates a terminate
and con include any
of the pertinent
parnmetcrN needed by
the terminate routine
of the experiment
control progrnm.

Currently, the record
is handled the same
RA terminate

lnitintes the experi­
ment hy londing the
experiment control
pro~ram and setting
nil pertinent values.

Size (bitfl)

8 <oddre••)
11 (experimenter

1.0.)
4 (No. words in

PCD)
48 (Time of Year)
16 (Experiment lo~

No.)
16 (Input parameter)
16 (No. of High

Speed Words)
16 (Nonresident

program No.)
16 (Repent Cycle

No.)
16 rDntn Hnndlin~

Code)
,18 (Special purpose)

Snme ns Setup (ex­
cept thnt control bile;
have been changed)

Same n8 Tcnninnte

Precursor
(FCD)

Setup

Rcsctup

Abort

Type

Triplet
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Figure 4. Diagram depicting the bus structure of laboralory logic box (LLB)
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and can be used for teleprocessor reset or initialization.
State Control. Interaction between the LLB and any

given data production device is controlled entirely by the
state control circuit board and the control panel. The var­
ious signals from the experiment control panel, the system
controls. and the output state of the readout device are
combined in what is basically a sixteen-state asynchron­
ous register. This register, comprised of 4 nip-naps, has
multiple inputs so that each nip-fiop can he set by one or
more control signals. The register's state is decoded to
provide outputs to the lamp drivers for the control panel
and for control logic gating,

LLB Data Input/Output. The LLB has a data buffer
common to the communications data bus that is also bus­
connected to the four independent input systems and the
eight words of output, Figure 4,

The input bus accommodates 8 data input, 8 control box
data input. and a matrix input for each of the experi­
ments connected.

I/O Buffer. The I/O Buffer consists of 42 nip-nops:
eight for the address, 28 for data, four control bits, and
two parity bits.

The I/O buffer operates as a bilateral temporary storage
for data being transmitted to the computer as well as for
data being received. The data contained in it are consid­
ered valid only for the duration of the given operational
cycle because of its time-shored nature. In all operations,
the buffer is first cleared to zero immediately followed
with a write strobe. Parity check or generation occurs si­
multaneously,

Universal Input Card, Data outputs from a major data
source are connected to inputs located within the LLB
through a "Universal Input Card," Each card accepts 16
bits, 14 data lines, and two control signal lines. Used in
pairs, they accommodate a seven.digit BCD input word
and its control signals.

The design of this circuit eliminates the necessity for
different designs to handle signals from different types of
data sources. Programming by interconnection of the
input connector allows positive. negative, or bipolar input
signals with either a positive or negative fixed 0.7 -volt
zero offset. Common mode noise of up to ±2 volts can be
separated from the signal.

Input voltage levels can range from ±2 to ±50 volts
without alteration to the card. The input impedance is
high, typically drawing 200 jJA from a positive 10.v sig.
nal.·

The outputs of these data signals are diode-gated to the

LLB input bus with a strobe command pulse and can be
chosen for either the inverted or noninverted logic sense.
The control line inputs are similar to the data inputs, but
they have separate gate lines provided to allow for inde­
pendent selection of logic sense and control of input gat­
iog,

Control Panel Input. The control panel for each experi­
ment connects to the LLB to provide control and indica- .
tor signals for the state control logic. It also connects to
the 32-bit input and for the readout of thumbwheel data
entered in MCO operations, These same data inputs pro­
vide for six words of 16-bit ancillary data input. Each of
these words is strobed once during a PCD cycle and can
contain information from devices such as shaft encoders or
digital panel meters. Diode disconnects or line gates pro­
vide the final gating at the bus internal to the LLB to
avoid the effects of cable capacity or crosstalk due to
capacitative coupling.

Input Level Shifters. To permit the use of passive gat­
iog, the input bus works into level shifters which restore
the DC zero and provide a high impedance input to the
data buffer.

One additional feature of the input level shifters is the
inclusion of power diodes connected between the bus to
ground and the 5-volt supply to prevent inadvertently ap·
plied large voltages from getting further into the system.
Fusible links on the circuit boards can melt if the overvol­
tage condition persists.

Data Outputs, The I/O buffers are bussed to eight 16-bit
output card locations. When output data are received by
the LLB, the output location address is selected, and the
data are strobed singly or in word pairs into the output
latches during the last part of the receive cycle, Standard
output cards have been designed to interface up to four
teletypewriters from a pair of locations and to provide two
single word outputs for a plotter and CRT display scopes,
A universal logic output card can "sink" currents from
positive, negative, or alternating current lAC) sources,

The Computer Interface, The computer interface (Cl)
provides the mechanism to transfer data from the data
bus to the computer. It also provides control and timing
signals to the data bus, The computer interface can pass
data to the computer in two ways: a priority interrupt
controlled I/O channel (PlO) and a direct memory access
channel (DMA), The computer interface receives the par·
allel data (40 bits + parity) from the data bus and multi­
plexes it into 16-bit computer words, The data on the bus
are time multiplexed into high speed and low speed data,
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and the Cl transfers all of the low speed data to the PlO
channel and the high speed data to the DMA channel.
The computer interface also provides the mechanism for
transferring data from the computer to the data bus.

Computer Interface Logic. Flow of Data ta the Com­
puter. The data arrive from the data bus on the data bus
input cards (See Figure 5). Data pass next to the load
transmit circuit boards where its direct current (DC) level
is adjusted, and then to the data line receivers where the
data bits are converted from low level differential signals
to .TTL logic levels and parity is checked. The data are
next strobed under control of the lookthrough scanner
(LTS) onto either the high or low speed ripple shift regis­
ter (RSR) where they ripple to the home position. The
LTS also provides for introduction of time of year for cer­

. tain combinations of control word bits. For low speed
data, a priority interrupt is generated when the data are
ready to be read' by the computer. For high speed data,
the presence of data causes a strobe to be generated which
transfers control to the computer's DMA channel.

Flow of Data from thc Computer. The computer data
output bus is connected to the transmitter ripple shift
register (TX,RSR). The computer sends a control word
which contains the LLB and port address and bits which
inform the Cl how many data words follow. Output trans­
mission to the LLB can include either the first lG-bit
word, the second word, both words, or a single bit (time
mark) can be sent on the address word. When all of the
data words have been loaded into the TX,RSR, the com­
puter sends a transmit error terminator (TET) which
causes the transmit cycle to begin. The 'data which are
stored in the TX,RSR are strobed onto the data bus
through the LTX circuit boards by the TX Gate, and
transmjtted to the LLB selected by the address word.

Intercept Logic and Special Transmitter, The inter­
cept pulse is used by the LLBs 88 a nag to allow them to
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transmit low speed data when the intercept pulse is pres­
ent in the box. Each LLB serially receives and then trans­
mits the intercept pulse.

The Cl intercept logic receives the intercepts from the
two buses (A and B) and retransmits them immediately
unless there is a hold or a transmit inhibit. The logic
sends the intercept. around one bus (A) and then around
the other bus (B). If, for any reason. an intercept fails to
return, a new intercept is generated after 8 time delay,
and an intercept fail condition is sent to the failure dis­
play circuit.

The special transmitter contains the control function
line drivers. The control functions are: high speed nag
(HSF1, buffer emptyfstrobe (BfS), A&B clock; and A&B
intercept.

Priority Interrupt Circuit. The priority interrupt circuit
sends a priority interrupt (PI) to the computer when an
address ripples to the home position of the RSR. It also
controls the reset of the home position of the RSR. The
sequence of events which occur to transfer data to the
computer is: an address ripples to the home position of
the RSR which generates a PI; the computer reads the ad­
dress and the prescribed number (2 to 14) of data words;
and the computer sends a SET and reads the parity and
sync error bits. The SET turns the RSR reset on, and it
remains on until another address reaches the home posi­
tion. The RSR reset is used to clear the RSR of any words
which might be erroneously stored.

Sync Error. The synchronize error circuit accepts inputs
from the RSR, PlO COM., and the parity error (PE) cir­
cuits and chl'Cks for error conditions. The two synchronize
error conditions are: the computer tried to read too many
or too few words from the RSR between addresses. The
synchronize error logic also controls a shift register which
receives the PE bits from the RSR one at a time as the
words are transmitted to the computer. When a SET is



received, the PE's (if any) are transmitted to the comput­
er with one error bit for each word transmitted.

Direct Memory Access Communication and High Speed
Flag (DMA-COMM). The DMA-COMM provides the
logic necessary to interface with one of the computer's
multiplexed direct memory access ports. It also provides a
high speed Oag to signal all of the LLBs that a DMA
transfer is in progress. The computer sets up the DMA
channel when it receives a high speed request. The higb
speed request is transmitted on a low speed PCD word by
a LLB when a buffered device starts its readout. When
the DMA channel is set on, there is a pulse to turn on the
high speed Oag which allows the LLB to start sending its
high speed data.

Failure Display. The function of the failure display
circuit is to indicate parity failures and to display failures
that occur in the interface control functions. These are: 8

failure to receive an intercept pulse previously sent, fail­
ure in the clock. and no acknowledge from a transmit.
Each error condition is stored by a flip·Oop and the out·
put of the Oip-Oop is connected to a lamp on the front
panel. The failure display circuit also sounds an audible
alarm whenever 8 parity error occurs. The addresses
which are received by the interface are decoded and dis·
played in octal on the front panel, and when a parity error
is detected. the address is latched so that the source of
the data can be visually determined.

Performance oC the Teleprocessor. Since there was
concern about the noise immunity and dots ratc capabili­
ty of Ihe leleprocessor particularly relative to the digital
data bus, the actual cable was installed and made opera·
tional even before the computer was delivered. The design
resulted in a negligible failure rate when the transmit
clock is set to lOO KHz (-4 megabits/sec).

A computer program is used to send test data to each
LLB. Special test bits are sensed, and the test data are
transmitted back to the computer. This routine can exe­
cute in a mulli-proJ{rammed environment, and it can test
a LLB that is in an active data transmitting state. The
data from the experiment arc simply held for a 1O·!'sec
transmit cycle. The test routine rarely dctects an crror.
Nominally, lOL1()8 transmissions occur between failures.
This means that the cable is highly immune to noise. As a
result of careful design. the overall integrity of the cabling
and connectors is exceptionally good because we have yet
to experience a line failure three years after installation!

DESCRIPTION OF THE COMPUTER

General Description. The computer is manufactured
by UNIVAC Corp. (Series 60). [t is the former EMR
model 6135, with 32,768 sixteen·bit words, two random
access disks (data rate approximately 300 kilobits per sec­
ond), each having a one·million word capacity, 6O·column
line printer (200 lines per minute). paper tape reader and
punch. card reader, and nine-track ma~netic tape (BOO
bits per inch, 25 inches per second). and a model 35 Tele­
type console.

Figure 6 shows the configuration of the system. The
teleprocessor interfaces to the computer at two places; a
channel of the direct-memory-access (DMA) type is used
for the high speed data transmission (60 KHz), and an
input to a program controlled I/O (PlO) channel is used
for the low speed side. Hardware priority interupts (high
priority) are used for the PlO from the teleprocessor, mag·
netic tape, leleprocessor/computer transmit acknowledge,
interval timer, watchdog timer. line printer, and telepro·
cessor DMA, in decreasing order of priority.

Figure 6. Configuration of the computer system

Connection with the Teleprocessor. An important as­
pect of this system is the fact that there ar. only two data
input ports into the computer from the teleprocessor. the
DMA and the PlO channel; and only one output port. also
a PlO channel. From a hardware standpoint. tbe type of
computer that is attached to the teleprocessor is unimpor­
tant. The major criterion is that of speed. because at pres­
ent no single computer is known to be available that can
process the data rate that the teleprocessor is capable of
producing.

SOFTWARE

In order to provide an adequate data handling and pro­
cessing capability with the teleprocessor described above,
it is necessary to have fast computer hardware and to de­
sign efficient software to maximize rate of data handling
and minimize response time to the instrument in the lab­
oratory.

The computer has a fast read·write cycle (-500 nsec)
and a moderately fast instruction set. The software pro·
vided by the company includes an efficient multi-pro·
gramming monitor with capability for rapid bandling of
the teleprocessor's interrupt. (The term multi·program·
ming refers to a computer with a single processor that al­
lows more than one program to be in an executable condi­
tion.)

The software system consists of three parts that can be
classified according to their transparency to the user.
(Transparent software is that which is being used as part
of the lotal system without active initiation by the user
program.) These are (in order of decreasing transparency.)
executive routines of level 0 and I and the user programs.
Figure 7 shows a block diagram of the major components.
The software provided by the manufacturer is indicated
by the box marked ASSET and the arrow marked
OTHER I/O; everything else was done at NBS.

Level 0 Software. Level 0 software is concerned with
maintaining the integrity of the operating system; such as
scheduling of required tasks and input--<lutput (I/O) oper­
ations. Much of this software called ASSET was supplied
by the manufacturer. The heart of this part of the operat·
ing system is the job selector. Three main lists are kept:
the interrupt stack, the job processing stack. and the
memory request stack.

Control is given to ASSET when interrupts are received
from user programs or peripheral hardware devices. Hard·
ware interrupts are given the highest priority in the sys­
tem and result in immediate entry into a response rou-
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Figure 7. Block Diagram showing major componenlS ollhe operating system

tine. The telcprocessor input response routine called
DACQ has highest priority followed by other high priority
interrupt response routines for the hi~h speed channels
servicinK disk, ete. Peripheral devices f;uch as the card
rcader, paper tape reader-punch. and tcleprocessor output
are on scanned interrupts which arc the next highest pri­
ority. Control may also be given to ASSET via direct
calls. Input-output. scheduling, etc. can all be done by
thL. method. The job selector checks priority among the
three lists and determines which operation receives con­
trol. If tasks of equal priority exist in the different lists,
the tasks are performed in the order, interrupt, job pro­
cessor. nnd memory request lists. Tasks of equal priority
in the same list are done on a first in, first out basis. I/O
and memory requests are handled in quasi subprocessors
with their own job lists. These also communicate with the
job selector to deiermine the next execution. As indicated
above, the system is designed to allow parallel operation
of I/O drivers. For example, once an I/O operation is ini­
tiated, the operating system can cont inue on an alternate
job until it becomes interrupted when that I/O operation
is completed.

DA CQ. The interrupt response routine called DACQ
reads data into the computer from the teleprocessor's
computer interface. The first word of the data record is
read from the computer interface and its control bit is
tested to determine its type. If the record is a MCO rec·
ord, an appropriate branch is taken for SETUP, PCD, etc.

Table I describes the data that are transmitted from the
instrument control panel to the computer. -Time of year is
automatically entered by the computer interface and read
to the nearest millisecond. The experiment log number
(tbumbwheels) is used along with the instrument address
and the experimenter identification number to produce a
file name for the file manager. Input paraineters are used

(thumbwhcels) to communicate to the experiment control
program. The number of high speed words is usually fixed
or experimental instrument controlled (not via thumb­
wheels). The experiment control program number, ECP,
is set (thumbwheels) to call the nonresident program. Re·
peat cycle (thumbwheels) is used to allow the ECP to re­
peat execution for the prescribed number of times. Data
handling thumbwheels indicate either that a data process­
ing routine is to be called upon completion of the ECP or
that display and plotting of data in the laboratory is re­
quired.

SETUP. If the data is a set up record, control branches
to a SETUP routine which obtains a buffer to store the
setup record. The data arc read into the buffer, and a
nonresident program is scheduled to be loaded from disk
and executed in order to continue processin~ of the setup
record.

Data Handling. After using the DACQ table to look up
the appropriate enlry" points, 8 check is made to deter­
mine if a buffer is allocated and if there is room for the
triplet_ or PCD in that buffer. If not. a new buffer is ob­
tained. The triplet or PCD is read into the buffer and the
status of the computer interface is checked. This is done
to determine if there were any parity or sequence errors
detected by the hardware during transmission. A sequence
error is either an address in the home position without a
SET command being received or data in the home position
when 8 SET command is received. If a sequence error is
detected. an error is typed on the console.

Before exiting from DACQ, a check is made of the num­
ber of pending ~xternal priority interrupts. If this is too
high, the interrupt stack is allowed to reduce without
clearin~ the teleprocessor's interrupt. Control returns to
DACQ and the interrupt is then cleared and control is
given to ASSET.
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Since an interrupt stack overflow condition can mean
that data records may be lost, this condition is considered
a major catastrophe. An error message is typed on the
console and the cause for so many interrupts must be de­
termined. Basically, the interrupt response routine is not
the slow step in the data processing chain and, moreover,
the summed data rate of all currently on-line experiments
could not exceed the response time of eJ:periment control
programs.

An important level 0 program is called TEST whose ex­
ecution is initiated from the console and provides for 8

continual check of the teleprocessor from the CPU to the
experiment interface in the laboratory logic box (LLB).
This program sends a prescribed bit configuration on both
output words to the LLB which immediately reflects it
(before real data are sent) back to the CPU. A comparison
of word sent with those received is made, and any bit er·
rors are noted on the console.

Level I and User Programs. The level I routines are
'callable subroutines from Fortran IV designed to interface
the user's program with level 0 routines. Most of these
routines have been written in assembly language. The re­
lationship between the level of routines is illustrated by
the operational sequence of instructions written for illus­
tration in pscudo-Fortran (Table 1I).

The program is then compiled, assembled and loaded
onto the nonresident library on disk. The user then pro­
ceeds with his experiment as follows.

He sets the proper values into the thumbwheels and
pushes SETUP and SEND on the console. DACQ inputs
the data and determines that a setup record is being re­
ceived. DACQ processes the record as described above,
and loads the nonresident user program for execution. The
execution of the nonresident experiment control pro~ram

begins with CONN4, a level I assembly language subrou­
tine which links entry points 10 and 9000 in the program to
a row labeled TAB in DACQ's table of parameters perti­
nent to the user program. Thereafter, incoming data cause
the program to be scheduled and executed at the proper
entry point. CONN4 also passes the laboratory instrument
address (AD) for returning signals to tbe instrument.

Data are processed as described above with execution
always beginning at the scheduled entry point, location
10.

The initiation of data transfer from DACQ is done by
the experiment control program (ECP). Normally, the
first process is to call subroutine DATA which causes the
transfer of control to the experiment control program for
purposes of reading of the data.

DACQ stores incoming data in fixed length (N) buffers.
Only one buffer is allocated at a time for any given exper­
iment control program. If no buffer space is available, the
filled buffer is read onto disk. When DATA executes, a
check is made to determine if any buffers are written onto
disk. If there ·are. these are passed to the ECP first. A
buffer of N words is passed to the ECP with M being set
to the number of new words in the buffer. Disk addresses
and the current location of the active buffer along with
t.he count of new words in the buffer are stored in DACQ's
table.

In order to send experiment control signals to the labo­
ratory, the subroutine SEND is used. SEND takes the
value of an experiment control word and sends it to the
laboratory instrument address, AD. CONT is a control
word which provides information to the teleprocessor in­
terface regarding the number of data words, N, to be sent
to the laboratory. FWD is the address of the data field to be
sent out. SEND uses a program that has the attributes of

Table n, Subroutine EX (TAB)

COMMON/STORE/A,B,C,D
COMMON/ESTOR/IDUM
CALL CONN4 [TAB, $10, $9000, AD).
CALL RESTOR (TAB)
CALL DJC (TAB)

10 SCHENT
CALL DATA (TAB, IBUF, M. N).

C Do computation ofdata and/or code converaion
C KBCDBN lIEXTR,X, Y,I)

CALL CONY IIBUF, Y)
C Send data to laboratory instrument

SEND (AD, CONT, N, FWD)
CALL OPEN (LU,STAT)
ENCODE (N, 1000, MESS, CC) A, B, C,

1000 FORMAT 12X, 3(F5.2»
CALL RIOS2 (fl, 0, IPRI. $20, LV, lAD, IS, NW,

MESS)
CALL CLOSE ILV,STAT)
CALL SWAP (T, TAB)
CALL ERROR (Y, TAB).

elf end of program is reached call terminate routine
9000 SCHENT

C Do necessary execution before terminate
CALL DJC (TAB)
END

a standard system I/O driver, and in this routine resides
all the communication with the teleprocessor.

After all data are read into the computer by DACQ, a
sequence error terminator (SET) command is sent to the
Cl and it returns a status word which flags parity errors in
each word of the record read into the computer. Current­
ly. a data record containing 8 bad sequence results in an
error messa~e on the computer console and a rejection of
the data record. The usual procedure for a missing type of
data record then occurs when lhe experiment control pro·
gram begins execution. If the ECP is of the "forgiving"
type, it sends out a "restart" and tries to receive a proper
retransmission of the record.

The experimenter may interact with the eJ:periment
control program (ECP) at any time by adjusting various
thumbwheel switches. Values of labeled switcbes or
thumbwheels are transferred with the next transmission of
data (on the precursor data record), and the operating pa­
rameters of the ECP can change or a particular branch in
the program can be executed. An entirely new ECP can
be initiated at any time by the experimenter by pushing
RESETUP and SEND. This causes a terminate of the e"·
isting program and a load of the new program with an en­
tirely new set of pertinent setup parameters. ERROR is a
level I routine for alerting the console operator of ill con­
ditions existing in the experiment control program.

Execution time of an experiment control program is con·
siderably reduced via the use of a spooling routine for a
teletypewriter or plotter. The output is spooled onto disk,
and a file is init iated by OPEN and terminated by
CLOSE which then begins transmission to the output de­
vice.

A very useful level I routine provides the display of
X-Y data on a CRT or plotter. The software package pro­
vides for region of interest display using u'pper and lower
limits, sign and exponent of both X and Y values. This
routine can be operated from the laboratory. Automatic
display of collected data can be done via Fortran from the
experiment control program.

Design of the system software has been dictated primar­
ily by the desire to protect the users from interacting with
each other and the system. In addition, one desires to
maximize the number of experiments that can be run.
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Figure 8. Photograph 01 instrument panel for the high accuracy
spectrophotometer

This can be done by utilizing level one routines which re­
duce the time-average occupancy of core per user. The sub­
routine called S\VAP is one of these. because it provides
for removal of the ECP for specified time periods. T. The
assembly language subroutine S\\'AP call a Fortran sub·
routine SAVE which writes variables thllt must be saved
onto disk.

Other difficulties must be considered. For example.
what happens to the experiment using SWAP. if the in·
strument is inoperative after scheduling the program for
execution after a predetermined time'? The answer is that
after the experiment control program is loaded. it begins
execution by sending a data enable signal to the instru­
ment. and it then waits for a response that never comes.
To remedy this a level 1 subroutine has been written that
performs in a similar manner to S\\'AP. except that the
program is scheduled for load and execution only upon the
arrival of data from the experiment. This routine performs
the same functions as S\VAP except that the timing for
execution comes from the experiment itself. If the eXI>eri·
ment fails to send data, no problem occurs because the
program is not loaded into core.

The logical opposite of the above condition is failure of
the instrument to respond to a stop data transmission sig­
nal. The user program must be written to accommodate
such a situation, for example, by sending out more than
one stop signal. However. if this fail~. little recour~c is left
but to sound a very loud alarm and force a terminate!

The user may terminate his program from the laborato­
ry by pushing the covered TERMINATE button and
SEND. Termination of a program must be handled care·
fully. If the experimenter wishes to terminate his pro·
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gram. the user proJ(Tam (ECP) must be informed of this
fact before termination i~ executed. This allow~ the pro­
gram to complete any I/O or other activity. A lerminute
can also be initiated from the user pro~rnm. UI)()n a nor­
mal completion of prog-rum execution. u dlfcct call con
brin~ about a tefl!linate.

File Handling and Proccssintt. A fill' mana~er has
been implemented which consists of 0 ~cries of re-enl rant
subroutine calls from Fonran to open. close. reopen. de·
lete. etc. files. Files arc named by the user in the lnbora·
tory and redundancy checks ore made on t his name. Data
files are retained on a J'teneral backup IRIK" doily and may
be saved on archivc tapes identified by the user. The im­
portant considerations in mRna~inJ! files. arc that the user
know the name of his file at file ~enerntion time. and that
there be no duplicate names of file:,. Disk bnckup tapes
which will contain files J:enerated duriag any J:iven dn~'

will be sBn"cl for a pC'fiud of time so that It u~cr whn notes
that a panicular fill' is not in his archive. can reque~t that
it be transferred from thl'se backup tapes to his personal
archive tape.

Data files may be processed automat ically after collec­
tion. if thl' computation is nol lenJ,'1hy. hy schcdulinJ: un·
other nonresident rout ine from t he experiment cont rol
program. Small amount~ of result computation or smoll
data files can be transmitted to the laborntory for plotting
or CRT display.

Program Protectivc Fcatures of the System. A mul­
tiprogramminJ: system can be subject to erro~ in one pro·
gram that could cause the entire sy~tel1l 10 fnil. A de:,ir·
able feature of an~' operatin~ system is protecting onc sub·
process from errors in another. Esp('ciully desirable i~ the
protection of the Ipvel 0 soft ware agoinst errors.

This computer system has a hardware protection
scheme based on 8 division of core storaJ:e into protected
and nonprotected words by the setting of u bit assoriuted
with each word. The operating system ond the user non­
re:-ident programs function in 8 protect(·d portion (so­
called foreground area) while the batch proce~sor func­
tions in unprotected portions of core. Thus. erro~ in
batch do not affect the operatinJ! system becau~e protec­
tion circuits generate nn interrupt whenever nn unprotect­
ed instruction attempts to write into or transfer control to
a protected location.

Unfortunately. an error in un Eel' which executes in
the protected area may cause the system to fail. After
final compilation on the butch proces.sor. our policy is to
thoroughly evaluate such proJ!rams und to test them dur­
in~ inactive periods in the protected mode before ullowinJ.:
free use of that prol!ram. Our experience is such that fatui
errors can be detected off line. and the chances of a cata­
strophic sysrem crash is reducccl hut not entirely l'Iimi­
nated.

DESCRIPTION OF TYPICAL ANALYTICAL
INSTRUMENTS CONNECTED TO THE SYSTEM

The followinJ: paraJ'rnphs describe hrielly u number of
the experiments that have been connected to the system.
They are characterized by either low data rutes or low vol·
ume high rates. Hesponse time for instrument control is
on the order of seconds and the degree of using instrument
control is still relatively undeveloped. All of the experi­
ments on the system cun run at any time, ulHl the uscr
feels that he has.sole use of the computcr.

High Accuracy Spectrophotometcr. This system pro­
vides for the indexin~ under computer control of sUl1lplcs
into the path of a Ii~ht beam. A progrummaule number of
light intensity readings separated by approximately 40



msec are taken and per cent absorbance values are calcu­
lated and printed on a teletypewriter in the laboratory
immediately after collection. The use of the computer has
improved precision, and it has provided 0 significant in­
crease in throughput (See Figure 8).

Constant Temperature Readings of Electrochcmical
Cells. This system uses the computer to set the tempera­
ture of a water bath, to check the stability, and to read
temperature and the EMF of cells immersed in the hath
every 5 to 10 minutes as determined by the program.
Running time performed manually required constant at­
tention over 8 32-hour period. Precision of the measure·
ment was improved and the tedium and human error re­
sulting from manual control were avoided.

High Accuracy Mass Spectromcter. This system mea­
sures the ion current at two mass positions and computes
appropriate intensity ratios. The computer changes the
mass position and determines the proper range for the
measurement which incorporates a vibrating reed elec­
trometer with its voltage digitized by a voltage to frequen­
cy converter-scaler combination. Timing is critical in this
system if maximum precision is to be obtained, and sig­
nificant improvement in precision has been observed.

Electron Probe MicroanalY7.er. The computer sets the
electron beam position and the system collects up to six
scalers of fluorescent X-ray data (one for each element)
for each electron beam position on a sample. After data
collection, a series of routines display the data by element
on a contour plot or as intensity vs. position superimposed
upon the electron scatter display provided by the instru­
ment. This allows the analyst to display his data in many
different ways as well as to provide a data bank for subse­
quent detailed computation.

Multi-Channel Analyzcrs. The system provides an au­
tomatic dump of data from a multichanncl analyzer to
disk at a time interval determined by the experiment.
These data are displayed in the laboratory by region of in·
terest determined hy the user and plotted when desired.
All interaction occurs via use of the experiment control
panels. These analyzers are connected to gamma-ray spec­
trometers, Miissbauer speetrometers, and an ESCA (elcc­
tron spectrometer for chemical analysis) spectrometer.

SUMMARY

Performance. Time in full operation without cata­
strophic failure of the operating system constitutes a
major perfonnance criterion regarding integrity of soft­
ware modules and their interaction. Our experience has
heen that an average of ahout onc system software failure
per seven days occurs. The rate of "crashes" has been de­
creasing as a result of painstakingly eliminating "bugs" as
they appear.

The system is now supporting 20 instruments including
special devices in a time-shared environment. However.
we have yet to experience more than three programs in
core at anyone time. Of the three in core. one of these is
our teleprocessor test routine which is scheduled on sec­
ond intervals. and one other is scheduled on I-minute in­
tervals. Consequently, with projected d!'ta rates of instru­
ments currently attached to the system, it can be expect­
ed that at least 50 instruments can be serviced.

With the experiment currently connected to the system,
control signals need not be returned on an exceedingly
short time scale. However. signal returns within 50 milli­
seconds are routine. Most of the simple calculations, aver·
aging, standard deviations, etc. are done immediately
upon receipt of the data, and the results are transmitted
to the laboratory at that time.

Success of the Utility Concept. The ,concept of a corn·
puter utility is beginning to show signs of grea~r'viabi1i~y

due to improvement in the ease of remote access to com·
puters resulting from progress in teleprocessor design.
This system utilizes a mode of remote communication
that is designed to implement simplified structure of
communication. For the user, it has proved beneficial to
push buttons rather than type in tedious system "book­
keeping" information. The result of this concept has pre­
sented some interesting ramifications.

Since there are only two types of input and one type of
output, the complexity of I/O has been greatly reduced.
Communication between the computer and all instru­
ments is done in a common manner. This factor has deep
implications, because it becomes readily apparent that
software can be modularized in such a way that only a few
modules are required to service a wide variet.y of instru­
ments. For example, a single program written in Fortran
using the subroutines as indicated above can be used vir­
tually without modification for such diverse experiments
as a constant velocity Mossbauer spectrometer, an ESCA
photoelectron spectrometer, or a fluorescence spectropho­
tometer.

Future PlaDS for the System. The decrease in the cost
of computer memory will continue to have a profound im~

pact upon the utilization of minicomputers. The cost of
mass storage devices is also decreasing and, 85 a result of
both of these. rather highly user oriented systems can be
connected to a single instrument. Enough memory can be
made available to provide for high level languages in these
computers. The cost of peripheral devices such as line
printers, cathode ray displays, and plotters still keeps the
total dedicated system cost between $15.000-20,000, and
these have been known to expand quickly to the $50,000
category.

A serious problem with the time-shared computer sys­
tem is that software development costs tend to be exces­
sive, and a degree of inflexibility exists in transferring to
another more advanced computer because a significant
portion of the software related to the teleprocessor would
have to be rewritten.

On the other hand, the existence of minicomputers on
each instrument represents a different type of inflexibil­
ity. If the programming of the computers is done by the
laboratory scientist, considerable time and effort must be
spent on factors other than, c.g.. the subject of analytical
chemistry.

Our effort will gradually shift to laboratory-centered
computer systems, but support for these systems will
come from the central group responsible for the time·
shared system.

The time-shared system then becomes a part of an hier­
archical system which allows access to large file storage
and reasonably elaborate computational capability.

With such a system of standardized interfacing and
software modules, the term "high level language" could
take on new meaning and the concept of a computer utili­
ty as defined in the introductory paragraphs can be more
c1oselyapproached.

Until such capabilities become readily available to all
experimenters, the use of the computer system described
herein satisfies many of the requirements for an ideal
computer utility in the analytical laboratory .
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Pattern Recognition Techniques Applied to the
Interpretation of Infrared Spectra

D. R. Preuss and P. C. Jurs

Department at Chemistry, The Pennsylvania State University, University Park. Pat 16802

Pallern recognition techniques can be uselully employed
lor the Interpretation 01 chemlca' data. An Investigation
Into the classification 01 Inlrared spectra Is reported. A
new training roullne utiliZing a new thickness parameter
lor the decl.lon surface Is Introduced. The thickness is
Ihen used In developing a new eflectlve leature selection
routine. Thl. routine Is .ucce••fully applied to a number
or well·characterlzed synthetic Infrared data sets and
plots 01 the reSUlting weight vectors are presented. The
techniques are finally applied to three chemical classes
-carboxylic acids, esters, and primary amlnes-and the
re.ullant weight vectors are plotted and discussed.

The interpretation of infrared spectral data to be used
in the classification and identificat.ion of unknown com­
pounds depends to some extent on the theory which de­
scribes the .vibrational motion of atoms in mole-cules,
characterized by atomic masses, and vibrational force
constants. To 8n even greater extent. particularly in the
study of complex organic molecules, the interpretat ion of
infrared spectra depends upon empirical and semi-empiri­
cal rules which have bcen developed by analyzing the
•pectra of large numbers of compounds for which the
structures ha\'e been previously determined. It is this
semi·empirical methP<! which closely parallels the pattern
recognition technique.

Pattern recognition comprises the detection, perception.
and recognition of invariant properties among sets of mea­
surements on objects or events. The purpose of patlern
recognition is generally to categorize a sample of observed
data as a member of the class to which it belongs. This
general approach has been applied to problems from a
great number of diverse fields (1). There is now a growing
literature reporting applications of patlern recognition to
chemical problems (2-7).

The patlen recognition method used in this study is a
binary classification technique employing an error correc.

(1) Ooorg. N.gy, Proc. IEEE. ••••3. (1988).
(2) T. L. lsenhour and P. C. Jur•• Anal. Chem.. 43 (10). 20A (1971).
(3) B. R. Kowallkl and C. F. Bender. J. Amer. Chflm. Sac.. 14, 5832

(1.72).
(4) L. B. Sybrandtand S. P. Perone, Ana'. Chem.. 44,2331 (1972).
(5) O. O.Jur;nlc:IIHand P. A. Wadsworth.Anal. Chem., 45,12 (1973).
(8) Joseph SChechle, and P. C. Juri. Appl. Spectro3c.. 21,30 (1973).
(7), K.-L. Tlng, R. C. T. lee, G. W. A. Mllne, M. Shaplro. and A. M.

GUlrino, Science. Up, 417 (1973).
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tion feedback algorithm for development. Information
concerning the application of pattern reco~nition tech­
niques to the interpretation of infrared spectral data has
appeared previously (8, 9). The work by these authors ha.
demons'trated that infrared data can in general he quite
successfully treated by pattern recognition techniqucs.

DATA SETS

For this study, two data sets were prepared. The first
data set consisted of ;;(}() infrared spectra of simplc organic
compounds, which fit the general formula: C3-10H2-220o-J­

No- z. The first 500 solution infrared spectra li~tcd in the
Sadtler tables. which sati~fied this criterion \\'erc selected
for the data set. Each spectrum WBS digiti7.ed at O.l-mi­
cron intervals. from 2.0 to 14.; microns, giving n t.otal of
128 descriptors. The transmittances were rend as accu­
rately as possible to the nearest per cent. If the strongest
absorption in the spectrum was greater than 5% transmit­
tance-i.e., the absorption was weaker than one \',:hich
would give 5% transmittance-the spectrum was normal­
ized, using Beer's law, so that the strongest absorption
was equal to 570 transmittance. Finally, all descriptors
were scaled as inte~ers ranging from 0 (complete absorp­
tion) through 31 (no ab~orption) for convenience .

The second data set was randomly calculated in an ef­
fort to simulate real infrared data. Each synthesized spec­
trum consisted of 128 descriptors. In preparing a single
spectrum, aH of the descriptors were initially set equal to
100% transmittance. Next. 8 specified number of Gauss­
ian shaped absorption peaks were coded onto the spec­
trum according to Beer's low. Each peak was centered
about a randomly selected wavelcn~th. Th. intensit\' of
each peak and the full width at half maximum were ~an­
domiy selectcd within specified ranges. The data set. con­
sisted of 500 speclra each containin~ 20 randomly placed
Gaussian peaks with intensities between 40 and 80% and
full widths at half maximum randomlv chosen between
0.1 and 0.4 microns. These parameter; were selected in
order to simulate real infrared spectra. The simulated IR
spec[ra appear remarkably similar to real spectra when
plotted.

The spectra in the synthesized data set actually repre­
sent a collection of random backgrounds on which various

(8) ~he~.~~~,8~~~5 ~;9~9~.urs, T. l. Isenhour. and C. N. Reilley. Anal.

(9) R. W. Liddelllll and P. C. Jurs. Appl. Spectrosc.. 21,311 (1913).



W'X - IWIIXI cos 8

But !XI cos fl is just the normal distance from X to the
surface, or the half surface thickness. t. Rearranging
yields

features can be added in order to test the effectiveness of
various training procedures. The advantage of such a data
set, over a real data set, is that the user can create 8 care­
fully controlled training problem. in which he knows in
advance which descriptors Bce the important ones and
what kind of information they contain. '

.aurlac.

Figure 2. t vs. Z for unnormalized (A) and normalized (B)
weIght vectors

. I
/

hWs~

Figure 1. The relationship between Z and t. If X is Ihe data point
nearest to the surface. then t = (X,Wl/!WI = z/IWI

A training routine which employed a normalized weight
vector was prepared and tested. The results obtained with
this training routine are presented in the following para.
graphs.

To test the normalized weight vector training routine, a
training set of 200 spectra was taken from the previously
described synthesized data set. To half of tbe spectra was
added a peak of 30% intensity. O.4-micron FWHM. at 4.4
microns. Of course, a fraction of the other synthesized
spectra would also contain peaks in this region. In order to
reduce the amount of calculation only the first 50 descrip.
tors were used (wavelengths between 2.0 and 6.9 microns).
Weight vectors were then developed which could discrimi­
nate between those spectra to which the 4.4-micron peak
was added and those without such an addition.

The first run used unnormalized weight vector training.
with each weight vector component initialized to I, and
with various values of Z. The results are shown as curve A
in Figure 2. Clearly. increasing Z beyond 40 or 50 in this
example served only to increase the magnitude of W,
while t approached a limiting value of two.

The same training set was then used in conjunction
with a training routine which effectively normalized W
after each feedback in order to keep IW I and therefore t
constant. (Actually, the value of Z was corrected after
each feedback instead of IWI since it is a more convenient
calculation.) The results are shown as curve B in Figure 2.
These data must necessarily lie on a straight line. The
line terminates at t = 2.63, the largest value of t for wbich
convergence could be obtained. Thus, the normalized
training routine could obtain a solution with t = 2.63,
while the unnormalized routine asymptotically ap·
proached a solution with t :::< 2.00.

(2)

(3)

(4)t - Z/IWi

Z <IW'XI

Z < IWIIXI cos 8

TRAINING WITH A NORMALIZED WEIGHT
VECTOR

One way in which to interpret a binary pattern c1assi.
fier is to consider each spectrum in the data set as a single
point or vector, X, in 8n N-dimensional hyperspace, where
N is the number of descriptors being used to characterize
each spectrum. A hyperspace of N dimensions can be di­
vided into two regions by an N - 1 dimensional hyper­
plane. The training routine attempts to define a planar
decision surface, such that all the data points belonging to
8 particular class are on one side of the surface, and all
the data points not belonging to the class are on the other
side of the surface. Usually. an extra dimension is added
to both the space and the plane to ensure that the plane
passes through the origin.

A plane can be unambiguously represented by a vector
normal to the plane. and a point lying in the plane. Since
the plane of interest is assumed to contain the origin, the
normal vector alone. W (called the weight vector), will
suffice. From vector algebra. one has:

where 0 is the anglc between Wand X. The sign of the co­
sine term, and thus the sign of the dot product, deter­
mines on which side of the decision surface the point X
lies.

Ordinarily, the training procedure is continued until a
weight vector. W, is found for which all points of the
training set ore on the appropriate side of the decision
surface. A common technique which has been found to
provide a weight vector with improved predictive abilities,
is to give the decision surface a finite thickness. 2t, and
then to continue the training procedure until all puints in
the training set are not only on the appropriate side of the
infinitesimally thin decision surface, but 'so that no point
lies inside of the finitely thick decision surface.

Introducing surface thickness to the problem has con·
ventionally been accomplished by specifying a threshold
value, Z. and requiring that the magnitude of the dot
product, W . X, exceed this value before X is considered
to be properly classified. This procedure would define a
surface thickness as follows:

These relationships are illustrated in Figure I.
The user specifies the value, t, by defining Z and by in·

itializing the weight vector. The problem encountered is
that t is related to Z through the magnitude of W. W is
changed as a result of corrective feedbacks, and as its
magnitude changes, so does the value of t. Consequently.
although a specific value of t may have been used prior to
training, the user has no control over its final value. If W
were nomalized to a specified value after each feedback, t
would remain constant throughout the training procedure.
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FEATURE SELECTION

Efficient and effective method8 for the elimination of
extraneOU8 de8criptors from a data set are de8irable for a
number of rea80n8. The dimen8ionality of the data being
handled can be lowered to the point where the cost of
implementing the di8criminant function8 i8 decrea8ed. For
BOme di8criminant function training method8-e.g.. lea8t
8quare8-8Y8tem8 of linear equation8 mU8t be 80lved, and
it .is therefore imperative that the number of dimensions
be reduced 88 much 88 possible. A useful new feature ex·
traction algorithm u8ing 1 has been developed and i8 de·
8cribed in the following paragraph8.

Given a solution for a particular training set, each data
point. Xh in the set is characterized by a normal distance,
d" from the deci8ion 8urface. For a point on the proper
aide of the surface, this distance is given a positive sense,
and for a point on the improper 8ide of the 8urface, the
(iistance i8 given a negative sense. The value of the sur·
eace half·thickness can now be defined as the minimum
value of d, occurring in the training set.

In theory, if ill; the unnormalized case, 8 solution Wo ex­
ists for some value of Zo then a solution, W, can be found
for any value, Z. by 8elling W = (Z/Zo)Wo. However,
there should exist some optimum value of t. (""l. such
that for any t > 'ullt. no solution could be found with any
number of feedback8. The object of the normalized training
routine is to achieve 8 value of t as close to lupt as possi·
ble. u8ing a rea80nable number of feed backs. The disad·
vantage of this method i8 quickly realized, in that prior to
performing any calculations, the user has no idea whether
hi8 choice of I = Z/IWI will be greater than I",,, so that
convergence is impossible, or whether it will be so far
below lop, that a comparable solution could have been ob·
tained more easily with the unnormalized training rou­
tine.

One solution to this problem is to first use the unnor·
malized training routine to obtain a solution near the as·
ymptote and then to use the normalized training routine
for successive increments of t, until convergence is no
longer achieved. Calculations can be reduced considerably
if in8tead of initializing the weight vector for each trial, it
i8 left alone 80 that the final weight vector from the previ·
OU8 trial i8 used a8 the initial weight vector for the fol·
lowingtrial.

Table I. RelIulta ot Feature Selection

ne.cripton Deocrip-

P.. eliJniNLed to.. Percent
,"""be. hDIUaJ thwpu. remainiftl' predictwn

0 2.63 50 98.51%
1 2.63 23 27 97.55%
2 1.31 11 16 97.23%
3 1.31 1 15 97.24%
4 1.31 1 14 97.90%
5 1.31 1 13 97.89%
6 1.31 1 12 97.51 %
7 1.31 1 11 98.59%
8 0.66 1 10 97.24%
9 0.66 1 9 97.25%

10 0.66 1 8 96.25%
11 0.66 1 7 96.92%
12 0.66 0 7

d, - %!W· XI/IWI
I - minimum(dJ

(5)

(6)

The value of I defined in thi8 manner i8 the large8t value
which can be applied to the given deci8ion 8urface, and
still represent a convergent solution-i.e., all members of
the training set ~re correctly classified.

In order to te8t the importance of a given de8criptor, the
feature selection routine temporarily omits it from the
data 8et. Then values are obtained for all the d,'8 and I i8
determined. It i8 predicted here that the removal of an
important descriptor would cause a considerable reduction
in the value of t, whereas the removal of an extraneous
descriptor would cause only a small variation in t. This
procedure i8 repeated for each descriptor in the data set,
and the re8ulting 1'8 are compared, The algOrithm a8·
8umes that the large8t value of I corresponds to that de·
scriptor which could most easily be elimin~ted, and it
drops that de8criptor from the data 8et. Th,s procedure
could then be repeated over and over, eliminating descrip­
tors one at a time. However, it has been found that su.pe­
rior performance is obtained if the weight vector is re­
trained periodically during the feature selection process.

A test of the algorithm WfJ,S performed using the 8ynthe.
sized data set with peaks added to half the 8pectra at 4.4
microns as described above.

The criteria used to decide when to call the training
routine to retrain the weight vector were as follows: first,
tlnltlal was set equal to the value of t before the feature
selection algorithm was called for the first time. On the
first pa8S, the algorithm was used repeatedly until I became
negative. Then the training routine was called with l set
equal to l'llilllll' If convergence was obtained, the next
pass was begun. If convergence was not reached, linltlal

was set to 112 X llnltluh and the training routine was called
again. Again, if convergence was obtained, the next pass
was begun. If not, the training routine was called with 1
set equal to zero. If convergence was not reached here,
calculations were terminated. Before each pass, the pre­
dictive ability of the decision surface was tested on a pre·
diction. 8et of 300 members (150 positive and 150 nega·
tive). The resulls are given in Table I.

Passes 1 and 2 eliminated about two thirds of the de·
scriptors Quite easily. Subsequent passes could eliminate
only one descriptor at a time. Initially, many components
of the weight vector have values close to zero, but elimi­
nating descriptors is equivalent to setting the correspond­
ing component of the weight vector to zero, so dropping
such a component would have little effect on the dot
product8 and would not alter the deci8ion 8urface signifi·
cantly. After the fir8t two paS8es have eliminated 34 de·
scriptors, the remaining de8criptors, although not bearing
any predictive significance-i.e., they are not near the
25th descriptor-still have considerable magnitudes, and
their removal would alter the 8urface enough to require
the retraining of the weight vector.

At the end of the eighth pass, there remain 10 de8crip·
tors, and the predictive ability is 97.2%. The remaining
descriptor8 are as follow8: 2.0 (+), 2.2 (-), 3.0 (-), 4.0
(-),4.3 (+), 4.4 (+), 4.5 (+1, 5.4 (-), 5.6 (+', 6.2 (-),
where the 8ign in parenthesis shows whether the particu·
lar micron interval correlated with the presence of the
added peak at 4.4 micron8 or not.

There are many criteria, or sets of criteria which could
be used in conjunction with the feature selection routine
in determining when to call the training routine, what
values of t to train for, and when to terminate the proce­
dure. Thi8 i8 a good example of a time when not knowing
t upt is a considerable disadvantage. One possible way to
overcome this problem would be to define Z in order to
obtain an a8ymptotic solution using the unnormalized
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Table H. Training and Prediction Cor a Number oC Synthesized Data Sets

Intensity,
tranamiU,ance FWHM, micro.... Wavelength. microns

a 30% 0.4 4.4
b 25% 0.4 4.2t04.6
c 40% 0.4 3.4 and 5.4
d 25% 0.4 3.4 or 5.4

40% 0.8 4.4
40% 0.8 4.4

2.63
0.73
2.94
0.0094
3.87
2.44

Per cent prediction

98.51%
89.80%
99.64%
82.88%
97.04%
97.82%

b

4.4

........:~ A":'
..': IN"':'

e

o

4.4

.' (\ . .'.n ~
'·1

~.... '.
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Figure 3. Weight vector maps for six synthesized data sets

In n real infrared data set. the absorption corresponding
to a ketone. for example, will vary somewhat in wave·
len~th, depending on the mixture of the normal modes.
To simulate this. the second training situation had a peak
coded which was centered about a wavelength which was
randomly selected between 4.2 and 4.6 microns. The re­
sult (Figure 3b) was interesting in that W was peaked on
either side of 4.4 microns. and at 4.4 microns it showed a
relative minimum. This can be partially understood if one
considers that an absorption peak centered at 4.4 microns
would still have moderate absorption levels 0.1 to 0.2 mi­
cron to either side of the 4.4 descriptor. where \V is
peaked. This would still favor a positive dot product as
well 8S 8 peak centered at either 4.2 or 4.6 microns. Based
on this result, one would not expect. in real infrared data,
to see such a well formed peak in the map of W, as was
seen for case o. Also, in light of the fact that in spite of
the increased peak intensity compared to case a. the pre·
dictive ability and t were both lower in case b, one would
expect to encounter greater difficulty in obtaining good
convergenc~ and prediction percentages with real infrared
data.

training routine. and then to end calculations 8S soon as
convergence could not be obtained in some specified num.
ber of feed backs.

A second version of the feature selection routine was
also employed in which two dcscriplors were eliminated at
a time before checking whether t < 0 required retraining.
The results were comparable to those of Table I; however.
a considerable savings in computer time was realized. The
poinvise feature selection routine was able to reduce the
number of descriptors down to 8 with four passes. \Vith
only 8 descriptors, the predictive ability was 96.3%. The
remaining descriptors were: 2.4 microns (-), 4.0 (-).
4.3(+), 4.4 (+). 4.5 (+). 5.4 (-). 5.8 (+1. and 6.2 (-).
These correlations Bre quite similar to those obtained
above.

Finally, a feature selection routine which has been re·
ported previously was applied to this data set for compari­
son. Thi!; routine involves training two weight vectors. onc
with all components initialized to + 1 nnd the other with
all components initialized to -1. After training. the signs
of the individual components are compared. and those
components for which the signs are different are dropped.
The procedure is repeated until no further descriptors can
be dropped. For the present problem. the results obtained
were that only 12 out of the 50 descriptors could be elimi·
nated, but predictive ability stayed high with a value of
97.8% for 38 descriptors remainin~.

WEIGHT VECTOR MAPS FOR SIMPLE TRAINING
SETS

The next aspect which was investigated was what a
map of the weight vector looks like after various training
situations. Again. synthesized data were used. The back·
grounds were the same as those described previously. Var·
ious peaks, or combinaions of peaks, were coded onto the
random backJ{rounds in order to simulate different train·
ing problems. The intensities of the coded peaks were var·
ied slightly in order to give the different training situa·
tions similar degrees of difficulty. Six situations were con·
sidered. Solutions were obtained with t ::::= topt , and were
tested with a prediction set of 300 spectra (150 positive
and 150 negative). The results are given in Table 11 and
Figures 30 through 3f. The weight vector maps are plotted
in the inverted orientation commonly used for IR spectra
and are arbitrarily normalized.

In the case where a single peak was added to each spec­
trum in the positive half of the data set at 4.4 microns.
the form of the weight vector was quit.e distinct (Figure
30). The component of the weight vector corresponding to
4.4 microns had the greatest magnitude, favoring a posi.
tive dot product, in the case where an absorption peak
was present. On either side of 4.4 microns, the magni­
tudes of the weight vector components decreased rapidly.
until they changed sign, and began to favor the absence of
a peak at their corresponding wavelengths (a few tenths of
a micron away from 4.4 microns). The overall result had
the general appearance ofa peak in the map ofW.
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Figure 4. Carboxylic acids weighI veclor map

For real infrared data, a given type of compound may
have two or more characteristic peaks. This situation was
simulated in case c where the data set was coded with two
absorption peaks, one at 3.4 and one at 5.4 microns (Fig­
ure 3c). As one would expect, convergence and predictive
ability increased markedly over CDse a, even thou~h

smaller peak intcnsities were used. The wei~ht vector was
peaked in the regions of both 3.4 and 5.4 microns. How­
ever, these peaks in the map of W were not of equal inten­
sity or width even though identical absorption peaks were
coded on the original spectra.

If one were to try to classify two types of compounds to­
gethel' such as alcohols and phenols. the former would
have a hydroxyl absorption around 2.8 microns. and the
latter at about 3.2 microns. In this case, each positive
member of the data set would have one of two absorption
peaks. To simulate this situation. in ca.. d (Figure 3d) a
peak was coded either at 3.4 or 5.4 microns. The result
was that. in spite of the greater peak intcnsities used,
poor convergence and poor predictability were obtained.
indicating the undesirability of such a training situation.
Except for the fact that the peaks in W were relatively
smaller, W itself appeared similar to the result from case
c, where both absorptions were added to each spectrum.

The fifth case considered was the coding of a broad ab­
sorption peak (on a linear wavelength scale), similar per·
haps to the hydrogen out of plane bending associated with
aromatic compounds. The expected result was a peak in
W similar to the onc obtained in case a. with the excep·
tion that it would be broader. This was nearly what ww;
observed, except that at the center of the peaked region
was a depression similar to the one obtained in case b
(Figure 3b). The depression was small enough to have
questionable significance. so for case {, the spectra were
coded exactly the same as in case e. except that a com­
pletely new set of random backgrounds were used. The re·
suIt of this second trial was even more marked than the
first (Figure 3fl, giving the impression that for classifica·
tion purposes, it is better to think of a broad peak w;
being two separate peaks (as'in case cl located right next
to each other_

In using real data, the classification of some types of
rompounds may depend on one or more intense absorp.
tions, along with some weaker ones. It was observed in
thiS section that if a single peak were the only basis for
discrimination between two classes, it would have to be
quite an intense peak with a fairly stable wavelength in
order to give convergence for the training set. (In case a, a
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Table nI. Training and Feature SelectIon with
Carboxylic Aclda

Number of Number of Pr!rcenta«e
deecripton feedback. Ilrodiction

128 753 95.9
34 272 95.6
22 487 93.5
18 409 94.5
16 1143 91.7
14 2049 90.7
12 1508 91.2
10 1842 92.6
8 2838 88.5
6

peak of greater intcn!;ity than 400/" transmittance was re­
quired. where the background peak intensities only ranged
from 40 to 80% transmittance. Recan that a peak of 80%
transmittance is a weaker peak than one of 40% transmit·
tance.) In most real cases, the peaks would shift some·
what from compound to compound, so one would not ex­
peCl to see any of the distinct forms in the weight vector
like those scen in Figures 3a through 3[.

WEIGHT VECTOR MAPS FOR CHEMICAL
CLASSES

The data set of 500 real infrared spectra described
above was used to develop weight vector maps for com­
pounds of several chemical classes. In each case. the fol­
lowing method was used to break down th. data set. The
number of positive members of the entire data set of 500
was determined. Two thirds of the positive members were
put in the training set along with twice as many randomly
chos;cn negative members. The remaining spectra were all
put into the prediction set.

For each chemical class, the following procedure was
fonowed. The unnormalized training routine was used
with Z selected to assure a solution on the asymptotic
part of the curve of Figure 1. The feature selection routine
described above was called repeatedly to eliminate pairs
of descriptors. \Vhenever t became negative, W was re­
trained, and the predictive ability was determined. Three
chemical classes were investigated: carboxylic acids. es­
ters, and primary amines.

Carboxylic Acids. The training set consisted of 40 posi­
tive members and 80 negative members: the prediction
set was split 21 (+) and 359 (-). The results of training
and feature selection are summarized in Table Ill. The
predictive ahillty remains high at 94.5% when only 18 de·
scriptors remain, but declines thereafter. \\'ith six descrip­
tors. convergence was not obtained and the routine was
terminated.

Figure 4 shows a plot of the carboxylic acid weight vec·
tor of 34 components. As before. the weight vector compo­
nents have been scaled arbitrarily and are plotted in the
same orientation as for IR absorption spectra. Several re­
gions are of interest. working from left to right.

There is a definite ne~ative correlation between carbox­
ylic acids and the region between 2.4-2.8 microns. This is
where free hydroxyl stretching would be found. However.
in undissociated acids, the hydroxyls are usually hydrogen
bonded which shifts the absorption to longer wavelengths.
Thus, this group of descriptors could be interpreted as en·
suring that free hydroxyl groUJlS are not classified as
acids.

Eight descriptors, 3.2, 3.3, and 3.8-4.3, all correlate
positively with carboxylic acids. It has been observed by
spectroscopists that carboxylic acids generally exhibit a
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Figure 5. Esters weight vector map

Table IV. Training and Feature Selection with Eaters

Number 01 Number of Percent8Re
deecripton leedbacQ prediction

128 720 96.6
36 458 95.5
24 604 94.4
14 541 93.5
12 419 93.2
10 516 91.5
8

Table V. Training and Feature Selection with
Primary Amincs

Numberol Number of PercontaRe
deacriptora feedbaclul prediction

128 598 95.2
32 686 95.5
24 432 96.0
18 366 95.1
12 3560 92.3
10 3991 92.6
8

... ...

I I

10.0 14.0
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3.6-4.0 micron region give positive correlations with pri~

mary amines which are difficult to explain. They could be
due to NH,' modes which could be present if there were
water in the samples. A group of descriptors in the 5.3-5.9
micron range are training against characteristics of other
classes of compounds. The 6.1 and 6.2 micron descriptors
correlate with the N-H bending modes of primary amines.
The positively correlated descriptors at longer wave·
lengths may correlate with known broad amine peaks in
these ranges.

Figure 6. Primary amines weight vector map

broad absorption peak in this region due to hydrogen
bonded hydroxyl stretching. Since such an absorption
peak is relatively unique to carboxylic acids, this informa­
tion was easily incorporated in the training of the binary
pattern classifier.

Positive correlations are found for the 5.8- and 5.9-mi·
cron descriptors. This is the carbonyl stretching region.

The remainder of the descriptors have values which do
not obviously correlate with some particular feat.ure of
carboxylic acids or are negatively correlated with carbox­
ylic acids. These lalter descriptors' values are thought to
be largely due to the particular negative members of the
training set. Examination of the weight vector when it has
only 18 components shows essentially the same correla­
tions as those mentioned here.

Esters. The training set contained 40 (+) and 80 (-)
and the prediction set contained 20 (+) and 360 (-). The
results obtained are summarized in Table IV. The predic­
tive ability falls slowly but steadily until no convergence
could be obtained with eight descriptors remaining.

Figure 5 shows a plot of the ester weight vector with 36
descriptors. The positive correlations between esters and
the descriptors for the 5.7, 5.8, 7.9, 8.0, 8.4, 8.6, and 8.9­
micron regions are understandable, due to the standard
ester stretch. The negative correlation for the descriptors
3.1, 3.2, 3.5-3.8 may be due to the fact that these would
be especially useful in discriminating against C-H
stretching vibrations of aldehydes and possibly the hydro­
gen bonded hydroxyl stretching of carboxylic acids. The
strong correlation between esters and the 2.0-2.7 micron
descriptors is difficult to explain; it could be an instru·
mental artifact.

Primary Amine.. The training set contained 38 (+)
and 76 (-) and the prediction set contained 20 (+) and
366 (-). The results obtained are summarized in Table V.
The predictive ability remained steady with as few as 18
descriptors before falling.

Figure 6 shows a plot of the primary amine weight vec­
tor with 32 descriptors. A cluster of descriptors in the

2.0

I

6.0

11

10.0 14.0

ANALYTICAL CHEMISTRY, VOL. 46, NO. 4, APRIL 1974 • 525



Statistical Method for the Prediction of Matching Results in
Spectral File Searching

5tanley L. Grotch

Jet Propulsion Laboratory. Callfornlalnstituts 01 Technology, PasBdena, CaUl. 91103

In IlIe search lechnlques, the dlltrlbuUon ot mllmatches
quantitatively measures the tit 01 a particular unknown

. agalnsl a given library. A Ilmple Iheoretlcal melhod Is
developed 10 predlcl, a priori, Ihll dlllrlbuUon. With this
procedure, for any unknown code and library, the mean
number 01 mllmalches can be calculaled exactly. For a
given tlbrary and coding Icheme. Ihe mismatch distribu­
tion lor most unknown codel clolely lollows a common
curve which II easily calculaled from IlaUstlcal proper­
Ues 01 the library: When this common curve Is normalized
to a constanl mean, the observed malchlng behavlor Is
well predicted. The theory should permit Ihe user to more
clearly assess Ihe ellectl 01 errors on lIIe search perlor­
mance and suggesl techniques by which recognition per­
lormance may be optlmlzed.

Primarily· because of the need to handle the ever-in­
creasing data rates of analytical instruments, the digital
computer is becoming common·place in the chemical lob·
oratory. Since these computers are often available to [ul·
fill other functions in addition to conventional data pro­
cessing, much attention has been directed toward applica­
tions to relieve the chemist of routine. tedious, but never­
theless. essential tasks. Among these has been the use of
computers in interpreting chemical spectra (primarily in­
frared and low resolution mass spectra).

Undoubtedly. the most widely used technique in com­
puterized spectral interpretation is "file searching." Here
an unknown spectral code is compared against a larger
known file or library of similarly coded spectra. Those
known spectra which "best fit" the unknown code by
some criterion are assumed to be the correct answers. A
review of the mass spectral applications of file searching
to about 1968 is given by Fennessey (1). and a more de­
tailed C<lmparison of a number of methods is given by Rid­
ley (2).

Primarily because of economic considerations. work has
focused on improving file searching in three areas: reduc­
ing the amount of storage required to express the spec­
trum, increasing the speed of the search, and improving
the accuracy of identification.

In the mass spectral area. techniques such as "abbre­
viation" (3, ~) have reduced storage requirements by an
order of magnitude without an appreciable degradation in
identification reliability. More sophisticated coding
schemes hove further reduced the storage needed (5).
Generally. decreased storage has been renected in at least

(1) P. V. Fennessey. In "Mass Spectrometry: TeChniques and Applica­
tions," G. W. A. MUne. Ed.• Wlley·lntetsclence. New York. N.Y.,
~n .

(2) R. G. Ridley,ln "Biomedlcel Applications of Ma.. Spectrometry," G.
R. Wailer. Ed.• WUey. New York, N.Y., Chap. e, 1972.

(3) B. A. Knock, I. C. Smith, O. W. Wrlght, W. Kelley. and A. G. Aidley.
Anal. CMm.• 42, 1516 (1970).

(4) H. S. Hertz. R. A. Hites. and K, B"mann, Anal. Ch.m.. 43. 681
(19n).

(5) S. l. Grotch. Anal. Ch.m.. 45, 2 (1973).
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a proportionate increase in search speeds (6). The "state
of the art" is such that spectral codes of the order of lOO
bits will produce reliable identifications (>90%) at effec­
tive search speeds of about 1000 spectra!sec (IBM-360!
44).

It is in the area of improving the reliability of identifi­
cation that much work remains to be done. Generally.
most workers using file searching have developed different
algorithms for measuring "goodness of fit" and tested
these using 11 limited number of "unknowns." These algo­
rithms are usually "fine-tuned" so that the reliability of
identification improves for the unknowns and library con·
sidered.

\Vhile this approach is obviously pragmatic. it provides
little theoretical framework for understanding: the match·
ing process in a quantitative manner. The purpose of this
paper is to provide such a framework.

In the file searching of unknown codes against known li­
braries. the distribution of the mismatch criterion select~

ed is central to the efficacy of identification. It will be
shown here, first for simple coding schemes, and then for
more complex matching criteria, how this distribution
may be accurately estimated for any unknown code with.
out performing the matching. The change in this match­
ing distribution due to coding errors will also be consid·
ered and it will be seen that certain types of errors are
more Iikel", t.o cause difficulties than uthers.

With the theory derived here. it becomes possible for
the user to quantitatively compare different techniques in
terms of their potential efficacy of identification in at
least a semiquantitative manner. The effects of coding er·
rors on the identification become clearer, and the outlines
of procedures to improve matching algorithms become
more apparent.

FILE SEARCHING WITH ONE·I3IT CODING

The use of one~bit coding provides a simple introduc­
tion to the proposed theory, and as will be seen, the con~

cepts derived here are readily generalizable to the more
complex case. Additionally, this form of coding is a prac­
tical search method in its own ri~ht (7).

In one-bit coding, a spectrum is expressed as a binary
string of zeroes and ones. The transformation from the
original spectrum to this binary code may be performed in
many different ways. In the case of mass spectra. each bit
in the coded spectrum generally represents an integral
mass position. A "1" might designate a peak intensity
above a threshold value. a "0" no peak above threshold
(7). The "I's" in the code could also desi~nate the posi.
tions of the N most intense peaks in the spectrum (2) or
the positions of the most intense peaks in a given mass
range [as in the "abbreviated" spectrum (5)].

Of course, analogous coding concepts apply for different
types of chemical spectra. With infrared spectra. for ex­
ample. the positions of the "1'''' in the binary pattern

(e) S. L Grolch, Anal. Chem.• 43. 1362 (1971).
(7) S. L GrOlch, Anal. Chem.• 42. 1214 (1970).



Figure 2. Matching histogram for phenyl acetate (1 peak/l.
emu, mass 20-243)

range 34-47, etc.) (see Figure 1). If binary encoding using
1 bit/amu is adopted, a maximum of 1 bit in every group
of 14 will be set to "1:' For a binary representation of this
spectrum, all bits would be coded as "O's" except for the 6
bit positions corresponding to masses 28, 43, 51, 66, 94,
and 136 wbicb would be coded as "l's". A library of 6880
known spectra (7) was also coded in the same manner
covering the mass range 20-243 (16 windows each of 14
amu).

If the unknown phenyl· acetate code is compared with
this library, the distribution of mismatches (XORl shown
in Figure 2 is obtained. In this frequency distribution, or
"matching histogram," are plotted the percentage of li­
brary spectral codes which have a given number of mis­
matches (Xl wben a specific unknown code is compared
with the library. The matching histogram is analogous to
the probability distribution in statistics in tbat tbe nor­
malized area between two values of X represents the
probability tbat a library spectrum will yield X between
these limits. This distribution will, in general, be different
for each unknown code and eacb library file of codes.

The features of tbis distribution are important in un­
derstanding tbe spectral identification problem, particu­
larly in assessing the significance of errors leading to misi­
dentification. Since a mismatch criterion (XOR) is used,
those spectra closest to X = 0 are of importance in the
identification. If, for example, the unknown were encoded·
identically to its true counterpart in the library, tbat,
match would yield X = 0,

In qualitative terms, as can be seen in Figure 2, rela­
tively few codes in the library exist very close to any given
code (i.e .. near X = 0). For each code, above a certain
threshold of mismatches, a very large number of library
members arise witb a given value X. (In Figure 2, this
threshold is X = 4.) In terms of identification, this
implies that if the number of errors between the unknown
code and its true counterpart in the library lies below this
threshold, tben the unknown code will be correctly identi·
fied with little ambiguity, If, on the other hand, tbe num­
ber of errors exceeds this threshold, then the identifica­
tion will be confused by the many library members wbich
agree with the unknown code as well as or belter than the
correct answer.

A key, therefore, to a quantitative understanding of the
matching process lies in the matcbing histogram. If,. for
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generally signify the location of absorption bands, such as
in the ASTM or Sadtler codes (8). Obviously, other forms
of sharp, resonant·like spectra (NMR, GC, etc.) will also
fit naturally within this coding framework. In the fol.
lowing discussion. attention will be focused on low resolu.
tion mass spectra, but it should he clear that the results
obtained may also be applicable to other cases. (Recent
work using the ASTM infrared file has, in fact. shown
that the same techniques are directly applicable in the in­
frared case.)

With one· bit encoding, a binary code representing a
particular unknown is compared against a larger file of
similar known codes using some form of "best fit" criteri·
on. Several matching criteria for binary codes were dis·
cussed in previous work (7). Attention here is focused on
the logical "exclusive or" operator (XOR), In comparing
two codes in a single channel, XOR = 0 when the codes
are the same (both "0", or both "1"), and XOR = 10ther·
wise. In effect, when summed over all channels, this oper·
ator measures the total number of channel disagreements
when two codes are compared.

In the parlance of communication theory, XOR is the
"distance" between two codes. Since XOR measures mis.
matches, the library codes wbich "best" fit" the unknown
are those minimizing XOR. Note that the XOR operator
is the equivalent of least squares when peak intensities
are expressed to only two levels.

The logical "AND" operator may also be used as a
matching criterion (7). If, for example, the "I's" in a code
designate the positions of the N most intense peaks, those
library spectra closest to a particular unknown would be
those for which the sum of "l's" in AND is maximized
(2),

Hybrid criteria using a linear function of XOR and
AND have also been applied to the file searching of mass
spectra (5, 7, 9). Tests have shown that tbese more corn·

. plex criteria generally yield somewhat more reliable iden·
tifications than either XOR or AND alone.

To focus attention on a specific example, consider the
identification of the "unknown" low resolution mass spec·
trum of phenyl acetate (Rer. 10. p 217), Assume that for
this spectrum, only the masses of tbe most intense peak
per 14 amu window, starting at mass 20 are encoded (e.g.,
window 1 covers the mass range 20-33: window 2, the
(8) "Cod•• and In.lrucUonl tor WyandoUe-ASTM Punched Cards In·

dexlng Spectral AblOrpUon Data," ASTM, Philadelphia. Pa., 1964.
(9) F. Ernl and J. T. Clare, He/v. Chim. Act•. 55,489 (1972).

(10) R. M. SIN.,at.ln and G. C. Basal,r, "Spec::trometrlc ldentltlcatlon of
OrglnlcCompounda:' 2nd ed.. Wney, New York. N.V.. 1987.
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(2)

For a given library, Ell,] or p, is defined as the probabil­
ity of obtaining a HI" in a channel i. Since for a specific
unknown code, the VI are constants independent of the Ii·
brary:

APPROXIMAn: SHAPE OF THE MATCHI:'oIG
HISTOGRAM

Although the mean of the matching distribution can be
calculated exactly, the complete distribution is more diffi­
cult to estimate in general. To this end, consider as an
"unknown" a binary code which contains only "0'5" in all
N channels, When this code is compared against the Ii.
brary, the distribution of XOR which is found will be
identical to the distribution of "1's" coded in the library.
This result follows immediately since when compared
against an all-zero unknown, each library member will
disagree in only those channels containing "I's,"

For the library coded as described abo\'e, the resultant
matching distribution for the all-zero unknown is given in
Figure 3. The mean of this distribution (1'0) is the average
number of "l's" coded for the library (here, ~o = 9.3),
This follows from Equation 4 since all the Vi = 0, and
hence IJo = ~Pl or the average number of "l's" encoded in
the library. Thus, for an all-zero code. the compie/e
matching distribution may be predicted. u priori. exaclly
since it is equivalent to the hnOlrn distribution of "l's"
coded in the library,

Consider now what happens to the matching histogram
when a single ,channel (i = k) in the all-zero unknown is
changed from a "0" to a "1", If ~o is the mean of the
matching distribution (or the all·zero unknown, and 1'1 is
the mean for the unknown with a single' "1" in channel k.
then from Equation 4: '

(4)1'" = 'T.p, + Iv, - 2Ip,v,

Note that Equation 4 is exact and requires no assump­
tions regarding the correlation between channels, In
Equation 4, the influence of the library enters through the
P,. and the unknown through the Vi.

