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Only
Matheson has
a full range
ofgases...and
the delivery
systems to
control them
Matheson supplies more lhan 90 gases in a large variety of
purities...cnough to meet evcry requirement.

Some of these gascs present real.storage and handling
problcms. Malh60n experience provides its customers with
delivery systems specially designed for the safe use of these
gases in lab or plant.

~Iatheson ,an sto,k these gases ...all of them ...at 13 different
plants in the U.S .. Canada and Europe. These are Matheson
owned plants. and they arc dedicated to Specialty Gases...
our only business.

When you need gases. come to Matheson. We supply more gases
in more sizes with mor~ lechnology for their proper use
than docs any other specially gas supplier. Fifty years of
servke to the "kntific ,'ommunitv makes us the first
in Slk, ..~ijlty ~as~s. .

CIRCLE ,., ON READER SERVICE CARD

ANAlYTICAl Ct£MISTRY. VOl. SO. NO.4. AI'RL 1878 • au.



























•
•

TRACE: ORGANIC ANALYSIS

)(
','.•

Analysts actually involved in trsce or­
gsnic analysis will find the interlabo­
ratory comparison studies in the sec­
ond section, which deals with the cur­
rent state-of-the-art, of more interest.
Analysts unfamiliar with trace organic
analysis will probably find that the
discussion of the current state·of-the·
art reveals a somewhat disturbing pic·
ture. This report is intended to make
the analytical chemist, and chemists
utilizing the results of organic analy­
ses, aware of the limitations of these
analyses and of the need for research
to improve such measurements.

Omicullles In Achieving Accuracy
In Trace Organic Analysis

An accurate measurement system
is one that produces precise numerical
values that are free of, or corrected
for, all systematic errors (3). The
achievement of accuracy must be the •
major consideration in trace organic •
analysis. While true accuracy has not
been realized in trace organic analysis I
of natural samples, studies of the in· •
tercomparability of laboratory data~
(relative precision) do exist. Relative •
determinations, although useful for
monitoring changes in levels or identi· •
fying particularly high or low values, ..
suffer from two serious disadvantages.
First, these relative values are often
method dependent; thus values deter·
mined by one method m~y bear little
absolute resemblance to those deter·
mined by another. Secondly, relative
values do not suffice when absolute
values are required. For example,leg.
islated environmental standards are
generally expressed in absolute quan-
tities; therefore, unless analytical
methods can be validated for accura-
cy, regulatory decisions will be based
on values derived from methods of de-

Until recently the major emphasis
in trace analysis has !>een in the deter­
mination of inorganic substances.
However, we are now coming to realize
that many of our most pressing prob­
lems require competence in trace or­
ganic analysis. These analyses are
needed to protect our health and our
environment, and to ensure the purity
and nutritional value of our food. Re­
cent Federal legislation recognizing
these needs includes: the Federal
Water Pollution Control Act (1972),
tbe Federal Environmental Pesticide
Control Act (1972), the Safe Drinking
Water Act (1974), the Food Nutrition­
al Labeling Act (1975), the Toxic Sub­
stances Control Act (1976), the Medi·
cal Devices Amendment (1976), and
the pending refinements to the Clini­
cal Laboratory Improvement Act
(1967). The enforcement of such legis­
lation is ultimately based on the abili.
ty of analysts to accurately identify
and quantify trace levels of organic
substances in diverse matrices.

" When compared to trace inorganic
analysis, the current state-of-the-art
of trace organic analysis appears inad·
equate. One has to bear in mind, how­
ever; that trace inorganic analyses are
usually limited to a finite number of
elements; whereas the number of or­
ganic compounds of analytical interest
is essentially infmite. A number of dif­
ficulties in" trace organic analysis have
limited the achievement of accuracy
in thisar... Lewis"(I) and Beyermann
(2) have discussed some of these prob­
lems. The purpose of this report is to
888888 the current state-of·the-art of
trace organic analysis and to discU88
the problems associated witb perform­
ing such analyses. The first section,
which discusses the difficulties in
achieving accuracy, is intended as an
overview for the analytical cbemist.
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For the finest in temperature control systems,
look into the company that pioneered the EXACAL
BATH CIRCULATORS. With a temperature range
from - 100·C to + 300·C NESLAB products reprEr
sent the highest quality in IMMERSION COOLERS,
RECIRCULATING EXCHANGERS and BATH CIR·
CULATORS. NESLAB also offers the technical
advice of our chemists and engineers to help you
solve your heating and cooling problems.

8 Call the leader - toll free

1-800-258-0830
1nN.H.call collect 603-436-9444

~~[ID the name in circulation
NESLAB INSTRUMENTS, INC. 871 ISLINGTON STREET, PORTSMOUTH, N.H. 03801 U.S.A. (603) 436·9444
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developments in integrated circuits,
magnetic memory systems, nnd optical
communications systems and will pro­
vide for critically nceded moderniza­
tion and replacement of instruments
at the Materials Rescarch Laborato­
ries.

Among the other government a~en­
cies concerned with science. the Na­
tional Institutes of Health is pleased
wit.h the back to basics bud~et philus·
ophy e\'en thou~h the increase in their
budget will be nogated by innation.
The National Aeronaut ics nnd Space
Administration wanted major hudJtet
emphasis placed on space applications
and aeronautical research Dnd tech­
nology and less emphasis on space sci­
ences. However, in the final proposed
budget the largest percentaJte increase
went to space sciences. At the Envi­
ronmental Prot('ction A~ency, the first
agency to use zero-bosed hudget tech­
niques, the result is a diminished em­
phasis of programs of lesser impor­
tance with obvious greater emphasis
on those programs that nrc more im­
portant, e.g., a 9i% funding increase
for thc implementation of the Toxic
Substances Control AcL. Tho National
Bureau ofSLandnrds (NBS) is expect·
ed to get substantially more money,
a budget incroase of 20% to S66 mil·
lion. The increase is for on expanded
effort Lo establish standards and for
m~intenance of NBS' basic science
and engineering capability.

In other government/science eco­
nomic activities, Richard A. Atkinson,
direcLor of NSF, announced that
funding of university/industry cooper­
ative research, aimed at both basic
and applied invcstigations, will be
given special attention in the competi­
tion for research support. Dr. Atkin­
son said that "while academic and in­
dustrial scientists working apart have
been very productive, we believe that
the special perspectives on research
of scientists in both fields working- to­
gether will acl to produce heneficial
results to thc economy and speed solu­
tion of current and fulure societal
needs". These cooperative efforts will
require active participation by both
university and industry. It is expected
that an industrial firm or group of
firms would contribute funds, person­
nel, or services reflecting their intcrest
in the research. Jointly prepared pro­
posals from cooperating institutions
will compete with regular proposals,
but cooperative projects wuuld be a
factor in the award decision proces.fl.

A. A. Hus()vs"y

The fiscal year 1979 budget an­
nounced by President Carter empha­
siz.es "basic" in science and technolo­
gy. Monies earmarked for research
and development (R+D), however, are
not exactly plentiful. The zero-based
budget Carter proposed increases pro­
posed total federal spending 8.2%
while funding for R+D activities
would rise only 6.1% to S27.9 billion
out of a total S500.2 billion budget.
Basic research funding increases
10.9% to S3.65 billion. The greater in­
crease in funding of basic research re­
flects the conclusions of experts that
although science is in good condition
at present there are problems to he
faced:

• There are not enough youn~ scien­
tists doing basic research, partially be­
cause the tenure system tends to lock
out new PhD's from university jobs.

• There are fewer first-class re­
search centers because the quality of
once excellent science departments is
declining.

• Equipment is becoming obsolete
because the country is beginning to
lag in scientific instrumentation.

• There are more conservative re­
search proposals advanced probably
because of the lack of available money
for nonconventional studies.

Increased funding for basic research
has to mean a decrease elsewhere.
Budget proposals suggest a decrease
in demonstration projects or applica­
tions. However, specifics are not
spelled out in each government agen­
cy's budget, and Congress or uncooJ>­
erative agencies could ruin the bud­
get philosophy that permits grealer
spending for basic research.

Out of total research support of
$829.2 million, the National Science
Foundation (NSF) proposes 91% for
basic research. The NSF budget shows
an increase of $22.3 million to S268.3
million for Mathematical and Physical
Sciences and Engineering (MPEi. The
MPE budget includes $47.7 million
for chemistry, S18.1 million for com·
puler research, and S64.5 million for
materials research. In these areas,
MPE will provide strong support for
high-quality research projects aimed
at enriching our knowledge of materi­
als, laws, and phenomena and will in·
crease emphasis in computer research
in nonnumeric computing and intelli­
gentsyslems and research equipment.
MPE will also broaden research on
miniaturization necessary to further

Government Spending for
Science

Editors' Column

Lif..Q·Gen·. as an affiUate. shares the
expertise and vast technology of L'Air
LiQuide, the world Icader in the indust­
rial and medical gas field. We have a
wide range of specialty gases and ser­
vices.

Uf-O·(jI:N~

SPECIALlY GASES
The Highest Quality

&. Technology
Costs No More

LIF-O-GEN" OFFERS
• The most precise gravimetric mlxing

equipment.
• The most modem micro-process con­

trol laboralOrv.
• A wide range"of refillable aluminum

and disposable steel cyHnders.
• Lir-o-Gcn- Gas Encyclopedia. most

complete and advanced encyclopedia
of its kind in the world.

For information. call or write L1f.Q-Gen·
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Maryland 21613
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FIgure 1. BIoc:k~ of Fota1er transform Ion cyclotron resonance mass
specu-omeler system

GAnNG AND CONTROL PULSES

Fourier Transform MS

\Vithin the past several years, ana­
lytical chemistry has been a primary
beneficiary of the minicomputer tech­
nology revolution. Dramatic advances
in the state-of-the-art of digital elec­
tronies have allowed such analysis
methods as Fourier transform infrared
and nuclear magnetic resonance spec·
trometry to become not only practical.
but commonplace. Previous instru-

ICR

SPECTROMETER

FREOUENCY

SYNTHESIZER

required for a frequency domain mea­
surement and obtain the same signal­
to-noise ratio, or alternatively. to
achieve increased sensitivity in the
same total measurement time.

NMR spectrometry and ion cyclo­
tron resonance. at least superficially,
have much in common, with the pri­
mary difference being the nature of
the phenomena observed and the ab­
solute frequencies involved. In the
NMR experiment, a brief radiofre­
quency pulse (typically from 1 to 50
~s for I'C and I H NMR) is used to ex­
cite simultaneously the nuclei absorb­
ing over a frequency range of 10 kHz
or less (/2). Subsequently, the free in­
duction decay of the ensemble of ex­
cited nuclei is observed, and the re­
sulting time domain sequence (each
point of which contains information
regarding all Jlortions of the frequency
range covered) is subjected to a Fouri­
er transformation that converts it to

EXCITAnON CELL I

MIXER

netic field) scanning modes. As 0 re·
suit, when a time domain signal is
sampled at N equal intervals, signal­
to-noise ratio is enhanced by a faclor
vN. In the infrared spectral case, the
advnntag:e becomes one-holf this fac­
tor because the half-silvered mirrors
used in interferometers reject half the
incident radiation. This time advan­
wge. called the Fellgett adval1wge
(18), permits spectroscopists to com­
plete a spectrum ill lIN of the time

MAGNETIC
DISK

PULSE

PROGRAMMER

BAND PASS
FILTER

KEYBOARD
AND

DISPLAY

MINICOMPUTER

menwtion articles have lucidly de­
wiled the principles and advantages
of both Fourier and Hadamard trans­
form spectroscopy methods (11-16),
most recently in the comprehensive
discussion of Marshall and Comisarow
(/7). It is nat, then, surprising that
such techniques would suggest them­
selves for possible application to ICR
spectrometry. Although complete dis­
cussions of the principles involved are
included in the references cited above,
the qualitative aspects of the use of
time domain measurements, and their
transformation to the frequency do­
main will be outlined here.

BrieflYt the primary contribution
of Fourier transform methods in both
infrared spectrometry and nuclear
magnetic resonance spectrometry is
the fact that, in such experiments,
measurements can be made in a frac­
tion of the time required by conven­
tional frequency (or, for NMR, mag-

eral milliseconds) and its low resolu­
tion and restrictive upper mass range
limit (ca. unit resolution at m/e =
2(0). A theoretical resolution limit for
this kind of cell is determined by the
ion drift time through the analyzer
section. Comisarow and Marshall have
derived an equation describing resolu­
tion in the zero pressure limit, using
the linewidth at half peak height to
define resolution (8). In Equation 3,
e is the charge in multiples of elemen­
tary charge, B the magnetic field in
kilogauss, m the mass in emu, and T
is given in millisea>nds. Notice partie·
ularly that resolution is a linear func­
tion of detection time (i.e., the longer
ions can be seen, the higber the resolu­
tion).

m/m""" = eBT15.769 X 10-' m (3)

Because of the sbort residence (and
hence, detection) times, the next
major development effort was aimed
at prolonging those times. Clever
trapped ion cell designs by McMahon
and Beauchamp (9) and McIver (10),
which allow ion "storage" for periods
on the order of 8 second or more, re­
sulted_ Nevertheless, resolution
achievable in the trapped-cell mode
with conventional instruments is not
significantly greater than that ob­
tained with the original drift cell de­
sign, although the mass range has
been extended as high as 500 with unit
resolution_ Operation of the single sec­
tion trapped cell is generally in tbe
pulsed mode, where tbe temporal be­
havior of single ions is usually ob­
served for tbe purpose of kinetic stud­
ies. If an entire spectrum were to be
collected with this cell, measurement
would normally be done, as witb the
drift cell, at a fixed radiofrequency
wbile scanning tbe magnetic field.
This mode of producing spectra limits
tbe speed with wbich measurements
can be made, because of the difficulty
in making rapid changes in tbe mag­
netic field strengtb.

For the conventionailCR spectrom­
eters described, otber designs can lead
to improved mass range and mass
measurement accuracy, but slow scan
rates and low resolution will probably
continue to limit tbe generality of
their analytical capabilities. It is pri­
marily because of tbese limitations
that researchers interested in expand­
ing the general-purpose analytical
utility of ICR mass spectrometry have
turned to investigations of Fourier
transform approaches.
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How in the world can four metal rods
make for safe coal mines and
warm homes?

Fuel for thought.

The immediacy of the energy crisis has led to the rediscovery of
this country's greatest natural resource . . . coal. Billions of
tons are in reserve; enough potential energy to last far into the
future. But can the hazards of mining be overcome? Can coal be
consumed safely without harming the environment? Some inter­
esting studies are underway to detenlline solutions to both
problems.

In the coal mine, the threat of .-----------...
a fire or explosion is ever-
present. Investigations of
flames by direct examination
of radical formations are pin­
pointing flame propagation
mechanisms. The study of
changes in radical concentra­
tions, as influenced by flame
temperature and the pres­
ence of various chemicals,
provides valuable information
for controlling mine environ­
ments. Now, effective retar-
dants can be developed for Counr') oIT.S. &u...,\Io01;ln

the prevention and quick sup-
pression of mine fires.

As a solid mineral. coal is impractical for large scale use. Modem
homes, utilities and factories are no longer equipped to bum it,
and distnbution would be costly. AdditionaUy, poor quality coals,
burned in open fires, release high levels of sulphur dioxide into the
atmosphere. Potential solutions to these problems caU for con­
version of coal into a poUutant-free form. Studies in coal gasifica­
tion, liquification and hydrogenation are designed to fOld the most
amenable varieties ofcoal and the chemical additives which might
enhance the conversion and clean-up processes.

In both studies, the prime investigatory tool is mass spectrome­
try. Extranuclear Laboratories manufactures mass spectrome­
ters of modular component design to serve these and other
specific applications. Such innovative techniques as molecular
beam modulation permit the examination and identification of not
only stable chemicals but neutrals, radicals and ions as weU. In
coal gasification, powdered coal is heated in the absence of air to
17000 F and radicals such as H, OH, 0, and SO quantitatively
measured as functions of temperature, coal type, and additive
concentrations.

~ Extranuclear Laboratories, Inc.
~V P.O. Box 11~I2IPillsbulgh. Plfll1sy1..ni.I~238 14121182·3884

T,I" I/l·",hlt,f,t"t1
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Modulated molecular beam mass spectrometry, as dem­
onstrated by EMBA 11, has applications in plasma and flame
analysis, high temperature dissociation, radical-molecule interac­
tion and many other areas. The unique property of the technique
is its abitity to monitor the chemicaUy unstable species formed by
dynamic systems ... a subject untouched by conventional mass
spectrometry.

And the four metal rods? They're the
heart of our quadrupole mass spec­
trometer systems.









Optimization of Reverse-Phase Liquid Chromatographic
Separation of Weak Organic Acids

Stanley N. Deming· and Michael L. H. Turolf

[)epartmtmt 01 Chemistry, University 01 Houston, Houston, Texas 77004

Figure 0, it can be shown that

The parameters tHA' t A·, and K can be estimated from ex­
perimental data obtained by measuring t for at least tbree
different values of r. Different weak acids would be expected
to give different sets of values for these three parameters
because of tbeir different affinities for the mobile and sta­
tionary phases, and because of their different acid dissociation
constants.

where K HA and K HB are the acid dissociation constants of HA
and HB, K = KHA/KHB, and r = ([B'JlHBJ). In a reverse­
phase system, species HA and A' will each have individual
affinities for both the aqueous (polar, mobile) phase and the
organic (nonpolar, stationary) phase. At extreme values of
pH wbere either HA or A' predominate, the relative affinities
for the stationary phase are indicated by the retention times
tllA and tAo. Because tbe equilibrium between HA and A'is
very fast with respect to the separation process, at inter4

mediate values of pH the retention time t of the single ob­
served peak migbt be expected to be a weighted average of
the individual retention times

(1)

(2)

(
[HA] ) ( [A-] )

I =IliA [HA] + [A-] + t A- [HA] + [A ] =
tllA + IA-Kr

1 + Kr

EXPERIMENTAL
Chromatograph. All separations were carried out using 8

Mode16000A pump (Waters Associates, Milford, Mass. 01757),
a U6K injector (Waters), a Model SP8200 detector (Spectra
Physics, Santa Clara, Calif. 95051) operated at 254 nm, and a
Model 281 strip chart recorder (Soltee, Encino, Calif. 91316). A
lO-cm section of 2-mm i.d. Bondapak C18/Corasil (Waters) was
used as a precolumn to a 3O-cm x 4-mm i.d. pC" Bondapak high
efficiency column. A flow fate of 2.0 mL min- t was used
throughout the study. Injection volumes were 5 SlL or less. The
time equivalent of the void volume (1.65 min) was measured by
noting the small change in detector signal after injecting 0 water
sample.

Solvents. Nine buffer solutions were prepared 8S shown in
Table I using 1.00 M acetic acid (HAc, Mallinckrodt Chemical
Works, St. Louis, Mo. 63147), 1.00 M NaOH (Fisher Scientific
Co., Fairlawn, N.J. 07410), and 1.00 M NaCI (Fisher) to provide
a set of solvents for which the ionic strength was essentially
constant (0.06 M) as the r value ranged from 0.111 to 9.00.

Weak Acids. Solutions of five weak organic acids-benzoic
Reid, 2-aminobenzoic acid, 4-aminobenzoic acid, 4-hydroxybenzoic
acid, and 1,4·benzenedicarboxylic acid-were prepared by dis­
solving 50 mg of the weak acid in 10 mL distilled water and
filtering through a 0.45 pm f1Iter (type GA-6, Gelman, Ann Arbor,
Mich. 48106). A mi.ture of all five weak acids was prepared by
combining appropriate amounts of the individual solutions.

THEORY

It has long been suggested thst liquid chromatography
should be a more versatile analytical tool than gas chroma­
tography, in part because of the larger number of variable
factors associated with the mobile liquid phase-e.g., in re­
verse-phase liquid chromatography, it is possible to vary pH,
ionic strength, polarity, counterion concentration, etc. (I). To
date, however, there have been few studies suggesting a
systematic means of adjusting these factors to provide op­
timum liquid chromatographic performance. We present here
a strategy for selecting a value of one of these factors, pH, to
achieve optimum resolution of simple organic acids in re­
verse-phase chromatographic systems.

lb. effect 01 .qu.ous c.rrl.r aol••nt pH upon th. high
paI1ormanc. r••8fM1lh_ Iquld chromatogr.phlc ..par.Uon
01 ....r.1 benzoic .clda la atudled. A aeml.mplrlc.1 opti­
mization ••tegy II ~.ted: retention lIrnas 01 the w.ak
.elda 01 Inl....at are ma....ad .t thr.. or mora ••Iuea of pH
In an .pproprl.t. buff.r. mode.. are I" to th. d.t., and th.
modal paramet.... are uaed to c:onatruct wRIow dlagrarna from
which th. optimum pH c.n b••atlm.t.d.

The optimization of chromatographic resolution is especially
difficult because of the existence of multiple optima (2). The
intentional variation of system conditions (e.g., temperature
or pH) can often cause peaks to "cross" one another. Con­
ditions for which two or more peaks of interest are eclipsed
clearly represent minimum performance from the system (no
separation). Conditions for which all peaks are separated from
each other represent maximum performance. In chrdma­
tographic systems, there are often many sets of conditions that
give rise to local maxima. The problem, then, is to predict
the location in factor space of these local maxima and to
choosa the best (or global) maximum, often within certain
constraints such as maximum allowable analysis time. Once
this desir.ble region of factor space has been approximately
located, local optimization procedures can be used to fmd the
exact location of the maximum (3).

Laub and Purnell have presented a series of papers (4-7)
in which "window diagrams" are used to locate optima in gas
chromatographic systems for which the composition of a mixed
ststionary phase is a variable factor. We have found the
concept of window diagrams to be equally useful for locating
optima in reverse-phase liquid chromatographic systems for
which pH is a variable factor. The following derivation is
similar to those of Horvath et a!. (8) and Pietrzyk and Chu
(9).

Given a small amount of weak acid HA that dissociates to
give conjugate base A-in a solution buffered by a more
concentrated weak acid HB and its conjugate base B- (see
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__HA------A A.;:.q.;..uo:..;.:..;u.;..,_

Organic

F1gIn 1. EquIbia iWolu8d In !he r..-....phase IqUd c:IYorTBlOl1BphIc
separatJon of weak ack:ls

Table I. Solvent Compoaition

mL 1.00 mL 1.00 mL 1.00
Sol· M M M
vent HAc· NaOH· Naaa ,b

1 30.00 3.00 27.00 0.111
2 30.00 6.00 24.00 0.250
3 30.00 9.00 21.00 0.429
4 30.00 12.00 18.00 0.667
5 30.00 15.00 15.00 1.00
6 30.00 18.00 12.00 1.50
7 30.00 21.00 9.00 2.33
8 30.00 24.00 6.00 4.00
9 30.00 27.00 3.00 9.00

a In 0.500 liters of .olution. b ([ B') I[ HB)); &ee tel<t.

Calculations. The parameters of Equation 2 were fit to the
data for each of the weak acids using a 8imples. nonlinear
least·squares program aimilar to that described by O'Neill (10).

RESULTS
Table II contains observed retention times for each of the

five weak acids at each of the different solvent compositions.
Replicates were carried out at r = 0.111, 1.00, and 9.00. Using
these experimental data, the parameters of Equation 2 were
fit for each weak acid. The results are presented in Table III.
Figure 2 shows calculated and observed retention times as a
function of log (r) (equivalent to an offset pH scale, where log
(r) = 0 corresponds to pKHO)'

Table IL Retention Tim.. of Weak Acids
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Figure 2. Retention time vs. log (r) to( five weak acids. SoIld lines
are predicted behavior, dots are observed beha_

The relative net retention of two compounds X and Y is
defmed as (tx - tv)j(ty - tv), where tx and ty are the ob&erved
(uncorrected) retention times of X and Y, and tv is the time
equivalent of the void volume. If the relative net retention
is calculated to be I... than unity, the reciprocal is taken; thus,
relative retention is always greater than or equal to unity.

Figure 3 is a window diagram (4) showing relative net
retention for all ten pairs of the five weak acids as a function
of log (r). Those conditions giving a relative retention of unity
for a pair of components represent minimum performance
from the system (eclipsed peaks). Those conditions giving
relative retentions greater than unity give improved separation
for that psir. The tops of the "windows" indicate conditions
for which the relative retentions of two pairs are equal-each
of the two pairs is equally well separated. The tops of the
windows thus represent conditions giving the be.t &epsration
for the worst separated psirs7811 other pairs will be better
separated. In Figure 3, the best conditions occur at r = 0.54.

Retention time, min

1,4..Benzene-
Benzoic 2-Amino- 4·Amino· 4·Hydrol<Y· dicarbOl<ylic

Experiment acid benzoic acid benzoic acid benzoic acid acid

0.111 3 58.10 26.50 16.25 25.25 25.30
7 58.20 25.80 15.40 25.60 27.27

0.250 10 44.30 25.15 14.85 21.95 14.16
0.429 4 35.40 23.65 14.15 19.40 8.88
0.667 12 27.40 22.45 12.90 16.35 5.74
1.00 6 22.15 20.35 11.15 13.60 4.05

11 20.50 19.05 11.15 13.30 3.99
1.50 5 17.55 18.40 10.05 11.45 3.10
2.33 8 13.70 16.70 8.50 9.10 2.51
4.00 1 10.15 12.15 6.40 6.75 1.97
9.00 2 7.00 8.42 4.29 4.42 1.68

9 6.86 8.11 4.26 4.32 1.70

Table IlL Calculated Parametera

10' X KHA.
Weak acid tHA,min 'A·, min K 10' X KHA· lit.b

Benzoic 77.73 4.84 3.320 6.5 6.3
2..Aminobenzoic 27.25 3.19 0.414 0.81 1.0
4..Aminobenzoic 16.72 1.76 0.549 1.1 1.2
4·Hydrol<ybenzoic 28.79 2.48 1.344 2.6 2.9
1.4-Benzenedicarbol<ylic 130.0 1.00 36.77 71.7 16.0

a Calculated UBi... KHB = 1.96 X 10". b Reference 13.
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Figure 4. Clv'omatogams of mixtlIe of five weak acids. Clv'omalogam
A: r = 9.00. Chromatogram B: , = 0.111. Chromatogram C: r =
0.54

of tHA and K are subject to significant uncertainty. Thus, the
calculated value of KHA for 1,4-benzenedicarboxylic acid is
an imprecise estimate, and the discrepancy between calculated
and literature values of KHA is not highly significant from a
statistical point of view.)

CONCLUSION
A semiempirical optimi7.ation strategy has been demon­

strated: retention times of the weak acids of interest are
measured at three or more values of r in an appropriate buffer,
models are fit to the data, and the model parameters arc used
to construct window diagrams from which optimum chro­
matographic conditions can be estimated.
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Figuro 3, WIndow diagram for aU ten pairs of five weak acids

An optimum solvent was prepared containing 30.00 mL 1.00
M HAc, 10.50 mL 1.00 M NaOH, and 19.50 mL 1.00 M NaCI
in 0.500 L and was used to separate a mixture of the five weak
acids.

Figure 4 shows chromatograms obtained at r = 9.00,0.111,
and 0.54. In chromatogram A (higher pH), 4-aminobenzoic
acid and 4-hydroxybenzoic acid are eclipsed (see Figure 2);
in chromatogram B (lower pH), 2-aminobenzoic acid, 4­
hydroxybenzoic acid, and 1,4-benzenedicarboxylic acid elute
together; chromatogram C (optimum pH) shows baseline
separation of all peaks.

DISCUSSION

At low values of r (relatively acidic conditions), the benzoic
acids are protonated (uncharged) and have a greater affinity
for the stationary nonpolar phase; their retention times are
relatively long (see Figure 2). At higher values of r (relatively
basic conditions), the acids are unprotonated (negatively
charged) and have a greater affinity for the mobile polar phase;
their retention times are relatively short. This behavior has
been observed previously for other weak acids and bases (e.g.,
8,9,11,12).

Because K = KHAIKHB, values of KHA can be calculated
from the estimated values of K and a known value of K HB•
Table III compares values of KHA estimated in this study with
values from the literature. The agreement is good except for
1,4-benzenedicarboxylic acid. (However, as can be seen in
Figure 2, data for 1,4-benzenedicarboxylic acid correspond to
predominantly ionized conditions for the acid. The estimates
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Analysis of Carotenoid and Porphyrin Pigments of Geochemical
Interest by High-Performance Liquid Chromatography

S. K. HaJlbrahlm, P. J. C. Tibbetts, C. D. Walls, J. R. Maxwell, and G. Egllnlon
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H. Colin and G, Gulochon'

Lebara/olre de Chlmle Ana/ytlque Physique, Ecole Po/ytechnlque. 91128 Pslelsssu Cadex, France

isolated from a recent lacustrine sediment and from an algal
mat, and of metallo- and demeta11ated-petroporphyrin
mixtures isolated from crude oil. The separations obtained
on columns containing 10-l'm spheric:al and 6-1'1D irregu)ar
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Chart 1High-performance liquid chromatography (HPLC) Is shown to
be a powerful tool In the analysis 01 carotenoid and porphyrin
pigments, Colwnns packed with 5-l'm Irregular silica gel
parlk:les by a high denslly and high constant pressure method
allow efficient separallon 01 mixtures 01 total nonsaponillable
carotenolds Irom recent sedimentary sltuallons. Good re­
producibility 01 retention times (within 2% ) Is ac:hleved In the
gradient elution mode. However, attention must be paid to
reequlllbralion 01 the colwnn aller each Injection by washing
with the less polar solvent lor a minimum 01 15 min (lor
carotenolds) or 01 30 min (lor porphyrfns), HPLC appears to
be uselulln "Ilngerprlnllng" petroporphyrln lIstrtxdlons In c:nKle
011.

The majority of applications of HPLC to pigment analysis
have been concerned with aromatic compounds, particularly
quinones (J) and azo dyes (2) and there are no reports of the
analysis of porphyrin or carotenoid pigments in samples of
geological interest. The technique has been applied in the
analysis of biologic:al porphyrins and of chlorophyll derivatives
(3). Resolution of a synthetic coproporphyrin mixture has
been achieved by recycling on 10-l'm Porasil columns (4); ten
recycles on two 30 cm X 4 mm i.d. columns connected in series
were necessary to obtain separation of the isomers copro­
porphyrin III and IV as their tetramethyl esters. There is only
one report of the analysis of carotenoids by HPLC; in this case
magnesium oxide and zinc carbonate were used for the
separation of citrus fruit carotenes and xanthophylls, re­
spectively (5). Resolution of cis-trans isomers was obtained,
but retention times for polar carotenoids were long (e.g. ca.
4.5 h for neoxanthin, I. Structures are shown Chart I).

In general, mixtures of pigments of geochemic:al origin are
more complex than those found in organisms, as a result of
the wide diversity of inputs contributing to forming sediments
and of the diagenetic changes which subsequently occur; also
they are normally present in lower concentrations. Porphyrin
mixtures extracted from petroleum (petroporphyrins) typic:a11y
contain (6) series of nickel and vanadyl complexes of alkyl­
substituted petroporphyrins of two major skeletal types-etio
(2, R = H or alkyl) and desoxophylloerythroeticr-(DPEP, 3,
R = H or alkyl) and a minor type-rhodo (tentatively assigned
as 4; the alkyl substituents contain from ca. 6 to ca. 19 carbon
atoms, although the actual sites of substitution and the exact
nature of the substituents have not been fully determined (6).
In addition, structural isomers are known to occur in pe­
troleum (7-10). In sedimentary situations, carotenoid mixtures
containing up to 12 major components and a large number
of minor components are frequently obtained (II).

Neither porphyrins nor carotenoids can be analyzed directly
by gas-liquid chromatography, as a result of their involatility
and/or thermal instability. An analytic:al technique with high
resolving power and sensitivity is therefore required for the
separation of these compou;'ds. The present study reports
the application of HPLC to the analysis of carotenoid mixtures

oo03-27ooI7SI0350-0548$01.ooI0 C 1878 Amor1can ChomIcaI SocIeIy
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silica particles packed by different slurry methods are
compared.

,P.CO,.ot....

EXPERIMENTAL
Isolation of CarotcDoids. The sediment sample from

Grasmere (an oligotrophic lake. English Lake District) was
obtained from the deepest part of the lake using 8 Gilson mud
sampler (12). The core W85 sectioned in situ and the sections were
transported to the laboratory in isopropanol and were stored in
8 deep freeze (-20°C) prior to extraction. The algal mat sample
was collected from Baja California, Mexico, using 8 scoop. The
top 3-4 em Jayer was stored (ca. 7 days) in isopropanol at 0 °e
and then at -20 Cle. Both samples were extracted with iso­
propanol/hexane (4/0 and detailed procedures for the isolation
of total carotenoid nonsaponifiable fractions are listed by Watts
et al. (J 1). Small pJiquots of these fractions were examined by
HPLC; for comparison with the HPLC data. the remainder of
each fraction was further separated by preparative-scale thin.layer
chromatography (TLC) to isolate individual components for
identification by UV/VIS spectrophotometry and mass spec·
trometry (detailed procedures given in Ref. 11).

Isolation of Petroporphyrin Conccntrates. Petroporph)Till
concentrates were obtained from Boscan (well No. 9K3) crude
oil (Eocene, W. Venezuela); details of the distributions obtained
by probe mass spectrometry of the same oil have been reported
(9, 10). Concentrates were also obtained in the same way from
Kuwait (Cretaceous) crude oil.

MetallopetroporpJ:yrins. To Boscon crude (l g) in toluene (~

mL) was added anhydrous MeOH (5 X 6 mL) and the mixture
was sonicated (ca. 3 min); centrifugation (ca. 3000 rpm. 5 min)
afforded an upper layer (wine-red) containing the crude me·
tallopetroporphyrins which was removed by pipet and filtered
through pre·washed (MeOH) cotton wool.

Demctallated Petroporphyrins. The metals were removed from
the metallopetroporphyrin concentrute by treatment with methane
sulfonic acid and the free oases were recovered 8S outlined
previously (8).

High·Pressure Liquid Chromatography, HPLC analyses
were mainly carried out using silica columns (stainless steel, 24
em X 4.6 mm i.d.) and gradient elution. The equipment oomprises
two solvent delivery pumps (Waters Associates M6000D), asoh'ent
programmer (Waters M660), and a spectrophotometer (Varian
Variscan L635M) with Varian now cells (8 "L) as detector.
Solutions of samples were introduced into the column, using the
stop-now technique, from 8 lo-,.,L syringe via a septum inlet port.
Redistilled solvents (laboratory reagent) were employed as mobile
phase.

Two packing methods were used. In the first, spherical silica
particles (10 "m, Spherisorb, Phase·Sep Ltd.) were packed as a
slurry in methanol (2.5 g in 25 mL), the slurry being introduced
to a precolumn attached to the main column. The pre·column
was connected to one of the Watcrs pumps and the slurry pumped
(9 mLjmin) into the column; aftcr 10 min, the now rate of
methanol was decreased (2.5 mL/min) and pumping was con·
tinued (l h). The column was conditioned by pumping acetone
for 20 min with 8 now rate of 2.5 mL/min, then a linear gradient
of acetone in hexane (100 to 0% over 20 min) and finally hexane
(2.5 mL/min; 10 min). The second method was the balanced
density method described by Martin et al. (I3). Either irregular
(5 Slm, Partisil, Whatman) or spherical silica particles (10 14m,
Spherisorb, Phase-Sep. Ltd.) were packed as a balanced density
slurry in a 1,2-dibromoethane/benzene mixture. The correct
density of the mixture was obtained by slurrying the particles
in 1,2-dibromoethane and by adding benzene dropwise until no
appreciable sedimentation of particles was observed after cen·
trifugation at 2000 rpm (30 s). The empty column was first fitted
with a cylinder which was connected to the pump (Orlita S600)
through a two-way valve. The val\'e was closed and the pressure
allowed to build up to 450 atm by increasing the volume of the
pump chamber. The slurry was then forced into the column by
opening the valve. During the packing procedure, the pressure
remained constant at 450 atm except for the first few tenths of
a second wben the now-rate was higher tban 100 cm'/min and
the pressure fell aharply. The high initial now is necessary to
ensure a large linear velocity of packing. Thus the pump has to
be capable of delivering high now rates and consequently capable

VlolQ.ont"ln

Figure 1. HPlC record of total nonsaponlfiable carotenoids from
Grasmere sediment (core section: 1'7-40 cm). Conditions: 10~,.,m

spherical silica packed by methanol slurry, column 30 cm X 1.8 mm
i.d.. soNent gradient 2-50% acetone il hexane (concave) over 20 min,
flow rate 1 mUm;n, detector 451 om

Figure 2. HPlC record of total nonsaponifiable carotenolds from
GraSl1lCfe sediment (core section 17-40 cm). Condtioos: 5-"m nagulBr
silica partIcles. packed by balanced densrty, column 24 cm X 4.6 mm
I.d., solvent gadient 1-75% acetone In hexane (concave) over 30 min.
flow rate 1 mL/min. detector 451 nm (each peak labeled "chk>rin"
represents a different compound of the chlorin type)

of heing operatcd at high pressures. With the Orlita S600 Model,
flow rates larger than se\'eralliten; per minute can be generated
at pressures larger than 12000 psi.

RESULTS AND DISCUSSION
Carotenoida. The distributions of total nonsaponifiable

carotenoids from Grasmere sediment (I7-40 cm from ~edi­

ment/water interface) are shown in Figures I and 2. With
the exception of zeaxanthin, 5, and violaxanthin, 6, compo­
nents were assigned initially by coinjection with authentic
standards. Identities were confirmed by TLC with the
standards, by preparative-scale TLC, and by comparison of
mass and UV jVIS spectra with those of the standards (I I).
Lycopene, 7, and neoxanthin, I, were present in insufficient
concentrations to obtain a mass spectrum from the appropriate
TLC fraction. Zeaxanthin, 5, was identified in the same way
as the other components but was not coinject.cd. Violaxanthin,
'6, was tentatively assigned by comparison of the HPLC
distribution with that from a higher plant leaf known to
contain this component as a major carotenoid. Chlorins were
assigned by monitoring the column efnuent at 410 nm; these
are dihydroporphyrin pigments present in the nonsaponifiable
carotenoid fraction.

Resolution of carotenoids with different functional groups
was readily accomplished by the IO-"m column packed by the
methanol-slurry method (Figure 1). Thus, hydrocarbons
(tl-carotene, 8, mono-keto (echinenone, 9, RI = 0, R' = H,),
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Figure 3. HPlC record of total nonsaponifiab~ carotenoids from Baja
algal mat. Conditions as for Figure 2 (each peak labeled "chlorin"
represents a different compound of the chlorln type)

diketo-(canthaxanthin. 9. R I = R' = 0). dihydroxy-(lutein.
10. and zeaxanthin. 5.) carotenoids were separated to baseline
under the conditions used. Only partial resolution of lu­
tein/zeaxanthin from violaxanthin. 6. which differ by the
presence of two epoxy groups in the latter, was obtained and
no resolution of the double·bond positional isomers, lutein
and zeaxanthin, was observed. The orders of elution are
similar to those obtained from TLC analysis of the same
mixture on Silica Gel G layers (CH,CI,/EtOAc; 80/20 as
developer). A significant improvement in resolution was
observed, however, with the 5M JJm irregular silica column
packed by the balanced density method Wigure 2). Not only
was separation according to functionality obtained, but there
was partial resolution of the isomers lutein, 10, and zeaxanthin,
5, as of other unidentified polar carotenoids. This increased
resolution is accounted for by several factors which improve
the efficiency. First. the column packed with 5-~m particles
has a larger diameter (4.6 mm) than the lO-~m particle
columns (l.8 mm), which increases efficiency in two ways: a.
Larger bore columns generally yield more plates (for the same
particle diameter and constant solvent velocity). b. At
constant flow-rate (I cm'/min in Figures I and 2). the reduced
velocity (v) is 13 times smaller for the 5-~m particles column
and is close to "opl (where the column works at maximum
efficiency). Second. it is obvious that for similarly packed
columns operated at the same ", a 3D-cm long column packed
with lO-~m particles will be less efficient than a 24-cm long
one made of 5-~m particles. Third. it is expected that the high
pressure packing technique is better than the constant flow
one. Note also that the packing materials do not come from
the same manufacturer (Spherisorb for the 10-~m particles
and Partisil for the 5-~m ones).

Although similar resolution has been obtained with zinc
carbonate as adsorbent (5), elution times were far higher (ca.
3 h for violaxanthin compared to ca. 32 min under the
conditions used herein) and peak widths of several minutes
were obtained.

The algal mat showed a more complex mixture on the 5-~m

irregular silica column; of these ,B·carotene, 8; torulene, 11;
spheroidenone. 12; echinenone (9. R' = O. R' = H,); spiril­
loxanthin. 13; canthaxanthin (9. R1 = R' = 0); and zeaxanthin.
5. were initially assigned by coinjection with authentic
standards as above. Tentative assignment of tetrahydro­
spirilloxanthin. 14. and assignment of okenone. IS; rhodopin.
16; 3.4-dehydrorhodopin. 17. in Figure 3 was based on the
relative abundance of these components recognized from
comparison of their UV/VIS and mass spectra with those of
literature examples (14). Thus. resolution of bicyclic (p­
carotene. 8) and monocyclic (torulene. ll) carotenes was
achieved as well as resolution of components differing by only
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Figu'e 4. HPLC record of selected al<yl porphyms. Conditions: lG-jUTl
silica (Spherisorb S 10) packed by constant Ilow~Ble method using
methanol sl"'Y. coItmn 24 em X 4.6 mm I.d.. solvent l1lldlent2-50%
CHCI3 in hexane (linear) over 20 min, flow rate 1.8 mLlmln, detector
400 nm X 1.0 AUFS. Peak i:lentity: (1) Ni-etio I; (2)octae1h~;
(3) etlo I; (4) Vo-DPEP type mixture (mle 527 and 541)

a degree of unsaturation (i.e.• rhodopin. 16. and dehydro­
rhodopin. 17).

The characteristic blue green algal carotenoid. myxo­
xanthophyll. 18. was shown to be present by co-chromatog­
raphy on TLC of the tetraacetate with a standard and by
comparison of its UV/VIS spectrum with that of a standard.
Its HPLC behavior was not investigated under the conditions
used.

The other. unidentified peaks observed in Figures 2 and
3 could be either different compounds or geometrical isomers
of the assigned components, since coinjection is carried out
in all cases with the authentic all-trans isomers.

The carotenoid distributions in both situations provide
further evidence that these pigments. because of the char­
acteristic occurrence of certain of them in different types of
organisms, can be used to provide qualitative information
about different inputs to sediments. The carotenoids present
in the algal mat demonstrate contributions of organic matter
from blue green algae. purple photosynthetic bacteria. and
from fungi. with little or no contribution from higher plants
or green algae (I J). Similarly, the Grasmere sediment. which
is oligotrophic, contrasts with samples from two nearby eu­
trophic lake sediments in showing. as expected. no blue green
algal input in the form of myxoxanthophyll (11).

Reference Porphyrins, The Ni complex of etio­
porphyrin-I (2. Rl =R' = R' =R' =CH,; R' =R' =R6 =
RS = CH,CH,). octaethylporphyrin (2. R = C,H.). and
etioporph)Tin-I were chromatographed with a vanadyl-DPEP
mixture (containing two major components with molecular
ions corresponding to m/e 527 and 541) to establish suitable
conditions for optimum separation. The distribution obtained
(Figure 4) on the ID-Ilm silica column packed by the methanol
slurry method shows that the nickel complex is readily
separated from the vanadyl complexes. In addition. the
elution order indicates that separation must be partly related
to polarity differences. with the least polar component eluting
first and the polar vanadyl complexes eluting last.

Boscan 9K3 Metal-Free Petroporphyrins. The met,
ai-free petroporphyrins isolated from Boscan 9K3 revealed
poor resolution of the components under identical conditions
(Figure Sa). A significant improvement was achieved on
ID-~m spherical silica packed by the balanced density method
(Figure 5b). Further resolution was obtained on the 5-llm
irregular silica particles packed by the same method (Figure
5c). In order to obtain an indication of the chromatographic
behavior of the petroporphyrins on the 5'llm silica. nine
fractions were collected (cf. Figure 5c) and analyzed by
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Table I. Visible Light Absorption Data and M... Spectrometric Data for Boocan 9K3 Petroporphyrin Fractions Trapped
from HPLC over 5·"m Irregular SUica

Type of Molecular ions (M/E)VIS
FractionQ spectrum Etio range Max. DPEP range Max. Rhodo range Max.

1 Etio 492-548 506 n.d. b 470-568 498
2 Etio 436-450 436 n.d. n.d.

450-506< 464 n.d.
3 Etio 464-534< 478 n.d. n.d.

422-464 450
4 Etio 422-478 464 n.d. n.d.
5 DPEP 422-450 450 448-490< 462 n.d.

490-546 518
6 DPEP n.d. 448-476< 448 n.d.

476-532 504
7 DPEP n.d. 462.490. 504 490 n.d.
8 DPEP n.d. 476-490 476 n.d.
9 DPEP n.d. 462-476 462 n.d.

Unfractionatcd DPEP 408-548 464 406-546 476 n.d.
Lotal

a AF, Figure 5 c. b n.d., not detected. C Major.

Figwa 5. HPLC records 0' petroporphyrins isolated 'rom Boscan 9K3
crude 011. Cond~lons: (a) es 'or FIgLA'e 4: (b) as 'or (a) except silica
pecked by balanced-denslty method at high constant pressure; (c) es
'or (b) except 5·"m Irregular silica (Partlsll 5)

@ ®
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UVjVIS and mass spectrometry; Table I summarizes the
spectral data. These indicate that the components are partly
separated according to structural type (rhodo. 4; etio. 2; and
DPEP, 3, respectively); this order of separation parallels that
obtained by Didyk (9) and Didyk et al. (10) by thin· layer
chromatographic analysis of the petroporphyrins from a
Cretaceous crude. Molecular ions assigned to rhodo com­
ponents (M+ =mje 358 + 14n. n =8-15) were observed in
Fraction I with components assigned as etioporphyrins (M+
= mje 310 + 14 n. n =13-17). Fractions 2 to 4 contained
only etioporphyrins (M+ = mje 310 + 14 n, n = 8-16).
Fraction 5 contained both etio (M+ = mje 310 + 1411.11 =
8-10) and DPEP (M+ = mje 308 + 14 n, 11 = 10-17) com­
ponents in a ratio of ca. 1:2 measured from M+ intensilies.
Only DPEP components (M+ = mje 308 + 14 n, n = 1(}-16)
were observed in fractions 6 to 9. Only fractions 8 and 9
showed a particularly high concentration (ca. 90%) of a
component(s) with a single molecular ion and a carbon number
distribution spread over only two values of n. The molecular
ions in the spectra of fractions 2, 3, 5, and 6 showed two
distinct envelopes (Table I).

The separations achieved by HPLC provide further evi­
dence of the complexity of geological porphyrin mixtures in
that structural isomers are present (7-10); for example.
fractions 5 and 9 which are well separated (cf. Figure 50) both
contain a DPEP-type molecular ion at mje 476.

Potential Application of Silica-Based HPLC to Pet­
roporphyrin "Fingerprinting". The present preliminary
study was undertaken to assess the potential of HPLC in
"fingerprinting" petroporphyrin distributions. Two difficulties
were encountered in this respect. The first is the slow de­
terioration in resolution on 5-~m irregular silica with respect

Figure 6. HPLC records of petroporphyrins from Boscan 9K3 (a and
b) and Kuwa~ crude oils (c and dl. Condnions: (a and c) as 'Of Figure
Sc. except sotvant gadlent 10% toluene/hexane (10%:90%) to 50%
toluene/CHCI3 (1: 1) concave over 25 min; flow rate. 1.5 mL/mln. (b
and d) ODS column l!' Bondapak C18. Waters Associates) 30 cm X
4 rnm i.d.; solvent. isocrallc. 15% water in acetonitrile; flow rate. 2
mLlmin. Detection at 400 om X 0.1 AUFS

Figure 7. HPLC separation of Nt-complexed from vanadyl-complexed
petroporphyrins extracted from Boscan 9K3 crude oil. Conditions as
'or F'!lU"e 6a except detector set at 395 nm and 572 nm 'or the nickel
and vanadyl complexes, respectively

to petroporphyrins after ca. 2 months of constant use. This
may, in part, reflect the difficulties in obtaining pure porphyrin
fractions from crude oils and the consequential adsorption
of highly polar impurities on the silica particles. The second
difficulty relates to reproducibility of retention data. For



example. for a given petroporphyrin mixture, the retention
times are reproducible within 2% for consecutive runs pro­
vided that the chromal<>graphic conditions (including amount
of sample injected) are kept constant. However, significant
variations in reproducibility (up to 4%) were observed for the
first few peaks when the sample amount injected and/or the
column reequilibration time were altered. These may be
explained by association of the porphyrins in solution or on
the surface of the silica particles (I5). Most probably, however,
this effect comes from overloading of the column at the
beginning, resulting in nonlinear isotherms.

It was hoped that reverse·phase LC (e.g., /lBondapakjCl8
column, \Vaters Associates) could offer a better alternative
to LC on silica for the separation of the series of alkyl pet·
roporphyrins. However, this ,..'as not the case as evidenced
hy the smaller number of peaks which could be obtained using
the CI8 column (Figure 6). Unlike silica, all the peaks from
the CI8 column showed multiple petroporphyrin M+ ions in
their mass spectra.

The osefulness of HPLC on 5'/lm irregular silica as a
"fingerprinting" technique for petroporphyrins is very
promising, as indicated by the different distributions obtained
for Boscan and Kuwait crudes (Figure 6).

Boscan 9K3 Metallopetroporphyrins. Figure 7 shows
the distribution of the metallopetroporphyrins from Boscan
9K3 crude. The method provides a rapid, sensitive, and
convenient separation of total nickel from total vanadyl
complexes. Thus, collection of the two fractions (Figure 7)
and examination by mass and UV/VIS spectrometry showed
that nickel complexes were isolated completely in fraction I,
whereas only vanadyl complexes were present in fraction II.

CONCLUSION
HPLC using silica gel columns is a powerful technique for

the separation of mixtures of carotenoids and porphyrins aud
thereby "fingerprinting" the distributions of these compounds
in nature. As could be predicted, better results are obtained
when using columns packed with 5'/lm particles rather than
Jo-/lm particles, although such columns are more difficult to
pack and of shorter working life. A constant high pressure
(up to 6000-7000 psi) packing method associated with a
prc{'j:-;(~. hillanced-density slurry provided more efficient
columns than 8 constant now-rate method operated with a
methanol slurry.

With columns of 24 cm packed with 5-/lm irregular particles,
the times of analysis in the gradient mode are very short; it
is possible to complete the separation of complex mixtures
containing closely related isomers within 25 min. Retention
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times are reproducible, provided care is taken to we solvents
of high quality and constant composition, to achieve the proper
reproducibility of the gradient prome, to avoid local over·
loading and to reequilibrate the column between injections.
Reequilibration is carried out by washing (15 min for caro­
tenoids, 30 min for porphyrins) the column with the less polar
solvent used in the gradient elution for each pigment class.
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Determination of Benzodiazepine Anticonvulsants in Plasma by
High-Performance Liquid Chromatography

Robert J. Perchallkl' and B. J. Wilder

Research and Neurology 5ervlctJ•• Vatarans Administration Ho.pnal, and Dapartment 01 Naurology. Collage 01 Medic/na, Unlvarsnr 01
FIorIdB. Galna.vllla. FIorIdB 32610

A ..nsJtlve, .pedlc hlgh-pre..ure liquid chromatographic
procedure lor determination 0' the major ben.odla.eplne
antlconvul.ant. I. de.crlbed. 4,5.Dlhydrodla.epam hydro·
chloride Is eallly .yntheslzed and used a' Internal alandard.
After a lingle extraction trom alkaline plasma, dla.epam,
nordlazepam, and cJonazepam can be quantllated to a lower
Jlm/l 015-10 ngfaample. Relatlvealandard deviations 'or dally
and long-term reproduclblilly .tudle. were 4% and equal to
or Ie.. than 8%, respectively. Preliminary .tudle. IndIcate
that the method can eallly be adapted to allow analy.l. 0'
other benzodla.eplne•.

The pharmacokinetics, metabolism, and possible mecha­
nisms of action of 8 number of the more significant benzo­
diazepines have been discussed in detail (I). Two extensive
reviews (2, 3) published in 1974 indicated that the most
popular method of analysis for these drugs was gas-liquid
chromatography with electron-capture detection. De Silva
et aI. (4) recently published a comprehensive. optimized study
of this methodology in which procedures were given for
analysis of biological samples containing any single benzo­
diazepine and its metabolites. Although procedures were
optimized for specific groups of drugs, the two primary an­
ticonvulsants, diazepam and c1onazepam, required different
methods of protein precipitation and postextraction handling.
This inconvenience prompted us to investigate high-per·
formance liquid chromatography (HPLC) as an alternative
method for monitoring these benzodiazepines in the clinical
and toxicological situation.

Scott and Bommer (5) described an HPLC method for
analysis of some benzodiazepines and applied it to analysis
of animal urine. The chromatography was limited by the state
of the art at that time. but the authors showed the potential
of liquid chromatography for separation, identification, and
quantitation of benzodiazepines in metabolite studies. More
recently, Bugge (6) and Vree et al. (7) reported analyses of
diazepam and nordiazepam and of flunitrazepam, respectively.
The mobile phase employed by Bugge is relatively nonspecific
and barely gives baseline resolution of diazepam and nor­
diazepam. The procedure is long, and no internal standard
is used. Vree and co-workers use diazepam as an internal
standard, 80 this procedure is not immediately applicable ~
routine analysis of human samples. since diazepam is a
commonly prescribed drug. Both methods employ UV de­
taction at 230 nm, which at the present time requires a variable
wavelength detector. The expense of this instrument pre­
c1udea its use in a dedicated routine application. Harzer and
Barchet (8) reported on conditions for analyzing several
benzodiazapines and their respective benzophenones, using
a reverse phase system. In their analysis of whole blood, 5-10
mL of sample were used. Limits of detection were not given
for drugs carried through the extraction.

In this study, we report a rapid (single extraction), sensitive,
and selective method, incorporating an easily synthesized
internal standard and UV detection at 254 nm, for the de­
termination of diazapam, clonazapam, and nordiazepam in

plasma or whole blood. Some other applications that require
little or no modification of the technique are also suggested.

EXPERIMENTAL
Apparatus. The liquid chromatograph consisted of an ISCO

Model 384 gradient pump with a Model UA-5 absorbance moni,",r
(Instrumentation Specialties Company. Lincoln. Neb.). The
optical unit was set up to observe t.he difference betwecn t.he
mobile phase entering the column and that flowing out of the
column at 8 wavelength of 254 om. The column was 250 mm x
4.6 mm i.d., packed with a 5-~m totally porous silica gel (Partisil-5.
Reeve Angel. Liquid Chromatography Division. Clifton, N.J.).
Samples were injected with a six-port sampling valve having n
20-~L sample loop (Valco Instruments Company. Houston. Tex.).

Reagents. All chemicals were analytical reagent grade.
Clonazepam and diazepam (Applied Science Laboratories, Inc"
State College. Pa.) were used as received. Metabolites of clo­
nazepam were made by catalytic hydrogenation of the parent drug
over 5% palladium on carbon in ethanol and by acetylation of
the resulting 7-aminoclonazeparn with acetic anhydride to obtain
7-acetamidoclonazepam. The internal standard, 4,5·dihydro­
diazepam, was made by catalytic hydrogenation of diazepam over
platinum oxide in glacial acetic acid according to the method of
Sternbach and Reeder (9). Diazepam (100 mg) w... dissolved in
1 mL of glacial acetic acid in a 5-mL Reacti-Vial closed with 8

Tuf-Bond disk (Tenon bonded to silicone) (Pierce Chemical
Company. Rockford. lll.). Two 1.5-mm (I j ,,-inch) diameter holes
were bored through the disk and fitted with l.5-mm o.d. x 0.3-mm
i.d. Teflon tubing to allow introduction (tobe extends to bottom
of vial) and venting of hydrogen g.... Platinum oxide 00 mg) was
added. the vial closed. and hydrogen g... bobbled throogh the
solution for 30 min. A sample of the reaction mix taken at that
time, evaporated under vacuum, dissolved in mobile phase, and
analyzed by HPLC with UV detection at 254 nm showed 96%
conversion of diazepam to the 4,5-dihydro derivative, 2% un­
reacted starting material, and two minor products which eluted
after 4,5-dihydrodiazepam. The entire solution was centrifuged
to separate out the platinum black, and the supernatant was
evaporated to a light brown oil under vacuum. Aqueous 1 M HCI
(2 mL) was added to the residue. and the material was allowed
to digest in an 85 ·C water bath for 30 min. During that time.
the oily residue was converted to an off-white precipitate in a
yellow solution. Addition of 1.5-2 mL of methanol to the hot
solution was sufficient to just dissolve the precipitate, and the
hydrochloride salt crystallized ... light yellow needles. A second
recrystaIlization-from fresh 1 M HCI:methanol 0:1) also gave light
yellow needles. The free amine was extremely difficult to re­
crystallize, and all samples contained a small amount of diazepam
impurity. The salt decomposed between 180 and 250 ·C. Analysis
of part of the residue by dissolution in mobile phase and injection
into the liquid chromatograph indicated loss of HCI to give the
free secondary amine and partial reconversion to diazepam.

'Structures of the c10nazepam metabolites and 4.5-dihydro·
diazepam were verified by mass spectrometry after purification
by semipreparative HPLC.

The mobile phase used for quantitation of diazepam, clona­
zepam. and nordiazepam was cyclopentane:chloroform:acelo­
nitrile:methanol (29:55.5:15.0:0.5). Flow rate w... 60 mLjh at a
pressure of.6.67 MPa (967 psi).

The internal standard stock solution w... made by dissolving
about 1 mg of 4,5-dihydrodiazepam hydrochloride (0.887 g hasejg
saIt) in 1 M HC1:methanol (1:9) and diluting to JO mL. The
working internal standard solution w... made by adding 0.300 mL
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Figure 1. Extractions of drug-frae plasme (A) and drug-free plasme
spiked w~h dlazepem (1). clonezepam (3). and nordiazepam (5) at
concentrations of 172 ng/mL, 53 ng/nt.. and 461 ng/nt., respectivaly.
4,5-Dlhydrodlazapem (2) was added as In Procedure. A smell amount
of caffeine (6) was present. Column: 250 mm X 4.6 mm Partisll (5
~m). Mobile phase: cyclopentane:chloroform:acetonitrlle:methanol
(29:55.5:15.0:0.5) at 60 mL/h

of internal standard stock solution to 50 mL of 0.1 M ascorbic
acid:methanol (9:1).

The stock drug standard was made by dissolving diazepam.
c!on81.epam, and nordiazepam (3 mg, I mg, and 9 mg, respectively)

.in methanol and diluting to 10 mL. The working drug standard
was made by adding 0.300 mL of the stock solution to methanol
and diluting to 20 mL with methanol. All standards were stored
in silanized amber bottles with Teflon-lined screw caps.
Methanolic standards were refrigerated. Plasma standards were
made by evaporating 5-100 pL of the meth9.nolic standard in an
extraction tuhe, adding 1.00 mL of drug-free plasma to the residue,
and extracting.

Procedure. To 1.00 mL of plasma in a 16- X 125-mm culture
tube with Teflon-lined screw cap, add 0.50 mL of the working
internal standard solution, 0.5 mL of glycine buffer (2.0 moljL,
pH 10.5) and 5 mL of benzene:dichloromethane (9:1). After
shaking the mixture for 10 min and centrifuging, transfer the
organic layer to 8 5-mL Reacti-Vial, and evaporate to dryness at
55 °C under a stream of nitrogen. Dissolve the residue imme­
diately in 70 ~L of mobile phase, and within 3 days inject ap­
proximately one third of the extract (20 ~L) into the liquid
chromatograph. Quantitate hy peak height ratio.

RESULTS AND DISCUSSION

Extraction_ Various buffers and extracting solvents were
evaluated to optimize recovery of all drugs and at the same
time keep interferences to a minimum. Concentrated buffers
tended to minimize interferences, and the 2 M glycine buffer
(pH 10.5) used by Wad and Hanifl (10) for the TLC deter­
minations of diazepam and its metabolites waa auperior to
similar phosphate and borate buffers. Diazepam and nor­
diazepam are easily extracted by nonpolar solvents (Le.,
cyclopentane); however, concurrent extraction of c10nazepam
requires a solvent of higher strength. The benzene:di­
chloromethane (9:1) solvent of De Silva et al. (4) gave good
recovery of all drugs without introducing significant inter­
ferences.

Stability, Peak height ratios of extracted drugs are
constant for at least 3 daya if the residue from extraction is
dissolved in mobile phase shortly after evaporation of the
solvent. A decrease in peak height of the internal standard
was repeatedly observed if the residue was allowed to remAin
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FIg..e 2. ClYornet~am of aug standards roo under same c:andItIons
as In Figure 1. Peaks represent diazepem (1~ 4,5-dlhydrodlazepam
(2), clonazepam (3), n~azepem (4), nordlazepem (5), caffeine (8),
carbamezepine (7). demoxepem (8), 7-ch1or0-4,5-epoxy.2-methyl­
amino-5-phenyl-3H-1.4-benzodiazeplne (tentative) (9), 7-amlno­
clooazepem (10), chlordiazepoxide (11). and 7-acetarnldoclonazm
(12)

,
e 10 min

Figure 3. Extraction of drug-free plasme spiked with 44.1 nglnt. of
n~azepem (4). Internal standlard (2) was added as In the procedu'e_
Chrometographlc co_ns were as In FIg..e 1

dry overnight. It was not necessary to silanize or to use any
special cleaning procedurea on the extraction tubes or
Mini-vials; however, the methanolic standards were more
stable if stored in silanized bottles. It is possible that the
benzene:acetone:methanol (80:15:5) solvent used by De Silva
et aI. (4) for making up standards may eliminate the need for
silanizing storage vessels.

Reproducibility, Short-tenn reproducibility of the method
was determined by extracting ten replicates of a drug·free
plasma sample, spiked with diazepam, c1onazepam, and
nordiazepam at concentrations of 255 ng/mL, 109 ng/mL,and
780 ngjmL, respectively. Relative standard deviations were
4% for all three drugs. Long-term reproducibility was
evaluated over a 3().day period (nine determinations) at two
different concentrations of each drug_ One aet of samples
contained 98 ngjmL, 42 ngjmL, and 300 ngjmL of diazepam,
c1onazepam, and nordiazepam, respectively. The other set
contained 294 ngjmL, 126 ngjmL, and 900 ng/mL, respec­
tively. Relative standard deviations of the set containing low
levels of the drugs were 4%, 6%, and 11% for diazepam,
c1onazepam, and nordiazepam, respectively; and 4.%, 5%, and
3.3%, respectively, for the set containing high levels. The
range of slopes of analytical curves run at the beginning and
end of this period was within 4% of the mean elope for each
drug.

Recovery, Recovery of each drug was evaluated by cal­
culating concentrations ofdrugs carried through the extraction
by using analytical Curves derived from samples to which
various concentrations of the three druga were added after
transfer of the organic phase. Equal quantities of the internal
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Figura 4. Extraction of 2 ml. plasma from a potlant tal<1ng 13 mg/day
of clanazapom. Chromatogram shows clonazepom (3). caffalne (6).
7-emlnoclonazapom (10). and axpected posnlan of 7-ecetamJdo.
clonazepom (12). Column: 250 mm X 4.6 mm Partlsll PAC (alky~

_)-10 jlm. Mol>Ie phase: chloroform:ace_:mathonol (60:39:1)
at 80 mUh

F9n 5. Extraction of 1 ml. whole blood from madIcal a""mIner Slbjact
suspected of tal<lng chlordiazepoxide. Paaks ora nordlazepom (5),
caffaine (6). demoxeporn (8). 7-chlar0-4.5-epoxy-2-methylamino-5­
phenyl-3H-1.4-benzodiazepne (tentativa) (9). and chlordiazepoxide (11).
Chromatographic conditions Wllfe tho same as those In FIg...a 4.

atandard (as the free base) were added to all tubes after
transfer of the organic phase. Four replicates, spiked with
138 ng/mL, 42.4 ng/mL, and 268 ng/mL of diazepam, clo­
nazepam, and nordiazepam t respectively, were extracted.
Recoveries were 92.9 ± 3.3"10, 89.6 ± 5.2"10, and 93.6 ± 3.8%,
respectively. Lower limits of quantitation are 5 ng/mL for
diazepam and 10 ng/mL for clonazepam and nordiazepam.
The lower limit of detection for clonazepam is 3.1 ng injected
with detector noise equal to 1.0 x 10'" absorbance unit.
Therapeutic concentrations are 200-500 ng/mL, 600-1500
ng/mL, and 40-100 ng/mL for diazepam, nordiazepam, and
clonazepam, respectively.

Interferences. The chromatograms in Figure 1 show
extraction of drug-free plasma (A) and drug-free plasma spiked
with 1'72 ng/mL, 53 ng/mL, and 461 ng/mL of diazepam,
clonazepam, and nordiazepam, respectively (8). This pro­
cedure has been in use for the past 5 months, and plasma from
patienta on common anticonvulsant medications contains no
interfering peaks. In some plasma, including some drug-free
plasma, a large peak is present which elutes immediately
before diazepam. Although it does not interfere, it may be
mistakenly identified as diazepam in samples that do not
contain this drug. A major metabolite of carbamazepine,
probably the epoxide, elutes just before nordiazepam. Again,
thia peak does not interfere with clonazepam or nordiazepam.
An interference that has been noted in only one medical

examiner specimen (not from an epileptic patient) has been
identified by mass spectral analysis as phenacetin. This
compound elutes at the same time as 4.5-dibydrodiazepam.
The short half-life of this drug (J -3 h), and the availability
of alternative analgesic medication should make this a minor
problem for epileptic patients on benzodiazepine therapy. If
the drug must be used, it should not be taken for at least 24
h before sampling for benzodiazepine analysis. During the
initial development of this method, a reverse phase system
was also evaluated. Carbamazepine could not be resolved in
8 reasonable time from clonazepam with water:methanol or
water:acetonitrile mobile phases.

Other Applications. Numerous other possible applica­
tions of this basic method have been indicated, primarily
during analysis and identification of unknown compounds
present in medical examiner samples. Figure 2 shows the
elution pattern of the drugs of interest, along with the internal
standard and some related compounds that are easily ex­
tracted by this method. This figure was included only to show
the chromatographic relationship of related and coextractable
substances. and not to suggest that these conditions provide
an optimized assay for all components. Caffeine and car­
bamazepine were included because the former is found in
almost all samples and the latter is a common anticonvulsant.
An extraction of a plasma sample spiked with 44.1 ng/mL of
nitrazepam is shown in Figure 3.

To determine whether this method was applicable to
quantitation of the clonazepam metabolites, a 250-mm x
4.6-mm i.d. column packed with a lO-jlm alkylnitrile bond­
ed-phase packing (PartisillO/25 PAC. Reeve-Angel) was used
with chloroform:acetonitrile:methanol (60:39:1) as mobile
phase at 60 mL/h. Figure 4 shows an extraction of 2 mL of
plasma from a patient on a continual dose of 13 mg of clo­
nazepam/day. The clonazepam level in this sample was 90.1
ng/mL. The 7-acetamido metabolite was not detected.

A medical examiner sample from a person suspected of
taking chlordiazepoxide (Librium) was extracted according
to the procedure and chromatographed under the conditions
used for clonazepam metabolites. The resulting chromatogram
is shown in Figure 5. Chlordiazepoxide was quantitated by
comparison of peak areas of extracted standards with that of
the unknown and found to be about 600 ng/mL. With in­
clusion of a suitable internal standard, a simple. rapid analysis
of chlordiazepoxide and its principal metabolite, demoxepam,
is possible. The component that elules after demoxepam has
been tentatively identified by mass spectral and UV ab­
sorption studies as the 4,5-epoxide of chlordiazepoxide. This
compound has been reported in chemical studies of chlor­
diazepoxide (J 1), but has never been found as a metabolite,
probably because of its easy reconversion to chlordiazepoxide
with heat or in dilute acid.

The proposed method for diazepam, clonazepam. and
nordiazepam is rapid. sensitive, and easily applied to routine
therapeutic monitoring of epileptic patients on benzodiazepine
therapy. The required instrumentation is less expensive and
easier to maintain than the more commonly used electron
capture gas chromal<lgraph and is more practical for dedicated
clinical analysis than the liquid chromatograph with a variable
wavelength detector. The method can be applied directly to
the determination of nitrazepam and, with a simple change
of column and mobile phase. to the determination of
chlordiazepoxide and demoxepam. Manipulation of the
mobile phase within these two basic systems should allow
analysis of many of the other less commonly used benzo­
diazepines.
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Microdetermination of Molecular Species of Oligo- and
Polyunsaturated Diacylglycerols by Gas Chromatography-Mass
Spectrometry of Their tert-Butyl Dimethylsilyl Ethers

J. J. Myher. A. Kuksls,· L. Maral. and S. K. F. Yeung

Banting and Bast Department of Medical Research. University of Toronto. Toronto, Canada M5G It6

Gas chromatography-mass spectrometry (GC/MS) was used
to determine the molecular assoclallon and posillonal dis­
tribution of fally acids In submlcrogram quantnles of dlacyl­
glycerol8 following their conversion Into the fert-butyl dl­
methylsllyl (f-BOMS) ethers. The abundant M - 57 Ion
provided the molecular weights for both saturated and un­
saturated species. The 1,3 Isomers were IdenlUled by the M
- acyloxymelhylene fragments which are absenlln the sn-1,2­
and sn-2,3-dlacylglycerols. The abundance ratio of the Ions
due to losses of the acyloxy radical (M - RCOO) from posnlon
1 (or 3) and position 2 indicated the proportions 01 the reverse
Isomers, e. g. sn-1-palmlloyl, 2-stearoyl, and sn-1-stearoyl
2-palmltoylglycerols.

The early methods of complete determination of the
molecular species of diacylglycerols were based on combined
application of argentation thin-layer chromatography
(AgN03-TLC), gas-liquid chromatography (GLC), and en­
zymatic degradation (1, 2). These techniques, although
extensively applied in research (3), are laborious and time
consuming, and require more material than conveniently
prepared from such natural sources as cell membranes and
lipoproteins.

The potential usefulness of mass spectrometry for a rapid
analysis of minute amounts of molecular species of diacyl­
glycerols has been recognized (4, 5) since the introduction of
GC/MS methods to the investigation of the structure of
complex glycerolipids, but the relative unavailability of the
instruments prevented progress in the methodology or its
widespread utilization in assessment of natural mixtures of
diacylglycerols. Current GC/MS analyses of diacylglycerols
utilize trimethylsilyl (TMS) ethers (6-8). which are unstable
and cannot be purified before analysis, or acetates (9-1 n,
which do not yield sufficiently characteristic spectra for
polyunsaturates.

The present study demonstrates that the t-BDMS ethers
of diacylglycerols possess many of the mass spectrometric
properties of the TMS ethers along with a prominent M - 57
fragment, which can be utilized for accurate measurement of
molecular weight. The t-BDMS ethers are stable to moisture
and can be isolated from the reaction mixture and purified

prior to analysis, as previously shown for the corresponding
derivatives of simple alcohols (12, 13).

EXPERIMENTAL
Standards. Synthetic mono- and diacid sn-l.2-diacylglycerols

of 16 and 18 carbon fatty acids were purchased from Applied
Science Laborstories (Slate College, Pa.) and Supelco (Bellefonte,
Pa.). The reverse isomers of roc-t-palmitoyl 2-stearoyl and
rac-l-stearoyl 2·palmitoyl glycerols were prepared in the laboratory
by Grignard degradation of rac-l-palmitoyl 2·stearoyl 3-palmitoyl
glycerol and rac.l·stearoyl 2-palmitoyl 3-stearoylglycerol as
previously described (11). The triacylglycerols were prepared by
acylatioo with the acid chlorides of the corresponding 1,3-di­
acylglycerols.

Mono-, di·. trio. tetra· and hexaenoic sn-l,2·diacylglycerols of
natural origin were isolated hy lUgenlation TLC of the t-BDMS
ethers of .m-l,2-diacylglycerols derived from egg yolk and rat liver
phosphstidylcholines hy hydrolysis with phospholipase C (14).
The AgND,-TLC fractions contained largely mixtures of palmitoyl
and stearoyl oJeates, Iinoleates, arachidonates. and docosabex·
aenoates, respectively, hut dioleoyl, oleoyllinoleoyl, dilinoleoyl,
and oleoyl arachidonoyl species were also presenL

Preparation of t,2-(2,3)- and t,3-D1palmitoyl-sn-glycer­
ol-d,. Glycerol·d, (20 mg) was reacted for 4 h at 80 ·C 'with
palmitoyl chloridc (120 mg) in benzene (0.5 mL) containing a
cal.alytic amount of dry pyridine (30 mg). The mixture was
extracted with CHCI3/MeOH (2:1. v/v) and washed with water.
Analysis of the products by GLC (15) indicated the presence of
mono-. di·. and tripalmitoyl·glycerols. The 1.2(2,3)- and 1.3­
dipalmitoyl-sn-glycerols-d, were isolated from the mixture by TLC
on borate impregnated silica gel using CHCl3/acetone (96:4, v/v)
as the developing solvent (16). The diacylglycerols were converted
into their respective t-BDMS ethers and purified by TLC on silica
gel H as descrihed below.

Preparation of t·BDMS Ethers. The t-BDMS ethers of
diacylglycerols were prepared by a modification of the method
described by Corey and Venkateswarlu (12) for prostaglandins.
A mixture of 0.5 mg diacylglycerol and 150 ~L tert·butyldi­
methylchlorosilane/imidazole reagent (Applied Science Labo­
ratories) is heated at 80 ·C for 20 min. After cooling, the reaction
mixture is thoroughly mixed with 5 mL of light petroleum spirit
(bp 30-40 ·C) and washed three times with 0.5 mL of water. The
petroleum extract is then dried over N.,.sO, and taken to dryness·
under a stream of nitrogen. No isomerization of mono- or di·
acylglycerols was observed to take place<luring derivatization as .
determined by GLC. The t-BDMS ethers of acylglycerols ftJ'l! .
suil.able for TLC and AgNO.-TI..C. The t-BDMS ethers can be,
stored in petroleum ether at -20 'C for protection ofdouble~l'
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figure 1. Separation 01 diacylglycerols as t-BDMS ethars on siica gel
H Impregnated wI1h 20% AgNO,: (A) com oil rae-I ,2-dlacylglycerols
developed In CHCl,/MeOH (99:1. v/v); (6) standard rac-l.2-di­
polmltoytglycerol developed In CHCl,/MeOH (99:1. v/v); (C) 5n-l,2­
d1acytglycerols derived from rat ivar IodtIW1s developed In CHCI,/MeOH
(98:2. v/v)

There was no breakdown of the ethers observed over several
months of storage.

TLC and AgNO,-TLC. The t-BDMS ethers of diacylglycerols
were isolated by TLC on silica gel H using conventional equipment
and benzene (or toluene);diethyl ether 97;3 as developing solvenl
The diacylglycerol ethers (RI = 0.65) were clearly resolved from
the t-BDMS ..ters of free fatty acids (R, = 0.76) and the t-BDMS
ethers ofmonoacylglycerols (RI = 0.76), free cholesterol (R, = 0.76).
triacylglycerols (RI = 0.50). as well as from the t-BDMS ethers
of the tertiary alcohols (RI E 0.25) generated during Grignard
reaction (EtMgBr). Any alkylecyl- or alkenyl acylglycerols present
in the diacylglycerol mixtures prepared from natural glycero­
phospholipids were found to migrate ahead of the diacylglycerols
as described previously for the diacylglycerol acetates (I n. and
were recovered separately.

The t-BDMS ethers of diacylglycerols were resolved according
to degree of unsaturation by AgNO,-TLC (20% AgN03) using
conventional equipment and chloroform-methanol 99: 1 as the
developing solvent (or complete resolution of saturates. monoenes.
dienes. and partial resolution of polyenes. The polyenes were
resolved further following elution and rechromatography with

chloroform-methanol 98:2 as the developing solvenL Complete
resolution was obtained for various trienes, tetraenes, pentaenes,
and hexaenes. The various lipid subfractions were recovered with
chloroform-methanol 2:1. One!'L of a solution containing 5 ~g/~L

of diacylglycerol was injected into the GC/MS system.
GLC AND GC/MS. Carbon number resolution of the t­

BDMS ethers of diacylglycerols was obtained on stainless steel
columns (18 X 0.125 in. o.d.) pocked with 3% OV-I on Gas Cbrom
Q (100-120 mesh) and installed in a Beckman GC-4 gas chro­
matograph. The column oven was temperature.programmed from
240-340·C at 12 ·C/min with the injector heater at 300·C and
the detector heater at 350 ·C as previously described (15).
Nitrogen was the carrier gas. The t-BDMS ethers were admitted
to the mass spectrometer (rom 8 glass column (36 X 0.125 in. i.d.l
packed with 3% OV-I on Ga, Chrom Q (100-120 mesh) and
installed in a Varian 2400 gas chromatograph, lL~ing temperature
programming from 290--320 °C at 4 °Cjmill and helium as the
carrier gas. Mass spectrometry of the GLC peaks was made hy
repetitive scanning at 4 s/deeade at a resolution of 800-1000. The
instrument was a Varian MA1' CH·5 single focusing mass
spectrometer coupled to a Varian 620i computer. The mass
spectrometer was coupled to the gas chromatograph by means
of a Wat.son-Biemann glass frit molecular separator, as previously
described (/8). The mass spectrometer was operated at an
ionization voltage of 70 eV, an accelerating voltage of 3000 V,
electron emission energy of 100 p.A, and an ion source temperature
of 310°C. The mass spectra were corrected for background using
Module SUB.

Evaluation of Mass Spectra. The molecular species of the
diacylglycerols were identified from the GLC elution time and
the total mass 'pectra of the 1-IlDMS ethers. The 5n-I,2­
(2.3l-diacylglycerols were eluted earlier than the 1.3-diacylglycerol
ethers. In addition, the unsaturated diacylglycerols were eluted
somewhat ahead of the corresponding saturated diacyJglyccrols.
The mass Rpectrn provided the exact pairing of the fatty acids
in the diacylglycerol molecules and the relative proportions of
the species in each GLC peak. This was accomplished by means
of characteristic ion ratios as established in the study.

RESULTS AND DISCUSSION
Chromatographic Properties of t-BDMS Ethers of

Diaeylglycerols. The t-BDMS ethers were found to be fully
stable to the developing or elution solvents and to water or
dilute aqueous ammonia used during recovery of the fractions
from TLC and AgN03-TLC plates. The t-IlDMS ethers
possessed excellent TLC properties as indicated by the absence
of tailing, compact bands. and completeness of resolution from
other neutral lipids present in natural mixtures. Compact and
well resolved bands were also obtained for the t-BDMS ethers
on the AgN03-TLC plates. which in many respects resembled
those of the diacylglycerol acetates. No resolution was ob­
lained for the ro"-1.2- and 1,3-dincylglycerols on either plain
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silica gel plates or on plates made from silica gel impregnated
with AgN03.

Figure I illustrates the separations obtained for the t-BDMS
ethers of the saturated and WlSSturated diacylglycerols derived
from com oil triacylglycerols and rat liver pb08phatidylcholine.
Major bands are seen for the mon~, di·, tri·, tetra·, penta-,

and hexaenoic species, as already reported for the corre­
sponding acetates (19).

The t-BDMS ethers of diacylglycerols aIRo possess excellent
OLe properties but are eluted from nonpolar columns about
two methylene units later than the corresponding TMS
derivatives or acetyl derivatives, both of which overlap
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Table I. Relative Abundance. Obtained by GC/MS for the Major Ion. Found in the Maaa Spectra or the t·BDMS
Ethen of Some DlacylaJycerola

Relative abundance

Ion type, Po.ition I: 16:0" 16:0 16:0 18:0 16:0 16:0
mi. Position 2: 16:0 16:0 18:0 16:0 18:1 18:2

M
M- 57 100 73 48 63 62 76
M-132 14 7 5 7 6 4
M- R,COO' 8 9 5 4

16 23
M- R,COO' 16 15 32 15
M- R,COOCH, 24
R,CO + 2 X 74 6 5

27 8
R,CO + 2 X 74 1 3 3 3
R,CO + 74 88 70 100 100

96 100
R,CO + 74 100 100 88 72
R,CO 10 6 7 7

84 20
R,CO 5 12 12 16
R,CO·l 3 5
171 28 25 51 56 75 89
131 75 24 55 61 46 62

Relative abundance

Ion type, Position 1: 16:0 16:0 18: 1 16:0 16:0
mle Position 2: 20:3 w 6 20:4 20:4 20:5 22:6

M 1.5 4 5 6 4
M- 57 55 35 47 64 43
M -132 2 1
M- R,COO' 2 3 2
M- R,eOO' 18 25 30 34 36
M- R,eOOCH,

8 5R,CO + 2 X 74
R,eO + 2 X 74

72 88 74R,eO + 74 100 87
R,eO + 74 30 10 12 10 8
R,eO 7 6 5 7 8
R,eO 12 8 10 8 7
R,eO·l 6 11 12 8 6
171 77 100 100 100 100
131 52 68 66 65 35

a 1,3.Dipalmitoyl elycerol. All other diacy1a:1ycerola are the 1,2 isomers. b R l and Ra designate the hydrocarbon
portions of the fatty acids lubstituted at the 1 and 2 positions respectively.

completely with the free parent diacylglycerols (20). The
l,3·diacylglycerol ethers are retained longer than the ethers
of the X·1,2·diacylglycerols, giving a separation factor of 1.07
on a 6·ft long 3% OV·1 column. The unsaturated diacyl·
glycerols are eluted slightly ahead of their saturated homo·
logues, but the separation factor is not sufficiently high for
practical resolution.

GC/MS Properties. The advantages of the t·BDMS
ethers for the GC/MS of diacylglycerols are highlighted by
the mass spectra obtained for the polyunsaturated species.
Figure 2 gives the mass spectrum recorded for l·palmitoyl·
2·eicosapentaenoyl·sn·glycerol. Many of the fragments are
similar to those reported for the diacylglycerol TMS ethers
(4,8), but the most important feature is the high abundance
peak corresponding to (M - 57)" that is also characteristic of
the t-BDMS speclrs of steroids and prostaglandins (I3) and
of free fatty acids (21). The high intensity of the (M - 57)"
ion allows the ready determination of carbon number and
degree of unsaturation even for species containing docosa·
hexaenoic acid (22:6). Species representing 0.5% of the total
have been detected via M - 57 ions when 10 /lg of a complex
mixture ofdiaL'Ylglycerol t-BDMS ether was injected into the
GCI MS system. The other important ions in the over 200
mle region have only one fatty acid residue remaining.

Ions result from the loss of RCOO and RCOOH moieties.
In the case of the disaturated species (Figure 3A) the frag-

ments due to losses of the RCOO radicals (m I c 427 and 455)
are almost twice as abundant as the ions resulting from the
losses of RCOOH groups (m/e 426 and 454). For mixed
saturated-unsaturated l,2·diacylglycerols (Figure 2), the ion
resulting from the loss of the unsaturated RCOO radical (ml_
427) is 10-20 times more intense than the ion resulting from
the loss of the unsaturated RCOOH group (mle 426). On the
other hand, the ions formed by losses of the saturated RCOO
(mle 473) and RCOOH (mle 472) moieties have similar
intensities. The total ion abundance of fragments formed by
loss of RCOO and RCOOH from the 2 position is greater than
that due to the corresponding losses from the 1 position. The
latter ions also decrease in intensity as the acyl function in
position 2 increases in unsaturation.

Also of interest in the spectra of 1-palmitoyl-2-eicosa­
pentaenoyl-sn-glycerol is the ion at mle 108. In common with
the spectra of fatty acid methyl esters (22), an enhanced
intensity at mle 108 is indicative of w 3 polyunsaturation.
Similarly an enhanced intensity at mle 150 is indicative of
w 6 polyunsaturation of a component fatty acid in the spectra
of diacylglycerols. The ions at mle 131 and 171 are abundant
in the spectrs of the t-BDMS ethers of all diacylglycerols. The
most probable simple formulas of these ions are discussed
below.

Figure 3 gives the mass spectra of the t-BDMS ethers of
the reverse isomers of two saturated rac-l,2·diacylglycerols.



There is a difference in the spectra of the I-palmitoyl-2­
stearoyl (Figure 3A) and the I-stearoyl-2-pa1mitoyl-rac-glycerol
(Figure 3B), which is manifested in the abundance ratio of
thc ions due to losses of the acyloxy radicals from position
1 and position 2. For the above two reverse isomers, the rati08
of mle 427 (Ioss of stearoyl) to that of mle 455 (loss of
palmitoyl) are 2.0 and 0.6, respectively. There is also a smaller
change in intensity ratio for the acyl + 74 ions at mle 313 and
341. Comparable differences between the mass spectra of
these reverse isomers have been previously observed for the
direct probe spectra of the TMS ethers, but the GC/MS
spectra were claimed to be indistinguishable (4). The above
method of determination of the reverse isomers of sn-l,2­
diacylglycerols should be satisfactory for analysis of olignenoic
but not polyenoic diacylglycerols. In the latter, the yield of
the M - acyloxy fragment falls off with increasing unsatu­
cation. This problem can be overcome, however, by examining
the appropriate molecular species of the diacylglycerols
following AgN03-TLC separation and hydrogenation, pro­
vided thc fatty chains in the I and 2 positions differ in their
carbon number. As a result it is possible to estimate the
rcvcrsed isomer content for all 16/18, 16/20, 18/20, 16/22,
and 18/22 faUy carbon species.

