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On the cover. Digital filtering
:and multivariate regression.
One of the basic goals of analytical
chemistry, no matter what the
technique used, is to produce re­
:;ults as close to the true value as
possible. Digital filtering and
multivariate regression, though
disparate approaches, both en­
deavor to produce accurate state
variables from analytical mea­
:mrements. Chris L. Erickson,
Michael J. Lysaght, and James B.
Callis of the University of Wash­
ington discuss the characteristics
of various filters and regression
techniques, comparing and ex­
:, laining their relationships to
'3ach other

FOCUS 1171 A
FACSS conference highlights.
Designed to bring together scien­
tists who share an interest in
problem solving, FACSS is consid­
ered to be one of the most impor­
tant technical analytical meetings
held each year. Nancy Miller-Ihli
of the USDA reports on the 1992
meeting, held at the Adams Mark
Hotel in Philadelphia in Sept.,
highlighting the various spectros­
copy and chromatography sympo­
sia, award presentations, poster
sessions, special symposia, short
courses and workshops, and the
instrument exposition
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Matheson Caliblation Gas Mixtures
Available from Matheson

1
EPA p,rotocol and NBS Traceable Calibration
Mixtures in all Allowable Concentration Ranges

Certided Calibration Gas Mixtures for
lndus~rial Hygiene

and
the
Environment
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emissions monitoring, safety and
industrial hygiene.
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Air
Air
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Air
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Air
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Questionable quality of calibration mixtures is intolerable.
Accuracy and consistency must be assumed and verified.
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consistency. Insist on Matheson.

Matheson, the world leader in specialty gases, has successfully
prepared accurate calibration gas mixtures of every variety for
over 65 years. With greater emphasis on pollution abatement
and more demanding compliance requirements, analytical
reliability becomes increasingly critical. Matheson's experience
is your guarantee that the calibration mixture you receive will
meet the requirement.

Backed by Matheson's
more than 65 years ofexperience.
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Structure-Specific Collision-Induced Fragmentations of
Ceramides Cationized with Alkali-Metal Ions
Complete information about structures of ceramides are
obtained from collision-induced decompositioLs of cation­
ized species. The detection limit for structunl determi­
nation of N-palmitoyl-DL-sphinganine is 8 pITo!.
Qinghong Ann and Jeanette Adams', Departm"nt of Chem­
istry, Emory University, Atlanta, GA 30322

Experimental Determination of the Number of Tlapped
Ions, Detection Limit, and Dynamic Range in FllUrier
Transform Ion Cyclotron Resonance Mass Specl'rometry
The theory and experimental protocol for determining the
number of ions that contribute to the detect.!,d time do­
main signal in FT-ICRMS are presented.
Patrick A. Limbach, Peter B. Grosshans, and ALan G. Mar­
shall', Department of Chemistry, 120 West 18th .\venue, The
Ohio State University, Columbus, OH 43210

Self-Assembled Monolayers in Electroanalytic, I
Chemistry: Application of (0- Mercapto Carboxylic Acid
Monolayers for the Electrochemical Detection 0 Dopamine
in the Presence of a High Concentration of Ascorbic Acid
Sel'-assembled w-mercapto carboxylic acid monolayers
on gold electrodes are used to introduce an el"ctrochemi­
cal differentiation between positively chargee dopamine
and negatively charged ascorbic acid.
Franck Malem and Daniel Mandler, Department of Inor­
ganic and Analytical Chemistry, The Hebrew University of
Jerusalem, Jerusalem 91904, Israel

Heat-Induced Conformational Changes in Proteins Studied
by Electrospray Ionization Mass Spectrometry
Electrospray ionization MS is used to investigate heat­
induced denaturation of proteins and to improve the
spectra of intractable proteins.
Urooj A. Mirza, Steven L. Cohen, and Brian T. '::hait*, The
Rockefeller University, New York, NY 10021

NMR Study of the State of Water in lon-Selective Electrode
Membranes
By using variable-temperature NMR, light· scattering
centers formed in poly(vinyl chloride)-based iO:l-selective
membranes immersed in water are shown to arise from
water droplet formation.
Andy D. C. Chan and D. Jed Harrison', Department of
Chemistry, University of Alberta, Edmonton, Alberta, Canada
T6G 2G2

These articles are scheduled to appear in
AC RESEARCH in the near future.

"Corresponding author

pH-Metric log P. 3. Glass Electrode Calibration in
Methanol-Water, Applied to pK. Determination of
Water-Insoluble Substances
A method for calibrating pH electrodes in methanol-wa­
ter solutions, using a four-parameter equation that re­
lates the operational pH scale to that based on concentra­
tion, PcH, is developed and applied to determining
aqueous pKas of water-insoluble molecules.
Alex Avdeef', John E. A. Comer, and Simon J. Thomson,
Sirius Analytical Instruments Ltd., Manor House, Lewes Road,
Forest Row, East Sussex, RH18 5AF, United Kingdom

Optimization of Waveforms for Pulsed Amperometric
Detection of Carbohydrates Based on Pulsed Voltammetry
An automated procedure is described for optimization of
all variables in PAD waveforms based on pulsed voltam­
metry at rotated disk electrodes.
William R. LaCourse and Dennis C. Johnson*, Department
of Chemistry, Iowa State University, Ames, IA 50011

Determination of Atrazine in Water at Low- and
SUb-Parts-per- Trillion Levels by Using Solid-Phase
Extraction and Gas Chromatography/High-Resolution Mass
Spectrometry
Mass profile monitoring is incorporated into a method for
trace determination of atrazine. The precision of the
method is 15% and the accuracy is > 85% at the 1-pptr
level.
Zongwei Cai, V. M. Sadagopa Ramanujam, Daryl E. Gib­
lin, and Michael L. Gross"', Midwest Center for Mass Spec~

trometry, Department of Chemistry, University of Nebraska,
Lincoln, NE 68588-0304 and Roy F. Spalding, Water Center.
University of Nebraska, Lincoln, NE 68588-0844

Matrix-Assisted Laser Desorption of Biological Molecules
in the Quadrupole Ion Trap Mass Spectrometer
Biological molecules are introduced directly into a quad­
rupole ion trap mass spectrometer via matrix-assisted
laser desorption. Single-unit femtomole detection limits
and tandem MS structural analysis are demonstrated for
small polypeptides.
David M. Chambers, Douglas E. Goeringer', Scott A.
McLuckey, and Gary L. Glish, Analytical Chemistry Division,
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6365

Effects of Buffer pH on Electroosmotic Flow Control by an
Applied Radial Voltage for Capillary Zone Electrophoresis
Variation of pH for electronic electroosmotic flow control
is examined theoretically and experimentally. Control is
greatest at low pH and is least at high pH. Associated
band broadening is also examined.
Mark A. Hayes, Indu Kheterpal, and Andrew G. Ewing",
Department of Chemistry, Penn State University, 152 Davey
Laboratory, University Park, PA 16802
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NEWS

CAALS Associates

Jorgenson and Markides Receive
Chromatographic Society Awards
James W. Jorgenson and Karen E. Markides received
the Martin Award and the Jubilee Medal, respectively,
on Sept. 14 at the 19th International Symposium on
Chromatography in Aix-en-Provence, France.

The Martin Award, established in 1978, honors A.J.P.
Martin, the first president of the Chromatographic Soci­
ety. It recognizes achievements in all aspects of separa­
tions science, including newly emerging techniques.
Jorgenson was recognized for his work in capillary elec­
trophoresis (CE).

The Jubilee Medal was established in 1982 to cele­
brate the 25 -year anniversary of the founding of the
Chromatographic Society. It is intended to honor scien­
tists who show outstanding promise in their careers in
separations science. Markides was recognized for her
work in capillary supercritical fluid chromatography
(SFC).

Jorgenson, professor of chemistry at
the University of North Carolina,
Chapel Hill, and Associate Editor
for separations for ANALTI1CAL
CHEMISTRY, received his B.S. de­
gree in 1974 from Northern Illinois
University and his Ph.D. in 1979
from Indiana University. He joined
the faculty of the University of
North Carolina, Chapel Hill, in 1979

and was appointed professor in 1987.
Jorgenson is credited with the critical early work in

establishing CE as a viable microanalytical technique.
His research interests include high-sensitivity single­
cell analysis and multidimensional separations based on
LC/CZE and CZE/MS.

Markides, chair of the department of
analytical chemistry at Uppsala
University (Sweden), received her
B.S. degree and her Ph.D. from the
University of Stockholm in 1978 and
1984, respectively. As a postdoctoral
fellow at Brigham Young University
working with Milton Lee, she devel­
oped instrumentation and columns
for open tubular column SFC. She

also developed stationary phases for the separation of
enantiomers and instrumentation for SFE/SFC.

NIST has announced a new program for small busi­
nesses that want to get involved in the Consortium on
Automated Analytical Laboratory Systems (CAALS).
The consortium, started in 1990, is a collaboration

among government agencies and businesses in the pri­
vate sector interested in advancing automation in ana­
lytical chemistry.

For a $5000 fee, members in the CAALS Associates
Program participate in the modularity and control com­
munications aspect of the program by helping devise
specifications and standards for laboratory automation,
attending workshops, and receiving reports and news­
letters. Additional benefits include interaction with in­
dividuals and organizations shaping laboratory automa­
tion and access to the broad-based expertise ofNIST.
The program is open to small businesses, individuals,
not-for-profit and trade organizations, and universities.
By contrast, general or research membership in CAALS
costs $30,000. General or research members are entitled
to participate in all three components of the program
(the organic and inorganic demonstration projects, in
addition to the modularity project described above);
have voting rights; have access to all reports, newslet­
ters, workshops, and the like; and have the right to use
CAALS methods and technology within their own orga­
nizations. In addition, research members have options
for co-exclusive license on intellectual property devel­
oped by the consortium. For more information, contact
CAALS, A343 Chemistry Bldg., NIST, Gaithersburg,
MD 20899 (301-975-4142).

For Your Information
NIST recently recertified two SRMs for lead measure­
ments. Powdered Lead-Based Paint SRM 1579a is in­
tended for calibrating lab equipment used to determine
lead in paint scrapings. The standard contains 35 g
of finely ground paint powder with a certified lead con­
centration; cost is $131. Lead in Blood SRM 955a, de­
signed in conjunction with the Centers for Disease Con­
trol, is for laboratories measuring lead at < 50 ppb. The
standard contains four vials of frozen cow blood, each of
which has a lead concentration of between 5 and 55 Ilg/
dL. Cost is $261. To order, contact the Standard Refer­
ence Materials Program, Rm. 204, Bldg. 202, NIST,
Gaithersburg, MD 20899 (301-975-6776).

The American Society for Testing and Materials Com­
mittee E-13 on Molecular Spectroscopy is currently
working on three methods of interest to spectrosco­
pists: a procedure for calibrating photodiode arrays, a
major revision of the existing standard for the measure­
ment of stray radiant energy from spectrophotometers
by the opaque filter method (E-387 -84), and the first
draft of "Standard Practices for General Techniques of
Gas Chromatography/IR Analysis." For information on
this particular document, contact Davis Compton, Bio­
rad, Digilab Division, Cambridge, MA 02139 (617-868­
4330). For information on the other methods, committee
activities, or ways to volunteer, contact Eric F. Mooney,
Tytronics, Inc., 224 Calvary St., P.O. Box 590, Waltham,
MA 02254-0590 (617 -894-0550; fax 617 -894-9934).
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REPORT

Relationship between
Digital Filtering
and Multivariate Regression
in Quantitative Analysis
Chris L. Erickson, Michael J.

Lysaght', and James B. Callis
Center for Process Analytical Chemistry
Department of Chemistry. BG-10
University of Washington
Seattle, WA 98195

Analytical chemistry can be defined
as the science dealing with the iden­
tification and quantitation of a sam­
pie's physical and chemical proper­
ties (state variables). The analytical
variable most commonly probed is
chemical concentration. An obvious
way to determine chemical concen­
trations is to isolate all analytes and
then determine their masses. Unfor­
tunately, this type of analysis proce­
dure can be time-consuming, labori­
ous, or even impossible to perform.
Therefore a great deal of effort in an­
a�ytica� chemistry has been expended
on the development of automated
electronic instrumentation capable of
measuring analytical state variables
by some indirect means.

Generally this involves performing
an experiment on the sample in
which a physical or a chemical stim­
ulus is applied to the system. The an-

I Current address: Department of Chemistry,
U.S. Air Force Academy, USAFA, CO 80840

alyti=al response to this perturbation
is th,m measured. Unfortunately, the
analytical measurement thus ob­
tain~d is not a direct measure of the
state variable(s) of interest, for the
following reasons: the measurement
process itself disturbs the system;
the measurement scheme is not per­
fectly selective, and therefore inter­
feren ces can contaminate the signal
arising from the analyte; random
nois" in the system corrupts the
measurement; or a theoretical rela­
tionship must be employed to obtain
the state variable(s) of interest from
the signal. Such a relationship may
not be known in advance, or it may
be complex. As a result, analytical
meaBurements are generally pro­
cessed in some way to remove inter­
ferences, reduce noise, and extract
the information related to the de­
sired state variables.

The common approach to develop­
ing an instrument for quantitative
analysis is univariate and linear in
nature (i.e., the sensing means is de­
sign(·d to be as selective as possible
so that only a single measurement is
need,=d to estimate the concentration
of the analyte of interest). This mini­
mize, postexperimental signal pro­
cessing. An example of such a system
woul:i be an ion-selective electrode.
Unfortunately, the perfectly selective

sensing system has yet to be devel­
oped, because all methods are
plagued to some degree by interfer­
ences. Obviously, interferences can
be avoided or minimized by adequate
sample cleanup, but this approach
generally requires time-consuming
manual operations.

An alternative approach is to use
multichannel instruments that in­
corporate multiple sensors, each of
which is characterized by its partial
selectivity toward a particular ana­
Iyte. The response then becomes
multivariate in nature, and a pattern
that allows correction for interfer­
ences and drift, and even permits si­
mu�taneous multicomponent analy­
sis, can be developed. An example of
an analytical method based on this
approach is the near-IR spectro­
scopic analysis of grain for protein,
starch, and moisture content (l).

Over the past decade two ap­
proaches have emerged for process­
ing multivariate measurements
contaminated by noise and interfer­
ences: digital filtering and multivari­
ate regression. Bialkowski has re.­
viewed the applicability of digital
ftIter theory for this purpose (2, 3),
whereas Beebe and Kowalski (4) as
well as others (5, 6) have discussed
the merits of multivariate regres­
sion-based calibration and predic-
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Figure 1. Pure near-IR spectra of
a-xylene, m-xylene, and p-xylene
isomers.

random and cyclic noise to acceptable
levels. Ideally, this filter will also de­
rive from 5(1) the related property of
interest. For a shift-invariant linear
system, the time-dependent filtering
process can be mathematically ex­
pressed as the convolution of the im­
pulse response filter h(t) with the in­
put measurement x(t) (15, 16)

y(l) ~x(l) • h(l) =J*) h(I-~) d~ (2)

.
yen] =L x[k] hen - k] (3)

k=O

Square brackets denote discrete
functions; parentheses are reserved
for continuous functions (15). Con­
tinuous time variables I and ~ have
been replaced with incremental time
variables nand k, respectively. The
variable I, which has units of time,
and n, which has no dimension, are
related by a proportionality factor
equal to the time between each dis­
crete increment. The variables ~ and
k are similarly related. Because of
this proportionality, nand k will con­
tinue to be referred to as "time" vari­
abies.

Figure 2 illustrates the measure­
ment/filtering model described thus
far. In Figure 2, three state variables
or properties p give rise to three sig­
nals (e.g., three chemical concentra­
tions give rise to three instrumental
signals). In the measurement pro­
cess, symbolized by the summation,
the pure signals are added to the
random and the cyclic noise to gener­
ate the measurement. In addition to
the cyclic noise labeled ve , the signals

The • symbol signifies convolution,
~ is the delay variable or the time
variable of integration, and y(l) is the
filter output, which we will later re­
late to desired state variables. The
function h(l) is called the impulse re­
sponse function of the system be­
cause, given an impulse input (delta
function), the output is described by
h(I).

For the usual analytical experi­
ment' further simplifications of
Equation 2 can be made. First, inte­
gration need only be done from ~

equals 0 to I if the system is one­
sided (15, 16), that is, if both x(l) and
h(l) and thus y(t) only have physical
meaning for I ;" O. Second, digital
data acqnisition makes the discrete
form of Equation 2 a better descrip­
tion of the experiment. Equation 3
depicts this discrete convolution,
which uses a digital impulse re­
sponse function h[n] to filter the dig­
ital input measurement x[n] to yield
the estimated signal y[n]

"g 0.04.,
-e 0.03
g
~ 0.02

0.01

O'_"-,.-_~~~--'-::>=-I

840 860 880 900 920 940 960
Wavelength (nm)

pure analyte signal s(t) and the noise
v(t) associated with that signal

x(l) = 5(1) + v(l) (1)

The magnitude of s(1) is influenced by
the state variable initiating the sig­
nal. Noise can be defined as any dis­
turbance in the measurement that
obscures observance of the pure sig­
nal. The noise may be random
(white) and/or cyclic in nature. Cyclic
noise, sometimes called cyclo­
stationary or periodic noise, is de­
fined as noise that, if present, re­
peats itself consistently through each
experimental cycle. The primary
source of cyclic noise encountered in
the xylene experiment is spectral in­
terference. In spectroscopically quan­
tifying o-xylene, for example, the
m-xylene and p-xylene "signals" in­
terfere with the o-xylene signal each
time the experiment is done. and
therefore they constitute cyclic noise
(2,14) .

A filter generally can be designed
to extract s(t) from xCI), reducing both

Figure 2. Measurement/filtering
scheme.
In the measurement process, the pure signals
s,-S:J, which are induced by the state variables
P,-PJ, are summed with random and cyclic noise
v, and Vc to give the measurement x. Filters h,-h3
extract from x, via convolution, the three state
variable estimates P,-Ps> The fitter outputs
Y'-Y3 are directly related to P,--Ps>

tion. Because these seemingly dis­
parate approaches, which use
different terminologies and mathe­
matical notations, possess the identi­
cal goal of optimally deriving state
variables from analytical measure­
ments, the question naturally arises
as to what relationship exists be­
tween the two. Accordingly, the pur­
pose of this REPORT is to quantita­
tively explain and compare digital
filtering and multivariate regression.

Before proceeding, we will outline
the scope ofthis article and introduce
a contemporary problem in chemical
analysis, which will later serve as an
experimental means of illustrating
and comparing digital filtering and
regression methodologies. As regards
scope, the techniques discussed here
apply primarily to quantitation of
deterministic variables. Also, we
limit the discussion of digital filter­
ing to finite impulse response-type
filters, and the discussion of multi­
variate regression to classical least­
squares and principal components
regression. Readers interested in
studying other interesting connec­
tions between digital filter theory
and multivariate regression should
consult References 7-11. Although
we will use the independent variable
time in our equations, other domains
such as wavelength, voltage, and
space can be substituted as long as
the domains meet the minimal stipu­
lations described later.

The chemical analysis problem we
will examine is the quantitation of
the 0-, m-, and p-xylene isomers in
xylene mixtures. Traditionally, GC
has been used to analyze xylene (12).
This technique, however, has certain
disadvantages: somewhat lengthy
analysis times are required, carrier
gas is consumed, columns deterio­
rate, and the sample generally is not
preserved.