For a given library, the PI are easily obtained in a one·
time calculation by determining for each channel i, the
number of spectra containing a h 1" in that channel and
di\'iding by the total number of spectra in the library.
To compute JJx for any unkno..... n code over IV channels,
only the N-vector for the library: PI. p,. P3' , .. , p,\, need
be available,

Notc that in Equation 4, the tcrm ~Pi is a constant
which is independent of the unknown and is the average
number of ones encoded in the library in N channels.
Similarly, 2:v, is independent of the library, and is the
total number of "l's" coded in the particular unknown
considered.

Equation 4 expresses the mean number of mismatches
when a specific unknown code is compared against a li­
brary, Consider now this unknown to be the "average" li·
brary member and calculate the mean number of mis­
matches. The situation in which each member of the li­
brary is compared in turn against the remaining library
was considered in earlier \\'ork (7) and the result is given
by the expression:

Mean of X N for = y', (I _) (-)
the entire library --P, P, \)

This expression permits one to calculate the mean num·
ber of mismatches for the "average" or typical library
compound when compared with the entire library. It is,
therefore, the average distance between compound codes
in the library file,

Figure 3. Matching histogram for all·zero unknown (1 peak!14
amu, mass 20-243)'

any unknown, the lower threshold of this histogram can
be predicted, then the number of tolerable errors before
misidentification occurs can be determined, a priori.
Using the formulation described below, it will be shown
that this threshold can, in fact, be estimated, without
performing the matching, given only the unknown code
and some simple statistics of the library. It will be shown
that a completely analogous predictive method also
applies to the more general csse in which peak intensities
are expressed using morc than two levels.
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MEAN OF THE MATCHING HISTOGRAM

In order to predict the matching histogram for a partic­
ular unknown. the expected value or mean of this distri­
bution will be calculated, For the XOR criterion, the
mean is simply the average number of channels which dis­
agree when a specified code is compared with a given Ii·
brary. It will be seen that this mean value is easily calcu­
lated and that the predicted value is exact, Additionally,
it will be shown that the prediction of the mean is crucial
to, ascertaining the final description of the histogram for
any unknown in both the binary case as well as the more
general case of multile\'el coding.

In the comparison of a specific binary coded unknown
against a specific library member, let the subscript i de­
note the bit position or channel in both codes. For the un­
known. let v, = \'alue encoded in the ith channel (for bi­
.nary codes, v, '= 0, 1 only). Similarly, for thc library
member. let i, = value encoded in the ith channel (I, = O.
1). For the XOR criterion, let x, denote the value of the
XOR operator for the ith channel. (Remember that for the
logical XOR, x, = I, if and only if I, and v, differ; and x,
= 0, otherwise.) Expressed arithmetically:

x, -i, + v, - 21.v, (1)

If N bit positions (channels or mass range) are consid­
ered in establishing the disagreement criterion:

X." - 'fu, +v, - 21,v,),-,
The matching histogram is defined here as the distribu·
tion of X N when a specific unknown is compared against
all membars of a particular library. Let the symbols E
[XNI or I'X denote the expected value of X,\'. Since the ex­
pected value ofa sum is the sum of the expected values:

I'x - IE[l i ] + IE[v,] - 2IE[liv,] (3)
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Figure 4. Matching histogram for phenyl acetate obtained by
shrfting all·zera unknown to match means
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Consider the limiting cases of p. = 0 and p. = 1. If p.
= 0, the single"I" in the unknown was added to a chan­
nel in which no library member had a "I." In this case,
since every library member will now disagree in one more
channel than when compared with the all-zero unknown,
the matching distribution merely shifts upward by one
unit alDOl{ the X axis without any change in its shape. In
this case. the entire matching distribution can be again
predicted exactly knowing only tbe distribution of "l's" in
the library.

Similarly. if p. = I, the "I" was added to a channel in
which all library members had a "I" and, hence, when
compared with the all-zero histogram, the new histogram
shifts dOlcnword by onc unit (again. without any change
in shape).

These limiting cases suggest an approximate method for
determining the complete shape of the matching histo­
gram for any unknown.

Assume that 85 more and more "l's" are added to an
all-zero unknown to finally yield the particular unknown·
code of interest, that the shape of the all-zero histogram
remains unchanged, but that its mean shifts as each "lit
is added. Since the mean of the matching distribution for
any code may be predicted exactly from Equation 4, if
only 8 shift occurs. the entire matching distribution may
be determined by merely shifting the known all-zero his­
togram so that its mean matches the predicted mean for
the given unknown. In effect, we have a "bootstrap" pro­
cedure which starts with a simply predicted histogram
(e.g.. the all-zero unknown) and evolves it by adding "l's"
until the code of interest is obtained.

This procedure was followed for the distribution ob­
served for phenyl acetate and the results are presented in
Figure 4. The dashed curve is the all-zero distribution of
Figure 3 shifted so that its mean matches the predicted
mean for phenyl acetate, and the solid curve is the actual
matching distribution observed for phenyl acetate (Figure
2). It can be seen that although the prediction is no longer
exact, it is nevertheless a good approximation to the ob­
served result.

If the above method for determining the matching his·
togram is valid, the implication is that all matching dis­
tributions for all codes will be the same for a given coding

scheme and library when normalized to the same mean
value. This common distribution will be the known distri­
bution of "l's" coded in the library.

To investigate this conjecture, twelve different binary
codes were compared against the 6880 spectral codes in
the library and the matching results are summarized in
Figure 5. The solid curve is the distribution of "I's" coded
in this library. and the points are observed matching dis·
tributions shifted so that the predicted mean value from
Equation 4 for each unknown matches the mean value for
the all-zero unknown. While the results do show some
scatter, 8 good approximation to a single distribution is
observed. It should be noted that for the codes displayed
in Figure 5, the mean number of mismatches varied be­
tween 11.1 and 22.6.

The same procedure was applied to each of 125 un·
known codes used in earlier studies (5) (molecular weight
range 57-256, average 121) and excellent agreement was
found in most cases. Additional tests using a variety of li·
brary melllbers as "unknowns" indicate that the predic­
tive method is widely applicable. A more quantitative
comparison of these results as well as a discussion of when
this procedure is likely to be accurate will be given later.
in this paper.

To examine the generality of these results with another
binary coding procedure, calculations were also made
using the coding scheme proposed by Robertson el 01..
(11). Here the maximum intensity peak/7 amu window is
encoded (rather than the 14·amu range used above). Al­
though the distributions found in the matching were ob·
viously different, the conclusions reached above were the
same. The mean disagreements were still predicted exact­
ly with Equation 4. and the shifting operation using the
distribution of "l's" coded also yielded an excellent ap·
proximation to the observed matching behavior.

The shift in the mean, AI', given by Equation 6 is a spe­
cial case of a more general result involving any change in
value encoded in any channel k for any binary code. As­
sume that the mean value for a specific code is I' and that
this code is modified in a single channel k yieldmg a new

(11) O. H. Robertson. J. Cavagnaro, J. B. Holz. and C. "errltt, Jr.. 20th
Annual Conference on Mass $pec:lfometry and AJU.CS TopIca, Dal­
las. Texas. June 1972.
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Figur. 6. Cumulattve distribution 01 disagreements (normalized
to same mean)

mean ~'. If av, is the change in channel k (:>vo = +1 if
"0" - "1", and :>v, = -1 if "I" - "0"). from Equation 4
it follows that:
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F'9ure 7. Mismatches to be within the top 10 compounds pre­
dicted by shifting all·zero unknown to match means (1 peak/14
amu, mass 20-243)

IMPLICATIONS OF RESULTS ON SPECTRAL
MISIDENTIFICATION

How can these results be used to assess the effects of er­
rors on the matching process?

Assume that binary codes are used and that for a given
library and encoding method, the matching histograms for
all unknown codes retain the same shape but differ only
in their means as calculated [ram Equation 4. If this is
the case. it is possible, using a cumulative distribution
such as Figure 6, to determine exactly, for any code. with­
out performin/i. the matchin/i. what value of the disagree­
ment criterion X s can be tolerated before a specified
number of library members arise with values below this
threshold.

If the true eounterpart to the unknown spectrum ap-

16r--r--,---,.---,--r--r-'--:;l

of mismatches which can occur before M renches any
specified value.

This has bcen done for M = 10 with the 125 different
unknown codes discussed ahove. and the re~mlts are pre·
sented in Figure 7. Shown here are the predicted L'S. actu­
al values of the disagreement criterion fOT a library code
to be within the top 10 compounds for a given unknown.
The actual values were obtained by matching each code
against the library and determining the maximum value
of X,v below which there were 10 or fewer compounds in
the library. The predicted value is obtained by observing
in Figure 6 that for 10/6880 = 0.15% of the library, the
dis8Kreement criterion must be less than or equal to Jl ­
9.3 to be in the top 10 compounds. In Figure 6. it can be
seen that for 111 of the 125 codes examined (89%). the
predicted threshold for the top 10 is within ± 1 of the ac­
tual va,l ue.

As would be anticipated from the nature of the disper.
sion in the data of ~'igure 6, the prediction of -'Cv to be
within the top 100 compounds should be somewhat better
than that for the top 10. For the top 100 case, the predict­
ed value of X s is within ± I of the actual value for 121 of
the 125 codes (97%). Using this predictive method. addi­
tional tests using randomly drawn library members as
"unknowns" also gave excellent agreement.

From these results. it can be seen that the lower thresh­
old of X;,- before confusion in identification occurs can be
predicted with this procedure for most unknown codes.
Similar results were also found using the 1 peak/7 amu
encoding.

(7)
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Thus, if all P, < 'f:, (as is the case here), the shift in
mean will be upward for any "0" to "I" change and down­
ward for any "1" to "0" change. Therefore. in starting
with an all-zero unknown and adding "l's"to generate the
,code of interest, if all Po < 'lz. each Additional "1" will
produce an increase in the observed mean. Thus. in this
case, the all-zero unknown will have the minimum mean
value of X .•·of all possible binary codes.

Note also that if all possible binary codes occur in the
library, i.e.. all P, = llz, according to Equation 7, the
mean will not shift as peaks are added or removed. This
is, in fact, the case for in this instance, all codes give
identically the same matching distribution.

THE CUMULATIVE MATCHlNG U1STRIBUTIO:-J

If a matching distribution such as that given in Figure 2
is integrated, the cumulative distribution of mismatches
is obtained (Figure 6). Here, for a particular unknown
code, the percentage (or total number) of library com­
pounds having .fewer than a specified number of mis­
matches is' plotted vs. the number of mismatches. When
normalized to the SBme mean, 8 sinJde distribution is
again observed for the unknowns presented in Figure 7.
(Since the original normalized histograms (Figure 5) were
nearly the same, the cumulative nonnalized distributions
must, of course, be also the same.]
. The cumulative distribution is particularly relevant for

identification purposes, since it can be used directly to
d~termine the total number of library compounds wbich
would be expected to disagree with a particular code in
fewer ,than e specified number of channels. With the Ii­
bra1Y here, for example, 1% of the file (-70 spectra)
ViO!Ild have a value of the disagreement criterion which is1_than the mean number of mismatches'minus 8.5.

In, moat me search procedures, the M closest library
memlM!rs are displayed, where M is typically of the order
of 10 different compounds_ If the same normalized cumu­
lative distribution holds for all unknown codes when com­
pared .with the library, it is possible to predict the number
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Figure 8. Effect of adding coded peaks to unknown of benzyl
acetate (1 peak/14 amu)

Figure 9. Effect of removing coded peaks from unknown of ben·
zyl acetate (1 peak/14 amu)

pears identically coded in the library. it will. of course, be
found with X.,- :::; O. As spurious "l's" ace added or rc­
moved (due, for example, to instrumental differences), as
long as X., remains below the predicted threshold heyond
which many library codes arise, misidentification will not
occur. Once this threshold is exceeded. however. 8 large
number of library codes will fit the unknown as well as or
better than the correct answer and confusion will occur in
the identification.

Consider as an actual example the unknown code of
benzyl acetate (Her. /0, p 173) as peaks arc added to or
removed from the binary code. In this instance. the li­
brary code for benzyl acetate differs initially from that of
reference 10 in a single channel and hence here. X s = l.

Assume now that. an additional "1" is added to the un·
known code in channel" (i.e .. ", ; 0 becomes ", ; I).
When this altered code is compared with the library. the
mean of the matching distrihution relative to the initial
unknown code will shift according to Equation 7. Since for
the library considered. the values of p, are typically <0. I
(maximum p, ; 0,3). the mean of the matching distribu­
tion will ,,!lilt upll'Urd by approximately + I unit. If the
shape of the distribut.ion remains unchanged. the lower
threshold of X., before confusion arises will also shift up­
ward by one unit. In the case of benzyl acetate. the actual
matching results are shown in Figure 8 and they substan­
tiale this prediction.

Consider now what happens when this altered code is
compared with its true counterpart in the library file. If
the "I" is added to a channel in which the true Iibra!)'
code had a "0". Xx will also increase by + I for this
match. If. on the other hand, the "I" were added to a
channel in which the library had a "I," relative to the
original unknown code, X "" would decrease by one unit. In
this case, therefore. the separcrliol1 between the true code
and the threshold above which confusion results will ei­
ther remain unchanged or increase when a "I" is added to
the unknown.

If the assumptions given above are satisfied. this con·
clusion implies that the addition of "I's" to an unknown
code should have little effect on identification since the
separation between the true answer and the bulk of the
library will remain substantially unchanged as "I'i' are
added. Naturally, the fit between the unknown and cor-

rect library answer will be poorer as spurious "l's" are
added. hut if the M closest fits are displayed, the correct
answer will still appear in the same position in the M ·best
list.

This behavior was noted empirically in earlier work (7)
using one-bit coded spect,. where a "\" in the code desig­
nated a peak appearing above a threshold, and a "0" no
peak above the threshold. It was found here that adding
spurious peaks to an unknown either ran~omly or by the
addition of impurities had relatively little effect on the
identification of these codes. As in the. examples shown, in
these earlier cases the separation between the true answer
and the bulk of the library remained essentially un­
changed as spurious peaks were added.

Consider now the situation when peaks are removed
from the unknown code. Here. following the same azgu­
ments as above, for each unknown peak removed, the
matching histogram will shift downward by \ unit. For
the same benzyl acetate code. the actual matching results
are presented in Figure 9. un'd the predicted downward
shift is observed as peaks are removed.

When the altered code is compared with the true library
code. if the" I" is removed from a channel containing a
"\" in the library. X x will increase by +\ unit. If tbe "\"
is removed from a channel containing 8 "0" in the librarY,
X x will decrease by \ unit. Thus, the separation between
the correct answer and the threshold of misidentification
will de('rt'Qse by 2 units in the first instance and remain
unchanged in the second. For the benzyl acetate code, the
actual matching results (Figure 9) show that the separa­
tion does in fact decrease by 2 units with the removal of
each peak.

If the assumption is made that the correct library code is
initially identical to the unknown code, then these results
imply that the removal of "1'''' is more likely to have an
adverse effecl on identification than will the addition of
"1'5." If this reasoning is correct, a simple coding maxim
is suggested: "When in doubt. code a peak."

It must be emphasized that the analysis presented
above is predicted on several assumptions which may. not
always be satisfied in practice. Most important of these is
that the shape of the matching histogram remains un­
changed as peaks are added or removed. As can be seen 'in
Figure 5, slight distortions do occur, particularly in the .
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(8)

Once acain. the library codes best fitting the unknown
code are those which minimize X.\.. (The minimum value
X;\, = 0. occurs only for a perfect match between unknown
and library code.)

GENERALIZATION TO :\>IULTIPLE
LEVELS-PREUlCTIO/\ OF THE MEAN

The rcsults derived above will no\\' be ~encralized tu the
situation in which (leak intcnsities urc known to more
than just two levels. Again. let the suhscript i be the
index on channel or mass. and let I, and V, he the valucs
coded in the jth channel for a particular library member
and a speciric unknown. The spcctral codes for the N
channels are thus vectors with N componcnts (e.j! .• r , • U:/:,

.... Vs for each unknown). Assume that the criterion of
best lit is a nun-weighted least squares. If X.\' again de­
notes the degree of mismatch for N channels in thc com­
parison of a particular unknown with a particular library
member:

in the mat.ching histogram is usually correct. \\'hen A is
lar~e. the histogram may distort, but not necessarily. In
Figure 10, for example. are presented the normalized
matching histograms for fivc different unknowns with X <
4, and in Fi~ure 11, the results fur five different unknowns
with A > 13. It can he seen that the results for small A
more closely fit the normalized all-zero matching distrihu­
tion. However. cvcn for largc A. in some instances. the fit
is st.ill very good.

In the prediction of the X,\' to he in the lop 10 com­
pounds (Figure 7}, it \Vas found for all 42 unknown codes
with X < 7. all arc predicted correctly within ± 1 unit..
(\\'hen all 125 codes are considered. 14 are predicted \vith
Xx> ±l unit.)

The distribution of >.. for the library as a whole wa:-i de­
termined and it was found that. approximately ()()% 01' the
library codes have a value of A < 10, and only about 10%
have).. > l:t This indicatcs that if the unknuwn spectral
codes are typified by the library codes, the predictive pro­
cedure described above for the matching histogram should
be a good approximation in most cases.

It will be shown later in this work that the some form of
A applies in t.he morc gcneral mult.ilevel :-;itllation. It will
be secn that more apparcnt differences result between
codes with lar~e and small values of A.

(9)
/-.\'

Xs = LO, - v,)'

region of the lower threshold. A more accurate predictive
method for this lower threshold may be required in cer·
tain cases.

Although the shift in the mean can be calculated exacl·
ly for all cases using Equation 7, the direction of the shift
will depend upon whether P. < 't, or P. > 't, for the chan·
nels in which the HI's" are altered. In the libraries consid·
ered here, the P. are typically close to zero. In other cnd·
ing situations and with other libraries, if the P,: arc close
to I, the reverse conclusions prevail. Here. u chnn~c of "0"
to a "1" is more likely to cause confusion than the reverse
situation.

It is interesting to speculate how these ar~umcnts mi~ht

be used to select 8 mat.ching: criterion. a priori. which
might be different for each code and which would tend lu
maintain the separation hetween the true answer Rnd the
bulk of the library in the presence uf likely errors. Prelim·
inary studies to this end have considered a linear mis­
match criterion. disa~rcements minus weighted a~f('c­

ments, which was observed empirically to yield signili·
candy improved identifications in earlier studies (:3". 7. 9).
These calculations have corroborated t he empirically nb·
ser.ved result that such a criterion lS most effective when
the agreements are weighted twice as heavily os the dig·
agreements.

ESTIMATING THE ACCURACY OF THE
PREDICTION PROCEDURES

While the assumption of a constant shape fnr the
matching distribution yields 0 good upproximation in
many instances, there ore situations whcre it may not suf­
fice for the prediction of matching behavior. For example,
it may be seen in Figure 6 that particularly near the lower
threshold there is scaller in the data. Clearlv, it would be
useful to have a predictive method availabl; which would
indieate when these procedures are likely to be in error.

One simple technique which appears tu work in practice
i. to consider the ratiu of the third term in Equation 4 to
the first two terms. Define:

A- 100[ ,.' 2~+PL·,. .]
_p _I

'Sinee the PI are easily obtained for any library, and the V,
are known for any unknown code, A may be calculated, a
priori. Lambda is the normalized cross correlation between
the unknown and the library.

It appears empirically for the codes examined that when
A is small (A < -10), the assumption of small distortion
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Here, 7, is the average level encoded for the library in
the ith channel. In,' = EII,'I. Equation 10 can be rewrit­
ten as:

Figure 12. Matching results for 10 unknowns with small >. (10.
levels)

Let us calculate the mean of X s (= ~) when a particu­
lar unknown is compared against the entire file. Expand·
ing Equation 9 yields:

~., = ~Eil,'J + ~E[C,'J - 2~E[I,v,l (10)

For a given library over a fixed range of N channels,
2:E[112 1 is a constant which is independent of the unknown
code. Similarly, the term ~Elv"J is independent of the li­
brary and only a function of t.he unknown. (Hence,
:::::E(v?) = ~v?). Also, since the Vj are independent of the
library, the third term becomes:

Note that Equation 4 derived earlier for binary codes is
a special case of Equation 12. This must, of course. be the
case since the XOR operator is the binary equivalent of
least squares.

Given a library of codes. the terms entering in Equation
12 are easily determined in a onc-time calculation. There­
fore. the mean value of the square difference in levels for
any unknown code can be determined exactly, a priori,
using Equation 12.
T~'o methods of multilevel coding were used to corrobo­

rate Equation 12 and to further investigate the detailed
matching histograms:

1. The maximum peak/14 aOlu window was coded as in
the binary case over the mass range 20-243 but with peak
intensities expressed using 4 levels or 2 bits. In earlier
work (5), this form of coding was shown to be highly effec·
tive for identification purposes using an extremely com­
pact code. In this case, in Equation 12, the I, and V, can
assume only the values O. I. 2, 3.

2. The full intensity range given in the library, 0.01­
I()()% base peak, or 10' levels was also used. This encod­
ing utilizes the known library to its maximum reported
dynamic range since here the V, and lj can assume any of
10' values.

When both coding procedures were used, for all "un­
knowns" coded appropriately, Equation 12 was found to
exactly predict the mean number of mismatches which

By analogy with the binary case discussed earlier, all
unknown codes compared against a given library should
yield a universal matching distribution which is shifted
only along the X s axis with the mean calculated from
Equation 12. This distribution should be identical to tbe
distribution of levels squared for the library as a whole
which is known, a priori.

Consider the case in which peak intensity is expressed
to its full dynamic range (10< levels). (Peak intensities for
each spectrum are normalized here in terms of 'Yo total ion
current rather than the more common % base peak.) For
the all-zero unknown (all v, = 0), the distribution of X,v is
the distribution of levels squared for the library. The dis­
tribution of intensities for mass spectra was found in ear­
lier work (/2) to be log-normal (e.g., the logarithm of the
intensity is distributed normally). Thus, the matcbing
distribution for an all-zero unknown should be log2-nor•
mal. For the library considered, the all-zero matching his·
togram represented by the solid line in Figure 12, is found
to follow alog2-normal distribution.

The peak intensities of each of the 125 unknowns used
above were coded to 10< levels and compared to a library
of 6880 spectra using a square difference criterion. U these
data are smoothed (by grouping levels of X N ) and normal­
ized so that all means are at the same position, Figure 12
is obtained. In this figure, the solid curve is the all·zero
distribution for an all-zero unknown should be log2-nor­
mal. For the library considered, the all-zero matching his­
seen that the shifted all-zero curve fits the data extremely
well: Note that the mean values for these unknowns var­
ied over the range 69-150 (arbitrary units) and the fit of
the all-zero curve to the data is generally better than one
arbitrary unit. Thus, it can be seen that the predictive
procedure is very accurate for these unknowns.

(12) S. L. Grotch. E~h1eenth Annual Conference on Mass Spectrometry
and Allied Topics. san Francisco, Calil., June 1970.

Figure 13. Matching results for 10 unknowns with large A (104
levels)

were actually observed in matching. This must, of course,
be the case since Equation 12 requires no assumptions re­
garding library correlations. In fact, since the actual mean
can easily be calculated in any search procedure, Equa­
tion 12 serves as a useful check on the correctness of the
computer software for a file search program.

SHAPE OF THE MATCHING HISTOGRAM FOR
MULTIPLE LEVELS

(12)

(1)

j.J = y.T.~ + ~V,:! - '22:ul
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Again, by analogy with the binary case, a semiquantita­
live, a priori. prediction can be made of the accuracy of
these results. In Equation 12, the rat io of the cross prod.
uct term to the sum of the first two is defined as l\:

A- 100[~/~('~J
In FiJ(ure 12. all unknowns plotted have A < 11 and the

fit to the universal curve is ~xcellent. In Figure 13. on the
other hand, the unknowns were chosen with Inr~e .\ > 19.
Here the fit is noticeably poorer, hut still acceptable in
man\, instances.
O~ce again. >. can be calculated for all library members

ond its distribution determined. For the 6880 spectral li­
brary, this cumulative distribution indicates that approxi.
mately 60% of the spectra in this library have A < 12. As
con be seen in Figure 13, some codes with>. > 15 are ",,'cll
approximated by the universal distribution. As can he
seen from these results, .\. as defined, is not a true quanti.
totive measure of the applil'ability of these procedures. A
better predictive measure is still required.

Calculations using: the 1 peak/14 omu ccxie with inten·
sities expressed usinR 2 bits also 8/;{ree very well with th~

predictions made above. The same re~iUlt \\IOS also fOllnd
usinJ( a completely different spectral lihrary of 589 hiolo~i­

cally-related compounds (also codinJ( 1 peak/14 amu + ~

bits for intensity). Apparently, these procedures should he
widely app(icnble to muss spectrnllibruries.

CONCLUSlOro;S

Techniques are developed to predict. a priori. the
matching behuvior of unknown codes against. a library

using a least square difference criterion. It is shown that
the mean square difference is cxact(r predicted for all
codes usinl{ simply obtained statistical properties of the
library.

The detailed matching beha ....ior uf many codes is well
predicted by a common distribution shifted only in its
mean value. This distribution is merely the distribution uf
mean squared levels for the library. The predictions of the
theory were checked using a variety of codes and several
different encoding procedures. A semiqunnt.itative mea·
sure is derived permitting: a priori estimation of when
these tel:hniques will be most Rl:Curute.

The effect uf codinK errors on spectral misidentification
is also discussed in terms of the threshold of the matching
histogram. Since this threshold can be approximately prt'·
dicted, it is possible to determine the magnitude of the
error which can he tolerated before misidenlification is
likely to OlTUr. The theory should permit a better quanti.
lativp assessment of these errors on performance and n
bet ter opt.imization of reliability of these techniques.
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Trace Determination of Beryllium Oxide in Biological Samples
by Electron-Capture Gas Chromatography

G~orge M. Frame 1 and Roddey E. Ford'

6570th Aerospace Medical Research Laboratory. Aerospace Medical Division. Air Force Systems Command. Wright-Patterson Air
Force Base, Ohio 45433

Wllliam G_ Scrlbner and Thomas Ctvrtnlcek

Monsanto Research Corporation. Daylon. Ohio 45407

Two preparations 01 beryllium oxIde labeled with 'Be
were synthesized by calcining at 500 ·C or 1600 ·C.
Comparative radiochemical and gas chromatographic
analyses of these oxides were made using two proce­
dures. Direct dissolution-chelation 01 the oxides with
concentrated tritluoroacetylacetone in ampOUles followed
by electron-capture gas chromatography 01 the resultant
beryllium chelate suttored Irom interference by a trllluo­
roacetylacelone reaction prodUCt. A second method em­
ployed the dissolution 01 the oxides In dog blood and ral
liver homogenate media by a hot 75% sodium hydroxide
procedure_ The beryllium Irom the diSSolved oxide was
then chelated by a low temperature reaction with trllluo­
roacetylacetone without lormlng an Interfering prodUCt.
Subsequent gas chromatographic analysis yielded recov­
eries averaging 105%; standard deviation = ±7%. The
samples tested were limited 10 Ihe 1_0-mg BeD/m) level

534 • ANALYTICAL CHEMISTRY. VOL. 46. NO. 4. APRIL 1974

by radioactivity, but the gas chromatographic base-line
noise level was low enough to permit analyses of submi­
crogram quantities.

The toxicity of some forms of ben'lIium is well estab­
lished U. 2), but the mechanism uf ~ction in various bio­
logical systems is still the subject of research. Hecausc
certain beryllium compounds can cause toxic effects at
truce ll'vels in the hody, analytical prol'edures for moni·
toting beryllium in biological fiuids and tissues must be as
sensitive as possible. lnhalution of respirable si7.e particles

I Pn'S(,1l1 uddrt.'s:" :!H Hi~hlalld !tel .. So. I'lIrllllnd. t\.lc. O·1I0li.
:! AUlhur tu whllm l'urrcspondl'nl'l' should bt· addrt'ssl'd.

(1) '"Beryllium. Its Industrial Hygiene Aspects," H, E. Stokinger. Ed..
Academic Press, New York, N,Y.. 1966.

(2) l. B. Tepper, H. l. Hardy. and R. I. Chamberhn, '"Toxicity 01 Berylli.
um CompoundS." Elsevier Publishing Co.. New York. N. Y.. 1961.



(1-5 micrometers) of' beryllium oxide is especially d.nger­
ous since accumulation of some forms of this compound in
the lungs can lead to the chronic form of berylliosis. The
solid exh.ust products of beryllium metal'doped solid fllel
rocket motors are l.rgely BeO, .nd it would be desirable
to have .n analytical method capable of determining all
forms of this material in biologic.1 and environmental
samples.

Spencer et 01. (3) have conducted toxicity and physico­
cbemical studies on several forms of synthetically pro­
duced beryllium oxides. They found that the biological
activity of different prepar.tions of BeO varied greatly.
Furthermore, they discovered that various motor exhaust
products contain relatively large quantities of water solu­
ble beryllium and vary in toxicity. Similar studies (4)
showed th.t "Iow-fired" BeO (c.lcined .t 500 ·C) exhib­
ited greater carcinogenic effects and more substantial
tr.nslocation from the lungs to the other organs than
"high·fired" BeO (calcined .t 1600 ·C). Nevertheless, the
exhaust product from an actual beryllium rocket motor
(which had physical properties more closely resembling
high-fired BeO) did show sufficient tumorigenicity th.n
translocation to warrant further attention. Therefore, an
analytical method capable of trace analysis of this refrac­
tory and difficultly soluble material was desired for use in
situations involving exposure to an exhaust product.

A simple and efficient method for some trace metal
.n.lyses is the g.s chromatography of fluorinated beta­
diketone chelates of the metal using electron-capture de­
tection (5). This .pproach is especi.lly successful with
beryllium (6). It has been applied to the determination of
beryllium in biological fluids and tissues (7-9) and in air
samples (8, 10). A recent paper (11) describes refinements
of sample preparation techniques to improve the detection
limit for beryllium in a wide variety of sample media.

The possibility that this method of an.lysis could be
applied to oxide samples without preliminary fusion or
dissolution steps was r.ised by the observation (12) that
1,1,1,2.2,3,3- heptafluoro-7, 7-dimethyl·4,6-octanedione,
H(fod), could quantitatively dissolve BeO in 2 hours at
170 ·C. Analytical procedures of some complexity have
been published for the chelation-gas chromatography of
beryllium' in terrestrial, meteoric, and lunar rocks and in
beryllium oxide rocket exhaust (13). t'luorinated beta-di­
ketones have also been used fo, the chelation of oxides and
minerals of zirconium prior to mass spectrographic analy­
sis (14). Since high-fired BeO is a refractory ceramic m.-

(3) H. C. Spencer. R. H. Hook. J. A. Blumenshine. S. B. McCollister. S.
E. Sadek. and J. C. Jones. "Toxicological Studies on Beryllium Ox­
Ides and Beryllium-Containing Exhaust Products." AMRL·TR-68-148
(AD 852 993), Aerospace Medical Research Laboratories. Wrlght­
Patlerson Air Force Base. Ohio. December 1968.

(4) H. C. Spencer. S. B. McCoHlster. R. J. Kociba. C. G. Humiston. and
G. L Sparschu. "Toxicological Evaluation 01 a BerylJlum Motor
Rocket Exhaust Product." AMRL·TR·72·118 (AD 756 531), Aero­
space Medical Research Laboratory. Wrighl-Patlerson Air Force
Base. Ohio. December 1972.

(5) R. W. Moshier and R. E. Slevers. "Gas Chromatography of Melal
Chelates." Pergamon Press. Oxford. 1965.

(6) W. D. Ross and R. E. Slevers. Ta/anta. 15,87 (1968).
(7) M. L. Taylor. E. L. Arnold. and R. E. Sievers. Anal. Le".. 1. 735

(1968). .
(8) M. H. Nowelr andJ. Cholak. Envlron. Se/. Teehnol.• 3,927 (1969).
(9) M. L. 1a)'lor and E. L. Arnold. Anal. Chem•. n. 1328 (1971).

(10) W. D. Aoss and R. E. Sievers. Envlron. Scl. Techno/.• 6. 155
(1972).

(11) G. Kaiser. E. Grallalh. P. Tschopel. and G. TOlg. Z. Anal. Chem.•
259,257 (1972).

(12) R. E. Sievers. J. W. Connolly. and W. D. Aoss. J. Gas Chromalogr.•
5,241 (1967).

(13) K. J. Eisentraul. D. J. GrleSI. and A. E. Sievers. Anal. Chem.• 43,
2003 (1971).

(14) S. Tsuge. J. J. Leary. and T. L. Isenhour. Anal. Chem., 45, 198
(19731.

terial which is impervious to mineral ,acida and lOOm'tem­
perature alkaline dissolution, as well as being diffic:ult to
dissolve oy ordinary fusions (/3), it was surprising to rmd
that it can be dissolved by the fluorinated bete·diketone
chelating agents. This reactivity raised the possibility of
developing a one-step process for the analysis of BeO
employing 1.1,I-trifluoro-2,4-pentanedione, H(tfa);

Attempts to prepare accur.tely microgram-Ievel sam·
pIes of BeO in aqueous, blood, and tissue media by dilu­
tion9 of suspensions of tbe accurately weighed oxide
proved to be extremely difficult. The partides of oxide in
the suspension tended to adsorb on the pipets .nd flasks
which were used, and this caused substantial differences
between the amounts of BeO 'actually present and those
calculated in extensively diluted samples. To obvi.te this
problem, 7Be-labeled BeO was prepared and the amount
present in samples was determined by radiocbemistry.
This .1I0wed monitoring the recovery of beryllium at vari­
ous steps in the processes employed and permitted a di­
rect comparison of the concentrations of ~e(tfah in the
chelated sample as found by radiochemistry and gas chro­
matography. Because of limitations in the amount of ra­
dio.ctivity whicb could be handled, such experiments
could be performed only on s.mples which had a BeO
content (10-500 micrograms) several orders of· magnitude
higher th.n the potential sensitivity of the gas chromato­
graphic method. Hence, the work to be reported here will
demonstr.te how well such a method will perform on
BeO-containing samples, but it does not indicate the
lower level of sensitivity which might be attained without
su bstantial modification of the technique. T"e verification
of the accuracy of the method at lower levels might re­
quire use of carrier-free "BeO which can be prepared in
'weighable quantities only with great difficulty.

This report describes the experiments performed to de­
termine if both high-fired and low-fired BeO can be dis­
solved and chelated by trifluoroacetylacetone, and if suit­
able conditions could be found to make a beryllium che­
late which can be determined gas chromatographically
without interference. As a consequence of the unsatisfac·
tory results of these investigations, a modified method
employing a preliminary dissolution of the oxides by hot,
strong base is described; analyses of s.mples of both high­
fired .nd low-fired BeO at the loo-microgr.m level in dog
blood and rat liver homogenate media are presented.

For brevity 'in this report, the formula "BeO is used to
design.te oxide cont.ining radioactive beryllium oxide.

EXPERIMENTAL

Apparatus and Chromatographic Conditions. Radiochemical
Ksmm8 ray countinK wa~ done with a Nuclear Meaaurem~nts
well.type scintillation counter employing a US-IB well and a
DS-IB scaler.

High-fired BeO was prepared in a Lucifer Furnace Inc. Model
6030-4P high temperature furnace, especially modified to contain
five super Kanthal molybdenum 4isilicide heating elements to
permit sU!ltained operation in a normal atmospheie at 1600-C.

Low-fired BeO was prepared in a Lindberg furnace, Type B-6.
A Varian 2100 gas chromatograph was used with a standard dc

mode electron-capture detector employing a 250-millicurie titani·
urn tritide foil ionizing source. Injections were made on the col·
umn through Supelco Tenon coated septa into 6·ft X 2-mm i.d.
glaSll V-tubes packed with 5% SE-52 silicone gum on 60/80 mOah
Gas Chrome Z (Applied Science Laboratories, Inc.). Unless other­
wise specified, chromatographic conditions were: temperature: in·
jector, 140 GC; detector, 180 GC: column, 110 GC; carrier gas (pre­
purified nitrogen. J. T. Baker supplied by Mathe80n, Coteman
.nd Bell) flow = I(JO cm·/min. ,

Reagents. Chemicals used were reagent grade unless otherwis:e
specified. All aqueous solutions were prepared with glaBS-distUled
water. Benzene was ACS quality, thiophene free (M.th....D,
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Coleman and Bell). Trifluoroacetylacetone, H(tfa), (Pierce Chem·
ical Co.) was distilled (bp 105.5-106.0 ·C at 750·mm pressure)
and stored in a TeOon bottle at -18 ·C. A solution of 1% H(tfa)
(by volume) in benzene was prepared b)' dilution of this stock so·
lution and also stored in a TeOon bottle. Beryllium triOuoroacetyl­
acetonate, Be(tfa):r, was prepared by reacting 2OO-mesh berylli·
urn metal powder (Alfa Inorganics, Inc,) with escess H(tfa) under
reOm: for 15 bou~. It was purified by filtration and recrystalliza·
tion from benzene followed by two successive sublimations and a
furtber recrystollization from benzene to yield 8 product melting
at 114-114.5 ·C. Glass.....are used with Be(tfal:r and chromato·
graphic columns were silanized with a 109'0 (by volume) solution
of benmetb)'ldisiJazane in chloroform. Stock Be(tfal:r standard
solutions in benzene were prepared at regular 2·week intervals by
dissolving -5-mg quantities of Be(tfa)2 in 100 ml of benzene.
Weighinj.t:s were made on a Cahn microbalance. More dilute stan­
dards .....ere prepared .....eekly or daily from this stock.

Chelation and Gas Chromatograpby Procedure. Direcl Anal­
Y5i5 in Ampoules. Aqueous suspensions of 7&0 were pipetted
into ampoules (prepared as described by Taylor et at. (i, 9)) and
dried overnight in a forced air circulation oven at 95 ·C. This was
required since aqueous suspensions did not react well with stron~

H(tfa) solutions. The amount of BeO present was determined hy
radiochemistry. Volumes ranging from 0.025 to 0.200 011 of neat
H(tfa) or of 25%-5OCk H(tfa) solutions in benzene were added,
and the ampoules were heated at constant temperatures between
lOO ·C and liS ·C and for periods ranl{ing from 0.33 to li houn;.
Excess unreacted H(tfa) .....as removed by two different proce·
dures.

In the method of choice, the ampoule!' were opened nnd their
contents were washed into 25-ml volumetric flosks and made up
to volullll' with benzene. One-milJiliter aliquots uf these diluted
samples were shaken with 1.0 ml of 2.8% aqueous NH.OH in a
~1l1ss-stoppered centrifuge tube for 10 seconds. This was followed
hy hrief centrifugation of the mixture and injection of I microlitcr
of the henzenl! layer into the gas chromatograph.

In the more realistic case of much lower BeO concentrations
lfor which sufficielltly aClive 7BcO was not available fur radio­
chemicul measurement), such dilution of the sample should be
"voided. Moreover, if the !\H.OH procedure was used tn analyze
undiluted samples, the lar~e amounts of unreacted H(tfa) to be
estructed would cause so much ~H.(tfa) precipitate to form in
an ammonia buckwash step that the benzene layer would be in·
accessible. To avoid this problem, Httfa) could be separated
from Be(tfa12 when the former was present in hi.:h concentrations
(even neat HOra») by passing the sample over 0 column prellored
usin~ the following method. Soak Sephadex (;-10 gel filtration
resin lPhormacia Fine Chemicals, tnc.) in 1.0M r\aOH and 8110.....

o lu)'er 5.0 cm high of this preparation to settle on a ~Iuss wool
piu.: in a Pasteur pipet (diSPO, Scientific Products). Force ben­
zene to flo ..... through the column under pressure until a nnw of
about 1 ml{min occun> under gravity onl)'. Finally, pass 0.300 ml
of sample through the column thus formed, followed by three
0.3OO-ml washes of henzene, and inject 1 microliter of the emuent
after swirling to mix well. The column can be used for four or five
diluted Be(tfah samples but onl)' once with a sample in ncat
Hltra).

Host' Dissolution 0/ BeO and Chelation. A volume of 0.2 ml of
an oqueous iiuspension of BeO. of BeO-spiked dog blood. or of
HeO-spiked rat liver humogenate was pipetted into 8 borosilicate
gloss test tube, which was cut off at the top to fit into the well
counter, and the amount delivered was measured radiochemical·
Iy. Six pellets (-0.6 ~ram) of NaOH were added, and the mix­
ture was carefully dissolved by heating on a lland bath (250-300
·C). When the mixture became completely fluid, it was allowed
to boil with swirling for exactly 2 minutes, set aside to cool on a
wooden block, and just before refreezing was carefully dissolved
with distilled woter. It was then transferred to a 25-ml volumetric
flask with subscquent .....a~hings of concentrated H:'\i03 and dilut­
ed lO the mark_ A 5-ml aliquot of this aqueous solution was
counted to check the efficiency of the dissolution step. The 'reac­
lion tubes were counted and no significant radioactivity was de·
tected.

Three 5-ml aliqunt.s of the base dissolution preparation were
placed in l-oz narrow mouth screw-top polyethylene bottles. The
solutions were neutralized with O.5M NaOH to n phenolphthalein
end point, and 2.0 ml of O.05M Na:zEDTA and 2.0 ml of l.OM so·
dium acetate-acetic acid buffer (pH 5) .....ere added. The contents
were shaken 5 minut.es, heated to 95 ·C in a water buth 5 min·
utes, and, after cooling to room temperature, 10.00 rnl of 1% (by
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volume) H(tfa) in benzene (0.082M) was added. The mistures
were shaken on a high.speed shaker for 15 minutes. Finally, i·ml
aliquots of the benzene layer were backw8shed with 2.8% NH.OH
and injected into tbe gas chromatograph as described previously;
the Be(tfa):z content of the benzene layers was checked by radio·
chemical counting of a 5.00-ml aliquot. A 5.00-ml aliquot nf the
aqu('Ous phase was also counted.

Gas Chromatographic ·Mea.~urements. Be(tfa):z peaks appeared
1.6 minutes after injection. A series of Be(tfa):z standards was run
onc or more times each day, and unknowns were determined by
comparing peak heights with those of standards of similar con·
centration. Because the response of the detector to a /{iven con­
centration of Be(tfa)2 tended to decrea.se 20-309, over the course
of 0 day's injections, standards .....ere injected before and after
each sample chromatogram.

The minimum amount of beryllium which could be detected
.....as I X 10- 12 gram. This le\'cl is not due to the detector sensitiv­
itv limit but rather to interferin~ impurities in the benzene used.
Aithough this caused no problem at the concentrations of Be(tfal2
encountered in the .....ork reported here, with much lower berylli­
um levels found in naturally occurrin~ samples. the substitution
of "!\ano~radc" benzenl' (i\-1allinckrodt Chemical Works) should
be considered mandatory.

Synthesis of ;He-Labcled 8eO. In an atll'mpt to parallel the
procedure and conditions used by Spencer ('1 al. (3), ;Bt'-Iabded
Bc(OHb was prepared from §o!utions of 15 grams of Be(N03 lz·
3H20 (F'isher Purified Reagent) and 3 lOCi of 7HeCb (New
En,::hmd ;-';uclearl in i5 101 of distilled water by adjustin~ the pH
to 11..5 with 10% \'aOH. The filtered und washed (hot and mid
.....ater) pr£>cipitate was air-dried on 0 pial inum dish at 4:! °C. Ra­
dioactive counting of the filtrnte indicated essentially quantita­
tive precipitlltilln.

I.uw-Firl!d ·/htU. The dried 'BcIOHj:z was cakill('d (In the dish
for 10 hours at 500 °C in n prehented Lindherg furnace and HI·
luwed to cool in the furnace for 13 huurs. The oxide was then
ground in an ethanol slurry with n Diumonile mortar and Jlestle
for 30 minutes. und the resulting paste was passed through a 2U­
micrumeler sieve. The material was suhjecll'u to light minuscopic
('laminalion and was reground in the same fashion until inspec·
tion showed the majority of it to be in the 1-:1 micrometer (respi­
rnbleJ range. The particles appeared as amorphous nakt.'s with a
vcry rough complex surfuce.

Hil-:h·Firf:'d 'IkO. A platinum dish containinl{ II portiun of the
dried 'HdOH)z was placed in the preheated I.indbcrg furn<lce,
and the material was calcined for 1 hour ut :iOU °C. The oxide
thus formed was removed, t:ooled, transfcrfL'd to nn alumina (.-ru­
cible. and placed in tht, Lucifer furnace ut 482°C. The tempera·
ture was raised tu 1582 ·C. Bnd the oxide was allowed to reside for
10 hours at u temperature between IfJ80 ·C und 1590 °C. The
oxide was sieved and ~round as described above. Because it was
much more resistant than the lo.....·fired oxide, in SOtnl' instances
it was necessar~... to reson to a Stoke's law gravity separation in a
column of ethanol tu obtain a product of the desired 1-5 microm­
eter size range. Under the li~ht microscope, tht> particle!> al)­
peared cumpact and hi~hly crystalline with a surface exhibitiTlf! a
glass-like fracture which was entirely different from the low-fin'c1
preparat ion.

These preparation!> were repealed as nec{'ssal}' durinj:: the
coun;e of the investigation to pruv;de samples at the desired spe­
cific activitv levcl.

Preparaiion of Blood and Tissue. Wood. Whole blond drawn
frnm beagle dugs. using a syringe which contained ~u2EDTA In

prpvent coa~ulation. was stured in u r('fri~erator until used. It was
spiked with 'BeO by additiun" of se\'(~ral drops of u l'ont:entrated
aqueous suspension of the radioa(·tive oxicle.

Lil.,'l!r Homogenute. Three sections (-1 ~ruml of liver from a
freshly killed white lahoratory rat lmale Wistar strain) were hn·
mOJl:enized in a hand· held Ten Broeck homogenizer usinJ{ 1.3 ml
of 1.0M sodium acetate und U.2 ml of saturated Na2 EDTA for
every 500 mg of liver. Stock suspensions of these combined ho­
mog-enatcs were stored in a refrigerator until used. and 7BeO·
spiked samples .....ere prepared in the same manner as that pre­
viously de'icribl'tl for blood.

RESULTS AND DISCUSSION

Dissolution of 'BeO by H(lfa). Since high-fired BeO is
lhe more difficullly soluble form of lhe oxide, samples of
high-fired 'BeO (approximalely I mg) were placed in am­
poules, and amounls ranging from 0.05 10 0.2 ml of neal



Table I. Recovery of Hilh.FirecJ. 'BeO Suopenalon In Table U. Recovery of 1Ilih·FirecJ. 'BeO SUlpellGon.1DDol Blood Rat lJver HomOlenate
.... 's.o per ml ".'!HO.,... mlberuene extn.ct

Sample % Recovery, % Recovery
Benzene extract

No. R'
Sample 'k Recovery % IlaooY"'7GC' GCuR of method,d No. R' GC' CC,.,.R of_'

I" I"A 1. 79 1.92 107 112 A 4.39 4.42 101 99B 1. 73 1.94 112 113 B 4.42 4.40 100 99C 1. 79 1. 73 97 101 C 4.30 4.54 106 102
2 2

A 2.22 2.21 99 103 A 4.08 4.50 110 109
B 2.15 2.11 98 98 B 4.09 4.56 112 111
C 2.27 2.01 89 94 C 4.12 4.84 118 118

3 3
A 1.54 .64 106 ND' A 4.11 4.59 112 110
B 1.57 .68 107 ND B 4.18 4.50 108 108
C 1.57 .41 90 ND C 4.06 4.23 104 101

4 4
A 1.63 1.59 98 101 A 2.12 2.24 108 90
B 1.59 1.41 89 89 B 2.10 2.25 107 90
C 1. 58 1.59 101 101 C 2.11 2.38 113 95

5 5
A 2.08 2.06 99 97 A 3.13 3.44 110 126
B 2.08 2.08 100 98 B 3.12 3.30 106 121
C 2.06 2.03 99 96 C 3.14 3.42 109 125

Mean 99.4 100.2 Mean 108.1 106.9
SDI 6.7 6.8 SO' 4.7 11.8

• A, H. and C are 5·mt oliquob of the Utne su8pen.ion of BeD. b nad~

chemical value. (Cn chromatographic value. d BaMd. all radiochemical
meAsurement oC the prepared ox.ide sWlpe:naion t"I. the ••• chromalolTaphic
measurement QC tbe analyud &ample.• Not done. / Standard deviation.

H(tfa) were added. The ampoules were then flame-sealed
and placed in the counter for determination of TBeO_
After being heated in an oven for periods ranging from 0_5
to 16 hours and over constant temperatures ranging from
100 "C to 175 "C, the ampoules were cooled, opened, and
centrifuged for 5 minutes. The liquid phase was pipetted
into 8 counting vial; this was followed by three successive
washings with benzene and centrifugations of the remain­
ing slurry. The ampoules and tbe liquid phases were
counted. and the percentages of the original beryllium
level in each were calculated. Recoveries ranging from 5%
to 81 % were observed in the liquid' fraction for tempera­
tures below 150 "C or for times less than 4 hours. For
heating periods of 16 hours at temperatures of 150 "C and
175 "C. the dissolution recovery as determined radiochem­
ically was between 99.5% and 99.8% in all cases.

To verify that the beryllium from the dissolved oxide
was present as Be(tfah. samples of high-fired 7BeO were
placed in ampoules and treated in the same manner as
those described previously in this section. (They were
heated in an oven for 16 hours at a temperature of 175
·C.) When the products of these preparations were ana­
Iyzed by gas chromatography, they exhibited the same gas
chromatographic properties as the products formed syn­
thetically from beryllium and H(tfa). This indicated that
the beryllium from the dissolved oxide was, in fact. pres­
ent as Be(tfah.

The two methods of extraction of exceSs H(tfa) were
performed and compared. The per ce~t recoveries of the
chromatographic analysis vs. the radiochemical determi­
nations indicated that chelation was essentially complete
when the NH.OH method was used. The recoveries of the
Sephadex-column method reflected losses occurring dur·
ing the use of that technique. Nevertheless, if the use of
an undiluted sample containing a high H(tfa) concentra­

.tion had been required, only the column extraction would
have beeo practical.

• A, B. and C are 5·ml al~uola or the -.me auaperwion or BeO.• Radio-­
chemK:al value. C G.. chroma~phic value. tl B.-l on radiochemical
mea.urement or the prepeftld OJ:ide auapen.Km n. the ... cbromatolnphic
meuuremenl oC the anal~Nmple.• Standard deviation.

Interference of H(tfa) Reaction Product. When high
concentrations of H(tfa) were heated in ampoules at the
high temperatures and long times required to effect the
complete chelation of high-rlred 'BeO, a gas chromato­
graphic peak with a retention time of about 10 seconds
less than that of Be(tfa). was formed. That this was a
product of some reaction of H(tfa) not involving bery.llium
was indicated by heating H(tfa) in the absence of, berylli­
um in the ampoules and observing that the amount of in­
terference peak formed was proportional to the amount
and concentration of H(tfa) present, and to the length and
temperature of heating. The peak was not removed by
backwashing witb NH.OH nor by passing the benzene
phase over the Sephadex·base column. At the levels de·
sired for detection of BeD by gas chromatography, the
amount of interference peak present would obscure the
Be(tfa), peak even though it posed no problem in the
measurements just described. Measurement of Be(tfa).
peaks could be improved by operating the GC column at
95 "C to separate the interference peak when both were
present at nearly equal detector response concentrations:

To determine if less severe chelation conditions could
be found which would still allow quantitative formation of
Be(tfa), without excessive formation of the interfering
peak, several chelations were performed on samples (2-10
micrograms) of both low·fired and high-fired 'Be0 in am­
poules. The time of heating. the temperature of heating,
the concentration of H(tfa). and total amount of H(tfa)
were varied. Although it was possible to observe 50%-90%
chelation of the low·fired 'Be0 with temperatures Bll low
as 135 "C and times as sbort as 3 hours using neat H(tfa)
or concentrations as low .as 25% H(tfa) in benzene, the
recoveries were irreproducible and the interference peak .
was significant. It was not possible to remove or inhibit
the formation of tbis interference to levels below which it
would not affect tbe measurement of trace (10-1-10-1

gram) levels of eitber form of the oxide. Tberefore, it be·
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Table m. Recovery of Low-Fired 'BeO SuapeDllion in Table IV. Recovery of Low-Fired 'BeO SU8pen81on In
Doll Blood Rat Liver Homogenate

".,'BeO puml ~I :8cIO per ml

berwmeuLrad. benzene "tract
'/r, Hecovflry

-plo % Recovery % Hecovery Sampkl ~'O HOl:ov('ry

No. R' GC' GCn.n. of melhod" No. R' GC' GCl... n. of method"

1" 1"
A 3.69 4.11 111 113 A 6.84 7.43 109 109

B 3.61 4.26 118 117 B 6.74 6.91 103 101

C 3.69 3.92 106 108 C 6.79 7.03 104 103

2 2
A 6.18 6.56 106 108 A 7.24 7.67 106 104

B 6.41 6.45 101 107 B 7.34 7.67 105 104

C 6.20 6.50 105 107 C 7.34 7.65 104 104

3 3
A 2.24 2.31 103 110 A 15.0 15.1 101 101

B 2.11 2.32 110 110 B 14.9 14.8 99 99

C 2.15 2.41 112 114 C 14.9 14.7 99 98

4
A 9.97 10.05 101 103 A 5.02 5.30 106 114
B 9.81 10.52 107 108 B 5.22 5.41 104 116

C 9.91 10.17 103 104 C 4.83 5.00 104 107
5 5

A 8.62 9.05 106 108 A 8.91 9.26 104 107
B 8.57 8.87 104 106 B 8.78 9.06 103 105

C 8.42 7.95 94 95 C 8.85 8.51 96 98

Mean 105.8 107.9 Mean 103.1 104.7
SD' 5.6 5.1 SD' 3.2 5.3

a A, U. and C are 6.mJ aliquo~ of the lame IlWlpl.llUlion of BoO. b Hadio­
c:bemical value. C G.. chrom.lofraphic yaJue. cl Ha-ed on nldiochcmicnl
meuunmeot of the prepllrecl ox.ide ......pension Ill. the !ltU chromawgnt.lmic
~loftbeanalyzed -.mple.· St.a.ndard deviation.

came nece~ary to consider preparatory dissolution of the
oxide SO tbat tbe milder cbelation conditions could be em­
ployed.

Bue Di8solution of BeO in Blood and Tissue Media.
Ei..ntraut et 01. (13) bave described a procedure for tbe
cbelation-gas chromatography of rocket exhaust product
(.....ntially high-fired BeO). This employed dissolution of
the oxide in boiling 75% NaOH, and proved to be effective
for -30 and -2500-ppm levels of the oxide dispersed in
soil. It was decided to apply a very similar procedure (as
outlined in the Experimental section) as the first step in
the determination of either high-fired or low-fired BeO in
blood and tissue. Whole blood and rat liver homogenates
were spiked with suspensions of both high- fired and low­
fired "BeO at levels of about 1 mg/ml. Such large quan·
tities of the oxide allowed the radiochemical measurement
of the amounts of TBe present in various fractions and ali­
quots of the successive reaction steps. The final benzene
extracts that were analyzed for beryllium by gas chroma­
tography contained levels of 1-15 jig 'BeO/ml. Results are
reported as the mean of at least three replicate injections
of a sample referenced to the nearest injected standards.
The standard deviation of replicate injections of the same
aample at a given time was :5%. The results for the four
combinations of the two types of '800 and two biological
media t...ted are pre..nted in Tables I-IV. In each series,
five suspensions of differing "BeO content were prepared,
and the baae di880lution procedure was applied. The effi­
ciency of the di880lution step'was greeter than 95% in al­
most every case. Furthermore, in the majority of cases,
the extraction step waagreater than 98% complete.

The concentrations of Be(tfah in the benzene layer as
determined by b9th radiochemistry and gas chromatogra­
phy were compared on a double blind basis (columns two
and tbrei!): The per cent recoveries of the gas chromato­
Jraphic metbod were calculated relative to both the radio­
chemical measurement of the benzene extract (column
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.. A. B. alw C UN rJ-ml a1iflUOUl of UIC SlIme IlWlllelWion of IkO. I, Utldio­
chemicsl value. € Gn chromaLogml,hic value. d HIIJ.....c..I on radiochemical
wea.-urcm<.-nl of tho PfClJotlrcd oxide »Wlpt'n3ion t"•• Lhu 1_ chroumloKfUphic
measuremenl olthc nnul)'U.'l1 Nlmp!c. ~ till\ndard d{'\·il:llion.

four) and the amount of oxide originally present in the
suspensions (column five). The mean recoveries and stan·
dard deviations in each series do not differ significantly
for either calculation. This implies that, within the preci­
sion of the overall method, the tendency for somewhat
high mean recoveries is due to some small systematic
error in the chelation-gas chromatography portion of the
procedure. The source of this error is uncertain. An analy.
sis of variance of these recovery data indicated that nei­
ther sample media nor firing mode of BeO had sny 'signifi­
cant effect (95% confidence level) on the relative error of
the method within the range of concentrations studied.
During the neutralization steps subsequent to the base
dissolution, incompletely digested tissue matter and a
precipitate identified as silicic acid (by emission spectro­
graphic analysis detecting silicon as the major constitu­
ent) were present in the diluted solutions. At the BeO lev­
els employed in this work, these constituted no interfer­
ence.

None of the gas chromatogrllms showed evidence of any
interfering peaks either from the base dissolution of the
blood and tissue or from the chelation reaction performed
on the products of the dissolution. Since every chromato­
gram in these series had an extremely clean base line, the
analysis can be applied to much smaller quantities of BeO
than were tested in these experiments (which were limited
by 'BeO radioactivity levels). The completeness of the re­
covery of both high-fired and low-fired 'BeO from these
representative biological fluids and tissues demonstrates
that this procedure will detect and accurately measure the
beryllium oxides (and presumably also any more soluble·
forms of beryllium) present in a biological sample. If an
alternate chelation-gas chromatographic procedure (7, 9,
11), which does not employ preparatory dissolution steps
sufficiently severe to solubilize BeO, is used to determine
the amount of soluble beryllium present in the same sam­
ple, it would be possible to measure BeO as the difference
between the two values.
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High Pressure Uquid Chromatographic Determination of
Tetracyclines

Kiyoshi Tsuji, J. H. Robertson, and W. F. Beyer

Control Analytical Research and Development, The Upjohn Company. Kalamazoo, Mich. 49001

A high pressure liquid chromatographic method lor the
determination of tetracycline Is described. The method
requires no derivatlzatlon or gradient elution, and it can
separate telracycline (TC), anhydrotelracycline (ATC),
4-epi-tetracycline (ETC), 4-epi-anhydroletracycline
(EATC), chlorolelracycline (CTC), and doxycycline in
less than 30 minutes. A l-meter column packed with
ZIPAX, HCP was used with a mobile phase 01 13% meth­
anol in 0.02M sodium phosphate, dibasic and O.OlM
phosphoric acid al pH 2.5 al a flow rate of 0.85 ml/min
(1,000 psi). The relative standard deviation of the method
is 1.02% and the method is sensitive to approximalely 10
nanograms TC per sample injected.

Many analytical methodologies havc bcen reponed for
the determination of tetracycline (1·-12), the latest being
the gas liquid chromatographic (GLC) method of Tsuji
and Robertson (13). The GLC method, however, requires
derivatization of tetracyclines with trimethylsilyl rea~ents

and the derivatization process, under certain conditions.
forms degradation compounds of TC. The sensitivity for
ATC, ETC, and EATC by the thin·layer chromatographic
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method is luw (I), and the diatomaceous earth column
'"classical" liquid chromatographic method (DECLC) is
time consuming (12). The application uf high·pressure liq­
uid chromatography (HPLC) to the analysis of TC is pre·
ferred over other analytical methods because of its high
speed and superior sensitivity.

EXPERIMENTAL

Apparatus. A Laboratory Dala Control (LDC, Ri....iera Beach.
Fla.) modular liquid chromatograph equipped with 8 280·nm UV
monitor (Model 1285). a Milton Roy Minipump (LDC), and 8

pulse dampener (Model 709) WlUi used.
An empty duPant slainless steel column, 2.1 X 1000 mm, was

lrented as follo'A'S. The column was first rinsed with tetrahydrofu·
ran followed by vigorous scraping of the inside of the tubing with
n collon string prc.soaked with tetrahydrofuran to remove loose
metal particles. Chloroform was then drawn through the column
by vocuum and the column was dried by a stream of dry nitro­
~en. The column was then conditioned by soaking overnight in
O.lM ethylenediaminetetraacetic acid (EDTAl solulion. The col­
umn was rinsed with double-distilled waler followed by absolute
methanol and dried. Stainless steel frits of 2- and 10-pm pore size
were de~assed by vacuum and soaked in O.IM EDTA overnight.

The to-pm frit thus trealed was fitted into the inlet end of the
column, and a hex nut (duPont. No. 820349) with stainless steel
fronl and back lock ferrules and cap (duPont, No. 201724) was
attached to the column. Zipax·hydrocarbon polymer (HCP. duo
Pont) was dry packed into the open end of the column by adding
a small amount of HCP at 8 time and lightly tapping on the
floor. After the column was tightly packed. an EDTA pre·treated
2-~m pore size frit was inserted into the outlet end of the column.

The column thus packed was attached to a duPont injector
port and to the 28Q·nm UV monitor. The column was then condi·
tioned by firsl pumpin~ O.IM EDTA solution for approximately 4
hours prior to lhe mobile phase.

The theoretical plates of the column thus prepared were 900 per
meter for the TC peak.

Reagents. Mobile Phase. A. 13% Methanol and O.OOIM EDTA
in O.OIM phoophoric acid and 0.02M dibasic sodium phoaphate at
pH 2.5 or B. 3% Acetonitrile in O.OOIM EDTA and O.OIM pb",·
phoric acid and 0.02M dibasic sodium phosphate at pH 2.5 were
used. Depending upon the performance of the column. either A or
B mobile phase may be used to oblain the maximum separation
oftetracyclines.

Internal Standard Solution. Approximately 70 ml of anhy-
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Figure 1. High-pressure liquid chromatography of telracyclines
using a l-meter HCP column at 0.45 ml/min (500 psi) at room
temperature. Mobile phase: 13% methanol and a.001M EDTA in
O.02M phosphoric acid and O.02M dibasic sodium phosphate.
pH 2.5

(1) Injection, (2) .-sp;·lelracyc'ine. (3) tetracycline. (4) chlorotelracy·
cline. (51 impurity in doxycycline. (5) doxycycline. (7) Internal standard
(prednisolone), (8) 4.ep;·anhydrotelracycline. (9) anhydrotetracycline

droU8 methanol was added to a 250·ml graduated cylinder con­
taining a) 250 mft prednisulone. or bl 12!l ml! of 4.(N·hutylamino)­
benzoic acid IAldrich Chemical Co.. Milwaukcc, Wis.1. stop­
pered and shaken to dissolve. The mobile phlllic was then added
to the volume. The internal standard solution (a) was used with
mobile "hase Aand (b) for B.

Preparation of TC Standard. Tetracycline hydrochloride
U.S.P. Reference Standard. ISlSue H was dried at 60 °C under <5
mm Hg vacuum for three hours. After drying. approximatclv 4
mg of the reference standard was accuralely weighed usin~ a
Cahn Electrobalance. Model G (Cahn Instrument Corp., Para­
mount, CaHL) and placed in a lO-ml volumetric nask.

Procedure. Preparation of Sample. Approximately 4 mg of TC
sample WB.8 accurately weighed into 0 IO-ml volumetric Oosk.

Just prior to the analysis. each standard and sample was dilut·
cd to volume with the internal standard Molution. Since the epim­
erization of TC takes place in solution, each sample was disl:lOlved
just prior to analysis.

After injection of approximately 1.5 "I of the TC sample into
the column, the syringe was cleaned by first rinsing in O.lM
EDTA solution. followed by rinlles with water. 95% methanol. and
finally acetone. The syringe wa~ then dried under \'acuum. New
syringes prior to use should be treated in O.lM EDTA solution for
approJ.imately one hour followed by rinsing in water. methanol,
and acetone.

Chromatographic Conditions. Mobile phase now rate. 0.85 rol/
min; column pressure. about 1000 psi; column temperature. about
25 ·C; chart speed, 0.25 inch/min with Ball and Disc inteJ{l'ator
attachment.

Calculations. Measure the area under the peaks of TC. ATe.
ETC, and EATC. The biological equivalence of tetracycline con­
tent in IoIK per mg sample is calculated usinK the formula:

IRa/Rs) x IWs/Wtl x F

where Ra = II(Area of TC) + 0.27 (Area of ETC) + 0.43 (Area of
ATC) + 0.18 (Area of EATC») of .amplel/IArea of internal stan­
dardl; Rs = Area of the standard TC peak/area of internal stan·
dard; Ws = Weight of reference standard in m~; Wt = Weight of
sample powder in mg; and F = Assigned value of TC reference
standard in .g/mg.

RESULTS AND DISCUSSION

Since TC readily forms a complex with metals (14),
. treatment of the stainless steel column and the sample in­
jection syringe with an EDTA solution is essential to min­
imize tailing of the TC peak. The incorporation of O.OOIM
EDTA in the mobile phase after the EDTA column treat-

(14) E. 0; Welnberg,J. Int. Dis.• '5. 291 (1954).
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Figure 2. High-pressure liquid chromatography of telracyclines
using a l-meler HCP column at 0.80 ml/min (1000 psi) at room
temperature. Mobile phase: 3% acetonitrile and O.001M EOTA
in pH 4.5. 0.05M phosphate buffer.

(1) Injection, (2) 4-epi-tetracycline and tetracycline. (3) chloroletracy­
cline. (4) internal standard t4-N·buly1aminobenzoic acid), (5) 4-epi-anhy·
drotelracycline. (6) anhydrotelracycline

ment did not affect the TC peak shape; however, this re­
agent in the mobile phase minimized tailing of some of
the TC samples with hi~h mineral contenL Concentra·
tions higher than O.OOIM EDTA in the mohile phase in­
terfered with the analysis due to the hi~h UV absorption
ofthis solution.

Prednisolone, selected as the internsl standsrd, did not
interfere with the tetracycline peaks (Figure I). Predniso·
lone elutes after the doxycycline but before the EATC
peaks. However, 4-(N-butylamino)-benzoic acid is less
satisfactory as an internal standard because of its interfer­
ence with the CTC peak.

Separation of Tetracyclines. As may be seen in Figure
1, TC, CTC, and doxycycline peaks are well separated
without the use of 8 gradient elution; however, t.he separa­
tion of ETC from TC and ATC from EATC was less sstis·
factory. Demethylchlortetracycline eluted ri~ht after the
TC peak and pyrrolidinomethyl tetracycline eluted after
demethylchlortetracycline but hefore the CTC peak.

The retention time of TC peaks is a function of the
methanol concentration in the mobile phase. The reten·
tion time of the TC pesk, for exsmple, is 9.7 minutes with
a mobile phase containing 4% methanol. 6.2 minutes with
10% methanol, and 5.1 minutes with 13% methanol at a
constant now of 0,45 ml/min.

The OTC and ETC peaks msy not be effectively sepa­
rated by a mobile phsse containing 13% methanol. When
separation of OTC from ETC is of primary concern, the
separation may be accomplished by a mobile phase con­
taining less th~n 2% methanol. Under such conditions,
however, a gradient elution with gradual increase in
methanol concentration is required to satisfactorily elute
ATCandEATC.

A ZIPAX ODS and a C18 Corasil column were also ex­
amined; however, no separation of TC from ETC nor ATC
from EATC was obtained.

The pH of the mobile phase significantly affects separa­
tion of ETC from TC- Although ETC wss separsted from
TC with the pH 2.5 mobile phase (Fi~ure I), no separa­
tion of ETC from TC by a HCP column was obtained
when a 13% methanol-containing phosphate buffer of pH
4.5 or above was used as the mobile phase. A mobile
phase containing 3% acetonitrile and O.OOIM EDTA in
O.05M phosphate buffer of pH 4.5 was examined. As may
be seen in Figure 2, ATC and EATC were separated in 16
minutes; however, ETC was not sepsrated from TC. Use
of pH 2.5 phosphoric acid buffer with acetonitrile helped
to separate ETC from TC. The HCP column deteriora~ed

significantly when acetonitrile was used as the mobile



Table I. Compoaltlon of the U.S.P. TC
Reference Standard
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(15) J. R. D. McCormick. S. M. Fox. L. L. Smith. B. A BllIer. J. Relch·
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solvent systems witbin the pH range of two to six, and the
rate is increased by tbe presence of certain anions, e.g.,
phosphate (15). Since the epimerization of TC does take
place in the internal standard solution, it is imperative
that the TC sample be dissolved just prior to the analysis.

Since ATC takes a long time to elute and would, tbere­
fore, be the most difficult to detect and 'quantitate by
HPLC, ATC was added to the V.S.P. TC reference stan­
dard at 5, 10, and 20%. For comparative purposes, sam·
pies of TC containing 20, 40, and 60% ATC were prepared
and analyzed by the DECLC and GLC methods. Resillts
of the analysis indicate (Figure 3) that the HPLC showed
good linearity for the detection of ATC (correlation coeffi­
cient 0.992) with a linear equation of y = 1.00% - 0.88,
while y = 1.04x - 2.71 and y = 1.l0x - 0.69 were ob­
tained by the GLC and DECLC methods. Statistical anal­
ysis of the slopes of the three methods sbowed no signifi­
cant difference, altbough the DECLC metbod sbowed a
slight positive bias for ATC. Tbe calculated intercept
value for ATC, (x value at y = 0) by the HPLC (0.88) and
DECLC (0.63) showed no significant difference. However,
the calculated intercept by the GLC metbod (2.61) was
significantly higher than tbat obtained by HPLC or
DECLC, suggesting degradation ofTC.

EATe
I

" ATC ~.::,

0'~!1J- zZ·-0--Z6-0--30-0-"-34';:~'-·-·--~~~ ~- ~>~;D~IJ
WAVElfNGTH (NMI

Figure 4. Computer plotted adsorption spectra of tetracycline.
4..epi-letracycline. anhydrotetracycline. and 4-epi-anhydrotelra­
eyeline

11 2a 31

ATe _(COVERED «",

Figure 3. Correlation between the ATC added and the ATC re·
covered by high-pressure liquid chromatography

Time.hr TC ETC

0 99.8 0.2
0.33 99.3 0.7
2 98.3 1.7
3.6 97,5 2.5

26 82.3 7.7
48 75.2 24.8
54 73.2 26.8

y - - O.OO3x + 1.996.