Figure 4 compares the mass spectra of the t-BDMS ethers
of roc-I,2-dipalmitoyl and 1,3-dipalmitoylglycerols. A
comparison of these spectra with those of the glycerol-d.
analogues was used to confirm the nature of the major ion
fragments. The two spectra are distinguishable by the (M ­
RCOOCH,)+ fragment at mle 413 found only in the spectrum
of the 1,3 isomer (Figure 41l). The absence of the corre­
sponding fragment from the spectra of other roc-I,2- and
sn-I,2-diacylglycerols was confirmed for all saturated de­
rivatives examined. Also different are tne relative intensities
of the ions at mle 239 (acyl) and 387 (acyl + 2 X 74) which
are much higher for the 1,3 isomer than for the 1,2(2,3)
isomers. Since the mass of the (acyl + 2 X 74) ion is found
5 mle units higher in the case of the glycerol-d, analogues,
RCOOCH,CH(OH)CH,OSi(CH3), reprcsents a probable
structure for this ion. Sincc 99% of the (RCO + 74) ion
intensity of 1,2(2,3)-dipalmitoylglycerol remains at mlc 313,
the major portion of this ion has the same rearranged
structure, RCOOSi(CH3)" as reported for the spectra of
diacylglycerol TMS ethers (8). The (M - 57) and (M - RCOO)
and (M - RCOOH) ions contain all five glycerol hydrogens
and are shifted 5 mle units higher in the spectrum of the
glycerol-d, analogue. The major portion (93%) of the mle
171 ion contains four glycerol hydrogens and may be a mixture
of H,CCCH,O-t-BDMS and H,CCHCHO-I-BDMS (8). Thc
ion at mle 131 of 1,2(2,3)-dipalmitoylglycerol is split into 3
components in the spectrum of the glycerol-d, analogue: 25%
has no glycerol hydrogen (O-t-BDMS), 20% has 4 glycerol
hydrogens, and 55% has fivc glycerol hydrogens. Different
spectra for the 8n-I,2- and sn-l,3-diacylglycerols have pre­
viously been reported for the TMS ethers, while the spectra
of the underivatized compounds were found to be indistin­
guishable (4). The mass spectra of the above derivatives of
the 8n-I,2- and sn-2,3-diacylglycerols are indistinguishable.

Table I summarizes the major abundances obtained by
GC/MS for the t-BDMS ethers of the synthetic diacylglycerols
and the natural diacylglycerols derived from rat liver phos­
phatidylcholines by hydrolysis with phospholipase C and
argentation TLC.

Applications. The analysis of mixed acid diacylglycerols
as the t-BDMS ethers by direct GC/MS is suitable for the
determination of the molecular species of glycerophospholipids
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in natural membranes and IipoproteiDll. The method is also
applicable to the analysis of the diacylglycerol moieties of
triacylglycerols derived from Grignard degradation or enzymic
lipolysis. The main advantage of the GC/MS method is that
the determination can be made rapidly on minute quantities
of sample, as it eliminates the need for extensive preliminary
fractionation.

If larger samples are available, the diacylglycerols can be
profitably subjected to prefractionation and a more complete
account obtained of trace components. An application of this
procedure to the assessment of molccular species of rat liver
phosphatidylcholines has yielded over 60 molecular species
not including the reverse isomers. Previous analyses by
combined application of AgNO....TLC and GLC methods had
given a maximum of 30 species, the bulk of which had to be
calculated by reiterated fitting (23). Likewise, the GC/MS
method has given detailed accounts of the molecular species
of the phosphatidylcholines of plasma lipoproteins, which
could not be properly determined in the past because of the
difficulty of preparing sufficient amounts of the lipoprotein
fractions for detailed analysis of molecular species by con­
ventional methods. Finally, the above procedure has been
demonstrated to be satisfactory for the measurement of the
deuterium content of molecular species of diacylglycerols
generated during hepatic synthesis in the presence of deu­
terium oxide, provided the mixture is fIrSt fractionated by
AgN03-TLC. Detailed studies in several of these areas have
been mode (24) and appropriate manuscripts are currently
in preparation and will appear elsewhere.
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Determination of Ruthenium in Automobile Exhaust Emissions
by Negative Ion Chemical Ionization Mass Spectrometry

S. R. Prescott and T, H. Rlsby'
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An analytical proced.... Is presenled for th. del.rmlnallon 01
rufh.nlwn on m.mbran. III1.r.. Also th. pr.parallon 01
plalln.... bls(1,1,1-lrllluoro-2,4-penlanedional.) I. descrlb.d
and a discussion of Ihe structur. of Ihls complex I. Included.
Th. n.gall•• Ion chemical lonizallon rna.. sp.clra 01 fhl.
ch.lal. and fh. following compl•••• are r.port.d: palladium
bl.(1,1,1-frllluoro-2,4-p.nfan.dlonal.) and rufh.nlum Irla­
(1,1,1-lrllluoro-2,4-p.nlanedlonal.).

As a result of the use of platinum and palladium metals in
catalytic converters in mobile sources manufactured after 1973,
and the proposed use of ruthenium metal in converters in
automobiles to be manufactured in the future, accurate and
sensitive methods of analysis for these elements are required
to monitor possible increases in environmental baseline levels.
The need for an effective method of analysis was demonstrated
at a Platinum Research Review Conference sponsored by the
U.S. Environmental Protection Agency. At this conference
it was reported that although the Los Angeles Catalyst Study
has been on-line since June 1974, no measurements of the
levels of platinum were possible since typical atmospheric
ambient loadings were too low (1).

There are several methods of analysis which may be suitable
for the monitoring of these elements in ambient air, water,
or the biota although to this date only a few studies have been
reported. F1arneless atomic absorption spectrometry has been
used to dewrmine platinum and palladium in biological tissues
and fluids at levels of approximately 30 ppb (2. 3). Neutron
activation analysis has quantitatively dewcted platinum and
palladium in a wide variety of environmental and biological
matrices in the nanogram range (3), and low level concen­
trations of platinum and palladium (picograms per cubic meter
of air) have been measured with isotope dilution spark source
mass spectrometry (4). To our knowledge, no investigations
into the presence of ruthenium in water, air, or biota have been
reported although a number of analytical chemistry techniques
would appear to be suitable for such analyses (5).

These elements are currently receiving extensive investi~

gation for another reason: at this present time the only
toxicological data on ruthenium, platinum, and palladium (3,
6-8) available are related to forms of these elements which
are not potentially environmentally significant. Therefore,
before their impact may be ascertained, environmental
baselines and toxicology must be measured.

Studies bave shown that chemical ionization mass spec­
trometry is an attractive method of analysis for trace metals
(~1l). A more recent study in our laboratory has demon­
strated that /l-diketonales which contain fluorine atoms have
superior detection limits if negative ion chemical ionization
mass spectrometry is used instead of the more conventional
positive ion chemical ionizatioD mass spectrometry (12). This
increase in sensitivity toward negative ion formation is due
to the increased electron capture cro6S section and/or electron
affmity contributed by lbe fluorine atoms.

This present paper reporls an analytical procedure for the
determination of ruthenium in doped automobile exhaust

particle emissions trapped on membrane filters using a gas
chromatography chemical ionization mass spectrometer
system operated in the negative ion detection mode. The
preparation of platinum bisO,I,I-trinuoro-2,4-pentanedionaw}
together with a brief discussion of the structure of this complex
will be reported. Finally, the negative ion chemical ionization
mass spectra of this chelate and the following /l·diketonates
will be presented: palladium bisO,I,I-trifluoro-2,4-pen­
tanedionate) and ruthenium trisO,I,I-trifluoro-2,4-pen­
tanedionate).

EXPERIMENTAL
Instrumentation. A gas chromatograph (Hewlett-Packard

4028) coupled to a chemical ionization mass spectrometer
(Scientific Research Instruments Corporation Biospect System)
which has been previously described (12) wss used for the analyses.
The initial mass spectra were obtained by placing solid samples
directly onto the direct insertion probe; whereas for the analytical
determinations of ruthenium, the samples were introduced
through the gas chromatographic inlet. Methane served as both
the reagent and carrier gas and spectra were recorded at 8 source
pressure of 1.0 Torr. The gas chromatograph contained 86·mm
o.d., 3-mm i.d. glass column 55 em long packed with 5% Dcxil
300 on Supeleoport (100-120 mesh). The column was operated
at 160 °C with a flow rotc of 60 mL/min. The column effluent
wos split between atmosphere ond the CI source in a ratio of 6:1.
The gas chromatographic inlet consisted of a precision bore Pyrex
capillary (0.2-mm i.d.) which was continuous from the column
outlet to the source of the mass spectrometer. This interface was
contained in an oven which was maintained at 180 °C.

The mass to charge ratios of the variuus peaks were determined
by the mass marker which had been calibrated with methyl
stearate and lutetium tris(2,2,7,7-tetramethyl-3,5-heptanedionate)
(12). The proton magnetic resonances were measured with a
Varian A60 NMR spectrometer and the infrared spectra of the
potassium bromide disks were obtsined using a Perkin-Elmer 621
IR spectrometer. The melting point of Pt(tfah was measured
using a Thomas·Hoover melting point apparatus.

Neutron activation analysis was performed on the membrane
filters using a 5·min irradiation at 1 M\V followed by a 30-min
decay. The samples were then counted for either 200, 800, or
4000-5 intervals with a 36-cm' Ge(Li) detector. The 724.3 keY
gamma ray of Ill6Ru(t 1/2 ;; 4.5 h) was used for the analysis.
Standards were prepared using known weights of RuO, ("'0.001
gl.

Chelate Preparation_ Palladium bis(l,I,I-trifluoro·2,4­
pentanedionate) [Pd(tfa),) (13) and ruthenium tri5(l,I,l-tri­
fluoro-2,4-pentanedioDste) [Ru(tfa),) (14) were prepared by
methods which have been previously described. The chelates were
purified by either recrystallization or reduced pressure subli­
mation.

Platinum bis(l,I,l-trinuoro-2,4-pentanedionate) (Pt(tfa),] was
prepared in the following manner: potassium wtrschloroplalinste
was dissolved in water and the pH of the solution was adjusted
to 8.5 by adding an aqueous solution of potassium hydroxide. The
resulting solution was warmed to 60 °C and a slight excess of
H(tfa) added. The solution was stirred for 2 h, after which time
an equal volume of benzene was added, and the organic layer
extracted. The solvent was evaporated and a yellowish residue
remained which wss wsshed with wawr and recrystallized from
2.methyl-2-propanol and water.

Chemicals. Reagent grade chemicals were used throughout
except where otherwise specified and were obtained from the
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observation was expected from an earlier study carried out
in our laboratory (12). Apart from the molecular parent ion
at 561 arnu, the only other ion observed «5% parent ion
intensity) occurred at 153 arnu and is attributed to the ligand,
H(tfa).

Analysis of tbe Membrane Filters. Analytical proce­
dures were investigated which were suitable for all tbese
platinum group metals; however, after exhaustive studies it
was found it was impossible to form a reproducible yield of
Pt(tfa),. Also it was found that it was impossible to form
Ru(tfa), using a sealed tube reaction under any conditions
which is a rather surprising resull In the initial stages of this
work, the membrane fIlters were tre4ted with a mixture of 1.0
mL of HN03 and a few drops of HC/. When this procedure
was used, very low amounts of Ru were extracted «5%). An
important aspect of ruthenium chemistry is the formation of
nitric oxide oomplexes. Upon t.realment with nitric acid, most
ruthenium compounds will Ieact preferentially with nitric
oxide which will certainly inhibit the formation of Ru(tea),.
To prevent the formation of nitric oxide complexes, the
dissolution of the sample was accomplished by using 1.0 mL
of Hel and I or 2 drops of HN03• However, the chloride is
volatile, so care must be taken to maintain 8 temperature
below 50 DC to prevent loss of the sample. Ruthenium was
introduced into the source of the mass spectrometer from the
gas chromatograph, whereas the palladium and platinum
chelates were introduced on a capillary tube via the heated
solids probe. Divalent transition metaill-diketonates have
problems associated with their gas chromatographic separation
due to their tendencies toward oxidation, polymerization, or
solvation (hydration) (17, 18). Therefore, it was decided w
use the method of time resolved 8C8D8 (1~23) for the analysis
of divalent metals. Attempts to obtain quantitative mea·
surements for the chelates Pd(tfa), and Pt(tfa>. failed because
of loss of the chelate when the solvent was removed prior to
introduction into the mass spectrometer source.

The analysis of the Ru(tfa), waa performed using the
technique of aingle ion monitoring. Known concentrations
of Ru(tfa>, in toluene were injected into the gas chromatograpb
and mass chromatograms were obtained by scanning re­
peatedly across the mass window 55&-565 arnu which en­
compasses the molecular parent anion. The resulting areas
of the mass chromatograms were measured and a calibration
curve was plotted. The calibration curve for Ru(tCa), was
found to be linear from 100 ppb to 100 ppm with the minimum
detectable amount of ruthenium, after taking into account
the splitting ratio, being 2.4 X 10-13 g. This result represents
the sensitivity of the CI technique and does not necessarily
correspond to the minimum detectable arnount of Ru in
automobile exhausl The results of the analyses of the variOUB
samples of ruthenium on membrane filters are shown in
Tables I and II. Table I aummarizes the efficiency of for­
mation of Ru(tCaj, determined from a series of standards
prepared in our laboratory. Knowing the amount of sample
added to the filter, it waa possible to calculate the efficiency
of the formation of Ru(tfa>. by comparison of the nieasured

Table I. Formation Efficiency

Amount
initially,

Sample pg Ru

following sources: 1,I,I.trifluoro--2,4-pentanedionc (Pierce
Chemical Co.), palladium cbIoride (K and K Laboratories, Inc.),
ruthenium cbIoride (Research Organic/ Inorganic Chemicals
Corp.), and potassium tetzacbloroplatinate (Stram Chemicala Inc.).
The nitric and hydrochloric acids were ultrapure (U1tres, Baker
Chemical Co.).

Analytical Procedure. Prior to use, the heavy walled glass
ampules were leached with oqua regia followed by washing with
doubly distilled deionized water, acetone, and a solution of H(tfa)
in toluene (10%). The Ouoropore f1Ilenl (Millipore Co I 1=) were
rolled with TeOon coated forceps and placed into the ampules.
A solution which consisted of 1.0 mL of HCI (II.OM) and a few
drops of HNO, (16.0 M) was added to the ampules and they were
placed in an oven at 50 °C for 1 h. The ampules were removed
from the oven and 0.5 mL of HCI (1.1 M) was added along with
0.5 mL of H(tfa). The rontents of the ampules were then reOused
in a heating mantle for 1 h. The refluxing was maintained by
passing water through copper tubing (~'mm o.d.) roiled around
the top of the ampule. After this time, the ampules were cooled
and the resulting mixtures were neutralized to a pH of 6 with a
solution ofK,CO, (25% w/w) and 0.5 mL of toluene was added.
The ampules were sealcd and shaken for 30 min. The resulting
toluene layers containing the Ru(tfa>, were transferred to sample
vials, capped, and were ready for analysis. Blanks were prepared
by foUowing the SIlmc procedure with nontreated filters.

Samples. The samples consisted of 47-mm f1uoropore fillers
which had been obtained from the Mobile Source Laboratory nf
the U.S. Environmental Protection Agency. The samples marked
"Automobile Exhaust Only" were taken from the dynamometer
warmup cycle using an uncontroUed (1972) vehicle operated on
unleaded gasoline. The samples of "10.1 pg Ru Automobile
E..ust" were collected by spotting the ruters with RuCl, and the
automobile exhaust pulled through at the same time as the
"Automobile Exhaust Only" samples. Other samples consi~ted

of spotting filters with known volumes of RuCl, in 9 M HCI and
then wetting the filter with isopropanol to disperse and infuse
the material.

RESULTS AND DISCUSSION

The formation of a complex between platinum(lI) and
1,1,I-triOuoro-2,4-pentanedione has been reported previously
(J5). However, this complex was reported to be bonded
conventionally through the oxygen atoms on one ligand and
through the methine carbon atom on the other. This complex
is water soluble, but the Pt(tea), which is reported in this study
is water insoluble and readily dissolved in a variety of organic
solvents. The proton magnetic resonance spectrum of this
complex shows signals at 2.1 and 6.0 ppm (8) with an inte­
grated ratio of 3:1. These signals correspond to the presence
of two identical methyl groups and methine proton resonances.
Therefore, these data auggest the complex prepared contains
two equivalent Iiganda.

The infrared apectrum of this complex shows two strong
absorptions at 1590 and 1530 em-I. H(tea) exists as a mixture
of keto and enol tautomers with the carbonyl stretches of the
keto tautomer occuring at 1775 and 1745 cm- I

, whereas the
carbonyl stretches of the enol form are observed around 1600
cm- I . Thus it appears that the complex exista in the enolic
form and is bonded through the oxygen. These observations
are substantiated by the absorptions in the low frequency
region of the infrared which consists of a broad band with a
maximum at 437 cm- I . This absorption corresponds to the
frequency of the platinum-oxygen vibration and no evidence
of platinum-carbon stretching was observed (J6). Therefore,
in conclusion we feel that the Pt(tea), which is reported in this
work is consistent with all other metal tea complexes (13). A
melting point of the complex was attempted, but the complex
decomposed at 210 DC without melting completely.

CI Mass Spectra_ The negative ion chemical ionization
mass apectra of Pt(tfa>., Pd(tea)2' and Ru(tea), showed that
the molecular parent ion was the major ion observed which
is formed by resonance capture of low energy electrons. This

13
14
15
16
17
18

20
20
10
10
1.0
1.0

Formed,%

28. 1.1
29.0.9
33. 0.1
34. 0.2
30.0.3
32. 0.2

Av 31.0.6
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Table n. Determination of Ruthenium in
Membrane Filten

signaJ to the calculated signaJ from the calibration curve. From
these measurements, it was established that the efficiency of
formation was 31 % with a relative standard deviation of
(:0.6%). A1iquots (0.8 pL) of the real sample solutions were
injected into the gas chromatograph, and the resulting areas
were recorded and measured. Knowing the formation cffi·
cieney, the amount of ruthenium on the filters was determined
and is listed in Table II. Based on this developed metho­
dology, the minimum detectable amount of ruthenium is on
the order of 0.1 pg contained on the membrane filter. Also
shown is the amount of ruthenium contained on the memo
brane filters determined by neutron activation analysis. The
precision of the CI technique is comparable to the precision
obtained with neutron activation analysis as evidenced by the
relative standard deviations of the two methods. The loss of
ruthenium(lII) as the I.IO-phenanthroline chiaro complex may
be due to the decomposition of the complex with the con­
comitant formation of ruthenium chloride which is volatile
(24).

Currently further studies are being undertaken using other
/I-diketones in order to increase the extraction efficiency and
thus increase the sensitivity of this technique. Also other
ligand systems such as the tetradentate /I-keto amines are
being investigated to attempt to develop similar analytical
procedures for platinum and palladium.

NAA elMS

Amt found, Pi Ru
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9.2.0.15
9.5. 0.26
8.2. 0.47
9.1 • 0.29
0.97.0.08
1.01 0.1
not detected
not detected
not detected
not detected

8.9. 0.09
8.6. 0.1
8.0. 0.08
8.7 • 0.1
1.0. 0.1
1.1 • 0.1
not detected
not detected
not detected
not detected
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Pi Ru

12 (os l,lO·phenan· ­
throline)

2 12 (os l,lO'phenan' -
throline)

S 10
4 10
5 10 + Auto exhaust
6 10 + Auto exhaust
7 1.0
8 1.0
9 Auto exhaust only

10 Auto exhaust only
11 Blank filter
12 Blank liItor
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Determination of the Leachability of Solids

O. U. Anders,· J. F. Bartel, and S. J. Altschuler

The Dow ChBmlcal Company. Midland. MIchIgan 48640

A novel n18lhod lor measurlng the Ieachabllty 01 homogeneou8
solid. I. reported using e. example. radioactive tracer. In­
corporeted In plastics and concrete. theoretical treatment·
01 the data using aIrnpIe dIfIualont~ Is able to reduce the
experimental Inlonnatlon to a alng'e "'eachabUhy constant"
lor the material and pennh. the calculation 01 the 'eachlng
behavior as a tunctIon Of time lor any lIze ragWr-ehape object
made 01 h.

The leachability of a material is frequently measured by
experimants which either use Saxhlet extraction equipment

to ascertain zero concentration of the leachant at all times or
involve immersion of the solid until an equilibrium con­
centration is reached in the liquid (I, 2).

Such experiments generally follow protocols specifying a
certsin specimen size and shape and are carried out at elevated
temperatures to hasten the leaching process (3). These test
protocols and their results stand by themselves and serve as
yes-no criteria for quality control and legislation etc. (4). They
do not yield insight into the leaching process nor do they
represent the real world. In particular, they do not answer
the often most important question: what is the amount of
noxious substance leached from an object made of the tested
material during the object's use time. For example, it is not
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Figure 1. Schematic of ktach test equlpment: (a) Leaching vessel,
(b) Rubber septum. (c) ThIn plastic tublng. (d) Plastic foam support plug.
(e) Drywell liner (empty beverage can) embedded In concrete. (f)
Concrete building blocl<. (g) Leaching liquid. (h) Loading board. (i) Cap
with vent hole

important to know how much of a monomer can be leached
from a specimen of plastic, but rather how much is leached
into the soft drink while the liquid is in a bottle made of the
material. And this quantity may be orders of magnitude
different than the amount leached under extreme conditions.

I t is the purpose of this report to introduce a new and
inexpensive approach to leachability measurement which is
both fast and applicable to ambient conditions and determines
a "leachability parameter" specific for the material being
tested. Its significance is readily interpreted by theory and
can be extrapolated to arbitrary specimen size and shape as
a function of time.

EXPERIMENTAL
The experimental investigation addressed itself to the leaching

of radioactive isotopes from cylinders prepared hy the solidification
of simulated rad·waste in plastics and concrete (5). The study
included the solidification of true solutions as well as of sus­
pensions or slurries of ion-exchange resins. The experiments were
performed in multiples using different specimens cast from the
same preparations by the same, or supposedly same, procedure.

The dimensions of the specimens were kept small to limit the
amounts of radioactive material involved and to enhance the
leaching process. The leaching was carried out with relatively
small amounts of )eachant in contact with the specimen in order
to minimize dilution and render most of the leached radioactivity
accessible to measurement in the counting aliquots.

The apparatus shown in Figure 1 consists of a leaching vessel
made of plastic tubing (a) cut to the right length to contain the
specimen and the leaching aliquot. This tubing is closed at the
bottom with a septum (b) through which penetrates a l·mm
diameter plastic tubing. 1 or 2 ft long (c). This "vessel" is mounted
on a plastic·foam plug (d) provided with a cuI-in recess to receive
the septum and guide the small tubing in a lS00 turn.

The mounted vessel is inserted into a beverage can without
lid (e) which in turn is cast into a concrete building block (0 using
portland cement. Four such beverage cans can be mounted in
one building block as seen in the figure.

An array of leaching vessels was constructed of these concrete
blocks. Other concrete blocks served both as the supports and
the biological shielding surrounding the radioactive experiments.
The thin plastic tubings were brought out toward the front of the
structure and lined up on a "loading hoard" (h) consisting of a
wooden lath onto which the tubings were fastened and labeled
with the number of the respective leaching vessel.
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To initiate the experiments, the radioactive specimens were
prepared, counted, weighed, and their dimenaians meaaured with
calipe",. They were then placed into the leaching vessels. Each
leaching vessel was covered with a cap (i) provided with a amall
vent hole, and the biological .hielding was put into place.

The parallel experiments used both deionized wat<lr and a
commercially available formulation simulating ocean water as
leachants.

The leaching experiments were CMTied out in the following
manner.

For each experiment a IO-mL plastic syringe was provided with
a plastic tip such as used with O.I·mL disposable pipets. The
syringes were labeled and kept in aequence in an appropriate rack.

After loading each specimen, 10 mL of leach solvent was in·
jected through the tube into the vessel by means of a dispensing
pipet and immediately withdrawn with the syringe. This served
as an initial rinse. A second lo-mL portion was then injected and
left in contact with the specimen for the desired length of time.

After the leach interval, the leach solvent was withdrawn. Five
milliliters of the solution was transferred to a counting vial while
the rest was discarded. Quantitative recovery of the leach aliquot
was thus not required.

In order to prepare for the subsequent leach interval. 10 mL
of solvent was again injected into the vessel and immediately
withdrawn and discarded. This operation assured the removal
of any leachate remaining from the preceding time interval. A
second charge of 10 mL of the leachant was then introduced into
the vessel and remained there for the next leaching interval

The experimental run described was carried out with 54 such
leaching p-xperimenls performed simultaneously. From the
theoretical considerations, it sppeared that initial leaching would
be significant. The leaching time intervals were thus kept abort
at first and followed each other in relatively rapid succession. In
order to accomplish this, 8 rigid time schedule was followed for
the initial phase of the experiments.

Leaching started with a O.5-h interval which was followed by
a l.5-h interval and subsequently by Joh. 6-h, lS-h, and 24-h leach
intervals. After this, leaching times of 1 day were in order ex·
cepting weekends and holidays. when, after the initial week of
operation, up to 96·h leach intervals were tolerated. It was
assumed that the accumulation of dissolved material in the leach
solution would not significantly affect the theoretical asaumption
of having zero-concentration leachant present at all times. The
total amount of radioactivity present in the solutions for these
experiments was kept to below 20% of the original radioactivity
present in the specimen.

The run was subdivided into three sets so that 18 experiments
in groups of six could be started together on one day. The second
18 followed the next day. and the third 18 were started the day
after. In this way there was only one. and on the subsequent days
two 0.5·h periods during which more than six leach changes had
to be performed. This schedule permitted the operation to be
carried out by ODe person.

The radioactivity of the 5-mL aliquots in the counting vials
was crudely measured by holding them in front of a Geiger-tube
laboratory monitor and comparing the approximate counting rates
with that of a comparison standard. In case the aliquot exceeded
this counting rate, a 1:5 dilution was prepared. The counting vials
were then sealed and counted in a 3 in. X 3 in. well.type NaI(Tl)
detector of a y·ray spectrometer capable of handling up to 100
samples per counting run.

Many of the investigations were carried out using both l37CS

and 60(:0 tracers in the same specimens. In the present context,
this was done merely to obtain twice as much data from the same
experiments. The fact that different behavior of the trace", was
observed in certain matrixes demonstrated the dependence of the
leachability on the chemical nature of the species and the matrix
material. A detailed study of this subject will have to wait for
a later time.

y·Ray spectrometry was used to distinguish between the two
isotopes, so that their individual leaching rates could be followed.
]n order to ensure consistency of the counting data, the mea·
surements were carried out relative to standards which were used
throughout the counting experiments. The counting data were
obtained in units of these counting standards. The radioactivity
originally present in the specimens was also determined relative
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For the finite cylinder of length (20) and radius (r) the flow
is described by:

...E....:...E.L = (Series R) (Series A)
CO - CI

Series A is that given in Equation 3. In series Band C, the
thickness 20 is replaced with the corresponding thicknesses
in the other two dimensions.

The equivalent equation describing the diffusion behavior
of the sphere, Equation 5 contains a similar series:

The right side of this equation we will denote as "Series R",
in which:

where r is the radius of the sphere.
Equation 6 describes the instantaneous concentration at

a distance (r) from the asis of an initially homogeneous,
infinitely long cylinder of radius (r) at the time 0 after the
beginning of the diffusion process:

(1)

(2)
the initial uniform concentration in excess
of the concentration of the leach liquid at
time 0

DISCUSSION AND THEORY

An evaluation of the rooulle of these leaching esperiments
WaB found poosible with reference to simple diffusion theory
(6-8). A mathematical model could be derived for the case
of the leacbing of homogeneous solida of regular shape, aB­

suming no chemical interaction between leachant and the
material being leached. It WaB assumed that diffusion through
the matris is tbe rate-limiting process.

The general diffusion equation:

~= k'J'c
30

describes the rate of change of concentration at a given lo­
cation in the diffusion medium in terms of the size- and
abape-<lependent Laplacian operator and a diffusivity constant
k characteristic of the material. Solutions of the general
diffusion equation are thus shape- and size.dependent. They
can be derived by various techniques well known to math­
ematicians.

To provide a needed base for the present discussion, the
following equations are given which describe the diffusion
behavior of simple bodies progressing from the "infinite slab",
the "parallelepiped", the "sphere", and the "infinitely-long
cylinder" to the cylinder of finite length.

For specific caees the integmls of the diffusion equation are
conveniently presented in the form (9):

~=
Co - c.

the difference between the concentration
at a point and the concentration in the
liquid at time 0
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toU-COIDItiog st.andanIs by COIDItiog both with a Iow......,;tivity
Ge(Li) ,. spectrometer. In !hie wsy the ..feelion of the ,.­
opec:trometer window widthe wae not critical from day to day and
week to week.

One ..t of esperimenle wae carried out with tritium as the
redi08ctive opeci... The initial loading of the tritium-containing
specimens was determined from their weights and the specific
activity of the formulation from which they were prepared. A
emall piece of the plaetic wae weighed, burned in osygen, and the
resulting tritiated water was counted with a liquid-scintillation
COIDIter. The lead> aliquote bum the tritium-leaching esperimente
were similarly counted with the liquid-scintillation counter.

where c is the concentration of tha leachable substance in the
solid, Co is the concentration in the initially homogeneous solid
and c, is the equilibrium concentration in the leachate at time
8.

Equation 3 repreeents the leaching behavior of an infmite
Blab of thickness 20:

~ = iJcos~ expLkO (~) ')-
Co - c, 111 2a \ 2a

icos ~xexP(-9kO (~J)+

~ cos 5~X exP(-25kO (~ )') - ...} (3)

Equation 4, in analogy to Equation 3, describes the par­
allelepiped.

C - c, = (Series A) (Series B) (Series C) (4)
Co - c,

Integration of the.. equatiolUl permits the determination
of the total transport from the surface of the specimen into
the surrounding liquid aB a function of time. One can thus
calculate both the leaching rate at a given time and the
fraction of the unleached constituent still remaining in the
solid.

For the present purpose, it is sufficient to be able to cal­
culate the average residual concentration in the solid relative
to the initial loading. The equations then take on the form
(9,10):

w- c,
Co - c.

average concentration in excess of Ct 0
initial uniform concentration in excess of c, (1 )

where w - c, is the average concentration of the leachable
substance in the solid at some given time 0 in escess of the
concentration in the leachate.

The corresponding equations are the following. For the Blab:
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RESULTS
The experimental data from several of the specimens in­

vestigated are presented as plots in Figures 2, 3, and 4. The
theoretical curves were calculated with the aid of the described

W - CI = ~[exP(-(~)1T') + !exP(-4(~)1T2) +
Co - Cl 1T

2 r 2 4 r 2

~exP(-9(~)1T2) + ...J (12)

" '''~
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Figure 3. Experiment C: Leaching data of 137CS from 5 em k>ng.
1.19-cm diameler cylinders made of a atferent type plastic formulatlon.
Simulated ocean water used as ~achant. Experiment 0: Leaching
data 01 "'Co from two cylindefs made of yet another plastic formulatlon.
Deionized water used as leachant

model for the finite cylinder of the dimensions of the re­
spective specimens and estimated "leachability constant" (k)
to fit the data.

The deionized-water leaching rates determined for 13'CS
from three identical specimens made of a formulation of
simulated rad-waste and portland cement are plotted in Figure
2 as "experiment A". The cylindrical specimens were 5 em

W
f­
a:
C>:

L!J
Z

:I:
v
a:
w
....J

TIHE [ DRYS]
Figure 2. Experiment A: 137es ~achlng data of Uvea cylinders. 5 em
loog and 1.28-cm diameler made of a portland cement-srnJ.iated iquid
rad-waste formulation. Deionized water used as ~chant Experiment
B: Tritiated water ~aching data from 5 cm long, 1. 19-cm diameter
and 1.42-cm diamet... cyinders made of a plastic formtJatlon. 0eI00Ized
water used as leachant. The theoretical curves are calculated with
an estimated Ieachabitility parameter, k. to fit the experimental data.
B-1 and B-2 are calculated for the two sizes of cylinders used in
experiment B, made of the same material for which k = 3 X 10-i c~
s-·

>­
0::
C>

C>:
W
0..

(13)

(11)

= 4[R~' exp(-(~) RI ') +

eXP(-(~)R,') + ...J

w- Cj

Co - Ct

1

R,'

For the cylinder:

and for the finite cylinder:

Equation 14 for the finite cylinder has two parts, one
stemming from the equation of the infinite cylinder or radius
(r) the other from the slab of thickness (20). These dimensions
are the size parameters for our cylinder. The equation
contains as additional parameter the leachability (= diffu­
sivity) constant klem' s'll for the material. The terms RJ, R"
etc. represent the roots of the zero-order Bessel function of
the first kind (11), Jo(r), and 0 is the time elapsed since the
beginning of the leaching process.

It was found that the two mathematical series making up
Equation 14, each representing one of the simpler geometrical
shapes that constitute the finite cylinder, converge very slowly
for small values of kOla' or kOI"'. For reasonable accuracy,
calculations must thus consider a large number of terms in
each series. This virtually requires that the calculations be
carried out with a computer or programmable calculator. For
the range of interest in this discussion, it is necessary to include
between 100 and 200 terms of the series to arrive at meaningful
leaching rates for the initial phases of the leaching process.

The Equations 11, 12, 13, and 14 give the average con­
centration of the leachable substance in the solid after a given
time 0 as a fraction of the initial loading. The fraction leached
during an interval of interest is thus computed as the dif­
ference of the fractions remaining in the solid at the beginning
and the end of the leaching interval.

~ ~ CCII = ~ [exp(-(~) (i) ')+
~ eXP(-9(~) (f)')+
:5 eXP(-25(~) (f) ')+ ..J

For the sphere:
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f9n 4. Ocean-water Ioachilg ralaS 01 "'C. from two cylIrKWs 4.9
em long and 1.18-cm diameter made of an Inhomogeneous material
conlalnlng _xchange beads
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Figure 5. CeiclJlated leaching rates lor barrs~slzs cylindrical Ingots
of 9G-cm height and 55-<:m <lameter as function 01 time for mateOals
with dinersnt values 01 the Ieachablrty parameter k [em' ,"J. The
doned c.....es represent the tractional amounts of leachable material
len In the solid as a function of Ioaching time

long and 1.28 em in diameter. The resulting histogram is fit
well by the model prediction using k = 4 x 10·7cm' B·I 88 the
leachability conBtant of the material.

The two histograms representing the data from "experiment
B" are also plotted in Figure 2. The tracer. tritiated water.
was solidified in a plastic formulation as two different'Bize
ingots. Both were 5 cm long. one had a diameter of 1.19 cm.
the other of 1.42 em. AB predicted by the model. the leaching
rates obtained with deionized water for the Bmaller cylinder
remained higher than those of the larger cylinder throughout
tbe experiment. The tbeoretical curv... B-1 and B-2. cal·
culated with k = 1.3 x 10'" em' B'I for the two sizes have about
the same distance as the corr..ponding histograms.

In Figure 3 the results of "experiment C" are well matched
by the model using k = 1 X 10.7 cm' B'I as the material
parameter. This experiment involved the ocean-water leaching
of ""Cs tracer from another plastic formulation.

The model also accommodated the much lower leaching
rates found for ""Co leached by deionized water from yet
another plastic formulation. The leachability constant in thiB
case was only k = 3 X 10.12 cm" B·I.

The leachability parameter introduced here is a function
of tha matrix as well as of the leacbant and the Bpeci.. being
leached. For different leachable Bpeci.. present in the same
solid. one would thus expect to oblsin different valu.. for the
respective leachability constants.

It is apparent that the experimental r..ults are generally
in good agreement with the model. For each case Btudied. it
is thus JlO68ible to describe the r..u1ts by a Bingle number.
k. representing the material and with its aid calculate the
expected leaching behavior as a function of time for any
regular'Bhaped body made of the material.

Figure 5 is presented to facilitate the extrapolation of
experimental data. oblsined with Bmall Bpecimens in a few
days, to the 55-gallon drum Bize ingots customary in radio­
active-waste burial operations. Tbe flgUTe includ.. the ex·
pected leaching rates for materials of different "Ieachabiliti....
for tim.. up to 1000 years. It also includes, as dotted curves.
the predicted fractional amounts of leachable materiallefl
in the solid as a function of the leaching time.

Whenever nonhomogeneous leach specimens are inv..ti·
gated the leaching data oblsined deviates from the theoretical

model. Figure 4 presents the data of a mc. leaching ex·
periment using ingots made of ion-exchange resin beads
solidified in a plastic matrix and ocean water 88 leachant. The
surfaces of the two specimens were formed in part by exposed
resin beads which Bhowed an enhanced leaching rate relative
to the average composite.

Porous materials and specimenB with rough Burface. also
exhibit initially higher leaching rates, Bince their Burface­
lo-volume ratios are greater than for a regular body (cf. Figure
3, experiment D).

After the Burface layer is depleted to some depth. the
relative cffects of the Burface irregularitieB and micro-inho­
mogeneities are overcome or averaged out and the theoretical
leaching curve iB approached (Figure 4). Due to tbe higher
surface-to-volume ratio, such irregularities are more pro­
nounced in experiments using small ingots. They become I...
important as the size is increased.

The assumption that the diffusion across the solid-liquid
interface iB rapid relative to the diffusion in the solid is given
its most Bevere test at the beginning of tbe leaching exper·
iments with high·k materials. where relatively high leaching
rateB are encountered. The effect of Burface-diffusion limi·
tation is thUB Been only in Figure 3, experiment C for the k
= 1 X 10.7 cm' B" material during the first day of the run.
The experimental data there definitely stayed below the
prediction of the Bimple model.

In case a chemical interaction between the leachant and
constituents of the solid causes chang.. which affect the
characteristics of the material. i.... the diffuaivity etc. or causes
the leachable material to precipitate and change chemically
in the solid. we expect deviations from tbe model.

CONCLUSION

The leachability of solidified low·level radioactive waste
forms is one of the critical parameters determining the quality
of the product and its acceptability for burial (12). The
present work provides a simple procedure to measure this
parameter in a few days of experimentation and Buppli.. a
mathematical model able to predict the leacbing behavior of
waste forma made of tbe material. AB an extension of the
reported approach, the method might find application in the
quality assurance testing of materials used for beverage



containe", etc. to measure and predict. the amounts of noxious
materials leached during their actual use.
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Interferometric Concentration Determination of Dextran after
Gel Chromatography

Lars Hagel '
Pharmacla AB. Box 181. 5-751 04 Uppsala. Sweden

An Interferometric method lor the concentration analysis 01
dextran In column ellluent, using the Mullirel 901, has been
Investigated. The basic theory 01 the Instrument as well as
a theoretical Interpretation 01 the expected sources 01 error
Is given. Whereas errors due to the optical actlvlly and the
rnolec:WIr weight dependence of the refractive Index Increment
01 the sample are negligible, errors caused by an absorbing
sample solution or the nonlinear response 01 the Instrument
can, II not corrected, reach a level 01 some per cent. The
theoretical conclusions are verllled experimentally. The
physlcal interferometric method Is compared to the chemical
anthrone method lor the analysis 01 dextran.

Dextran is a polysaccharide consisting of a.D-glucose units
mainly linked at the 1-6 positions. The glucose polymer is
produced by biological synthesis using a nonpathogenic
bacteria (e.g., Leuconostoc mesenteroides).

Dextrans have found applications in numerous fields (l)
and the most well known are as plasma expande", (e.g.,
Macrodex, Rheomacrodex) and in the production of chro­
matogTaphic resins (e.g., Sephadex).

For use as a plasma expander, dextran is partly hydrolyzed
and fractionated to yield molecules within a suitable weight
range. The physiological properties of dextran are closely
related to the molecular weight of the polymer (2). It is
therefore essential that the molecular weight distribution of
clinical dextran is well specified and controlled. The dis­
tribution anaiyais may today advantageously be performed
by gel chromatogTaphic techniques (3-5).

For the anaiysis of dextran in the column effluent chemical
methods involving on-line determination (6, 7) as well as
separate anaiysis of collected fractiollll (8, 9) have been de­
scribed. The method currently used in this laboratory for the
determination of dextran after gel chromatography is the well
known reaction between carbohydate6 and the sulfuric

I Present addresa, Institute of Chemistry, Analytical Department,
Box 5.11, S-7S1 21 Uppeaia, Sweden.

acid-anthrone reagent (lO, 11). This reaction, however,
consumes large amounts of reagents and the corrosive waste
products are unpleasant to handle.

Dextran can also be determined without prior hydrolysis
of the polymer by a physical measurement. As an example,
the specified relationship between conrentration and refractive
index can be utilized (l2). In fact., refract.omemc devices ere
among the most common detectors used for concentration
anelysis of column effluents and have recently been applied
in the determination of dextran in the molecular weight
distribution analysis by gel chromatography (4, 13, 14). The
instruments (i.e., Wate", R-401 and Knauer 51(0) used by
these autho", are hased upon the measurement of the de­
nection of a beam, while some other instruments (e.g., LDC
1107) measure tbe intensity of the tr8llllmitted ligbt as a
function of refractive index. An interesting interferometric
principle not utilized earlier in commercial detectors is
presented in the Multiref 901 (l5). In this illlltrument a
difference in the refractive index between the sample and
reference cells is trallllformed into e rotation of the plane of
polarization of the measuring beam.

In most work using Rl-detecto", for the analysis of column
effluent, it is anticipated that the instrument respollllO is
dependent on solute concentration only. This is not always
the case, however (l6), and it is therefore essential that the
properties of the analyzed solution in relation to the measuring
principle of the illlltrument are well known.

The aim of this investigation was to examine the theoretical
and practical capability of the Multiref 901, primarily as a
tool for the determination of dextran in column eflluents, as
compared to chemical methods of 8888Y.

THEORY
Principle of the Multiref 901. The principle of the

instrument is baaed upon wave-front shearing of polarized
light. A similar arrangement has been applied earlier in
interference mieroecopes (l7). Since the theory of inter·
ferometric conrentretion analysis using Multiref 901 bas not
been published elsewhere, it will, in order to simplify the
following interpretation, be presented in detail below (lB,l9).

0003-2700176/0350-4569$01.00/0 e 1978 American ChomIcaJ SocIoty
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where I = cell length and A= wavelength of the light source
in vacuum.

The circularly polarized beams will therefore interfere to
yield a linearly polarized beam which has rotatW a",f2 degrees
and the amplitude striking the photomultiplier, Ap, will be:

The lightpath in the instrument is schematically illustratW
in Figure I. The light beam from an electric bulb is linearly
polarized at -45 0 to the hori7.0ntal plane. The beam is split
by a Wollaston prism consisting of two parts having different
refractive indexes for horizontally and vertically polarized
light. These beams arc focused on the cells where the beam
passing through the sample cell is hori7.0ntally polarized. After
passing the cells, the beams are focused on a second Wollaston
prism followed by a quarter-wove plate having iLs fast axis
at -450 to the hori7.0ntal plane. A beam, linearly polarized
in the fast axis plane will, after passage of the plate, lead
another linearly polarized but orthogonal beam by a quarter
of a wave length. Such a phase difference will result in a
circularly polarized beam. Now, each of the beams focused
on the Wollaston prism can be considered as consisting of two
such perpendicular beams and the result, after the quar­
ter-wave plate, is two circularly polarized beams with opposite
rotations. These beams will interfere to yield the original
linearly polarized beam (Figure Ib). The second polarizer is
placed at an angle 9O-/l to the fIrSt one to let 35% of the signal
reach the photomultiplier. A filter transmitting 546 nm is
placed in front of the photomultiplier.

If the sample cell contains a higher concentration of the
solute than the reference cell, the refractive index will also
generally be higher and the interfering beams will not be in
phase (Figure Ic). The refractive index difference, an, and
the phase difference, a"" are related by (20):

a<p = Anl(360)X-' degrees

A p = A o cos (90 - (3 - A<p(2) =
A o sin ({3 + A<p(2)

(1)

(2)

Sources of Error. In the interferometric concentration
analysis of dextran, some physical properties such as molecular
weight dependence of refractive index increment, sample
optical activity, and sample absorbance, as well as instru­
mental properties like nonlinear response can be expected to
introduce crrors. \Vhercas errors due to the optical activity
of the sample influence only the interferometric principle, the
other sources of error can be assumed to influence all con­
centration analysis based upon refractive index differences.
Thus, nonlinear response can be noticed for Multiref 901,
Waters R-401, and Knauer 5100 as stated by the manufac­
turers.

Since it is of utmost importance that the sources of error
are known and corrected for if nol negligible, a detailed
deduction of the influence of the expected errors in inter­
ferometric concentration analysis is g-iven below.

Variation of the Refroctive Index Increment with the
Moleculor Weight of the Sample. For some polymers, for
example polystyrenes in benzene, the refractive index in­
crement (dnfdc) varies with sample molecular weight and this
dependence must be taken into account when calculating the
absolute values of molecular weighLs from gel permeation dsta
(16). For aqueous solutions of dextrans informstion about
dnfdc at 546 nm is very scanty but at436 nm, the following
values of dnfdc (cm' g-') have been given; for glucose, 0.147
(21), and for dextrans (M. = 18 X 10'-9.5 X 106) 0.151 (22).
This deviation is small compared to that reported for poly­
styrenes in benzene where an increase in Mw from 4 X 103-4
X lOS increases the refractive index increment by 11 % (16).
It may be concluded that the variation of refractive index
increment with molecular weight for dextran does not in­
troduce any significant error in interferometric concentration
analysis.

Error due to the Optical Actioity of the Sample. Dextran
is an optically active substance and for this dcnran the specific
rotation, [aI, at 546 nm and 20 °C is 23.5 ± 0.1 0 em' g-' (23).
As [aJ varies with molecular weight (as shown by the values
of [aiD for isomslto-oligooses (24) and dextran (23)), it is
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to give

[

a4 ] "'_ 1 + b4 cot' «(3 + 1l'P/2)

A.,a - 2b a'
1 +- cot' «(3 + ll'Pf2)

b'

sin ~ + ll'Pf2 + arctan(~ cot «(3 + ll'Pf2~J (8)

a-

where

1
a = 4A o (l - cos 2a (1 + sin 2a (2 sin'

(ll'Pf2 + 90) - 1n- '12) (9)

and

1 1
x, =--A o sin (45 - a) = -A o (cos a - sin a) (4a)

..,(2 2

1 1 . )(
y, =--A cos(45-a)=-Ao(cosa+sma 4b)

..,(2 0 2

(15)

(14)

(13)

(12)

(11)

(10)

(
sin (3 )'

1 - sin «(3 + ll'Pf2)

In the measuring range of ti.v>/2 (0 < ti.v>/2 < 32.97 degrees)
the relative error will approximately vary between -0.020, and
-3.330,> and is for c, < 1.57 X 10'" X r/l80 less than 3 X 10-'.

Error due to Sample Absorbance. The moot serious error
is introduced wben the sample solution is absorbing at 546
nm. This reduces the amplitude of the circularly polarized
beam, A" according to:

Now, when a is small. the approximations:

1 1
a'::::-Ao(l- cos 2a)'::::-Aoa;

4 2

1 1
b'::::-A o(l + cos 2a)'::::-Ao(l- a;)

4 2
a'
bi cot «(3 + ll'Pf2)':::: a:
where a, = a r /180, are valid. Thus,

A.,a':::: 2b sin «(3 + ll'Pf2)'::::
A o(l - a;) sin «(3 + ll'Pf2)

and

b = ~A o(l + cos 2a (1 + sin 2a (2 sin'
4

ll'Pf2 - 1n- '12

A' P 1
___c_ = _ = 10'A = >Ac = -Ao X 10'A/' (16)

(~Ao)' Po 2

wbere A is the absorbance of the solution and Po and Pare
the powers of the incident and transmitted beam, respectively.
The sample and reference beams interfere to yield an el­
liptically instead of linearly polarized beam (Figure Ie). This
phenomenon is known as circular dicroism (26). Both the large

The average counting rate of the photomultiplier and thus
the signal is proportional to the square of the amplitude. This
together with the adjustment of the output signal to zero for
sin' /l = 0.35 and Equations 2 and 14 gives the expression of
tbe relative error at sample optical activity as:

(A.,a' - A o' sin' (3) - (A.' - A o' sin' (3) _

f..,= A.'-Ao' sin' (3

(6)

(7)

and

cot «(3 + ll'Pf2) =

d (( b' )"')-- b'--x'
dx 0

2
X =%2;

As a result, the sample beam will, after the quarter·wave plate,
be ellipticalJy not circularly polarized. Tbe amplitude, A~ of
this ellipse at an angle 0 is given by:

x' y' (A. sin 0)' (A. cos 0)'
-+-=1 + =1"xi y; xi yi

A. = ~ A o cos 2a (1 + sin 20 (2 sin'O - l)f'/
2

(5)

The sample and reference beams interact to give another
ellipticalJy polarized beam with the large axis, 2b, at 0= !i.v>/2
and the small axis, 20, at 0 = ti.v>/2 + 900

• The amplitude in
the polarizer plane, A... is deduced from the relations (Figure
2):

figure 2. Construction of A... IOf an ellipticaly polarized ray

essential that the contribution from the optical activity to the
rotation of the measuring beam is negligible. Since dn/de =
0.1498 ± 0.0003 em' g" for dextran at 546 nm (25) and the
higbest acceptable value of ti.v>/2 is 32.970 (I8), the maximal
rotation due to sample optical activity is:

ti.'P de
a = [aIle = [a]-X- < 1.57 X 10'3 degrees (3)

360 <In
The relative error caused by the optical activity of the sample
can be deduced in the following way (Figure I d).

A rotation of a degrees of the plane of polarization gives:

1 ( ) II', , ."2A.,o = x, + y, sm

x, )arctan-
y,
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103 X _1_ X A =
180

k = ~E de M- I X
2 dn
1.012 X 10-3 EM-'

Here ( is the molsr absorptivity at 546 nm and M is the
molecular weight of the colored solute. The value of r'd given
by Equation 21 increases with increasing value of ~iP/2 and
the largest relative error is thus found for ~iP/2 = 32.97°. For
a relative error of less than 1%, the product <M-' must be less
than 0.08. The msximum relstive error can also be resd from
chsrt reading 100 in Figure 3, showing that the absorbance
of the solute should not exceed 0.005 for a relative error of
less t.han 1% on sensitivity 100.

Nunlinear Response. With the Multiref 901, the signal
reaching the detector is of sine·form. This signal is ap­
proximated to 8 linear function, thus introducing a sys­
lematical error. It is, however, possible u> theoretically deduce
formulas for the magnitude of this error and corree! the results
as follows.

In the calibration procedure, the sine wave from -or/2 to
..12 is adjusted to cover the calibration range from 0 to 100,
i.e.,10080604Il

·45

-40

-35

·30

:g ·25
l;
~

.Ii -20
®];

d!
·15

-10

-5

Since a'lb' « I for A < 0.1, the amplitude is in this case
reduced to:

The relative error caused by an absorbing sample solution is
thus approximately,

1
'4(1 + 1O- A1

')' - 1

Chari reading

F~ur. 3. Relative error 85 8 function of chart reading at sensitivity
100 IOf a sample absOfbance of: 8 = 0.1, b = 0.05. c = 0.01. d =
0.005, and B = 0.001 as calculated Irom Equation 20

and small axis of this ellipse will contribute to the amplitude
in the polarizer plane. A.., as in Equation 8 but here,

1
a = '4Ao(l- lO-A/') (17)

and

(23)

(24)

...-.. 1
y x; x = -(y - 35)

a

i.e.,

where a = 0.543, 0.278, 0.111, and 0.056 for sensitivity 100,
50, 20, and 10, respectively. Thus,

...-.. 1 .
a x;x=-(50slna+15)<>a=

a
arcsin (0.02ax - 0.3)

The calibration range is thereafter mapped into each
measuring range in the following way (18),

~

35 0 for all sensitivities
~

89.3 100 for sensitivity 100
......,. --y x; 62.8 100 for sensitivity 50

46.{....100 for sensitivity 20

40.6"""100 for sensitivity 10

ciY;y = 50 sina + 50

-n/2<a<n/2,0<y<100 (22)

The angle being measured is,

(18)

(19)

A p ,. "" 2b sin W + t!.'P/2) ""

1
2Ao(1 + lO-A

/') sin W + t!.'P/2)

where

(25)

(26)

(28)

where a = 0.543, 0.278, 0.111, and 0.056 for sensitivity (~n

X 106) 100, 50, 20, 10, respectively. The calculated relative

Qsample - Qreterenc:c =
arcsin (0.02ax - 0.3) + arcsin 0.3

The instrument is constructed to give a = 65.93° for ~n =
100 x 10" (18) and if x should be a linear function of a then:

t!.n X 10· X 0.6593
Q=X

100

The chart reading corrected for nonlinearity is,

arcsin (0.02ax - 0.3) + arcsin 0.3

Xc:on = ~n X 0.6593 X 104

and the relative error due to nonlinear response becomes:

x t!.n X 10' X 0.6593
frel = . . - 1 (27)

arcsin (0.02ax - 0.3) + arcsin 0.3

(20)

(21)

fre."" ( sin ~ )'

1 - sin (~ + t!.'P/2 )

The relative error as function of chart reading (100 = full scale)
for 0.001 < A <0.1 is shown in Figure 3. It can be concluded
that the absorbance of the sample solution should not exceed
0.001 for a relative error of 1% on sensitivity 100 (~n = 100
X 1O~ RIU for full scale).

If the absorption of the sample solution is caused by the
solute of interest (e.g., Blue Dextran 2000), application of the
Lambert-Beer law and Equation 1 in Equation 20 gives:

1
-(1 + lO-~iP/')' - 1
4

frel- j_ . Il '1
1 \~in (~m+ t!.'P/2 11
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Table I.. InOuence from Absorption on the Chart Reading of Dextran SolutioM at SeMltivily 100 u Compued to the
Theoretical Error

[Bromcresol green], Pi mL- '
[DextranJ, (~g mL-')

o Chart readillg" -3.14 -11.77 -20.63
A ... (approx)· 0.022 0.088 0.168
Chart reading" 9.58 8.56 3.21 -2.5
ReI. error, % -11 -66 -126
ReI. error,c % -19 -71 -127
Chart reading" 49.65 47.42 40.24 32.11
ReI. error, % -4 -19 -36
ReI. error/ % -5 -21 -38
Chart reading" 99.65 97.13 84.46 70.67
ReI. error, % -2 -15 -29
ReI. erraT,c % -4 -16 -28

a Corrected for nonlinear response and the contribution to dn from bromcresol green. b h calculated from Equatiol1l
16 and 23. C As calculated from Equation 20.

IIeserwir lwith heUlgl
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W k 00 00 m
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Figure 4. Relative error due to nonlinear response of the Multoe! 901
at seDS"ivlly: a =100. b =50, c =20, and d =10

error as function of chart reading is shown in Figure 4.

EXPERIMENTAL
The sources of error were tested. experimentally by suction of

aqueous solutions of dextran through the detector (Multiref 901,
I-mrr. cell, Optileb AB) with a pulse free pump (Labotron LDP
13, Kontron AB). For changing samples, a sampler (Sampletron
Pb 1000, St:\lprodukter. Uppsala) was used. The signal was
registered by a recorder (Servograph Rec. 51, Radiometerl. The
influence ofabsorption of the sample solution was tested by adding
bromcresol green to solutions of dextran to yield an absorbance
ofO.02-{).2 as calculated by applying Equations 16 and 23 on the
chart reading of solutions of bromcresol green.

The concentrations of dextran obtained by interferometrY were
then compared to those obtained by the anthrone method
mentioned above. In these experiments. 8 chromatographic
column (KI6/70 or KI6/40, Pharmacia Fine Chemicals) was
packed with Sephorose Clr4B (Ph F C). The effluent from the
column (0.3% sodium chloride + preservative) was connected to
the detector (above) and the flow was adjusted to 20 mL/h by
means of a peristaltic pump (P-3, Ph F C). Mter the pump, the
effluent was sampled (J mL/sample) and after dilution (J - 3),
analyzed for dextran with the anthrone method (I I) (Figure 5).
The fraction collector (FR 4. StAlprodukter. Uppsala) was
synchronized to lag the detector by one fraction. Tbe signal from
the detector was registered as above. The continuous inter­
ferometric curves were evaluated using a desk calculator (HP
9100B) with an extended memory (HP 9101A) ond equipped with
a digitizer assembly (HP 9107A). The results were after correction
for the nonlinear response typed by e typewriter (IBM).

RESULTS
The response of Multiref 901 was found independent of

molecular weight of dextran in the investigated range !Of. =
2 X 10"-2.4 X lOS.

The nonlineor response at sensitivity 100 is illustrated in
Figure 6, where correction according to Equation 28 yields
the expected linear relationship.

The experiment showing the influence of sample absorbance
on the instrumental response is summarized in Table I. It

Figure 5. Expeflmental assembly lor compar1ng the ilterferornetrlc
and chemical concentration anaIysls of dextran In colI.mn efftuents

can be concluded that the magnitude of the relative enor from
an absorbing sample solution is accurately expressed by
Equation 20 and that an absorbance of 0.001 causes a relative
error of roughly I % on sensitivity 100.

The comparison between the interferometric and chemical
assay of dextran in column effluent is illustrated in Figure
7. Here the interferometric elution curve was quantified by
relating the numerical mean height of the curve section
corresponding to each fraction with the values obtained by
the anthrone method. The correlation coefficient is 0.9991
and the residual standard deviation corresponding to 4 "g
mL-I dextran can mainly be attributed to the known random
error in the method for chemical analysis of dextran. From
the slope, 0.9026. the refractive index increment of dextran
can be calculated as:

<in dn dx 1 50X 10-6 1
- =- X - X - = X 0.9026 X--=
de dx de a 100 2.954

0.1528 em' g-I (29)

where x = chart reading and a = dilution factor. This is in
agreement with earlier reported values of dn/dc for dextran
in aqueous solutions at 546 nm, e.g., 0.154 em' g-I (22) and
0.1498 ± 0.0003 CJD' g-l (25).

The two methods agreed also when a more complicated
mixture of dextrans (!Of. = 516000 + 14700 + 2030) was
analyzed. Figure 8 sbows the interferometric elution curve
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figure 7. CaTela1lon or carected i1ter1eromeb1c response and content
of dextran according to the anth-one method
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figure B. Interf"""""trlc chromatogram of dextran _e (M. =
516000 + 14700 + 2030). (e) = chart readOlg corresponding to
ca1lenlor dex1ran1lOlXll'Calg 10 the__(Cobm: K 16/40)

and corresponding values from the coUected fractions as
calculated from the anthrone analyses and the value of dn/de

I········

io

figure 9. Elfect of increase in temperature of sample solution. (-)
on detector baseline, (_. _. _. -) at sensitivity 20

given by Ref. 25. Computations from such a run, utilizing
equipment described elsewhere (5). gave M. = 286000 and
M. = 7200 as calculated from the interferometric curve and
M. = 285000 and M. = 7900 as calculated from the anthrone
analysis.

DISCUSSION
When soft gels are used for molecular weight distribution

analysis, the now rates used are often very low as compared
to those used in GPC. Consequently, the time of analysis is
rather long and this creates special demands on the baseline
stability of the detector. Furthennore, when the samples being
analyzed are heterogeneous giving broad peaks, detector
sensitivity normally within the range 20-5Q X 10'" (RIU for
fun scale) is necessary. These are, besides the nonspecificity,
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the major drawbacks of the methods based upon refractive is however surprising, bearing in mind that dn/dT "" -I X
index. These difficulties can, however, be overcome by de- 10" per °C (27), thus implying that some other (temperature
creasing the time of analysis employing a column packing related) influence is responsible for the effect. For slow
which allows high flow rates, by increasing the sample con- temperature changes, corresponding to 5° per hour, no de-
centration, or by working with an instrument especially flection of the baseline was found at sensitivity 20.
designed wmeet high demands. The advantages of a physical The arrangement of continuous detection of column ef-
detection are the continuous information obtained from the fluents obviously requires one detecwr per column. In this
on·line determination, the elimination of reagent costs and investigation, the Multiref901 was used also as a detector for
that the entire procedure can easily be auwmated. A step discrete samples. This works well for samples containing
in this direction has been taken in this laboratory by in- dextran and water only (Figure 10) but when analyzing
traducing a mowr valve (Labotron 002 540, Kontron AB), samples collected from the column emuent, the salt content
governed by a homemade electronic device, for automatic of the eluate makes evaporation from the samples a critical
sample application. In this way, it is possible to apply four factor.
consecutive samples at present sample and eluting times (3
minutes and 6 hours, respectively). The curves obtained are
quantified as earlier but the results are punched on a tape
and evaluated by a dator equipment for which the software
has been elaborated earlier (5). The governing and data
sampling can also be accomplished by a desk calculator, thus
making the system completely automatic. The need for
baseline stability resulted in that the manufacturer improved
the instrument during this work to give a baseline drift (at
static conditions) of less than 10-7 per one degree change of
the ambient temperature (providing that a high performance
circulating water bath is used for thermostating the instru·
ment) (IB). This instrument model is called Multiref 902.

During operation, however, the ambient temperature not
only affects the electronics but also the temperature of the
column effluent. The efficiency of the heat exchanger pre­
ceding the cell was therefore tested by increasing the tem·
perature of the sample solution (while the reference solution
was trapped) and registering the variance of the baseline. The
temperature of the sample solution was continuously measured
at the sample inlet with a thermistor (YSI 410) coupled to
a telethermometer (YSI 42 SC). As shown in Figure 9, the
instrument seems to respond, not to the absolute temperature
but to the temperature increment. The positive deflection
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X-ray Photoelectron Spectroscopy of Alkylamine-Silanes
Bound to Metal Oxide Electrodes

P. R. Moses. Larry M. Wier,' John C. Lennox! H. O. Finklea. J. R. Lenhard. and Royce W. ~urray·

Kenan Laboratories 01 Chemistry, Unlvarsity 01 North Carolina. Chape' Hm, North Carolina 27514

ESCA results are presented lor SnO" RuO", no", and PlIPlO
oxide electrodes B1lanlzed with trlalkoxyalkylamlne-B1lanes.
Observations Include ellects 01 reaction cond"lons, assay 01
the Iractlon ot amlne-llke surface nitrogen, assay o. NISI
surface atom ratios, 0 1s spectra, and tluoride dopant depth
profle In SnO.. The BIlanized surfaces are amJne.llke but also
exhlb" other chemlcal'eatures. The Implications 01 various
alkylamine-silane surface structures on electrochemical
applications are dlscUBBed.

Trialkoxyalkylamine-silnnes react with the surfaces of
several metal oxides wbich are useful ns electrodes in elec­
trochemical experiments. These include highly doped SnO,
(1), RuO, (2), and "PtO" electrochemicaIJy formed on Pt metal
(Pt/PtO electrode) (3). Carbon electrodes also react with
organoailanes (4). Binding of the alkylaminlMlilanes w these
surfaces is a first step toward immobilizing various reagents
on the chemically modified electrodes. Immobilization of
several revelllibly reduced redox reagents vin amide bond
formation on alkylaminlMlilanized RuO" Pt/PtO, and SnO,
electrodes has been described (2, 3, 5). Electron transfer
reactiollll between immobilized redox reagents and the
electrode surface may be sensitive w the connecting alkyl­
amine-silane layer's structure, composition. and stereo·
chemistry. We report here a number of experiments, prin­
cipally using ESCA (Electron Spectroscopy for Chemical
Analysis), directed at these aspects of the metal oxide/
alkylaminlHlilane interface.

Our (J, 6) and othelll' (7) previous pictures of silanized metal
oxide electrode surfaces were simplified velllions of interfaces .
which are more complex in a variety of ways. The present
study aims at furthering our undellltanding of the structure
end composition of the metal oxide/alkylarninlMlilane in,
terface. Parts of a model have been discussed (5, B). The
trialkoxyalkylaminlHlilenes employed are 3-(2-aminoethyl,

1Present address, Department of Chemistry, Union College,
Schenectady, N.Y. 12308.

'P"""",t address, Department of Chemistry, University of Arkansas.
Fayetteville. Ark. 72701.

amino)propyltrimethoxysilane (en silane) and 3·amino·
propyltriethoxysilane (PrNH, silane). and the metal oxide
electrodes are SnO,. HuO" Ti02, nnd Pt/PtO. Continuing
study of the alkylnmine--silane nnd other silnnized interfaces
will doubtless in the future evoke additional understandings.
In particular, we note that the four metal oxide surfaces have
not been subjected with equal thoroughness wall different
types of experiments discussed. In many respects the four
metal oxides appear to behave similarly, but some intrinsic
differences beyond thoae noted probably exist. Presumption
of general similarity must be regorded for the present as a
crude approximation.

The observations fall into four major categories: (i) effects
of reaction conditions, (ij) assay of the fraction of surface
nitrog:en which reacts in 8 normal, "amine-like" manner, (iii)
assay of bound silane composition through N/Si nwm ratios,
and (iv) °Is ESCA spectra of the silanized surfnces. We ai.o
describe a depth profile of fluoride dopant in SnO, electrodes,
and 8 lack of success in achieving useful amidizations of
alkylamine-silanized carbon electrodes (4).

AlkylnminlMliianes are widely employed for the chemical
modification of various silica and alumina surfaces used in
bonded phase liquid chromatography (9-1 n, affinity chro­
mat.ography (12), trace metal analysis (13,14), immobilization
of transition metal catalysts (15), and in adhesion technology
(16), among others. While we have carried out few experi,
ments on nonconducting oxides, our model appears consistent
with whnt is known about alkylamine-silanized silica and
alumina, and adds by inference some additional features.

EXPERIMENTAL

Metal Oxide Electrodes. TiD, was prepared in polycrysW1ine
thin film form by chemical vapor deposition according to Bard
(17) or by simply heating Ti metal in s Bunsen burner flame. SnD,
films on glass (commercially prepared) (1). sprny-swmized RuO,
films on Ti (2) and Pt/PtO electrodes (3) were obtained as
previously described.

Chemicnls. The PrNH, 8ilane (3-aminnpropyltriethoX}'Silane)
Bnd en silane (3-(2-aminoethylsmino)propyltrimethoxysilane)
(peR Chemical Co.), earlier used as received, are now routinely
ys.::uum distilled upon ESCA evidence of polymer contaminanL
Nitrobenzoyl and fluorobenzoyl chlorides were from Aldrich.
Benzene was dried over sodium.

0003-27ooI7S/0350-0576$01,oo/0 C 1978 American Cherrical Soclety
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Figur. 1. Reaction kinetics of .on silane In 6 ·C benzene with SnO..
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adherent and properly conducting or doped materials in the
f1lm preparation process itself. Exposure to laboratory air is
permitted before silanization. These surfaces are reactive
loward the silane reagents and we have no data suggesting
that they are not extensively hydroxylated.

Pretreatment of the approximate monolayer of oxide on
Pt/PtO electrodes has been rea1ricted 10 low temperature oven
drying (50 DC) 10 protect the layer. The silanization reaction
is sensitive 10 the conditions of the electrochemical preparation
of the oxide layer (4).

Overall, while detailed investigation of pretreatment effecla
is incomplete, we have not yet, except for perhaps Pt/PtO,
discerned pretreatment 10 be as important a reaction condition
variable as those described below.

Silanization Reaction Conditions. The significance of
anhydrous reaction conditions for the silanization process has
been emphasized (1). Growth of three-dimensional siloxane
polymer can be substantially avoided under anbydroUll
conditions (6). Of the various reaction methods employed (see
Experimental), the earliest (Method A) (1) is unnecessarily
forcing for the metal oxides considered here. The room
temperature Method C is convenient and is thought to yield
a limiting coverage as "monolayer" to distinguish it from
"multilayer" (as with siloxane polymer growth). We emphasize
that this is a reaction site-limited coverage and may not be
the same as a coverage limited by the molecular dimension
of the alkylamine-silane. Molecular dimension-limited
coverages are those typical in Langmuir-Blodgett experimenta
(23).

The very mild Method D was originally investigated as a
strategy to achieve coverages 1... than the reaction aite-limited
value. Figure 1 ahows N Is and Si 2p ESCA hand intensities
on SnO. surfaces reacted with 6 DC, I % en silane solutiona
for various times. The time dependence of the two elements
is different; we believe the N la data represent alkyl­
aminlHlilane coverage more accurately. The Si 2p data will
be discussed later. The N Is band is a doublet due to free
base and protonated amine (N and NH+) forma (1); relative
N/NH+ intensity is not a function of reactinn time. The
Figure I data are lots! N la intensity, which rises quite rapidly
to a gradually sloping plateau. For a 3--6 min reaction time,
the N Is intensity achieved is within 20% of the average
intensity (1) for en silane reacted sua:essfully with Sno, using
Method A.

The N Is data of Figure 1 ahow that achieving I... than
limiting coverages of en ailane on SnO. Ulling 1% silane BO­

lutions with Method D requires inconvenienUy short reaction
times. Lowering lbe en silane concentration can be an ef­
fective tactic for a 3O-s reaction period, as iIIU8lrated by Figure
1 for 0.1 % and 0.001 % solutions. The latter corresponda to
about 25% coverage. The reproducihility of auch low coverage
experiments is not very good, and comparable eIperiments
have not yet been conducted on the other metal oxides.

ESCA. X-ray (Mg anode) photoelectron spectra were obtaioed
with a DuPont 6508 electron spectrometer (1). In later ex­
perimenla the data acquisition and manipulation features of this
instrument were modified with a microprocessor system to be
described elsewhere (18). Typical vacuum level was 1 X 10-7 Torr.
A C Is contaminant line was reproducibly preoent. RE. of other
elemenla are referenced 10 the C Is line taken as 285.0 eV.
Sputtering experimenla were typically carried out with 1.5 keV
and 35 mA Ar+ beam current. As samples for electron spec­
troscopy were necessarily exposed 10 the atmospbere during the
synthetic preparation, care was taken to avoid contaminant sources
particularly of Si and N, and 10 check for these elemenla with
control samples. Si remained 8 problem with 8002 electrodes
as discussed in the text. Possibly excepting Pt/PtO, the metsl
oxides do not tend 10 adsorb alkYlamines (probable silane reagent
contaminant) from benzene control solutions.

Silanization Reaction Conditions. Procedures identified
previously as reaction Methods A, C, and D (1,6) are: Method
A involves prolonged reflux of the mets! oxide electrode in a 10%
silane solution in benzene or xylene. Method C carries out the
reaction in 8 glove box (Vacuum Atmospheres) or in syringe cap
vials in 1-5% silane solutions in benzene at room temperature
for lHiO min. Method D uses typically I % silane in 6 DC benzene
for periods ranging from 10 8 to 10 min. Silanized samples are
washed very thoroughly with dry benzene before removal from
the reaction flask, to avoid oontact of any silanc-containing solvent
with atmospheric moisture, and then with methanol in many cases.
An additional silanization procedure (Method E) has undergone
preliminary tests; in this method the sample is reacted with silane
vapor in an apparatus maintaining the sample at ca. 60 °C for
12 h. We have little ESCA dats on samples prepared by Method
E, but silanization does occur on Ru02. and amidization with
3,S-dinitrobenzoyl chloride yields the expected surface electro-­
cbemistry (2).

AmidizatioD ConditioDs. Reaction of 3,S-dinitrobenzoyl
chloride with silani.zed metal oxide samples has been carried out
using a range of conditions. Typical solution concentration is O.OS
M in CHCl3 solvent, the reaction time ranges from 10-60 min,
and temperature from room to ca. 60 °C. In some cases a catalyst
base such as 2,6-lutidene or 1,8-dimelhylaminonaphthaJene is
added. but care must be token in the washing procedure that this
nitrogen-containing material is adequately washed from the
sample. The latter base, for instance, adsorbs rather strongly on
RuOt surfaces, ond its use there is undesirable for experiments
involving N Is ESCA spectra.

RESULTS

Effects of Reaction Conditions. Reaction conditions for
metal oxide silanizations include the (i) pretreatment of the
metal oxide surface, (ii) conditions under which the silane is
contacted with the surface and excess rinsed from the surface,
and (iii) conditions under which the freshly silanized surface
is handled en route to subsequent measurements or chemical
reactions with the alkylamine moiety. We will discuss each
of these in turn.

Pretreatment. Pretreatment is known to be important
for chemical modification of SiO, surfaces. At room tem­
perature only ca. 50% of the surface oxygens are thought to
achieve a hydroxylated (-SiOH) state (19,20). Except under
highly acidic, basic, or dehydrating conditions, infrared
measurements on TiO, (21), and SnO, (22) powders indicate
that the surface lattice oxygens are predominantly in a hy­
droxylated (-MOH) state_ Strongly dehydrating conditions
are required to reduce O-H stretching intensities with gen­
eration, presumably of oxygen-bridged M-Q-M siles. The
-MOH site ahould constitute the reactive site for the alk­
oxysilane groups. ThUll it is not greatly surprising that no
influence of pretreatment, under conditions ranging from hot
concentrated HCllo 450 ·C drying followed by re-exposure
10 air, was discerned in previoUll (1) and ensuing atudies of
SnO,.

Pretreatment conditions employed thUll far for RuO, and
Tio. films have been governed by considerations of producing
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properties are not necessarily good criteria to distinguish
polymer~coated from monolayer-coated electrodes.

Gleria and Memming (25) have reported abnormally small,
nondiffusion controlled currents for aqueous Ru(bpy)l+
oxidation at highly doped SnO, in aqueous acid, interpreting
this as Ru(hpy)," adsorption on the SnO, surface. In our
experiments. we saw no evidence for adsorption by ESCA of
Ru(bpy),"-exposed SnO,. Cyclic voltemmetric i./ul/' of
aqueous Ru(hpy)," solutions is constent over 5-500 mV/s
sweep fate. The diffusion coefficient calculated from the
i./v l /2 data has a normal value (6 x 10-< cm'/s).

Post-Silani7.ation Treatment. If the reaction of the three
nlkoxysilane functions present on PrNH2 and en silnnes with
the metal oxide surface is incomplete, "danJ{ling" alkoxysilane
groups may exist on the electrode surface after silanization
is terminated. The fale of these danglinK groups. as deter­
mined by handling of the silnnized electrode, moy influence
the behavior of the alkylamine-silane/metal oxide interface
in subsequent measurements or reactions of the amine sites.
The reaction of the trialkoxyalkylamine-silane with hy­
droxylntcd metal oxide surface can he written

Thirdly, thermal curing can be used to attempl two-di-

where Struclures I, II, and III represent differenl degrees of
coupling: and H' is the alkylamine or some other group.
Puhlished descriptions of the relative proportions of these
structures are both sparse and generally nonquantitativc, as
analysis for them is 8 difficult problem. ]n reactions of
chloromethylsilanes with silica surfaces, Structure I is often
presumed without justification other than probable bond
strain in Structure III plus incomplete SiD2 surface hy­
droxylation. Residual Si-Cl has been detected after silica
reaction with dimethyldichlorosilane (20). An overage of two
Al-D-Si bonds per silane (e.g., Structure 11) wa_ reported (26)
after reaction of a trichlorosilane with alumina. After rcaction
of dimethyldichlorosilane with tin(lV) oxide gel, Harrison and
Thornton (27) showed that the silanized material reacts with
acetic acid vapor to yield infrared bands assignable to a sHyl
ester, which was hydrolyzed slowly by water with appearance
of spectral features attributed to -SiOH groups. Examination
of SnO, films hy inelastic tunneling spectrometry following
reaction with triethoxyvinylsilnnc has produced evidence for
dangling ethoxysilane groups (28). Similarly, Raman bands
assigned to Si-Cl have been observed on SnO, following
reaction with 3-chloropropyltrichlorosilane (29). Thus some
evidence exists for Slructures I and II and for dangling reactive
groups on silanized surfaces, but none for Structure III.

Accordingly, it seems reasonable to assume in silanizations
of metal oxide electrodes ,,;th trialkoxyalkylamine-silanes thal
the surface products contain, or perhaps are predominantly,
Structures I and II. Post-silanization handling of these
surfaces can he in three modes. Assuming for the discussion
Structure II, the post-silanization environment of the surface
can he maintained in an anhydrous and aprotic state, to
altempt. to preserve the dangling alkoxysilane. Alternatively,
the surface can be deliberately exposed to moisture, hy­
drolyzing the alkoxysilane group to on -SiOH function as in
Structure IV

Figure 3. Cyclic vottammograms on 5n02 (Curves A. D), Sn02/en
prepared with Method 0 (Curves e, E), and SnOzlen prepared with
Method A (C""es C, F). same electrode preparation as used lor data
of Figure 2 but different specimens. Curves A-C: ca. 2 mM ferro­
cyanide In 0.1 M KCI and pH 2.4, 0.5 M glyclna bullar. 200 mVIs.
G""es O-F: 1 mM Ru{bpy),(C10,), In 0.18 M H,SO" 0.1 M KCI. 200
mV/s

EleclrOOes with sub-monolayer silane coverage may be useful
for sludy of steric aspects of redox couples (2, 24) immobilized
on electrodes using alkylamine-silane chemistry.

The incidence of poor electrOOe preparations in which
silo,ane polymer-fonning misadventures occur is much higher
with Melhod A than lhe milder Methods C and D. For
example, in 8 comparison preparation of SnO:den electrodes
using Methods A and D, the Method A electrode showed
evidence of polymer formation by greatly reduced Sn 3d'/2
band intensity (1.1..../ lun~>rt = 0.09 vs. 0.68 on the Melhod
D electrOOe) and prolonged N Is and Si 2p signals upon
sputtering, as shown in Figure 2. On method D (and C)
elec!rOOes, N Is disappears after a few seconds of sputtering,
and Si 2p a little more slowly. Both bands were persistent
on the polymer-coated Method A electrode, and Sn 3d'I' and
o Is intensity remained low after several minutes of erC\Sion.

We presumed earlier (I) that electrochemical properties
would be quite sensitive to siloxane polymer formation. Figure
3 compares cyclic voltammetry of aqueous ferrocyanide and
Ru(bpy)." on native SnO, and on the MethOO A and D
SnO,/en. The reversibility of both electrOOe reactions on
native SnO, and MethOO D-SnO,/en is quite similar. The
oxidation of Ru(bpy)," on the polymer-bearing Method
A·SnO,/en is poorly defined, very irreversible, with small
currents, but the ferrocyanide reaction is only mildly irre­
versible (Curve C). The negatively charged Fe(CN),'- ap­
parently readily penetrates the siloxane film, which at the
solution pH employed should bear positive ammonium sites.
Ru(bpy)'" tends to be excluded because of either its charge
or larger size. This comparison shows that electrochemical

Figure 2. 1.5 keV Ar· sputter of SnOzlen electrodes prepared by
Method 0 (-) and by a Method A experiment in which polymer formed
(.....)
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26

31

16

Active amined • '%IN la(40o)/IN .a(4ol.s)c1'%

76/24
58/42
72/28
41/59
61/37
39/63

Trcatmcntb

pH 10 wash
0.05 M HCI wash
pH 10 wash
0.05 M HCI wash
pH 10 wash
0.05 M HCI wash

Ru0 2 /en

Table J. Aaay of Active AmiDe

Acid-Base Assay

E:r.pl Elecb'odeCl

I-I SnO,/PrNH,

1-2

1-3

Amidization Assay

IN 1&(40••1)1 IF 1.(....)1
Expt ElectrodcG Treatmentb IN ••(Amine + amide) IN ,.(AmIDe + amide) Active amineC'. %

1·4 SnO,/PrNH, 4-(NO, )phCOCI 0.20.' 0.27 20.' 27
1-5 SnO,/PrNH, 3.5-(NO,),PhCOCI 0.13 6
1-6 SnO,/PrNH, 4-FPhCOCI 0.53 22
1-7 SnO, len 4-(NO,)PhCOCI 0.29 29
1·8 SnO,/en 3.5-(NO, ),PhCOCI 0.96.6 0.98,1.00 48,49,50
1-9 SnO,/en 4-FPhCOCI 1.84 77
1-10 RuO,iPrNH,J 3,5-(NO,),PhCOOHI 1.48 74
1-11 RuO,/PrNH,h 3,5-(NO,),PhCOCI 0.~2, 0.27, 0.33, 0.30 21,13.16,15
1-11_ RuO,/PrNH,' 4-(NO,)PhCOCI 0.20 20
1-12 RuO,/enh 3,5-(NO,),PhCOCI 0.49.0.53,0.72.1.35 24,25,36.63
1-13 TiO,len 3,5-(NO,),PhCOOHI 0.24 12
1-13_ TiO,len 3-(NO,)PhCH,COOHI 0.21 21
1-14 Pt/PtOlen 3,5-(NO,),PhCOCI 0.45 (23)'
1-15 Pt/PtO/en 3.5-(NO,),PhCOOHI 0.45,0.68 (23,34)'

lJ ElectrodelPrNH] and electrode/en denote surfaces reacted using Method C with 3-aminopropyltriethoxysilane and 3-(2·
aminoethylamino)propyltrimetboxysilane. respectively. b ESCA data comparing acid and base treatment are on separate
specimens to avoid possible beam damage effects. C Intensities are in % of total amine band area; actual D.E. in alkylamine­
silane dnuhlet are 399 3 eV and 400.6 eV for en and 400.3 eV and 401.9 eV for PrNH,. d Percentage of total nitrogen in­
tensity shifted to higher R.E. hy acid wash. • Poreentage of total a1kylamine-ailane N Is hand (Amine + Amide) which
yields tagged derivative. Nitro derivatives normalized according to number of nitro sites; fluoro derivative normalized with
croa-section (30) ratio 0.42. (Data taken from fi~ in ref. 7, silaniz.ation reaction Method A • SiI.nization Method D
used h Thermal curing p06t"'6ilaniz.ation treatment. i Amidization wing OCC coupling procedure. j Anhydrous po6t­
silanization handling, reactions conducted in glove boL • Silanization Method E used. 1 See text.

men..ional cross-linking of the surface, expelling H,O aod/or
ROH to yield siloxane bridges as in Structure V.

t·"',..,.·... Sl

0''\
o

H'" 0, /
~ SI

I'I ... 0' 'II:'

Consequences of these three modes of post-silanization
handling have heen observed in several experiments. RuO,
and Pt/PtO surfaces arlor silanization with en silane react
with nitrobenzoyl chlorides; the resulting surfaces exhibit
electrocbemical surface waves characloristic of the nitro­
aromatic moiety (2, 3). Differences in the electrochemical
behavior were noted 00 the Pt/PtO surfaces depending 00

whether the freshly prepared Pt/PtO/en surface was expooed
to moisture or not prior to the amidiz.ation slop (3). This
possibly is associated with reactivity of dangling -SiOH groups
in the walor-exposed samples. An analogous sensitivity of
RuO,/en surfaces toward moisture was oot observed (2) in
the electrochemistry of nitroaromatics immobilized on the
RuO,jen electrodes, which had heen thermally cured, and
which were thus probably in the less reactive Structure V.
Effects of thermal curing are also found in tests of stability
of RuO,jen surfaces toward hot (ca. 80 ·C) walor. Freshly
silanized RuO,jen is stable in a variety of solvents, but a few
minutes' exposure to hot walor compleloly strips the alkyl·
aminlHlilane as evidenced by disappearance of its N Is
spectrom. After curing at 85 ·C (in vacuo) for 30 min, 5(Hl()'JI,

of the N Is hand survives the hot walor test. Involvement
of Structure V is implied but not proven by this ezperiment;
wbether the hot water degradatioo is due to -RuOSi- bond

hydrolysis or dissolution of the oulorm06t RuO,lattice is not
known. In contrast to the result on RuO,/en, boiling a
SnO,/cn electrode for 2 h in walor produced no a1loration in
the observed N Is or Si 2p spectral inloositi... Curing effects
on SnO,/en have not heeo ascertained, and on Pt/PtO/en
thermal curing incurs unacceptable and not further inves­
tigated increases in electrochemical background currents.
These various observations show that the form of post-si­
lanization handling is an experimental variable which merits
detailed atlontion in electrode preparation.

Analysis of Alkyamine-Silanized Metal Onde Sur­
faces for Active Amine. Since one inlont of alkylamine­
silanizatioD is to immohilize amine sites on the metal oxide
electrode as reagents for further molecular elaboration of the
surface. analysis of the fraction of immohilized nitrogen which
actually will react as amine is a relevant measurement. Using
ESCA N Is data, we have measured active amine as proton­
atable base, and as amide-forming functionality.

Acid-Base Reactions of Immnbilized Alkylamine­
Silane. The N Is hand observed on SnO, electrodes im­
mediately after reaction with aIkylamine-silane (Figure I) and
alkylpyridinlHlilane (1) is a doublet which from the observed
hinding energies and separation (400.3 and 401.9 eV for PrNH,
and 399.3 and 400.6 eV for en silane) is reasonably interpreted
as a mixture of free and protooated amine. Exposure to water
or dilulo base diminishes but does oot eliminalo the higher
RE. hand (unexpected since a protonated alkylammonium
silo attached to the metal oxide surface only through the alkyl
chain should be deprotonated by this treatment). Also,
exposure to strong acid (0.05 M HCIl only partially converts
the free base hand into the higher B.E. form. These effects
are reversible and occur with little change in total N 1s in·
lonsity.
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factor becomes included in the active amine determination,
which is thereby somewhat less reliable.

Results of such tag atom amidization assays for active amine
are given in Table J. Examples of spectra have been reported
previously (2, 3). Shake-up bands as observed for nitroanilines
(32) or beam damage effects are not seen in the nitro tag
spectra or in a spectrum of authentic n-propyl-3,5·dinitro­
ben7.amide, which exhibits a stable nitro/amide N Is band
Brea ratio of 2/ I as expected.

The experiments on 8n02 employ several amide reagents
since the initial work was done on this material. On a
SnO,/PrNH, surface, Experiments 1-4, 5, and 6 show only
6-27% of the surface nitrogen amidized by the indicated
reagents, in contrast with Sn02/en where 50% amidization
is obtained using 3,f>-dinitrobenzoyl chloride (Experiment 1-8).
NOLe that en silane contains two alkylamine functions, so if
one assumes that amidizstion occurs predominantly at the
terminal primary nitrogen, Experiment 1-8 results indicate
100% active primary amine for en silane as compared to
6-27% for PrNH, silane. While the fraction of amine which
is active on both ell and PrNH, silanized surfaces is actually
dependent on experimental variables as discussed below, the
key result is that a lower fraction of primary nitrogen un·
dergocs amidization on PrNH2-siianized surfaces.