Short-wavelength near-IR spec­
troscopy appears to be an excellent
alternative method for xylene analy­
sis because analyses can be done rap­
idly; no materials are consumed; the
instrumentation (a photodiode array
spectrograph) is relatively inexpen­
sive and highly reliable; and nonin­
vasive' automated analysis is possi­
ble (13). However, as can be seen in
Figure 1, the near- IR spectra of the
three xylene isomers are very simi­
lar; thus, a measured spectrum of a
xylene mixture must be extensively
processed to recover the concentra­
tion estimates of the isomers.

Impulse response filter

A time-dependent measurement x(t)
can be represented as the sum of the
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hinder quantitation of one another
because of their overlapping re­
sponses and therefore constitute cy­
clic noise with respect to each other.

The lower half of Figure 2 depicts
the filtering process in which three
filters, whose design and implemen­
tation will be discussed below, ex­
tract the three state variables from
the measurement. By convolving
each filter with the measurement, an
output y is obtained. For some exper­
iments, obtaining the entire output
function y[n] with a high signal-to­
noise ratio (SIN) is the primary goal.
This may be the case, for example, in
qualitative analysis, where the en­
tire fIltered output spectrum or chro­
matogram is used to identify distinc­
tive features. However, this article
focuses on quantitative analysis in
which specific analytical properties
such as analyte concentrations are
derived from measurements. A key
issue, which will be treated later, is
the manner by which a property esti­
mate~,which is a scalar, can be opti­
mally derived from the fIltered out­
put y[n] obtained in Equation 3,
which is a sequence or a vector.

We have introduced a fIlter func­
tion that can transform an input
function to an output function that
contains the desired state variable
information. In the next sections we
explain how a scalar property is esti­
mated from a filter output vector.
Systems in which the noise is exclu­
sively random are examined first,
followed by a more general and ana­
1ytically relevant case in which both
random and cyclic noise exist.

Matched filtering

Matched filtering is designed to opti­
mallyestimate a state variable in the
case where the signal arises solely
from that state variable, the signal is
linearly related to the state variable
amplitude, and the noise is random
(2, 14, 17, 18). The impulse response
fIlter can be shown as

h[n] = C s(-1I] (4)

where C is a constant and s[-1I] repre­
sents the time-reversed signal un­
adulterated by noise. The filter is
said to be matched because it equals
the time-reversed pure signal uncor­
rupted by noise; thus, when h[n] or
s[-n] is convolved with x[n], a cross­
correlation is effected between s{n]
andx[n]

y[n] =x[n] • h[n] =x[n] • c s[-n] =
cs[n] * x[n] (5)

The * symbol signifies cross-correla­
tion. Equation 6 shows the discrete

representation of cross-correlation.
Y[n] = c L s[k] x[n + k] (6)

..0
We will justify the above form of the
impulse response filter and show
how it leads to a simplification of
Equations 3 and 6, changing a convo­
lution or a cross-correlation, which
technically is a vectorlmatrix multi­
plication, to a simple dot product of
vectors.

The optimal estimate of an analyt­
ical state variable can be derived
from the filtered output if the quan­
titative experiment is deterministic,
which means that each experiment
takes place over an identical incre­
mental range (of time, frequency, or
wavelength). For such experiments
the deterministic signal consistently
repeats itself

s[k]=s[mN+k] (7)

Here N is the experimental cycle
time, and the whole number m is the
cycle number. The noise, meanwhile,
varies randomly. For deterministic
experiments the cross-correlation
function in Equation 6 reaches a
maximum value when n = N (17).
This cross-correlation maximum y[N]
(a scalar) is described by the equa­
tion

N

y[N] =c L s[k] s[k] +
k=O

N

C L s[k] v[N + k] (8)
k=O

whkh is obtained by substituting
Equations 1 and 7 into Equation 6.
Equation 8 is essentially the sum of
two dot products. The first dot prod­
uct is between the signal and itself,
which results in a positive squared
estimate of the true signal. Because
the signal and the random noise are
orthogonal, the second dot product
approaches zero as N becomes large.
Thus it becomes apparent why the
maximum cross-correlation occurs at
n = N: At this time the cross-correla­
tion function approaches a noise-free
squared estimate of the pure signal.
Any segment of the random noise
function should be orthogonal to the
signal; therefore, this second dot
product approaches zero regardless
of the incremental time offset inside
the brackets. To simplify Equation 8,
v[k] is substituted for v[N + k] to give

N N

y[N] =CL s[k] s[k] + C L s[k] v[k] =
.. 0 k=O

N

C L s[k] x[k] = P (9)
k-O

Because the cross-correlation is
maximum when n = N, the signal es­
timate, which results from the single
cross-correlation at n = N, has a
maximum SIN. This cross-correla­
tion maximumy[N] provides the opti­
mum property estimate p (19); the
entire cross-correlation summation
for all values of y[n] need not be
solved.

At this stage it is important to re­
member that although the previous
derivations were performed in the
time domain, analogous representa­
tions can be formulated in any perti­
nent domain. This is made possible
by the minimal restrictions imposed,
which require the system to be lin­
ear, shift-invariant, one-sided, and
deterministic. For systems that obey
these constraints, complicated convo­
lutions and cross -correlations
(Equations 3 and 6) can be simplified
to dot products.

These constraints may take on
slightly different meanings under dif­
ferent domains. The xylene example
considers spectral data in the wave­
length domain. The one -sidedness
argument is satisfied in this domain
because the signal at any wavelength
is independent of the signal at an­
other wavelength, and the spectrum
always starts at some initial wave­
length. The deterministic condition
is equivalent to requiring that spec­
tra be taken over identical wave­
length regions, which is typically the
case in quantitative analysis.

When s[n] and therefore h[n] are
not precisely known beforehand, the
matched filter h[n] can be experimen­
tally derived by ensemble-averaging
numerous measurements (17). Be­
cause we have assumed that noise is
random in this case, the noise cancels
upon ensemble-averaging while the
signals add coherently. If a sufficient
number of measurements are aver­
aged, h[n] will closely resemble the
time-reversed pure signal and the
convolution of x[n] and h[n], or the
cross-correlation ofs[nl and x[n], will
render the optimal property esti­
mate.

Kalman innovation filtering

Matched filtering is inadequate if cy­
clic noise exists in addition to the
random noise (i.e., if the vet) term in
Equation 1 includes both cyclic and
random components). Recall that
chemical interferences constitute a
form of cyclic noise. A Kalman inno­
vation fIlter (KIF) has been recom­
mended for state variable estimation
in this case (2, 14, 17). The KIF
should not be confused with the Kal­
man fIlter, an infInite impulse re-
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sponse filter (3, 8, 20). The KIF re­
moves the effects of interfering noise
by creating an impulse response
function that is independent of, and
orthogonal to, all cyclic noise compo­
nents. Thus, when the impulse re­
sponse filter operates on the mea­
surement, it cancels the cyclic
interferences while accurately esti­
mating the signal. To create a KIF,
the pure signal and the cyclic noise
components must be known.

The first step in designing a KIF
for one signal component is to "whit­
en" x[nL which now possesses ran­
dom and cyclic noise, thus creating
an innovation i[n]. The function i[n]
is similar to x[n] in that it contains
separate signal and noise compo­
nents i,[n] and v[n]

i[n] = i, [n] + v[n] (10)

but i[n] is different from x[n] in that
the signal and noise parts of i[n] are
orthogonal to each other. In other
words, the effect of "whitening" is to
make the signal component orthogo­
nal to the cyclic interfering noise, so
that the interferences are removed
from x[n] upon application of the fil­
ter. The term "whitening" arises
from the fact that because cyclic
noise is eliminated, only white noise
remains. The advantages of this
"whitening" process will soon become
apparent.

Once the noise components of i[n]
have been made random with respect
to the signal component, the innova­
tion simply becomes an extension of
the matched filter. For i[n] the
matched KIF is

h[n] =c i, [-n] (11)

where c again is a constant. The
function h[n] is merely the time­
reversed part of i[n] that "matches"
the desired signal yet is orthogonal
to the noise (14, 17). Therefore, when
cyclic noise exists, Equation 5 be­
comes

y[n]=x[n] *CU-n]=
c i, [n] * x[n] (12)

An argument similar to that devel­
oped for the matched filter case
above can be made that the best
property estimate occurs at n = N, re­
sulting in

N

P = eLi, [k] x[k] (13)
k=O

The rationale for creating the orthog­
onal innovation becomes evident
when Equation 1 is substituted into
Equation 13 to give

N

p =eLi, [k] s[k] + i, [k] v[k] (14)
k"O

In Equation 14 a large correlation
exists between is and 5, whereaa the
cross-correlation or dot product be­
tween the orthogonal functions i, and
v approaches zero as N goes to infin­
ity. Recall that v[n] in this situation
is both random and cyclic noise.
Hence, the state variable p is opti­
mally estimated from the signal,
whereas both random and cyclic
noise are largely disregarded.

However, as with matched filter­
ing, the individual signal being esti­
mated in the presence of cyclic and
random noise must contain all the
information necessary to compute p.
For example, if concentration were
the property being estimated, a spec­
trum, chromatogram, or voltammo­
gram of each pure analyte and inter­
fering species would be required to
formulate the KIF. These pure sig­
nals independently contain all the in­
formation necessary to determine
analyte concentrations. If, however,
the desired state variable were gaso­
line octane number (21) or some
other complex property, matched fil­
ters and KIFs could not be used to
directly estimate the property. Gaso­
line octane number depends, in a
complex manner, on several pure
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Figure 3. KIFs for (a) o-xylene,
(b) m-xylene, and (c) p-xylene.

chemical components (e.g., branched
and aromatic hydrocarbons or addi­
tives). Without knowing what a pure
octane number signal looks like, and
which interfering species are present
and how they influence octane num­
ber, a KIF cannot be prepared.
Quantitative analysis of such proper­
ties necessitates the use of calibra­
tion- based regression methods,
which will be discussed later.

Experimental formation of the KIF
is straightforward if the pure analyte
and interfering species' signal fea­
tures are known and if they interact
linearly. In this situation the analyte
signal s[n] is made orthogonal to the
cyclic noise urn], yielding i,[n]. The
Gram-Schmidt algorithm is gener­
ally used (2, 22). Although most de­
scriptions of the KIF are limited to
the case of a signal in the presence of
one type of interfering species, the
KIF can handle multiple known sig­
nals and interfering species.

To do so, an innovation filter is re­
quired for each property being quan­
tified. Each component's KIF must
be orthogonal to all cyclic noise com­
ponents, which include interfering
component signals and systematic
cyclic noise. This means that the
Gram-Schmidt orthogonalization
process must be repeated for each
component. In other words, simply
forming one orthogonal basis set, as
most orthogonalization algorithms
do, is not sufficient; each basis vector
(KIF) must be mutually orthogonal
to all other interferences. In addition
to this constraint, each basis vector
must be properly scaled (17).

In dealing with multicomponent
mixtures or systems wherein several
properties are desired, it is convenient
to expand the summations of discrete
sequences (which are equivalent to
vector dot products) to matrix/vector
multiplications. In the following nota­
tion' vectors and matrices are repre­
sented by boldface lowercase and bold­
face uppercase symbols, respectively.
By lumping c into i" Equation 13,
which shows how the KIF extracts
state variables from measurements,
can be written as

(15)

Here, x is the measurement vector
with dimensions of one by N; i. is the
KIF, which is Nby one in size; and pis
the scalar property estimated by the
KIF. Equation 15 can be expanded for
multicomponent systems by incorpo­
rating an orthogonal filter for each
component property to be estimated.
Accordingly,

(16)
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S contains the independent un­
tainted signals of each component
and the cyclic noise, and it has di­
mensions of number of components
by number of time increments (or
whatever measurement domain is
being employed). The vectors % and p
were defined in Equations 15 and 16,
respectively. When signal and noise
characteristics are known (when S is
known), the desired properties of an
unknown sample can be determined
by solving Equation 18 for the least­
squares estimate of p

P =% S+ (19)

S+ represents the pseudo-inverse of
S and in this case equals tfI"(SfP)-',
where tfI" denotes the transpose of S
and (SSTr' signifies the inverse of
stfI". The pseudo-inverse of a matrix
is often derived by performing a sin­
gular value decomposition (SVD) on
the matrix to be inverted (24). This
decomposition and its effects will be
described in the following section.

Although the CLS and the KIF ap­
proaches use different algorithms to
produce S+ and Is, the columns of S+
are equivalent to the mutually or­
thogonal signal(s) and the cyclic
noise that make up the innovation
filters Is (25). Multiplication of S by
S+ (S S+) ideally yields the identity
matrix, as does S Is. This is the same
as saying that the jth column of S+ or
Is is orthogonal to all the rows of S
(i.e., each signal and cyclic noise
component, except for the jth row of
S, which is the signal whose state
variable is being estimated). Because
of the virtual equivalence of the CLS
and the KIF methods, it is not sur­
prising that their prediction abilities
are identical. Table I shows the SEP
values for each xylene isomer derived
via CLS.

CLS can be used to fit linear com­
binations of pure component signals
to measurements (i.e., curve fitting).
For example, from one of the xylene

(18)%=pS

Method SEP (vol %)

o-xylene m-xylene p.xylene

KIF 1.49 0.85 0.62
KIF 2.49 31.55

(two-component macel)
CLS 1.49 0.85 0.62
PCR 1.14 2.45 1.87

aActual concentration ranges were as follows: o-xylene, 12-28 vol %; m-xylene, 38-68 vol %; and
1> xylene, 12-36 vol %. Individual volume percents for a given sample equal 100%.

Table I. Comparison of standard error of prediction for xylene
isomers computed using the KIF, the KIF two-component
model, CLS, and PCRs
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Figulre 4. Near-IR spectra of xylene
mixtures.

xylene mixture, the KIF would fail
miserably. This assumption might
naively be made because the m-xy­
lene and p-xylene spectra are so sim­
ilar. Table I indicates that the SEP
value5 for the KIF using only an
a-xylene and m-xylene model are un­
acceptable, particularly for m-xylene.
Hence, the KIF is useful only when
all the pure signals are known.

Unfortunately, exact aspects of the
signal and the cyclic noise are fre­
quemly unknown. Under these cir­
cumstances multivariate regression
provides a means for deriving the fil­
ter functions. In the following sec­
tions we will explore classical and in­
verSE' least-squares regression as
well as the relationship between re­
gression and the filtering concepts
developed thus far.

Classical least squares

The classical least-squares (CLS)
model for a multicomponent system
assumes that a measurement is
madE' up of linearly independent sig­
nals, each multiplied by a factor rep­
resenting the degree to which that
signal contributes to the overall mea­
surement. The CLS model, also
known as the K-matrix model (23),
may be written as

(17)SEP=
q

where q is the number of samples; a
is the sample index; Pa represents the
true state variable (isomer concen­
tration) in the ath sample, which is
determined by a reference method;
and Pa signifies the state variable
predicted by the KIF. A SEP for each
isomer concentration, calculated us­
ing the KIF, is listed in Table 1. As
Equation 17 shows, the SEP is simil­
iar to a standard deviation. It is a
root- mean-square error estimate of
how well a filter estimates a state
variable. In Table I, therefore, the
numbers reported are absolute error
estimates that reflect the amount of
uncertainty associated with pre­
dicted xylene isomer concentrations.
Because the xylene concentrations
are measured in volume percent,
these SEPs also have the units of vol­
ume percent.

A major disadvantage of the KIF
via Gram-Schmidt orthogonaliza­
tion is that the analyte and the inter­
fering species' signals must be ex­
actly known to compute Is. For
example, if we supposed that only
two components were present in the

where the columns of the Is matrix
contain the KIF of each component;
Is has dimensions N by the number
of components; and p becomes the
property vector, which is one by
number of components in size.

At this stage it is instructive to re­
turn to the xylene analysis example
introduced earlier. Recall that only
slight shifts in the wavelength and
the relative intensity of the two pri­
mary peaks discriminate the pure
spectra. Because the spectra are so
closely correlated (because each xy­
lene isomer acts as cyclic noise when
quantifying the other isomers),
matched filtering is not able to accu­
rately estimate the isomer concen­
trations. Because the KIF can extract
information when both random and
cyclic noise are present, quantitation
of each xylene isomer in the multi­
component mixture is possible.

KIFs were calculated for the three
xylene isomers by orthogonalizing
and properly scaling each pure com­
ponent spectrum with respect to the
others. These filters are shown in
Figure 3. The KIFs were used to
quantify the xylene isomer concen­
trations of 20 different mixtures
whose spectra are shown in Figure 4.
To evaluate the efficacy of filters in
general, a standard error of predic­
tion (SEP) is often calculated as
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mixture spectra shown in Figure 4, it
is possible to estimate how much of
the measurement arises from o-xy­
lene, m-xylene, and p-xylene. The
unknown spectral measurement can
be decomposed into its pure compo­
nent spectra if they are known. S· is
calculated from the pure spectra S,
then multiplied by the unknown
spectrum x to give p, the state vari­
ables (concentrations) of each isomer
(Equation 19).

Figure 5a shows an example of a
mixed xylene measurement. Under­
neath the measurement lie the pure
spectra multiplied by their appropri­
ate concentrations, which were de­
rived from Equation 19. The sum of
the three weighted spectra approxi­
mates the measurement. Figure 5b
shows the difference between the
overall measurement and the sum of
the three properly weighted pure
spectra. Residual analysis reveals
whether random noise is the sole dis­
crepancy between the measurement
and the model, as it seems to be here,
or whether some other component­
perhaps cyclic noise not modeled­
contributes to the measurement.

A disadvantage of CLS, as with the
KIF, is that it is limited in the types
of properties it can estimate. Because
the CLS model assumes that pure
siguals are multiplied by separable
state variables to give a measure­
ment, each state variable must origi­
nate from one and only one pure
component sigual. Properties influ­
enced by several components in an
unknown manner cannot be esti­
mated. Another drawback to which
we have already alluded is that CLS,
like the KIF and matched filtering,
requires knowledge of and access to
the pure signals as well as the cyclic
noise before the filters can be gener­
ated. Frequently, however, the exact
aspects of the sigual and cyclic noise
are not known.

Principal components regression
(PCR), an inverse least-squares
method, is introduced in the next
section. We will show that PCR and
similar techniques provide a means
for deriving filters when signal and
noise characteristics are inaccessible,
and that PCR can predict complex
state variables that are related to the
pure chemical components in some
way not known beforehand.

Inverse least-squares regression

Inverse least-squares regression
models such as PCR assume that a
regression vector b maps a measure­
ment to a scalar property

Figure 5. Curve-fitting the pure
component xylene spectra to a
measurement via CLS.
(a) Mixed xylene measurement (top) and pure
spectra (bottom) multiplied by their appropr.ateJy
estimated concentrations. Ideally, the three
isomer spectra should add up to the mixture
spectrum. (b) Difference between the overall
measurement and the sum of the three properly
weighted pure spectra. Ideally. residuals are
random.

where X and p are measured experi­
mentally. Derivation of X· is what
sets PCR apart from other inverse
least-squares regression methods
such as partial least-squares regres­
sion (4, 6). In PCR the first step in
determining X· is to perform an SVD
(24, 26) on X, which results in

X=ULVT (23)

The purpose of decomposing X into
U, 1:, and yr is twofold. First, SVD
yields column-orthogonal (U and V)
and diagonal (1:) matrices; therefore,
inversion of U, 1:, and V is a stable,
well-conditioned operation. Thus

X· =(U L vTt =VL-1UT (24)

In addition to making a stable inver­
sion possible, SVD provides a means
of reducing noise. At the heart of
SVD and its noise reduction capabil­
ities lies the concept of factors or
principal components. A factor ofX is
a linear combination of the original
sample or time variables that span X
(4). Being consistent with the matrix
dimensions assigued thus far, we see
that the columns of U contain or­
thogonal factors that span the prop­
erty variance of X, whereas the col­
umns of V constitute an orthogonal
basis spanning the time variance of
X. Along the diagonal of L are
weights associated with these fac­
tors. The weights represent the de­
gree to which each factor contributes
to the overall variance of X.