Table 11. Epimerization of Tetracycline in the
Internal Standard Solution, pH 2.5

phase. However, when the column was rinsed with the
mobile phase A and kept in the solution when not in use,
the column life was significantly improved.

Separation and Quantitation of ETC and ATC in TC.
As may he seen in Table 1, the analysis of the U.S.P. TC
reference standard, Issue H, by high-pressure liquid chro­
matography <HPLC) showed only 0.2% ETC and 99.8%
TC with no detectable quantity (less than 0.05%) of ATC,
EATC, or CTC. On the other hand, analyses by the dia­
tomaceous earth column "c1assical" liquid chromatogra­
phy (DECLC) (IO) and by the GLC method showed that
the TC sample contained 2.8% and 3.0% ETC, respective­
ly. Fike and Brake (I1) detected 1.9, 0.1, and 0.03% of
ETC, ATC, and EATC, respectively, in the U.S.P. TC Ref­
erence Standard using a modified DECLC method.

To eluCidate the cause of the discrepancy. the U.S.P.
TC Reference Standard containing 0, 5, 10, 20, and 100%
of the ammonium salt of 4-epi-tetracycline monohydrate
5897-WM-66 (80% pure with 5.5% TC) were prepared and
analyzed. The HPLC results showed good linearity with a
correlation coefficient of 0.9996 between tbe amount of
ETC added and the ETC recovered with a linear equation
of y = 1.05x - 0.869. The minimum detection of the
HPLC method for ETC is calculated at 0.83%, an x value
at y = O. Tberefore, it appears that the discrepancy of the
ETC value in tbe U.S.P. TC Reference Standard is not
due to the insensitivity of the HPLC method, but rather
to the epimerization of TC by the DECLC and the GLC
methods.

The epimerization of TC in the internal standard solu·
tion was also examined. The V.S.P. TC Reference Stan­
dard was dissolved in the internal standard solution and
was analyzed after 0, 0.33, 2, 5, 24, and 48 hours (Table
Ill. When the logarithm of TC concentration remaining
was plotted against time, a straight line (y = O.OO3x +
1.996) was obtained. Cbromatograpby of TC by the
DECLC method required approximately three hours, but
only about six minutes by the HPLC method. From the
data obtained, only 0.06% ETC would form during tbe six
minutes required for tbe chromatograpb; this concentra·
tion is below the calculated detection limit of the metbod.
Epimerization of TC was reported to occur in a variety of

ANALYTICAL CHEMISTRY; VOL. 46, NO. 4. AI!RIL 1974 • MJ



Table ID. PrecIsion or the Tetracycline
Determination by High-Preaaure Liquid
Chromatography

Area of
. We~bt.or

tetracycline. Int.en'lJll Area weillht

m«/ml Tetracycline standanl rntio

0.4117 208.7 236.6 0.2143
0.4025 203.1 234.7 0.2150
0.3974 203.0 237.5 0.2151
0.3926 191.7 225.5 0.2165
0.3912 202.0 233.2 0.2214
0.4008 206.5 237.5 0.2169
0.3984 200.0 236.1 0.2126
0.3988 203.5 235.0 0.2171

ReI stand dcv 1.02%

For the determination of TC and its degradation com·
pounds by HPLC, a 2BO·nm monilor was used. As shown
in a computer plOlled absorption spectrum (Figure 4), the
maximum UV absorption of ATC and EATC was closer to
2BO nm than the more commonly available 254-nm UV
monitor. No correction with the molar extinction coeffi­
cients of TC, ETC, ATC, and EATC was necessary for
their quantitation.

Quantitative Detcrmination of Tetracycline. Various
amounts of the U.S.P. TC reference standard, rangin~

from 0.099 mg/ml to 0.90 mg/ml, were prepared. The cal·
ibration curve was linear (c.orrelation coefficient 0.995) to
0.90 mg/ml, the highest TC concentration, with a linear

regreaaion of y .. 3.33% - 0.036. A 0.40 mg/ml level was
used for the quantitation of TC samples so 88 not 10 over­
load the column. To determine ATC and EATC in a TC
sample, the range setting was changed from 0.16 to 0.01
&ftcr the elution of the internal standard peak and prior 10
EATC and ATC peaks. The HPLC method is sensitive to
approximately 10 nanograms of TC per sample injectcd.
Therefore, the method may be of value for the analysis of
clinical samples.

The precision of the HPLC method was determined by
comparing eight replicate preparations of the U.S.P. TC
reference standard. Table III indicates that the relative
standard deviation of the tetracycline determination was
1.02%.

Eleven current TC lots from various commercial sup­
pliers were analyzed (Table IV). The potency was calcu­
lated using the U.S.P. TC Reference Standard at 1000
I'g/mg and ETC, ATC, and EATC to have anti-microbial
activities of 27, 43, and 18% of TC against Bocillus sub/i!­
is (/6). The potencies thus calculated were compared to
those of the microbiological cylinder cup agar diffusion
assay method using Bacillus cercus ATCC 11778 as the
assay microorganism. The calculated potencies agreed
well with those of the microbioassay method. In all sam­
ples examined, the percentage of ETC was less than 2.5%;
ATC, 0.95%; and EATC, 0.07%. No detectable amount

(16) A. F. Zak. T. I. Navolotskaya. G. I. loseva. N. l. Shukailo. O. B.
Ermalova, and L M. Yacobson, Anribioriki (MosCOW). 18, 324
(19731.

Table IV. Tetracycline Hydrochloride Powder from Various Suppliera

Powncy, i'ltimK PcreenLugc of
--.-~_.-~--- --------- ---- .------ -----------

Supplier LoLNo. MicroLiUlUltllly HPLC Te gorc ATe BATe (:'1'<;

A 1 967 996 98.1 1.5 0.42 <0.05 <0.05
2 936 970 97.3 2.1 0.64 <0.05 <0.05
3 980 988 96.9 2.0 0.95 0.07 <0.05

B 1 952 998 94.8 2.5 0.16 <n.05 «1.05
2 920 968 97.4 1.9 0.64 0.07 <0.05

C 1 995 966 97.n 2.4 0.53 0.07 -;:0.05
2 998 991 98.2 1.6 0.20 <0.05 <0.05

D 1 995 995 97.2 2.0 n.80 <0.05 <0.05
2 968 980 97.4 1.9 0.66 <0.05 <0.05

E 1 984 979 97.5 2.5 <0.05 <0.05 <0.05
F 1 962 991 97.2 1.9 0.87 <0.05 <0.05

Average 97.4 2.0 0.59 0.02 <0.05

rable V. Totrapycline Powder Aged at Room Temperature

Potency, i'~/m" Petl..-enLugc nf
-------- _._----_.

Lena:Lh or .toralt0 MicroIJiOlUlllnY III'I.C Te ETC ATe I-:ATC CTC

Tetracycline
hydrochloride
8.0 yr 986 966 98.5 1.2 0.34 <0.05 <0.05
.7.0 yr 990 980 96.9 1.9 1.2 <0.05 <0.05
6.5 yr 944 991 97.0 2.4 0.52 <0.05 <0.05
6.5 yr 964 985 97.2 1.2 1.6 <0.05 <0.05
6.2 yr 956 983 96.8 1.0 2.2 <0.05 <0.05
6.1 yr 965 980 98.1 1.2 0.67 <0.05 <0.05

Tetracycline
ba..

9.0 yr 931 893 97.0 2.25 0.59 <0.05 0.21
7.0 yr 923 919 97.7 2.lJ 0.22 <0.05 0.07
Tetracycline

phosphate
8.0 yr 701 684 72.4 15.8 11.5 0.33 <0.05
4.0 yr 638 601 71.3 17.0 11.4 0.35 <0.05
9mo 732 680 85.5 9.6 4.6 0.29 <0.05
1 mo 766 726 93.0 4.7 2.2 0.14 <0.05
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(above 0.05%) of CTC was found. From the results ob.
tained above, the limit of ATC (0.5%) established by the
British Pharmacopoeia (17) seems unrealistic.

Stored TC samples were then analyzed by the HPLC
method (Table V). No significant increase in ETC nor
ATC was observed in TC·HCI and TC base samples be.
yond 8 or 9 years storage in an airtight container at room
temperature. However, TC phosphate samples were less
stable and a significant increase in ETC and ATC was de.
tected in samples stored for four years at room tempera.
ture.

The TC potencies calculated by the HPLC method
agreed well with those of the microbioassay. Howl!ver. the
calculated potencies of TC phosphate samples were con.
sistently lower than those of the microbioassay. Thus, it
may be possible that the ETC, ATC. and EATC may
have higher antimicrobial activities against B. cereus than
B. subtilis. There is also evidence (16) that the antimicro.
bial activity of ETC. ATC, and EATC may differ from
microbial species to species, 8S was demonstrated in Neo.
mycins Band C (18) and in Erythromycins A, B. and C
(19). Therefore, a study is being planned to determine the
(17) "British Pharmacopoeia:' 1973. p. 468.
(18) J. H. Robertson, R. Baas. R. l. Yeager. and K. TSUli. Appl. Micro­

bioi., 22. 1164 fl97t).
(191 K. TsuJi and J. H. Roberlson, Anal, Cflcm.. 43. 8t8 (19711.

microbiological response of ETC, ATe, and BATe wdng
Bacillus cereus ATCC 11778 and Staphylococcus aurew
ATCC 6538P, two officially accepted ......y microorga·
nisms (20) ..

After submission of our paper, we received a pamphlet,
"Application Higblighta" from Waters ABaociates, Inc.,
Framingham, Mass. and a paper by Butterfield et al. (21),
both with a qualitative description of a HPLC separation
forTC.
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Wide-Band, Precision, DC-Coupled Lock-In Detector and Gated
Integrator for Electrochemical Measurements

A. J. Benlz, J. R. Sandlfer, and R. P. Buck 1

The Wilfiam R. Kenan, Jr., Laboratories 01 Chemistry, University 01 North Carolina. Chapel HIfJ. N.C. 27514

A low-cost. wlde·band. d'c-coupled lock-In deleclor and
gated Integrator have been developed for measurement
of electrical responses of electrochemical systems. This
simple Instrument measures ae cell admittance from
0.005 Hz to 10 KHz over an impedance range from 102

ohms 10 10" ohms with 1% absolule accuracy (3%
above 10' ohms) and better than one part in 10' resolu·
tion. Wide·band impedance measurements on a Beck·
man £·2 glass electrode were found to be in agreement
with limited results obtained previously using bridge
methods. The reaction rate of the ethanol-acetyl chloride
esterification was rolfowed by monitoring conductivity.
The rate conslants and activation energy (13.85 Kcal/
mole) determined in this stUdy are in excellent agree­
ment with results obtained by other researchers.

The important role of the ac bridge in electrical mea·
surements is common knowledge among those who inves­
tigate the properties of electrochemical systems. One
theory and application of bridge techniques are reviewed
extensively in a classic work by Hague (1). One senous
limitation of the bridge method is that obtaining a true
null is a time-consuming and tedious task, making mea·
surements at low frequencies and measurements of rapid-

1 To whom correspondence should be addressed.

(1) B. Hague. "Alterna1ing Current Bridge Melhods," Pltman. london.
1946.

ly changing systems impractical or impossible. The pro.b.
lem of bridge balancing may be completely removed whIle
retaining much of the high accuracy and precision of the
bridge by using current feedback as shown in Figure 1.

This circuit is an analog of the conventional impedance
bridge where t.wo arms have been replaced by active ele·
ments: one, a signal generator, and the other. the output
of an operational amplifier (Keithley 301K). The cell and
Rm comprise the other two arms as in the conventional
impedance bridge. The differential input of the operation·
al amplifier (OA) serves as a null detector and keeps the
bridge in continuous balance even as cell impedance
changes with frequency or chemical composition. Sihce
the hridge is continuously in balance and the OA output
is the direct analog of the series RC arm in the conven­
lional impedance brid~e, one need only resolve the output
of the OA into in-phase and quadrature components (with
respect to the signal generator) to obtain the current volt·
age phase relationship in the cell. This is conveniently ac­
complished by cross-correlating the response with .,.he ez­
citation at zero time delay as suggested by Smith (2).
When the output is correlated with a square wave in
phase with the excitation, the result is proportional to the
real component of the impedance. When the output is
correlated with a square wave 90' out of phase with the
signal generator, the result is proportional to the quadra·
ture component. This method is essentially identical to

(2) D. E. Smith. Anal. Chem.. 35. 1811 (1963).
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Figure 1. A: Conventional impedance bridge. B. Operational am­
plifier equivalent of (A)

Table I. Switching Sequence or Timer

Time FFNo. QI, volt.- '11. volt.

Start-Reset to t, 1 0 -10
2 0 -10
3 0 -10

t1 to t: 1 -10 0
2 -10 0
3 0 -10

t: to t, 1 -10 0
2 -10 0
3 0 -10

t. to Start-Resct 1 0 -10
2 -10 ()

3 -10 0

For frequencies above 10 Hz where passive integration is em·
ployed:

For frequencies belo..... 10 Hz where a gated analog integrator is
employed: f

RESULTS AND DISCUSSION

Bipolar pulse techniques have recently been described
(5, 6) which extend the range of conductance instrumen­
tation to include rapid hiJ{h- and low·resistance (lOOU­
IMn) measurements. These instruments rely on the rapid
application of voltage (5) or current (6) pulses of alternat­
ing sign. The resulting signal is analyzed to determine the
parameter of intere~t (conductance). The conductance cell
model used to interpret the results is shown in Figure 4. It
has been generally accepted that ac bridge measurements
would not be applicable for these purposes because of Iim-

(I)

(2)

I
Y - E,,,( E..AR

m
)

where Y = cell admittance, EouI = outlmt of instrument in volts
(nerage, (0.637j2)EIlUk I" Pf'Ak). J:.'t: ... = excitation \'oltage to cell
(average). A = gain of OA·3. Rm = measuring resistor in ohms. f
= excitation frequency in Hz. and RC = integration constant of
gated analog integrator.

The frequency response of the present instrument i:-; limited
primarily by the uncompensated shunt capacitance ucros.'i Rm,
the roll off of the Keithley 30lK operational pmplifier. and Ihe
switching speed of the FETs in the lock·in detector. Below 10 Hr..
the open loop J{ain of the 301 K is not frequency·dependent and
the time response al low frequencies (1010 ohm·Hzl is limited by
shunt capacitance across Rm • The dc K8in of the 301 K is tereuter
than S x lQ4, its input impedance in excess of 1012 ohms. and it.s
bias current less than 10- 14 A; therefore, the amplifier can be
used with values of Rm approaching 1014 ohms at 190. Since the
tolerance of the hi~h megohm measurinl:( resistors O\:eithley
Model R20) used in this instrument is ±:\9o from !(}'I In lO"
ohms, the absolute accuracy in this ranKe is ±3'7c:. At frequencil"S
above 10 Hz. the open loop ~ain rolls off, limiting the useful hi~h

frequency range to 10 KHz or lower. depending 011 the magnitude
of the quadrature admittance. Low impedance conductivity metl­
surements were made usin~ a type i41 integrated circuit opera­
tional amplifier in place of the 301K. In this casc. the switching
speed of the FETs in the lock-in detector limits the maximum
usable frequency to 20 K Hz.

Resol...inJt capability is demonstrated hy measurements on u
dummy cell consisting of a two-me~ohm metal film resistnr
shunted by a lOOO-pf ceramic capacitor. Using a onc·megQhm Rm
and 50-mV peak-ta-peak excitatiun, the resolution is hetter than
one part in 10· from 0.00563 to 100 Hz. This curresponds tCl re·
soh-ing the qundrature admittance to 19'1; when it is 100 times
smaller than the real admillance. Resolving- ahility is further
demonstrated by measurements on a g'lnss elc(.·trode.

A basic dingrum of the complete instrument is shown in Figure
2. The si~na( ~enerotor (Hewleu-Pllckard 203A) drives OA·l
which lower.- the drivin~ impedance tu the cell and pru"'ides de
offset. 0.'\·2 (Keithlcy 301K) is an "electrometer" input (10.....
noise MOS PET) current transducer which performs the func­
tions outlined in the preceding paragraphs. OA·3 is a low·noise
FET input amplifier with l{oin adjustable from I to 21. OA-4 and
OA·;') comprise 0 simple lock·in detector or zero time delay cross·
eorrclator .....hich multiplies the square .....ave output of the HP
203A and the sinnal fwm OA-3. For all frequencies sbove 10 Hz.
(tic ae component of the lock-in detector output is removed by a
8in~le tiection passi..-e ne filter with n time constant of I second.
Below 10 Hz. an intl'j.trator goted over one complete cycle is em·
I)(oyed.

A dio~ram of the timing board is sho.....n in Fil{ure 3. The analog
gates of the lock-in detector arc driven in synchronization with
the silnlal l{enerator by nip·Oop FF·4. The integrator input Kate is
controlled by togg!cd FF·l. This Kate is open only during the first
cycle after reset. The integrator reset gate controlled by FF·2 is
closed upon reset command. opened at the be~inning of the next
cycle. and remains open until another reset command is ~iven.

FF-3 closes the J{ate (2Nl305) connecting the integrator ~ating

Oip·nops to the synchronizing flip·nop (FF·4) after one cyde so
the inteRrol over thot cycle is held until the reset command is
given. This sequence is summarized in Table I. The nip-flop cir­
cuits used here are similar to 8 circuit described bv Schwanz (4).
These circuits chnn~e Mate upon application of a t;ositive pulse of
at least 3-volts mOltnitude and I-I-Isee duration. A positive pulse
applied to R makes the output of Q1 -10 volts and Q2 zero \'olts.
Fr-} was made to tOK~le by plQcing 3.3K resistors bet .....een the
anode of the steering diodes and the collector of the respective
lransistors.

Finally. the cell admittance i!O related to. the excitation and
output of the in...trument by the following easily derived equa·
tions.

lock-in or phase detection. If the positions of Rm and the
cell are interchanJ:::ed. the resulting circuit is the well
known current transducer. The analysis is the same ex­
cept that the result of cross-correlation is proportional to
admittance rather than impedance. All work reported in
this paper was done in the admittance mode.

It should be noted that use of a low-impedance signal
generator and the low output impedance of the OA elimi·
nate the problem of capacitance between points a and
earth and c and earth. Since point b is virtually at ground
potential (provided loop gain is high), the effective capac­
itance between b and ground is greatly reduced. The ef­
fect of stray capacitance across Rm and non-ideal behs\,jor
of the OA with emphasis on parameters affecting the sig­
nal-ta-noise rotio hove been reviewed io no excellent
paper by Cath and Peahody (3). The measuring resistors
used in this instrument arc compensated for reactive be­
hovior. Johnson, shot, nnd amplifier input noise including
the 1/{ component arc token into account in the design.

EXPERIMENTAL

(3) P. G. Cath and A. M. Peabody. Anal. Chem.. 43(11). 91A (1971).
(4) S. Schwartz. "Selected semiconductor Circuits Handbook," Circuit

G·1. Wlley and Sons. Inc .• New York. N.V.. 1961.
(5) D. E. Johnson and C. G. Enke. Anal. Chem., 42. 329 (1970).
(6) P. H. Daum and D. F.Nelson. Anal. Chem.. 45, 463 (1973).
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Figure 2. Instrument schematic

Table 11. Reaction Ratc Studies"

Temperature, No. of
"C

0.0 0.0196 5 0.0004
9.0 0.0441 5 0.0005

15.0 0.0722 4 0.0008
19.8 0.1098 5 0.0008
25.0 0.165 6 0.001
35.0 0.355 3 0.002

flEA - 13.85 Keal/mole. a - 0.06.

itations in the rate of bridge balancing and in dynamic
range. We have found, however, that application of the
principles of phase-lock detection results in instrumenta­
tion which also overcomes these limitations as demon­
strated by the results reported below.

An analysis of the circuit shown in Figure 4 for ac mea­
surements results is the following equations:

Y. -
w'RC;

(3)
+ w'R'C.'

wC.
YQ=wCp + (4)

+ w'R'C.'
where YH. and YQ are the in- and out·of-phase admittan­
ces, respectively, and", is the angular frequency (27ff). At
high frequency (",ZRzG> » I), YR = G, the conductance,
which equals 1/R. Use of the instrument described above
for conductance measurements simply requires that the
frequency employed be high enough so that YR is inde­
pendent of frequency. This would require frequencies on
the order of WOO Hz.

Following the examples of Johnson and Enke (5) and of
Daum and Nelson (6), we have chosen to demonstrate the
rapid response of our instrument by studying the ethanol­
ysis of acetyl chloride. For this purpose, ethanol was dried
by the method of Lund and Bjerrum (7) and found to con­
tain about 0.02% water (by weight) by. Karl Fischer titra­
tion. Reagent grade acetyl chloride was used after one dis­
tillation. The electrodes used were unplatinized platinum
electrodes, 20 mmz in area, placed 5 mm apart. The fre­
quency was set at WOO Hz where the in-phase response
was not a function of frequency.

Approximately 3-,,1 samples of acetyl chloride were in­
jected into rapidly stirred, thermostated, 125-ml samples

(7) H. Lund and J. BJerrum. Ber., 8U, 210 (19311.

Figure 3. Timing circuit

-LJc. R

Figure 4. Equivalent circuit for conductance cell. Cl) is usually
considered the "geometrical" capacitance, Ca Is the double
layer capacitance, and 1/R is the conductance of the cell

of ethanol. The instrumental response was then recorded
on a Hewlett-Packard (7004A) X-Y recorder for subse­
quent manual interpretation. The same ethanol sample
could be used for several runs by use of an off-set control
without loss of sensitivity. Rate constants for each run
were determined by plotting In(Gm - G) vs. time where G
is the conductivity. The negative slopes of the straight
lines resultant from these plots equal k, the rate constani.
Rate constants were determined at each of seven tempera­
tures, and this collection. of data was used to determine
the activation energy from an Arrhenius plot. A linear
least-squares routine was used to determine the activation
energy. The results are shown in Table JJ while Figure 5 is
the Arrhenius plot. Except for the activation energy c~l­

culation, all calculations were done to slide rule accuracy.
A computer was used to calculate the activation energy.

A comparison of our results with those obtained by
other workers (5, 6, 8) is shown in Table m. Our value for

(8) E. Euranto and R. Lelmu. Acta Ch.m. Scend., 20. 2029 (1988)..
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lal R. P._and ...KtuIl.J. ElactToanal. Chorn.. 1I. 387 (19681.
(10) M•.J.D"BrandandG.A. RecIlnllz.Anal. Chom., .,,1788 (18691.

the activation energy agrees well with that obtained by
Oaum and Nelson while the results of Johnson and Bnke
agree more closely with those of Buranto and Leimu. A t­
test on data obtained by each group at 15 ·C (corrected in
each case by the appropriate activation energy) reveals
that the results do not belong to the same data set.. We
can find no good reason for this discrepancy except that
our ethanol was alightly wetter then that used by Buranlo
and Leimu. Compare 0.02% water to 0.014'70. Neither
Johnson and Enke nor Oaum and Nelson reported '70
water content.

Our ability to measure the out-of-phase component re­
aulted in the observation that this component was never
greater than 3% of the in-phase component and was at its
maximum when pure ethanol was used. After the fIrSt in­
jection of acetyl chloride, the out-of-phase component
dropped to insignificance. This indicates that a simple
lOOO-Hz oscillator would hava sufficed for this experiment
without recourse to the sophisticated instrumentation
uaad by John80n and Enke, Oaum and Nelson, or our­
oelvea. This is a reasonably good teat of instrumental re­
aponse but doea not demonstrate resolving capability.
. Gla•• Electrode Admittance. An important difference

between our instrument and available commercial phase­
lock detectors is the fact that it may be dc coupled. AC
coupling.-wu uaad for the conductivity measurements, but
de coupling .is mandatory for glass electrode admittance
measurements .inee much loiver frequencies must be em­
ployed (9, 10). We feel that interpretation of glass elec­
trode data is more convenient if the data are in the ad-
mittance form. .

Figures 6 and 7 show the kind of results possihle with
this instrument. The admittance of a Beckman B-2 CONCLUSIONS

The dc-coupled cross-correlation technique has signifi­
cant advantages over other detection systems (e.g. Lissa­
ious figurea). The real and quadrature admittance can' be

---i..-l-...l~~1 ,.--,=~I
.01 .10 J 0 10 100 1000 10,000

log r'~Qt.l~llC)'

10'
.001

Figure 7: Out-ot.phase E-2 glass data expressed as capaci·
tance. C. Data points are spaced at quarter decade intervals. C
= Oul-ol-phase admlllance/2lfl

(39004) glass plectrode was measured at several tempera­
tures. A Beckman SCB was used as reference for Ihese
measurements. The excitation was typically 50 mV peak­
to-peak. Tenth normal KCI solutions were used. Notice
that phenomena of interest are occurring at quite low
frequencies (0.01 Hz). The interpretation of these results
will be pUblished elsewhere. They are, however, in excel­
lent agreement with Buck and Krull (9).

Although low-frequency data have been reported by
others (ID) using nulling techniques or Lissaious figures,
higher excitation (I volt) had to be used, and the systems
studied typically had phase angles of 10· to 30· at these
frequencies. Noise would have been a limiting factor in
these measurements if lower (50 mY) excitations had been
used or if it had been necessary to measure smaller phase
angles. It was necessary for us to resolve the phase angle
down to less than 0.5· to obtain the data shown in Figures
5and6.

13.23
12.93
13.95
13.85

Activation onorl'Y

Euranto and Leimu (8)
Jobnaon and Enke (5)
Dawn and NelBon (6)
This Work

Woz.....

Tabla nl. Comparison of Results

148 • ANALYTICAL .CHEMISTRY. vn,. 48, NO••• APRIL 1874



read directly. More significant is the fact that information
theory predicts that cl'08S·correlation enhances the signal­
to-noise ratio (/1, 12). This allows greater resolution than
could be obtained uia Li..ajous figures.

The instrument d8!icribed above has been demonstrated
to be well suited to its primary task of measuring high im­
pedance systems at low frequencies using minimal excita­
tion. However. the potential of the correlation method for
use in systems where conductivity is 8 dynamic parameter
(11) G. M. Heiltje. Ana'. Chem (6). 81A (19721.
(121 G, M. Heiltje. Ana', Chem (1). 69A (19721.

should not be underestimated, particularly since the nec·
essary equipment is available commercially or may be
constructed in the laboratory at low cost. The instrument
may be easily modified to function in either the imped.
ance or the admittance mode. In addition, the nature of
the instrumental response makes it applicable to a wide
variety of problems.

IWceived for review August 24, 1973. Accepted November
28. 1973. This work was supported by National Science
Foundation Grant GP·20524.

Electroanalytical Studies of Methylmercury in
Aqueous Solution

R. C. Heaton 1 and H. A. Laitinen

School of Chemical Sciences. University of Illinois at Urbana-Champaign. Urbana, Ill. 61801

The electrochemlcal reduction of monomethylmercury
compounds In aqueous solution has been studied through
the use of pulse polarography, cyclic voltammetry, and
related techniques. Reduction of these compounds at a
mercury electrode occurs in two one-electron steps. the
first of which results in the formation of a melhylmercurlc
radical on the electrode surface. This step is reversible
under polarographic conditions, but the polarographic
wave Is distorted because of the involvement of Ihe
methylmercuric radical In SUbsequent chemical reac­
tions. Addition of the second electron results in reduction
of the methylmercuric compound to elemental mercury
and methane, and gives rise to the second polarographi~

wave. This reduction is irreversible and the wave is also
distorted. The first pulse polarographic wave has analyti­
cal utility arising from a linear peak current vs. concen­
tration curve between concentrations of 10- 1 and
10- 4M. The analytical implications 01 Ihe reduclion
mechanism are discussed, with particular attention given
to effecls of coordinating agents and to detection limits.

Electrochemical reduction of methyl mercury was first
observed by Kraus (I) in 1913. While other investi~ators

(2-4) repeated Kmus's experiments and verified his re­
sults, little new insight into the reduction mechanism
was gained until 1948, when Costa (5) published his slud­
ies of the reduction of ethylmercury by electrochemical
means. Since that time. mechanistic studies of 8 variety
of organomercury compounds have been reported (6-15),

1 Presenl address, Hercules Research Center. Wilmin~ton. Del.

(1) C. A. Kraus.J. Amer. Chem. Soc.. 35. 1732 (1913).
(2) 8. G. Gowenlock and J. Trolman, J. Chem. Soc.. 1957.2114.
(3) B. G. Gowenlock. P. P. Jones. and D. W. Ovenall. J. Chem. Soc..

1958.535.
(41 J. L. Maynard and J. C. Howard Jr.. J. Chem. Soc.. 1923.960.
(51 G. Costa. Ann. Chim. (Rome). 38. 655 (19481·
(6) V. Vojir. Collect. Czech. Chom. Commun.. 16.489 (1951).
(7) A. 8enesch and A. E. Benesch. J. Amer. Chem. Soc.. 73. 3391

(1951).
(8) A. Benesch and A. E. Benesch. J. Phys. Chem.. 56. 648 (1952).
(9) A. F. 8romanand A. W. Murray.Ana/. Chem.. 37. 1408 (1965).

the works of Benesch and Benesch being most often quot­
ed. It is generally agreed that the polarographic reduction
proceeds in two one-electron steps, the Hrst yielding an
organomcrcury radical, the second giving elemental mer­
cury and, in the case of alkylmercury compounds, the al­
kane. Beyond this point, authors disagree as to the nature
of the reduction process. Some investigators (5, 7, 8, il)
regard the first wave as irreversible, while others (6, 12­
15) consider it to be reversible. Vojir (6) suggested the ir­
reversible dimerization of the organomercury radical
might take place following the electroreduction, giving
rise to an insoluble film on the electrode surface. Al­
though most workers since that time have included some
sort of dimerization or disproportionation reaction in their
formulations, little has been done to detail the fate of tbe
organomercury radical, or to determine the nature of any
intermediates which may be involved. Several authors
have noted that Ihe polarographic waves exhibit irregular­
ities (6. 7. 8. 14) and that prewaves often occur (7-9, 12­
/4), but interpretations of these phenomena vary.

The finer details of the reduction mechanism may well
depend on the particular organomercury compound in
question, the solvent, and the experimental conditions
employed. The purpose of this investigation is to deter­
mine the details of the electrochemical reduction of meth­
ylmercury in aqueous solution, and to assess the feasibili­
ty of using electrochemical techniques to determine meth­
ylmercury and to study its coordination chemistry.

EXPERIMENTAL

Instrumentation. Polarograms were recorded using a Heath
polarography module. model EUA-19-2. connected to our own op­
erational amplifier s)'stem. Recordings were made using either a
Moscley model 700IAM x-y recorder or a Heath model EUW-2OA
variable speed servo recorder. Potential scales were calibrated
with 8 Leeds and Northrup volt potentiometer. catalog number
8687. Drop times used in conslructing electrocapillary curves were

(101 K. P. Bulin. I. P. Belelskaya. A. N. Ryablsev. and O. A. Reutov.
EUlklrokh/mlya, 3. 1318 (1967).

(11) V. G. Toropo....a. M. K. saikina. and M. G. Khakimov. Zh. Obshch.
Khim.. 37, 47 (1967).

(12) C. Degrand and E. Laviron. Bull. Soc. Chim. Fr.• 5, 2233 (1968).
(13) C. Degrand and E. Lavlron. Bull. Soc. Ch/m. Fr.. 5.2228 (1988).
(14) B. Fleet and R. D. Jee. J. Electroana/. Chem.• 25. 397 (1970).
(15) U. S. Hush and K. B. Oldham.J. Electroanal. Chem.• 1.3S (1963)
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metric Oasks and then mlin~ the flasks to the marks y,.'ith the ap­
propriate supporting electrolytes. More dilute solutions were pre·
pared by dilution of the lrnM solution.

RESULTS AND DISCUSSION

Reduction of the methyl mercuric cation in O.lM per­
chloric acid solution or of methylmercuric hydroxide in
O.lM sodium hydroxide solution yields two well defined
polarol(raphic waves of nearly equal height. Both Wllves
are diffusion controlled as the dependence of the limiting
current on the concentration of the electroactive species is
linear. In addit.ion. the variation of the limiting current
with the square root of the corrected mercury column
height is also linear. The polarol(raphic diffusion coeffi·
cients, calculated from either standard polarographic data
or pulse polarol(raphic data are 1.08 ± 0.02 x 10-' cm21
sce in O.lM HC10. solution. and 1.11 ± 0.08 x 10-'
cm2 /sec in O.lM NaOH solution.

The first wave is asymmetric. being more steep at the
foot of the wave than at the head of the wave. This asym·
metry is renected in the standard polarographic log plot
If: vs. 101( {i,1 - i!liJ which exhibits a change of slope near
the half·wave potential. This distortion can be adequately
explained by postulatinJ{ the occurrence of a chemical
reaction followin~ the electrochemical reduction. The fol­
lowing: reactions are proposed:

(16) R. Bonnaterre and G. CauqUls. J. Electroanal. Chem .. 32, 199
(1971).

(17) V. Hanus. Cham. Zvesti. 8. 702 (1954).
1181 J. Koutecky and V. HanlJs. Col/ea Czech. Chom. Commun.. 20.

124 (19551.
(19) S. G. Mairanovskii. Oak/. Akad. Nauk SSSR. 110.593 (1956).
(20) S. G. Mairanovskii. Izv. Akad. Nauk SSSR. Old. Khim. Nauk. 12.

2140 (1961).

(8)E,,-.. = EO' + 1/1' I kdC,
311F n 4

2CHl Hg- +='= (CH,Hg), (2)

Hccause reaction ~ effectively lowers the activity of the
methylmercury radical, CH3 HI(', the electrochemical
proce<s. 1. should be facilitated, increasinl( the slope of
the polarographic wave and shifting the holf·wave poten·
tial anodically. Also, because reaction 2 is second order in
CHJH~ .• it should exert less influence on the electro·
chemical process as the concentration is lowered. Careful
perusal of FiJ(Ure 1 shows thal all of these trends do in
fact occur.

Bonnaterre and Cauquis (lIi) have developed a unified
mathematical treatment of the polarographic wave ob·
served in the general case of elcctroreduction followed by
a chemical dimeri7.ation. \\fhile the equations were de·
rived with a rot.ating disk electrode in mind, they can be
made to apply to a dropping mercury electrode by writing
the diffusion layer thickness in terms of the capillary
characteristics and the drop time. T\!~,'o cases have rele­
vance to this investig-ation-that of a reversible electro·
chemical reduction followed bv an irreversible dimeriza·
tion. and that of 8 reversible~ electrochemical reduction
followed by a fast reversible dimcrization. For the former
case the equations obtained are identical to those derived
by Hanus (/7). Hanus and Koutecky (/8). llnd Maim·
novskii (19. 20).

1/1'
F: = E'" - IIF In

1Og¥
FJgure 1. Dependence of E on log (id - il/i for the first wave in
O.,M HelD.. solution under normal pulse polarographic condi·
tions

Sj 9.76 x .10 ·"'M CH]Hg I: b) 4.88 x 10- ~M CHJHg +: cJ 2.44 X

10- 6M CH')Hg'

measured by allowing the follin~ mercury drops to interrupt a
light beam and electronically timin~ the intervlll between Iwo
6uch events.

Cyclic voltammogram~ were obtainNI by the u~ uf a WenkinJ:
potentiostat built by C. Bank Elcctronik. No. 7163·61RS. The
current was determined by m('osurinJt' the voltoJt'e drop across a
resistor in s('ries with the counter electrode. Currenl-vuhage
curvell were rt>corded usinJ: u Tektronix model 503 x-y Ch'cilloscope
equipped with 8 Tektronix model C·12 camera. TriullJ:ular voh­
aRe functions were ):enernted by n functiun Jt'enrrntor huilt in this
laboratory.

"A Princcton Applied Research model 174 Polarographic AllIliyz·
er was used to obtain normal pulse nnd differential pulse polaro·
grams. The Heath servo recorder was lIsed to recurd the results.

All clcctrochemical eXI)criments were IX'rformed in completely
enclosed, all·gloss cells. Dropping mereu!')' elpctrudes were of
standard construction. using soft J::lass marine harometer tuhin~

for the capillary. For a hanging mercury drop electrode, 0 mi­
crometer electrode, obtainpd from PrincNon Applied Hesearch.
catalog No. 9302. wa~ used. Potentials were measured relative to
a saturated calomel electrode.

Reagents and Solutions. With the exception of the methyl·
mercury 8alts, all rcagent8 were rea~cnt ~rnde. used without fur·
ther purification. Methylmercuric hydroxide ohtained from Alfn
Inorganics was recl)'stallized from pyridine, yieldin~ white CI)'S­

tals, me1tin~ range 92-102 ·C. In view of the fact that this me1tin~

runge is significantly lower than that tlf the oxide (110-137 ·C}
and considerably hi~her than that of the hydroxide (6~-G8 ·Cl. it
seems likely that the sample is a mixture of the hydroxidl' and
the oxide. This is of little consequence sinee th(' oxide is immt.-di­
8tely converted to the hydroxide.upon di~<mlutioll in water. Titra­
tion of the sample with perchloric ocid in the pTl.'sence of IMlt8ssi­
um iodide indicates that it is more than 95% pure os monometh­
ylmercury. The equivalent wei~ht determinl;d by the titration
was used to calculate solution concentrations.

Mercury was scrubbed successively with nitric acid and potas­
sium hydroxide solutions. and then vacuum distilled. Glassware
was cleaned with aqua regia and thoroughly washed with double
distilled water immediately before we.

Millimolar &Olutiona of methylmercuric hydroxide were pre·
pared by introducing weighed amounts of the sample into \'olu-
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Figure 2. Dependence of E on log (id - i}l/i for the first wave in O.lM HCl04 solution under normal pulse polarographic conditions

al 9.76 X 10-!lM CH]Hg+; b) 4.88 X 10-5M CH]Hg +: c19.76 x 10- 6M CH]Hg"'; d) 2.44 X 10-6M CH)Hg·

In these equations, q is the average area of the drop, t is
the drop time, kd is the chemical dimerization rate con­
stant, and C is the bulk concentration of the electroactive
species. The remaining variables have their usual signifi­
cance. It is clear that a plot of E vs. log i./3/(i" - i)
should yield a straight line whose slope is -59 mV for
each decade increase in depolarizer concentration. It is, in
principle, possible to calculate the dimerization rate con­
stant if the formal potential is known.

If the chemical dimerization is fast and reversible, and
if the equilibrium position strongly favors the dimer, then
the following equations apply:

F. - E''' - ~J In 1/2 f7i3 FD"'C'''K +
RT (id-iF
2Fln-j- <C)

RT C
El" = EO' + 2F In K <D)

K is the dissociation constant for the dimer. It is assumed
that n is equal to unity. A plot of E vs. log (id - i)'/iJ
should give a straight line with a slope of 30 mV. In addi­
tion. the half-wave potential shifts 30 mV in the positive
direction for each decade increase in depolarizer concen­
tration. The dissociation constant for the dimer may be
calculated if EO' is known. Equations C and D represent a
situation in which the diffusion of the reduced species
away from the electrode exerts an insignificant effect on
the observed polarographic current. Consequently, these
equations apply equally well to systems involving either
homogeneous or heterogeneous chemical reactions.

Figure 2 shows the pulse polarographic data for metbyl­
mercuric cations in O.IM perchloric acid solution plotted
according to Equation C. Similar results were observed for
the standard polarographic data. At higher concentra­
tions, the curves are linear between 10 and 90% of the
wave height, suggesting that Equation C adequately de­
scribes the situation. As the concentration is lowered, the

. wave shifts cathodically and the curves begin to deviate
from linearity. This behavior complements that shown by
the curves in Figure 1. The standard log plots are nonlin­
ear at high concentrations but become linear for concen-

trations of methylmercury less than 2.5 x lO-oM in 0.1M
perchloric acid solution. This linear bebavior at low con­
centrations is expected when the electrochemical reduc­
tion is followed by chemical reactions of orders greater
than unity, because the equilibrium position of the chem­
ical reaction favors the monomer more as the concentra·
tion is lowered. At very low concentrations, the chemical
reaction may be ignored altogether.

Data for polarographic reductions of organomercury
cornpounds have been plotted according to Equation A by
previous authors (10. 11) and the resulting plots have
been presented as evidence supporting the hypothesis that
reaction 2 is irreversible. Plots of data according to Equa­
tion A made during this investigation were always nonlin­
ear when plotted between 10 and 90% of the polarographic
wave height. Consequently, it is suggested tbat tbe cbem­
ical dimerization is better described as a fast and revers­
ible process than as an irreversible process.

The half-wave potential for the first ·wave shifts in the
negative direction as the concentration decreases. How­
ever, at very low concentrations (4 x lO- oM in percbloric
acid solution), the half-wave potential becomes indepen- .,~

dent of concentration. Because this potential at vary low
concentrations is not influenced by the following cbemical
reaction. it should be closely related to the formal poten­
tial for the electrochemical process. If it is assumed that
the ratio of the diffusion coefficients for the oxidized and
reduced species is unity, then the formal potential for this
reduction in O.IM ~erchloric acid solution is -0.143 volts
vs. SCE. Knowledge of tbis value permits the calculation
of the dissociation constant for tbe dimer by tbe use of
Equation D. The value so obtained is 10-0 •1 • This must
be regarded as an approximation because the kinetic
scheme described thus far is not complete.

The second polarographic wave is distorted, having a
long drawn out appearance. In addition, significant
changes in shape are observed wben the supporting elec­
trolyte is changed from percbloric acid to sodium hydrox­
ide. Although tbe drawn out appearance of this wave·
makes it appear to be irreversible under polarographic"
conditio,ns, the electron transfer appears to be fairly fast,
as it gives a well defined cyclic voltammetric Pl'ak even,~

sweep rates of 100 volts per second. The ;m,;emible'eW
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FJgure 3. Cyclic voltammograms of 4.49 X 10- 4 M CH)Hg t in
0.1M HCIO, with 1.2 X 10-'% T,lloo X·lOO

a) Sweep rale = 0.50 V/sec.; b) Sweep raiD = 5.0 V/sec.: cl Sweep
rale:Z 50 v/sec

pearance of the wave under polarographic 'conditions can
be attributed to two factors. First, the reaction is chemi·
cally irreversible, meaning that the forward reaction is
very fast, but that the reverse rate is negligible. This is
due to the fact that the reduction product, methane, is
inert under the conditions employed. The second factor
affecting the wave shape is the fact. that the electrochemi·
eal reduction is competing with the chemical dimerization
of the radical, giving the wave a drawn out appearance.

The half·wave potential was observed to be independent
of the supporting electrolyte and the types of buffers used,
so that one may conclude that coordination is not a factor
in the second reduction. However, the dependence of the
half·wave potential on pH is interesting. At high pH
values, the wave is independent of pH, but at pH values
less than 5, the half·wave potential shifts 13 mV in the
poeitive direction for each unit decrease in pH. This be­
havior may be interpreted in the following way. At high
pH, where hydrogen ions are scarce, the organomercury
radicals may be reduced to elemental mercury and a carb­
anion. The earbanion may then abstract a proton from a
water molecule to give methane and a hydroxyl ion. The
wave is tbus unaffected by the hydrogen ion activity and,
because the chemical reaction is irreversible, it is not af­
fected by the hydroxyl ion activity either. At low pH, the
reduction of the radical may be assisted by attack of a

. proton at the back side of the methyl group. This should
aid the reduction, shifting the half·wave potential to more

. poeitive values and should also lead to inven;ion of the
methyl group, which is without observable consequences.
Aa this' explanation essentially involves a change in the
reduction mechanism with pH, differences in the wave
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Figure 4. Cyclic voltammograms of 4.49 X 10-·M CHJHg f in
O. lM HCIO.. with 1.2 X 10-3% Triton X-100

ill Swoep rale = 0.50 V/sec.: b) Sweep rate == 5.0 V/sec.: Cl Sweep
ratc = 50 V/sce

shapes obtained in acidic and basic solutions are expect.·
ed. The reactions for the second wave may be written as
follows:

CH"Hg' + H+ + e- - CH, + Hg (acidic solution)

(3")

CH"Hg' + e- '""'" CH.,- + HIl} (3b)
(basic solution)

CH,,- + H,O -- CH, + OH- (3e)

Cyclic vohammoJ:"rams of the methylmercuric cation in
O.lM perchloric acid solution are shown in Figure 3. Two
characteristics of these curves are of major importance in
the postulation of 8 reduction mechanism. The first is the
shape of the anodic peak and the second is the ratio of the
anodic peak current and the cathodic peak current.

It is clear that the amplitude of the anodic peak is de­
pendent on the sweep rate. It. is virtually nonexistent at
slow sweep rates. but increases as the sweep ratc in­
creases. It is also apparent that the anodic peak does not
show behavior typical of a diffusion controlled wave, al·
though the cathodic peak does. The anodic pcak shape is
typical of a stripping peak-a peak resulting from the de­
struction of an adsorbed or insoluble film. The implica­
tions of this will be discussed shortly.

Similar behavior is exhibited by the second cathodic
wave (Figure 4). While this wave never entirely disap­
pears, its amplitude is small at slow sweep rates. and it
increases as the sweep rate increases. In addition. the
peak shape is again typical of a stripping process.

The situation is even better described in Figure 5,
which shows the peak currents as functions of the sweep
rate. The anodic peak cu'rrent is less than the cathodic
peak current at slow sweep rates, but greater than the ~a·
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Figure 5. Cyclic voltammetric peak currents as functions 01 sweep rale in O.lM HelD... solutions
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10 -4M CHJHg + + O.lM HeIO.. + 1.2 )( 10-3% Triton X-lOO. 1. first cathodic peak: 2. anOdic peak; 3. second cathodic pt,ak
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thodic peak currents at fast sweep rates. Note that there
is nothing wrong with having the anodic peak current
larger than the cathodic peak current, since the anodic
peak is taller, but narrower, than the diffusion-controlled
cathodic peak. As the concentration is reduced, tbe anod·
ic peak current increases relative to the cathodic peak
current. This behavior is typical of a second·order process
following the electrochemical reduction.

Because the second cathodic process corresponds to the
reduction of the methylmercury radical, CH.Hg., while
the anodic wave results from the oxidation of the same
radical, the peaks corresponding to these processes should
behave very much alike. It can be seen that they do.
Small quantitative differences are observed because the
waves occur at different potentials.

The fact that the anodic peak is small or nonexistent at
slow sweep rates but large and well defined at fast sweep
rates, strongly suggests the occurrence of a slow chemical
reaction following the electrochemical reduction. The evi·
dence also suggests that the reaction is second order. This
results in a dilemma, since the polarographic experiments
seemed to indicate that the electrochemical reduction was
followed by a fast chemical reaction. This dilemma can be
resolved by rewriting reaction 2 in the following way:

(alii

2CH,Hg' +===!: (CH,Hg),

.Iow
(CH,Hg),. ' CH,HgCH, + Hg (2b)

Reactions 2a and 2b may be used to explain the cyclic
voltammetry data in the following way. At very fast sweep
rates, reaction 2b may not take place to a significant de­
gree during the course of the experiment, so that the cy·
clic voltammogram looks like that expected for a mecha·
nism including only steps I and 2a. However, at slow
sweep rates reaction 2b may approach equilibrium. If the
equilibrium of 2b favors the product, then the transforma·
tion of dimethylmercury to dimethyldimercury should be
much slower than even the forward reaction. Thus, reac·
tion 2b sbould appear to be nearly irreversible. Conse·
quently the dimer may be effectively transformed to an

inactive species at slow sweep rates, so that the snOOic
peak may be very small, or nearly non·existent.

Under polarographic conditions, in which the radical,
CH.Hg., is continually being generated by electrolysis,
the system behaves much as if reactions I and 2a were the
only things happening. The effect of reaction 2b is to
cause some leakage of the dimethyldimercury from the
system, resulting in a larger apparent formation constant
for the dimer.

The behaviors of the anodic and second cathodic peaks
observed during the cyclic voltammetry experiments
suggest that tbe reactions 2a and 2b may be heterogene.
ous. Further evidence to support this conclusion is tbe
fact that the electrocapillary curve is slightly depressed in
the potential interval between the two polarographic
waves (Figure 6). That suppression of tbe interfacial ten­
sion only occurs negative of the electrocapillary maximum
suggests that the adsorbed species is oriented in sucb a
way as to resemble a dipole with its positive end toward
the electrode.

The exchange of labeled elemental mercury witb organ­
ic mercury compounds has been studied in some detail
(21-27) and is directly relevant to tbis investigation; Of
particular interest is the study of Butin et al. (27). It WB"
proposed that the exchange occurs through the following
steps. First, the diorganomercurial is adsorbed onto the
mercury surface. This adsorption is a function of the
structure and concentration of the organomercurial and
the nature of the solvent. Tbe second step involves an·
electron transfer from the diorganomercurial to the mer·
cury metal. This may occur by the formation .of a four­
centered cyclic intermediate consisting of two mercury
atoms in the electrode surface bridged by tbe two organic
groups, and is believed by Butin and coworkers to be tbe
rate-tletermining step. The third step involves separation
of the intermediate into two adsorbed organomercury rad­
icals. Retention of configuration is retained 88 the radicals
are strongly inserted into the mercury surface.

The series of steps just described is clearly the reverlIll
of reactions 2a and 2b. Tbe evidence obtained in tbis
study requires that the lranaition between the adsorbed
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Figure 6. Elecfrocapillary curve for CH3Hg' in O.lM HeIO..
solution
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radicals and the intermediate dimer be fast and revers­
ible, and that formation of the dimer be strongly preferred
over the radical. The assertion by Butin and coworkers
that the rate determining step is the elect ron transfer step
is in perfect agreement with the results of this study.
Some care is indicated here. as the electron transfer step
in this case involves the chemical oxidation-reduction be­
tween elemental mercury nnd the diorganomercury com·
pound to give the diorgonodimercury compound, and is
distinct from th~ electrochemical reduction of the orgn­
nomercury cation.

To briefly summarize. the proposed reduction mecha­
nism embodies the followinJ{ reactions:

CH"Hg++e- ~ CH.;HI(- (Surf.) (1a)

CH"HgX + e- ~ CH,Hg· (Surf.) + :C (lb)
r.. ~l

2CH,Hg· (Surf.! = (CH,Hg), (Surf.) (2a)

610w
(CHJHg), (Surf.) = Hg + (CH),Hg (Surf.) (2b)

CH3Hg'(Surf.) + H+ + e- -

CH, + Hg (acidic solution) (3a)

CH3Hg' (Surf,) + e- ~ CH.,- + Hg} (3b)
+ HO CH - Basic Solution

CH3- ,--- ,+OH (3c)
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Fleet and Jee (14) have explained the anodic cyclic vol­
tammetric peak behavior for a number of organic mercury
compounds in terms of the stability of the adsorbed radi­
cal. They go on to assume that the unadsorbed radical
undergoes rapid dimerization and that the concentration
dependence of the anodic to cathodic peak current ratio is
due to a variation in the proportion of the radical ad­
sorbed. While the first part of thi' explanation is essen­
tially in agreement with that offered here (except t hat the
pre,ent work details the subsequent fate of the radical),
the second assumption is at variance with the observation
of a number of investigators (2/-27) that the exchange
reactions between elemental mercury and org'anic mercury
are heterogeneous, and involve adsorbed dimeric interme­
diates. In addition. it ha~ been shown above that the con­
centration dependence of the anodic to cathodic peak cur~

rent ratio can be adequately explained by the occurrence
of reactions 2n and 2b.

In contrast to previously published work on a number of
other organic mercury compounds, no preWRves were ob­
served in this study of methyl mercury, nor were irregular­
ities observed in the curfent-time behavior at the foot of
the first polarographic wave. Polarographic maxima of the
first kind often occur at the head of the first \,,·ave, \.,,·hile
the maximum at the head of the second wave satisfies
Frumkin's criteria for maxima of the third kind. All of the
irregularitie!' observed can be suppressed by the addition
of !'uitable surfactant!' to the system, and thus const itute
no particular obstacle to the analytical chemist.

ANALYTICAL IMPLICATIONS OF THE
REDUCTION MECHANISM

A number of reports have been made of t he use of po­
larographic half-\\·ave potentials to evaluate complex equi­
Iihrium constants for organomercury compounds (S, 7, 10.
TI. /1, 16, 28). Of these 'tudies, the ones bv Costa (5).
Benesch and Benesch (7), and Toropova el ~I. (I I) deal
primarily with the effects of pH on the half-wave poten­
tial. In several cases, difficulties in achieving consistent
results were encountered. Although the fact that the
methyl mercuric cation forms stable complexes with most
commonly us(>d buffer anions and with most halide ions
(28-31) would explain most of the difficulties h~· itself.
other factors may also influence the potential of the po­
larographic wave.

The chemical reactions 28 and 2h. cause a positive shift
in the half-wave potential which depends on the concen·
tration. While the magnitude of the shift is predictable
and reproducible if the solution conditions are maintained
constant. it may change with the solution coinposition. In
any pH study or any study involving different concentra-

(21) O. A. Reulov and G. M. Ostapchuk. Ookl. Akad. Nauk SSSR. 117.
826 (1957).

(22) D. R. Pollard and J. V. Westwood. J. Amer. Chem. Sac. 87. 2809
(19651.

(23) D. A. Pollard and J. V. Westwood. J. Amer. Chem. Soc.. 88. 1404
(1966).

(24) M. M. Kreevoy and E. A. Wallers. J. Amer. Chem. Soc.. 89. 2986
(1967).

(25) R. A. G. Marshall and D. A. Pollard. J. Amcr. Chem. Sac.. 92. 6723
( 1970).

(26) R. A. G. MarShitll and D. R. Pollard. J. Orgaflametal. Chem.. 27.
149 (1971).

(27) K. P. BUlin. A. N. Kashin. A. B. Ershler. V. V. Strelets. r. P. Belel­
skaya. and O. A. Reulov. J. Organomera/. Chem .. 39.39 (1972).

(281 R. B. Simpson. J. Amor, Chem. Soc .. 83, 4711 (1961).
(291 T. D. Waugh. H. F. Wallon. and J. A. laswic:k. J. Phys. Chem .. 59.

395 (1955)
(30) G. Schwarzenbach and M. Schellenberg. He/v. Chim. Acta. 48, 28

(19651.
(31) P. Zanella. G. Plazzogna. and G. Tag1iavini. Inorg. Chim, Acta. 2,

340 (1968).



tions of complexing agents, the solution conditions are not
constant, so that the chemical reaction, whose rate may
depend on the structure of the electrode-solution inter­
face, may cause different potential shifts at different con­
centrations of complexing agents. Consequently, the re­
sults of such studies should be treated with some caution.
It is possible to obtain unambiguous results by using con­
centrations low enough so that the chemical reaction does
not exert a significant effect. on the half-wave potential.
This requires concentrations of 1O-6M or less, so that dif­
ferential pulse polarography must be used. It is important
to demonstrate that the half-wave (or peak) potential is
independent of the concentration in order to be cenain
that the chemical reactions do not cause changes in the
potential of the wave.

The second major factor in the determination of the
half-wave potential, that of coordination with the buffer
anions as well as hydroxide ions, is entirely predictable
(14). Assume that there are three ions in the solution
which form stable complexes with the electroactive
species. If the three ions are represented by X, Y, and Z
and the respective formation constants by K~, K y , and
K" then the half-wave potential may be written as fol­
lows:

F: = P' - ~r In(K,[X] + K,[Y] + K,[Z]) <El

It is assumed that the diffusion coefficients for the oxi­
dized, reduced, and complexed species are equal. and that
the activity coefficients are constant. In addition. the con­
centrations of the complexing agents must be at least 100
times larger than the concentrations of methylmercury in
order to minimize changes in concentration at the elec­
trode surfacE" during electrolysis. In a real experiment. X.

Y, and Z might represent the two buffer anions and the
hydroxyl ion. Use of a supporting electrolyte with coordi­
nating tendencies toward methyl mercury would add a
fourth variable to the equation. It is clear that the coordi­
nating properties of all the ions in the solution must be
considered when evaluating the significance of the half­
wave potential. The fact that methyl mercury forms com·
plexes with most common buffer anions to about the same
degree as hydroxide (28-31) attests to the futility of at·
tempting pH studies without accounting for this behavior.

The differential pulse polarographic peak current vs.
concentration curve for the first wave is linear from 10-1

to IO-'M methylmercury. The extreme length of this lin·
ear range suggests that this technique may have analytical
utility. Two improvements over previous procedures may
be realized by this technique. First, sensitivities of 10- 7M
or 20 ~g/1. in the solution polarographed can be achieved.
If a small degree of concentration can be effected during
the required extraction procedures, it should be possible
to accurately measure methylmercury concentrations less
than 1 IJ.g{1. in the original sample. Second, one may con­
struct synthetic systems and study coordination chemistry
at concentrations less than 10- 6M'. It is not possible to do
this type of study with most of the normally used tech·
niques. The main drawback to the use of polarographic
means for measuring methylmercury concentrations is
that the peak potential is dependent upon the solution
conditions. However, this problem can be eliminated if
sufficient care is taken to devise extraction procedures
which yield reproducible solution conditions in the final
solution.

Received for review June 6, 1973. Accepted November 29,
1973.

Mixed-Potential Mechanism for the Potentiometric Response
of the Sodium Tungsten Bronze Electrode to Dissolved
Oxygen and in Chelometric Titrations

P. B. Hahn, I D. C. Johnson, M. A. Wechter. 2 and A. F. Voigt

Department 01 Chemistry and the Ames Laboratory-USAEC, Iowa State University. Ames. Iowa 50070

Evidence is presented showing that an adsorption mech­
anism which was proposed in earlier work to explain the
potentiometric response 01 the NaxW03 electrode in al­
kaline solution is not correct. The potential response to
dissolved oxygen in alkaline solution and the potential
shift observed at the equivalence point in Iilrations 01

melal ions in ammoniacal solution with EDTA are ex­
plained by a mixed-potential mechanism. The potential is
established as a result 01 the spontaneous oxldalion 01

the Na. WO, electrode by dissolved oxygen. These re­
sponses were lound 10 be unique to the cubic NaxW03
among all the highly conducting alkali metal tungsten
bronzes.

Sodium tungsten bronzes, ,highly conducting nonstoi·
chiometric compounds of formula Na.WO, (0.5 < x <
0.9), have recently been demonstrated to be useful as po-

tentiometric indicating electrodes in alkaline solution for
the determination of dissolved oxygen and for indicating
the equivalence point in chelometric tit rations of many
metals with EDTA (1-3). The response to dissolved oxy­
gen in the 0.2-8 ppm concentration range in O.IM KOH­
ImM EDTA was determined to be a linear function of the
log of O2 concentration with an unexpected large slope of
approximately 120 mV{decade. For chelometric titrations
in ammoniacal solution. negative potential shifts of 50-

I Present address. Radiation Management Corp.• Philadelphia.
Po. 19104.

2 Present address. Southeastern Massachusetts University,
North Dllrtmoutn. Mass. 02747.

(1) P. B. Hahn. M. A. Wechler, D. C. Johnson. and A. F. Voigl. Anal.
Chem.. 45. 1016 (1973).

(2) M. A, Wechler, P. B. Hahn. G. M, Eberl, P, R. Monloya. and A, F.
Voigl, Anal. Chem .. 45, 1267 (1973),

(3) P. B. Hahn. Ph.D. Thesis. Iowa Slate University, Ames, Iowa, 1973.

ANALYTICAL CHEMISTRY, VOL. 46. NO. 4, APRIL 1974 • 553



150 mV were observed at the equivalence point when
0.01-2.5 millimoles of metal ion were titrated with EDTA
in the presence of dissolved oxygen. Moreover, substantial
potential shifts were obtained in the titration of such elec­
troinactive species as calcium(ll). magnesium{n), and zinc·
(il) without the presence of an eleclroactive metal cat·
ion. Additional details concerning the response of the
tungsten bronze electrodes may be found in References
1-3.

These observations cannot be explained in terms of siro·
pie oxidation-reduction reactions. The Neenst equation
predicts either 0 15 or 30 mVjdccadc response for the re­
duction of oxygen to water or to hydrogen peroxide. much
less than the 120 mV/decade response experimentally ob­
served. The apparent response 10 electroinoctive species
in the chclometric tit rations also cannot be explained on
the basis of simple redox reactions.

Very earty in the course of these investi~ations. 0 corre·
lation was made hetween the unique behavior of the
NaxW03 electrode and the pr""ence of hydroxyl ion. The
electrode potential is a function of hydroxyl ions exhib·
iting a negative shift with incrcnsin~ concentration. At
low pH. there is nCKligible potentiometric response to oxy­
gen and to reducible metals (I. 2).

A mechanism was proposed for the response of the
Na,rW03 electrode on the basis of adsorption of the nega·
tively charged hydroxyl ion (I. 2). Numerous examples of
adsorption mechanisms can be cited for the response of
ion·selective potentiometric electrodes developed in recent
years (4, 5). A similar mechanism would explain the re­
sponse of the NaxW03 electrode if uncharged oxygen mul·
ecule. are strongly adsorbed at the electrode displacing
hydroxyl ions and causing a positive potent.ial shift. The
success of EDTA titrations could he similarly explained
only if the metal cations titrated are nrlsorbed displacing
hydroxyl ions.

Observations from subscquent experiments, including
voltammetric studies of the NaxWQ3 and other alkali­
metal tungsten bronze electrodes in alkaline solution.
place serious doubt on the adsorption mechanism. Spon­
taneous oxidation of the Na,rW03 electrode and reduction
of dissolvcd oxygen was demonstrated at potentinls in the
same potential rej{ion os the potentiometric response.
These observations arc consistsnt with those of Strauma­
nis (6, 7) who demonstrated the oxidation of NsXW03 to
WO.2- (tungstate ion) during prolonged contact with al­
kaline solutions of oxidizin~ agents such as oxygen, sodi­
um peroxide, and silver(ll. The potential of the NaxW03
electrode is now concluded to he a mixed potential result­
ing from the spontaneous reaction of the electrode with
the oxidizing agents in the solution.

Mixed potential phenomena have been discussed hy
various authors (8-12) and 8re considered 10 arise when a
nonequilibrium state exists involving two or more elec·
trode processes. Such a state is associated with n sponta­
neous change at the electrode surface whNe simultant"Ous
oxidation and reduction occur. The algebraic sum of the

(4) "Grass ElectrOdes lor Hydrogen ana Other Cations," G. Eisenman.
Ed .. Marcel Dekker, New York. N.Y.. 1967.

(5) "lon·Seleclive Electrodes," R. A. Ours!. Ed.. National Bureau 01
Standards Special Publication ·314. U.S. Go....ernmcnt Prinling 01­
fice. Washington. D.C.• 1969.

(6) M. e. Straumanis. J. Amor. Chem. Soc.. 71, 679 (1949).
(7) M. E. Straumanis and S. S. Hsu, J. Amer. Chem. Soc.. 72. 4027

(1950). .
(8) C. Wagner and W. Traud, Z. Electrochem.. 44, 391 (19381.
(9) J. Koryta. J. Dvorak. and V. Bochackova, ··Electrochemislry."

Methuen and Co. Ltd., London. England, 1970, pp 318-21.
(10) O. Gray and A. Cahill, J. Efectrochem. Soc., 116,443 (1969).
(111 J. M. Herbelin. T. N. Anderson, and H. Eyring. Electrochim. Acta.

15. 1<55 (1970).
(12) J. O·M. Bockris and A. K. N. Reddy. "Modern Electro·Chemistry,'·

Vol. 2, Plenum Press, New York. N.Y., 1970.
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partial currents at the electrode, iC8thlJdlc + ianodlc. must
be equal to zero and, since the partial currents are related
to electrode potential. the mixed potential satisfying the
condition of zero net current is established. If the voltnm·
metric polarization curves of the cathodic and anodic pro·
cesses can be individually determined, the value of the
mixed potential can be calculated graphically by the
method of Wagner and Traud (8) or mathematically if
representative equations can be written for the Tates of
the partial cathodic and anodic processes (ID, 1I).

EXPERIMENTAL

Malerials and Apparatus. Thl' tllng~ten bronze crystals used
for electrodes were cubic sodium tun~slen bronze, !\O.lW03 (x =
0.6.1) and 0.;9); cubic lithium tunJtslcn brunzt. l.izW03 b :::!!!:

0.3S); tetragonal pOlss..",ium tungsten bronze, K,rW03 (x ~ 0.5);
and hexagonal potassium, rubidium, and n~sium tungsten
bronzes (x ~ 0.3). Uctnils of the bronze preparatiun (13) and
electrode fabrication (14) arc presented elsewhcre.

All solutions were prepared from reSJ,l:ent grade chemicals and
dciunized waler. Gases used to estuhlish R given oxyglm concen·
tration in solution were dry 99.99SCJ, nitrogen, 99.69, {)xy~en, Mo·
theson "Z~ro" grade air. and sp(.·cific oxygen-nitroJ::cn mixtures
(10.12. 3.2i. 0.99. 0.35. and 0.10% O2 hy \"olume) prepared and
anolyzed (*2% relative) by Matheson (jas Products.

Potential measurt>menls .....ere mudl' with a Beckman Zemmatic
55-3 pH ml'ter using It saturoll·d calumel electrode as reference
electrod<.'. Voltammelric meaSUrelll<'nls .....ere made with a l.eeds
and Northrup. Eleclro-Chemo~raph~1ndel E polaro~raJlh using a
large area saturated calomel refNcncc electrode (1.';).

Procedure. The response 10 metal ions in the 10- 6 to 10 2M
concentration r8ng~ was performed in 1.0M NH 40H by dilutin~

f>-~I to IO-ml uliqllots uf the appropriute O.IM or U.OIM ml'tal so·
lution to 100-200 ml. The titration of I millimole of calcium{lI)
with O.IM disodium elhylenediamine It.'lrnacetale (EUTAI IInd
0.:1 millimole of EDTA with U.IM CnCl 2 was also pl'rforJIlt'd in
IM NH40H. The rcsponst' to dissolved uxyg-en W3!:1 del('rrnincd in
O.lM KOH-lmM EDTA by equilibrating tht' sulution with air or
onc (If the five pre-mixcd g-ases und measurinl-( the potential of the
bnmze electrode L'S. a SCE electrode after the IHJ1ential reached n
steady-state value (approximutely 10 minI. Thl' temperature of
the solution was maintailll'd at 1:' * 1 °c usin~ 11 constant tem­
perature bllth. Solutions were stirrerl ma~nctil'aHy fur all poten­
tiometric nlt.'lIsurements.

Voltarnmctric studies were pC,!rrurmt>d ..... ith mtnting bronze
electrodes Ilt :100 rpm. Vo1ta~c sntns were from pusitive to nega·
tive 01 a.200 ViOlin. Thl' concclllflitiuns of di5....ol\'~d oxy~en w('('
established as ciesnibed fur potentimnetri,' mcasllr~mcnt~ usill~

the appropriate ~us mixturl'.

RESULTS AND DISCUSSION

Figure 1 illustrates the pot.entiometric response of se\,·
eral alkali·metal tungsten bronze electrodes to dissolved
oxygen in O.IM KOH-lmM EDTA solution. The cuhic
NaO.6:)W03 electrode exhibited the greatest response
(-120 mV/decade) and a linear potential·logIC(02)! rela­
tionship. The hexagonal Hb0.3W03 and "O.3WO, elec·
trodes showed virtually no response and the cuhic
Li0.3,W03 exhibited a marginal :lO mV/decade response
10 dissolved oxygen. Si~nificant response (60-80 mV/
decade) was observed for the hexagonal CSO.3WO, and
tetragonal Ko.:)\VO.1 electrodes but Ihese electrodes re­
sponded much more slowly and much less rcproducibly
than the Nao.•,W03 electrode.

The potentiometric response of the ~aO.6:i\V03 elee·
trode to a number of metals in IM NH-tOH is presented
in Figure 2. Response was found to be limited to those
species which are easily reduced in aqueous solution. Re·
sponse to calcium(I1) and other elcctroinactive species was
extremely sma~1 while the responses to silver(l) (80-150

(13) H. R. Shanks, J. Crystal Growth, 13-14,433 (1972).
(14) M. A. Wechler, H. R. Shanks. G. Carter. G. M. Ebert, R. Gugriermi.

no. and A. F. Voigt. Anal. Chem.. 44. 850 (1972).
(151 A. I. Vogel. "Ouantilalive Inorganic Analysis," John Wiley and

Sons. New York. N.Y.• 1961.
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and that the potential establisbed at tbe electrode is a
mixed potential.

The effect of varying the concentration of dissolved oxy­
gen on the mixed potential is schematically illustrated in
Figure 4. RA!presented in tbis figure are tbe anodic wave
for tbe oxidation of the NazWO. electrode in 0.1M KOH­
ImM EDTA and a series of catbodic waves for the reduc­
tion of oxygen at various concentrations (C, < C. < C. <
C.). The anodic wave is tbat obtained in a nitrogen·satu­
rated solution while the cathodic oxygen waves were esti­
mated by substracting the anodic wave from the net l-E
curves obtained in tbe presence of oxygen (Figure 3). The
condition of equal and opposite anodic and catbodic cur­
rents (zero net electrode current) to establish tbe mixed

POTENTIAL vs SCE IV)

Flgur. 3. Vollammetric curves of NaO.6SWOJ electrode In 0.1M
KOH-lmM EOTA as a function of oxygen eoncentration. * =
open circuli potential In a nUrogen·saturatect solution

FORMAL COOCENTRATION tU)

F~ure 2. Potentiometric response 0' the Nao..,WOJ electrode
to several species In 1M NH.OH

.~oo~l -_-_-_-_-_-_-_-_-_-_-_-_-~lol::wo:3~~~}i!

.~ ~3~ j

.~

~ ;"';K~5W03
::; / //'

~'600i~/

~-700f /
-800- / ""o65wo,
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%~ IN EOUIUBRATING GAS

Figure 1. Oxygen response of hexagonal Rbo.3WOJ. KO.3W03.
and Cso.JWOJ · electrodes. and cubic L10.3!1W03. tetragonal
KO. 5W03 and cubic NaO.6SWOJ electrodes in O.1M KOH-1mM
EDTA

mVIdecade), ferricyanide (l80-300 mVIdecade), and cop­
per(1l) (-125 mVIdecade) were very large, paralleling
that for oxygen in alkaline solution. Tbe responses of
other alkali-metal tungsten bronzes to oxidizing agents in
1M NH.OH were less than for Na.WO•. The responses to
copper(U) were 3(}-40 mVIdecade.