Incomplete reactivity of surface nitrogen on SnO,/PrNH,
and SnO,/en surfaces can be interpreted in terms of hy­
drogen·bonding of amine, principally that in the)' position
on the alkyl chain, to silanol (-SiOH) functions on the parent
or neighbor silane which result from hydrolysis of uncoupled
silane. (In most of these experiments. no special precautions
were t.aken to maintain anhydrous post·silanization condi­
tions.) Additionally hydrogen bonding could involve unsi­
Ionized metal hydroxyl (-MOH) sites. We suggest that the
surface structures may be

where R = H for PrNH, and R = -eH,CH,NH, for ell silane.
There iR considerable precedent in previous silanization

work conducted under both polymer forming and anhydrous
conditions for this explanation of inactive amine. Hydrogen
bonding of amine sites in alkylarnine-silanes to silanol or other
.urface hydroxyls has been widely inferred (33-35). Infrared
spectra demonstrate the adsorption of ammonia on silanol
groups at .i1icn (36). Kahn (37) obtained evidence for liquid
crystal orientations at PrNH2·silanized surfaces from which
a parallel orientation of the alkylsilane chain, and hence
cyclical bonding of the amine, is implied. Anderson et al. (38)
observed a douhlet N Is ESCA band on a polymeric PrNH,
silane coating on silicon and attributed the higher binding
enerJ{Y nitrogen to ammonium sites caused by presence of
silanol functions. The results in Table I and the postulated
Structures VI and VII are consistent with this background,
and demonstrate methodology for a more quantitative de­
scription of hydrogen bonding on alkylamine-silanized surfaces
than hn. been previously accomplished.

Depending on steric and solvation effects, the stability of
hydrogen bonded Structures Vl and VII may vary throughout
the surface population. In an amidization assay for active
amine, therefore, the unbonded "normal" amine ([N/NH]
form) population may be augmented by reaction of some more
weakly bonded Structures VI and VlI, in which case the active
amine assay is not absolute but becomes an apparent and
variable quantity which depends on the amidization reagent
and the reaction conditions. There is some indication that
this may be a considerable effect. For instance, assay results
using the 4-nitrobenzoyl, 3,5-dinitrobenzoyl, and 4-fluoro·

396408 396 408
BI NOI NG ENERGY. Ev

F~ur. 4. N 15 spectra for SnO,IPrNH, (Curves A. B) and SnO,len
(C.....es C. 0) electrodes exposed to pH 10 aqueous basa (lower) and
to 0.05 M Hel (upper) resolved Inlo p<olonaled and free basa spectral
components. Different samples used for each experiment

Figure 4 shows the N Is doublet for SnO,!PrNH, and
SnO,/en surfaces exposed to aqueous acid and base, and Table
I gives areas of the resolved bands (Experiments 1,2). Taking
the relative cbange in intensity of tbe bigher binding energy
band as a measure of active amine. the results indicate that
only a smBIl portion of the nitrogen on tbe PrNH, silane
surface is active base. A larger fraction is active on the
SnO,/en surface. On both surfaces a significant fraction of
the nitrogen retains the higher binding energy even upon base
wash. RuO,/en behaves similarly (Experiment 3).

These results suggest three forms of nitrogen on alkyl­
amine·silanized meta! oxide: 8 form with free amine binding
energy which resists protonation in acid (designated as IN]
form), a form with ammonium binding energy which resists
deprotonation (designated as INH] form). and an active,
reversibly protonated form (designated as IN/NH] form).
Analysis of the data in this manner is subject to criticism 8S

it neglects "transfer" effects (changes in the alkylamine-silane
surface in going from an aqueous acid-base equilibrium to n
dry stote and thence into the vacuum of the electron spec­
trometer). For example, amine protonated while in contact
with the aqueous acid is possibly deprotonated when dried
or placed under vacuum, in which case the determined %
IN/NH] form is too low and the actual % IN] form is lower
than that measured (or non-existent). The lability of the
acid-base reaction is a potential liability in the active amine
assay. An active amine analysis in which the amine deriv­
atizalion is more permanent, such as in an amide, is desirable.

Amidization of Immobilized Alkylamine-Silane.
Amidization of an en or PrNH, alkylamine-silanized surface
with an acid chloride or with a carboxylic acid in the presence
of a dehydrating agent such as N,N'-dicyclohexylcarbodiimide
(DCC), produces little change in the overall appearance of the
alkylamine-silane N Is doubleL The amide and alkylamine
nitrogens have similar binding energies (31). To determine
the fraction of amide nitrogen in the unresolved amine +
amide band, the amidizing reagent should contain a "tag"
atom with distinctive binding energy. For instance, reaction
of a SnO,/PrNH, surface with 3,5-dinitrobenzoyl chloride
yields a nitro N Is band at 406.5 eV, well resolved from the
amine + amide band. The relative intensities of the two bands
reflect the extent of amide formation. If the SnO,/PrNH,
surface consists of I()()% active amine, the band area of the
nitro band would be 2 x that of the amine + amide band. A
different element can alternatively be used for the tag atom,
such as F or S. In this case a relative elemental sensitivity



benzoyl chlorides on SnO,/en surfaces vary widely (Exper­
iments 1-7, 8, 9). The active amine assayed by 3,5-dinitro­
benzoyl chloride on RuO,/PrNH, and SnO,/PrNH, is nor­
mally low (Experiments 4-6, 11), but one experiment using
anhydrous post-silanization and OCC coupling conditions gave
a high % active amine assay (Experiment 1-10). Results on
RuO,;en surfaces (Experiment 1-12) indicate a &enerally
higher %active primary amine but are scattered since 8 range
of 3,5-dinitrobenzoyJ chloride reaction conditions was em­
ployed. Results on Pt/PtO/en are probably erroneously low
due to interference from adsorbed amine impurity on this
particular oxide. Finally, because of interference from direct
adsorption of metal ions by the SnO, oxide (1), we are unable
to quantitate Sn02/en reactivity toward metal ion coordi­
nation. Whether metal ions are effective in disrupting
Structures VI and VII to form en-chelates, on these oxides
or on silica (13), is a question specifically unanswered by the
present data.

The amidization results generally substantiate the acid-base
assay in terms of an unreactive amine population. The
hydrogen bonded amines of Structures VI and VII represent
the nonprotonatable IN) and nondeprotonatable (NHI forms,
respectively, which should exhibit a binding energy difference
similar to that between free base and protonated amine. The
acid-base results for active amine are lower than those ob­
tained by amidization so the acid-base conditions used ore
either less reactive at opening Structures VI and VII or do
so less permanently (e.g., transfer effects).

Thus, binding of alkylamine-silane to SnO, and RuO, is
thought to involve cyclical hydrogen-bonded struc:.ures whose
specific reactivity depends both on silane and the assaying
reagent. A larger fraction of amine can be induced to undergo
amidization on en silane since its terminal primary amine site
is less subject to hydrogen.bonding. For this reason the cn
silane is preferred over PrNH, silane when high coverages of
immobilized redox couples are sougbt on cbemically modified
electrodes (2, 3). Also, in tbe absence of assays sucb as above,
it is risky to assume that reactivity of a surface immobilizcd
chemical functionality is quantitatively the same as its solution
counterpart. Perturbing interactions not present in the
solution environment can disturb a quantitative parallel.

Alkylnmine-Silanized Glassy Carbon: Acid-Base
Behavior and Unsuccessful Amidization. Reaction of
glassy carbon electrodes witb PrNH, and en silanes in warm
dry benzene for ca. 1 h yields surfaces exhibiting N Is and
Si 2p bands more intense than typical background. These
surfaces are stable to a variety of organic solvents and,
provided they are fust thermally cured, to hot water and dilute
aqueous acid and base. Howcver, contrary to our previous
expectations (4), neither alkylamine-silanized carbon yields
evidence of surface amidization using a variety of reagents
at room temperature, including 4-nitrobenzoyl, 4-0uoro­
benzoyl, and 3-bromopropionyl cblorides and I,I'-ferro­
cenedicarboxylic acid (DCC procedure). The tag element
ESCA band in each attempted amidization was not signifi­
canUy different from a control (not silanized) electrode. Some
loss of amine band intensity was usually noted after reaction.
More forcing reaction conditions, e.g., base catalysis or elevated
temperatures, resulted in cleavage of silane from tbe surface.
Dithiocarbamate and Schiff base formations were also at·
tempted without success. Alkylamine-silanized glassy carbon
does not seem to provide useful coupling chemistry for the
preparation of chemically modified carbon electrodes, at least
not under monolayer coverage conditions. A different
cbemical approacb is more successful (39).

Alkylamine-silanized glassy carbon does exhibit a pro­
tonated/free base amine N Is doublet (4) similar to tbat
observed on the metal oxide electrodes. Figure 5 illustrates
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FI9ur.5. Ratio of protonated and free base (I,..J IN) N 1s Ioteosities
on glassy carbonIen electrodes as a function of pH of aqueous buffer
to which the surface was exposed. Inset shows resolving 01 two N
1s components. Different sample used for each pH point

resolution of this doublct. C/en surfaces were expo~ to a
series of buffer solutions, tbe surfaces blown dry with an air
jet, and t.be I NH/I N intensity ratio measured. Discontinuities
in INH/ IN occur (Figure 5) near tbe pK values (6.85 and 9.93)
(40) of free etbylenediamine. The discontinuities appeared
each of several times this experiment was repeated but varied
as much as one pK unit. C/PrNH2 surfaces, in contrast,
exbibited no change in the INH / IN ratio (0.75) over a similar
pH range. These results are difficult to interpret cleanly, but
could bc rationalized in terms of a stable array of surface
structures cyclized at tbe "I-amine site as in Structures VI and
VII. Tbe terminal amine of Structure VI in C/en would be
more basic tban that for Structure VII for the same reason
that ordinary etbylenediamine exhibits two different pK
values. Thus the titration of Figure 5 would correspond to
neutralization of Structures VI and VII. Validity of this
tentative model aside, the interesting aspect of Figure 5 is a
suggestion that quantitative information on surface acid-base
properties may be obtainable using a very primitive BoIu·
tion-lo-vacuum transfer. Tbe bebavior of the buffer solution
as a thin film of it dries on the surface during the transfer may
be crucial.

Tbe acid-base bebavior oftbe C/en surface is difficult to
reconcile witb the lock of success in amidizing the apparent
surface amine. It may be that tbe loss of N Is intensity upon
attempted amidization is associated with cleavage of the active
amine form of the en silane from the surface under the re­
action conditions. In view of this complication, further ex­
periments like that in Figure 5 will focus on different sub­
strates than carbon.

Analysis of N/Si Surface Atom Ratios. The structtiral
integrity of alkylamine--silanes immobilized on the metal oxide
surface is measurable using N/Si ESCA band intensities
(area). Table n gives data. Comparing surfaces prepared by
reaction with en silane, IN/ Is; data differ between tbe various
metal oxides. The IN/Is; ratios tend to be low on SnO,/en
surfaces, and to depend there on silanization reaction con·
ditions. IN/Is; values on SnO,/en surfaces prepared under
the mildest conditions (Experiment 11-2, 10 s) are comparable
to IN/ Is; data on RuO,/en and TiO,/en surfaces prepared
using Method C (Experiments 11-7, 8,10). SnO,/en surfaces
prepared under the most forcing silanization conditions
(Method A, Experiment II-I) exhibit the lowest IN/Is; ratios.
Pt/PtO/en surfaces exhibit high IN/ Is; ratios.

The quality of the IN/ Is; data is of course inOuenced by
background N Is and Si 2p bands. Unreacted samples of Ruo.
and TiO, are typically free from significant N Is or Si 2p
blanks. On SnO" however, a Si 2p background appears at
the same RE. as the silane band, with erratically varying
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TobIe n. NiSi SurW:e Alom Ratio from ESCA Bend loteositles

AlItylamine-SiJanized Electrodes

0.89

1.01

1.39

1.23
1.50
1.38
2.82
2.74
2.70
1.89
1.25
1.03
1.45
1.27
0.95
1.06
0.50
1.29

Silane N/Sil
Calcd NISi

3.33

Actual/calcd

0.911

1.54'

Actual NISi

1.33

1.02

1.53

Calcd NISi"

0.96

IN/ls;." Calcd NISi" NISi in silanec

1.09 , 0.38 (8) 0.60 2

2.96 1.62 2
2.42 1.33 2
2.64 1.46 2
1.29 0.71 2
1.33 0.73 2
1.34 0.74 2
1.93 1.06 2
1.46' 0.10 (4) 0.80 1
1.76' 0.09(4) 0.97 1
2.62' 0.36 (2) 1.38 2
2.86 1.67 2
6.77 3.17 3
3.42 , 0.38 (3) 1.88 2
7.0' 1.0 (6) 4.02 2
2.70. 0.22 (21' 1.65 2

2.78

1.86

IN lIs;.
1.74' 0.16(3)

E"pt

II-I
11-2

n·16

n·16

Electrode

SnO,/end

SnO,/enc
(lOa)
(20 a)
(1 min)
(3 min)
(6 min)

D-3 SnO, len'
D-4 SOO, len'
D'5 RuO./PrNH,h
11·6 IRuO,/PrtlH,'
11-7 RuO, len
D-8 RuO./enl
11-9 RUO./triamh
n-l0 TIO,/enh

n-11 Pt/PtO/enh

11·12 Pt/PtO/.n'

Standard Materials

Ezpt Sample

n-13 Si.N.
11·14 PrNH, silane

polym.....
en silane
polyme....
triam silane
polyme.... 4.55 2.50 3.05' 1.22

• Band area ratl"" of N Is at 401.5, 400 eV to Si 2p at 102 eV ""cept for Ezpt& 11-11, 12, wbich used Si 20 at 160 eV to
avoid interference with a Pt band. Number of 6pecimens in (). £ Band area ratio converted to atom ratio using sensitivity
faclor of NISi of 1.82 10 N Is/Si 2p and 1.74 for N Is/Si 20. See texL C Sloicbiometric alom ratio in tbe indicated pure
lilane. d Electrodes prepared using ailani1.ation Method A • Silanization Method D; data from Figure 1. (Silanization
M.thod D. 'Silanization Method D followed by amidization with 4·(NO, )PbCOCI. h Silanization Metbod C. I Silaniza­
tion Method C followed by amidization with 3 5-(NO, ),PhCOOH (DeC). J Bend area ratio of N Is at 406.V to Si 20 at
160 eV and aaaumption of 60% active amine. }i Polymer samples prepared from silane by hydrolysis with water. drying,
grindine to powder. I Polymer sampl. analyaia by Galbraith Laboratories.

intensities (entirely absent on occasional samples and
amounting to 50% of the band on a silanized SnO, surface
in other instances). A background correction waa not at­
tempted because of this inconsistent behavior, and the
SnOJen INIISi are thus known to be low. It is not clear,
bowever, that the Si background problem can account for the
systematic variation of SnOJen surfaces witb silanization
reaction conditions. Relative to RuOJen and TiOJen, then,
""copt for the mild silanization reaction condition, tbe
SnOJen surfaces appear qualitatively Si-ricb (or N-poor). On
Pt/PtO surfaces, no difficulties exist with Si blanks 88 long
aa silicon-containing polishing materials are avoided in the
Pt electrode resurfacing wbich followa each experiment. N
Is background bands are seen at cs. 400 eV from time to time
but are not typically large enougb to cause aa higb a INIIs;
aa obeeMld 011 Pt/Ptl)len surfaces (Experiment n·ll), which
seem to be N·ricb.

Conversion of INIIs; data to NISi atom ratios involves a
relative ESCA elemental sensitivity factor

IN [ONAN~] TN Ct.Dt.
Is osAslf>s;.J TsCs;.DSI (1)

wbere f1 is pbotoionization croes-section for the N Is and Si
21>('/1+0/1) levels, Aare the escape deptha for pbotoelectrons
from theee levels, If> is the angu\ar coneIation factor for
photoelectrons at the pboton beam.sample-spectrometer
accepteD.. angle, T is spectrometer efficiency for electrons
of the given kinetic energies, C is an attenuation factor for
ad80rbed contaminant b,ydrocerbon layer on the sample. and
D is atom density. UsinI computed and tabularized (30)

cross-sections uNIuSH"') = 2.06; 4>NNs;I"') is calculable (41)
(equals 1.107 for our spectrometer's 67° angle); and ANI As;
is estimable from the Aa(KE)o.,· relationsbip whicb at KE ~

300 eV is a good approximation (12) to a more exact for­
mulation (13) (equals 0.80 for N Is/Si 2p). Tbe term in
brackets in Equation 1 is thus 1.82 for N Is/Si 2p. Tbe
dispersion of our spectrometer's efficiency with kinetic energy,
if any, is not documented. It employs a voltage reterding
feature which at the extreme could yield a relation (11)
Ta(KE)"', which would correspond to TNITs; = 1.35. At­
tenuation by tbe contaminant is also an uncertain factor; if
tbe mm is assumed to be ca. 20 A hydrocarbon, which is
prohably generous, a very rougb calculation gives CN/Cs; ­
0.8 (sttenuation is larger for the lower KE N Is pbotoelec­
trons). The last two factors tend to cancel one another, and
if we then assume T"cNITs.{}s;. -1.0, the theoretical estimate
for the N Is/Si 2p sensitivity ratio is 1.82.

Tbe N Is/Si 2p sensitivity ratio was also evaluated with
chemical standard.. Several materials (not sputtered) are
compared to the theoretical value in Table II. Prepared,
analyzed (bulk) alkylamine siloxane polymers agree reasonahly
well with the theoretical value. Data for Si.N. agree less well.
Previous (45,46) sputter promes of Si.N., bowever, suggest
that its unsputtered surfaces tend to be N·poor. Other
available standards work likewise notes a problem with Si data
(42). The 1.82 factor was adopted for conversion of INIIs;. in
Table II to NISi atom ratios, but the reader will note that
use of a 1.31 factor from the Si.N. sample would not alter
....ntial features of the following discussion.

Examining RuO. electrodee first, the calculated NISi atom
ratios on electrodes silanized with PrNH., en, and triam
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VIII

Flgwe 6. 0 1s speclrB on various metal oxides. CIne A: RuO,: CIne
B: RuO,'en; Curve C: RuO,'PrNH,; Curve D: SnO,; Curve E:
SnO,'PrNH,; Curve F: no,; Curve G: OO,Jen

J
,~

2~counts 0'1 1024_... . counts

~ . ~

Source

This work
(7)
(47)
This work
This work
(7)
This work
(48)
'Ihiswork

Lattice

630.8
630.6
630.1
sh
530.8
630.6 (ab)
629.6
529.4
529.7. 0.2

sh
632 (sh)
631.7"
631.8

-631.6
632

-532
530.6 (ab)'
632.1 • 0.2

SnO,/PrNH,
SnO, len
SnO,/PrNH,
RuO,
RuO,
RuO,/PrNH,

(or en)
TiD, .h 630.0 This work
TiO,/en 632.0' 0.3 529.8' 0.3 This work
Paraua silica 632.8 This work
Glass 632.5 This work
Glass fibers 632.4 (55)
Glass 631.2, 529.4d (56)
NiO 631.2" 529.4 (50)
CuD 531.6" 629.7 (51)

• B.E. in this work rererenced to CIs (285 eV); B.E. by
others reCerenced variously to Au. Ag. C 1&. and exact cor·
respondence B.E. cannot be expected. b Interpreted var·
iously as chemisorbed oxygen species or surCace hydroxyl.
, Hydrated sample; pure prepared sample has 531.5 band
interpreted as RuO) deCect. d Interpreted as "non·bridg­
ing oxyeen tJ

•

Table W. 0 10 Bineline Energies

o Is D.E., eva

Sample

SnO,

desirable but will require further experiments.
Effect of SiIanization on 0 1. Spectra of Metal OJ<ides.

Each of the three bulk metal oxide electrodes exhibits a
dominant 0 Is band which is presumably the lattice -MOM­
oxygen, and also a higher B.E. 0 18 band which is poorly
resolved from the main band for SnO, (Figure 6, Curve D)
but distinct for RuO, and TiO, (Curves A, F). The SnO,
shoulder has been observed by others (7, 47), and aimilar
shoulders are common observations (48-54) on other metal
oxides especially upon exposure to air and moisture. A
collection of metal oxide 0 Is data is given in Table III. The
higher B.E. shoulder is usually interpreted as surface hydroxyl
(7,47, 5(}--54) although evidence for a different metal oxidation
state was presented for RuO, (48).

Reaction of the metal oxide electrodes with an organosilane
produces a much more prominent higher RE. 0 18 hand
(Curves B. C, E, G, Figure 6). The B.E. of this hand is ap­
proximately the same for PrNH, and en-silanized surfaces,
and on RuO, and TiO" where accurate B.E. measurements
were feasible. The intensity of the higher B.E. band roughly
correlates with the intensity of the N Is band of the alkyl­
amine-silane and thus it is related to coverage achieved in
the silanization reaction. It is particularly intense on samples
bearing siloxane polymer. The lattice 0 1. hand exhibits no
change in B.E. upon silanization but is lowered in intensity
presumably because of photoelectron scattering by the ov­
erlying silane.

The higher B.E. 0 18 band which appears upon silanization
can be interpreted as -MOSi- oxygen, (although contributions
from -SiOH, -BiOR, or adsorbed water are also possihilities).
The lattice 0 18 hand for -SiOSi- bound oxygen (as in silica)
lies at higher RE. (by 2-3 eV, see data in Table W) than the
typical lattice oxygen in the more ionic metal oxides. The
band on silanized metal oxide has an intermediate RE.;
compare 530.0 eV for TiO,lattice 0 Is and 532.5 eV for glass
(our data) with the observed 532.0 eV on TiOJen. This would
qualitatively be expected for -MOSi- oxygen. Tbe -MOSi­
band overlies or supplants by reaction the surface hydroxyl
present on the metal oxide before silanization. In the case
of SnO" care must be taken to avoid specimens with surface
Si contaminant when examining the effecta of silanization.

520525 540 530 520 540 530
eV eV.v

535

silanes are in reasonable agreement with the ideal molecular
ratios. The result for TiO,/en is similar. Structural deg­
radation of the a1kylamine-silane does not appear to occur
upon binding to these surfaces.

The N/Si atom ratio results for SnO,/en surfaces, known
to involve error from the Si background problem, suggest a
nonideal N lSi surface stoichiometry, particularly for surfaces
prepared under the more vigorous reaction conditions. Two
explanations for silicon·richness on 8 ailonized metal oxide
surface can be offered. First, it is possible that the silane
reagents contain deaminated trialkoxyalkylsilanes or these
are produced by decomposition patbways in the reacting
solution. Secondly, the silane reagent may penetrate the
outermost, hydrated one or two atomic layers of tbe SnO,
lattice, nucleophilic attack by -SnOH on the alkylamine
sidechain then occurring to expel that group with its amine
nitrogen. The silicon would reside as silicate sites interspersed
in the surface SnO, lattice, as below

Both explanations for Si-richness are speculations.
The N/Si atom ratio on Pt/PtO/en shows that this surface

is N-rich. The Pt/PtO surface differs from the other elec­
trodes in that the oxide layer is an approximate monolayer
rather than a bulk oxide (3). This oxide, or patches of exposed
Pt·, may chemisorb amine components from decomposed
alkylaminesilane in the reacting solution. IT so, the amine +
amide N Is band of Table I is enhanced on Pt/PtO and the
active amine assay of Table I (Experiments 1-14,15) is thereby
low. Electrochemical experience with the Pt/PtO/en surface
suggests fairly high coverages in amidization reactions (3), and
the portion of immobilized a1kylamine--1lilane which reacts as
active amine may be higher than that represented in Table
I by 2X or more. IT, for instance, we assume the reactivity
of en silane on Pt/PtO/en is like that on SnO,/en surfaces
(e.g., 50% active amine), and then employ IN/ISldata taken
using the 406 eV nitro band on a siJanized, amidized electrode
(Experiment n-12), an atom ratio more in line with the results
on RuO,/en and TiO,/en surfaces results. A better-sub­
stantiated quantitative picture of the a1kylamine-silane
stoichiometry on Pt/PtO/en surfaces than this is obviously
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oxide form and 80 the actual depth of lattice hydration is leas
than the profile of Figure 7 implies. The possibility of reo
duction during sputtering of SnO, powder hR., been advanced
(47). In an alternate interpretation, using an emperical relative
oISn sensitivity factor 0.11 (58) with Figure 7 yields aISn
atom ratios typically 4.3 before sputtering nnd 2.5 after. This
calculation suggests even more extensive surface hydration
and little or no AT'" reduction effect. A sputtering experiment
with 400 eV Ar+ was stated elsewhere not to cause reduction
of SnO, (59). Lastly. we have ohserved an example of metal
ion chemisorption (60) to the same depths as the 10 /1s.
variation. The evidence supports our interpretation of li'igure
7 in terms of a hydration deeper than the outermost SnO,
lattice plane.

q 6 8 10
Tolol Spuller Time (Min)

Flgwa 7. 1.5 eV Ar+ sputter ptOfie for snO, (Specimen I, •••• and
spec:tnen II• .Q.) and SnO,Ien Method D. Specimen 1fI, 'd') electrodes
lor 0 1•• 50 3d,,~ and F 1s. Sputter ptofies are on arbltrary intensity
scaJes _ant lor each aIament. band intensity ratios In Inset are actual
band areas

The 0 Is spectral region has potential qualitative usefuln...'
in study of silanization reactions. We regard quantitative
interpretations of intensities as tenuous because of the meta)
hydroxyl feature IlJld the presence of surface water. adsorption
of which is conceivahly enhanced hy the presence of the silane.

SnO, Dopant Concentration and Depth Profile. SnO,.
an n·type semiconductor in pure (orm, is useful as 8 non·
rectifying working electrode at positive potentials only when
doped with high levels of appropriate carriers. The SnO,
electrodes employed here arc nuoride doped; a F Is band can
be detected for this at B.E. 687 eV. The dopant concentration
and depth profile are of interest. Figure 7 shows Ar' sputter
profiles for two native SnO, and one silanized SnO, electrodes.
The variation of 1,. with sputter time indicates that the
outermO!lt 10-20 A of the SnO, electrode is depleted in dnpant.
The degree of depletion varies with the electrode as docs the
interior level of dopant. There is no obvious dependence on
the electrode having been subjected to silanization. Applying
Equation 1 in the same manner as for NISi. a relative sen·
sitivity factor of 0.26 is used to convert the 1.-/lso band area
ratios (Figure inset) for Specimen II at zero sputtering time
(surface) and ID-min sputtering time (interior) to F/Sn atom
ratiO!l of0.034 and 0.056. respectively. These arc approximate
values since IF for Specimen I. for instance. was twice as large.
and also the relative sensitivity factor wo.' not compared to
standards. Using 6.95 g.cm' for SnO, density. carrier pop.
ulations of9.4 X 10'" and 1.6 X 10" atoms/cm' are calculated
for the SnO, surface and bulk. respectively. The surface
carrier population is sufficiently high that adverse electro­
chemical properties are not expected from the depletion effect.,
and importantly thl> depletion effect is not enhanced hy the
Bilanization reaction.

The dopant depletion for SnO, is in contrast to Sn·doped
W,O,. which according to Kuwana exhibits a higher Sn/ln
ratio at the surface of this electrode material than in its bulk
(57).

Figure 7 also shows a variation of 101/so (hand areas) with
Ar+ sputtering similar to a previous measure",ent (57). The
F dopant depletion falls within the region of enhanced 10 /1s..
which we interpret as a layer of partially hydrated SnO,lattice.
for the following reasons. Using a relative aISn sensitivity
factor 0.20 derived from Equation I, the calculated 0ISn atom
ratio for 8nO, electrodes varies typically from 2.4 prior to
sputtering to about 1.4 after sputtering attains a constant
loJIs.. (One sample gave an initial 0ISn ratio of 3.5, but the
same finaJ value.) Theae calculations, by themselves, suggest
that while the outermost surface is hydrated, the Ar+ beam
aputtering induces a chemical change in the SnO, to a lower

DISCUSSION

For the most part. the ahove results show that the alkyl­
amine·silanized surfaces exhihit expected and understandahle
properties, and the hope of chemical amine-like predictahility
of the modified metal oxide electrode surface is qualitatively
realized. The alkylamine-silanized interface cannot, on the
other hand, he considered as solely an amine-like surface; its
chemistry is more complex than this. This is not surprising
for 8 surface !'iynthpsized under conditions far from the at­
omically clean single crYHtal domain. Such chemical com­
plexity will prohably be common for other furms of electrode
Rurfacc modification upon examination on a comparable level
of detail.

The motivation for our study of the a1kylamine·silanized
interface is in its use a<; n connecting bridge fOT immobilization
of redox reagenls on electrode surfaces. We should consider
how the present results relate to that application. The al·
kylamine-silane chain is not itself a good electron transport
hridge hetween immohilized redox reagent and electrode. The
length of a bonded en silane from metal to primary amine
nitrogen is -12 A in extended form and -9 A in the hydrogen
bonded Structure VII. Unless the activation barrier for
electron tranpfer over such distance proves to he modest,
nexible mutiuns of t.he alkylamine-silane chain will playa role
in the electron transfer process. The premise uf the so-called
"noppy model" (2. 24) is that such nexibility will exist in these
modified surfaces. At least three factors are involved, the
frequency of the motion, which will innuencc the pre-ex­
punential kinetic factm (maximum value kTlh - 10" s-') (61.
62), nnd t.he distance and geometry of redox reagent approach
to metal oxide. which will innuence t>.r.*. Motions of the
alkylamine-silane chain will be affected by Structures I-III.
V. VI, and VII. Overall stability of the modified surface is
enhanced by multiple -MOSi .. bonds. and hy cross-linking
as in Structure V, but motional freedom of the amine site
diminishes in the order of Structures I > II > III. We
conjectured that I and 11 are more likely, but no quantitative
analysis uf this bonding problem is available. Structures VI
and VII provide a shorter connecting bridge but also tend to
restrain the approach distance. It would appear from the
amidization data that the hydrogen·bonded structures may
be prevalent in alkylamine-silanes with ,,(·amine sites. For
purposes of modeling of electron-transfer events, then,
comhinations of Structures I and II with VI and VII probahly
present a good estimate of the average surface stereochemistry.
A considerable complication in such modeling. however, is the
possibility that very rapid electron transfer i. to hut a small
population of sites possessing optimum a1kylamine-silane
chain nexibility. Subsequent lateral propagation of electron
transfer to other more motionally restricted sites then might
actually be the controlling mechanism. Quantitative modeling
is tenuous until such eventualities are evaluated.

Our interpretation of the ESCA results indicates that a
variety of surface structures may exist within a single specimen



of alkylamine--1lilanized metal oxide electrode. We can draw
from this the intimation that a redox reagent bound to the
alkylamine--1liJane may find itself in a spectrum of slightly
different chemical environments. The redox reagent may as
a consequence exhibit a spectrum of formal electrochemical
potentials. which in turn has the effect of broadening the
electrochemical surface wave observed for the reagent. To
what extent broadening we have observed in surface waves
on alkylamine-silanized electrodes is due to tbis chemical
heterogeneity as opposed to interactive effects within the
chemically bound layer (62) or tobotb, remains to be resolved.
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Analysis of Commercial Sodium Tripolyphosphates by
Phosphorus-31 Fourier Transform Nuclear Magnetic
Resonance Spectrometry

Stanley A. Sojka" and Roger A. Wolfe

Hooker ChemIcals and Plastics Cotporation. Research Center. Gland Island Complex. M.P.O. Box 8. Niagara Fals. New Y",* 14302

C«nmerelal sodhm trlpoIyphosphate samples were analyzed
by phosphoru&-31 Fourier transform nuclear magnetic reso­
nance specllometry. The accuracy and precision 01 the
method were assessed and lound to be sallsfactory. Iden­
tlllcatlon of phosphorus-contalnlng species was possible. In
some cases, the presence 01 high poIyp\lolphates Interfered
with the analysis.

The Fourier transform (IT) approach (J) has added new

dimensions to 31p NMR spectrometry. The time savings and
sensitivity enhancement inherent in the FT approacb have
been realized in practice, and analytical applications are
becoming increasingly apparent (2). Detection of organo­
phosphorus compounds at the level of the parts"per"million
range has been reported (3). This paper describes the use of
3.p IT NMR spectrometry to analyze commercial samples
of sodium tripolypboaphate (4,5), including the determination
of accuracy and precision. The advantages of this approacb
over other analytical procedures, sucb as gel chromatograpby
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Figure 1. 31p FT NMR spectrum of 8 commercial sodium tripoly­
phosphate sample

cJ:
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Table L "P FT NMR Parameters for Phoopbat..•

Phosphate Jl P, ppmb T , . 5

NaH 2PO.. 0.8
Nn~HPO .. 3.3 14.1
Nn,PO.. 5.7
Na..P,O, -5.3 3.3
NajP,O, -21.0 23.1
NaSP'OIO 4.7c 7.6

-19.1d 6.0
Na"P"OII -23.4

o Chemical shifts nnd T, values are subject to sample
conditions (c.g., pH, concentration). See Ref. 15. bIn
ppm relative to 85% HJPO... C Doublet, Jpp = 19 Hz.
d Triplet,Jpp = 19 Hz.

(6). paper chromatography (7), ion exchange chromatography
(8), and colorimetry (9), are that it (I) enables identification
of the phosphorus-containing con.tituents, (2) requires a .hort
time for each analysi., and (3) requires .imple sample
preparation.

-00

8'-)1
-'a -"

EXPERIMENTAL
Apparatus. A Varian XL-l00·12 NMR spectrometer was

operated at 40.49 MHz with an internal deuterium field-frequency
lock. The spectrometer was used in conjunction with 8 Nicolet
IT-IOO Fourier transform unit. A 30° pulse took 3.83 ... and the
time between pulses was 60 s. The sweep width was 1600 Hz and
8K computer points were used for time domain data accumulation.
Proton decoupling was not used. Sixteen free induction decays
were accumulated before Fuurier transformation. Quadrature
phase detection was used to detect signals. Chemical shifts are
reported relative to 85% HaPO t which was contained in a
concentric CQpiUary. Negative chemicn1shifts are associated with
signals to higher field strength than 85% H,PO. (to the right of
85% HaPOt ). The inversion-recovery pulse sequence was used
to measure spin-lattice relaxation times (T I ). A three-parameter
exponential fit was used to obtain T, from experimental data (10).
The probe temperature was 26°C.

Samplc Prcparation. Samples were made as concentrated
as possible using D20 as solvent. A standard mixture sample was
msde with known weights of four phoophates to test accuracy and
precision. The standard phosphates were analytical grade and
commercially available. Their purity was checked by "P NMR
spectrometry.

RESULTS AND DISCUSSION
There are several problems to overcome in order to perform

quantitative work by "P NMR .pectrometry. Proton de­
coupling can produce a nuclear Overhauser effect (NOE) (J 1,
12) which enhances .ignal inten.ities such that peak areas may
no longer be proportional to the number of nuclei. Although
there are various mean. of avoiding this possibility (J3, 14),
the measurements here did not u.e proton decoupling and,
thus, the NOE did not exi.t.

Secondly, .ignal intensity decrea.e. with increasing sep­
aration from the carrier frequency. This is because the ir­
radiation power decreases with distance from the carrier
frequency. Thi. problem was .urmounted by u.ing a .mall
sweep width and quadrature phase detection. Thus, all.ignals
are within 600 Hz of the carrier frequency. With a 11.5 ~.

90° pul.e, there is no meaningful dropoff of rf power, even
several kiloHertz away from the carrier frequency.

Finally, the time between pulse. mu.t be chosen .0 that
the magnetization i. given sufficient time to return to
equilibrium before the next pulse. Tbis time i. governed by
the .pin-lattice relaxation time (T,). This ob.tacle to ob­
taining quantitative results may be overcome by reducing all
.pin-lattice relaxation with the addition of a paramagnetic
relaxagent (2, 3, 5) or by using a small pulse flip angle and
long pulse delay. Since these samples are highly concentrated,
we chose to do the latter.

~ ••',',0,.

-1~
S'-)1

FJgure 2. 31p FT NMR spectrum of a commercial sodIum tripoly­
phosphate sample containing high polyphosphate.

Table II. Statistical Data for "P FT NMR Assay of
Known Phosphate Sample

Av rei Known Rei % Std
Phosphate wt, % wt.% accuracy dev,S

Na,HPO. 1.55 1.55 0 0.04
Na.P'10 , 12.81 13.03 1.69 0.63
Ns,P,O, 8.86 8.88 0.23 0.24
Na.P,O,o 76.75 76.54 0.27 0.73

It has been .hown that the T,'s, as well a' the chemical
.hifts and coupling con.tants for these compound. may be
sensitive to pH, concentration, temperature, and the nature
of the counterion (IS, 16). In the pH range of the.e sample.
(pH = 9.0 ± 0.5), the T 1'. should be relatively .hort (IS).

In order to assist in determining adequate pulse conditions,
the .pin-Iattice relaxation time. of the pho.phate. were
measured under typical sample conditions. Table I .hows the
31P NMR chemical .hifts and the T1 value. for .tandard
.ample.. U.ing a 30% pulse flip angle and a time between
pulses of 60 • will enable sufficient magnetization to return
to equilibrium so that quantitative peak area measurements
can be made. Figure 1 .how. the "P FT NMR .pectrum of
a commercial tripoly sample. The signal-to-noi.e ratio was
excellent while all .ignals are well separated and easily in­
tegrated.

The accuracy and precision of this quantitative method were
assessed by performing six analyse. on a known standard



F1gwo 3. Scale expansion of spectrum In Figu-e 2 clearly showing
numerous signals from high polyphosphales

mixture of Na,HPO., N..P:P" Na,P,O.. and Na"P,O'l> Table
II shoW!! the average relative weight percent, the known weight
percent, and the relative percentage accuracy. For an NMR
method of analysis, both the accuracy and precision are
outstanding.

The average relative weight percent may be taken as the
average absolute weight percent since all the constituents of
commercial tripoly samples so far analyzed contained
phosphate, thus eliminating the necessity of adding an internal
standard.
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The presence of higher polyph08phates will interfere with
tbia analysis. Figure 2 ahows the 'Ip FT NMR apectrom of
another commercial tripoly sample. The signala from
Na,HPO., Na.P.o" and NaoP.olo are clearly seen. However,
upon scale expansion of the Na"p.O,o triplet region, 88 in
Figure 3, numerous signala from higher polyph08phates can
be detected (16). The analysis can still be performed, although
the accuracy will be reduced.
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Microcomputer Assisted, Single Beam, Photoacoustic
Spectrometer System for the Study of Solids

Harry E. Eaton' and James D. Stuart

Chemistry Department, lJ.60. University of Connecticut, Storrs, Connecticut 06268

A photoacoustlc spectrometer system, lor the study and
analysis 01 solid materials, Is descrlbed In delaY. The Iyllem
hal been dealgned to make the pholoacousllc technique
available to most laboratories. Expenalve, commerclal, data
acqulallion units have been replaced by commonty avalable,
Inexpenalve, and ealily constructed componentl. The
problema allOClated with the single beam mode 01 operation
(le., source output correction, backgrowld compenaatIon, and
temporal vartatJona) have been accounted lor wlth the .- 01
a rricrocorl1>u\er lor data ac:qWIIlIon and reduction. Evabltlon
01 the system Is preaented along with tha epectra 01 Ho,O.,
Er,o" and UF•. Resolution Is approxmately 15 nrn. Standard
sample size Is generally 5 mg while the 10_ hit 01 material
neceasary lor an analysis Is at the subrnlllgram Ievet--t>elng
both analyle and matrix dependent.

PhotoBcoustic spectrometry (PAS) has received attention
lately as a tool for the investigation of the ultraviolet, visihle,
and infrared tr8D9misaion properties of solid and semisolid
materials which heretofore were inaccessible because of the
physical nature. The technique has heen used in the analysis

and study of, among others, thin-layer chromatography plates
(1); semiconductor materfals (2); low magnitude opticalab­
sorption coefficients (3-5); thermal diffusivity constants (6);
fluorescence in solids (7-9); radiationlees transitions (10, 11);
qualitative identification of uranium tetrafluoride (12); bi­
ological systems (13-16); and excited states of a solid (17).

Articles in the literature have advanced theoretical ex­
pressions to explain signa\ generation (4,5, 18, 19)_ The basis
of the technique is the radiationless conversion of resonant,
periodic, incident radiation into heat within the sample
surface. The result is a periodic change in the kinetic energy
of gas molecules in contact with the sample to produce
pressure changes detectahle as sound. For an incident
wavelength, the magnitude of the sound is dependent on the
optical absorption coefficient of the sample for that particular
wavelength, the thermal diffusivity, and the sample tbickneea.
By monitoring the magnitude of the sound VB. the incident
radiation wavelength, a photoBcoustic spectrom is produced
which is analogous to a conventional absorption or trans­
mission spectrum.

While literary descriptions of photoBcoustic spectrometer
systems have appeared for both single (20) and double beam
instrumentation (21), experimentation connected with the
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Flglwa 1, Dial1am 01 photoacoustlc spectrometer system

Flglwa 2. Photoacoustlc detection ceU. (A) s1Ucon o-rIng; (B) oplicel
I18de quartz window; (C) 1-em ciameter opUcal grade quartz spacer
rod; (0) Radio Shack, Model 33-1055, electret microphone; (E)
alumlnl.m plate

technique has been Baid to be both sophisticated and relegated
to well equipped laboratories (22, 23). Single beam instru­
mentation has been described recently as tedious and suffering
from error due to temporal variation in the source which can
be solved only by the double beam approach (24). We feel
that the single beam instrument offers distinct advantages
over the double beam with respect to expense and both to
simplicity in construction and to operation. The micro­
computer is becoming evermore commonplace in the labo­
ratory; and, for the single beam design, it is the solution to
spectral correction. In addition, the microcomputer provides
for the capability of signal averaging to increase the signal to
noise ratio, to store and update data, and to produce the
difference between two spectra. We describe in this paper
a detailed account of an inexpensive, easily constructed, single
beam, microcomputer assisted, photoacoustic spectrometer
system intended for general usage and which is designed to
bring the technique within the scope of most laboratories.

EXPERIMENTAL
Apparatul. The spectrometer system is schematically rep­

.-nted in Figure I. The sowce is a lOOO-W, high pressure, xenon
lamp (Model 6117, Oriel Corp., Stamford Conn. 06902). The
monochromator has a UV·VIS grating,S·, 10-, or 2o-nm bandpass
Ilits, 1/3.6 efficiency, and a 20 nm/min clock motor drive (High
Intensity Model 6, Bausch &Lomb Inc., Rochester, N.Y. 14602).
Tha beam chopper is a home made device, involving a blade with
21 Ilots, driven by a 4.OQ.Hz constant speed motor to produce
an 84-Hz signal. For the purposes ofcomparison and evall:8tion,
the aouree, monochromator, and beam chopper system (lO·nm
bandpass slits and 84·Hz chopping frequency) produces at the
samplelurfaee within the PAS cell 0.11 mW of power at 200 nm,
8.6 mW of power at 480 om, and 3.6 mW of power at 633 nm..
This was determined by using the spectrometer system as an
optical power meter and measuring the millivolt reading with a
blackbody abaorber in the PAS cell. Calibration was performed
IIIiDg the 633 om line ofa 1.8 mW helium-noon laser (Model 132,
Spectra·Physics, Mountain View, Calif. 94042). Asimple PAS
cell can be fabricated from a '/,-in. brass union (Swagelok,
Crawfonl Fitting Co., Solon, Ohio 44139) and is pictured in Figure
2. 'The leading edge ofeach male thread has been med to produce
a flat surface. Silicon O·rings are used to make an air tight seal.
Radiation paases through the quartz window and strikes the
sample which is attached with two-oided tape to the front surface
of a lOUd quartz rod. The quartz rod is used to minimize the

Figure 3. Diagram 01 electronic data acquisition unit

internal cell volume to approximately 0.5 cm3• Sample size is
generally 5 mg; i.e., that which is necessary to cover the end surface
of the quartz spacer. The electret microphone, extracted from
a Radio Shack hand·held microphone (Model 33-1055, Tandy
Corp., Fort Worth, Texas 76107), fits snugly inside the union
and is insulated electronically with Teflon gasket material. The
leads for the microphone are fed through an aluminum plate to
complete the seal of the PAS cell.

The necessary electronic equipment is easily assembled from
common components. A diagram of the system is given in Figure
3 and Figure 4 provides the detailed electronic schematic. A
lock·in amplifier incorporating a. phase-leek loop (25) is used for
signal acquisition. Acadmium sulfide photoconductive cell (Model
276·129. Radio Shack) is aimed direcUy at the source through
the beam chopper and provides the necessary reference signal.

Our system employs s microcomputer (Model 86OOb, MITS
Altair, Albuquerque, N.M. 87106). The computer uses a CRT
terminal (Model H 1000, Hazeltine Corp., Greenlawn, N.Y.
11740); a cassette tape recorder (Model 152, Audiotronics Corp.,
North Hollywood, Calif. 91609);. Io-bil analog to digital converter
for input (Model 8701. Teledyne Semiconductor, Mountein View,
Calif. 91609); a Io-bit digital to analog converter for output (Model
AD 7530, Analog Devices, Inc., Norwood, Mass. 02062); and, a
line printer for hard-copy (Model DMTP·6, Practical Aotomation
Inc., Shel"'n, Conn. 06484). The system is programmed with
8k Basic (MITS Altair) and has 24k of static memory. Spectra
are put out from the microcomputer through the digital to analog
converter to a lo-inch mV recorder (Beckman Instruments Inc.,
Fullerton. Calif. 92634).

Reagents. Holmium oxide, erbium oxide, uranium tetra­
fluoride, and carbon block were purchased from Ventron Corp.,
Alfa Products, Danvers, Mass. 01923.

RESULTS AND DISCUSSION
Electronica. In descrihing a PAS system for general use

with the aim of making it available to most laboratories, it
must be realized that while certain components can be
constructed "in house", other components cannot be. In fact,
this is the situation with the 1000-W xenon source, the
monochromator, and the computing hardware. Items of the
PAS system which can be assembled easily and inexpensively
include the beam chopper, the PAS cell with microphnne, the
electronics unit, and the software.

Previously, signal acquisition has been accomplished
through the use of commercial phase sensitive lock-in am­
plifiers. G. Horlick and K. R. Betty (26) have evaluated the
phase·lock loop and analog multiplier as a means of tracking
low level signals amid high background noise. This approach
in conjunction with an additional preamplifier and two-stage
filter (Figure 4) is successful in this application.

The reference signal is generated as an ac voltage at the
output of OAI by the varying resistance of the CdS phot.ocell.
The two-stage phase shifter provides for ()--360° phase ad·
justment between the reference and sample signala. The
reference becomes a square wave out of the phase-lock loop
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FIgure 4. Schematic 01 electronic data acquisition unn. Rl = 15 kll. R2 = 220 kll, R3 = 100 ll. R4 = 100 kll. R5 =6.8 Mll. R6 = 1.0 Mll,
R7 = 2.2 kll. R8 = 4.7 kll, R9 = 10 kll. RIO =3 kll. Rll = 1 kll. R12 = 1.5 kll, R13 = 120 kll, R14 =322 kll. R15 = 550 ll. R16 = 148
kll. R17 = 470 kll, R18 = 5 kll, R19 = 7.5 kll. R20 = 20 kll, C1 = 0.1 pl. C2 = 0.5 pl. C3 = 0.01 pI, C4 = 5.0 pI, C5 = 0.001 pI, C8
= 1.0 pI, C7 = 10.0 pI, C8 =0.22 pI, C9 = 1 or 3 pI. IC 1 =Signetics 565 Phase Loci< Loop, IC2 = AD 530 ~-AnaJogDevices. OA1
through OA7 =Radio Shack 276-1741. PI =Radio Shack 276-129. M = Radio Shack 33-1055 microphone. T1 = 2N3070

and subsequently an operand for the analog multiplier. The
magnitude of the reference signal is not critical and needs only
to be large enough to be acquired by the phase-lock loop
(-100 mY).

The sample signal is generated by the microphone, am­
plified lQOO-fold, and presented as an ac voltage to OA3 for
amplification. This variable amplification is useful to
maximize the signal to noise ratio between different samples.
The two-stage filter is tuned for 84 Hz and exhibits a Qof
-15. The multiplier, IC2, produces a time averaged signal
that is positive in value for a sample signal of identical fre­
quency to the reference, providing that the sample and
reference signals have been properly phase aligned. The
output of the multiplier is RC filtered (either 1- or 3-s time
constant when using the lQ-nm bandpass slits), the baseline
is de offset, and amplification to 510 V is necessary for
computer input. For our microcomputer, a large input signal
is required in order to minimize the finite reading error, 40
mY, caused by the computer 8-bit word length (e.g., 1 part
in 256 error in a full scale +10 V analog to digital conver.;ion).

Operation of the electronics unit at other frequencies is
possible and is dependent on the tuning of the phase-lock loop
and the two-stage filter. The phase-lock loop is tuned for 100
Hz, but has a lock-range of between 46.7 and 153.3 Hz.
Further adjustment of the free running frequency, fo, can be
accomplished according to

fo = 1.2/4 R,oC. (1)
where R,o and C. are as listed in Figure 4 and the value of
RIO should be kept between 2 and 20 kilo Wilh a power supply
voltage of +15 V, the lock-range is :1:53% of fO' Tuning of the
two-stage filter can be accomplished by adjusting the value

of the C. capacitor.; such that the product of the capacitor
value (in microfarads) and the chopping frequency (in Hertz)
equals the numerical value of 18.5.

Data Acquisition, Both the output power of the xenon
source and the throughput efficiency of the monochromator
vary with the wavelength, so that it is necessary to correct any
spectrum produced from a single beam instrument. Correction
is accomplished by obtaining the signal ratio of the sample
to a blackbody absorber at each wavelength. This can be
effectively and rapidly accomplished by a microcomputer
system. The microcomputer not only overcomes the oorrection
difficulty but allows for the following additional options:
averaging several spectra, thereby increasing the signa1 to noise
ratio; storing and updating the reference and sample spectra;
producing the difference between two sample spectra; and
permanently storing the data on magnetic tape.

Since the blackbody spectrum cannot be recorded simul­
taneously with the sample spectrum, it is recorded separately
and stored by the computer. Basic to this is the assumption
that the source output remains constant over the time interval
that the reference and sample spectra are acquired. We agree
with Grey et al. (24) that the source output exhibits temporal
fluctuations, but find that this can be dealt with. The noise
of the source is composed of two components. The fll8t is a
small (I-3% relative) ac variation. perhaps due to the nature
of the are, which can be averaged by recording slowly and/or
using a timing capacitor. Generally a l-s time constant is
sufficient to reduce the source and instrumental noise. The
second is the small but absolute change in the relative, output
magnitude of different spectral regions which occurs naturally
with aging of the lamp. Our experience is that no more than
an approximate relative change of 10% has occumld over 250
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Flgure 5. DIagram of computer data acquis~1on program

h of lamp usage. This change occurred gradually with time
and appears throughout the spectral range as a smooth
transition in magnitude with no discontinuity. Regular ac­
quisition of the hlackbody apectrum assures an up-to-date
recording of the current source outpuL

A diagram of our computer software is presented in Figure
5. A listing of the program in Basic (MlTS Altair) is available
on requesL The main program eonsista of a choice of six
subroutines: record a spectrum, output data, input data, store
data, exit the program or clear the data array, and generation

of a difference spectrum. The record spectrum subroutine
offers the choice of obtaining the blackbody or sample
spectrum between any two wavelengths in the ultraviolet and
visible spectral regions. It requires manual synchronization
of the computer with the monochromator. This is easily
accomplished, since with a monochromator scan rate of 20
nm/min. 8 ±l-nm error represents 8 6-5 misalignment.
Typically, data are taken at the rate of one point per na­
nometer but this can be altered in the software. The un­
corrected data are stored as an array to be recalled for future



FJgwe 8. PholoacoustJcally _aled spectra. (A) Ho,O" (B) Er,O"
(C) UF,

use. Signal averaging is accomplished by adding newly ac·
quired data to old data present in the data array as indicated
in subroutine A of Figure 5. The output subroutine allows
for output of the blackbody or sample spectrum on either a
chart recorder or a line printer. The blackbody spectrum is
uncorrected while the sample spectrum is corrected byob­
taining the ratio of it and the blackbody spectrum. The output
rate to the chart recorder is 5 points per second and can also
be adjusted in the software. The input data subroutine
provides a means of loading data from magnetic tape, while
the store data subroutine allows storage of the spectrum data
array on magnetic tape. The exit or dear subroutine provides
both a means to exit the program without losing the data
stored in memory and to clear the blackbody and/or sample
array prior to additional data input. A difference spectrum
is produced by loading two sample spectra, then obtaining the
point by point subtraction of one corrected spectrum from
the other.

System Evaluation, Generally, for the purposes of
evaluation, correction for source output irregularities should
produce a constant value at each wavelength. This is to say
that the response of the system should be constant valued if
two identical samples are normalized with respect to each
other. It is not possible to observe this directly with our
system because of the nature of the computer since two
identical inputs are dissimilar by 1 part per 256. This error
would be amplified to +10 V because of the necessity to
maximize the voltage to increase the resolution of the
computer output. The spectrum output would not be constant
valued in this case and in fact would be discontinous ranging
from 0 to +10 V. System evaluation for the effectiveness of
source correction is achieved by examining the spectra of
standard materials.

The spectra of holmium oxide, erbium oxide, and uranium
tetrafluoride are presented in Figure 6. Holmium oxide was
recorded using 5'nm bandpass slits, a 3·s time constant, a
20·nm/min scan rate and is the summation of four spectra,
While the 446· and 460-nm bands are clearly distinguishable,
the 453·nm band is poorly resolved. Increased resolution can
be achieved by decreasing the scan rate to 10 nm/min, through
substitution of a different clock motor in the drive of the
monochromator, and by decreasing both the chopping rate
of the beam chopper to 40 Hz and the bandpass slit width to
3 nm. For general usage, the resolution displayed in the
erbium oxide spectrum (lO-nm bandpass slits, I-s time
constant, 20 nm/min scan rate, and the summation of two
spectra) is quite adequate due to the natural width seen in
most ultraviolet-visible spectra. The uranium tetrafluoride
spectrum is an example of good resolution of a multiple
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banded spectrum having comparatively large absorption
coefficients,

Linearity of the signal strength with component concen·
tration and the limit of sample detection are sample dependent
due primarily to the background contribution from the more
abundant component present and to the magnitude of the
absorption coefficient, respectively. Analysis (27) of binary
mixtures of uranyl fluoride and uranium tetrafluoride shows
a linear relationship between 1% and 90% uranyl fluoride by
weight composition VB. the relative photoaooustic signal This
suggests that for a 5-mg sample size, the limit of detection
is less than 50 "g for uranyl fluoride and less tban 500 "g for
uranium tetrafluoride.

CONCLUSIONS

While the spectral source, monochromator, and compu­
tational hardware must be supplied, they are not uncommon
laboratory items (costing-monochromator, $1000; source,
$2700; and today's microcomputer, $600 to $50(0). The
microphone and electronic components described above can
be purchased for under $100 (microphone, $10; synchronous
motor, $12; transitors, $5; photodiode, $2; operational am­
plifiers, $15; phase lock loop, $5; analog multiplier, $35). This
PAS system is for general usage; to encompass the largest
number of applicants and applications. Variations of the
scheme are certainly possible; e.g., redesign of the detector
cell for gas or liquid analysis. The intent is both to present
instrumentation and to demonstrate the simplicity of a
technique which can provide not only information on the
transmission properties (and sample thickness) of opaque
s"lids but information, for the more theoretically inclined, on
the nonradiative energy transitions which occur.
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Practical Solutions to Matrix Effects in X-ray Fluorescence
Analysis by Mathematical Methods

M. T. Haukka o and I. L. Thomas

SChool of Earth SciencBs,~t of G6oIollY, UniversIty 0/_. Park_. Victoria 3052. Australia

(1)

Int.rr.lallons b.tw..n dJ1f....nt equations UI8d In x-ray
nuorncenc:e (XAF) analysis have been described, enabling
the c:aIc:uIallon of maJor oxkle coocentratlonl In tUl8d glass
~ etIher kl the gI.- .... or on an IgNtecl or lftgnIed
basis kl the sample. Independent or dependent numerteaJ
changes of every lactor In the equatlonl have been Inve..
tlgated I.acllng to Ul8/u1 appleatJons. Th. benentl of the..
manlpuJatlonl have been lIhown wtth practical examples.

This article describes in detail different modifications for
x-ray fluorescence (XRF) equations used mainly with fused
preparation techniques to determine componenlB' concen­
trations in specimens. The mathematical and physical
meanings. and effects of every variable in the equations are
probed. In accordanoo with these investigations, it is possible
to generalize earlier specific calculation problems (J -8) en­
countered in XRF methods.

The purpose of this article is to promote a broader rec­
ognition that the determination of new influence coefficients
or modification of existing a factors for matrix correction is
• relatively easy matter; and to encourage modification of
existing sets of a factors (or other constants) in certain ways,
where this will ensble a more effective use or a wider range
of practical situations for their use.

THEORETICAL DISCUSSION

Evaluation of EquatioDs. The general practice in XRF
analysis, to calculate concentrations, is to compare the
measured element's x-ray intensity against the same line
intensity in a known referenoo standard after multiplying by
total matrix absorption fsctor. Mathematically this is ex­
pressed in the well known form:

[spec n
C, =~1I.Ref2: QUe;

Ref J=1

Symbols used are fully defined in Appendix I.
The numerical values of a factors are proportional to each

other in a simi1sr way as absorptions of specimen components
and they are in usual practice regarded to be independent
constants, i.e., invariable in any conoontration combinations.
However, the a factors can be normalized, Le., multiplied by
the same number in order to give the summated term the exact
value one for some average specimen. At the same time, the
Referenoo Standard is allotted the average specimen's total
matrix absorptioD factor 1.00, although it need not be the
average specimen used for normalization.

In many earlier papers (1-3) pure elemeDt or oxide has been
selected to be Reference Standard and it has been used also
as a Dormalizing average specimen, Le., its total matrix ab­
SOrptiOD factor is one. The associated a factors have been
usually further modified by 8ubtracting the value one from
each a factor, and to compensate the change in the total
matrix absorption factor, it is neoossary to add the same figure
ODe as constant under the summation mark. This opemtion

is valid so long as 2;Cj = 1. In this way the "self absorption"
factor au becomes zero and the measured element (oxide) does
not contribute anything to the total matrix absorption factor,
and there are usually positive and negative a factors with small
magnitude. This procedure has a favorable effect because
small (or even big) errors in estimated concentrations do not
cause excessively large CTTOrs in the summated term in
Equation 1. By using fused specimens one can obtain positive
and negative a factors by subtracting from every element's
a factor the corresponding flux's a factor (1). This method
is beneficial only if flux's absorption is nearly equal (ai/ ~
ai,aample) to the sample's absorption. (See the derivation of
equation in Appendix II.)

These manipulations need not be so rigid as described by
earlier authors. As 8 normalizing specimen, it is best to use
a composition which is really an average of the specimens
analyzed, e.g., an average of basalt and granite in the geological
laborutory. As Reference Standard it is best to use a com­
position giving count rates which are higher than count rates
in the average specimen, but not so high to cause troubles with
drifting energy peaks in the discriminator window. Zero au
factor is useful only if the analyzed element is the most. or
nearly the most, abundant element in a specimen. The analyst
can easily subtract any constant numerical value from every
normalized a factor and add the same subtracted value as a
constant term under the summation mark in Equation 1. This
allows useful applications by eliminating any element's effects,
one at 8 time, in the total matrix absorption term.

For instance, with rock analyses, it is useful to make a'i,SiOs

zero, and at the same time it happens that the a factors of
the second most abundant oxide, AI,OJ. are also nearly zero.
If there is some element, e.g., fluorine or a still lighter element
which is difficult or otherwise unnecessary to determine, its
effect on the total matrix absorption is easy to eliminate by
this method. This is also useful if there is only one element,
i, which has the enhancing effect on the element i intensity
(so that the additional term used by Rasberry and Heinrich
(5) can be avoided). .

If there are flux containing specimens, it is possible to
modify Equation 1 by separating the flux absorption part to
obtain Equation 2.

Md/ M. is the dilution factor and Wj = (Md/ MJCj applies
to all Equations 2-4, allowing further modifications of those
equations.

In order to obtain the conoontretions in original and ignited
samples, we must multiply every concentration Ci by the
dilution factor Md / M.. or to simplify calculations, we can
multiply both sides of Equation 2 by that factor to obtain
Equation 3.

Md C (- IV,) _ k...c Mr n W
M 1- J -1 I.Rer(a,fM- + ~Q/J j) (3)

• Ret • J=1
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Table I. Concentration and Total Matrix Abaorption Factor Cakulationo by Uoing Binary Component Fuaed Specimena

Weight fraction SiDl Total matrix absorption factor for Si Ka

Case A: 2 g LiBO,-nux + 0.6 g 5iO, + 0.4 g Fe,O,; basic Q facto'"

Eq 2 0.6/3 ; 0.20 0.2655 X 2/3
Eq 3 3/1 X 0.6/3 ; 0.60 0.2655 X 2/1
E'I4 0.6/3 ; 0.60 0.2655 X 2
IUtios 0.20: 0.60: 0.60; 0.3379: 1.0138: 1.0138

+ 0.308 X 0.20 + 0.745 X 0.1333
+ 0.308 X 0.60 + 0.745 X 0.40
+ 0.308 X 0.60 + 0.745 X 0.40

; 0.3379
; 1.0138
; 1.0138

Case B: 2 g LiBOt·Oux + 0.3 g SiD l + 0.1 g FetO); basic a factors
Eq 2 0.3/2.4 ; 0.125 0.2655 X 2/2.4 + 0.308 X 0.125 + 0.745 X 0.0417
Eq 3 2.4/0.4 X 0.3/2.4; 0.75 0.2655 X 2/0.4 + 0.308 X 0.75 + 0.745 X 0.25
Eq 4 2.4 X 0.3/2.4 ; 0.30 0.2655 X 2 + 0.308 X 0.30 + 0.745 X 0.10
IUtios 0.125: 0.75:0.30; 0.2908: 1.7448:0.6979

; 0.2908
; 1.7448

+ 0.000 X 0.60 ; 0.6979

Case C: Disk as for Case B; modified a factors (modifica.tion: kif.mod.::: 1 for Eq 4)b

Eq2
F.q 3
Eq4

0.3/2.4 ; 0.125
2.4/0.4 X 0.3/2.4; 0.75
2.4 X 0.3/2.4 ; 0.30

0.469- 0.2035 X 2/2.4 + (-0.161)0.125 + 0.276 X 0.0417
0.469 + 0.2655 X 2/0.4 + (-0.161)0.75 + 0.276 X 0.25
0.469 + 0.2655 X 2 + (-0.161)0.30 + 0.276 X 0.10

; 0.2908
; 1.7448

+ (-0.469)0.60; 0.6979

a Basic a factors from literature (9): k,,::: 0.531 and Qj{::: kjflMf ::: 0.2655; ai,SiD ::: 0.308; 0i,Fe 0 ::: 0.745. b Explana~

tions for m~diried Q factOr;>: ~\Vmod. - kif;; 0.469; QU.mod. ::: Qi! - 0.469::: - 0.2035 (applies only ~ Eq 2 because only
here WI-lux 15 needed to bnng 1: ::: 1.0); 0i.SiD 2,mod. ;; Oi,SiD l - 0.469;; -0.161; 0i, Fe

t
a pmod. ;; aJ,FelD, - 0.469 ;;

0.276; oi,Lass,mod. ;; 0 - 0.469::: -0.469; WLoss ::: 1 - (M.WSi02 + Af.WFe20 ,)= 0.60.

By multiplying botb sides in Equation 2 by Md , we obtain
Equation 4.

I n

MdC,(; M, 1Ij); 1~',Rcr(Q;,!.1r+ M•. LQ;jllj) (4)
Ref Fl

At first sigbt, tbis seems to bc paradoxical but it is, however,
tbe simplest, most useful, and most used equation for fused
specimens. If Alrund M. are constants and there is no ignition
loss or gain, it behaves similarly to the earlier equations. and
the nux absorption contribution is constant as it should be.
But if there is ignition loss or gain or if the weight, MI' is
different from tbe standardized value, tbe nux absorption
contribution should cbange in spite of constant Mr. (In
practice it is best to weigh accurately dried flux and sample
quickly to tbe range of ±5% from standardized weigbL. and
feed tbese togetber with the fused glass weight and intensity
values to computer which converts weighed M,:M, ratio to
correspond to the constant standardized M, weight and, of
course. calculates ignition loss or gain and the final con­
centrations). From the mathematical point 0/ view, we can
thus see that the term (filM, in Equation 4 is constant in all
conditions, and in order to function properly ~M.Wj must
contain also the ignition loss or gain, or the corresponding
differcnce from the standnrdized weights if the M,:Mr ratio
is not the usual. After adding loss (positive) or gain (negative)
values as weight fractions to the other oxide concentrations
in the sample, ~(M,Wj + W...,) becomes 1.00.

If all a factors are in original forms, i.e., their ratios to each
other are the same as ratios of real oxides' absorptions at the
wavelength of any measured line, Equation 4 retains also
physical reality, even though the M,:Mrratio may not have
the standardized constant value in the fused glass. When the
standardized Mr weight is 2.0 g and sample is 1.0 g, and if Md

is 2.9 g, it means that the ignition loss is 10% (flux has no
loss). We can imagine tbat this 10% (H,O + CO,) leaves
empty boles scattered evenly in the glass. This vacancy
"mass" concentration has no absorption ability and ac­
cordingly its corresponding ai.... factors are zero; it only fills
the gap in the ~M.Wj term in order to make it 1.0.

For Equation 4, we can modify a factors as described earlier,
for instance subtracting ai,SiOt from all crjj factors and adding
the same value as constant (which we can combine with the

other ("flux") constant aifMr = kif). Also in this case loss (or
gain) behaves like a real element or oxide component and we
must subtract (l'j,SiOt also from Uj.ba values which were earlier
zero.

Actually this "ghost" vnamcy mass concentration is not so
mysterious because it is analogous with the treatment in solid
state physics of vacant positions in crystals as real particle
components in mathcmatical calculations. Although in fused
glass, escaped H,O and CO, molecules do not really leave any
vacant positions, the counter does not see any differences
between these cases because vacancies are filled in the same
proportion as ions exist in the fmal fused glass, and the same
physical reality still holds as described earlier. The change
in glass volume between these imagined "hollow" and "solid"
forms is not so great as to cause any difference in the geometry
of the x-ray beam.

Numerical Comparison between the Equation•• Table
I shows in detail the interrelation between Equations 2-4 by
using as examples binary component (SiO,-Fe,O,> fused
specimens. The ratio 1:2 (I g sample + 2 g LiBOrnux) is the
basic dilution used in calibration (9, 10). The counter sees
the situation to be similar in spite of what equation is used
and thus the factors 1,,,,,,,/,,,,, and Ci,Rol are the same for all
equations. Therefore they do not affect the ratina in con­
centration nnd total mauit absorption factor values between
the equations mentioned, and we need Dot take those factors
into consideration in this context, although we could well insert
these measured intensity and calibrated Reference Standard
concentration values into the equations.

Background Determination. Intensity measurement at
peak position gives total intensity lpo In order to obtain net
intensity Jp - h. we can measure background on one or both
sides of the peak or even determine background profile be­
tween both background positions (I/). Measured background
intensity is used generally for trace elements.

For major and minor clements, calculated background is
used more often. It is considered that Ip - I b and I b, at the
same wavelength, bebave similarly with respect to the total
matrix absorption factor although at longer wavelengths I b
is not so accurately inversely proportional to this quantity (12).
Thus, after being multiplied by the total mauit absorption
factor,/b is a constant for aU specimens and its numerical value
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figure 1. Graphical exprasslon lor nominal and background con­
cenlr8tJons and for Iter8tJon process. Numerical examples represent
Table II values. but the lines are not In aclual proportion In orelet to
make the figure cle8rer
is the same as the background intensity for the average
specimen, Le., for the specimen where the total matrix ab­
sorption faclor c 1.0. This constant can be subtracted directly
from I., or I b can be multiplied by the rest of Equations I,
2, or 4 devoid of I.. This gives a constant background the
dimension of which is the same as the corresponding element's
concentration. With Equation 3, we can not regard the
background as a constant concentration, because, in that case,
pure flux would give for any element's concentration an
infmitely high value (MrlM. = ~,and at the same time I. f­
0).

Figure 1 applies to Equation 4, where line A is the cali­
bration line for SiO, (intensities are dead time corrected and
multiplied by the total matrix absorption factor). Line B goes
through the origin and is parallel to line A, and it (B) gives
the so-called nominal concentration percentage of each
specimen. The distance between these parallel lines, in the
direction of the X axis, is the constant background con­
centration. Line B gives also the nominal percentage for the
Reference Standard, its value corresponding to the ordinate
value 1.0. In order to make the figure clearer, the positions
of the lines are not in actual proportion.

IteratIoD Proce... In Equations 2-4, Wj values are not
known initially. The main principle is to estimate the best
possible conoentration values and insert these into the place
of Wj values in the equations, calculate concentrations (with
background subtracted) for every oomponent, and insert these
better values again into the place of Wj' This iteration process
continues so long as concentration values converge. If some
elemenu' concentrations are determined independently
beforehand, tbey are inserted directly into the equation and
these Wj values are constants during the iteration. Con­
sidering M. and Md before the summation mark in Equations
2 and 4 and oombioiog these with the Wj value, it is clear that
the expressions for the concentration in both sides of the
equations are identical.

Figure 1 shows graphically how iteration proceeds by using
Equation 4 and background expressed as concentration, and
subtracted each time. The example is a specimen conuining
30% SiOt + 70% Al,Os by using 1:2 dilution with LiBOrflw:.
Table II shows the same steps in an algebraic form.

The concentrations are converging whether or not we
subtract the background in every cycle (Table II), but the fmal
concentrations are slightly higher if we subtract the back­
ground only onoe after the fllSt convergence (columns 3 and
4). If we continue iteration (rom this point by subtracting
the background in every eycie, the oonceotrations will oonverge
the second time and the fiDal f'1Uf88 will be exactly the same

Table n. Successive Iterations (or 30% SiO, + 70%
Al2O,. Concentration. are Weight Fraction.

Backgr. rubtract. Becki'". was not
after every step subtracted

SiO, AI1O) SiO, AI1O ..

Intensity ratios R, 0.4776 3.4134 0.4776 3.4134
Nominal % 0.2395 0.7595 0.2395 0.7595
Nominal % - backgr. 0.2380 0.7586
Iteration steps 1. 0.3067 0.6989 0.3086 0.7003

2.0.2989 0.7012 0.3009 0.7029
3.0.2988 0.6999 0.3009 0.7017
4.0.2986 0.6996 0.3006 0.7014
5.0.2985 0.6995 0.3006 0.7013
6.0.2984 0.6995 0.3005 0.7013
7.0.2984 0.6994 0.3005 0.7013

Backgr. subtracted finally 0.2990 0.7004

as if we had subtracted the background every time from the
very beginning according to Figure 1.

Table II applies to a binary mixture where an other oxide
concentrations are expected to be zero and, since they do not
psrticipate in the iteration process, they don't contribute
anything to the total matrix absorption factor. However, in
practice there is a bigger set o( influence " factors for
computation (10-20 absorbers). If we subtract the background
only once (in the final iteration cycle), we include an the
background concentrations in the total matrix absorption
factor calculation right until convergence, though we might
have only a one-component specimen. This example is a
further proof that we should subtract the background in every
cycle according to Figure 1, to obtain immediately the best
possible estimates of concentration.

If there are both positive and negative" factors, conver­
gence takes place more quickly, than if there were only positive
" factors.

Interplay between Dead Time and "ii Factor. In­
spection of the earlier equations shows that at high con­
centrations even a small increase (decrease) in dead time or
aii factor increases (decreases) drastically the calculated
concentration. More detailed inspection shows that both these
factors have quite a parallel effect on concentration, i.e., a
change in dead time can be completely compensated by the
change of aii factor or vice versa. Because the Reference
Standard count rate slso changes with dead time, it is nec­
essary to compensate this change by changing the Reference
Standard nominal percentage proportionately by the same
amount in the same direction. In practice this operation mey
be useful to know, because different x-ray tubes and geometry
of spectrometers give a different aii factor owing to the high
primary beam absorption contribution to "ii for heavy ele­
ments (9, /0).

For the LiBO, fusion system, changing the dead time by
a factor of 4 from 1.2 to 4.8 ~s (actual value 2.4 ~s) is exactly
balanced by changing, for instance, the a'"-S, factor from 0.357
to 0.211, and the UF,.I', fsctor from 1.274 to 0.788, with si­
multaneous Reference Sundard % change from 48.959 to
52.716%, and from 7.361 to 7.634%, respectively.

EXPERIMENTAL

The basis for the following calculations are LiBO,-fused
specimens and calculation of composition using Equation 4 and
a set of a factors published earlier (9).

Table III, line I shows computer calculated concentrations for
our laboratory's basalt sUndard DeB·I by using" factors in the
ori~ form, i.e., all positive and " ..... = O. In line 2, hq = 1.000,
which has been obtained by subtracting (I - original hill from all
"ij factors, and by adding this consUnt to the original hi{ value
giving the new hi{value, 1.000. Lines 3 and 4 are the 88IDe as 1ines
I and 2, except the fused glass has been ground and pelletized.
Line 5 shows the concentrations, when aj,5iO, a: 0, i.e., Qi.8iOa has



ANALYTICAL Cl£MISTRY, VOl.. 50, NO.4, APRIL 1978 • SIS

Table Ill. Coneentration Comparison for GI... Diska and Powder Pellet. by Using Bule and Modified ° FactoIS'

Type of ° factors SiO, TiO, AI,O, Fe,O. MnO MgO CaO K,O P,O, Na,O Total
1. o"lon = 0 51.82 1.78 14.71 10.66 0.165 7.37 8.90 0.99 0.30 3.03 99.62
2. kl(= 1 +0.06 0.00 +0.01 +0.02 0.00 0.00 +0.01 0.00 0.00 0.00 +0.09
3. o'.lon = 0 (powdered) -0.28 -0.06 -0.40 -0.36 -0.01 -0.18 -0.24 -0.03 0.00 -0.01 -1.66
4.111( = 1 (powdered) +0.19 -0.02 -0.28 -0.21 -0.01 -0.12 -0.11 -0.02 0.00 +0.01 -0.67
5.0•. 510, = 0 +0.01 0.00 0.00 +0.01 0.00 0.00 +0.01 0.00 0.00 +0.01 +0.04
6, 0i.10.. = 0 (SiD, > 2%) +0.34 +0.02 +0.08 +0.13 0.00 +0.04 +0.11 +0.01 0.00 +0.02 +0.75
7.0,,5;0, = 0 (SiD, > 2%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8. O'.lon = 0 (Na,O = 0) - 2.35 -0.08 -0.66 -0.60 -0.01 -0.33 -0.42 -0.06 -0.01 -4.41
9.0,.510, = 0 (Na,O = 0) - 0.67 + 0.02 -0.22 + 0.13 0.00 -0.12 +0.11 +0.01 0.00 -0.74

10, o'.lon = 0 '67.66 0.617 14.73 4.29 0.066 1.56 2.89 4.01 0.17 3.16 99.03
11. 111(= 1 +0.13 0.00 +0.02 +0.01 0.00 0,00 +0.01 +0.01 0.00 0.00 +0.18
12,0'.10"= o(powdered) -1.07 -0.02 -0.37 -0.16 0.00 -0.04 -0.09 -0.14 +0.01 -0.07 -1.96
13. 1Ii(= 1 (powdered) -0,18 -0.01 -0.21 -0.07 0.00 -0.02 -0.03 -0.07 +0.01 -0.04 -0.62
14. o',lon = 0 -0.16 0.00 -0.13 -0.04 +0.01 -0.07 -0.02 0.00 +0.01 +0.01 -0.39
15, Ili(= 1 +0.17 0.00 -0.06 -0.02 +0.01 -0.06 -0.01 +0.02 +0.01 +0.02 +0.08
16, o',1on = 0 (powdered) -1.10 -0.02 -0.40 -0.18 +0,01 - 0.07 -0.11 -0.16 +0.01 +0.03 -1.99
17, Ili(= 1 (powdered) -0,06 0.00 -0.15 0.00 +0,01 -0.03 0.00 +0.01 0.00 +0.05 -0.17
18. o',lon = o (powdered) -7.69 -0.07 -1.21 -0.64 -0,01 0.00 -0.47 -0.54 +0.01 -0.17 -10.79
19.111(= 1 (powdered) -2.66 -0.01 -0.22 -0.20 +0.01 +0.13 -0.20 -0.16 +0.02 +0.03 -3.16

a Line 1: actual values of DCB·} basalt standard. LOI = 0.1%. Line 10: actual values of CGD·} granodiorite standard,
LOI = 0.5%. Differences in absolute %, positive if greater than expected. Line 6: +0.34 for SiOl is additional difference
after subtraction of simulated error, absolute %. GIas&Cs (No.3, 4. 12. 13. 16, and 17) have been ground in agate mortar
and therefore SiO) contents are slightly too high.

been subtractro from all ai; factors, and added to the nux constant
kil. In lines 6 and 7, a factors are identical to those in lines 1 and
5, but there is a simulated error (2% increase in dead time
corrected counts for Si Kn radiation). Also lines 8 and 9 cor·
respond lD lines 1and 5, except Na,O bas not been countro. Lines
10-13 correspond to the same conditions 8S lines 1-4, using
granodiorite CGD-1 instead of DCB-I. Lines t4-17 correspond
to lines to-13, except dilution ratio for CGD·I is 2.2:2. Lines 18
and 19 correspond to lines 16 and 17, but "dry mix", i,e. pelletized
unfused nUl: + CGD·! rock powder mixture was used.

DISCUSSION
The theoretical section contains the derivations of different

modifications for the basic Equation 1. Table I shows the
mcaning of these equations in practice, when original, basic
(a..... = 0) and modified" factors are used. The determination
of basic (all·positive) " factors is presented in our earlier paper
(9).

If the ignition loss, LOl, is not important to determine by
weighing, and all the major components have been determined
(either by XRF or independently) and included in the matrix
calculation, it is best to use basic a factors. LOI is simply
obtained by difference from 100% in the final total; an obvious
saving in preparation time. It is not so simple to determine
LOI when aiJ... '" O.

If there is an error in one component's count rate (or one
or more major components are not determined) and we use
all positive a factors, this single count rate error does not cause
error only in that component, but it transfers the error
(through faulty total matrix absorption factor) into other
components' concentrations. This process continues further
during iterations, causing a "snowballing effect". Although
the concentration values converge, this phenomenon has a
harmful effect as we see in Table lll, specimens No.6 and
8. The use of the modified a factors reduces this "snowballing
effect" (a factors are positive and negative and nearer value
0), as we see in the specimens No.7 and 9, where the input
count rates are exactly the same as in No.6 and 8, (the
modifications ki, = 1 or "i.siD. = 0 for the set of a factors are
practically the same; compare No.2 and 5).

This "snowballing effect" is still more striking, if there are
errors in all count rates in the same direction, and "',1000 = O.
This is the case if we analyze flux-containing powder pelleu
by using standard calibration for corresponding glass disks.
Because some oxides (Cr, Ti, Zr) at high concentrations

crystallize when such glass melts cool before pressing the disk,
or some are volatile (As, Hg), it is necessary in the first case
to cool the glass extremely quickly by some coolant (water,
solid CO" liquid nitrogen) to avoid crystallization (at higb
temperature Cr, Ti, Zr are soluble) then grind and pelletize
it or, in the latter case, simply grind it with flux ("dry mix")
and pelletize without fusing. By comparing the count rates
of these powder pellets against those of the corresponding glass
disks, we find that powder pellet values are lower. The
benefits of the modified a factors in this case are to be seen
by comparing Table III specimens No.3 and 4; 12 and 13; 16
and 17; 18 and 19. The specimens No.4, 13, 17, and 19 are
clearly usable; the errors introduced to any element oxide by
increasing the calculated result by 0.6% relative for ground
J{lasses, and 3% relative for dry mix, are not significant.
Recalibration of the Reference Standard nominal percentages
and the Background values can yield still better values from
nux·containing powder pellets.

CONCLUSIONS

This article is aimed at the proposition that a factors-or
matrix correction parameters in general-can be changed, to
analytical advantage.

The way in which they can be changed has been given a
general basis, and was illustrated by examples of calculations
for geological samples.

The rationale behind the success of such "number juggling"
has once again been on a general basis, and we think draws
attention to the fact that all previous manipulations of a
factors, such as those of Lucas·Tooth and Pyae (6), Traill and
Lachance (7), Hughes (8), Rasberry and Heinrich (5), Norrish
ami Hutton (4), Tertian (3), and others, fit into a broad set
of principles.

A major criticism of even the most empirical methods of
matrix correction used by these authors, is that they have been
too concerned with relating some part of the" factor d..
rivation to "theoretical fundamentals", and in some cases have
sacrificed some of the benefiu such as mathematical stability,
more rapid iteration, or a null effect for the major absorber
or the LOl, which can be arranged by judicioll8 manipulation.

Finally, we express the hope that people involved in XRF
analysis will use a·factor correction instead of simply relying
on calibration grapha (80% of XRF determinations use this
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from Equation 2
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"Ili,spec= aifMd + M.):,(aij - aif)lIj} to Equation 4

The same derivation could have been obtained by the general
principle presented in the Theoretical section: adding a"M.
in Equation 4 to the flux constant (filM! (because M. + Mr =
Md), and subtracting the same from M,a'j'

In the last expression, M.Wj includes also ignition loss or
gain, and we have 8 Loss correction equal to -M,aif' This is
the Loss correction factor of Norrish and Hutton (4), who also
give the physical explanation for this type of modified matrix
correction.
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method (12)), and possibly even do some "number juggling"
for themselves.

Symbols and Definitions Used
Sample material (rock. mineral, etc.) to be Allalyzed.
Specimen final preparation for XRF analysis = glass

disk, resulting from fusion of sample with
flux.
concentration of component i in specimen
(glass), weight fraction.
X-ray intensity at analytical wavelength of
element i, for specimen.
X-ray intensity of Reference Standard.
nominal concentration of i in Reference
Standard (usually calibrated to give con­
centration on sample basis for unknown
samples).
weight fraction of component j in sample,
volatile free basis in Equations 2-4.
experimental interlement influence coef­
ficient of influencing (absorber) oxide jon
emitter i (a consists of secondary beam
absorption and possible primary beam
absorption and enhancement effects).
influence coefficient of flux for emitter i.
flux constant (= ai,M,).
weights of sample. flux. and fused glass
disk. all on volatile, 1,01, free basis. (M, can
be on volatile containing basis in Equation
4, but in that case Wj must be also on
volatile containing basis in order to obtain
the same numerical figure as M,W gives
when the both factors are on volatile free
basis).
dilution factor (so that Wj = Md/ M, x C).
total matrix absorption factor of specimen
(glass) at analytical wavelength of emitter
i (summated term in Equation I, brack-
etted term in all other equations).
loss on ignition.

I ....

APPENDIX II

The derivation of the expression where the actual influence
coefficients are the differences between components' and flux's
influence coefficients:
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Two-Phase Buffer Systems: Theoretical Considerations

Tomlslav J. JanJlc' and Emil B. Mllosavljevlc
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In this paper, two-phase buner systems are descrlbecl. These
systems are made of two phases: one Is an aqueous
(buffered) phase and the other Is a Iesa polar water-lnsoluble
phase which serves only as the reservoir for one of the
components of an acld-base pair. It Is established that
two-phase buner systems have the followlng advantages over
classical (monophase) systems: (1) WIth the _ acIcI--lIase
pair, the pH value at which the buffer capacity has "s
maximum can be varied with variation Of experlmenfal con­
ditions; and (2) Acids and bases which are almost Insoluble
In water can also be used lor preparing two-phase buIIers. The
extraction mechanism of action of such buffers proposed In
the present paper has been experimentally confirmed.

of such buffers and points to some of their advantages over
classical (monophase) buffer systems.

MATHEMATICAL CONSIDERATIONS
In deriving the relationships given below, it is assumed that

the ionic strength of the solution is equal to zero, since in this
case it may be written that: pH = -log CH'

Depending on whether the acid or hase component of the
acid-base pair is a nonelectrolyte, a distinction must be made
between two types of two-phase buffer systems, the math­
ematical treatment of each differing somewhat.

Buffer Type I (Molecular Acid/Anionic Base). For
this type of buffer, the following relationship holds:

K app = CHCb (1)
a C.app

(5)

(4)

(7)

(6)

(2)

From Equations 4 and 6, we arrive at the relationship

PHb =2.303 CaapPCb
Ctotapp

Multiplying Equation 3 by Equation 5 and dividing the
product by Clot.... we obtain

CaapPCb = KaapPC'o,apPCH
C,otapp (Kaapp + Ca )'

dCb /3 2303K-"ac.ap_p_c..""ot"a_p_Pc.C7a::.
-dp-H- = Hb =. (Kaapp + Ca )'

Substituting in Equation 1 Clot - C..... for Cband solving
the resulting equation for C we get

C app = CaC'o,a
pp

a Kaapp + Ca

where C",,'PP is the apparent total concentration of the
acid-base pair.

Substituting in Equation 1 Clot.... - Cbfor C..... and solving
for Cb, we obtain

C _ KaapPC,ot°PP

b - Kaapp + C
H

(3)

Differentiation, dCb/dCH, of Equation 3 and substitution
of dCHwith -2.303 CHdpH, gives the following relationship
for buffer capacity (IIHb):

·where Ko'PP is the apparent acid dissociation constant, CHis
the concentration of hydronium ions in the water phase. Cb
is the concentration of the anionic base in the water phase,
and Co''''' is the apparent concentration of nonprotolyzed acid
in the water layer. The apparent concentration of a com­
ponent in the water phase is the concentretion that would exist
if the total amount of that component, in the entire system.
were dissolved in the water phase alone.