The utility of SVD stems from the
fact that the principal components
are formulated in a way that the first
principal component spans as much
variance as possible (i.e., the first
element of L is as large as possible,
and so on with the second, third,
etc.). By analyzing the magnitude of
the elements along the diagonal of L,
and, more importantly, the structure
(or lack of structure) of the principal
components, one can determine how
many factors model sigual or cyclic
noise and how many model random
noise. If it can be determined, for ex­
ample, that the first three factors
model the measurement space ade­
quately, the remaining factors can be
deleted. This reduces the number of
columns in U and V as well as the
number of rows and columns in 1:.

This reduction of the dimensional­
ity of U, L, and V precedes the inver­
sion shown in Equation 24. Because
the higher order principal compo­
nents represent noise in the system,
their removal reduces the overall
noise, enhances the prediction abili­
ty of PCR, and reduces the chance of
overfitting the data to noise (but also

(22)b=X·p
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Before Equation 20 can be used to es­
timate state variables, b must be de­
rived through calibration, a process
whereby measurements of several
chemical mixtures containing vary­
ing amounts of analyte and cyclic
noise components are acquired.
These measurements (x row vectors)
form a measurement matrix X. In
addition to experimentally measur­
ing X, the state variable of interest
for each individual measurement x
must be independently measured by
an accurate reference method. These
property data form the vector p. The
model for calibrating a single state
variable is

p=X b (21)
where p has dimensions of number of
samples by one, X has dimensions of
number of samples by number of
time increments (or whatever do­
main is used), and b has dimensions
of number oftime increments by one.
If several state variables are of inter­
est, separate regression vectors can
be determined for each. In this case,
band p become matrices instead of
vectors.

Given the calibration model in
Equation 21, b can be determined by

(20)p=x b
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adds bias to the model). Factor anal­
ysis, therefore, can be thought of as
an information reduction process. Of
course, one hopes that only the noise
information is reduced, and not the
signal.

Equipped with the noise-reduced
x: and the experimental p, we can
derive b from Equation 22. The re­
gression vector b represents the opti­
mal way to filter or multiply an input
measurement vector" (i.e., a row of
X, such that a desired scalar prop­
erty p can be estimated when ran­
dom and/or cyclic noise are present)
when one does not know the signal
and noise characteristics beforehand.
Connecting the notations of filter
theory and multivariate regression,
b is equivalent to the KIF i.[n] or i.,
the part of%[n] or" that matches the
signal yet is simultaneously orthogo­
nal to the noise and other signal
components. A single cross-correla­
tion summation at n = N of i.[nJ with
%[n], or the dot product of b with ",
produces the optimal property esti­
mate for the single component.

To illustrate how a calibration­
based PCR experiment generates re­
gression vectors and then predicts
properties by using these regression
vectors, consider the xylene example.
The spectra of the 20 xylene mixtures
in Figure 4 form the calibration mea­
surement matrix X. The p vector for
each xylene isomer is equivalent to
the volume percent concentration of
that isomer in each mixture. The
SVD ofX, followed by analysis of the
principal components, reveals that
three linearly independent compo­
nents span X. This is not surprising,
because the mixtures are composed
of three isomers.

More than 99% of the variance in X
is spanned by these three factors.
Additional factors derived from the
matrix decomposition are assumed to
model random noise in the system;
therefore, these factors are removed.
The dimension-reduced matrices U,
k, and V are inverted and recon­
structed to give X+ (Equation 24),
and X+ is multiplied by each isomer's
p to give a regression vector for each
isomer. These regression vectors are
shown in Figure 6.

To quantifY the efficacy of calibra­
tion-based PCR, leave-one-out
cross-validation was performed (6).
In cross-validation a regression vec­
tor for each isomer is calculated with
one calibration sample's spectrum
and with concentration values omit­
ted from X and p, respectively. A re­
gression vector for each isomer is de­
rived, and each resulting b is then
used to predict the concentration of

the sample omitted from p, using the
spectrum of the sample omitted from
X. Cross-validation tests the meth­
od's ability to predict properties of
samples not specifically included in
the calibration set.

The SEP generated from cross­
validation can be calculated from
Equation 17 by defining $a as the
concentration predicted from the
cross-validation experiment with the
ath sample omitted from the calibra­
tion set. SEP values for each xylene
isomer derived using the PeR cali­
bration model are listed in Table I.
As can be seen, the PCR performance
is a bit inferior to that of CLS or the
KIF. However, in desiguing the fil­
ter, PCR only requires knowledge of
the component(s) of interest to accu­
rately quantifY the analyte's concen­
tration. If a two-component model
were assumed in the xylene exam­
ple, PCR (unlike CLS or the KIF)
would still accurately predict the 0­

xylene and m-xylene isomer concen­
trations as long as the model
spanned the variance of the p-xylene
isomer in the data.

A visual comparison of the PCR
vectors with those of the KIF (see
Figures 3 and 6) reveals that both
methods generate similar filters. The
calibration-based PCR filters appear
to possess more noise than the KIFs,
and the SEP values for the KIF are,
in general, better than those of PeR.
This apparent experimental superi­
0rity of the KIF over PeR may stem
from two reasons.

First, from a numerical analysis
standpoint, some experimental cali­
bration designs are statistically su­
perior to others. It is desirable to
choose an experimental design that
poses the calibration equation in the
best conditioned manner. It can be
shown that the KIF or CLS methods
incorporate the best possible experi­
mental design (i.e., they use pure
known signals to derive the filters).
Experimental designs based on cali·
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Figure 6. Regression vectors
calculated via peR for a-xylene,
m-xylene, and p-xylene.

bration (methods that attempt to
span a large measurement space by
using many different mixtures) in­
herently are more poorly conditioned.

The second factor favoring the KIF
and CLS is related to experimental
uncertainty. For the xylene analysis,
the experimental uncertainty in each
p for the KIF is extremely low be­
cause the concentrations are pure.
However, to experimentally deter­
mine eachp via calibration, each iso­
mer concentration in each mixture
must be measured either by prepar­
ing the volumetric mixtures or by
using some other independent refer­
ence method. Obviously, because cal­
ibration-based methods will incorpo­
rate more measurement uncertainty
into the p vectors, they will induce
more error in the predicted state
variable. For the above reasons,
when the pure signals are well
known and the system is well under­
stood, the KIF or CLS using pure
signals should provide improved pre­
diction ability over that of calibra­
tion-based methods.

PeR can estimate a vast range of
properties that the KIF and CLS
cannot evaluate. The inverse model
allows properties to depend on any
chemical component contributing to
the measurement. For example, in­
verse regression methods have been
coupled with near-IR spectroscopy to
predict complex state variables such
as hydroxide ion concentration (27),
intrinsic viscosity of polymer blends
(28), and gasoline octane number
(21). These properties cannot be di­
rectly determined from the pure
spectral signals, for various reasons.
The problem with determining the
hydroxide ion concentration is that it
is impossible to directly measure the
pure spectrum of hydroxide in solu­
tion because of the interfering pres­
ence of water. Spectroscopic analysis
of polymer viscosity is hindered by
the fact that it is not obvious how
polymer viscosities are related to
polymer spectra.

The difficulty with spectroscopic
octane number determination is un­
derstanding the correlation between
octane number and the numerous
signals of the chemical components.
To perform octane number analysis
spectroscopically using CLS, one
would need to independently deter­
mine the concentration of the hun­
dreds of pure components that make
up gasoline and then see how these
components were correlated to the
octane number. Spectroscopic octane
number analysis by PCR requires
only one independent reference mea­
surement (the octane number) for
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each gasoline sample. Much work,
however, should be done to verify
that the calibration step uses a valid
experimental design. Ideally, each
chemical component should vary in­
dependently over a broad range
within the calibration model. PCR,
then, can determine how many prin­
cipal components are necessary to
span the measurement space and ac­
curately predict the octane number.
When done definitively, this experi­
mental design phase can be nearly as
laborious as the CLS method.

We should point out that prepro­
cessing data using mean-centering
(4, 13) or derivative (1, 13) methods
often results in improved SEP val­
ues. In particular, for xylene quanti­
tation using PCR, the SEP for all iso­
mers can be reduced to below 0.50%
if one takes the second derivative of
the xylene measurements prior to
principal components analysis and
regression. The second derivative re­
moves irreproducible instrumental
baseline offsets and slopes from the
spectra. Because our purpose here
was to explain and critically compare
digital filtering and multivariate re­
gression, rather than to estimate xy-

lene concentrations with minimal
error, we have omitted further dis­
cussion of data preprocessing.

Summary

We have described the similaJ~ties

and differences between finite im­
pulse response digital fIltering and
multivariate regression as they per­
tain to quantitative property estima­
tion. These techniques formulate a
filter that operates on an input mea­
surement to give a desired state vari­
able estimate as an output. Bial­
kowski has shown that selection of
the correct filter is based on one's
knowledge of the signal and noise
characteristics (2). He showed that if
the signal and the noise are precisely
known, either matched fIltering (ran­
dom noise only) or the KIF (both ran­
dom and cyclic noise) methodologies
optimally filter the data. Although
this is true, caution should be used
when following this logic. If some­
thing in the system is not perfectly
understood and modeled when the
filter is constructed, errors may re­
sult in property estimation. Further­
more, these fIltering methods are not
useful for the case commonly encoun-

tered in quantitative analysis in
which a complete understanding of
the system is not at hand.

We have shown that multivariate
regression provides a powerful recipe
for designing finite impulse response
filters, which accurately extract
properties from data contaminated
with both random and cyclic noise.
PCR uses a statistically designed
calibration experiment to create
property extraction filters and there­
fore does not require a full under­
standing of the signals and noise
a priori. The calibration step of PCR
requires only that an independent
reference method determine the
properties of the component(s) of in­
terest' but great care must be taken
to assure that the calibration model
spans the variance of the other com­
ponents in the data.

Unlike the KIF and CLS, inverse
regression techniques can predict
properties that depend on multiple
components in the system. Xylene
concentrations, properties that de­
pend only on the individual compo­
nent signals, were estimated to com­
pare the methods. The KIF, CLS, and
PCR methods were all capable of es-
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timating concentrations with a rew
percent error. However, were we to
quantify some other property that
depended on multiple signal compo­
nents, the KIF and CLS would have
failed. Therefore, calibration-based
inverse regression methods offer im­
proved methods of fIlter design when
the signal and noise characteristics
of a system are not totally known and
when complex properties are being
estimated.
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Science Foundation for financial support. M. B.
Seasholtz. B. M. Wise, N. L. Ricker, and the
anonymous reviewers are thanked for their
valuable critiques of this article.
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MEETINGS

The 44th Pittsburgh Conference and
Exposition on Analytical Chemistry
and Applied Spectroscopy will be
held at the Georgia World Congress
Center, Atlanta, GA, March 8-12.
The technical program will feature
approximately 46 symposia and a
number of poster sessions. The Expo­
sition of Modern Laboratory Equip­
ment, showing the latest instru­
ments and related chemicals,
equipment, and publications, will in­
clude 1000 companies in 2900 booths.
The following symposia are sched­
uled as part of the technical program:

MONDAY MORNING

Bomem-Michelson Award Symposium
Arranged by D. M. Haaland, Sandia National

Laboratories
Modern Techniques in GC
Arranged by H. M. McNair, Virginia Polytechnic

Institute & State University, and C. Cramers,
Eindhoven Technical University

New Frontiers in MS
Arranged by F. W. McLafferty, Cornell University
Nonmedical Applications of NMR Imaging
Arranged by M. Gordon, ATllnstruments, and

H. L. Retcofsky, U.S. Department of Energy­
PETe (retired)

Recent Advances in Imaging Techniques for
Surface Analysis: How Small Can We Go?

Arranged by B. R. Strohmeier, Aluminum
Company of America Technical Center

MONDAY AFTERNOON

Inside the Single cell
Arranged by J. V. Sweedler, University of Illinois
MicrOV/8ve sample Preparation: The State of

!heArt
Arranged by H. M. Kingston, Duquesne University
Promising Analytical Techniques on the

Horizon (dedicated to the memory of L. B.
Rogers)

Arranged by A. J. Bard, The University of Texas,
and .J. F. Coetzee, University of Pittsburgh

Step·Scan Fourier Transform Spectroscopy
Arranged by R. A. Palmer, Duke University, and

C. Marcott, The Procter & Gamble Company
SFC: Solutions to Real·World Problems
Arranged by T. l. Chester, The Procter & Gamble

Company
James L Waters 4th Annual Symposium

Recognizing Pioneers in the Development
of Analyllcallnstrumentation: NMR

Arranged by S. Manocha, PPG Industries, Inc.

TUESDAY MORNING

Dal NogaTe Award Symposium: Future
Pers;pectlves of Microseparation Methods

Arranged by M. E. McNally, E. I. du Pont de
Nemours & Co.

Frontiers in Forensic Science
Arranged by W. L. Hearn, Dade County Medical

Examiner Department
Immunoanalytical Chemistry
Arranged by L. G. Bachas, University of

Kentucky, and G. S. Sittampalam, Lilly
Resnarch Laboratories

Industrial Hygiene: A Chemist's Perspective
Arranged by R. S. Danchik, Aluminum Company

of America
Pittsburgh Spectroscopy Award and the

Maurice F. Hasler Award Symposium
Arranged by N. R. Dando. Aluminum Company of

America

TUESDAY AFTERNOON

Advances in Raman Spectroscopy
Arranged by S. A. Asher, University of
Pittsburgh

Immunoanalysis in Food Safety
Arranged by R. A. Durst, Cornell University
New Approaches for Rapid Sample Analysis
Arranged by M. V. Buchanan. Oak Ridge National

Laboratory
Pittsburgh Analytical Chemistry Award

Symposium
Arranged by R. J. Carlson, Consollnc.

WEDNESDAY MORNING

Atmospheric Chemistry I
Arranged by J. W. Birks, University of Colorado
Comparability and Traceability: An Aid to

International Trade
Arranged by B. King, LGC
Keene P. Dimick Award in Chromatography

Symposium: Chromatography, MS,
Electrophoresis, and Biomedicine

Arranged by G. A. Bello, PPG Industries, Inc.
Near-IR Spectroscopy: Industrial and Clinical

Trials and Tribulations
Arranged by N. R. Dando, Aluminum Company of

America, and R. Ladder, University of Kentucky
Medical Center

New Approaches to selectivity in
(Bio)5ensors

Arranged by S. G. Weber, University of Pittsburgh
Science and Scientists: Image Shaping in the

Mass Media
Arranged by R. L. Garrell, University of California,

Los Angeles

WEDNESDAY AFTERNOON

Array Detectors in Spectroscopy
Arranged by A. McCreery, The Ohio State

University
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Atmospheric Chemistry II
Arranged by J. W. Birks, University of Colorado
New Developments and Applications in

Electrospray Ionization MS
Arranged by R. D. Smith, Pacific Northwest

Laboratory
Quality in the United States
Arranged by H. Hertz, NIST
Charles N. Reilley Award and Young

Investigator Award Symposium
Arranged by A. Brajter-Toth, University of Florida
Spectroscopy in Process Analytical

Chemistry
Arranged by B. R. Kowalski, University of

Washington

THURSDAY MORNING

ICPMS: The 10th Anniversary of the 1st
Commercial Instrumentation (1983-1993)

Arranged by V. B. Conrad, Consollnc.
Laser Desorption MS of Biomolecules
Arranged by B. T. Chait, The Rockefeller

University

Eleven scientists will be honored at
award presentations.

Jack L. Koenig of Case Western
Reserve University will receive the
Bomem-Michelson Award from the
Coblentz Society. This award will
recognize his work elucidating the
structure of polymers by spectro­
scopic techniques.

Jacques A. Rijks of Technische
Universiteit Eindhoven, The Nether­
lands, will receive the Dal Nogare
Award from the Chromatography Fo­
rum of the Delaware Valley. Rijks is
being honored for his contributions
to fast GC at the femtogram level
and for his efforts to expand the ap­
plication of chromatography in Third
World countries.

Egil Jellum of the University of
Oslo, Norway, has been selected as
the Keene P. Dimick awardee. This
a ward recognizes an analytical
chemist for accomplishments in GC
or SFC and is administered by the
Society for Analytical Chemists of
Pittsburgh (SACP). Jellum is being
honored for his work in analytical
separation technology for the diagno­
sis of diseases.

Brian Osborne of Flour Milling
and Baking Research Association,
U.K., will receive the Tomas Hirsch­
feld Award for his contributions to
the advancement of near-IR spec­
troscopy. This award, which com­
memorates Hirschfeld's work in
spectroscopy, is sponsored by Bran +
Luebbe Analyzing Technologies.

Dennis H. Evans of the Univer­
sity of Delaware will receive the
Charles N. Reilley Award from the
Society for Electroanalytical Chemis­
try. His research involves the charac-

Modern Methods of Analysis for Xenobiotlcs
and Natural Toxins

Arranged by H. M. Stahr, Iowa State University
Nondestructive Characterization of Materials

Using NMR
Arranged by N. A. Dando, Aluminum Company of

America
Selectivity Control in Reversed-Phase LC
Arranged by J. G. Dorsey, University of Cincinnati
Williams-Wright Award Symposium
Arranged by B. J. Streusand, Applied Analytical,

Inc.

THURSDAY AFTERNOON

Analytical Aspects of New Drug Analysis
Arranged by L. Wong, Biovail/IWF Research

Electrochemical Characterization of Electronic
Materials

Arranged by J. G. Osteryoung, North Carolina
State University

terization of the role of conforma ­
tional change and isomeris m in
electrode reactions.

Edward S. Yeung of Ames Labo­
ratory, Iowa State University has
been chosen to receive the Pittsburgh
Analytical Chemistry Award, spon­
sored by the SACP. Yeung is being
recognized for his work on laser­
based detectors for LC and capillary
zone electrophoresis (CZE).

Catherine Fenselau of the Uni­
versity of Maryland Baltimore
County will receive the 1993 Pitts­
burgh Spectroscopy Award, pre­
sented by the Spectroscopy Society of
Pittsburgh. Fenselau is being hon­
ored for her work in MS, protein
chemistry, and the chemistry of con­
jugated drug metabolites.

Robert S. Honk of Ames Labora­
tory, Iowa State University will re­
ceive the Maurice F. Hasler Award,
sponsored by Applied Research Lab­
oratories and administered by the
Spectroscopy Society of Pittsburgh.
Given in alternate years, the award
recognizes contributions to the field
of spectroscopy that have resulted in
applications of broad utility. Honk is
being honored for his work in the
fundamental studies and applica­
tions of plasma ion sources for MS.

Curtis Marcott of the Procter &
Gamble Company has been selected
to receive the Williams-Wright
Award from the Coblentz Society for
his pioneering work in 2D mid-IR
spectroscopy.