Serious doubt was placed on tbe adsorption mechanism
proposed in earlier work following the observations that
the sodium tungsten bronze electrode responded only to
oxidizing agents. The absence of response to calcium(lI)
and other electroinactive species was not consistent with
the proposal that these species were causing the desorp­
tion of hydroxyl ion at the electrode surface and the ob·
served potential shift at the equivalence point of chelomet·
rie titrations.

Current-potential (I-E) curves obtained at a
Nao...WO. clectrode ill O.IM KOH-ImM EDTA for sev­
eral oxygen concentrations are presented in Figure 3. Tbe
curves were recorded scanning E from -0.4 to -1.5 V vs.
SCE. The l-E curve exhibits the expected cathodic wave
for the reduction of H,O to H, at approximately -1.5 V
vs_ SCE. Also observed is an anodic wave beginning at
-1.0 to -1.2 V vs. SCE, becoming extremely large at po­
tentials more positive tban -0.5 to -0.6 V vs. SCE. Tbe
anodic wave is attributed to the oxidation of the
Nao.••WO. electrode to tungstate ion (WO.'-). When
oxygen was present, a cathodic wave was observed with a
half-wave potential in the same potential range (-0.6 to
-1.0 V) where tbe Na•.••WO. oxidation takes place. Sim­
ilar voltammetric curves were observed for a Na•.70WO.
electrode.

The existence of tbe anodic (Na.WO. oxidation) wave
in oxygen-free solutions at potentials more negative than
the catbodic (0, reduction) wave provides strong evidence
that spontaneous oxidation of the Na.WO. electrode is
occurring in the presence of oxygen in alkaline solution

ANAlvtlCAL CHEMISTRY, VOL 48, NO. 4, APRIL 1874 :•.155
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Figure 5. Results of wave analyses for anodic and cathodic par­
tial currents Illustrated in Figure 4

x = cathodIc wave for solution equilibrated with 3.3% 0,-96.7% Nz mix·
ture; 0 = anodic wave
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plot of Em vs. 10gICo,"' is expected to be linear with a
slope ofO.OS911p mVIdecade.

Analyses of the anodic wave for the electrode in oxygen­
fr.. solution and the cathodic wave for dissolved oxygen,
corrected for charging current, are shown in Figure 5. A
plot of log ia us. E for the anodic reaction is linear with a
slope tlftn./O.0591 at 25 ·C. A plot of log ~·j(iI.C - ic) vs.
E for the cathodic reaction, where i1•t· is the limiting ca­
thodic current, is linear with slope -acndO.0591 at 25 ·C.
From the measured slopes, 4.l:l and -4.88, (jurI" is 0.244
and a,11c is 0.289. The value of p in Equation 3 is 0.533
and the coefficient to 10gIC",1 in Equation 4 is III mVI
decade. This is in excellent agreement with experimental.
Iy observed responses.

The large potentiometric response observed in the de­
termination of oxygen, copper(Il), and ferricyanide is
consistent with other results reported in the chemical lit­
erature. Herbelin et al. (I I) encountered similarly larKe
potentiometric responses (125-250 mVIdecade) for ceri­
um(lV) and iron(III) when studyinK a mixed potential sys·
tem involving the cerium(lVl/cerium(III) and iron(III)1
iron(II) redox couples.

Responses larger than observed in this sludy could be
obtained under unique conditions. If the cathodic current
for the reduction of dissolved oxygen were diffusion limit·
ed, it would be directly proportional to the concentration
of oxygen and independent of the electrode potential. A
tenfold increase in the oxidant concentration would result
in a tenfold increase in the cathodic partial current which
in turn would require a tenfold increase in the anodic par­
tial current to satisfy the condition of zero net current. It
.is evident from the wave analysis for the anodic wave
(Figure 5) that this increase in' anodic current would re·
quire a 250·mV shift in the mixed potential of the elec·
trode.

The mixed·potential mechanism also provides excellent
explanations for several sOCondary observations associated
with the oxygen response of the NaxW03 electrode (,1).
Any factor influencing either the rate of NaxW0 3 oxida·
tion or the rate of oxygen reduction will subsequently
alter the mixed·potential response of the electrode. An en­
hanced response in the presence of trace silver(l) is ex­
plained in terms of trace silver depositing on the electrode
and catalyzinK the oxygen reduction. The poor oxygen re·
sponse of NaxW0 3 electrodes with low r value in LiOH is
thought to be due to an adsorbed LixW03 layer inhibiting
the bronze oxidation reaction. The day·to·day variations
in electrode response to dissolved oxygen and the depen­
dence of the potential on stirring rate can also be under·
stood in terms of the mixed·potential mechanism.
Changes in electrode surface characteristics may result

(5)

(3)

(4)

Figure 4. Schematic diagram illustrating the establishment of
the mixed potential as a function of oxygen concentration

Per cenl 021" gas mixture: Cl. 1%; C2• 3.3%: Cl. 10%. and C•• 100%

potentials is represented by the vertical dashed lines for
the various concentrations of dissolved oxygen. The shift
of the mixed potential toward positive values with in·
creasing dissolved oxygen concentration is clearly i1lus·
trated.

Assuming the back reactions are negligible for the anod·
ization of the tungsten bronze electrode and the reduc·
tion of dissolved oxygen, the net electrical current is given
by Equation 1.

In Equation I, the subscripts c and a denote that the
designated quantities apply to the cathodic and anodic
half.reactions, respectively, and a, and lift are empirical
coefficients. The surface concentration of dissolved oxygen
is Co,. At in.. = 0, E = Em and

where

2.3RT .Jn'k'} 2.3RT
Em - pr 101;1n,k, + /iF loglCo,!

Solving Equation 2 for Em,

p - p,n,'+ a,.n,

Equation 3 is of the Nernstian form and at 25 'C

E E +°.0591 1 le Im-, -P-ogo,

H the cathodic partial current is negligible in comparison
to 'the .Ii1niting current for the reduction of dissolved oxy·
gen, Co;. equals tbe bulk concentration of oxygen, Co.". A
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Figure 9. Voltammetric curves 01 cubic UO.35W03 electrode In
oxygen and nitrogen-saturated O.lM KOH-l mM EDTA solutions
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Figure 8. Voltammetric curves for the .Nao.65W03 electrode in
lM NH,OH showing ellect of added EDTA

um(ll) with EDTA and the titration of EDTA with CaCl.
(Figure 6). Voltammetric curves of the Nao...WO. elec­
trode in 1M NH.OH at several copper(ll) concentrations
are presented in Figure 7. A positive shift in the mixed
potential (i..., = 0) with increasing copper(II) concentra­
tion is demonstrated. In the complexometric titrations of
ca1cium(ll), copper(ll) and other oxidizing agents were
absent. The shift in the mixed potential at the equiYa~

ir~~"c
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Figure 7. Voltammetric curves of NaO.65W03 electrodes in 1M
NH"OH as a function of Cu(ll) concentration

0 •• = open circuli potentials

-6~O~

Figure 6. Titration of 1.0 millimole Ca2 + with 0.1M EOTA and
0.3 millimole EOTA with 0.1M Ca2+ with zero (x) and 5 X
1O-5M(0) addedCu(ll)

-'50

·450

-600

from the slow dissolution of Na.W03 and possibly cause
alterations of the anodic and cathodic reaction rates and
the oxygen response. The shift in potential toward more
negative values at slow stirring speeds is a result of a de­
crease in the rate of mass transfer of the electroaclive
species and the consequential decrease of the cathodic
partial currents.

The substantial positive shift in the potential of the
NaxW03 electrode at the equivalence point in EDTA ti­
trations of electroinactive sPecies can also be explained by
the mixed-potential mechanism. Evidence was found that
trace copper(ll) or some other oxidizing agent with a large
formation constant for its EDTA complex would indeed
act as a potentiometric indicatOr in these titrations. The
addition of 1.3 X lO-'M copper(ll) resulted in significant­
ly larger potential breaks in both the titration of calci-
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Flgur. 11. Vollammetric curves of hexagonal Rbo.3W03 elec·
trode In oxygen and nllrogen·saturated O.lIA KOH-lmM EOTA
IOlutlon

* • open circuli potential In nitrogen-saturated solution

lence point is actually due to the presence of EDTA. Fig­
ure 8 presenla voltammetric curves for the Nao...WO.
electrode in nitrogen and air-saturated IM NH.OH show­
ing the effect of EDTA at a concentration of 1.3 x lO-·M.
The presence of trace EDTA shifts the anodic polarization
wave for the oxidation of the Nao.••WO. electrode to more
negative potentials by 120-140 mY. This shift in the an­
odic wave results in a similar shift in the mixed potential
establi.hed from the spontaneous oxygen reduction­
Na.WO. oxidation reactions and explains the potential
break observed at tbe equivalence point in the chelomet­
ric titrationa.

Both the large oxygen response and the large potential
break in EDTA titrations are unique to the cuhic sodium
tungsten bronze electrodes. Voltammetric curves for sev­
eral other highly conducting alkali metel tungsten bronze
electrodes in 0.1M KOH-lmM EDTA are presented in
Figures 9-12. Immediately apparent is the absence of any
bronze oxidation wave at potentials between -0.5 and
-1.0 V vs. SCE in oxygen.free solutions. The stability of
these bronzes toward oxidation by dissolved oxygen is
cop.si.tent .with their poor performance in responding to
dissolved oxygen and in detecting the end point in chelo­
metric titrations.

,The observations that cubic Lio",WO. and hexagonal
C.....WO. exhibit some response and hexagonal Ko.•WO.

~ • ANALYTICAL CHEMISTRY, VOL. 46, NO. 4, APRIL 1974
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Figure 12. Voltammelric curves of hexagonal KO.3W03 electrOde
in oxygen and nitrogen·saturated O.lM KOH-1mM EDTA solutions

* = open circuil potential in nltrogen·salurated solutions

and Rbo.•WO. exhibit essentially no response to dissolved
oxygen can be rationalized from their voltammetric waves
and the mixed-potential mechanism. For both the
Lio.••WO. and Cso.•WO. electrodes. the cathodic oxygen
wave begins at more positive potential than the open cir­
cuit potential in oxygen-free solution as required for re­
sponse. However. the anodic wave is not in the region of
the mixed potential. For the hexagonal Ko.•WO. and
Rbo.3WO. electrodes, the oxygen waves begin at more
negative values of potential than the open circuit poten­
tial in oxygen-free solution. In these instances, dissolved
oxygen is not a sufficiently strong oxidizing agent to par­
ticipate in establishing a mixed potential and no response
is noted.
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Mechanistic Studies Using Double Potential Step Chronoamplometry
The EC, ECE, and Second-Order Dimerization Mechanisms

R. Joe Lawson 1 and J. T. Maloy

Department of Chemistry, West Virginia University, Morgantown. W. V. 26506

at a potential at which the concentration of R at the elec­
trode surface is zero, the current semiintegral met) at any
time t is given by

1 Present address, School of Chemical Sciences, University of 11·
linois at Urb~n8.Champaign.Urbana. Ill. 6180l.

(1) K. B. Oldham. Anal. Chem.• 44, 196 (1972).
(2) M. Grenness and K. B. Oldham. Anal. Chem.• 44, 1121 (1972).
(31 P. E. Whiston, H. W. VandenBorn. and D. H. Evens, Anal. Chem..

<5.1298 (19731.

Semiintegration of current-time data in potent.ial step
and potential sweep experiments has been proposed as an
analytical method because the current semHntegral may
be proportional to the concentration of the electroactive
species present (l). More importantly, the current semiin­
legral has been shown to achieve a constant value inde·
pendent of the way the potential is changed from its ini·
tial value, so long as the concentration of electroactive
species is virtually zero at the electrode surface (2). If a
reactant R is oxidized or reduced to a product P in the
electrode reaction

where n is the number of moles of electrons transferred
per mole of R. F is Faraday's constant. A is the electrode
area. C is the bulk concentration of R, and V is the diffu­
sion coefficient of species R (2. 3). The invariability of
m(t)renders it particularly inviting to those engaged in
the study of the kinetics of homogeneous reactions fol­
lowing an electrode reaction; variations in current. ;(t), or
charge. Q(I), during a short time experiment limit the ef­
fectiveness of these parameters in the study of the rates
and mechanisms of following reactions. Thus, douhle po­
tential step chronoamplometry, the study of m(t) in a
double potential step experiment, may' offer important
advantages over conventional chronoamperometric and
chronocoulometric techniques in these mechanistic stud-

S,,(t) = 0 For I <; I(

S,it) - I ForI> I(

Substitution of Equation 4 into Equation 3 yields

m(t) I f.' d>'
IlFACD'" =;;: 0 VMI _ >.) = 1 ForO < I <; t(

(5)

a result identical to Equation 2, and

m(t) I f.'1 d>' 2 sin-1 /fl.tl
IIFACD'12 =;;: 0 '1>'(1 - >.) -:;r VI

Fort;;' t l (7)

m(t) If' cL\
IIFACD'" = 1 - ;;: 'IJV(F.>'=~tf~X;;'t==C>''''') - 0

Fort> I( (6)

Thus. in kinetically uncomplicated double potential step
chronoamplometry, the disappearance of the semiintegral
L. observed at all times after the second potential step.

If the product of the initial electrode reaction is deplet­
ed so rapidly by the following chemical reaction that there
is no current after the second potential step, the semiin­
tegral may be written

(4) K. B. Oldham and J. Spanier, J. Eleclroana/. Chem. Interfacial Elec~
trochem., 26.331 (1970).

(5) T. Kambara. Bull. Chem. Soc. Jap.• 27. 523 (1954).

THEORY
The current semiintegral has been defined (3. 4) as

I i'i(>')d>'
m(t) = 71"" • 'It _ >. (3)

and may be regarded as that operation which, when per­
formed twice on the function i(t), results in Q(t); hence,
performing the operation once, as in Equation 3, results in
semiintegration. In the double potential step experiment
at a planar electrode when the potential is stepped from
an initial potential Eo, where no faradaic process takes
place. to a potential E,. where the electrolysis of R takes
place at a diffusion-limited rate for the time interval tt,
and then stepped back to the potential £2, where the
electrolysis of P occurs under diffusion-limited conditions,
the current in the absence of kinetic complications is
given (5) by

. nFACD"'[ I S,,(t)]
Ill) =~ t'" - (t _ t()'" (4)

In this equation, StIlt) is the unit step function which is
defined

ies. Contained herein are working curves obtained from
the semiintegration of digitally simulated double potential
step current-time curves; these working curves illustrate
the utility of the current semiintegral in kinetic studies
and serve as a theoretical basis for this novel use of the
semiintegral in mechanistic studieg.

(I)

(2)m(1) = IlFACD'"

R ± /le - P

Chronoamplometry, the study 01 the current semllntegral
m(l) In the potential step experiment, Is suggested as a
method lor InYestlgating the rates and mechanisms 01
chemical reactions lollowlng electrode reactions. Work­
Ing curves obtained through exacl methods and through
dlgllal simulation are presented to assist In the determi­
nation 01 reaction mechanisms and In the eyaluatlon 01
rate constants 'or the Ee. ECE, and second-order dimeri­
zatlon mechanisms. Because 0' the constancy (or near­
constancy 01 m(l) at all points In the double potential
step experlmenl. the uncertainty In the determination 01
m(l) Is shown to be small wllh respect to that associated
wllh the determination 01 either the current or the
charge; thus, chronoamplometry is proposed to be supe­
rior 10 either chronoamperometry or chronocoulometry in
the study 01 subtle yarlations necessary lor the elucida­
tion of reaction mechanisms.
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was assumed at E2, both occurring under diffusion-limited
conditions. The effects of three different kinetic complica­
tions were simulated; these mechanisms are similar to
three of those considered by Imbeaux and Saveant (6) in
their recent development of convoJutive potential sweep
voltammetry. In each case the kinetic perturbation leads
to the electroinactive entity X:

Mechanism Ee, (first-order ec)-in this case, the kinet­
ic complication was

80 that in the limit of very fast following reaction, m(2t,)
is equal to one half m(t,).

Equations 6 and 7, then, represent the extreme condi­
tions in the semiintegration of i(l) in the double potential
step experiment. To investigate the effects of kinetic com­
plications at intermediate times, digital simulation was
performed to obtain kinetically perturbed i(t) curves for
semiintegral transformation. In each of the mechanisms
considered, the reaction given by Equation 1 was assumed
at El while its reverse

p'f ne - R (8)

DIGITAL SIMULATION

x'14 (x'14)' (x'14)'
I,,(x) = I + TIfj2 + (2!)' + (3!)' + (16)

(171

IIH)

tit = ',IL
The diffusion coefficients of all species were taken to be
equal. During each iteration. the dimensionless current
was calculated as the quantity Z(t) where

T i(l}/i ll :':'

7./f) = "FACDlI'

The digital simulation procedures for obtaining modi­
fied current-time curves have been described previously
(9) and copies of the Fortran program used are a,.ailable
upon request. In these simulations, t, was represented by
L iterations so that j,t, the duration of a single iteration.
was given by

to obtain a numerical solution for m (t) at any value of kIt
=:; kIt,. The numerical evaluation of m(t) may be com­
pared with that obtained through digital simulation to
test the validity of the simulated curve.

(9)p ~ X

Mechanism EC2 (second-order dimerization)-with the
kinetic complication

where hI is 8 first-order rate constant.
Mechanism ECIE (first-order ece)-where the kinetic

complicat ion was

(61 J. C. Imbeault and J. M. Savean!. J. f/eetroanal. Chem. Interfacial
Eleetroehem.. 44.169 {19731.

(7) G. S. Alberlsand I. Shain, Anal. Chem., 35, 1859 (19631.
IS) M. Abramowilz and I. A. Stegun, "Handbook of Mathematical Func­

lions, Applied Mathematics Series No. 55," National Bureau of
Standards, V.S. Governmenr Printing Office, Washington, D.e..
1965. p 375.

where h2 is 8 second-order rate constant.
After the effect of one of these kinetic perturuations

upon i(t) had been determined for 8 particular value of
the dimensionless rate constant h)t,C) -I (where j is the
order of reaction in the rate determining step), the simu­
lated current-time curve was semiintegrated at selected
points along the curve.

For the EC1E mechanism the current on the forward
step has been shown (7) to be

ill) - ("FACDI/'I{iriX2 - e-·.') (13)

for t :5 t,. This may be substituted into Equation ;i in an
attempt to obtain an analytical solution for the kinetically
perturbed semiintegral

~ _! ('(2 -e-',')dX
"FACDIU 11" Jo~ (1~)

Although this integral resists cvaluation with elementarv
functions, it may be expressed .

m(/)
"FACDI/' = 2 - e-',"'I,,( lilt 12) (15)

where 10 (11,1/2) is the zero order modified Bessel function
of the first kind. This modified Bessel function ma,. be
computed through the expansion (8) -

(20)

where t = k:>t and X = j :>/. The term ';,:>t was included
in the denominator of the sum because Z(t), and hence
jet). was calculated at the mid-point of each j,t interval;
thus, eal'h current term in the sum was divided by the
square root of its distance from the upper limit of integra­
tion. Combination of Equations 17. 18, and 19 results in
the form used to semiintegrate Zu)

m(k4.t.!.... _ -'I;i Z(j till
JlFACD'u - (1I"L) i.,Vk j + y;

HESULTS ANU UISCUSSION

The value of kt,CJ-l was defined as an input parameter
at the uutset of an individual ~imulation, and Z(t) was
obtained at ,j,t intervals for all t in the range 0 < t :S 2t,.
The resulting current-time curve was numerically semiin·
tegrnted and integrated to obtain dimension less represen­
tations of hoth m(t) and (i(t). A new valoe of khCJ I

was then selected, and the entire process was repeated.
The numerical semiintegration of Z(n was obtained

through the series equivalent of Equation 3

m(k:lt) = J....ii i(jtit)til (191
11"'1' i-' Vk.:lt jtil + y;tit

(9) W. V. Chllds, J. T. Maloy. C. P. Kcszlhelyi. and A. J. Bard. J. flee­
tfochem. Soc.. 118,874 (1971)

The semiintegrated results of several simulations are
shown in Figure 1. That there is good ag-reement between
the simulatcd results and Equations 5. 6, and 7 is !ihown
by curves a and e. The rounded portion of curve a does
not agree wit.h Equation 6, but this is to ue expected
within a few iterations of the switching point,

There are two possible sources for this deviation be­
tween Equat.ion 6 and curve a in t he vicinity of the
switching point.: the digital simulation of the current-t.ime
behavior or the numerical semiintegration of the simulat­
ed i(l) curve. Since numerical semiintegration of the exact
ill) behnvior lEquation 41 results in a nearly identical
m(l) curve. one may conclude that t.his discrepancy is due
primarily to the method selected to semiinteg-rate t.he
simulated i(t) curve rather than an error in the simulation
itself. The method emplo;'ed herein has heen found to
give slightly better result.s than one employed previously
(2) in those coses where exact solutions exist for compari­
son; thus. it seems reasonable to assume that the good~

(Ill

(10)

(12)I'+P.!4x

p .!4 P'

with p' subsequently electroactive at El

P' ± ne -- X
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'I"
Figure 1. Simulated results 01 double potential step chronoam·
plometry under the influence 01 kinetic complications

All curves are the results 01 simulallons wilh L = 1000. Curve a: Mecha­
nism Ee" EC,E. and Eel wllh kJftCJ-' = 0.001, Curve b: Mechanism
Eel with k2t,C = 1.0. Curve c: Mechanism Eel with kit, = 1.0. Curve
d: Mechanism EC,£ with kit, = 1.0. Curve e: Mechanisms Ee, and Eel
in the limit of large khO-'. Curve f: Mechanism EC,E in the limit 01
large klt(

ness-of-fit in the vicinity of the switching point may be
improved only by increasing the number of points sam·
pled in this region. This was not deemed necessary, how­
ever; as t approaches 2t, and the number of iterations be­
comes large (-2000), both curves a and e approach the
values predicted by Equations 6 and 7. This indicates that
the numerical semiintegration is most reliable when the
number of iterations is large. For this reason, points were
selected for the working curves presented below so as to
avoid time intervals represented by a small number of it­
erations.

Curves b, c, and d show the effect of intermediate ki­
netic perturbations upon met). Eacb curve was simulated
with kjl,Cl-l set equal to unity. It may be noted that
m(t) is neither zero nor constant after the switching point
if there are kinetic complications; however, the slope of
m(t) after the switcbing point is small enough (maximum
relative slope at t = 2t, is -0.3) that its value can be de­
termined at any point with a higb degree of certainty.

Curves a, d, and f of Figure I show typical results ex­
pected with a system governed by the EC,E mecbanism.
Here, met) is not constant after tbe first potential step
because the second electrode reaction contributes to the
current. Since n is the same in both reactions, met) dou­
bles in the limit of large k,t, The simulated variation of
m(t) with kIt is shown as the working curve in Figure 2.
Superimposed on this working curve are several points
evaluated through Equations 15 and 16; the agreement
between the simulated working curve and that obtained
tbrough the modified Bessel function is. within the uncer­
tainty of electrochemical measurement. This working
curve is similar to anotber previously published for this
mecbanism (10); however, the working curve in Figure 2
shows the variation of met) rather than tbe variation of
i(tH1f', Since analog i1l5trumentation is presently avail·
able to obtain met) directly (11), this working curve en-

(10) M. D. Hawley and S. W. Feldberg. J. Phys. Chem.. 70. 3459
(1966).

(11) K. B. Oldham. Anal. Chem.• 45. 39 (1973).
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Figure 2. The chronoamplometric working curve for the single
potential step study or the ECIE mechanism. The curve is the
result o( the digital simulation and the poinls represent the exact
solution (Equation 15)

Table I. Numerical Working Curves (m(2t,)/m(/,)
vs. kjl,Ci- 1) for Chronoamplomctric Studies ot
Reaction Mechanisms"

Mecbanian Mod>amom MecbaDiml
JcjftC i- 1 EC, EC1J:: EC,

0.001 0.008 0.009 0.008
0.01 0.013 0.015 0.013
0.10 0.055 0.071 0.055
0.40 0.167 0.200 0.148
1.0 0.301 0.326 0.245
3.0 0.440 0.434 0.354

10. 0.489 0.478 0.431
100. 0.502 0.500 0.487
~. 0.503 0.502 0.498

"Ill _ch aimulation. L _ 1000. 'For Eel and ECiE. kl" - 1000; fot
EC:. /ell,e - 600.

abies one to study the EC,E mechanism througb compari­
son with directly obtainable experimental data, tbereby
eliminating the need for tedious data treatment.

While single potential step metbods are sufficient for
the EC,E mechanism, double potential step techniques
must be employed for the other mechanisms treated be­
cause met) is C01l5tant before the second potential step in
eacb of these reaction schemes. One acceptable working
curve for these mecbanisms is tbe quantity m(2t,)jm(t,)
as a function of kjl,C'-', and this is given for eacb mecb­
anism in Table I. The working curves presented in tbis
table and Figure 2 enable one to distinguish between
tbese mecbanisms and to determine tbe rate COIl5tanta for
the bomogeneous reactions througb double potential step
chronoamplometry_

These working curves are sbown graphically in the
upper three panels of Figure 3. For the sake of compari­
son, the quantities i(2t,)ji(tJl and Q(2t,)jQ(t,) for each of
the mechanisms are also shown_ While times otber tban t,
and 2t, could have been selected for these working curves,
measurements at tbese particular times are obtained easi­
ly experimentally, and botb tbe simulation and numerical
semiintegration are reliable at these points. U these times
are used, it may be seen that the m(t) ratio undergoes a
greater cbange with variations in k1t,Cl-' tban the i(t)
ratio; in fact, tbe ratio for rn(t) almost shows as much
variation as tbe ratio for Q(t). This observation is impor.
tant in mechanistic studies because it is often only
through slight variations in curvature that one mecha­
nism can be distinguiabed from another, and the greater
the relative change in tbe measured parameter, the more
reliably the curvature can be determined. .

The chief advantage of double potential step chn;moam-
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Figure 3. Working curves and uncertainties for the double potential step study of reaction mechanism

plometry in mechanistic studies, however, is the constan­
cy (or near constancy) of m(I). Even though met) is not a
constant after the second potential step for any mecha­
nism, the variation of m(l) is less than the variation of
i(l) or Q(I) for an times during which the homogeneous
chemical reaction influences these parameters. To illus­
trate this point, a quantity proportional to the relative
uncertainty in the measurement of the value of the
time·variant parameter at I, and 2t, was calculated for
each f(l) [either i(I), Q(I), or m(I») at several values of
khCI-'. This was determined hy numerically evaluating
the derivative of each f(l) to obtain the relative slope
V'(I)f{(I)] at I, and 21,. The absolute values of these
quantities were then added to obtain U. a quantity pro­
portional to the relative uncertainty in the determination
of the ratiof(2I,)//(I,):

U _It'll') + /f'(2t,)! (21)
f(I,) f(2t,)

The variation of U with khCI -. for each of the mecha­
nisms is shown in the lower three panels of Figure 3. From
thase grapbs, it is clear that if U is a valid measure of
total relative uncertainty, m(2I,)/m(I,) may be deter­
mined with a greater degree of relative certainty than ei­
ther i(2I,)/i(I,) or Q(2I,)/Q(I,) for any of these mecha­
nisms regardless of I,. This direct result of the invariance
Of'm(I) suggests that double potential step chronoamplom­
etry offers a more reliable way to compare experimental
kinetic data witb theory than either chronoamperometry
or chronocoulometry.

The actual experimental uncertainty in the f(21, )/f(I,)
ratio, of course, is not represented by U. Multiplication of
U by dl. the experimental uncertainty in the recording of
time, would yield relative uncertainty in the ratio deter­
mination. Further multiplication by the ratio itself would
yield the absolute uncertainty i~ the measurement. Even if
U ia multiplied by f(2I,)//(I,) to obtain a quantity propor­
tional io the absolute "ncertainty in the ratio determina·
tion, this quantity is significantly less for m (t) over most of
the range in'which kinetic complications cause a ratio varis-
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tion with variations in I,. (Obviously, since i(2I,)/i(I,)
under the influence of kinetic perturbation approaches
zero in the limit of long I, while m(2I,)/m(I,) approaches
zero as t, approaches zero, the absolute uncertainties in
each of these fatios approach zero in the same limits.) In
addition, this development completely ignores the prob­
lem of charging currents which also contribute to the
overall experimental uncertainty. Indeed, these may even
be a more serious cause for experimental uncertainty in
the determination of f(2I,)/f(t,) than those discussed
above. However, any discussion of the utility of the cur·
rent semiintegral in the determination of charging effects
is beyond the scope and intent of this communication.
The alteration of chronoamplometric data by these effects
is presently being investigated and it is anticipated that
the results of these investigations will be the subject of a
future publication.

CONCLUSIONS

Chronoamplometry has been shown to offer some im­
portant advantages over conventional chronoamperometry
and chronocoulometry in the study of reaction mecha­
nisms. In the study of the EC.E mechanism, variation of
m(l) may be used directly to elucidate the mechanism
and determine the rate constant. In double potential step
studies of any of the mechanisms treated herein, chro·
noamplometry has been shown to lead to more reliable re­
sults because the semiintegral is either constant or varies
slowly with time. The working curves presented above
serve as a theoretical basis for mechanistic studies pres·
ently under way.
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Recording Polarization of Fluorescence Spectrometer-A
Unique Application of Piezoelectric Birefringence Modulation

John E. Wampler and Richard J. DeSa

Department 01 Biochemistry. University 01 Georgia, Athens. Ga. 30602

THEORETICAL

Polarization of fluorescence emission can be measured
by analyzing tbe vertical and horizontal components of
emission caused by excitstion with polarized light. One
simple way to do this is to place a linear polarizer on the
optical axis between the detector and the emission source
(usually the emission is viewed at 90° to the axis of exci·
tation). Under steady illumination, the analyzer is alter­
nately set vertical or horizontal to obtain resdingo for the
two components of the emission intensity. The polariza·
tion. P, is defined by Equation 1 as

where Iv is the vertical intensity component and Ih is tbe
horizontal intensity component. Determining the polariza·
tion of fluorescence in this way, however, is not readily
compatible with continuous measurement of a spectrum
since the polarizer must be turned from venical to hori·
zontal st each wavelength at which P is to be determined.
Mcchanical rotation of the polarizer could be used to
automate these measurements, a procedure employed by
some worker.; (3, 4). The main limitations of this tech­
nique are limited Hme resolution and dependence upon
the polarization sensitivlties of analyzing components.
Another approach to measuring P is to use two photomul·
tipliers (4-8), one analyzing the vertical and one the'hori­
zontal component of the fluorescence. This techniqup. re­
quires careful matching of the photomultiplier.; and the
precision of the results csn be dependent upon the polar­
ization sensitivity of other components of the optical sys·
tern. In addition, such instruments are generally limited
to making polarization measurements. Anoth.r possible
method to measure P would be to fix the analyzer in the
horizontal position and periodically interpose a half-wave
plate between the fluorescent sample and the analyzer.
Since a half wave plate in effect rotates the plane of po­
larization 90°, Ih would be measured without the plate in
place and Iv with it. This method would be impractical
because of the wavelength dependence of half-wave plates;
also, it would require mechanical components if spectra
were to be automatically scsnned. The following theoreti­
cal analysis will demonstrate that the unique method em­
ployed in our instrument is somewhat analogous to this
hypothetical hslf-wave plate method, but results in an in·
strument with no moving parts and with simple, electron·
ic compensation for wavelength dependence. When a fluo­
rescent ssmple is excited with vertically polarized light,
the emission is depolarized because of Brownian rotation
of the emitter, the degree of anisotrophy of the emitting
transition and other fsctor.; (9). The emission can be rep-

This paper describes the action and application of an op­
tical train which can be used to obtain a continuous mea­
sure 01 polarization 01 fluorescence when Incorporated
Into a Iluorlmeter. The optical train consists 01 a piezo­
electric blrefringence modulator (variable retardanee
waveplate) and an analyzlng polarlzer. Theoretical analy­
sis using Mueller calculus 01 the action 01 this optical
train on partially polarized fluorescence shows that the
Intensity Is modulated In time as the cosine 01 a sine
lunctlon and that subsequent components (e.g., the de­
tector) see a light flux 01 varying intensity but fixed polar­
Ization. The optical train has been Incorporated Into a
complete on-line compuler-eonlrolled Instrument system,
which has been programmed to obtain polarization 01 flu­
orescence excitation spectra or polarization dependence
on the temperature-to-vlscosity ratio. The computer al­
lows automated control, such as wavelength stepping,
scan averaging, comparison among spectra, etc. Each
spectrum Is represented by up to 500 data points. The
ellectlve fluorescence bandwidth Is greater than 25 nm
over a range 01 380-700 nm. Circuitry suitable lor analog
signal processing Is described and details of hardware
and computer software are presented with examples of
the performance 01 the whole system.

Fluorescence measurements have become increasingly
useful in chemical and biochemical research because of
their sensitivity, selectivity, and precision. One very use·
ful analytical fluorescence parameter is emission polariza­
tion which aids in the analysis of electronic structure and
the molecular movements of biomolecules. However, po­
larization excitation fluorimetry has been exploited by
only a few investigator.;, presumably beesuse of the re­
quirement for specialized instrumentation. In this paper,
we describe a simple instrument capable of collecting high
precision polarization of nuorescence spectra. Our instru·
ment uses a piezo·optical birefringence modulator in an
arrangement not previously described; no moving or rotat­
ing parts are used and only one photomultiplier is re­
quired. Significantly, the sample cell is bracketed by fixed
excitation and emission polarizers making the polarization
sensitivity of other components (e.g., monochromators,
filter.;, photomultiplier, etc.) irrelevant. The optical com­
ponents of the system could resdily be adapted to most
scanning fluorimeters without in any way altering their
normal function. We have used an on·line digital comput·

. er system U, 2) to control the instrument described here,
but we a)so present analog circuitry suitable for processing
the signal from the fluorimeter to give a direct readout of
polarization.

I, - I hp----
I, + h

(I)

(1) J. E. Wampler and R. J. OeSa. Appl. Spectrosc.. 25,623 (1911).
(2) R. J. DeSa. In "Computers In Chemical and Biochemical Research."

Vo1. I C. Klopfenstein and C. Wilklns. Ed.• Academic Press. New
York. N.Y.. 1912.

(3) J. tavone!. C. Vernoue. B. Arrlo. and F. Rocher. Bloeh/m/e. 5., 161
(1972).

(4) R. H. McKay. Arch. Bloehem. B/ophys., 16.438 (1969),
(5) D, A. Deranleau. Anal. Blochem.. 16. 438 (1966).
(6) G. Weber and B. Bablouzlan. J. Bioi. Chem.• 241, 2558 (1966).
(7) S. Ainsworth and E. Winter. Appl. Opt.. 3, 311 (1964).
(8) B. Wltholt and l. Brand. Rev. Sel. Inslrum. 38. 1211 (1968).
(9) P. P. Feolilo.... "The Physical Basis 01 Polarized Emission." Con·

sultants Bureau. New York. N.Y.. 1961.
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Figure 2. Variation of fluorescence intensity with time calculated
'rom Equation 5

The piezoelectric modulator is operated at 50 KHz. The solid line is for a
maximum relardance. 60 • of ... radians while the dashed line is for 60 =
1.22 T. This latter value gives the largest value for the Integrated area
under the curve

Figure 1. Complete polarization module of the polarization of
fluorescence spectromeler

A, Analyzer: C. sample cuvette; CH. thermostated cuvetle holder, M.
piezoelectric birefrlngence modulalor; P. polarizer

TT 2TT

resented by the combin.tion of. polarized .nd • depolar­
ized component; thus, the Stokes vector for 8 fluorescence
intensity, IF, isIIF,-PIF,O,OI where the br.ckets indicate a
column vector and P is the polarization. In our system,
this emission is p.ssed through an "analyzing train" .nd
tbe resultant light is detected by • photomultiplier (Fig­
ure 1). The analyzing train consisls of a piezo-electric
modulator and an analyzing polarizer. The modulator acts
88 a rapidly varying (50 KHZ) variable wave plate; the re­
tardance, 6, produced by it is proportional to the voltage
driving it and varies sinusoidally according to the fol­
lowing equation.

[

IF Cos (6) IFP +0+0]
IIF -coa(6)I,P+O+O

-'2 0 + 0 +O~

.0+ 0 +O~

(4)

tor of the incident light .nd is ch.racterized by a time de­
pendent product vector:

V - kS] d - ObkSlr - ObkSIFP cos [00 sin (wt)] (6)

V _SVdt -0.5kSI _ 0.5kSI pScos[oosin(wt»)dt(7)
m Sdt F F Sdt

The amplitude v.riation expressed by Equation 5 is
shown in Figure 2 for a polariz.tion value, P, of 0.5 .nd
for maximum retardance values, 60. of 1f and 1.22 1f. The
peaks and troughs (for 60 = .. ) represent Iv and Ih , re­
spectively, and their values could be used in Equ.tion 1
to calculate polariz.tion. Obviously, any conventional .n­
alog demodulation circuit (e.g., • lock-in .mplifier) used
to process this waveform would need to t.ke account of its
m.rked asymmetry; a simpler analysis can be employed,
however.

By using • photocurrent-to-voltage transducer at the
photomultiplier .node, a time dependent volt.ge, V, is
obtained. V is determined by the g.in of the tr.nsducer,
k, and the sensitivity of the photomultiplier, S; thus the
working form of Equ.tion 5 is given by Equation 6.

Id - O.5/F - 0.5/rP cos [60 sin (wtl) (5)

A mean voltage, Vm, defined .s the .verage of V when it
is examined for a time much longer than the cycle time of
the modul.tor, is given by Equation 7,

The detector sees only a time variant pl.ne pol.rized light
be.m with.n intensity, Id, given by Equ.tion 4.

MTI/P, - PIF,o,ol

(2)

1.. [~ :: ~ ~::] (3)
2 0 0 0 0

o ~ 0 0

00 0]cos 6 0 sin 0 '_
o 1 0

-sin 0 0 cos 0

modulator

[

1 1 0 0] [1MT_.!.1100 0
20000 0

o 0 0 0 0

polarizer

6 - 60 sin (wt)

For a given applied voltage. the maximum retardance, 60,
is proportional to the ratio of this voltage to the wave­
length of light being modulated. [See Kemp (IO) for a full
discussion ofthis device_!

The action of the modulator on the fluorescence emis·
sidn can be analyzed rigorously using Mueller calculus as
described by Shurcliff (11). Thus the effect of both modu­
lator and polarizer on the fluorescent emission can be ex­
pressed in terms of a matrix which is the product of the
matrices for each of the two devices. This matrix, MT,
h88 the form shown where 6 varies with time as indicated
by Equation 2 above.

The light beam which is seen by the detector is, then,
the product of the m.trix of this train and the Stokes vec-

(10) J. C. Kemp. J. Opt. Soc. Ame'_ 58, 950 (1969) ..
(11) N. A. Shurcliff. "Polarized light," Harvard University Press. Cam.

!Midge. M..... 1966.

The integral in· Equation 7 can be solved by numerical in­
tegration to give a constant mean v.lue, C. Figure 3 shows
C 88 a function of 60 •

If the modul.tor is switched off, the quartz becomes
isotropic and the detector sees only the component of the
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incident light beam which can pass through the horizontel
polarizer, the lh component, which gives a voltage, Vo,

Flgur. 5. " diagram 01 the on41ne re_dlng polarization '01
fluorescence speetrometer which shows its organization Into
two major sections. This IIgure should be compared with Figure
1, rer. (I). and Figure 1, ref. (13)

I 1

I QlfUlQI ~-.,_......
.•..

(12) R. J. DoSa. Anal. Blachem., 35,2113 (18701.
(1,3) R. J. DoSa and J. E. Wampler, AppIi«JSpec_c.. 27, 278 (18r31,

------ -==t='-==::;;~~::F

Equation 5) seen by subsequent components. Almost any I •

combination of mter or monochrcmator and photomulti-·
plier could then be used to analyze this light beam. In
fact, the moderate size of the modulator and polarizera
and their fixed mounting position should allow converaiDll
of many fluorimeters to measure polarization; since the
sample cell and the modulator are between f",ed poJartz­
ers, the polarizing characteristics of the remainder 0( the
instrument will in no way affect the precision of the polar-
ization measurements. .,

We constructed a complete instrumsnt using this opti.
cal train, and the on·line computer system previouely de-'
acribed (1, 2). Figure 5 is a block diagram of our complete
fluorimeter. The light source is a lSO·watt xenon arc pow­
ered by a current stebUized power supply (12). The exci·
tetion monochrcmator is a Heath EU-7oo (Heath, Benton
Harbor, Mich.) to which we have fitted a 200 step/revolu.
tion stepping motor (Model 23H-02A, Computer Devices,
Inc., Sante Fe Springs, Calif.). The motor is coupled to
the wavelength drive of the monochromator with appro'­
priate gears 80 that 1 step of the motor produces a I·A

* • •• - -
WAVlWKlIl c•• ,

FIgur. 4. The required control vallage necessary to maintain
1.22 .. retardance as a function or w_ngth (solid Hne).
Since the calculation of polarization Involves a retatdance cIe-,
pendent term. C, the bandwidth of the calculation is limited. The
dashed lines show the bandwidth allowed for a maximum calcu·
lation error of 1%. The Inset shows this bandwidth as a function
of wavelength for 1% and 5% maximum caiculatlon error

(9)

(8)

(l0)

Vo - 0.5kSI, - 0.5kSI,P

Wben rearranged to give polarization, Equation 9 becomes

P _ Vm - V.
Vo - CVo

! -
./ ,"
i'-:
~

Flgur. 3. The mean value of cos lDo sin <",f) Jas a function of Do

This value, C. goes 10 a minimum 811.22 7t retardance corresponding to
the maximum difference between lhe modulated and unmodulated sig·
nals

It can readily be seen that if the ratio Vm/Vo is taken,
the gain, sensitivity, and intensity components of Equa.
tions 7 and 8 cancel and the working equation becomes

Vm 1 - CP
v;;- - I=P

Vm can most readily be obtained by simply using a long
time constant in the feedback circuit of the photocurrent·
to·voltage transducer and VD is obtained when the driving
voltage to the modulator is turned off.

The data of Figure 3 show that the optimum value of 60
for this analysis is 1.22 .., corresponding to a C value of
-0.402. This velue of Do gives the largest absolute differ·
ence between Vm and VD, and the widest bandwidth in
terms of the wavelength dependence of 60 (Figure 4). Fig.
ure 4 shows the control voltage required to give 1.22 ..
maximum retardance from our modulator. The dashed
lines of either side of this curve show the envelope of
wavelengths of light which correspond to velues of C
(from Figure 3) which gave an error in the calculated po.
larization of 1% or less. From curves of this type, the
bandwidth for a particular wavelength and a given ac·
ceptable error can be determined (Figure 4 inset). An ex·
amination of these data clearly indicates that the band·
width for <1% error is wider than most fluorescence emis·
sions and that the use of wideband filters or monochrcma·
tors in the instrument could not deteriorate performance.

INSTRUMENTATION

The anelyzing train of modulator and polarizer (Figure
I) is, of course, the heart of this instrument. The exciting
light is vertically plane polarized, impinging upon the
sample to excite partially depolarized fluorescence. The
fluorescence is subjected to the retardance of the modula·
tor (set at -45' to the vertical) and then passed through
the horizontal analyzing polarizer. Figure 2 shows the
time-dependent plane polarized intensity (expressed hy
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Flgur. 6. ~mplele analog circuit suitable for obtaining polarization of fluorescence speclra

All amplifiers are Analog Devices, Inc.. Model 118. The divider is an Analog Device 432J. The flip flops (SN7473) and gates (SN7400) were obtained
from Texas Instruments, Inc. The ~O-hertz square wave can be obtained from any convenient source. The logic is designed 10 switch the photosignal 10
the appropriate ampllller In synchrony wilh the swilchlng of the piezoelectric modulator

(10)

change in wavelength. Light from the exit slit is vertically
polarized by a Glan-Thompson prism (lO-mm aperture,
Karl Lambredt, Chicago, 111.) and impinges upon a I-cm
cuvette mounted in a thermostated holder (see Figure 1).
The birefringence modulator is 8 commercial quartz unit
with a 20·mm aperture and a 50-KHz resonant frequence
(Model PEM.3, Morvue Electronics, Tigard, Ore.). The
polarizer supplied with the modulator is placed immedi­
ately behind it, and is followed by an appropriate interfer­
ence filter (Ditric Optics, Inc., Marlboro, Mass.). The de­
tector is an EMI 9601 end window photomultiplier con­
nected to an operational amplifier current-to·volt8J{e
transducer (shown in Figure 6). High voltage for the PM
is supplied by a Kepco Model ABC 1500 power supply.

The computer program which directs data collection
and controls other functions of the fluorimeter is 8 simple
adaptation of existing software (/. /3). The necessary
changes were easily implemented because of the modular
form of our software package and the similarities between
this instrument and the others we have described (I, 2,
/3). For instance, stepping motor control (including
"manual" wavelength scanning), scope display, and plot­
ter functions are essentially identical to tbe other pro­
grams. Only the actual data acquisition and manipulation
routines were rewritten. Figure 7 gives a simplified now
cbart for the progress of a representative experiment. For
details of the various program subroutines, the reader is
referred to references / and /3.

Prior to collection of a polarization spectrum, a filter
appropriate to the fluorescence being measured must, of
course, be chosen and placed before the photomultiplier.
Tbe computer is then informed of the wavelength range to
be scanned, the stepping rate to be employed, etc. via input
from the teletype. Initial control functions are next per­
formed by the computer: the programming voltage to the
Morvue control unit is set by the computer via an B-bit
digital·to·analog converter (DAC) to tbat value which will
maximize the difference between Vm and Vo; that is, the
retardance, 60, is set to 1.22 ". The high voltage to the
pbotomultiplier ia also adjusted via an B-bit DAC and fi­
nally the dark current (Dj from the photomultiplier is
evaluated (with the slita of tbe monochromator closed).
The monochromator is then stepped to the starting wave­
lengtb and tbe polarization of the fluorescence spectrum
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Figure 7. A simplified flow diagram representing the progress of
a typical experiment

The solid arrows outline an obligatory sequence of e\lents with the excep­
tion or those e\lents selected by lhe control section (WAIT signilies a
control section of the program where execution is suspended until the
operator selects a routine from the teletype keyboard) of the program.
The dashed arrows represent transfers in the progress 01 the experiment
which are achieved when the operator interrupts the current routine Irom
the teletype keyboard. The DELAY subroutine is needed because 01 the
slow swJlching time of the piezoelectric modulator

is obtained in the following manner. The control voltage
to the Morvue control unit is set to zero, turning off the
modulator; Vo is measured by averaging 1000 analog-to­
digital converter (ADC) samples of the photomultiplier
output. The control voltage to the modulator is then set to
that value determined to give 1.22 " retardance and the
computer collects a 1000-sample average of Vm. P is then
calculated according to Equation 10:

p_ Vm-V.
V m + OA02V. 1.402D

The P value at. wavelength A is stored in memory. The
modulator is again switched off; the wavelength is stepped
to the next appropriate value; and the data collection pro­
cess is repeated. When a complete spectrum has been col·
lected (usually 500 points), it is retained in memory to



Table I. Inltrument Speclftcatlonl and Performance

General specifications:
Light source: 15()..W xenon arc (Osram)
Exc!tstion optical train: Heath EU-700 monochromator

WIth 1()..mm aperture Glen-Thompson prism
(Lambert)

Emission optical train: Morvue Model PEM-3
modulator and polarizer; Ditric Optics interference
filters

Detector: EMI 9601B photomultiplier
Slits: Variable to 2 mm
Excitation bandwidth: variable to 4 nm
Emission bandwidth: 6-10 nm
Drive motor: Rapid-syn Model 23H-02A stepping motor
Scan speed: 0.2 sec per dota point (limited by modulator

switching time)
Performance:

Fluorescein in glycerol:
wben C - 0, T/" - 0, then Po = 0.452 ± 0.002

Rhodsmine B in glycerol:
when C - 0, T/o - 0, then Po = 0.463 ± 0.005

Wavelength reaettability: ±1 A
Data presentation scales: arbitrary
Dark current: numerically corrected

become part of s running sum if scsn averaging is desired
(to further improve the signal-ta-noise ratio) or the spec·
trum can be displayed and/or plotted.

The procedures involved in determining a polarization
vs. temperature-viscosity profile are very similar to those
for excitation spectra just outlined, except that the wave·
length of exciting light is not altered. In order to collect
this profile, the sample is precooled and then allowed to
spontaneously warm to room temperature. The increase in
temperature is monitored by the computer via the output
of a Yellow Springs Model 42 SC telethermometer with a
Model 423 probe. The probe must be painted flat black in
order to minimize the reflection of fluorescence from its
surfaces. Data are collected, as above, but at predeter­
mined temperature intervals. Since the solvent viscosity
varies nonlinearly with temperature, as does the tempera­
ture response of the thermistor probe, the computer is
programmed to interpolate standard experimental curves
for these two parameters. Tbe dats are displayed as the
familiar (l/P-I/3) vs. T/~ plot for subsequent analysis
(14).

The preceding discussion describes the operation of tbe
fluorimeter when it is under direct computer control. An·
alog methods can also be used if the computer facilities
are not available. The circuit shown in Figure 6 gives po­
larization directly so that spectra can be determined using
a strip chart recorder, and the original stepping drive of
the Heath monochromator.

The circuit is designed to switch the modulator on and
off at a 5-Hertz rate, to sample the photomultiplier out­
put during the on (Vm) and off (Vo) periods, and to com·

(14) G. Weber. Blochem. J .. 51.145 (1952).

a I ~ I. f\ I
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Figure 8. Polarization of fluorescence excitation spectra of Fluo­
resceln and Rhodamine B In 98% glycerol at 20 GC

The lower portion of this figure shows the absorption spectrum of stock
solutions. The polarization data were obtained using 10-'AI lOIullons.
520 nm and 580 nm emission filters. respectively, and 8 'llngle scan

pute P from theae aignals. The sampling of the aignal is
delayed for 100 milliseconds after switching to allow for
tbe slow response of the modulator to changes in the con­
trol voltage. Further details of the circuit are given in the
legend to the figure.

PERFORMANCE

Performance specifications for the polarization of the
fluorescence spectrometer are presented in Table I. Figure
8 shows some examples of spectra collected with the com­
plete on-line instrument. Tbeae spectra are single scans of
lO-BM solutions in glycerol at 20 ·C. Note that the ex­
pected fme structure is easily resolved. Scan averaging
could, of course, be used to further improve the signal-to­
noise ratio. Polarization values are routinely reproducible
with a precision of greater than 1'l'o.

The flexibility of the on-line instrument in collecting
spectra or automatically collecting and displaying polar­
ization vs. temperature-viscosity profiles emphasizes the
advantages of computer controlled instruments. Data col­
lection can be more extensive and more accurate, and the
repetition and critical evaluation of experimental 'resulta
is much easier. Since the program which controls this in­
strument shares data storage and format with the pro­
grams used to collect and manipulate fluorescence (l) and
absorption (13) spectra, it is possible to compare data col­
lected with one instrument with those collected with the
others, to plot them together as in Figure 8, or to manipu,
late them in a variety of ways (1, 13).

Received for review September 5, 1973. Accepted Novem­
ber 20, 1973. Supported in part by Granta GM·l~
and 5 S05 RR07025-08 from the United States Public
Health Service.
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Novel Mass Spectrometric Sampling
Device-Hollow Fiber Probe

L. B. Weslower, J. C. Tou, and J. H. Mark

Analytical Laboralorlas. DowChamlcal U.S.A .. Midland. Mlch. 48640

Hollow Ilber probes, construcled 01 dlfferenl permeable
malerlals, were designed and evalualed as a mass spec­
Iromelrlc sampling device. A silicone rubber hollow lIber
probe was lound 10 be the mosl uselul because 01 lis
unique properties 01 rapid prelerenllal permeablllly as ap­
plied 10 direct monllorlng, qualllatlvely and quantllallvely,
01 the ppm level 01 volatile organic compounds In aque­

·ous solullon and In air. The molar enrlchmenl laclors 01

chlorolorm and melhanol on passage Ihrough Ihe silicone
rubber hollow lIber of Ihe probe were measured to be 1.1
X 10' and 8.3 In aqueous solution, and 53 and 23 In nl­
irogen almosphere, respecllvely. Slrong hydrogen bond­
Ing In aqueous solution Is believed 10 be Ihe mosl Impor­
lanl r88son leading 10 Ihe higher delectlon limit lor melh·
anol, -1 ppm. than lor chlorolorm. -10 ppb. Because
01 Its speed and extremely high sensitivity. Ihe lechnlque
Is being used to analyze lor Irace volallle conlamlnanls In
aqueous solution and In air. This Iype 01 analysis would
be very difficult, If nol possible. by other melhods.

To meet the low pressure «10-· Torr) requirement in­
herent in the operation of a mass spectrometer. tech·
niques involving restricted gas flow and temperature con·
trolled evaporation are used in the de.ign of the conven­
tional mass spectrometric sampling devices (I). Recent
advances in gas chromatograph-mass spectrometer (GC­
MS) interfaces provide scientists with an extremely useful
inlet for the analysis of complex mixtures (2). Most of the
sampling devices that have been designed involve a
batshwiBe sample introduction. which at times makes the
study of a kinetic system rather difticult. Except for
GC-MS sampling systems, other types of inlets lead to
either low sensitivity of detection (reservoir inlet) or lack
ofquantitation (direct probe inlet).

In recent years, and also in the future, the detection
and. quantitative ~easurementof organic contaminants in
water and air has become and will continue to be a matter
of major concern in regard to the environment. As concern
for the quality of these two life·giving elements of our bio­
sphere grows, and the realization matures that some ma­

lterials even at very low concentrations in the environment
are'harmful, tbe development of rapid and sensitive ana­
lytical tecbniques becomes a necessity. The mass spectro­
metric technique is one of the well·known· techniques with
high sensitivity and specificity. However. in solving the
ahove analytical problems, the present inlet systems, in·
cluding GC-MS, usually require consiaerable sample
preparation, such as extraction, separation, etc. Following
the fast change in composition of a chemical system is ex·
tremely difficult, if not impo.sible, with these inlet
devices.

(1) J. H. 8eynon. "Mass Spe<:llometry and Its Applications to Organic
Chemistry," Elsevler Publishing Co., New York. N.Y.• 1960, Chapter

(2) ~'. A. Junk, 1nl. J. Mass Spectrom. Ion PhyS., e. 1 (1972).
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Employing the principle of the permeation of organic
components across polymer membranes, hollow fiber
probes, constructed of different permeable materials, have
been designed and evaluated as mass spectrometric sam­
pling devices. Reported here are descriptions of their con­
struction, permeation characteristics, and some of the ap­
plication. of the device. As revealed in the data present­
ed, the device can be used to solve very difficult problems
involving trace analysis for organic contaminants.

EXPERIMENTAL·

Construction of the Hollow Fiber Probe. The majority of the
hollow fibers used in the work were spun at Western Division Re­
search of The Dow Chemical Co., Walnut Creek, Calir. The nor­
mal size of Cibers used was 150-200 Il o.d. with a 25-1l wall thick­
ness. Hollow fibers investigated included Dow Coming silicone
rubber (DCSR). polyethylene (PE), regenerated cellulose (CEL),
General Electric Co's Lexan MEM·213, polyethylene vinyl ace­
tate copolymer (P~: + VA), and polypropylene (PP).

Hollow fiber probes were constructed of both single and multi­
ple fibers. A ¥J·in. length of hollow fiber wns inserted approxi­
mately %-in. into the end of a No. 23 hypodermic needle. The
open end of the fiber and the space between the inserted fibcr
and needle wall were sealed with Dow Coming Silastic RTV-731.
An 1-3-in. length of 1f4-in. st.ainless steel tubing was machined to
insert into the hub end of the needle and soldered into place.
Multiple hollow liber probes were constructed in the same man­
ner using a No. 13 hypodermic needle with the point removed.
The number of fibers used ranged from 3 to 15. It was found nec­
essary to pot each fiber carefully with silastic to obtain a sat isfac­
tory seal in multiple hollow fiber probes. A lO·element hollow
fiber probe is shown in Figure 1. Attachment to 8 mass spectrom­
eLer direct inlet was achieved through the use of a Cajon Ultra­
Ton fitting.

Chemicals_ Chemicals used in the study were purchased tech­
nical grade materials. No attempt was made to purify any of the
materials further.

Qualitative Characterization. Single hollow fiber probes con­
structed with different materials were used in the qualitative
study of the permeation of organic compounds present in air and
in water. Data obtained show.ed that the permeation of air and of
water containing trace le\'els of the organic compounds tested was
low enough that the normal operating pressure of 10- G Torr could
be maintained in the spectrometer source. Three types of mass
spectrometers were used in the study: a Bendix Time-of.Flight
Model 101 mass spectrometer, a Dow-built cycloidal mass spec­
trometer, and a DuPonl21·491 mass spectrometer.

Quantitative Characterization_ A 10·element probe made
with Dow Corning silicone rubber fiber was coupled directly to a
Varian-MAT CH4B mass spectrometer equipped with an EF048
source. The source temperature wos regulated at 250 ·C and the
pressure was monitored to be 10- 8 TOrT with a Penning gauge.
The multiplier voltage was kept at 1.6 kV with a SO-MO and 33-pf
input to the amplifier.

In' order to ensure that the solutes dispersed in water immedi­
ately upon mixing. standard solutions were prepared in methanol
at the 0.01, 0.1. and 10% levels. A 30-cm' bottle was ruled with
deionized. water and closed tightly with a cap using a Tenon(Du­
Pont)-Iined silicone rubber septum leaving no head space. The
fiOOr probe was P8ssed through the cap and immersed in the
water. Selective amounts of the prepared standard solutions were
successively injected, using a micro syringe, into the water
through the septum to prepare different concentrations. The solu­
tion was stirred magnetically and constantly. Recording of mass



spectra was delayed approximately 2-3 minutes after cadl injec·
tion to allow the solution to become homogeneous. The rl'slxJOS<'s
of the ion peaks of interest were recorded in arbitrary units.

In the study of gas phase contaminants. a 2800 ppm by volume
standard mixture of chloroform or methanol in nitrogen was pre­
pared in a 5·1. Saran (The Dow Chemical Co.) bag purchaS<'d
from Anspcc. Ann Arbor. Mich. The IQ·element fibcr probe used
in the previous study was inserted into a 12-1. Sawn bag filled
with 10 I. of nitroJ:en and connected to the mass spcctromcter
with use of a Cujon Ultru-Torr fitting. The portion of the hollow
fibcr probe in the hag was protected from pos.... ible damaJ:e with a
slit plastic sleeve during the kneading of the bUJ:. llS required for
thorou~h mixing. Selective amounts of the standard mixture were
injected successively into the 12-1. hug with a ~us syrin~e 10 pre­
pare different concentrations. A piece of Scotch tape was placed
on the bag where the injection was to take place in order to
strengthen the bag .....all. The hole made by the syrinJ:e needle was
immediutely sealed with a second piece of Scutch tupe. Mixing
was achie,,'ed by kneading the bag. Mass spectra .....ere taken ap-

Table I. Qualitative Screening of the Probe
Materials for Permeation of Compounds in
Vapor Phase"

PE
MEM· +

Compound DCSIt~ PE' eEL' 2131> VA" PP'

Benzene + + + + +Toluene + +
Ethylbenzene + + + + +Styrcne + +
Met.hylene Chloride + + + + +Carbon tetrachloride + +
o·Dichlorohcnzcnc + + + + +
Bromobcnzcnc + + + +
Methanol + +
sec-Butanol + +
Dccnnol +
Phenol + +
a-Chlorophenol + +
l-Melhoxy-2-propanol +
Il-I-Iexnne + + + + +
n-Dccane +
Dicthyl ether + + T + +
Diphcnyl oxide +
Tetrnhydrnfuran + + + +
Aniline + + + + +
N itrobcnznc + +
Pyridine + + + +
Acetone + + + + +
Formaldehyde +
Benzaldehyde + + + + ..-

a The I)()Tmc[ltion of COllll)()UndH lhrou!,:h t.hlJ Siln!ltic !;Cui wa'J (ound tu he
inlli/{niticllnt. ~ Sou tho Experimental Section.

Table 11. Comparison of Permeation Times of Two
Hollow Fibcr Probes

Approx. time from immersion
lo ddt."t;liun

proximately 1-3 minutes after each injection. Responses of ion
peaks of interE'st .....ere recorded.

Figure 1. A 1O-element hollow fiber probe

RESULTS AND DISCUSSION

Qualitative Characterization_ The initial effort was
concentrated on the qualitative screening of the different
probe materials. Thirty different organic compounds were
selected as being representative of various classes of com­
pounds in the screening experiments. The probe was im­
mersed at ambient temperature in the vapor of each com­
pound above its liquid in a bottle open to the air. The
data are shown in Table I. The plus sign or minus sign in­
dicate:; that the mass spectrum of the compound was or
was not observed. respect iveiy. The absence of either sign
indicates the material wa,; not examined. The time to de­
tection after immersion in the compound vapor differed
widely over the range of compounds tested. This is shown
in Table Il for two probes. silicone rubber and polyethyl­
ene, both in the compound's "spor and its aqueous solu­
tions at a concentration of 100 ppm. The difference in de­
tection times suggests that the transfer of the solute from
water to the fiber is dependent on the degree of hydrogen
bonding of the solute with water. As shown later, the lev­
els of detection in water were found to vary in the same
direction as the detection times. As indicated in Tables I
and 11. the hollow fiber prohe made of silicone rubber was
found to have superior performance over probes made of
other materials.

In an attempt to show the usefulness of the probe inlet
in cases other than the well-controlled system, a single el­
ement silicone rubber hollow fiber probe was used to mon­
itor concentrations of methoxyOurane (CH 30CF,CHCI,)
an anesthetic. in blood. The probe was embedded in the
venous blood stream of a rat after the animal had been
anesthctized with a suitable non·mass spectrometric in­
terfering second anesthetic. The animal was then exposed
to methoxyflurane for a short period following which the
source of the second nnesthetic was removed. The mass
spectrometric response to the most intense peak. m If! ;:;
81. in the mass spectrum of methox~'flurnne. as shown in
Figure 2, was rapid. being observed approximately 0.5 min
after the start of the exposure and risinK to a maximum in
1.5 min. Following removal of the source of the anesthetic.
the level of methoxyOurane in the blood stream dropped
to less than one·tenth the maximum level in onc minute.

WO ppm in H:O

Not run

19 scc
Not observed
<1 scc
<1 sce
1-2 scc
N lit observed
1 sec

3 sec
17 sce
25 scc

6 sec
4-5 sec
3-4 sec

2min

1-2 sec
1~2 scc
<1 sce
<1 sce
<1 sec

3 sec
<1 sec

COIllpound

Acetone
Ethanol
I-lexanc
Benzene
Methylene chloride
Isobutyl alcohol
Methoxyflurane

CH,OCF,CHCI,
2,4-Dichlorotoluene
Acetone
Ethanol
Hexane
Benzene
Methylene chloride
Isobutyl alcohol

Polyethylene

Fiber

Silicone
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Figure 2. Mass speclromelric response 10 methoxyflurane in ve­
nous blood stream of a rat
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Figure 4. Response curve for methanol in water
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Figure 3. Response curve for chloroform in waler
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In this expression, SII, S", and SI' are the mass spectro-

Figure 5. Response curves lor chlorolorm and methanol in nitro­
gen

(I)

(~)

mole traction observed in
a mass spectrometer (X')

E
mole fraction prepared in
aqueous solution or nitrogen (X)

The quantity, X', can be determined hy

ment.s of compounds in the gas phase than in the aqueous
phase. This is belicved to be caused by insufficient mixin~

in the gas phase in t he kneading operation.
\Vhen comparing Figures a, 4. and 5, the responses of

chloroform and methanol are quitc different in aqueous
solution but. on the other hand, exhibit similar magnitude
in the gas phase. The detection limit. for chloroform in
water under conditions examined is cstimuted to be 10
ppb as compnrcd to ....... 1 ppm in the other cases studied.
The problem can be analyzed in the foIlO\\'ing wuy.

An enrichment factor, E, is defined as

with

Such 8 rupid analysis would be extremely difficult, if not
impossible. by other methods.

As wi:h any other method. the hollow fiber probe lech·
nique faces its own limitations. The volatility uf n corn·
pound at nmbie~t temperature is anticipated 10 be the
most limiting: factor. Strong interaction between solute
and water and low permeabilit.y through the polymer
membrane are also expected to affect the sensitivity of the
probe. For example, the silicone rubber hollow fiber probe
was found 10 be 8 vcry effect ivc device for determining the
sub·ppm level of dimeth~'lmercury in water. However. ef­
fons to observe methylmcrcury chloride in water were un­
successful, apparently due to the ionic character of t.he
chloride in aqueous solut ion.

Quantitative Characterization. The hc,lIow fiber probe
mode of silicone rubber was funher investigated for quan­
titative characteristics. The mass spectrometric responses
of chloroform and methanol in both wat.et and nitrogen at
different volume concentrations are shown in Figures 3 to
5. The linear relationships bet.ween responses and concen­
trations over several orders of magnitude are clearly
shown in the figures and this indicates the usefulness of
the probe for quantitative analysis. Generally speaking,
the data points are more scattered in the case of measure-
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Table Ill. Enrichm....t Facto.. Determined with
Use of a Silicone Rubber Hollow Fiber Probe

metric mole sensitivity factors (scale divisions/micron)
predetermined for the compound, water (or nitrogen), and
n-butane which was chosen for standardization of the in­
strument used. These three quantities were calculated
based on the Intensities of the peaks at masses a, b, and c
(m/c = 58), respectively. Quantities, la and Ib , are the in­
tensities of the corresponding peaks measured. For a first
approximation. the quantities Ko and K b will not be in­
strument-dependent. Substituting Equation 2 into Equa­
tion 1, we obtain

The following data were determined at ambient tempera­
ture with use of a DuPont 21-104 .. ma55 spectrometer,

K ellCl.,' m/e 83 - 0.21

KCll,oll' mic 31 ~ 0.22

K 11,0, mic 18 - 0.21

K N" mic 28 = 0.15

The quantities, I. and la/X, were measured from the cor­
responding spectrum and the slope of the linear response
curve, respectively, after converting the volume concen­
trations to the mole ratios. The calculated enrichment
factors are shown in Table Ill.

The drastic difference in the enrichment is clearly dem­
onstrated. In the gas phase, the interaction between mole­
cules is very minor. Therefore, the measured enrichment
factors of chloroform and methanol reflect the difference
in their permeabilities through the silicone rubber fiber.
On the other hand, in aqueous phase, the enrichment is
dependent not only on the permeability which is the prod-

Compounds

CHCh
CH,OH

MedLa

AquooUII -olution

1.1 X 10'
8.3

E K. I./X
- K, ----r;-

NiLrocen
at.ma.phe1'O

63
23

(3)

uct of solubility and diffusivity Of tbe compound but alia
on the interaction between molecules of solvent and so­
lute. Strong hydrogen bonding between molecules of water
and methanol and weak interaction between molecules of
water and chloroform are believed to be the moot impor­
tant reason leading to the drastic difference in the mea­
sured enrichment factors of the two compounds.

CONCLUSION
The construction of the hollow fiber probe as a mass

spectrometric sampling device was described. Among
probes made of different materials, the silicone rubber
probe was found to be the most useful because of its
unique properties of rapid preferential permeability for
volatile organic compounds. The probe serves as a means
not only of pre55ure reduction, but also for the enrichment
of volatile organic components in aqueous solution and in
air. This leads to its great usefulnC55 in direct monitoring,
qualitatively and quantitatively, of the ppm level of vola­
tile organic compounds in aqueous solution and in air.
The sensitivity of the probe for measurements in aqueoWl
solution varies widely according to the degree of hydrogen
bonding between water and solute. The detection limit in
the case examined is estimated to be 10 ppb for chloro­
form, where there is no significant hydrogen bonding, as
contrasted to 1 ppm for methanol, where strong hydrogen
bonding occurs. Generally speaking, the sensitivity is de­
pendent on both the permeability of the organics across
the polymer membrane and the matrix effects like hydro­
gen bonding.

Because of its fast response to the volatile organics, the
probe technique has also been used succe55fully in the
studies of many kinetic systems (3, 4).
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Quantitative Dye Laser Amplified Absorption Spectrometry

Robert C. Splker, Jr.,' and James S. Shirk

Department of Chemistry. illinois Institute of Technology. Chicago, Ill. 60616

11 Ihe sample Is Included Inside Ihe opllcal caYlty of a
broad band organic dye laser, It Is possible 10 use weak
absorptions for quantllallYe analysis. For HoJ+ and Pr"+
solullons In the range 5 X 10- 3 10 10-' M with optical
densities in the range -0.00510 -0.0001, Ihe laser in.
tensity Is relaled empirically 10 the sample concenlrallon.
The melhod can be used for gases and for atomic ab­
sorpllons as well as for solullons. The sensillYily of Ihe
technique may be Increased several orders 0' magnitude.

Dye laser technology has progressed rapidly. There are
now commercially available nashlamp pumped dye lasen;
covering the wavelength range 3500 A into the near in­
frared. A variety of spectroscopic and analytical uses has
been devised for these lasers. Recently we, and others.
have reported a laser technique for detecting very weak
absorptions (1-4). In this technique, an organic dye laser
that is operating with a broad band (10-20 nm band­
width) output is used. The sample is placed within the
optical cavity of the laser. When an absorber is placed in
the loser cavity, the laser action is substantially decreased
or completely quenched at the absorbed wavelengths. The
wavelength dependent losses introduced by even a very
weak absorber decrease the laser output intensity selec­
tively. By directing the output into 8 monochromntor or a
spectrograph, it is possible to use a dye laser to detect
weak absorptions. Sample absorptions with optical densi­
ties (log fo//) equal to 5 x 10- 0 or smaller have been de­
tected by this method (I). This technique has been used
on gaseous and solution samples. It has also been used to
detect atomic absorptions in flames and free radicals pro·
dueed by nosh photolysis. It is clear that this technique
can be used to increase the sensitivity of on absorption
measurement by two to three orders of magnitude beyond
eonventional methods, with the possibility of an even
greater enhancement.