From the mass balance equation it follows that

So far, numerous monophase buffer systems have been
described in the literature. They consist of an acid-base pair
dissolved in a single phase, most frequently water. These
buffers have their maximum buffer capacity at pH = pK.,
while their region of practical application (fJ > 0.19 C",J lies
within the limits pH = pK. ± 1 (1). These limitations
considerably hinder the selection of suitable acid-base pairs,
especially since the very chemical nature of a buffer is fre­
quently of decisive importance as regards to its applicability
in a given case. For the above mentioned reasons, synthesis
and application of acids with suitable pK. values and other
properties, as required for their use in the preparation of buffer
solutions, is a problem of constant interest.

For some time we have been working on a different ap­
proach to this problem. We have been studying buffer systems
consisting of two phases: a water (buffered) phase, and
another, less polar, water insoluble phase, which serves only
as the reservoir for one of the components of the acid-base
pair used. In the less polar phase, only the charge-free
component of the acid-base pair will be present in an ap­
preciable concentration, whereas the charge·carrying com..
ponent is retained in the more polar, water phase.

So far, few papers dealing with acid-base equilibria in
two-phase systems, either liquid-liquid (2-4), liquid-resin
exchanger (5), or liquid....olid (6--8), have been published. In
these papers, buffer capacity of the investigated systems has
not been considered.

Setnikar (9) has studied acid-base equilibria in systems
containing the insoluble solid base as the second phase, and
he has derived the functional dependence of buffer capacity
on the fraction titrated for such systems. The time needed
for equilibration of these heterngenous systems is long, and
the buffer curves are essentially different from those obtained
for two-phase buffers described in the present paper.

Komar (10) has theoretically investigated differential ti­
tration of two monoprotic acids in an aqueous-organic solvent
system, and he has derived the equation for calculating the
buffer capacity at the pH value corresponding to the first
equivalence point. On the basis ofthis equation, the possibility
of such titrations is considered.

As can be seen from the foreioing, two-phase buffer systems
proposed in the present peper have not been described in the
literature as yet. This paper offers theoretical considerations

0003-270017810350-0597$01.00/0 C 1979 _ QlomIceI SocIoly
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For two-phase buffers containing a molecular acid the
following relationship applies:

C.·PP = C. ( :.: (Kp ). + 1) (8)

where C, is the concentration of nonprotolyzed acid in the
water phase, Vo and V. are the equilibrium volumes of the
organic and water phase, respectively, and (Kpl. is the ratio
of the ooncentration of the molecular acid in the organic phase
to that in the water phase (partition coefficient).

From Equations 1 and 8 it follows that the apparent acid
diasociation oonslant (K:PP) and acid diasociation constant.
defined as K. = (CKCb)/C.. are interrelated by the following
equation:

pK.·PP= pK. - p (:: (Kp ). + 1) (10)

Burter Type II (Cationic Acid/Molecular Base). For
this type of buffer, the following relationship holds:

K 'PP = CHCb'PP (11)
• C.

where C. is the concentration of cationic acid in the water
phase, and CbOPP is the apparent concentration of nonpro­
tolyzed base in the water layer.

Further mathematical treatment, analogous to that for
two-phase buffers of type I, gives the following equations:

dCb'PP K. 'PPC,.,·PPCn
dpH = PKb = 2.303 (K.'PP + C

K
)' (12)

C.Cb·PP
IlHb = 2.303--- (13)

Ctotapp

'v. )pK.,pp = pK. + p \ V: (Kp)b + 1 (14)

where (K.,lb is the partition coefficient of the molecular base
between the organic solvent and water.

DISCUSSION

Equations 4 and 12 are analogous with the corresponding
equation for monophase buffer systems which reads:

dCb = P = 2.303 K.C,.,CH

dpH Hb (K. + CH)' (IS)

whare C... is the total concentration of the acid-base pair. It
follows that the graphic representation of the function IlKb
• !(PH) will be also analogous for both monophase and
two-phase buffer systems. This plot for two-phase buffer
systems has ita maximum value, IlKb.... = 0.58 C...·pp (for
monophase buffers, IlKb.... = 0.58 Clot>.

Equation 7 shows that for two-phase buffers of type I,
maximum buffer capacity will be attained when C:pp =Cb,
because the right-hand side of Equation 7 then reaches its
muimum possible value. Likewise, from Equation 13, it may
be seen that for two-phase buffers DC type n, maximum buffer
capacity will be attained when Cb- = C,. Furthermore, from
Equations 1 and 11, it is derived that maximum buffer ca-

K.
K 'PP = -:--~---• V

o
-(Kp ). + 1
Vw

Taking the logarithm of the
multiplying it by -I, we get

(9)

equation obtained. and

pacity for two-phase buffers, irrespective of the type to which
they belong. will be at:

pH = pK.'pp (16)

From the acid dissociation constantt phase volumes and
partition coefficient of the molecular acid or base, it is possible,
by Equation 10 or 14. to calculate the apparent acid disso­
ciation constant and thereby also the pH value at which the
buffer capacity will attain a maximum. It may be seen from
Equations 10 and 14 that as the volume of the organic phase
increases relative to that of the water phase, and/or as the
partition coefficient increases, the pH value at which the buffer
capacity reaches its maximum in buffers of type 1 shifts to
higher pH values, whereas in buffers of type II it shifts to lower
pH values. Here it should be stressed that the very nature
of two-phase buffers implies that the water phase will be
saturated with the organic solvent. Therefore. strictly
speaking. measurement on a pH meter calibrated with a
standard buffer solution in water gives pH(R) values (J 1). The
mathematical treatment in question as well as the conclusions
drawn from it, are completely valid only in the limiting case:

lim pH(R) = pH
(concentration of organic solvent in water) ... 0

For two-phase buffers where the fu!fulment of this condition
is approached, the obtained pH(R) values correspond fairly
closely to the operationally defined pH values in water. If
this is not the csse, these systems should be considered as
two-phase buffers with individual pH(R) scales. This,
however, docs not mean that such two·phase buffers are
unusahle in practice.

The mathematical treatment given in this paper is valid
only in the simple case when the partition of the molecular
component of the acid-base pair is not complicated by sec­
ondary reactions. If this is not the case (for example, if
appreciable dimerization of the molecular acid occurs in the
organic phasel. a functional dependence of IlKb on pH different
from the one given by Equations 4 and 12 should be expected.
A different functional dependence should also be expected
if extraction of ion·pairs, containing as one of the constituents
anionic base (buffers of type I) or cationic acid (buffers of type
11), occurs in a significant amount. In that case, the as­
sumption that the total amount of the charge carrying
component of the acid-base pair remains in the water phase
is not valid.

EXPERIMENTAL CONFIRMATIONS
As is seen from mathematical considerations of two-phase buffer

systems, we have assumed an extraction mechanism of action for
such buffers. To prove the validity of the mechanism proposed
we prepared a series of two-phase buffers by mixing 40.00 mL
of 0.0975 M n-caproic acid in l-octanol (the solubility of l-octanol
in water is 0.007 mol '10 at 25 °C (12», (40.00 - A) mL of water
and A roL of 8 standard sodium hydroxide solution. Prior to
determination of the acid and base concentrations in the water
phase and the acid concentration in the organic phase, we es·
tablished that the pH valoes measured in emulsions of the well
stirred two-phase buffers agreed, within the limits of experimental
error. with pH values of the separated water layer of the buffer
(a Radiometer PHM 62 pH meter with glass-calomel electrode
assembly was used for measuring the pH values). The acid and
base concentrations in the aqueous phase were determined by
potentiometric titrations with standard sodium hydroxide or
hydrochloric acid solution. The acid concentrations in the organic
phase were determined by taking the water-emulgated aliquots
of the organic phase and titrating them with standard sodium
hydroxide solution.

On the basis of good accordance between the analytically found
concentration of anionic base and the concentration of sodium
hydroxide solution added to achieve partial neutralization of the
acid, it may be concluded that extraction of ion pairs containing
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Figure 1. Buffer capacity as a function of the pH vaJue of the solution
for a two-phase buffer made up of 20.00 ml of 0.1000 M n-caprolc
acid in l-octanol and 20.00 ml of water. Values determined ex·
parimentally are denoted by circles. Values calculated by Equation 4,
using the mean pK.- value (6.90) from Table t, are represented by
the unbroken ine. The pH value corresponding to the maximum buffer
capacity of the monophase buffer In water Is Indlcated by an arrow.
All data are valid for 1 = 0 and I = 25 ± 0.1 ·C

the n-caproic anion does not occur in a significant amounL
The results obtained arc summarized in Table I, from which

it can be seen that there is high agreement between the measured
pH values and those calculated from the acid and base con­
centrations found in the water layer. In order that the value of
pK."P (which corresponds to the pH value at the maximum buffer
capacity uf the two-phase buffer) may be calculated from the
results of the determinations presented above (Table I), it is
necessary to know the equilibrium volumes of the phases. They
can be calculated by the following equation:

(17)

where {, is the increase in the organic phase volume, or the decrease
in the water phase volume relative to the initial volumes of the
phases, To is the amount of acid in the organic phase aliquot, Vo'
is the volume of the titrated organic phase aliquot, T. is the
amount of acid in the water layer aliquot. V.\ is the volume of
the titrated water aliquot. Voi and V.i are the initial volumes of
the organic and water phase. respectively, Q.. is the total amount
of acid, VN•OH is the volume, and MN.oH is the molarity of the
sodium hydroxide solution used for the preparation of the
two-phase buffer (all the amounts are in moles. all the volumes
are in liters). In the given experiments, no appreciahle change
in the total volume of the two phases has been observed, which
represents the condition of applicability of Equation 17 for the
calculation of the equilibrium phase volumes.

The dependence of buffer capacity on the pH value of the
two-phase buffer investigated was determined by an analysis of
the corresponding titration curve with the necessary corrections
made fur the salt effect and for tbe cbange in solution volume
during titration. The time needed for establishing equilibrium
in vigorously stirred two-phase buffers is short, and pH values
could be measured almost immediately after the addition of a
strung acid or base to the buffer.

The resulta of the experimental determination of the functional
dependence of /lHb on pH are presented in Figure I. From Figure
I, it may be seen that the values of the function /lHb = {(pH)
determined experimentally are in good agreement with those
calculated theoretically by Equation 4. It may also be noticed
that tbere is very high agreement between the experimentally
determined pH value corresponding to the maximum value of /I1l1>
(pH 6.89) and the pK.... values calculated by Equation 10 (see
Table I). Finally. from Figure I, it may be seen that the point
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Table ll. Most Important Characteristics oC Some Two-Phase BuUerstJ

1.92
1.98

-2.09
-3.09

Shift in
pH units,

pKaupp - pKa

6.12
9.13
8.55
3.52

pH value
corresponding to

tlHb max for
two-phase buffer,

pKa
8PP

I
I

IJ
II

Buffer typeAcid (base) used

Benzoic
p-Nitrophcnol
n-Hexylamine
N,N-Dicthylaniline

pK. (Ref.)

4.20 (15)
7.15 (16)

10.64 (17)
6.61 (18)

(at 22 °C)

a 'I'he systems investigated were prepared by mixing 20.00 mL of 0.1000 M solution of the molecular acid (base) in
I-octano! and 20.00 mL of water. The systems were titrated with a standard sodium hydroxide (hydrochloric acid) solu­
tion. If not otherwise stated, all data are valid for I = 0 and t = 25 °C.

Table III. Effect of Dilution on pH Values of
Two-Phase BuffersO

a The systems investigated were prepared by mixinJ{
15.00 mL of 0.1041 M n-caproic acid in l-octanol.
(15.00 ~ B) mL of water and Jj mL of a standard sodium
hydroxide solution, t = 251. 0.1 °C. b The difference be­
tween the initial and equilibrium phase volumes is less
than 3.5%.

RECEIVED for review May 17, 1977. Accepted December 12,
1977. This work was presented in part at the 20th Annual
Meeting of the Serbian Chemical Society, Belgrade, January
17, 1977. The authors are grateful to the Serbian Republic
Research Fund for financial support.

experimental investi~ation of the cffect of dilution on pH
values in such buffers ('I'ahle III).

CONCLUSION
It may be mncluded that for two-phase buffer systems, the

pH value at which the buffer cupacity has its maximum can
be Varied by changing the ratio of the phase volumes as well
8S by choosing an appropriate organic phase.

Investigations of new two-phase buffer systems and their
applicability in anaJytical chemistry arc in progress.
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6.31
6.82
7.33

of the
buffer after
15.00 mL
of water

and 15.00
mLol1­
octanol

were added

pH value

6.00
6.52
7.02

of tbe
buffer after
15.00 mL
of water

were addcdb

6.34
6.85
7.35

of the
buffer

Total
acid

neutralized,
%

25
50
75

of maximum buffer capacity of the two-phase buffer under
consideration has shifted by about 2 pH units with respect to a
corresponding monophase buffer in water, aincc the thermo·
dynamic pK. value for n·caproic acid at 25°C is 4.88 (13).

In Table II, the most important characteristics of some other
two-phase buffer systems of type I and II are presented. In all
investigated twcrpM.qe buffer systems with l-octanol as the organic
phase, the lunctional dependence IiH' ={(pH) agrees well with
the equations derived in this paper.

It may be conduded from the foregoing that the experimental
evidence completely confirms the validity of the conclusions to
which we arrived on the basis of our mathematical com,idcratiorl3
of such simple systems.

In the course of our investigations of two-phase buffcl'H of type
It we encountered C8.CWS when the functional dependence of flHIJ

on pH did not agree with Equation 4. This was the case with
two-phase buffer systems containing n-<:apruic acid and the solvent
pair toluene/water or cyclohexnne/water. In both of these
systems, buffer curves Pltb = {(pH) were higher (BUbmal > 0.58
C.....) and asymmetrical (the right-hand side sloping more steeply
than the left-hand side of the curve). Mathematically it call hc
proved that such buffer curves should he expected in CHBes of
appreciable dimeri7..ation of the molecular acid in the organic
phase.

EFFECT OF DILUTION ON pH,VALUES OF
TWO-PHASE BUFFERS

In addition to the facto", cited in the literature which induce
a cbange in pH value with dilution of monopbase huffe", (11),
the following facto", arc of significance in two-phase buffer
systems:

(I) Shift of Distribution Equilibrium. On a twofold
dilution of the water layer of a two-phase buffer the con·
centration of the ionic component of the acid-base pair re­
duces to nearly one half of the original value, whereas the
concentration of the molecular component, in the cases where

log ( :: (Kp).,b + 1) ;;. 2

decreases only negligibly. This brings about a change in pH
value of the water layer of about 0.3 pH unit, the shift in
buffe", of type I being to lower pH values and in those of type
11 to higher ones.

(2) Decrease in Equilibrium Volume of Organic Phase
Due to Dissolution of Organic Solvent in Water. This
factor induces a change in the pH value of the water layer in
the same direction as a shift in the distribution equilibrium
does. In the case of organic solvent with a very low solubility
in water and if V./V. ratio is not too low, it seems that the
effect of this factor on pH value, after a twofold dilution of
the water layer of two-phase buffer, is considerably smaller
than that of factor I.

It follows that two-phase buffers are very sensitive to di·
lution of the aqueous phase only. On dilution of both phases
such that their ratio remains unchanged, it may be expected
for factors I and 2 to have no effect. This is confirmed by
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Enrichment of Anions of Weak Acids by Donnan Dialysis

James A. Cox' and Kuo-Hslen Cheng

Department of Chemistry and Biochemistry, Southem IlHnols University. Garbondale, IfIInoIs 62901

Table I. Influence of pH on the Donnan DiaJym
Enrichment of Phosphate

Receiver pH Sample pH Enrichment factorG

a Ratio of receiver concentration after enrichment to
the original sample concentration. Receiver: 2 mL of
0.1 M KNO, adjusted with HNO, or KOH. Membrane:
4.9 cm~ P-I025. Enrichment time, 30 min.

The rate 01 Donnan dialysis enrichment 01 weak acids was
lound to be Inlluenced by the pH 01 the sample and 01 the
receiver electrolyte; however, when the receiver pH Is much
less then the pK 01 the most acidic species, the transfer rate
Is Independent 01 sample pH over a wide range, Under 0p­

timum conditions, the enrichment rate 01 several anions Is
Identical. These results suggest that diffusion 01 the sample
anion Is not the rate-determlnlng step In these enrichments
and, IUriher, that the rate 01 transfer across the mem­
brane/receiver Interlace Is especially Important.

1.5
1.5
3.5
5.2
5.2
5.2

2.0
3.0-10.0

4.0
4.0
6.9
9.2

2.8
7.0.0.03

6.3
4.9
3.9
3.3

Table II. Effect of pH on the Donnan Dialysis
Enrichment of Selected Weak Acids"

6.8
6.9
5.4
7.0
6.9
6.8
5.4
0.4
7.2
7.0
7.1
2.5
2.9

Pyruvic (2.2)

Receiver Sample Enrichment
pH pH factor

1.5 4.0
3.0 4.0
5.6 4.0
1.5 4.2
1.5 6.0
3.0 4.2
5.6 4.2
1.5 1.3
1.5 4.9
1.5 9.0
5.7 3.0
5.7 4.0

Sulfuric (pK" 1.9) 1.5 4.0

a Conditions the same as reported in Table I.

Acid, pK

Chlnroacetic (2.8)

Arsenic (2.6, 7.0,11.5)

Table I. The data indicate that if the receiver pH is much
less than the pK(s), the rate of Donnan dialysis transfer, which
establishes the enrichment factor, is independent of sample
pH; it is also necessary that the sample not be so acidic that
the major fraction of the weak acid system is a neutral species.

The hypothesis was substantiated by comparable studies
with other weak acids (Table II). Except for the case of
sulfate, the weak acids which were investigated all gave
enrichment factors of about 7 for a 30-min preconcentration
into a pH 1.5 receiver. This Cact, along with the observation
that a very acidic receiver yields the greatest enrichment rate,
suggests that the rate of transfer across the membrane/re­
ceiver boundary may be the rate-limiting step of a Donnan
dialysis of weak acids with anion-exchange membranes.
Otherwise, it would be required that the anions have aimilar
diffusion coefficients in the membrane.

The relatively low enrichment rate for sulfate may be due
to strong interaction witb the fixed sites of the membrane.
This interpretation is consistent with the results of experi­
ments on the Donnan dialysis of samples of mixtures of weak
acids. The results are summarized in Table III. Although
the tabulated data are for pH 5.2 samples, the results were
unchanged over the pH range 4-9. Mixtures whicb did not
contain sulfate exhibited the same enrichment .. the sin­
gle-component cases in Table I and II. The decrease of the
Donnan dialysis enrichment rate in the presence of sulfate
(or bisulfate) could not be eliminated by changing the receiver

Donnan dialysis enrichment involves separation of a sample
solution from n relatively high ionic strength receiver elec­
trolyte by an anion-excbange membrane (I, 2). The approach
to Donnan equilibrium results in transfer of ions of the
appropriate charge sign from the sample to the receiver; thus,
if the latter volume is smaller, enrichment of those ions is
accomplished. Since the transfer rate is time independent
(as long as the system is not near Donnan equilibrium) and
is directly proportional to the concentration of the selected
ion in the sample over a wide range of conditions (3), pre­
concentrations for prescribed times result in linear rela­
tionships between readout and initial sample concentration
when metal ions or anions of strong acids are subsequently
determined in the receiver (3, 4).

Donnan dialysis of conjugate bases of weak acids presents
a special problem because the distribution of these species
according to charge is a function of pH, tbereby possibly
complicating the enrichment procedure. The present study
was initiated to determine the factors which primarily in­
fluence their transfer rate and to establish conditions which
would permit preconcentrations in direct proportion to their
initial sample concentration. Because of their general im­
portance and polybasic nature, H,PO. and H,AsO. were
selected as the major test species.

RESULTS AND DISCUSSION
The primary difference between the Donnan dialysis be­

havior of anions whicb are conjugate bases of weak acids and
previously studied ions is the effect of pH, the importance
of which is demolllltrated by the experiments aummarized in

EXPERIMENTAL
The anion-exchange membram~ were Permian 1'-1025 obtained

from RAI Research Corporation, Hauppauge, Long Island, N.Y.
They were successively rinsed in 0.1 F Hel, H20, 0.1 F NaOH,
H,o, 1 F KNO, and 0.1 F KNO, prior to use. The acid-base cycle
was repeated three times; they were soaked at least 24 h in the
0.1 F KN03 prior to use. When receiver electrolytes other than
KN03 were used, the latter two solutions of the sequence were
altered accordingly.

The analytical methods employed in this work were the fol·
lowing: phosphate and arsenate, molybdenum blue method (5);
chloride, differential pulse polarography; sulfate, chloranilate
spectrophotometric method (6); pyruvate, linear scan voltammetry;
chloroacetate, linear scan voltammetry.

The electrochemical experiments were performed with a PAR
170 system. Reagent grade chemicals and doubly deionized water
were used tbroughout.
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Q Enrichment fuctor of the lest anion. Sample pH, 5.2;
other conditions the same as Table I.

electrolyte pH or anion; for the laller. chloride. bromide,
acetate. chloroacetate, nitrate. and citrate were used.

To establish which of the ahove observations are related
to the weak acid nature of the investigated systems. selected
experiments were repeated with chloride-containinJ{ samples.
Using the conditions outlined in Table I, 10'-10" 1\1 Cl
samples were enriched by a factor of 7.0 in 30 min. and the
results were independent of sample pH over the investigated
cange of 2-9. Unlike the weak acid cases, variation of the
receiver pH over the range 2-6 did not change the enrichment
factor (7.02 ± 0.03. 8 points). With mixed samples, the
enrichments of phosphate and chloride were mutually in·
dependent. In addition. the presence of sulfate does not
influence the enrichment of chloride.

These results are generally consistent with.,.the previous
observations. Chloride would be expected to weakly associate

Table Ill. Donnan Dialysis Enrichment of
Mixtures of Weak Acid.

Test anion

Phosphate

Pyruvate

Phosphate

Added anion

10-) M sulfate
10"M
10"M
10" M
10"M
10- 4 M pyruvate
10- 4 M acetate

Ef'O

7.1
6.7
4.8
6.3
4.7
7.2
7.2

with the ion·exchange sites, 80 pH effects should be negligible.
Likewise, the presence of competing anions should not alter
the enrichment. That the enrichment factor for chloride'
the same as those for weak acids when the latter are trans
ferred into a 10w·pH solution supports a model for Donnan
dialysis transfer in which the primary factor which determines
the rate is the Donnan potential; with weak acids the primary
rate can be decreased by the exchange reaction at the
membrane/receiver interface but not by diffusion of the test
species: Le., the electric field gradient predominates over the
diffusion gradienL Further study is in progress to substantiate
and refine this model.

That conditions can be defined which permit Donnan
dialysis of weak acids to be independent of sample pH is
impurtant. Applications to chemical analysis such as for
matrix normalization and/or enrichment of trace samples are
feasible.
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Simultaneous Multielement Determination by Atomic Emission
with an Echelle Spectrometer Interfaced to Image Dissector
and Silicon Vidicon Tubes

Hugo L. Felkel, Jr., and Harry L. Pardue·

Deparlment o( Chemistry, Purdue Universny, West Lafayette, Indiana 47907

Silicon target vidicon and Image dissector camera systems
have been coupled to an echelle grallng spectrometer for
mufl'.I.ment determinations wllh a de plasma excllallon
source. Spectral resolution expressed as full width at half
height ranges lrom 0.4 to 0.9 Afor the vldlcon system and 0.2
to 0.7 A wflh the Image dissector syst.m, and wav.'.ngth
calibration procedures permit locations 01 lines to be predlct.d
to betwe.n 0.03 and 0.2 A lor both systems. Eff.cts or peak
height and peak ar.a me.......em.nts on s1gnal-to-nolse ratios
lor both detectors are evaluat.d. Resufls for multl.lem.nt
samples of alkali and alkalln. earth and of transilion m.tals
obtaln.d wRh the ech.lI. sp.ctrom.t.r/Image dissector ar.
comparable In most respects to slngle elem.nt data obtained
wIIh conventional optlcs and detectors wRh the same plasma.
Some Interelement effects assoclated with the de plasma are
dlscusaed.

Numerous recent reports have discussed the application of
imaging detectors for a variety of applications involving atomic
spectrometry (J-JO). One of the promising areas of appli·
cations is for the simultaneous determination of metallic

elemenL~ by atomic absorption and atomic emission spec­
trometry. Most applications in this area have been based on
imaging detectors used with conventional optics that disperse
spectra in only one dimension. These applications impose 8

severe tradeoff between spectral range and spectral resolution.
Some recent reports have demonstrated the feasibility of Using
echelle grating spectrometers to take advantage of the
two-dimensional character of some imaging detectors to obtain
good resolution over spectral ranges of several hundred na­
nometers (J, 9-11). Applications reported to date have in·
cluded both atomic emission and atomic absorption spec­
trometrv.

In th~ paper we describe and compare results obtained with
an image dissector and a silicon target vidicon tube used with
an echelle grating spectrometer and a direct current plasma
excitation source. Items included in the study are: useful
spectral range and resolution, wavelength accuracy, effects
on signal to noise of peak height and peak area measurements,
some interelement effects in the de plasma, comparisons of
sensitivities in single- and multielement mixtures, comparisons
of sensitivities and other characteristics of the detectors, and
detection limits for several elements. The image dissector
system is up to 25 times more sensitive than the silicon target
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vidicon system and multielement results obteined with the
de plasma-echelle-image dissector system compare favorably
'~th single element results reported previously with de plasma
excitation sources.

EXPERIMENTAL
Instrumentation. The inslrumentalsystem consists of 8 de

plasma excitation source used with an echeUe grating spectrometer
interfaced to either 8 silicon target vidicon or an image dissector
tube. Information related to the design and opemtion of the siJioon
terget vidicon detector system has heen reported previously (I)
and is not discussed further here. Some features of the other
components are discussed here.

Optical System. Experiments described in this paper were
designed to evaluate performance characteristics of the two
detectors under conditions such that both would cover the same
spectral range, namely that from below 2000 to above 7700 A. The
modifications necessary to reduce the size of the image from the
echelle grating spectrometer to that consistent with the size of
the vidicon detector have been described previously (1). Because
the image dissector tube has a larger image fonnat, the casse­
grainian mirror system (I3.5-cm focal length at f/1.6 for the
vidioon) was replaced by a similar unit with a focal length of 20.0
em at f /2.8 (Nye Optical Co., Spring Valley, Calif. 92077) pro­
ducing an image reduction factor of 3.9 for the image dissector
compared with 5.8 for the silicon target vidicon. An entrance slit
width of 200 ~m and height of 500 ~m was used throughout these
experiments for both detectors.

Plasma Source. The excitation source used in this work is an
argon supported, dc plasma source (Spectrometrics, Inc., Model
53000, Spectra Jet 11). The argon flow rate to the cathode and
anode electrodes (thoriated tungsten) was 1.6 L/min and the flow
rate through the ceramic nebulizer was 3.1 L/min. The plasma
is susteined by passing 7.5 A at 40-V de between the two elec­
trodes. The sample uptake rate for this plasma is about 2 mL/min
with a nebulizer efficiency approaching 10%. The characterization
of this plasma by Skogerboe and co-workers (12) suggests that
the analyte experiences effective source temperatures of 6OClO--7000
K in the excitation region. The small volume of the excitation
region of this plasma is particularly well suited for use with the
echelle spectrometer because a rather short entnince slit height
is used, providing for optimum signal-to-background ratios.

Image Dissector. A commercially available image dissector
detector system (Model658A, EMR Photoelectric, Princeton, N.J.
08540) employs the EMR Model 575E image dissector that has
a sapphire window and a 43-mm diameter S-20 photocathode,
providing a useful spectral response from 1800 to about 7500 A.
In this sensor, the photoelectrons generated by the optical image
on the photocathode are magnetically focused onto a plate which
has a :JS.~m circular aperture. The photoelectrons passing through
this aperture are then multiplied by the 13-stege, Cu-Be, venetian
blind electron multiplier, producing a current at the anode that
is linearly related to the input photon flux. The voltege applied
to the electron multiplier is approximately 2.4 kV, providing 8

current gain of about 6 X 10'. The gain of the electron multiplier
of the image dissector was maintained oonstent throughout these
experiments. The dimensions of the aperture were chosen to
provide the best intensity-resolution tradeoff for this particular
application.

The entire electron image of the photocathode is deflected by
two digitally·controlled magnetic fields, allowing any region of
the photocathode to be addressed. The addressing accuracy of
this system is rated by the manufacturer to he 3% of field with
a repeatebiJity of 0.1 %; however, our dats show that this is a mther
conservative specification. Input to the sensor consists of 12-bit
parallel binary X or Y position information,load X,load Y, and
oonvert oommand lines. There are also two additional lines which
are deooded to select one of four possible bandwidths in the video
processor. The standard bandwidths available vary from 0.1 to
100 kHz in decade steps; however, we have modified the system
to provide a bandwidth range of 10 Hz to 10 kHz. Since the image
dissector is a nonintegrating detector, there is no need to erase
or prime the detector between random access scans as for the
silioon vidicon. This permits simpler software oontrol than is
required for the silioon vidioon (I). The analog signal corre­
sponding to the intenaity at each location is digitized by a 0-10
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Table I. Spectral Resolution and Wavelength
Prediction Error

Re60lutionb ~ prediction error, A

Ex· linage
pee- Vidi· diuee-

Order" ~, A ted Found con tor

72 (Hg) 3125.66 0.18 0.20 2000 0.03 0.05
3131.55

62 (Hg) 3650.15 0.20 0.20 3000 0.05 0.07
3654.84

60 (Fe) 3737.13 0.23 0.25 4000 0.06 0.10
3745.56

39 (Hg) 5769.59 0.33 0.47 5000 0.08 0.12
5790.65

32 (Ne) 7024.05 0.42 0.74 6000 0.10 0.16
7032.41 7000 0.11 0.18

a Mercury lines from mercury pen lamp. Mn lines from
Mn hollow cathode lamp, Fe and Ne lines from Fe hollow
cathode lamp. b Resolution for image dissector only; see
Ref. 1 for vidicon date.

V input, analog-to-digital oonverter (ADC-EHI2B2, Datel Sys·
tems,lnc., Canton, Mass. 02021) which has a 4-1'8 oonversion time.

Regents. The Ca and Li analyte solutions were prepared by
dissolving reagent grade CaCO, and Li,C03 in dilute HCI.
Solutions containing Ba, Na. and K were prepared from the
reagent grade chloride salts. The other analyte solutiona were
certified atomic absorption standards (Fisher Scientific Co., Fair
Lawn, N.J. 07410) prepared from the metel (Mg, Ni, Mo, Mo,
Co), the oxide (Cu, Cr), the chloride (Fe), or the carbonate (Sr)
and contain dilute HCI, HNO" or aqua regia as the solvenL

The effect of phosphate and aluminum on the emission re­
sponses of the alkali and alkaline earth metals was studied by
adding solutions of reagent grade H,PO. (85%), A1(NO,),.9H,o,
or AIel,.

RESULTS AND DISCUSSION

Unless steted otherwise, uncerteinties are quoted at the
95% confidence level and imprecision of ratios or other
comhinations of date are computed using standard propa­
gation of error equations. Detection limits are quoted at the
two stendard deviation unit level.

Resolution and Wavelength Prediction Error••
Wavelength resolution date for the silicon vidicon have been
presented earlier (1), and resolution date for the image
dissector and wavelength prediction errors for both detectors
88 functiona of wavelength are presented in Table I. The
resolution of both systems was determined by measuring the
full width at half maximum (FWHM) of several atomic lines
from various hollow cathode lamps and a mercury pen lamp.
The reciprocal linear dispersion (RLD) was alao determined
for each order in which spectral lines were measured. The
values of FWHM and RLD are used to compute the theo­
retical and experimental resolutions as given by

Theoretical resolution (A) =
Slit width (j.tm) X RLD (A/DAC step)

Experimental resolution (A) =

FWHM (DAC steps) X RLD (A/DAC step)

The date in Tahle I show that for the image dissector there
is good agreement between experimental and theoretical
resolution up to about 6000 A. The deviation of the resolution
of the image dissector from theoretical at 7024.05 Amay be
attributed to curvature of field in the reduced image of the
spectral focal plane because the line is near the edge of the
photocathode.

In order to evaluate the ability of each system to locate
spectral lines, a preliminary wavelength calibration was carried
out with the emission spectrum of a mercury pen lamp and
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where N, is the random component of the noise expressed as

Accordingly, as long as the modified video processor signal
is sampled at a rate of 20 Hz or faster, the effective bandwidth
is inversely proportional to the observation time. In all of our
studies with the Io-Hz bandwidth, sampling rates were fast
enough to satisfy this 20·Hz criterion.

To evaluate the effect of signal amplitude on detector noise,
12 lines from a multielement hollow cathode lamp were used
to obtain signal amplitudes between 4 and 5000 nA. For each
line, ten sets of 2048 points each were collected at a sampling
rate of 2048 Hz, corresponding to a total sampling time of 10
s and an effective bandwidth of 0.05 Hz. The average of the
2048 points for each of the ten sets for each wavelength was
compuU<!, and these ten averages were used to compute the
standard deviations of repeated measurements at each
wavelength. A plot of the log of the standard deviation at each
wavelength VB. the log of the signal amplitude between 4 and
5000 nA was linear with a slope of 0.51 : 0.07 and an intercept
of -\.49: 0.19. The slope confirms a shot noise limit for the
image dissector system and the intercept corresponds to a
noiae of 0.032 nA, which when combined with the effective
noise bandwidth of 0.079 Hz (Equation Ib with At = 10 s),
leads to equations of the forra

N r =0.12..J16fN (2a)

and

then the peak maxima of several atomic lines from an iron
hollow cathode lamp were locaU<!. The root mean square
(RMS) prediction error, which is the difference between the
predicted and the observed location of a line, for the vidicon
detector system was 1.4 DAC steps. Because it is known from
system calibration date that one DAC increment corresponds
to 0.0125 mm on the active surface of the vidicon, the absolute
error in position prediction is 0.018 mm. For the image
dissector, the RMS prediction error was 7.6 DAC steps, and
because one DAC step for this system corresponds to 0.0055
mm on the photocathode, the absolute error ill the predicted
coordinate is 0.042 mm. Table I includes a comparison of the
wavelength position prediction errors for the two detectors.
These values were calculaU<! by multiplying the absolute
errors of the predicted positions by the RLD at each wave·
length. These data show that wavelength prediction errors
are well within the FWHM of a spectral line at all wavelengths
for both systems. Because there are finite errors, an opti·
mization routine is used with both detector systems to center
the raster pattern around the peak maximum after its general
location has been idimtified.

SIgnaI·to·Nolse Characteristics. Earlier work with the
silicon vidicon system has shown that it has a background
noise component that contributes a fixed uncertainty of about
:0.08 nA at the 95% confidence level (1). That work also
showed that increased sampling time could be used to improve
the signal·to-noise ratio (SIN) for the silicon vidicon system.
Experiments were performed in this study to evaluate the
noise characteristics of the image dissector system.

To facilitate this and relaU<! studies, the bandwidth of the
video processor was reduced to 10 Hz. Sampling theory
suggesta that as long as a signal is sampled at a frequency
equal to or greater than twice the bandwidth, then the effective
signal bandwidth is given by

6f. = '/,6t (la)

and the effective noise bandwidth is given by

..........

-0 •••,,:,-

0.2

10 100

OBSERVATION TIME (SEC)

figure 1. Effect of observatk>n time on impreclskJn of meastxements
with the Image lissector system. Noise expressed as standard deviation
of ten runs with 2048 points per run (see text). Source: Mn hollow
ca1hode lamp withCu~. (6) MIl (4030.76 A), 8930 nA; (0) Co
(3247.54 A), 2970 nA; (0) Cu (3273.96 A). 774 nA; (0) MIl (3794.e2
A). 104 nA; (.). Y, •••) Curves predicted using Equation 2b wnh J
= 8930. 2790, 774. and 104 nA. respectively

nA, I is Ihe current amplitude in nA, t:.fN is the noise
bandwidth, and the uncertainty of the proportionality constant
is :0.04 at the 95'10 confidence level. It is pertinent to
suhsequent discussions to note that only 1 of the 12 wave·
lengths used to evaluate the noise corresponded to a current
above 2000 nA, and Ihat point near 5000 nA was above the
least*squares line by about one standard error unit.

Equation 2 suggests that the purely random components
of the noise should vary in proportion to the square root of
the effective bandwidth. To test this behavior for the image
dissector system, ten measurements, each based upon the
average of 2048 points, were collected over periods of time
ranginK from 1 to 100 s for each of four lines from a Mn hollow
cathode lamp containing a Cu impurity. Standard deviations
computed from Ihe ten points for each line at each observation
time are plotted as a function of the observation time in Figure
I. The solid lines associated with the linear regions of the
data represent the least·squares fits of the data, Ihe dashed
extensions of the linear plots represent continuation of the
regression lines, the curved extensions of these Jines represent
visual fits of the deta, and the linear dashed lines represent
the curves for each sel of conditions predicU<! with Equation
2.

There is good agreement between expected and observed
results at the shorter observation times for the lower currents
represenled by curves C and D. However, at longer obser·
vation times for the lower curren~, and at all times for the
higher Iwo current levels, there is poor agreement between
predicU<! and observed data. The least·squares slopes for the
linear portions of curves C and Dare -{l,48 : 0.01 as expecU<!
for a random noise-limiU<! system, and the slopes of curves
A and Bare -0.34 : 0.01 and -{l,41 : 0.04, respectively.

These data suggest that there is a nonrandom noise
component associaU<! with the observed signal, and the fact
that the magnitude of the nonrandom component increases
with signal amplitude suggests that it is associaU<! with the
hollow cathode lamp (I3). Any nonrandom component would
cause the imprecision in repeated measurements to tend to
increase with observation time and this explains the deviations
from the expected slopes of -{l.5 and the eventual increase
in imprecision at the longer observation times for curves A
and B. Although procedures described earlier (13) could be
used to evaluate the coefficient for the nonrandom component,
this was not done because the coefficients would apply only

(lb)

(2b)

6fN = rr 14M

Nr =O,10..1116t
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(4a)

(4b)

where npo n I. "1 ... nm represent the number of points collected
at each signal level, S., S" S, Sm' In the experiments
described above, n. =n, =n, = =nm so that Equation 3
reduces to

SN a Vn•S• + n,{,S. + n,f,S. + ... + (5)

nmfm S•

where f" f, ... fm represent the fractions the different signal
amplitudes are of the peak signal amplitude I/m = SmjS.,J and
the other symbols were defined above. It is obvio\ll\ tbat the
SjN relationship will bave its maximum value when all values
of f are unity or when all available time is spent making
repeated measurements at the peak maximum. The dashed
curve in Figure 2 represents the response tbat would result
for a shot noise-limited syatem when all data are collected at
the peak maximum. The SjN enhancement is observed to
be higher than for any other situation.

The analytical data reported below are based on peak height
measurements and background measurements on each side
of each peak. Each peak height and background datum is the
average of 2048 repetitive measurements made during a 1..

Therefore, the ratios of SjN values are expected to increase
as different signals across a peak are summed together, but
the rate of increase as the "integral width" is increased is
expected to fall off both because of the square root function
and because tbe signal amplitudes decrease as the integral
width moves further from the peak_

If the system were purely shot noise-limited, then Equation
4b predicts that ratios of SjN values should be independent
of n and the three curves (A-C) that represent different
numbers of data points should be superimposed. However,
the data in Figure 1 show that some component(s) in the
s)'stem (probably the hollow cathode lamp) is introducing a
nonrandom component to the noise at longer observation
times. This nonrandom noise component would be expected
to degrade the signal to noise enhancement at longer times,
and that is what is observed in curves B and C that involve
total observation times of 48 sand 384 a, respectively.

Although Figure 2 shows that data summed from different
segments of a peak can provide improved SjN for the types
of experiments described above, this does not necessarily
represent the optimum expenditure of time for a shot
noise-limited nonintegrating detector such as the image
dissector. Because the image dissector is a nonintegrating
detector, it cannot store information from one part of the
image while another region is being interrogated. The sig­
nal·ta-noise relationship for a shot noise-limited syatem in­
volving multiple measurements can be represented as

(SIN), Vnp(Sp + S, + S, + ... + Sm)
(SIN). = VnpS.

(SIN), VS. + S, + S, + ... + Sm
(SjN). = VS;

half width. Twenty-five points were collected across each of
ten peaks and data are reported in Figure 2 for averages of
32, 128, and 1024 scans (curves A-C, respectively). These
operations correspond to 12, 48, and 284 s per experiment.

The data in Figure 1 ahow that for low signal amplitudes
and short !I8I11pling times, the image diasector-hollow cathode
lamp system is ahot· noise-limited. For a ahot noise-limited
system, the ratio of SjN values for summed data, (SjN).. to
values for peak data, (SjN)., would be given by

(SjN). VnpSp + n,S, + n,S2 + ... + nmSm--= (3)
(SjN). Vn.S.
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Figure 2. Ratios of SIN for summed signals to SIN for peak height
siglaJ vs. i11egaI width. (A-C) Irrego dssec1or; (A) 32 averaging cycles:
(6) 128 avaraging cycles: (C) 1024 averaging cycles; (0) Vidicon. 32
averaging cycles. The SIN of the peak wavelength for the ten
wavelengths Interrogated varied trom 50 to 150 with the vidicon tor
32 avaraglng cycles and from 80 to 180 with the Image dissector when
1024 averaging cycles were used

for the hollow cathode lamp and its specific operating con­
ditions. The magnitudes of the nonrandom component can
be obtained easily as the difference between the shot
noise-limited plots and the plots of experimental data.

The most important conclusion to be drawn froIr. these data
is that the image dissector system is shot noise-limited at low
light levels for observation times extending at least to 20 s.

It has been suggested that peak area measurements of
intensity can provide significant improvements in signal to
noise ratios (SjN) in comparison with peak height mea­
surements (14-16). Data that show effects of peak area
measurements on the SjN are plotted in Figure 2 for the
silicon vidicon and the image dissector. The abscissa rep­
resents the number of equally spaced points along the
wavelength axis at which emission signals are summed to
generate the integral; and the ordinate represents the ratio
of the SjN of the integral data to the SjN of the peak
wavelength data. Each point on the curve represents the
average of the relative SjN values obtained for 30 runs on each
of ten different wavelengths from an iron hollow cathode lamp
operated at 15 rnA.

For the vidicon experiments, a shutter was used (I) to
expose the detector to radiation from the hollow cathode lamp
for 300 ms during each measurement cycle. Between ex­
posures, the target was primed by 20 erase cycles of IO-ms
duration. The spacing between points was 2 DAC steps
corresponding to three points per peak half width. A total
of 21 points was collected across each peak and data from 32
scans were averaged at each point. All of these operations
correspond to 480 s per experiment.

The data for the vidicon shows that summing over a region
slightly larger than the peak half width (3 points) produces
the optimum enhancement in SjN. The decrease in en­
hancement with the inclusion of more data in the summation
was expected because the vidicon is essentially amplifier
noise-limited. The fLIed amplifier background noise degrades
the SjN when measurements are extended to the low am­
plitude "wings" of the peaks where noise adds in at a more
rapid rate than signal. In the remainder of this work with
the vidicon, we bave used data corresponding to three points
centered around the peak maximum.

The bandwidth of the image dissector video processor was
10 kHz and the scan time was 12.5 ms. The apacing between
points was four DAC stepa corresponding to four points per
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Table 11. Effect of Rubidium, Phosphate, and Aluminum on Multielement Emission

Element, xa ME/SEb SE + Rb/SE"
ME +R~~SE +

ME + PO./ME' ME + AI/ME'

Li (6103.64) I 1.06 , 0.03 1.66, 0.11 1.04 , 0.07 1.01 , 0.08 0.98, 0.06
Na (5889.95) I 1.44' 0.15 2.33 , 0.14 1.06 , 0.06 0.99, 0.04 1.0] , 0.07
Na (5895.92) I 1.43, 0.03 2.37, 0.16 1.04,0.12 1.00 , 0.04 1.0] , 0.09
K (7698.98) I 1.37, 0.11 2.36' 0.25 1.04, 0.07 0.98, 0.06 0.99, 0.06
Mg (2795.53) II 1.40, 0.13 1.89, 0.09 1.06 , 0.05 1.00, 0.08 1.03,0.10
Mg (5183.62) I 1.35, 0.32 1.65, 0.33 1.05, 0.09 1.02 , 0.06 1.02 , 0.24
Ca (3933.67) II 1.53,0.15 2.75, 0.16 1.02 , 0.11 1.01 , 0.04 0.99, 0.09
Ca (4226.73) I 1.55, 0.23 2.56' 0.28 0.98, 0.16 1.02 , 0.08 0.72, 0.07
Sr (4077.71) II 1.86, 0.16 3.57' 0.15 1.01 , 0.06 1.00 , 0.02 1.00, 0.08
Sr (4215.52) II 1.82, 0.16 3.47, 0.23 1.07,0.15 0.99, 0.06 0.98' 0.10
Sr (4607.33) I 1.75, 0.13 3.81 , 0.22 0.98, 0.07 1.01 , 0.04 0.66 , 0.07
Bn (4554.04) II 1.71 , 0.24 3.09, 0.41 1.07, 0.12 0.98, 0.04 0.99, 0.07
Cu (3247.54) I 1.06, 0.05 1.08 , 0.06 1.05, 0.04
Cr (4254.35) I 1.04 , 0.06 1.90,0.13 0.97 , 0.04
Mn (4030.76) I 1.01 , 0.03 1.56 , 0.06 1.05 , 0.08
Mo (3798.25) I 1.00, 0.03 0.95, 0.06 1.03 , 0.06
Co (3453.51) I 1.00, 0.02 1.11,0.02 1.00 , 0.02
V (4379.24) I 1.03 , 0.05 1.08 1 0.04 1.02 , 0.03
Ni (3619.39) I 1.05, 0.04 1.05 , 0.08 1.02 , 0.02
Fe (3737.13) I 1.00 , 0.04 1.05 , 0.03 1.03, 0.03

a I denotes neutral species, II denotes singly charged species. blntcnsity signal observed for multielement solution
divided by the intensity signal for the single clement solution. C Intensity signal observed for single element solution
containing 1000 mg/L Rb divided by the intensity signal for the single element solution with no Rb present. d Intensity
signal observed for multielement solution containing 1000 mg/L Rb divided by the intensity signal obtained for the
single element solution containing 1000 mg/L Rb. C Intensity signal observed for multielement solution containing 0.25
mol/L H) PO. divided by the intensity signal for the multielement solution with no H, PO~ present. f Intensity signal
observed for the multielement solution containing 0.0054 mOI/L AICI, divided by the intensity signal for the multielement
solution with no AICI, present.

10 100 200

MOLAR RATIO (AL/CA OR SRI

Figure 3. Effect of aluminum on calcium and strontium emission
inlensities. Ca II (3933.67 AI; Ca I (4226.73 A); Sr II (4077.71 A);
Sr I (4607.33 AI. Solution contained 2 mglL Ca; 4 mglL Na, Ba, Sr;
8 mg/L Mg; 16 mg/L U and K, and indicated amount of AI as AICIJ or
AI(NO,),

of 1000 mg/L rubidium and the results are presented in the
third and fourth columns of Table II. The high concentration
of Rb is ubserved to enhance the responses of all of the alkali
and alkaline earth metals as well as some of the transition
elements. Most importantly from the point of view of this
study, data in the fourth column show that the Rb serves its
intended function of "buffering" out interactions among
diffeTfmt clements in multielement solutions. Accordingly,
all subsequent experiments with the dc plasma were carried
out with solutions containing 1000 mg/L Rb.

Having noted the interactions among alkali and alkaline
earth metals, we elected also to examine other interactions
that are common in flame emission, namely effects of
phosphate and aluminum on calcium emission. Response
ratios for the alkali and alkaline earth elements in the presence
and absence of phosphate and aluminum are included as the
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observation period with a video system bandwidth of 10 Hz.
Plasma Characteristics, The image dissector operating

with a bandwidth of 10 Hz and an observation time of 2 s was
used for all measurements reported in this section.

Initial experiments with the pla-c;ma source were conducted
with single element solutions and with two different mul­
tielement solutions. One solution contained 5 mg/L (ppm)
Ca; 10 mg/L Na, K, Sr, and Ba; 20 mg/L Mg; and 40 mg/L
Li. The other solution contained 6 mg/L Cu, Cr, and Mo and
20 mg/L Ni, Co, Fe, V, and Mn. Each element was studied
individually with the observation region in the plasma selected
to give the maximum emission intensity for the particular
element under investigation.

Although the primary goal of this work was to evaluate
performance characteristics of the echelle spectrometer/
imaging detector systems, preliminary experiments showed
that some characteristics of the dc plasma source needed study
because some significant interactions among different alkali
and alkaline earth element responses were observed. These
effects are illustrated by data in the second column in Table
II where it is apparent that ratios of multielement responses
to single element responses are statistically different from
unity for all alkali and alkaline earth elements. These in­
terelement effects caused serious nonlinearities in calibration
curves for these elements in multielement solutions and it was
necessary to resolve this problem before continuing with the
multielement determinations.

The fact that the alkali and alkaline earth metals showed
these interactions while the transition metals did not, sug­
gested the possibility that the plasma was causing the alkali
and alkaline earth metals to be highly ionized and that the
presence of other ionizable elements would increase the partial
pressure of electrons in the plasma so that equilibria would
be shifted toward lower oxidation stales and thereby enhance
emission frum these stales. If this were the case, then a high
concentration of an easily ionizable element should minimize
interactions among small amounts of different elements in
analytical mixtures. To test this hypothesis, the single- and
multielement experiments were carried out in the presence
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Table Ill. Comparison of the SiUcon Vidicon and the Image Di.cIector for the Simultaneous Determination of U, Na, K,
Mg, Ca, Sr, and Ba with a de Plasma

Silicon vidicon Image dissector ~~c.

Back· Back· limit
ground Detec- ground ratio
ltd dey, Sensitivity, tion limit, ltd dey. Sensitivitt, Detection (STV/

Element (~) nAG nAlmglL b mg/L" nAG nAlmglL limit, mglLe ID)

Li (6103.64) 0.043 0.317 1 0.003 0.271 0.081 8.21 0.4 0.020 14
Na (5889.95) 0.051 3.7510.19 0.027 0.089 11513 0.0015 18
Na (5895.92) 0.058 1.901 0.06 0.061 0.093 691 2 0.0027 23
K (7698.98) 0.052 0.7011 0.007 0.148 0.064 3.281 0.09 0.039 4
Mg (5183.62) ~956 0.0421 0.002 2.667 0.105 1.081 0.08 0.194 14
Mg (2795.53) 0.063 33.5 1 0.9 0.0038
Ca (3933.67) 0.047 4.131 0.16 0.023 0.161 4491 11 0.00072 32
Ca (4226.73) 0.055 1.9810.02 0.056 0.098 12213 0.0016 35
Sr (4077.71) 0.052 2.6410.05 0.039 0.171 34615 0.00099 39
Sr (4215.52) 0.043 1.7210.04 0.050 0.161 1271 4 0.0025 20
Sr (4607.33) 0.057 0.9110.02 0.125 0.128 36.910.9 0.0069 18
Ba (4554.04) 0.056 1.481 0.06 0.076 0.112 75.11 2.8 0.0030 25

a Based on six replicate measurements of the Rb blank. b Slope oC the calibration plot based on three measurements at
each concentration used. C Concentration producing a signal equal to twice the background standard deviation. d Glass
faceplate prohibited measurements Cor this wavelength.

last two columns in Table II. There are no statistically
significant effects of phosphate on any elements, and effects
of aluminum are significant only for the Co (4226.73) and Sr
(4607.33) lines. To explore these effects further, measurements
were made on Co and Sr at several different aluminum
concentrations and results are presented in Figure 3. The
effects of aluminum on the Co and Sr emissions were inde­
pendent of whether AlCl, or AI(ND,), was used, an observation
that is consistent with findings for an inductively coupled
plasma (I 7). These data show that determinations of Co and
Sr with this de plasma in the presence of aluminum are best
based on the Co (3933.67) and Sr (4077.71 or 4215.52) lines.

Analytical Results. Analytical data with the vidicon were
obtained using a tube with a glass faceplate (No. 4532 A, RCA)
which dictated that the comparison be made with the alkali
and alkaline earth metals, because the strongest emission lines
for these elements are in the visible region of the spectrum.
This comparison of detectors is valid because the wavelength
range was confined to a region in which the response of the
vidicon with the glass faceplate is similar to that of the tube
with a fused silica faceplate (1).

For the silicon vidicon, the target was primed between
200-ms exposures by 20 erase cycles of IO-ms duration each.
Twenty-five points were acquired at each wavelength and the
three points corresponding to the highest intensities were
summed to produce a peak area that was then corrected for
background by subtracting a weighted average of the fll"St and
last two data points for each wavelength. Thirty-two ex­
posures were summed at each wavelength requiring ap­
proximately 13 s per run. For the image dissector, a I-s
observation time at a IO-Hz bandwidth was used providing
a total analysis time of 12 s per run.

The observation region in the plasma was selected to
provide the best compromise in the signal-to-background ratio
observed for the largest possible number of wavelengths. The
effect of this compromise on sensitivity is discussed in a later
section.

Figure 4 represents plots of data from the image dissector
for solutions containing Li, No, K, Mg, Co, Sr, and Ba. The
solid lines represent the unweighted least-squares fits to the
data sets. Each data point shown is the average of three
replicate determinations. Although multiple wavelengths were
observed for most of the elements, only the most intense line
is shown bere to avoid congestion. The slopes of the log-log
plots range from 0.983 :I: 0.027 for Ba to 1.022 :I: 0.036 for Mg
with standard errors of estimate of 0.014 and O.oI8, re-
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Flgta-e 4. LInearity plots for the s1mlJtaneous determination 01 itIilm.
sodium. potassium. magnesium, calcium, strontium, and barium by
atomic emission spectrometry. Co (3933.67 A); Sr (4077.71 AI; No
(5889.95 At. Ba (4554.04 AI; Mg (2795.53 A); U(6103.64 At. K(7698.98
A)

spectively. Additionally, a linear aua1ysis of the data showed
that intercepts are not statistically different from zero.
Standard errors of estimate ranged from 1.04 to 16.8 for K
and Co, respectively. The average relative standard deviation
for the data obtained with both detectors is about 3.0'10, ali
estimated from the slopes and confidence intervals listed in
Table III, which is indicative of the precision of measurements
obtainable with this plasma source.

The data in Table III suggest that for emission measure­
ments, the detection limits for the image dissector system are
lower than those for the silicon vidicon system by a factor of
about 24. The decrease in the detection limit ratio at longer
wavelengths (> -5000 A> results from a decrease in the
luminous sensitivity of the image dissector relative to the
silicon vidicon. The effect is quite apparent in the case of
potassium.

Because the image dissector system exhibits a significant
sensitivity advantage in relation to the silicon vidicon, the
remainder of our attention in this study was devoted to the
image dissector. Solutions containing varying amounts of en,
Cr, Mo, Mn, Co, Ni, Fe, and V were eumined using proce­
dures described earlier in this section, and results of the study
are summarized in Figure 5 and Table IV. Slopes of plots
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Sensitivity ratio,
SE/ME'

1.17 , 0.09
1.44, 0.11
1.34. 0.08
1.43,0.10
1.24 , 0.08
1.87. 0.19
1.10. 0.06
1.32, 0.07
1.04 , 0.04
1.13,0.07
1.25' 0.06
1.07 , 0.07
1.1710.03
1.07, 0.02
1.04 , 0.03
1.03 , 0.03
1.04 , 0.02
1.23 , 0.08
0.98. 0.02
1.091 0.04

8.2 , 0.4
115,3
69,2

3.28, 0.09
33.5, 0.9
1.08, 0.06
449, 8
122, 3
346,5
127 , 4
36.9, 0.9
75.1.2.8
35.0, 0.3
26.4 , 0.2
15.6 , 0.4
17.8,0.5
6.93, 0.08
2.80, 0.07
5.63, 0.08
2.94 , 0.07

9.6. 0.3
166.8
92,3

4.68, 0.21
41.4. 1.5
2.02' 0.09
493, 20
161 • 5
360,8
144. 5
46, 1
80,2

41.2, 0.6
28.2, 0.4
16.3,0.1
18.3, 0.1
7.23, 0.09
3.44 • 0.09
5.50, 0.04
3.20, 0.05

Element (A)

Li (6103.64)
Na (5889.95)
Na (5895.92)
K (7698.98)
Mg (2795.53)
Mg (5183.62)
Ca (3933.67)
Ca (4226.73)
Sr (4077.71)
Sr (4215.52)
Sr (4607.33)
Ba (4554.04)
Cu (3247.54)
Cr (4354.35)
Mn (4030.76)
Mo (3798.25)
Co (3453.51)
V (4379.24)
Ni (3619.32)
Fe (3737. I 3)

Table IV. Compariaon or Sinlle Element and Multielement Senoitivitiea

Single element Multielement.
sensitivity, nA/ppmo sensitivity, nA/ppmb

o Slope of calibration plot based on two replicate measurements at each concentration. b Slope of calibration plot
based on three replicate measurements at each concentration. C Sin~lc clement sensitivity divided by the multielement
sensitivity.

Table V. Statistical Data Cor Simultaneous Determination of Cu. Cr. Mo, Mo, Co, Ni, Fe, and V with an Image
Diascctor and de Pluma

Back·
ground Linear
std dey, Sensitivity. DetecLion correlation

Element (A) nAG nA/mg/L b limit, m~!lLc Intercept, nA coefficient log'Jog slope

Cu (3247.54) 0.086 35.01 0.3 0.004 0.46, 2.5 0.9998 0.995 , 0.0 I 0
Cr (4254.35) 0.071 26.4 , 0.2 0.005 0.921 3.4 0.9986 0.979, 0.024
Mo (3798.25) 0.090 17.8,0.5 0.010 -4.3, 5.6 0.9990 1.013, 0.035
Mn (4030.76) 0.095 15.6, 0.4 0.012 3.41 3.8 0.9994 1.023 1 0.033
Co (3453.51) 0.093 6.93, 0.08 0.027 0.07 , 2.9 0.9998 0.996, 0.019
Ni (3619.32) 0.122 5.63, 0.08 0.043 l.8, 3.8 0.9996 0.9991 0.021
Fe (3737.13) 0.107 2.94, 0.07 0.073 0.79,2.9 0.9990 0.966 1 0.043
V (4379.24) 0.047 2.80, 0.07 0.034 -3.2,3.3 0.9993 0.976' 0.032

a Based on six replicate measurements of tho Rb blank. b Slope of calibration plot based on three replicate measurements
at each concentration used. C Concentration producing a signal equal to twice the background standard deviation.

2000
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FIgure 5. Linearity plots lor the simJltaneous determination 01 copper
ct<omiLm. moIybdeno.rn. manganese. cobatt, nickel. i'on. and vanadi<m
by atomic emission spectrometry. Cu (3247.54 A); Cr (4254.35 A);
Mo (3798.25 A); Mn (4030.76 A); Co (3453.51 A); Ni (3619.32 A); Fe
(3737.13 A); V (4379.24 A)

range be reduced, but some segments of the range would be
loot. Another less obvious tradeoff would involve sensitivity
and detection limits. The increased disperaion would con­
centrate less of the available energy on individual electronic

in Figure 5 do not deviate significantly from unity at the 95%
confidence level. These data. like those in Figure 4, dem­
onstrate good linearity over two ordera of magnitude or more
for all elements examined. Also. intercepts did not differ
aignificantly from zero et the 95% confidence level. Sensi­
tivities and detection limits are summarized in Table V.

Discussion. All comparisons made to this point between
the silicon vidicon and image dissector systems apply for
spectrometer conflgul'lltions in which approximately the same
spectral range was displayed on both detectors. Because of
the different sizes of the active surfaces of the detectora, the
output focal lengths and linear diaperaions were different with
the values for the image dissector being 20.0/13.5 or 1.48 times
larger than corresponding values for the silicon vidicon.

If the ailicon vidicon were used with the same optical
configuretion as the image dissector. then the spectral res­
olution reported earlier (1) for the vidicon should be improved
by the factor of 1.5 and would approach more closely the
values observed with the image dissector. However. this
improved resolution with the vidicon would be achieved at
the expense of some other characteristica. One of the most
obvious tradeoffs would be spectral range; and this loss could
be more serious than just a reduction of the number of ordera
that could be accommodatW along the vertical ..is. The
increased diapezsion would force regions at the ends of ordera
onto the edges of the active surface of the vidicon where
performance ia degraded. Thus, not only would the spectral
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Table Vl. Compari60n of Detection Limits for
Different Plasma Sources

Element ID·DCpa PMT·DCpb ICI'"

Li 0.029 0.001
Na 0.0015 0.02 0.0002
K 0.039
M~ 0.0038 0.002 0.0007
Ca 0.00072 0.002 0.00007
Sr 0.00099 0.01 0.00002
Ba 0.003 0.2 0.0001
Cu 0.004 0.02 0.001
Cr 0.005 0.009 0.001
Mn 0.012 0.02 0.0007
Mo 0.010 0.1 0.005
Co 0.027 0.8 0.003
V 0.034 0.01 0.006
Ni 0.043 0.01 0.006
Fe 0.073 0.02 0.005

II Image dissector-de plasma. b de plasma, other
investigators (12. J8-20). C Inductively coupled plasma
(2/).

resolution elements. resulting in lower signals for the same
total nux. Because lbe background imprecision of lbe vidicon
camera system is fixed at about 40 pA, this would mean an
increase in detection limits by a factor of about 1.52 or 2.3 over
those reported in Table III for tbe vidicon.

The echelle image reduction factor of 3.9 used with the
image dissector would require an entrance slit width of 150
~m to match the 38-~m aperture of lbe image dissector. Thus,
the 2()()·~m slit width available for lbis work likely degraded
the ultimate resolution obtained with the image dissector by
as much as 30% of that which could be achieved with the
smaller slit.

It L. more difficult to evaluate lbe effects of these projected
changes, or differences in the denection systems of the two
detectors on the wavelength prediction errors. It is probable
that these predictions could be improved somewhat by using
more than lbe 12 calibration wavelengths utilized in lbis work,
and including higher order terms in the DAC coordinate
prediction model. However. the uncertainties reported in
Tahle I are already well within the half widths of lines at all
wavelengths, and we judge it is simpler and mnre reliable to
locate peak maxima after the approximate positions of the
lines have been located.

One important difference between lbese detectors that has
not been represented by any data presented above, involves
interactions among different electronic resolution elements.
The vidicon and other integrating types of detectors are
subject to charge migration or "blooming" effects. Preliminary
data obtained for the optical configurations described above
indicate that charge migration in the vidicon can cause sig·
nificant signals in two to three orders on either side of the
order for a moderately intense line. Similar data for the image
dissector suggest interactions across no more than one order
on either side of the order in which a line is observed, and this
interaction could probably be reduced by working with a
smaller slit height at lbe expense of some sensitivity. Allbough
the "blooming" effect is absent for the image dissector, an
analogous phenomenon may reduce the available linear dy·
namic range. If bright images are incident on the photoca·
thode when a measurement of illumination at a low level is
being made, the back-scattered nux from internal tube parts
may limit the dynamic range to only 2 or 3 orders of mag­
nitude, depending on lbe area, brightness, and location of the
disturbing nux. Unlike storage camera tubes, lbe output signal
from an image dissector is completely independent of scan
rates or scan history and, therefore, there is no need to erase
or prime the target between random access scans. This
simplifies software control and permits more rapid acquisition
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of spectral information. For the camera systems and modes
of operation used in this work, the linear dynamic range for
the silicon vidicon was about 10' while Lhat for the image
dissector was at least 10'.

Experiments were carried out to evaluate effects of com·
promise conditions on sensitivities of the elements in the two
groups discussed earlier. Near·optimum conditions were
established for each element determined individually, and the
sensitivity of that element under the optimum conditions is
compared with the sensitivity obtained with compromise
conditions used for multielement determinations. Results are
presented in Table IV for these comparisons.

The data show that single element sensitivities for lbe alkali
and alkaline earth elements are about 30% higher than the
multielement sensitivities. On the other hand, for the
transition elements, there is little difference between single­
and multielement sensitivities. The differences result because
the alkali metals tend to emit most strongly in cooler regions
of the plasma while the alkaline earth elements tend to emit
most strongly in somewhat hotter regions of the plasma. In
the case of the transition elements, optimum emission regions
are in close proximity so that all elements are d2termined at
near optimum conditions.

Data in Table VI provide a comparison of results obtained
here with results reported by olbers wilb other systems. Our
dam in the second column are compared with single element
result. in lbe third column obtained wilb conventional optics,
photomultiplier detectors, and a dc plasma (12, 18-20) similar
to that used in this work and with results in lbe fourth column
obtained with an inductively coupled plasma (21). Probably
the most significant conclusion to be drawn from this com·
parison is that lbe echelle spectrometer/image dissector data
compare very favorably with the conventional opties/pho­
tomultiplier data obtained with the same excitation source.
Any advantages relative to the dc plasma offered by another
excitation source such as the inductively coupled plasma wilb
conventional opties/detectors should also be realizable with
the cchelle/image dissector system. Thus, with lbe image
dissector, it is possible to realize the numerous advantages
associated with electronic selection of all wavelengths of
interest without significant compromises in performance
characteristics. These data justify continued effort to exploit
the full potential and establish the real limitations of the
echelle spectrometer/imaging detector approach to simul­
taneous multielement determinations.

While lbese data show that lbe image dissector is superior
to the silicon vidicon in several respects for atomic emission
spectrometry, we believe the silicon vidicon and other inte­
grating detectors retain significant advantages for molecular
absorption (22) and nuorescence spectrometry (23) where
resolution requirements are not so demanding and available
radiant fluxes are higher.
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Room-Temperature Phosphorescence of the Phthalic Acid
Isomers, p-Aminobenzoic Acid, and Terephthalamide
Adsorbed on Silica Gel

Charles D. Ford and Robert J. Hurtubise'

Chemistry Department, Universfty of Wyoming, Laramie, Wyoming 82071

The phthalic acid Isomers and other compounds exhibited
room-temperature phosphorescence when adsorbed on dried
sIIca gel~ with slructural slmlarllles 10 terephlhaJlc
ackl were sIuded to ascertain \he mode ollnleracllon belween
\he adsorbed molecule and the silica gel surface, From the
resuRs of this study, R appears that the Interaction Is mainly
hydrogen bonding. AI8o, \he analyllcal potential 01 detennlnlng
terephlhaUc acid by room-temperature phosphorescence Is
discussed.

Room·temperature phosphorescence (HTP) was first reo
ported by Roth (I). He obtained RTP from aromatic corn·
pounds adsorbed on filter paper and cellulose. Schulman and
Walling (2, 3) reported the RTP of ionic organic compounds
adsorbed on solid suppor'" such as silica, alumina, paper, and
asbestos. Paynter et ai, (4) developed quantitative methods
employing RTP to determine many compounds of biological
importance. Wellons et a!. (5) further studied ionic com·
pounds which exhibited RTP when adsorbed on filter paper.
Seybold and White (6) used the external heavy atom effect
to enhance the RTP of compounds adsorbed on filter paper.
White and Seybold (7) further studied the effect of the ex·
ternal heavy atom effect on RTP. Vo·Dinh et al. (8, 9) reo
ported the RTP of several polycyclic aromatic hydrocarbons
and the use of Nal as an external heavy atom to enhance the
RTP of several biologically important compounds. Jakovljevic
(10) employed lead or thallium salls as external heavy atoms
to enhance RTP of compounds adsorbed on filter paper. von
Wandruszka and Hurtubise (11-13) developed a room·
temperature phosphorimetric method for determining p.
aminobenzoic acid adsorbed on sodium acetate, obtained
analylically useful signals from several other organic com·
pounds, and offered explanations for the mode of interaction
of the compounds with sodium acetate. Recently, Schulman
and Parker (14) studied the effects of moisture, 0" and the
nature of the support·phosphor interaction on RTP.

In the present work, RTP was obtained from the phthalic
acid isomer8 and other compounds adsorbed on dried silica
gel.

EXPERIMENTAL
Apparatus. Phosphorescence excitation and emission spectra

and maximum excitation and emission wavelengths were obtained
using the phosphoroocope accessory of the Perkin·Elmer MPF·2A
fluorescence spectrophotometer with the excitation and emission

slits set at 16 nm. All relative emission intensities of adsorbed
species were obtained with a Schoeffel SD3000 spectrodensi­
tnmeter with the inlet slit at 2.0 mm and the exit slit at 3.0 mm.
Experiment.al details have been previously described (J 1).

Low-temperature phosphorescence intensities were determined
for several compounds by employing a cold stage with the
spectrodensitometer. The cold stage was constructed by coiling
2-mm i.d. copper tubing' into a circular copper box such that the
maximum surface area of the box was in contact with the tubing.
A <:upper top was fixed on the box and positioned to ensure contact
with the copper tubing:. The copper tubing exited the box on
opposite ::;ides. The dimensions of the cold stage are as follows:
height, 0.9 cm; diameter, 6.0 cm; exit copper tubing length, 0.5
m; and entrance copper tubinf{ length, 1.0 m. The cold stage was
fitted into a styrofoam holder for insulation. Liquid nitrogen was
forced through the cold stage and the stage approached ap­
proximate liquid nitrogen temperature in about 10 min.

Ucagcnts. Ethanol was purified by distillation as described
by Winefordner and Tin (15). SpectrAR grade dimethylform·
amide (Mallinckrodt, St. Louis, Mo.) was used without further
purification. Terephthalic acid (TPA) and p-aminobenzoic acid
(PABA) were purified by recrystallization from ethanol. The silica
gel chrornatoplates were aluminum backed (EM Laboratories Inc.,
Elmsford, N.Y.). Aluminum backed chromatoplates were used
because uf their heating and cooling characteristics. Plastic backed
plates would not withstand high temperature and glass backed
plates required longer heating and cooling times. Each chro­
mawplate was developed with distilled ethanol prior to use to
concentrate any fluorescent impurities at one end of the plate.
All other compounds were reagent grade and used. without further
purification.

Procedure. Standard solutions of TPA were prepared as
follows. An appropriate weight of TPA was dissolved in etha·
nol:dimethylformamide (8:2) to give a concentration of IlJgjIJL
(16). ~~rom this solution standards were prepared such that 5 ,uL
of the solutions to be spotled contained 0.10 to 1.3 ~g ofTPA.
Aft.er spotting the standards, the chromatoplate was then placed
in an oven at 110°C for 45 min and then allowed to cool to room
temperature. The plate was then placed on the moving stage of
the spectrodensitometer and each spot WBS scanned with the
excitation monochromator set at 293 nm and the wedge emission
monochromator set at 435 run. The phosphorescence signal from
each spot was maximized before measurements were recorded.
All other compounds were dissolved in ethanol before spotting
on silica gel chromatoplates.

RESULTS AND DISCUSSION
Excitation and Emission Spectra and Calibration

Curve. Phosphorescence excitation and emission spectra of
TPA and the other compounds adsorbed on silica gel were

0003-2700/7S/0350-0610$01.00/0 © 1978 American Chemical Soclety
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Table I. Room·Temperature and Low'Temperature Phoopboreocence Properti.. of Compounda Adaorbed on Silica Gel"

i\u max, hem maxi Room-temperature Room-temperature Low-temperature
n.m nm relative intensityb relative intensityC relative intensityd

Terephthalic acid 292 418 100 223 1338
p-Aminobenzoic acid 287 432 50 78 411
Terephthalamide 283 410 none detected 25 275
Phthalic acid 289 432 11.5 12.5 123
Isophthalic acid 291 415 none detected none detected none detected

a Each sample at 0.40 p.g. b Dried for 10 min at 110°C. C Dried for 10 min at 110°C then an additional 10 min at
210 ·C. d Dried [or 10 min at 210 ·C.

0~'OH
~

onC-OH
~H

l&ophth.Jllc M:ld

o
O·C·H

phosphorescence was again measured and was found to be 223.
It is assumed that the increase in phosphorescence is the result
of less water absorbed on the silica gel surface. Schulman and
Parker (14) have shown that the presence of moisture in
several ""lid supports allows for oollisional deactivation of the
excited phosphor and increased penetration of 0, into the
sample matrix. Their results lend support to our conclusion.
Also, Schulman and Parker discuss the effect of oxygen on
quantitative reproducibility of the RTP method. No attempt
was made in this work to exclude oxygen from our system
because strong phosphorescent signals were obtained under
the conditions employed. In preparing the calibration curves
for TPA, the chromatoplates were dried for 45 min. at 110
°C (Figure I). Further studies are needed to decide on the
best conditions for maximum phosphorescent signa1s.

Adsorption Mechanism. For RTP to occur it seems
necessary for the adsorbed molecule to be held rigidly to the
adsorbent (4,13,14). To gain some insight into the mechanism
of surface interaction between the adsorbate and silica gel.
other compounds were studied which had structural aimi·
larities to terephthalic acid.

700 900 IJ 0 130

AMOUNT TPA. fill

Figure 2. CaUbraUOn curve: phosphorescance intensity vs. amount
of TPA

Terephtha1debyde and p-dia<:etylbenzene exhibited DO RTP
on silica gel after drying; however, both of these compounds

400

WAVE LENOTH lnm)

obtained using the phosphoroscope accessory of the
fluorescence spectrophotometer. For TPA, spectra were
obtained both at liquid nitrogen temperature in ethanol, and
at room-temperature with TPA adsorbed on silica gel (Figure
I l. The low-temperature phosphorescence excitation and
emission maxima were 294 om and 420 om, respectively,
whereas, the room-temperature phosphorescence excitation
and emission maxima were 292 nm and 418 nm, respectively.
The fluorescence excitation and emission spectra of TPA at
I I'gjmL in ethanol were obtained with the fluorescence
spectrophotometer. Weak fluorescent signals were obtained.
The fluorescence excitation and emission maxima were 297
nm and 345 nm, respectively. The fluorescence ofTPAon
silica gel was assumed to be in the ultraviolet region. However,
the fluorescence of TPA could not be distinguished on silica
gel with either the fluorescence spectrophotometer or spec­
trodensitometer because of a scatter peak. Fluorescence is
not expected to interfere with phosphorescence measurements
when using the spectrodensitometer because the fluorescence
of TPA is weak and the spectrodensitometer employs an
ultraviolet cutoff filter.

The calibration curve for TPA adsorbed on silica gel was
linear from 0 to 600 ng (Figure 2).

Moisture Dependency. The phosphorescence intensity
of TPA and the other oompowlds adsorbed on silica gel proved
to be moisture dependent (Table I). A O.4-l'g sample of TPA
adsorbed on a silica gel chromatoplate was placed in an oven
at 110°C and allowed to dry for 10 min. The relative intensity
of the phosphorescence signal was measured and arbitrarily
set at 100. The plate was then allowed to dry in an oven at
210 °C for an additional 10 min. The relative intensity of the

F~Ule 1. Room lemperatlXe (- - -) phosphorescence excitation and
emission spectra or TPA adsOf'bed on sUica gel and liquid nitrogen
temperature (-) phosphorescence excitation and emission spectra
of TPA in ethanot Relative intensities were adjusted arbitrarity
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exhibited moderate phosphorescence on silica gel at liquid
nitrogen temperature. Terephthalamide gave a weak RTP
signal when adsorbed on dried silica gel and a relatively weak
signal at liquid nitrogen temperature (Table I).

Since terephthsldehyde and p-diacetylbenzene did not
exhibit RTP and terephthalamide and TPA did, the inter­
action of the latter two compounds with silica gel is stronger
compared to the interaction of the former two compounds with
silica gel. Terephthalamide contains two primary amide
nitrogens and amide hydrogens that are not found in tere­
phthaldehyde or p-diacetylbenzene, whereas TPA contains
two hydroxy groups which are absent in the dialdehyde and
diacetyl compounds. The presence of primary amide nitrogens
and amide hydrogens or hydroxyl groups allows for stronger
interaction with the silica gel surface. It appears the main
type of interaction with the silica gel surface is hydrogen
bonding between the surface hydroxyl groups and the primary
amide nitrogens and amide hydrogens or hydroxy groups on
the molecules (14). The carbonyl groups in terephthalamide
and TPA could also participate in hydrogen bonding (17-19).

PABA was spotted on a silica gel chromatoplate, dried, and
excited with shortwave UV radiation from a hand lamp. The
PABA exhibited a moderate RTP signal. When 4-chloro­
benzoic acid was investigated under the same conditions, it
exhibited phosphorescence only at liquid nitrogen temper­
ature. A partial explanation for the difference is probably that
the amino group forms stronger hydrogen bonds with surface
hydroxyl groups compared to the chloro group.

TPA was placed on silica gel, dried, and then excited with
shortwave UV radiation after the silica gel plate was sub­
merged in n-hexane. It was assumed n-hexane would not
disrupt hydrogen bonding between the adsorbate and ad­
sorbent. The assumption was valid because RTP from the
submerged plate was observed with litUe or no loss of inwnsity.
However, when the same dried plate was placed in distilled
water, the RTP was immediately quenched, presumably
because of the disruption of the hydrogen bonds between TPA
and silica gel surface. When the plate was removed from the
water and dried, the RTP reappeared.

The other phthalic acid isomers were examined to deter­
mine what role para substitution played in the surface in­
teraction. Phthalic acid on dried silica gel exhibited a
moderate RTP signal when viewed under shortwave UV
radiation. lsophthalic acid exhibited a very weak RTP signal
under the same conditions which proved undetectable with
the spectrodensitometer (Table I). The RTP excitation and
emission maxima and the relative phosphorescence inwnsiti..
of the compounds studied are given in Table I. The data
suggest that the strongest interection with the silica gel surface
is provided by para substitution, and meta substitution
provides the weakest inwraction.

Finally, no RTP signals were obtained by drying the
chromatoplate first and then putting the sample on the dried
plaw. This suggests that water and ethanol are adsorbed very
rapidly and occupy sites on silica gel that would otherwise be
available to other molecules.

Room-Temperature Phosphorescence vs, Low-Tem­
perature Phosphorescence, As Table I shows, the low­
temperature phosphorescence signals obtained with the cold
stage are enhanced compared to the signals obtained at room
temperature. One would expect the compound which has the
strongest interaction with silica gel to exhibit the least amount
of signa1 enhancement at low wmperature. PABA had a signal
enhancement of 5.3 at low Wmperature compared to the signa1
obtained at room temperature for silica gel dried at 110°C
and 210°C. A similar comparison showed that TPA had a

low-temperature signsl enhancement of 6.0 indicating less
interaction of TPA with the silica gel surface compared to
PABA. Phthalic acid showed a low-temperature signal en­
hancement of 9.8. Finally, terephthalamide with a low­
temperature signal enhancement of 11.0 has the weakest
interaction with the surface.

Analytical Potcntial. A simple method of determining
terephthalic acid in the presence of its isomers could be
developed. The method would involve the separation of the
dicarboxylic acids on a silica gel chromatoplate and a sub­
sequent RTP measurement directly from the plate with a
spectrodensitometer. Braun and Geenen (20) have described
the separation of aliphatic dicarboxylic acids on silica gel
chromatoplaws by employing an alcohol/water/ammonium
hydroxide (100:12:16) eluting solvent. This solvent system
proved useful in our work for the separation of the phthalic
acid isomers. Following development, the chromatoplate was
dried in an oven at 210°C and then viewed under shortwave
UV radiation. Three RTP signals were observed which
corresponded to the phthalic acid isomers. The R, values
obtained for terephthalic acid, isophthalic acid, and phthalic
acid were 0.42, 0.35, and 0.18, respectively. Mori and Takeuchi
(21) separated the phthalic acid isomers on silica gel chro­
matopl.tes by employing. phenol/n-butanol/formic acid/
water (5:2:1:2) eluting solvent or a phenol/formic acid/wawr
(74:1:25) eluting solvent. These systems may prove useful.
The calculated limit of detection at twice the background
signal for TPA hosed on the data from the calibration curve
in Figure 2 was 62 ng TPA. However, further enhancement
of the phosphorescence signals and a lower limit of detection
could be achieved for TPA adsorbed on dried silica gel by
employing the cold stage described previously.

Other researchers (2-5, 8, 14) have employed alkaline
solutions of compounds in their work with RTP. We found
that aiM NoaH ethanol solution of TPA spotted on silica
gel and dried gave no RTP. Also, TPA in ethanol:di­
methylformamide(8:2) when added to 1 M NaOH ethanol
solution gave a fine white precipitaw. The method discussed
for TPA does not require alkaline solutions and readily lends
itself to thin-layer chromatography.
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Solvent Enhancement Effects in Thin-Layer Phosphorimetry
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The construction and use 01 an Improved thin-layer phos­
phorlmeter Is described. The device perm"s lIexlble chro­
matography media to be scaMed at 77 K, and also aHows a
complete characterization 01 the luminescence properties 01
the chromatographically-separated solutes. It Is shown that
the phosphorescence Intensities ot a variety 01 adsorbed
materials are greatly Increased by spraying the chromatog­
raphy medium with a su"able solvent Immediately belore
examination. The magn"ude 01 the ellect depends on the
stationary phase, the structure 01 the adsorbed material, and
the solvent sprayed. With the aid 01 the enhancement effect,
nanogram quantities 01 separated solutes can be analyzed.
The Instrument Is also suitable lor examining the luminescence
01 adsorbed molecules at ambient temperatures.

Combinations of chromatographic methods and fluorescence
spectrometry at room temperature have been repeatedly
shown to be powerful analytical techniques which combine
the selectivity of chromatographic separations with the
sensitivity of fluorimetry. The use of fluorimetry to locate
and quantitate the components of complex mixtures separated
by thin· layer chromatography (TLC) is a particularly con·
venient approach (e.g., Ref. 1) which permits the simultaneous
study of several very small samples. and instruments designed
for the quantitative fluorimetric scanning of TLC plates are
commercially available. Although recent studies have amply
demonstrated the analytical value of phosphorimetry (2). a
technique normally performed at 77 K, combinations ofTLC
and phosphorimetry have so far been little used. Winefordner
and co-workers determined biphenyl in oranges (3). 4­
nitrophenol in urine (4). and alkaloids in tobacco (5) by
separating the samples on TLC plates. eluting the separat"d
fractions with a suitable solvent. and determining them using
conventional phosphorimetric sampling techniques. Studies
have also been described in which the phosphorescence of
samples separated by TLC have been detected visually by
dipping the chromatography plates into liquid nitrogen and
observing them under UV illumination. Sawicki et al. (6)
investigated a series of aromatic atmospheric pollutants using
this approach, and more recently de Silva and Strojny (7) have
detected nanogram quantities of various drugs. In the authors'
laboratory a thin layer phosphorimeter has been developed
(8) as an accessory suitable for commercially-available
spectrofluorimeters. This device permits the in situ Quan­
titative determination and spectroscopic characterization. at
77 K. of solutes separated on flexible TLC media. The present
paper describes the construction and evaluation of an im­
proved thin-layer phosphorimeter. In particular it is demo
onstrated that the phosphorescence of solutes adsorbed on
TLC plates can sometimes be greatly enhanced by spraying
the plates with organic solvents before scanning, a procedure
which permits the determination of nanogram quantities of
such solutes.

I Present .ddr.... Department of ChemiJJtry. The Queeo·.
University, Belfast. Northern Ireland.

EXPERIMENTAL
Construction of the Thin-Layer Pholphorimeter. The

thin-layer phosphorimeter is designed to fit the sample com·
partment of the Baird·Atomic (Braintree, Essex, U.K.)
"Fluoricord" spectrofluorimeter, and is illustrated in Figures 1
and 2. The TLC plate is .fflxed with elastic bands to the outaide
of a hollow copper sample drum (diameter 6.5 em) which can be
filled with liquid nitrogen through a narrower upper cylinder. The
bottom of the drum is lipped to allow accurate poaitioning on the
turntable in the holder compartment. This turntable is driven
by a 12·V motor (Maxon 2125-912, Trident Engineering Ltd.•
\\'okingham. U.K.) via a reduction gearbox and intermediJJte gear.
The rate of rotation of the turntable is controlled by a variable
output transformer and provides a scanning rate of 3-40 an min-l.
The outer cylinder of the sample holder compartment iJJ pierced
to permit two silica windows to be fitted. These windows allow
iocident light to reach the sample on the TLC plate at 45° to the
norm.l. and the emitted light (observed at 45' to the normal)
to reach the detector. Slots are pro\'ided on the cylinder which
hold fixed slits. An annular space approximately 7 mm across
separates the surface of the TLC plate from the inner surface of
the cylinder and this space, and the outer surfaces of the silica
windows, are continuously swept by a stream of dry oxygen-free
nitrogen to prevent the formation of ice and to minimize lu·
minescence quenching by oxygen. Phosphorescence and other
long-lived luminescence phenomena are distinguished from
prompt emissions and scattered light using a single disc ph06·
phoroscope (9). The disc. 65 mm in diameter. has three equally
spaced slots 13 x 16 rom long cut in it and is driven at speeds
of up to 10500 rpm by a 12·V electric motor (Faulhaber 26 PC.21O.
Portescap U.K. Ltd.• Reading, U.K.). The phosphoroacope as·
sembly is painted matt black. and is fitted with a light baffle; it
can be removed completely to permit observations of totallu·
minescence. Small modifications to the sample chamber door
on the spectrofluorimeter are necessary to accommodate the
phosphorimeter assembly.

Operation of the Thin·Layer Phosphorimeter. Chro­
matographic separations were normally performed. on silica gel
TLC plates with aluminum foil backing (E. G. Merck, obtained
through British Drug Houses. Poole, U.K.); the layer thickness
Wt:l~ 2&0 J.Im and the plates supplied were cut into strips 20 em
long and 5 em wide. (In a few experimenta cellulose (Merck) or
alumina plates prepared in this laboratory were used.) The'
luminescence background signal of the silica gelslIItion.sry phase
was reduced by developing the plates in a chromatography tank
with ethanol. Luminescent impurities were canied to one end
of the thin layers and were removed by cutting the top 2 em off
the plates. The plates were then dried thoroughly before the
chromatography proper began.