In addition, the Society for Elec­
troanalytical Chemistry has initiated
the Young Investigators Award to
recognize scientists in the early
stages of their careers who have

The Future of Laboratory Information
Management Systems (lIMS)

Arranged by D. R. Balya, Aluminum Company of
America Technical Center

Environmental Monitoring with FT-IR
Spectroscopy

Arranged by R. J. Combs and R. T. Kroutil, U.S.
Army

Managing the Analytical Laboratory in the
'90s: Industry and the University

Arranged by P. LaFleur, Eastman Kodak
Company

FRIDAY MORNING

The Condition of Planet Earth
Arranged by S. H. Peterson, Westinghouse STC
40th Anniversary of the Coblentz Society:

Historical Perspectives and Current State of
the Art in Vibrational Spectroscopy

Arranged by L. A. Nafie, Syracuse University, and
D. M. Haaland, Sandia National Laboratory

made outstanding contributions to
the field of electroanalytical chemis­
try. The 1993 award is being given
jointly to Leonidas G. Bachas of
the University of Kentucky and
Werner G. Kuhr of the University
of California at Riverside. Bachas is
being recognized for his contribu­
tions in the areas of competitive
binding immunoassay, ion-selective
electrodes, and fiber-optic sensors.
His work focuses on the incorpora­
tion of new ionophores and polymeric
materials into novel sensor designs.
Kuhr is being recognized for his work
in the area of analytical neurochem­
istry, which has resulted in contribu­
tions to the areas of in vivo voltam­
metry using microelectrodes, CZE,
modified carbon surfaces, and fluo­
rescence imaging of surface activity.

The following scientists will be rec­
ognized at the James L. Waters Sym­
posium (Monday afternoon): James
Shoolery, Varian Associates (retired);
John Waugh, Massachusetts Insti­
tute of Technology; Ray Freeman,
Cambridge University; and Paul
Lauterbur, University of Illinois.

The following short courses are
tentatively scheduled as part of the
continuing education program: A Ba­
sic Introduction to Chirality and Its
Impact on Industrial Analytical Sep­
arations; Advanced Statistics; Analy­
sis of Proteins; Basic Statistics; Bio­
medical Sample Preparation,
Including Derivatization; Buying In­
struments; Career Development
and/or Selling Oneself; Cultural Dif­
ferences in Technical Management;
Effective and Practical Presentation
Strategies for Scientists; FABMS;
FFF; GC Troubleshooting; Getting
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The National Institute of Standards and
Technology has developed a series of
SRM's to serve as calibrants, test
mixtures, and standardization materials
for Quality Control of analytical
instrumentation and methodology.

MEASUREMENTS and STANDARDS are
important to everyone who needs quality.
NIST has over 1,000 Standard Reference
Materials that can help you calibrate
instruments and check on measurement
accuracy. For more information phone or
write for a free catalog.

Started with a PC in Your Lab;
Headspace GC; HPLC Method Vali­
dation with Computer-Aided Diode
Array Detection; Interpretation of
Dynamic Mechanical Spectra; Labo­
ratory PC Applications: Combining
the Power of the Spreadsheet and
Data Management Programs; LC
and GC for Technicians; LIMS for
Laboratory Managers: Strategy and
Tactics; Managing for Quality within
the Analytical Laboratory; Mathe­
matical Calculations for Sampling
and Analyte Concentration for Gas,
Liquid, and Solid Samples; Micro­
wave Sample Preparation; Near-IR
Spectroscopy: An Overview; Practical
MS/MS Analysis; Precontrol as an
Effective Method of Process Control;
Principles and Applications of 2D
NMR; Principles and Applications of
Step -Scan FT-IR; Professional Ana­
1ytical Chemists in Industry; Public
Speaking for Scientists; Searching
and Using Chemical Information;
Spreadsheets and Sail Away!: A
Motto to Teach Analytical Chemistry
By; SFE: Practical Considerations
and Applications in Environmental
Analysis; Teaching Approaches to
Laboratory Automation; The Art of
Sample Preparation; The Write Way
to Success; TOFMS; and Under­
standing Chemical Reactions: The
Key for Developing Automated
Chemical Methods. Registration in­
formation will be available in the
preliminary program.

Advance registration is urged.
Fees are $50 for advance and $100
for on-site registration, $25 for ad­
vance exposition-only registration,
$50 for on-site exposition registra­
tion, $15 for advance or on-site stu­
dent registration, $40 for advance
spouse registration, and $75 for on­
site spouse registration. Preregistra­
tion forms will be provided in the
preliminary program and should be
sent to Registration Control Sys­
tems, 2368 Eastman Ave., Suite 11,
Ventura, CA 93003. The Pittsburgh
Conference Update will also contain
registration forms as well as housing
and travel information. All preregis­
tration forms should be postmarked
by Feb. 1, 1993.

An employment referral service
will be provided during the confer­
ence. For more information, contact
Beth Kirol, The Pittsburgh Confer­
ence, Suite 332, 300 Penn Center
Blvd., Pittsburgh, PA 15235-5503
(412-825-3220 or 800-825-3221; fax:
412-825-3224). The technical pro­
gram will appear in the Feb. 1 issue
of ANALYTICAL CHEMISTRY, along
with additional details about the
conference.

Telephone (301) 975-0SRM (6776)
FAX (301) 948-3730

STANDARD REFERENCE MATERIAL
PROGRAM

Building 202, Room 204
National Institute of Standards
and Technology
Gaithersburg, MD. 20899

CIRCLE S4 ON READER SERVICE CARD

Homogeneous Tmnsition
Metal Catalyzed
Reactions

This new volume presents acompre­
hensive review of the most modern
aspects of homogeneous catalysis.

offering a balanced mix oftheory and
practice. Its 41 chapters are divided into
six sections covering
• spectroscopy and mechanism
• assymetric induction
• C·H activation
• carbonylation and synthesis gas

conversion
• general functionalization
• oligomerization and polymerization
fijso of interest is an examination of new techniques for in situ reaction
monitoring.

Homogeneous Transition Metai Cataiyzed Reactions is valuable reading for
catalysis scientists: organic, inorganic. and organometallic chemists: biocatalysis
scientists: fine chemicals researchers: and pharmaceutical scientists.

William R. Moser. Worcester Polytechnic Institute. Editor
Donald W. Slocum. Western Kentucky University. Editor

Advances in Chemistry Series No. 230
650 pages (1992) Clothhound
ISBN 0-8412-2007-7
$139.95

Order from: American Chemical Society, Distribution Office, Dept. 47
1155 Sixteenth St., N.W., WaShington, DC 20036

orcALLToLLFREEII()()-~~~-!i!i!i1l
(in Washington, D.C. 872·4363) and use your credit card!
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SOOKS

Chemometrics and QA

Data Fitting in the Chemical Sci·
ences. Peter Gans. 258 pp. John
Wiley & Sons, 605 Third Ave., New
York, NY 10158. 1992. $75

Reviewed by Barry Wythoff, Inorganic An­
alytical Research Division, Chemical Sci­
ence and Technology Laboratory, Na­
tional Institute of Standards and
Technology, Gaithersburg, MD 20899

A textbook cannot be all things to all
people, and Data Fitting is not for
everyone. It is not a volume for
chemometrics voyeurs, or even for
meat-and-potatoes users of scientific
statistics. This book does, however,
represent a valuable addition to the
library of those who are or want to
become involved in the use of regres­
sion methods for modeling scientific
data.

My suggestions for the audience
would be persons with good mathe­
matics backgrounds or a fair amount
of experience in statistics and/or
"numerical methods." The prospec­
tive reader should have a healthy ap­
petite for derivations involving dif­
ferential calculus and matrix algebra
methods. Such methods would not, of
course, be considered complex by a
mathematician; however, most scien­
tists do not use such tools on a regu­
1ar basis.

Readers who become nervous or
queasy at the sight of equation-filled
pages may want to consider passing
up this book. I must confess to feeling
a bit light-headed when the phrase
"Cholesky decomposition" leapt from
the pages when I first scanned the
book. Comforting myself with the no­
tion that prior knowledge of all of a
book's secrets would obviate any
need to read it, I flipped on ....

Having said all that, I would rec­
ommend that if you are a scientist
who already uses numerical methods
for data fitting and you want to learn
more about the theoretical underpin­
nings' as well as possible alterna­
tives for doing so, this book definitely
deserves a read. Although Gans does
have a fondness for derivations, they
are not the sole or even the major
element of the book.

There are also numerous instruc­
tive illustrations and examples.
These user-friendly portions repre­
sent an important distinction be­
tween Data Fitting and more theoreti­
cal texts that might be favored by a
mathematician or a statistician. The
fact that the latter are often devoid of
qualitative discussion often renders
their presentation of similar material
alien to the scientist. Readers who
are not intimidated by derivations
will likely find the ones in thi s book
a valuable way to satisfy yearnings
to know more about the foundations
underlying the expressions used in
practice.

" Avaluable addition
to the library of
anyone seriously
involved in using "

regression methods.
Notable by their exclusion from the

book are so -called "latent va riable"
methods, such as factor analysis,
principle components regression, and
partial least squares. Although the
cognoscenti may argue about the vir­
tues and vices of these techniques,
they have become quite popular in
the research literature for analytical
chemistry and have found their way
into the data packages of many mod­
ern instruments.

Data Fitting thoroughly examines
the concepts and formulas involved
in regression analysis, from estima­
tion of population means to analytic
nonlinear equation fitting and be­
yond. There is impressive coverage of
alternative numerical methods for lo­
cating the minimum on a general
(nonquadratic) error surface. Meth­
ods range from the more assumptive
Levenberg-Marquardt method to the
little-constrained Simplex method.

The author rightly places strong
emphasis on the processes of Jormu­
latian, evaluation, and selection of
models by devoting two chapters to
these topics. In real- world applica-

tions of regression, these procedures
are often the most difficult part of
the analysis and constitute the "real
science" in the work. Unfortunately,
these topics are frequently given
short shrift in articles or texts on
data fitting, but this is not the case
here.

The more empirical topics offitting
orthogonal polynomials, smoothing
and differentiation by convolution,
and fitting smoothing splines are
tackled in detail in the next couple of
chapters. Following this, the topic of
peak fitting is presented, albeit with
little discussion of so-called Voigt fit­
ting, which is popular with many
theorists. Instead, the emphasis is
placed on more empirical (but more
easily solved) methods of mixing
Gaussian and Lorentzian functions
for peak fitting, such as a linear ad­
ditive model.

The penultimate chapter is a very
readable and insightful discussion of
the Fourier transform, its properties,
and some commonly associated cal­
culations such as convolution and de­
convolution. Gans then closes with a
chapter that is a sort of case study in
regression analysis, involving poten­
tiometric titrations.

As noted at the start, this is not a
book for someone with a casual inter­
est in data fitting. If you have some
prior knowledge and experience and
want to become more seriously in­
volved with this subject, however,
the book will be a worthy addition to
your bookshelf.

Practical Guide to Chemometrics.
Stephen John Haswell, Ed. ix + 324
pp. Marcel Dekker, 270 Madison
Ave., New York, NY 10016. 1992.
$100

Reviewed by Bruce Kowalski, Center for
Process Analytical Chemistry, University
of Washington, BG-lO, Seattle, WA
98195

Nine research chemometricians con­
tributed to this book, edited by
Haswell (University of Hull, Hull,
U.K.). The stated purpose is to offer a
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practical guide and general text to
the scientist-principally, the ana­
lytical chemist-interested in chem­
ometrics. The preface also states that
"the text restricts itself to the math­
ematics considered necessary for the
basic understanding of the various
techniques covered ...." This is in­
deed the case and properly qualifies
the book as a gnide to the subject­
even as a practical gnide-because
several applications of the tools of
chemometrics can be found in its
pages.

As a general text, the book falls
somewhat short; the state of the art
in some of the topics covered is never
reached. Also, only a small number of
problems appear, and not all chap­
ters have them. For use in a gradu­
ate course, the book would have to be
supplemented heavily with advanced
texts. However, if an instructor could
add several problem sets to the chap­
ters and use some commercially
available chemometric software, the
book would make all excellent under­
graduate textbook.

The 10 chapters cover a wide range
of topics. The first two chapters in­
troduce the book and provide the
reader with some basic statistics.
Chapter 3 is a good introduction to
nonparametric and robust statistics.
These methods are not commonly
practiced in chemistry, but this chap­
ter could facilitate their application.
Chapter 4 covers the important topic
of calibration and is followed by a
chapter on nonlinear regression.

In keeping with the title of the
book, the authors gnide the reader
through the subjects but do not at­
tempt to be users' manuals for the
tools they cover. My choice for Chap­
ter 6 would be to have it appear ear­
lier in the book, because experimen­
tal design is fundamental to an
experimental science. The next two
chapters cover the important topic of
signal processing (spectrum and
waveform analysis) and multivariate
data enhancement and analysis (pat­
tern recognition); they complement
each other nicely. The book concludes
with a chapter on computer hard­
ware and laboratory information
management systems software as
well as a look into the future. Al­
though predicting the future is, of
course, associated with some uncer­
tainty, this last chapter should be
read by all analytical chemists, espe­
cially those associated with instru­
ment companies.

One goal of chemometrics is to
make every chemist part chemome­
trician. This book goes a long way to­
ward achieving that goal.

Quality at Work in Research and De­
velopment. George J. Kidd, Jr. 152
pp. QR Press, One Water Street,
White Plains, NY 10601. 1992. $30

Reviewed by R. A. Nadkarni, Exxon
Chemical Co., P.o. Box 536, Linden, N]
07036

Statistical quality assurance (SQA)
tools have been applied to manufac­
turing for many years, and recently
the service industry has paid more
attention to such tools. However, in
R&D, little attention has been given
to SQA. This book is an attempt to
fill this void by an author with con­
siderable experience in R&D as both
a researcher and a manager.

There is a certain belief (errone­
0us' in my view) among those in the
R&D community that QC activities
will stifle their creative efforts. This
book tries to demonstrate how SQA
will help a research group to achieve
its goals. This is not a how-to hand­
book, as the author readily admits;
R&D cannot be done by using a cook­
book. It is written in a straightfor­
ward fashion with simple language
and not a lot of jargon. The refer­
ences are quite up to date; 1990 is
the best that can be expected for a
book published in early 1992.

The book is divided into seven
chapters that define the ideas of
quality, discuss the costs and bene­
fits of a QA program, review avail­
able quality tools, and discuss the
place of R&D in industry. Finally,
what the author terms "a complete
quality model" (CQM) is described
and used to develop examples in the
R&D organization.

In Chapter 3 the author distin­
guishes between research and devel­
opment but does not develop this dis­
cussion fully. Chapter 6 is a review of
what in the quality community is
called the seven basic quality tools.
These are well described in many
other books, and I found this author's
treatment sketchy. The book would
have benefited considerably by the
inclusion of more details, examples,
and how-to information. Similarly,
Chapter 4, which discusses costs and
benefits, could have been improved
by including industrial examples of
such a program.

The author's proposed CQM model
is a system that includes functions of
preparation, execution, evaluation,
reward, improvement, and correc­
tion. The model is applied to R&D
situations in the last chapter. How­
ever, to successful R&D groups in es­
tablished organizations, the steps are
not innovative. Most researchers al-

ready follow the system given in the
book for getting a research paper
published-it should be second na­
ture to them by now. The CQM sys­
tem is essentially a more detailed
approach of Edwards Deming's well­
known plan/ dol check/ act cycle,
which has been in vogue for years.

Overall, this is a good effort to in­
troduce quality principles to the
R&D community, but the specific
model proposed here has more to do
with efficient administration than
with quality activities.

Books Received
Target Sites for Herbicide Action.
Ralph C. Kirkwood, Ed. xiv + 339 pp.
Plenum Press, 233 Spring St., New
York, NY 10013. 1991. $80

The major target sites of herbi­
cides' the effects of synergists or an­
tagonists as modifiers of herbicide
action, and aspects of efficient target
site delivery are discussed in 10
chapters. Primary target sites in­
clude photosynthesis; lipid and caro­
tenoid synthesis; respiration; and the
biosynthesis of chlorophyll, iso­
prenoids, cellulose, proteins, nucleic
acids, and folic acid. The fate of soil­
applied herbicides, the pathways and
mechanisms of the uptake of foliage­
applied herbicides (including the role
of surfactants), herbicide transport
pathways and mechanisms in plants,
and herbicide metabolism as a basis
for selectivity are also discussed. The
book lists authors and their affilia­
tions as well as chemical names of
the herbicides. A subject index is also
included.

Spectroscopic Properties of Inor­
ganic and Organometallic Com­
pounds. Volume 24. E. G. Davidson,
Senior Reporter. xiv + 493 pp. Royal
Society of Chemistry, Distribution
Center, Blackhorse Rd., Letchworth,
Herts SG6 IHN, U.K. 1991. $300

The eight chapters of this volume
of the Specialist Periodical Reports
review the literature on the spectros­
copy of inorganic and organometallic
compounds up to late 1990. Topics
include NMR spectroscopy, nuclear
quadrupole resonance spectroscopy,
rotational spectroscopy, characteris­
tic vibrations of compounds of main
group elements, vibrational spectra
of transition element compounds and
of some coordinated ligands, Moss­
bauer spectroscopy, and gas-phase
molecular structure determination
using electron diffraction methods. A
list of conversion factors appears at
the beginning of the book.
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1992 CONFERENCE HIGHLIGHTS

Nancy J. Miller-Ihli
u.s. Department of Agriculture
Nutrient Composition Laboratory
Beltsville, MD 20705

The 19th annual meeting of the Fed­
eration of Analytical Chemistry and
Spectroscopy Societies (FACSS) was
held Sept. 20-25 at the Adams Mark
Hotel in Philadelphia, PA. Designed
to bring together scientists who
share an interest in problem solving,
FACSS is considered by many to be
one of the most important technical
analytical meetings held annually.
This year's program of expanded cov­
erage, which emphasized emerging
technologies in the analytical, spec­
troscopic, chemical, and biochemical
sciences, confirmed this opinion.
More than 1700 persons attended the
conference, and approximately 800
papers and posters were presented
throughout the week in parallel ses­
sions. This FOCUS is intended to
highlight conference events of inter­
est to the analytical audience.

FACSS is perhaps best known for
its impressive spectroscopy program;
the more than 50 symposia related to
spectroscopy this year substantiated
this reputation. The sessions devoted
to MS, focusing on ion trapping, FT­
MS, a.''ld high mass analysis, were of
parti lllar interest to conferees. The
historic prominence of a strong pro­
gram in plasma spectroscopy was
continued with symposia on ICP,
ICPMS, plasma diagnostics, and
samp Ie introduction strategies.
Graphite furnace AAS symposia fo­
cused on fundamentals, applications,
and solid and slurry sampling.

The chromatography field was also
well represented. A variety of ses­
sions covered topics such as separa­
tion scientists of the 21st century,
chromatography in the Delaware
Valley, size exclusion, advances in
preparative chromatography, and
SFE. :\olilos Novotny of Indiana Uni­
versity, who received the 1992
ANACHEM award, discussed micro­
column separation systems during a
symposium held in his honor. Chro-

matographers and spectroscopists
joined forces for a symposium on ele­
ment-specific detection in chroma­
tography using plasmas.

Three excellent poster sessions
contributed to the success of the pro­
gram. The Tuesday evening poster
session focused on a wide range of
spectroscopic techniques, including
glow discharges, ICP, electrothermal
vaporization ICPMS, atomic fluores­
cence, and graphite furnace AAS.
Wednesday evening's poster session
included presentations on ion chro­
matography' HPLC, FT-IR and laser
spectroscopy, NMR and 13C NMR
spectroscopy, and liquid adsorption
chromatography. A third poster ses­
sion devoted to general topics was
held Thursday evening and included
thermosonimetry of polymers, com­
parison of methods for determining
cyanide, bone lead analysis, and sub­
micrometer optical fiber chemical
and biological sensors. The poster
sessions were well attended and
sparked many interesting discus­
sions.