Earlier work demonstrated that this technique can be
used for qualitative detection of species with very weak
absorptions. For an analytical chemist, there remained
the question as to whether the technique could be used for
quantitative analysis of molecules with weak absorptions.
In this paper. we give results whieh show that, with the
proper calibration, the technique can be used for quanti­
tative analysis. Reliable ealibration graphs of laser inten­
sity us. concentration of some rare earth ion (H0 3T, Pr3+)
solutions arc constructed. Rare earth ion solutions were
used for two reasons. The half width of the absorption
bands is about 1 nm; thus, it is easy to ensure that the slit
width of our monochromator is narrow with respect to the

1 Present address. NIAMD, National Institutes of Health, Be·
thcsda, Md. 20014.
(1) R. J. Thrash. H....on Weyssenhoff, and James S. Shirk. J. Chem.

Phys., 55, 465S (1971).

(2) ~~.~::;=~~~S:;'A~e~:.~~:y;~6~;9~;~~n, A. M. Bass, and R. A. Kel-

(3) R. A. Keller. E. F. Zalewski. and N. C. Peterson. J. Opt. Soc. Amer..
62,319 (1972).

,(4) T. W. Hansch, A. L Schawlow, and P. E. Toschek. IEEE J. Quantum
Electron., 10,802 (1972).
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absorption band width, and the absorption bands are suf­
ficiently weak so that direct spectrophotometry is not ap­
plicable to dilute solutions.

THEORY

The origin of the sensitivity of the intracavity absorp­
tion techn;'lue Cbn be understood simply. Wc define a
quantity G = er.II.., where n is the unsat.urated single pass
gain in passing through the dyf.> solution and L is the sum
of the losses in the cavity, including the losses due to ab­
sorption by the sample. When G 5" I, the gain is suffi­
cient to overcome the losses and lasing: will occur. In any
laser, both G and, consequently, the laser intensity will be
wavelength dependent. Fig:ure 1 gives nn idealized picture
of G us. wavelengt.h for a broad band organic dye laser
with a weak absorber inside the optical cavity. A small in­
tracavity absorption increases the cavity losses and thus
decreases G where the absorpt.ion occurs. This small
change in G causes a dramatic change in the intensity of
the laser output. By monitoring the wavelength depen­
dence of the intensity of the laser output, it is possible to
obtain a spect.rum of a very weak absorber. For quantita­
tive studies, it is expected that the intensity of t.he laser
mig:ht he a rather complex function of G, and thus also of
the losses due to the absorption by a sample inside the
cavity.

The calculation of the intensity of a dye laser as a func­
tion of small additional losses in the cavity is difficult,
and the result is not yet available in closed form for a sat­
isfactory model. In this paper. we construct an empirical
correlation betwecn sample absorption and lascr intensity
that is useful for quantitative analysis. 'Vc report our data
as plots of 101/ vs. sample concentration, where /0 is the
laser int.ensity wit.h no sample in the cavity and I is the
laser intensity with a sample in the cavity. "'le also use
plots of concentration u•. ~/fo (.S) where ~ ~ fo - l.

Theoretical treatments of dye laser quenching arc avail­
able. Hansch, Schawlow, and Toschek (4) gave a descrip­
tion of the quenching of a continuous dye laser by an in·
tracavity absorber. However, they calculated only the
ultimate sensitivity of the technique and not the function­
al form of the dependence of the laser intensity upon the
extinction coefficient of the ahsorber. Keller, Zalewski.
and Peterson (3) numerically solved a set of coupled dif­
ferential equations for a model of a pulsed dye laser. Their
results imply t.hat a quanti tat ive relationship between
sample absorbance anti laser intensity is possible for a
particular laser; however, their results arc not given in a
useful closed form.

EXPERIMENTAL

Apparatus. Figure 2 shows a dill~fllm of the experimental ap·
paratus. A commercial {Chromubcam 1050. Syncrgetics Research
Inc, Princcton, N.J.I dye laser WlIS used. In order to obtain a
broad hand output. Ihe intracuvil}' gratin~ was replaced with 0

1.0·01 rudius of curvature mirror coated for muximum reflectivity
in the range 450-650 nm. The dyes used were 7·dicthylamino·4·
melhylcoUTnllrin or .Hhodamine 6G. bOlh at 4 X 1O-:aM in etha·

(51 T. P. Beliko...a. E. A. Svirldenko.... A. F. Suchkov. L. V. Tilova, and S.
S. Churilov, SOli. Phys.-JETP. 35. 1076 (1972).
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Figure 2. Experimental apparatus

Energy from the laser power supply (lPS) is discharged through 8 lamp
coaxial wilh the dye tube lOT). A pump (DP) circulates the dye. Mirrors
M 1 and Ml lorm the optical cavity of the laser; the sample is contained
in a cuvette (C). The laser output passes through a neutral densily Iiller
(NOF) and via mirrors M3-MS 10 8 ground glass sealter plate (G) in
front 01 the entrance slit 10 a monochromalor (S). The output of a photo­
mulliplier detector (PM) al the exit slit is fed to an oscilloscope (0) and
a multichannel pulse height analyzer (PHA)

G•
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Figure 4. AI/loat 450.4 nm vs. HoJ+ concentration

(lhotorn~lti~lier. The detector output was fed to an oscilloscope
for rnoOltonng and to a lOO-channel pulse height analyzer where
the laser intensity was recorded.

Some quantitative studies were made ulling photographic re­
cording of the laser output. In this case, the output of the laser
was directed onto the slit of a 1.5-m Wadsworth spectrograph
with a dispersion of 11 A/mm. The spectra were recorded on
Kodak SA-l film. All the spectra of sample solutions, as well as
exposures of the laser through neutral density filters for calibra­
tion of the film. were recorded and developed at tbe same time.
Densitometry of the film was performed on a modified Hilger
densitometer.

Reagents. Holmium chloride (99.9%. anhydrous. Research Or~

ganic/Inorganic Chemical Corp.) and praseodymium chloride
(hydrated, 99.9%, Research Organic/Inol'Janic Chemical Corp.)
were used without further purification. Samples of the rare earth
chlorides (l X 10-"-1 X 1O- 2M in O.IN Het) were prepared from
stock solutions.

Procedure. In a typical experiment. a sample or a blank (O.IN
HCI) was placed in the laser cavity. The xenon nashlamp was
discharged manually at a typical input energy of 61.5 J at 20 kV.
This energy was well above the lasing threshold for either dye.
Special care was taken to ensure a constant input energy to the
flash lamp. The intensity of the laser at a particular wavelength
was measured as the peak height of the resulting photomultiplier
pulse. Prior to each experiment, the response of the photomulti~

plier and the electronics were checked (or linearity by placing
neutral density filters in the laser beam and ensuring that the
measured pulse height was indeed proportional to laser intensity.

nol. The laser is pumped by a coaxial xenon flashlamp. The sam­
ple solutions were in a rectanKular cuvette with 0 I-cm light path.
The cuvette was placed inside the laser cavity approximately
equidist{lnt between the dye cell and the output mirror. The laser
output passed through on o.d. = 0.5 neutral density filter and
onto a ground~Klass scatter plate placed directly Ut front of the
entrance slit to a monochromator. This arrangement reduced the
laser intensity to prevent overloading the detector and removed
the effect of any spatial inhomogeneities in the laser beam. The
monochromator was a O.3~m Hilger Engis Model 600. Slit widths
were 5 or 10 lAm, ensuring that the slit width was less than the
half width of the sample absorptions. The detector was a lP28A

RESULTS AND DISCUSSION

Holmium Determination. Figure 3 shows a plot of 10/1
us. concentration of holmium ions in a O.lN HCI solution.
As can be seen, the plot is nearly linear in the 3 x 10-' to
4 x 1O- 3M concentration range, but curves off at both
high and low concentrations. Figure 4 shows a plot of
M/lo for the same data. It is linear for low concentrations
but falls off at high concentrations. The graph of 1./1
seems more satisfactory, so 10 /1 is used to express our re­
sults in the rest of this paper. The error bars in these
graphs are the standard error (= <1/"';n) for all the mea-

ANALYTICAL CHEMISTRY, VOL. 46. NO. 4. APRIL 1974 • 573



Concen1ration Pr··· x ,,4
Figure 5. Laser intensity at 588.3 nm vs. prh- concentration

suremcnts on the solutions. These results were reproduci­
ble from day to day. Each point represents measurements
recorded on from 2 to 5 different duys. The ~raph depicts
an easily const.ructed calibration curvc from which un­
known concentrations of holmium ions in solution may be
ascertained.

The calibration curve is, of course. sensitive tu the laser
parameters. Several important parameters were dosely
monitored to obtain the observed reproducibility. The
spectral slit width was narrow compared to the bandwidth
of the hulmium absorption. The input energy to the laser
was kept constant. The laser was operated well above the
lasin~ threshold of each dye to minimize the effect of vari·
at ions in the dye. \Ve found thut the coumarin dye de·
composed slowly and we corrected for it. Finally, we were
careful to t'nsure tha1 we were operutin~ in a linear re~ion

of the photomultiplier.
\\lith these precautions, we found that for the fiflyfold

chanJ.:e in concentration (16 solutions) studied, only two
solutions showed relative standard errors of ~reater than
5%. Such reproducibility is un important factor in making
the technique useful for quantitative analysis.

Praseodymium Determination. Fig:ure !) displays th£>
calibration curve obtained for solutions of praseodymium
chloride rang:ing: in conccntration from 1 X 10 4 to 5 X

1O-3M. The relatively weak 588.3-nm absorption band of
praseodymium was used. Again the resulls werc easily re·
produced. Each point represents measurements from at
least 3 different days. It should be observed that this
curve is similar to the Ho3' calibration curve. For both
holmium and praseodymium solutions. concentrations of
greater than 10- 2M quenched the lusing action enough so
that detection of a signal above the noise level was not
possible.

Photographic Tccbniquc. Preliminary 10 the use of the
photomultiplier detector, we used photo~ruphic recordinJ{
of the laser output with Ho3-t solutions inside the laser
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y
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/
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cavity. Concentrations of holmium ions in the ran~e 0.81
to 5.42 mg/ml were investigated using the coumarm .dye.
Densitometry of the film provided the data for a calIbra­
tion curve. This calibration curve could then be used for
the analysis of unknown concentrations of holmium ions.
The limit of delectability using this technique was not 8S

low 8S that for the electronic detection, and this technique
proved to be more time consuming.

CONCLUSIONS

\Vc have demonstrated that it is possible to use the in­
tracavity absorption technique with a dye laser for quanti­
tative analysis. Reliable calibration curves have been con­
structed for our laser for Ho3 ... and Pr' solutions in the
range 5 x 10- 3 10 10- 4M. This corresponds to holmium
concentrations down to 27 "g/ml (ppm) usinR the 450.4·
om Ho3 ~ absorption band. Thus, the intracavity absorp·
tion technique is ca. 2 orders of magnitude more sensitive
than direct spectrophotometry of the solution. Our tech·
nique is not, however, as sensitiyc as atomic absorption or
atomic emission methods (6).

Even though this technique is not yet the most sensitive
technique available for the analysis of Ho3+ and Pr3+
ions, we have demonstrated that it is possible to extend
the sensitivity of a particular tcchnique (spectrophotome·
try of rare earth ion solutions) by two orders of magni­
tude. \Ve expect that the sensitivity of thc atomic absorp­
lion technique can be similarly extended by intracavity.
absorption. In fact, preliminary work in our laboratory
with Sr and Na at.omic absorptions indicates that this is
readily accomplished. We did not choose atomic absorp·
tion for these studies because of the narrow slit width re­
quired' for absorption studies with atomic lines. More so­
phisticated detection techniques are necessary in these
cases.

In this study, the operat.ing parameters of t.he laser were
chosen to ensure reproducible results. Different lasers or
changes in the operatinJ.:' characteristics of t.he same laser
will give different calibration curves. It is, for example,
possible to increase the sensitivity of the intracavity ab·
sorption technique by operating the laser nearer thresh·
old. However, near threshold the laser will become more
sensitive to small chBnJ{es in operating characteristics.
The ultimate limit on the sensitivity may arise from in­
stabilities in the laser, although it should be possible 10

approach the gain of 107 in sensitivity that Hansch et al.
(4) calculate for the intracovity absorption technique.
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The Vidicon Tube as a Detector for Multielement Flame
Spectrometric Analysis

K. W. Busch, N. G. Howell, and G. H. Morrlson

Department of Chemistry, Cornell University, /theca. N. Y. 14850

An Instrument lor multlelement lIame emission analysis Is
described which consists 01 a O.S-m Ebert monochroma­
tor, a silicon diode vldlcon tube, and an optical multl­
channel analyzer. Optical and electronic considerations
01 the system are discussed. Using this system, a spec­
tral "window" 01 20 nm Is monitored simultaneously and
atomic lines 1.4 A apart are resolvable. Detection limits,
obtained under compromise flame conditions, are pre­
sented for Mo, Fe, Ca, AI, Ti. W, Mn, and K using spec­
tral Itnes present In a single window. The multlelement
analysis 01 a geological standard rock sample lor Fe, Ca,
AI, and TI Is described, and the results are compared
with the accepted vallles. Other potential windows lor
multlelement analysis are presented.

In terms of the amount of information obtained in a
given analysis, trace methods may be conveniently classi­
fied into single- and multielement methods. A single-ele­
roeot method is optimized to determine 8 given element
with high accuracy and precision. Multielement methods
are particularly valuable for survey analyses where simul­
taneous information on a large number of elements is de­
sired. The need for simultaneous multielement methods of
analysis is particularly acute for those situations where
maximum information is required on a limited amount of
sample or where time is limited. The potential of flame
spectrometry for multielement analysis has recently been
reviewed (I).

To perform multielement flame spectrometry, a device
capable of measuring intensities at different wavelengths
is necessary-i.e., a multichannel device is necessary. Two
major classes of multichannel systems are temporal mulli­
channel devices and spatial multichannel devices (I).
Temporal multichannel devices employ a single detector,
where each channel is'separated from the previous one in
lime. Spatial multichannel devices employ multiple de­
tectors, where each channel is separated in space. Tempo·
ral multichannel detection systems include scanning spec·
trometers (2-8), scanning detectors (9, 10), and rotating
filter photometers (11-13). Spatial multichannel detection

(1) K. W. Busch and G. H. Morrison, AnaJ. Chem.. 45(8), 712A (1973).
(2) A. M. Hanls and J. H. Jackson. J. Phys. E: Sci. Instrum., 3. 374

(1970).
(3) H. A. KrueRle and S. A. Dolln. Appl. Opt.. 8.2107 (19691.
(4) G. H. Dleke and H. M. Crosswhlte. J. Opt. Soc. Amer.. 35. 471

(1945).
(5) J. L. Dye and L. H. Feldman, Rev. Sci. Instrum.. 37, 154 (1966).
(6) A. K. Brehrn and V. A. Fassel, J. Opt. Soc. Amer.. 43,886 (1953).
(7) J. B. Dawson. D. J. Ellis. and A. MlIner. Spectrochim. Acta. 238.

695 (1966).
(8) H. V. Malrnsladland E. Cordos. Amer. Lab.. 4,35 (1972).
(9) P. T. Farnsworlh. J. Franklin Jnst.. 218,411 (1934).

(10) A. A. Harber and G. E. Sonnek. Appl. Opt.. 5, 1039 (19SS).
(111 D. G. Mllchell and A. Johansson, SpecrrochJm. Acta. 258. 175

(1970).
(12) R. M. Dagnall. G. F. Klrkbrlght. T. S. West, and R. Wood, Analyst

(London). 97, 245 (1972).
(13) R. M. Dagnall. G. F. Klrkbrlghl, T. S. West and R. Wood, Anal.

Chem., 43, 1765 (1971).

systems include direct reading spectrometers (14, 15) and
multichannel detectors. The advantages of multichannel
detection include the measurement of intensities at close­
ly spaced wavelengths-i.e., line and background-and a
substantial increase in the number of wavelengths which
can be monitored.

The first and perhaps most widely used multicbannel
detector has been the photographic plate. Among the po­
tential multichannel detectors proposed as alternatives to
photographic detection have been television camera tubes
(16, 17) and mosaics of either photodiodes, phototransis­
tors, or photoresistors (lB. 19)_ This paper describes the
application of a silicon diode vidicon tube as a detector in
multielement flame emission spectrometry. This system,
which is easily amenable to automation, has the potential
for simple, rapid, inexpensive analyses of 'complex sam­
ples. Analytical development of such methods will find
ready application to a variety of samples, including clini­
cal, metallurgical, geological. agricultural, and environ­
mental samples.

EXPERIMENTAL

Table I lists the experimental facilities used in this study.
Instrumental. Multichannel Detection System. The multi·

channel detection system (SSR Instruments Co.) used in this
study consisted of a UV·sensitive vidicon tube and its associated
detector housing, which rontained the deflection coil system and
a low·noise preamplifier, the electronic console. and a CRT dis·
play. The electronic console has two separate memories, which
allow the storage of both a data spectrum and a blank spectrum;
each memory contains 500 words with 5 BeD digits per word. The
contents of a given channel are displayed digitally on the display
panel of the console. and on the CRT as an intensified cursor
spot. An arithmetic unit permits channel·by-channel subtraction
of memory B from memory A. Signal averaging may be accom­
plished by accumulating a preset number of frame scans into ei­
ther memory. In the real·time mode. the spectrum displayed on
the CRT is the result of a single sweep. The integrated intensity
of a line or band may be obtained by selecting the summation
mode. moving the cursor over the given line or band, and reading
the summation-i.e., integral, of the counts for each channel coy.
ered in the integration on the digital display panel. .

Optical System. Figure 1 shows D photograph of the system
which consists of a flame source, external optics, monocbromatoT.
vidicon tube. optical multichannel analyzer, and oscilloscope dis­
play. The vidicon was mounted on a O.5·m Ebert monocbromator.
A plate was constructed tq position the vidicon target in the ver­
tical plane formerly occupied by the exit slit of the monochroma­
tor. In order to mount this plate to the monochromator, it was
necessary to cut the standard slit housing in half to separate the
entrance and exit ponions. The entrance half of the slit housing
was remounted on the entrance port of the monochromator and a
new slit cover was constructed to fit the modified slit housing.
The vidicon mounting plate was attached to the monochromator
adjacent to the modified entrance slit housing 80 that the vidicon
tube was positioned over the exit port of the monocbromator.

(14) B. L. Valleeand M. Margoshes.Ana/. Chem.. 28,1975 (195S).
(15) C. J. Plcktord and G. Rassl, Analyst (London). 18, 329 (1973).
(16) M. Margoshes,Spectrochim. Acta. 258,113 (1970).
(171 K. W. Jackson. K. M. Aldous. and D. G. Mllchell, Spectrosc. Lett.,

6,315 (1973).
(18) P. W. J. M. Bournan! and G. Brouwer, Spectrochlm. Acta, 278.

247 (1972).
(19) G. Hortick and E. G. Codding. Anal. Chem.• 45, 1490 (1973).
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Table I. Experimental Facilities

Figure 1. Multielement flame spectrometer system

(1) flame source: (2) external optics: (3) monochromalor; (4) vidicon
lube: (5) optical multlchannel analyzer; (6) oscilloscope display

Figure 2. Optical multichannel analyzer electronics

(20) B. Ber(las, Ana/~ Chem., 40. 1682 (1968).
(21) "Slandard Solutions tor Flame Speclromelry" by J. A. Dean and T.

C. Rains in "Flame Emission and Alomic Absorption Spectromelry."
Vol. 2, J. A. Dean and T. C. Rains. Ed.. Marcel·Dekker, New York,
N.Y .• 1971.p327.

duce the effect. of scattered light. this is true on I.... if the scattered
light uniformly illuminates the upper and lower surfaces of the
target. Therefore. to rurther restrict the viewing angle or the \'idi­
con tube to the camera mirror and to prevent the zero order spec­
trum. which hits the side of the monochromator housing- adjacent
Co the vidicon. from illuminllting- the vidicon surrul.:e. a hlackened
cardboard tube was installed. This tube was 4.5 inches lont.: und
1.25 inches in diameter, A portion of the tuhl' udjol'ent tn the
grating had to be cut to allow the gratin}.:: tu rotate tu shorter
wavelengths.

Samples and Standards. Samples of rrom 100 to 200 mg of the
USGS standard rock sampll' HeR·I, which hod prcvinusly heen
dried for 2 hours in a dryin~ o\'en at 110 °C.nnd stored in a desic­
cator, were dissolved with H Tenon bomb lechniqup lIsin~ HF (2Ul.
The dissolution took approximately I hour. The advantages of
this sample dissolution step over fusion techniques are the ab·
sence or contamination from crucible materials (we found sizuble
amounts of l\ln contamination from :\i crucihles ..... hen carrying
out sodium peroxide fusions) and the t:omp)ele rlis:mlution of the
sample-i.e.. silica is dissolved in HF. Furthermore, no additional
salts are added to the matrix and losses of volRlile elements are
kepi to a minimum. The dissolved sample rrom the bumb was di­
luted to 100 ml and a ~5-ml aliquot was transrerred to a 100-101
volumetric nask_ Ten milliliters ur 10.000 IIpm Nu snlution was
added to the nask as an ionization buffer. and the sample sulu·
tion was diluted to volume.

Stock solutions were prepared rrom hi~h purity metals or ox·
ides (21). Multielement standards. containing all of the elemenl!i
to be analyzed in the sample. were prepared from these stock so·
lutions. Four multielement standards were used to preparl' the
analytical curves for the individual elements. Each successive
multielement slandard contained increasing amounts of eat'h ell"
ment. Sufficient 10.000 ppm 1\0 solution was added as an iuniza­
tion buffer to each multielement standord to produce n concen­
tration of 1000 ppm Na in the fioal solutions.

Data Acquisition. The analytical curves ror each element in
the sample were prepared simultaneuusly by a5piratin~ each mul­
lielement standard ror 1000 accumulation cycles (:l~.i scc) and
storing the result in memory A. A blank solution or deionized dis·
tilled water was ospirntcd ror an equivalent amount of time, and
the result stored in memory B. The A-B mode was selected to
display the cnannel.by.channel difference hctwecn the two
memories; this difference spectrum wus recorded with an x-y re·
corder, Peak heights of nnalyticul lines were measured from the
recorder tracin~ and I)lotted vs. concentralion 10 ~ive the analyti­
cal curves. Altcrnoti ....cly. the peek heights cnn be read directly
from the di~it81 display or peak areas can be readily obtained
usin~ the summation mode.

The sample spectrum was obtained in the snme manner as de·
scribed abo,'c for each multielement standard_ The rcsultin~ peak
heights or the analytical lines were obtained rrOO1 the recorder
tracin~ of the difTerenl'e spectrum end compared with the analyt.
ical curves to obtain the concentrations in the sample.

Fivc-cm diameter Supracil lens with
12.5·cm focal Jen/{th. Lens slopped
down to 2.6-·cm diameter

Varian Tcchlron 5·cm slot burner for
nitrous oxide-acetylene

Jarrell-Ash. Model 82000. 0.5-m Ebert
mounting scanning monochromator
with 1180 grooves/mm grating blazed
for 3000 A. Reciprocal linear disper­
sion 16 A mm -I in the first order

Fixed slit, 25 Iolm wide, straight edged
UV sensitive silicon diode vidicon,

Mc.del 1205 F, SSH Instruments Co.
Model 1205A, SSH Instruments Co.

Tcchtronix oscilloscope, 604 Monitor
nnd M08eley x·y recorder, Model
Autograph 2D·2

Brooks Full·view Rotameters calibrated
for nitrous oxide and acetylene,
Brooks Instrument Division

Flow meters

Monochromotor

Entrance slit
Detector

Burner

External optics

Opticnl
multichLtnnel
analyzer

Readout

Tlie tor~ct or the HCA type 4532 vidicon used in the nptic:al
multichannel analyzer is 0.4 inch in heiJ:ht. The optical multi·
channel analyzer is delli~ned electronically to subtract the signal
originalinJ:: from the upper 0.2·inch portion from that ori"dnating
from the lower 0.2-inch portion. This allows dark current to be
subtracted from each channel if the upper surface is not illumi·
nated. Since an Ebert mountinJ: is stiJ::matic. a point on the en·
trance slit is imaged a5 8 point in the focal plane. In addition. nu
inverted image of the entrance slit is rormed at the rocal plane.
Therefore. in order to prevent the spectrum from falling on the
upper portion of the target. the lower portion of the entrance slit
was masked by a triangular shaped slidin~ diaphragm. This dia·
phragm was adjusted until no light hit the upper half of the "id i­
con tube. This was determined by adjuliting the diaphra}.::m until
the negative side bands adjacent to a given spectral line dis·
played on the oscilloscope just disappeared.

A 5·cm diameter Suprocil lens with a 12.5·cm focal length WDS

used to form a 1: I image of the name on the monochromator en­
trance slit. This lens was stoJpped down to u diameter or 2.6 cm to
match-i.e.. fill the solid anf::le of .the monochromator collimator
mirror. To obtain the maximum light throughput with a mono·
chromator. the collimating mirror should be completely filled
with radiation. Care must be taken. however. not to overfill the
collimator with an Ebert mounting, In this case. light overfilling
the collimating portion of the mirror spills over onto the camera
portion of the mirror and is renected ~nto the vidicon tube with·
out ever hitting the ~oting, This results in a stray light signal
which does not move across the vidicon tube as the grating posi·
tio!) is changed.

While the method of dark current subtraction should also re·
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Table n. Effect ot Frame Bean Voltage on
Wavelength Range Covered with
0.5-m Monochromator

12000
FraJ:ne ecan voltap

4.1
6.0
7.1

Wavele:n,th nulP, A

132
162
200

.. 10000
~

~
:>

.-:;
~ 4000

ChOMel Number

Figure 3. Channel response of vidicon target to Hg 4047-A Line

o peak area; .6 peak height

Optical Considerations. Figure 3 shows the response of
the overall system to the same spectral line set at differ·
ent channel settings. These measurements were made
using the Hg 4047-A line emitted from a Hg pen lamp. A
I: I image of the source was focused on the entrance slit of
the monochromator. The grating was rotated over a range
of 200 A to move the spectral line to the different posi­
tions across the vidicon target.

The data using peak area most closely represent the in­
tensity of. the line. Compared with the data using peak
area. the data obtained using peak height fall off faster at
the extreme ends of the wavelength range. Since the vidi­
con target is flat and the focal plane of the monochroma­
tor is curved. a lack of focus at the ends of the wavelength
range results. This lack of focus at either end causes the
peak profile to broaden. reducing the peak height. This
does not prevent the use of peak height as a measure of
intensity in an analysis, since the orientation of the spec­
trum with respect to the channels does not change.

At least part of the reduction in sensitivity at either ex­
tremity of the target can be explained on the basis of opti·
cal considerations of the system. For uniform response
across the target, a monochromator is not the ideal spec­
trometric' system. primarily because it has been de·
signed to measure one wavelength at a time. Light from
the entrance slit strikes the collimating mirror, where it is
collimated into a parallel beam which strikes the plane
grating. This parallel beam. striking the plane grating. is
diffracted into a family of parallel beams which diverge
according to their wavelength. The camera mirror of 'a
monochromator is designed so that it is filled by that par­
ticular parallel beam which corresponds to the wavelength
to be passed by the exit slit of the monochromator. For a
monochromator, a symmetrical design is commonly used,
so that the collimating mirror and the camera mirror are
the same size. Therefore. the camera mirror cannot accept
the entire diverging family of parallel beams. which con­
stitute any given range of wavelengths. This results in .:
loss of intensity at the extremities ,of the wavelength range
as compared 'to the middle. because all of the light from
the grating is not used in forming the image of tlie line at
the focal plane.

The extent to which this effect should reduce the inten­
sity at the extremities can be estimated by calculating the
amount by which the parallel beams diffracted from the
grating are shifted from that position that fills the camera
mirror. The fraction of the parallel beam which strikes the
mirror should indicate the fraction of the intensity trans·
mitted. The dispersion of a plane grating is given by

RESULTS AND DISCUSSION

Electronic Considerations. The principle of operation
of the silicon diode vidicon tube has recently been de.
scribed (1). Figure 2 shows a block diagram of the optical
multichannel analyzer (SSR Instruments Co.) used in this
study. A sawtooth wave with a 32.768·msec period is ap·
plied to the horizontal denection coils of the vidicon yoke
to produce the frame scan. A square wave of 64·psec peri.
od is applied to the vertical deflection coils to produce the
line scan. Thus. there are 512 periods of 64·psec duration
during the frame scan time of 32.768 msec. Five hundred
periods are used during the active scan time and twelve
64·~sec periods are used for retrace.

The analog displacement current produced when the
electron beam in the tube recharges the partially dis·
charged "diode capacitors" of the target back down to the
negative cathode potential is amplified by the current
amplifying preamplifier. This analog signal is then fed to
a gated inverting-noninverting operational amplifier inte­
grator. This amplifier is gated synchronously with the line
scan voltage so that the signal is integrated with one po·
larity when the electron beam is scanning the upper half
of the vidicon target and with the opposite polarity when
the electron beam is addressing the lower half of the tar·
get. The resulting integral from a complete line scan is
therefore the difference of the integrals between the top
and bottom halves of the vidicon target. A sample and
hold circuit stores the result of a complete line scan. This
voltage signal is applied to a comparator and compared
with a voltage ramp. The comparator is used to gate puis.
es from a clock into a counter. the resulting digital signal
being stored in memory.

The vidicon tube used in the optical multichannel ana·
lyzer is an RCA 4532 UV·sensitive silicon diode vidicon.
with the diodes arranged in a rectangular array with 72
diodes per linear mm in both directions. This results in
900 vertical lines of diodes across the 12.5 mm width of
the target.

It is apparent from the previous discussion that the 500
channels of the optical multichannel analyzer are elec·
tronic channels. If the frame scan voltage is adjusted to
cover the full 12.5·mm width of the target. each channel
is ..... of 12.5 mm or 25 pm in width. Table n shows the
effect of frame scan voltage on the wavelength range cov·
ered with a O.5·m Ebert monochromator. This monochro·
mator has a reciprocal linear dispersion of 16 A/mm in
the first order. With the frame scan voltage adjusted to
cover the full width of the target. the expected wavelength
range of 200 A with this monochromator results. giving a
channel width of 25 pm. Reducing the frame scan voltage
to its lowest attainable value reduces the scan width to
8.25 mm as calculated from the wavelength range covered
and the reciprocal linear dispersion. This gives a channel
width of 16.5 pm. With the frame scan voltage adjusted to
'cover the full target. the magnetic focus could be adjusted
80 that. using 25·pm slits. the majority of the total signal
for a spectral line in the center of the screen occurs in
three channels.
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where", is the angle of diffraction, m is the order, A is thc
linear aperture of the grating, and N is the number of
groo\'es across the grating. Using a grating with 1180
grooves/mm and 8 linear aperture of 52 mm and assuming
cos '" - 1, gives a change in the diffraction angle of 0.0236
radians or 1.35" for a 200-A range in wavelengths. This re­
sults in a shift in the parallel beam of 9.9 mm over the
distance from the grating to the mirror (420 mm). Thus
each extremity would be expected to be reduced by about
%2 (where the width of the camera mirror is 52 mm) or
about 10%. The measured reduction at one end is 45% less
than the peak value while the reduction at the other ex­
treme is 15%. At this time, it is not known whether this
additional reduction is due to other optical considerations
or to the vidicon itself.

Signal Averaging. In the real time mode, each target
element is addressed every 32.768 msec. The signal mea­
sured, therefore, results from the discharge of the diodes
either from photon-induced hole collection or leakage dur­
ing the period since the electron beam last addressed that
particular target element-i.e.. the signal is a time inte­
grated signal with a period of 32.768 msec. In spite of this
integration, the standard vidicon is considerably less sen­
sitive in the real time mode than a multiplier phototube.
Thus, in the real time mode, only high concentrations of
analyte can be detected by flame emission. This limita­
tion can be greatly improved, however, with signal averag­
ing techniques. The optical multichannel analyzer has two
separate memories which permit the storage of the signals
from each of the 500 channels. By adding the results of
successive frame scans to the respective channel locations
in memory, the signal may be accumulated. Since the sig­
nal is directly proportional to the number of cycles accu­
mulated, and the noise is proportional to the square root
of the number of cycles accumulated, the signal-to-noise
ratio 'increases proportionally to the square root of the
number of accumulations. Figure 4 shows the increase in
the signal-to-noise ratio with the number of accumulation
cycles for the Hg 4047·A line.emitted by a Hg pen lamp.
The rms value of the noise is most conveniently obtained
by calculating the standard deviation of the digital counts
in the adjacent channels. The resulting 'log-log plot is a
straight line with a least-squares slope of 0.46, in good
8greement with the expected slope of 0.5 for square root
behavior_

In addition to improving the signal-to-noise ratio, the
accumulation mode increases the dynamic range of the
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Figure 5. Multielement flame emission spectrum from 3886 to
4086 A

system. In the real-time mode, the vidicon tube is limlted
to 750 counts in any given channel before overloading that
channel. This active dynamic range is limited by the
charge storage capacity of the target during n machine
cycle as well as time restrictions imposed on the analog­
to-digital conversion by the scanning rate of the electron
beam. By using the accumulation mode, each channel is
capable. of accumulating 105 counts, thereby extending
the dynamic range.

Simultaneous Multielement Flame Analysis. Mono­
chromator Selectiun. Simultaneous multielemcnt analysis
using the vidicon as a detector is based on a "window"
concept-i.e., the range of wavelengths simultaneously
monitored by the target. Thus, the number of elements
which can be determined simultaneously depends on the
extent of the wavelength window and the number of spec­
tral lines emitted by various elements in that particular
wavelength region. This depends on the dispersion of the
monochromator and the choice of the window-i.e., the
particular portion of the UV-visible spectrum to be moni­
tored.

An advantage to using: flame emission for simultaneous
multielement analysis is that one is not limited to using
resonance lines. Thus, although resonance lines Bre usually
Slronger in emission than nonresonance lines, the concen­
tration of the given element in the particular sample de­
termines whether any given atomic line will emit useful
intensity at the flame temperature. This is an advantage
for a system utilizing a window concept since it allows
more possible combinations of spectral lines of various el­
ements within 8 given window thall if one were limited
strictly to resonance lines. This makes the system inher­
ently versatile, in that a given element may be deter­
mined in combination with one set of elements in one
window, while the same element may also be determined
with an entirely different set of elements in a different
window.

The choice of the focal length of the monochromator for
the system is a compromise between window width and
resolution. For a given grating, monochromators employ­
ing a shorter focal length have a lower dispersion and
therefore compress a greater spectral range in a given
width than a similar monochromator with a larger focal
length. Thus, for a given grating, a shorter focal length
monochromator covers a wider window, at the expense' of



Table Ill. Comparison of Peak Height and Peak Area
for a Calibration Curve Using Ca (3933.67 A)

time for atoms in the optical path, 3) have a high temper­
ature for good excitation efficiency, and 4) have a large
variation in excitation conditions over a small flame re­
gion to allow simultaneous excitation and observation of
many elements. Boumans (22) has studied lhis aspect of
multielement flame emission and concluded that the
shielded N20-C2H2 flame was a good choice on the basis
of criterion 4). The fuel-rich oxyacetylene flame has also
been suggested (1).

An unshielded nitrous oxide-acetylene flame was used
in this study due to the previous unavailability of a
shielded nitrous oxide burner in our laboratory. as well as
a lack of a burner for the fuel-rich oxyacetylene flame_
Other names and burners are being investigated in our
laboratory to determine the optimum excitation source for
use with the vidicon system.

Measure of Intensity. Using the optical multichannel
analyzer. both peak height and peak area are readily mea­
surable. Table III shows the results of using both modes
for a calibration curve for the Ca 3933.67-A ion resonance
line. This line undergoes self-absorption at higher concen­
trations. resulting in a curved calibration line for the ex­
tended range covered. Peak area was obtained digitally by
using the summation mode. Both peak height and peak
area were corrected for background. From the table. it can
be seen that the ratio of peak area to peak height does not
change significantly as the intensity varies. Therefore. an­
alytical data may be acquired either as peak height or
peak area. The use of peak height is justified as long as
any single channel in the profile of the spectral line is reg­
istering less than about 750 counts in real time. At this
point, an overload indicator is observed. In real time, the
maximum count possible in a single channel i!:i 840 counts.
Intensities greater than this result in no further increase
in peak height but merely result in appreciable broaden­
ing of the peaks into adjacent channels-i.e.. formation of

"a plateau.
Onc source of error which affects the reproducibility of

measuring peak height is due to the discrete nature of the
500 separate electronic channels. Although the n-type sili­
con wafer target in t.he vidicon is continuous and radiation
striking any port.ion will result in the production of holes.
the peak height of a spectral line depends on the relative
alignment of the electronic channels with respect to those
particular diodes which have collected the holes and are
therefore partially discharged. Thus if an electronic chan­
nel is aligned coincident with the center of the optical
image-i.e.. coincident with the center of those diodes
which have been most discharged by the light-the major­
ity of the signal will appear in this channel. resulting in a
trian~ularly profiled peak of a given peak height. If the
posilion of the optical ima~e is moved slightly by altering
the grating position, those diodes which are most dis­
charged by the light are shifted between two electronic
channels. In the extreme case. both channels monitor the

(22) P. W. J. M. Boumans and F. J. DeBoer. Spectrochim. Acta. 278,
391 (1972).

decreased resolution, than a longer focal length monochro­
mator. The 0.5-m Ebert monochromator used in this
study was arbitrarily chosen because it was available in
our laboratory. Other shorter focal length monochromators
are currently being investigated in this laboratory. The
compromise between window width and resolution de­
pends to a certain extent on the complexity of the sample
if spectral overlap is to be avoided. For complex samples
containing large amounts of transition metals. the analyt­
ical spectrum emitted from the flame can be surprisingly
complex as shown in Figure 5, where 8 flame emission
spectrum of a synthetic solution containing Mo, Fe. Ca,
AI, Ti, W, Mn, and K is shown from 3886 A to 4086 A.
With the 0.5-m monochromator, lines lA A apart are re­
solvable, as illustrated by the Mn triplet.

In addition to affecting the window width and resolu­
tion. the focal length of the monochromator indirectly in­
fluences the radiant flux F in ergs sec -1 or walL" through
the monochromator because longer focal length instru­
ments generally have higher numerical apertures. For a
properly designed monochromator. all of the light collect­
cd from the fully illuminated collimator is transmitted
through the system to the image. Therefore the radianl
flux through the system depends on the characteristics of
the collimator. For a source of a given radiance H in watts
cm -2 5r- 1 at the slit of a monochromator. the radiant nux
in watts transmitted through the system is ~iven by

(A) I (d') 1 (I)'F - Baw - Bo X' = 4 .. Bo X' - 4 ..80 7 (2)

where a is the slit area, w is the solid angle collected by
the collimalor. A is the area of the collimator. X is the
distance from the slit to lhe collimator (which for a colli­
mator is the focal length of the lens or mirror). d is the
linear aperture of the lens or mirror, and f is the f/number
(where the f/number is the ratio of the focal lenl:lh to the
linear aperture) of the munocrnomator. It can be seen that
the radiant flux through the monochromator is inversely
proportional to the square of the numerical aperture or fl
number of the monochromator. For two monochromators,
with the same source and slit width, the ratio of the radi­
ant fluxes is given by.

(3)

Thus the radiant flux through an f/3.6 (typical f/number
for O.25-m focal length) monochromator is increased by a
factor of 5.7 over that transmitted throu~h an f/8.6 (typi­
cal f/number for 0.5-m focal length) monochromator with
the same source and slit width and with the collimators of
both monochromators fully filled. Because the smaller
focal length monochromator with the lower f/number
transmits a greater radiant flux than the longer focal
length system with the hi~her f/number, a smaller focal
length monochromator should increase the !:iensitivity of
the optical multichannel system for those situations where
high resolution is unnecessary, nnd wide wavelen~th cov­
erage desired.

To reduce the loss in sensitivity observed at the ex­
tremities of the wavelength range described earlier, an
asymmetric Czerny-Turner spectrograph .....ould be the
best choice of polychromator mounting. With this mount­
ing, the camera mirror is larger than the collimating mir­
ror, and therefore collects the entire dispersed beam of the
wavelength window from the grating.

Flame Selection. An ideal flame for simultaneous mul­
tielement flame emission spectrometry should I) be capa­
ble of atomizing a wide variety of elements efficiently, 2)
have a slow burning velocity to provide a long residence

Conoenlra­
lion, ppm
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(23) F. J. Flanagan. Geochim. Cosmochim. Acta, 37, 1189 (1973).

In this study, we arbitrarily chose to investigate tbe .si.
multaneous multielement capabilities of our system With
a 200-A window centered on 3986 A. Table IV lists select­
ed spectral lines of Mo, Fe, Ca, AI, Ti, W, Mn, and K
which occur in this window. Of these elements, Mo, AI,
Ti Wand Mn were selected to obtain the optimum
fla'me 'conditions for simultaneous analysis of the entire
group listed in Table IV. These elements were cho~~ be­
cause they are sensitive to chan~es In flame conditIOns.
The behavior of Mo, AI, Ti, W, and Mn were investigated
individually in the nitrous oxide-acetylene flame by mak­
ing vertical flamc profile measurement~-i.e., signal:to.
noise ratio as a function of burner height-for variOus
acetylene flow rates at a constant nitrous oxide flow rate.
From these measurements, the best acetylene now rate
was selected for each clement. For the elements chosen in
this optimization study, all of the elements showed the
largest peak in the vertical flame profile at the same Beet·
viene now rate. Figure 6 shows the vertical flame profiles
~btained with each element at an acetylene flow rate of
3700 cm3 min -1 and a nitrous oxide flow rate of 4750 cmJ

min -1. This gave a fuel-rich nitrous oxide-acetylene flame
with a red feather about 20 mm high. The red feather was
on t.he verge of showing luminosity [rom carbon particles.
From t.his figure. a height of observation above the burner
of 3 mm \\'os chosen, which caused the speetrometer to
sample the portion of the red feather of lhe name directly
above the primary reaction zone.

Table IV shows the detection limits obtained using- an
accumulation time of 1000 cycles. These detection limits
were obtained individually using the compromise condi·
tions det.ermined abovc. The detection limit was taken as
that concentration which produced a signal-to-noise ratio
of 2. This concentration was determined by extrapolatinK
a plot of the signal-to-noise ratio liS. concentration (for ~o·

lutions whose concentrations were close to the detectIOn
limit) down to a signnl·to·noise ratio of 2. These detection
limits can no doubt be improved by usinJ{ a faster mono·
chromntor, a silicon intensifier vidicon (J), and a shielded
nitrous oxide burner.

Analysis of Standard Rock Sample. Recognizing the
potential application of this system to the .analysis of
complex geological and agricultural samples-t.e., the de·
termination of multiple elements in soils and soil extracts,
a well characterized geological standard (HCR-\) was si­
multaneously analyzed for Fe, Ca. AI, and Ti using the
compromise flame conditions determined previously. Mo,
\V, nnd K were not present in sufficient concentratio":s to
be determined usin~ the atomic lines present in the given
window. The Mn concentrat.ion was only slightly above the
detection limit for I he diluted sample (it could be easily
determined in the undiluted sample solution) and could
not be determined simultaneously with the other ele­
ments. The most intense peak in the spectrum-i.e.. AI
3961.5 A-was recorded from the same spectrum as the
remaining elements. but with a vertical scale setting a
factor of ten less. The calcium ion lines were strongly af­
fected by the presence of easily ionized salts. but emitted
analytically useful information in terms of precision and
accuracy if the standards and sample were buffered using
an ionization buffer.

Table V compares the results of the simultaneous mul·
tielement analysis of BCR-! for Fe, Ca, AI, and Ti with
the recommended published values (2.1) for this standard.
It must be noled that the uses does not certify stan­
dards, but only'recommends values based o~ compilations
of analyses reported in the literature. Along with the rec-
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Detection limit.
Blcmcnt Spoctral line, A IOg/ml

Mo 3902.86 0.31
Fe 3930.3 19.3
Ca(ll) 3933.67 Q.OO9
AI 3961.53 0.14
Ti 3998.64 1.33
W 4008.75 25.9
Mn 4030.76 0.29
K 4044.12 140.0
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Table IV. Detection Limits for Mo, Fe, Ca, AI, Ti,
W, Mn, and K Uoing Spectral Lines in Region
from 3886 to 4086 A

signal equally, resulting in a peak which is nat on top-:­
i.e., a box·shaped profile-and a concomitant decrease In

peak height of about Bo/.. ..
A comparison of the precision of measunng peak hClg~t

and pcak area was made under typical operating condl·
tions by aspirating a 10 ppm Ca solution into the nitrous
oxide-acetylene flame and accumulating the isolat.e.d
3933-A line for 1000 machine cycles. This produced a SIg­
nal with a large signal-to-noise ratio. Both peak height
and peak arca were determined on each run. Under these
conditions, the relative standard deviation in ten succes·
sive measurements of peak height was 4.5%. Using the
same data, the relative standard dc~iation in the mea·
surement of peak area was 1.5%. Since manually measur·
ing peak area excessively prolongs the measurement step
(particularly in multielement analysis), a complete study
of the optimum data format was postponed until the in­
terface of the optical multichannel analyzer to our PDP-\\
computing system is completed.

Flame Optimization and Delcction Limits. In sinJ{lc­
element flame emission determinations. the operating
conditions are optimized for the given element according
to its spectrochemical properties. These spectrochemical
properties include the excitation potential of the analyti·
cal line, the ionization potential of the element, and the
tendency for the element to form compounds in the flame.
This optimization is conventionally carried out by optim·
zation of the name zone sampled by the spectrometer­
i.e.. height-and by altering the chemical and physical
environment by optimization of the fuel-to-oxidant ratio.
For simultaneous multielement analysis, individual opti·
mization is not possible and a compromisc must be
reached.

Figure 6. Nitrous oxide-acetylene flame profiles

6. Tl: eW x 10; eMn x 10: 0 Mo x 5: 0 AI
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.. Ilclcrenoc (23). ~ Average 01 throo runa. c St.anda.rd. deviatioN _imated
from dala pnlIIented in Reference (24).

Table V. Analysis of USGS Standard
Rock Sample, BCR-l

Element.

AI
Fe
Ca
Ti

7.20 (±0.24)·
9.37 (±0.21)
4.95 (±0.12)
1.32 (±0.19)

Concn
determined

.nth
vidicon. %.

7.47
9.99
4.93
1.45

° Helativo
error, %

3.7
6.6
0.40
9.8

Table VI. Other Potential 2oo.A Windows UIIing
Spectral Lines Commonly Used
in Flame Analysia

Windcnr 1

Zn 2138.6 A, Pb 2170. A, Sb 2175.8 A, Bi 2230_6 A, Sn
2246.0 A, Cd 2288.0 A. Ni 2320.0 A

Window 2

Be 2348.6 A, CO 2407.2 A, Au 2428.0 ,\, Fe 2483.3 A, B
2496.8 A, Si 2516.1 A, Hg 2536.5 A

Window 3

lr 2639.7 A. Ge 2651.2 A, Au 2676.0 A, Tl 2767.9 A, Mn
2794.8 A

om mended values src estimates of the standard deviations
of the reported values.

The sample was diluted so that the concentrations of
Fe, Ca, AI, and Ti present in the sample that was aspirat.
ed into the flame were 31.7, 16.6. 24.1, and 4.5 ppm, re·
spectively. The dilution was chosen to allow the simulta·
neous determination of all four elements in one aliquot.

The agreement of the determined values with the rec·
ommended ones varies from element to element. This is
to be expected in simultaneous multielement analyses,
since the favorability of the given analytical condition
varies from clement to element. Thus, the agreement for
Ca and AI is excellent because they produce strong lines
at the concentrations in which they occur in the sample.
In the case of Fe and Ti, the agreement is not as good, be­
cause both elements are close to their detection limits for
the lines used in the window. resulting in a proportionate­
ly larger effect of determinate errors in the estimate of the
background.

It should be noted that a minimum of experimental in­
vestigation on the presence of interferences and other ana­
lytical considerations was carried out, since the purpose of
the experiment was to demonstrate the feasibility of si­
multaneous multielement analyses of a complex geological
sample using this system, not to present an analytical
method for these samples.

Table VI lists some other possible windows of 2oo-A
width. The spectral lines used to compile these windows
are those commonly used in flame analysis. A total of 36
elements are covered in nine windows. It should be
stressed again, that many of the commonly determined
elements emit more lines in the nitrous oxide name than
are normally used in flame analysis. Whether these lines
appear in the spectrum depends on the flame temperature
and the concentration of the given element. Their appear·
ance in a given window may increase the number of ele­
ments determinable in that window or they may interfere
with a line already present in the window and thereby re·
duce the number of elements determinable in that win­
dow. The ultimate goal is an automated system which can
slew from window to window sequentially to provide max-

(24) F. J. Flanagan. Geochim. Cosmochim. Acta. 33.81 (1969).

Window ...

Pb 2833.1 A, Sn 2840.0 A, Mg 2852.1 A, Ga 2874.2 A
Window 6

In 3039.4 A, Mo 3132.6 ,\, V 3184.0 ,,\

Window 6

Cd 3261.1 A, CU 3274.0 A, Ag 3280.7 1, Ni 3414.8 A, CO
3453.5 A

Windo", 7

Cr 3578.7 ,'\, Zr 3801.2 A, Y 3620.9 A, Ti 3842.7 A, Rh
3692.4 A, Fe 3719.9 A, Ru 3728.0 A

Window 8

Mo 3902.9 A, Fe 3930.3 ,'\, Ca 3933.7 .~, AI 3961.5 A, Ti
3998.6 ,'\, W 4008.8 A, Mn 4030.8 1, K 4044.1 1, Ho
4053.9 A, Pb 4057.8 A, Y 4077.4 A

Window 9

Ca 4226.7 A. Cr 4254.4 A, V 4379.2 A

imum coverage. Each window must be investigated sepa·
rately to determine its analytical potential and possible
interferences.

The vidicon detector provides a unique means of si·
multaneous multichannel detection. Its use, however, is
not confined only to name emission but should prove use­
ful for multielement atomic absorption and fluorescence
as well. In addition to muhielement quantitative analysis,
the vidicon system should also prove useful in rapid quali·
tative survey analysis to determine what elements are
present in a sample. In single element analysis, the vidi­
con permits the simultaneous measurement of an internal
standard line for those situations which can benefit from
this technique. The vidicon should also prove useful in in­
vestigating matrix effects on several elements in a sample
simultaneously, as well as to monitor changes in back·
ground continuum radiation.
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Analysis of Twelve Amino Acids in Biological Fluids by Mass
Fragmentography

R. E. Summons, W. E. Pereira. W. E. Reynolds, T. C. Rindfleisch. and A. M. Duffield

Genetics Department, Stanford University Medical Cents" Stanlord. Cafif. 94305

A computerized method has been developed for the si­
multaneous quantitalion of 12 amino acids in biological
fluids using the technique 0' quadrupole mass tragmentog­
raphy. The amino acids were determined as their n·butyl
ester N-trlfluoroacetyl derivatives and a commercially
available mixture of deulerated amino acids was used as
an Internal standard. The combination of individual inter­
nal standards with the utilization of the mass spectrome­
ter as a specific ion detector enabled several sources of
error Inherent In currently used chromatographic proce­
dures to be eliminated. Furthermore, the use of a quadru­
pole mass spectrometer coupled with an on-line data
system allowed the continuous and accurate monitoring
of many ions (up to 25 in the present case) over the
complete mass range (0 to 750) of the mass spectrome­
ler. Reduction of slored dala (eslablishmenl 01 back­
ground levels and peak location and calculation of re­
sults) was achieved by a lotaliy operalor-independenl
computer analysis program. Analysis on 50-iJl samples of
plasma and urine were reproducible with a standard de­
viation of less than 10% over 5 determinations and this
precision was obtained at a lower limit of quantitation of
approximately 1 nanogram of an amino acid.

Mass fragmentography is rapidly gaining wide accep­
tance as an accurate nnd extremely sensitive technique for
the simultaneous identification and quantitation of pico­
gram levels of biologically important compounds. Most
approachcs (1-·1) hovc involved the use of scctor mass
spectrometers as detectors and consequently arc severely
restricted in the range of the mje continuum and in the
number of different ions that can be successively moni­
tored. Recent publications have reported the use of a qua­
drupole mass spectrometer 8S an analog signal detector (5.
6) with the significant advantage of a greatly increased
range of mass values that can be repeatedly scanned.

The case of application of on-line data systems to a
quadrupole ma~ spectrometer (7) points to an obvious
and importnnt extension of this work. Initially, we re­
ported (8) the computer controlled operation of the qua­
drupole mass filter for mass fragmentography and its ap­
plication to the determination of phenylalanine in serum,
and subsequently (9) to the simultaneous quantitation of

(1) C. G. Hammar. B. Hotmstedl. and R. Ryhage. Anal. Biochem.. 25.
52311968).

(2) U. Axen, K. Green. D. Horlin. and B. Samuelsson, Blochem. Bio­
phys. Res. Commun.. 4S. 519 (1971).

(3) C. C. Sweeley. W. H. Ellioll, I. Fries, and R. Ryhagc, Anal. Chem..
38.1549 (1966).

(41 J. F. Holland. C. C. $weeley, R. E. Thrush. R. E. Teets. and M. A.
Bieber. Anal. Chem.. 45, 308 (1973).

(51 E. J. Bonelll, Anal. Chem.. 44, 603 (1972).
(6) J. M. Strong and A. J. Atkinson.Jr., Anal. Chem" 44, 2287 (1972).
(7) W. E. Aeynolds. V. A. Bacon. J. C. Bridges. 1. C. Coburn. B. Hal-

pern. J. lederberg. E. C. levinthal. E. Sleed. and R. B. Tucker.
Anal. Chem.• 42,1122 (1970).

(8) W. E:". Perelra. V. A. Bacon, Y. Hoyano, R. E. Summons, and A. M.
Dulfield. CHn. Biochem.. 1973 (in press).

(9) W. E. Pereira, Y. Hoyanc, W. E. Acynolds. A. E. Summons. and A.
M. Oulfield. Anal. Biochem., SS, 236 (1973).
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10 amino acids in soil extracts. We have now made sub·
stantial improvements to the method whereby a computer
program completes the entire analysis of the data collect­
ed. As a demonstration of the utility of the method, we
wish to report" its application to the simultaneous deter­
mination of 12 amino acids in biological fluids.

EXPERIMENTAL

Reagents. A deuternted amino acid mixture was supplied by
Merck Laboratory Chemicals. Rahway. N.J. The 1.25N Hel in
n-butllnol. 250/(: (v/v) triHuoroacetic anhydride in methylene chlo­
ride, and Tabsorb column packing (ECA on chrum W) were ob­
tained from Re~is Chemical Co., Morton Cruve, Ill. A standard
amino acid solution was purchased from Pierce Chemical Co.,
Rockford. Ill.

Equipment. CLC separations were carried out using: a 6-foot by
4-mm (i.d.) coiled J{lass column pucked with Tabsorb. and using
helium 8S carrier l-:US (60 ml/min). The gas chromat.ograph. a
Varian Model 1200. was coupled via an all-glass membrane scpa­
mtor tu n FinniJ.:un 1015 Quadrupole mass spectrometer which in
turn was interfaced to the ACME computer system of the Stun­
ford Univcrsitv Medical Center.

Intcrface h~rdware is that prcviously described (i). The dlltn
acquisition software assumes an operating cycle of: (u) Tmnsmis­
sion of a control number. N, from the computer to the interfnce
controller which sets the quadrupole mass anulyzer to the spcci­
fied point in the l1I/f! continuum. (b) InteJ,:fCll.ion of the ion siJ{llal
for a pre-set period. 7'. (8 milliseconds in our work), and (cl Com­
puter reading: of the integrated ion signal with u 12 bit A ....-. D
conversion. Characteristics of the IBM 360/50 to IBM 1800 dntu
path of the ACME computer system dictate lhut dutu points he
buffered into groups of 250 and. therefore, in our operation. ions
are monitored in multiples of 25 with 10 data points or cycles per
mass value. The first of the 10 cycles serves only to direct the
quadrupole electronics to the approximate mass region of interest.
The remaining: nine cycles collect a series of ion current integra­
t.iolls 0.5 amu about the mll' being lllonitored. The nine points
urc then smoothed with a five-point quadratic function (W).
and the highest is then selected as the int.ensity or the particular
ion. This procedure allows for small drilL-; in instrument calihra­
tion to be corrected at each mnss on e\'('f)' scan. A "spectrum" of
precision intensities is collected und filed on disk at 2-seconu in­
tervals and typically 7fiO such passes are mllcle in the direction of
each sample run. A sum of the precision intensities in each "spec­
trum" cnn be used to construct the total ion monitor shown in
FiJ,:ure I.

Unta Analysis Program. The mas-<; fragmentogram data are
reduced by a computer prog:rnm requiring no operator interven·
tion. The prog'fDm has as its input the series of mass fragmento·
gram pairs illust.rated in Figure 2. Each fragmentogrnm is repre·
sented as a series of 12-bit digital samples measuring the ion cur­
rent. at that mass as a function of time. The program locateR can­
didate peaks in the various mass fragmentograms. select.s those
peak pairs corresponding to the deuternted and undeuterated nn·
alogs of each derivatized amino acid. and measures the area ratio
for each pair to quantitate the test mixture for the various amino
acids. A sample print-out of the results of this process is shown in
Figure 3.

Hachground Removal. As illustruted in Fig-ure I, the J,(as chro­
matograph emuent has two componcnts: 1) a l-:ently rising- back­
ground arising from column bleed and other continuously present
materials and 2) the test sample and internal standard compo­
nent peaks. One'of the first steps in the data processing is to con­
struct an approximation to this backg-round component so that it
can be removed. This is important both to facilitate the detection

(10) A. Savilsky and M. J. E. Golay. Anal. Chem.. 36. 1627 (1964).
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Figure 1. Total ion current from a normal plasma

Figure 2. IndIvidual ion chromatograms of monitored fragments

of sample peaks (this is easier in the presence of a Ilat back·
ground father than 8 time-varying backJtround) and to make the
peak area measurements more accurate (areas of small peaks
would be significantly influenced by 8 background component of
comparable size). The plots in Figure 2 (particularly the fragmen­
tograms for masses 166 and 173 used to measure proline and pro­
line·d7) illustrate the fact that this background varies with elution
time. Thus the program approximates the background of each
fragmentogram independently.

The local minima of each trace provide a basis for the approxi·
motion. For the most part, the sequence of local minima is repre­
sentative of the background althouJth points between unresolved
peaks, for example, may give rise to local minima deviating sig­
nificantly from the actual background curve, To eliminate the ef­
fects of such points. we construct the background approximation
88 a two-step process. First a "piece-wise least squares fit"
through all of the relative minima is constructed (Figure 4(a)).
The mL."1ima whose signal amplitudes fall above this first approxi­
mation (such 88 between unresolved peaks) are then eliminated
prior to a second pass. The piece-wise LS fit resulting from this
second analysls is taken to represent the background portion of
the signal (Figure 4( b) J.

The "piece-wise LS fit" is 8 procedure used to develop a
smooth approximation to the irregularly positioned signal minima
and to provide an interpolation for points between successive
minima. Rather than attempt to fit the entire background by a
single polynominal or other function, we construct local least

squares fit polynomial approximations to successive small groups
of points. These local solutions are then joined together in a way
which guarantees continuity of the function and its fll5t deriva­
tive. We consider sequences of N minima,

S, = [(y,.I,),(y,+ 10/,+ '),"·'Y'+N-I./'+IN-"»

where .\'1 is the signal amplitude at the local minimum at time t ••
Through the points in the sequence SI, we least squares fit a poly­
nomial, P,(l) (in our case we use a straight line approximation
through 9 points), Successive polynomials, e,g., through Sf and
Sl+l, are joined together so that at times between tHIN-J)!! and
t't (.... I 1112 (the midpoints of Sj and S'.1 respectively, 8S8uming N
is odd). the background, B(I), is approximated by

8(/) - (<)P,(/) + [1 - (.)]P, + ,(t)

where
(( tl - 1 - 3.' + :?fa

Hnd

,-
t; + IN + 1,/2 - t; + IN - 11/2

The joining function, f(tJ, ensures continuity through the fll8t
derivative. This procedure has produced reasonable background
approximations, e\'en to quite complex chromatograms,

Having constructed a background function, this component is
removed 80 that the fragmentogram peaks ride on a Unat" back·
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Figure 3. Terminal output ot calculations and results

ground '.Yhich has a mean value sliJ:htly above zero [Figure 5(0)).
The new background is not precisely zero hecaU!_e the approxima­
tion to the origins:l data background was fitted through the data
MINIMA. Thus, since the background itself contains small fluc­
tuations (caused by noise or ...ery small diluent peaks). these will.
in general, fall sliKhtly obo\'e the new signal zero. This foct can be
used to advantage to assist in setting a more adaptive threshold
(or peak detection which is the next step in the process.

Peak Detection. The signal peaks are separated (rom the flat­
tened background by means o( n threshold. above which n sil'tnnl
is considered to belong to a component peak and below which to
the background. This threshold is set so as to exclude the majori­
ty o( the background fluctuations while minimizing the trunca­
tion of the true peaks. Since background fluctuations will vary in
amplitude from run to run «'.g., because of different instrument
set-up gain), we have found it desirable to sE'l this threshold
based on actual data statistics. If one plot!' a histogram of the fre­
quency of occurrence of each amplitude level in the Oattened
fragmentogram. one sees a peak just above zero where most of the
new background values lie. Since the sample peaks are relatively
few in number and are spread oyer higher amplitude yalues, they
appear 88 a "tail" on the high side of the background histogram
peak (see Figure SIb)]. Thus. by detecting the mode of the back·
ground histogram peak and measuring its width (standard devia­
tion), a data-adaptive threshold value can be sel (threshold =
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mode + 2.;) x standard deviationJ. The multiplier value of 2.5 i!'
chosen based on an assumption of Gaussian background statistics
and a 1% probability that a point above the threshold belongs to
the back~round. This then serves to isolate candidate effluent
peaks (Figure 5(c)).

These isolated peaks are further screened by a minimum width
criterion to eliminate any wideband electronic noise which ma)'
be present (actual peaks tend to be at least 10 samples wide be­
cause of the way we have set up the data system samplin~ rate).
The remaining peak candidates are then tested to make sure they
contain only one maximum-i.f>.. that they ore fully resolved
peaks. If not. they are subdivided at successive minima into sin­
glet peaks. This latter problem is rare in the present application.
In more complex situations, more sophisticated peak-resolving al­
gorithms can be utilized to get better area and location approxi­
mations.

After sorting out the various component peaks in each of the
fragmentograms. the members of each fragmentogTam pair are
compared to each other and only peaks with an analog at the
same time position are considered further. The locations of peaks
are determined 'by fittin~ a parabola about the peak maximum
and using the parabola maximum as the peak position. Analo­
gous peaks must coincide in position to within to time units.

Peak Identification and (Juantitation. Finally. given the set of
coincident peaks between the two mass fragmenlograms for an



Figure 4. (a) First approximalion 10 the lragmentogram back­
ground for m/e 173. (b) Second approximation to the fragmen­
togram background for m/e 173

amino acid, the appropriate peak pair is selected on the basis of
position relati\'e to those found previously. We know for the GC
column and temperature profile approximately where each amino
acid should be eluted in time. The time differences between suc·
cessive amino acids were measured and stored as a table in the
program as the result of a system calibration. For actual data
runs, this table is consulted to determine wbere to search for each
particular amino acid, baving determined those preceding it in
time. About each such projected location. a search is made (with­
in 30 time units) for the largest candidate peak pair. This is as­
sumed to represent the appropriate amino acid. If no peak pair is
found within this search window, that amino acid is assumed to
be undetectable in the test sample. lf a particular amino acid is
missing (or undetectable) in a run, its estimated location is used
in projecting for the locations of the remaining acids.

Each of these displacements is relative to a previous peak posi­
tion and thus, a start-up procedure is necessary. We use the fact
that alanine comes off our column first and for at least the deu­
terated analog standard (mass 144), will be the largest peak with­
in the first 100 time units. This algorithm has proved reliable in
automatically starting the analysis procedure and accommodates
a certain amount of fluctuation belw~en when spectrum recording
begins relative to column injection. Using the previous peak
screening procedure. this algorithm would not work if alanine
were undetectable in the test sample-in this case. the deuterat­
ed analog peak would be cast out for lack of a co-located sample
~ak. Thus, for this special case, we search for the location of the
deuterated analog peak in the fragmentogram for mass 144 to lo­
cate the starting position and apply the previous screening proce­
dure subsequently for quantitstion.

This program is coded to run on the ACME 360/50 time·shared
computer facility in the Stanford Medical Center using a PL/1­
like programming language. The time to analyze a run varies de·
pending on the loading of the computer facility and the 360/50
clock does not allow us to measure CPU time for this program
alone. Using estimates of running times on a relatively unloaded
system. several minutes (wall clock time) are required to analyze
a run for the 12 amino acids currently being quantitated.

Procedure. Fifty microliters of body fluid (plasma, urine). 25
III of the deuterated standard amino acid solution (1 mg/ml) and
25 III of O.lN HCI were mixed (plasma samples were treated with
1 ml of absolute ethanol, the precipitated protein removed by
centrifugation and the 8upematant liquid evaporated to dryness
in vacuo) and made up to approximately 2 rnl with water. This
solution was passed through a 5·cm3 bed volume column of Bio­
Had AG·50W-XI2 (50-100) cation exchange resin. After washing
with 20 ml of water to remove neutral and acidic components, the
amino acids were eluted with 20 rnl of 3N ammonia solution. The
eluate W8& evaporated to dryness in t/acuo and the residue re~

Figure S. (a) Flattened fragmenlogram for m/e 173. obtained by
subtracling the background from 4b. (b) Histogram 01 flattened
fragmentogram amplitudes. (c) Result 01 thresholding t1aHened
fragmentogram with background found by histogram 5(b)

fluxed with 1.25..\7 HCI in n·butanol for 15 min and evaporated to
dryness. TriOuoroacetic anhydride in methylene chloride 0:1, 0.5
rol) was added to the residue and the solution heated in a sealed
tube at 60 ·C for to min. The solvent was removed under a
stream of dry nitrogen and the residue taken up in 50 III of ethyl
acetate. An aliquot 0-2.,1) was injected into the injection port of
the gas chromatograph (oven temperature 100 ·C) and, after a 2­
minute delay. the oven was programmed at 4 ·C/min (to 22O·C).
Data acquisition ~'as commenced when the oven temperature
reached 115 ·C. The mass spectrometer W8& operated using a iOD­
izing voltage of70eV and an ionizing current of250JjA.

Calibration oC Internal Standards. Six aliquot!i (500 Ill) of
normal plasma were each mixed with 250 III of the deuterated·
amino acid solution 0 mg/ml) and to 5 of these in turn were
added aliquolJl (10. 20. 30. 40. and 50 ~I) of the Pierce standard
amino acid solution (1.25 .,mole of each amino acid per rol of so­
lution). The six solutions were deproteinized with absolute etha­
nol and the free amino acids reco\'ered and derivatized as above.
Each ~Iution was processed in the GC-MS-computer system and
the ratio of the areas of the selected fragment ion and its deuter­
ated analog for each amino acid, plotted U6. the amount of that
amino acid added. The slopes of each of the straight line graphs
obtained were used to calculate a calibration factor for each of
the amino acids in the deuterated mixture.

RESULTS AND DISCUSSION

Table I summarizes the structures and m/e values of
the selected characteristic fragment ions of the nonnal
and deuterated amino acid TAB derivatives. The combi­
nation of O.N-triOuoroacetyl.n-butyl ester derivatization
with gas chromatography on EGA on Chrom W (Tabsorb)
was chosen because of the excellent separation and peak
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Table I. Characteristic Fragment Ions Selected for Mass Fragmentograpby of Undcutcratcd and
Doutorated N-TFA-D-n-Butyl Amino Acid.

Amino
.ci<Lo

ALA

VAL

GLY

ILEU

LEU

PRO

THR

SER

PHE

ASP

GLU

LYS

Fraltment ion

CH,CH=NHCOCF,
(mic 140).

i-C,H,CH=NHCOCF,
(mic 168)

CH,=NHCOCF,
(mie 126} •

C,H,CH (CH,)CH=NHCOCF,
(mic 182) +

i-C,H,CH,CH=NHCOCF,
(mic 182)

C~·('(X:"', (m/d66)

,.
CH,CH=CHNHCOCF,

Imlc 153)

CH,=CH-NHCOCF,
(mic 139)

C.H,CH~CHCOOH)+
(mic 148)

J!uOOCCH,CH=NHCOCF,
(mic 240) +

HOOCCH,CH,CH=NHCOCF,
(mic 198) •

CH,=CHCH,CH,CH=NHCOCF,
(m/c 180)

Dcutcrutud lIWinO acidR

CD,CD(NH,)COOH

i-C,D,CDINH,lCOOH

NH,CD,COOH

C,D,CD,CD,lCDINH,)COOH

i-C,D,CD,CD INH,) COOH

Ill)

l~"11 U,
o H COOl I

CD,-CDOH-CDlNH,)COOH

CD,OH-(;DINH,)COOH

C"D,CD,CDiNH,)COOH

HOOCCD,CDINH,)COOH

HOOCCD,CD,CDiNH,)COOH

NH,ICD,),CDINH,)COOH

Fnlgmont ion

CD,CD=N HCOCF,
(mic 144) ~

i-C,D,CD=NHCOCF,
(mic ,176)

CD,=NHCOCF,
(mic 128) _

C,D,CDICD,)CD=NHCOCF,
(m/t~ 192)

i-C,l),CD,Cl)~NHCOCF,

tmic 192)

n-S-<:"
1)-'i~·rorF'lm."'li'll

u 11 0

CD,CD-'CD-NHCOCF,
(III/C 158)

CD,=CD-NHCOCF,
(mic 142)

C,D.CD=CDCOOH )+
UIl/e 11;5) .

HuOOCCD,CD=NHCOCF,
lm/#~ 143) •

IIOOCCD,CD,CD=NHCOCF,
(m/t' 20:1) +

CD,,-~CDCD,CD,CD=NHCOCF,

(m/e 188)

shape characteristics obtained with this system (1 I), One
serious disadvantage. however, is that the derivatives of
arginine. cysteine, and histidine decompose under these
chromatographic conditions, Although the problem has
been under study by several groups (12, 13), there is at
present no combination of derivatiz8tion procedure and
conventional packed GC column conditions which can
give rise to a complete peak separation of nil protein
amino acids on a single column. A complete separation of
all the amino acids would be an ideal but not a necessary
prerequisite for a quantitative amino acid analysis by
mass fragmentography. Complete separations are only
necessary for those amino acids for which it is difficult or
impossible to select fragments with non-interferant{ mIc
values. For example the TAB derivatives of alanine, ser­
ine, threonine, and valine all have the ion at mle 126 in
common and therefore must all be completely separated
from TAB glycine where this is the only ion suitable for
monitoring. Leucine and isoleucine. because of their isom­
erism, also have to be completely separated. With larger
amino acids there is usually little problem in finding non·
interfering ions since these show several prominent unam·
biguous fragments as compared with the one or two shown
by the smaller compounds.