Samples. 5 ~L io volume were applied to the TLC plates using
an Arnold microapplicator (Burkard Instruments, Rickmansworth,
U.K.). Test experiments showed that the relative standard
deviJJtion of the sample spot diameter obtained using this method
was as low as 0.8%. The precision obtained using diJJpoaable
micropipettes (Corning) was inferior (relative standard deviJJtion
2.5%) but still adequate for many analyses. Chromatographic
separations were carried out in a Shandon chromatographic tank
lined with Whatman No. 1 filter paper; all experimenta were
carried out in the dark to minimize the possibility of photode­
composition. The drugs studied, their sources and luminescence
characteristics and. where applicable, the solvent systems used
.nd the Rt values obtained. are shown in Table I. Mter de­
velopment of a chromatogram. the plate was dried and wrapped
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Table I. Sources and Properties of Compounds Studied

Compound Source

Excitation
wavelength,

nm
Phosphorescence
wavelength, om

Solvent
system

for TLC"
Rf

value

0.57

0.52
0.28
0.61
0.40

2
3
4
5

Benzophenone B.D,H. Ltd. 350 445
4·Arninobenzoic acid B.D.H. Ltd. 305 425
Phenobarbitone May and Baker Ltd. 266 395
Phenobarbitone sodium May and Bakcr Ltd. 266 395
N·Methylphenobarbitone Winthrop Labs. 260 395
fi.Phenyl·5·methylbarbituric acid May and Baker Ltd. 266 395
Pericyazine May and Baker Ltd. 315 540
Chlorpromazine-HCI May and Bakcr Ltd. 310 490
Methotrimcprazine maleate May and Baker Ltd. 305 485
Procaine-HCl B.D,H. Ltd, 310 430
Sulfanilamide May and Baker Ltd. 305 405
N-4-Acetylsulfanilamidc See Ref. 10 290 410
Sulfadiazine May and Baker LId. 310 420
Sulfamcrazine May and Baker Ltd, 310 412
Sulfamethazine May and Baker Ltd. 310 410
Sulfamethoxazole May and Baker Ltd. 310 412 0.55

• Solvent systems: (I) Chloroform:butanol:acetic acid, 15: 1:1, v/v/v. (2) Methanol. (3) Chloroform:methanol, 9:1, v/v.
(4) Chloroform:butanol:ethanol:25% ammonia, 15:5:5: 1 v/v/v/v. (5) Ethyl acetate:methanol:25% ammonia, 17:6:5, v/v/v.

Figura 1, The IhlrHaYor phosphorfmeter anactvnent. la) An exploded
view of the sample drum (top). outer cylinder and turntable assembly
(bottom), and si1gIe disc phosphorosoope (10«). (b) Assembled. showing
tho ftoorImetor S8J11lIe c:ompartrnent door end tubes for tho dry nl1rogen
supply

""'" 2. sec:tIorW clel18lT' altho _yor phosphortmetor anactment,
showing the light baffle (Al, sOts (B, C), disc phosphoroscope (D),
phoephoroscope motor (E), ll.mlable (Fl,~te gear (G), llrntable
drIv~ motor (H), and outer cylk1der (J). The semple drum Is omitted
lor the seke 01 clarlty

round the sample holder drum. It was then sprayed with ethanol
or another soh'cnt (see below) until just wet and the drum inserted
into its compartment and filled with liquid nitrogen. After being
allowed to cool for 2 min, the TLC plate was scanned at the rate
of ca. 5 em rnin- l and the results were displayed on the chart­
recorder attached to the fluorimeter. The detection limit of a
compound was taken to be that concentration giving a lu·
minescence signal equal to twice the standard deviation of the
background signal. Phosphorescence lifetimes were determined
using a chart recorder as previously described (l0).

In experiments to test the precision of thin-layer phospho­
rimetry, and in studies of the effects of spraying solvents on to
phosphorescent spots, 5-~L samples of ethanolic solutions of
various compounds were applied to TLC plates and studied
directly, i.e., without a prior chromatographic step. All solvents
and other chemicals were of AR or equivalent grade.

RESULTS

When a single 5'I'L sample of benzophenone on a silica gel
layer was scanned repeatedly using the thin-layer phos·
phorimeter, the measured peak intensities showed a relative
standard deviation of 4%. When samples that had been
separated by TI..C before scanning were studied, reproducible
results were obtained only when the TLC plate was sprayed
with a solvent (see below) and when an internal standard was
used. In these circumstances the relative standard deviation
for several solutes was ca. 8%.

Preliminary experiments showed that the phosphorescence
intensity of adsorbed solutes was often dramatically enhanced
by spraying the develope<! plate with a solvent before scanning;
thus, the phosphorescence of chlorpromazine hydrochloride
on silica gel was enhanced loo·fold by spraying the silica gel
with ethanol from a distance of 20 cm for about 30 S. The
background phosphorescence was enhanced only Io-fold, An
extensive study of this phenomenon was undertaken, with the
following results.

It was found that the measured phosphorescence intensity
was maximized by spraying the plate until it had just acquired
a wet appearance, i.e., there was 8 continuous film of solvent
on the stationary phase. Spraying for longer periods produced
no extra enhancement but sometimes caused the disruption
of the stationary phase when the plate was subsequently
cooled. In practice, no difficulty was experienced in assessing
the optimal spreying time.

Table II aho"" the enhancement of phosphorescence of four
drugs, adsorbed on silica gel layers, by a variety of solvents.
The effects of a series of alcohols were investigated, to atudy
the influence of hydrocarbon chain length on enhancement.
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Table II. Enhancement of PhospholCscence on Silica Gel by Spraying with Various Solvents

Dielectric Refractive
constant Index Methotrimeprazine

Solvent (20"C)" (26 "c)a Sulfadiazine Sulfamethazine Phenobarbitone maleate

Methanol 32.8 1.326 66 261 16 96
Ethanol 24.3 1.369 91 240 20
l·Propano!

80
20.1 1.383 120 260 20 76

2-Propano) 18.3 1.376 112 270 34 100
I-Butanol 17.1 1.397 100 240 36 100
2-Methyl·2-propanol 10.9 1.383 30 60
I·Pentanel 13.9 1.408 46 136 16 66
I-Hexanol 13.3 1.416 21 70 9 60
Triethylamine 2.4 1.398 5 6 2 18
Dimcthylformamidc 37.6 1.427 108 162 9 53
Formamidc 109.5 1.446 21 18 5 46
Diethylketone 17.0 1.392 4 12 32
Ethanol/potassium

iodide 205 288 30 76
Methyl iodide 7.0 1.530 2 8 1 1
Dimethylsulfoxide 46.7 1.477 137 300 13 86
Hexane 1.89 1.372 11 31 11 12
Water 80.4 1.333 11 19 7 50

a From "Handbook of Chemistry and Physics," 55th cd., 1975.

Visual detec­
tion limits,
native phos­
phorescence
77K (Ref. 7)

100
1000
1000

100
100

TLC
phosphor­

imetry,77K

0.5
2
3
7
0.6
2

Compound

Sulfanilamide
Sulfadiazine
Sulfamethoxazole
N·4-Acetylsulfanilamide
4-Aminobenzoic acid
Procaine hydrochloride

Table IV. Detection Limits of Compounds on
TLC Plates (ng/spot)

16
20
20
18
91

165
240

80
56
52

Compound

N-Methylphenobarbitone
Phenobarbitone
Phenobarbitone sodium
5·Phenyl·5-methyJ barbituric acid
Sulfadiazine
Sulfamerazine
Sulfamethazine
Methotrimeprazine maleate
Pericyazine
Chlorpromazine-Hel

Table III. Enhsncing Effect of Ethanol on the
Phosphorescence of Compounds Adsorbed onto Silica Gel

Enhancement
factor

Further solvents with diverse dielectric constants were ex­
amined,. and methyl iodide and ethanol saturated with po­
tesSlUm Iodide were used to ascertain whether a useful external
heavy atom effect could be observed. In all cases ethanol
which was readily available in a state of high purity, produced
a substantial enhancement of phosphorescence, and this
solvent was used in subsequent studies involving other
chromatographic media and samples. Phosphorescence
enhancements were also observed on cellulose and alumina
layers, but these effects were much smaller than those on silica
gel layers; thus the enhancement factor for methotrimeprazine
maleate sprayed with ethanol was 80 on silica gel, 2.8 on
alumina, and 2.2 on cellulose.
. The.effects of ethanol spraying on 10 drugs (including those

lIsted m Table II) adsorbed on silica gel are shown in Table
III - substantial enhancements were observed in all cases.
The phosphorescence lifetimes at 77 K of sulfadiazine and
sulfamethazine adsorbed on silica gel were determined, and
compared with the values obtained in an ethanol glass. In
all cases the values obtained were 0.7 ± 0.1 s, in excellent
agreement with previous determinations (JO).

Table IV shows the limits of detection of six compounds
determined using the thin-layer phosphorimeter at 77 K; the
results are compared with recent estimates of the visual
detection limits, also at 77 K, given by de Silva and Strojny
(7).

DISCUSSION
_It is ap~arent from the results that thin-layer phospho­

rlmetry, In conjunction with the solvent enhancement
technique, offers a new and powerful approach to the analysis
of complex mixtures of luminescent materials. Nanogram

quantities of phosphorescent compounds can be determined
using a relatively simple accessory fitted to a fluorimeter, and
the reproducibility, which is similar to that obtained in the
~uorimetricscanning ofTLC plates at room temperature (11),
IS qUIte adequate for most applications_ The method will be
expected to be of the greatest value in the analysis of mixtures
of closely-similar materials such as a drug and its metabolites.
Thus, nanogram quantities of thioridazine and five of ita
~etabolites ha~e been successfully separated and analyzed
m recent ~xpenments (I2). The development of a thin-layer
phosphonmeter also foreshadows the introduction of phos­
phorescent label molecules which, like the currently-used
fluorescence labels, form strongly phosphorescent derivatives
with specific functional groups of non- or feebly-luminescent'
molecules. Phosphorescent labels for phenols are under study
in this laboratory (E. U. Akusoba and J. N. Miller, un­
published work). The apparatus described can also be used
without liquid nitrogen for analyses by the newly-developed
technique of room-temperature phosphorimetry (I3).

The data cited may provide some evidence on the nature
of the phosphorescence enhancement effect. Lawrence and
Frei showed (J4) that spraying dimethylamino­
naphthalenesulfonyl ("dansyl") derivatives of primary amines
on TLC plates with a triethanolamine-isopropanol mixture
stabilized their fluorescence, and that other spray-reagents,
including dioxan and various aqueous buffers, produced
increases in the fluorescence signals. These effects were
ascribed to the desorption of the sample molecules from the
chromatographic medium into a thin surface layer of solvent.
The enhancements of phosphorescence found in the present
work, however, are far larger, and seem to depend on a number
of factors, including the sprayed solvent, the chromatographic
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8tationary phaae. and the type of compound under 8tudy.
Consideration of Table II faile to reveal any obvious corre­
lations between the observed magnitudes of the enhancement
and the phY8ical properties of the solvents; this is probably
because the refractive index and dielectric constant data cited
were mostly determined at room temperatures rather than
77 K. Among the eight alcohols used. I-propanol and 2­
propanol generally gave the best enhancements (although
ethanol haa been used in routine analysis. see above) and
I-pentanol and I-hexanol gave poor results. The attempt to
utilize the heavy atom effect by adding potassium iodide to
the ethanol spray proved useful in the case of sulfadiazine but
waa of little value in the other cases: similarly uneven results
have been observed in ethanol glasses at 77 K (15). and in
room temperature pbosphorimetry (16). Table III shows that
different types of sample molecules will show widely different
enhancement effects: the four oxybarbiturates showed similar
but very moderate enhancements. the three sulfonamides all
showed very substantial enhancements. and the three phe­
nothiazines exhibited intermediate enhancement values. In
contrast to the situation in room temperature phosphorescence
(I 7). there is little evidence that the number of charged groups
on the molecule has an appreciable effect on the observed
enhancement; on the other hand the results in the case of
sulfadiazine. sulfamerazine. and sulfamethazine indicate the
possible importance of non-polar substituents.

It thus seems likely that no single factor can account for
the enhancement phenomenon which is of such importance
in thin-layer ph08phorimetry.
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Comparison of Different Experimental Configurations in Pulsed
Laser Induced Molecular Fluorescence

J. H. Richardson" and S. M. George'

Lawrence Uvermore Laboratory, General Chemistry Division, Universffy of California. Livermore, California 94550

Three laser excitation sources (nitrogen pumped dye laser.
cavity dumped argon Ion laser, and extemaUy pulse-plcked
mocIe-loc:ked argon Ion laser) are compared using rhodamine
B a8 an Ideal nuorophor. The malor variable which was
compared Is peak power vs. repetition rate. complementary
clIaraeterlalJca In anenllasera. Boxcar detaetlon Is used wtlh
the Ilrst two sources, while photon counllng techniques are
used wtlh the laUer source. The Bmlt8 01 detecllon achieved
were 1.0, 0.5 ancl15 part&-per.ltIIIon, respectively. For many
analylk:al problems, the nitrogen pumped dye laser appears
to be the moe! ftexllle ancl generally applicable laser excitation
source.

The recent development of lasers has awakened a ren­
aissance in many diseiplines of chemistry. Analytical
cbemistry has been somewhat reluctant to embrace this new
technology. but within the past several years there have been
many reports of laser technology being 8pplied advantageously
to various analytical problems: (I) gas phase detection of
atoms and molecules by absorption (J, 2). fluorescence (3-9).

I Present address, Univezeity of California. Chemistry Department,
Berkaley. Calif. 94720.

electrical conductivity (10), and ionization (11); (2) optoa­
coustic techniques for gas (12) and coodensed phases (13. 14);
(3) detectors for thin-layer chromatography (15) and high
pressure liquid chromatography (16.17); (4) detection of trace
contaminates in solids (18. 19); (5) detection of trace species
in solution by fluorescence techniques (20-26).

The many capabilities offered by laser technology invariably
give rise to confusion as to which laser is most appropriate
for a given application. For example, for trace detection in
solution, lincwidth is obviously a minor consideration but
tunability is just as obviously a major consideration. Less
obvious are the relative merits of laser excitation pulse width.
A narrow pulse width is desirable for temporal discrimination
(23) against background fluorescence. but how significant the
temporal resolution can be. will depend on the relative decay
times of the laser excitation source, the background
fluorescence, and the signal fluorescence. Other factors are
repetition rate and peak power. With current laser technology.
these two f8ctors can be treated simultaneously. as they
inevitably involve a trade-off; high peak powers entail low
repetition rates, and high repetition rates entail low peak
powers.

The relative merits of these latter two factors with respect
to trace detection in solution have not been examined ex­
perimentally. There have been several theoretical papers
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comparing pulsed VB. CW source excitation via signal/noise
ratio calculations (27, 28). A pulsed nitrogen laser (337.1 om)
has been evaluated as an excitation source in various Ouor·
imetric configurations (29). The effect of aufficiently high peak
power is saturation of the absorber, and hence a limit to the
fluorescence signal expected as a function of excitation power
(30). However, even many high peak power lasera, unIeaa very
tightly focused, lack the power density necessary for saturation
of a typical organic in solution (31,32).

In this paper we compare the limit of detection ohtainahle
for rhodamine B using boxcar detection with a high peak
power, low repetition rate laser vs. a low peak power, high
repetition rate laser. We then hriefly compare these results
with a slightly different low peak power, high repetition rate
laser which uses photon counting. Similar limits of detection
were ohtained using boxcar detection with either laser source;
however, the limit of detection using photon counting
techniques was significantly higher. Secondary considerations
make the high peak power, low repetition rate laser more
useful for many analytical prohlema than the low peak power,
high repetition rate laser.

EXPERIMENTAL
Chemicals. Rhodamine B was obtained from Eastman Kodak

and used without furtber purification. Previously distilled water
was further purified using the Corning water still and demin·
eralizer.

Apparatus. Figure 18 is a schematic of the experimental
spparatus for determining the limit of detection using a high peak
power, low repetition fate laser. A Molectron UV1000 was used
to transversely pump a Molectron dye laser operated in the DI.200
configuration. The dye laser pulse output (10 ns) was tuned to
514.5 nm (C485) and maximized for power at a 3()'Hz repetition
rate. The actual peak power delivered to the sample cell was 2
kW, measured with a Scientech 362 power meter (there arc
conaiderable 1065CS going through the beam steering and shaping
optics necessary to get the pulsed dye laser output into the sample
cell).

The exact same sample chamber configuration Was used in all
three experimental arrangements (22-24). In addition, the same
detection and signa1 proceaaing equipment was used in comparing
the high peak. power, low repetition rate excitation source to the
low peak power, high repetition rate source (compare Figures 18
and Ib).

Two lenses were used to image the fluorescence at right angles
onto the pbotomultiplier tube (RCA 8850). Typically the PMT
was operated at 1100 V. A Schott KV 555 long pass filter was
used to eliminate Rayleigh scattering. A beam splitter was used
to direct 8 small portion of the excitation radialion into a RCA
IP28 photomultiplier tube. This signal provided the trigger to
the boxcar integrator (PAR (62). The 163 sampled integrator
(85 sampling head, I-ns riaetime) was used with the Molectron
dye laser studies. Both the model 163 and the model 164 gated
integrator (10 ns window) were used with the experimental
configuration depicted in Figure lb.

The maximum trigger rate for the 163{162 bozcar system was
10 kHz; for the 164/162 boxcar system, the maximum trigger rate
was 5 MHz. Consequently there was no wasted excitation of the
sample, as the excitation rate was always well below the maximum
trigger rate and the excitation also provided the trigger. A nominal
deadtime of 75 ns between the trigger pulse and the start of the
signa1 proceaaing by the boxcar was compensated for by additional
delay line between the signal detector and boxcar.

Figure Ib is a schematic of the experimental apparalus for
determining the limit of detection using a low peak power, high
repetition rate laser. A Spectra·Physics 17()'09 argon ion laser
was used along with the Spectra-Physics acoustooptic output
coupler (model 365{485). A Data Pulse 110B was used to generate
the pulaes for the rr driver. A symmetrically shaped 12'05 FWHM
pulae was used at a repetition rate of I MHz. Lower frequencies
were used to evaluate the effect of repetition rate on aigna1-to-noise
at 1 X lO·n M (vide infra). The peak power at 514.5 nm actually
delivered to the sample was -5 W at 1 MHz (somewhat higher
peak powera at lower repetition rates). The sample chamber,
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figure 1. Schematic of thee~ apparatus: (a) nitrogen
p<.mped dye Iaser/boxcar detection: (b) cavity <Iur1-..ed argon Ian
laser/boxcar detection: (c) poJse plcked rnodlHocked argon Ian la­
ser/photon comtIng

detection, and aigna1 processing were identical to that used with .
the Molectron laser. Typically the PMT was operated at 2000
V.

Figure Ie is a schematic of the experimental apparatus Cor
determining the relative merits of photon counting to boxcar
averaging using a short-lived nuorophor and a low peak power,
high repetition rate laser. A I.exel 96 argon ion laser operating
at 514.5 om was used with a Spectra·Physics 36IA mode locker.
'rhe laser was run at lower powers to obtain narrower pulses,
typical pulse widths being 200-300 po. A Spectra-Physics
acoustooptic coupler identical to that used in cavity dumping
Wigure Ib) was used to externally select a mode-locked pulse at
a variable frequency. Typically the peak power of pulaes directed
into the sample chamber was 1 W.

The undeflected mode-locked train of pulaes (-120 MHz) was
directed into a TlXL56 avalanche photodiode to produce an
electrical train of pulaes of the same frequency but approximately
0.5 ns in width. These pulses are divided in frequency by a
programmahle counter (MECL logic) to produce a slower pulse
train (33). A four-decade selectable switch allows repetition rate
selection up to -8 MHz, although for these studies it was run
at I MHz. Synchronizing logic then compares the divided pulsed
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Flgwo 2. (A) SIngle ptAse syncITonousIy pld<ed from (8) Ira.. of mods
locked pulses

train with the original photodiode pulses to ensure coincidence
between optical pulses and gate commands. A coaxiaJ cable length
provides gate pu1lle width control, thus allowing only as many
optical pulses to be gated as desired. Under normal operation,
the cable length is chosen to pmduce 10 lIS wide gate pu1lles. These
gate pu1lles in tum, control the Spectra·Physics rf driver, thereby
creating in synchronization with the arrival of a mode-locked pu1lle
the acoustic grating in the Bragg cell to deflect the mode-locked
pu1lle into the sample chamber (Figure 2).

An EMI 9789 photomultiplier tube was operated at 1200 V for
the photon counting detection because of its low dark current at
room temperature (-7 counts per second). The bialkali spectral
response olthe EMI 9789 is similar to the 116 spectral response
of the RCA 8850 for wavelengths greater than 550 nm. The PMT
output was shaped by the Ortec 454 Timing Filter Amplifier,
processed through the Ortec 473A Constant .'raction Discrim­
inator, and counted by the Ortcc 776 Counter·Timer (usually for
10·s intervals).

Procedures. Standard l·cm Suprasil quartz fluorimeter cells
were used. The cells are mounted in a rigid, rotatable cuvette
holder which reproducibly determines their spatial position but
permits rapid comparison with blanks.

Samples were made Crom several various stock solutions, not
by progressive dilutions. The more dilute solutions were prepared
just prior to measurement using freshly distilled water, standard
volumetric flasks, and syringes. All glassware was thoroughly
washed and rinsed with copious amounts of water. Glassware
which came into contact with the more dilute solutions was
investigated and eliminated as 8 possible contributor tD the
fluorescence signal. Each dilution was sampled several times;
several different solutions of the same concentration were prepared
and sampled. No other special precautions were taken in the
sample handling (e.g., no attempt was made to remove oxygen
from the aolutions).

RESULTS AND DISCUSSION

Rhodamine B was chosen as the fluorophor to compare the
three experimental configurations for several reasons: a high
extinction coefficient at 514 nm (2 X 10' M-l cm-'), a large
Stokes shift ("-(max) = 572 nm), a high quantum yield
(-0.6) (34) and a lifetime considerably less than 10 ns (34).
Water is an admittedly poor solvent to use with rhodamine
B if the goal is the ultimate in sensitivity. The Raman band
at -620 om does interfere in an experiment such as this one
where temporal discrimination is not possible. However, in
this particular wavelength region we have not noticed that
water gave a particularly higher background signal than did
other solvents and, in any event, water seems to be the most
significant solvent from the standpoint of general purpose
analytical relevance. .

With the Molectron dye laser (Figure 1a) the limit of
detection was 2 X 10-12 M (l part·per·trillion). For com·
parlson, replacing the filter with a monochromator (a Jo­
bin·Yvon H-20, 8-nm FWHM) resulted in a limit of detection
of 3 X 10-11 M (15 ppt). Figure 3 shows the dependence of
fluorescence intensity on concentration; this curve was ex·
tended to 1 X 10" M, and thus is linear for a dynamic range
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Flgwe 3. Rhodamile B fluorescence intensity vs. concentration using
8 nitrogen pumped dye laser 8S the excitation SOt6ce

of over six orders of magnitude. A linear least-squares fit to
the data in Figure 3 yields a slope of 0.916 ± 0.016. The
individual error bars represent standard deviations in the
several measurements taken at each concentration. Repro­
ducibility was a greater deterenllhan signal-to-noise in going
to lower concentrations. Figure 4a shows representative data
taken at 1 X 10-11 M, with the PMT at 1100 V. All of the data
with the nitrogen pumped dye laser was obtained using the
sampled integrator with an effective time constant of 1.7 s.
Increasing the effective time constant to 17 s greatly improved
the SIN ratio at 5 X 10-12 M, but long term drift associated
with sample handling and laser power made it impossible to
obtain reproducibly meaningful data.

The limit of detection for rhodamine B with the cavity
dumped argon ion laser was 1 X 10-12 M (0.5 ppt). This is
an improvement in sensitivity of over two orders of magnitude
compared to an earlier study which also used a cavity dumped
argon ion laser (35), although some of this improvement is
undoubtedly due to the wider bandpass used in the present
experiments. A linear least·squares fit to the data yields a
slope of0.84 ± 0.03. Figure 4b shows representative data taken
at I X 10-11 M with the PMT at 2000 V. The signals were
much smaller with the cavity dumped system, hence the need
for much Isrger amplification. The limit of detection, 0.5 ppt,
corresponded to a SIN ratin of approximately 2; Le., reo
producibility and sample handling were relatively less im­
portant than the slower pulsed nitrogen pumped dye laser.
Decreasing the frequency to match the average power of the
ion laser to that of the nitrogen pumped dye laser resulted
in a slightly poorer SIN ratio and higher detection limit.
Finally, at equal frequencies Ihe fluorescence signal at 1 X

10-11 M was not observed with the cavity dumped ion laser.
Each instrumental system, therefore, had approximately the
same absolute sensitivity in terms of ppt detected per unit
energy delivered per second. A useful figure of merit is the
detectability-power product, and these were approximately
equal for the two systems (-0.5 ppt-mW).

For comparison, Figure 4c shows representative data taken
at 1 X 10-11 M with the gated integrator and an effective time
constant of 0.14 s. Considerable improvement in SIN is
obtained at the expense of temporal resolution and overall
signal intensity. It is evident that long term drift and sample
handling, not SIN, would limit the sensitivity with the gated
integrator and an effective time constant of 0.14 s. Con­
siderable improvement in SIN is obtained at the expense of
temporal resolution and overall signal intensity. It is evident
that long term drift and sample handling, not SIN, would limit
the sensitivity with the gated integrator. However, in this
ir-stance the detectability power product is poorer. The SIN
was improved by an order of magnitude but the average power
delivered went up by nearly two orders of magnitude, hence
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FIgure 4. Representative data taken at 1 x 10-11 Mwith various laser
excitation SOll"COS: (a) nhrogen pumped dye laser with 163 sampled
Integrator. PMT at 1100 V. effective TC = 1.7 s, 1 V/In, 1 Vlui scale;
(b) cavity dumped argon Ion laser with 163 sampled integrator. PMT
at 2000 V. effective TC = 0.5 s, 1 V/in.. 1 V lull scale; (c) cavity
dumped argon Ion laser with 164 gated integrator. PMT at 2000 V,
effective TC = 0.14 s. <1 V/In.• 100 mV tull scale

the detectebility-power product is -2.5 ppt-mW.
Finally, date were obteined by photon counting with the

pulse picked mode-locked argon ion laser (Figure Ie). The
linear least-squares fit to these date yields a slope 0.96 ± 0,06,
The limit of detection 3 X 10-11 M (I5 ppt) is considerably
higher than previously obtained, as is the scatter in the date.
There was no temporal resolution in the current experiment.
although with the narrow subnanosecond pulses afforded by
the mode locked laser, temporal resolution vastly superior to
the other two excitetion sources could ba achieved with a
multichannel analyzer and time-tn-amplitude converter.
Longer counting times did not improve the sensitivity. Typical
counting rates were 1300 counts/s at 1 X 10-10 M, with 600
counts/s from the blank.
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Photon counting is, of course, best suited to low light levels,
either due to low level sample absorption (high repetition flash
lamps), wavelength resolution (laser Raman), or long lived
species (36, 37). In summary, the poorer results obtained with
the photon counting apparatus are not indicative of the general
analytical utility of this technique. but insteed reflect its
particular disadvantages in this specific experiment.

CONCLUSIONS
A nitrogen pumped dye laser and a cavity dumped argon

ion laser have been shown to perform equally well under
identical conditions for trace detection. However, other factors
should be considered in chooeing a laser system for analytical
applications. Rhodamine B was specifically chosen as the test
fluorophor so as not to unduly handicap the ion laser systems.
The cavity dumped ion laser offers only a few select lines; the
output can be used to pump a dye laser but at a considerable
power loss and potential frequency spread (38). The smaller
signal size associated with smaller peak powers leads to less
flexibility in wavelength selection. For example, including
a monochromator appears to decrease the sensitivity by about
one order of magnitude with the nitrogen pumped dye laser
system. This loss in signal can be mostly compensated for
by increasing the amplifier gain (PMT); with the cavity
dumped system, all the gain is needed with just the filter
because of the low signal levels involved (the gain of the PMT
for the cavity dumped system was higher than the nitrogen
pumped dye laser system by more than a factor of 5 X 10').

Tunability is much larger with the nitrogen pumped dye
laser through a wider selection of both dyes and doubling
techniques. Furthermore, the higher peak powers permit the
application of nonlinear optical techniques to analytical
problems (e.g.• CARS (16». Consequently, the nitrogen
pumped dye laser offers greater flexibility in potential
analytical applications. These results indicate that the
synchronously pumped dye leser might prove to be another
reasonable alternative, although it is more laser-technology
oriented (39).

Digital detection doesn't appear to offer any improvement
in sensitivity over gated analog detection. For on-line analysis
of photostable, short-lived species, it appears to be even
somewhat less sensitive, although its advantages in other types
of analytical problems are undoubtedly significant.
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Automated Three-Dimensional Plotter for
Fluorescence Measurements
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The design and construcllon 01 an automated t1vee4nenslonal
ploUer for fluorescence measurements are described. The
excllallon and emlsslon wavelengths form the abscissa and
ordinate, reapectlvely, and emlsslon IntensUy Is Indicated by
a series 01 Isolntenslly contours similar to elevallon levels on
a topographic map. The device Is used with a commercial
spectrophotometer to rapidly record characteristic lIuorographs
oI11 nt substances In such a way that the apeclral band
c:onIoln at seIecled emIaslon Intenallles are dlsplayed to reveal
all the spectral parametera at their peak Intensities.
Three-dImensional lluorescence properties 01 a wide variety
01 biological compounds were displayed by the contour plotter
to ahow the charactertsllc apeclral paUerns 01 the compounds:
photosynthetic pigments, proteins, polycyclic hydrocarbons,
and crude oils. A stereolluorograph completely integrating all
of the spectral characterlelles can be constructed, and II Is
expected to be unique and quantllatlve lor each substance.

The fluorescence property of a compound is conventionally
studied by examination of both the activation spectrum and
the emission spectrum. The fluorescence can be examined
at one or more excitation wavelengths, or the excitation curve
can be detennined at a given fluorescence wavelength. There
are many fluorescent compounds which yield almoet identical
excited electronic structure and their distinction at low
concentration levels requires the examination of all details
of the fluorescence spectra.

For complex 8pectra, tbe recording of a complete series of
activation and fluorescence spectra is a rather tedious task.
All permutations of emission intensity as a function of both

excitation and emission wavelengths will yield. a three-di~

mensional response surface which can be visualized as a small
mountain range. In an attempt to construct three-dimensional
fluorescence spectral maxima. Schachter and Haenni (1963)
de"eloped a device for simultaneous recording of the activation
and emission spectra, with the activation wavelengths on the
vertical scale, and the emission wavelengths on the horizontal
scale of a cathode ray oscilloscope graticule, the trace being
recorded on Polaroid film (I). This yields a print with a raster
of diagonal lines interrupted in wavelength regions of emitted
radiation to produce a characteristic pattern of contour spots,
ideally one for each maximum. The dimensions of each
discrete spot are proportional to the width of the corre­
sponding spectral band and the coordinates of the centroid
for each discrete spot are the wavelengths of the activation
and fluorescence maxima. To depict the three-dimensional
fluorescence parameters, Freegard et ai. obtained emission
spectra at different excitation wavelengths and manually
plotted contours of equal fluorescence intensity against ex­
citation and emission wavenumbers to construct a "contour"
map (2). In order to simplify this data processing task. Rho
and Stuart (3) developed a device for the simultaneous re­
cording of the activation and emission spectra, with
fluorescence intensity levels plotted by a series of isointensity
contours similar to elevation levels on a topographic map.
Hornig et aI. (4) pursued the contour plotting in which they
repetitively scan with a spectrofluorometer to generate lu·
minescence data which are taken directly into a minicomputer
for correction and reduction to contour graphs. A comput­
er-assisted structural interpretation of fluorescence spectra
was also developed by Miller and Faulkner (5). A mini·
computer was interfaced to an Aminco-Bowman spectro-
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PEN DROP CONTOUR PLOnER DIAGRAM

to RlCOIIDU 'utlJA11lJ(
WAVWHGTH" AXIS

MOT"" HMANIJAl. RAT[ ~-~~OIIVI CONTRa..

MOTOR HMAHlJAl RAT[ r-~~~OIIVI CCMJitCl.

Figure 1. Schematic diagram of the electronics crcu~ designed to generate the Isolntenslty contoor plot. PMT: photomultiplier; Soorce: excltation
light source

photofluorometer for the direct acquisition and comparisons
of the m05t obvious spectral features such as the total number
of peaks, peak locations, relative intensities, and the location
of an excitation minimum. Recently, a method for displaying
fluorescence spectra in a three-dimensional graphical format
was developed by Warner et al. (6, 7) and Johnson et al. (8).
They have used a polychromatic irradiation of the sample
cuvette and a silicon·intensified target vidicon detector to
measure all regions of the emission-excitation matrix si·
multaneously. In this paper, a simple noncomputerized
method of obtaining a fluorescence contour map is described
in detail. This method automatically records all the
fluorescence spectral parameters of a given sample directly
on a X-Y recorder in such a way that, in effect, a
"stereofingerprint" of fluorescent mixture is presented in one
plot. It delineates not only the activation and emission
wavelengths, and emission intensities for each peak, but also
the activation/emission spectral band stereoenvelopes.
Accordingly, this method permits unique characterization of
even very closely related structures.

INSTRUMENT DESIGN AND DESCRIPTION
An Amino-Bowman Speetrophotofluorometer (Catalogue No.

4·8106) is used as a basic instrument. The light source used was
a high-pressure xenon compact arc lamp (150 W) equipped with
an off-axis ellipsoidal mirror. The light emitted by the sample
was detected either with a highly sensitive trialkali photocathode
tube or with a gallium-arsenide photocathode tube cooled to -20
·C to reduce noise. At the start of the measurement, the excitation
monochromater is set at a lower end of the excitation wavelength
and the emission monochromator is set to scan the entire region
in 15 to 20.. When a fluorescence scan is completed, the excitation
monochromator advances automatically by a small increment (I
to 2 om) to the next higher excitation wavelength point and the
fluorescence is scanned again. Both the increment of the excitation
wavelength and the scanning speed of the fluorescence are

manually adjustable. In this way. the entire excitation VB.

nuorescence wavelength domain will be scanned within 10 to 15
min. The photomultiplier will sense the emission intensity level
at every point in the scanned wavelength domain. If the detector
output is quantized at discrete levels of intensity and these levels
are plotted, then a three-dimensional representation of the
fluorescent fingerprint wiIJ be generated. However, it is simpler
to generate this infonnation in the form of contours representing
fixed levels of intensity. The block diagram of the electronics
circuit designed to generate these isointensity plots is shown in
Figure I.

The wavelength transmitters position the recorder pen at the
point representing the values of excitation and emission wave-­
length for each moment in time. The photomultiplier detector
output will indicate the observed intensity for that point.

A binary-coded equivalent of the analog signal from the
photomultiplier is generated through the use of a tracking analog
to digital converter. This is a relatively simple system both in
concept and in practice. Basic design requires the three major
elements: an up/down counter, a current output digital to analog
(D/A) converter, and a voltage comparator. The voltage at the
comparator input will be the result of the analog input voltage
minus the (D/A) comparator output sink current multipled by
the input resistance.

Assuming a perfect comparator, if the output voltage is above
ground, the comparator output will be low causing the up/down
counter to increase the DIA converter sink current by one least
significant bit. The comparator will continue to examine the
output voltage for polarity and will always drive the counter's
code in the direction which causes the comparator output voltage
to approach zero. Once a balance is achieved the loop is "locked"
and tracks the analog input signal so long as the loop slaw rate
is not exceeded. When the loop is balanced, the converters' output
is the binary-coded equivalent of the analog input. When encoding
a de signal the digital output will "dither" or alternate between
the two adjacent states which bracket the theoretically correct
output value. This is of little consequence as all A/Dcon~
suffer an equivalent error known as the "QuantWng" e~.
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Fluorograms of Benzo(a)pyrene Metabolites

In MeOH In N NeOH
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Figure 2. Fluorograms of 7-1lydroxybenzo[a]pyrene (0.2 ng/mL), 7·0H BP and 8-1lydroxybenzo[a]pyrene (0.2 ng/mLI. B-OH BP. Linear plots
of the 7-oH BP and s.oH BP both In methanol and In 1 N NaOH. The conventional fluorescence spectrB are plotted. excitation spectra on the
vertical axis and emiss10n on the horizontal axis. The fluorescence Intensity levels were plotted by the Isointensity contours representing fixed
linear ~vels or intensIty; the outermost contour (level 1) represents 10% level of the full scale; level 2. 20%; level 3, 30%; etc.

The digital output of the up/down counwr is a measure of the
photomewr signal. Since eight binary bits are presented to each
of the level decode gates, it is obvious that the syswm has a
resolution capacity of one part in 256. It was originally inwnded
that ten contour lines be generated. Hence, the decoder or gates
were set up to select the amplitude level corresponding to 25
counts out of 256 counts. Levell occurs at 25 counts. level 2 at
60 counts, level 3 at 75 counts, etc., and level 9 occurllat 225 counts. ­
The output of each level decoder gate is "OR"ed in the decoder
OR gate. The output of the decoder "OR" gale represents the
command signa1s which will energize the pen drop one-shoL The
on&-&hot genarates a signa1 of approximawly 9 ms and is combined
with the pen drop inhibit delay gaw signa1. If the delay gate signal
is present, the pen drop commands are inhibiwd. If the delay
gste signal is not present, the pen drop commands will pass
through the control gate and energize the pen drop relay. which
in tum will energize the control relay and consequently the control
switch. When the pen drop control switch closes, the X·Y recorder
pen drop will be energized and dropped on the paper to make

a dot. As the two spectrometer gratings scan through their
respective wavelengths, the wavelength position potentiometers
transmit the information to the X-Y recorder which then drives
the pen back and forth over the chart paper. Every time the
photometer intensity level crosses any of the preset decode in­
tensity levels. a signal is generated causing the pen to drop.
Eventually all the points on the emission-excitation plot will have
been covered and all of the isointensity points will appear to join
together to form n contour line.

However. it is necessary to provide an additional pen drop
inhibit in order to prevent the pen from marking the chart during
those periods of time when the grating drives are resetting. This
inhibit is generated by the mechanical switches located on the
grating drive mechanism. The output of each switch controls an
input to the retrace sensor gate. The output of this gate is low
only when both switches are open circuited, indicating that both
excitation and emission gratings are actually scanning the
spectrum. At any other time the output of this gate is high and
the pen drop is inhibited. The gate output transition from low



to higb wiU trigger the pen slew retrace inhibit delay which
lengthena tbe retrace senaor gate signal to inhibit the pen drop
gate for a few miUiseconda required to stabilize the grating driven
at the beginning of a scan. During this time, the pen drop control
gate is also inbibited from allowing the pen drop one·shot
command to pass and cause tbe pen to drop.

EXPERIMENTAL

A number of synthetic benzo[a]pyrene pbenols were obtained
from the National Cancer Institute, NIH. Both histones and
nonhistone chromosomal proteins were prepared from rat liver
by the procedures described by Marusbige and Bonner (9). All
the organic solvents used were nuorometric grade Bnd the
chemicals were reagent grade.

RESULTS AND DISCUSSION

Three-dimensional fluorescence properties of a wide variety
of biological compounds have been examined by the contour
plotter to illustrate the characteristic spectral patterns of the
compounds: polycylic hydrocarbons, proteins, nucleic acid
bases, photosynthetic pigments, and other classes of biological
compounds. The entire recording is made in about 20 min.

Fluorescence Spectra of Bcnzo[ajPyrene Pbenols.
Two benzo[a]pyrene phenols which have been hydroxylated
at two different positions have been examined for their
fluorescence properties by such 8 fluorescence measurement
technique. Typical data of 7-hydroxybenzo[a]pyrene (7-0H
BPj and 8-hydroxybenzo[o]pyrene (8-0H BP) are shown in
Figure 2, both in methanol and in an alkaline media. The
concentrations of both 7-0H BP and 8-0H BP were about
0.2 ng per mL. This represents the linear plots showing a
typical benzo[o]pyrene phenol fluorescence in organic solvent.
peaking around 450 om with excitation in the range from 250
to 450 nm as well as those of the corresponding anions in an
alkaline medium. An apparent fluorescence peak position
generated by an uncorrected mode of fluorescence mea­
surement is a function of both light source and the spectral
response characteristics of photodetector. In the present
study, we have used a xenon lamp as a light source and a
gallium-arsenide photocathode tube as a photodetector which
gives a rather flat response pattern from the 300 to 800 nm
region. The conventional fluorescence spectra are also plotted,
excitation spectra on the vertical axis and the emission on the
horizontal axis. Although the structural difference is very
small, the electronic spectra appear to be quite distinct from
each other, particularly in the anionic species. In these
fluorograms of BP metabolites, the fluorescence intensity
levels were plotted in the form of isointensity contours
representing fixed linear levels of intensity. The outermost
contour (level 1) represents the 10% level of the full scale while
level 2, the 20% level; level 3, the 30%, etc. The dimension
of each discrete contour plot is proportional to the width of
the corresponding spectral band at the respective fluorescence
intensity level and the coordinates of the centroid for each
discrete plot are the wavelengths of the activation and
fluorescence maxima. Thus, the fluorogram of 7-0H BP in
methanol shows two discrete contour plots indicating one
fluorescence maximum at 450 nm with two excitation peaks,
the higher one (100%) corresponding to 390 nm and the lower
one (10%) 310 nm. The fluorogram of the anionic species of
7-0H BP in 1 N NaOH shows a much more complex spec­
trum. It not only shows a broad emission spectrum peaking
at 635 nm with two excitation peaks, the one at 425 nm and
the other at 320 om but also presents another major emission
peak at 420 nm with the two excitation peaks in the range
from 315 to 350 nm. This fluorescence peak at the shorter
wavelength may represent the fluorescence of any additional
compound in the sample which fluoresces only in an alkaline
medium. In any case, the tbree-dimensional plotting (3-D)
method delineates not only the activation and emission
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wavelengths and emission intensities for each fluorophore, but
also the activation/emission spectral band stereoenvelopes.
The deteetability limits of the method is about 10-12 mol BP
phenols per mL volume.

Scattered light appears as a narrow band diagonal to the
abscissa and ordinate in this type of display, and the com­
monly observed Raman effect as a similar narrow band
displaced toward the higher emission wavelength scale. The
fluorograrn of the anionic species of S-OH BP also shows much
more information about the electronic spectra. Both the
excitation and the emission maxima of 8-0H BP are located
at about 50 and 60 nm lower than the respective spectrum
of 7·0H BP. The differences between the spectra of the
closely related structures are more obvious in 3-D presentation
than in the conventional presentation.

Fluorescence Spectra of Chromosomal Proteins. Moat
proteins contain tryptophan and almost all proteins contain
tyrosine which strongly fluoresce even in intact proteins (10).
Thus, nonhistone ehrom08OmaI proteins are known to contain
both tryptophan and tyrosine while histones lack the tryp­
tophan amino acid. We have isolated the hiatones and .
nonhistone chromosomal proteins from rat liver by the
procedure described by Marushige and Bonner (9) and ex­
amined about a 10 ng per mL each of the proteins for their
three-dimensional fluorescence properties. The fluorescence
property of histone is easily distinguished from that of
nonhistone proteins as shown in Figure 3. This graph il­
lustrates a linear plot showing both the tyrosine-tryptopban
fluorescence peak of the nonhistone proteins around 360 nm
with excitation in the range from 260 to 300 nm and the
tyrosine fluorescence peak of histone around 325 nm with
excitation from 265 to 290 nm. The lack of tryptopban in
histones shifted its fluorescence maximum from the 360 om
peak position of nonhistone to about the 325 nm region.
Scattered light also shows as a band diagonal to the abscisaa
and ordinate above 300 nm.

Fluorescence Spectra of Chlorophylls. Chlorophylla
are the highly fluorescent photopigments in plants and green
algae. The two major types of chIorophylls found in green .
plants and green algae are chlorophyll a and chlorophyll b (II).
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We extracted about 10" ceUs of Chlorell4 pyrenoidosa into
1 mL of acetone and examined the nuorescence property of
the extract by the 3-D plotter. As shown in Figure 4, the
nuorogram of the algal extract presents a major emission band
at 670 nm with two minor peaks, one around 650 run and the
other from 710 to 730 nm. The excitation is achieved most
strongly in the spectral region from 660 to 670 nm, weakly
around 620 om, and moderately strong in the range from 400
to 450 om. Chlorophyll a is known to absorb a broad spectrum
of light peaking at 410, 429, 532, 576, 614, and 660 nm and
nuorescing around 670 om (12). Chloropbyll b also absorbs
intensely both at 450 and 643 run (13). The contour map
presented in Figure 4 shows not only the emiaaion peaks of
chlorophyll a at 680 and 720 run but also that of chlorophyll
b at 650 nm in the respective excitation ranges. This acetone
extract of the Chiarella presenta, in effect, a
"stereofingerprint" of the mixture of the photopigments in
one plot.

Fluorescence Spectra of Crude Oil.. Fluorescence
spectroscopy. a powerful tool in fmgerprinting oil spiUs, is
extremely sensitive to the naturally nuorescing componenta
of oil Many approaches have been proposed to use
nuorescence for quantitative oil meaaurementa and charac­
terization. Jadamec and Porro (14) examined a large variety
of oils for their emission at excitation wavelength 254 run and
found that it gave more structured emission spectra than any
other excitation wavelength. Frank (IS) ohtained the emission
peak maxima from excitation at 15 different wavelengtha
between 220 and 500 om and manually plotted them against
excitation wavelengths aa points. Freegarde et at (2) proposed
a contour plot in which contows of equal nuorescence intensity
are plotted against excitation and emiaaion wavenumbers.
Hornig and Brownrigg (4) pursued this procedure in which
they repetitively scanned the spectrum with a spectronuo­
rometer to generate luminescence data which are taken di­
rectly into a minicomputer for correction and reduction to .
contour grapbs.

We examined two types of crude oils with our 3-D nuo­
rometry to obtain their "stereofmgerprint" of the nuorescence
mixture of the oils. A typical nuorogram of Eocene Oil is
presented in Figure 5 and that of Miocene Oil in Figure 6.
The 3-D map of diluted Eocene Oil (I to 10' in benzene) shows
two emission peaks, the major one at 360 om and the minor
at 410 run with excitation around 300 nm. In contrast, the
nuorogram of Miocene Oil shows the emission at considerably
longer wavelengtha. In comparison to those of Eocene Oil,

1OO~1OOn--JJJ;In--.Gl;;--·---'''''-!;;;---~600=-----'1OO~--IIlO,.J
[MISSIOtI WAVElINCl/I. r.m

Flgwe 5. Fluorogram of auda oil 01 Eeocne origin in benzene. The
concentrated auda 011 was diluted (1 to 10') with benzene and 1he
tkJofescence spectnm was recorded in benzene sotvent

1lJ)
CRUc( Oil DILUllO WITH BENlDI: /
MUltO« /

/
600 /'

'" ~l'to

"".~

~11::::
'" /.~ f.
~ '11 1

,
" Gl
~ . /. ,~;-.:.{
1:1 /..~ )hJ:?;. r. ~

JJJ. ,/1.' . / y/.~d~t-J.4:;;;:'.-,>

EMISSION WAVHLNCTII. nm

figure 8. Fluorogram 01 auda 011 of MIocene origin In benzene. The
concentrated auda 011 was diluted (1 to 10') with benzene and 1he
fluorescence spectnm was plotted il benulne solvent

the two excitation peaks of the Miocene Oils (diluted 1 to 10'
in benzene) also occur at a longer wavelength range. This may
indicate that Miocene Oil contains more extensively conju­
gated polycyclic hydrocarbons than those of Eocene Oil Since
this nuorngram waa obtained by an uncorrected mode of
nuorescence meaaurement, the apparent nuorescence peaks
are generated aa a function of both light source and the
spectral response characteristics of photomultiplier used.
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Atomic Fluorescence Spectrometry with a
Wavelength-Modulated Continuous Wave Dye Laser

David A. Golf and Edward S. Yeung"

Ames Laboratory-U.S. Department at Energy and Department 01 Chemistry, Iowa Slate I.JniwHsity Ames, Iowa 50011

One major problem In laser alomlc no..escence spectromelry
Is IghI scattering, wNch may ........eIy deIermIne the "**-"
detectable atomic concentraUon. Uslng a convnerclal
electro-optlcal tuning etemenl, we are able to provide
wavelength modulation In a CW dye laser for excitation 01
atems In a premixed flame. WIth proper Iock~ detection, we
not only can elk1*1ate most 01 the background emission In the
name, but can also extend the mlnmum detectable COl>­

centratlon beyond that obtained using a mechantcal chopper
In the delermlnatlon of barium.

Tbe demonstration of tbe detection of 100 atoms/cm' of
sodium by Fairbank et aI. (1) sbows the impressive limits of
detection tbat can be achieved in laser atomic fluorescence
spectrometry. In practical apptications in analysis, bowever,
one cannot expect to achieve similar limits of detection be­
cause of tbe far-from-ideal conditions associated with tbe
necessity to atomize a real sample. Emission from the
atomizer, particularly black body radiation and molecular
emission by thermal excitation, gives a constant background
signal in addition to the fluorescence from tbe atoms. Sucb
emission background ean be controlled by using rute", or
monocbromato'" to limit the spectral width of observation,
by using gated detection in conjunction with pulsed tase",
(2-4), or by using lock-in detection together with mecbanical
cbopping of the laser (5, 6). As one pushes for lower and lower
limits of detection, and as one uses high laser powe'" to ensure
saturation in excitation (7), light scattering from particulates,
atomic and molecular species, as well as stray laser radiation,
will eventually become a problem. Tbe fact tbat these occur
at the same time and at the same wavelength as the resonance
fluorescence makes them difficult to eliminate. The use of
direct-line (8) rather than resonance fluorescence is a solution,
but requires the presence of appropriate atomic energy levels.

There are several ways to minimize the contributions of
light scattering. Rayleigh scattering has 8 unique angular
dependence on the orientation of the polarization vector and
on the direction of propagation of the scattered light (9). By
using linearly polarized tight for excitation and by placing the
detector at rigbt angles to the direction of propagation of the
exciting light in tbe same plane as the plane of polarization,
one can minimize scattering while maintaining the fluorescence
signal. The practical limitation of this scheme is that the cone
defined by the collection optics contains tigbt rays travelling
in a range of directions rather than a unique direction. Also,
scattering by larger particles cannot be similarly treated. One
ean also attempt to correct for the signal due to light scattering

by actually monitoring its intensity at a nonresonant wave­
lengtb. Tbe scheme of Chester and Winefordner (10) using
two electrodeless discharge lamps (EDL) seems readily
adaptable to provide sucb corrected measurements, if the
wavelength dependence of the scattered light is properly
accounted for. Another possibility is to use a magnetically
tuned EDL for excitation whenever the atom of interest shows
;, favorable Zeeman effect (11).

In wbat folloWll, we shall describe the use of a wave­
length-modulated CW dye laser in atomic fluorescence
spectrometry. This method preserves the advantages of
amplitude modulation using a mechanical chopper in that
background emission from tbe atomizer is minimized. In
addition, since the signal from light scattering should be
indepenent of the modulation, one effectively ean extract a
fluorescence signal mucb smaller than that from light sca....
tering. The need for wavelength modulation has already been
pointed out in earlier work (1). However, the modulation
frequency of 1.5 Hz in that work is too slow to be useful in
practical atomize", such as the flanae. The recent availahility
of an electro-optical tuner for the CW dye laser (12) has made
it possible to provide wavelength modulation to the MHz
regime. The evaluation of such a scheme for atomic
fluorescence spectrometry has been performed using a pre­
mixed burner for the determination of barium, and is reported
bere.

EXPERIMENTAL
A scbematic of the experimental arrangement for this work is

shown in li'igure 1. The individual components and the most
important experimental conditions are listed in Table l The.
argon ion laser is operated at 5-W aU·lines outpuL Rhodamine
110 dye from Exciton Cbemical Co., Dayton, Ohio, is used in the
dye laser w give about 50 mW of tuned outpuL The laser
bandwidtb is estimated to be about 0.5 A. DistiUed water is
deionized by passing througb a mixed-bed ion-exchange reain and
used for aU solutions. Tbe barium solutions are prepared from
Certilied ACS grade BaCI, and are stored in polyethylene hottIes
w be run tbe same day as prepared.

Witb no tuning element inside the cavity of the dye laser, it
runs freely in a 50-100 A band depending on the concentration
of the dye. The addition of an etalon decreases this Jasing range
somewbat because of the looses introduced. What is more im­
portant is tbat the laser output is restricted to o.5-A hands
separaU!d by 10 A eacb, corresponding to the free spectral range
of the etalon. The electro-scan tuner further limits Jasing in only
one of these hands depending on the apptied voltage. In this WIlY,
a square-wave modulation of the applied voltage results in al­
ternate lasing between two wavelengtba separated by a multiple
of 10 A. In practice, tbe laser is Ii",t tuned without the
square-wave modulation to the awmic resonance bY adjusting the
etalon and a de bias voltage on the electr<HlC8D tuner. A 5O-ppm
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Table I. Components for Atomic Fluorescence Spectrometry Based on a Wavelength-Modulated CW Dye Laser

Item Manufacturer

Ar ion laser

CW dye laser

Electro-scan tuner

Lens (source)

Lens (detector)

Filters

Photomultiplier tube

Photomultiplier housing

Photomultiplier power
supply (set at - 1600 V)

Lock-in amplifier

\Va vc generolor
H.V. op amp

Burner-nC!bulizer
(C,H" 0.8 L/min; air, 3.8
L/min; solution, 0.7 mL/min)

Power meler

Oscilloscope

Photodiode

Monochromator

Figure 1. An atomic fluorescence spectrometer based on 8 wave­
Iength-modulated CW dye laser

solution of Be in the flame gives 8 clearly visible nuorescence
output, and is used to optimize the laser wavelength. The
modulation is then superimposed on the de bias so that lasing
alternates between two wavelengths 10 A apart. This is found
to be optimum since any larger separation of the two wavelengths
will require larger applied voltages. which in tum demands a taster
slew rate of the high voltage op amp. Also, for such small
separations, the wavelength dependence of light scattering can
be neglected. Finally, by readjusting the de bias voltage. one can
shift the dye laser gain curve to obtain equal intensities at the
two wavelengths. This last step lS necessary to ensure that light
scattering is not modulated, so that it will not be detected.

In Figure 2, we can see the course of events as displayed on
an oscilloscope. The top trace (ground = 2 divisions from top)
represents the square-wave modulation applied to the electro-scan
tuner. Slight curvatures in the vertical segments are results of
the limited slew rate of the op amp. The second trace (ground
= 2 divisions from top) is the negative·going signal from a
photOOiode monitoring the laser output through a monochromator
set at the barium resonance frequency of 5535 A. The third trace
(ground = 4 divisions from top) is the same as the second trace,

Model 553, Control Laser Corp.,
Orlando, Fla.

Model 375, Spectra-Physics Inc.,
Mountain View, Calif.

Model L8-14, Ithaca Research Corp.,
Ithaca, N.Y.

49-mm diameter, 94-mm focal
length achromatic fused silica
lens

67-mm diameter, 76-mm focal
length achromatic fused silica
lens

Model 7155 variable interference
filter, Oriel Corp., Stamford, Conn.

600-nm short pass filter
Corning glass filters 4-45, 3-67,

3-69, Corning Glass Works,
Corning, N.Y.

56 TVP, Ampcrex Electronic Corp.,
Slatersville, R.I.

Model 3378, Pacific Photometric
Instruments, Emeryville, Calif.

Model 242, Keithley Instruments
Inc., Cleveland, Ohio

Model 9503/5002, Ortec Inc.,
Oakridge, Tenn.
(10-" A rull·scale)

Model 162, Wavetek, San Diego, Calif.
Model PZ·70, Burleigh Instruments

Inc., E. Rochester, N.Y.
Premix slot burner with pneumatic

nebulization, Varian Associates,
San Carlos, Calif.

Model 210, Coherent Radiation,
Palo Alto, Calif.

Model 790·1 with 7A16 plug-ins,
Tektronix Inc., Beaverton, Ore.

Model PVS-OIO, Infrared Industries,
Waltham, Mass.

Double Grating Monochromator,
Bausch & Lomb, Rochester, N.Y.

Figure 2. Oscilloscope display of modulation of the laser wavelength
(for details. see text). The horizontal scale is 0.25 ms/div

except that the munochromator is set at 5545 A. The curvature
on the falling edges of the photodiodc signals simply reflects the
characteristic fall times of these photodiodes. In fact, the spectral
output. is quite close to being 100% modulated. The bottom trace
(ground = 6 divisions from top) 8hO\\'5 the total output of the laser,
with no detectable modulation on the amplitude.

Electro-scon tuners that replace the function of the etalon are
also commercially available. It seems at first sight that using such
luners will produce equivalent results. In practice, however, it
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chosen to minimize the effects of fluctuations in the flame and
other electronic noise in the system. These electro-scan tunen
can be effectively used even in the MHz range. It is interesting
to note that using a combination of electr~scan tuners, one
can in principle step from one atomic line to another (within
the gain curve of the dye) rapidly by properly controlling the
voltage on the electro-scan tuner. This opens up the possibility
of sequential multielement analysis using 1aser-excited atomic
fluorescence spectrometry, free from the limitations of
conventional machanical scanning devices.

CONCLUSIONS
The use of an electro-optically tuned CW dye laser in atomic

fluorescence spectrometry offers several advantages. (1)
Wavelength modulation becomes feasible 80 that problema
associated with light scattering can be minimized and the
limits of detection can be improved. (2) The frequency of
modulation can be extended to the MHz range 80 that op­
timization of this frequency to eliminate inherent fluctuations
is possible. (3) Reliable and rapid tuning can be aroomp1isbed,
leading to the possibility of multielement analysis.
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RESULTS AND DISCUSSION
The sensitivity and the ultimate limit of the detection for

a given atomic fluorescence spectrometer depend on many
experimental variables. The most obvious ones are the flow
rate of the solution, flame stoichiometry, exciting photon flux,
laser bandwidth, efficiency of the collection optics, and the
stability of the detection electronics. For the purpose of
demonstrating the usefulness of our scheme of wavelength
modulation. it is most appropriate to compare it with an
amplitude modulation scheme while r",ing all of these other
experimental variables. We have therefore performed two
parallel sets of measurements on the atomic fluorometric
determination of barium using the 553f>.A resonance line. The
first set is based on amplitude modulation using a mechanical
chopper for a fixed-frequency laser, and is shown in Figure
3. The s"rond set is based on the wavelength-modulated laser
described above, and is shown in Figure 4. The modulation
frequency is 1 kHz in both cases. Data points for higher
barium concentrations are not shown, hut extrapolate Quite
well for at least two orders of magnitude.

We can see that for the case of amplitude modulation,
contributions from light scattering set in at about 300 ppb
Ba so that lower concentrations cannot be detected, even
though the photomultiplier tube has no difficulties in reg­
istering much smaller signals. For the case of wavelength
modulation, one can extend the limit of detection to the
lO-ppb Ba range. The ultimate limit here is determined by
the overload capability of the particular lock·in amplifier used.
By using a monochromator rather than a set of filters, as is
done in Ref. 6, one should be able to reduce the dc signal from
flame background emission further, so that still lower limits
of detection can be acbieved. Increasing the laser power is
another alternative. Furthermore, the modulation frequency
in this work was chosen to coincide with the available me·
chanical chopper so tbat a proper comparison could be made.
For actual applications, the modulation frequency should be

requires a very reliable wove generator and a very stable high
voltage op amp to reproducibly center on the atomic resonance
line using these other tuners. In contrast. our present scheme
relies only on the etaJon to properly center on the atomic line.
Slight imperfections in the modulation electronics will lead only
to incomplete modulation between the two f",ed wavelengths. but
will not change these two wavelengths.
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Theory of Atom Vapor Transport from a Moving Point Source
in Flame Spectrometry

Kuang-Pang LI

Department 01 Chemistry, University 01 Florida, Gainesville, Florida 32611

(1)

The atom dlltrlbutlon 01 an analyla In an analytical tlama Is
evaluated by using a moving point source model, The point
sowca cholen Is a dry aerosol pal1k:la which gives out a smaU
amount 01 atom vapor at a particular location, At another
location, the particle will give out a cIIIerent amount 01 vapor.
Then vapor Incrementa dlltusa away Independently. Hence,
the atom concentration observed at a particular point and at
a particular moment will be the sum 01 the vapor Increments
dHlused to that point at that moment from the moving particle.
ThIs model gives a more precise and more reaUstIc description
01 the vapor transporlln IJames than the exlatlng Ilarne models.

Knowledge of atom distribution in plasma, e.g., a flame, an
arc, etc., is of ultimate importance in atomic spectrometry.
It provides not only the base. for plasma diagnostics and signal
prediction, but also guidelines for systematic optimization and
modification for sensitivity enhancement and interference
reduction. There have been several theoretical treatments
on atom vapor transport in high temperature gaseous media.
The concise work of Wilson (J) on the diffusion of alkali atoms
from 8 point source in 8 flame is of primary significance.
Because of its mathematical simplicity and its adaptability
to experimental verification, it has often been employed for
diffusion coefficient determination in flames and arcs (2-4).
Serious discrepancies from theoretical expectation have been
found in arcs because of the negligence of the finite size of
the source in the model. Boumans and co-workers (5)
modified the model by taking the size of the electrode into
consideration. Their disk source model gave a better dis­
cription of vapor transport in de arcs than the point source.
However, the disk source can hardly be applied to flame
spectrometry. L'vov and co-workers (6, 7) developed a
horizontal thin thread source model for atom distribution in
a slotted burner flame. All these treatments relate only to
the transport of the analyte atoms in the plasma and in­
variably use a constant feeding approach.

Recently, Li (8) described, for the first time, the entire
atomization process with a consistent theoretical approach.
In his approach, the atomic concentration at the point of
observation is evaluated stochastically. That is, the contri­
bution from an arbitrarily selected droplet is treated rigor­
ously. A statistical method La then applied to the result to
yield the overall concentretion for a large ensemble ofdroplets.
He employed Wilson's result directly for the vaporization
process. His treatment can actually be envisaged as for a'
vertical thin thread source model.

Li's model provides a novel way of treating the flame
processes and is useful for flame diagnostic studies. Un­
fortunately, under the operational conditions of an analytical
flame, the rate of droplet generation La far smaller than that
requLred for the thread model. Every droplet in the flame
is pretty much Codependent of other droplets. The vapori­
zation of each salt particle La a transient phenomenon. Even
though the ensemble average ofatom distribution from a large
number of such particles may be time-endependent, treating

them as infinitive atom reservoirs is certainly unrealistic and
erroneous.

In the present report, the atom vapor transport in flames
will be treated with a more realistic moving point source
model. The point source is a completely desolvated salt
particle which continuously loses its mass via vaporization on
its way up in the name. The airborne droplet forming the
salt particle of interest can be one of the thousands generated
by a nebulizer or by other droplet generators. It can be
introduced at any angle and at any place in the flame. Since
the stochastic approach developed by Li can still be used for
the atom concentration evaluation, only the vapor transport
process will be discussed here.

In the dynamic study of desolvating droplet (9-1 n, it has
been demonstrated that a droplet, no matter how it is in~

troduced into the flame, will rapidly acquire the same velocity
as the flame gases. If the particle at different locations is
treated as different sources, and if a cylindrical coordinate
system with its origin located at the center of mass of the
source is employed, the atom vapor transport can be described
with the following equation:

an r1 a an a2nJ an
at' = DL7 a,:- (ra;:-) + az2 - va;-
where v, in cm/s, is the flame gas velocity and n(r,z,t1 is the
instantaneous atom concentration observed at (r,z) and time
t '. D is the diffusion coefficient of the analyte atom in the
flame. Because the atom vapor plume is symetrical along the
Z axis, the function n is independent of the angle.

THEORY
Description of the Moving Point Source Model. We

will employ a circular, premixed, laminar flame of diameter
21, em. The flame has a uniform temperature and composition
in the region of interest. The flame is sheathed so it has no
significant horizontal velocity. Edge effects are assumed to
be minimized and will not be taken into consideration.

A droplet of initial diameter, d;, em, containing m;, g, of the
analyte, is introduced into the flame at (R i, 0, Zi) referring
to a set of spatially fixed coordinates, R-fl-Z, originated at
the center of the circular burner head. The point of intro­
duction is not necessarily at the burner head. Desolvation
before the droplet enters the flame is not considered. This
ignorance of the pre-flame desolvation does not imply that
the model is inapplicable in such cases. It is mainly because
this desolvation process has not been described quantitatively.
To include it in the model will require an introduction of
empirical parameters which will only complicate the ex­
pressions. The angle of introduction is also not necessarily
restricted to 90° to the burner surface, because the droplet
will rapidly acquire the velocity of the flame gases (9-11).

Assuming that at the moment r = rOo the droplet moves to
a new location, (Ro, e, Zo) (See Figure I) and is completely
desolvated and starts vaporizing. The diameter of the particle
is now do, em, and the mass, m(}o The rate of vaporization is
arbitrarily assumed to be controlled by the rate of mass
transfer of the analyte from the salt particle. As one can see
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t' ~ 0

(5)

(4)

(6a)

(6b)

(Ge)

(6<1)

and

lim 4"xzDan = dm
• -d/2 ax dt'

where'Y = (3mo'/3/kk,), k, = [6/p..J'/3, and p is the density
of the salt particle at temperature T.

The initial and boundary conditions for Equation 1 for a
point 50urce at (R, e, Zl can be defined in terms of the c0­

ordinates r·8'-2:

n(r,O',z,t') =0 at t' =0

n(r,O',z,t') = 0 at r, z =­

n(r,O',z,t') = 0 at r = L - R

N(R,a,Z,t) = JZ 6n(R,a,Z,t)dZz,
Derivation of n(r,8',:,11. Since the particle is moving very

fast in the flame, it spends only a very short period of time,
dl' = dZ/v, in the interval between Z and Z + dZ. During
that time interval, the particle gives out via vaporization a
tiny amount of analyte, dm in g, or (N/ M)dm in number of
atoms, where N is Avogadro's number and M the atomic
weight of the analyte atom. The magnitude of dm depends
on how long the particle has traveled in the flame. This
time-dependence of dm is evaluated from Equation 2 and can
be expressed as

dm Nk3k 3
- = -_C- £1 - t]'
dt 9M

(r•• ·.&),.<R..e.z>
,',, ,, ", ,
: "
I "
I '
I '
I ", '
I "
I ', ", , ,
r-:::'~::-1J---- __:~(l.',Z) PMtIQ.l

I
?-....._-.::. 'L -- , (0,0,0) lJXlTICII

• I I

I 'I I
I I
I ,, ,
~__ =:,:,--=,,::"~{Il..,.ZO)VU_IUtlc.

I I
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~ lO,O,dT' _
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Figure 1. Coordinates of the vaporizing parlJcIe and the point 01
observation. R-9·Z a,a the spaUaUy fixad coordinatas Iocatad at the
canter of the burne' head and r.<}·z a,athe coordinataslocatad at the
canta, of g,avlty of the partlcla

where Jois the Besael function of the order zero. From the

(9)

(11)

(10)

and

d'w V dw Z s
-----(a + -)w=O
dzz D dz D

where (l is 8 constant.
The solution of Equation 9 is

u(r,8) =A'(.)Jo(ar)

where x' =,.. + ZO, dm/dl'is the rate of mass transport from
the particle in the time interval between I' = 0 and I' + dl'.
Outside this region the rate is zero because the particle is no
longer at the location (R, e, Zl, The boundary condition
(Equation 60) states that the atom concentration is maintained
at zero along the edge of the flame. Condition (6d) can be
rearranged as follows by using Equation 2:

lim an = lim __1_ dm = ~ 0.;;; t' .. dt'
• -d/2 ax x -d/2 4"x'D dt' "D

= 0 t' > dt' (6<1')

From Equation 1 we see that the function n is not a function
of 0', we will therefore drop the angular parameter from the
expression.

Taking the Laplace transform of n and an/aI'one obtains

L(n} = jexp (-st')n(r,z,t')dt' =

h(r,z,s) = u(r,s)w(z,8) (7)

an
L{a7} = sh - n(r,z,O) = sh (8)

Substitution of these quantities into the Laplace tranaform
of Equation 1 gives the following equations after separation
of variables:

dIU +.!. du + aZu = 0
dr' r dr

where m and d are the instantaneous mass and diameter of
the particle at the time I = T - TO- The constant k is the rate
constant in g cm-2 5-1 of the vaporization process.

Now, if another set of coordinates, r-8'-z, is placed at the
center of gravity of the spherical particle located at (R, e, Zl
with respect to the spacially fIXed coordinates, at the moment
between I and I + dl, a small amount of the analyte, dm, will
be diffusing away from the particle. At another moment, the
particle will move to another location and give out a different
amount of anaIyte vapor. The vaporization process continues
until the whole particle is vaporized. The small increments
of atom vapOr leaving the particle at different locations diffuse
away according to Fick's law given in Equation I. The atom
concentration at a given point in space due to each of these
vapor increments depends on its time of diffusion. The longer
it diffuses, the smaller the concentration will be. The in·
stantaneous total concentration at the point of observation
is the sum (or integral) of the concentration contrihuted hy
diffusion of the vapor increments from the particle at different
locations. In other words, if the incremental concentration
due to a source at (R, e, Zl is expressed as

6n(R,e,Z,t) = n(r,O',z,t') (3)

where (R,9,Z) is the point of observation, z = Z - Z and r'
= R' + R' - 2RR cos (9 - 8), I~is the time required for the
vapor increment to travel from the particle to the point of
observation, i.e., I' = 1- (Z - Zol/v, then the total atom
concentration at the point of obeervation is

from the final results, the atom concentration depends mainly
on the rate of vaporization. Furthermore, in analytical flame
spectrometry, the solutions used are normally dilute solutions
(in the ppm or ppb regions). The salt particles formed from
these solutions are usually very small. The rate of mass
transfer controlled vaporization for these particles can be
expressed as (/2):

_ dm = kd' (2)
dt



(14)
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boundary condition: u(L - R,s) ; 0, it is seen that Jo[a(L ...
R)) ; O.

The solution of Equation 10 is

I vz Z Iv' I
w(z,s); A"(s) eXP12D ... -/DV:W + Da' + s \ (12)

By combining Equations 11 and 12, we obtain

h(r,z,s); u(r,B,)w(Z,s)

; A (s)Jo(ar) exp-

J vz Z I v' I
/2D ... -/DV:W + Da' + s \ (13)

If the vaporization at the surface of the salt particle is
assumed to be isotropic, then the Laplace transform of the
initial condition (Equation 6d') can be expressed as,

lim ~; lim dh; _~.Jl'" exp (-sdt')] ~
• -'d/2 ax ,-d/2 dr rrD [ S

z -d/2

kdt' kdZ
ill; ill

PClIN'TClC8SDt'IATICH: W.rn.15.W)

POIN'I'r;F"N"CRllAtlOf: <O.ffi.lO.Qn

where Q p = (v'I4D) + Dap', and "'(d) is a step function having
unit magnitude when d is greater than 0 and zero when d is
zero. "'(d) is introduced to take into consideration the

figure 2. Tatal etom concentration N(R.Z,t) at the point of observation
at different observation times. Data used for simulation are: 0: 30.0
cm2/s; k: 10-3 g/s cm2; D/: 10-3 em; solution concentration. Co: 10":;
9/em': density of the salt particle, p: 2.09/em': v: 1000 em/s; particle
vaporization initiates at (0.01. 10.00); time of observation measured
from vaporization starting point: curve A: 4.85 ms; curve B: 4.90
ms; curve C: 4.95 ms; curve 0: 5.00 ms: curve E: 5.05 ms; curve
F: 5.10 ms; and curve G: 5.30 ms

possibility that the salt particle may be completely vaporized
before it reaches the level where Z = Z.

Substitution of the relations: t' = t - (Z ... ZollO), Z = Z ­
Z and r = R - R into Equation 19 and integration with respect
10 Z fmm Zo to Z gives N(R,Z,t).

DISCUSSION
Although the numerical values of the function NCR,Z,O will

have to be evaluated with the aid of a computer, its general
feature can be visualized by the examination of the functional
form of n(r,z,I~.

Both functions nand N at the point of observation arc zero
when the solt particle just starts to vaporize, i.e., Z = Zoo and
t = t'; O. They arc zero again when t and t' become infinitely
large. This indicates that the atom concentration at the point
of observation must have 8 maximum with respect to time.
If the ohservation point is close to the course of flight of the
airborne particle, the occurrence of the maximum is right at
the moment the particle reaches the same altitude as the
observation point. This is because the gas velocity, thus, the
particle velocity, is much higher than the velocity of atom
diffusion under the operative conditions of an analytical flame.
The mass of the atom vapor travels with the particle up in
the flame. However, because of the friction of the gaseous
medium. the vapor cloud is not spherical. As a matter of fact,
it has a sharp leading front and a diffused tail with most of
the vapor surrounding the particle. The asymmetry of the
atom distribution is shown in Figure 2. In this simulation,
the particle is assumed to start vaporization at the point (0.0,
10.0) on the flame axis. The observation point is at (0.1, 15.0).
The name gas is moving upward with a speed of 1000 cm/s.
Therefore, it will take 5.0 ms for the vaporizing particle to
reacli'the altitude of the observation point. U measurement
is made before the particle reaches the B8IIle altitude, the
concentration observed is attributed entirely to the stoms
diffusing ahead of the gas now. The number of such atoms
is, of course, very small and depends very much on how far

(16)

(19)

(17)

(18)

which is reversed to give

kdZJo(ar)
h(r,z,s) ; ad X

rrDvaJ'(T)

v(2z ... d) (2z ... d) . ,.-;;-r-;: )
exp[---.w--'" 2§ v S + a

, kdZJo(ar)(2z ... d) X
n(r,z,t ); ad

4(rrD)31'vaJ.(-2" )

v(2z ... d) (2z ... d)' ,
exp [----.w- ... wr'" at)

Substitution of the differential of Equation 13 with respect
to r into Equation 14 gives Equation 15 after rearrangement:

kdZ
A(s); ad vd d (15)

rrDvJ'(2) exp[4iJ - 2Vfj yS+'(i")

where a ; Cv'14D) + Da". J I is the Bessel function of the first
order. The atom concentration allhe point of observation
is given in the Laplace coordinates as:

t'3/2

Since a represents a series of numbers. «pI which satisfy
the equation

the solution can be expre.'lSed as

( t
,)...; "'(d)kdZJo(a pr)(2z ... d)nr,z, - ~ X

p=1 4(rrD)3f2vapJ,(apdI2)

v(2z ... d) (2z ... d)'
exp [---- ----a t')

4D 4Dt' p

t'3/2
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Figure 3. Atom distribution, n(r,z,t'), at the point of observation due
to vaporization of the source particle at different locations. Data used
for simulation are Identical to those used In Figure 2

the particle is below the observation point. As a result, the
leading edge of the plot is very steep. However, the change
in concentration is rather slow after the particle has passed
the observation point. This is probably due to the arrival of
the atoms which are vaporized far below the observation point
and lag behind the gas flow because of backward diffusion.

Figure 3 was simulated under the same conditions as Figure
2. It shows the dependence of the function n upon the cu·
ordinates of the source particle at different observation times.
It is seen that, at a certain observation time, there is an
optimal position where the particle contributes most. The
optimal altitude approaches the observation point as tap·
proaches 5.0 ms, but moves away slowly from the observation
point when t is greater than 5.0 ms.

The function n also shows maximum with respect to z, so
does N with respect to Z. The position of the maximum
depends on k. As a result, a salt with higher boiling point,
i.e., smaller k, will be better observed at a higher position in
the flame.

Since the Bessel function Jo(crr), has a maximum at r = 0
but approaches zero periodically as r increases, it is very likely

romT(fCBSt~'AT[(JI: m.m.15.(0)

PJIICTr:f\,,'((Jl;IZATIOl:m.Ol.lO,OO)

that N is also maximized at r = R - R = O. For a flame with
negligibly small edge effects, a droplet introduced at the center
of the flame will, therefore, give symetrical distribution of atom
vapor with maximum concentration along the flame axis.
However. if edge effects 8re significant, the distribution may
hove several maxima due to the reflection of the atom vapor
at the flame edge.

The solution (Equation 19) predicts that the function n be
related inversely to D3/2. However, in flame spectrometry,
convection due to flame gas flow is usually large as compared
to the diffusion, the exponential of the factor uz/W may be
more significant in determining the residence time of the atom
vapor in the flame. In other words, elements with different
diffusion coefficients are likely to spend approximately the
same length of time in the flame. This fact has been observed
by Malykh and Serd in 1964 (13) and later by others. Malykh
and Seed reported that the mean transit times of elements,
Lit Na, and Ti, 8rc almost identical in air-acetylene flames,
whereas, their transit times are significantly different in de
arcs.

Experimental verification is possible with setups similar
to that developed by Hieftie and Malmstadt (I I). For
measurements of atom concentrations. the two-line atomic
fluorescence method (14-17) or laser-excitation luminescence
technique should be appropriate. In these methods, mod·
ulated high intensity sources are focused sharply at a par·
ticular point of observation in the name, and the transient
fluorescence signal from a particular droplet is traced. If the
droplet generation is highly reproducible, the profile of the
entire vapor plume may be traced. \Vhen such information
is available, comparison of the theoretical expectation with
experimental findings will help in establishing much better
understanding of the atomization phenomenon.

RECEIVED for review August 8, 1977. Accepted January 13,
1978.
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Band-Broadening Phenomena in Microcapillary Tubes under the
Conditions of Liquid Chromatography

Takao Tsuda' and Milos Novotny·

D8partmBnt of ChemIstry. Indiana UnIv9rs/ty. BloomIngton. Indiana 47401
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FIgure 1. Comparlsoo of plate heights at <ifferan! mobUe-phase
velocities for mlcrocapllarles of different internal diameters. (A) plots
derived from the Taylor equalioo; (B) experimeotal cuves. (6) cobm
Ieogth (L) = 11 m; (X) L = 7.5 m; (0) L = 102 m

separations. Such directions were recently advocated by Golu.y
(5).

If solute transport by a process other than diffusion can
be achieved in the radial direction, separating conditions may
be arrived at. Thus, under tbe conditions of turbulent now,
where the radial component of the toLaI flow is considerably
increased and the now profiles are significantly altered, the
plate height should decrease with increasing now rate, ..
calculated by Pretorius and Smuts (6). Experiments of
Giddings et a1. (7) in gas-adsorption capillary chromaWgraphy
actually demonstrated this phenomenon; an impressive ef­
ficiency rlgUre of 3800 plu.tes per second was obLoined at a very
high Reynolds number. Enormous inlet pressures would be
required for turbulent now capillary LC (6).

Perhaps, n more attractive route to higher column effi~

ciencies in capillary LC lies in the utilization of secondary now
phenomena induced in helical columns by centrifugal forces.
As discussed by Koutsky and Adler (8), this phenomenon has
been known for over a hundred years. In both laminar and
turbulent now regions, the secondary now inhibits axial
dispersion by displacing molecules into perpendicular pooition.

.'1'

1951-L
Chromatographic measurement. are descrlbecl In which
band-«oaclenlnil phenomena were studied under dIlferent
concIlIonI ... glaD thIck-walecl, rnIcrorHIze capllartes. These
experiment. were conducted to Invelllgate basic processes
Involved In (possibly feaalble) caplBary LC. Measurements
canled out with a nonretaJned solute In mk:rocapIIIarles of
various diameters indicate that the plale helght values are
considerably beUer than predicted from the theory. Ge0­
metrical characterlstlca of the !mer ..-face 188m to play cdy
a minor role In reducing band-«oadenlng. The "coli elleel"
and secondary flow phenomena rnay be Important In future
aUemplI to develop c:aplIary LC.

u 24Dt,.

While assessing the theoretical limit of separating ability
of gas and liquid chromaWgraphy, Giddings (I) calculated that
the theoretical limit to the number of plates is roughly 1000
times higher in liquid than in gas chromatography (LC nnd
GC, respectively). Such numbers are roughly of the same
proportion as the products of viscosity and solute diffusivity
in the respective ph..es. He also suggested that the open
tubular (capillary) columns in liquid chromatography are
worth considering. Although wall-coated capillary columns
in gas chromatography are now well-esLablished means to
achieve theoreticsl plate numbers typically between 10" and
10", best reported separations in modern liquid chromatog·
raphy are currently obLoined with small-particle pscked
columns.

Mobile-phase viscosity (roughly two orders of magnitude
different) and solute diffusivity in mass-transfer processes
(typically, five orders of magnitude smaller in LC than in GC)
are two basic properties that govern column efficiency. Thus,
while the ..openness.. of GC columns has long been recognized
.. their beneficial attribute (2), the packing tightness is
cbarseteristically sought in high-performance LC separations.

When considering a translation of Golay's considerations
(3) into the conditions of LC, capi1lary columns would hardly
seem to be worthy of investigation because of the limited radial
diffusion possibilities. However, cerLoin additional circum·
stances must be Laken into account. Under the conditions
of laminar now, Taylor (4) esLablished that the only means
of lowering the plate beight, H, is a decrease of column di·
ameter:

H r',
-=---

where v = now velocity, r = column radius, and DM = solute
diffusivity in the mobile phase. Thus, a decrease of column
diameter in LC by approximately one order of magnitude
compared to the currently used GC capillary columns may
lead to appreciable gains in column efficiency. While limited
practical value of thia approach with currently available LC
technology is apparent, the same may not hold true for future

'On leave from the De!""""ent of Applied Cbemilltry, Faculty of
Engineering, Nagoya Umversity, Nagoya, Japan.
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Figure 2. Effect of surlace treatment on the plate height vs. velocity
curves. Both columns are 11 m long. with SG-lLm l.d. (6) smooth
(untreated) wall. (0) capillary tined with "whiskers"

The extent of action of the centrifugal forces is dependent
on both column inner diameter and the radius of coil.

Although the possible existence of the "coil effect" was not
considered by Golay (3), calculations by Tijssen (9), Tijssen
and Wittebrood (10), and more recently Wong et a!' (11)
strongly indicate that such phenomenon is existent in GC
capillary columns. With higher density of liquids than gases,
the centrifugal effect will also be greater in LC.

While too low theoretical plate numbers were encountered
in the earlier work of Horvath et al. (12) conducted with
wide-bore capillary columns under the conditions of high­
speed LC, the present study was undertaken to measure the
extent of chromatographic band-broadening in the range of
column diameters with potential utilization. Since Horvath's
work (12) indicated possible beneficial departures from the
values predicted by Taylor (1), it has been of some interest
to know their magnitude with column diameters approxi­
mately an order of magnitude smaller. As the surface factor
is likely to play some role in the solute transport phenomena
in the micron-size tubes, we have also studied band-broadening
phenomena in capillary columns down to 50-lLm diameters,
provided with silica "whiskers" of micron sizes (13). In
addition, the "coil effect" was investigated with glass capillary
columns of various diameters.

EXPERIMENTAL
Thick-walled glas.q capillaries of various lengths and diameters

were drawn from ~Iass tubes of appropriate dimensions by means
of a commercial glass drawing machine (Hupe and Busch,
Groetzingen, West Germany). Columns with internal diameters

ANAlmCAl CI£MISTRY, VOl_ 50, NO.4, APRil 1978 • 1IS3

down to about 20 pm are readily feasible; for example, common
polarographic capillaries make convenient starting materials for
glass drawing. Column diameter is occasionally checked under
the microscope. If a proper control of drawing parameters is
maintained, fluctuations in capillary diameter should be no more
thao 10% (11) with the micron-size capillaries.

The LC apparstus for measuring the extent of band·broadening
has been basically described in our recent publication on pecked
microcapillary columns (15). The system included a splitting
injector and an assembly for additional liquid purge at the column
exit, to overcome detector volume problems. A restrictor was
added beyond the detector cell to prevent formation of bubbles
within the detector.

At the present time, investigations were performed only with
benzene (8 nonretained solute). Injected amounts were kept
constant and near the sensitivity limit of the UV monitor.
Splittiog ratios between 1:1000 and 1:2500 were typically used.

Whereas some measurements were performed with untreated
glass capillaries, we also investigated the effects of surface
modification. For the latter casco silica "whiskers" were formed
inside the columns according to the method ofOnuska et aI. (13).
The "whisker" structures of adequate density were observed
microscopically after a double treatment of glass wall with 0.5%
solution of NH.F·HF io methanol. Observations of the "whisker"
density after LC experiments demonstrated no substantial
changes, attesting to good mechanical stability of this surface
treatment.

10 order to investigate an effect of column coiling 00 plate height
valucs at different velocities, the glass drawing machine was
modified with home-made coiling tubes to prepare columns with
smaller- or greater·than·usual coil radii.

Mobile-phase velocities were evaluated from the retention times
of ben~ene. Hexane was used exclusively as a mobile phase. To
estimate plate height values from the Taylor equation (4), the
value of diffusion coefficient for benzene in hexane at 23 DC (3.0
x lO~5 cm2 a-I) was calculated from viscosity, molar volume, and
heat of vaporization data according to the procedure of Othmer
and Thaker (16).

RESULTS AND DISCUSSION
Comparisons of theoretical and experimental data, con­

cerning plate height (H) vs. flow velocity (0) curves, are in­
cluded in Figure I for three different capillary inner diameters.
Similarly to the earlier observations of Horvath et al. (12) with
wider columns, H values are significantly lower than predicted
through the Taylor equation. Although the difference between
theoretical and experimental curves appears less pronounced
for capilleries of smaller radii, it is of practical importance
that this beneficial effect occurs in the range of column di­
ameters of potential use.

Whereas the presented results were obtained with non­
retained solute only and a possible development of capillary
LC as an analytical method may still be only a remote

go

Figure 3. Plate heiglt ys. velocity curves obtained with glass capillaries 01 Identical Internal diameters (195 I'm), bUl dn'erent coU diameters. (0)
L = 102 m, coil diameter = 23.5 em. (0) L = 87 m, coil diameter = 5.7 cm
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possibility, these experimental values give rise to certain
expectations.