This article not subject to U.S. copyright.
Published 1992 American Chemical Society.
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Several special symposia were
highlighted in the program. One of
these honored the late Peter Keliher,
a professor at Villanova University
who was closely involved in the
FACSS organization. Through the
years, Keliher served the group in a
variety of capacities, including gov­
erning board chair, exhibits chair,
and assistant program chair. Many
of his friends and colleagues from
around the world participated in the
symposium, which was organized by
Julian Tyson of the University of
Massachusetts at Amherst.

FACSS also serves as the forum for
recognizing outstanding young scien­
tists pursuing graduate degrees.
This year, three Hirschfeld award
winners were named: Vasilis Grego­
riou of Duke University for his work
on FT-IR spectroscopy, Patrick Lim­
bach of The Ohio State University for
his work on Fourier transform ion
cyclotron resonance, and Jeff Mazzeo
of Northeastern University for his
work on capillary isoelectric focusing.
The FACSS Student Award went to
Evelyn Guizhen Su, a graduate stu­
dent at the University of Connecticut
working under the direction of Rob-

ert Michel. Cheryl Bye, a graduate
student at the University of Illinois
working under the direction of Alex­
ander Scheeline, received the SAS
student award.

As is traditional with FACSS, sev­
eral short courses and workshops
were held in conjunction with the
meeting. FACSS workshops histori­
cally have been well attended, and
this year spectroscopists found the
chemometrics, statistics, and sample
preparation courses of particular in­
terest. SAS short courses held on the
weekend before the conference also
attracted a number of participants.
The employment bureau, available to
employers and conferees from Mon­
day through Thursday, was a popu­
lar place for employers and potential
employees to review work opportuni­
ties.

Conferees enjoyed one of the larg­
est instrument exhibits in the history
ofFACSS, which was kicked off with
a well-attended wine and cheese re­
ception on Monday evening. More
than 100 booths occupied the sold­
out exhibition area, and nearly all
major suppliers of spectroscopic in­
struments and equipment were rep-

resented. Manufacturers displayed
their latest offerings and had a good
number of technical support people
on hand to answer questions. Cata­
log, optical, and chemical companies
were also well represented, as were
publishing companies and many spe­
cialty companies whose custom ser­
vices support research efforts.

The 1992 FACSS conference was
indeed a success. Please mark your
calendar with dates for FACSS XX,
to be held Oct. 17-22, 1993, in De­
troit. The deadline for title submis­
sion is Feb. 1, 1993. If you would like
to place your name on the FACSS
mailing list or if you need additional
information about the meeting, send
your request to FACSS, P.O. Box
278, Manhattan, KS 66502-0003 or
call the Frederick, MD, office at (301)
846-4797.

Nancy j. Miller-Ihli served as publicity
chair for FACSS in 1991 and 1992. A re­
search chemist in the Nutrient Composi­
tion Laboratory at the USDA, she received
her B.A. degree in chemistry from Ship­
pensburg University (PAJ and her Ph. D.
in analytical chemistry from the Univer­
sity ofMaryland.
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NEW PFlCCUCTS

9050 Plus peptide synthesizer, a Fmoc continuous-flow instrument, otters flexi­
bility in incorporating activation chemistries, dual-syringe activation, menu· driven
software, synthesis cycles as rapid as 16 min, and the ability to prepare quantities
of peptides ranging from 0.05 to 5 mmol. Millipore 412

Instrumentation
Probe. T-176R temperature probe
can convert a strip chart or a poten­
tiometric recorder into a temperature
recorder. The thermistor-based
probe plugs directly into recorder in­
put terminals and has a range of
0-120 °C with a readability of 0.1 °C.
Lazar Research Laboratories 401

Controller. Hastings model HPC­
222 low-flow mass flow controller
uses a piezoelectric valve actuator to
simplify valve construction and re­
duce power supply current require­
ments. Applications include GC, pol­
lution monitoring, and low-flow gas
blending. Ranges are available from
0-10 SCCM to 0-1000 SCCM of air;
accuracy and linearity are ± 2%.
Teledyne Hastings-Raydist 402

Cyanide analyzer. Model PS1214
automates sample preparation and
cyanide analysis. Disposable micro­
distillation columns, used in a 30­
min preparation procedure, snap
apart after sample preparation; the
sample container can then be trans­
ferred directly to the 42-position
autosampler. Leeman Labs 403

Total sulfur. TS-XVI, a computer­
ized, lead acetate tape-based ana-

Iyzer that measures total sulfur in
liquids and gases to low-ppb levels,
has a typical analysis time of 120 s.
It features a multisampling carousel
that can hold up to 40 samples for
continuous sampling in the auto­
matic mode or a computer-directed
syringe drive for single samples in
the manual mode. Houston Atlas

405

ATR. VariMax in-compartment
variable-angle horizontal ATR acces·
sory permits users to vary the angle
of incidence from 25° to 80° while
maintaining alignment of the acces­
sory at all angles. Applications in­
clude depth-profiling studies as well
as analysis of liquids and pastes. In­
temational Crystal Laboratories

406

Thermal analysis. DTA 7 differen­
tial thermal analyzer provides direct
quantitative measurement of the en­
dothermic and exothermic behavior
of a variety of samples from ambient
to elevated (1600 °C) temperatures.
Designed to operate as part of the
multianalyzer 7 series/Unix thermal
analysis system, the DTA 7 can be
used simultaneously with other ther­
mal analyzers such as the TGA 7, the
DSC 7, the DMA 7, and the TI1A 7.
Perkin Elmer 407

Fill. Organic-fueled remote FIn for
GC/SFC is based on the discovery
that organic compounds containing
Pb, Sn, P, or Si form stable, long­
lived ion species in flame combus­
tion' whereas hydrocarbon ions are
rapidly neutralized by ion-ion re­
combination processes. Detection
levels of 1 pg/s for Pb, Sn, and P are
achieved, and selectivities exceed 5 x
10' g C/g for Pb, Sn, and P. Detector
Engineering and Technology 408

Reflectance. VRMS-600 visible re­
flectance measurement system is de­
signed to measure the total reflec­
tance from samples over the 0.4­
0.7 -llJIl spectral range. Applications
include measurement of light reflec­
tance of acoustic materials or the
measurement of haze and lumines­
cence transmittance of transparent
plastics. Labsphere 409

Freezer. Model U85-25 laboratory
freezer is designed for medical re­
search applications; storage of bio­
logical products; and the preserva­
tion of tissue, plasma, blood cells,
and microbiology specimens. An indi­
cating temperature control provides
an adjustable temperature range
from -18°C to -85 °c. So-Low Envi­
ronmental Equipment 410

Software
Scientific graphics. PlotIT, de­
signed to transform complex data
into charts and graphs for more ef­
fective analysis, is available for
DOS, Windows, and a variety of
mini- and mainframe operating sys­
tems. All versions of the program
provide a choice of more than 60 2D,
3D, and QC graph types and include
command, menu, mouse, function
key, or batch interface options. An
on-line worksheet simplifies most
spreadsheet operations and pro­
vides statistical analysis functions.
Scientific Programming Enterprises

411

Chromatography/spectroscopy.
Peakfit, a chromatography/spectros-
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PlACE 2100 system for CE/MS re­
quires only a few nanoliters of sample
to produce high-resolution separations
of pharmaceuticals, carbohydrates,
proteins, peptides, and nucleic acids.
Analytes eluting from the CE column
are ionized by ESI, producing charged
molecules that can be readily analyzed
with a single or triple quadrupole MS
system. Beckman Instruments 404

copy analysis package for PC­
compatibles, uses nonlinear curve
fitting to reduce noise and to sepa­
rate and characterize unresolved
peaks in overlapping peak data.
Analysis includes all model parame­
ters and statistics as well as system
suitability information (peak area,
asymmetry, resolution) and charac­
terization of data useful in spectros­
copy (peak amplitude, area, center,
width). Jandel Scientific 413

Statistics. Standard and enhanced
versions of release 9 of Minitab sta­
tistical software are available for
VAX/VMS computers. The standard
version offers new multivariate anal­
ysis features and a powerful macro
programming language that can be
used to customize and extend the
scope of Minitab operations and to
automate repetitive tasks. The en­
hanced version includes presenta­
tion-quality graphics, quality control
capabilities, and all features of the
standard version. Minitab Statistical
Software 414

Manufacturers' literature
Lab Reporter. Fall issue features a
cover story on ISO 9000 that ex­
plains quality system guidelines and
their effect on laboratories. The tab­
loid also lists new products, including
a disposable IR card for qualitative
IR in the 4000-400 cm- 1 range and
an electronic burette with a continu­
ous range of 0.01-9999.99 mL. 24 pp.
Fisher Scientific 415

Separations. Product guide de­
scribes instruments and systems for
preparative and analytical chroma-

tography, SFE, CE, and gel electro­
elution. Several new instruments are
introduced, including an expanded
line of automated SFE systems. 12 pp.
Isco 416

Preparative chromatography.
"Separation Solutions," Vol. 1, No.2
fea tures an article describing the
Kiloprep 100 Prep-LC system, which
can be used to optimize synthetic or­
ganic separations. The newsletter
also includes information on radial
compression cartridges and LC soft­
ware control strategy. 6 pp. Biotage

417

Injector. Brochure details the low­
volume injector, a GC accessory con­
figured for GC/MS determination of
volatile compounds with purge-and­
trap sample introduction. The injec­
tor uses standard septa and allows
direct injection for troubleshooting
while minimizing the dead volume in
the inIet. 4 pp. J&W Scientific 418

Oscilloscopes. Technical Note ATS­
2023 describes five capability areas
of the 7200 series modular oscillo­
scope system: acquisition, process­
ing, display, internal programmabil­
ity, and mass storage. The modular
architecture of the series allows full
digitizing speed and memory to be
maintained as more channels are
added. 48 pp. LeCroy 419

Chromatography. Guide highlights
more than 30 instruments for
isocratic and gradient elution LC and
sample preparation applications. De­
tailed information is presented on
detectors, including models for UV,
UV-vis, fluorometric, electrochemi­
cal, and RI detection, and fraction
collectors suitable for analytical,
semipreparative, and preparative
LC. 12 pp. Gilson Instruments 420

Mass flow measurement. Designl
selection guide details the benefits of
mass flow measurements in the
pharmaceutical and biotech indus­
tries. Schematics and photographs
describe typical installations of ther­
mal gas flow monitors in fermenters,
reactors, fluid bed dryers, and pill
coaters. 4 pp. Sierra Instruments

421

Catalogs
Research chemicals. Alfa Catalog
for 1993-1994 offers a large analyti­
cal section with more than 10 new
product lines, including aqueous and
matrix modifier solutions as well as

asbestos, environmental, and IC and
ICP standards. More than 4000 inor­
ganic compounds, 3000 organic com­
pounds, and 1000 pure elements and
fabricated metals impurities, rang­
ing from technical grade to high pu­
rity' are available. 1200 pp. Alfal
Johnson Matthey 422

Chemicals. Catalog for 1993-94
lists more than 15,500 organic and
inorganic chemicals as well as bio­
chemicals. Structural formulas and
literature references describing new
applications are included. 1512 pp.
Fluka 423

Water purification. WaterPro sys­
tems catalog contains information on
WaterPro workstations, RO stations,
and PS stations as well as a guide to
determine the appropriate system for
a particular application. An overview
of water purification and a discus­
sion of NCCLS water types and ap­
plications, contaminants, and water
testing and purification methods are
included. 28 pp. Labconco 424

Lab equipment. Illustrated catalog
covers a wide range of laboratory
equipment and glassware for bio­
technology as well as industrial, re­
search, and pharmaceutical applica­
tions. Features, benefits, and
specifications of thousands of prod­
ucts comprising approximately 90
product lines are included. 300 pp.
Belleo Glass 425

Environmental analysis. Catalog of
Hazardous Waste Testing Equipment
features products for EPA's toxicity
characteristic leaching procedure, in­
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Effects of Film Morphology on the Frequency and Attenuation
of a Polymer-Coated SAW Device Exposed to Organic Vapor

David S. Ballantine, Jr.

Chemistry Department, Northern Illinois University, DeKalb, Illinois 60115

Th. fr.qu.ncy and att.nuatlon 01 PIB polym.r-coated SAW
d.vlc•• w.r. monitored during .xposur. to 18OOCIIan. vapor
a.th. coating thickness on th. SAW was varl.d Incr.m.ntally
up to 111m thlckn..... 01 about 300 kHz. AlrbrU8h-coated
d.vlc.. .xhlblted significantly dlll.r.nt r.sponse behavior
compar.d to drop .vaporatlon coated d.vlc••, m"st notably
In att.nuatlon 01 th. acoustic wav.. Th. drop Itvaporated
11Im. .xhlblted periodic, large att.nuatlon with concurr.nt
d.cr.ase. In observ.d Irequency shills. Th.se ••sults are
conalst.nt with th. 111m resonance mod.1 01 Martin and Fry•.
In this work, w. demonstrate how thl. mod.' can also be
used to .stlmat. the shear modulus of poIym.r IIIms .xposed
to vapors. For the PIB fRma used In this work exposed to
l8ooctan. vapor the resonance thlckn... Is calculated to be
0.00821Lm (befor. swelling), with a calculated modulus 01 2.7
X 10' dynes/em'. This repr888rlll a significant decr.ase In
modulus compared to a neat PIB 11m (not .xposed to vapor)
and supports rec.nt r.port. on th. Importanc. of polymer
sw.lllng In SAW r.sponses.

INTRODUCTION

Surface acoustic wave devices are under increasing devel­
opment for a variety of analytical applications. including
chemical sensing and the characterization of thin fIlms.',2
The frequency response behavior of these devices has been
theoretically derived by several investigators,H with sensor
frequency perturbations arising due to changes in mass
loading, viscoelasticity, or conductivity ofthe thin fi.lm overlay.
When the film is a nonconducting, viscoelastic polymer the
frequency of the sensor can be described by the familiar
Wohltjen equation3

t:J.f. = (k, +k2)fhp - k~h(::Z(:: ;/L)) (1)
where t:J.f. is the frequency shift due to the apphed coating
(in hertz), k, and k2 are material constants dependent on the

(1) Ballantine, D. S.; Wohltjen, H., Anal. Chern. 1989, 51, 704A.
(2) Frye, G. C.; Martin, S. J. Appl. Spectrose. Rev. 1991,26,73.
(3) Wohltjen, H. Sens. Actuators 1984,5,307.
(4) Ricco, A. J.; Martin, S. J.; Zipperian, T. E. Sens. Ac.:uators 1985,

8,319.
(5) Bartley, D. L.; Dominguez, D. D. Anal. Chern. 1990,62, 1649.
(6) Grate, J. W.; Klusty, M.; McGill, R. A.; Abraham, M. H.; Whiting,

G.; Andonian-Haftvan, J. Anal. Chern. 1992,64, 610.
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substrate having units of m2·s/kg, f is the resonant frequency
of the device (in hertz), h is the film thickness in meters, P
is the film density (kg/m3), PR is the Rayleigh wave velocity
in the substrate in meters per second, and /L and Aare the
shear modulus (N/m2) and the Lame constant for the coating,
respectively. A similar relationship can be derived for the
frequency shift of a coated device upon sorption of vapor. In
such cases the h, P,/L, and Avalues change to reflect the state
of the polymer in equilibrium with the vapor. The fllSt term
in the eq 1 relates to mass loading effects while the second
term deals with viscoelastic effects. Itwas previously assumed
that, for a polymer well above its glass transition temperature
(Tg), the second term was negligible and that the frequency
response was dominated by the mass loading term. At the
high operating frequencies of these devices, however, this
assumption may not be valid. Coupling between the polymer
fIlm and the acoustic wave acts to increase the apparent
modulus of the fIlm by as much as 2-4 orders of magnitude.
Recent investigations have provided substantialevidence that
viscoelastic effects are not negligible and may, in fact,
represent the major contribution to the frequency response.6

Grate et al. proposed that the observed frequency decreases
of a polymer-coated SAW are the combined result of mass
loading due to vapor sorption and decreases in the modulus
due to subsequent swelling of the polymer. The frequency
shift due to vapor sorption was represented as

N
v
= ( f>f.CtGLC) + ( N.C::GLC

) ( A:w) (2)

where Nv is the frequency shift of the SAW exposed to a
vapor of concentration Cv, K GLC is the partition coefficient
for the vapor/polymer system determined by gas chroma­
tography, N. is the frequency shift caused by the deposition
ofthe polymer coating, P. is the densityofthe polymer coating
when in equilibrium with sorbed vapor, PL is the density of
the vapor in the liquid state, a is the polymer thermal
expansion coefficient, and ASAw represents the frequency
change of a polymer-coated SAW due to thermally induced
swelling. As in the case of the eq I, the two terms ineq 2 deal
with mass loading and elastic effects. The fllSt term estimates
the increase in mass due to the equilibrium distribution of
vapor into the polymerfl1m. Thesecond term ineq 2estimates
the magnitude of the frequency shift accompanying a change
in volume due to swelling. The underlying assumption in
this case is that the frequency shifts observed upon vapor­
induced swelling, represented by (C.,KGWpd, are comparable

© 1992 American Chemical Society
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in magnitude to the frequency shifts observed due to thermal
swelling, represented by (ASAW/ a). This relationship was not
intended to provide an quantitative model of SAW response
behavior, yet it provides verygood qualitative agreement with
observed results and establishes the importanceofviscoelastic
effects.

While eq 1provides an adequate theoretical framework for
the prediction ofSAW responses, it is limited by the fact that
exact values for the modulus of the polymers, both in the
presenceandabsenceofvapor, are notalways easilyobtained.
In addition, the underlying 88Sumption in the derivation of
eq 1 is that the surface rum overlay is of uniform thickness
covering the entire active surface of the device. Most ~f.the
SAW studies performed to date, however, have utilized
airbrush flims for which this assumption is clearly not valid.
The effects of differing flim morphology on SAW device
response behavior have yet to be investigated. Clearly, more
thorough analyses of SAW response behavior are required to
adequately describe the dependence of SAW frequency on
the many rum parameters. More specifically, the nature of
rum morphologyandviacoelasticeffects on observed response
must be clarified. In addition, the viscoelastic properties of
polymeric materials used as sensor coatings need to be
determined. Such information is critical if the potential of
these devices as sensors and as tools for materials charac­
terization is to be fully realized.

Recently, Martin and Frye presented a novel approach to
modelling the behavior of a polymer-coated thickness-shear
resonator device, the quartz crystal microbalance (QCM).'
One advantage of this model is that it provides a framework
for interpreting the acoustic sensor response in terms of both
rum mass (thickness,density) and modulus. Thedevelopment
of an analogous model for SAW-type sensors would address
some ofthe limitations ofthe previouslydiscussed predictive
relationships (eqs 1and 2). Due to theoperational similarities
between the QCM and the SAW devices, it should be possible
to interpret SAW sensor data in terms of this model.

In this work the response of a polymer-coated SAW
observed upon exposure to organic vapor is reported. Specif­
ically, we will do the following:

1. Investigate both the frequency and attenuation response
ofa polymer-coated SAW upon exposure to an organic vapor.
These investigations will be carried out while systematically
varying the thickness of the polymer flim.

2. Perform these investigations using flims deposited by
two different coating techniques, airbrushing and solvent
evaporation, to determine the effects of flim morphology on
sensor response behavior.

3. Interpret the results in terms of the existing response
models with special emphasis on the rum resonance model.
The ra:nmcations of these results are discussed in terms of
sensor applications.