Table 11 shows the amino acid determinations for a nor­
mal plasma, plasma of a patient with Maple Syrup Urine
Disease (14), and a normal urine, The results shown are
the means and standard deviations obtained from five
a.parate analyses and are expressed in me/lOO ml. Some
amino acids analyzed consistently better than others (e.~..
phenylalanine, alanine, valine, and lysine) but, in all

(11) D. Roach and C. W. Gehrke. J. Chromatogr.. 43, 303 (1969).
(12) C. W. Gehrke and H. TBkeda, J. Chromatogr.. 76, 63 (1973).
(0) J. P. ,anella and G. Vlncendon, J. Chromato9r., 76. 91 (1973).
(14) J. B. Stanbury. J. B. Wyngaarden, and D. S. Fredrlckson. "Tho

Metabolic BasIs 01 Inherited Disease," 3rd ed.. McGraw·Hilt Book
Co., New York. N.V., t972, P 426.
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Table 11. Amino Acid Detcrminutions, mg/lOO 1nl

Nonnnl plnsmn MSUD plamna Normal urino

Alanine 2.56±0.12 8.58 ± 0.24 3.47 ± 0.04
Valine 1.82 ± 0.12 5.62 .!c 0.23 0.56 ± 0.03
Glycine 1.82 ± 0.06 6.06 ± 0.04 13.89 ± 0.38
Isoleucine 0.68 ± 0.05 5.00 ± 0.45 0.42 ± 0.04
Leucine 1.40 ± 0.08 21.29 ± 1.09 1.02 ± 0.05
Proline 2.15 ± 0.09 8.19 = 0.24 5.59 ± 0.26
Threonine 1. 75 ± 0.16 8.13 ± 0.24 4.29 ± 0.17
Serine 2.05 ± 0.06 9.23 =0.30 5.37 ± 0.53
Phenyl-

alanine 50 ± 0.06 5.74 ± 0.11 0.94 ± 0.03
Aspartic

acid 10 ± 0.04 2.31 ± 0.14 3.28 ±O 16
Glutamic

acid +
g-lutnmine 4.32 ± 0.33 12.62 ± 0.27 3.72 == 0.11

Lysine 1.98 ± 0.08 9.65 ± 0.14 10.08 ± 0.54

cases, the standard deviations were less than 10% of the
mean. This compares favorably with other methods of
amino acid analysis currently in general use (1.5). Repli­
cate injections of the same solution gave results with a
standard deviation of les..o;o than 49c of the mean over five
determinations for each amino acid. Under routine oper­
ating conditions. 1 nanogram of an amino acid can be
quantitated with this precision. Extension of the method
to cover more than 12 amino acids is primarily dependent
on obtaining appropriate deuterated standards. Sufficient
amounts of arginine and histidine are present in the com­
mercially available mixture used for the present work.
Tyrosine-d7 is also commercially available while other'la­
beled amino acids would have to be chemically synthe­
sized. As the iiltemal standard is itself calibrated vs. a

(15) E. D. Pellizzari. J. H. Brown. P. TalboL R. W. Farmer, and l. F.
Fabre. Jr.. J. Chromatogr.. 55, 281 (19711.



standard amino acid solution. it is not necessary to know
either the degree of isotope incorporation or the amount of
each deuterated compound in the standard solution.

The use of a separate deuterated internal standard for
each amino acid being analyzed allows several errors in­
herent in commonly used methods of amino acid analysis
to be eliminated. These include loss of material from non·
quantitative transfer, derivatization and column (ion ex·
change and OLC) rccovery; lo&"i of the very volatile deriv·
atives of alanine, valinc, glycine, etc. during concentration
of the derivatized sample prior to injection on the gas
chromatograph (16); and loss of basic amino acids which
are co-precipitated with protein during plasma work-up
(17). Furthermore the chances of errors arising through
co-elution of interfering compounds in the conventional
GC or ion exchange methods of amino acid analysis are
significantly reduced since the mass spectrometcr detects
only those ions known to be specific to the mass spectrum
of the amino acid being analyzed.

The fact that t.he quantitative result obtained for the
amino acid composition or soil samples compared vcry fa-

(l6) R. W. Zurnwalt, K. Kuo. nnd C. w. Gehrke. J. Chroma/ogr.. 55. 267
(1971).

(17) L. Z. SilO and J. Dawson. Anal. Oiochem.. 28. 95 (19691.

NOTES

vorably with results obtained from an amino acid analyzer
(9) suggests quadrupole mass fragmentography will find
wide application for the analysis of amino acids in the fut­
ure. It will be particularly useful for determinations on
nconatat plasma and amniotic fluid samples where low
sample size or low amino acid content dictates that opti­
mum sensitivity is an important consideration.

The time taken for one complete analysis using this
computer directed mass fra~mentography system, exclu­
sive of dcrivatization, is 40 minutes for data collection
with an additional 10 minutes before the computer pre·
scnts the final analytical result.
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Electrochemical Oxidation of Thin Palladium Films on Gold

Sleven H. Cadle 1

Chemistry Department. Vassar College. Poughkecpsie. N. Y. 12601

The results obtained in studying the anodic behavior of
thin palladium deposits on ~old are reported. The purpose
of this work was to develop a techniquc for the quantita­
tive determinat.ion of submonolayer deposits of palladium
on gold in sulfuric acid media. Furthermore. it was hoped
that a comparison between the results of this work and
the work of other authors on bulk palladium would help
characterize the surface oxidation state of bulk palladium
electrodes. A knowledge of the surface oxidation state of
palladium is needed to provide an electrochemical means
of determining its roughness factor.

The electrochemical behavior of polladium-~old alloys
has hecn studied bv Woods (I) nnd Rand and Woods (2).
They found that p~lIadium and gold form a homoJ.{eneou~
alloy. The nulUre of the chemisorption of hydrogen and
oxy~en on these alloys is n composite of the properties of
the individual metals. The potential of the adsorption and
desorption peaks of a cyclic voltammogram of the alloy
differs significantly from the potential of the correspond­
ing peaks for the separate metals.

The oxidation of palladium electrodes in aqueous acidic
media has been investigated by severnl workers. However.
there is disagreement about the potential at which mono-

'Present address. Research Laboratories, (;. M. Technical Cen·
tcr. Warren. Mich. 48090.

(1) R. Woods. Elec/rochlm. Acta. 14.632 (1969).
(2) O. A. J. Rand and R Woods,J. Electroana/. Chem.• 36. 57 (19721.

layer oxygen covera~e of the electrode occurs. Rand and
Woods (:1) investigated palladium oxide formation in IM
H,SO,. !I plot of the quantity of palladium oxide formed
vs. electrode potential showed a step at -1.7 V vs. RHE.
They concluded that a stoichiometry of I oxn~en atom per
surface palladium atom exists at this potential and that
at morc positive potentials. a phase oxide forms. Hur­
shtein et al. (.J) determined the surface area of palladium
powders using: the BET method. The surface orea was
then compared to the quuntity uf hydrogen and oxygen
adsorbed on the electrode as a function of potential in IN
H2SO•. It was conduded that a monolayer of oxygen is
adsorbed on the electrode at + 1.2 V vs. RHE.

EXPERIMENTAL

Elcctrochcmical Equipment. Electrochcmicnl eXIlCriments
.....ere perfurmed usinJ.: a Beckman Electroscnn :lO. An external
voltage source .....as used tu step the electrode potential ..... hen re­
quired. An all·~)uss 5OO-ml elcctrochemical cell .....as USl'd. A
l.u~J:in capillary .....as used het .....een the referem'c clectrode and
the rotating disk electrode. The reference electrode .....ns u Let!ds
and Northrup 1199·:11 saturated calomel electrode. The auxiliary
electrode .....as a coil of Jlllltinum wire JoOeparated from the .....orkin~
electrode compartment hy u medium-I)Orosity glass frit. A bclt­
driven electrode rotator cupuhle of speeds of 20 to 100 (rpm)1 2 in
intervals of 10 (rpm)";! .....as used. The rotating gold disk electrode
and palladium disk electrode hud un urea uf 0..157 cm 2 and 0.452

(3) D. A. J. Rand and R. Woods. J. Elec/foanal. Chont. 31, 29 (19711.
(41 R. Kh. Burshtein. M. R. Tarasevich, and V. S. Vihnskaya. Elactlo-

khimiya. 3. 349 (1967).
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Flgur. 3. Current-potential curves at a gold electrode in 0.2M
HrSO•• 2.36 X 10- oM Pd(lI)

RESULTS AND DISCUSSION

Current-Potential Curves of Palladium on Gold. Cur­
rent-potential curves for bulk palladium and bulk gold
electrodes are shown in Figure I. This figure is presented
to facilitate the comparison of the electrochemical pro­
cesses occurring on the pure metals to those which occur
on a gold electrode partially covered by palladium (Fig­
ures 2 and 3). Note that the reduction peak associatec
with oxidized gold, Eo = +0.82 V, is well separated frort
the reduction peak associated with oxidized palladium,
Eo = +0.29 V. Also. the oxidation of palladium at Eo ~

+1.0 V occurs in a potential region in which no gold oxi­
dation occurs.

Initial quantity 01 deposited palladium, 500 IlC. Electrode potential cycled
conllnuously. 2500 rpm, polential scan rate 100 mV/sec. Curve 1) 3rd
cycle. Curve 2) 6th cycle. Curve 3) 10th cycle. Curve 4) 13th cycle.
Curve 5) 161h cycle

of the gold electrode was required. First, the electrode was pol.
ished with Buehler 0,05·1' gamma micropolish. The electrode was
then introduced into solution and oxidized at +1.6 V for 10 min·
utes, followed by reduction at -0.4 V for 5 minutes. The electrode
w~ then scanned repeatedly between -0.3 V and +1.6 V until a
reproducible current-potential curve was obtained. A similar pre·
treatment sequence was used for the palladium electrode.

Palladium Plating and Oxidation. Linear plots of wll2 , the
square root of the rotation speed vs. current were obtained at
-0.1 and -0.2 V in a 2.36 X 1O-'M Pd(U). 0.2M H,SO, solution.
The convective-diffusion controlled limiting current for the re·
duction of Pd(D) at 2500 rpm was 1:\.8 pA at the rotating gold
disk electrode. It was observed that the current decreased slowly
with time (-3%/min at 2500 rpm) but returned to its original
value if tbe electrode was oxidized at *1.3 V. For this reason, all
plating experiments were limited to a maximum of 1 minute. In
the experiments described below, palladium was deposiled from
solutions of various Pd(ll) concentration at 2500 rpm and -0.10
V. At the end of the plating time, the electrode potential was
scanned at 100 mV/sec to more positive potentiaIs. In the e:tperi·
ments which required integration of the current-potential curves,
the electrode potential was stepped from -0.10 V to +0.40 V at
the end of the plating time, and then scanned at 100 mV/sec to
more positive potential!. ·The resulting current-potential curve
was integrated in the potential region +0.4 V ~ E .s +1.0 V. In
this region, the current is due solely to the residual current and
the oxidation of palladium. 10 calculating the current due to pal.
tadium oxidation, it was assumed that the deposition of small
quantities of palladium on gold does not change the residual cur.
rent.

f:
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""
"':I I
I I
I I
I I
I I

I 'I \
I \

, ", ,
, '.

E, VOLTS .. SCE

...... 2. Currenl-polanllal curves a\ a gold eleclrode in 0.2M
HoSO•• 2.36 X 10- oM Pd(II): 2500 rpm. polenlial scan rale
100mV/sac

Quantity of pall.cilum dePOliled: Curve 1) 30 I'C. Curve 2) 59 I'C, Curve
31 100 ~C. Curva 41 137 ~C

eml • 1Wpectively. All potentiala are reported LlI. the saturated
calomel electrode (SCE).

Cbemlcala aDd Solutio.... All IOlutions were prepered using
triply diatUlad water. The 0.2M sulfuric acid supporting electro.
Iyle wu prepared from Fisher reagent grade sulfuric acid. Palla.
dium does not diuolve in cold concentrated sulfuric acid. There.
fore, a stock IOlution of 1.18 X 10-'M Pd(D) wu prepared by
uodil.iDl • 1.2 cml palladium electrode at a constant current of
3.00 mA in concentrated 8ulfuric acid. The concentration of the
~d(D) solution wu calculated from the change in weigbt of the
pal1adium a1ectrode. Repetitive experiments ahowed that this
J>lOC*8 produced Pd(D) at 98.3 '" 0.5% current efficiency. All 10·
lutiona ...... deo<ypnated by paasing nitrogen through and over
tbeaolution.

llI,e:trode Pretn.~nt. In order to obtain reproducibla cur.
nIlt-potential curve. in the 8upporting electrolyte, pretreatment

0.8 o.
E,VOnSnSCE

figure 1. Current-potential curves at a palladium disk electrode
(-') and a gold disk electrode (- - -I; 0.2M H250•. 2500 rpm.
potanllalscan rate lOO mV/oec
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Figure 4. Relat'onship between the quantity of palladium. QPd.

deposited and the charge, QPdO(X). required 10 oxidize the pal­
ladium at ED .:5,; +1.0 V during a potential cycle of the elec>­
trode. Potential scan rate 100 mV/sec; electrode rotation
speed,O,pm

rent. The charge required to oxidize the palladium at E :s
+1.0 V, QPdO' ... during a potential scan at lOO mY/sec
was calculated. The results are presented graphically in
Figure 4. Each point is the average of at least three sepa·
rate measurements. Each measurement was obtained in a
fresh solution. The data are represented by QpdOl%1 =
1.10 Ql'd where 0 :s Ql'd :s lOO "C or 0 :s QPdOl%' :s 165
"C.

Thus, the average oxidation state of palladium at + 1.0
V is 2.20 under these conditions. It should be noted that
this data includes the oxidation state (+2) of soluble pal·
ladium which forms during the potential scan. The devia·
tion from linearity at Qpd > 150 "C suggests that thicker,
incompletely oxidized deposits are formed. These results
can be used to quantitatively analyze for small quantities
of palladium in 0.2M H2SO. solution, and have been suc·
cessfully used (6) to study the corrosion of palladium elee·
trodes.

Determination of the Depth of Coverage. The"depth
of coverage was determined using the following argument.
The deposition of palladium on gold inhibits the subse·
quent oxidation of the gold electrode (Figures 2 and 3).
One palladium atom deposited on the gold eleetrode sur·
face will inhibit the oxidation of one gold atom if it depos·
its in a Pd/Au ratio of 1:1 or 0.91 gold atom if it deposits
in a close packed plane (7). If the palladium is deposited
at depths greater than one monolayer, then less inhibition
of the gold oxide will be observed-i.e.• less than 0.91 gold
atom inhibited.

Current-potential curves of a gold electrode partially
covered by palladium, Qpd < lOO "C, were recorded. Tbe
surface area of the gold was calculated from the gold oxide
reduction peak (8). The existence of IP'. shows that it is
valid to treat the oxidation of the gold as being indepen·
dent of the palladium coverage. The quantity of palladi·
urn deposited on the electrode was calculated using the
results of the previous section. The quantity of palladium
must be determined on the ftrst positive scan after the re·
duction of the gold oxide in order to minimize losses due
to soluble palladium formation. The oxidation of 0.92 :0
0.05 gold atom was inhibited for every palladium atom
deposited, indicating that monolayer formation does
occur.

Comparison to Pure Palladium; Three points must be
considered in the comparison of the' average oxidation

(6) S. H. Cadle. J. Electrochem. Soc., In press. 197...
(7) B. J. Bowle•• Nerure (London), 212,1458 (1986).
(81 S. H. Cadle and S. Bruckensleln. Anal. Chem...... 2225 (1972)~

VariOUB amounta of palladium, Qpd' were plated on a
gold disk electrode from a solution of known concentration
and the cUrTent-potantial curves were obtained by cycling
tbe electrode potential between 0.0 and +1.4 V. Typical
current-potential curves at low coverage, Qpd < 150 "C,
are shown in Figure 2. Both the oxidation and reduction
of palladium occur at more positive potentials than the
corresponding processes. at pure palladium electrodes (see
Figure I).

The high palladium coverage current-potential curves
in Figure 3 we~ obtained in a different manner from
those of Figure 2. Five hundred "C of palladium were de.
posited on the gold electrode from a 2.36 x to-OM Pd(lll
solution. Then the electrode potential was cycled contin.
uously between 0.0 and +1.4 V. This process results in the
dissolution of palladium (2), thereby decreasing the quan.
tity of deposited palladium on each cycle. Under these
conditions, a reduction peak occurs at approximately the
same potential, +0.27 V, as the reduction peak of an oxi·
dized bulk palladium electrode, +0.29 V (see Figure I).
Palladium reduction also occurs at more positive poten­
tials. This suggests that both thin and thick deposits of
palladium exist 00 the gold electrode under these condi·
tions, and that the thick palladium deposits are electro·
chemically identical to pure palladium. The thin palladi.
um deposits interact with the gold and, when oxidized,
form an oxide layer which is more easily reduced than the
oxide layer formed on the thick deposits.

Isopotential Points. Isopotential points (5) in Figure 2
are labeled A-E. The residual curve for the gold electrode
passed through thesc points. Therefore, bulk gold must be
one of the two independent areas, A" on the electrode
surface giving rise to these points. The other area, Az,
must consist of the thin layer deposits of palladium on the
gold electrode. At iwpotential point A, (lp·A), and Ip·B
the faradaic processes are the oxidation of gold on AI and
the oxidation of palladium on Az. IP-C occurs at i = -0.0
and must be due to the sum of the faradaic and charging
current densities on both electrode areas. Ip·D and IP·E
are caused by the reduction of gold at A, and the reduc·
tion of palladium at A2. Ip·E is not as sharp as the other
isopotential points.

The presence of these isopotential points is important
since they "indicate that the electrochemical behavior of
the thin palladium deposits is independent of surface cov·
erage at the potential of the lP's under these conditions.
Therefore, they support the assumption that the average
oxidation state of thin palladium deposits on gold at a
given potential-i.e.. +1.0 V-will be independent of sur·
face coverage.

Isopotential points were also observed under conditions
where both thin and thick layers of palladium were depos.
ited on the gold electrode (Figure 3). These lP's occurred
at the same potentials as those in Figure 2 and are there·
fore assumed to be due to the same processes. This is
somewhat surprising, since it implies that the current
density on thin and thick palladium deposits must be the
same at the potential of the lP's, The presence of IP·E
varied markedly with different surface coverages and fre·
quently was not observed. Deviation from IP·B was ob·
served at high coverage (Figure 3, curve t) due to the oxi·
dation of H20 on palladium. At even higher coverage (not
shown), the curves did not pass through Ip·A and IP·D.

Average Oxidation Stata of Thin Palladium Layers.
Various amounts of palladium, Qpd' were deposited on a
gold disk electrode. Qpd was determined from the plating
time and the Pd(U) convective-diffusion controlled cur·

(5) D. F. Untereker and S. Bruckenstein, Anal. Chem.. 44. 1009
(1972).
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state of monolayer palladium on gold obtained from Fig·
ure 4 to literature values for tbe average o~idation state of
bulk palladium. First, complete surface o~idation of bulk
palIBdium electrodes at a given potential takes approxi·
mately 10 minutes. The data in Figure 4 were obtained
from current-potential curves recorded at 100 mVlsec.
Longer o~idation times of palladium on gold are not prac·
tical because of the significant dissolution of the mono­
layer palladium. Second, both o~idation and reduction of
monolayer palladium occur at more positive potentials
than the corresponding processes on bulk palladium (Fig­
ure 2). Third, dissolution of Pd(II) occurs during the po­
tential cycle. E~periments showed that approximately
10% of the palladium deposit was dissolved during a po­
tential cycle between 0.0 V and + 1.0 V at 0 rpm. All of
these considerations indicate that the average oxidation
state of the monolayer palladium deposits on gold under
these experimental conditions may be less thon the aver­
age oxidation state of bulk palladium at +1.0 V.

To verify the above result, an experiment based on the
following reasoning was performed. The deposition of cop­
per at underpotential. has been studied on platinum (9.
10) and gold (J I, 12) electrodes. One monolayer of the
metal is deposited at underpotential with a ratio of ap­
proximately one atom of copper per atom of platinum or

(9) $. H. Cadle and S. Bruckenslein. Ana', Chem.• 43. 1858 (19711.
(101 M. W. Broiter. Tfans. Fa,adaySoc.. 65,2197 (1969l.
(11) E. Sehmidl, P. Beuller. and W. J. Lorenz, Be,. 8unsenges. Phys.

Chem.• 75, 71 (1971).
(121 W. J. lorenz. I. Moumtzes. and E. Schmidt. Electroanal, Chem..

33,121 (1971).

gold. A similar phenomenon is found for several other met·
a1s (13, 14). If copper plates at underpotential on palladi­
um, it would be reasonable to e~pect that one monolayer
of copper will be deposited. The charge required for this
process can be compared to the charge required to oxidize
the palladium electrode at various potentials. The poten­
tial at which the two charges are equal should correspond
to the potential at which a monolayer of o~ygen has been
adsorbed-i.e., an average oxidation state of 2.0.

Copper was deposited on a palladium electrode from a 2
X 10-OM Cum), 0.2M H2SO. solution. Underpotential
deposition of Cu(O) was observed. The maximum quantity
of Cu(O) which could be deposited at underpotential was
290 I'C at +0.04 V. Comparison of this value to the o~ida­

tion of the electrode indicated that monolayer o~ygen for­
mation occurred at +1.05 V. This result is in reasonable
agreement with the above data on submonolayer palladi­
um deposits on gold, although it does indicate a lower oxi·
dation state than expected.

The results of this work support the data of Burshtein
et 01. (4) who found that the average oxidation state of
palladium is 2.0 at + 1.2 V os. RHE in 1N H2SO•. It is
suggested that Burshtein's results be used to estimate the
roughness factor of palladium electrodes.

Received for review July 30, 1973. Accepted November 16,
1973.

(13) S. H. Cadle and S. Bruckenstein, J. Electrochem. Soc., 118, 1166
(1972).

(14) E. $chmidl and N. Weilhuck. J. Electroaflil/. Chem.• 40. 400
(1972).

New Methods for the Preparation of Perchlorate
Ion-Selective Electrodes

T, J. Rohm and G. G, Gullbaull

Department of Chemistry, Louis/ana State University /n New Orleans, New Orleans, La. 70122

The increased interest in ion-selective electrodes has led
to the development of new sensor materials which show
selectivity for a variety of anions and cations and new
methods for the constnlction of electrodes from these ma­
terials. Recently, Davies, Moody, and Thomas incorporat­
ed a commercially available liquid ion exchanger in a
poly(vinyl chloride} matrix to prepare a nitrate selective
electrode (1).

Griffiths, Moody, and Thomas have prepared calcium­
selective electrodes by mixing a liquid ion exchanger
which is sensitive to calcium with poly(vinyl chloride) (2).
A potassium-selective electrode was reported by Davies,
Moody, Price, and Thomas based on the same principle
(3). Kneebone and Freiser coated a platinum wire with a
nitrate-selective liquid ion exchange in a poly(methyl
methacrylate) and used the electrode to determine nitro­
gen o~ides in ambient air (4). Ansaldi and Epstein pre·
pared a calcium-selective electrode by coating a graphite
rod with a calcium e~changer in poly(vinyl chloride) (5).

(1) J. E. W. Cavies. G. J. Moody, and J. O. R. Thomas. Aflalyst (Lofl­
don).I7,S7 (1972).

(2) G. H. Grllfilhs, G. J. MoOdy. and J. O. R. Thomas, Analyst, (Lofl­
don), 17,420 11972).

(3) J. E. W. Oavies. G. J. Moody, W. M. Price, and J. D. R. Thomas.
. lAb. Ptacl.. 22,20 (1973).

(4) B. M. Kneebone and H. Freiser, Anal. Chem.. 45.449 (1973).
(5) "A. Ansaldl and S. I, Epstein, Anal. Chem.• 45.595 (1973).
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These innovations greatly reduce the cost of ion-selective
electrodes and provide insight for the study of charge
transport through the membrane. Furthermore, these
"solid" electrodes are reported to have longer lifetimes
than the liquid electrodes (I).

In this study, we have prepared perchlorate-selective
electrodes by mixin~ a commercially available (Orion) ex­
changer for perchloratc in PVC and used the material to
construct an electrode in which the membrane is used
with 8 reference solution and internal reference electrode,
and an electrode in which the exchanKer is coated on a
platinum wire. The performance of these- electrodes is
compared to the commercial perchlorate electrode.

EXPERIMENTAL

The commercial electrode was prepared accordin~ to the manu­
facturer's manual (Orion Perchlorate Ion Activity Electrode-92·
8I) (6). The PVC perchlorate material was prepared by mixing
360 mg (20 drops) of the commercial liquid ion exchanger with
170 mg of PVC lBreon 119) dissolved in 5 ml of THF. When
mixed. the solution was poured into a ~Inss ring (32-mm i.d.)
resting on a glass plate. The ring was then cO'.'crcd with a piece of
filter paper and a watch glass. After 24 hours, the glass ring and
membrane were turned over to permit the solvent lo evaporate
from the underside of the membrane. Circles 1 mm in thickness

(6) g~~;9~esearch Inslruction Manual 92-17/92-81. Cambridge. Mass.
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Figure 4. Selectivity coefficient evalualion of the PVC-disk ion·
selective electrode in O.lM NaOH

All chemicals were reagent grade and were used without further
purification. Deionized water was used in the preparation of all
solutions.

Perchlorate standards were prepared by serial borate buffer
dilution of a lO-lM NaCIO. solution in a.OIM borate buffer.

Solutions used for the determination of selectivity coefficients
(KI)) by the two solution method. were prepared by dissolving the
potsSliium salts of the various anions in borate buffer and diluting
to volume with buffer. . .

Solutions used for the study of selectivity coefficients by the
mixed solution method were prepared by diluting a lO-lM CIOfo ­

in O.lM N.OH with O.lM N.OH.
All perchlorate electrodes were soaked for 24 hours in lO-lM

CIO.. - before use and were stored in this solution when not in use.
Measurements were made in stirred solutions at ambient temper.
ature (23 °C).

RESULTS AND DISCUSSION

Results of measurements of the potential of perchlorate
solutions with the commercial electrode .....mbly• .PVC­
disk. and PVC-wire electrodes are shown in Figures 1 and
2. The different internal references of each of the elec­
trodes are responsible for the potential differences for a
given perchlorate solution. The commercial electrode and
the PVC·disk electrode show linear near-Nernstian re­
sponse from 10- 1 to 10- 'M solutiona. rhe linear rllDC!' of
the PVC·wire electrode is smaller, but still near-Nem-
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Figure 2. Calibration curves lor PVC perchlorale ion-selective
electrodes; • PVC·dlsk•• PVC-wire
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and 8 mm in diameter, .....ere cui from the large membrane and
glued 10 the ends of ~18fjS tubes IS·mm D.d.). The internal refer·
ence solution used with these eleclnxles was a.05M CID" - in
O.05M Cl-. Sodium chloride was used os use of potassium chlo·
ride would result in precipitation of potassium perchlorate. A sil­
ver/silver chloride electrode wos used as the internal reference.

Alternatively 8 platinum wire (O.32-mm diameter, 5-cm
length), which had been heated until a small drop of platinum
formed at the tip, was dipped into the PVC-exchanger mixture
and let dry. The uncosted portion of the wire was coated with gil­
icone rubber. Coaxial cables with the outer shield grounded, were
used with both the PVC·disk electrode and PVC-wire electrode.

All potential measurements were made vs. a SCE using 0 Cor­
ning Digital 110 Expanded Scale pH meter.
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Figure 1. Calibration curve for the commercial perchlorate ion­
selective electrode
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where 0, and 0) are the activities of the pcrchloratc nnd
the hydroxide ion. respectively. K" equals 1.2 x 10- 3 for
the commercial perchlorate electrode and 1.3 x 10- 3 for
the PVC-disk electrode in O.lM NaOH solution.

Jnterference by iodide, bromide. and nitrate ions was
determined by the separate solution method and calculat­
ed from.

8tian. The commercial electrode and the PVC·disk elec­
trode gave stable responses for one month. The PVC-wire
electrode could be used for a period of two weeks before it
lost linear response.

Hydroxide ion is reported to interfere with the mt:8surc·
ment of perchloraU! (6). This interference is shown io Fig­
ures 3 and 4 by the mixed solution procedure in which the
activity of the interfering ion is constant and the activity
of the ion of interest is varied (7). The selectivity coeffi­
cients of these electrodes were calculated from

K a,
II=~

(
E., - E, )

- '2..30~RT/zF = 10gK" + lo!,:o

(I)

(2)

1.0 X 10-6 (l0-2M Br') and 2.9 X 10- 0 (l0-2M
NO,-), respectively. The selectivity coefficients for the
same ions are reported to be 1.2 X 10 -2 for iodide, 5.6 X

10-' for bromide. and 1.5 x 10- 3 for nitrate. with lhe
commercial liquid electrode (6).

The response times for measurements of the more con·
centrated solutions of perchlorate were of the order of 30
to 60 seconds. The response time for measurements of the
lO- oM solution was approximately 120 seconds.

CONCLUSION

Electrodes prepared by using liquid ion-exchangers in
PVC show approximately the same characteristics as t.he
commercially available electrode. The PVC-disk perchlo­
rate electrode has the same linear range as the commer·
cial electrode. but the PVC-wire perchlorate electrode had
a shorter linear range. The selectivity of the electrode was
improved by incorporating the exchanger in a PVC ma·
trix.
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Change in Potential of Reference Fluoride Electrode without
Uquid Junction in Mixed Solvents

Kalhleen M. Stelting 1 and Slanley E. Manahan2

Departmenf of Chemistry, University of Missouri-Columbia. Columbia. Mo. 65201

A major problem in the determination of formation con­
stants of metal-organic solvent complexes is liquid junc­
tion potenLials in mixed solvent systems. This is particu­
larly true in the determination of the formation constants
of weak complexes \\'here it is necessary to add organic
solvent ligand tQ such an extent that an appreciable frac·
tion of the solvent medium no 1011J!cr is water. The fluo·
ride electrode (1) used in cells without liquid junction
provides some unique possibilities as a reference elec­
trode. The electrode is quite stable; it has a low imped.
ance; it is relatively interference-free: and. in many cases.
the lo\\' concentrations of nuoride ion required to p~ise the
potential of the electrode can be tolerated in a medium
without detrimental effect upon the system. This paper
describes the use of the nuoride electrode us a reference in
a cell without liquid junction for the determinntion of sil·
vcr-acetonitrile complexes. It shows that discrepancies in
this system can be explained on lhe basis of altercd solu­
bility of lanthanum nuoride in a medium containing an
appreciable mole fraction of solvent as acetonitrile.

1.Pre~nt address. ~epnrtment of Chemislry. Cnlifornia State
UOlverslty. Frcsno. Cahf. 93710.

2 Author to whom inquiries should be addressed.
(1) Stanley E. Manahan, Anal. Chem., .2, 128 (1970).
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EXPERIMENTAL

Apparatus. For the uttemptf'd determination of form ut ion con­
stunts in n cell without liquid junction. a dual electrodE" :-\"stcm
consisting of a solid·stuIc silver/sulfide indicating ele~trode
(Orinn ~u. 9-4-16) and u solid.state nunride (,jectrode IOrion ~o.

94·09A) was used. The electrode system was COnlained in a jack­
eted glass (~ell re~ulated to 25.00 :I:: 0.05 "C with u cunstant tem­
p<.>rllture bath. The tiolution in Ihe cell was stirred mu~netically

durin~ measurements. The silver/sulfide electrode was conll~cted

10 the m('asurin~ side of u Coming :\1o<lel 12 expanded scale pH
meter und the nuoride electrode was connected directlv to Ihe ref­
erencE" input. D (."onfiguration permittf'd by the low ill~pedance of
the nuoride electrodc. An electr(Kle system with liquid junction
consisted of 8 silver/sulfide electrude and a connntinnu! aqueous
call'lmel electrode with 0 ·I.O:\' Noel fillin~ solution bridged with
on 8/-:ar bridge made up with 0.100:\1 sodium perchlorate. For
studic:-o invol\"in~ the glass sodium electrode (Beckman ~o.

3913i). the glass electrode was connected to the high impedance
terminal of the meter and the Ouuride or calomel electrode to the
low il1l!>edam:e terminal. Subsequent mention of "reference elec­
trode" in this work does nut imply the terminal to which the elee·
trode wus connected-t'.;:.. the gloss electrode used us 11 reference
was actually connected to the meusurinJ.: terminal.

Rcu}:"ents. Acetonitrile. Eastman Chcomatoquality Hcagent
Grode. was used without additional purification. Sodium perchlo­
rute supporting electrolyte was prepared hy neutralization of per·
chloric Dcid <Mallinckrodt AH. Grade) with sodium hvdroxide.
Solutions wecc stored in polyethylcne bottles. -
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Figure 2. Potential of the calomel electrode (.) and fluoride
electrode (.) vs. sodium glass electrode upon addition 01 ace­
lonitrile

Figure 1. Potential of the silver/sulfide electrode vs. the calomel
electrode (.) and vs. the fluoride electrode (e) in a medium
1.00 X 1O- 3F in Ag(l). 1.00 X lO-"'F in NaF. and 0.100,1.4 in
NaCIO", upon addition of acetonitrile

The shift in potential upon addition of acetonitrile solu·
tion as a function of loglCH3CNj is shown in Figure 1.
The complex formation curve fo:, the solution having a
cell with liquid junction is of the normal shape expected
for such n complexation system. Overall formation con·
stants calculated from this curve are (2) #1 = 2.6 and 132

6.0 for the complex species AgCH3CN' and
Ag(CH 3Cl\j,·. respectively. In calculating these forma­
tion constants. correction was made for liquid junction
pot£'ntinl chang:es at the reference electrode resulting from
the addition of organic solvent. This was done by 1'01·
100\"ing the potential of the reference electrode vs. a glass
sodium electrode as acetonitrile was added. Details of the
correction are given in Reference 2. Basically, the as­
sumpt.ion is made that the potential of a relatively noohy.
drated glass electrode is essentially independent of the
composition of u variety of water-organic solvent mixtures
(:1-.5). The potential of the calomel electrode and the po­
tential of the lluoride electrode. both vs. the glass sodium
electrod~. arc shown in Figure 2 as a function of acetoni·
trile concentration. Th~ put~ntial of the f1uoride electrode
shifts -44 mV in going from aqueous solution to 4M ace·
tonitrile.

Acetonitrile affects the silver/sulfide electrode potential
by complexing with silver ion. That there is no effect of
acetonitrile on the electrode per se is confirmed by identi·
cal re~.;ult:) obtained with a silver metal electrode (2).

The plot oblain~d from the cell without liquid junction
(Figure I) deviates considerably from that taken in the
cell with liquid junction. Furthermore. with increasing
level of complexing agent. the negative shift in potential
does nut increase as would be expected. This discrepancy
must be attributed to the reference electrode used. The
deviation in potential cannot be explained upon the basis
of a change in activity cot'fficient of fluoride ion. It can be
estimated (:!) from the Debye-Huckel theory, that the
maximum change in activity coefficient. of the fluoride ion
in going from pure water to a medium 3.i5M in aceLOni­
tril£' would cau:-;e a potential change of only approximately
O.lmV.

If the di:-;crepancy is due to an asymmetry potential
across the lanthanum fluoride membrane. this potential
should be manifested as a difference in solubility of lan·
thanum lluoride in water as compared to a water-acetoni·
trill' mixture. The solubility of lanthanum fluoride in
water and in 4.0:\1 acetonitrile can be evaluated by the
titration of LaJ · with F- in water and in 4.01\1 acetoni·
trill'. The titration curves are shown in Figure :t The ti·
tration curve is sharper in ·LOM acetonitrile indicating a
lower solubility product. Equivalence points. evaluated by
the Gran method were used for calculation of K,. by the
Nernst c4uation. Th~ average value calculated for K.,. of
freshly precipitated lanthanum fluoride in aqueous solu­
tion at 0.100 molar ionic strength is 4.8 ± 0.6 x 10- Ui.

This value compares favorably with the value of 1.2 x
10- Hi at an ionic strength of 0.03.1\1 reported by Lingnne
(6). The average value calcolated for K, of LaF3 in 4.0M

Procedure. To solutions containing 1.00 X 10- 3F Ag(l), 1.00 X
lO-"'F NoF. und a.lOOM lOOdium perchlorate were added solutions
consistin~ of the same constituents containin~ also 12N acetoni·
trile. Potential readinl{t> were taken in media ranging up to 4M in
acetonitrile.

RF.SUI.TS A!'(D DISCUSSION

(2) Kalhleon 51011ing, Ph.D. Thosis. Univorsily 01 Missouri-Columbia.
1973.

(3) G. Rechnilz and 5. Zamochnick. Ta/anta. 11,979 (1964).
(4) A. lanier, J. Phys. Chem.. 69.2697 (1965).
(5) Advan. Anal. Chem. Instrum.. 4.302 (1965).
(6) JamesJ. lIngane, Anal. Chem.. 40.935 (1968).
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acetonitrile under identical conditions is 4.a ,I, 0.5 x
10- 20 • Thus lanthanum Ouoride is appreciably less soluble
in4.0M acetonitrile than in water.

The difference in solubility product between the aque­
ous and partially org-enic media may be used to explain
the shift in potential of the Ouoride electrode when used
8S a reference. The equation for fluoride electrode re­
sponse at 25 °C may be written as

(7)
E - Eo - 0.059'2 log 0 ..- (1)

0.0592
E. - E: - 0.0592 log 0,·- + -a- log K... (6)

where K•.• is tbe solubility product constant of the lan­
thanum Ouaride membrane in the partially organic sol­
vent mixture. Thus, the shift in potential, ~Eoba. at a
given. constant fluoride concentration on transfer from
aqueous to partially nonaqueous solution is given by

A'" 0.0592 I K •. "
= ... - -a- og Kw.

0.0592
E. - E: - 0.0592 log 0 ..- + -3- log K.,. (5)

the equation for electrode response may be expressed as
follows:

where K•.w is the solubility product constant for the lan­
thanum fluoride membrane in water. Likewise, potentials
measured in a partially organic medium may be expressed

, as

For 4.0M acetonitrile, potential changes resulting from
changes in LaF. solubility were determined by substitut­
ing K•.• = 4.a x 10-20 and K,.w = 4.8 X 10- 1• into
Equation 7. The potential shift predicted on the basis of
solubility differences is -40.4 mV. The shift actually ob­
served was -44 mY. Therefore, the shift observed at the
fluoride electrode on addition of acetonitrile may be ex­
plained in terms of changes in the solubility of the LaF3

membrane. Since the K. values from which the potential
shift was predicted are for freshly precipitated lanthanum
Ouoride ratber than large, well-aged crystals, it is doubt­
ful tbat any particular significance can be attached to dif­
ferences ofless than ,1,5 mV.

The Ouoride electrode in a cell without liquid junction
has been found less suitable than the calomel electrode
with liquid junction as a reference electrode for complexa·
tion studies in systems where addition of an organic Hg·
and appreciably alters the properties of the solvent. The
relatively large negative shift in potential of the Ouoridc
reference electrode in going from 8n aqueous medium
O.lOOM in acetonitrile to a similar medium 4.0M in aceto·
nitrile can be explained entirely upon the basis of de­
creased solubility of the lanthanum tluoride electrode
membrane in the partially organic medium.

Received for review August 20, 197a. Accepted November
7, 197a. This research was supported in part by the Unit­
ed States Department of the Interior Octice of Water Re­
sources Research Allotment Grant A-049-Mo. K. M. Stelt­
ing gratefully acknowledges support through N.D.E.A.
Title IV Fellowship funds and an American Chemical So­
ciety Analytical Division Summer Fellowship sponsored
by Carle Instruments, Inc.

(4)

(a)

,0.059 K.
E - E, + -a- log (0 .._)'

This equation separates the Ell term normally referred to
in describing fluoride electrode response into a membrane
solubility term (expressed as 0.0592/a log K, and Eo', a
term representing all other contribut.ions to the "con­
stant" term. In aqueous solution, the potential measured
for a given fluoride concentration therefore can be given
by

where E is the potential in volts, Ell is a constant for a
specific electrode system in 8 specific medium, and Of- is
the activity of the Ouoride ion. However, the electrode
also responds to lanthanum ion, and the potential may be
expressed as the following:

, 0.059'2 (9
E - E. + -a- log aL.," -)

Since aLath' and 0,,- are related through the solubility
. product constant for lanthanum fluoride,

Quantitative Spectrometric Determination Specific for Mannose

Ralph W. Scoll and Jease Green

Forest Products Laboratory. Forest Service. V.S. Department 01 Agriculture, Madison. Wis.53705

Specific quantitative methods for single sugars in sugar
mixtures generally require a preliminary separation of the
sugars or tbe application of specific enzymes such as glu­
cose oxidase for the measurement of glucose. Photometric
methods are of interest because they are sensitive and
aimpie, but" their use is often limited by a lack of specific­
ity. Maksimenko et al. (I) have recently described a
method· that deals with the specificity problem in man­
nose-glucose' mixtures by using the different sensitivities
of mannose ·and glucose in the phenol-sulfuric acid reac­
tion. \
(1) O. A. Makllmenko. L. A. Zyukova. N. S. Andreev. and R. M. Fedo·

rovict1, Zh. Anal. Khlm.• 25.2467 (1971).

In the procedure described here, use is made both of the
dehydration of sugars to furans in concentrated sulfuric
acid and of a rather specific change in the dehydration of
mannose caused by chloride and boric acid. This sensitivi·
ty to chloride and to boric acid permits the determination
of mannose in plant materials without preliminary sepa­
rations of sugars.

EXPERIMENTAL

Apparatus. Concentrated sulfuric acid and 72% sulfuric acid
were dispensed by glass hand·pumped dispensers C5-m} Repipet.
I.abiodustries, 1802 Second St., Berkeley, C.lif. 94710) with caps
to fit 9·lb sulfuric acid reagent bottles. .
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Test IOlutiona" were accurately sampled with. spring-lOaded
oyringe ..t for 0.125 ml and fitted with a 0.74-mm Tenon needle
(Hamilton Co.• P.O. 80s 307. Whittier, Callf. 906081. This modi·
fication of a 1-ml tuberculin syringe has been described (2).

Reaction tubes were 15· x SS·mm culture tubes covered with
loose-fitting polypropylene bacteriological caps. The tubes cloeely
fitted into an electrically heated aluminum block with 15- X
SO·mm holes.

Absorbance was measured with a Beckman DU spectrophotom­
eter.

Reagents. Technical grade concentrated sulfuric acid (about
96%) gave low absorbance blanks between 0.05-0.03 in the range
280 to 320 nm. If blanks are much bigher, it is best to change to 8

better lot of acid. The only reagent in addition to the H,SO.. was
a solution containing 12 grams of NaCI and 2 grams of H,803 in
100 m) of water.

Purchased sugalll were D-forms except for L-arahinose. On1y
mannose was recrystallized to 8 white powder (3). 4-0-Methyl­
glucuronic acid was recovered from hydrolyzates of hardwood
xylan.

Procedure for Dislolving Water-Insoluble PolYlaccharides.
Most carbohydrate polymers dissolve in 72% "::80.. at room tem·
perature. The time for solution may be reduced by heating the
sample at SO °C for 10-15 min with some trituration.

A suggested procedure for plant cell walls i8 solution of about
20 mg of 40-80 mesh dry material in 2-5 rol of 7~o "::804 at 50
°C followed by dilution with water to exactly 25 m!. The solution
is then ready for the first step in the mannose analysis.

Lignin from plant material will remain mostly insoluble. It may
be allowed to settle out in the 25·ml volume or it may be centri·
fuged down from a few milliliters of suspension. Amounts of lignin
which do not greatly add to absorbance do not adversely affect
the absorbance difference due to mannose.

Procedure for Monoole Analysis. Transfer 0.125 rol of sample
BOlution into each of two reaction tubes. To one tube, add the
same volume of water and to the other tube. add a like volume of
the NaCI-H,BO, solution. Add 2.0 ml of concentrated H,S04 to
each tube and mix briefly by alternately swirling and tiltin~ the
tube. Heat each tube in the heating block at 70 °C for 30 min; re·
move each tube and cool by swirling for 15 sec in water at room
temperature. Read absorbances at 280 nm Vt.. a water reference.
The diITerence between absorbances with and without NaCI­
"3803 is directly proportional to mannosc concentrations be·
tWt!en zero and 250 pg/ml. A reliable standard value is obtained
from standard mannose solutions containing 5-6 mg in 25 ml by
averaging the results of three separate runs. each run having trip­
licate ana1yses.

Technique. It is advisable to keep tubes free of dust by using
loose·fitting caps at all times. including a drying period in a clean
oven afler washing.

Sulfuric acid can be added to a series of samplt'S at 2O·sec in­
tervals with tubes being removed from the heating block at the
same intervals. The timall amount of HCI released when H,S04 is
added to the NaCI solution is not a problem in a well·ventilated
room.

The dehydration procedure has been described (4, 5).
Sampling. The amount of sample to be wei~hcd depends upon

the percentage of mannose and also upon which carbohydrate
monomenl ure most prevalent in the mixture. It is desirable to
maximize the absorbance difTerence due to mannose without ex­
ceeding readable total ahsorbances due to mannose and other
sugars. Mixtures of mannose and glucose vaf')'in~ in mannose
content from 2 to 20% require sample sizes varying from 26 to 17
mg. Corresponding amounts of mannose with xylose require sam­
ple sizes varying from 17 to 13 mg.

RESULTS AND DISCUSSION

The Dehydration Reaction. The usefulness of analyti­
cal procedures based upon carbohydrate dehydration in
concentrated sulfuric acid is due to the simplicity of reac-

(2) American Society for Tesllng and Materials. ASTM Oesignallon 0
1915-63 (Reapprov. 1970). 1916 Race Slreet Philadelphia, Pa.
19103.

(3) F. J. Bates. and Associates. ··Polarlmetry. Saccharimetry and the
Sugars:' Net. Bur. Stand. (U.S.) Cite. 440. 1942. P 0471.

(4) R. W. Scolt. and J. Green. Tappl. 55, 1061 (1972).
(5) R. W. soon. W. E. Moore. M. J. Eftland. and M. A. MilieU. Anal.

BloClHlm.• 21.68 (1967).

Figure 1. Absorption spectra alter dehydration of mannose In
90% H,SO, wllhoul NaCI-H,BO, In solution (I) and wilh NaCl­
H3B03 in solution (11)

tion conditions, the applicability to soluble oligomers'
without prior complete hydrolysis, the quantitative forma­
tion of a few relatively stable foran products, and the
characteristic and strong ultraviolet light absorption by
these products. Although reagents such as phenol or an­
throne may form analytically useful colore<! products with
furans or with intermediates in the dehydration reaction&,
their use may be less precise, and sometimes even less
specific, than a direct ultraviolet absorption measure­
ment. Since the dehydration reaction is dependent upon
sugar structure, time, temperature, concentration of sui·
furic acid. and reagents such as chloride and boric acid,
these factors can be used to steer the debydration in favor­
able directions.

Major products of dehydration in sulfuric acid are 2-fu­
rancarboxaldehyde from pentoses, 5-(hydrosymethyl)-2-·
furancarbosaldehyde from hexoses, and 5-(fonnyl)-2­
furancarbosylic acid from hesuronic acids. A1tbough the.
amounts of these products are not in stoichiometric pro­
portions with the starting sugars, the dehydrations are
rapidly completed to give repeatable amounts of furans
characteristic of the starting sugars.

In Figure I, curve I is primarily the absorption spec­
trum of 5-(hydrosymethyl)-2-furancarbonldehyde fonned
from mannose in the dehydration mixture without"NaCI­
H.BO•. Curve 11 shows tbe altere<! absorption spectrum
brought about by the dehydration of tbe same quantity of
mannose in the presence of NaCI-H,BO•. The chloride­
boric acid reagent caused a decreased amount of 5,(hy­
drosymethyIJ-2-furancarboxaldehyde and an increased
amount of an unknown absorber with a maximum absorb­
ance at 278 nm. Tests showed that the alteration in man­
nose dehydration was primarily due to the chloride; boric
acid had'a synergistic effect on this change.

The slight shift in the 319-nm peak to 325 nm in Figure
1 is most likely due to the conversion of 5-(hydrosy­
methyl)·2-furancarbosaldchyde to 5-(chloromethyll-2-fu­
rancarbonldehyde in the presence of chloride (6). A simi·
lar shift of absorbance from 322 nm to 325 nm occurs

(6) F. H. Nowth.Advan. Carboh}'d. Chom.• 8,87 (1951).
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Table I. Interference by Some Sugars

• A n(':lulivc value rolIUlla (rom 4 dl'Cft'lUO in abttoroonoc due to NllCl­
HillOl,.nd will ca.~a low nw.nhUll'ldelonninalion.

when NaCI is added 10 5·(hydroxymethyl)·2.furancarbox.
aldehyde in 90% H,SO,. In this case, the peak height is
not decreased.

Inwrference by Other Sugars, Some sug.rs which in·
terfere with the determin.tion arc listed in T.ble 1. The
list indicates that cis hydroxyl groups (especially at car­
bon atoms 2 and :J) in neutral sug-ars may cnuse interfer­
ence unless there happens to be an intersection of the two
absorption spectral curves at about 280 nm as results from
the dehydration of arahinose. Comparison of recorded ab·
sorption spectra with and without NaCI-H,BO, permits
the estimation of interference and perhaps the choice of a
slightly beller wavelength to decrease interference. Ab·
sorbance measurements at 280 nm are specified here pri­
marily to decrease interference from ~Iucose. xylose, and
arabinose.

Rhamnoac
Fucose
Glucuronic acid
Lyxose
Riboac
Galactose
4-O-Methylglucuronic

acid
Fructose
Galacturuoic acid
Glucose
Xyloac
Arabinose

Relat.iv4I abeorbance
dirl'C!nlD08 at 280 wo

(by_iab..;
mtlIln080 .. 1.(0)-

+0.58
+0.42
+0.41
+0.23
-0.20
+0.15
-0.13

+0.08
-0.07
-0.01
-0.02
-0.01

The interference by glucuronic acid is due to slow dehy·
dration of glucuronolactone in 90% H,SO, and to an in·
creased dehydration rate in the presence of boric acid. It
should be possible to greatly reduce interference from glu·
curonic acid by standardizing the procedure without boric
acid because the increase in absorbance at 280 nm due to
boric acid is not essential. Galacturonic acid and 4·0­
m'ethylglucuronic acid do not interfere becsuse they do
not form lactones that retard dehydration in 90% H,SO,.

Although glucose. xylose, and arabinose can be consid·
ered as noninterfering sugars, the absorbance which they
produce limits the sample size at low percentages of man­
nose. Furthermore, when they are in high percentage they
may cause small absorbance differences at 280 om. These
differences can be estimated from sugar blanks, but an
accumulation of errors causes decreasin~ reliability below
5% tnannose.

Since mannose dehydration is complete in 20 min and
absorbance is then stable, it would be possible to remove
tubes from the heating block as a group after a minimum
of 20 min and to leave them at room temperature. How­
ever, the glucose dehydration rate is decreased by the
NsCI-H,BO, so that only at 30 min are the absorbances·
from glucose dehydration approximately equal for the two
solutions. The heating period recommended here for the
dehydrstion was chosen for samples high in glucose.

Measurement of Mannose in Sugar Mixtures. The
absorbance difference at 280 nm had a linear response to
m8nnose concentrations up to 250 ~g/rnL Since the pri­
mary usefulness of this measurement is for mannose in
sURar mixtures, a few mixt.ures were prepared and ana­
Iyzed (Table 11). Except for the increased relative errors in
amounts of mannose below 5%, t.he average::; of t.riplicate
samples show satisfactory estimations for these simple
mixtures.

The analysis was applied to the materials in Table 111
where results sre compared to the mannose content mea-

Table 11. Determination of Mannoso in Mixtures with Glucose and Xylose (25-ml total volume)

MixtweNo.

Composition

MS Glucose
MS Xylose
Mg Mannosc
Mg Mnnnosc found
Weight percentage

mannoae found
Error in weight

percentage found

16.40
2.50
5.00
5.13

21.4

+0.5

20.10
2.12
2.50
2.52

10.2

+0.1

20.30
1.25
1.25
1.21
5.3

-0.2

21.90
2.00
0.50
0.40
1.6

-0.5

20.30
2.00
0.25
0.44
2.0

+0.9

20.90
2.00
0.00
0.00
0.0

Table Ill. Analyoio of Plant Material for Manno..

Soun::eor mnLcrinI

Pen::entaX8 oC mannoeo anhydride'"

Averllge By chromllto~r8phy

Douglas fir wood
Western hemlock wood
Pondorosa pine

kraft pull'
Aspen wood
Southern pine

kraft pulll
Glucomannnn (pine)
Galactomnnnan

(Ioeuot bean gum)

13.6
11.9
6.2

2.0
. 5.4

60.0
49.0

14.6
12.0
5.7

1.6

13.2
12.2
5.8

2.2

13.8
12.0
5.9

1.9

13.0
13.3
5.7'

61.5
51.0'

IIE.ch fi,curo under 1,2.3 i,ana'·torage of three determinationl on a aiD,le ,olutioD." Data calculated from mannOM a' percentaJtc or totallu,ar and from
a c:orrcctod Lotal 'upr aoaly"i. (4).
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sured by paper chromatdgraphy (7)' followed by elution
and uae of the Nelson procedure (8). The dehydration lIO­

lutiona from the galactomannan and from ita mannose
standard were read at 285 nm rather than at 280 nm to
reduce the interference from galactose. From a reading at
280 nm, the apparent mannose content W81110% higher.

Application to Certain Total Sugar Analy""". A de­
hydration procedure can be used for total sugar analysis
when one or two sugars dominate the carbohydrates in a
mixture (4). An eumple is structural tissue of broadleaf
plants where the predominating glucose and xylose con­
tents can be measured by compsrison to a single glucose
standard. Significant amounts of mannose in coniferous
wood cause low total sugar estimates (4), but the mannose
measurement described here can give the necessary cor­
rection.

Precision. Average blank values from water and from
NaCI-H.BO. solutions were the same; thus blank deter·
minations were unnecessary for the analysis. However,

(7) J. F. Seemsn. W. E. Moor., A. L. Mltchell. and M. A. MlIleft. Tappi.
37 (8). 336 (195-4).

(8) N. Nelson. J. BioI. Chem.• 153.375 (19<4").

blanks contained much of the variability of the determi­
nation. A stanclerd deviation of 0.012 was found for the
absorbance difference between 18 pairs of hlanks run dur­
ing a month. Fifteen seta having three mannose samples
in each set had an average standard deviation of absorb­
ance of 0.010 within a set.

The flf8t four lines in Table ill show the variability be­
tween averages of three replicates per solution. These re­
sulta also include variability in the initial step of dissolv­
ing samples in 72% H.sO. and diluting. The relative
standard deviationa calculated from three averages are
4.5%, 1.3%, 5.2%, and 15.8%, respectively, for the flf8t
four lines in Table ill. At the lowest concentration, 2%
mann08e, the basic variability of the method seen in
blank runa becomes large compared to the mannose mea­
surement itself.

Received for review August 20, 1973. Accepted October 12,
1973. Tbe Forest Products Laboratory is maintained in
cooperation with tbe University of Wisconsin. Mention of
trade or proprietary names is for identification purposes
only and does not imply endorsement of the product by the
Forest Service, U.S. Department of Agriculture.

Application of the Carbon Rod Atomizer to the Determination
of Mercury in the Gaseous Products of Oxygen Combustion
of Solid Samples

Duane Slemer and Ray Woodriff

Department of Chemistry, Montana State University. Bozeman. Mont. 59715

The analysis of solid samples for fractional part per mil­
lion levels of mercury is 8 common problem in analytical
laboratories. Several excellent reviews containing the ana­
lytical 'methodology have been published recently (I~1).

The most commonly utilized methods at present are neu·
teon activation analysis or some form of atomic absorption
preceded by wet ashing and/or extraction. The former
technique is disadvantageous in many cases in that it is
expensive and usually invplves sending samples off to cen­
tral laboratories equipped with high neutron llux sources.
Atomic absorption, on the other hand, is relatively inex·
pensive and can be accomplished rapidly.

Atomic absorption analysis for mercury is usually ac·
complished by adding a reducing agent (usually stannous
chloride) to a digestate and sweeping the evolved atomic
mercury out of the solution into a cold vapor absorption
tube or llame by means of a gas bubbled through the sys­
tem. In order to increlllle the sensitivity and to reduce the
error due to the molecular absorption often encountered,
some workers have concentrated the elemental mercury in
the gas stream6 onto gold surfaces and released the mer­
cury suddenly (by heating the gold substrate) into the
atomic absorption cell. Finally, in order to eliminate pre·
ashing or extraction steps, some workers have applied the

(l) H. R. Jane!. "Mercury Pollulion Control," Noyes Data Corp.• Park
Ridge. N.J.• 1971.

(2) R. Hartung and B. O. Dlnman. "Environmenlal Mercury Contamina­
tion," Ann Arbor Science Publishers. AM Arbor. Mlch.. 1972.

(3) F. M. O'ltri, "The Environmental Mercury Problem," Chemical Rub­
bof Co.. Cleveland. Ohio. 1972.

above technique directly to the combustion gases of sam­
ples burned in oxygen (4). Tbe approach used in this
paper is to burn the samples completely in a modified
combustion tube, to collect the evolved mercury on tbe
inner surface of a porous, gold plated. carbon rod atomizer
tube, and, finally, to measure the atomic absorption when
the tube is beated in the normal fasbion.

EXPERIMENTAL

Apparatus. Figure 1 depicts the combustion apparatus used for
lhis r~arch. The combu!\tion tube consists of a U tube of about
4·cm radiulJ made of 12·mm diameter Vycor tubing witb a 15·cm
long, 2.0-cm diameter combustion chamber ~81ed to it. There are
oxygen inlets sealed botb to the combustion chamber and the
"afterburner." The combustion apparatus is wrapped with 20­
gauge nichrome wire u indicated. The after burner 1iection is
loosely filled witb a 5G-SO vol/vol mixture of 8·m..h activaled
alumina and calcium oxide powder. Oxygen flow is controlled and
measured by two Gilmont flow gauge; and needle valves. The
combu!Stion boat is made of a short section of IO-mm diameter
quartz tubing sealed to a length of .-mm quartz rod inserted into
a No. 2 rubber stopper. The combustion ga.se:i are passed through
8 water jacketed cold finger made of borosilicate gl8Sli to condense
some of the water evolved if a large number of umpleg are
burned in rapid succession.

The preparation of the gold plated atomizer tubes. a descrip­
tion of the filter adaptor and the details of the atomic absorption
apparatus used have been described in the paper by Siemer.
Loch. and Woodriff (5). In addition. a deuterium lamp powered
by a Beckman power supply is utilized for measurement of non-

(4) V. Llddums end U. ullvaroon. Acl. Chom. Scand.• 22.2150 11ll6ll1.
IS) O. Siemof. J. Loch. end R. Wood,I". AppI. SpecllOOC.• In pr....
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Figure 1. Combustion and filler apparatus

gHgXI06

Flgur. 2. Standard curves for mercury

(A) 110-A atomization current, (B) 70·A atomization current

atomic int~rference•. A Nalgene aspirator is used to draw the
gases from the combustion through the combustion train.

Re.gente. The 1(x)() ppm 2Itack mercury tKllutiun was made by
dill8Olvin, Hg(NO.)•.H,O in O.IN HNO•. This solution ws. sta·
bilized hy adding 0.01 gram/lOO ml of K,Cr,O,. The oxygen used
was USP Krad~ supplied by NCO. It proved to be free of mercury
vapor and did not require any further purification.

Procedure. From 5 to 200 rog of sample is placed into the com­
bustion boat. The current through the nichrome wire is adjusted
to heat it to about l100·C as measured by an optical pyrometer.
However, the temperature of the center of the tube is considera­
bly lower than thili. The Oa flow rateg are adjusted to 30 cm3/rnin
Cor the inlet gituated directly pver the boat and w about 150
cml/min for the inlet at the beginning of the "afterburner." A
plated atomizer tube is placed into the filter adaptor and then
the filled combustion boat is quickly inserted inw the back of the
combuation tube. The flow of water through the aspirator is ad­
justed until there is a net increslIe in o.lygen flow. Thi!\ ensures
that a leak in the system will result in no losu of mercury. The
aample is burned to completion (l to 2 minutes) and then the
system ill allowed to flush for about 3 minutes more. Then the
plated carbon tube is removed from the filter adaptor and is in·
serted into the carbon rod atomizer. Nitrogen gas at 500 ml/min
flow rale Us paued over the carbon rod to flush out oxygen, and
then the atomizer power supply is adjusted to supply 110 A for
about 3 aeconds. An atomization setting of "3.5" for 2.5 seconds
in the "step" mode is satisfactory if the Varian model 63 CRA is
UMfi. The mercury is driven ofT quickly before the tube reaches
iiicandescenct!, resulting in an atomic absorbance spike propor­
tional to the total men::ury in the sample. These tubeg may be

,.ell • ANA~YTICAl CHEMISTRY, VOL. 46. NO. 4. APRil 1974

reused many times without 1088 oC efficiency if they are not heat­
ed to more than 1000·C during the atomization step.

RESULTS AND DISCUSSION

This method is calibrated by placing various volumes of
2 ppm mercury solution into the combustion boat and
treating it exactly like a solid sample. In Figure 2 are
standard curves for mercury achieved in this manner at.
two different atomization current values. The addition of
ammonium sulfide in several thousand-fold excess of what
is required to convert the mercury to the sulfide had no
effect upon the oxidation of mercury. The relative stan·
dard deviation of a series of such runs with 2 X 10- 8 gram
of mercury is 4%.

Samples. Several different types of organic samples
were analyzed by this technique. It was necessary to grind
the sample to less than 100 mesh to get reproducible re­
sults with some samples. In all cases, standard additions
of mercury solut.ion to the samples gave analytical curves
parallel to curves prepared with the solutions alone. When
this was established, the samples were then run directly
and the results calculated from the standard curve. The
amount of sample was chosen to give on the order of 10 to
50 ng of mercury collected on the tube. Molecular absorp.
tion due to incomplete oxidation of tars was noted in pre­
liminary work. However, filling the "afterburner" section
with the mixture of alumina and calcium oxide and. if
necessary, reducing the size of sample burned. eliminated
this problem.

Ground orchard leaves (NHS No. 1571) were the only
samples analyzed with a known mercury content.. The re·
suits obtained with seven replicates of 50 mg of leaves
burned each time, were a mean value of 0.16 ppm and a
relative standard deviation of 7.8%. This agrees well with
the accepted value of 0.16 ppm.

Coal samples were the primary reason for beginning re­
search on a quick, reliable method for mercury. Reccnt
development of low sult'ur coal fields in castern Montana
has sparked considerable interest in possible trace metal
contamination of the environment resulting from use of
the coal. Mean values for a series of these coals ran from
less than 0.1 ppm to about 0.3 ppm with relative standard
deviations of about 7% for replicates on individual coals.
Very finely ground samples were required for good repro·
ducibility with coal samples.

Hair and toenail samples from a number of individuals
were analyzed. Approximately 5 mg of sample is required
for these tests. Values ranged from 0.8 ppm to 3.0 ppm for
hair and somewhat less than this for the nail samples.
Relative standard deviations for hair samples were 8%.

In conclusion, this technique of combining the sensitivi­
ty and ease of operation of the carbon rod type of atomizer
with the straightforv,:ard combustion of organic samples
has resulted in an analytical system which gives good re­
sults for mercury in a wide range of organic matrices. It is
possible to burn a series of samples and standards at one
time, store the tubes in a desiccator. and analyze them
whenever the carbon rod atomizer is not being used for
other work. The sensitivity of the technique is 2.0 X 10- 10

gram (1% absorption) and the detection limit (2 s of
blank) is about 1 X 10- 10 gram. This sensitivity compares
favorahly with that of neutron activation and is better
than that of most AA techniques reported in the litera­
ture.

Received for revfew .July 16. 1973. Accepted November 12,
1973.



Graphite Braid Atomizer for Atomic Absorption and
Atomic Fluorescence Spectrometry

Akbar Montaser, S. R. Goode. ' and S. R. Crouch2

Department of Chemistry. Michigan State University. East Lansing, M/ch. 48824

Non-flame atomizers for atomic absorption (AA) and/or
atomic fluorescence (AF) spectrometry have become in­
creasingly useful in recent years. A wide variety of non­
flame atomizers hsve been proposed. The most common
of these are "thermal" atomizers, which are heated by dis­
sipating electrical energy in the atomization element.
Thermal atomizers include furnace types (1-3), rods (4,
5), and metal strips or filaments (6-9). The atomizers
made from carbon or graphite appear to be highly appli·
cable because of the high operating temperatures (2500­
3000 ·C) which can be achieved.

The real and potential advantages of non·flame atomiz­
ers have been summarired recently by Kirkbright (10).
Despite the many attractive features of non-flame atom­
ization, some of the previously described atomizers have
several practical limitations. Graphite or carbon tubes
and furnaces, for example. may require several kilowatts
of power to achieve atomization temperatures in the range
of 2500 to 3000 ·C (2, 5). Even smaller carbon rods and
filaments may require 1 kilowatt of power to achieve simi­
lar temperatures (5). Since the transfer of electrical ener­
gy into thermal energy is not perfectly efficient. a fraction
of the electrical energy will be dissipated as electromag­
netic radiation. Extensive shielding and/or car~ful circuit
design must be employed to minimize these electromag­
netic interferences. The sheer bulk of a system which re­
quires kilowatts of power also prevents its application as a
portable field analyzer.

In this communication, a new filament-type non-flame
atomizer, the graphite braid atomizer (GBA). is described
and characterized. 'The electrically heated GBA is capable
of providing temperatures similar to other carbon or
graphite' alomizers, but with lower applied powers. The
graphite braid has been used in the AA and AF determi­
nation of several elements and shows good sensitivity and
linearity. A procedure for the direct analysis of copper in
a serum matrix is presented to illustrate the application
of the GBA to biological samples. Only a dilution ,of the
serum sample is required prior to the analysis step.

EXPERIMENTAL

Graphite Braid Atomizer. The KTaphite braid (Union Carbide
Corp.. Parms. Ohio) contains high strength. flexible. continuous

C~~~~.n~:I~~b~',~c~~mtof Chemistry. Uni"'enity of South

2 Author to whom reprint requests should be addressed.

(1) H. Ma$$lTlann, Spectrochim Acta.• 23B, 215 (1968).
(2) R. Woodrilt, R. W. Stone. and A. M. Held, Appl. Spectrosc., 22,.08

(1968/·
(3) M. S. Black. T. H. Glenn. M. P. Brauel. and J. D. Wlnefordner.

Ana'. ChfJm., 43. 1769 (971).
(4) T. S. West and X. K. Williams, Anal. Chim. Acta.. 45.27 (1969).
(5) M. D. Amos, P. A. Bonnen. K. G. Brodle, P. W. Y. Lung. and J. P.

Matousek, Anal. Chem., 43,211 (1971).
(61 M. P. Brauel, R. M. Dagnall. and J. D. Wlnefordner. Anal. Chim.

Acta., 48. 197 (1969).
(7) M. P. Bratzel. R. M. Dagnall, and J. D. Winefordner. Appl. Spec­

trosc., 24.518 (1970).
(8) S. R. Goode. Akber MonlaMr, and S. R. Crouch, Appl. Spectrosc..

27.355 (1973).
(9) H. M. Oonega and T. E. Burgess, Anaf. Chem.. 42, 1521 (1970).

(10) G. F. KI'k~ight, Analyst (London). t., 809 (1971 •.

filaments of graphite which are woven to form a braid of 1.5- to
2·mm diameter. The total lmpurity content of braids is reported
to be leas than ISO ppm (11). Brsids used in this work were out­
gassed by resistive heating to about 2500 ·C for a period of 2-3
sec. The cleaning procedure was repeated until the AA or AF bue
line was constant. This usually required two or three repetitions
of the cleaning cycle.

Apparatu.. Graphite braids 3 cm in length were mounted
below the optical path of an AA/AF spectrometer by an arrange­
ment similar to that described previously (8). The spectrometer
consisted of a grating monochromator (EU-7oo. Heath Co., Ben·
ton Harbor. Mich). a photomultiplier module (EU-701-30. Heath
Co.). radiation sources to be described below, a current-to·voltage
converter (Model 427, Keithley Instruments. Inc.. Cleveland.
Ohio) and a PDP Lab 8/e computer (Digital Equipment Carp..
Maynard. Mass.). Details of th~ computer-controlled nOD-name
spectrometer have been described (12). Computer integration of
the peak.shaped signals was used in all cases. In addition. back­
ground correction. conversion of transmittance to absorbance.
and other calculations were performed by the computer, and the
analytical results were printed on a teletype.

Cadmium and zinc metal discharge lamps (George W. Gates &
Co.. Inc., Franklin Square. N.V.) were used as AF e:lcitation
sources. while a lead hollow cathode lamp (WL 22927, Westing­
house Electric Corp.• Electronic Tube Division, Elmira. N.Y.)
and a Cu-Zn-Pb-A~ multiclcment hollow cathode lamp (JA
45448. Fisher Scientific, Wahham. Mass.) were used as AA
sources.

Samples were dispensed onto the graphite braid atomizer by
either a pneumatically operated automatic sampler (8), or a S-Jll
syringe fUnimetrics Universal Corp.. Anaheim. Catir.).

The GBA current was controlled by a programmable, current­
regulated po.....er supply (12). A three-stage current program for
desolvation. ashing, and atomization was used for biological sam·
pies. For aqueous solutions. only the desolvation and atomization
steps were utiliied. The GBA was shielded by two concentric
sheaths of argon gas. Unless otherwise stated, the parameters
given in Table I were used throughout this study. Measurements
of the atomiur temperature were made with an optical pyrometer
(Catalog No. 8622·C, Leeds & Northrup Co.. Philadelphia. Pa.).
All temperature measurements had an uncenainty of approxi·
mfttely *50 ·C.