In order to investigate surface effects as possible con­
tributors to the significant plate height reduction observed
above, several columns with different radii were compared in
untreated and "whisker" forms. Only minor differences were
observed, and these were frequently within the measurement
precision of the conducted experiments. This situation is
exemplified by Figure 2, where 50-pm columns with two
different surface characteristics are compared. The observed
difference i8 indeed small.

The "coil effect" and possible utilization of the secondary
flow present some interesting alternatives. If the earlier
theoretical assumptions (8-11) are correct, a decrease of coil
diameter can lead to a significant reduction of chromato­
graphic band-broadening, Rather than coil diameter alone,
the ratio of such quantity to the column internal diameter
must be considered. While reducing the column inner radius,
the plate height will decrease. However, the "coil effect" is
also likely to be less beneficial. We have made this observation
in the previously reported work on packed microcapillaries
(I5), and the results on open tubes studied in this work show
similar trends. Thus, H vs. v curves obtained with different
coil radii for both packed (I5) and open microcapillaries (of
approximately 100 pm and smaller internal diameters)
demonstrated no appreciable differences. However, a diameter
increase to 190 pm shows a significant departure of the
corresponding curves from each other at high now rates,
suggesting that the "coil effect" is operational here (see Figure
3).

Although the plate heights obteined with larger diameters
are, regrettably, too high, the natoess of both curves at high
velocity values is commendable. Alternatively, the coil radius
could be further reduced. However, we find technical dif­
ficulties in drawing glass columns with coil diameter smaller
than about 4 cm.

Whereas coiling and surface treatment could result in minor
plate-height reductions in a more or less additive fashion, they
still fail to explain the differences between predicted and
measured values. While potentially significant for the future
of capillary LC, this discrepancy remains to be an interesting
theoretical problem.

Whether considering achievement of high plate numbers
through reduction of column radius, or utilizing secondary now
phenomena in very long columns of somewhat larger diam­
eters, there will be many technical difficulties involved with
any future attempts to make capillary LC viable. In fact, it
is entirely possible that the columns are considerably better

than our presently crude sampling and detection techniques
reveal. Developments of amaller and more sensitive detectors
and the high-pressure capabilities beyond the pre~entstate,
are indeed a challenge.

While the presented results are limited to a nonretained
solute, suitable column technology is likely to require much
additional work. With the limited capacity of small-bore open
tubular columns, the recently developed packed microcapillary
columns (I5) may be a better alternative. In spite of the
disadvantages of microcapillary columns named above, these
columns also possess some unique features: (a) the overalJ
miniat.urization of separation processes can be accomplished;
and, (b) because of the very low now rates through such
columns, a new relationship between the column and detectors
or ancillary tools is now available. These considerations appear
to provide incentive for further theoretical and experimental
studies of capillary LC.

Note Added in Proof. During the 12th International
Symposium Advances in Chromatography, held in Amsterdam
on November 7-10,1977, we became aware that research along
somewhat similar lines has been underway in the Research
l.aboratories of Shell Oil Company, Amsterdam, by R. Tijssen,
the author of the earlier published theoretical papers (ref. 9
and 10).
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Improved Detectability of Barbiturates in High Performance
Liquid Chromatography by Post-Column Ionization

C. Randall Clark· and Jen-Lee Chan

School of Pharmacy, Auburn University, Auburn. Alabama 36830

The post-column IonIzation 01 5,5-dlalkylbarblturlc acid de­
rivatives Is shown to enhance their UV detectablilly. The
simple Ionization of a weak acid substance such as the
barbiturates Is perhaps the most fundamental method of
producing an "In line" chromophorlc species. The kinetics of
lhe proc888 Is rapid wllh Ionlzallon occurmg immediately upon
addlllon 01 the basic medium, The Ionization Is achieved by
the post-<:oIumn InfUBlon 01 a pH 10 borate buffer BOIulJon, The
pK. values of the common barbllurates used In therapy are
from 7 to 8; therelore, at a pH of 10, these weak acids exist
almost excluslvely In the anionic thus chromophorlc form. An
HPLC procedure Is described for the separation 01 the tree
acid barbllurales, their post-<:olumn lonlzaUon, and detection
as the anionic chromophore. The Ionization proce86 allows
for a 20-fold Increase In peak area over the same concen­
tration 01 un-Ionized barbllurate.

High performance liquid chromatography (HPLC) has
become a very valuable technique in the analysis of drugs from
pharmaceutical formulations (1-3) and biological samples (4,
.5). The highly efficient separation powers of HPLC have been
demonstrated in many areas of analytical chemistry. The
nondestructive spectrophotometric method of detection is an
additional advanLage of HI'LC in the analysis of samples of
limited quantity. This allows for sample collection following
analysis for the generation of additional analylical daLa.
However, the limits of spectrophotometric det.ection vary with
the absorptivity of individual compounds. Molecules having
high natural absorptivity can be det.ected in low concentrations
but trace amounts of compounds having low absorptivity
values cannot be determined directly. The usc of derivati­
zotion procedures to enhance the absorptivity, and thus the
detecLabilily, of these compounds is well documented (6, 7).

The usc of dcrivotizing reagents to produce molecules of
high absorptivity has been applied to many classes of com­
pounds (8-10). These derivatiUltion procedures generally link
chromophore to substrate through a covalent bond. These
procedures are often referred to as pre-column techniques.
The reaction times required in these procedures range from
30 min up to several hours. The covalently linked derivatives
generally display chromatographic properties different from
the parent molecule and all further analytical data obLained
on the sample must be generated on the derivatized sample.

Post-column derivatization techniques offer several ad­
vantages over the pre·column methods. One important
advantage is the separation process cnn be carried out on the
parent molecule without extra sample preparation or the
development of addition chromatographic conditions.
However, the use of post-column derivatization requires 8

reaction which is complete within a few seconds, a mobile
phtlSe which is a suitable reaction medium, and a derivati­
Ultion reagent which is not detected under the same conditions
as the derivative. Furthermore, a derivative which could be
easily converted back to the original molecule following

detection would represent a further advancement in deriv­
atization techniques.

The UV absorption properties of the weak acid barbiturates
are such that the free acid form (un-ionized) has very weak
absorbing properties; however. the anionic form is a strong
chromophore. The reverse phase chromatographic properties
of the barbiturates bave been studied extensively (1 I) showing
the free acid form of these drugs to be easily separated. but
little separation was observed when the pH of the mobile
phase produced the anion as the dominant barbiturate species.
Thus, for barbiturates, good chromatographic properties are
observed in the free acid form and good chromopboric
properties are observed only in the anionic species. This paper
reports the results of our initial efforts at combining both these
advanLages into a single analytical technique. The barbi­
turates are separated as the free acids by reversed phase
chromatography, the pH of the mobile phase is changed by
a post-column technique, and the molecules are detected as
the chromophoric anion.

EXPERIMENTAL
Apparatus. The liquid chromatograph consisted of a Waters

model GOOOA solvent pump, model U6K injector equipped with
a 2·mL loop, a model 440 UV detector, and a HiLachi recorder.
A second solvent pump (\Vaters model 6000) was connected to
the HPLC system by means of a '/,.-inch Swagelok union tee (part
no. SS·I00·3) insLalled in the line between the column and the
UV delectm. This pump is used to introduce the reagent solation
for the "in-line" formation of the chromophores. Ultraviolet
absorption spectra were measured using a Hitachi model 60 or
a Perkin·Elmer model 200 spectrophotometer.

Reagents. All reagents were of ACS reagent-grade quality and
were used as purchased without further purification. Spectro­
photometric grade methanol was obtained from Fisher Scientific
Cnmpany, Atlanta, Ga. The barbiturates were purchased from
Sigma Chemical Company, St. Louis, Mo. All barbiturate salts
were converted to the free acid form for chromatography and
sl'Ilutions were prepared in spectrophotometric grade methanol.
The pH 10 borate buffer was prepared by mixing 250 mL of 0.2
M H,1l0" 250 mL of 0.2 M KCI, 220 mL of 0.2 M NaOH and
diluting to 1 L. AU aqueous solutions were prepared in double
distilled water.

Chromatographic Procedure. Separation by HPLC was
act'Umplished using a 'I.-in. o.d. by 3O-cm mi~bond Cl8 column
(Waters Associates, Milford, Mass.). The mobile phase consisted
of a mixture of 65% water (double distilled, pH 7) and 35%
methanol. The mobile phase now rate was 1.5 mLlmin, and the
UV deleclor was operated at 254 nm (0.01 AUFS). In each
analys." 5~L of a methanol solation of the barbiturates (free acid,
50 1'~/mL) was injected using a 25-#!L syringe. The sepllfations
were carried out at ambienl temperature without thermostating.
The pH 10 borate buffer was pumped. into the system at a rate
of 0.2 mL/min. In all runs not requiring the addition of buffer,
the union tee was plugged and remained in the line.

RESULTS AND DISCUSSION
The chromatographic behavior of a wide variety of drugs

011 an uctadecyisilane sLationary phase has been examined by
Twitchett and Moffat (1 I). This work illustrated the profound
effects of the pK. of the drug and the pH of the eluent upon
rewntion characteristics, pointing out that only the un .vnized

OOO~2700J78/03~35$O'.OO/0 rg '978 American Cl10mlcaJ SocIoty



831 • ANALYTICAL CHEMISTRY. VOl. SO, NO.4, APRIL 1978

..

)<to UOJOO2M "OJ•• no MOlJO JOOUOU014O no

WAVI UHGTW·,....

Fig",. 1. Uhravlolet absorption spectrum at butabarbltal. (A)
Methanol-water solvent. pH 7. (B) Methanol-water solvent adjusted
to pH 10 _ borate buffer (0.2 mL buffer/l.5 mL of batbilJJrate sol.Jllon)

form of weak acid drugs will partition into the stationary
phase. The retention of the un-ionized form of the weak acids
was shown to parallel the n-<>clanol-water partition coefficient
(log Pl.

The UV absorption characteristics of barbiturates are well
documented (12) and the absorption spectrum of an example
compound, butabarbital, is shown in Figure I. The 5,5­
dialkylbarbiturates are very weak absorbers in the free acid
form; however, the species present in basic solution is a strong
absorber. The kinetics of the conversion of the free acid
barbiturates to the conjugate base is rapid with maximum
absorption achieved immediately upon addition of the borate
buffer. The 5,5-disubstituted barbiturates are diprotic weak
acids showing two pK. values. The initial ionization has a
pK. between 7 and 8, and the second ionization occurs in the
pH 12 to 13 range. The UV absorption properties of the
monoanion shows an intense band with a maximum in the 245
nm range, the dianion has a less intense absorption maximum
at 2~270nm. Thus, by buffering the pH at 10 the desired
monoanionic chromophore is the dominate species present in
solution.

R yll.1-H ~ R~N-H ~ RUN

:l-~. 0 ~N~' 01 N~O'
H

For maximum effectiveneas, the HPLC method should
combine the excellent chromatographic properties of the
UD·ionized barbiturates and the chromophoric properties of
the monoanionic species. A pH of 10 is outside of pH range
recommended for aluenta in bonded octadecy1si1ane stationary
phases. These bonded phases are reported to be slowly cleaved

~·....
..
z
~..
··e
u·~·Q

S 10 IS 20 2S 30

TIME (MINUJIS)

FJgure 2. Water-methanol 'socratic eluUon HPLC of some 5.5-<1...
al<ylbarbihr.ltes. (A) Barblh.ate m1xh.re wllhoul post-column ionization.
(B) Barbiturate mixture with the post-column addition of pH 10 borate
buffer (0.2 mLlmil). Peaks: (1) barbital, (2) butabarbltel, (3) emobarbital.
(4) secobarbital

under hasic conditions (13). Our approach to this problem
is to attempt to generate the chromophore at 8 point in the
HPLC system between the column and the detector. This
post-column technique would allow for maximum HPLC
effectiveness in the analysis of barbiturates.

The separation of a representative group of barbiturates
is shown in Figure 2. The elution of the barbiturates from
the octadecylsilane stationary phase is in order of decreasing
water solubility or increasing log P. Thus, the long acting
barbiturate barbital elutes from the column before buta­
barbital and amobarbital (intermediate acting) and before
secobarbital (short acting). Figure 2 shows the results obtained
by injecting 5 pL of a solution of a barbiturate mixture both
in the absence of buffer and in the presence of 0.2 mLfmin
borate buffer. The significant increase in peak areas produced
by the ionization process should be noted. Since the chro­
matography is achieved with the free acid and ionized in this
post-column procedure, the retention time is the same for both
free acid and anion. A plot of peak area vs. concentration for
butabarbital both with and without the addition of buffer
showed an approximate 20-fold increase in peak area in the
presence of buffer. An injection of 244 ng of butabarbital
produced a peak of approximately 5:1 signal-tn-noise ratio
without buffer infusion and an injection of 12.2 ng produced
a peak of approximately equal size in the presence of pH 10
buffer.

Since the chromophoric species is produced by a simple pH
change, it is not necessary to add additional UV ebsorbing
reagents for the post-column derivatization. Therefore, the
addition of the pH 10 borate buffer solution does not produce
the excess background absorbance sometimes encountered in
post-column techniques. A slight increase in baseline noise
was noted but can be attributed to the pulsed now produced
by adding the buffer solution with the piston type pump. Frei
(I4) has pointed out the necessity of completely pulse-free
addition of the post-column reagent to minimize the back­
ground. Since the buffer solution is completely transparent



at 254 nm, the pulsing does not produce significant baseline
noise.

It has been noted in other work (15) that the constant
infusion of a relatively large volume of a second solution
following the chromatography column produces peak
broadening. Although the buffer delivery system has no effect
on the chromatographic process, the addition of the post­
column reagent at relatively high flow rates can produce effects
similar to chromatographic band spreading. The addition of
the union tee itself at a post-column position might be ex­
pected to produce some band broadening, since the volume
of the tee would represent a potential mixing chamber. The
effects of the additional equipment necessary to carry out
post-column derivatization were investigated. A sample of
butabarbital was injected to produce a peak of approximately
the same height into (A) the standard HPLC system (no union
tee in the system), (B) the HPLC system plus the post-column
union tee (third inlet plugged), (C) the HPLC system plus the
union tee and 0.2 mLJmin of pH 10 borate buffer. The peak
widths were quite similar for the three situations, pointing
out that post-column derivatization procedures can be ac­
complished without serious detrimental effects on the sep­
aration process.

One drawback to conventional pre-column derivatization
procedures is the additional problems produced by perma­
nently bonding a chromophoric group to the compound of
interest. This requires additional sample preparation and,
if the sample is to be collected from the HPLC effluent for
other analytical tests, these additional procedures must be
performed on the derivatized sample. The post-column
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technique described in this paper requires no additional
sample workup, the chromophore is generated by a simple pH
change, and tbe original molecule can be easily regenerated
by a second pH change to neutralize the borate buffer.
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Quantitative Determination of D- and L-Amino Acids by
Reaction with tert-Butyloxycarbonyl-L-leucine
N-Hydroxysuccinimide Ester and Chromatographic Separation
as L,D and L,L Dipeptides

A. R. Mltchell,l S. B. H. Kent, I. C. Chu, and R. B. Merrifield"

71le Rockefeller University, New York, New York 10021

Free 0- and L-amlno acids have been reacled wllh Boc...•
leucine N-hydroxy8ucclnlmlde esler to lorm, aller acldolyllc
cleavage 01 the Boc group, Ihe dlastereomerlc dlpeptldes
L·Leu-o-amlno acid and L·Leu...·amlno acid In high yield (>
95 %) and wllhout detectable racemization «0.1 % ). A
convenient general protocol lor the reaction Is described.
Condllloni are described lor the separallon 01 the [L-Leu'f
dlpepllde dlaalereomers 01 each common amino acid on the
alandard amino acid analyzer. Shorter ion exchange columnl
and/or more bask: bullere were used lor the [L-l..eu']dlpeplldes
containing the aromatic or basic 0- and L·amlno acids. This
modification 01 the Manning-Moore procedure allows the
detection and quantltatlon 01 letlS than one part o-amlno acid
In the presence 01 1000 parts L·amlno acid.

R.~.C,o
H'~_C;O

"0

NCA 01
L-Leu or L-Glu

l, D Dipeptide

Scheme I

+ H2N-~HR' pH ~O;~O·

COOH
OL-Amino Acid

+

L. L Dipep1ide

The rapid, accurate determination of the optical purity of
amino acids i8 a subject of some importance (1-3). In par-

I Present addJels, Lawrence LiYeDDore Laboratory, Livermore, Calif.
a.550.

ticular, chemical8ynthesis of optically pure peptides requires
starting materials that have high stereochemical purity. We
have employed the Manning-Moore procedure (4) exteoaively
to establish the stereochemical purity of D- and L-amino acids
from various sources. 10 addition we have uaed this procedure
to determine the purity of derivatives prepared from these
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columns and/or more baBic buffers.

EXPERIMENTAL
Materials. All solvents and bulk chemicals were reagent grade

and were used without further purification. The amino acids used
in this study were obtained from B variety of sources: lrTyr
(Fluka), L-Tyr (Cyclo, Ajinomoto), L-Phe and OL-Phe (Sigma),
L-His and OL-His (Mann), L-Arg·HCI (Merck), OL-Lys·HCI (Sigma),
L-Lys (Merck).

oL-Arg·HCI was prepared by racemization of L-Arg with acetic
anhydride (12). N'-Z,L-Lys was purchased from Schwarz/Mann,
while N.:I·Z-L-Lys was prepared according to Bezas and Zervas
(13).

BOC·L-Leu·OSu. BOC-lrLeu-OSu was prepared from Boc­
L·Leu (Chemalog) as described by Anderson et aI. (9). Boc-L·
leucine (4.62 g, 20 mmo1) and N·hydroxysuccinimide (2.76 g, 24
mmo1) were dissolved in 60 mL THF and chilled to 0 ·C. Di­
cyclohexylcarbodiimide (4.12 g, 20 mmo1) was added with stirring
and the solution kept at 0-5 'C for 18 h. Acetic acid (0.23 mL,
4 nuno1) was added. After 15 min the insoluble urea was removed
by filtration and the solvent removed at 35-40 ·C under reduced
pressure. Recrystallization of the residual oil from diisopropyl
ether (650 mL) gave crystals, 2.70 g, mp. 111-112 ·C.

Anal Calcd. for C,,H,,N,o~ C, 54.86; H, 7.37; N, 8.53. Found:
C, 54.94; H, 7.41; N, 8.59. Boc-L-Leu-OSu is also available from
suppliers of amino acid and peptide derivatives (Bachem.
Chemalog, Fluka, Peninsula. Vega-Fox).

Stock solutions of sodium bicarbonate (0.333 M) in water and
Boc·L·Leu·OSu (0.333 M) in tetrshydrofuran were used in the
derivatization reactions. The Boc-L-Leu-OSu solution was stable
for at least 1 week at room temperature, and at least 1 month
if stored at 4 ·C.

Procedure. A. Reaction of Tyr, Phe, His, and Arg with
Roc-L-Leu-OSu. Sodium bicarbonate stock solution (0.12 mL,
40 ~mo1) was added to a 1-mL reaction \ial (Wheaton Vitro "200"
Vial, SOA-5050. with a Teflon·lined. cap) containing free amino
acid (20 IImol) nnd 8 4-mm Teflon coaled magnetic stirring bar.
The solution was stirred for 1 min on 8 stirring plate and
Roc-L-Leu-OSu stock solution (0.12 mL, 40 ~mo1) in THF was
added. The reaction mixture was stirred at room temperature
for 1 h. washed with THF into a 5O-mL round bottom nask, and
evaporated. to dryness using.!l rotary evaporator at 45-50 °C. The
residue was dissolved in lrlnuoroacetic acid (1 roL) and allowed
to stand in a stoppered nask for I h at room temperature to
remove the Roc group. T.he trinuoroacetic acid was evaporated
in vacuo with the aid of dichloromethane on the rotary evaporator.
The residue was dissolved in pH 2.2 sodium citrate buffer (20 mL),
fillered through a Millipore filler (0.22) ~m, No. GSWP 013(0)
in a Swinny adaptor (No. XX 30012(0), and an aliquot (I mL)
was injected onlo the appropriate column of the amino acid
analyzer. Elution conditions and peak widths for the II.·
LeulJdipeptides prepared by this procedure are given in Table
I. The reactions went to over 94% completion in 1 h as judged
by the amount of free amino acid remaining.

B. Reaction of Acidic and Neutral Amino Acids with Boc·
1.·I.eu-OSu. The procedure described above WaB applied to all
the neutral amino acids. For glutamic and aspartic acids, an
additional two equivalents of sodium bicarbonate was added to
ensure neutralization of the acid side chains. Yields of all di·
peptides were greater than 95% based on the residual free amino
acid.

C. Reaction of L)'s, N"·Z-L)'s. and N'-Z-L)'s with ROC-L­
1,eu-OSu. Sodium bicarbonate (40 ~mol), L-Lys (20 ~mol), and
Boc-I.-Leu-OSu (200 ~mol) were reacted and worked up as de·
scribed for A. The reaction wenllo 97% completion as judged
by depletion of amino acid and the presence of only trace amounts
of the monoacylated products N"·L-LeU·L·Lys and N'-L-Leu-L-Lys.

The above procedure WaB repeated with N"-Z,L-Lys and N'·
Z·L-Lys in place of L-Lys and oL-Lys. Anhydrous HBr (32%) in
acetic acid (Eastman) was used to remove both the Boc and Z
groups after the coupling reactions. In this manner, N°.Z-L-Lys
gave rise to N'-L·Leu-L-Lys and N'-Z,L-Lys afforded N°_L'
Leu-L-Lys. Elution conditions and peak widths for the L-Ieucyl
derivatives of lysine are given in Table II.

D. Protected Amino Adds. After removal of the protecting
groups, the protocols deficribed above can be used on the free

L, L Dipeptide

+

L.D Dip.ptid.

Boc.. L-Leu-OSu

HX. R><
NHZ CONH COOH

Schemen

Bo<-NH-~HJo-<~J
o

amino acids. Feinberg and Merrifield (5), for example, es·
tablished the optical purity of a complete set of protected
amino acids before using them in solid phase peptide aynthesis.
In each case the synthesis, isolation, and deprotection of the
derivative proceeded without detectable racemization «
0.05'1'0).

The widely used method of Manning and Moore (4)
combines a rapid procedure (6, 7) for converting the D- and
lrisomers of amino acids into diaBtereomera with an ion
exchange chromatographic procedure for their separation and
quantitation (Scheme 1). In their method L·leucine N­
carboxyanbydride (L·Leu NCA) is used to prepare, without
racemization (7), the [lrLeu')dipeptides of the acidic and
neutral amino acids which are separated on an amino acid
analyzer. The [lrLeu'jdipeptides olthe aromatic and baBic
amino acids are strongly retarded on this column, and I.­

glutamic acid NCA is used to prepare resolvable dipeptides
of these amino acids. Under the proper conditions as little
aB 0.01 % of the opposite enantiomer can be detected in an
amino acid.

The success of the Manning-Moore procedure for the
determination of D- and L-amino acids is contingent upon the
availability of lrLeu NCA and L-Glu NCA. The synthesis of
L-Leu NCA is straightforward but that of L-Glu NCA is
difficult and gives variable yields. In addition, the commercial
availability of these labile compounds has been erratic (8).
Furthermore, lrGlu NCA and lrLeu NCA deteriorate at room
temperature and must be stored dry at -20 ·C to retard
decomposition and polymerization.

The present paper describes a convenient procedure for the
conversion of D- and L·amino acids to the corresponding
[lrLeu')dipeptides using the N-bydroxysuccinimide ester of
Boc·L-leucine. The use of N-hydroxyauccinimide (HOSu)
eaters of benzyloxycarbonyl (Z) and tert-butyloxycarbonyl
(Boc) amino acids in peptide synthesis is well known (9, 10).
They react with amino acids and peptides without detectable
raoemization. Further, they are crystalline solids which exhibit
good stability at room temperature and are readily accessible
by synthesis (9) or from commerical sowcea. We have reacted
Boc-lrleucine N-hydroxyauccinimide ester (BOC·L-LeU·OSu)
with D- and L·arnino acids. The resulting Boc·(L-Leu'Jdi­
peptidea were deprotetted in trifiuoroacetic acid to give the
free diastereomeric dipeptidea which could then be separated
by ion exchange chromatography (Scheme II). The use of
Z-lrLeu-OSu in a similar procedure to estimate the optical
purity of a nonprotein amino acid haB been described (II).

We have also derived conditions for the separation of the
[lrLeu')dipeptide diaBtereomera of each common amino acid
by ion exchange chromatography. As the separation of the
(lrLeu'jdipepUdea containing acidic or neutral D- and lramino
acids has already been reported (4,5), it was necessary only
to derive conditions for the separation of the (lrLeu'jdi·
pepUdes containing the aromatic or basic D- and lramino acids.
We have achieved this by the use of shorter ion exchange
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Table I. Elution Conditions for L'Leucyl Derivatives of Tyr, Ph., H1a, and Are

Elution time, minb

Column,a Unreacted LD LL
DL·AA pH em L·Leu DL·AA Dipeptide Dipeptide NH,'

Tyr 4.25' 58 58 «4) 71 (3) 140 (l0.5) 217 (11) 300
Phe 5.26 58 39 «4) 63 (3) 104 (7.5) 86 (6) >130
His 4.66 10.5 20 95 (4.5) 148 (8) 198 (11.5) '101
Arg 5.26 10.5 17 105 (5) 200 (13.5) 161 (11) 71

a The 0.9 X 58 em column contained Beckman AA-15 resin, while the 0.9 X 10.5 em column contained Beckman PA·86
resin. Both columns were operated at 61 mLfh, 57 °C. b Figures in parentheses are peak widths given in minutes. C Con­
taining 1.5% (v/v) benzyl alcohol and 2% (v/v) l·propanol.

Table II. Elution Conditions for L-Leucyl
Derivatives of LysQ

Table m. Elution Conditions for
Diaatereomeric Dipeptides

" 0.9 X 58 cm Beckman AA-15 column, pH 7.00, 61
mL/h, 57 "C.

amino acids. The reaction mixture must be kept at about pH
9 for the reaction with Boc-L-Leu·OSu. Where strong acid
conditions were used to remove protecting groups, it is important
to thoroughly remove traces of acid and to check and adjust, if
necessary, the pH of the amino acid solution prior to the addition
of BOC-L-Leu-OSu.

Chromatography. Ion exchange chromatography was per­
formed with a Beckman Model 120B amino acid analyzer based
on the design of Spackman, Stein, and Moore (J4). Conditions
for the analysis of the [L-Leu']dipeptides of the acidic and neutral
amino acids have been reported (4,5). A long column (0.9 X 58
cm; Beckman AA-15 sulfonated polystyrene) was used for the
chromatography of [L-Leu'jdipeptides containing Tyr (pH 4.25),
Phe (pH 5.26), and Lys (pH 7.00), while a short column (0.9 x
10.5 cm; Beckman PA-35 sulfonated polystyrene) sufficed to
resolve [L-Leu'ldipeptides containing His (pH 4.66) and Arg (pH
5.26). Both columns were operated at a flow rate of 61 mL/h and
57 ·C. Samples (1.0 mL) were applied with an Altex rotary-valve
sample injector.

The pH 2.2 sodium citrate buffer (0.2 N in sodium) was used
for samples applied to the anaiyzer column (J4). The pH 4.25
(0.2 N in sodium) and pH 5.26 (0.35 N in sodium) citrate buffers
were prepared from Beckman concentrates. The pH 4.25 huffer
used in the resolution of L-Leu-DL-Tyr diastereomers also con­
tained 1.50/0 benzyl alcohol (v/v) and 20/0 I-propanol (v/v). The
pH 4.66 huffer was prepared hy mixing three parts pH 4.25 buffer
with one part of pH 5.26 buffer. The pH 7.00 buffer was prepared
by titration of the pH 5.26 huffer with 500/0 NaOH. A Corning
Digital Research pH meter was used to measure the pH of the
huffer solutions.

Check for Racemization. Boc-L-Leu was deprotected with
trifiuoroacetic acid for J h at room temperature and .converted
to the [L-Leu']dipeptide according to the above procedures. The
Boc-L-Leu-OSu used had been prepared from this same lot of
Boc-L-LeU. The product was chromatographed as previously
described (5) at a 5-~mol loading.

RESULTS AND DISCUSSION
Boc-L-leucine N-hydroxysuccinimide ester reacts with

amino acids to give diastereomeric [L-Leu'jdipeptides which
are suitable. after deprotection, for chromatographic sepa­
ration. The atandard protocol involves the reaction of amino
acid (I equiv) with Boc-L-Leu-OSu (2 equiv) and sodiuin
bicarbonate (2 equiv) in tetrabydrofuran-water (1:1) at room

Derivative

L-Leu
N"-L·Leu-L-Lys
N"'£ -(di·L-LeU)-L·Lys
DL-Lys
Nf_L-Leu-L-Lys
N"'£ -(di-L-LeU)-D-Lys
NH.. +

Elution
time,
min

38
112
128
164
208
240
258

Peak
width,

min

<4
4.5
7.5
4
7.5

14
6

Column Elution
length, time,

Dipeptide pH cm min

L-LeU'D-Tyr 4.25" 58 140
L-Leu-L-Tyr 4.25" 58 217
L-Leu-D-Phe 5.26 58 104
L-Leu-L-Phe 5.26 58 86
N""-(di-L-LeU)-D-Lys 7.00 58 240
N""-(di-L-Leu)-L-Lys 7.00 58 128
L-LeU-D-His 4.66 10.5 148
L-LeU-L'His 4.66 10.5 198
L-Leu-D-Arg 5.26 10.5 200
L-LeU'L-Are 5.26 10.5 161

" Containing 1.5% (v/v) benzyl alcohol and 2% (v/v) 1­
propanol.

temperature for 1 h, followed by trifluoroacetic acid depro­
tection. The stock solution of Boc-L-LeU-OSu in tetra­
hydrofuran is stable at room temperature for at least 1 week.
Coupling yields, as measured by the disappearance of amino
acid, have varied from 94.5 to 99.80/0. A larger excess of
Boc-L-Leu-OSu (10 equiv) was employed in the conversion
of DL-Iysine to Na'-(di-L-LeU)-DL-Lys, which gave a coupling
yield of 970/0.

DL-Amino acids reacted essentially quantitatively under the
chosen conditions ruling out the possibility of stereoselective
reaction. The Boc-L-Leu-OSu was optically pure and reacted
without racemization. This was shown by self-calibration of
the reagent by deprotection of Boc-L-Leu and reaction with
Boc-L-Leu-OSu made from the same lot of Boc-L-Leu. Since
the enantiomers o-LeU-L-Leu and L-Leu-o-Leu coelute, any
D-amino acid containing dipeptide would represent the sum
of contributions from: racemization in the synthesis of the
Boc-L-Leu-OSu, racemization in the peptide bond forming
step, and twice the level of any Boc-o-Leu present in the
starting material. No o-amino acid containing dipeptide was
detected «0.10/0). It ia important to note that the formation
of [Leu1,LeuZ)tripeptides is not observed with this procedure.
The presence of varying amounts of L-Leu-L-Leu-DL-amino
acid tripeptides is sometimes observed when L-Leu NCA reacts
with DL-amino acids and can give rise to extraneous peaks
during ion exchange chromatography (8).

The resolution of diastereomeric dipeptides, as well as
unreacted amino acids and ammonia, obtained from the
reaction of basic and aromatic 0- and L-amino acids with
BOC-L-Leu-OSu, has been achieved (Tables I and Ul. A
summary of elution conditiona and times for only the dia­
stereomeric [L-Leu')dipeptides of these amino acids is given
in Table III. We bave typically chromatographed l·pmol
samples and have been able to detect less than one part (0.1 %)
of D-amino acid in the presence of 1000 parts of L-amino acid.
This level of senaitivity is sufficient for almost all cases .of
practical interest. A larger sample (20 pmol) has been U8ed
with the detection of 88 little as 0.01% o-amlno acid in the
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presence of the L-isamer. Naturally, the accuracy of such a
determination will be dependent on the optical purity of the
Boc-L-Leu-OSu used.

It has been our experience that commercial L-amino acids
are generally free of D-amino acids «0.1'70). Most of the
D-amino acids are of comparable optical purity, although
commercial samples of D-threonine and o-isoleucine often
contain substantial (up to 10%) amounts of the dinstereomeric
vallo·amino acids. Boc·vamino acid derivatives arc also
usually optically pure (>99.9%). However, Boc-L-Ser (OBzl)
may contain substantial amounts of Boc-D-Ser(OBzl) de­
pending on the method of synthesis.

The procedures described are not intended to determine
all DL-amino acids simultaneously. In general, the diaste­
reemeric dipeptides from different amino acids may interfere
with one another, although certain pairs can be separated. In
particular, the enontiomeric purity of 8 basic or aromatic
amino acid can be determined in the presence of acidic and
neutral amino acids. Under the appropriate chromatographic
conditions the acidic and neutral amino acids and their IL­
Leu'Jdipeptides elute at or near the column void volume and
do not interfere with the determination of the diastereomers
of the basic or aromatic amino acid. This is of great use in
the determination of the optical purity of these residues in
peptides (15, 16),

In summary, we have prepared diastereomeric dipeptidcs
by the reaction of D- and L-amino acids with Boc-L-Leu·OSu
followed by treatment with trifluoroacetic acid. Conditions
for the separation of the resulting II.-Leu')dipeptide dia­
stereomers have been derived, which can allow the detection
of less than one part. D-amino acid in the presence of 1000 parL,

I.-amino acid. This modification of the Manning-Moore
procedure should find general application in amino acid and
peptide chemistry.
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Cyanuric Chloride as a General Linking Agent for Modified
Electrodes: Attachment of Redox Groups to Pyrolytic Graphite

Alexender M, Yacynych and Theodore Kuwana'

Department 01 Chemistry, The OhIo StatB UnlvBrsIty, CclumbllS, Ohio 43210

Cyanuric chloride was used as a Unklng agent lor the at­
tachment 01 hydroxymethylterrocene to a pyrolytlc graphite
electrode. The cyanuric chloride was aUached to hydroxyl
lunctlonal groups on the surface 01 the graphite electrode.
These hydroxyl groups were maximized on the electrode
surlace by radlolrequency oxygen plasma treatment and
subsequent Uthlum hydride reduction, The pyrolytlc graphite
mocIIIIed by cyanuric chIorlde and subsequent linkage 01
hymoxymethytlenocene exhlllted electrochemical activity and
was characterized by cycle voItammetIy and cIIIerentIaI pulse
poIIrography at pH 3 and pH 7. The eIIact 01 various treabnent
sleps to the pyrolytlc graphite surface InclucIIng the reac1lons
01 cyanuric chloride and hydroxymethyl lerrocena was
monitored by Hay photoelectron spectroscopy (ESCA).

There has recently been considerable interest and research
activity in the area of "chemically modified electrodes" (1-16).
Applications of chemically modified electrodes have included
asymmetric synthesis (1-3) and electrocatalysis (9). Miller
has attached optically active amino acids to carbon (1,2) and
metal oxide electrodes (3) to produce a chiral surface. This

chiral surface, although electroinactive, has been used to
produce optically active products. Murray has attached a
variety of electroaclive materials to carbon (4,5) and metal
oxide electrodes (6-8). These surface groups were then
monitored electrochemically and with x-ray photoelectron
spectroscopy (ESCA). The oxidation of ascorbic acid has been
electrocaLalyzed with benzidine attached to a pyrolytic
graphite electrode in our laboratory (9).

A variety of reaction schemes have been used to chemically
modify electrodes (1-16). In this paper we demonstrate a
different type of reaction scheme employing cyanuric chloride
(trichloro-s-triazine) as a general linking agent. We will also
discuss the electrode pretreatments which optimize the at­
tachment of cyanuric chloride (CC).

CC has been used to covalently attach enzymes (immo­
bilized enzymes) to water-insoluble supports for affinity
chromatography (/7-21). One of the advantages of using CC
as a linking agent is the variety of reactions that it can un­
dergo: It can react with hydroxyl and amino compounds (22).
By using surface hydroxyl groups, CC can be attached to both
carbon and metal oxide electrodes (16). CC can also react with
alkyl and aryl Grignard reagents (22) and with organic hy·
drazine derivatives (23). A general reaction scheme employing
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Figure 1. General reaction scheme employing cyanuric chloride as
a linking agent for carbon or metal oxide electrodes

CC as a linking agent for carbon or metal oxide electrodes is
illustrated in Figure l.

CC produces a linkage that is stable to electrolysis. This
is of paramount imporlance in employing 8 chemically
modified electrode for electrocat.alysis or asymmetric synthesis.
Also, the distance between the graphite matrix and the
aromatic framework of the CC molecule is very short (less than
10 AI, and it is expected that electron transfer can readily take
place over such short distances. By using a short bond
connecting the aromatic CC molecules, the steric problems
requiring the close approach of the electroactive center to the
electrode surface for electron transfer may be minimized (7).
Another advantage of using CC is that it is electroinadive in
the potential region employed with the pyrolylic graphite
electrodes. Therefore, the electroactive center can be
monitored electrochemically without interference from the
linkage that binds it to the electrode.

CC was bound to the pyrolytic graphite electrode via surface
hydroxyl groups. This reaction was optimized by employing
oxidative and reductive electrode pretreatments. Both
chemic-.I oxidation and radiofrequency oxygen plasma
treatment (I5) were used to maximize oxygen·containing
functional groups on the electrode surface. Carbon that has
been oxidized is reported to have a variety of surface functional
groups, such as carboxylic acids, quinones, ketones, hydroxyls,
aldehydes, and lactones (24). If attachment is made through
one type of functional group, only a small percentage of the
available bonding sites will be utilized. However, by reducing
the electrode surface with lithium aluminum hydride, most
of the oxygen-containing functional groups may be converted
to their respective hydroxyl analogues, which are then
available for binding with CC.

Hydroxymethylferrocene (HMF) was attached to the py­
rolylic graphite as an example of an eledroactive terminal
group. This compound has been previously used as an electron
mediator for biological molecules that have kinetically limited
electron transfer rates at ordinary electrodes (25). Charac­
terization of these chemically modified electrodes was done
by cyclic voltammetry and differential pulse polarography,
and eledrode surface analysis was done by ESCA.

EXPERIMENTAL
Electrode PretreatmeDt. The pyrolylic graphite electrodes

were obtained from Ultra Carbon Corporation (Bay City, Mich.).
They are machined disks of pressed microcrystalline graphite on
which a l000-~m thick layer of pyrolylic graphite was vapor
deposited. The electrodes were extracted with anhydrous
methanol in a Soxhlet apparatus for 24 h prior to use to remove
any organic contaminants.

Radiofrequency (RF) oxygen plasma treatments were per­
formed iD an electrodeless discharge plsama generator (Harrick
Scientific, Inc., Ossining, N.Y.). The plasma generator was
differeDtiaJJy pumped while anhydrous oxygen was admitted to
the plsama chamber via a needle valve. The pressure was
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maintained at 150 mTorr and was monitored by a thermocoupl2
vacuum gauge. The electrodes were treated with the RF oxygen
plasma for 1 h. The pumping and plasma treatment were stopped
and the oxygen was increased to atmospheric pressure Cor an
additional hour.

The electrode surface was chemically reduced bY refluxing with
2 g of lithium aluminum hydride (Alfa VentroD Cerp., Danvers,
Mass.) in 100 mL of anhydrous ether for 4 h. The electrodes were
rinsed in ether, 1 M nitric acid, and triply distilled water to relDO\'e
any contaminants.

AttachmeDt of CyaDurie Chloride. The cyanuric chloride
(99%, Aldrich Chemical Ce., Milwaukee, Wis.) was recrystaIlized
from carbon tetrachloride. The anhydrous reagent grade benzeDe
was distilled over molecular sieves (4 A).

The chemically reduced electrodes were heated in an oven at
12O·C for 14 h to remove adsorbed water. They were then quickly
transferred from the oven to the reaction flask to avoid read·
sorptiun of water from the atmosphere. The electrodes were
reacted with 5 g of CC in 100 mL of benzeDe for 14 h with
mechanical shaking at room temperature. The electrodes were
then extracted with anhydrous benzene in a Soxhlet apparatus
for 24 h to remove any adsorbed CC.

AttachmeDt or Hydroxymcthylrcrrocenc. The HMF (Strem
Chemicals Inc., Danvers, Mass.) was recrystaIlized from triply
distilled water. The sodium hydride was used as received (50%
mineral oil mull, Alra Ventron Corp., Danvers, Mass.).

The CC chemically modified electrodes were reacted with 0.370
g of HMF and 0.1 g of sodium hydride in 100 mL of benzene for
14 h with mechanical shaking at room temperature. These
electrodes were then rinsed in distilled water and were BUbse-­

quently extracted with anhydrous benzene in a Soxhlet apparatus
for 24 h to remove any adsorbed reactants.

ESCA. ESCA analyses of surfaces were perrormed using a
Physical Electronics Industries (Eden Prairie, Minn.) model 548
electron spectrometer equipped with a Mg Ka (1253.6 eV) x·ray
excitation source. All spectra were run at pressures less than 5
X 10 'Torr. ESCA spectra signal averaging was performed using
a Nova 800 minicomputer (Data General Co.) equipped with 32
K or memory and 2 Diablo disks (1.2 M words). Binding energies
were normalized to the pyrolytic graphite carbon (C Is) which
was assigned a BE value of 284.4 eV.

Electrochemistry. Cyclic voltarnmetry was coDducted using
a conventional three-electrode potentiOlltat. A Princeton Applied
Hesearch model 174 polarograph was employed for differential
pulse polarography. The electrochemical cell was machined from
a l.5-inch diameter Lucite rod and was 1 inch in length. A O$·inch
hole was drilled in the center or the Lucite rod and the graphite
disk working electrode was attached at one end with a rubber
O-ring and brass coverplate. The other end of the cell consisted
or a Lucite coverplate with holes drilled for the counter and
reference electrodes Bnd 8 tube for nitrogen deg888ing. All
electrode potentials were measured VB. a Ag/AgCl (saturated KCl)
reference electrode.

RESULTS AND DISCUSSION

Electrode Pretreatment. Initially, oxidative chemical
pretreatments were attempted in order to increase the amount
of oxygen-containing functional groups on the electrode
surface. Oxidation treatments with potassium permanganate
and sodium dichromate showed a significant increase in
oxygen content, but trace contamination of the electrodes by
the reactants, as shown by ESCA analysis, could not be re­
moved even with extensive washing. As this trace contam­
ination would interfere with the interpretation of any results,
chemical oxidative pretreatments were discontinued.

Because of these surface contaminations when chemical
oxidants were used and the low oxygen-t.o-carbon ratios with
potassium monopersulfate and Fenton's reagent, the RF
oxygen plasma method developed by Evans and Kuwana (15)
was used. This method is rapid, produces no contaminants,
and gives reproducible results, as will be further discussed.

The modification procedures conducted on the pyrolytic
graphite electrodes are summarized in Table 1. The pre­
treatment steps (1-3) were performed to remove surface
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Table I. Modification Procedure. Conducted on
Pyrolytic Graphite Electrodes

Step Procedure

1 Extraction with anhydrous methanol
2 Radiofrequency oxygen plasma treatment
3 LiAIH. reduction
4 Attachment of cyanuric chloride
6 Attachment of hydroxymethylferrocene

impurities, to introduce oxygen functional groups, and then
to convert groups, such as carboxylic acids, quinones. etc., to
hydroxyls.

ESCA Results. Elemental atomic ratios were determined
from the peak heights of low resolution spectra after these
peaks were corrected by normalization to the theoretical cross
sections (26). Although greater accuracy could result from
comparison of peak areas rather than peak heights, these ratios
were judged sufficient for monitoring the relative effects of
the various modification steps as listed in Table I. As may
be seen from the elemental atomic. ratios given in Table II,
the radiofrequeney oxygen plasma treatment (steps I and 2)
increased the oxygen content on the PG surface by a factor
of ca. 3 over electrodes which had been methanol extracted
(step I). The lithium aluminum hydride reduction (step 3)
would not be expected tu increase the oxygen content.
Whether the small increase in the O/C ratio (from 0.154 to
0,174 for steps I, 2 and 1,2,3, respectively) is significant is
presently unknown, The decrease in the O/C ratio with the
attachment of CC (steps 1-4) and HMF (steps 1-5) is partially
explained by the attenuation of the graphitic carhon by these
attached molecules. Some surface oxygen groups may also
have been lost in the heat treatment immediately preceding
the attachment of CC.

The introduction of CC on the surface was clearly evidenced
by the appearance of the NOs) ESeA peak. The increase in
the attachment of ec after various pretreatment steps are
reOected in the N/C ratios of 0.029,0.043, and 0.094 which
correspond to CC after steps 1 and 4; 1,2 and 4; and 1-4,
respectively. The CI/C ratio also followed a similar increasing
trend for these same steps. However, the amount of CC
attachment could not be ascertained from the CI/C ratio
because of the difficulty in judging the extent of attentuation
of the graphitic carbon by the attached CC. On the other
hand, the average CIfN ratio of 0.21 for surfaces which had
been reacted through steps 1-4; 1 and 4; and 1,2, and 4, was
considerably below the maximum of 0.67 expected for CC
attachment as shown in Figure I. Part of the reason for the
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FIgure 2. Various possibiities of bindi1g cyanuric chIorDe to the serface
of a graphite electrode

lower CI/N ratio may be rationalized by examining the various
possible modes of CC attachment as seen in Figure 2. By
using CPK space filling models, it can be demonstrated that
CC can bind through the reaction of two chlorine atoms of
ce with two aliphatic hydroxyl groups on the surface, The
CC.molecule in each of the different attachments shown in
Figure 2 is actually quite close to the electrode surface because
of the oxygen bond angle as confirmed by CPK space filling
models. This close proximity of the CC to the electrode
surface may be an important consideration in the fate of
electron transfer. The aliphatic hydroxyl groups can be
formed as the reduction products of carboxylic acid, aldehyde,
and lactone groups on the surface. Therefore, the exact nature
of the ec binding to the surface cannot be determined from
the N/O ratio because the distribution of different types of
bindin~ is unknown. There are two possibilities for the re­
maining chlorine atoms. They can be hydrolyzed or HMF can
be attached. Hydrolysis by trace amounts of water can occur
during the attachment of ec or the terminal group, but it is
minimized by using a large excess of reactant. For the case
of a single ether linkage to ce, there are three possibilities
for attachment of terminal groups (2 hydroxyls, 1 hydroxyl
and 1 HMF, or 2 HMF's). For two ether linkages per CC,
there arc two possibilities (1 hydroxyl or 1 HMF). Taking
into account the two different types of ether linkages, there
are eight different possibilities for surface groups. In some
cases, the graphitic carbon skeleton may be disordered, which
would allow longer aliphatic hydroxyl chains for binding CC.

FeiNCI/OCCI/NCN/OFe/CCI/CN/C

0.094 0.018 0.82 0.19 0.16
10.017 10.004 10.13

0.064 0.012 0.011 0.56 0.19 0.10 0.17
10.007 10.004 10.003 10.13 10.03

0.029 0.004 0.88 0.14 0.12
0.043 0.013 0.46 0.30 0.14

O/C

0.062
10.012

0.164
10.022

0.174
10.016

0.116
10.021

0.117
10.013

1,2 3

1,2,3 3

1,2,3,4

1,2,3,4,6 2

Controls

1,4
1,2,4
1,2,3,6

Table II. Elemental Atomic RatiooG Determined from ESCA Data for Various Steps in the Modification of Pylolytie
Graphite Electrodes

Reaction No. of
steps samples

1b

0.033
0.094
0.0137

a Averace atomic ratio and the averBie deviation reported when 2 or more samples fun. Theoretical photoionization
cross-section corrections (26): C(ls) ~ 1.00, O(ls) ~ 2.86, N(Is) ~ 1.77, CI(2p,,, and 2p,,,) ~ 2.36, and Fe(2p,,, ~

10.64. b Steps listed in Table I. C Calculated from the N/C and CI/C, the O/C and CI/C ratios, respectively.
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FJeur. 3. Hgl resolution ESCA spectra 01 carbon (ls) peaks ,... 1he
various reaction sleps. Each spectrum has been computer _
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Fig... 4. High resolution ESCA spectra 01 oxygen (ls) peaks ,... 1he
various reaction steps. Each spectnm has been computer _
averaged 1eM' 50 scans. (Al reaction step 1. (B) reaction steps 1 and
2, (C) reaction steps 1-3. (0) reaction Slaps 1-<1

Figure 4 shows the high resolution oxygen (Is) peaks for
the various reaction steps. It is interesting to note that the
FWHM for reaction steps 1 and 2 is 3 eV. After reduction
(reaclion steps I, 2, and 3), it decreased to 2 eV, indicating
a greater uniformity in the types of oxygen functionality. This
would be expected wbere a variety of oxygen functional groups
are all reduced to a bydroxyl functionality.

The high resolution nitrogen Is peak for reaction steps 1-4
was asymmetric, indicating nitrogen atoms that are in different
environments, consistent with a heterogeneous surface.

Electrocbemical Results. A cyclic voltammogram and
differential pulse polarogram of 1 mM HMF in pH 7 pb08­
phate buffer are sbown in Figure 5. Tbe electrode was a
pyrolytic grapbite disk on whicb pretreatment steps 1 and 2
were performed. Tbe anodic peak potential separation was
63 mV. The ratio of the anodic to cathodic peak currenta was
unity. The solution redox of HMF satisfies the conditions
for electrocbemical reversibility.

Figure 6 shows the cyclic voltammograms of the pyrolytic
graphite electrodes in pH 7 pb08phate buffer·after each of the
various treatment stePll have been performed. The in_

Also, cross polymerization between CC groups could occur.
Tbis would furtber increase tbe possibilities for different
surface groups.

Tbus, it is not surprising to find tbat tbe Cl/N ratio was
considerably below 0.67. Tbe N/O and CliO ratios are also
correspondingly lower tban expected from tbe model of at­
tachment as shown in Figure 1. These ratiO. suggest that all
of the oxygen functionalities present on the surface do not
participate in the reaction with CC.

When HMF was attached (steps 1-5), the Fe peak appeared
on the ESCA spectrum. It was absent on the control sample
wben step 4 was omitted indicating no reaction or observable
adsorption of HMF. The HMF reaction with bound CC is
relatively complete assuming tbe Cl/N and Fe/N ratios are
meaningful. However, the presence of Cion the HMFICC
reacted electrodes is bothersome. Tbe CI may be present on
the surface as adsorbed chloride and not as Cl which remained
unreacted on CC. Sucb chloride bas been observed on
modified tin oxide electrodes whicb bad been reacted with
HMF after CC attachment. Further higb resolution ESCA
studies are necessary to resolve this ptoblem.

Surface Coverage. A general idea of surface coverage can
be obtained from the atomic ratios in Table II. ESCA signals
when corrected for cross section should approximate the
atomic ratios. The escape depth of electrons from graphite
determined by Penn (27) is 13.5 A. For graphite, the number
of carbon atoms in the volume element, 1 cm X 1 cm X 13.5
A, can be calculated. This value multiplied by the atomic
ratio, N/C for example, gives the number of nitrogen atoms,
and dividing by three gives a rough estimate of the number
of CC molecules on the surface of this volume element. The
average CC surface concentration for samples taken through
steps 1-4 was 1.0 X 10-9 mol/cm'. If the same calculation is
performed using the Fe/C ratio, the surface concentration of
HMF can be determined. For samples taken through steps
1-5, the average surface concentrstion of HMF was calculated
to be 3.5 X 10'10 mol/ cm'. Some of the reasons for a lower
surface concentration of HMF as compared to CC could be
hydrolysis, crOGS polymerization, and incomplete reaction. The
surface concentration as calculated from the ESCA atomic
ratios assumes that the signal for the carbon atoms in the
graphite is not attenuated by the presence of CC. Also, the
carbon atoms in CC have not been included in the calculation.
Thus, the surface concentration calculations are then, at best,
an order of magnitude estimate which confirms the presence
of CC and HMF when correlated with other experimental
data.

If a model of the graphite electrode with no surface
roughness and free rotation of the attached CC is assumed,
an area of 55 A' is occupied by each molecule as determined
from CPK space filling models. The surface concentration
of CC using this model is 3 X 10,\0 mol/cm'. This concen­
tration is lower than that obtained from the ESCA data, but
can be accounted for by assuming a surface roughness factor
of four. Double layer capacitance measurements (15) of
pyrolytic graphite before and after RF plasma treatment
indicated that the surface roughness increased (by a factor
of ca. 2). However, the roughness of pyrolytic graphite with
respect to a perfectly smooth surface is not known.

Higb Resolution ESCA Results. Figure 3 shows the higb
resolution carbon (1s) peaks for the various reaction steps.
All high resolution ESCA spectra are 50 scans that have been
computer time averaged. After the radiofrequency oxygen
plasma treatment (reaction step I and 2), a shoulder can be
noticed at 286.7 eV. Tbis is due to an increased amount of
carbon that is bound to the oxygen functional groups. A shift
to higber binding energies for this type of carbon atom is
expected from binding energy shift data (28).
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FIgur. 5, Cyclic voltammogram and d1ffaranUal pulse polarogram 01
1 nM hyO-nxymalhylfOl'Tocena In pH 7 phosphate btJ11er, The alectroda
was a pyrolytIc gapHte disk on wI1Ich pretreatment sleps 1 and 2 were
perfonmed. The polentlal scala Is valls vs. a Ag/AgCI (saId. KCI)
reference electrode. The scan rate was 50 mVIs for the cyclic
voftammogram and 2 mV/s for the differential pulse polarogram
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Flgur. 8, Cyclic voltamnnograms of the pyrolytlc graphite elactrodes
In pH 7 phosphate buffer after the various reaction steps have been
performed. The potential scala Is valls vs. a Ag/AgCl (saId. KCI)
reference electrode. The scan rate was 50 mV/s. (A) reaction step
1. (B) reaction steps 1 and 2, (C) reaction steps 1, 2, and 3, (0) reaction
sleps 1, 2, 3, and 4, (E) reacllon sleps 1, 2, 3, and 5

in charging current with treatment steps 1 and 2 is due to
surface roughening and a corresponding increase in surface
area. The cyclic voltammogram for reaction steps I, 2, 3, and
5 was conducted as a control to check for adsorption of HMF,
and no current indicative of adsorption was observed.

Figure 7 shows the cyclic voltammogram and the differential
pulse polarogram of HMF attached to the electrode surface
in pH 7 phosphate buffer. Figure 8 shows the same electrode
in pH 3 Clark-Lubs buffer. When the modified electrode was
immersed in 0.1 N HCI there was no electrochemical evidence
for the presence of any attached HMF. Apparently, the HMF
linkage was hydrolyzed at this low pH. Evidence exists in the
literature for the hydrolysis of the ether linkage at both low
and high pH (22). The first cyclic voltammetric scan in Figure
7 is apparently due to adsorbed HMF. This type of adsorption
of HMF was typical for several electrodes. The reaSon for
adsorbed HMF in this case, and not for reaction steps I, 2,
3, and 5 is not clear. In succeeding scans, the peak potential
shifted cathodically and the current decreased, becoming
constant after sbout four seans. The anodic peak potential
was 0.37 V and the peak potential separation, 100 mY. The
attached HMF was more difficult to oxidize and more irre­
versible than the solution species. Also, the cyclic vol tam­
metric wave was broader which could partly be due to the
heterogeneity of the CC/HMF attachment as discussed
previously.

.The cyclic voltammogram of the surface bound HMF in pH
3 Clark-Lubs buffer was quite similar to that in pH 7

0·6 0·6 0·4 0·2 0 0·8 0·6 0·4 0·2 0

VOL TS vs· Ag IAgCI

F~ure 7. Cyclic Yoltammogram and differential pulse polarogram of
hydroxymethylferrocene attached to a pyrolytic graphite electrode in
pH 7 phosphate buffer. The potential scale Is volts vs. a Ag/Alel (said.
KCI) reference elecb-ode. The scan rate was 50 mVIs for the cyclic
yoltammogram ancl2 mV/s for the differential pulse polarogram. (1),
(2). (3). and (4) are the firsl through fourth scans

0·8 o·e 0·4 0·2 a 08 0·6 0·4 0·2 0

VOLTS vs· Ag/AgCI

Figure 8. Cyclic Yoltammogram and differential pulse polarogram of
hydroxymethylferrocene attached to 8 pyrolytlc graphite electrode In
pH 3 Clark-lubs buff.... The polentlal scala Is volls vs. a Ag/AgCl (satd.
KCI) reference electrode. The scan rate was 50 mVIs for the cyc~c

Yoltammogram and 2 mVIs for the differential pulse polarogram

phosphate buffer. This would be expected when there is no
proton participation in redox reaction. The differential pulse
po)arograms were also similar in each case, but they were
broad and asymmetric, indicating varied environments and
linkages for redox couples on the electrode surface.

The surface concentration of HMF can be determined from
the cyclic voltammogram using Faraday's law. The charge
was determined by integrating the area under the peaks (after
desorption of HMF) and correcting for background charge.
Assuming a one-electron redox process, the number of moles
of HMF on surface divided by the geometric electrode area
(0.387 cm') gave a surface concentration of 2.1 x 10-1•

mol/cm'. This value agrees well with the estimated surface
concentration determined by ESCA.

The same electrode, used in the pH 7 and pH 3 buffer
solutions, remained unchanged for 20 scans at 50 mV/s from
oto +0.6 V. The activity of the HMF electrode slowly de­
grades, however, due to the instability of the ferricenium ion
in aqueous solutions. This problem can be avoided by the
judicious choice of terminal group and/or solvent conditions.

CONCLUSION
Cyanuric chloride is an attractive reagent for the attachment

of terminal groups to graphite and metal oxide (ref. 16)
electrodes. It is commercially available in relatively high
purity at low cost. It reacts readily through a predictable
chemical route to form ether linkages with surface hydroxyl



groups both in nonaquueous solution and in the gas phase (16).
The ether linkage formed is chemically and electrochemically
quite stable. This linkage can offer a much shorter bonding
distance between the electrode and the aromatic framework
compared to the more common amide or silane linkages and,
as such, is expected to facilitate electron transfer between the
electrode and terminal groups. The reactive chlorides in the
"bound" CC offers the possibility to attach a wide variety of
terminal groups which may contain hydroxy, amine, or other
nucleophilic groups. The versatility of CC still remains to be
fully explored and tested, but preliminary experiments have
shown promising results with attachment of redox reactants
such as o-toludine and bis(hydroxymethyl)ferrocene to PG
and to tin and indium oxide electrodes.
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Simultaneous Determination of Reversible Potential and Rate
Constant for a First-Order EC Reaction by Potential Dependent
Chronoamperometry

Hung-Yuan Cheng and Richard L McCreery"

DeparlfTlBnt 01 ChemistI)'. The Ohio State University. Columbus. Ohio 43210

When potential step experlment6 are performed at potentials
In the region 01 the reverllble E1/2 lor EC type systems, the
current VI. time decay Is dependent both on the applied
potential and Ihe rate constant lor the homogenous reaction
subsequent. to charge transfer. Provided charge transter
equilibrium Is eltabllshed rapidly relallve 10 the chemical
reaction, both the reversible E 1/2 and the rate constant may
be determined by applying curve Ilttlng procedure. to the
current vs. time tranllent. A simplex opUmlzatlon procedure
wal evaluated ullng the benzidine rearrangement 81 a test
system, and the accuracies 01 the determinations 01 E112' and
k compare well with oIher electrochemical technlquel. The
advantage 01 the present approach, In addition to the ability
to determine E1/2' and k Anullaneously, Is a large expansion
In experimental tme Irame over other methocls. Experiment.
laBllng many l1meIlonger than the homogeneous reaction hall
Itle can be used 10 evaluate E11,' and k.

The 8tudy of homogeneous chemical reactions associated
with oxidation reduction processes at electrode surfaces has

been a major endeavor of electrochemistry during the past
several decades. In particular, the examination of the
mechanisms and kinetics of the reactions of electrogenerated
reactive species has been carried out with both electrochemical'
techniques and electrochemistry coupled with opticallpec­
troscopy and other analytical probes. In general, three types
of chemical information are desired in the atudy of hom<>­
geneous reactions accompanying charge transfer. First, the
mechanism of the reaction of the oxidized or reduced form
of the starting material may be determined with electro­
chemistry and ancillary analytical techniquea. Second, the
rate constant for reactions subsequent to charge transfer may
be determined, along with pH and temperature effects and
any other relevant kinetic information. Third, the reversible
half wave potential, E'l," for the original redox system may
be determined, an often nontrivial task given the distortion
of the electrochemical response by the ensuing chemical
reactions.

While mechani9m diagnosis is an important and useful
aspect of electrochemically initiated reactions, it is not the
subject of the present work. Once the mechanism is known,
the kinetics of the process may be examined by a vuiety of

0003-27oo/78/03SQ.0845S01.00/0 Co' 1979 Amarican CllarnIcaJ 5ooloty



848 • ANAlYTleAl Cl£MJSTRY. VOl. 50, NO.•• APRIL 1978

techniques; discussed here for the so·called EC case. an ir·
reveraible pseudo first-order chemical reaction following
reversible charge transfer:
ox + ne- .... red

red ~ productl

The numerous methods for examining such systems are
diacuased elsewhere (1-3) but two techniques of relevance to
this work are double step chronoamperometry (4) and cyclic
voltammetry (5). In the double step approach, the reactive
form (red) is generated electrochemically and, after allowing
the irreversible reaction to proceed, the potential is switched
to where the remaining reactive form is re-oxidized, and the
rate constant is determined from the current resulting from
oxidation of the reactive form. With cyclic voltammetry, the
rate constant may be determined either from the ratio of the
anodic to cathodic peak currents (5, 6) or the shift in peak
potential caused by the homogeneous reaction (5, 7). For an
accurate determination of the rate constant with these and
other electrochemical techniques, the time frame of the ex·
periment must be on the same order as the half· life of the
homogeneous reaction. This constraint limits the methods
to reactions slow enough to be accurately monitored with these
techniques, i.e., reactions with haIf·lives of greater than a few
hundred microseconds.

The problem of determining the reversible E,,,, for reactive
systems has been addressed since at least the 1930's, when
flowing streams were combined with potentiometric methods.
Contemporary electrochemical approaches to the problem are
based on two distinct methods. In the first, the time frame
of the experiment is decreased to a point where the E'"
measurement may be made before the ensuing homogeneous
reaction distorts the electrochemical response. An example
is a cyclic voltammetric experiment at sufficiently high scan
rate so an EC type reaction does not distort the current­
potential curve (5). The theory for ac polarographic deter­
mination of E,,, of reactive systems has been developed and
tested (8. 9) and has been used to determine the redox p0­

tentials of eleetrogenerated free radicals (10). Again. these
methods rely on the experimental probe being significantly
faster than the reaction subsequent to charge transfer. The
second approach to determining E,,, involves comparison of
electrochemical data with theoretical curves for situations
where the follow-up reaction has distorted the ideal response.
The effect of EC reactions on voltemmetric data has been
calculated. (5), and a simple method for determining E,/2' and
rate constants from these curves has been described (1 I).
Because of the relative insensitivity of single-sweep volt·
ammetric results to EC reactions, this method yielded rate
constants accurate to about 20-50%. and the accuracy of the
E",' value was not assessed.

Marcoux and O'Brien (3) have presented the theory for a
method for determining EC rate constants termed "potential
dependent chronoamperometry", and its experimentel ap­
plicability has been verified in our laboratory (12). Consider
a chronoamperometry experiment performed under po­
tentiostatic conditions at potentials near E,,,. The ox/red
ratio is therefore held constant at the electrode surface. as­
suming charge transfer equilibrium. In the absence of a
homogeneous reaction, the current will have the usual r'/2
dependence. although its magnitude will depend upon the
difference belween the applied potential (E.".land E,,,. If
the reduced form undergoes an irreversible homogeneous
reaction. however, additional current will flow to maintein a
constant Nernstian ratio. The current decay for an EC case
will not have a t-I / 2 dependence. but will depend on both the
applied potential and the rate constant for the homogeneous
reaction. Given a knowledge of E,/,'. the homogeneous rate
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FIg... 1. WorI<Jng cwves for potential dependent c1YonoaJT1'8fome1rY
derived by Marcoux and O'Brien (3). n... Is the c..,-entat a particular
kt value divided by the diffusion limned current at the same Irt value

constant can be determined from the current V8. time
transient. Note that at potentials significantly negative of
E,/,'. where the ox/red ratio is virtually zero at the electrode
surface. the reaction has no effect on the current. and the
current time transient has its usual diffusion limited t-1/ 2

decay.
Marcoux and O'Brien (3, 13) solved the appropriate

equations for this technique for several homogeneous reaction
mechanisms, and the working curves for the EC case are shown
in Figure 1. n.pp is the ratio of the current at a particular
time and applied potential to the current for the diffusion
limited case (E••• « E,,,). Marcoux showed that the shape
of the working curves differed substantially for different
follow-up mechanisms (13), and used the approach for
mechanism diagnosis of a single system (14). During our
experimental verification of the theory (12), it was apparent
that a major advantage of potential dependent chronoam·
perumetry is an expansion of the time frame of the experiment
to values much greater than the half-life of the reaction. At
potentials positive of E,/2'. only a fraction of the total
electroactive species is in the reactive form (red), so the
reaction proceeds at a much slower rate than if total conversion
to red had occurred. For example. a reaction having a half-life
of 9 ros was monitored with an experiment lasting 2 S, and
a rate constant accurate to 10% was determined. At the final
time of 2 s, nllpp had increased to 8 value midway between its
initial and diffusion controlled values. so the experiment could
have lasted much longer. and still allowed an accurate estimate
of k_ This expansion in time frame is limited only by the
requirement that the charge transfer process be fast relative
to the homogeneous reaction, and the usual constraints on
diffusion processes.

A severe limitation of this approach is the requirement for
an accurate knowledge of E,i2'. As shown in our original report
(12), errors of a few millivolts in E,/,' can cause 10-100%
errors in the determination of k. For pseudo first·order
reactions involving an attacking species, E1/ 2f may be accu­
rately determined in the absence of the second reactanL But
for cases where the homogeneous reaction cannot be sup­
pressed. E,i2' must be determined by extrapolation of current
time transients to short times, as suggested by Marcoux (3).
This requirement for fast experiments eliminates the ad­
vautage of expansion of the experimental time frame.

In the present work, the requirement for an accurate
knowledge of E,i2' is alleviated by simultaneous determination
of E,i2' and k from potential dependent chronoamperometric
data. It is apparent from Figure 1 that the shapes of the n_
vs. log (kt) curves differ with applied potential. Therefore
curve fitting of experimental data to the working curves by
adjustment of k and n(E_ - E,ti) will allow determination
of both k and E,/2' from a single current va. time transient.
As demonstrated below. k and E,i2' may be determined with



F1gIn 2. StaOOan:I deviation of exper1montaI poilts ¥S.__

as a function of k and n(E_ - E ",). Note that standard davlatlon
increases In the negative z direction. and that al values above 0.02
are considered equal to 0.02. Experimental data was acquired at an
applied potential of 0.0891 V; HCIO, concentretlon equaled 1.037 M.
Given a knowledge of nand E8fIIP' k and E 112' can be deternW'led from
the oplmum values on the surfece

good accuracy, and the expansion in experimental time frame
is retained.

EXPERIMENTAL
The compuU!r controlled poU!ntiostat, cell, and hanging

mercury drop electrode have been described previously (12) and
were used without further modification. The u.st sysU!m employed
was the familiar benzidine rearrangement, wherein the reduction
product of the reversible azobenzene reduction undergoes an
irreversible pseudo first-order rearrangement to benzidine (4).
The reaction is second-order in hydronium ion, and the rate
constant can be varied over a wide range by varying the acidity.
The solvent was 50% ethanol in water, with perchJoric acid as
the electrolyU!. Calculations and plotting were carried out on the
same Hewlett-Packard 21 MX computer used for data acquisition.

RESULTS AND DISCUSSION
The feasibility of using a curve fitting procedure to extract

both E,ti and k from potential dependent chronoampero·
metric data was established by constructing the plot shown
in Figure 2. At a particular applied potential, the current
vs. time transient was recorded and converted to napp VB. time
by dividing by the diffusion limited current. Then for all
combinations of k and n (E." - E1/2') within appropriate
ranges, the theoretical n.,p vs. time curves were calculated
from the equation derived by Marcoux (Equation I).

n =_R__ {e-.'_R +
aPP 1- R 2

2kte-·' 00 2" (kt)"
(1- R 2

) "~o(2n + I)!! 1- R 2

2Rkt 00 2" (R 2
/lt )"}

(1- R2)"~O(2n + I)'! 1- R2 (1)

R= eXpr~~(E_ - Elln]
For each k and n(E.pp - E'/2') pair, the standard deviation
of the experimental pointe from the theoretical points was
calculated according to Equation 2

stand[;~:~~~:~:naPp(exP))2]1J2 (2)
N T -l

where NT (10 < NT < SO) points were taken along the n.pp
vs. time curves. The standard deviation is plotted vs. k and
n(E.... - EI/ 2') in Figure 2. Notice that the standard deviation
increases in the negative z direction, for purposes of clarity.
In addition, standard deviations greater than 0.02 are all
conaidered equal to 0.02, to provide an easily visualized
background for the surface.
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Figura 3. Pr~ess of modified aImplex optmlza_ program for !he
same experimental data used In Fig<.<e 2. c.-oss indicates oplimLm
value reached aft.... 27 aImplex s1aps, _. !he standard __
of n_ equaled 0.004. Nota!het aImplex steps 18-28 are not shown
for purposes of clarity

Table I. Rate Conotants for the Benzidine Rearrangement

HClO.
Concn,

M E.pp , V Ell/tva h, a- Ia E1f1 ', Vb k, .-1 C

1.037 0.0696 0.0754 2.77 0.0754 2.51
0.0891 0.0756 2.63

1.414 0.0915 0.0833 9.29 0.0845 8.60
0.0964 0.0836 9.18

1.885 0.1050 0.1017 30.4 0.1020 28.5
0.1099 0.1013 29.6
0.1148 0.1013 29.1

2.395 0.1295 0.1147 57.0 0.1134 73.0
0.1440 0.1125 82.5
0.1599 0.1127 80.5

Q Determined from simplex approach. b Determined by
extrapolation of current/time curves to short time•.
C Determined by conventional double-step cbronoamper­
ometry.

Figure 2 indicates a single optimum value for k and n(E....
- EI /2'), with a standard deviation of 0.004, and also provides
an indication of the accuracy of the method. The range of
k values along the x axis is large, implying that k may not be
determined with great accuracy; in contrast, the value n(E....
- EI/ 2') and therefore E,/2' may be determined more accu­
rately, since the range of values along the potential axis is
small. While both E1d and k could be determined by visual
inspection of Figure 2, a more sophisticated approach provides
a faster and more accurate means.

The modified simplex optimization procedure described by
others (I5-17) was used to analyze the same experimental data
used to conatruct Figure 2. The method starts with three
arbitrarily chooen n(E.... - E'/2') and k pairs, then adjusts these
values to minimize the standard deviation as calculated from
Equation 2. Expansion ll11d contraction factors for tha simplex
program were arbitrarily chosen at 2.0 and 0.5, respectively.

The progress of such an analysis is shown in Figure 3, for
an acid concentration of 1.037 M and E.... of 0.0891 V VB. SCE.
After 27 simplex steps, optimum values of k = 2.63 s-1 and
n(E.pp - E,/,') = 0.0271 V were obtained, with the fmal
standard deviation of n.pp being 0.004. These resulta yield
a value for Eld of 0.0756 V vs. SCE.

.The results of similar simultaneous determinationa of E'/2'
and k for several acidities and applied potentials are ahown
in Table I. The simplex determinations of k are compared
with values from conventional double-step methods. The
accuracy of the E,d values derived from the aimplex analysis
was assessed by independently determining E,/>, 88 recom­
mended by Marcoux. The current vs. time transients were
extrapolated to abort times at a series of potantia1s, and E,/'l'
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was delAlrmined from the Nemst equstion, as described
elsewhere (12). This extzapolation method becomes much less
accurate as the rate constant increases, and the aberrations
of fast electrochemical experiments appear. The approxi­
malAlly 10% disagreement in k between the double-step and
simplex derived results is comparsble lo the error observed
in the double slAlp approach.

1l is apparent from Table I thattbe values of k and Eld
compare favorably with those from other methods in the
reaelion considered here. The accuracy of k (-10%) is
substantially betlAlr than that derived from line shape analysis
of vollarnmograms (20-50%), (11), while the E'I2 values agree
with the extrapolaWd values lo betlAlr than I mV. While this
approach is an accuralAl method lo delAlrmine k and Ell" for
EC reactions with reversible charge transfer, many other
methods existlo delAlrmine these paramelAlrs individually.
The only advanlage of the present method as discussed thus
far is the ability lo delAlrmine both values from a single ex­
periment.

When examining fast reactions, however, an additional
advantage may be derived from the expansion of the time
frame of the experiment relative lo the half-life of the reaelion.
For example, the last two determinations of k and EI12 at the
highest acidity were obtained from data acquired in the time
range ofO.18lo 1.0 s. Since the reaction half-life calculated
from the rate constant is 9 ms, data acquisition did not even
begin unli! after 20 reaction half-lives had elapsed. This
extension of time frame is a direct consequence of the high
value of ox/red at potentials positive of Ell" such that a
relatively small fraction of st.art.ing material is in the reactive
form (red). It was observed empirically that better accuracy
for fast reaelions was obtained if tbe n••• points chosen for
analysis were equally spaced along the log (ktl axis.

The accuracy of both the Eld and k values is poorer for
very fast reactions, but may be improved substantially by
averaging determinations at several different potentials, as
is apparent from the data in 2.395 M acid. Moniloring of
faster reaelions was not attempted here, because the azo­
benzene reduction process is accompanied by adsorption which
interferes with very fast experiments. The theoretical limit
on the maximum rate constants which may be determined is
the requirement that the Nemstian ratio be established
rapidly relative lo the homogeneous reactions. Extensions
lo potentials much more positive than those used here is
possible, although a sacrifice in accuracy will result. Rea­
sonable estimates for the upper limit of the expansion of
experimental time frame, i.e. the ratio of the meaningful
duration of the experiment lo the nominal half-life of the
reaction, are Ill' if EI12 is known and 10' if it is nolo

The present method is very similar in conceptlo the line
shape analysis of single sweep vollarnmetric data presenWd
by Mohammed (11). Potential dependent chronoampero­
metric data is much more sensitive to ensuing reactions than
vollarnmetric data, however, so the present method allows
more accurate determination of k. The expansion in time
frame discussed above negales the need for fast vollarnmetric
sweep rales lo monilor fast reaelions. In addition, the

chrononmperometry experiment is not accompanied by the
constant charging current associated with linear: sweep vol·
Lammetry, although charging current can be observed for
potentiostatic experiments in certain circumstances (I8). The
ac polarographic approach of Smith, while experiment.ally
more complex, appears an excellent technique for determining
E'l' of eleelrochemically reversible systems with a reaelive
component (8). The ac approach is conceptuaJly distinct from
potential dependent chronoamperometry in that the lime
frame of the experiment is decreased lo values below the
half-life of the reaction. Second harmonic ac polarography
was shown theoretically lo allow determination of Ell' for
couples involving follow-up reactions with half-lives in the
submillisecond range (9). The method presented here is
unlikely lo produce a more nccurate value of Ell", but will
provide the additional value of k, and allow the use of the
comparatively simple chronoamperometric technique.

CONCLUSION
With careful curve fitting procedures, potential dependent

chronoamperomctry allows determination of hoth E tj2r and
k for a first-order EC reaelion from a single potential step
experimenL For reactions with fate constants below 30 8- 1,

the accuracy of the method compares well with that of other
techniques such as double-step chronoamperometry. Ell' and
k for much faster reactions may he determined, with some
sacrifice in accuracy. By proper choice of the applied potential,
the experimental time frame of the method may be extended
lo values many times longer than the half-life of the ho­
mogenc'Ous reaction. When both thermodynamic and kinetic
information are desired from experiments on EC type re­
actions, potential dependent chronoamperometry is 8 viable
approach when compared lo existing methods.
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Volatilization of Arsenic(lII, V), Antimony(III, V), and
Selenium(IV, VI) from Mixtures of Hydrogen Fluoride and
Perchloric Acid Solution: Application to Silicate Analysis

Sixto Ba)o

Swiss Federa/lnstltute for Reactor Research, 5303 W"urenlingen, Swftzerland

The possible volatiIzalIon 01 As(III, VI, Sb(m, VI, and Se(IV,
VII from mlxl.-os 01 HCIO./HF Is investigated. It Is shown
that there are no losses with Sb and se irrespective 01 the
Initial oxidation state, and with As(VI. As(IIII Is partially Of

totaDy lost by volatilization; this can be avokted by oxidizing
As with HCIO.. The oxidation state 01 aI tine eIament& alter
the HCIOofHF treabnant Is detarmlnecl. 1besa..- Ieed to
a recommended procedure lor the dissolution 01 siliceous
materials In which As, Sb, or Se are to be determlnecl.

Silicates are often dissolved for analytical purposes by a
mixture of HF and HCIO, (1, 21. However, it is not clear from
the literature (3, 41 if in the course of this operation, whicb
comprises partial or total evaporation of the solution, there
are losses of traces of As, Sb, and Se. The usefulness of some
existing literature data is restricted, because (al the oxidation
state and the weigbt of the elements used in an experiment
are not stated (5), (h) the possibility of absorption by platinum
vessels-which was demonstrated for Se (61-is often not
taken into account (5, 7, B), (c) it is often not poesible to decide
if the observed losses are really due to volatilization and not
to some other step in the procedure used.

The volatilization of Se from different solutions was studied
by Bock and Jacob (91, but the system HF/HCIO, has received
little attention. The determination of As after dissolution of
silicates with HF, HClO" HN03, and KMnO, was described
by Terashima (10), and after vapor phase attack by HF and
HN03 by Feldman (l JI.

It was the purpose of the present investigation to establish
reliable data on the volatilization of As, Sb, and Se from a
mixture of HF and HClO, under conditions that are repre­
sentative for the dissolution of silicates. The elements were
studied in the range of 11'1: to 1 mg, lIDd great care was taken
to use them in well defmed oxidation states. The experiments
were done in the pff8Cnce of silicates (as granite) and without
silicates. Losses were determined by the radiotracer method,
and the oxidation state was determined again after the ex­
perimenL

EXPERIMENTAL
Reagents and Apparatus. The acids used were HNO;, (65%),

HCIO, (60%), lIDd HF (40%). The solution of zinc bis(di­
ethyldithiocarbamatel (Zn(DDC),) was 1.7 x 10-3 M in CHCI,
(/2). The grain size of the granite used was <180 "m.

Al! the evaporations were made in 150-mL Tenon beakelll. A
glass recovery vessel (250 mL) equiped with a fmger fitting into
the borehole of the NaI(Tl) crystal of a -y-spectrometer was used
for the recovery measurements (Figure I).

The liquid-liquid extractions were made in 250-mL aeparatory
funnels similar to the recovery vessel (Figure I), except that they
hod a stopcock at the end of the finger. A shaking machine with
a frequency of 6 S-l and an amplitude of 6 em was employed for
the extractions.

Preparation of the Radioactive Tracers. Solutions of 16As,
!"-12'Sb, and "Se were prepared from neutron irradiated high

purity metals 00-20 mg) by the following procedures.
AsUm, Sb(III). Dissolution with bot concentrated (9&-97%1

H,sO, and dilution with H,O to an acidity of 4 M.
Se(/V). Dissolution with bot HNO" evaporation at 125 ·C,

and redissolution with 0.1 M HNO,.
As(V), Se(V/). Dissolution with hot HNO;" evaporation at 125

·C, redissolution with 4 mL 2 M KOH. Tbe resll1ting solution
is boiled for 5 min with 2 mL NaCIO (13%) and taken to dryneaa
after tbe addition of 2 mL H,O, (30%). The residue is taken up
byH,O.

Sb(V). Dissolution with HN03 (100%), evaporation (water
batb) and redissolution with 4 mL 2 M KOH and 2 mL H,o,
(30%). The resulting solution is boiled for 5 min and taken to
dryness at 125 ·C. The residue is taken up hy H,o.
. The stock solutions resulting from the above procedures hod

a metal concentration of 1 mg/mL. Tbey were used directly or
diluted 10- or I()()'fold while keeping their acidity constant (As(lll),
Sb(Ill), and Se(IV) or by dilution with water (AsM, SbM, and
Se(VI)).

PreparatioD of Carrier SolutioDs. Carrier solutions con­
taining a metal concentration of 5 mg/mL were prepared by the
following procedures.

As(III). As.,O, was disselved with warm NaOH and brought
to pH 1 with HCIO,.

As( V). 3 As,O.·5 H,O was dissolved with 0.1 M NaOH.
Sb(V). K(Sb(OH),) was dissolved with 0.1 M KOH.
SeU V). H,SeO, was dissolved with 0.1 M HNO,.
Sb(ll/) and Se(V/) were prepared by the same method as the

tracer solutions.
Checking of the Oxidation States. The purity of the tracer

solutions with respect to the specified oxidation state was cbecked
by extraction with Zn(DDC)" taking advantage of the fact thot
As(IlI), Sb(lln, and Se(IV) are quantitatively extracted under
the conditions used, whereas As(V), Sb(V), and Se(Vn do not
extract (13). Aliquots of the solutions to be tested were made
up to 100 mL with 0.5 M H,sO, and extracted twice with 30 mL
Zn(DDC), for 2 min; the activity of aliquots of the organic and
the aqueous phases was measured with the -y·spectrometer. It
was found thot the purity of the As(Ill) tracer solution was ~
99.5% and thot of all other tracer solutions ~99.9'J1,.

The solutions resulting from the volatilization experiments were
diluted with water to 100 mL and extracted with Zn(DDCI, as
in the case of the tracer solutions. The acidity of these solutiona
was 0.2-0.4 M in HCIO,.

Volatilization Experimenta. Procedure A. One gram of
granite, 100~ of tracer solution, 200~ of carrier solution (only
in tbe experiments with 1 mg of the element), 500 "L H,O, 10
mL HCIO" and 10 m1 HF were placed in this order into the Teflon
beaker. The beaker was placed on a hot plate, wbose surface
temperature was raised from 150 to 225 ·C in 60-90 min and kept
at this temperature for 10 to 15 min. The beaker was removed
and cooled; the final solution was 2 to 3 mL.

Procedure B is identical to procedure A, but after evaporation
to 2-3 mL, the solution was diluted with 5 mL HelO, and 10 mL
HF and again heated and evaporated to 2-3 mL.

Procedure C is identical to procedure B except thot the fllSt
addition of HF was replaced hy 10 mL HNO..

The final volume in all three procedures was 2 to 3 mL, to which
20 mL H20 was added. The beaker was covered with a watch
glass and the solution boiled for 10 min, then cooled; in some csaes
it contained a slight precipitate. The solution with the precipitste
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Table I. Recoveries in Volatlllzation Experlmento"
Weight of the ion added, "g

Ion added Procedure Granite 1000 100 10 1

Ju(lll) A no 0.8. 0.6 (4) 0.3. 0.1 (4) 0.2. 0.1 (4) 0.6. 0.03 (4)
A yes 16.0. 2.2 (4) 23.6'1.2(1) 63.6. 5.9 (4) 72.5. 7.3 (4)
C no 100.6. 1.1 (4) N.l.' 100.3. 1.0 (4) 101.1. 1.1 (4)
C yes 100.7. 1.0 (4) 102.6. 0.7 (4) 101.5. 1.9 (4) 101.5. 2.1 (4)

Ju(V) A no 97.7.4.4 (4) 100.7. 2.1 (4) . 101.8. 2.2 (3) 101.1. 0.8(4)
A yes 101.4. 1.6 (7) 101.5. 1.7 (7) 1'03.0. 1.4 (3) 99.6. 0.9 (4)
B no 99.5. 1.1 (4) 101.0. 2.0(4) 101.6. 0.8 (4) 100.9 • 0.4 (4)
B yes 101.5. 1.8(4) 100.0. 2.0 (4) 99.2. 1.0 (4) 100.0 ± 0.9 (4)

Sb (111) A no 101.1 • 1.5 (4) 101.8 ± 0.7 (3) 103.4. 2.2 (3) 102.3 ± 1.2 (3)
A yes 102.0. 0.9 (3) 101.4 • 0.8 (3) 101.4 • 0.4 (3) 102.5 ± 1.8 (3)

Sb (V) A no 102.1 • 2.6 (3) 100.2. 1.0 (3) 102.2. 0.5 (4) 102.0. 1.3 (4)
A yes 98.0. 4.7 (3) 101.1. 1.0 (3) 102.0. 0.6 (4) 101.4. 0.2 (4)
B no 101.4 • 0.9 (4) 101.8. 0.8 (4) 102.4.1.0(4) 100.8 ± 0.7 (4)
B yes 100.8. 0.8 (4) 100.6 ± 0.6 (4) 101.3. 0.5 (4) 101.6. 0.8 (4)

Be (IV) A no 100.6. 1.8 (3) 101.0. 2.0 (3) 101.5. 0.4 (3) 102.0 ± 2.3 (3)
A yes 100.0. 0.5 (4) 101.0 ± 1.5 (15) 99.7 ± 0.6 (4) 99.3 ± 1.7 (13)
B no 100.6. 1.6 (4) N.!. N.!. 99.0 ± 0.6 (4)
B yes 100.5. 0.9 (6) 99.7. 0.8 (3) 99.0. 0.8 (3) 98.4 • 2.7 (7)

Se (VI) A no 100.3. 1.0 (4) 100.0. 1.1 (3) N.!. 98.4. 1.2 (3)
A yes 100.0' 1.2 (4) 100.2. 0.9 (4) N.l. 100.8. 1.7 (4)
B no 100.6. 0.9 (4) 100.1 • 0.9 (4) N.!. 99.2 ± 1.1 (4)
B yes 99.9. 0.5 (4) 100.7. 0.7 (6) N.!. 100.3 ± 1.4 (4)

G Recovery is given as percentage; also indicated is the litandard deviation. The number of replicates is given in brackets.
• N.l. = Not investigated.

fig... 1. Recovery ve...1

wea transferred to the recovery v....l through a 32-mm Wbatman
GF/B filter. The filter was washed with water to get a total
volume of about 40 mL.