THEORETICAL CONSIDERATIONS

According to the flim resonance model presentedby Martin
and Frye,' the oscillating QCM acts as a shear micromotor;
a flim bonded to the surfaceofa resonating device is subjected
toan oscillatory driving force. The base ofthe rum is usually
sufficiently bonded to the surface so that it moves synchro­
nously with the oscillating surface. The motion of the
remainder of the rum depends on the operating frequency of
the device and the density, shear modulus, and thickness of
the rum. For rigid fl1ms the phase shift, tP, is very small and
the entire flim moves synchronously with the surface. In
such cases shear deformation is negligible and the device

(7) Martin. S. J.; Frye, G. C. Proc.1991 IEEE Utreuon. Symp. 1991,
393.
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figure 1. Plot 01 loss modulus (G'1 and storage moduIuo (G') as a
luncIlon of temperature. Data are extracted from IlteratlJ'e v_.·

responds only to surface mass changes. For a nonrigid or
rubbery rum there isanappreciable phase shift, and the upper
region of the flim tends to lag behind the oscillator surface.
The resulting shear deformation causes elastic energy to be
stored. The storage of acoustic energy in the flim results in
attenuation of the acoustic wave; this attenuation reaches a
muimum when the phase shift across the flim is an odd
multiple of ,,/2. In addition, the frequency of the device
decreases rapidly at tP just below -r/2 and then increases
dramatically at tP just above ,,/2. The relationship between
phase shift across the rum and the various rum and device
parameters is described as

tP = wh,(p,jG)1/2 (3)

where tP is the phase shift across a flim of thickness hr, Pc is
the rum density, G is the complex shear modulus of the
polymer, and w is the angular oscillation frequen~ (note; w
= 2,,1, where 1is the resonant frequency of the d~V1ce). The
behavior of the polymer-coated QCM was descnbed by way
ofanequivalentcircuitmodel. Byincreasingthe temperature
of the coated device, the flim modulus was decreased to the
point where resonance damping occurred.

In so far as longitudinal particle displacement occurs at
the SAW device surface, it is conceivable that SAW prop­
agation may also cause shear deformation within a compliant
flim, and similar resonance phenomena may be observed.
The polymer selected for study was polyisobutylene. Poly­
isobutylene (pm) is an elastomer with a T. of-76 'C; it was
one of the polymers used in the previously cited work on
QCM polymer rum resonance. In addition, the modulus
behavior of pm as a function of both frequency and
temperature is welldocumented.s Thestorageand loss moduli
(G' and Gn,respectively) forpm at 157.9MHz, the operational
frequency ofthe SAWs used in this study, are given in Figure
1 as a function of temperature.9 At the temperature range
for this work, 25-29 'C, the pm shear modulus determined
from Figure 1 is (8.2-8.9) X 10" dynes/em2 (or 10" N/m').
These values should he accepted with some reservation, since
they are extracted from literature values having an upper
limit of only 1 x 10" dynes/cm'. Using eq 3 we can calculate
the mm thickness that would be sufficient to induce rum
resonance at a standard temperature of 25 ·C. Setting tP =
#2, for an operating frequency of 157.9 MHz, G = 8.9 X 10"
dynes!em', and p = 0.918 g/em' yields a rum thickness ofl.56
I'l!l.

(8) Ferry, J. D. Viscoel4stic Properties of Polymers. 3rd eel.; Wiley:

Ne~)Y~: using data emacted from refB, p 606, and extrapolation
algorithm developed by S. J. Martin, Sandia National Labo.
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By way of comparison, typical fllm thicknesses for a 158­
MHz device are on the order of 0.10 jLlIl. Using eq 1, for
example, a O.lQ-jLlIl PIB film having a shear modulus of 8.9
X lOS N/m2, a density of 918 kg/m3, values for hI and h2 of
-8.7 X lo-aand-3.9 X lo-am2-s/kg respectively, and an acoustic
velocity of 3300 m/s (in quartz) will produce a frequency
decrease due to mass loading of -288 kHz, and a frequency
increase of27 kHz due to modulus effects for a net frequency
shift ofca. -261 kHz. A l.5-jLlIl film would produce a 4-MHz
shift, which is well beyond the operational range of these
sensors. Using eq 3, the modulus value (0) needed to observe
resonance effects for the O.lQ-jlm PIB film is about 4 X 107

dynes/cm2 (log G = 7.6). From Figure 1 it is seen that to
lower the film modulus to this level would require heating
the coated device to a temperature well above 100 ·C. Thus,
observation of fllm resonance effects via thermally induced
changes in modulus, as was accomplished by Martin and Frye
for a 5-MHz QCM,7 is not practical for the 158-MHz SAW
devices.

Alternatively, absorption ofvapor produces slight swelling
of the polymer with a concurrent reduction in the shear
modulus. On the basis of the conclusions of Grate et al., this
reduction in modulus may be substantial. Thus, it should be
possible to identify fllm resonance effects for vapor-saturated
polymer films using SAW devices. Decreases in the modulus
of the fllm will produce decreases in the resonant frequency
of the coated device, as predicted by eq 1. Furthermore, if
the modulus change is sufficient to make the film more lossy,
then attenuation ofthe surface wave should also be observed.
Monitoring both the frequency and attenuation of the SAW
during vapor exposure should provide verification of the role
ofelasticity effects in observed SAW responses. In addition,
correlation of the attenuation response with film thickness
will provide verification of the applicability of the film
resonance model of Martin and Frye to SAW sensors.

EXPERIMENTAL SECTION

Materials. The polyisobutylene polymer was obtained from
Aldrich. The average MW of the PIB is reported as 420 000,
with a density of 0.918 g/em'. The polymer was dissolved in
HPLC solvent-grade toluene obtainedfrom Baker. The toluen&­
PIB solutions were used in coating the SAW devices following
the procedures described below. The isooctsne (2,2,4-trimeth­
ylpentane) used for vapor testing was obtained from Aldrich
(99.9% purity) and was used as received.

Instrumentation. The SAW sensors and rf electronics used
during this study were 158-MHz dual delay line devices obtained
from Microsensor Systems, Inc. (Lexington, KY) which have been
described previously.'· In normal practice, the coated devices
are sealed with a nickel-plated lid with inlet and outlet tubes
attsched to allow for introduction of test vapors. This config­
uration was unacceptable for this study,.since the experimental
approach called for varying the thickness of the PIB coating in
small increments over a broad thickness range. To e1inlinate
potential error due to minor device-to-device variation, it was
desirable to use the same device for the entire study. This
required that the device be plaoed in a sample cell that would
allow for vapor testing and subsequent removal of the sensor for
additional coating application. A suitable sensor cell was
constructed, consistingofa plugofphenolic resin-linen composite
material that was machined to accommodate the sensor TO-B
package. Two holes were drilled, and lis-in. copper tubing was
cemented in place to act as vapor inlet!outlet lines. The TO-8
package fit snugly into the machined cavity; three set screws
were situated on the base ofthe cell to ensure that the sensor was
held firmly in place during testing. Bevelling of the cell was
needed to permit insertion of the cell (with sensor) into the rf
electronics board. The bevelled edges also provided a lip for
easy grasping, facilitating removal of the cell after testing. Use

(10) Grate. J. W.; Snow, A. W.; Ballantine, D. S., Jr.; Wohltjen, H.;
Abraham, M. H.; McGill, R. A.; Sasson, P. Anal. Chern. 1988,60,869.

ofthis cell permittedevaluation ofsensor responses while varying
coating thickness on a single device.

Vapor generation and dilution were performed hy the VG-400
vapor generation system, also obtained from Microsensor Sys­
tems, Inc. The bubbler containing the isooctsne was maintained
at 15.0 ·C (:0.05). Vapor and clean air flow rates were adjusted
to 100 mL/min. The vapor generation system was calibrated,
and flow rates were balanced following procedures reported
previously." The flow rates were routinely checked at the
beginning of every set of experiments, and adjustments were
made as needed.

Both the frequency and the amplitude of the polymer-coated
SAW were monitored during vapor exposure. The frequency of
a single delay line was monitored using a Fluke-Phillips PM­
6674 universal frequency counter interfaced to a Hyundai 286
computer via an IEEE-486 bus. The SAW amplitude was
monitored using a Hewlett-Packard 54600A dual channel digital
oscilloscope, interfaced to the computer system via an RS-232
communications port.

The temperature of the sensor during a typical experiment
was monitored with a YSI series 400 temperature probe (Yellow
Springs Instrument Co., Yellow Springs, OH), which was plaoed
in contact with the sensor cell. The temperature during a given
experimentwas fairly constant; the temperature during the entire
study, however, varied between 26 and 29 ·C. In order to
minimize the effects oftemperature on the data set the frequency
response data were corrected to a standard temperature of 25 ·C
following procedures described below.

CoatlngProcedurel. The adhesion and morphology ofSAW
coatings has been observed to be affected by prior cleaning ofthe
device.8 All devices used in this studyhad been previously treated
with silanizing reagents to "deactivate" the quartz/SiO. surfaces.
Prior to application ofpolymer coatings the devices were cleaned
by inlmersion in appropriate solvents (toluene, methanol, and
acetoneJ and subjected to ultrasonication for 2-5 min. After
drying, the surfaces were visually inspected for residue. The
wettability ofthe surface was evaluated byapplication ofa small
drop (1 ~) of toluene. If the droplet spread smoothly over the
surface, the device was deemed sufficiently clean and wettsble
to obtain a good film. In some cases, the droplet did not spread
evenly but appeared to pool on the surface. Such devices were
not considered acceptable for this study.

Polyisobutylene polymer fl1ms were applied usingtwodifferent
techniques. The first technique was an airbrush method, in which
a dilute solution ofthe polymer in a volatile solventwas aspirated
to produce a fine mist, which was directed onto the surface ofthe
SAW device while the device frequency was monitored to
determine the amount of coating deposited. It was relatively
easy to deposit small increments of coating material via this
technique. Eachsuccessive application produoed between 8 and
15 kHz of frequency shift. After each coating increment, the
sensor was exposed to isooctane vapor ofvarying concentrations.

The second technique was a drop-coating method, in which a
drop of PIB solution was placed on the surface of the SAW. The
volatile solvent evaporated leaviug a thin mm of PIB on tha
surface of the SAW. As expected, it was not as easy to control
the amount ofcoating applied by this method. By trial and error
it was possible to obtain coatings of varying thicknesses (rep­
resented as kilohertz of frequency shift) over the range of 8--250
kHz.

The morphology of the coating filins differed significantly
between the two techniques. For the airbrush films, the PIB
appeared as overlapping plates of varying thickness dispersed
over the entire surface of the device. For the drop evaporation
method, the filin thickness was typically more uniform over the
SAW surface, with minor ripples and thickness variations near
the edges ofthe device. Ofthe two, the drop evaporation method
produoed a more contiguous, uniform film, whereas the airbrush
film surface was more undulating. The errors associated with
coating thickness (kHz) from the drop evaporation method were
larger than those associated with the airbrush method, but are
still estimated to be within :5 kHz.

Normalization ofFrequencyData. Thefrequency response
of the PIB-coated sensor is entirely dependent on the amount

(11) Grate, J. W.; Klusty, M. NRL Memorandum Report #6762, 1990.
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(12) Martin, S. J., Ricco, A. J.; Ginley, D. S.; Zipperian, T. E. IEEE
Trans. Ultrason. Ferro. Freq. Control 1987, UFFC-34 (2), 142.

Table I. Calculation of KSAW Values for PIB-COIlted SAWs
Exposed to Isooetane Vapor

• Calculated from single frequency response for 271-kHz PlB film
?Sing eq 4. ' Cslculated from initisl slopes in Figure 2, Il8 discussed
m text.

3.084
3.087
3.065

265.7
106.9
63.6

slope
(Hz shift/kHz

coating)'

3.190
3.125
3.116

0 .
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figure 2. Frequency responses of PI8-coIlted SAW (airbrush film)
exposed to different concentrations of IsooctIlne vapor. Responses
are plotted as a function of PIB film lhlckness (kHz).
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value calculated by Grate et al. of 3.12. The calculsted KSAW
values increase as the vapor concentration increases. It is
obvious from the curves in Figure 2 that the response curves
have nonzero intercepts, a situation which is not accounted
for when using eq 4. The nonzero intercepts are most likely
due to interfacial or surface adsorption effects; this phe­
nomenon may also explainthe steep initial slopeatthe highest
isooctane concentration, sinceadsorption effects for nonpolar
vapors would be more pronouncedat higher concentrations."
Sucheffects introduceerrors intothe calculstedvalue ofKSAw,
which is intended to be a measure of the intrinsic response
of the coating alone.

Analternative for calculatingKSAW values is from the slope
ofthe response VB fIlm thickness plot. The slope of the curve
represents the change in response to vapor (At.) as a function
ofchanges in fIlm thickness (At.) and can be substituted into
eq 4 in place of the ratio (At./At.). The slopes for the initial
portions ofthe curves in Figure 2 were calculated and are also
included in Table I. It should be noted that the slope at the
highest concentration was taken from the region indicated
by the dashed line in the fIgUle. In this region interfacial or
surface adsorption effects have leveledoff, and further changes
in the frequency response are due to the intrinsic absorptive
properties in the coating. Using this approach yields KSAW
valuesof3.084, 3.087, and 3.065,whichare in betteragreement
from top to bottom than values calculsted from a single
response. These values are still significantly greater than
the KGLC of2.28 reported by Grate et al.6 because of modulus
effects as discussed previously. The fact that these values
are comparable at the three concentrations studied, however,
is a strong indication that both the modulus responses and
sorption responses increase linearly withvapor concentration.
It is suggested that using the slope method to calculste KsAw

of vapor sorbed into the fIlm. This partitioning phenomenon,
which is defmed quantitatively by the coefficient K is sensitive
to variations in temperature. Minor fluctuations' in ambient
temperature during our experiments would be expected to
produce fluctuations in the observed sensor responses as well.
To eliminate this potential source of errorJ it was necessary to
normalize all frequency data to a standard temperature. The
temperature dependence of a pm-coated SAW sensor response
to isooctane vaporwas determined by Grate etal." Thefrequency
response (Hz) can be converted to a partition coefficient (KSAW)
by the following relationship:

At"".
K SAW = At.C. (4)

where At. is the frequency shift (kHz) due to coating deposition
At. is t~e frequency shift (Hz) observed upon sorption of vapor:
and P. IS the density of tbe coating (kg/m3) in equilibrium with
a vapor concentration of C. (g/L). It should be stressed that the
value of KsAw is not equivalent to partition coefficients deter­
mined from gaschromatographystudies,K GI£. The lattervalues
are derived from dynamic equilibrium between two phases and
are based on solubility interactions. The former values are also
partiallydependent on the relative strengthofthese interactions
but the DlIlgDitude ofKSAW values are the net result ofboth~
loading due to sorption of vapor and concurrent changes in
viscoelastic properties of the polymer, as discussed by Grate et
al."

The frequency responses of a 280-kHz pm airbrush film to
isooctanevapor,reported by Grate etal., were converted toKSAW
values and plotted VB inverse temperature (K"). The plot oflog
KSAW VB l/T is linear and, within the temperature range of the
study, thevalueofKSAwincreases by6% for every 1.0·C decrease
in temperature. Thus, frequency response data At., whicb are
directly proportional to KSAW, can be corrected by multiplying
by the appropriate factor. For our purposes, all frequency data
were corrected to a standard temperature of 25 ·C. It should be
noted that the correction discussed above have been made to
permit direct comparison with previously reported results" and
to minimize temperature effects on the data set as a whole. The
results discussed below were readily observable both before and
after the temperature corrections were applied.

RESULTS

The frequency shifts and attenuation ofPm-coated SAWs
were monitored as a function of fIlm thickness and isooctane
vapor concentration for both airbrush and drop evaporation
fIlms. The response behavior for airbrush and drop evap­
orated fIlms are summarized below. It should be noted that,
although representative data from only one device are
presented in each case, these effects were observed to be
reproducible for other similarly coated devices.

Airbrush Films. The frequency responses for pm
airbrush fIlms exposed to three different concentrations of
isooctane vapor are plotted in Figure 2. The concentrations
of 201 000, 80 400, and 50 250 mg/m3 correspond to dilution
factors of 1.0, 2.5, and 4.0, respectively, for the VG-4OO vapor
generation system. As discussed above, all data have been
corrected to a reference temperature of 25 ·C. For the most
part the initial portions of the curves are linear, although
there is a pronounced steep initial slope for the highest
isooctane concentration that levels off for fIlm thicknesses
greater than 60 kHz. Above about 190 kHz there appears to
be a sinusoidal variation in the frequency response. This is
most easily observed at 201 000 mg/m3 but is also present at
the other concentrations. A possible explanation for this
behavior will be discussed later.

We can calculate KSAW values using eq 4 for comparison
with previous studies. Using response data for the 271-kHz
pm fIlm, summarized in Table I, we obtain KSAW values of
3.190,3.125, and 3.116 for the three concentrations studied.
The latter two values are in excellent agreement with the
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values provides a more accurate assessment of the intrinsic
response behavior of the coating and also provides a means
to determine the linearity of the modulus and sorption
responses.

Attenuation ofthe surface wave was also monitored during
vapor exposure experiments. The initial amplitude of the
polymer-coated SAW was generally about 600-800 mY.
Changes in film properties, i.e. modulus, that result in
attenuation of the surface wave are observed as a decrease
in the SAW amplitude. A comparison of the attenuation,
reported as decrease in SAW amplitude (mV), and frequency
response for airbrush fJ.1ms exposedto 20 l00mg!m8 isooctane
is given in Figure 3. Attenuation is slight for mm thicknesses
below about 150 kHz and then increases steadily as fl1m
thickness increases. The increase in attenuation appears to
coincide with the onset of sinusoidal variation in frequency
response. From Figure 3 we can identify three different
response regions labeled numerically as I, 2, and 3. In the
following discussion we will interpretboth the frequency and
attenuation response behavior within these regions.

Region 1 is characterized by essentially zero attenuation
and a steep slope in the frequency response. In this region
it is postulated that the amount of coating deposited by the
airbrush technique does not yet completely cover the device
surface. Because of the irregular shape and distribution of
the coating droplets on the surface, the total surface area of
coating is steadily increasing in this region. As surface area
increases, frequency shifts due to adsorption ofvapor would
also expect to increase.

In region 2 (above60 kHz) the airbrush fl1m now completely
covers the device surface. Incremental additions of coating
will increase the mass on the surface but will not increase
coating surface area. In this region increases in frequency
response will be related to the intrinsic properties of the
coating (sorptive or modulus properties). There is a slight
attenuation response in this region, but it is still relatively
small, i.e. less than 50 mY.

In region 3 (>190 kHz of coating) there is an increase in
the attenuation response and nonlinear behavior in the
frequency response. This effect is also seen for sensor
responses at lower vapor concentrations; while attenuation
increases significantly in this region, it is generally much
smaller than thatobserved atthe highest vaporconcentration.
The frequency response appears to vary sinusoidally with a
periodicityofapproximately50 kHz. Suchperiodic variation
in the frequencyresponse isconsistentwith the il1m resonance
model, which predicts that the frequency response (negative
hertz shift) should fmt increase and then decrease as the

phase shift across the fl1m approaches and then exceeds an
odd multiple of 7(!2. The fact that this behavior coincides
with an increase in attenuation further supports the assump­
tion that this behavior is due to film resonance effects.