Reagents. All stock solutions were prepared from the pure
metal dissolved in a minimum amount of hydrochloric or nitric
acid. Aqueous standards were prepared by dilution or the stock
80lution with distilled water which had been purified by an Os­
monics Inc. "Ultrapure Water System" (Osmonics, Inc.• Hopkina.
Minn.). For the blood serum analysis. the serum matrix (Moni­
trol I. Scientific Products. Inc.. Detroit. Mich.) w~ diluted ten­
fold and then spiked with standard solutions of copper.

Procedure. When aqueous solutions were analyzed, 2-,..1 sam­
ples were placed on the «raphite braid, and the integrated ab·
sorption or nuorescence was measured under the conditiona
shown in Table I. The GBA was allowed to cool for 10 seconds be­
tween analyses.. For the analysis of copper in serum, the sample
was dried for 10 seconds at lOO ·C, ashed for 30 seconds at 500 ·C.
and atomized for 3 seconds at 1900 ·C.

RESULTS AND DISCUSSION

To evaluate the graphite braid atomizer for AA and AF
spectrometry, several tests were performed. First, the

(11) D. J. Page, Unton Carbide CQrp., Perma. Ohto, personal correspon-.....
dence, 1973.

(12) Akbar Montaser and S. R. Crouch. The Pittsburgh Conlerence on
Analytical Chemistry and Applied Spectroscopy, Cleveland, Ohio,
M.,ch 1973, Paper 119.
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Atomization
temperature, °c

Atomization
pOwcr,W

Monochro.r:nator
alit. width. mm

AnalyU
....veLeDcth. nmElomoD'Method

Table I. Experimental Parameters' Selected in the Study of Graphite Braid Atomizer
Sbealh pa
flow rate,

I./min

AF

AA

Cadmium
Zinc
Lead
Copper

228.8
213.86
283 .31
324.75

1.5
1.5
0.2
0.2

1
1
2
2

95
95

165
165

1485
1485
1900
1900

• The foUowinl: parameters W8nI the ume 101' all element-: PMT supply voltage, 800 V; drYlnJt lime, 11 eec; drying power, 3 Wj atomization time, 3 sec;

and .ample size, 2 ",L

2 2.0

CONCENTRATION OF COPPER IN 1-10 DILUTED SERUM, ~9/ml

Figure 2. Standard addition analytical curve lor copper added to
tenfold diluted serum

60 120 180 240 300 360

TIME

Flgur.1. Fluorescence peeks for 150-pg Cd samples
Veetlcal scale. 10- 7 A/dlv: horizontal acale. 60 sec/dlv; relative standard
deviation,.'"

given temperature is considerably less than the power
needed for the longer braid. In contrast to carbon rods or
graphite furnaces, no cooling system for the atomizer
holders was required with the GBA.

Braid Lifetime. The lifetime of any non-flame atomizer
depends on a variety of parameters such as sample size•
matrix. gas flow, and applied power. Although no exten­
sive study was made of the effects of all these parameters,
the results of four different sets of AF experiments on
aqueous samples containing 100 pg of Cd, perfonned
under the selected conditions shown in Table I, gave an
average of 228 determinations before the braid deteriorat­
ed. This decreased to about 60 determinations at 2000 ·C
before the braid was weakened significantly. Deterioration
of the braid can be seen as a hot spot develops at a point
which L< usually located between the inner and outer gas
flow. The braid separates if heating is continued after a
hot spot has developed.

AA and AF Signal Characteristics. During the atom­
ization step, the atomic vapor above the atomizer gives
rise to an AA or AF signal with a time duration which de­
pends on a variety of factors such as the sample size, ma­
trix. and atomization temperature. Typical signals were
approximately Gaussian in shape with half-widths on the
order of 0.5 sec. Integration of the absorption and fluores­
cence peaks was used to improve the accuracy and to ex­
tend the linearity of the working curves. The photometric
signal was integrated for the duration of the atomization
step.

After an aqueous sample is placed on top of the braid,
it soaks down between the graphite fibers. Heating the fi­
bers produces a furnace-like environment. The heating
processes arc very efficient because a high surface area is
kept in contact with the sample. The possibility of sample
explosion is minimized, again due to the furnace~type en­
vironment around the sample. An explosion and a concur·
rent loss of sample could be observed if the sample were
too viscous to soak into the braid and the desolvation
temperature were set well above the boiling point of the
solvent.

The effects of varying the length of time which the sam­
ple remained on the atomizer prior to desolvation were
studied. For soaking times of up to 20 seconds, the mean
AF signal for a 1 ~g/ml aqueous zinc solution remained
constant, within a 95% confidence interval. The standard
deviation of replicate trials was also unaffected by the
soaking time, probably because the entire length of the
braid is heated to a uniform temperature. Soaking of the
sample into the braid may be a problem with different
sample matrices, however.

Analytical Results. Analytical data were obtained for
Cour different elements in aqueous solutions. Analyses
were performed for cadmium and zinc by atomic fluores­
cence, and the experimental detection limits (S/N = 2)
were approximately 10-11 gram for both elements, which
corresponds to concentrations of about 5 ng/ml in both
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temperature vs. applied power relationship was estab­
lished. Studies were made to determine typical braid life­
times under a variety of operating conditions. The general
characteristics of AA and AF signals with graphite braid
atAlmization were studied, and the atAlmizer was used for
the analyais of copper in seruni to illustrate its potential
.application for biological samples.

Braid Temperature. The temperature of the atomizer
was found to be variable up to 2600 ·C. The temperature
daPendence on power for a GBA 3 cm long, was approxi­
mately linear over the range 1000 tAl 2500 ·C and had a
slOpe of ",,5 ·C/W in this range, with only 350 W needed
to heat the atAlmizer to 2500 ·C. When the length of the
.b'ltid is shortened, the required power needed to reach a
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cases. Copper and lead were analyzed by atomic abeorp·
tion, and detection limits of approximately 2 x 10- 11

gram were obtained. All of the analytical curves showed
good linearity over two to three orders of magnitude in
concentration. The relative standard deviation was URUal­

Iy between 4-7% at concentrations one order of magnitude
greater than the detection limit. In Figure 1, typical re·
corder tracings of AF signals from 10 consecutive samples
of 150 pg of Cd are shown. The relative standard deviation
of the peak areas of these signals is 4%. These data were
obtained without optimization of instrumental parame·
ters. The detection limits and the dynamic range can
probably be improved substantially if the system is opti·
mized (8).

The ability of a non·flame atomizer to utilize samples
in complex matrices is one of its greatest assets. Because
of its clinical significance. copper (13) in a serum matrix
was chosen as a good test of the GBA in a practical analy·
sis. When copper is analyzed by flame spectrometry, the
serum matrix affects the results, probsbly because of
changes in the transport parameters. The transport is
nearly 100% efficient in the non-flame atomizers, and ma­
trix effects are minimized when appropriate temperatures
are used to desolvate, ash. and atomize the sample. Dif·
ferent amounts of aqueous copper were added to the ten·
fold diluted serum samples, snd tbe standard addition an·
alytical curve shown in Figure 2 was obtained by AA.

(13) Norbert W. Tletz. "Fundamentals 01 Clinical Chemistry," W. B.
$aunders Co.• Philadelphia. Pa.. 1970. p 663.

Only a rough optimization for the uhing step Wu per­
formed to obtain these data. Figure 2 demonstrates the
excellent linearity in a complez matrix without any diffi·
cult sample preparation steps. The relative standard de­
viations ranged from 4 to 16% with a sample population of
3. Since sample volumes are often limited in clinical sit­
uations, the automated sampler, with a dead volume of
150 "I, could not be used. A syringe was used to transport
tbe sample, and the bigb relative standard deviation of
individual points can be attributed to the difficulty of
placing samples on tbe atomizer in a reproducible man·
ner.

CONCLUSIONS

The graphite braid non·flame atomizer has been shown
to be a medium power alternative to the more commonly
used graphite rods and furnaces. In addition to tbe high
operating temperature and other advantages of non·flame
atomizers which are preserved, the graphite braid pro­
vides a furnace-type environment witb uniform tempera­
ture throughout the GBA. The atomizer requires relative·
ly low power and no cooling system is necessary. The good
detection limits and precision suggest that the GBA
should have widespread application in AA and AF spec­
trometry. Furtber investigations of tbe GBA and its appli·
cations are being carried out in tbese laboratories.

Received for review August 13, 1973. Accepted November
16,1973. '

Double Modulation Atomic Ruorescence Flame Spectrometry

W. K. Fowler, D. O. Knapp, and J. D. Wlnelordner'

Department of Chemistry, University of Florida. Gainesville. Fla. 32601

A continuum source and double modulation-i.e., mod­
ulation of the source radiation and modulation of the
spectral image over a small wavelength range-has been
used previously in atomic absorption flame spectrometry
by Elser and Winefordner (I). Some of the advantages
presented for such a system are applicable to atomic fluo·
rescence flame spectrometry (AFFS). For eumple. emis·
sion radiation from the flame cell and incident radiation
scattering can be minimized in AFFS by such a system.
Modulation of the source radiation compensates for tber·
mal emission from the flame cell, and wavelength modu·
lation, which results in a derivative of the signal witb re­
spect to the wavelength, compensates for scattering from
particles in the name. A continuum source offers several
advantages distinct from line sources among whicb are a
savings in analysis time and cost of many sources and the
convenience of having one source for all elements. Contin­
uum sources unfortunately have rather low spectral ra·
diance over an absorption line compared to tbe spectral
radiance of intense line sources-e.g.• tbermostated elec­
trodeless discharge lamps (EDL) (2).

1 Author to whom reprint requests should be sent.

(1) R. C. Elser andJ. O. Wlnefordnor, Anal. Chem..... 698 (1972).
(2) R. F. Browner. B. M. Palel. T. H. Glenn. M. E. Rietta. and J. D. Wine·

tordner. Spect(O$c. Lelt.. 5, 311 (1971).

In this work, the limits of detection of nine elements in
an air-acetylene flame and three elements in a nitrous
oxide-acetylene flame using a 9OO·watt zenon arc are
measured by double modulated atomic fluorescence flame
spectrometry (DMAFFS). Specifically, the spectral radia·
tion from a 9OO-W zenon arc (XBO, 900 W/P, Osram.
Berlin, Germany) enclosed in a suitable bousing (LH 151
N, Schoeffel Instrument Co., Westwood, N.J.) and pow­
ered by a regulated de supply (Sola Electric Co., 'Elk
Grove Village, Ill.) was modulated at 666 Hz by a me­
chanical chopper (Model 125, Princeton Applied Re­
search, Princeton, N.J.) and focused on tbe center of the
flame cell. The burner system, whicb utilized capillaries,
bas been described elsewhere (3). Gas flow rates of 14.3
and 2.6 I. min -1 and 12.0 and 6.4 I. min -1 were used with
air/C.H. and N.O/C.H. flames, respectively. All mea­
surements were made approzimately 2 cm above tbe
burner top. The monochromator, refractor plate for wave­
length modulation, and associated electrical components
bave been described previously (I) ezcept tbat in the
present case a low noise preamplifier (PAR, Model CR-4)
and lock·in amplifier (PAR, Model JB4) were utilized. All
aqueous solutions were prepared from reagent·grade
cbemicals.

(3) L. M. Fraser and J. O. Wlnefordner, Anal. Ch,m., 43. 1693' C1971).
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Table I. Limits of Detection of Several Element. by Double Modulation Atomic Fluorescence Flame
Spectrometry (DMAFFS)

Limits of detection. "'If/ml

PrcvioUll work,C

Element Wave1c~.nm Fbirno" DMAFFS" continuum PrevioUl work, line

Ag 328.1 A/A 0.03 0.001 (4)d 0.0001 (5)
Al 396.2 A/N 0.8 0.1 (6)

Ca 422.7 A/A 0.3 0.02 (7)d 0.02 (5)d
Cr 357.9 A/A 0.6 0.005 (8)
Cu 324.8 A/A 0.05 0.2 (9)d 0.0005 (1O)d
Mg 285.2 A/A 0.03 0.002 (1I)d 0.0001 (12)
Mn 279.8 A/A 0.09 0.003 (1I)d 0.001 (13)
Mo 313.3 A/N 1. 0.5 (6)
Ni 232.0 A/A 4. I. (7)d 0.003 (14)d
Pb 405.8 A/A 5. 0.2 (15)d 0.02 (16)d
TI 377.6 A/A 0.6 0.07 (7)d 0.008 (5)d
V 318.4 A/N 6. 0.07 (6)

.. AlA _ ncetylene/air !ID.mu. A(N ... 8t:elylenc!nitroua oxide flame. tJ Source was 9OO·W CW xennn arc. ~ Only referenceB to non·laaer line IIOUI'Oll6 are given.
~ Flame UlIt"d WAa Ildentrained air or H!jarl{onientminod air.

The limits of detection (LOD) defined as that concen­
tTation giving a signal to (rros) noise ratio equal to two are
given in Table I for twelve elements and compared with
other limits of detection for both continuum sources and
line sources. A 1000 Ilg ml- t zirconium solution was indis-

(4) D. W. EUis and D. R. Demers. Anal. Chem" 38, 1943 (1966).
(5) K. F. Zacha, M. P. Bratzel, J. M. ManslieJd, and J. D. Winelordner,

Anal. Chem .. 40, 1733 (1968).
(6) R. M. D89n811. G. F. Kirkbrighl. T. S. West. and R. Wood, Anal.

Chem., 42, 1029 (1970)
(7) D. W. Ellls and D. R. Demers, "Atomic Fluorescence Flame Spec­

trometry," Chapter in "Trace Inorganics in Water," H. A. Beller,
Ed.. Advan. Chem. Ser. Ho. 73, Government Printing Olfice. Wash­
Ington, D.C., 1968.

(8) J. D. Norris and T. S. West, Anal. Chim. Acta, 59, 355 (1972).
(91 M. P. Bralzel, R. M. Dagnall, and J. D. Winelordner. Anal. Chim.

Acta. 52, 157 (1970).
(10) H. G. C. Human. Spectrochim. Acla, 278, 301 (1972).

tinguishable lrom the blank signal in all cases. Although
the present detection limits are inferior to those obtained
in AFFS with line sources. the double modulated contin­
uum source AFFS system compensates for scattering
which is difficult to correct for in resonance fluorescence
with line sources and allows the determination of several
elements with only one source.

Received for review .July 30. 1973. Accepted November 21.
1973. Research supported by AF-AFOSR-70-1880I.

(11) A. Hell and S. Ricchio, Talk given al Pittsburgh Conference on Ana-
lytical Chemistry and Applied Spectroscopy, Cleveland. Ohio, 1970.

(12) P. L. Larkins, $pectrochim. Acta, 268, 477 (19711.
(13) L. Ebdon. G. F. Klrkbrighl. and.T. S. West, Talanta. 17,965 (1970).
(14) J. Matousek and V. Sychea, Anal. Chem.. 41. 518 (1969).
(15) A. Smith, C. M. Stafford, and J. D. Winelordner, Can. Spoctrosc.,

14,2(1969).
(16) V. Sychra andJ. Matousek. Ta/anta.17. 363 (1970).

Direct Mass Spectrometric Analysis of High Pressure
Gasoline Streams Containing Light Ends
Dirk V. Rasmussen

Gull Oil Canada Limited, Research and Development Department, Sheridan Park. Ontario, Canada

Hydrocarbon process slream. boiling up 10 200°C and
containing light ends (C,-C. hydrocarbons) are often
sampled at pressures up to 500 psi. Conventional mas..'i
spectrometric tcchniques require the venting of the sam­
ple cylinder. transfer of the liquid to a glass hottle. depen·
tanization (I), and analysis of the depentanized fraction
(2, 3). Depentanization is required because of calibration
limitations, but it also ir.troduces crrors and much addi·
tional work.

This paper describes 8 high pressure liquid introduction
system for mass spectrometers and a method of analysis
in which depentanization is eliminated. Constant volumes

(1) American Society for Testing Materials, "Standards on Petroleum
Products and lubricants." Vol. 17.712 (1970).

(2) American Society for Testing Materials, "Standards on Petroleum
Products and Lubricanls."Vol. 17, 1103(1970).

(31 American Society for Testing Materials, "Standards on Petroleum
Products and Lubricants." Vol. 17.589 (1970).

602 • ANALYTICAL CHEMISTRY. VOL. 46. NO. 4. APRIL 1974

of gasoline type samples containing large amounts of
CI-C~ hydrocarbons at pressures up to 500 psi arc intro­
duced by means of a four-port slide valve. The high ioniz­
ing voltage mass spectrum is mathematically depcntan­
ized (-1) using the gas chromatographic light cnds analysis
(.;) of the .ample.

EXPEHI:\IENTAI.

Instrumt"ntaI. Spectra w{'re obtained on a Consolidated Elec­
trodynamics Corpnrution Model 21·1O;JC mass spectromcter.
modified by the addition of a Hendix Greenbrier fnur-port slide
valve, The \"ulve has a sample volume of 1 ",I and is a('tivated hy
40 psi nitrog:en and a rnur· .....ay Skinner solenoid valve. A hig:h
pres:mre helium supply was installed su that sample cylinders
cuuld he pres...urized' ut the mass SPt·l~trometer.The confi/;::urntion
nfthe modification isshu.....n in Fi~ure 1.

(4) H. E. Howard and W. C. Ferguson, Anal. Chem.. 31, 1048 (1959).
(5) R. D. Beckham and R. J. Libers, J. Gas Chromatogr.. 6. 188 (1968).
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Figure 1. High pressure liquid sampling system

Table n. Analytical Re-ult. oC ReCormer
Reactor Product

resulting in the light ends corrected mass spectrum. The latter is
subjected to matrix analysis Cor paraffins, cycloparaffins. and di·
cycloparaffins and direct volume calculations Cor alkylbenzenes.
The resulu are combined with the GC ligbt ends to complete the
analysis.

The calculatioM are easily computerized and in this labotat,o...
ry. an on·line IBM 1800 computer .yatem perfOl'lDS all the re·
quired GC and MS computations.

RESULTS AND DISCUSSION

The liquid sampling valve was extensively evaluated.
The repeatability of sample volumes was 0.2'11> at the 95%
confidence level and proved to be considerahly better than
the repeatability ohtained hy a constant volume capillary
dipper. Sample volumes were found to be somewhat de·
pendent on sample pressure. This was attrihuted to the
dilation of the Teflon sample cavity and not the isother­
mal compressihility of the liquid. The pressure depen­
dence amounted to 0.01% per psi and. though not desir·
able. did not present a problem since the benxene stan­
dard was run at the same pres&we as the sample.

The procedwe describt!d is used extensively in this lab­
oratory. Samples of reformer reactor products aDd straight

Conodod, e--.......
ASTM D A8rM: D

2789 2189

(16.4)
0.5
2.3
3.8
1.6
2.8
3.0
2.4

36.5
5.6
0.2

(41.3)
0.8
5.5

15.4
15.4
3.9
0.3

100.0

(16.4)
0.5
2.3
3.8
1.6
2.8
3.0
2.4

35.8
5.7
0.2

(41.9)
0.8
5.6

15.6
15.6
4.0
0.3

100.0

Hicb ........
full .....
anaJ,yo;o

(16.4)
0.5
2.3
3.8
1.6
2.8
3.0
2.4

35.5
5.6
0.3

(42.2)
0.9
5.7

15.5
15.6
4.2
0.3

100.0

Light enda
Methane
Ethane
Propane
Iaobutane
n-Butane
Iaopentane
n·Pentane

Paraffina
Monocycloparallina
Dicycloparaflina
Alkylbenzenes

Benzene
Toluene
C.
C.
CII

CIl
Total liquid vol. %

m/. CaH. i-C.H~ n·C.HIt ;·C.Hu n-CIHl1

41 549 2047 1331 1949 1856
43 897 4899 4187 2685 4250
55 26 52 161 151
57 149 109 1554 558
67 1 2
68
69 1 1
71 50 22

Table I. Mass Spectrometric Calibration Cor
Paraffinic Light Ends

Conlltant volume -.mil.ivitiM (peek heiahtfmjed.ion)

Procedure. High pressure gasoline range process streams are
normally sampled in stainless steel cylinders. The sample pres­

·8ure is measured and 8 constant volume (l ~l) is injected into the
mass spectrometer by means of the Bendix slide valve. The 70-eV
mass spectrum is obtained.

A stainless steel cylinder. containing a benzene standard. is
pressurized with helium to a value equivalent to the sample pres­
sure. The benzene is injected by the slide valve, and from the
mass spectrum, the constant volume benzene sensitivity associ·
ated with the sample is obtained.

When 8 series of samples is analyzed, the pressures are general·
ly similar and only a small number of benzene standards is re·
quired.

The Cl-Ca hydrocarbons present in the sample are determined
by the conventional Kas chromatographic procedure (5).

Calibration. Calibration requirements for this method consist
of the constant liquid volume sensitivities of each C3-C3 hydro·
carbon of interest at each of the matrix peaks. The peak heiKhts
al mIc 41. 43. SS. 57. 67. 68. 69. 71 due lo fixed volumes of pro·
pane. isobutane. n·butane. isopentane. and n-pentane are re·
quired.

F.Alch standard is run as a liquid by means of the liquid sam·
pling valve. The gaseous standards. obtained in lecture bottles.
are further pressurized to 300 psi with helium. The liquid stan­
dards (n·pentane. benzene) are placed in 3OO-ml stainless steel
cylinders and are similarly pressurized to 300 psi. Benzene is used
to supply a reference sensitivity. The contribution of each hydro·
carbon standard to each matrix peak is expressed in "peak height
per unit volume" at a benzene parent peak sensitivity of 7000. A
typical light ends calibration is shown in Table I.

Previously published calibration data are used for the hydro.
carbon type analysis of the C.+ hydrocarbons.

Calculations. The contributions of the C3 -C& hydrocarbons at
mle 41. 43. SS. 57. 67. 68. 69. 71 are calculated from the gaa chro·
matographic light ends analysis and the mass spectrometric cali­
bration data (Table I). The sum of the contributions at each
mass number is removed from the respective "full range" peak.
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ron naphthas are routinely analyzed using this technique.
A typical analysis is shown in Table D and is compared to
the results of the conventional procedure. A comparison is
also made with the results of the conventional method
after correction for errors introduced by the depentaniza­
tion. These errors include approximately 1.5% light ends
that are habitually left in the depentanized fraction and
approximately 3.5% C6 components that are often cut out
of it. The corrections are based solely on the g-8S chroma­
tographic analyses of the overhead and bottoms of the
depentanizations. The analytical results of the new tech­
nique are in ~ood agreement with those of the corrected
conventional method, but differ significantly from the un­
corrected one.

The repeatability of the new method was determined to
be 0.6% at the 95% confidence level and compares favor­
ablv to the 2.4% obtained for the conventional procedure.
Th; analytical technique presented here is therefore more
accurate and precise than the conventional mass .spectro­
metric method of analysis. Furthermore, the lengthy
depcntanization procedure is no long:er required and high
prc~sure process streams may be analyzed at their sam­
pling pressures.

To date. the technique has heen applied solely to low­
olefinic stocks. It should also be applicable to olefinic
streams.
Received fur review August 21, 1973. Accepted November
5,1978.

Semimicro Procedure for the Determination of Hydrocarbon
Types in Shale-Oil Distillates

Larry P. Jackson, 1 Charles S. Allbrlght,2 and Howard B. Jensen

U.S. Department of the Interior. Bureau of Mines. Laramie Energy Research Center. Laramie. Wyo. 82070

The characterization and analysis of crude shale oils
and their various distillatr fractions have been objectives
of the work carried out at the Laramie Energy Research
Center. Analysis of lhe crudes usually involves the quanti­
tative determination of five general compound types: tar
acids, tar bases, saturates, oletins. and aromatics. For the
purposes of this paper, tar acids and tar hases are referred
to as polaTS; saturates, olefins, and aromatics are hydro­
carbons. The limited quantities of sample frequently en­
countered in research and development make it very diffi­
cult to apply. with accuracy. standard methods of analysis
such as acid absorption (I), bromine number (2). and sili­
ca ~el chromatography (3) hecause of the subjeclive jud~·

ments that must be made in each test. This paper de­
scribes an analytical procedure based on a new applica­
tion of the reaction of olefins with diborane in the quanti­
tative determination of saturates, olefins, and aromatics
in shale oil.

Two major sources of difficulty in the analysis of shale­
oil distillates arc the high concentrations of nitrogen com­
pounds and olefin•. In the procedure reported here. the
first of these problems is circumvented by the removal of
the nitrogen compounds and the other polars from the hy­
drocarbons by column chromatography on Florisil (4). For
the purposes of this study, no further characterization was
done on the polars. Because of the high concentration of
olefins in the hydrocarbon fraction, accurate analysis by

1 Present address. Departm('nt of Biochcmistrv. Univcrsitv of
Wyoming. Laramie, Wyo. 82070. '-

!i Correspondence Rhould be addressed to this author at the Lar­
amic Energy Research Ccnter.

(1) "ASTM Book of Standards. 1971," Pari 17, Method D 1019·68. "Ole­
finic and Aromatic Hydrocarbons In Petroleum Distillates." pp 342­
51.

(2) Ret. 1. Method D 1159-66. "Bromine Number 01 Petroleum Dislil­
lates and Commercial Aliphatic OleUns by Electrometrlc Titration,"
pp 378-89.

(3) Ref. " Method 0 1319-70, "Hydrocarbon Types in Liquid Petroleum
Products by Fluorescent Indicator Adsorption." pp 474-79.

Col) G. U. Dinneen. J. R. Smith. R. A. Van Meter. C. S. Allbrighl. and W.
R. Anthoney. Anal. Cham.. 27, 185 (1955).
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fractionation on silica gel is difficult, especially on small
samples (5l_ In the present analytical scheme. the well­
known reaction between olefins and diborane is used as
the key ~tep in the selective, de~tructive removal of ole­
fins from the hydrocarbon fraction (6). The reaction is
carried out on a sample consisting of a 1:1 mixture of the
hydrocarbons from a shale-oil distillate fraction and a
suitable internal standard made up of n-alkanes and n­
alkylcyclohexanes whose boiling' points arc at least 25°C
removed from that of the hydrocarbon fraction. Gas chro­
mato~raphy (GC) is used as the data readout to deter­
mine the ratios of sample to internal standard before and
after treatment to remove the olefins. The difference in
the two ratios i!-l a measure of the olefin content. The per­
centage of saturates is determined on another portion of
the same sample solution by selective removal of both the
olefins and aromatics with a modification of the H2SO,.­
P20. acid absorption procedure (1). The resultin~ raffi­
nate is analyzed by the same gas chromatographic tech­
nique. The value obtained for saturates is combined with
the olefin value and the result i!-l used to calculate the per­
centage of aromatics in the sample.

The procedure which we propose uses modern GC tech­
niques for which the precision of any given quantitative
measurement is about ± 1%. This degree of precision is
seldom attainable in classical methods of analvsi!-l where a
subjective jud~ment often has to be made i~ tests that
give no clearly defined cnd points or separations and
where competing chemical reactions give erroneous re­
sults. Specifically, acid absorption cnd points are fre­
quently diffuse when samples are rich in aromatics and
olefins; bromine number values are affected by nitrogen
compollnds and alpha olefins. both of which occur in hi~h

concentrations in shale oil; silica gel chromatography
yields high values for aromatics when nitrogen com-

(51 D. F. Fink. R. W. Lewis. and F. T. Weiss, Anal. Chem.. 22,858
(1950).

(6) H. C. Brown. "Hydroboration," W. A. Benjamin. Inc.. New York.
N.Y.. 1962. Chapter 1.
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Table I. Olcflns Tested in the Hydroboration Reaction

SHALE-Oil OIHlllAT(

(SA'UltAHS. OlHlNS. AIlOMATl(S AND POt....S)

1.2+DimethyJcyc1opentene
Indene
2.5-Dimethyl-2.4·hexadiene
l-Allylcyclohexene
Bicyclo (4.4.0 I-deca-l(6l,3-

diene

1-Trideccne
2,4,4-Trimethyl-2-pentene
2.2,5,5-Tetramethy1-3-hexene
lrans-l-Phenyl-2-butene
trans-5·Decene
trans·3-Dodecene

lowed to come to room temperature. shaken vi~orously to ensure
proper mixing, heated at 80 GC for 4 hours in an oven. removed.
again frozen in Dry Ice. opened, and allowed to thaw. The oxida·
tion of the alkylboranes was carried out by the careful addition of
1 ml of 3N sodium hydroxide followed by 1 rnl of 30C/ll hydrogen
peroxide. re.sealing: of the ampoules. and healing in a 4:' to 50 °C
oven for 1 hour (sce Precautions). For hig:h boiling- samplel'i such
as middle distillates and heavier. heating- in thp upen tube in a 45
to 50°C water bath for an hour is satisfactnr.... After the oxidation
period, the sealed samples were cooled in iiquid nit.rogen to re­
duce the pres...mre and opened. rour milliliten- of water wal'i added
to the liquid reaction mixture and mixed by vig-orous shaking.
After the hydrocarbon layer had separated. it .....as drawn off and
added to a vial containing- a small quantity of LiAIH., to convert
the alcohols to insoluble saiL... When t he effervescence had sub­
sided. saltl'i were removed by filtration thruug:h a 6-mm r::las.... col­
umn plugged with glas.... W(Kll and cuntaining about 2.:' cm of alu­
mina deactivated with 3.8% water. After the sample had passed
through the tube, the filter was washed with enough hexane to
bring the total volume to about :2 m!' In cases where the excess
tetrahydrofuran had not been completely removed from the solu·
tion by the water wash. the LiAIH~ which remained dis...;alved in
the tetrahydrofuran reacted with the water in the alumina caus­
ing the column to fracture. but this did not appear to affect the
results. Integrated GC patterns were next obtained on the dilute
solution·-now containing the hydrocarbons minus the olefins­
and on the original sample solution. The ratio of sample pattern
area to internal standard pattern area as calculated for each so-
lution; the difference between the t o ratios represented the
amount of olefins in the sample.

For the determination of total saturates. all olefins and aro­
matics were removed by acid absorption (1). In a typical nlll. 200
~I of a lOCk solution of the hydmcarbons plus internal standard in
cyclohexane was shaken with:; ml of the H2S04-P20:. acid mix­
ture in a precision sulfonation Oal'ik usinr:: the manual procedure
described in the ASTM method. After the addition of H2SO" and
centrifugation, a Mmple was withdrawn from the hydrocarbon
layer and analyzed by GC. As with the olelins, calculations of the
pattern areas for sample solution before and after chemical treat­
ment gave the amount of saturates.

The aromatic content of the sample was calculated by subtrac­
tion of the pcr cent saturates value and the per cent olefins value
from 100.

Precautions. The release of oxygen during the oxidation step
will generate somf.' internal prt'l'isure in scaled ampoulel'i and ('er-

Figure 1. General separation scheme for saturates. olefins. and
aromatics from shale-oil distillates

Saturates = sample - (olelins and aromatics): acid absorplion. Dlefins
= sample - (saturates and aromatics); hydroboralion. Aromatics =
sample - saturates - olelins; subtraction

EXPERIMENTAL

(7) R. E. Poulson and H. e. Jensen. J. Chromat09r. Sci.• 9.300 (1971).
(8) L. A. Snyder, "Princlples 01 Adsorption Chromatography," Marcel

Dekker, Inc., New York. N.Y.. 1968. P 129.
(9) H. C. Brown and P. A. Tierney, J. Amer. Chem. Sac.. 80. 1552

1195SI.

pounds are present and vague boundaries when olefin con­
centrations are high. The removal of olefins by hydrobora·
tion and removal of both olefins and aromatics by acid
absorption with subsequent GC analysis of the raffinates
avoid the need for operator judgment and pennit accurate
hydrocarbon-type analysis of semimicro samples as small
as 50 milligrams. The separation procedure is outlined in
Figure 1.

Apparatus. A Beckman GC-4 gas chromatograph with a hy·
drogen flame ionization detector was used as previously described
by Poulson and .Jensen (7). The inlet was n 12.7·cm section of
0.46·crn i.d. tubing: packed with 100-120 mesh silanized borosili·
cote g:lass beads with a small plug: of glass wool to keep the beads
in place. Syringe sample injections were made with the inlet at
200 "e t(J minimize fractionation and with the inlet rapidly heat­
ed to :175 "C over a period of about 10 minutes la minimize peak
distortions in the resulting chromatogram. The chromatographic
column lI!'ed was 45.7 cm x OAG-cm i.d. Initial loading of liquid
phase before conditioninJl: was 5% Dexsil on 70-80 mesh acid­
washed HMDS-trcated Chrom08orb W. The column was operated
with a helium carrier gas flow of 90 ml/min and with linear tem­
perature programmin~ from 50-350 °C at 10°C/min. The hydro­
gen flame ionization detector was operated with a total flow of
120 ml/min helium. Hydrogen flow was adjusted to provide maxi­
mum response at this helium flow. Air flow was 400 ml/min. A
laboratory potentiometric recorder with a disc inte~rator was
used to collect the data output.

ReaKents. Cyc1ohexane. tetrnhydrofurnn. and hexane were re­
a~ent grade from commercial sources and were used directly from
the bottle without further purification. The normal paraffins and
n-alkylcydohexanes used as internal Htandards and the model
compounds obtained for the test blends were purchased from
commercial sources in the hig:hcst purity available and u!'ed as
received. The internal standard that was used with the blends of
saturate, olefin, and aromatic model compounds was prepared by
mixing: equal purts of n-C22 H 46 , n-C23 H"8, n-C 2fo H:.o• pentadec­
ylcyclohexanc. hcptadecylcyclohcxane. and nonadecylcyclohex­
ane. The internal standard for the analyses of the shale·oil distil­
lat.es consisted of a mixture of n-nonane, 3-methylnonane, cy­
clooctane. ft-decane, and sec-butylcyclohexane. The alumina was
Alcoa F-20, 100--120 mesh. dried at 400GC for 24 hours. cooled to
room temperature. and partially deactivated by the addition of
3.8 ..... t % water to the alumina in a closed container. After 24
hours for gel-water equilibration. the alumina was ready for use.
Snyder (8) has described the principles involved in adsorbent
deactivation. Florisil was 30-60 mesh and was used as received
from the t'lIpplier.

A I-molar dihorane solution was prepared by the method of
Brown and Tierney (9) with one modification. As the diborane
was generated, it was swept from the reaction nask with a stream
of nitrogen into 8 Oask containing cyclohexane with 2 molar
equivalents of tetrahydrofuran and cooled to 0 GC. The resulting
solution was stored at 0 QC and used as needed.

Sample Preparation. Three hydrocarbon samples in the light
distillate rang'e (200-325 GC) and one from heavy distillate (325­
500 QC) were isolated from shale-oil fractions by elution with hex­
onc throug:h II column of Florisil (4). The volume of eluent collect­
ed was sufficient to remo\'(' the aromatics from the column. The
hexane was removed on a rotary evaporator using a slight nega­
tive pressure and a warm water bath. A portion of each hydrocar­
bon sample was then combined with an equal volume of an inter­
nal standard made up of n-alkanes and n-alkylcyclohexanes
whose boiling points were all at least 25 GC outside the boiling
range of the hydrocarbons.

Procedure. For the determination of total oletins. 0.1 ml of hy­
drocarbon-internal standard solution was chari:ed into a gla!>..'i
ampoule made from 12-mm standard wall glass tubinf: with a
neck suitable for l'iealing- made from 6-mm tubinK. The total
capacity of the ampoule was about 8 ml. The sample was frozen
in nry Ice. 1.0 ml of the stock diborane solution was added. and
the ampoule was sealed with a torch. The sealed ampoule was ai-
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Table n. Saturate and Aromatic Hydrocarbon Blend8

Blond I,
n-Paratlim

n.Heptane
n·Octane
n..Nonane
n-Decane
n-Undecane
n..Dodecane
n-Tridecane
Internal standsrd

B'-'nd n.
n-Paraem- + cycloparaffina

n..C'1 through n-C II

Ethylcyclohexsne
n-Propylcyc1obexane
Isopropylcyc1ohexane
McthylcycJohexane
c,c,c-l,2.3-Trimcthylcyc1ohexanc
l,l,3.S-Tetramethylcyclohexane
n-Hexylcyclohcxane
Internal standard

B1eDd nI,
n_Paraffina +

branched paraffina

n-C, through n-Cu
Ethylhexane
2.Methylheptene
3-Ethylheptane
2,2-Dimethylheptane
2-Methylundecane
Internal standard

Blend IV,
n~Paraffina+ aromatic.

n-C T through n-Cu
Ethylbenzene
o-Xylene
1,2.4-Trimethylbenzene
I-Methyl-4-ethylbenzene
Isopropylbenzene
n-Pentylbenzene
Internal standard

Table IlL Hydroboration Determination of 01efin8
in Hydrocarbon Samples

Volumo % olcfillJl

Sample R=l R=2 R=3 Avcrtlge

I 9.0 8.8 6.8 8.1
II 14.8 14.4 15.7 15.0

III 27.3 27.8 27.5 27.5
IV 32.3 33.9 33.4 33.2

Table IV. Acid Absorption Determination of Saturates
In Hydrocarbon Samples

Volumo % sat.urnw.

8cUllple H.un 1 Hun 2 Avcrngc

I 73.0 72.7 72.9
II 8.2 7.6 7.9

III 45.3 46.4 45.9
IV 42.7 42.8 42.8

Table V. Composition of Hydrocarbon Samples

Volumo % hydrocarbou typca

Sample Sat.umt.es OIc6.ml Aromalica

I 72.9 8.1 19.0
II 7.9 15.0 77.1

III 45.9 27.5 26.6
IV 42.8 33.2 24.0

tain precautions are advisable to minimize the danger of break­
age. Make certain that the ampoules are free of defects ond arc
sealed carefully. Carry out the oxidation in an uven. wit.h the am·
poules isolated from one another. If the hydroburntion procedure
is scaled up to a larger Quantity of sample and more H20 2 is
used, choose a larger capacity tube whose volumc will llccommo­
date the pressure buildup. After the oxidation period. cool the
ampoule in liquid nitro~en to reduce the pres.:mre before opening.

RESULTS AND DISCUSSION

To test the reactivity of olefins to diborane, a synthetic
blend of 11 olefins representing many of the types he·
lieved to be present in shale oil was made up and subject.
ed to the hydroboration reaction. The olefins chosen are
listed in Table l. Although there are no tetrasubstituted
ethylenes on the list, tetrasubstitution is represented by
the cyclic monoolefin, 1,2·dimethylcyclopentene. Two of
the compounds-Iran.,.I.phenyl-2·butene and indene-are
generally known as aromatics even though they possess
both olefmic and aromatic character. These two olefinic
aromatics were included in the tests of olefins as a class
for their reactivity with diborane, and results showed that
both did indeed react quantitatively as olefins. The sole
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exception among the compounds was 2,5-dimethyl-2,4­
hexadiene, which was incompletely removed. It appears
from this somewhat abbreviated study that hindered con­
jugated dienes may be resistant to this treatment, but it
is believed that their concentration is negligible in shale
oil and they may therefore he disregarded.

Saturates and aromatics are generally believed to be
inert toward reaction with diborane, but with the com­
plexity of shale oils, it was deemed necessary to run a few
controls to confirm this belief. Four synthetic blends of
known composition were made up and subjected to hydro·
baration. The compounds chosen were believed to be rep­
resentative of components of shale-oil distillate fractions;
the compounds contained in each blend are listed in
Tahle I!. GC analysis of the reaction products after work·
up in the usual manner showed that each of the model
compounds was inert to the diborane under the reaction
conditions.

Each of the four shale·oil derived samples was subjected
to hydroboration in triplicate. The results of all determi­
nations are listed in Table Ill; each reported value is the
average of repeated GC analyses. For the range of deter­
mined olefin contents, 7 to 34%, the hydroboration results
from replicate tests deviated from the average values by
1.3% or less.

Table IV gives the percentage of saturates in each sam­
ple as determined by duplicate acid absorption. These
values agree well within the ±l% guidelines determined
by the reliability of the integral readout from the GC, de·
viating 0.6% or less from average. When the dilute solu·
tions resulting from the hydroboration reaction were
subjected to the acid absorption procedure. the same
values were obtained for saturates as were previously ob­
tained on the hydrocarbon samples. By combining the re­
sults given in Tables 1II and IV, it was possible to arrive
at the value for the aromatic content of each sample.
These results are summarized in Table V.

The method offers another advantage which makes it
useful in the analysis of petroleum and shale·oil samples.
Saturates and aromatics are unaffected by the hydrobora·
tion reaction so that olefin-free samples are obtained
which may be efficiently separated into saturated and ar·
omatic fractions by silica gel chromatography or GC tech­
niques.

Two primary sources of error of minor concern are the
presence of unreactive olefins in the sample which will not
be removed by hydroboration and will therefore be re­
ported as aromatics when they are removed by acid ab­
sorption and the presence of sulfur and nitrogen com­
pounds which arc not removed by the Florisil treatment.
These two heteroatoms-sulfur and nitrogen-both react
with diborane arid will therefore be removed during the
reaction and reported as olefins, giving a value on the high
side for the olefin content. In addition, olefinic aromatics
such as indene will be reported as olefins.



CONCLUSIONS

Destructive removal of olefins offers several advantages
over existing techniques for the quantification of the hy·
drocarbon types in shale·oil distillate fractions. Handling
and manipulation of the sample is minimal; an elution
chromatography is the only preparation prior to analysis.
The method avoids the problems a880Ciated with chemical
and physical procedures normally used to quantify the
three functional types; the specificity of compound-type
removal, coupled with the accuracy of the GC readout,
gives improved results for complex mixtures containing 8

significant concentration of olefinic material. The tech­
nique is amenable to batch analysis of a large number of
samples, and automated GC makes the data readout step

a simple operation not requiring ntenaive operator time.
An accurate analysis can be performed on samples ..
small as 50 milligrams, and the sample may be in the
form of a dilute solution.

Received for review May 29, 1973. Accepted October 29,
1973. The work upon which this report is based was done
under a cooperative agreement between the Bureau of
Mines, U.S. Department of the Interior, and the Universi·
ty of Wyoming. Reference to specific equipment or trade
names does not imply endorsement by the Bureau of
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Improved Ion-Exchange Technique for the Concentration of
Manganese from Sea Water

Ralph G. Smith, Jr.

Skidaway Institute of Oceanography, P.D. Box 13687, Savannah. G8. 31406

Because manganese occurs at "g/l. and sub "g/l. levels
in sea water, its direct detennination is difficult. The sen­
sitivity of 0.002 ppm by direct determination with atomic
absorption claimed by some workers (l) should be ques­
tioned, since it is approximately an order of magnitude
greater than has been reported by others (2. 3). Photomet­
ric techniques involving leuco base (4) and leuco crystal
violet (5) have been described; however, samples. of vary­
ing ionic strengths require special calibration.

Most workers concentrate manganese from sea water
either by co-precipitation (6, 7) and/or extraction tech­
niques (6, 8). Riley and Taylor (9) have shown that a che­
lating ion-exchange resin can be used for this purpose.
The resin, Chelex-lOO. undergoes swelling and contraction
as its counter-ion is changed. causing difficulty in main­
tai ning 8 constant flow rate through exchange columns.
The difficulty increases with decreasing resin particle size.
making it desirable to use the largest particle size avail­
able (50-100 mesh). Bio-Rad Laboratories, the only com·
mercial source of Chelex~lOO, recently discontinued man·
ufacture of the 50-100 mesh size, and attempts to substi­
tute the 100-200 mesh resin using the column technique
result in the difficulties described above. This paper de­
scribes a quantitative batch technique which uses the
small particle size resin and is free of the difficulties of
the column method.

(1) B. P. Fabncand. A. A. Sawyer, S. G. Ungar, and S. Adler. Geochim.
Cosmochim. Acta. 28, 1023 (1962).

(2) E. E. Angino and G. K. Billings. "Atomic Absorption Spectrophotom­
etry In Geology." Elsevler Publishers. Amsterdam, 1967, p 12.

(3) Perkln-Elmer Corp., "AnalytIcal Methods lor Atomic Absorption
Spectrophotometry," Norwalk. Conn.• (1971).

(4) J. D. H. Strickland and T, A. Parsons, "A Practical Handbook 01
$ea Water Analysis," 3rd od., Fisheries Research Board of Canada,
Oltawa. Canada, 1968, p 109.

(5) M. A. Kesslck, Jasenka Vucela, and J. J. Morgen, Env/ron. Sc/.
Techno/., 6,642 (1972).

(6) B. A. Loverldge, G. W. C. Mllner. G. A. Barnen. 'A. Thomas, and W.
M. Henry, At. Energy Res. Estab. Rept. R. 3323, 36 pp.

(7) O. C. Burell, Anal. Ch/m. Acta. 38.447 (1967).
(8) Elizabeth Rona, O. W. Hood. Lowel! Muse. and Benjamln BuOllo.

Umnol. Oceanogr., 7.201 (1962).
(9) J. P. RlIey and D. Taylor, Deep-Sea Res•• 15.629 (1968).

EXPERIMENTAL

Chelex-l00 resin is converted to the hydrogen form by washing
a suitable quantity three times with an excess of 2N HN03 • Ap­
proximately 10 ml of wet resin are required per sample. and an
acid:resin ratio of 1:1 provides the necessary excess. The resin is
washed with redistilled water and converted to the ammonium
form by washing three times with 2N NH..OH. A final washing
with redistilled water removes excess base. All preparation steps
are carried out in Vycor or polypropylene flasks.

Ten ml of the ammonium form of the resin is added to 500 ml
of sea water having an adjusted pH of 9.0 in a 1·1. polypropylene
flask. The sample is equilibrated for 16 hr on a mechanical shak·
er, after which time the solution is decanted through an ion-ex­
change column allowing the resin panicles to pour off last. The
flask is washed with redistilled water which is then passed
through the column. The sample flask is washed with 30 ml of 2N
HN03 to remove manganese adsorbed on the flask. The resin is
then eluted with the acid wash. Ten ml of redistilled water are
added to the column to completely flush the resin. The eluate is
collected in a Vycor flask and evaporated to dryness at low tern·
perature. Prolonged heat after dryness should be avoided since
this tends to make the residuedimcult to redissolve.

At this point, the residue is redissolved with 1 ml of 2N HCI
and diluted to a 5,O-ml volume with redistilled water in prepara­
tion for analysis by atomic absorption spectrophotometry. Ace-­
tone or other organic solvents have been used in the diluent by
other workers (9) to enhance sensitivity. This. in some cases~

leads to the formation of precipitates which clog the aspiration
assembly of the atomic absorption system. Standards for atomic
absorption analysis may be prepared by spiking previously
stripped sea water with incremental amounts of manganese and
treating the spiked sample as described in the procedure above.

RESULTS AND DISCUSSION

The most critical factor in the above described proce·
dure was to establish the time required for equilibration
of the resin with the water sample. To investigate the
resin uptake efficiency 8S 8 function of time, 500-ml ali­
quots of sea water were spiked with 10 "Ci of carrier-free
54Mn. The aamples were equilibrated for varying lengths
of time and eluted according to the described procedure.
Aliquots of the eluate and sample solution were then
counted in a sodium iodide well detector. connected to an
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Table I. RecoveryotAddAid"Mntrom Sea Water

Recovery, %
Equilibratkm

time, bz E8IuenL Sample lIOluUoa. Reoin

2 93 6.8 0.1
4 94 6.0 0.2
6 95 5.2 0.2
8 96 4.8 0.2

16 99 1.0 0.2
16 99 1.0 0.2
16 98 1.0 0.2
16 99 1.0 0.1
16 99 1.0 0.1

Ortec single channel analyzer. Results shown in Table I
indicate quantitative recovery in 16 hours with less than
1% of the manganese remaining in the water and less than
0.2% remaining on the resin. The recovery efficiency for
five samples, each with 10 IICi of "Mn and each equili­
brated for 16 hours, had a coefficient of variation of

:100.6%. The actual analysis of the samples by atomic ab­
sorption was not necessary since previous studies have
proved its utility (9).

Results in Table I indicate that optimum recovery may
conveniently be achieved by equilibrating the .samples
overnight and eluting them the following morning. This
batch-wise method extends the analytical use of Chelex­
100 to the smaller resin sizes and should be suitable for
the concentration of other metals (10).
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Separation of the Trivalent Actinides from the
Lanthanides by Extraction Chromatography

Terry D. Flier

Heafth Services Laboratory, U.S. Atomic Energy Commission. Idaho Falls. Idaho 83401

One of the more difficult problems in actinide chemis­
try is the separation of the trivalent actinides from the
trivalent lanthanides. The solution of this problem is nec­
essary in the analysis of greater than gram quantities of
soil because of the presence of milligram quantities of the
rare earths. Since even microKJ'am quantities of the rare
earths have been shown to prod'uce serious losses in the elec­
trodeposition of the trivalent actinides (I I, a separation
procedure with high decontamination factors is needed.
Single-step liquid-liquid extraction procedures did not
pmvide sufficiently large decontamination factors. Anion
exchange involving ammonium thiocyanate (2) and cation
exchange involving hydrochloric acid-ethanol (3) provide
excellent decontamination factors but are cumbersome
and time·consuming. Extraction chromatography provide.
an attractive means of separating metal ions of close
chemical similarity because it combines the multiplate
process of ion exchange without sacrificing to a great ex­
tent the simplicity, selectivity, and speed of liquid-liquid
emaction.

Bis(2-ethylhexyl)orthophosphoric acid (HDEHP) is an
excellent reagent for intragroup separations of the triva­
lent lanthanide or actinide ions (4, 5) because separation
factors are higher than those observed in ion exchange
methods. Also, the high reaction rate of HDEHP with
these ions permits relatively high flow rates. Extraction

(1) K. W. Puphaland O. R. Olsen. Anal. Chem.. U, 2a4 (1972).
(2) J. S. Coloman. L. B. Asprey. and R. C. Chish6lm. J. Inor9. Nuel.

Ch.m.. 31. 1167 (1969).
(3) K. Street. Jr.. and G. T. Seaborg. J. Amer. Chem. Soe.. 72. 2790

(1950).
'(... O. F. Peppard. G. W. Mason. J. L. Maler. and W. J. Orlscoll. J.

·lnor9. Huel. Chem.. ".334 (1957).
(5) O. F. Peppard. G. W. Mason. W. J. Drlscoll. and R. Slronen. J.

Inorg. Hue/. Chem.• 7, 276 (1958).
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chromatographic methods based on HDEHP for the sepa­
ration of lanthanides in mineral acid systems have been
reviewed (6). Kooi and coworkers used the HDEHP-hy­
drochloric acid system for the chromatographic separation
of several transplutonium elements (7, 8). Moore and Jur­
risanse (9) extended the use of HDEHP in extraction
chromatography to nitric acid systems. utilizing Tenon
(Du Pont) powder as an inert support. All of these proce­
dures, however, are based on the extraction of lanthanides
and trivalent actinides by HDEHP from mineral acid so­
lutions. The distribution coefficients of the two groups of
elements overlap. with americium behaving most like ce­
rium or praseodymium. Therefore. the separation of lan­
thanides from trivalent actinides is not clean even with
the use of a multiplate process such as extraction chroma­
tography.

Weaver and Kappelmann (10) showed that the substi­
tution of carboxylic acids for mineral acids shifts the am­
ericium distribution coefficients downward slightly rela­
tive to the lanthanides. In addition, the presence of
strongly complexing aminopo)yacetic acids causes a much
larger shift. Percival and Martin (I I) showed that the
light trivalent lanthanides and actinium could bc sepa­
rated from americium by extraction in HDEHP from an
aqueous solution containing- diethylenetriaminepentaace­

(6) E. Cerrai, Chfomalo9r. Rev.. 6. 129 (1964).
(7) J. Kool, R. Boden. and J. Wijkslra. J. Inof9. Nucl. Chem.. 26. 2300

(1964),
la} J. Kooiand R. Boden. Radiochim. Acta, 3. 226 (1964).
(9) F. L. Moore and A. Jurriaanse. Anal. Chem .. 39. 733 (1967).

(10) B. Weaver and F. A. Kappelmann. J. InOf9. Nucl. Chem.. 30. 263
(19671. .

(11) O. R. Perclval and D. B. Martin. "SeQuential Determination of Ra­
dlum-226. Radlum-228. Acllnium-227. and Thorium Isotopes In En­
vironmental and Process Waste Samples," U.S. Atomic Energy
Commission. Idaho Falls. Idaho. in preparation.



tic acid (DTPA) in a chloroacetic acid buffer at pH 3. In
the present work, the use of HDEHP in extraction chro·
matography was extended to include the chloroacetic acid
system containing the ammonium salt of DTPA, utilizing
Tenon powder as an inert support. The new system pro­
vides excellent separation of the trivalent actinides from
the trivalent lanthanides in a relatively pure actinide-lan­
thanide fraction at room temperature with relatively high
flow rates.

EXPERIMENTAL

Apparatus. A 2¥.z-inch hemispherical gas flow proportional
counter using methane counting gas was used for alpha counting.

A NaI well·type scintillation counter with a 2· by 2!h·inch well
in 8 3· by 3-inch crystal was used for gamma counting.

A 65-cm3 germanium detector coupled to a multichannel ana·
Iyzer was used for gamma spectrometry.

A Beckman liquid scintillation spectrometer (Model 1..8 2(0).
which features automatic standardization by channel ratio and
ambient temperature operation, was used for beta counting.

An ion exchange column, I-cm inside diameter, with a small
glass wool plug at the bottom was used for the column.

Reagents. HDEHP, O.45M. Dilute 150 ml of HDEHI' (V-C
Chemical Company. Richmond, Vs.. ) to 1 liter with n-heptnne
and transfer to a 2-liter separatory funnel. Wash twice with 200­
ml portions of 1:1 2M diammonium citrate and concentrated am·
monium hydroxide, twice with 200-ml portions of 4M nitric acid,
and twice with 500-ml portions of water. Use mixing times of one
minute (11).

f;{utinJ,: Sulutiun. DTPA, O.025M: IM Afonochloroacctic Acid.
Dis..'tOlve 10 grams of DTPA in 100 ml of water containing 30 ml of
concentrated ammonium hydroxide. Add 100 J.'(rams of chloroacc­
tic acid and dilute to 900 m!' Adjust the pH to 3.0 with;} to lO ml
of concentrated ammonium hydroxide. Dilute to tliter.

Procedures. Column Preparation. Add 45 ml of 0.45M HDEHP
to 25 grams of Tee Six, polytetrafluoroethylene powder, 70 to 80
mesh (Analabs, Inc., Hamden. Conn.) in a 4-oz glass bottle. Cap
the bottle and shake vigorously for 5 minutes. Filter the slurry
through a double glass filter paper in a small Buchner funnel.
Allow the powder to air dry at room temperature. Add 5.0 grams
of the dry powder to the column (column of Tee Six is.1O cm
high) and wash three times with 25-ml portions of water. Condi­
tion the column by passing three lO-ml portions of the eluting so·
lution through it. The flow rate should be adjusted to 10 to 12
drops per minute.

Separation of tilt' Trivalent Actinides from thl' LClnthaflidl'.~·.

The procedure given below for the separation of the trivalent acti­
nides from the trivalent lanthanides is that used in the develop­
ment of the procedure with pure 6Olutions containing only the ac­
tinide and 2 mg of the traced lanthanide and is to be followed on
actual samples such 88 soil only after total decomposition of the
sample and isolation of the actinide~lanthanidefraction from the
sample. Add 1 ml of a l<Wo sodium hydro~en Ilulfate solution and
2 to 3 drops of concentrated sulfuric acid to the sample solution
in a 30-ml beaker. Evaporate the solution to dryness on an asbes­
tos-covered hot plate until evolution of sulfuric acid fumes has
ceased. Cool the residue, add 5 m! of the eluting solution, and
heat to hoiling to dissolve the residue. Cool and add the solution
to the conditioned column. Wash the beaker with 3- and 2-ml
portions of the eluting solution and add to the column. Load the
column with the 10 ml of solution at a rate of 10 to 12 drops per
minute. Continue the elution with an additional 30 rnl of eluting
solution at a rate of 10 to 12 drops per minute to reconr th(· trans·
plutonium elements. Wash the column with 50 ml of 6M hydro·
chloric acid to remove the lanthanides. Wash the column with 50
ml of water prior to the next separation. The columns have been
used for as many as ten runs with no loss of efficiency; however,
cross contamination must be considered.

RESULTS AND DISCUSSION

Tenon powder was selected as the inert support because
of its exceptional stability to chemical reagents and its
strongly hydrophobic tendencies. The advantages of Tef­
Ion powder over various other supports in extraction chro­
matography have been discussed by Moore and Jurriaanse
(9).

Preliminary experiments were performed to evaluate

Table I. Recovery and Decontamination of
Trivalent Actinides 88 8 Function of
Eluate Volume

Elunte.
Found in acotinido fraction. ,;,.

ml ActinidOlJ Lanthanide.

20 H1Am 99.0 ""La 0.10
'Hem 96.0 IHCe 0.20
u'Cf 83.3 141Pm 1.3

U'EU_ 11tEu 1.4
17o'fm 0.03
I71'Lu 006

40 SUAm 100.2 ""La 0.10
'HCm 100.0 u~Ce 0.20
~'Cf 96.5 II1Pm 8.9

u2Eu_ 1HEu 2.2
11O'fm 0.08
lO1Lu 0.07

the pertinent variahles in the Tenon-HDEHP system.
Americium-24l and cerium·144 were used to check the ef­
fectiveness of the separation because immediate results
could be obtained by gamma·counting each fraction. With
0.45M HDEHP as the stationary phase, DTPA concentra­
tions were varied from O.05OM to O.oo25M. The optimum
concentration range of DTPA for maximum separation of
americium from cerium was 0.013M to O.025M. Lower
concentrations of HDEHP also gave excellent separation
but the columns might become overloaded when separat­
ing milligram Quantities of lanthanides from the acti­
nides.

Several experiments were performed in which the
height of the column was varied from 40 mm to 100 mm.
Column lengths of 60 mm gave Quantitative separation of
trivalent cerium from americium, but were inadequate to
separate other transplutonium elements with less favor­
able distribution coefficients from cerium. A column
length of 100 mm was necessary to adequately separate all
of the trivalent actinides from the lanthanides.

The normal now rate used with the standard 10· by
lOO-mm column was 10 to 12 drops per minute_ Such a
relatively fast flow ratc is of practical importance because
it allows the complete separation of actinides from lan­
thanides in about 80 minutes. Flow rates of 1 to 2 drops
per minute showed negligible improvement in separations
while now rates as fast as 30 drops per minute have ac­
ceptable separations; for example, 1% of the cerium was
found in the americium fraction.

On the basis of these studies, the following conditions
were selected for the separation of the trivalent lanthan­
ides from the trivalent actinides: 10- by lOO-mm column
of 70· to 8O-mesh Tee-Six powder containing O.45M
HDEHP-heptane as the stationary phase, O.025M DTPA
in 1M monochloroacetic acid adjusted to a pH of 3.0 with
ammonium hydroxide as eluant, and a now rate of 10 to
12 drops per minute.

To determine the precision obtained using the above
conditions, six samples containing americium-241 and six
samples containing cerium-144 with 2 mg of cerium car­
rier present in each were carried through the separation
starting with the evaporation of the solutions to dryness in
the presence of sulfuric acid. In each case, fresh columns
were prepared before the solutions were passed through
the columns. The mean for the americium·241 recovery
was 98% with a standard deviation of an individual about
the mean of 1%. The mean for the cerium-144 recovery
was 0.2"1. with a standard deviation of an individual about
the mean of 0.2"1•.

The above conditions were selected on the basis of stud­
ies with trivalent americium and cerium. The procedure
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Table n. Recovery of Americium and
Decontamination from Cerium in SOU

Actinide lraction

Recovery, %

Lllnthanide traction

was 99'lI> with only 1.2% recovery of cerium-I44. However,
a flow rate of 3 drops per minute and an eluant volume of
100 ml required 8 bours for the aeparation. In contrast,
the present method has an americium-241 recovery of 98%
with only 0.2% recovery of cerium-144. The rapid flow rate
of 10 to 12 drops per minute and the small volume of 20
ml of eluant enable the separation to be sccomplished in
40 minutes.

was ertended to include curium and califomium; lantha­
num and cerium, representing the lightest and most
abundant rare earths; promethium and europium, repre­
senting tbe mid-range rare earths; and thulium and lute­
tium, represent tbe heaviest rare earths. Tbe results of the
separationa are shown in Table I.

Weaver and Kappelmann studied the distribution coef­
ficients for each of the trivalent actinides and lanthanides
under conditiona similar to those used in the present
study (l0). They showed that as the atomic number in­
creased for the transplutonium elements, the distribution
coefficients also increased. Therefore, califomium should
be more difficult than curium and curium more difficult
than americium to remove from the column, which is
shown to be true in Table I. In the case of the lanlha­
nides, Weaver and Kappelmann showed 8 general decrease
in distribution coefficients with increasing atomic number
through europium. Beyond europium, the distribution
coefficients increased rapidly. Therefore, the middle rare
earths with the lowest distribution coefficients should be
more readily eluted from the column. Again, the data of
Table I ahow this to be the case.

The greatest advantage of the present method over
other lanthanide-actinide aeparations is speed. Cation ex­
change involving hydrochloric acid-ethanol as the eluant
provided good decontamination factort!. Americium-241
recovery W8Jl 98% with only 1.2% recovery of cerium-144.
However, an extremely slow flow rate of 1 drop per min­
ute and 90 ml of eluant were required which resulted in
an elution time of 24 hours. Anion excbange involving am­
monium thiocyanate was better. Americium-241 recovery

APPLICATIONS

The main objective in this work was to develop a prac­
tical method for the separation of the trivalent actinides
from the lanthanides, particularly lanthanum and cerium,
in 10-gram soil samples. Several soil samples were spiked
with americium-241 and cerium-144 tracers, totally de­
composed by potassium fluoride and pyrosulfate fusions,
and carried through separations to isolate trivalent acti­
nides and lanthanides (12). The actinide-lanthanide frac­
tions were passed through the columns described ahove.
The chloroacetic acid-DTPA fraction and the hydrochlo­
ric acid fractions were analyzed by ~amma spectrometry.
The per cent recoveries of americium·241 and cerium-144
were based upon the amount added to tbe column and do
not reflect any chemical losses that may have taken place
during the decomposition and separations involved in the
procedure. The results shown in Table 1I illustrate the ex­
cellent rare earth decontamination of the transplutonium
element fraction after separation of the actinide-lantha­
nide fraction from a complex matrix such as soil.
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Gas Chromatographic Separation of Water from Cryogenically
Collected Air Samples-Enhanced Concentration of Trace
Organic Volatiles Prior to GC-MS Analyses

Bennett J. Tyson and Glenn C. Carle

Ames Research Cantar, NASA, Mol/att Fi.,d. CaW. 94035

The analysis of volatile trace compounds in a gaseous
diluent requires 8 preconcentration to separate the diluent
from the compounds of interest. Sample preconcentration
is necessary when using a gas chromatograph-mass spec­
trometer (GC-MS) to analyze air pollutants, head space
gases, and food aromas because these samples contain
compounds that may be present only at the sub-ppb level.
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There is generally a significant amount of watcr concur­
rently collected when the VOIOl ile organic compounds are
preconcentrated from air. Cryo~enic preconcentration elim­
inates most of the nitrogen and oxygen but condenses
water, which then becomes t.he diluent. Since this secon­
dary dilution can still be a. much a. 10- 6, a large sample
would be required for GC-MS analysis. The analysi. of
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GC-MS

was maintained at 10 cm3 /min with Model 8744 Brooks now con­
trollers.

The preparative gas chromatograph was fitted with an external
valve oven maintained at 140 ..C. This oven housed two Model
2014 Carle microvolume gas sampling valves, Ve and V7 • These
v~lves were fitted with the second. and third-stage traps, respec­
tlvely. The second·stage traps were open tubes constructed from
1fI6·inch o.d. x O.OIO-inch wall x 4-foot long stainless steel tubing
and had a volume of 1 cm3 • The third-stage traps were con­
structed from ViIS-inch o.d. x O.OlO-inch wall x 2¥.z-inch long
stainless steel tubing packed with 6O/SO mesh glass beads, leaving
a void volume of approximately 20 ",1. The traps extended outside
the external oven to allow rapid heating and cooling. Cooling was
attained by immen.ion in a Dewar filled with the appropriate
cryogen while heating was accomplished with a stream of air from
a 500 "F heat gun. V6 was interconnected to the first-stage trap
with a Ih&-inch o.d. x O.010-inch wall x 2·foot stainless steel tube
to allow transfer of the prcconcentrated sample from the first­
sta~e trap to the second·stage trap. V6 was also interconnected to
allow \'olatilization of the contents of the second-stage trap di­
rectly onto the sorbitol column. V7 was connected to the outlet of
the thermal conductivity detector to allow cryogenic collection of
effluents of the sorbitol column in the third-stage trap_ V7 was
also interconnected to allow volatilization of the contents of the
third·stage trap directly onto the analytical column of the Ge­
MS.

The gas chromatograph mass spectrometer consisted of a
Model 15228 Varian Aerograph gas chromatograpb and a Mod.l
491 DuPont mass spectrometer. The gas chromatograph was
equipped with a flame ionization detector (FID). a temperature
programmer, and Model 8744 Brooks flow controllers. Both detec­
tor oven and injection port temperatures were maintained at 150
..C. Depending on the type of analysis. the gas chromatograph
was fitted with either SCOT or capillary columns. Helium from
the injection pon of this gas chromatograph alternately flowed
through one of the third-stage traps and back to the inlet of the
analytical column through %s-inch o.d. X O.OO7-inch Ld. x 2-£oot
long stainless steel tubes. These tubes were heated to 150°C.

The outlet of the analytical column was connected to a silicone
membrane enricher (7) with 8 Vie-inch o.d. X O.OO7-inch Ld. x 2­
foot long stainless steel tube. The low-pressure outlet of the en~

richer fed directly into the ion source of the mass spectrometer
and the high-pressure outlet vented through a 'he-inch o.d. x
0.007-inch Ld. X 2-foot long stainless steel tube to the flame ion­
ization detector of the gas chromatograph. The enricher and the
interconnecting lines were heated to 150 "C_

Ultra high purity grade helium (99.999%) was used in all now
systems.

Procedure. Before an air sample could be processed, the cryo­
genic traps were heated and purged with helium to remove any
residual volatile materials. The first- and second-sta~e traps were
purged by opening V2 and V4 and closing VI and V3 and provid.
iog a helium flow of 15 scc/min which was controlled by Cl. The
first-stage trap was heated for 10 min at 140 ..c and then allowed
to cool to ambient before heating the second-stage trap. The sec·
ond- and third-stage traps were then heated for 2 min. The purge
gas for the third·stage trap was supplied by the outlet gas flow of
the preparative gas chromatograph.

(7) O. R. Black. R. A. Flath. and R. Teranlshl. J. Chromatogr. Sel., 7,
284 (1969).
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CRYOGENIC I PREPARATIVE GAS
PRECONCENTRATOR CHROMATOGRAPH

Figure 1. Schematic of the preconcentratlon and analytical sys­
lem

EXPERIMENTAL

large water samples containing trace organic constituents
by GC-MS is a particularly difficult problem that has
been treated by several authors (1,2).

Desiccants and porous polymers have been used for ex­
cluding water during the concentration of the volatile
trace compounds in air. The porous polymers, Porapak Q
and Chromosorb 102, have been used in packed beds for
this purpose (I, 3). Concentration on porous polymer beds
is possible because of the low retention volume of water
relative to the volatile compounds of interest; however,
some compounds have retention volumes less than the
collection volume and would be vented (4). In addition,
these polymers contain unreacted vinyl groups which may
be responsible for the tailing of some polar compounds (5)
that would make them difficult to elute quantitatively.
Several desiccant beds have been evaluated for their abili­
ty to pass the compound of interest while retaining water
(I, 2). The best desiccant for this purpose was found to be
potassium carbonate which would not retain all the water
without retaining some organic volatiles.

Prcconcentration of volatile trace compounds in air by
cryogenic methods has been demonstrated to be efficient
and nonselective (6). Since all water vapor is trapped
coincidently with all the volatile compounds, the advan­
tages of cryogenic preconcentration can be exploited only
if these compounds can be further separated from the
water.

The purpose of t.his study was to develop a cryogenic
preconcentration method that would totally separate
water from the trace organic compounds volatilized from
plants, prior to GC-MS analysis. The method can also be
used to separate water from a variety of organic com­
pounds in any cryogenically collected air sample.

Apparatus. The preconccntration and anah1ical ,"",stem was
constructed by interconnectin~ three basic $ubsystem~: the first
subsystem was 1I cryogenic preconcentration device. the second
subsystem was a preparative gas chromatograph with associated
transfer valvcs and collection traps. lInd the third subsystem was
a GC-MS. Figure I is a schematic of the complete system.

The cryogenic trapping device or first·stage trap was a 6·inch x
%-inch o.d. clectropolished (summa process) stainless steel tube
packed with 60/80 mesh glass beads. Temperatures above ambi­
ent wcre oht nined with heating: tape controlled bv a variable
transformer. and cryogenic temperatures werc ohtai~ed with liq­
uid nitrogen. Air or the gas to be sampled was drawn through the
trap with 8 Model 941·6001 Varian "Vac 8orh" pump, which was
cooled with liquid nitrogen. The flow path through the first·stage
trap was l'ontrolled by Whitey on·off toggle \'alves. VI, V z• V3 ,

and Vol. The flow rate during prcconcentration was controlled by
a gas regulator nnd 1I Nupro metering valve, Yr,. at flow rates up
to 2200 scc air/min. The flow rate was monitored with a model
LF·5K Hastings mass flow meter. The h('1ium now rate during
purging and transfer of sample was controlled by Cl, a Model
8744 Brooks now controller.

The preparative gas chromatograph was a Model 200 Varian
AeroKrallh, equipped with a thermal conductivity detector that
was operated at 200 mA and at 8 temperature of 140 ..C. This gas
chromaloKraph was fitted with a lf4-inch o.d. X 0.o.15-inch wall X

6·foot stainless steel column packed with 15% Sorbitol and 5%
Igepal on 60/80 mesh HMDS·treated Chromosorb P. The column
oven was operated isothermally at 105 ..C. Helium carricr gas now

(1) T. H. Schultz, R. A. Flath. and R. T. Mon, J. Agr. Food Chem .• 19,
lOtiO (1971).

(2) O. A. Heatherbelt. R. E. Wrolstad. and L. M. Llbbey, J. Agr. Food
Chem., 19, 1069 (19l1).