Determination of LOisel. The losses occuring during the'
volatilization experiments were evaluated by the determination
of the per<:entage R of the activity tbatsurvived the experiments.
The following procedure was used; The activity (A,) of the r.Itered
IOlution from above was measured in the NaI borehole detector.
Then another 100 "L of tracer IOlution was added to the system
and the activity determined again (A,). The recovery R is then
given by R .. 100 X At/(A, - A,),

The aCCUl8CY of thia procedure wea cbecked by sep..ate ex­
perimanta (10 for each isotope used), in which the isotopes (100
,.L) were added to about 40 mL of water and measured directly.
The reaulting mean values of R were found to be in the interval

100.2-100.8% with a standard deviation of 1 to 2%, which is in
accord with the standard deviation expected from counting
statistics.

RESULTS
Solid Residue after Dissolution. While dissolution of

granite according to method B (with two additions of HF)
always yielded a clear solution, methods A and C (with one
addition of HF only) sometimes gave solutions containing a
fine white residue, the weight of which amounted up to 3%
of the granite used. This residue was found to be practically
pure SiO, and to retain only very small quantities of the added
tracers (SO.5% for 10 "g Sb(III), <0.1'10 in all other cases).

Losses Due to Volatilization. The recoveries found in
the volatilization experiments are given in Table I. The
following can be seen.

As(V), Sb(lIl), Sb(V), Se(lV), and Se(V/). These ions show
no losses due to volatilization, irrespective of the quantity of
metal used (I "g to 1 mg), of the method used for dissolution
(A or B) and of the presence or absence of granite. These
results are in contrast to other findings (3-5) and invalidate
the reasonings advanced there for the explanation of apparent
losses. It is interesting to note that the fmal temperature used
here (225°C) exceeds the boiling point of all binary fluorides
involved except SbF, (14).

As(l//) is almost quantitatively lost if method A is used in
the absence of granite. In the presence of granite, losses are
still substantial and they increase with the amount of As
present in the system. With method C, total recovery is
obtained.

Oxidation State after Dissolution. In the final solution,
As and Sb were always found in the (V) state irrespective of
the oxidation state and the weight of the element added,
indicating complete oxidation during dissolution.

If Se was originally added as Se(IV), more than 95% re­
tained this oxidation state in the experiments with or without
granite, except the experiments made with 1 "g of Se by
method B in the presence of granite, where 20 to 90'10 were
found as Se(VI). If Se was added as Se(VI), more than 95'10
was found in the same oxidation state in the experimen18



without granite. In the presence of granite, only 2l>-9O% was
found as Se(VI). It therefore seems that the oxidation state
of Se varies in an unpredictable manner.

DISCUSSION
Se. Neither dissolution method yields a well defined

oxidation state. Since recovery of Se was quantitative in all
cases, it seems that neither Se(1V) nor Se(VI) is volatile under
the specified conditions. However, it must be strongly stressed
that taking the solutions to complete dryness has to be
avoided, since we found l08ses of Se in preliminary experi­
ments without granite. This is in accord with the findings
by Bock and Jacob (9) and is probably due to volatilization
of oxides of selenium. It might be added that the use of Teflon
beakers is an advantage here since the formation of dry spots
of residue next to a small volume of liquid is greatly reduced
if compared to platinum vessels.

Sb. Since Sb is always found as Sb(V) after dissolution,
even if it has been added as Sb(III), it is concluded that Sb(IIl)
is oxidized by HClO,. The recovery of Sb is always quan­
titative, which either means that neither Sb(Ill) nor Sb(V)
are volatilized, or-if Sb(Ill) is volatile-that the oxidation
of Sb(IIl) to the nonvolatile Sb(V) is much faster than the
volatilizstion of Sb.

As. If As is added as As(V), it retains this oxidation state
and shows quantitative recovery, indicating that As(V) is not
volatile under the conditions used. However, with As(lII),
there are substantial losses if the starting solution contains
HF, indicating that volatilization of As(III) is much more rapid
than its oxidation by HC10, to the nonvolatile As(V). Since
losses are smaller in solutions containing granite than in
solutions without granite, it is suspected that the granite used
contained very small amounts of a substance that oxidizes
As(Ill) to As(V); this explanation is sustained by the ob­
servation that losses are smaller when only very small
quantities of As(Ill) are used.

Advantage could be taken from the fact than As(Ill) can
be volatilized with HF-probably as AsF.-but not As(V); a
selective volatilization of As(IIl) seems to be possible by
attacking siliceous materials with HF vapor in a nonoxidizing
atmosphere. Such a procedure would be valuable, since there
seems to be no reliable method for the separate determination
of As(Ill) and As(V) in silicates (15).

Recommended Procedure for Dissolution of Siliceous
Materials. As has been shown, dissolution methods A and
B yield quantitative recoveries of Sb and Se, whereas for As
only method C works satisfactory. Method C is therefore
recommended for all three elements; it comprises the following
steps.

(1) To 1 g of the sample 10 mL HNO. and 10 mL HCIO,
are placed in a Teflon beaker. The beaker is placed on a hot
plate, whose surface temperature is raised from 150 to 225°C
in 60-90 min and kept at this temperature until the volume
is reduced to 2 to 3 mL. The beaker is then removed and
cooled.
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(2) Add 5 mL HClO, and 10 mL HF, and repeat the
temperature cycle used in step I, again keeping the fmal
volume to 2 to 3 mL. Add 20 mL water, cover with a watch
glass, and boil for 10 min; if there is a precipitate, filter throUgh
a Whatman GFIB filter. The solution will contain As and
Sb as (V), Se as (IV) and (VI).

Step 1 in the recommended procedure allows for the de­
struction of any organic material that might be present in
samples of soil or sedimenta. It has been shown repeatedly
that the treatment by HNO./HClO, entails no losses of As,
Sb, or Se (16,17) and that most organic products are destroyed
(18). Concurrently this treatment oxidizes the sulfides and
the chalcogenides, which are a likely source of As, Sb, and Se
(19).

Step 2 attacks the silicates and removes the silicium from
the system as SiF,. If the attack of the silicate matrix sets
free any As, Sb, or Se, there is no danger of subsequent
volatilization loss (see Table I, Methods A and B) with the
possible exception of As(Ill). This last point could not be
covered by the present experiments, in which the elements
tested were always added separately and not as a component
of the granite matrix. Pending further experiments, the
addition of an oxidizing agent like KMnO, in this step (10)
will oxidize as As(Ill) to As(V) and thus prevent its vola­
tilization.

Boiling the fmal80lution of HClO, after dilution with water
releases any As, Sb, or Se that was sorbed on the postpre­
cipitated SiD, during the last strong dehydrating step.
Concurrently, rehydrating of Sb(V)-oxides will bring this ion
in a reactive form.
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Comparison of Three Techniques for the Measurement of
Depleted Uranium in Soils

Emelt S. Gladney,· Waner K. Hensley, and Michael M. Minor

UnIverIIty 01 C.llom1a. Los Alamos Scient/lie Laboratory. P. O. Box t663. Los Alamos. Naw Maxlco 87545

InIlrumenlaI EpIthermal Neutron Activation Analywl. has been
Ihown to be an effective method tor mealUrlng depleted
wanlum In environmental samples. Good agraement was
oblaIned wIh total U delllmlNllona by Iluoromelrlc technique.
but poor correlation was obHrved wllh analy... done by
delayed neutron assay technique. The ratio 01 U concen­
Itatlona determined by delayed neutron ....y and epllhermal
activation may be' used to indicate isotopic deviation 'rom
natural abundance.

Rapid analysis for uranium in soils and water has recently
become a more important and more sophisticated business.
The call for numerous new reactors to help relieve the enerln'
shortage has focused 00 the need for vast quantities of U w
feed the new facilities. Several hydrogeochemical uranium
search programs are W1derway worldwide to locate surface and
subsurface ore bodies (1).

A concern within the nuclear community is the clean·up
of presently contaminated areas. Depleted uranium (ZlSU/"'1]
< 0.(072), as well as other radioactive materials, is of interest
in the clean-up activities. Two techniques are presently widely
used for measuring U io these programs: delayed neutron
assay (DNA) and nuorescence analysis (FA). Both of these
techniques have cerlain limitations when dealing with the
unusual nature of depleted uranium (DU). Fluorescence
analysis requires the sample to be in solution. It is also very
sensitive to quenching interferences and to the exact con­
ditions during pellet fusion, and may exhibit poor precision
on occasion (2). The delayed neutron assay technique operates
on the principle of a fIXed U isotopic ratio (ZlSU/ZlB/U) becau.<e
238U does not fission with thermal neutrons. If the ratio
departs from 0.0072 (crustal abundance), large errors in
determination of total U can be made. Direct measurement
of ppm levels of 238U in soil has been reported (3) but this
procedure requires long counting times.

Depleted uranium comes up in another context, that of
environmental studies of its movement in contaminated areas.

Table I. U Concentration. by Three Techniques (ppm unle.. alated otherwiae)

Sample No. lENNA Delayed neutron Fluorescence IENNAtnuorescence

1651 1.45% 5050 1.40% 1.04
1652 1.88% 6130 2.15% 0.87
1660 1500 654 1680 0.89
1707 3.2 3.9 4.5 0.71
1708 62 59 63 0.98
1731 4600 2180 5500 0.84
1733 2200 774 2400 0.92
1734 3100 1050 3900 0.79
1739 600 375 620 0.97
1740 1440 712 1700 0.85
1747 3.4 3.7 2.6 1.31
1748 29 20 23 1.27
1771 3400 1480 3500 0.97
1772 5300 2110 6800 0.78
1773 2000 678 2000 1.00
1774 2200 726 2200 1.00
1779 440 255 500 0.88
1780 1000 484 1400 0.71
1787 2.2 4.0 2.7 0.81
1788 26 19 22 1.18
1811 3100 1280 3000 1.03
1812 3600 1200 4200 0.86
1813 2700 930 3300 0.82
1814 2900 790 2600 1.11
1819 330 225 360 0.92
1827 1.8 3.9 3.1 0.58
1828 9.0 7.5 6.6 1.36
1851 2200 866 2000 1.10
1862 8200 5350 8850 0.93
1853 2200 823 2400 0.92
1864 2200 701 2000 1.10
1867 1.1 3.7 2.4 0.46
1868 1.1 6.1 1.0 1.10

Av 0.94
a 0.19

NBS FA 10.6.0.6 11.3.0.3 8.6. 1.0 (Certified value =11.6. 0.2)
IAEA 118.5 129.2 112.7 (Certified value =119 ppm)
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Such a study was the impetus behind the present investigation.
Sizeable numbers of soil, atmospheric particulate, vegetation,
and small rodent samples containing highly variable amounts
of added 238V, needed to be rapidly analyzed. Instrumental
Epithermal Neutron Activation Analysis (lENAA) was se­
lected as a promising method for comparison to DNA and FA.

EXPERIMENTAL

A set of soil samples was collected in an area of known DU use.
Thirty-three of these were subjected to IENAA (4) DNA (5) and
fmally FA (2, 6). Since the fUllt two techniques are nondestructive,
the same aliquot of the origins! sample could be examined by each
analyst.

The samples were first irradiated with epithermal neutrons for
2 min in the Los Alamos Omega \Vest Reactor's pneumatic
epitherms! neutron facility. After 2 to 4 days decay, the 1'spectra
of the samples were recorded for 5 min each with a Isrge Ge(Li)
detector (FWHM = 1.9 KeV at 1332 KeV). The 228- and 278-KeV
transitions from the decay of "'Np (1'1' = 2.35 d) were observed
and used for quantitative analysis. The spectra were accumulated
on a 4DOO-channel analyzer, the regions of interest punched on
paper tape. and the data reduced by computer. International
Atomic Energy Agency (lAEA) soils with certified U concen·
lratians were used to standardize the analysis.

Delayed neutron measurements were perfonned on each sample
by first irradiating the sample for 20 s in a thermal neutron flux.
Irradiations were made at different reactor power levels, but in
an cases the thermal neutron flux was monitored during the
irradiation using n fission ion chamber. After irradiation, the
sample was pneumatically transferred to a neutron detector (7)
of 27% efficiency snd counted for 20 s following a 10-s delayed.
The neutron data were normalized to a constant flux and the
system was cslibrsted using samples of NBS SRM-I633. Uranium
concentrations were calculated assuming nalural isotopic
abundance of ""u.

For nuoromelric analysis, soil samples were dissolved in a
mixture of HN03 and HF, small volumes pipelted onto 50 mg
NaF{LiF pellets, the pellets dried under an IR Ismp, and fused
for 2 min at approximately 1200 °C using a burner similar to that
of Price et al. (6). The pellets were allowed to cool for 15 min
and then the fluorescence at 245 nm was "read" on a Fischer Mod
26-000 fluorometer. The resulting data were reduced by computer
to U concentrations.

RESVLTS AND DISCVSSION

Table I displays the data accumulated from the three
different methods of U analysis. The results of determinations
on National Bureau of Standards Reference Materials and
IAEA soil standards attest to the relative accuracy of the
procedures. The table quickly reveals that most of the samples
have much more U than the crustal abundance of about 3 ppm
(8). The added U is nearly all depleted to some extent in ""'u.
This has disturbed the normal V isotopic ratio and thus DNA
yields a low result in almost every case (as expected). The
IENAA technique is, however, insensitive to Z35U, so if the
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added V in the soil has been enriched (235V{238U > 0.(072),
the IENAA would have yielded low results for total V con­
centration. A ratio of DNA{INEAA uranium determination
that is less than 1 implies that the sample is in fact depleted
in 235V; while a ratio of greater than 1 implies enrichment.
Thus, where the history of a sample is unknown, the surest
approach is to use both methods and simply sum the absolute
amounts of"'U and ".u. Note that when the soil has been
removed from a "background" site (e.g., 1707, 17@7, 1827,
1867), the data from all three techniques are comparable and
the V concentration is near the crustal abundance.

The last column of the table is the ratio of IENAA/FA. On
a sample by sample basis, the V values agree reasonably well,
the mean ratio and standard deviation being 0.94: 0.19. Our
determination of V by the reaction

n'U(n,1')n·u~u'Np~ n,Pu

using epithermal neutrons, is not original (4), however, the
application of the method to DV samples is new. Epitherms!
neutron activation is ideal for rapid determination of V at ppm
levels and, as shown in Table I, compares well with the more
classical FA. While IENAA is completely instrumental and
nondestructive, samples for FA must be in solution. As
residues from dissolution may contain V, it is possible for the
yield to be underestimated by FA. Furthermore, quenching
from common cations (e.g., Fe, Ni, eu) sometimes interferes
with the FA measunnents, whereas in the IENAA technique,
measurments are made on two relatively interference--free,
intense l' rays. Both methods have detection limits of about
10 ng total V.
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CORRESPONDENCE

Construction of pH Gradients in Flow-Injection Analysis and Their
Potential Use for Multielement Analysis in a Single Sample Bolus

Spcclropholomfler. The peaks were detected u."\ing 8 l·mrn
Perspcx cell in a Unicorn SP600 spectrophotometer set 81530 nm,
the flow direction being normal to the light path.

Procedure. In view of the known solution chemistry of va·
nsdium lUld lead lUld the need to establish an optimal pH gradient
acra;.c; the bolus·carrier interfaces, it is important to maintain close
control of the hydrochloric acid and ammonia-ammonium chloride
buffer constituents and to use recently prepared solutions of
vanadium(V) and buffered reagent solution. Each sample solution
was prepared as a solution of 0.025 M hydrochloric acid. The
vanadium solutions were used within 24 h of their preparation.

Sample volumes of 1.25 mL were used in all experiments.
Sample batches were prepared to establish the effect on the

peak height for an anaJyt.e when its concentration was varied in
the presence of (a) a constant concentration of the second analytc,
(b) n varying concentration of the second analyte, and (c) when
its concentration was held constant while the second analyte
concentration was varied.

RESULTS AND DISCUSSION

Typical peak profiles are shown in Figure 2. The outer
peaks arise from the reaction of PAR with lead while the inner
peak is due to vanadium.

A straight line calibration is obtained for lead in the
presence of a constant concentration of vanadium (Figure 3a).

No effect is detected in the lead peak obtained with a
constant concentration of lead when varying the concentration
of vansdium, the peak heights all being within the expected
precision limits of a single sample. viz. standard deviation
(1-2%) (Table I).

A straight line calibration is obtained for the lead peaks
of varying concentration in the presence of varying vanadium
concentrations (Figure 3b). Clearly lead can be determined
selectively in the presence of vanadium.

The resolution of the lead and vanadium peaks as shown
in Figure 2 is greatest when the vanadium concentration is
reasonably high. This puts the range of concentration of
vanadium over which determinations can be made out of the
linear range obtainable with the PAR concentration. Hence
the determination of concentration is much le88 precise. The
calibration curves which can be obtained (Figure 4) are in the
region of the break point similar to that which is obtained in
conventional mole ratio plots. (See Theoretical discussion.)
In this case the lead concentration has been kept constant.

When the lead concentration is varied, the peaks for lead
and vanadium overlap, significantly at high lead concentration.
It is no longer possible simply to measure the peak height of
the vanadium peak from the baseline. Since the calibration
curve for vanadium is very shallow locating the "base" of the

Table I. Effect of Vanadium
Concentration on Lead Peaks

Sir: We are carrying out a long term investigation into the
possibility of performing multielement trace analyais by
nonsegmented continuous now analysis, which is more
concisely known as flow· injection analysis (FIA) (/). The
rationale and some preliminary results are reported here.

Balic Idea. The distinctive feature of FlA. compared to
conventional automatic analysis, is the direct injection of a
sample into the carrier solution. It follows that there is an
interfacial region between the sample plug and the carrier and
tbat, during the course of mixing, concentration gradients are
established across the interface if the initial concentrations
in the carrier and sample are different. Thus, if we have a
system in which the sample solution is a mixture of metal ions
and the carrier is a solution of a reagent which reacts with
the metal ions, the sample and carrier being of different pH,
then we would expect a well defined sequence of color·forming
reactions to take place across the interfacial region as the
reagent and metal ions reacted and the pH changed.

Under static conditions, pH-absorbance curves (Figure 1)
can be readily established and are known to be characteristic
for any given metal ion-reagent combination. They are
additive, and of such a shape that if the curve for a mixture
of ions were mathematically differentiated, it would give rise
to a well dermed series of peaks, whose relative areas reflected
the composition of the original mixture.

Under the dynamic conditions of FIA, the chemistry be­
comes complicated. but Figure 1 suggests the crucial ex­
periment to test whether concentration changes across the
interface can be used for analytical purposes. If the carrier
is a solution of 4-(2·pyridylazo)resorcinol, PAR, at pH 9 and
the sample bolus is a solution of lead(II) and vanadium(V)
at pH 2. the pH across the bolus-carrier interface will vary
between 9 and 2. At pH 9, only the lead will react with the
PAR whereas at pH 2 only vanadium forms a color. Hence.
the peak obtained by measuring the absorbance downstream
from the injection point will not have the Gaussian shape
which is obtained when the sample solution contains only a
single metal ion, and it might contain enough information for
the two ions to be determined.

EXPERIMENTAL
Reagent. 4·(2·Pyridylaza)resareinol. Reagent streams are

prepared freshly from reagent grade PAR diluted to 10-3 M.
Ammonia-Ammonium Chlaride Buffer. The resgent stream

is buffered at pH 9.9 by dissolving 12.2 g of ammonium chloride
and SO mL of 36% ammonia solution in each liter of reagent
solution.

Sampla. Sampl.. were prepared far stock solutions of AnaJaR
ammonium metavanadate in dilute hydrochloric acid (0.025 M)
and AnaIaR lead nitrate. Each sample was prepared as a solution
of 0.025 M hydrochloric acid.

Apparatul. Constant Head. The stream was motivated by
a CODItant head of reagent at a flow rate of 2.5 mLjmin.

Sample Injection. Samples were injected from a dispoeable
plastic Iyringe through a septum valve into the reagent stream.

Mum, Coill. Since a large sample volume is used. a coil of
100 em is required before the irliection block to acoommodate any
bacIdlow of sample on injection. The reaction coil was 215 em
in lenatb and both coils were 0.086 em i.d.

Concn Pb(lIl.
10-' M

5.4
5.4
5.4
5.4

Conen V(V),
10-' M

6.7
13.3
20.0
26.7

Peak height of
lead peak, em

17
16
16
16.5
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Figur. 1. pH-absorbance c\I'Vas lor 1ead(1I) and vanaclium(V) with
4-{2-pyrldylazo)resorclnol. Pb2+ = V" = 2 X 10" M; PAR = 2 X
10-< M; wavelength. 530 nm

l:~~~
a. b. c.

FIgure 2. Peaks obtained from one sample containing 8 mixture or
Pb(1l) and V(V) injected Into a solution of PAR. (a) General shape of
curve. (b) Increasing concentration of V(V) while that of Pb(Il) Is hald
constant. (c) Increasing concentration of Pb(ll) while that of V(V) Is
held constant

~ :[ . / ~',:r b

! Lal / ~lalK 20 ~ 5

o--n5-~1--'-5-~2 -: 0'-""'--,:---7,-"-L-~5---:6
concen:rot.on PbD 10 M Conce~trotlon PbD 10·~M

Figure 3. (a) Peak height of lead peak vs. Pb(Il) concentration with
V(V) concentration constant at 5.0 X 10" M. (b) Peak height of lead
peaks vs. Pb(1l) concentration with VM concentration V8I)'ing randomly.
For points from left to right. tha V(V) concentration Is 7.1. 11.1, 2.5,
2.9,8.9,6.7 X 10" M

vanadium peak must be very precise. It is for this reason that
the calibration curves obtained for vanadium in the presence
of varying lead have not been useful.

We believe, however, that these results demonstrate the
feasibility of using unsegmented continuous flow systems to
obtain a range of conditions (pH gradient, masking gradient,
etc.) over a single sample bolus so that resolution of absorbing
species in multielement determination may be achieved. It
would seem Certain from the results presented and difficulties
high·lighted that some modicum of computing power will be
required for peak resolution and more precise determination
of peak characteristics. .

Theoretical Consideration. The basic assumption made
is that when there is a difference in the initial concentrations
of a species in the carrier and sample solution, a concentration
gradient is established in the interfacial region. The rea·
sonableness of this assumption is suggested by Taylor's theory
on the dispersion of a plug of sample injected into a flowing
solvent (2). In essence, the theory is that at low flow rates
and within specified dimensions of tubing, the dispersion of
the sample into the carrier is mainly by diffusion and that
the concentration profile of the sample bolus downstream is
Gaussian. Thus, the concentration gradient, although non·
linear is mathematically predictable and, more important, is'
reproducible. In other studies in this laboratory, we have
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Figur. 4. Peak height of vanadium peak vs. V(V) concentration with
Pb(Il) concentration constant at 5.4 X 10-' M

found that Taylor's theory fits the experimental results very
well. It is a good first approximation even when, as in this
instance, the flow rate is slightly greater than allowed for in
the theory.

This theory based on laminar flow seemed more suitable
than one which assumed turbulent flow, since the flow rate
which corresponds to a Reynolds number of 2000, usually set
as the onset of turbulence, is 81.3 mL min'·. Ruzicka and
Hansen, at first recommended turhulent flow, but soon
abnndoned that viewpoint and have recently proved that it
is inessential to FlA (3). It is not even certain that a change
to turbulent flow would upset the argument greatly since
Taylor has shown that diffusion is important under these
conditions and that peak shapes arc predictable (4). However
the experimental arguments overwhelmingly favor slow flow
rates, and the discussion about turbulence is a little academic.

We have checked the possibility that some of the peak
spreading arises from chromatographic processes, by per­
forming the experiment at different flow rates. The results
clearly indicate that the effective partition coefficient ap­
proximates to zero and that diffusion is the major cause of
peak spreading.

In general, the identification and determination of elements
in a mixture may be made easier by a "substoichiometric
sharpening effect". It seems probsble that a substoichiometric
amount of reagent presents itself to the metal ion at any given
point across the interface. Thus the reaction which is favored
at that point, is the one with the greatest conditional equi­
librium constant. Hence, in general, one would expect metal
ions to be camplexed sequentially, not simultaneously. AP,
the pH varies, so do the conditional constants, and, in those
instances where the relative magnitude of the CODlltants is
reversed (as here at approximately pH 7), one would expect
the effect observed.

This argument may seem a little farfetched since in the
system there is clearly an excess of reagent overall. However,
three kinetic factors govern the amount of reagent which can
react with the sample by the time the plug reaches the point
of measurement: (i) the rate of flow of carrier, (ii) the rate
of mixing of sample and carrier, (iii) the rate of chemical
reaction between reagent and metal ion. We have performed
experiments equivalent to those used to determine the mole
ratio in spectrophotometry, i.e., we have injected a given
volume of increasingly concentrated 1lOlution of lead(lI) into
a carrier solution of PAR at fixed concentration. Plots of peak
height vs. lead concentration are identical to those obtained
in conventional mole ratio experiments (Figure 5). Thus, it
is possible to think of an "available amount" of reagent and
also of substoichiometry since that amount is not available
all at once.

The successful extension of the method to more complex
systems depends on the ability to choose suitable combinatiOll8
of reagents, pH, masking agents, and metal iollS, on the ability .
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figure 5. Peak hell;rt vs. Pb(J1) concentration showing the region of
IImItlng reagent concentration. The PAR concentration was 10"" M.
(The chelate stok:hlomelry Is Pb(PAR),)

to process the results rapidly, and on the development of a
satisfactory theory of FIA. However, we believe these results
show that it is poasible to create suitahle conditions for
multielement determinations along a single sample plug.
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Gas Chromatographic Determination and Purification
of Carbon Diselenide

a>UMH••.w,

G
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FIgure 1. Gas chromatogram with lIame ionization detection of
commercialy prepared cSe,. Chromatographic conditions: sample
iljection, neat iqUd ese.. 0.1,.J..; ......... Moot Pyrex ('/:r<n. by 2......"
Ld.); packing. 0.4% Carbowax 1500 on 60/00 mesh Garbopack A
(~. Inc.); inlet temperalu'e. 150 °C: coUm lemperat"e. 50 to
175°C at 10 °C/min; carried gas (helit.rn), 30 mlImin; detector
temperat....e. 150°C

Gas Chromatographic Analysi.. The gas chromato­
graphic analyses of CSe. required only very lillie sample,
which was burned in the flame ionization detector. Only small
amounts of selenium were released into the atmospheret no
longer in the form of the volatile and noxious CSe,. Ac­
cordingly, no special handling techniques were needed.

By gas chromatographic-m... spectrometry, we have
isolated and identified four chlorinated hydrocarhons:
methylene chloride, chloroform, 1,I,2,2-tetrachloroethane, and
tetrachloroethylene (1). The last three are prohably produced
hy side reactions during preparation. Telrahydrofurao (THF),
toluene, OCSe, and SCSe ere also present. A typical mass
spectrum is shown in Ref. 1.

Once peaks had been identified, flame ionization detection
gaye a simpler and generally adequate means of monitoring
CSe, purity. Figure 1 shows typical results with a Verian

Sir: We have recently had occasion to look into the purity
of commercially prepered ClU'bon diselenide in conjunction
with our study of its high temperature pyrolysi6 (1). Since
ClU'bon diselenide is highly noxious and poisonous, it mUllt be
handled with coosiderable caution. It is not surprising that
there are few commercial 6uppliers, that neither the nature
nor amounts of impurities in commercial samples is well
known, and that no auitable means of purification have been
described. The major commerical supplier (Slrem Chemicals,
Inc., Danvers, M....) reports (2) preperation of ClU'bon di­
selenide hy the method of Ives, Pitlman, and Werdlaw (3),
Le., hy passing methylene chloride vapor over molten selenium
metal:

2Se(molten) + CH,CI,(g) - cSe,(g) + 2HCI(g)

The ClU'bon diselenide is distilled at 13 Torr (boiling point 45
°C) with a packed column, quick·frozen in a dry ice hath, and
stored at-2O °c in the derk to prevent decompoaition. Even
when kept in this manner, CSc, turns from a cleer, lemon­
yellow color to orange within a couple of weeks and finally
to hlack as solid CSe. polymers form (4). When CSe. is
vaporized at amhienttemperalure and recondensed, it is again
lemon·yellow, the polymeric forma remaining behind.

Wagoer 6Uggests that methylene chloride is the main
contaminant at the I to 5% level (2), possihly due to the
formation of an azeotrope as is found in the CS.-methylene
chloride system (5). Apperently a serious search for other
impurities had not been conducted.

Merquert, Belford, and Fraenkel (1) worked out a con­
venient procedure to determine the concentration of cSe. in
a vapor phase hy ultraviolet absorption spectrometry in the
region of an intense electronic hand (215(}-2500 A). (NOTE:

The instahility of CSe. in UV light necessitates rapid han·
dling.)

Elemental Anolyals. Our elemental analysis (performed
hy tha University of lllinois MicroaoaJytical Laboratory under
the direction of Josef Nemeth) on a sample of CSe,U) showed
7.63% C, 0.21% H, and 2.61 % Cl indicating that the com­
merical sample is about 95% pure and that chlorinsted species
are prevalent impurities.

0003-2700nO/035D-0656$01.00/0 e 1970 American Chemk:al SocIety
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FI9ure 2. Preparative gas c1Yomatogram of commericaUy prepared cSe,. Chromatographlc condltlons: sample injection, _t IIqoOd ese.. 10
to 50 I'l; column, 6-ft aluminum ('/,-In. o.d. by 5-mm I.d.); packing. 20% DEGS (Applied Science Lob., Inc.) on 60/80 mesh Chromosortl P
(Johns-Manville) DMeS-treated and acid-washed; Inlet and detector temperatures, 150°C; collec1Jon trap stopcock and ina tllfTll8l'aue, 125
°c (with heating tape); carTier gas (helium), 30 mL/mln; column programmed 50 to 150 ·C as shown

Aerograph Model 2700 gas chromatograph. Flame ionization
detectors are relatively less sensitive to the sulfur and selenium
compounds than is the total ion collector used in the mass
spectrometric detection system. Also, oolumn bleed interferes
more with the detection of peaks eluting at higher temper­
atures.

Preparative Gas Chromatographic Purification.
Having first attempted to purify CSe, by crystallization,
sublimation, and simple redistillation methods with little gain,
we then turned to preparative gas chromatographic methods
(Figure 2). The noxiousness of the samples required extreme
precautions during purification.

A Varian Aerograph series 90P gas chromatograph was used
with a thermal conductivity detector for actual oollection runs.
The CSe, eluent was detected by an in-line thermal con­
ductivity detector and trapped in a Iiquid-nitrogen-cooled
collector (Figure 2 inset). The T-bore stopcock was lightly
lubricated with Dow-Corning silicone high vacuum grease.
Effluent gas from the oollection trap was vented by inserting
an IS-gauge syringe needle into each serum cap. One­
eighth-inch vinyl tubing carried effluent to a solid KOH bed
to remove cSe, (WARNING; very toxic and foul smelling). The
gas chromatograph was set up in a hood.

Although 0.4 % Carbowax 1500 on Carbopack A support
is suitable for analysis, a heavily loaded column was needed
to allow injections of up to 50 ilL for practical preparative
gas-chromatographic separation. Carbopack A has a small
surface area and will not hold heavy loadings. Also, it is quite
expensive for extensive preparative use. Chromosorb P is
designed for heavy loadings but would not hold 20% Carbowax
1500 without excessive column bleed at 110 ·C, Twenty
percent poly(diethylene) glycol succinate (DEGS) on Chro-

mosorb P gave adequate separation for 5O-IlL injections.
The gas chromatogram shown in Figure 2 was obtained by

use of a more sensitive flame ionization detector to show better
where each component elutes. Note that toluene and tet­
rachloroethylene do not resolve well from the huge eSc, peak.
Even so, samples accumulated over the "oollect sample" range
shown in Figure 2 contained only about 20% and 7%, re­
spectively, of the original proportions of toluene and tetra­
chloroethylene. Methylene chloride was reduced fifty-fold and
other impurities below detectable Iimita. Total sample purity
is estimated to exceed 99.5%.
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Autoclave Digestion Procedure for the Determination of Total Iron
Content of Waters

Sir: As colorimetric procedures for ferrous iron have been
automated, solubilization of iron has been the rate determining
step. Wilson (1) evaluated iron digestion procedures for small
amounts of particulate matter in large volumes. "Standard
Methods" (2) recommends concentrating the sample to one
third of its original volume in hydrochloric acid-hydroxyl­
amine media. The latter procedure is time consuming, rather
dangerous, and the resultant acid fumes produce edremely
corrosive conditions in the fume hoods. Digestion by auto­
claving samples under similar acid-reducing conditions
markedly reduces these drawbacks. The use of an autoclave
has been described by Armstrong (3), but the technique is so
uncommon that a detailed evaluation with respect to recovery
was undertaken.

Anumber of accepted colorimetric procedures for soluble
or reactive iron are described in the literature, but the use of
the chromophore 2,4,6-tri(2-pyridyl)-I,3,5-triazine (TPTZ) is
particularly attractive as such systems are highly sensitive and
very stable. This reagent was introduced by Diehl and Smith
(4), and has been adapted by a number of authors to both
manual (5, 6) and automated (7, B) systems. The violet
ferrous-TPTZ complex has a molar absorptivity (4) of ap­
proximately 2.23 x 10' at 595 nm and thus the interference
due to the natural color of samples can usually be eliminated
by in-line dilution. The intensity of the colored complex does
not change appreciably over the pH range 3.4 to 5.8 permitting
stabilization of the system by incorporating a sodium ace­
tate-acetic acid buffer. Accordingly, the manual TPTZ
procedure described by Dougan and Wilson (6) was automated
for the range 0 to 2.0 mglL Fe.

EXPERIMENTAL
Apparatus. The autoclave was equipped with an automatic

slow exhaust and capable of being operated at 121 ·C. Culture
tubes (25 X 150 rom) with Teflon lined screw caps were the sample
containers, and racks to hold these tubes were utilized for the
autoclave step. The digestant was added via an Oxford Pipettor.
The TPTZ colorimetry utilized a single channel Technicon AAII
AutoAnalyzer system and a single pen recorder. The drum of
the Technicon sampler (large industrial model) was modified to
accept the tall culture tubes.

Reagenta. The Digestion Acid contained 640 mL of con­
centrated hydrochloric acid plus 30 g of hydroxylammonium
chloride per liter. Hydrochloric acid was the active or solubilizing
agent but the hydroxylammonium chloride was included to
prevent loss of iron by reduction to the divalent state, and to
reduce any oxidizing agents which might be present in the sample.

An Acid W...h was required for the AutoAnalyzer system to
maintain an acceptable baseline. The concentration of hydro­
chloric acid (4% by volume) in this wash equaled that in the
digested sample.

Reagents associated with tbe TPTZ colorimetric ph..e were
alao required.

Procedure. After thoroughly shaking the sample, a 30.Q-mL
aliquot was transferred to a culture tube via a wide mouth pipet,
and 2.0 mL of the digestant acid was added, with an Oxforcj
Pipettor. The Teflon-lined cap was screwed on tight, the vial
placed in a rack, and the rack set on an enamel tray to protect
the autoclave in case of breakage or leaking. The culture tubes
(as many as 250) were autoclaved at 121 ·C for 60 min. After
the pressure in the autoclave bad been discharged, the door was
left ajar for 15 min to protect the operator against an exploding
tube. To date approximately 15000 tubes bave been autoclaved
without breakage. Moreover, iron looses are minimal; after 200
tubes bad been autoclaved, the trace of condensate in the enamel
trays contained 0.12 mg/L Fe and bad a pH value of 6.8. The
samples were allowed to cool to room temperature before pro-

cceding with the colorimetric phase. The use of the same vials
in the colorimetric step avoided errors associated with transferring
the samples.

RESULTS AND DISCUSSION
In selecting the experimental conditions for solubilizing the

iron, the autoclave temperature was not varied; it remained
121 ·C throughouL To select the volume of digestant, 30.Q-mL
aliquots of ten routine samples were autoclaved for 40 min
in the presence of 1.0 mL and 2.0 mL of digestant; the same
samples were also digested according to "Standard Methods"
(2); using the latter data as reference, the average recovery
of iron was 93% for 1 mL of digestant and 100% for 2 mL
of digestant. To select the required period of autoclaving, 20
routine samples were auloclavcd for 20, 40, and 60 min (2.0
mL of digestant per 30.0 mL of sample); again tbe same
samples were digested according to "Standard Methods" (2),
and tbe latter data were used as reference. As tbe digestion
period increased from 20 to 60 min, the average recovery
increased only from 99 to 101 %. Although 40 min appeared
sufficient, tbe 6o-min digestion period was selected to provide
a safety margin. To confirm the overall procedure, solutions
of ferrous suifate, ferric chloride, potassium ferrocyanide, and
potassium ferricyanide were analyzed. The measured and
theoretical iron concentrations differed by less than 1%.

A linear calibration was obtained for the autoclave-TPTZ
procedure for total iron. The precision of tbe method was
estimated by analyzing routine water samples in duplicate on
different days, and determining the mean standard deviation
of the differences for two concentration ranges. For tbe
concentration range 0 to 0.4 mglL Fe, the mean standard
deviation was 0.017 mglL Fe (n = 48), and for the range 0.4
to 1.0 mglL Fe, the mean standard deviation was 0.037 mglL
Fe (n = 28). These levels of between-run precision also reflect
the sampling difficulties associated with particulate matter,
and are considered satisfactory for routine analyses.

The interference study sbowed that iron was recovered with
2% of the theoretical value in the presence of common ions;
ten cations and six anions were tested at concentration levels
in excess of those normally encountered in water samples.
Neither the disodium dihydrogen salt of adenosine-5'-tri­
pbosphoric acid nor pyropbosphate anions affected tbe re­
covery of iron at the 5 mglL P level. Sulfide, linear a1kylate
sulfonate, burnie acid, and tannic acid were also tolerated at
the 5 mglL concentration levels.

To complete tbe evaluation of the autoclave-TPTZ pro­
cedure, the iron contents of 610 routine water samples from
Central and Southern Ontario were determined by the subject
method and by the acid digestion-phenantbroline procedure
recommended by "Standard Methods" (2). The samples were
divided into three groups; (a) domestic water supplies and
landfill leachates, (b) river, lake, and snow samples collected
in the winter months, and (c) river and lake samples submitted
during the spring runoff. With the exception of the leachates
(about 10%), group (a) were the "cleanest" samples. Tbe
linear regression analyses for tbe three sets of data (Table I)
indicate that the two procedures give comparable results; the
slopes for the comparisons were ,vithin 1% of 1.00. Tbe mean
differences and standard deviations for the three groups were
(a) 0.003 mglL Fe (u =0.024), (b) 0.000 mglL Fe (u =0.037),
wid (c) 0.003 mglL Fe (u = 0.073). Tbe lowest standard
deviation was obtained for group (a) whicb normally contain
little or no particulate matter wbile tbe largest standard
deviation was associated witb spring runoff samples which
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Table I. Comparison of Autoclaye-TPTZ and Standard
Method. Procedure. by Linear RegreBlion Analylia

Type of water sample

Domestic Rivers and Rivers and
water sup- lakes, lakes,

Statistical plies and Winter Spring
Parameter leachates months runoff

No. of Sample. 251 194 165
Correlation 0.9973 0.9948 0.9893
Yon X regressionQ

Slope 1.0097 0.9982 1.0024
Intereept (mg/L -0.0044 0.0025 0.0038
Fe)
Std dey (mg/L 0.024 0.0369 0.0726
Fe)

X on Y regression
Slope 1.0043 0.9879 0.9811
Intercept (mg/L -0.0032 0.0057 0.0163
Fe)
Std dey (mg/L 0.024 0.0366 0.0720
Fe)

a X refers to the data obtained using the procedure
from UStandard Methods" (2).

contain so much silt that it is extremely difficult to select a
representative sample. Winter samples contain small amounts
of particulate matter and the standard deviation was inter­
mediate (0.037 mg/L Fe). If the autoclave digestion technique
was inadequate, the measured iron content would tend to be

ANALYTIeAL C1£MISTRY, VOl.. 50, NO.4, APRIL 1978 • est

lower than that determined by the "Standard Method"
procedure (2). Such a bias (5 to 10% lower) was found whan
creek and snow samples from two locations were analyzed.
Although this weakness can be tolerated in view of its in­
frequent occurrence and the size of error involved, analysts
should evaluate the autoclave digestion procedure for their
particular waters before adopting the technique.
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On-Line Coupling of a Micro Liquid Chromatograph and Mass
Spectrometer through a Jet Separator

Sir: High performance liquid chromatography (HPLC) has
become almost comparable to gas chromatography (GC) in
separation capability and analysis time. The former, however,
still has some disadvantages in its versatile detection system.
Therefore, on-line coupling of HPLC to the mass spectrometer
(MS) has been studied as one of the most promising ap­
proaches to develop a universal detection system: using a
moving wire (1), a silicon membrane separator (2), direct
introduction of a portion of the column effluent into the
chemical ionization source through a fine glass capillary (3-5)
or atmospheric pressure ionization (6). The first commercial
LC/MS interface was produced by Finnigan Ltd., where the
moving wire was replaced with a continuous belt to enable
efficient sample loading.

Recently, Ishii has developed a micro LC (7, 8), which
requires a flow rate of only a few microliters per minute and
has separation ability almost comparable to the conventional
LC.

In our study, an ordinary one-stsge jet separator for GC/MS
was used as an interface for coupling of the micro LC with
MS. The total LC effluent solution was continuously in"
troduced into the heated separator through a stainless steel
r8pi!lary tubing and evaporated. The sample-enriched vapor
is transferred to the chemical ionization source in MS where
the solvent acts as the reagent gas. With this method, it is
possible to maintain a constant pressure of the ionization
chamber even under various LC flow rates by adjusting the
evacuation rate at the jet separator, and the solute concen-

tration is enriched since the solute molecule is usually larger
than the solvent molecule.

EXPERIMENTAL
Apparatus. Aschematic diagram of the micro LC/MS system

is shown in Figure J. The micro LC is a FAMILIC-IOO from
Japan Spectroscopic Co., Ltd. (JASCO, Tokyo, Japan) equipped
with a gas·tight micro syringe (250 ilL in volume). Flow rates
of 2. 4. 8, and 16 ilL/min can be selected. The UV spectro­
photometer is a UVIDEC-IOO from JASCO and the flow cell (8
ilL in volume) attached to the spectrophotometer was replaced
by a quartz capillary cell (ca. 0.5 ilL in volume). One end of the
cell was directly connected to the outlet of a micro LC column
of polytetrafluoroethylene (PTFE) tubing. The other end was
combined with a PTFE tubing (O.l-mm i.d.) to a stainless steel
capillary (30 em in length, ca. 41L1. in volume). The capillary was
directly connected to the separator through a silicon septum. The
total eluenL from LC was introduced into the separator, which
is evacuated by a rotary pump at the maximum pumping speed
of 80 L/min. The separator orifices are 0.1 and 0.3 mm, re­
spectively, with a distance of 0.4 mm used at a temperature of
150 ·C to enable the rapid vaporization of the column effluent.

The mass spectrometer used is a JMS-QI0A quadrupole mass
spectrometer from Japan Electron Optics Laboratory Co., Ltd.,
equipped with an EI/Cl ion source and an oil diffusion pump
(1000 L/s pumping speed).

Column. A micro column used for separation is a PTFE tubing
(O.5-mm i.d., 7 em in length) packed with Silica ODS SC·Ol from
JASCO.

MS Detection. MS detection was carried out using the CI
source under the following conditions: ionizing voltsge of 250 .V,
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FIgIn 1. SchemaUC diagram of the micro LC/MS system: (1) pump
(mlcrofeeder), (2) gas·Ught mlcrosyrlnge, (3) PTFE lublng, (4) sample
Inlet. (5) micro coUnn, (8) UV spectrophotomelllf, (7) micro flow eel,
(8) stai1Iess steel capillary, (9) siIcon septum, (10) heated jet separator,
(11) control valve, (12) mass spectrometer

I

o

Figure 3. Separation of fatty acid methyl esters. Peaks; (1) capric,
(2) lauric, (3) myristic, (4) palmitic, (5) stearic. Mobile phese: 100%
acetonitrile. Flow rate: 8 I1Um1n

o 5 10
Tlm'lmln)

FIgura 2, Comparison of (A) UV detector and (B) MS deteetJon
chromatograms lor aromaUC hydrocarbons. Peaks: (1) biphenyl, (2)
fluorene, (3) anthracene. Mobile phese: 70% acetonitrile in water.
Flow rate: 8 ~L/mln

fl1ament current of 400 mA, and ionizing current of 100~. The
pressure in the ion source was maintained at ca. 1 Torr at 8
~L/min of now raw.

RESULTS AND DISCUSSION
When methanol was used as a carrier, the now rate to yield

an ion source pressure of 1 Torr was 1 ilL/min without any
evacuation at the separator and 8 ilL/min with full evacuation,
respectively. Under each of these conditions, 10 ng biphenyl
in methanol80lution was injected and the peak ofMH+ (m/e
155) was monitored, From the results, a yield of about 8070
and subsequently an enrichment of sample to solvent of 6 were
attained at a flow rate of 8 ilL/min with full evacuation.
Furthermore, in the range from 1 Ilg to 1 ng of biphenyl, a
good linearity of ion current at m/e 155 to sample quantity
was obtained.

Figure 2 shows the chromatograms of an aromatic hy·
drocarbon mixture monitored simultaneously by an UV
specuophotometer and mass spectrometer using the system
(Figure 1), MS detection was carried out by repetitive
scanning (1 s/scan) in the m888 range of m/e 150-180 to cover
only the (M + 1)+ peaks, In the chromatogram by MS de·

Department of Synthetic Chemistry
Faculty of Engineering
Nagoya University
Nagoya, Japan

tection, ca. 30·s time delay is observed because of additional
dead volume. But the relative positions of the peaks in (B)
are in good agreement with those in (A). Here, it is very
interesting to notice that on the chromatogram by MS de·
tection, the overlapping peaks, 1 and 2, can be discriminately
detected to yield independent peaks.

As another example, Figure 3 shows a MS detection
chromatogram of fatty acid methyl eswrs, which was obtained
by repetitive scanning in the m888 range of m/e 180-350. The
most abundant peak is (M + 1)+ and the second is attribuwd
to (M + 42)+. It is evident that MS detection is very useful
for these compounds which have a weak or no absorption in
the UV region.

This LC/MS syswm can also be applicable to ordinary
HPLC using appropriaw splitwr. Further fundamental and
application work is in progress.
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Separation of Perfluorinated Hydrocarbons by Gas-Solid Chromatography
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Perfluorinated hydrocarbons are of considerable interest
to investigators in fields as diverse as medicine and electrical
engineering. However, for those investigators working with
these compounds, the separation and identification of mul­
ticomponent isomeric mixtures have been a difficult matter.
Reed (I) studied the gas-liquid chromatographic separation
of C., c" and C. fluorocarbons on six stationary phase liquids.
He reported that fluorocarbon and chlorofluorocarbon sta­
tionary liquid phases gave better resolution of fluorocarbon
mixtures than hydrocarbon phases, but that they could not
separate closely boiling isomers as effectively. Reed then
reported the separation of the C.F" isomers (2) and later the
separation of C,F16 isomers (3) by use of n-hexadecane on
chromosorb·P. However, it was necessary to use a column
that was 17 meters in length to accomplish the separation.
The use of this column for the separation of higher molecular
weight fluorocarbon isomers is limited by the fact the n­
hexadecane has a narrow operating range (20-50 ec).

Green and Wachi (4) reported the separation of certain low
molecular weight perfluorocarbons (C,-e.) by use of gas-solid
chromatography on a temperature prograromed silica gel
column. Later, Wright and Askew (5) showed that the use
of silica gel could be extended to separate the perfluoroalkanes
into molecular weight classes from CF. to CsF", but the
separation of isomers was not realized.

Certain tests performed in our laboratory required the use
of a column for analyzing perfluorocarbon isomeric mixtures
ranging from C. to C.. Therefore, a column other than those
found in the literature was necessary. The use of graphitized
carbon black has been reported by various investigators (6-10)
as an efficient method for separating hydrocarbon isomers.
The objective of this study was to compare the general
separation characteristics of selected hydrocarbons and
perfluorocarbons on this adsorbant.

EXPERIMENTAL
The graphitized carbon black (GCB) used in this study was

80/100 mesh Carbopack C (Supelco, Inc., Bellefonte, Pa.), which
has a surface area of 12 m2/g. A moderately polar stationary
phase, SP-IOOO (0.1 'l'o w/w), prepared from Carbowax 20M and
8 derivative of terephthalic acid, was used to modify the surface
of the Carbopack C. The columns used were 6 ft x 1/. in. o.d.
X 4 mm i.d. and made of glass. They were purchased from
Supelco, Inc., prepacked with the above GCB and modifier. The
columns were conditioned before use for 14 h at 175°C.

The gas chromatograph on which retention data were measured
was a Hewlett-Packard series 700. Thermal conductivity, with
helium as the carrier gas, was used for detection. The carrier flow
rate was measured with a soap~bubble flowmeter at the column
exit. Oven temperature was measurable to ±0.5 °C by the use
of an external thermocouple system more sensitive than the one
on the HP-700.

The sample size used for GC analysis was, in each case, 0.5 pL.
Each sample was approximately a 2:1 mixture of perfluorocarbon
(or hydrocarbon) to n-hexane.

The hydrocarbons used were reagent grade chemicals obtained
from Aldrich Chemical Co., Milwaukee, Wis. Commercial samples
of n-pcrfluoropenlane and n-perfluorohexane were obtained from
the 3M Co. Other pernuorocarbons were obtained from Pierce
Chemical Co., Rockford, Ill., with the exception of perfluoro­
2-methylpentane, which was a gift from Farbwerke Hochst,
Germany.

Commerical samples ofc,F.., CoF... and C,F18, when analyzed,
produced many impurity peaks. Subsequently, these sample! were
analyzed by gas chromatograpby-mass spectrometry (Hewlett­
Packard 5982A) to confirm the elution order of the compounds
of interesL Chemical ionization with methane and electron impact
ionization modes were used to assign empirical formulas to eluting
components. Structural assignments were made by spiking
mixlures with the known compound whenever possible. A
separate 6 ft X 1/.. in. o.d. X 4 mm i.d. glass column, with 0.1 %
SP-l000 on Carbopack C, was used for the GC/MS work. Sample
spiking with known compounds was employed to confirm that
the elution order of compounds on both columns reported in this
study was the same.

RESULTS AND DISCUSSION
A preliminary evaluation of unmodified graphitized carbon

black columns showed that the elution order of components
was not affected by the presence of the modifier described
in the Experimental section. Rather, retention times were
considerably longer and peak shape was poorer because of
tailing. Increasing the percentage of the liquid modifier had
the effect of decreasing retention time and eventually resulted
in a loss of separation. Because of the above behavior, only
a column with a low level of modifier was employed in this
study.

The retention behavior of selected hydrocarbons and
perfluorocarbons is tabulated in Table I, which gives the values
for adjusted retention time and for retention time relative to
an internal standard (n-hexane) at 120 ec. When homologous
compounds are being separated, retention time increases with
increasing molecular weigbt. Spherical molecules elute with
shorter retention times than straigbt chain molecules having
the same molecular weight, and the isomer having the greatest
spherical geometry h... the shortest retention time. Addi­
tionally, it was observed that for all compounds tested, the
fluorocarbon has 8 shorter retention time than the corre­
sponding hydrocarbon, indicating a weaker interaction with
the adsorbant surface.

The similarity of the elution sequence observed for the
hydrocarbons and perfluorocarbons in Table I indicates that
the nature of the basic interaction with the adsorbant surface
is the same for both classes of molecules. Likewise, the slopes
of the lines obtained from plots of the log of the capacity ratio
k'vs. the inverse temperature indicate that for both classes
of compounds, the temperature dependency of the interaction
between the sample and the adsorbent decreases in the order
alkenes ?; alkanes?; cyclic structures.

Since the fluorine atom is larger than the hydrogen atom,

0003-2700178/035G-0661S01.00/0 C 1978 Amorlcan ChomIcaJ Society



182 • ANALYTICAL Cl£MISTRY. VOL. 50. NO.•• APRIL 1978

Table L Adjuated Retention TIme and Retention TIme Relative to n-Heune of PerOuorocarbon and Hydrocarbonac

Retention data

Compound

Adjusted retention timeb (tR') 5 Relative retention time (rx/I )

Hydrocarbon Perfluorocarbon Hydrocarbon Perfluorocarhon

0.086
0.134
0.177
0.248
0.289
0.379
0.420
0.590

1.174
1.306
2.030
1.286
0.533
0.181
0.280
0.151

1/ .. in. a.d. glass; Packing,

0.108
0.192
0.274
0.372
0.529
0.638
0.681

1.162
1.202
1.373
1.571
2.133
2.377
3.650

42.1
65.7
86.7

121.6
141.8
185.6
206.0
288.9

.2,2-Dimethylpropane 62.9
2-Methylbutane 94.0
n-Pentane 134.2
2,2-Dimethylbutane 182.2
2,3-Dimethylbutane 259.2
3-Methylpenlane 312.6
2·Methylpenlane 333.6
n·Hexane 490.0
3,3-Dimethylpentane 569.2
2,2·Dimethylpentane 589.1
2,4·Dimethylpentane 672.7
2,3-Dimethylpentane 769.7
3·Methylhexane 1045.1 575.4
2-Methylhexane 1164.5 639.8
n-Heptane 1788.7 994.5
1-Heptene 630.2
Methyleyelohexane 261.0
Cyelohexane 88.9
Cyelohexene 172.4 137.4 0.352
Methylcyelopentane 204.3 73.8 0.417

a Column temperature, 120°C; Sample size, 0.5 mL; He now rate, 30 cm'/min; Column, 6 ft X
Carbopack C coated with 0.1% SP-1000. b Based on an elution time of 34.8 s for the air peak.

Table II. Column Selectivity (a) U a Function of
Hydrocarbon and PerOuorocarbon Pain

PerOuoro- Hydro-
carbon carhon

n-llexane/2- 1.40 t 0.05 1.45 t 0.04
methylpentane

2-Methylpentane/3- 1.11 1 0.02 1.071 0.02
methylpentane

3-Methylpentane/2,3- 1.31 t 0.01 1.21 1 0.01
dimethylbutane

2,3-Dimethylbutane/2,2- 1.18 1 0.01 1.41 t 0.02
dimethylbutane

it iB possible to have Bteric hindrance effects with per­
fluorocarbonB which are not obBerved in the corresponding
hydrocarbons. These sterie effects can influence the sepa·
ration behavior by preventing certain perfluorocarbons from
assuming confirmations th:1t maximize the interaction of the
molecule with the solid Burface. This effect is Bhown in Table
II where the calculated column Belectivity (a) is given for
sequentially eluting pairs of hydrocarbon and perfluorocarbon
iBomerB of hexane. The data indicate that perfluoro-2,3­
dimethylbutane experienceB a weaker interaction with the
adsorbant than would be predicted from the behavior of the
corresponding hydrocarbon. This behavior has the effect of
increasing the column Belectivity for the separation of the
perfluoro-3-methylpentane/perfluoro-2,3-dimethylbutane pair
while decreasing the selectivity for the Beparation of the
perfluoro-2,3-dimethylbutane/perfluoro-2,2·dimethylbutane
pair.

A typical perfluorocarbon separation obtained on the above
modified graphitized carbon black column is shown in Figure
1. The chromatogram represents a synthetic sample prepared
from reference atandards. The various commerical samples
employed in this Btudy contained many partially fluorinated
apecies and other compounds which were not of interest. The
chromatogram in Figure 1 does not contain all the compounds
listed in Table I, since thoselretention valueB were derived
from the above-mentioned complex mixtures. An examination
of the chromatogram in Figure 1 indicates good peak Bhape
and a reasonable separation time.

In conclusion, the use of a graphitized carbon black column
allows separation of perfluorocarbonB to be accomplished

I perll~or,,·)·ntlr'Ylpent'~.

./ ptlll,,",o-l·mrltlflptnl;lnt

//

~~-'-i---I'o~~------t'-~I6-'".
HUTI~llW: f!'linl

Figure 1. Typical chromatographic separation of perfluorocarbons.
Sample size. 0.5 Jll; temperature. 120 °C; He now rate. 30 mUmln;
coh.rnn, 6 ft X II. in. D.d. X 4 mm l.d. glass; colurT'Il packing material,
0.1 % SP-l000 on 80/100 mesh Carbopack C

without the use of low or subambient temperatures. Fur­
thermore, the column is capable of separating isomeric
mixtures as effectively as does n-hexadecane (2,3) but over
larger molecular weight ranges and with shorter analysis times.
Additionally, a large temperature operating range extending
from subambient to greater than 200 ·C is possible with this
packing. The only major disadvantage of graphitized carbon
black colwnns relative to n-hexadecane columns is their rather
low sample capacity, which poses no problems, however, for
analytical separations.
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Removal of Soluble Organic MaUer from Rock Samples w"h a
Flow-Through Extraction Cell
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Research in Organic Geochemistry frequently deals with
organic matter extracted from sedimentary rock samples using
organic solvents such as methylene chloride, chloroform, and
benzene-methanol mixtures. Extract yield values are used
as indicators for evaluating the degree of diagenesis and the
oil-generating potential of source rocks. In Environmental
Sciences, extraction yields ace of interest in many respects,
e.g., to discover pollution of recent sediments. High precision
of extract yields has to be considered as a primary condition
for proper interpretation of results. High-speed extraction
of samples is desirable whenever organic geochemical methods
are used during petroleum exploration.

Of the several extraction devices which have appeared in
the literature, the Soxhlet apparatus is most widely used (I)
although it has the disadvantage of poor reproducibility (2)
and long extraction times (3-5). Exhaustive pre-extraction
of extraction thimbles is also required (6-8) which is con­
sidered too time consuming for routine work. The use of
solvent mixtures is generally restricted to azeolropic mixtures
(9). Attempts have been made to achieve better reproduc­
ibility using special extraction apparatus (2, 10). or to cut down
extraction time by application of ultrasonics (1 I, 12) or
mechanical shredding (13).

The "flow-blending" method described in this article
provides both good precision and short extraction time.
Solvent mixtures other than azeotropes may be used. In
contrast to conventional techniques, blending is carried out
in a small cell through which the solvent-solid slurry is
continuously recirculated.

Elemental sulfur is often present in sedimentary rock
samples, either indigenous or artificially produced during field
handling and laboratory preparation of the samples (14).
Because of its solubility in organic solvents, free sulfur is
removed from the rock matrix in procedures used for solvent
extraction of rock samples (15). As the extracted organic
matter is determined by weight. sulfur has to be removed from
the extraction mixture prior to sample recovery. In the
flow-blending method, copper powder which is capable of
quantitative removal of free sulfur is used for this purpose.

Different methods for removal of elemental sulfur from
extracts are known from the literature. The use of copper was
first described by Blumer (15) and is now the reagent most
widely used for this purpose. Precipitated copper powder,
prepared using the Blumer method, is obtained in a highly
active form, while proclucts available from commercial sources
need to be activated before use, i.e., copper oxide has to be
removed from the surface by treatment with nitric or hy­
drochloric acid (16). Problems arise from handling and storage
of activated copper as it is readily deactivated by exposure
to air, especially if copper powder (15), gauze (16), wool (17)
or granule (18) is used.

The flow-blending method differs from conventional
procedures in that commercial copper powder is used without
further treatment, activation being due to the abrasive action
of the blender blades and the rock powder during the ex­
traction procedure.

EXPERIMENTAL

Apparatus. Extractions were canied out in an apparatus of
special design (Figure 1). The basic principle of this pump/
blender is that a tight fitting cylinder incorporating two blades

(the rotor) revolves in a slitted cylinder (the stator). The relative
movement of the stator and rotor serves both to pump the slurry
and to grind the entrained particles.

An lLADO rotor-stator system Model 21/G with driving motor
Model X 10/20, speed regulating device Model T 600, and
flow-through cell Model 22/Z (Internationale
Laboratoriums-Apparate GmbH, 0-7801 BalIrechten-Dottingen.
Germany) was modified by replacing the nozzles of the original
cell by stainless steel cones. FlVAC Teflon bellows adaptor Model
FVB/2 (Fisons Scientific Apparatus, Loughborough, Leices­
tershire) provided a flexible connection with small dead volume.
All other parts were manufactured from standard glassware. A
set of four flow-through vessels (0.5 L, 1.0 L, 2.5 L, 5.0 L) and
corresponding circulation pipes were used throughout this study.
The apparatus may easily be adapted for use with larger volumes
if required. The length of the flow-through vessel should be
increased cather than its diameter, in order to maintain good
flow· through characteristics. The shape of the circulation pipe
is critical for proper action. The inner diameter must be 18 mm
and the bends rectangular. Teflon spray was applied to the
glass-to-g1ass and the glass-to-metal joints before they were fIXed

.by clamps or springs. In order to achieve complete discharge of
the extraction mixture, the apparatus was mounted in a position
differing from Figure 1 in that it was rotated ca. 20° clockwise
about the horizontal axis.

Soxhlet apparatus heated by six-place water baths were used
to make comparative extractions. Water was kept circulating
through pairs of baths by centrifugal pumps keeping temperature
gradients at a minimum. Spectrophotometric measurements were
made with a Perkin-Elmer Model 551 UV-VIS spectrophotometer.

Samples. Pulverized outcrop rock samples from West Ger­
many (No. 1-15, Table 1Il) and oil shales from Brazil (No. 16,
17, Table 1Il) and Austria (No. 18, Table 1Il) were used for
extraction experiments. Initial particle size is not critical for the
flow-blending technique but should be less than 150"'" to prevent
the rotor-stator system from clogging. Initial particle size dis·
tribution determined from samples used in this study was: 52%
less than 63 ~m, 30% 63-125 ~m, 17% 125-200 ~m. and 1%
greater than 200 J,tm. Grain size distribution of the residual
sediment after 10 min extraction (which is critical for extraction
efficiency): 70% less than 63 ~m, 24% 63-125 ~m, 6% 125-200
~m, and no particles greater than 200 ~m.

Reagents. Analytical reagent grade methylene chloride (E.
Merck, Darmstadt, Germany) was dried over anhydrous calcium
chloride and distilled. Next 0.1 % v/ v anhydrous methanol was
added as stabilizer. The solvent was checked to contain less than
0.3 mgjL of impurities which were not volatile under the con­
ditions employed for sample recovery (19). .

Analytical reagent grade fme copper powder was obtained from
E. Merck. Coils made from 0.5 x 5 em strips of copper foil
(thickness 0.1 mm, E. Merck) were activated immediately before
use by treatment with hot hydrochloric acid and washed suc­
cessively with water, acetone, and methylene chloride (16).

Neutral Aluminum Oxide 90, active for column chromatography
(E. Merck), was partially deactivated by adding 2.5% distilled
water. Flowers of sulfur were heated for several hours to 100 °C
before use to ensure complete conversion of any amorphous sulfur
into the soluble crystalline form (16,20).

Extraction Procedures. "Flow-Blending" Method. The
flow-through vessel was charged with 0.5 L of methylene chloride,
the speed regulation device set to position 4, and the motor started.
At this setting the quantity of solvent delivered by the rotor-stator
system was found to be 14.8 L/min at 19600 rpm. One hundred
grams of pulverized rock sample and 1 g of copper powder were
added to the stream of circulating solvent. After 10 min, the
mixture was discharged into centrifuge tubes and centrifuged 6
min at 5000 rpm. The extract was decanted and most of the

0003-270017810350-0683$01.0010 C> 1978 Ame<Ican Cl1emIcaI Society



884 • ANALYTICAl CHEMISTRY, VOl, 50, NO.4, APRIL 1978

Table L Precision Data of uFlow-Blending"
and SolChlet Method

Extraction yield, ppm
............

Then 20 g of alumina or 20 g of pre·edracled pulverized car·
bonaceous rock were introduced prior to copper powder in
successi\'e experiments. The mixtures were circulated for 10 min
each under the conditions given for the extraction procedure.
Aliquots of the mixlures were filtered and 0.5 mL of the filtrales
diluled to 10 mL by addition of methylene chloride. The ab­
sorbance of the resulting solutions were measured at 260 nm (20,
2]) Vii. 8 blank of the same solvent. The measured absorbance
was then compared with that given by lhe calibration ploL Blanks
were run on sulfur solutions showing that the absorbance was not
influenced by the addition of alumina or pre·extracted rock
samples.

Elemental sulfur WD.S removed from Soxhlet extracts by a coil
of activated copper foil located in the extraction flask throughout
the extraction procedure (22). If the surface of the copper foil
was covered completely by black sulfide, more strips were added
until the surface of the last strip added remained unchanged.

F~ure 1. "FloW-blending" extraction apparatus

RESULTS AND DISCUSSION
The yield of exlract as a function of extraction time was

delermined. The results are shown in Figure 2. The end
point of extraction, taken as the point where a doubling of
the extraction time gives less than a 5% increase in yield, was
reached after 10 min. Precision was evaluated for the
now-blending and the Soxhlet method as shown in Table I.
Poor precision of the Soxhlet method is at least partly due
to the fact that constant boiling of the solvent generally is not
achieved {9l. Furthermore, the Soxhlet method was found

6138
626
10.2

b

6682
6954
5652
5706
5426
6410

ppm

5750
5375
5670
5735
5180
5875
5393
5466
5502

Soxhlet method

b From 50 g rock

6177
5497
5556
4653
6333
5426

5607
602

10.7

mg

5.75
53.75

113.4
229.4
259.0
352.5
431.4
546.6

5502.0

Flow­
Blending
method

a

2
2
4
2
4
2
2
4
2

Run No,

1
10
20
40
50
60
80

100
1000

1 5059
2 5409
3 5315
4 5442
5 5119
6 5181
7 5431
8 5328
9 5402

10 5549
Mean, ppm 5324
Std dev 157
ReI Btd dev, % 3.0

• From 100 g rock sample No. 14.
sample No. 14.

Table 11. Linearity of Extraction Yield VB. Sample Weight

Sample No. of Average extraction yield

weight, g expta

solvent was evaporated under reduced pressure on a rotary
evaporator. The concentrate was then transferred to 8 5-mL vial,
placed in the hole of an aluminum heating hlock (40 ·Cl and the
solvent removed completely by a slow stream of nitrogen.

Soxhlet Metlwd. One hundred grams of pulverized rock sample
were placed into a pre-extracted thimble and extracted with 400
mL of boiling methylene chloride for 20 h. Solvent removal from
the extract was performed as described above.

Sulfur Removal. To measure the effectiveness of copper
powder as a reagent for removing elemental sulfur, increasing
amounts of copper powder ranging from 100 mg to 1.5 g were
added to solutions of 100 mg of Bulfur in 0.5 L methylene chloride.

Table 111. Comparilon of Extract Data, Soxhlet Method va. "Flow·Blending" Method

Extraction yield, ppm

Up. Penninan Limestone 25 37
Md. Jurassic Shale 42 43
Lw. Cretaceous Shale 58 42
Up. Devonian Limestone 72 69
Up./Md. Jurassic Marl 92 80
Lw. Jurassic Marl 126 118
Md. Jurassic Shale 150 170
Up. Permian Marl 282 288
Md./Lw. Jurassic Marl 658 636
Lw. Cretaceous Shale 704 550
Lw. Cretaceous Shale 3040 2960
Up. Permian Marl 3638 2302
Lw. Cretaceous Shale/Coal 4812 4220
Lw. Jurassic Marl 5324 5607
Md. Eocene Shale 9308 7613
Up. Permian Shale 16472 11998
Up, Permian Shale 18618 16655
Up. Triassic Shale 28649 26597

Sample No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

Era Lithology
FJow·Blending

method Soxhlet method
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Figure 2. Influence of extraction time upon extraction yield
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Figur. 3. Sul'... removal by copper powder. (e) Copper only. (A)
copper and alumina. e-) copper and carbonaceous rock

lacking in that the surface area of sediment particles efficiently
washed by percolating solvent may decrease markedly during
extractions due to the compaction of the sample or the
channeling of the solvent (2).

Problems arising from insufficient contact between particles
and solvent have been overcome by application of the
flow-blending method. The sample is finely dispersed in the
circulating solvent by the action of the rotor-stator system.
Particle surface area is increased rather than decreased by
the impact of shear forces and cavitation as particles pass the
blending cell. Kerogen degradation which may occur during
extractions using high energy ultrasonics (I I) and which can
blur the determination of the extraction end point. was not
observed using the flow-blending method.

The yield of extract as a function of sample weight was
determined. A least-squares fit of data from Table II gave
a regression equation y = 5.501 X 1O-3x + 0.793 X 10-3 g with

Computer Interfaceable Potentlostat

Basil H. Vassos· and Guillermo Martinez
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a correlation coefficient'" = 0.99996.
Extraction yields obtained hy the flow,blending and the

Soxhlet method are closely correlated as shown in Table m.
Regression of Soxhlet (y) vs. flow-blending (x) values yielded
y = O.885x - 84.65 ppm. The correlation coefficient'" of the
data was 0.9886.

As shown in Figure 3. efficiency of copper powder as a
reagent for removing elemental sulfur was markedly increased
as alumina or carbonaceous rock was added. One gram of
copper powder added to the extraction mixture will remove
up to 150 mg of free sulfur.
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The present de6ign i6 of a potentiostat suitable for use in
automated environments. for example in computer,controlled
electrochemistry. The requirements for such an instrument
are: stability in operating with a variety of cell configurations,
absence of manual adjustments. and a balanced correction of
various errors. This wt feature is important in a general
purpose instrument, since various error corrections tend to

operate at the expense of each other. The features we
considered in this design were the following.

(a) Uncompenlated Reliltance Correction. There is
a long history (1-5) of preoccupation with this correction.
Although oomplete oomputer oorrection of this fault is poaaible
(6). moot potentiootats use positive feedback for this purpoae,
which brings the Iystem just short of self'oscillation. We
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For automatic use, the control of the relay is done remotely,
and a control voltage is introduced through S•. The data at
the output is attenuated to I mV for recording purposes; this
can be changed to suit. The potentiostat was used under
various conditions and showed exemplary behavior at small
amplitude around zero, For larger transitions, the clamp could
cope easily will I-V steps on 5·"A scale. An example of
transient.behavior, in the absence of clamping, is shown in
Figure 3b where the response of the system is shown at the
highest current range. The cell solution used was 0.01 M
KoSO, and 0.01 M HoS0, and the working electrode was of
platinum wire. At 1.2-V square wave produces about 10 "s
of rise time with moderate overshoot and no instability. Large
transitions at low current setting are accommodated by
clamping. The relay used allows about I ms of reliable op­
eration which is satisfactory for most applications.

In conclusion, the present design, at low signal amplitude
and with small current measuring resistors is able to operate
within about 3% dynamic error to about 30 kHz sine and 50-,..
rise times. Useful response extends to 60 kHz sine waves and
10·,.. rise times. Low frequency operation is error free.

When using large voltage steps in dilute solutions and a high
current measuring resistor, the effective rise time is maintained
to about a millisecond by clamping. The speed of the clamping
relay (0.2 ms) is here the limiting factor. FET switching was
experimented with and shown to give faster response, but we
prefer the relay for reasons of simplicity and reliability.

The authors have more detailed construction details
availeble for persons interested in duplicating the construction,
as well as some details about preliminary work to program
completely automatically the gain of the 1/E section.
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Technique for the Prevention of Column Contamination In Pyrolysis
Gas-Llquld Chromatography

Annabel Mllchell and Manuel Needleman·

Victorian Co. 01 Pharmacy, 381 Royal Parade, Parkville, Victoria, Auslralla, 3052

Figure 1. Backllush plumbing arrangement

pattern from the elution to the backflush mode. The sequence
adopted was to raise the temperature to 180 ac, after elution was
complete, then to remove the pyroprobe from inlet A, leaving it
open, and·to backflush for 1 h.

RESULTS AND DISCUSSION
This technique has been in operation for over 500 h of

column use and no contamination of the main column has
been observed. After about 200 h of use, the first 5 cm of
precolumn showed some discoloration but, because of the
disposable nature of the precolumn, this has not proved to

DETECI'OR

GASf'L(;. DliHING BACK.·LUSIIING

.«-'lm;.

::
~r\'A\'ECLOSED

6C'm3/min
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D
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There has been an increasing interest in the past decade
in the application of pyrolysis gas-liquid chromatography to
the identification of microorganisms. It is surprising, therefore,
to observe that the problem of column contamination has been
mentioned only recently (1, 2). The contamination, which
evidences itself as a tarry deposit on the column after ap­
proximately 100 h of column use, results in a loss of resolution,
with a concomitant decrease in long-term reproducibility (2),
and is most marked when capillary columns are used.

Attempts have been made to solve the problem by repacking
(3) or removing (1) the fmt section of the column. Alternative
proposala have been to use long precolumns (1) and back­
flushing of the column after each chromatographic run (2).
Experiments using the latter idea showed that high boiling
contaminants still built up insidiously on the column, and a
8ignificant fraction, once deposited, was resistant to back­
flushing. Therefore, the fmal successful arrangement, shown
in Figure I, incorporated a short disposable precolumn and
effectively amalgamated the above-mentioned proposals.

EXPERIMENTAL

All apparatus and procedures, except for those detailed below,
have been previously described (2).

The glass precolumn shown in Figure 1 was obtained by cutting
• I-m lsngth from a column similar to the main SCOT column.
The columns were connected with glass·lined steel tubing, which
was aIeo used for the ancillary plumbing.

The diasram ehowa how closing the valve (MNVU needle valve,
Scientific Glass Engineering, Melbourne) chaoges the gas flow
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be a serious problem. The efficacy of the backflusb procedure
has been shown by the significant deposition of contaminants,
similar to those previously observed, on the glass injection
sleeve, which is replaced each time the pyroprobe is removed
prior to backfiushing.

OUf experience has shown the advantages of using 8

precolumn, together with backfiushing, as the main column
has been kept free of contamination and the replacement
frequency of the precolumn has been minimized, thus avoiding
the regular replumbing involved in a precolumn system that
does not incorporate backfiushing. The relatively low cost

ANALYTICAL CHEMISTRY. VOL. 50. NO.4. APRIL 1978 • 888

of the valve, allied to the advantages outlined above, makes
this system an attractive alternative to an automatic bacIdlusb
arrangement.
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Gas Chromatographic Determination of Dissolved
Hydrogen and Oxygen In Photolysis of Water

Sleven J, Valenly

General Electric Corporate Research and Development, Schenectady. New York 12301

a See Table I for carrier gas and flow rate used.

The photolysis cell, constructed of either Teflon or AI alloy,
is demountable and is assembled from four side pieces and two
quartz windows using Teflon tape as gasket material around the
perimeters of the windows. For these experiments, the light path
through the cell is either 0.5 cm (ferrioxalate actinometry) or 0.1
cm (hydrogen actinometry) and the cell's contents accessed
through a septum sea! in the top. The cell front window was
masked to provide a 2.3 em x 2.6 cm opening.

A Perkin-Elmer Model 575 was used to record all ultraviolet
and visible absorption spectra.

Procedure. Ferrioxalate actinometry was used for the light
intensity determination at 254 nm (7). The ligbt intensities used
in this atudy are 5.0 ± 0.1 x 10" einstein/s/ern' (bare lamp
output) and 4.5 ± 0.1 x 10-10 einstein/s/ern' (Cu mesh attenuated
output).

Routine calibration was done by injecting known volumes of
a H, or 0, saturated aqueous solution (25 ± 1 ·C, under 1 alro
of pure gas) into the chromaWgl'aph. In another method. standard
solutions containing less than saturation concentrations of H, were
prepared hy 254 nm photolysis (/ = 0.1 ern. 25 ·C) of a N, purged
aqueous solution (1.0 roL) containing: 1.0 x 10" M K.[Fe(CNl,),

Table I. Experimental Condition.

Table n. Observed Analytical Data for
Dissolved Gal Detection

2.5 X 10-'

2.5 X 10-'

100

110
2-100

1.1 1 0.1

0,

1.3 X 10-'

H, analysis

AI
40

100
60

100
150
IX

50

110
2-100

0.91 0.1

H,

8.4 X 10-"

3.4 X 10-'

1.7 X 10- 00

0 1 analysis

He
60

100
60

100
240
IX

Condition

Carrier gas
Carrier gas flow, mL/min
Injector temp., 0 C
Column temp., °C
Detector temp., 0 C
TC filament current, rnA
TC attenuator setting

Observation

Instrument calibration factor,
mollmm peak height

Minimum amount detectable,
mol, S/N= 4

Maximum injection volume,
pL

Minimum concentration de-
tectable, mol, SIN = 4

Precision, %
Linearity, % gas saturation
Retention time, mino

EXPERIMENTAL

Materials. Linde purified He and Ar were used as carrier
gases. The argon was passed through a 2Q-in. x 0.37f>-in. stainless
steel tube filled with activated "Ridox" (Fisher Scientific) to
minimize the oxygen concentration. Molecular sieve 5A (60/80
mesh) was obtained from Supelco. Potassium ferrocyanide (Baker
Analyzed), isopropanol (MCB Spectro). and perchloric acid (Baker
Analyzed) were used for the hydrogen actinometry experiments
as received with triply distilled water as solvent.

Apparatus, A Hewlett-Packard F & M Model 5750 Chro­
matograph equipped with a thermal conductivity detector and
O.125·in. sleeves in the injector block was utilized. The column
(stainless steel, O.I25-in. o.d., O.OIO-in. wall) is composed of two
shorter columns coupled in series; both filled with 60/80 mesh
molecular sieve SA. The "water adsorbing" precolumn (O.5·m
length) is attached to the injector followed by the longer (2.1 1'0)
"gas separating" column. The column was activated by heating
in a He stream at 300 DC for 4 h before use. Conditions for the
gas analyses are given in Table I. The aqueous solutions are
sampled by a 100 pL "Pressure-Lok" series A-2 syringe which has
a valve behind the needle such that samples can be transferred
(and stored) in the syringe barrel without gas loss.

A 4-W germicidal lamp (General Electric G4T4-1, output >210
nm) in a convection cooled housing was attached to a thermostated
brass photolysis cell holder such that the plane of the "U" shaped
lamp was parallel to and 5 ern distant from the cell's front window.
The light intensity was attenuated with fme copper mesh screen.
Of the light incident on the cell face, 88% had a wavelength of
253.7 nm with the remainder not photochemically active.

The use of visible light energy to decompose water into
hydrogen and oxygen is a subject of current interest (1-3).
The principal analytical tool used to detect the small amounts
of gaseous products produced in these studies has been mass
spectrometry. ]n an attempt to observe trace quantities of
H, and 0, which might be evolved during the photolysis of
glass supported monolayer assemblies of surfactant derivatives
of tris(2,2'-bipyridine)ruthenium(IJ) (2), a simple chroma­
tographic method has been utilized and is reported here.
Determination of traces of Hz, N" and 0, in aqueous solutions
by vapor phase chromatography has been reviewed by Tolk
and co-workers (4). In the present method, the aqueous
solution is injected directly onto a chromatographic column
filled with molecular sieves and the eluting H, and 0,
monitored by a standard thermal conductivity detector. The
validi\y of the hydrogen analysis was tested by using the acidic
ferrocyanidejisopropanol system as a reference actinometer
(5,6).
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Table Ill, Comparilon of H,
Actinometer and VPC Resulta

% Reaction" VPC % H, ..td Calcd % H, ..td
(No.o(&ampl..) H,O (.% Err)b H,O (.% Err)e

o 0 0
7 (3) 6 (8) 5 (10)

14 (3) 10 (4) 10 (10)
28 (5) 15 (6) 19 (10)

G Calculated (rom the absorbance at 420 nrn for [FeIJI •
(eN). p., t max =: 1.00 X 10) M-' em-I, b VPC % H, sald
H,O = (Peak Height H, at 1)/(Peak Height H, ..td H,O)
X 100, where t is the phololysis time. C Calcd % H, satd
H,O= (No. Moles H, at t)/(No. Moles H,in satd H,O) X
100= [(f.) (I.') ("'II ") (1)/mLJ/(7.6 X 10"/mL) X 100,
where f. = 0.55, /0' ~ 3.0 X 10-' einstein a· 1• ~H u =
0.43, t is the photolysis time. )

1.0 x 10-' M HClO, and 0.10 M isopropanol. The solutions were
analyzed for H, assuming <l>H, = 0.43 (5). Peak heights were
measured with a millimeter ruler.

RESULTS AND DISCUSSION

The analytical date observed for the detection of dissolved
H, and 0, are presented in Table II. While the maximum
volume that can be injected directly on column is limited, this
method has proved more sensitive and reproducible than two
aystems tested in this laboratory based on stripping the gases
from a larger volume of solution (1-3 mL) by passing a finely
dispersed carrier gas stream through the liquid before the
drying and analyzing columns (8). The long term, transient
(5-10 min) decrease in carrier gas flow following liquid in­
jection results in an irreproducible baseline which effectively
limits the size of injection. The use of larger diameter
precolumns resulted in peak broadening and consequent
decrease in sensitivity. Currently, the "water-absorbing"
precolumn is changed after a total of ca. 1 mL liquid has been

injected. The reported procedure, while utilizing standard
and readily available equipment, approaches the sensitivity
for dissolved H, detection (-1 X 10" M) of the best published
chromatography method (4) which requires specialized ap­
paratus.

The photolysis of acidic aqueous ferrocyanide solutions
containing the hydrogen atom donor isopropanol, was found
to provide a useful calibrated source of Hz in subsaturation
concentrations under conditions nearly identical to those
employed for the monolayer experiments. As noted in Table
Ill, the results of the two methods are the same at low
conversions to ferricyanide. At conversions> 15%, deviations
occur and become increasingly larger at higher conversions.
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Separation of Rhodium-103m from Ruthenium-103 by Solvent Extraction

Jlh-Hung Chlu, Robert R. landolt,· and Wayne V. Kessler

BIonuclt>onles Department, Purdue Unlvers!ry, West Laleyetle, Indiana 47907

A previous paper (/) reported a procedure for the separation
of "'''''Rh from ""Ru. The yield of """'Rh was 94 ± 0.6%, and
the amount of 'ooRu contamination was 3.8 ± 0.7%.

Continued work to improve the separation procedure has
resulted in one that is considerably better. The procedure
of Meadows and Matlack (2), developed for the separation
of radioruthenium from fission product waste, was modified
and used in the initial steps. The yield of """'Rh was
quantitative and there was no measurable looRu contami­
Dation.

EXPERIMENTAL
Reagent.. A ruthenium carrier soJution containing 3 g of

ruthanium chloride (Alpha Products) in 500 mL of distilled water
waa prepared. The solution waa filtered through Whatman 41
paper_ SpectrAR grade carbon tetrachloride (Mallinckrodtl was
uaed without further purification. Ruthenium-l03 in'equilibrium
with '-Rh was obtained from Amersham/Searle as ruthenium
chloride in 4 N HCI. A stock solution containing 1 pCi of
""Ru/mL in 6 N HCI waa prepared.

SeparatIon Procedure. The procedure of Meadows and
Matlack (2) was followed with modifications. A O.5-mL aliquot

of the I03Ru/ IOJmRh stock solution was placed in a 60·mL sep­
aratory funnel containing 2 mL of concentrated Hel and 2 mL
of ruthenium carrier solution. With frequent swirling, 12 N NaOH
was added dropwise until black ruthenium hydroxide precipitated.
Ten more drops of NaOH was sdded, followed by 1 mL of 5%
sodium hypochlorite with thorough mixing. The ruthenium
hydroxide dissolved and the solution turned green. After 1 h,
10 mL of carbon tetrachloride was added, followed by dropwise
adelition of 6 N HCI, with swirling, until the color suddenly turned
light yellowish green. Four more drops of HCI was added. The
contents of the funnel were mixed for 1 min, and the carbon
tetrachloride Jayer containing lo:lRuO.. was drained, leaving the
l030lRh in the aqueous loyer. The aqueous Jayer was extracted
with an additional 10 mL of carbon tetrachJoride and was then
drained into a graduated 50-mL centrifuge tube.

Purification of IQ3mRh. The aqueous solution in the tube was
gently boiled over 8 flame for 3 to 5 min until the volume was
reduced to less than 10 mL. Suspended carbon tetrachloride,
residuaJ looRuO.., and residual chlorine evaporated. The solution
was cooled and diluted to 10 mL. A 5.0-mL aliquot was placed
in it polypropylene counting tube. The 'OOmRh and ''''Au activitiea
were measured immediately by 'Y·ray spectrometry in the manner
previously reported (1).
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RESULTS AND DISCUSSION
The ·03mRh yield of the extraction and the '03Ru con­

tamination of the "'lmRh solution were calculated (I). The
results for eight replications of the extraction and purification
procedures were: '03mRh yield, 100.9 ± 2.1 % and '03Ru
contamination, 0.0%.

The use of sodium hypochlorite as the oxidizing agent was
an improvement over the previously reported (1) use of eerie
sulfate. The oxidizing capacity of sodium hypochlorite was
not affected by the presence of chloride ions. Consequently,
in addition to giving quantitative yields of '03mRh, the use of
sodium hypochlorite eliminated the need for fuming with 1:1
H2SO, to eliminate chlorides as was required in the eerie
sulfate method.

Meadows and Matlack (2) reported that a pH of 4 in the
aqueous phase was optimum for extraction of RuO. into
carbon tetrachloride. In the present study, it was found that
the optimum pH was in the range of 6.5 to 7.5. Preliminary
studies also showed that considerable contamination of the
aqueous solution with '"'au occurred wben the pH was lower
than 4. Two carbon tetrachloride extractions were sufficient
to quantitatively remove I03RuO•.

The boiling procedure used to purify the extracted aqueous
solution of lOJRh was efficient. In preliminary studies of the
extraction procedure, when boiling was not used, the looRu
contamination in the aqueous phase was 0.9 ± 0.8% for six
replications. This contamination was believed to result from
visible suspended droplets of carbon tetrachloride containing
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'OJRuO. and possibly some nonextracted '"'auO,. After
boiling, the solution was clear and free of '"'au because of
evaporation of both carbon tetrachloride (bp 76.7 ·C) and the
very volatile (3) 'OJRuO•.