This point is more clearlyseenbycalculating thedifferential
frequency and attenuation at different film thicknesses. A
simple method for doingso is to determine the point-to-point
change in frequency shift or attenuation as coating thickness
is increased. Linear behavior would be translated into a
straight line of zero slope, whereas nonlinear variations in
response would appear as peaks and valleys. A peak in this
point-to-point differential plot would correspond to a large
increase in response, whereas a valley would correspond to
a small increase or, in some cases, a decrease in response. A
differential plot of the frequency and attenuation response
for region 3 is given in Figure 4. From 150 to 300 kHz of film
thickneas it isclear thatthe frequency response {filled square!
solid line) andattenuation response (open square!dashed line)
vary systematically. More specifically, when there is a
maximum in the attenuation there is a minimum in the
frequency response, consistent with the resonance model.
Again, the periodicityofthis variation isabout50kHz. Above
300 kHz this behavior is not as consistently observed. This
may be due in part to a lack of data points to adequately
describe this effect in this region.

The question arises as to why this phenomenon is not
observed in region 2, but only appears above about 190 kHz.
The answer may lie in the morphology of the airbrush fl1m.
As noted earlier, microscopic inspection ofthe airbrush f1lms
reveals that they appear as small, overlapping platelets of
varying size distributed over the surface of the device. Thus
the film thickness varies from one location on the device
surface to another. This lack of uniform thickness may be
sufficient to prevent fl1m resonance from occurring when the
fl1m is sufficiently thin. For thicker fJ.1ms, swelling of the
film when exposed to vapor may produce a smoother surface
so that f1lm resonance may occur. The fact that there are
localized minima and maxima in the attenuation supports
this conclusion. The attenuation response does not decrease
to nominal levels, however, which would be expected once
film thickness increases beyond the region where resonance
effects are observed. Itispossiblethat,fortheairbrushfJ.1ms,
there are localized areas on the device surface that are in
resonance and give rise to attenuation of the SAW signal
regardless of the average thickness, even though the f1lm as
a whole exhibits some small systematic variations due to
resonance effects.
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DISCUSSION

thicknesses corresponding to these phase shifts were estimated
as the midpoint between the thicknesses which produced the
two largest attenuation responses in that thickness region.
These average thicknesses are listed in Table II, along with
the corresponding phase shift n value.

For most cases where signillcant attenuation is observed
there are alao easily observable variations in the frequency
response. These are most notable for thicknesses corre­
sponding to n = I, 5, and 7. At these f"I.1m thicknesses there
are obvious, dramatic decreases in the frequency response
that coincide with maxima in the attenuation response. In
addition, for f"Um thicknesses between those where fIlm
resonance effects are observed the attenuation response is
generally small, on the order of 20 mV or less. This is in
contrast to the airbrush fIlm results where attenuation
increased steadily and dramatically above a thickness of 150
kHz. These results are wholly consistent with the film
resonance model propoeed byMartinand Frye and are related
to film morphology. Whereas the airbrush f"I.1m exhibited
nonuniform thickness over the device surface, the drop
evaporation f"I.1ms are more contiguous with more uniform
thickness. Some variations in thickness were noted at the
edges of the device which could explain some of the baseline
noise in the attenuation response.

Unfortunately, itwas not possible to readily identify unique
attenuation peaks for the isooctane vapor concentrations
below 210 000 mg/ms, There were instances of significant
attenuation, but these coincided very closely with those
observed for 201 000 mg/m3; at the lowest concentrations,
attenuation effects were generally very slight which made
identification of attenuation maxima even more diffIcult.
These difficulties may be due, in part, to the film application
method. While the drop evaporation mms are more uniform
than the airbrush mms, there may still be enough variation
in film thickness to hinder the observationofunique resonance
effects at different vapor concentrations. In retrospect, spin­
coating techniques which provide very uniform f"I.1ms would
have been a more favorable technique. Such techniques,
however, are not without disadvantages in terms of time and
cost. The results presented above still strongly suggest that
f"I.1m resonance effects playa signillcant role in observed SAW
responses for these f"I.1ms and warrant further study.

Table II. Determination of Film. Thickness at Resonance
Mod.. for Pia Expo_ to 201 000 roc/roa Ioooctane Vapor

n thickness (kHz) difference thickness <1=)

43 0.0088

Using the data in Table II we can calculate the resonance
thickness for a PIB coating that is in equilibrium with 201 000
mg/ms isooctane vapor. The differences between f"I.1m thick­
nesses corresponding to n = I, 3, 5, and 7 yield an average
ofdifference of43.8 kHz between each resonance mode. This
value agrees well with the estimated sinusoidal periodicity of
the frequency response (50 kHz) discussed earlier for the
airbrush fIlm (see Figure 3, region 3, and related discussion
in text). Since this difference corresponds to a phase shift
of tm1l:/2, where tm = 2, the resonance thickness is actually
about 23 kHz. This thickness in kilohertz can be converted
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Drop Evaporation Films. A similar methodology was
followed for the drop evaporation fIlms. PIB coatings were
applied as discuased previously, andthe coated device(s) were
exposed to isooctane vapors of varying concentrations while
the frequency and attenuation response of the device were
monitored. The frequency and attenuation responses were
then plotted va PIB f"I.1m thickness (kHz). The results for a
PIB-coated SAW exposed to isooctane vapor of 201 000 mg/
m3 are summarized in Figure 58,b.

In general, it should be noted that the average frequency
responses between airbrush and drop-coated devices are
comparable. The frequency shifts for 50 kHz of coating are
on the order of 25 kHz in both cases, for 100 kHz of coating
are on the order of 45 kHz, and for 200 kHz of coating are
on the order of 80 kHz. From Figure 5 it is obvious, however,
that there is much greater overall variation in both the
frequency and the attenuation response of the drop-coated
SAW device compared to the airbrush-coated device data in
Figure 3. Someofthis variation is due to the coating technique
as noted earlier, but some of the variations are too large to
be explained in terms ofsmall errors in the amount ofcoating
depoeited. Thesedatacanvery readily be interpreted in terms
of the film resonance model, and the systematic variations
in both frequency and attenuation responses can be assigned
to film thicknesses corresponding to phase shifts of mr/2,
where n = I, 3, 5, 7, etc., as indicated in Figure 5. Film

-20-I--~-~~-~-~-_~~
o 50 100 150 200 250 300

PIB Rim Thickness (KHz)

Figure 5. Frequency response (a) and attenuation (b) 01 drop-coaled
SAW device exposed10 Isooctane vapor (201 000 mg/m3)as a function
olPIS film thickness (kHz). Regions identified as n =1,3,5,7,9 refer
10 film thicknesses corresponding 10 phase shifts thaI are odd multiples
011r12.
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to a thickness in meters using eq 1. Upon rearrangement to
solve for mmthickness,h, the following relationship is yielded:

h=l((k,+k
2
)p - k:(~)(Nf;)) (5)

where t!.f. is the coating thickness (23 kHz), f is operating
frequency of the device (157.9 MHz), P is the density of the
coating (918 kgIm3), /l is the shear modulus of the polymer
at the SAW operating frequency (8.9 x lIls kg/m·s2), and •
is the Rayleigh acoustic wave velocity in quartz (3300 mls).
Values for the materials constants, k, and k2, are -8.7 x lo-a
and -3.9 X 10--8 m2 s/kg, respectively. The last term in the
denominator, (>' + /l)/ (>' + 2/l), is constrained between 0.5
and I, with0.85 serving as a reasonable value for our purposes.
Upon solving the above equation, we obtain a pm film
thickness of 0.0082 /lm. It should be stressed that the above
thickness wascalculated using both terms in eq 1; i.e. modulus
effects are not considered negligible for this fJ.l.m, since the
modulus of pm at a frequency of 158 MHz is on the order
of lOS dynes/cm2• Ifthis term were neglected, calculated fJ.l.m
thicknesses would be consistently lower by 12%.

To determine the modulus of the pm fJ.l.m upon exposure
to isooctane vapor we can now use eq 3. Corrections must
fIrst be applied, however, to account for changes in the
thickness and density of the fJ.l.m due to swelling. These
corrections can be made by following the method of Grate et
al.6 From eq 2, the term C"K/PL provides an estimate for the
volume fraction increase of the sorbent phase due to vapor
sorption. For a vapor concentration of 0.201 gIL, a liquid
density of 692 gIL, and a K value of 190 from GC studies,6
we obtain an estimated volume increase of 5.5%. The
expansion of a polymer film on the surface of a SAW device
is likely to be constrained in length and width, so that the
swelling will be manifested entirely as an increase in film
thickness. The density of the swelled film can be calculated
as the sum ofthe volume fractions ofpm and isooctane, each
at their given densities, divided by the total volume

_ (918 giL + (0.055)692 gIL)
P....uod - 1.055

which yields a density of 906 gIL (0.906 gIem3). We can now
determine the modulus of the swelled pm film using eq 3 by
setting'" ="./2, he =8.65 X 10-7 cm (corrected for swelling),
and Pc = 0.906 g/cm3 and solving for G. The calculation yields
a value of 2.7 X lOS dynes/em2• This value is more than 4
orders of magnitude lower than the modulus of the original,
unswelled pm fJ.l.m which has amodulus value 8.9 X 10" dynes/
cm2• Such a dramatic reduction in modulus supports the
conclusions of Grate et al. and further implicates swelling­
induced modulus changes as an important response mech­
anism for polymer-coated SAWs. Furthermore, the results
presented here demonstrate the utility of the fJ.l.m resonance
model in estimating the mechanical properties of polymer
mms upon exposure to vapor.

The observed effects discussed above have been prelim­
inarily assigned to mm resonance modes corresponding to n
= 1,3,5,7, etc. It is possible that the drop evaporation mms
are ofless-than-uniform thickness and that a portion ofeach
of the mms for which resonance effects were observed are of
the same thickness. If this is the case, then the possibility
must be considered that these effects are actually multiple
observations of a single resonance mode (i.e. mm thickness,
n = 1). Several factors prompt consideration of this possi­
bility. First, the attenuation maximaappeared atvery nearly
the same f11m thicknesses for all vapor concentrations.
Second, the attenuation maxima appeared as rather sharp
peaks in contrast to the broad maxima observed during the

thermal studies cited previously.7 Third, the magnitude of
the effect on the frequency response must be considered.
During thermalstudies, the frequency ofa pm-coated5-MHz
QCM device increased by as much as 60 kHz (12000 ppm)
as the phase shift increased beyond'" = "./2.7 Incontrast, the
largest differences in the expected frequency response of the
pm-coated SAW during vapor exposure (at n = I, 5, 7 in
Figure 5) were only about 1(}-15 kHz (6(}-100 ppm).

Finally, the modulus for the pm polymer fJ.l.m exposed to
isooctane vapor calculated using eq 3, assuming a resonance
film thickness of 8.2 X 10-7 cm is on the order of lOS dynes/
em2• In contrast, polymers in the elastomer region are
characterized bymoduli on the orderofl07 dynes/em2• While
sorption ofvapor and the subsequent swelling ofthe polymer
would be expected to decrease the polymer modulus some­
what, a decrease of 2 orders of magnitude might be larger
than would reasonably be expected.

On the other hand an argument can be made to support
the assignment ofmultiple resonance modes. First, the odds
of such phenomena being observed at such reproducible
periodic intervals purelyat random bythe application ofdrop
evaporated flims are rather slim. In addition, the periodicity
of the observed effects for the airbrush flims (50 kHz) is of
the same order of magnitude as that observed for the drop
evaporation fJ.l.m. In any event, the observations of increased
attenuation concurrent with decreased frequency response
clearly support the f11m resonance model, although the
assignment of speciflc resonance modes may be in doubt.

FINAL REMARKS

The results presented above strongly suggest that fJ.l.m
resonance effects can be observed for polymer-coated SAW
sensors. While a comprehensive fJ.l.m resonance model has
yet to be developed for SAWs, these results indicate that
such a model could provide a more fundamental understand­
ing of the response behavior of these devices. To summarize
the signiflcant results presented above:

1. Plotting SAW frequency (and attenuation) responses
to vapor as a function of fJ.l.m thickness provides a more
accurate assessment ofthe intrinsic properties of the coating
material than calculating K values from a single response at
only one coating thickness.

2. For drop evaporation fIlms, signifIcant attenuation of
the surface acoustic wave occurs at periodic fJ.l.m thicknesses.
At these film thicknesses there are also dramatic decreases
in the frequency response. Both of these observations are
consistent with film resonance effects.

3. Forairbrush flims, film resonance effects are not readily
observable below about 200 kHz and produce only minor
variations in frequency above this thickness. In terms of
sensor applications, airbrush techniques are still the most
easily utilized and produce highly reproducible results. The
response is both linear and predictsble for relatively thin
mms «200 kHz) with only minor fluctuations in frequency
response for thicker mms.

4. For the pm fJ.l.ms used here, resonance effects were
only observed at high vapor concentrations. The extent of
modulus change occurring in polymer flims upon sorption of
organic vapors has not yet been quantitatively studied. The
possibilityofobservingsuch resonance effectsunder lowvapor
concentration conditions cannot, therefore, be adequately
evaluated.

Film resonance effects might be successfully utilized,
however, in a number of ways. For chemical sensing, this
effect is well suited for threshold sensors. A film having a
well-defIned thickness can be applied; subsequent swelling
upon exposure to a critical vapor concentration reduces the
modulus to the point where fIlm resonance occurs, with a
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subsequent increase in attenuation and decrease in frequency
response. For materials characterization applications, the
film resonance model would be useful in estimating the
modulus changes in thin films both as a function of tem­
perature and/or vapor-induced swelling.

It should be noted that the mm resonance model discussed
above was developed for the QCM; an analogous model has
yet to be fully developed for the SAW device, although the
results presented here indicate that such a model is appro­
priate. The quantitative aspects ofthe modelareofparticu1ar
importance. For example, calculations presented above
yielded a film thickness of 0.0082 "m (0.00865 swelled),
corresponding to a frequency shift of23 kHz ofcoating. Upon
exposure to isooctane vapor of 210 000 mg/m3• the modulus
of the film decreases from an initial value of 8.9 X lOS to 2.7
X lOS dynes/cm2• The predicted frequency response using eq
2 and data from ref 6 is-8.2 kHz. with 90% (7.3 kHz) ofthis
response arising from modulus effects. The frequency shift
due to modulus effects can be estimated by the magnitude
ofthe second term in eq 1. or by using some other appropriate
equation such as eq 12 from ref 6. In both cases, a modulus­
induced frequency shift of ca. -2.2 kHz is calculated.
considerably less than that calculated above. Some of the
discrepancies betweenvarious predicted and observed results
may be due to the initial value for G used above which. as was

discussed previously. was obtained by extrapolation from
literature values. In addition. the average thicknesses of the
drop evaporation rUms are estimated using eq 1. Actual mm
thicknesses may vary somewhat depending on location on
the device surface. As noted earlier, spin-coated films would
provide a more quantitative measure of these effects. Still.
future studies should attempt to reconcile the various models
for SAW response behavior.
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secretion of catecholamlnes Ia ObMrYed..a eer1e8 of current
spikes when measured at the eurlace of a bovine adrenal
medullary cell In culture with a carbon-fiber mlcroelectrode
operated In the amperomelrtc mode. PrIor work has Ihown
that these splkes..e due to detection of concentrated packets
of catechofamlnes which are releeeed from Indlvlclual vesicles
after their Iu8lon wllh the ceH .-nbrane, a pr_ known
as exocytosls. The shape of the Individual cu"ent spikes,
detected with a 5-jUII spacing between the hemispherical cell
and the electrode, has been compared to the shape genereted
by a theoretical modeL The model COIlIlsls of an IrI8lanta-.s
point source of matertal on a eurlace which IUbsequentIy
dllluses to a disk that __ the emltted materIaL The
pertinent diffusion conditions have been evaluated with Ilnlte
dtlterence and random walk digital simulations. The two
methods give IdenlIcaf reUls when the polnt source lalocated
on a plane. The more realllltlc slrnulaUon geometry, emIasIon
from a hemispherical eurtace, w..evaluated wIIh the random
wal< method. The simulations allow a seI of crIIerIa to be
establlahed to evaluate dllluslon-conlrobroadening of spike
shape. The broed range of spike wIcIths observed experi­
mentally and thelr individual shapesmeasured with 5-jUII eel­
electrode spacing _ ~enl with cIItusIon from point

sources randomly distributed acrwa a hemispherical surface.
The data can be described with the dlfluslon coetIIcIent for
catecholamlnes In free solution. The modelenablesevalueUon
of s1gnal-to-nolse '-88 and ~ectIon for diffusional '-88
which are dependent on electrode raclus. Through evaluation
of spike are..and ~ectIonfor dlluslYe '-88, an apparent
vesicular concenlraUon ofca~can be determined.

INTRODUCTION
One useful feature of microelectrodes is that they can be

used to measure local concentrations in very small spaces.
This feature is being exploited in the technique of scanning
electrochemical micr09copy.l-5 Microelectrodes have also
been used to probe concentrations insidelH! and at the
surface...." ofbiological cells. Our research has been directed
at real time monitoring of the exocytotic secretion of the
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catecho1amines norepinephrine and epinephrine from bovine
adrenal medullarycells in culture. Catecholamines are easily
oxidizedcompounds, and their secretion can be detected with
a microelectrode placed adjacent to an individual cell. The
use ofcyclicvoltammetryhas established thatcatecho1amines
are the onlyelectroactive substances secreted from individual
cultured cells when stimulated under a variety of condi­
tions.'O,'2,13 With the electrode used in the amperometric
mode, much greater time resolution can be obtained, and
secretion is observed in the form of a rapid succeBSion of
current spikes of variable amplitude which have a duration
of a few milliseconds.9,12,1< The spikes are a consequence of
exocytosis, a secretion mechanism employed by these cells in
which vesicles within the cell fuse with the plasmamembrane,
and their contents, including thecatecho1amines, are extruded
into the extracellular space. l2 In previous work various
features of the spikes have been examined to establish that
they are ofvesicular origin.'2". Thus, the opportunity exists
to probe the biochemical steps associated with exocytosis in
real time. This result is of considerable interest because this
secretory mechanism is also believed to be used by neurons.IS

In this paper we address the question of information
contained within the spike shape. The issues to be addressed
can affectall chemical measurements in microenvironments. '
The observed concentration changes contain information
abouteventswhich occur at the source and transportofspecies
to the electrode surface. For biological cells, the observed
current spikes may reflect diffusion, convection, or kinetic
processes associated with exocytosis. The hypothesis to be
tested in this paper is that the shapes are diffusion controlled.
This implies that convection does not occur and that fusion
ofthe vesicle is rapid compared to the time scale ofdiffusional
mass transport. Under these conditions the secretion event
will appear to be an instantaneous point source on the cell
surface, a condition that can be simulated.
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The diffusion-based models developed here are based on
the physical characteristics of the experimental system.
Bovineadrenal medullary cells inculture have a hemispherical
shape with an average radius of81'l1l, '6 The vesicles in which
the catecholamines are stored have an average radius of
approximately 0.15 I'm in epinephrine-containing cells.'7The
diffusion coefficient of catecholamines in free solution is D
= 6 X 10-<; em' s·,}a However, the concentration of cate­
cholamines in these vesicles is on the order of 0.5 M,'· and
they contain greater than 0.1 M ATP and significant amounts
of chromogranin, vesicular proteins.'6 The possibility exists
that this concentrated milieu may alter the diffusion coef­
ficient; a much lower value has been reported to explain the
spike shapes." In this work we compare results from a
diffusion-based model with experimental data. The results
agree, and they are consistent with the diffusion coefficient
of catecholamines in free solution when measurements are
made 5 I'm from the cell surface.