(3) A. Oravnieks. B. K. Krotoszynskl. J. Whitlield, A. O'Oonnell, and T.
Burgwald, Environ. Sel. Teehnol.. 5. 1220 (1971).

(4) W. G. Jennlngs. R. Wohleb, and M. J. Lewis. J. Food Sei.• 37. 69
(1972).

(5) W. Herl! and M. G. Neumann. J. Chromatogr.. 80,319 (1971).
(6) R. A. Rasmussen, Amer. Lab.• 4 (7), 19-27 (19721.
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Figure 2. Typical beam monitor trace of lest mixture containing terpenes processed through the entire system

Column: convalex 10 (polyphenyl ether) on O.020-lnch i.d. X 200-1001 capillary. eo °C for 10 mln, programmed to 120°C at 2°/mln

Table I. Sy.tem Recovery Efficiency for
Selected Terpene.

Peak height.

Direct p=-t Recovery,
I'eok Component injection/l sample" %

1 a~Pineno 101 99 98
2 Camphene 121 133 110
3 p-Pinene 114 95 83
4 Myrcene 42 40 95
5 .6.-3-Carene 50 46 92
6 Limonene 90 84 93
7 Linalool 37 33 89
8 Thujonc 27 16 60
9 Menthone 36 41 114

10 180menthone 51 30 59
11 Estragol 47 41 87

(P.a1lylaniBole)
12 Bomyl acetate 34 10 30

G Averaae of four anaI.Y-.

An air sample was preconcentrated by cooling the first-stage
trap.and the "vac 50rb" pump to -196 /le and opening VI and V3
and closing V, and V~. The air flow rate was adjusted to 1 liter/
min with Yr,. After the desired \'olume of air had been drawn
through the first-stage trap, the second.stage trap was cooled to
-75 GC in an alcohol-Dry Ice bath. VIand V3 were then closed
and V2 and V" opened, sweeping purRe gas through the fillit- and
second.slage traps at 15 sce/min. The first-stage trap was then
heated at 50 GC/min to 140 GC while its contents were transferred
to the second-stage· trap. The transfer process required 7 min.
The third~st8ge trap wali then cooled to -196 GC and V6 was
switched, placing the second-stage trap in the carrier gas stream
of the preparative gas chromotograph. The second-stage trap waH
then heated, releasing the sample onto the sorbitol column. The
effiuenbl of the sorbitol column were monitored with the thermal
conductivity detector and collected in the third-stage trap until
just prior to the emergence of water. Just before water began to
elute, VT was switched to vent water and place the third-stage
trap in the carrier gas stream of the GC-MS. The trap was then
heated, releasing the sample onto the analytical column of the
GC-MS for analysis.

RESULTS AND DISCUSSION

Figure 2 shows a typical beam monitor recording of the
GC-MS analysis of a test mixture containing terpenes.
The tll!lt mixture was prepared by adding 0.1 "I (IO-'
gram) of a sample containing 6 oxygenated and 6 hydro­
carbon terpenes to 200 mg of watet. This amount of water
is equivalent to that which would be collected from 20 Ii·
ters of air if the air had a relstive humidity of 50%. The

test mixture was injected into the inlet air stream of the
first-stage trap where it was preconcentrated. This mix­
ture was then separated from water and analyzed using
the method described. The beam monitor recording clear·
ly indicates that the water present in the test mixture was
eliminsted completely, and only that water collected from
the helium carrier resched the analytical system.

A study was made to determine the overall efficiency of
the system: 0.1 "I of the terpene sample was injected di­
rectly onto the analytical column of the Varian 1522B and
analyzed using the FlD and bypassin~ the mass spectrom­
eter. These rcsults werc compared to those obtained when
the test mixture was processed through the entire system.
A summary of the results is shown in Table I. The recov­
ery of the hydrocarbon terpcnes was greater than 83% in
all cases. The recovery of the oxygenated terpenes was
generally lower, but still ~ood. with the exception of bor·
nyl acetatc. Bomyl acetate eluted just prior to water on
the sorbitol column and was partially lost when water wss
vented.

With this high efficiency of recovery, trace organic com­
ponents in air can easily be identified after their precon­
centration and separation from water. The GC-MS sys·
tern described requires an on-column injection of about 20
nanograms to obtain a good. mass spectrum. Based on this
sensitivity limit, a compound present in air at a coneen·
tration as low as 0.2 ppb could be identified when precon­
centrated from 20 liters of air if the efficiency of recovery
was 100%.

The terpenes used to determinc thc cfficicncy of this
system are representat~ve of several classes of volatile or­
ganic compounds and comprise acyclic, monocyclic, bicy~

clie, and aromatic hydrocarbons, which contain varying
degrees of unsaturation, in addition to their oxygenated
counterparts: the slcohols. ketones, ethers. and acetates.
The efficiencies of recovery for other volatile compounds
belonging to the same classes as those tested should be
the same as indicated in Tsble I, provided these com­
pounds have shorter retention times than water on the
preparative sorbitol column.

The usefulness of sorbitol was demonstrated in a study
of retention characteristics in which 259 of 316 organic
compounds were found to elute prior to water (8). These
compounds included aldehydes. pyrans. furans, and ox­
ides in addition' to the classes of compounds represented
in Table I. We also have used sorbitol to separate water

(8) W. O. McReynolds. "Gas Chromalographic Retention Data:' Preston
TechnIcal Abstracts Co.• Evanston. Ill.. 1966. P 152.
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from 1,I,2-trichloroethane, furfural, butyl mercaptan, and
pyridine. The separation of water from the several claases
of organic compounds represented by the terpenes togeth­
er with the compounds mentioned above illustrate the
utility of the method described for the analysis of a wide
variety of organic compounds.

If the compounds of interest in a sample cannot be sep­
arated from water using sorbitol, then another preparative

column can be used such as purified apiezonL on' whiCh ~

water elutes prior to most organic compounds. In genera!,
any preparative column that would provide a significant
difference in retention characteristics for a diluent and
those compounds of interest may be used with the system.

Received for review October 11, 1973. Accepted November
19,1973.

Pyrolysis Esterification of Phosphorous-Containing
Acids for Gas-Uquid Chromatographic Analysis

Wllliam L. Clapp,' Robert J. Valis, Slanley R. Kramer, and John W. Mercer

Process Technology Branch. Chemical and Plants Division, Manufacturing Technology Directorate, Edgewood Arsenal, Md. 21010

Conventional methods of analysis of dilute aqueous so­
lutions of phosphorous acids have centered chiefly around
their determination by means of the molybdovanadophos­
phoric acid complex (I, 2). The problems associated with
analysis of organophosphorolls acids are even more corn·
plicated in that they necessitate the conversion of such
compounds into inorganic phosphates prior to analysis (3).

In recent years, a technique has been described whereby
carboxylic acids are converted into their methyl esters by
injection port pyrolysis of their tetramethylammonium
salts. Robb and Westbrook (4) found that the methyl es­
ters of saturated fatty acids could be formed by direct in­
jection of methanolic solutions of their tetramethylammo­
nium salts into a heated injection port of a gas chromato­
graph. However, the yields were variable with different
acids and poor with small sample sizes. Downing (5. 6)
modified the injection procedure and obtained more re­
producible results, not only with saturated fatty acids but
with mixtures of fatty acids containing unsaturated com­
ponents as well. This procedure, with some additional
modifications, has been applied to the pyrolysis esterifica­
tion of organophosphorous acids.

EXPERIMENTAL

Apparatus. An F&M Scientific Corporation Model 720 gas
chromatograph with a thermal conductivity detector was used
with a 6·ft X lM·in. o.d. stainless steel column packed with 5%
Carbowax 20 M on 60/80 mesh Chromasorb W. The carrier gas
was helium at a flow rate of 25 cm3/min. The injection port tem­
perature was 190 DC while the detector temperature was 260 DC.
The column was programmed from 125 DC to 200 DC at 7.5 DCI
min.

An F&M Scientific Corporation Model 80 pyrolysis unit
equipped with a standard M~type probe was used without modifi·
cation for pyrolysis of samples. This unit and probe have been
adequately described by Brodasky (7). A temperature calibration
curve for each probe was supplied by the manufacturer.

1 Present address, R. J. Reynolds Tobacco Company, Research
Department, 115 Chestnut Street. S.E., Winston·Salem. N.C.
27102.

(1) E. J. Grlffith. Anal. Chem.• 28, 525 (1956).
(2) R. E. Kitson and M. G. Mellon, Anal. Chem.. 16.379 (1944).
(3) S. G. Jankovic. O. T. Mltchell. and J. C. Buzzell. Jr.. Water Sewage

Works. 114.471 (1967).
(4) E. W. Robb and J. J. Weslbrook Ill. Anal. Chem.• 35, 1644 (1963).
(5) O. T. Downing. Anal. Chem.. 39,218 (1967).
(6) D. T. Downing and R. S. Greene. Anal. Chem.• 40, 827 (1968).
(7) T. F. Brodasky. J. Gas Chromatogr.. 5,311 (1967).

Reagents. Methylphosphonic acid and methylfluoropb08phinic
acid were prepared and purified in this laboratory. Structures
and purity were confirmed by infrared, nuclear magnetic res0­

nance, and mass spectral analysis.
Procedure. A O.500·gram sample of each acid was dissolved in

4 ml of distilled water in a 10-ml volumetric flask which was im­
mersed in an ice bath. Tetramethylammonium hydroxide (East·
man. 25% in water) was added dropwise to a phenolphthalein end
point, followed by dilution to thE' mark with distilled water. A
2·~1 aliquot of the sample was placed on the probe tip and al·
lowed to evaporate to dryness at room temperature. (Additional
sample could be added as necessary.) The probe was then at·
tached to the injection port of the chromatograph and pyrolyzed
for 15 seconds.

A typical chromatogram for the methyl esters of methylph08­
phonic acid and methylfluorophosphinic acid prepared by this
technique is shown in Figure 1. The principal pyrolysis degrada·
tion product was determined to be trimethylamine, by combined
gas chromatography-mass spectral analysis.

Reference samples of the 'methyl esters were prepared and purl·
fied by conventional techniques. Standard solutions of the esters
in methanol were chromatographed and plots of peak area vs.
concentration were obtained. Area measurements were made with
an Infotronics Model CRS~l08 digital integrator. The quantity of
methyl ester formed through pyrolysis was then determined from
standard curves.

RESULTS AND DISCUSSION

Several parameters which would be expected to have an
effect on the yield of the pyrolysis methylation procedure
were studied.

Effect of Pyrolysis Temperature. To determine the
effect of this variable, aliquots of a standard solution of
the tetramethylammonium salt of methylphosphonic acid
were pyrolyzed at various temperatures. A mesa· like curve
resulted (Figure 2). Incomplete conversion below 325 ·C
appears likely, with sample decomposition beyond 925 ·C.
The broad optimum range of pyrolysis temperatures per­
mitted excellent control and reproduction of the pyrolysis
phase; the standard deviation of the technique was typi­
cally ± 1.5%. All subsequent sample pyrolyses were made
at500·C.

Effect of Sample Size. The relationship between the
yield of the pyrolysis step and the sample size was also
evaluated for samples containing 10-100 Ilg of acid. Excel·
lent results were obtained with methylfluoroph08phinic
acid (Table I) over the entire range studied. However, the
ester yield with methylphosphonic acid (Table n) de­
creased significantly when the quantity of acid pyrolyzed .
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suits were obtained with the use of this apparatus in the
esterification of fatty acids (8).

The application of this type of unit for pyrolysis e!-iteri­
fication offers several advantages over those cited enrlier.
First. the unit is commercially available and easily adapt­
ed to many types of chromatographs. Second, t.he configu­
ration of the probe is such that. if necessary. repetitive
addit.ions to the probe tip of sample aliquots arc easil).· ac­
complished prior to pyrolysis with a delay onl~' for the sol­
vent to evaporate. Since no degradation of the dry salts of
these acids was observed 011 the probe. as nHlT1~' aliquots
as were necessary could have been added. thus reducing
the need to concentrate samples.

CONCLUSIONS
Figure 1. Chromalogram of <l mixture 01 (1) pyrolysis degrada­
tion products. (2) melhyr methylfluorophosphinate. and (3) di­

methyl mClhylphosphonale
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1
000L-----,-20"'0'--4'"'O'"'O-760'O-O,---,s'"'0"0-7:,o:':O"O"

Probe Tempero1ure (0 cl

\Vhile most workers have focused their work with this
teC'hnique on the determination of carboxylic acids. the
data suggest that. the trchnique can be applied to phos­
phorous-containing acids. The method appears ideally
suited to the analysis of moderately dilute aqueous solu­
tions of these acids where the approach is to conduct the
analysis through gas chromatography of their methyl es­
ters.

Received for review August 22. 1973. Accepted Octobrr ~6.
19n.

(8) P. H. L~limcr ~nd W. L. CI~pp. R. J. Reynolds Tobacco Comp~ny.

unpublished work. 1968.

Figure 2. Yield 01 dimethyl melhylphosphonalc as a function of

pyrolysis probe temperature

Tahle I. Effect of Smnplc Size on Yield of Methyl
Methylfluorophosphinntc

lOO
75
37.5
11.3

Yield;' ':;,

99 ± 1
99 ± 1
98 ± 2
97 ± 3

CORRECTION
Resolution by Gas-Liquid
Chromatography of Diastereomers of
Five Nonprotein Amino Acids Known to
Occur in the Murchison Meteorite

(J Each lum)Ylli", illlhuIlVl'tllj{I' IJfthnlUchromnll)f:TIlIllI<.

Table 11. Effect of Sanlplc Size 'On Yield of
Dinlcthyl Mcthylphosphonntc

was le~:; thun 50 pg. \Vh"n the (et Tamet hylnmmonium
sails of bot h mclhylnuorophosphinic acid and met.hyl­
phosphonic acid were pyrolyzcd simultaneously, esterifi­
cation was quant.it.ative for both acids over the en!ire con·
centration range.

An nttempt. was mude to estrrify phosphoric acid unner
these same conditions but low. erratic yields were ob­
tained. probably because of an inability to neutralize the
third acid KrouP.

Pyrolysis Probe. The nature of the pyrolysis unit ''''as
the key to the study. lIy producing a rapid. yet well·de·
fined. probe temperature, reproducible injection port es­
terificat.ion was possihle. In an earlier study. similar rc-

In this article b\' G. E. Pollock. Anal. Ch"m .. H, 2368
(1972l. an ('rror if; nomt'ndaturc Wi.)S made. The 1+)-2­
alknnol!-i have an S( +) configuration in the Cahn-lngold
system, not Jl(+) as written in this paper. The following
chang-es should he made:

p 23H8, column 2. lines 11 and 1~ the N-trifluoro·
acetyl-(S'Jl)-amino acid (8)-2-hutyl esters

p 2~\69. column I under Reagents. line 4, . optically
active S-{+)-2-alkanols

p 2:171. Tubles III and IV. bottom oftablc
Peak I-JlS for N-methylulanine. tJ-amino.n-hutyric.
Peak '2-...,.~..,. and pipecolic acids.
Peak I-SS for isovaline andfJ-aminoisobutyric acid
Peak ~-IiS

p 2:n2. column 1. lines 9-15. i.f'., the Jl ..',' peak elutes first
and the SS peak second. Isovaline and tJ-aminoisohutyric
acid, however. show a reversal of elution pattern. the SS
peak elutes first and the RS peak second. Up to this time.
only onc case of reversal of elution order has been reported.
Charles·Sigler and coworkers (IV. J.'!) report thut N·TFA·
(RS)-phenylglycine-(S)( + )-2-octanol ester has a reversed
elution order while the S( + )-2-butanol ester is normnl.

I wish to thank Dr. E. Gil·Av for calling to my attention
this error in nomenclature.

99 ± I
99 ± I
52 ± 2
1U ± 5

Yidd:' '";,

lOO
50
30
10
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sensitivities for Photon ActiVation Analysis with
Thick-Target, 11 Q-MeV Electron Bremsstrahlung

Enzo Rlcel

Analyllcal Chemistry Division. Oak Ridge Nalional Laboralory. Oak Ridge. Tenn. 37830

Recent reviews (1, 2) have described active progress in
photon activation analysis (PAA). In particular, during
the past few years, several authors have developed useful
specific methods and determined e)emental sensitivities,
for a variety of bremsstrahlung production conditions (3­
8). Yet, most of this work involved the use of relatively
thin electron targets (2-6 mm thick) and electron energies
below 40 MeV. Only two groups reported photon.activa­
tion yield determinations with bremsstrahlung from 70-72
MeV electrons (7, 8), and none beyond this electron ener­
gy.

The Oak Ridge Electron Linear Accelerator (ORELA)
was designed with the main purpose of producing neu­
trons; these are used to determine cross sections of inter­
est to the Liquid Metal Fast Breeder Reactor and other
programs. The ORELA can accelerate electrons up to
energies of 150-160 MeV, but normal operation-particu­
larly during our experiments-has been at or near 110
MeV. Because of ORELA's main application" the elec­
trons-whose energy is seldom lowered below lOO MeV­
are made to impinge on a massive (3.03-cm thick) tanta­
lum target. The beam power can easily be raised to a
maximum of 50 kW-approximately equivalent to a 350
p.A current-but a beam of 30 kW or less is frequently
used as was the case in our work. The beam is pulsed.
and ~o reach a 30- to 50-kW power at 100-140 MeV, typi­
cal conditions are 800 pulses per second of 20- to 5O-nsec
duration and 10· to IS-A peak intensity.

These somewhat rigid operation conditions-quite dif­
ferent from those characterizing most PAA experiments to
date-govern bombardments at the ORELA, Also, eco·
nomic efficiency reasons call for simultaneous use of the
accelerator for both PAA and neutron physics experi­
ments. Consequently, two important tasks became clear
early in our work. First, to design a pneumatic system
that would convey the sample-with the accelerator on,
and while being used for other experiments-to a position
where it could be cooled and bombarded homogeneously
with ORELA's bremsstrahlung. Second. to determine ex­
perimentally PAA sensitivities and interferences for ORE·
LA's conditions. and to put them in perspective with
values from oiher authors (3-8), in light of differences be­
tween the bremsstrahltlng photon-energy distribuiions in·
volved. For the first task, we designed an original system
(9), which we describe in detail and assess elsewhere (10).
This paper concerns experiments and discussions relative
to the second task.

(1) W. S. lyon. E. Ricci. and H. H. Ross. Anal. Chem.• ....38R
(1972).

(2) G. J. Lutz. Anal. Chem.. • 3.93 (1971).
(3) Y. Oka, T. Keto, K. Nomur•. and T. Salto. Buff. Chem. Soc. J.p..

011.57511967).
(4) G. J. lutz. Anol. Chem.• • 1.424 (1969).
(51 J.l. Lebrun and P. Albert. Buff. Soc. Ch/m. Fr.• 3. 1020 (1969).
(6) C. Engelmann. French Rept.. CEA..R..4072 (1970). .
(7) T. Kala and A. F. Volgt.J. Radloanal. Ch.m.. 4, 325 (1970).
(8) T. Kalo and Y. Oka. Ta/anta. 11.515 (19721.
(9) E. Rlcel. T. H. Handley, and M. G. Wllley, "Fluid Supported Sample

Holder 'or Homogeneously Irradiating Samples," U.5. Patenl No.
3,541,412 CDee. 22.1970).

(10) E. Rlccl, Hue/. Instrum. Methods. In press.

BREMSSTRAHLUNG PHOTON ENERGY
DISTRIBUTION'

The uncommon characteristics of bremsstrahlung pro­
duction at the ORELA pose two imPOrtant questions at
the theoretical or semi-empirical level. The rust one refers
to the influenCe of photon angular distribution-for both
intensity and energy-on bombardment homogeneity; this
has been studied in detail in another publication (10).
The second question involves the influence of the
bremsstrahlung energy spectrum on PAA sensitivities
and interferences; we will attempt to answer it, in light of
the scarce theoretical and eXperimental data available for'
ORELA's operating conditions.

Briefly, our PAA pneumatic transfer system (9, 10) con­
sists of a spherical aluminum rabbit (5.I-cm diameter)
that carries four 2-cm2 sample capsules to a bremsstrah­
lung photon irradiation chamber. Tbe gamma radiation is
originated by ORELA's intense electron bombardment.of
a 3.03-cm thick tantalum target consisting of ten parallel,
vigorously water-cooied tantalum plates of 1.8- to 6.8-mm
thickness. When the sphere arrives at the irradiation
chamber, it floats there, on an air upstream, ai 15.0 cm
past the center of the tantalum target in the direction of
the electron beam; the air also provides cooling and in­
duces spinning,. thus facilitating homogeneous bombard­
ment of the samples.

When a sample is irradiated with 'bremsstrahlung­
from a beam of electrons of energy Eo impinging on a
heavy-element target-it is exposed to a photon spectrum
which includes all gamma-ray energies k up to Eo. If a nu­
clear reaction is induced in one of the sample elements by
this radiation, at each photon energy k the reaction yield
is proportional to the cross section a(k), given in cm'. The
total yield in reaetions per second is, then (11, 12),

(1)

where n is the number of atoms of reacting element per
cm' of sample seen by the bremsstrahlung, and N(E..k) is
the spectrum function-i.e., the number of photons of en­
ergy k, per unit energy k. which enter the sample per sec­
ond. This function can thus be explicitly written as

N(E.,k) - F(E.. k)1(E"k)/k (2)

where the function J(Eo.k)/k is proportional to the
bremsstrahlung photon energy distribution; F(Eo,k) is a
normalizing-correcting factor related to the converter and
sample thickness.

The bremsstrahlung spectrum J(EOok)/k vs. k, integrat­
ed over all pboton angles for a very thin (1 p.m or less)
platinum radiator can be calculated from tables (11) for
electron energies E. from, I to 960 MeV. We have thus
plotted spectra for seven Eo values (19 to lOO MeV) in

Cl1) A. S. Pentold and J. E. Lel.5. "Analysla 01 F'hoIO ,erG.. Soctkina."
Rept Phyllcs Re...,c:ll Lab.. U. illinois (May 19581.

(12) B. I.lloryacllev. AI. E.e'!lyRe'. 2, (3), 71 CI964).
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Table I. Interference-Free PAA Sen.ltlvitiea at ORELA'. Analytical Facility
Avera,. elee-

Senaitlvity or apecl6c tron beam
abeolute activity. enel'lY. Eo,

Element. (tarret) Reaction- Half·lll. Gamma-ray meuured.· M.V dpm/~ elemenl.c M.V

Be 'Be( ~,2n)'Be 53.6 d 0.477 0.813 110
B "Bh,p2n)'Be 53.6 d 0.477 0.138 110
C(graphite) UC("Y,n)"C 20,34 m 0.511 3,996 105
N(NaNO.) 14N("Y,n)UN 9.96 m 0.511 3,878 110
O(PbO) "Oh,n)"0 2.07 m 0.511 4,750 140
F(NaBF.OH) "Fh,n)UF 109.7 m 0.511 25,930 105
Na(NaNO.) UNa(n,,.)'4Na 14.96 h 1.369 or 2.754 13.6' 110

UNa(")',n)UNa 2.62 y 0.511 0.755 110
Mg "Mgh,p)"Na 14.96 h 1.369 or 2.754 151 105
Al "Al(n,p)"Mg 9.46 m 0.84 or 1.013 49.1' 110

nAl(n,a)24Na 14.96 h 1.369 or 2.754 17.0' 110
P(red) UPh,n)"P 2.50 m 0.511 8,246 105

UPh,2p)21AI 6.6 m 1.28 137 105
UP(n,a)"AI 2.31 m 1.780 171' 105

V(V.O,) UV(n,'Y)UV 3.75 m 1.434 2,521 110
6lVc,.'.a)'7Sc 3.43 d 0.160 4.15 110
&OV(oy,2n)"V 16.0 d 0.511 0.461 110

Ni "Ni(l'.n)UNi 36.0 h 0.511 or 1.37 455 115
Cd 'Ued( 'Y,D) 1l1mCd 48.6 m 0.150 + 0.247 1,715 115

106Cd ( 'Y,n) l»Cd 55.0m 0.511 161 115
lI0Cd( "Y,n)U&Cd_Wmln 53.5 h (eq.) 0.335 119 115
IlJCd( "r,p) lUAg 3.14 hr 0.617 68.3 115

Sn IItSn( 'r,p) mIn 45.0 m 0.158 1,144 110
lliSn( 1',p) 1I6mJlo 54.0m 1.09+1.293 50.7 110
lItSn(1',p)lIl1n 2.81 d 0.247 8.08 110

Ta IUTs( 'Y,p) 180mHf 5.5 h 0.215 + 0.333 + 0.444 72.2 105
Pb(PbO) ""Pbh,n)"'Pb 52.1 h 0.279 + 0.401 777 140

204Pb('Y,-yl).:l4"'Pb 66.9 m 0.912 + 0.899 37.5 140

U Only most probable reaction.li.led. b "or" ootween enereiee means both 'Y.raya ueed to calculate independent. agreeing aen.litivjty valU8II; "+" means all
pbolopeak area. added logelbe, to obtain aenaitjvity. C At end of bombardment for one half-life (maximum 2 b) witb bremsstrahlunlt from a 3O·kW eleclron
beam. Enon not lined becaUIO t1lSUlt.e llronveragllfl1'or two or four irradiation capsulee (1lOO Itef. 10). Asterisk .treuel neutron reactioru..

Figure I. Though ORELA's thick tantalum radiator pro­
vides clearly different conditions. it is known (11) that a
small difference in target atomic number h3Ta to T.Pt)
does not result in ~ignificant change of the bremsstrah·
lung spectrum, and that only the shape of its high·enerlO'
tip is affected by radiator thickness. The histogram of
Figure I-calculated from data (13) for a thick To target
(1.912 cm)-tends to prove this. It results from a rather
accurate Montecarlo calculation and shows reasonable
agreement. at low photon energies, with the thin.plati­
num bremsstrahlung: spectrum curve corresponding to the
same electron enerlO'. Eo = 100 MeV.

(13) A. G. Atsmlller and H. S. Moran. Nucl. Ins/rum. Me/hods. 48. 109
(1967}.

Tahle n, Comparloon or Sensitivities'

Moreover, Figure 1 shows that at low photon energies (k

" 20 MeV), bremsstrahlung spectra from electrons of Eo
from 27 to 160 MeV do not differ by more than a factor of
1.5. This includes bremsstrahlung from a thick target
also, as the histogram shows, at least up to IQ MeV; in
fact, though the latter is for Eo = 100 MeV, it approaches
the 10w.Eo, thin-target spectra, because of attenuation of
high energy photons in the tantalum converter.

These facts are very important. in view of the behavior
of the excitation function u(k) of Equation 1 for k ::; 30
MeV. It is well known that this function displays a so­
called "giant resonance" for most photonuclear reactions
(2). The giant resonance energy for the common reactions
-i,e.. ('Y.n), h,2n), ('Y,p)-varies only from 20 to 13 MeV

Engelmann (experimental; Ref. 6)~

Eo - 2S MeV Ea - 30 MeV Eo - 40 MoV
A, th•• work"

Element Ea - 105 to 115 B. eensitivity. C. aensilivity. D. aeDllitivily.
(product) MeV, dpm/I'R' dpm/I'K B/A dpm/I'R' CIA D/A dpm/I'K

C("C) 3,996 1,000 0.25 7,143 1.8 40,000 10
N(lIN) 3,878 1,205 0.31 3,571 0.92 12,500 3.2
0("0) 4,750 1,000 0.21 5,263 1.1 27,780 5.9
F(IlF) 25,930 7,692 0.30 15,390 0.59 45,460 1.8
Na("Na) 0.755 7 .11 9.5
Mg(UNa) 161
P("P) 8,246
Ni("Ni) 455 275 0.61 842 1.4 1,679 3.7
Cd(106Cd) 161 313 1.9 769 4.8 2,584 16
Cd (lUAg) 68.3
Pb(""Pb) 777 65.7 0.085 144 0.19 525 0.68
Average ratio 0.52 ± 0.63 1.5 ± 1.5 6.3 ± 5.2

a All vaIu. nonnaliuld. to end of bombardment for onc half·life (maximum 2 b). "BnllMltrahlune from 30 kW (_210 I'A) electron beam on 3O.33-mm thick
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Figure 1. Integrated-over-angle bremsstrahlung spectra for
elec1ron beams of Eo = 19 10 160 MeV impinging on thin
(curves) and thick (histogram) converters

and lead-with poor neutron·activation sensitivities but
great environmental significance-show encouraging re­
sults at the ORELA. We have stressed results from neu- .
tron reactions with an asterisk; they are characteristic of
ORELA's design and not reported by most other laborato­
ries. Note that the vanadium (n;l') sensitivity is among
the six highest in Table 1. On the other hand, results for
some reactions are low, but they are useful to estimate
potential interferences in PAA.

We chose 11 elements-from light to heavy in the peri­
odic table-among our 16 sensitivity determinations, to

compare our results with those obtained by other autholll
for Eo ~ 40 MeV, and thus test our theoretical expecta­
tions of agreement. Table 11 establishes this comparison
and shows that, indeed, our results generally agree with
experimental (6) and calculated (2, 4) ones, and fall be­
tween sensitivities for electron beam energies Eo of 25 and
30 MeV. Sensitivity ratios bear out this agreement with
standard deviations ranging from 53 to 121'1c_ This varia­
tion is small, considering that it amounts to 8 factor of
2.2, while the sensitivity data range from 0.755 to 25,930
dpm/"g-thus implying a factor of 34,000. Furthermore,
analogous ratios between sensitivities reported by the two

(light to heavy elemental, while the width at half mui­
mum of the resonance peak fluctuates between 3.8 and 10
MeV, with smaller values for magic-number nuclei (12.
14). Now, because a(kl has significant values only within
the range of the giant resonance, just the low-energy part
of the bremsstrahlung spectrum (k "" 10 to 30 MeV) con­
tributes to the photon activation yield in Equation 1.
This, in addition to the observed similarity (Figure 1) of
bremsstrahlung spectral shapes within approximately the
same energy range, suggests that ORELA's PAA sensitivi­
ties should be similar to those obtained by other autholll
with Eo below 30 or 40 MeV, and with thin converters.

(14) B. L. Berman, "Atlas or Pholoneutron Cross $ecllons Obtained with
Monoenergetic Photons," V.S. At. Energy Comm. Rept. UCRL­
74622 (1973).

(15) J. B. Cummlng, In "Applications of Compulers to Nuclear and Ra·
dlochemlstry," G. D. O'l<elley, Ed., Rept. NAS·NS 3107 Chemistry
(1963), p 25.

EXPERIMENTAL

To determine interference-free sensitivities for 16 elements, we
bombarded pure gubstances in our new facility. As bombardment
is not perfectly homogeneous in the sphere-rabbit (10), to obtain
average results we placed thege 6ub5tan~es either in each of the
four sample capsules, or in two of them. oppositely located in the
sphere; 1·cm3 polyethylene inserts were used to hold loose pow­
deN. Irradiations ranged from 30 sec to 30 min-depending on the
half· life of the product-at electron beam powers from 9.3 to 29.0
kW.

We counted the radioactivity of the products with a conven·
tional gamma-roy spectrometer, consisting of an RCL 400·channel
analyzer with paper tape readout and a 7.62 cm x 7.62 cm
Na1(Tl) detector; the latter was preferred to a Ge(Li) detector, to
facilitato absolute counting. We sandwiched all positron emitters
between sufficient thicknesses of LUcite, to count the annihilation
radiation, and measured all samples through a 1.24·cm thick Lu­
cite beta absorber.

We tried to identify-and follow the radioactive decay of-all
the products induced in each of the elements irradiated that gave
significant gamma photopcakli. Least.squares decay curve analy·
sis (1.;) was applied to the results 80 obtained.

RESULTS AND DISCUSSION

Table I summarizes our results. The best sensitivities
are for carbon, nitrogen, oxygen, and, particularly, fluo­
rine-elements difficult or impossible to determine by
neutron activation analysis-in agreement with other au­
thors (3-7). Because ,op is also induced significantly in
sulfur-which often accompanies phosphorus-the highly
sensitive (Y,n) reaction on the latter cannot be considered
as useful. But heavier elements, such as nickel, cadmium,

Luta (calculated; IWL Z, 4)"

E, - 26 M.V E. - 3OM.V Et - 33 M.V

E, .eMitivity, F. tenaltivity. C,"'tivity,
dpm/J'I' E/A dpm/JI& F/A dpm/JI& G/A

1,800 0.45 6,000 1.5 15,000 3.8
3,000 0.77 12,000 3.1 24,000 6.2
3,000 0.63 9,000 1.9 18,000 3.8
1,600 0.062 2,600 0.096 4,800 0.19

0.6 0.80 1.5 2.0 2.7 3.6
90.0 0.80 270 1.8 600 4.0

3,000 0.36 12,000 1.5 18,000 2.2
210 0.47 600 1.3 900 2.0

36.4 0.53 144 2.1 216 3.2
60.0 0.077 120 0.15 180 0.23

0.47:0.25 1.5 : 0.9 2.9 : 1.8

Ta~ , 100~UIctroD.__ OD. 2 mm Pt. 4 loo,.A eIcdroQ bMm 011. e mm W.
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other authon (Table il), yield standard deviations of a
aimilar magnitude-e.g.. ratio E/B ~ 1.53 ± 1.15 (75%),
F/C = 1.31 ± 1.12 (85%), GID = 0.72 ± 0.67 (~3%).

We should not assign great significance a priori to the
fact that our sensitivities are between others' values for Eo
= 25 MeV and Eo = 30 MeV. Our distance sample·con­
verter is greater (IS cm), and our electron beam intensity
double (~21O itA) theirs. However, these features result
in opposite effects. Moreover, the general agreement of
sensitivity ratios is quite important, because it implies ac­
tivation trends for our system. parallel with those of thin·
target, 10w.Eo facilities. for the whole range of giant reso·
nance energies (k ~ 10 to 30 MeV). That is, it suggests
reMonably similar bremsstrahlung spectrum shapes­
within said range-for the ORELA and conventional facil·
ities (2. 4. 6). as we had expected from Figure 1.

Table 11 shows, finally, that our sensitivities agree best

with Lutz's results. The latter were obtained from a com­
prehensive table (2, 4) which lists calculated sensitivities
for "76 'photon reactions on 59 elements for electron beam
energies Eo = 25, 30, and 35 MeV. With reasonable ap­
proximation, the average ratios of Table Il can be used to
estimate sensitivities for our PAA system, Jrom Lutz"s
table, for elements and reactions not included in our work.
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Determination of Lead in Paint with Fast Neutrons from a
Californium-252 Source

George J. Lutz

Activation Analysis SeCllon, Analytica' Chemistry Division, National Bureau of Standards, Washington, D. C. 20234

Several decades ago in the United States, it was com­
mon practice to paint the interior walls and woodwork of
dwellings with a formulation of paint containing large
amounts of lead. This has created a tragic health prob­
lem, particularly in some of the larger cities, causing lead
poisoning of children in certain susceptible age groups
who have ingested this lead·bearing paint which has
peeled or chipped off from the walls. The detection and
alleviation of this hazard depends upon reliable chemical

. determinations of lead in suspected areas.
Currently, screening of suspected paints is oriented to

the detection of those containing greater than ~0.5% of
lead. The accurate determination of lead at this level is
not particularly difficult by a variety of methods, but they
usually require time consuming manipulations such as
dissolution prior to measurement, although Rasbe·rry (1)
has studied ponable X-ray fluorescence analyzers devel­
oped sPecifically for use in screening. in situ, wall paint
forlead, .

A purely instrumental activation analysis, particularly
if it could be accomplished with a relatively inexpensive
irradiation source would appear to have merit. It would
dispense with lengthy chemical treatments and would
have the potential for largely automating the determina­
tion. This paper describes the evaluation of a small '''Cf
source for this determination.

The element californium was first synthesized by
Thompson et al. (2) in 1950. Californium-252 is currently
manufactured by irradiating plutonium targets in a nucle­
ar reactor. Starting with "'Pu, the heaviest isotope avail­
able in large quantities. the production of "'Cf requires a
series of 13 neutron captures. Current production is about

. I gram per year. The isotope has a half.life of 2.65 years.
It decays both by a particle emission and by spontaneous

(1) S. O. Ratberry. Appl. Spectrosc., 27, 102 (1973).
(2) S. G. Thompson. K. Slr..t. Jr., A. Ghiorso. and G. T. Seaborg, Phys.

Re•. , 71, 2118 (1950).
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fission. The neutron output from spontaneous fission of 1
gram of '''Cf is 2.34 x 1012 per second. The unmoderated
neutron spectrum of 2:'2Cf is roughly the same as that of
236U. Relative to (a,n) isotopic neutron sources, 2:'2Cf
sources have smaller dimensions and less radioactive ma­
terial. They require less ·space for decay helium and. for
practical purposes, rarely require cooling. They are also
competitive on a cost per neutron basis with other radio­
isotope neutron sources (3). Ricci and Handley (4) aptly
considered their system utilizing this isotope for laborato~

ry activiation analysis a "portable, maintenance-free,
quasi-reactor."

EXPERIMENTAL

The NHS 2:)2Cf facility consists of 8 sources of 75 /olg each at th~

time of these experiments. The sources are mounted in a 90· X

90: X 210-cm high aluminum tank filled with dcmineralized
water. The source configuration is shown in Figure L Tht' purpose
of the octagonal source array is to produce a neutron flux as ho­
mogeneous as practical at the sample irradiatiun position. Since
the stable isotopes of lead do not undergo nuclear reactions with
thermal neutrons u5Cful for analytical purposes, the sources are
moved as close 8" pussible to the central pneumatic tube to en·
hance fast neutron reactions. The fast neutron nux is approxj.
m3t.eJy 5 X lOT n/cm2-sec.

Samples are packaged in a polyethylene snap cap vial of I-cm
diameter and 2.5-cm length. This is placed in a larger polyethyl­
ene vial with spacen to ensure that the sample is in the position
of maximum neutron fiux. A compressed air pneumatic transfer
system transfers the samples to the irradiation position and re­
turn.

Preliminary experiments involved irradiating and counting a
few grams of lead for various lengths of time. Three nuclear reac·
tions were detected. These are shown in Table I. The threshold of
the reaction 2°"'Pb(n,2n)203pb is about 7.3 MeV and the yield
even with long irradiation times i!S inadequate for analytical lJur­
poses. The inelastic scattering reactions, however, yielded suffi­
cient activity to warrant further inve1fligation although, because

(3) J. L. Crandall. Isotop. Radial. TechnoJ., 70. 306 (19701.
(4) E. Rlcci and T. H. Handiey, ~na/. Chem., 42, 378 (1970).
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Figure 2. Nal (11) spectrum of painl sample irradiated for 3 sec­
onds. counted lor 6 seconds-recycled 20 times

small polyethylene vial~. Cadmium sheet of about I-mm thick­
nf'SS was wrapped around the \"ials to minimize thermal neutron
reactions. and these .....ere packaged in the lar~cr vials with poly­
ethylene spacers. Standards of lead salt~ .....ere similarly packaJ!ed.
Hl'l:ause uf Ihe intrinsic stability of the isntope source. flux moni­
tors were not necessary.

Sumples were irradiated for 1-2 hour~ and. after transfer to a
dl'/In cuuntinJ.: vial. were examined with a NaJ(T\) detector and a
multichunnel unalyzer_ Only a few experiments were rNluired to
show that (n,p) renction~ on stable titanium isotopes yielding
scandium radionuclides hlld sufficiently hiJ!h yields that the pho·
topeuks of the lend isotopes could not be resolved with the :'\al
dctector. With n CelLi) deteclor, howev('r. all three gamma-ray
lin('s of 20-llllPb could be adequately r('sol\"ed. The elements tits­
nillm, iron, barium. calcium. mag'fl(·:,ium. copper, silicon. stronti­
um. and zinc. possible mujnr Hnd minor constituents in u paint
sample. were irradiated and t'()unl(~d under the same conditions
a~ the paint samples. and it wus determined that they would not
interfere with the lead activity Illca:,urCl11ent.

The :!o'Pb(n.n')ZIHmpb reaction wus l'xamined by irradiatin):
thl' paint samples for about a scl"Onds and. after _allowinl?: for
nbuut 2 sc('onds return. counting for G secnnds with two -I-inch X
·I-inch ;\al(TI) detI'ctors. HecauSl' the Irnnsit time of the samples
frum irradiation source to detel-turs cXt"ccdcd IWO half· lives of the
isolnpe produced, it was neccssnry to rCl'ycle Ihe s.amph.· a nurn­
hN ur times In build up adcqualt' l'ountinJ.: stlltistics. The preci­
sion of timing of sample r('turn for this shurt-li\"Cd isotope .....as
mllrginlll and results are not as reliahl(' a~ with Ihe 204mpb iso­
tUlle. A :'\al spN·trum of the SRM paint l')Tled 20 times is shown
in Fig'ure 1.

POSiTiONING PINS

PNEUMATIC TRANSPORT
TUBE

SIDE VIEW

HIGH DENSITY LINEAR
POUETH'f'LENE

IRRADIATION
POSITION

TOP VIEW

Figure 1. 2~2Cf source configuration

of the difficulty uf Ilfcc'isc!y timill~ the transit time 10 the detec­
tor for thl! shorl-lind 20';mpb. this reaction received onlv a cursu-
rvstuelv. -
- \Vurk WIIS t"lIncl'nfraled on three paint sarnp!cs. Two of tlll'lII

wert' thl' "ctlur.-e" nnd "line" fraclions of a paint which had been
scraped off tht, window s[lsh of a home undergoing renovation.
The sllmplt! had llt'cn crushed with a mortar and pestle. Material
passing: through <I :'\0. -10 n1l'sh sie\"£' and retained on a No. 100
mesh sieve ..... lIS desil:naled "cuar.-e,"· material passing- throu~h the
No. lOO Ill('sh sie\"t~ was e1I'nut('d ··fine." The third sample was a
Illixturl' uf IJOints from various SOUf('es which was carefullv
h'Tuund and hOllluJ.:l'nizcd. This mnlerial has hod its lend cont('n-t
l"l'rlillNl by thl' :'\lltionlll Bure:.ltl ur Slundarcb and Ihe material is
uvuilnhll' us Stundllrtl Hcference Material 1:')79 (.-;). It is ref('rrcd
to inlhis p:.lpNUS "SH~·t IIllinl."

The reaction 2t)~Phtn,n')2t)-IIIlPh wus studil'ci f1r~t. Sampl(':; of
paint wcighing uJlproximutcly 1.7 grnms werl' encnpsulnled in the

SAMPLE_
AT IRRADIATION

POSITIONC===:;;::tt:=:3E:::AjlSOURCE HOLDER

Table I. Nuclear Reactions of Lead Observed with
Unmodcratcd Neutrons of 1S!Cf

Hcuct.ion

:04Pb(n,2n)~JPb

~4Pb(n.n'):OIPb

!o:Pb(n,n'):,)""Pb

Product half-life

52 hr
67 min
0.8 sec

1'romincnl product
J:3Jl1IllU-raY8 McV

0.279,0.401
0.375,0.899,0.912
0.570,1.064

RESULTS AND DlSClJSSIOl\;

H.csults on the determination of lead in the three paints
orc shown in Toble 11. Samples "coarse" and "fine" were
also analyzed by nondestructi\'c photon acti\'ation tlntlly-

15) B. Greifer. E. J. Maienthal. T. C. Rums. and $. D. Rasberry. "Devel­
opment 01 NBS Standard Reference Materinl No. 1579. Powdered
lend·Based Paint."' Nat. 8ur. Stand. tU.S.1 Spec. Publ. 260-45.
March 1973. Availatlle horn Superintendenl 01 Documents. U.S.
Governmenl Punting Olhce. Washington. o.e. 20402.

Table 11. Comparison of u:Cf Neutron Activation Ana)yt;is with Other Methods in the Determination of
Lead in Paint

V:Cf Aclivntion

Puint. 8I1111111c .IPh(n.n')llI'Tl'b, rolIult8, %
Iu'Il'b(n,n')sr.Pb,

l"CtIults. 'Iv OLhcr method" nnd rosults, O;~

"Coarse"

"Fine"

SRM Paint

3.8,3.5,3.7

7.2,7.4

10.7,10.6,11.7,11.4

~3

~8

Photon activation.
3.3,3.5

Photon activation,
7.6,7.3,7.2

Polarography and
atomic absorp­
tion, 11. 87 (5)
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Bis. SRM pBint WBS Bnalyzed by polarography and atomic
absorption. The reasonably good agreement between '>2Cf
activation analysis and the other mclhlXls demonstrates
the reliability and utility of the isotope source technique
for this determination.

Irradiation for 2 hours with the 6()()·~g '>2Cf source fol·
. lowed by 100 minutes of counting with a 60-cm3 Ge(Li)

detector yields about 7 counts of the 201mpb isotope per
milligram of lead. For a paint sample weighing 1.5 grams,
the lower limit of determination \\'ulIlet be of the order of
1%.

As noted, analysis of the Ge(Lil spectrum of those ele­
ments likely to be major or minor constituents of paint in­
dicates that they will not interfere in the quantitntion of
the gamma ray lines of 204mpb. Self-shielding effects due
to the matrix are expected to be ne~ligiblc since the nu­
clear reaction involves fast neutrons and n paint sample is

unlikely to contain appreciable amounts of neutron mod·
crating elements.

The results presented here indicate that with a '''Cf
source of several tens of milligrams and the 6Q·cm3 Ge(Li)
detector, the determination of ....... 19'0 of lead in 8 sample of
1-2 grams of paint could be accomplished with a 15-min­
ute irradiation and 15·minute counting. The potential ex~

ists for largely automating the irradiation and counting of
a large number of samples. Hence, it would appear possi~

ble that although the initial cost of equipment for this de­
termination would be greater than for alternate methods,
the speed and adequate reliability of the isotope source
method would make it economically competitive.

Received for review August 23, 1973. Accepted November
13.1973.

Calorimetric Determination of N-Arylhydroxylamines with
9-Chloroacridine

Richard E. Gammans. James T. Stewart. and Larry A. Sternson I

The Bioanalytical Laboratory, Department 01 Medicinal Chemistry. School 01 Pharmacy. The University 01 Georgia, Athens. Ga. 30602

During the metabolic conversion of ccrtnin nrornatic
amines to excretablc conjugates in the endoplasmic retic­
ulum of liver cells. N·nrylhydroxylamincs arc formed (I)
which have been implicated in the chemical cnrcinogene·
sis (2) displuyed by such compounds. Few analytical pro·
cedures arc available for the rapid detection and assay of
such aromatic hydroxylamines. Hoyland and Ncry (j) de­
tected 1-:3 Jlg/ml of N-phenylhyrlroxylumine colorirnctri·
cally by complex formation with either salicylidencaryla·
mine N·oxidt>s and fcrrocyanide or pentacyano-ammine
rerroate in aqueous Holutions. Qualitative identification of
arylhydroxylamines by thin·layer chromntography with
the use of various sprny rca~cnts has also bccn described
(4). In oddit ion. some ~us chromllt()~raJlhic determina·
tions of arylhydroxylamiues have heen reporled (:'J, m,

The interaction of N·lIrvlll\"droxvlnmincs with 9-chlo­
roacridine to give highly.~olo·red s~lut inns has bcen ob­
served in our labomlory. In this pnper. we descrihe a new
colorimetric melhod for determining microgrnm quantities
of arylhydroxylnmines with 9-chloruarridinc.

EXPEHll\lENTAL

Apparatus. Spectra and absorbanc(' ll\l'a:-'UH'rnents wertl mucic
with a Perkin·Elmer :-;Iwctrophotumetl'r. t\·1odel 20:!. Ilnd 11

Bousch and Lomb Spcctrnni(':W cll!oriml't('r.
Reagents. 9-Chlnrnol:ridim' wus uhtl.lilll'd fr'un EnstnuUl Or­

ganic Chemicals. l\'-Phellylhyclruxylnmim'. fJ-I'hlofCIph('nylhy­
droxylamine. and fJ·tolylhydruxylumim· \\Wl' s\"lltht.·si1.cd !l\. tht.·
method report cd by Smis.!'1nulI und Curlll'll 1"1. Cyl'iu1wx'ylhy-

1 Author to whom ('ort'spondcnce shnulcllw din..'ctl'(1.

(1) C. C. Irving. J. Bioi. Chcm.. 239. 1589 (1964)
(2) J. A. Millet, J. W. Cramct, and E. C. Mille., Cancer Res.. 20, 950

(1960).
(3) E. Boylond and R. Nary, Analyst lLondOIl). 89.95 (1964).
(4) J. Booth and E. Boylnnd. B,ocflcm. J.. 91. 362 (1964).
(5) H. B. Hucker. Drug Me/ab. DispoSition, 1,322 (1973/.
(6) A. H, Beckell ;:and S. AI-Sarra). J. Phatm. Pharmacal" 24. 916

(1972).
(7) E. E_ Smlssman and M. O. Corbell. J. Or9. Chem.. 37. 1847

(19721·
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droxyll1minc was prepared by reducl ion of cydohexullonc oxime
(8) by the procedure of Feuer ct al. (9), The m~ltinJ.: poinl:; of the
synthesized compounds were in agreement with literature \'ulues
(ID, 11). All othcr chemicals were cummerciully U\"llilllhle und
wcre utilizcd as received.

Fresh solutions of arylhydruxylnmines were "repllrt.·d duily by
dissolving wei~hcd amounts in 95(1'/0 ethanol. Solutiun.!' of 9-l:hlo­
roacridine were prepared immediatl'ly before use by dissulvin~

wci~hed amounts in ethanol and WE're kept refrigerated.
Procedure. A quantity of an ethanolic solution of nrylhydroxyl­

amine was placed in an appropriate volumetric Ilask. An ethano­
lic solution containing an approximate ID-fold t'xcc.!'s of ~·chlorn­

acridiIll' was added to the flllsk. TIll' solulion Wlls lH:idified with
109, v/v aqueous h)'druchloric acid. shaken briefly. und ullowcd
to stand at room tempewture for !l minutes. Ethunul was added
to volume so that the finnl conc~ntrutioll of arylhydroxylnminc in
the flask was equal to or J::reater (han 1 x 10 :>M. The absorb·
ance was measured at 4!lO nm and the IIlCUSUn'IIIcnts were cor­
rected for reaJ{ent blank.... in the procedure.

HESULTS AND DISCUSSION

9~Chloroacridine interacts with un arylhydroxylamine in
the analytical procedure to yield a highly-colorcd yellow~

oranJ{e solution. The absorption curve in t he visible spec­
trum for an analytical solution of N-phenylhydroxylamine
shows an absorption maximum at 450 nm. Prcliminarv
doto have revealed that the reaction yields a nucleophili~
addition product similar to the one reported for primary
aromatic amines (J2), Further work on the identiHcation
of the compound formed between arylhydroxylamines and
9-chloroacridine is under way in our laboratory.

In comparing absorption curves of the colored solul ions
obtained with equimolar concentrations of the \'lIrious ar~

ylhydroxylamines. it was noted that p-chlorophenylhy·

(6) A. I. Vogel. "A Textbook 01 Practical Organic ChcmislIy." 3rt! ed.,
John Wiley. New.York. N. Y.. 1966, P 344.

(9) H. Feuer. B. F. Vincent. and R. S. Barlletl. J. Org. Chem.. 30, 2677
(19651.•

(10) A. lapwOIth and l. Pearson. J. Chem. Sac.. 119. 765 (1921).
(11) R. O. Haworlh and A. Lapworth. J. Chem. Sac.. 119, 768 (1921).
(12) J. T. Slewarl. T. D. Shaw. and A. B. Ray. Anal. Chew.. 41. 360

(1969).



<I Meuured at -450 nm and ba8ed upon G replicate deLerminatioNl of each
~Iution.·Confideru:climitaatp - a.os

Table I. Calibration Data for VarioUII
Alylhydroxylaminea

Final
coneD,

Compound M X 10-1

N-Phonylhydroxylamino 1.5
3.0
6.0

p-Chlorophonylhydroxylamino 1.5
3.0
6.0

p-Tolylhydroxylamino 1.5
3.0
6.0

Abeorbanee-

0.163 ± 0.019'
0.320 ± 0.011
0.605 ± 0.008
0.096 ± 0.014
0.196 ± 0.008
0.403 ± 0.008
0.096 ± 0.014
0.196 ± 0.008
0.396 ± 0.002

Table D. Ana1yaIa of Known AlylhydroxyJamIne
Mbturea for Alylhydroxylamine

Arylhydtorylamiae-

Mix· Found.
tUN Com......... M x 10-' % ofTbeory

N-Phenylhydroxylamine 1.496 99.75 ± 3.62'
Aniline

2 N-Phonylhydroxylamine 1.489 99.27 ± 1.59
Phenol
Acetamide
n-Butylamine

3 N-Phenylhydroxylamine 1.485 98.97 ± 2.50
Nitrobenzene
Acetanilid

4 N-Phenylhydroxylamine 1.514 100.90 ± 1.81
Cyc1ohexylhydroxylamine

droxylamine and p-tolylhydroxylamine produce rolor
which absorbs at the same wavelength maximum as N­
phenylhydroxylamine but with diminished intensity. The
absorbance data are shown in Table J. The reduced ab­
sorption for the substituted derivatives of phenylhydroxyl­
amine may be the result of a less-than-quantitative yield
of the colored product under the conditions of the analyti­
cal determination.

It was suggested that heating the hydroxylamine and
acridine on a steam bath might ensure 8 more complete
reaction. However, maximum color development could be
obtained upon shaking the solution and allowing it to
stand at room temperature for 5 minutes. Repeated read­
ings on 8 series of different samples indicated good calor
stability for periods up to 24 hr. Although stability of the
9'"'Chloroacridine reagent solution has been discussed pre­
viously (12, /3), our present work has further revealed
that refrigeration of the acridine solution after preparation
allows use of the solution for approximately 8 hours before
decomposition occurs.

The analysis method is a micro procedure. and sensitiv­
ity is in the 0.8-3 "g/ml range (lO-'M) of arylhydroxyla­
mine. Reagent preparation i~ simple and rapid since 9·
chloroacridine is commercially available and can be used
without further purification or modification procedures.
The time involved in the actual analysis procedure is less
than 30 minutes compared to the colorimetric method by
complex formation which takes from 2 to 14 hours de­
pending upon the reagent used (3).

Standard curves can be prepared by plotting absorb­
ance readings vs. the volumes taken of equimolar concen­
trations of various arylhydroxylamines. In all cases, Beer's
law holds for this system.

Data from several systems shown in Table 11 indicate
that this procedure permits the determination of arylhy­
droxylamines in the presence of primary aromatic amines
(whose calorimetric determination with 9-chloroacridine
has been previously reported, uide infral, primary aliphat­
ic amines, phenols, aromatic nitro compounds, aliphatic
and aromatic amides, and aliphatic hydroxylamines. It
has been shown previously that secondary and tertiary ar­
omatic, heterocyclic, and aliphatic amines and carbonyl­
containing compounds did not interfere with calorimetric
determinations utilizing 9-chloroacridine. Although one
cannot exclude the possibility that these other functional

(13) J. T. Slewsrt, A. B. Ray, and W. B. Fackler, J. Pharm. Se/.. 58.
1261 (1969).

- Bued upon 3 replicate dat.enninatX:.. of each .olul.ion. • Final c:oaeeD­

"'.Lion oC pbmylhydroQ1amine aDd all ot.be'r com.pooenta in rninun. ...
1.500 X 10 .....M; uoept. aniliDe wbich ... pNllenl. in. fiDAl ODDCeDtralioa. of
1.500 X lO-IM, e Con6denoelimitaatp _ 0.05.

groups react with 9-chloroacridine in typical nucleophilic
displacement reactions, only primary arylamines produce
any colored product under the conditions of the analytical
reaction. Measurements reveal that arylhydroxylamines
can be quantitated in the presence of a hundredfold ex­
cess of primary aromatic amine. Specificity permitting
the determination of arylhydroxylamines with 9-chloroa­
cridine in the presence of primary arylamines is obtained
by measuring absorbance at 450 nm, where the absorption
characteristics of any 9-chloroacridine-arylamine adduct
show minimal interference.

Received for review September 10, 1973. Accepted No­
vember 20, 1973. This investigation was supported in part
by NIH Grant CA·14ISS-QI from the National Cancer In­
stitute.

CORRECTION

Application of a Piezoelectric Quartz
Crystal as a Partition Detector.
Development of a Digital Sensor

In a paper by Morteza Janghorbani and Harry Freund,
Anal. Chem., 45, 325 (1973), piezoelectric crystals for
assay of S02 in air were described using carbowu as roat­
ing.

This paper did not refer to the previously described,
successful, studies on piezoelectric crystals for S02, by G.
G. Guilbault "Use of Tetrachlormercurate as a Coating for
S02," Enuiron. Lett., 2, 35 (1971), and the "Use of Pie­
zoelectric Crystals as Sensitive and Specific Detectors for
S02," Anal. Lett., 5, 255 (1972). The latter paper de­
scribes the use of carbowax as a coating for S02, the same
BS discussed by Janghorbani and Freund.
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On the Use of a Power Divider for Thermostaled Eleclrodeless Discharge Lamps in

Atomic Fluorescence Speclrometry

D. O. Knapp, C. J. Molnar, and J. D. Wlne'ordner'
Department of Chemistry, University of Florida. GainesvllJe. FIB. 32611

In recent years. electrodeless discharge lamps (EDLs)
have been put forth as intense sources for atomic spec­
trometry. However, it has not been until recently that
work involving temperature.controlled (thermostated)
EDLs has resulted in' stable, intense, reliable EDL sources
for aromic spectrometry. It has previously been demon·
strated that single· and multielement EDLs are very sen·
sitive to temperature changes when operated with a ther·
mostated antenna (1, 2). The insensitivity of spectral out·
put of EDLs operated with the thermostated "A"·antenna
to changes in microwave power has been discussed pre­
viously (1-3). Some of the reasons given for using thermo·
stated EDLs have been: mierowave generators are difficult
to stabilize adequately, whereas air temperatures can be
regulated with good precision; and changes in the cou·
pling efficiency between the microwave field and the EDL
discharge can, in the absence of temperature control, lead
ro drastic changes in lamp spectral output. Until recently
(4), one microwave generator per antenna had been used
when operating EDLs. This is readily understood when
one considers the myriad of papers on EDLs and the art
and skill needed to utilize EDLs for analytical studies.
However, with the insensitivity of thermostated EDLs to
changes in microwave power, it is readily conceivable that
more than one thermostated EDL could be operated si·
multaneously from one microwave generator utilizing 8

micrdwave power divider and that such a system would be
very advantageous for multielement analysis. Noms and
West (4) have reported the use of a two·port power divider
for two dual·element EDLs and mentioned that it was an
economical means of illuminating a flame cell with radia·
tion from more than one EDL simultaneously.

In this study, thermostated EDLs operated at their op·
timal temperatures snd powered by one microwave gener·
ator using a power divider are evaluated. Detection limits
for atomic fluorescence spectrometric measurement of
several elements witb these EDLs were obtained and corn·
pared with other published results.

EXPERIMENTAL

A block diagram of the optical system is ijhown in Figure 1. The
microwave power from a 2OQ·W, 2450·MHz generator with a sepa·
rate reflected power meter (Electromedical Supplies Ltd .. Wan·
lage, Berkshire, U.K.) was divided.(D2·2'1'N, 2·Port·3 db Power
Divider, Microlab/FXR, Livingston, N.J.) and used to power two
"A" antennas (Model 2254·5002Gl; the Raytheon Co.. Microwave

1 Author to whom reprint requests Hhould be sent.

(1) R. F. Browner. D. M. Patel. T. H. Glenn, M. E. Aietta. and J. D. Wine·
fordner, SpectrO$c. Latt.. 5, 311 {1972).

(2) B. M. Patel. R. F. Browner. andJ. O. Winelordner, Ana/. Chem .. 44.
2272 (19721.

(3) A. F. Browner and J, O. Wlnefordner, specrrochlm. Acta. 288, 263
(19731·

(4) J. O. Nonls and T. S. Wesl, Ana'. Chem.. 45. 226 (t973).

622 • ANALYTICAL CHEMISTRY, VOL. 46. NO. 4, APRIL 1974

Devices. Farmington. Conn.). The EDL temperature control
assemblies used have been described before (/). The spectral ra·
diation from the sources was mechanically modulated with a lab·
oratory-constructed mechanical chopper operating at 248 Hz and
focused onto an air/hydro~en name used with 8 pre·mix laminar
now burner chamber (Model 303·0110; Perkin·Elmer Corp.. Nor·
walk. Conn.) and a capillary burner (5). Atomic nuorescence
measurements were performed ..... ith a 0.5·m Ebert monochroma·
tor (Type 82-000 .....ith grating blazed at 3000 A and 1180 f!.roo'l,·es!
mm; ,farreU·Ash Corp., 590 Lincoln St .. Waltham. Mass.). and
R.C.A. IP28A photomultiplier and a lock·in amplifier (Model 353.
Ithaco. Inc., It.haca. N.V.>. A potentiometric recorder (Sargent.
Model SR. Sargent-Welch Scientific Co.. HirminJ{ham, Ala.) was
used to record data. Optical ~rade biconvex quartz lenses (SI­
UV, Esco Products, Oak Ridge, N.J.l were utilized throughout for
forcusing. The single element AJ{. Mf!.. Pb. Sb. Sn, Te, and Tt
EDLs contained the iodide form of each clement. and the Cu, Cr,
and Ni EDL. the chloride: while the metals were used for the Hg
and Cd, Zn. and Se EDLs.

RESULTS AND DISCUSSION

Thirteen elements were evaluated and detection limits,
defined as the concentration resulting in a signal-to·rms
noise ratio equal to 2, are given in Table I and are corn·
pared to other reported best detection limits.

The optimum temperature reported for each element in
a particular EDL was, in general, reproducible from day
to doy. There were, however, several notable cxccptions­
i.e.. for two Mg single element EDLs. the optimum tem­
perature increased from 340 GC in initial work to 400 GC in
laler work with a loss in radiant output of 15X for one
EDL, whereas for the other Mg EDL actually used for the
Mg AF measurements, the optimum temperature was a
reproducible 470 ·C. Three Cd/Zn EDLs were evaluated;
two dual-element EDLs containing just Zn and Cd metal
had optimum temperatures of 280 and 250 GC, respective­
ly, while for a third tube containing Cd, Zn, and Se as
metals, the optimum temperatures were 400 and 420 GC
for Zn and Cd, respectively. There was no observable Se
emission from this (which wos olso the case with other
Cd/Zn/Se EDLs) EDL. It was previously assumed that
the temperature dependence of the radiant output for

(5) l. M. Fraser andJ. D. Winelordner. Anal. Chem.. 43. 1693 (1971).
(6) K. E. Zacha. M. P. Bratzel. J. M. Manslicld. and J. D. Winelordner.

Ana/. Chef1l.. 40, 1733 (1968).
(7) J. D. Nonis and T. S. Wesl. Anal. Chim. Acta. 59, 355 (1972).
(8) H. G. C. Human. Spectrochim. Acta. 278. 301 (1972).
(9) P.l.larkins. Spectrochim. Acta. 268, 477 (1971).

(10) J. Malousek and V. Sychra. Anal. Chem.. 41, 518 (1969).
(11) D. l. Manning and P. Heneage. At. Absorp. News/ett .. 6. 124

11967).
(12) R. M. Oagnall. K. C. Thompson. and T. S. Wesl. Ta/an/a. 14,1151

11967). .
(13) R. F. Browner. R. M. Dagnall. and T. S. West. Ana'. Chim. Acta.

46,207 (1969).
(14) A. Hell and $. Aicchio, Pittsburgh Conlerence on Analylical Chem·

iSlryand Applied Spectroscopy, Cleveland. Ohio. 1970.
(15) M. P. Bralzel and J. D. Wlnefordner. Ana'. Lett.. 1,43 {1967).
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_z

Figure 1. Block diagram of optical system containing power divider for thermoslated electrodeless discharge lamps in atomic fluores­
cence spectromelry

Tablc I. Detection Limits of Several Elements in
Atomic Fluorcsccnce Flame (Air/H!)
Spectromctry Using Electrodelcss Discharge
Lanlps Operatcd with Two "Au Antennas
Joined via Two...Port Power Dividcr

Detection limilll., IIot/ml
EUt.

Wavc1cngLh. t.cmpcmLuro, Beat f'eporkod
Element urn ... c a Thi88tudy (Hcfercnce)

Ag 328.1 580 0.0008 0.0001 (6)
Cd 228.8 420 0.001 0.000001 (6)
Cr :357.9 475 0.01 0.005 (7)
Cu 324.8 430 0.002 0.0005 (8)
Hg 253.7 50 0.01 0.02 (2)
Mg 285.2 470 0.00005 0.00015 (9)
Ni 232.0 65 0.07 0.003 (10)
Pb 405.7 255 0.03 0.02 (11)
Sb 231.1 150 0.01 0.05 (12)
Sn 303.4 110 0.5 0.1 (13)
Te 214.3 410 0.07 0.006 (14)
1'1 377.6 310 0.002 0.008 (6)
Zn 213.8 400 0.005 0.00004 (I5)

o All EOI"", c:u:ept (or H~ and l'b weN opcrntcd at 120·W microwave
power or 00 W per BDI. hccnuao o( use o( the power divider. The Ht and
Pb EI)I...., were operated at 80 W or 40 W J1'l,r BlJL.

each element (or compound) present in a lamp is largely
uninOuenced by the presence of other elements (2). Tbe
1'1 and the multielement Cd/Zn/Se EDL were operated
simultaneously with the power divider; switching the two
lamps in the thermostated systems resulted in similar
atomic fluorescence signals for a solution containing 1
I'g/ml or eacb element (signals within 8% for Cd. Zn. and
1'1 resulted for the two orientations). The Pb and Hg EDL
were operated simultaneously at 40-W incident microwave
power under both thermostated and nonthermostated con­
ditions. Without thermostating. because of the low radi­
ant output from the Pb EDL. there was no observable AF
signal. while for a lOO I'g/ml solution of Hg. without ther­
mostating. there was a decrea:;e of lOX in AF signal.
There were not any noticeable problems or difficulties as·
sociated with using two thermostated EDLs with the
power divider and a single microwave generator. The most
obvious advantage with the use of thermostated EDLs is
the ease with which maximum spectral output from an
EDL can be obtained via variation of the EDL tempera­
ture. Future work is planned for the use of a multiport
power divider and a 8OO-\V microwave power supply for
the simultaneous use of several thermostated EDLs.

Received for review August 22. 1973. Accepted November
19. 1973. The research was supported by AF-AFOSR­
1880-701.

High Pressure Gradient Chamber for Liquid Chromatography

E. H. Pladenhauer, T. E. Lynes, and T_ V. Updyke

Newport Pharmaceucicals International. Inc.. 1590 Monrovia Boulevard. NeWpOrt Beach. Calil. 92660

Gradient elution is a useful technique in many applica­
tions of chromatography, and is especially important to
high pressure liquid chromatography where speed and res­
olution of analysis are major factors in justifying the ex­
pense of the necessary equipment. In our work, we were
interested in doing rapid, high resolution determinations
of oxypurines in blood plasma. and wished to explore the
possibility of using gradient elution in high pressure liquid
chromatography. In cases where the gradient can be made
up at atmospheric pressure. the problem is trivial. How­
ever, if a screw-driven syringe type high pressure pump is
used. the gradient must necessarily be made at high pres­
sures.

Commercial gradient accessories include a second high
pres.,ure pump (Nester-Faust 1200. Varian Aerograph
42(0) or a complex arrangement or 5 high pressure valves,
a holding coil. and a mixing chamber (DuPont 820). The
device described here suffers from the limitation of being
able to deliver only a single convex gradient shape which
is not usually the most desirable chromatographically, but
is considerably less expensive than a second pump, entail­
ing approximately only one-tenth the cost. The DuPont
arrangement is not available as a separate unit.

As seen in Figures la and 1b. the gradient device con­
sists of a removable mixing chamber, and a cap through
which is drilled an inlet from the high pressure pump and
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Figure la. Assembled and disassembled views of the gradient
chamber

TOp: Assembled as viewed Irom the undersIde. Bottom: (lower lel1 10
right) RetaIner; mixing chamber with "0" ring: cap

H'"

"Oli"tll,
5tllllll, 60r

Figure 1b. Cutaway schematic of assembled gradient chamber

an outflow to the column. Stainless steel, type 303, was
used throughout for corrosion resistance and relatively
easy machineability. Tube fittings were 316 stainless steel
and were purchased from Parker·Hannifin Company. "0"
rings (Parker Seal Company) were selected for solvent re­
Bistance. Polysulfide was found to be an excellent material
for "0" rings, showing stability against diethylether, alco­
hols, water, and dilute acetic acid. Unfortunately, poly­
sulfide is 8 rather soft material and not resistant to me­
chanical abrasion. Tenon-covered silicone "0" rin~s

would give a wider range of chemical resistance if desired.
The overall seal design gave excellent performance, and

ether was held under 50(1) psi with no apparent leakage.
The size of the holes in the outlet part of the cap, as well
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Figure 2. Gradient shapes calculated for chamber size of 5, 10.
and 30 rnl with a column dead volume of 7 ml

Circled points are of the observed gradient tor a lO·ml chamber volume
as de"cribed In texl

as the associated tubing connections, should be as small
as possible to minimize dead volume.

In actual operation, the chamber is filled with the start·
ing eluant, and a solvent of higher elution power is
pumped in at high pressure at the desired flow rate. Mix­
ing is accomplished with a small TeOon·coated magnetic
stirring bar placed in the bottom of the chamber. Most
stainles!; steels are nonmagnetic and there is no difficulty
with the stirring operation. During routine use of t.he sy!'·
tern, retention times of cumpounds after repetitive injcc·
tions were found t.o-remain stable, indicoting satisfactory
mixing in the chamber.

The actual size of the chamber is dictated by the shape
of the gradient desired. A larger chamber will give a less
steep gradient and vice versa. The size illustrated here
has a IQ-ml capacity, and the theoretically calculated and
actual gradient delivered by the device are illustrated in
Figure 2. The observed points were obtained by using a
solvent in the high pressure pump of higher UV absorh­
ance than the initial eluant in the gradient chamber, and
monitoring UV absorbance of 0 column effluent.

The device has also been found useful in "slurry pock·
ing" small diameter packing materials into columns. With
this method, the packing material is added to a carrier
solvent in the desired slurry consistency and then poured
into the mixing chamber. The empty column is attached
to the outlet of the cap, the magnetic stirrer turned on,
and the slurry pumped through at high pressure.
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