The boiling procedure also eliminated any chlorine present
as a result of the excess sodium hypochlorite. However, it was
found, using potassium iodide and the starch test, that some
hypochlorite remained in solution. The addition of 1 drop
of 1 M sodium bisulfite solution after boiling resulted in a
negative starch test.

In conclusion, this method for separating "'lmRh from '"'au
is simple, fast, and efficient. The reagents used are common
and only a small number are necessary. The time interval
from the first carbon tetrachloride extraction to the counting
of the '03mRh is only about 16 min, thus making possible a
high concentration of the short lived llXlmRh. The ·03mRh
concentration can be further increased by boiling because the
chloride form of .lXlmRh is not volatile. The fmal pH is near
neutral and sodium chloride is the only major contaminant.
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Serial Dilution Pipet for Generating Instrument Calibration Standards

Daniel S. Berry

Searle Diagnostics, Inc., 2000 Nuclear DrIVB. Des Plaines. Illinois 600 18

Many analytical chemical determinations require the
construction of a standard curve from a serial dilution of 8

concentrated standard solution. Although numerous com­
mercial devices exist for pipetting and diluting individual
samples, equipment for semiautomatic multiple dilutions of
a standard is not readily available. The device described below
is based on repeated addition and withdrawal of constant
volumes of diluent and diluted standard from a concentrated
standard solution. This simple apparatus can save consid­
erable time in generating standard curves for calibrating
instruments.

EXPERIMENTAL
A 20-mL glass hypodermic syringe was fitted with an upper

and lower mechanical stop. In the model shown in Figure I, the
upper stop is an adjustable screw and the lower stop is a length
of metal tubing cemented onto the syringe piston. The syringe
was fitted witb a three-way valve (Hamilton) and reservoir of
diluent solution with appropriate tubing. Asmall magnetic stirring
bar was inserted into the active volume of the syringe, to mix the
standard with diluent. This apparatus, in addition to a small
magnetic stiner, was clamped to 8 ring stand, as shown in Figure
l.

In operation, 8 concentrated standard solution is drawn into
the clean, dry apparatus by unclamping the syringe from the ring
stand and pumping it into an inverted bottle fitted with a rubber
septum cap until all air bubbles are removed and the syringe is
filled to its maximum stop. It is then reclamped, needled down,
and aUowed to drain into an appropriate receiver to ita boltom
stop. The quantity of residual solution fIXed by the length of the

Table l. Gravimetric Calibration of Serial
Dilution Apparatus

Ratio of
Total grams Expected successive Average

of NaCI dilution weights ratio and
Run delivered factor of NaCI RSD

1.4123 0 2.015
0.7009 1/2 2.012 2.03
0.3484 1/4 2.056 t 1%
0.1695 1/8 2.02
0.0839 1/16

2 1.4072 0 2.004
0.7003 1/2 2.071 2.01
0.3382 1/4 1.993 t 2%
0.1697 1/8 1.97
0.0860 1/16
1.3949 0 2.011
0.6936 1/2 2.034 2.00
0.3410 1/4 1.984 .1%
0.1719 1/8 1.99
0.0863 1/16

bottom stop is now diluted by turning the three-way valve to admit
diluent, and pulling the syringe piston to the upper stop. The
magnetic stirrer is activated to mix the standard with diluent.
The three-way valve is turned to let the syringe drain the diluted
standard, plus the undiluted material in the needle, into the next
receiver. The valve is then turned to admit fresh diluent to the
upper stop aod, following a few seconds mixing, turned again to
drain into the next receiver. This process is repeated untillhe
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I

-~r

Figura 1. DMutor with piston at upper stop

required number of dilutions is obtained. Tbe apparatus is taken
apart for cleaning by removing the bar wbich holds the adjustable'
upper stop.

Calibration of the spparstus can be accomplished by successive
fine adjustments, once a dilution factor is chosen and approxi.

mstely set by fixing the upper and lower stops. The volume of
the stir bar must be subtracted from the residual concentrated
standard volume in fixing the bottom stop, and the unmixed
solution in the needle must he considered in setting the volume
of diluent added by fixing the top stop. These approximate
settings can be made using the calibration marks on the syringe
or by weighing the apparatus empty and filled to the top and
bottom stop. Fine adjust.ments are made by turning the upper
stop screw and measuring the resultant change. Dyes or salt
solutions can be used to determine the dilution factor optically
or gravimetrically.

RESULTS AND DISCUSSION
Table I gives the results of a series of dilutions determined

gravimetrically using a solution of sodium chloride as the
standard. The solutions, including the most concentrated,
were received directly into pre-weighed pans, dried in an oven
and weighed again. The dilution apparatus had been pre­
viously adjusted using a dye and fluorometer to fix it at a
dilution of I to I. Ten repetitive weighings of pure water
indicated that 7.51 mL were delivered for each dilution; the
volumetric error was less than 0.1 %. The diluent reservoir
was placed on top of a cabinet giving about a 2-m water head
which was sufficient to force the piston to rise to its upper
stop when the three-way valve was turned to admit diluent.
Since this apparatus does not require the complete rinseout
of the solution being diluted, as is the case in most sampler
dilutors, it is possible to make dilutions with smail additions
of dilu~nt to a larger volume of concentrated standard. Since
the syringe and stops are not particularly expensive, a given
dilution factor may be permanently fixed by cementing tbe
adjustment screw in place.

RECEIVED for review November 21, 1977. Accepted December
12, 1977.

Preparation and Characterization of Glass Beads for Use In Thermionic Gas
Chromatographic Detectors

J. A. Lubkowltz,' B. P. semonlan! Javier Galobardes, and L. B. Rogers·

Department 01 Chemistry, University 01 GeorpiB, Athens, Georgia 30602

Alkali thermionic datectors have been used for many years
in gas chromatography but they have been notoriously difficult
to work with because careful control of ail detector parameters
is necessary to obtain reproducibility. The use of ceramic
elements for halogen detection has been previously described
(1). ReoenUy, a new version of this detector has appeared (2,
3) which utiIizea a smaIl glass bead conWning rubidium (oxide
or ailicate). This bead is positioned within 0.5-1.5 mm of the
flame tip and is maintained at a negative potential. The
detector can be operated in a nitrogen-phosphorus (N-P)
mode or in a phosphorus (P) mode by changing the flow rates
of hydrogen and air as well 88 the potential applied to the
flame tip. The bead is beated electrically and, thus, careful
control of the volatility of alkali atoms in the glass can be
achieved. Our recent studies of the response of this detector
have ahown that, if the bead current is carefully controlled,
the detector is very reproducihle (4).

During our studies aimed at characterizing the detector,
these beada were found to have lifetimes of only about 3-4

'On leave for the academic YOM 1976-1977 from Instiluto Ven·
ezoIaDo de InYMtigaclonM C.entificu, Apartado 1827, Caracas,
Ven_ala.

'1'rMenhddreu, Union Carbide Corporation, Box 8381, South
CbarIeoton, W.V.. 25303.

months, so numerous beads were utilized. As a result, an effort
was made to produce these beads in the laboratory. Un­
fortunately, a description of the glass composition and the
procedure of the beads was not available. Hence, we examined
the behavior of several different compositions. Furthermore,
we wanted to see if the sensitivities and specificities could be
modified by changing bead composition.

This paper describes a simple procedure for preparing the
beads using materials having a cost of about $1.00 per bead.
The most important characteristics of the beads are also given.

EXPERIMENTAL
Chemical•. Amorphous ailica (lllinois, Mineral Co., Cairo, lli.l,

grade 200, was used in preparing beads 5-8. Bead. 1-3 were
prepared from fmely ground Coming glass 7740 (Pyrex). Sodium
carbonate (Baker Analyzed reagent) was added as a flux to beads
I and 6-8. Boric acid (Baker Analyzed reagent) was also uaed
as a flux in beads 6-8. Sodium borate decabydrate (Baker
Analyzed reagent) was used in making bead 5 and thus the
sodium-to-boron ratio was fixed. Rubidium nitrate (Fairmount
Chemical Co., Newark, N.J.) was used in beads 1-3 and 5-7. In
the case of bead 8, cesium fluoride (Peninsular Cbemical Research,
Gainesville, Fla.) was used instead of rubidium nitrate. All beads
were fused to a platinum wire (Fisher Scientific, Atlanta, Ga.)
having a diameter of 0.020 em whereas the commercial bead was
mounted on O.Ozs"mm wire.
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N·P 3.98-4.13 3.90-4.30 4.10-4.40 2.70-3.50 2.80-3.50 3.99-4.30 3.90-4.11 3.40-3.91
N·P 0.40-9.0 0.50-7.00 0.50-7.00 0.50-10.0 0.50-7.00 0.10-1.00 0.20-10.0 2.5 -10'<

49
5.7

20.0

2.85
2.45
8.60

17.7
3.8

0.102

19

69.5
1.95
8.65

118
3.2
5.2

21.1

68.2
2.80
7.90

4.73

94.1
1.14

0.184 4.50
0.330 6.55

17.9 14.6
26.6 15.6

0.66 4.3
0.067242.5
0.120 6.91

179 16.3
12

5.40

4.53

1.3

60.0
24.5
10.9

1.06
0.960
9.06
9.06
2.8
3.10
2.01

64.8
21

0.179
0.132

73.7

2.30
1.96
8.52

13.4

69.1
11.1

3.30
0.33
1.90

14.4

69.1
11.1

3.30
0.33
1.90

14.4

1.91
1.89
9.92

15.9
1.3
0.933
1.48

159

2.41
4.91

20.4
24.5

2.1
3.35
1.14

34.0
9.3

61.1
9.79

14.4
v.30
1.70

12.7

Characteriltica ot GlaD Beads

Oper·

~t~~~ --;-----:2~---3~---':'4..:Be=a=d..:N:..:o::·-=-----6::---------8--

Table I.

Property

Composition
%5iO,
%B,O,
%Na,O
%K,O
%AI,O,
%Rb,O
%Cs,O

Curren t range
Heating, A
Bead. pA

Sensitivity
Azobcnzene, C/g X 10-' N·P
Malathion, C/g X 10" N·P
Ratio· N·P
Ratio· N·P
n-Hcxanc, C/g X 10-' N·P
Azobcnzene, C/g X 10" P
Malathion, C/g X 10" P
Ralioc P
n·Hexanc, C/g X 10" P

Detectability, g/s X 10- 13

Azobenzene N·P 75 86 52 110 330 22
Malathion N·P 3.7 8.7 6.1 12 18 1.5
Azobenzene P 180 880 130 8900 19
Malathion P 5.3 5.5 2.0 50 1.1

Linearity, X 10' N·P 4.1 3.0 11.0
Loss of head current, %/h N·P 6.2 5.3 5.8 5.1 -12 3.0 4.0

a Sensitivity ratio: malathion/azobenzene at 7.8 pA. b Sensitivity ratio: malathion to azohenzene at 3.0 pA.
C Sensitivity ratio: malathion to azobcnzene. d A dash indicates that a particular measurement was not made.

Malathion and awbenzene were used as model compounds for
characterization of the beads. Malathion, S(l,2·dicarboxy·
ethyl)·O,O·dimethyldithiophosphate (American Cyanamid Co.,
Princeton, N.J.) having a purity of 99.3% was dissolved in n·
hexane (Nanograde, MaUinckrodt, St. Louis, Mo.). The con·
eentration of the solution was 5 ng/",.L. Solutions of azobenzene
(Eastman, Rochester, N.Y.) in n·hexane were prepared containing
0.05, 0.5, 5, 50. 500 and 5000 ngl~L.

A glass column, 183 em x 2 mm Ld., containing 3% OV-1 on
9(}-!00 mesh Gas·Chrom Q (Applied Science Labs., State College,
Pa.) was used. Nitrogen (Selox) was purified by p8S.'I8ge through
molecular sieve and silica gel. Air and hydrogen (Sclox), purified
by passage through molecular sieve and silica gel. were used as
auxiliary gases (or the flame ionization detector and the nitro­
gen-phosphorus detector.

Apparatus. A Perkin·Elmer nitrogen-phosphorus detector
was used on their Model 3920 gas ehromal<Jgraph. All of our beads
were mounted in the Perkin·Elmer bead assembly. The heating
current was measured by placing a Q-lOA ammeter (Weston,
Newark. N.J.) in series with the bead. A llame ionization detector
mounted in parallel with the nitrogen-phosphorus detector reo
ceived 48.5% of the injected sample. The output of the elec·
trometer was fed to a Linear Instruments Co. dual-pen recorder
(Irvine, Calif.).

Procedures. Bead Construction. The glass mixture was
prepared by weighing the silica, the fluxes, and either the rubidium
nitrate or cesium fluoride. The weight of the total mixture was
kept at about 2 g. The percentage composition of each bead
prepared is given in Table I. Beads 1-3 were made by using
ground Corning glass 7740 and subsequenUy adding sodium
carbonate (bead 1) and rubidium nitrate (beads 1-3). Again, the
total weight was kept at about 2 g. To calculate the fmal
composition of the latter beads, the original composition of
Corning 7740, as reported in the literature, was used (5). The
weights of all components in the mixture are reported in Table
I as the oxide. a common practice in reporting glass composition
(5).

The weigbed mixture was transferred to a 15·mL Coors
porcelain crucible. Using a natural gas-oxygen rich mixture and
a blow pipe torch (National 3A, AUanta, Ga.). the powder mixture

was melted and stirred with a quartz rod. At this point, a thin
strand of glass was puUed from the melt. The strand was later
used to make the bead. The fused glass mixture could be left
in the crucible and reheated at a later time to obtain additional
strands. The mixture for making bead 6 was melted using an
oxyacetylene "Rose-bud" heating tip (Meeo-Wg·l) because its low
sodium content resulted in a very high melting material.

A l.5-cm section of the O.02Q.mm diameter platinum wire was
shaped in the form of an arch and secured in a vise. A 7 em X
0.159 em piece of stainl... steel tubing was inserted into the tip
of the lorch. The torch was lit and the natural gaa-oxygen mixture
was adjusted so that the flame was no longer than 0.5 em. The
tip of the strand of glass was brought to the f1ante and held there
long enough to form a bead no larger than 1.5 mm in diameter.
The platinum and bead were heated again and brought together
to attach the bead to the wire. By reheating the bead and the
strand of glass, they could be reunited to adjust the size of the
bead. The bead was then reheated and the heat maintained long
enough for the wire to reach the center of the bead. The bead
always assumed a nearly spherical shape with a alighUy shorter
transverse axis. All beads had dimensions of 1.4 X 1.6 mm and
weighed about 4 mg. However, bead 3 was made by adding
additional glass to bead 2 until the bead was 1.8 X 2.0 Mm. A
magnifying glass provided with a mm seale was used to measure
bead size. The entire step of attachment and centering of the
bead on the wire required only about 5 min.

The wire·bead assembly was then spot·welded to the Per­
kin·Elmer bead assembly holder. After installation. the beads
were conditioned by passing sufficient current to cause the bead
to glow with a medium red color. The conditioning period for
beads 1-7 lasted from 1-24 h. During the conditioning period,
the bead current (background current) reached values of about
200 pA. The sensitivity toward either malathion or azobenzene
was quite low and the detector was almost uaeIe-. Ho....ver. aftar
the bead had been conditioned, the bead current usually reached
about I pA and gave sensitivities typified by thooe in Table L
One exception to that behavior was bead 8 (or which details will
be discussed later.

Bead Current. All beads were tested in the range of 0.60-10.0
pA because we have previously shown (4) that a l().pA bead
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CWTeDt was the best compromise between sensitivity and bead
lifetime. All beads, except bead 6, were capable of delivering
curreDts greater than 100 pA. Bead 6, which had a high silica
concentration, low boron and low rubidium concentration. showed
a short range of bead current.

Heating Current. The heating current was dependent, among
other variables, upon the cross-sectional area of the wire. The
wire used in this study was slightly smalier than that used in the
commercially available bead. Thus, the heating currents were
higher due to the increased heat-loss. The heating current was
also a function of the bead composition since. in the molten state.
the bead conducted electricity. Thus, it was observed that a high
boron content and the presence of cesium led to low bead currents
at lower heating currents. The importance of achieving 8 low
heating cuneDt lies in the (act that the power supply was CUf­
rent-limited 80 it would shut off at currents of about 4.6 A.

Gas Chromatography. Each bead was charscterized in the N-P
mode and in the P mode. In the N-P mode, hydrogen flow was
kept constant at 2.60 mL/min while air was maintained at 83.5
mL/min. In the P-mode, hydrogen flow was 23.1 mL/min and
air was kept at 240 mL/min. The heating current in the N-P mode
was adjusted as shown in Table I so as to obtain a bead current
in the range of 0.1-10 pA. However, since the beads did differ
substantially in the P mode, a heating current was selected so
as to obtain a sensitivity of about 0.1 C/g. A more detailed
description of these two modes of operation has been recently
prepared (6).

The detectors were maintained at 260 ·C, the column at 190
OCt and the injector at 260 °C. The carrier gas flow rate was 80
mL/min. The samples were injected using a Hamilton 75N·5 ~L
syringe (Supelco Inc., BeUefonte, Pa.). The injection volume was
kept constant at 3.2,.L. The areas were obtained from the mean
of two injections except when measuring the reproducibility of
response when larger numbers of replicates were used.

Calculations. None of the column or operating parameters were
changed during the study. The peak shopes for azobenzene ond
malathion were very symmetrical. Thus, the peak areas were
obtained by the product of height and width at half height. The
peak areas were expressed in terms of coulombs (C) and divided
by the mass injected. Thus, the sensitivity as defined by
Hartmann (7) was used as one of the criteria for characterization.
Ratios of sensitivities at bead currents of 3.0 and 7.8 pA were also
calculated. This ratio indicated the specificity of the detector
(7).

Noise measurements were made with the recorder and ex­
pressed in smperes. The detectabilities were calculated as twice
the noise divided by the sensitivity (7).

Linearity ranges were determined by a semilogarithmic plot
of sensitivity VB. logarithm of the mass injected. The slope of this
plot should be zero. The upper limit was the mass that yielded
a response which deviated from linearity by an arbitrarily defined
5%; the lower limit was the mass where the signal was equal to
twice the size of the noise. The linearity range was the ratio of
the upper Iintit to the lower limit.

Stability of the detector with different beads was calculated
by measuring the bead curront for 12-14 h. The loss in bead
current per hour was expressed as a percentage of the original
bead current. All beads were subjected to a reproducibility test
by iDjecting azobenzene and malathion over a 5-6 h period.
During that time, the bead current was maintained constant by
increaaing the electrical heating.

RESULTS
In the early part of our preliminary studies, we fashioned

several batches of Borax beads after those used in classical
"bead tests". We soon found that the size of the bead in­
fluenced both the sensitivity and the selectivity, as will be
documented later. However, when the size of the bead was
carefully controUed, as described in the Experimental section
of this paper, the characteristics for beads made from three
replicate batch.. were found to disagree a maximum of 100/0,
eveD though the bead composition was that which was later
found to have the least stable response (No.5, Table I).
Hence, we felt confident that when beads of the same size were
compared under the same operating conditions (4,6), large

differences in their operating characteristics could be assigned,
with a high degree of cODfidence, to differences in the
compositions of the beads.

SeDsitivity Studies iD the N-P Mode. The plots of
sensitivity vs. bead current for the commercial beads were
linear for azobenzene in the range of I-ISO pA and for ma­
lathion in the range of 1-50 pA (4, 6). However, the beads
made in our laboratory showed linear plots of sensitivity vs.
bead current for azobenzene only in the range of 1-10 pA, and
for malathion, in the region of 1-4 pA. Thus, when the
sensitivities are compared in Table I at bead currents of 3.0
and 7.8 pA, one expects to find a higher sensitivity ratio of
malathion to azobenzene at 3.0 pA than at 7.8 pA. This
characteristic is not necessarily 8 disadvantage because it
permits one to control to a certain extent the specificity by
means of the bead current. At present, we do not have an
explanation for this difference except that it is related to the
composition of the beads.

Bead 7 which contained the highest rubidium content,
showed the closest behavior to the commercially available
bead. This is reflected by the fact that ratio of sensitivities
at the two currents differed by less than 7%.

Bead 5, which had the highest percentages of boron oxide
and sodium oxide, showed the greatest sensitivity for BZo­

henzene. However, this bead was not extensively studied since
it suffered drastically from losses in bead current over short
periods of time. Sensitivity toward azobenzene did not show
a trend with increasing boron oxide concentration alone.
However, it is significant that the three most sensitive beads
1,8, and 7 all had a ratio of Na,O to B,O, greater than unity.
Hence, sodium in conjunction with boron appears to lead to
high nitrogen sensitivity. Bead 7, which had a high con­
centration of rubidium, also had a high sensitivity toward
azobenzene. Replacing rubidium by cesium also yielded a
nitrogen sensitivity. However, the azobenz.ene sensitivity did
not necessarily increase with rubidium concentration as can
be seen from beads 1 and 2.

Bead 6, which had a high silica content hut no sodium,
showed the lowest sensitivity for azobenzene. That result is
not surprising considering that this bead was capable of
generating only very low bead currents. This bead also had
one of the lowest rubidium contents.

The sensitivities of the beads toward malathion followed
the same order as that for azobenzene. An exception was the
reversal in which bead I, a Pyrex glass with added sodium,
showed higher sensitivity than bead 8, which contained a high
cesium contenl The opposite was true for azobenzene. Thus,
the sensitivity toward both azobenzene and malathion in­
creased with the ratio of sodium to boron and with rubidium
concentration and, possibly, cesium concentration. In ad·
dition, a comparison of beads 2 and 3 showed that the larger
bead had a 80mewhat greater seDsitivity and improved de­
tectability for both compounds.

The ratio of the sensitivities under conditions of equal DOise
is defined as the specificity (7). With the exception of the
larger size Pyrex bead 3 and the cesium bead 8, the sensitivity
ratio for malathion to azobenzene was always higher than that
of the commercially available bead. This indicates that the
beads were better phosphorus detectors than Ditrogen de­
tectors. Nevertheless, the sensitivities of our beads toward
nitrogen were higher than that of the commercial bead except
for bead 6 which contained DO sodium. Hence, our beads were
generally more specific toward phosphorus while, at the same
time, more sensitive toward nitrogen than the commercial
bead. However, the departures from linearity in the plots of
sensitivity vs. bead currents for malathion were greater for
our stabilized beads. A marked exception was Doted in the
freshly prepared high cesium oxide bead which showed low



malathion-azobenzene ratios, from 2.4-4.6 which means that
the sensitivity toward azobenzene was 80 times greater than
usual, especially when first used. However, after aging for 3
weeks, the behavior resembled that of the other beads.

For some beads, the sensitivity toward the solvent n·hexane
was measured. The sensitivity for azobenzene and malathion
was 10' and 10'larger than that for n·hexane. Thus, the beads
had large specificities for nitrogen and phosphorus relative
to hydrocarbons. The values were not significantly different,
especially when one considers that they were not measured
at the same bead current.

Sensitivity Studies in the P Mode. The use of the term,
P mode, is deceptive in that azobenzene could usually be
determined with reasonable sensitivity. The only exception
was the high cesium bead, 8, which showed no sensitivity
toward nitrogen in this mode. The sensitivities for azobenzene
and malathion were less, except for the high rubidium bead,
7, than those obtained in the N·P mode, an observation
consistent with what we have previously reported for the
commercial bead 4 (6). However, the orders of sensitivity
toward azobenzene and malathion were not the same in this
mode. As indicated above, the cesium bead, 8, showed a low
sensitivity for malathion, and it was not possible to detect
azobenzene in this mode. At the other extreme the high
rubidium bead, 7, showed sensitivities toward both compounds
which were nearly the same in both modes.

In the P mode, the larger bead, 3, showed similar, rather
low, sensitivities for both compounds whereas the smaller bead
showed a higher sensitivity (and selectivity) toward malathion.
When the larger bead was removed and examined under
magnification, it appeared that only half of the bead had been
heated by the flame because a crater appeared in the bead
directly above the flame. This confirms our previous study
(6) and indicates that the flame profile is important in this
mode.

The data suggest that sensitivity toward nitrogen was
related to the sodium content. The bead having no sodium
showed low azobenzene sensitivity relative to that of mala·
thion. Beads 2 and 6 that had the highest sensitivity ratio
had the lowest amount of sodium oxide. Among the rubidium
beads, those having the highest sensitivities toward both
compounds had the highest ruhidium concentration. Thus,
in the P·mode just as in the N·P mode, high sodium and high
rubidium led to high sensitivity for both compounds.

The sensitivity towards n·hexane, although low, was about
150-50000 times greater in this mode. Thus, one should
chromatograph under conditions where solvent tailing will not
interfere with the component in Question.

Detectibility Studics in the N·P Mode. The beads
usually fell in the same order with respect to detectability as
they did for the sensitivity. The only exceptions were the
reversals of beads 1 and 3 with respect to azobenzene. Bead
I, the Pyrex with sodium added, had lower detectability.
There was no obvious explanation for the lower noise of the
larger size Pyrex bead 3. It is worthwhile noting that, when
comparing bead 4 with 6, and bead 1 with 3, the sensitivities
for beads 6 and 3 were lower but their detectabilities were
either higher (bead 3) or comparable (bead 6). This is a direct
result of the lower noise of beads 3 and 6. Hence, larger bead
size and low sodium content led to lower noise values.

Detectability Studies in tbe P Mode. Similar trends in
sensitivities and detectabilities were observed in this mode.
However, a reversal was obtained with beads 4 and 1 in their
responses toward azobenzene. Although bead 1 had a higher
sensitivity, bead 4 showed a higher detectability. Since the
composition of the commercial bead, 4, is not known, one
cannot make any correlations with composition.
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Linearity. Although our method for determining the linear
range was more rigorous than the conventional method, the
four beads for which linearity ranges were calculated had
values comparable to those reported for older versions of
thermionic detectonl (8, 9). The highest linear range was found
for bead 7 wbich had the highest rubidium concentration.
However, the linearity values must be used with caution
because they will undoubtedly depend on the nitrogen or
phosphorus compound used.

Loss of Bead Current. This is one of the most important
aspects of the thermionic detector. We have previously shown
how the very small changes in bead current drastically altered
the reproducibility of the detector (4). If the bead current
vs. heating current shifted too rapidly toward higher heating
currents, continuous readjustments by the operator were
required in order to achieve the best reproducibility of re­
sponse. We obtained relative standard deviations of 3--6%
in 8 6-h period by maintaining the bead current constant.

Bead 6, the sodium·free bead, showed the highest stability,
while bead 5, which had high boron and sodium contents,
showed the least stability.

DISCUSSION

A high rubidium oxide concentration 00-20"10), a higb
sodium oxide content (4-10"10). and a low boron oxide content
(2-3"10) yielded beads having good sensitivities and detect­
abilities. However, a reasonably good bead could be made
without sodium in contrast to what has been stated (3). While
bead 6 showed very good stability and low noise, it did have
lower sensitivities. It would be desirable to study beads having
no sodium but a higher rubidium concentration. Those beads
should have much higher sensitivities and detectabilities, the
latter because of their low noise.

The presence of A1,O, and K,O was not deleterious to bead
performance. In fact, bead 7 was an exceptional bead which
showed larger sensitivities than the commercially available
bead in both mooes for azobenzene and malathion. Fur·
thermore, its N·P and P modes did not show significant
differences in behavior.

Cesium bromide and chloride have been previowly used
as an alkali source in thermionic detectors (8). Our bead 8
showed good sensitivity and detectability in the N·P mode
hut very low sensitivities in the P mode. It would be
worthwhile to investigate compositions that might stabilize
the bead current at 600-800 pA because, at those high bead
currents, the bead showed the best azobenzene sensitivity
(approximately 1.2 C/g) for azobenzene relative to malathion,
a commendable property. The need for detection of phos·
phorus is less acute because it can also be performed using
the flame photometric detector (9).

The beads were easily made in the laboratory, and they
showed good sensitivities and detectabilities for nitrogen and
phosphorus compounds. In addition, a new bead could easily
be fused to the wire of the commercially avai1sble bead holder.
The easiest beads to prepare were beads 1 and 2 because it
was necessary only to add either rubidium nitrate or a mixture
of the rubidium nitrate and sodium carbonate to powdered
glass.

A word of caution is necessary. OUf conclusions were
reached using different heating currents but with otherwise
identical operating conditions. From earlier studies (6), we
know thal operating conditions can drastically change both
the sensitivity and the selectivity of a bead. Hence, one should
recognize the limitations of our conclusions until detailed
studies have been made under optimal conditions for each
bead.

Finally, after this study bad been completed, we learned
that Aue and his c<>-workers (10) had also been successful in
making beads. They confmed their study to rubidium·doped
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beada of quartz, Unfortunately, their results cannot be
compared with ours because they studied different volatile
species, and they did not characterize their beads in terms
of bead current nor slandardize the conditions under which
they made comparative measurements. However, both their
study and ours showed a bigher sensitivity toward both ni­
trogen and phosphorus compounds for higher concentrations
of rubidium in the beads.
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Microprocessor-Based, Linear Response Time Low-Pass Filter
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One of the most widely cited applications of microprocessors
in scientific instrumentation is an alternative to hard-wired
digital and analog circuitry. In addition to the advantages
of exceptional versatility and the potential for standardization
of hardware, the microprocessor approach often allows the
ready implementation of functions which would be difficult
to implement in hard-wired electronics. This paper describes
the use of a microprocessor to implement a particularly useful
type of low-pass filter, a function normally performed by
analog circuitry. Although a few years ago such all application
would have been quite impractical from an economic point
of view, the continuing reduction in the complexity and cost
of microprocessor systems and support hardware will make
such an application increasingly practical in the future. More
significantly for the present application, however, is that a
microprocessor-based low psss filter can be designed to have
uniquely desirable properties which would be difficult or
impossible to achieve using conventional analog hardware.
Consider for example the low·pass filter used to smooth the
output signal of a flame awmic absorption spectrometer. The
output signal of such an instrument (for flame atomization)
is essentially a series of rectangular pulses of varying height
and duration depending on the concentration and aspiration
time of each sample, standard, and blank solution. Super­
imposed on this signal is 8 certain amount of random noise
of white or 1/1 spectral distribution. The objective of
measurement is to determine the average height of each
reclangular pulse. Low·pass fIltering is commonly applied to
the output signal to aid in this determination; although
unnecessary if the signal is recorded on a strip-chart recorder
(as then the signal may be averaged or integrated manually
in various ways), low·pass frItering is often essential if a panel
meter or numerical digital readout is employed. It is clearly
deairable in this application to obtain the greatest noise
filtering capability with the minimum response time. Long
time conslants, although possibly improving the signal-to-noise
ratio, naturally result in long analysia times, increased sample
consumption, and increased problems from long·term drift.
Moreover, with graphite furnace atomization, excessively long
time conslants result in reduced 8ensitivity and greater
analytical curve nonlinearity. Thus, it would seem reasonable
that, if one were to compare two low-pass filters of equal

noise-filtering capability, the one with the shortest effective
response time would be the best for atomic absorption ap­
plications and indeed for many other applications as well.

The most commonly used type of low-pass filter in ana­
lytical instrumentation is an active or passive single-stage He
filter, which has an exponential response to a step input. A
variety of more elaborate filter types, such as Butterworth,
Bessel, etc., are occasionally used for special purposes. These
have different, and in some cases more efficient, response
behaviors, but in many respects the ideal filter would have
a linear response to a step input which would not "slow down
at the end" like the RC and most other filter types. This is
the response behavior of an integrator, now a standard feature
on atomic absorption instruments, and in fact it is this linear
response behavior which is the essential advantage of inte­
gration compared to low-pass filtering. However, the con­
ventional integrator produces a discontinuous oUlput signal
which is unsuitable for recording spectral scans. A low-pass
filter giving a continuous output signal but with the linear
response of an integrator would be ideal. The closest analog
approach to this ideal is the Paynter filter (1), a complex,
third-order, linear-phase-shift active filter design employing
14 critically matched resistors and capacitors. This filter is
especially useful for averaging nonstationary random variables,
since it.s transient-response time is minimum for 8 given
averaging time. Such a filter might be designed for anyone
time constant, but to make it variable would entail consid­
erable difficulty. The microprocessor-based low-pass filter
described here is an ideal linear-response time filter. It is
based on a real-time modification of the sliding window al­
gorithm widely used to smooth data arrays. Essentially, the
system samples the input analog signal repetitively at some
conslant rate, computes the average of the last 2" dolo points
(where 0 ~ n ~ 8) and outputs the average to a digital· to­
analog converter. The response time of the filter, which
depends upon the number of data points averaged, is theo­
retically expected to be one half that of a simple RC filter with
the same noise filtering capability (2).

EXPERIMENTAL

The filler algorithm was coded for aMOS-Technology 6502
&I1icroprocessor and run on an Ebka 6502 Familiarizor (Ebka
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Figure 1. Flow chart for the slk:Jlng-average Iow.pass filter algorithm

Industries, Inc., Oklahoma City, Okla.). The Ebka system has
I K RAM, sockets for 1 KEPROM (l702A type), a hex keyboard,
hex LED readout. and one each 8--bit input and latched output
port. To this was added one more latched output port (0 pair
of 74175 quad latches), an B-bit ADC (DATEL EBHBI), a 12-bit
DAC (DATEL DAC 69), and a power supply (+5 V, -9, 01015 V).
The additional output port is necessary to allow the use of the
12-bit DAC. Since the purpose of the filter is signal-to-noise
enhancement. it is reasonable to employ a more precise converter
on the output than on the inpuL The 8--bit ADC is a convenient
choice. Since the signal-to-noise ratio (SNR) of the input signal
is likely to be much less than 256 in most applications, its
quantization errors will be randomized, as Horlick has explained
(3). With a 12-bit DAC, the output quantization noise will
probably be insignificant compared to the residual random
noise-in·signal in most cases. (However, if the output signal of
the fllter will be scale-expanded, for example as is sometimes done
by manipulation of recorder zero and range controls. then a more
precise DAC may be useful. A 16-bit DAC is available from Datel,
Model DAC-169-16B, for 5109.00.) Naturally, if the random noise
in the input signal is less than one quantization level of the ADe,
the overall resolution of the filter will be only 8 bits, regardless
of the resolution of the output DAC.

Because the Ebka microprocessor board by itself does not
decode any extra address for future expansion, additional address
decoding was added to decode eight new address strobes, one of
which is used for the new output port, another to strobe the ADC,
and the rest are left for future expansion. The decoding circuitry
required four TTL packages and was modeled after that on the
processor board.

The flow chart for the filter algorithm is shown in ~'igure I.
The effective time constant is controlled by the number of points
averaged. This number is determined by entering the appropriate
power of two (0 to 8, for 1 to 256 points) via the hex keyboard.
There are, therefore, eight time constants available, each one
differing by a factor of two from the next. This results in a
selection rather like that of the conventional switched analog filters
found on commercial instruments. Limiting the number of points
to a power of 2 also allows a simple (and fast) n-bit shift routine
to be used to divide the sum by 2" (9th block in the flowchart).
This division, which is necessary to ensure unity gain at all time
constants, must be done in such 8 way as not to lose the least
significant bits. In an B-bit processor, both sum and the resulting
average (sum/2") are kept in double preciaion, the sum being a
16-bit integer and the average being a 16-bit binary fraction with
the assumed binary point between the two halves. In the present
system, only the 12 most significant bits of the average are
converted by the DAC.

The actual response time of the fllter is also influenced by the
proce880r clock frequency, since the sampling frequency is de·
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Table I. Reopon.. Tim.. of
Sliding-Average Low-P... Filter

No. of No:,o[sig- Response time

points nificant bits Low ranee High range
n averaged in average (m; 1) (m; 256)

1 2 9 1 ms 37 rns
2 4 10 2 ms 75 rns
3 8 11 4 ms 0.15 s
4 16 12 8rns 0.3 •
5 32 13 16ms 0_6 •
6 64 14 32 rns 1.2 s
7 128 15 64 rns 2.5 s
8 256 16 128 ms 6 s

!ermined by software rather than by a real-time clock. Care must
therefore be taken that the code for the double-precision addition
and subtraction (required for an 8-bit processor) is written so that
the execution time is the same whether or not a carry or borrow
occurs. Otherwise, a signal amplitude dependent timing jitter
will result. Similarly, in the fork at the bottom of the flow chart,
some time-wasting "dummy" instructions must be included when
the "NO" branch is taken (i.e., when the pointer is not equal to
zero) to account for the time required to set the pointer equal
to 2" when the "YES" branch is taken. These precautions require
a few extra bytes of code and Polow down the operation slightly,
but are necessary for smooth operation. Alternatively, the program
can be written as an interrupt service routine and driven by
interrupts from a real·time clock. This relaxes the restrictions
on code timing but requires additional hardware.

The 6th block of the flow chart is the analog input routine. For
the faster time constants, this will simply amount to taking a single
(B-b,t) readmg of the mput voltage (i.e., m = I). In this case, the
DAC outputs are updated once each ADC sample. For long time
constants we can average 256 readings (i.e., m = 256), discard all
but the most significant bits and pass this on as one byte of data.
In this case the rate of DAC output updates will be reduced
because of the time required to acquire 256 points. Thus this
option should only be used for response times above the m = 1
range.

The 6502 machine code for the sliding average filter occupies
146 bytes of PROM in the low (m = I) range and 180 bytes in
the high (m = 256) range. A maximum of nine additional bytes
of "scratch pad" RAM is required, in addition to the 256-byte
data buffer. The slew-rate limiter (discussed below) requires 67
bytes of PROM and 3 bytes of RAM.

The analog input and output voltage ranges are :1::5 V for the
ADC and DAC specified. The filter has unity again. Analog
pre-filtering with a cut-off frequency of about 500 Hz is necessary
to reduce the possibility of aliasing of high-frequency components
in the input signal.

The program code is easily modified for other 6502-baaed
systems simply by changing the eddresses references to I/O ports.
No PROM monitor routines are used in operation. Of course,
the code is not directly transportable to other processors (e.g.,
8080, etc.).

RESULTS AND DISCUSSION
Table I lists the response times for each value of n in the

low range (m = I) and in the high range (m = 256). These
data were measured at a 500-KHz processor clock frequency
and with an ADC fast enough to require no additional
conversion delay. (Other clock frequencies or ADC apeeds
may change these results correspondingly.) The output update
rate (i.e., the rate at which averages are output to the DAC)
is 1.6 KHz in the high range and 55 Hz in the low range. The
available response times range from 1 ms to 5 s, which is
sufficient for many applications. However, if even longer
response times are required, these can be easily produced by
including a time delay in the analog input routine. (This may
be required in any case if a slow ADC is used_) IT this is done,
the output update will of course be reduced_ For example,
using a simple 8-hyte delay routine in the high (m = 256) range
yields response times up to 256 s at an update rate of 1 Hz.
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FIgure 2. Comparison of the step response of an RC filter and the C
proposed slIdIng-average filler

o

A

B

Figure 4. Comparison of the response 01 all three filter types to
rectangular pulses of vark)us durations. Note the radically different
response to short input pulses

changes in input signal without effect, while limiting the
maximum rate (slew rate) at which the output can change in
response to fast changes in input signal. By selecting DELTA
from 1 to 255, the maximum slew-rate limit may be controlled.
This type of filter is especially useful for attenuating short
"spikes" (impulse noise), but it is less effective than the
sliding-average filter for conventional random noise.

The response behavior of both filter algorithms is compared
to that of an RC filter in Figure 4. The input signal is shown
in A, and the outputs of the RC, sliding-average, and slew-rate
limit filters arc shown in B, C, and D, respectively. The
averaging time of the RC and sliding-average filters are
approximately equal. Note that if the duration of the signal
peak approaches the averaging time, the RC filter does not
respond completely, while the sliding-average filter does, a
consequence of its shorter response time. If the duration of
the signal peak is shorter than the averaging time, the peak
heights of both the RC and sliding-average filters are too low,
although the peak heights are proportional to the input peak
heights and in both cases the area under the output peaks is
equal to that of the input peak. The output peak height of
the slew-rate limit filter, on the other hand, is independent
of the peak input amplitude under these conditions and is
related only to the duration of the peak. Its effectiveness for
rejecting sharp spikes is thus clear.

It is possible to combine both filters by replacing the data
acquisition routine in the sliding-average program (block 6)
with a subroutine call to dats acquisition routine in the
slew-rate limit filter and by replacing the back branches in
the latter with returns to the .liding·average program. This
allows independent adjustment of the averaging time and the
slew-rate limit. It would also be quite possible to add an
amplitude limiter routine ("clipper") if desirable for some
particular application. The significant point here is that such
additions can be made with no additional hardware simply
by modifying the software.

The cost of the hardware required to implement the above
filter algorithms is less than the cost of a typical pH meter
or strip chart recorder. However, the total cost in energy and
time which would have to be expended by the laboratory
investigator inexperienced in such matters to get this system
up and running from scratch will probably be unjustified for
this one application alone. The reader must carefully judge
whether the practical advantages of the proposed approach
are essential for his application or whether the experience
gained will be valuable in other applications. In spite of the
considerable advances in the field of digital microelectronics
in the last few years, it would be unwise to pretend that the

SUOlNGAVERAGt':
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Figure 3. A slew-rate limitIng algorithm which can be used for a spIke
(Impulsa noise) fl~er

One could also increase the response time by employing a
larger data buffer.

The advantage of the sliding-average filter over a con­
ventional RC filter is that the response time is faster for a
given degree of noise reduction. This is illustrated in Figure
2. The tracings in the top half of this figure are strip-chart
recordings of the output signals obtained when the same noisy
DC signal is applied to each filter. The gain of both filters
is unity and their time constants have been adjusted so that
the average amplitudes of their output noises are equal. The
response of the same two filters to a noiseless step input,
shown in the bottom half of Figure 2, demonstrates the ex­
pected linear response and twofold faster response time of the
sliding average filter. A1thougb the sliding average filter clearly
has an advantage for the rectangular signal shape and random
noise characteristics of the signals of interest to us, we do not
claim that this filter will be optimum for other signal shapes
or noise characteristics.

The sine wave frequency response of the .liding average
filter is the same as that of an integrator with the same
averaging time (2). The phase characteristics were not in­
vestigated as they were not of interest in our application.

Another algorithm which acts under some conditions like
a linear response low-pass filter is shown in Figure 3. This
is essentially a software emulation of a feedback servo­
mechanism with an adjustable slew-rate limit. Each new input
sample (DATA) is compared to the previous DAC output
(VAL), and if the difference is less than DELTA, the new
DATA is transferred unchanged to the DAC. But if the new
DATA differs from VAL by more than DELTA, then DELTA
is either added to or subtracted from DATA, as appropriate,
and then output to DAC. Thus, this filter will follow slow



design, construction, and operation of any microprocessor­
based real-time 8ignal processing 8y8tem i8 without pitfalls.
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Metaborate Digestion Procedure for Inductively Coupled
Plasma-Optlcal Emission Spectrometry

Jan·Ola Burman. Chrlster Ponter, and Kurt Bostrom·

Department 01 Economic Geology. University 01 Lu1e4. 95787 Lu1e4. Sweden

Microwave pl88ma8 (MWP) and Inductively coupled
plasmas (lCP) have proved to be good-to-excellent excitation
sources in optical emission spectrometry for the analysis of
geological materials (Govindaraju et aI. (1); Bunnan et aI. (2)).

The analysis of silica rich geological materiols requires
awkward digestion procedures involving, for instance, lithium
metaborate or sodium carbonate fusion as a critical step. The
complete dissolution of silicate rocks usually demands a large
excess of fusing agent. commonly in the proportions 10:1 to
7:1, but even proportions as low as 4:1 have been successfully
used (Suhr et aI. (3); Ingamells (4); Govindaroju et al. (1);
Joensuu (5)). In our MWP spectroscopic work. the preferred
ratio has been 7 parts of LiBO, (350 mg) to 1 part sample (50
mg). Our preparation of the metaborate is essentially identical
to that in references (3, 4).

In the fall of 1977, the MWP source in our sequence reading
emission spectrometer (ARL 33 (00) was reploced by an ICP
unit, see Table I. Samples dissolved in HF-HCIO, can easily
be analyzed by means of this setup. but metaborate fused
samples always cause a continuous drift in the readings, and
usually the nebulizer clogs and becomes inoperable within
15-20 min after it is turned on. Inspection of the tip of a
clogged nebulizer reveals that a deposit is the culprit. This
deposit changes the gas flows to a fatol extent, including the
somple flow.

This clogging can be avoided by odditional dilution of the
solutions, but this is objectionoble, since it decreoses the
sen8itivity of the procedure. We hove therefore experimented
with less metaborote in the fusing step.

EXPERIMENTAL
The instrumental system is described in Table I. The selected

wavelengths are those listed in (2). Various observation heights
are selected to optimize the signal·to-noise ratio for each elemenL
This observation height is 26 mm for all elements. except for Mg.
Ba, and Si which are observed at a height of 18 mm over the
induction coil. It should be pointed out, however, that future
studies in our laboratory may lead to better experimental con·
ditions than those reported in Table J.

All chemicals used are of reagent or analytical reagent grade.

RESULTS AND ui';CUSSION
In our experiments we found that as little aa 50 mg of LiBO,

can fuse 50 mg of silicate rock in a graphite crucible at 1000
·C under 30 min. Aa was noticed previously (2) there is no
tendency for the formed borate beads to stick to the crucible
walls, but they can be dissolved in toto in dilute nitric acid
(8% v/v). The total dissolution time is 3--4 h, and after this
the solutions are diluted to 100 mL before the analysis. Solid
residues were never observed after this step. This observation
is well supported by our analyses for Cr. Cr is present to 0

large extent as refractory oxides (e.g., FeCr,O.) in our rock

Table I. Instrumental 8yatem

The ARL 33000 CA sequential rending spectrometer is
described in (2)

Plasma conditions: RF-Generator model Henry; 3 kW;
27.12 MHz, Crystal controlled.

Forward RF power: 1200 W
Argon coolant gas flow rate: 10 L/min
Argon plasma gas flow rate: 0.8 Llmin
Argon sample transport gas flow rate: 1.0 L/min
Nebulizer: type J. E. Meinhard concentric glass nebulizer.
Sample uptake rate: 0.8 mLlmin

Table II. Standard Deviations and Relative Errors for
Certified Rock Analy...."

A B C D E F

8iO,(in%) 0-76 0.45 1.2
38-76 0.54 0.95 0.75 1.4

AI,O, (in %) 0-18 0.19 2.1 1.5 4.4
TiD, (in %) 0-2.6 0.032 2.5 10 22
CaD (in%) 0-14 0.090 1.3 3.6 8.1

0-2.5 0.043 3.4
MgO(in%) 0-35 0.103 0.60 3.6 6.9

0--4.5 0.031 1.4
Na,O(in %) 0-3.9 0.055 2.8 6.6

2.9-3.9 0.048 1.4 3.6
Fe,O, (in%) 0-13 0.046 0.70 3.1 6.8
MnO (in ppm) 0-2100 32 3.1 13 17
Cr (in ppm) 0-420 15 7.1
Ba (in ppm) 0-850 22 5.2 10 35
Zr(in ppm) 0-240 28 23
Cu (in ppm) 0-1000 7.7 1.5

a A. Analyzed component and concentration unita. B.
Studied concentration interval. Units as in A. C. Stan·
ard error, Sy'x (this work). This representa the standard
error of estimate of y on % in a linear reareuion fit for the
data, where y = concentration and x = intenaity of read­
ings. All results based on one set of readinp. D. Rela­
tive error (in %) for the lCP analysea reported in column
C, defined as 100 Sy'x, divided by the mean concentra­
tion for the studied concentration interval. E. Relative
errors (in %), obtained by MWP-analysea (2). Defined as
for D. All results based on one set of readinp, except the
data for 8iO" which is based on four readinp ot each lam­
pie. F. Average relative errors (in %) reported in (6-8).
NOTE: Ba and Cr have been studied only for the concen­
tration interval near the detection limit; hieher concentra~
tions cause no problems in the analytical work. Artificial
solutions have been used for Cu, since the rana:e of Cu
values in the standard rocka is very limited, 12-70 ppm.

samples. Such oxides are not completely decompoeed by HF,
but are easily put into solution by our procedure. Clogging
and drift were not noticed during the analyses. The fuaion
procedure described here has now (Dec. 1977) been in routine
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use in our laboratory for 3 months without complications,
During this period we have made more thao 100 rock analyses
with the reproducibilities indicated in Table 11, columns C
andD.

The usefulness and reliability of the method was tested on
the standard rocks BR, GA, GH, GS-N, DR·N, and UB-N;
the composition of these rocks has been discu88ed by de la
Roche et al. (6, 7) and Roubault et aI. (8). The results of this
test are shown in Table 11. These standard rocks are ex­
tensively used in our analytical work, fresh standard solutions
being prepared every week.

The results demonstrate that the borate fusion advocated
here is excellent for the analysis by ICP spectrometry of
silicate rocks. The fusion and di880lution brings all material
in solution, and the ICP-excitation leads to a marked im­
provement in the reproducibility and to lower detection limits
than are possible with MWP excitation (2).

As to the success of our digestion procedure, we can only
speculate, but po88ibly the use of only a little metaborate leads
to an incomplete destruction of the silicates. The silica and
alumina may therefore exist as dissolved large complexes in
the rmal acid solutions. These complexes cannot be broken
down in a cold atomic absorption flame (3, 4), but are
completely decomposed in a hot plasma.

The data for SiO, in Table" superficially suggest that the
data here are somewhat inferior to the results by MWP
spectrometry. However, the MWP·data in Table 11 for SiO,
were obtained by four repeated readings in order to reduce
the drift in the MWP system; this drift is particularly an­
noying for SiO, (2). The ICP data in Table 11 for SiO, on the
other hand are based on only one set of readings. The spread
in the data for TiO" MgO, Fe,O" MnO, and BaO is con­
siderably smaller than that reported in the literature for
certified rocks, see last column in Table 11. The geochemical
literature is rich in rock analyses that have poor Ti, Ba, and
Mn determinations. The method presented here therefore
represents a considerable improvement in rock analytical
procedure.

Our results demonstrate that several minor and trace el­
ements can be determined in a satisfactory way by the

procedure outlined here. Studies in progress suggest that this
conclusion is correct also for many trace constituents not
reported here, such as Ni, Co, Sr, La, and Y. For traces
present in low concentrations, however, (at the -1 ppm level
or less) one will have to use HF·HCIO, dissolution of larger
quantities of sample to be able to measure low element
concentrations.

Other advantsges with the present method are the small
amounts of contaminants that are added by reagents, the
reduced costs for high purity (or purification 00 LiBO" and
the reduced work in preparing it. The method is well suited
for the analysis of very small geological samples (15-50 mg),
which frequently are the only ones available, for instance when
thin layers from sediment cores are studied.

Comparisons of our MWP results (2) with the present ICP
results suggest that the MWP method is very sensitive to
interelement effects; compare for instance the spread in TiO,
and Ba in this work and in (2). These observations will be
discussed elsewhere.
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Size, Shape, and Position of a Spectrophotometer Light Beam

Stephen D. ReIns

Bausch & Lomb Incorporated, Analytical Systems Division, 820 Unden Avenue. Rochester, New York 14825

Among the users of spectrophotometers, there is a great
interest in testing instrument performance. Determining the
size, shape, and position of the light beam as it paBBes through
the cuvette location is a useful part of such testing, since it
informs the user of the size and position requirements for the
optical free aperture of the cuvette. This information may
be photographically recorded by trimming a small piece of
light sensitive material comprising a diazonium compound (for
example, blueprint peper) to fit in the cuvette holder just
ahead of the cuvette itself. That is. the incident light should,
for the purpose of tha test, strike the photosenaitive surface
of the blueprint peper rather than the optical window of the
cuvette.

After an exposure at approximately 425 nm of from 1 to
24 hours (depending on the light level used in the particular

instrument), a photographic image will be obtained of the size,
shape and position of the cross-section of the light beam as
it enters that location.

The chief advantages of using blueprint paper are that it
can be cut and mounted in room light if this is done without
undue delay, and the development proce.. (exposure to
ammonia) is fast, simple, and dry.

Although they may not be as convenient as blueprint paper,
other photosensitive materials such as photographic emulsions
could be used to test at other wavelengths or to decrease the
exposure time needed.

All of the above variations share the advantages of creating
a lasting record and of being usable in locations that are not
accessible for direct visual obsarvation.
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Interested users could improvise many simple types of film
holders to photograph the cross-section of the energy heam
at other locations in a spectrophotometer or in other optical
instnunents. In some cases it is beneficial to devise a template
(which could be as simple as a cardboard cutout) to exactly
locate the photosensitive material with reference to some
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mechanical reference point in the instrument. This would
enable comparison of the beam location observations taken
at different times in the life of the instrumenl

RECEIVED for review September 16. 1977. Accepted December
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Evaluation of the Dynamic Performance of Selected Ion
Monitoring Mass Spectrometers

D. E. Mallhews.' K. B. Denson. and J. M. Hayes'

Departments of Chemistry and Geology. Indiana Unive,sffy, Bloomington. Indiana 47401

Since the first reported use of selected ion monitoring with
gas chromatography-mass spectrometry (1). the technique has
become an important tool in biomedical research, environ­
mental trace analysis, and other fields of research. Mass
selection is commonly accomplished by control of a voltage
level-rod voltage in the case of a quadrupole mass filter, or
ion-accelerating voltage in the cas. of a magnetic deflection
mass spectrometer. Such voltage changes can be carried out
rapidly. and the rate of "ion beam switching" is. accordingly.
quite high. with the "dwell time" (time allowed for a single
ion current measurement at a single mass) in some systems
being much less than 1 second. There is a trend toward the
use of increasingly higher beam switching frequencies. not only
because electronic technicol developments allow it. but also
because it then becomes possible to follow more rapidly
varying ion-current signals while retaining accuracy in ratio
measurements (2) or to select a wider variety of masses for
observation. As these developments proceed. it becomes
increasingly important to understand the dynamic charac­
teristics of the mass spectrometer systems. Most importantly.
once the spectrometer-control system has commanded a
change in the selected mass, how much time must elapse
before accurate ion·current measurements can begin? Not
only does knowledge of such ion-current settling characteristics
allow avoidance of outright errors in measurement, it also
allows optimization of the pattern and rate of mass selection.
thus increasing both the accuracy and efficiency with which
analytical information can be extracted from the system.

It has long been recognized (3) that the stability of an
accelerating voltage power supply can be conveniently tested
by monitoring the ion current at some mass setting at which
the ion current is strongly dependent on the accelerating
voltage. This rec;uirement is easily met by selecting a voltage
which allows about half the maximum ion current for a given
mass to reach the collector. Le.• by selecting a voltage on the
"side" of a mass peak. In these circumstances. any subsequent
drift in the accelerating voltage modulates the ion current.
and knowledge of the slope of the ion current vs. voltage curve
allows quantitative evaluation of the stability of the voltage
source. To make a similar observation of ion-current settling
characteristics important in beam switching, it is necessary
only to use such a half maximum point as the target to which
the mass spectrometer is directed by the selected ion mon­
itoring control system. The tim. required to reach the target,
crucial details of the final approach to the selected mass. and
the required settling time can all then be deduced from a
recording of detector output vs. time.

1Present oddress. Department of Medicine. Washington University
School of Medicine, St. Louis, Mo. 63110.

EXPERIMENTAL
Mass Spectrometers. Results have been obtained using two

different instruments. The first, a Varian CH-7 single--focusing
magnetic denection instrument. has been described in detail
elsewhere (4). The accelerating voltage power supply of this
instrument has a maximum output of 3(XX) V and can be externally
programmed in the range 2700--3000 V. The second mass
spectrometer is a CEC 21-110B double·focusing instrument
(Mattauch-Herzog geometry) in which both the accelerating
voltage and electric sector voltage power supplies have been
replaced (5). These supplies have maximum outputs of 10000
and 500 volts, respectively, and can be externally programmed
in any arbitrarily selected voltage range. Both instruments are
controlled via a Varian 620i minicomputer. The computer
communicates with the power suppJies by means of digital-to­
analog converters having 12-bit resolution.

lon-Current Measurements. Ion counting was used for
mCS5>urements on the single-focusing instrument. The ampU­
fier-discriminator-counter system, which has been described in
detail elsewhere (6). has en effective deadtime of less than 50 ns.
An electron multiplier-analog amplifier system was used on the
double focusing instrument. the original amplifier having been
replaced by. feedback electrometer based on en Analog Devices
43.1 operational amplifier. The electrometer employs a 107 n
feedback resistor. end has a bandpass, taking aCCOWlt of the effects
of stray capacitance. of better thon 3 kHz. A Teledyne Philbrick
470501 voltage-te>-frequency converter (0-10 V input. 0-1 MHz
output) was used to interface the amplifier with the same counting
system used in ion-counting measurements.

Procedure. Programs have been written allowing the entire
experiment to proceed under software control, with the computer
both controlling the power supplies end recording the ion-eurrent
signals. In a typical measurement. argon (mle = 40) is introduced
to provide a single, prominent resoh'ed ion-current signal, the
magnetic field is adjusted to place the peak at either the high or
the low end of the accessible selected moss range, and software
control is initiated. Information required for effective control
and data interpretation is acquired in the first steps, which vary
the power supply voltages in order to locate the half maximum
point on onc side of the mass peak, measure the signal at that
point, and then "map" the voltage vs. ion-current function on the
side of the peak by systematicolly vorying the voltages end re­
cording observed ion currents. Data allowing determination of
the settling characteristics are obtained by stepping to some
voltage well removed from the half maximum point, sJ10wing an
adequste time for the system to stabilize. end commanding a step
back to the half msximum point while recording the ion current
at a function of time. This process is repeated under do-loop
control for a systematically varying sequence of voltage steps in
order to determine the relationship between settling time and
the magnitude of the commended voltage chonge.

RESULTS AND DISCUSSION
Figure 1 shows the ion-current settling prome for an 8.5%

increase in the accelerating voltage of tbe single-focUl\ing
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FIgure 1, Ion cUTent sening prolie lor an Incraase In the accelerating
vohage 01 the single focusing mass spectrometer. The figure plots
Ion current VS. time after a step change In the accelerating voltage
fran 2700 to 2950 V (COl1'8sponds to an 8.5 % decraase In mass) ending
at the hall-rnamu." point 01 mle; 40 (expected signal level Indicated
by the soli! ....). The long broken lines Indicala siglaI _ ±2 standard
deviations from the half-maximum signal Intensity. The short broken
Ilnes Incicate the signal levels at points 2 voltage increments (49 ppm)
on etther side 01 the half-maxlmum point

instrument. Prior w jumping to the target, the half-maximum
on the high mass side of mass 40 (from argon), the computer
determined the ion current at the target location (the solid
line at 1550 counts) and at two voltage increments (±49 ppm)
above and below the target (the short-broken lines at 1710
and 1270 counts). For the first 25 ms after the command w
jump w the target was made, the accelerating voltage was still
slewing wward the mass peak half-height and no ion current
was observed. At 30 ms the signal suddenly appeared and
surpassed its expected value (the solid line), indicating that
the voltage had overshot the target. At 70 ms the signal
dropped below the solid line, indicating that the voltage was
ringing slightly as it finally stabilized after 130 ms had elapsed.

Several strengths of the technique become apparent through
consideration of Figure 1. First, unlike an oscilloscopic re­
cording of the power supply output waveform, the ion-current
monitoring technique provides its most detailed information
in the range of greatest mass spectrometric interest, namely
the small voltage range closest to the target point. Oscillo­
scopic testing allows convenient visualization of the gross
features of the voltage vs. time output of the power supply;
ion-current monitoring allows the last few ppm of voltage
settling wbe observed in detail. Second, while the ion-current
monitoring technique undoubtedly acts primarily w test the
power supply performance, the results will alert the exper­
imenter to any other problems in the mass spectrometer
system, since the measurement involves all system components
from the ion source to the ion-current-readout system. Of
course, for this same reason, it is not possible instantly to be
sure that an observed instability is due to the accelerating or
deflecting power supplies. Instabilities in ion-source-filament
or detector power supplies would, however, modulate not only
the signal observed at the side of a peak but also the signal
at the top of the peak. By applying this simple test, the origins
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FIglX8 2. Ion ctxTent settling profile for a decrease in the accelerating
voltage of the single focusing mass spectrometer. The figure plots
ion current vs. time after a step change In the accelerating voltage
from 3000 to 2740 V (corresponds to an 8.5% Increase in mass) ending
at the half-rnaximum point 01 mte ; 40 (expected signal level Indicated
by the sold ina). The long broken lines Indicate signal levels ±2 standard
deviations from the half-maximum signal Intensity. The short broken
lines indicate the signal levels at points 2 voltage Increments (49 ppm)
on either side at the half·maxlmum point

of observed instahilities can usually be adequately defined.
Third, the use of a computer-based ion-current-recording
system is superior to oscilloscopic recording of the ion current.
The system becomes "self-testing," and many uncertainties
associated with other diagnostic procedures are removed.
There can be no fear that the observed results are due to some
inadequacy in the test equipment, cables, or connections.
There can be no uncertainty about the relationship between
triggering of the test device and the command to the power
supply. The procedure is much more convenient, and the
plotter output displays excellent resolution and is highly
readable, with the signal output scale heing automatically
marked in terms of the expected target signal and related
levels.

The practical utility and quantitative interpretation of test
results depends largely on the experimental context. In the
present case, for example, the spectrometer was being operated
with ion source and collector slits which produced peaks with
nat tops more than 975 ppm in width in the mass range of
interesL Because the voltage targets during actual analytical
measurements lie at the centers of these broad, nat tops, it
is evident that complete, or perfect, settling to the target
voltage is not required, and that collection of data could begin
within 40-50 ms of any mass selection command like that
shown in Figure 1. If, on the other hand, narrow peaks with
widths of approximately 50 ppm were being moniwred, data
collection would have w be delayed for 100 ms after any mass
selection command as large as that employed in Figure 1.

Figure 2 shows the ion-current settling profile for an 8.5%
decreose in the accelerating voltage of the single-focusing
instrument. Prior to commanding mass selection, the
computer supervised determinstion of the expected signal level
at the target location (the solid line at 1400 counts) and at
points 49 ppm above and below the target voltage (the short
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FIgure 3. Jon CU'rent setting profile for e decrease in the eccelerating
and electric sector voltages of the _ focusing mess spectrometer.
The figure plots Ion current vs. time after a step change In the ac­
celerating voltage from 8000 to 3920 V and a step change n the electric
sector vonaga from 400 to 196 V endlng at the half-maxlmum pont
of mle = 40 (the broken line)

broken lines at 1530 and 1130 counts). Study of Figure 2
shows that, in this case, the slewing time required to reach
the "neighborhood" of the target was approximately 75 ms,
a very substantial increase over the 25 ms required for a
voltage increase of equal magnitude. When the ion-current
signal did appear, it climbed very steeply and quickly exceeded
its expected value, indicating that tbe voltage had overshot
the target by at least several hundred ppm. The ion current
then stabilized at the unexpected value of 1550 counts, in­
dicating that the power supply had "falsely settled" 50 ppm
above the target point. Suddenly, more than 180 rna after the
mass selection command, the ion current oscillated abruptly,
indicating large changes in the accelerating voltage, and fwally
settled at the expected value more than 230 ms after the initial
mass selection command!

The ion-current record shown in Figure 2 is only one
representative of a family of such curves obtained by varying
the mass interval traversed in order to reach the selected
target. When other curves from this family are studied, it can
be observed that the delayed oscillation decreases in mag·
nitude as the mass interval traversed is reduced from 8.570
(the value in Figure 2) to 2.070. If, for example, the effect
of a step change in the mass from mle 101 to mle 103 were
to be considered, it would be found that the delayed oscillation
was completely absent and that data acquisition could begin
40 ms after the mass selection command.

The double-focusing instrument employs electric sector and
accelerating voltage power supplies of more recent design, and
Figure 3 indicates that they are capable of much more rapid
response. Figure 3 represents a 5170 decrease in the electric
sector and accelerating voltages, corresponding approximately
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to a doubling of tha selected 1Dll88. Given the relatively wide
mase range and the higher reoolution of this instrument, the
diviaion of the accessible mass range into 4096 incrementa
results in peaks only a few "voltage bits" in width (each bit
corresponds to 122 ppm of the maximum voltage). Thus, the
solid line represents the expected signal at the target point
near the peak of m I e 40, but the short dashed lines repre­
senting signal levela at voltages two increments above and
below the target are absent because no signal is present at
these points. Analysis of the ion current recording indicates
that the voltages settle within 100 ppm of the target in less
than 20 ms, and that overshoot and ringing are absent.

Further analysis of the recording beyond 50 me reveals two
residual noise sources not recognized in the preceding fIgureS.
Two small amplitude oscillations, one with a period of 400
ms (2.5 Hz), and the other with a period of 17 me (80 Hz) can
be seen. The 2.5-Hz noise is apparent from visual inspection
of the record, but the 60-Hz noise can be noted only after the
data have been processed by the 17-point Savitsky-Golay
smoothing routine (7) used to generate the unbroken curve
in Figure 3. When the collector slit was opened in order to
generate a nat-topped peak and allow a stable measurement
of resolved beam current, (a) the 6O-Hz modulation vanished,
indicating that it was due to an instability in beam location
rather than signal level (this oscillation was traced to an
electric motor placed near the magnetic sector); and (b) the
2.5-Hz modulation was not found to be constantly present in
either the top or the side of the peak, indicating that it was
somehow associated with the voltage jumping process itself.
Installing a new filament and cleaning the ion source removed
this feature, leading us to suggest that it represented an
interaction between leakage currents, sudden ion source
voltage changes, and the time constant of the emission current
regulator circuit.

It should be apparent that this very simple technique
provides an extremely useful tool for examining the dynamic
performance of selected ion monitoring mass spectrometers,
and that the data can have great diagnostic value.
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Photometric Detection of Oxygen

ZblgnJew Mlelnlczuk,' Christopher G, FilM, and Waller A. Au.·

5637 Ufe SCiences Building, 08_ University, HaUfax, N. S.. Canada

The determination of molecular oxygen is a frequent but
often difficult taak in analytical chemistry. A wide variety
of methods can be employed depending on the type of sample
and analytical requirements. Often gas chromalDgraphy (1-3)
is used prior to detection by thermal oonductivity (4). Further
detection approaches include coulometry (5), ionization by
metaatable helium atoms (6), capacitance (7), quenching of
flame emission (8), flame ionization (9, 10) and others.

In this study we are exploring a different approach: the
aelective and highly sensitive detection of oxygen via its
cbemiluminescent reaction with phosphorus vapor.

The emission of light in the oxidation of phosphorus has
aroused the interest of scientists for more than a century (11)
and the literature on the subject., especiaJly the early literature,
is voluminous (12). The greenish glow (the "cool Oame") can
be obaerved when phosphorus vapor reacts with oxygen of a
pressure within sharply defmed upper and lower limits. The
glow is generated by a complex isothermal branched-chain
type reaction (13) and formulas are available for the calcu·
Iation of critical oxygen pressures in relation to phosphorus
and inert gas pressures as well as to reactor dimensions (14).
Gilbert comments: ''The glow of white phosphorus has been
much studied but is still poorly understood:' (15).

EXPERIMENTAL
"Prepurified" grade nitrogen or helium was further purified

(a necessary procedure) by passsge through a heated scavenger
cartridge (Supelco, Bellefonte, Pa.) and used as carrier for both
resgentand asmple. One fraction of the carrier (10 mLjmin) was
bubbled through molten white phosphorus at cs. 50 ·C; the other
(10 to 30 mLJmin, usually ca. 20 mLjmin) was used to transport
gusous asmples (from a six·port valve, or a gas chromatographic
injection port) to a quartz tube situated in the viewing area of
a photomultiplier, where the two gas streams met. Residual
phosphorus vapor and any volatile reaction products were disposed
of by oonnecting the detector exhaust tube directly to the exhaust
duct of a fume hood; nonvolatile produc18 were removed about
once a week. The detector was kept at 100 ·C (for chromato­
graphic expedience; the chemiluminescence can be equally well
obaerved at room temperature).

Figure 1 shows a schematic of the simple arrangement of the
phosphorus doping veose1 and chemiluminescence detector (drawn
approximately to size; the tubes in view of the PM tube are I j.
In. and I j "In. o.d. The luminescent ares, visually, is a few mm').
Parts of a Bendix photometric detector system (SPED elee·
trometer, photomultiplier unit with EMI 9524 B tube, and
random, epoxy-potted gl888 fiber light guide; but without in­
terference filter) were used for the optical channel. An aperture
of fixed size (ca. 0.2·mm diameter) was used when attenuation
(-200:1) of the light became desirable. The detector 888embly
_ carefully shielded from room light. The sampling valve was
a Valoo 6-port model, with vsrioualab-made loops. The detector,
and the asmpling arrangement with sample reservoir and ap­
propriate valves, were mounted on opposite sides of a Varian 1200
GC oolumn bath. A gas chromatographic column (Linde SA
molecular sieve) could thus be used, but was by·p888ed in most
experiments. Sample mixtures were prepared from purified
nltrogen (or helium) either in a 400-mL reservoir equipped with
• septum for injection of email volumes of atmll8phere with a
gaa-tight Iyringe, or by adding a oonstant, very small stream of
·"high purity" grade nitrogen_hose oxygen content was de­
tannlned as 14 ppm-to a larger carrier stream. The oombined
.stream, as wall as the <aervoir, were under slight overpressure

IPr.ent~ lnetilule ol Food and Nutrition, WIfIlllW, Poland.

and oould be sampled by the six-port valve. Sampling valve loops
ranged from 0.05 to 5 mL.

In separate experiments, the spectra emitted by the cold name
of phosphorus were scanned by a grating monochromstor (perl
of the Varian AA·5 unit), using an appropriately modified detector
version, and good exhaust facilities (considerable amounts of 0,
are formed in this reaction in addition to various phosphorus
compounds).

RESULTS AND DISCUSSION

The spectra emitted by the reaction of phosphorus with
excess uxygen in the gas phase are shown in Figure 2; using
both dry and humid oxygen. The spectra contain nothing new
(I5) but are interesting in the present context. The band
system in the UV is the 'Y system of PO. The origin of the
continuum has not been esteblished. The hands superimposed
on the continuum in the presence of water are those of HPO.
The light as seen by the PM tube in the detector proper will,
of course, have a somewhat different spectral distribution. For
one, the type of glsss fiber light guide used in this study is
known to attenuate somewhat S, emission at 394 nm but psss
HPO emission at 526 nm. It is, of course, opaque to the PO
bands in the UV. However, the dominant continuum fits well
into the spectral range of both light guide and photomultiplier
and, is, without much douht, responsible for the detector's
response.

Figure 3 shows a calibration curve for peak heights resulting
from vslve injections, without a GC column, of 0, as measured
on the analytical setup over a period of one month, using
different loops, sample streams, etc., as indicated by different
data point representation. The line through the points was
deliberately drawn at exactly 45·. The deviations, in our
opinion, are primarily due to difficulties associated with the
preparation and manipulation of samples rather than to the
reaction in the detector itself. (Typical GC peaks showed
similar linearity, both in peak height and area, but were tested
only over a much more restricted range.) The upper part of
the linear range can be extended by increasing the phosphorus
supply as was shown in separate experiments. The lower limit
of response is given essentially by photomultiplier noise; it
could most likely be lowered considerably by using a geo­
metrically optirniud reaction chamber immediately bordering
the photocathode of a cooled PM tube; and by a further
decrease in the oxygen content of the carrier gas, e.g., by a
preliminary reaction with a separate phosphorus source.
Furthermore, an even supply ofP. vapor (no fluctuations due
to bubbling N, through liquid phosphorus) may be helpful.
Even with the rather simple arrangement used, however, the
minimum detectable amount of 0, was ca. 2 x 10-11 g (ex·
trapolated from the response of9 x 10-11 g to S:N = 2:1). The
minimum detectable ooncentrstion depends, obviously, on flow
conditions and sample size. We had little trouble detecting
0.1 ppm 0, and, with proper instrumental change and op­
timization (and calibration standards available), analysis in
the lower ppb ranges should be possible.

It must be noted in this oontext, however, that many studies
in the literature show chemiluminescence to occur only within
a certain range of 0, pressure. Even though most of theae
reports concern reactions involving phosphorus in solid rather
than in vapor form, it would need to be experimentally proved
that the minimum detectable amounts or ooncentrations can
be lowered by appropriate instrumental changes. Our own
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COLD FLAME SPECTRUM
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in experimental conditions (temperature, N2 or He as carrier,
excess of phosphorus) appeared to have little. if any. effect
on detector performance.

Judging from what is known about phosphorus chemilu­
minescence, the reaction could be assumed to be specific for
the elemental forms of oxygen (including, perhaps. some
peroxides). In our study, a few gases and a wide variety of
volatile organics (hydrogen chloride, ammonia, carbon dioxide.
methanol, acetic acid, ethyl acetate, nitroethane, acetone,
n·propylamine. chloroform, carbon tetrachloride. I-brome>­
butane, chlorobenzene, pyridine. 2-heptene. diallyl ether.
hexane, acetylacetone, diacetyl. thiophene, p·quinone and
piazselenole) were injected without eliciting any significant
response. However, the question of selectivity was not further
investigated.

Flgur. 4. R_ted valve Injections et two oxygen _ as i1dIcated.
0.125-mL sampling loop, staUc samples

VIA Pt<Y.."'"'OI'lUS
(.M[Mr~lN£!iC£"C[

~HOfhJS·O:IlYGEN GAS· PHASE.

CH[M:l.1.MIN(SCOCE

FIgure 1. SChematic of phosphorus-<lop tube and chernIkn*lescen
reaction zone

200 280 360 440 520 600

WA.VELENGT H, nm

Flgur. 2. Spectra emlltad by the reaction 01 phosphorus vapor with
excess dry and humid oxygen. Upper spectrum offset

OXYGEN DETECTION

"0

lOG GRA..'J!S or OXyO[N l"CfCTEO

FIgur. 3. CIlibretlon wve for oxygen (il nitrogen) as sl.Wiiad by valve
~ of s1atlc SIUJ1lIos as wei as flowilg s1ream lTixtlses 01 (pu1flod)
carrier end smell emounts 01 "high purity" nitrogen (14 ppm 0,). No
GC column. CerrIer from sampling valve to detector: ca. 30 rrUrrin
(pu1flod) N,. SampIng loops ranged from 0.05 to 5.0 rrL Values above
3 X 10-1 gO,: DIrect injection of atmosphere by gas-tight syringe

opinion is that this should be possible without major diffi­
culties.

Figure 4 shows six successive (valve) injections in two
regions of the calibration curve three orders of magnitude
apart. The deviations are not greater than those to be ex­
pected from parts of the instrument other than the detector.
e.g., recorder overshoot, PM tube noise, inconsistencies in
turning of the sampling valve, etc.

It is obvious from the way this device was tested that it
could be used either as a gas chromatographic detector or as
a gas stream monitor. Response was well reproducible and
no significant interferenoes were noticed. Various changes
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Modified Nebulizer for Inductively Coupled Plasma Spectrometry

D. L, Donohue· and J. A. Carter

OIJk RId(Je National Laboratory, oak Ridge, Tennessee 37830
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Figure 1. Modified cross flow nebulizer design utilizing all plastIc and
glass construction
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FIgure 2. Signal vs. time for dual sample nebulizer

has been accomplished using kerosene and water in an ex­
periment to produce a mixed aerosol of the two. The uptake
rate of each liquid was controlled by valves as well as by the
size of the opening in the glass needle used for each sample.
Nebulization ratios of from 1:1 to 10:1 were obteined at as­
piration rates of from 0.3 to 3 mL/min for each liquid.

This multiple·sampling ability is of interest in work with
organic solvents, where the properties of the inductively
coupled plasma vary with the type of sample injected. In
particular, the more volatile organic liquids such as acetone
or gasoline may be analyzed, using water as the second liquid
to initially stabilize the plasma by forming the axial channel
This would be followed by gradual int:oduction of the organic
sample and subsequent reduction of the water uptake·rate.
Another area of application might be in the selection of

A number of papers have appeared recently dealing with
the problem of liquid sample nebulization in Inductively
Coupled Plasma Atomic Emission Spectrometry (1-4). Many
authors agree that precise, reproducible sample introduction
into the argon plasma is the most pressing problem in this
field, The major types of nebulizer in use are the concentric
glass pneumatic type, the so-called "Iowa State" crossed-flow
type, and the ultrasonic nebulizer. This paper will describe
a modified design of the crossed-flow type which has certain
desirable characteristics. In addition, a novel application will
be described which involves the use of two or more sample
inlets to produce a mixed aerosol.

The "Iowa State" crossed-flow nebulizer (1) is capable of
moderately good precision even at low Ar flow rates, and is
lesa expenaive than the ultrasonic nebulizer. Its efficiency at
low gas flow rates is between that of the two other major types,
with the ultrasonic type being the most efficient at producing
the proper droplet size. The disadvanUlges of the crossed-flow
neubulizer have been the expense of the machine work re­
quired to produce one, and the tendency to break the rather
fragile glass needles. Proper alignment of the needles is
essential, but this is sometimes difficult for laboratory per­
sonnel to accomplish. In addition, the various metal parts
are subject to corrosion by acidic samples.

The neubulizer described here overcomes many of the above
problems and utilizes all plastic and glass construction to
minimize corrosion damage. It is easily fabricated and allows
for quick and precise alignment of the needles to produce an
aerosol witb tbe desired properties. An additional feature is
that several sample introduction ports can be included, which
may be advantegeous for certain applications.

A cross-sectional view is shown in Figure I. The glass
needles are capillary tubing drawn to approximately 2 mm
in diameter and inserted snugly into holes in the Teflon inserts
which are undeJSized by -0.002 inch. This provides sufficient
preasure so that the aspiration needle will not move at Ar
pressures of up to 50 psi. The needles are drawn down at the
end and polished to a tepered tip using a silicon carbide saw.
Sample uptake is by '/.·inch Tygon tubing slipped over the
end of the sample needle. The needle fittings consist of
1/,-incb Ld. nylon Swagelok unions which have been cut in
half and macbined to a flat surface. They are held against
'/,-inch Ld. neoprene "0" rings by means of a rigid plastic
flange and four 6-32 nylon screws. The main body of the
nebulizer is Teflon with a 3S-mm opening to accommodate
commercially available spray chambers (Plasma Therm, Inc.,
Kresson, N.J.). The aerosol Ar gas enters through '/,-inch
polyethylene tubing which can be heated and bent to shape.

Adjusting the position of the needles is a simple matter of
tightening the appropriate screw which holds the swaged
assembly in place. This compresses the 0 ring sligbtly and
moves the needle tip accordingly. Movement in and out is
accomplisbed r""t by proper placement of the needle in the
Teflon insert and tben by tigbtening or loosening all of the
retaining screws by the same amount. The advantage of this
design is that no force is exerted which could break the
iJeedles. All adjustments made in this way will remain un­
changed for long periods, even with routine handling of the
iJebulizer .assembly.

Ifanother sample needle is introduoed through an auxiliary
port,'with its tip in close proximity to the r""t sample needle,
it becomes possible to aspirate two separate solutions. This
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analytical emission linea for an unknown aample. With the
sample being aspirated, the aW<iliary needle may be used to
introduce a standard solution of the desired element(s). In
this way, spectral interference effects at a particular wave­
length can be studied. This scheme would also be helpful in
organic sample analysis where cheaper and more convenient
aqueous standards could be introduced through the aW<iliary
needle to locate and evaluate spectral lines. One disadvantage
of the dual sampling scheme is that the precision is degraded
by a factor of 2 compared to single sample aspiration.

In a study to show the additivity of the signals from each
of two sample needles, a 1 ,.g/mL solution ofSr was used. The
results are shown in Figure 2. It can be seen that the
nebulization ratio for needles A and B is approximately 1:2.
The composite signal, d, is equal to the sum of the individual
signals corrected for the background (blank) level. The
peak-to-peak noise seen on the signals also appears to be
additive, with the relative noise being essentially constant at
2-3% RSD.
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In conclusion, this design has been shown to offer simple
and rugged operation, with the capability for precise posi.
tioning of the glass needles. The nebulizer requires I...
machine work than other designs and should be I... expensive
to manufacture. The absence of metals provides a measure
of safety from corrosion by highly acidic aamples. Finally,
the multiple sampling capability may prove useful in spe·
cialized areas of analysis.
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Dropping Mercury Electrode for Polarography in Glass-Corroding Media

Hugues Menard· and Francine LeBlond·Routhler

Department 01 Chemistry. Universny 01 Sherbrooke. Sherbrooke. Quebec. Canada JIK 2RI

During the past few years, a section of analytical chemistry
dealing with polarography in glass-corroding media seems to
have attracted many workers. This is due to the construction
of capillaries protected by polychlorotrifluoroethylene
(KEL-F) or polytetrafluoroethyle!le (Teflon). With these
capillaries, polarographic measurements can be made directly
in hydrofluoric acid or concentrated sodium hydroxide so­
lutions that are used as solvents for metallic samples con·
taining silicates, thus eliminating stages of evaporation and
redissolution which were previously necessary to protect the
glass capillaries but could also lead to systematic errors.

Techniques of constructing those capillaries inert to cor­
rosive solvents have been summarized by Bond and co-workers
(I, 2), who also add that all the techniques are extremely hard
to put into practice and that the chances of success are few.
It must also be said that enormous work has been accom·
plished by Raaen (3-11) eight to fifteen years ago and by
Clifford and Balog (I2) concerning the construction and use
of a capillary inert in hydrofluoric acid which made possible
the study of some redox, reactions especially of metal ions in
glass-corroding media. Devynck (I3) recently studied the
polarography of antimony in hydrofluoric acid. But, up to
now, it seems that all techniques for the construction of
capillaries require a certsin dexterity and could be said to be
almost an art. From the analytical point of view, the
availability of a simple technique in making such capillaries
would be of great concern for all interested laboratories. We
present here a method of constructing a polyethylene capillary
for use in solutions extremely corrosive to glass.

EXPERIMENTAL

Construction or a Capillary. A "Sargent·Welch Scientific
Company" capillary C 2-5 s No drop·time S-29419) is cut into
5-cm lengths. One end of the 5-cm long capillary is immersed
in a melted polyethylene bath (for example, in a beaker filled with
granulous polyethylene heated at 200 °C). Then, when it is
removed slowly, a m... (Figure la) of polyethylene adheres very
well to the glsss but does not penetrate into the gl... capillary.

Just before the polyethylene chills. 8 mild pressure of nitrogen
is applied at the other end of the capillary so as to form a 1- to
2·mm diam. bubble (Figure Ib). When the polyethylene is well
chilled, it is tooled to get a more adequate form so that it can be
inserted into a polarographic cell (Figure Ie). The polyethylene
on the glsss capillary must be at least 2-mm thick so as to maintsin
a good mechanical resistance. Then, with a No. 80 drill (0.0343-cm
dism.) revolving at 17000 turns/min (Dumore Hi Speed sensitive
drill No. 8226), a hole is drilled into the bubble (Figure Id).

The minimum length between the bubble and the end of the
polyethylene capil1ary is 0.5 to I em. The drop time of the mercury
drop will depend on the length of the glass capillary and also the
orifice diameter of the polyethylene capillarY. The glsss capillary
should be kept as short as possible, that is, 5 cm. Also, the form
of the orifice of the polyethylene capillary should be modified;
this can be done by using 8 needle point. The main purpose of
the use and construction of the capillary is to eliminate any defect
from dead volume that could trap air bubbles in the portion
between the two capillaries.

Reagents. Stock solutions of bismuth trioxide, 10" m, (Fisher
Scientific Co.) are prepared from commercial HF 48% by volume
(Allied Chemical). Bismuth trichloride, 10" m, (J. T. Baker
Chemical Co.) is prepared from sodium hydroxide (Anscheniia
Chemicals Ltd.) with twice-distilled water.

Apparatus. A model 174 A polarograph (Princeton Applied
Research) was used with a three-electrode system. The saturated
calomel reference electrode was separated from the test solution
by a porous Teflon junction.

RESULTS AND DISCUSSION
We selected polyethylene for several reasons. Polyethylene

is know (I4) to be inert to hydrofluoric acid at room tem·
perature and to have mechanical properties comparable with
those of Teflon. Also, it is not toxic and can be manipulated
without any danger. We noticed that it sticks to glass but does
not penetrate into the capillary; this was not the case when
we tried other polyoleflll8 such as polypropylene for example.

Figure 2 is an x·ray photograph of two capillaries fil1ed with
mercury. We note that the mercury completely filia the
junction of the two capillaries and that the capillaries work
well even though the bubble is spherical. The drill d08llll't

0003-2700178/0350.0887$01.00/0 C 1978 American ChoIricaI SociBIy



ea•• ANALmCAL CHEMISTRY, VOL. 50, NO.4. APRIL 1978

figure 1. Sketches of the cepillary-fabrication slaps efter: (a) n Is
token out slowly 01 the poIyethylano bath; (b) a m1kl pressure 01 nitrogen
has been eppUed; (c) being worked up for the polarographic cell: (d)
having been bored with a drill

III
FIgure 2. X..ay 01 two cepillarlas filled wnh mercury

Figure 4. (a) Classical polarogram of 10-3 m Bj3+ in 48% commercial
HF: (b) differential pulse polarogram. same conditions

Fi~ure 4 ~ives the classical and the differential pulse po­
laroKrams of 10-:1 m Bj3+ in 48% commercial HF. The shapes
of the two curves demonstrate that this capillary can be used
in media extremely corrosive to glass.

A polarogram of acetonitrile in anhydrous HF recorded in
thc laboratories of the National Institute of Science and
Nuclear Techniques in Saclay (I5) confirms the efficiency of
the capillary.

FIgure 3. <a) Classical polarogram of 10" mBI" In NaOH 10 M; (b)
differential pulse poIarogrem, same conditions

reach the inferior part of the bubble due to the fact that there
is no air in this cavity.

Figure 3 shows the classical polarogram of 10-3 m Bi3+ in
a 10 m NaOH solution. To demonstrate the good performance
of the polyethylene capillary, a differential pulse polarogram
is superposed. which indicates adequately the reproducibility
of the mercury drops.

·.2 .... POTENTIAL. V WI seE -·8
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