EXPERIMENTAL SECTION

Electrochemistry. Carbon fibers (5-l'm radius, Thornell
P-55, Amoco Corp., Greenville, SC, and 16-l'm radius, Textron
SpecialtyMaterial, Lowell, MA) were usedto prepare electrodea.20

The larger fiber was sealed with epoxy in a glaas micropipette,
and the tip was polished on a micropipette beveller (Model BV­
10, Sutter Instrument Co., Novato, CAl at a 45° angle, The
smaller fiber was also sealed in glaas, but with a l00-/LID length
offiber exposed at the tip. The protrudingfiber was encapsulated
by electrochemicaldeposition of 2-allylphenol,l1 and an elliptical
surface was exposed by poliahing at a 45° angle. The surface
area was 1.1 x 10-6 cm'and is equivalent in area to that ofa disk
with a radius of 6 I'm. Similarly, the larger electrode has an
equivalent radius of 20 /LID. The reference electrode employed
throughout was a sodium ssturated calomel electrode (SSCE).

Amperometry (Ea•• = 0.65 V) employed a potentiostat (EI­
400, Ensman Instrumentation, Bloomington, IN) used in a two­
electrode mode. The signal was filtered at 16 kHz, digitized with
a VCR adapter (digitization rate, 44.1 kHz, Model PCM-2,
Medical Systems Corp., Greenvale, NY), and recorded on
videotape.

Single-Cell Secretion Experiments. Primary cultures of
bovine adrenal medu1lary cells were prepared from fresh tissue.'·
The cells employed were enriched in epinephrine and cultured
as previously described (6 x l()6cellsper35-mmdiameterplate'3).
Experiments were performed at room temperature (23,0 % 0,1
·C) between days 4 and 10 of culture, For release studies, the
culture media was replaced with a solution containing 150 roM
NaCI, 4.2 roM KCI, 1.0 mM Na,HPO., 11.2 mM glucose, 0.7 mM
MgCI" 2 mM CaCl" and 10 mM HEPES (pH 7.4).

The culture plates were viewed with an inverted-stage mi­
croscope (Axiovert 35, Zeiss, Thornwood, NY). The carbon-fiber
microelectrodes with the exposed surface parallelto the cell plate
were positioned above the poleofa single cell with a piezo-electric
device (PCS-250 Patch Clamp Driver, Burleigh Instruments,
Fishers, NY). For the smaller electrode, the cell and electrode
could be viaualized simultaneously. The electrode-cell spacing
was detemlined by lowering the electrode onto the top ofthe cell
until the cell membrane was visually, elastically deformed. The
electrode was then raised and lowered in increasingly small
increments to determine the positionat which the cell membrane
just began to be deformed. This location was defmed as the cell
surface, and the value of the digital readout of the piezo-electric
positioner was noted. The electrode was raised to the desired
position above the cell using the calibration of the positioner.
The larger electrode blocked the view ofthe cell when positioned
directly over it. Therefore, the vertical position was adjusted

(16) Winkler, H.; Westhead, E. Neuroscience (Oxford) 1980,5,1803-
1823.

(17) Coupland, R. E. Nature 1968,217,384-388.
(18) Gerhardt, G.; Adams, R. N. Anal. Chern. 1982, 54, 2618-2620.
(19) Hillarp, N.·A. Acta Physiol. Scand. 1959,47, 271-279.
(20) Wightman,R. M.; Wipf, D. O. Electroanalytical Chemistry; Bard,

A. J., Ed.; Marcel Dekker: New York, 1988; Vol. 15, pp 267-353.

with the electrode displaced laterally, and the electrodewas moved
over the cell after the vertical position was established.

Solutions were locally applied to the cells from micropipettes
(",lo-/LIDo.d. at the tip) bypressure ejection (Picospritzer, General
Valve Corp., Fairfield, NJ). The micropipettes were positioned
40-50 I'm from the cell surface with a mechanical, three­
dimensionalmicromanipulator (NarishigeJapan, TOkyo,Japan),
Typical ejection pressures were 5-10 psi. Rates of delivery ofair
into mineraloil with these pipettes and pressures was detemlined
by microscopic observation to be approximately 1 nL/s.

nata Analysis. Recorded data were replayed through a
fourth-order, low-pass filter (Krohn-Hite Model 375O,Avon,MA)
and captured on a digital oscilloscope, The low-pass filter (100
Hz) was used to remove noise with minimal distortion of the
spikeshape. Locally written software was used to fmd and extract
the spike amplitude, area, and halfwidth. Signals were designated
as spikes if the amplitude was five times greater than the rIDS

noise measured over a baseline of83 IDS, The routines employed
a multiple-pass algorithm to determine each peak position and
its beginning and end. Thus, spike identification was objective
rather than subjective as might occur with visual spike identi­
fication.

Finite Difference Simulation. Digital simulations of dif­
fusion from a point source into a semiinimite media were
performed using an explicit fmite difference method, Secretion
was modeled as an instantaneous point source on a flat planar
surface located a distance I under a solid cylinder of radius r
whose endserved as the electrode. A two-dimensional, cylindrical
geometry (grid size: 129 x 129) was employed when the point
source was located on the symmetry axis of the system. The
dimensionless variable employed was T" = Dtf12 with dimen­
sionlesscoordinstes: u =dfr; v = zfl (dis the off-axiscoordinete,
z is the vertical coordinate). To ensure stability, AT*/AI' (AI =
Au = Av, the dimensionless space increment; AT", the dimen­
sionless time increment) was kept at 0.1; an increase in the time
increment led to a corresponding increment in AI. At initial
times (diffusion profile smaller than O.lv) the analytical solution
for point-source, sphericaldiffusion was used todescribe diffusion
from the planar surface to avoid instability caused by discon­
tinuities in the concentration profiles. The size of the grid
elementswas increasedstepwiseas a function ofdistancetoensure
that at any time, the concentration at the outer limits of the
space grid was lees than 10-' of the initial concentration.

To evaluate diffusion from a point source that is displaced
from the symmetry axia, a three-dimensional grid with cartasian
coordinetes (32 space elements in each direction) was used. The
dimensionless coordinstes were X = %/r; Y = yfr; Z = zfr with
Al = Ax = Ay = Ax as the dimensionless space increment.

The simulations were run with two different boundary
conditions at the electrode surface. To simulate amperometric
detection the surface concentration of the diffusing species was
set to zero. The computed flux into the surface was converted
to current by i = nFA (dCfdz),_.). Simulations were also run
without consumption at the electrode surface, and the electrode­
surface concentration was monitored as a function of time.

Random Walk Simulation. Diffusion into semiinfinite
media from a point source to a disk-shaped electrode of radius
r was also simulated with a three-dimensional random walk
technique.21 To replicate the fmite difference simulations, the
point source was located on a plane at a distance I beneath the
electrode andat the center ofsymmetry. Alternatively, the point
source was confmed to the surface of a hemisphere of radius Rh

located on an infinite plane, withthe electrode positioned parallel
to the plane. With this geometry the point source was located
at the pole or base of the hemisphere or on one of the grid lines
shown in Figure 1. The electrode contained an insulatingsurface
around its circumference with a thickness w (w = 1 and 10 /LID
for r = 6 and 20 I'm, respectively, corresponding to the
experimental conditions used inthis work), Initially, the particlaa
were placed on the secreting surface and, in each subsequent
time interval, particles were allowed to move %1 unit length in
each of the Cartesian coordinstes. Typically 50 000 particles
were used, and the simulations were normalized to the experi-

(21) Berg, H. C. Random Walks in Biology; Princeton University
Press: Princeton, NJ, 1983; pp &-12.
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mentaldata. Thedimensionlesslengthofeachstepwasoptimized
for accuracyandwasalways leas thanone-tenthof I. Thedirection
ofmovement was determined by a random number generator for
each particle. Attempted movement into the cell membrane.
the infinite plane. or the insulation of the electrode resulted in
no movement for that time interval Movement to the surface
of the electrode resulted in consumption of the particle (am­
perometricmode) and was countedas a measurementevent. The
simulation was continued until all particles were consumed or
for 3000 time iterations. Longer simulations did not alter the
resulte for the distances involved.

The simulation and experimental geometry differ in that the
shank of the electrode is at an angle (45°) with respect to the
plate surface. Since the surface of the experimental electrodes
is elliptical. this geometry was incorporated in the random walk
simulations used for comparison with the experimental data.
Because an ellipiticalsurface centered over a hemisphere is not
a symmetrical system, the point sources were placed below the
minor and major axes, and the reported values are the average
of these two.

Reagents. The culture medium. Dulbecco's ModifiedEagle's
Medium/Ham's F12 Medium, was obtained from Gibco Labo­
ratories (Grand Island. NY). Collagenase (Type I) for digestion
ofglands was obtained from Worthington Chemicals (Freehold,
NJ). Renograf"m-60 was purchased from Squibb Diagnostics
(New Brunswick, NJ). All other chemicals were reagent grade
from Sigma (St. Louis. MO). and solutions were prepared with
doubly distilled water.

Point Source Diffusion from a Pl8l18l' Surface. Dif­
fusion from a point source located on an infmite, inert plane
to a disk-shaped electrode symmetrically located above the
source and parallel to the plane was simulated for different
vertical separations between the electrode and the plane. The
fmite difference method. which uses the integrated form of
Fick·slaws. gave smoother curves for the electrode flllJ[ than
the random walk method which uses a fmite number of
particles(comparethenoiseinFigures2Band3A). However.
the spike shape, its maximal current (i.,). its width at half­
maximal amplitude (tlj'>. and the integrated area (Q) were
identical with both methods. thus confirming the utility of
the random walk method.

Finite difference simulations of the amperometric current
are shown in Figure 2A for different distances between the
electrode and the point source. Normalization of the time
axis of the individual spikes by tlj' and normalization of the
current by im leada to curves which cloeely overlap (Figure

2B). Thus the distance of the electrode from the secreting
surface does not affect the normalized shape of the spikes
within the precision of the experimental measurements. The
value of Q decreases with increasing vertical displacement of
the electrode from the point source and can be seen as a
decrease in thecoulometric-collectionefficiency (QJQ....where
Q... is thechargewhichcorresponds to the moleculesoriginally
in the point source (Qves = nFN.,..) (Table I».

Empirically. the values for im, given in dimensionless form.
follow eq 1 for different values of the electrode radius (r) at
a distance I from the point source:

log [(4...3j',olnFDN...)im] =

1.52 - 2.70 log [liT] - 0.959{log [lIr]}' (1)

Similarly. the dependence of tlj' is given by

log [(D/,o)t lj .] =

-0.539 + 1.80 log [liT] + 0.217{log [llr])' (2)

These expressions are valid for values of IIr from 0.25 to 4.0.
Simulations of the surface concentration profile for the

case where the electrode does not consume the diffusing
species are shown in Figure 2C. This case corresponds to an
electrode sampling technique such as repetitive chron<r
amperometry or fast-scan cyclic voltammetry in which the
concentration is sampled rapidly and with sufficient time
between measurements that diffusion from the point source
is not perturbed by a concentration gradient at the electrode.
Again, the curves superimpose when normalized (Figure 2D).
Although the spikes have shapes similar to thoee in amper­
ometry, the spikes are broader at small values of Ilr. This
difference is a result of the additional diffusion gradient
induced by the electrode in amperometry. The values for
the average maximal, surface concentration. Cm• given in
dimensionless form. were found to be a function of IIr for
values of this ratio between 0.25 and 4 according to

log [(4...3j'r3/N",>Cml =

1.03 - 2.17 log [llr] -1.06llog [lIr]}2 (3)

The values of tlj' are given by

log [(Dlr')t lj.] =
-0.235 + 1.17 log [liT] + 0.924llog [lIr])' (4)

Whereas tlj' varies approximately with the square of llr in
the amperometricmode, itvaries approximately linearlywith
this ratio when the concentration at the electrode surface is
not perturbed.

Diffusion from the Pole of a Hemispherical Surface.
Random walk simulations from a point source at the pole of
ahemisphericalsurface (Rh = 81'lD) to a 6-1'lD radius electrode
with the geometry shown in Figure 1 were generated. As the
vertical distance between the pole and the electrode is
increased. im and tlj' alter in a way similar to that for the
planar geometry. and the normalized spikes cloeely overlap.
The collection of particles as a function of the vertical
displacement between the electrode and point source de­
creases to a greater degree than with the planar modeL For
example, for a 6-l'm radius electrode located 5 I'm from the
pole of the hemisphere, 64% of the quantity of the point
source is collected. whereas 75% is collected from a source
on a planar surface (Table I).

To examine whether the fmite size of the vesicle alters the
point source approximation. random walk simulations were
constructed inwhich the initial concentrationsourceoccupied
a volume of inverted hemispherical geometry (rves = 0.151'lD)
at the pole of the hemisphere (Rh Z 8 I'm), and the electrode
(r =6 I'm) was located 11'lD away with D =6 X 1()-6 em' S-I.
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Figure 2. FinRe difference simulations of diffusion from a point source
located on a plane in semlinflnRe media. (A) Dimensionless plots of
amperometric current simulated for 1/, ratios of 0.5 (largest trace),
0.71, 1, 1.4, and 2. Abscissa: T = to/I', ordinate: if; =
~4""121'/nFDN.",,). (B) Normalized curves from A (see text). (C)
Dimensionless surface concentrations (electrode does not consume
material) for the same values of 1/r as In A. Ordinate: X =
(4""/2t"/N.",.)C.",,, where c."" Is the average surface concentration.
(D) Normalized curves from C.

The value of t 1/2 increased from 0.75 InS with the point source
to 0.86 InS. Thus, the effect of fmite vesicle size is small and
is negligible with 5-"m spacing between the electrode and
hemisphere.

Effect ofLocation ofthePoint Source. With the planar
configuration, the characteristics of the spikes are virtually
insensitive to the radial position of the point source with
respect to the axis ofsymmetry as long as it originates within
the projection of the electrode circumference on the plane.
However, simulations of secretion from the hemispherical
source (Figure 3) show that the results depend upon the
electrode size and the axial position of the point source on
the hemisphere. Amperometric curves were simulated for
two different electrode sizes and for point sources located at
the pole, the base, and at lines spaced equally apart in the
axial direction on the hemisphere (Figure 1). These lines
separate the surface into equal surface area segments and
provide a way to simulate random release sites distributed
over the surface.

As before, the shape of the normalized curves overlap
(Figure 3A). The value of t

'
/2 increases (Figure 3B) and im

decreases (Figure 3e) as the axial position ofthe point source
is moved toward the base of the hemisphere. These changes
are greater than for an increased axial separation with the
planar geometry. The similarity of the last three values of
t
'
/2 is because the particles are not allowed to enter the plane

at the base of the hemisphere, and are reflected from this
region. Note that the larger electrode has a more uniform
value of Q/Q... (Figure 3D). Inspection of Figure 1 shows
that particles from a point source located near the base have
a circuitous route to reach an electrode which is smaller than
the hemisphere from whose surface secretion occurs. Thus,
broad, diffusionally controlled spikes detected with the
smaller electrode will contain only a partial quantity of the
amount present in the original source.

In summary, the simulations show that the diffusion­
controlled current spikes that arise from concentration
packets which originate at a hemispherical surface will have
the following characteristicswhen detected amperometrically.
First, spikesshouldsuperimpose when normalized as in Figure
2B. Second, the values of tl/2 will reflect the diffusional
distance and diffusion coefficient at a fixed electrode-cell

Figure 3. Characteristics of spikes simulated by the random walk
procedure for the geometry shown In Figure 1 (S-"m hemisphere­
electrode speclng, D = 6 X 10-" cm' s-'). The axial posRions of the
point sources on the surlace of the hemisphere are 5 I'm (pole), 13
I'm (base), or at the axial posRions shown by the horizontal lines In
Figure 1. (A) Spikes normalized to their respective maximum currents
(~) and width at haW heights (t1l2) for simulations with the dimensions
shown In Figure 1. To remove noise caused by the flnRa number of
pertlcles employed, curves were smoothed with a moving average
employing 2n + 1 points, where n Is the number of volume elements
between the InRiaI point source and the electrode surface. (8) WIdth
at haW helgrt. Solid circles: , = 6 I'm. Solid squares: , = 20 !£rn.
(C) Normalized maximum currents for r = 6 !£rn (solid circles) and r
= 20 !£rn (solid squares). The normalization factor, ~. Is the current
detected with r = 20 I'm and the point source located at the pole 01
the hemisphere. (D) Coulometrlc-collectlon efflclency (0/0-) for r =
6 I'm (solid circles) and , = 20 !£rn (solid squares).

Table I. Coulometric-Collection Efficiencies (Q/Q_) for a
6-jdIl-Radius Electrode as a Function of Source-Electrode
Spacing Evaluated at 10 tl/. Values after Point Source
OccUl"ance-

axis! hemi- axis! hemi-
position, planar spherical position, planar spherical- geometry geometry I'm geometry geometry

0.1 1.00 1.00 5.0 0.75 0.64
0.2 1.00 1.00 6.0 0.67 0.55
0.5 1.00 1.00 9.0 0.52 0.43
1.0 1.00 0.99 12.0 0.39 0.31
2.0 0.98 0.93 20.0 0.21 0.17
3.0 0.92 0.83 30.0 0.12 0.09
4.0 0.82 0.71

a Point sources were placed on the axis of symmetry of a planar
or hemispherical surface, and diffusion was simulated. with D = 6 X
10-" em' S-I.

spacing. Third, the coulometric-collection efficiencydepends
onthe size ofthe electrodeas well as the cell"'i!lectrodespacing.

Characteristics of Spikes Measured with an r = 61£ID
Electrode. A representative trace recorded with a carbon­
fiber electrode (r =6 I£ID) placed 5 I'm from a bovine adrenal
medullary cell is shown in Figure 4. Secretion was induced
by 100 I'M nicotine introduced onto the cell surface from a
pressure-ejection pipet. Spikes of variable amplitude and
width are clearly resolved from the baseline noise. When the
spikes are superimposed, a wide range of im and tl/2 values
are apparent. However, when normalized by im and t'/2, the
curves superimpose and have the same shape as predicted for
diffusion from a point source on a hemispherical surface. The
normalized shape of 684 randomly selected spikes measured
with the, =6-"m electrode were correlated with the diffusion
based model. The average correlation coefficient was 0.9074
when the data and model were compared over a width oHour
t'l' values beginning with one tl/2 value before the spike
maximum.
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Figure 4. Amperometrically detected (E... = 0.65 Vvs SSCE) spikes
measured with a 6-1'm-radius electrode, 5 I'm from the pole of bovine
adrenal medullary cell during exposure of the cell to 100 I'M nicotine.
(Al Amperometric recordings. (B) Spikes marked by asterisks in A
superimposed. (C) Spikes from B normalized by im and t1l, super­
imposed. The solid line is a spike simulated as in Figure 3A.
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Figure 5. Logarithm of the maximumamperometric currents (in) plotted
as a function of logarithm of their widths at half height (t

'
l2) fo< 1044

spikes measured at seven cells during exposure to 100 I'M nicotine
with a 6-l'm radius electrode located 5 I'm from the pole of the cells.
(A) Each circle represents an individual spike, and the ,,,,tical lines are
the upper and lower bounds simulated fo< t1l, using the conditions in
Figure 1andD= 6 X 10-6 em's". (B) Contour plot of the same data.
Horizontalline: average rms noise in the Cln'ent measurefnents. Closed
circles: average maximum currents for the data which lies between
the points given in Figure 3B for this geometry.

Evaluation of the experimental spikes in l;erInS of the
simulated curves is complicated by variability of biological
origin. This is illustrated in Figure 5A where the logarithm
of im for all spikes detected from seven cells during three
successive exposures to 100 !LM nicotine is plotted versus the
logarithm of its t'l" These data were obtained with a 6-l'm­
radius electrode positioned 5 I'm from the cell pole. The
solid lines on the t'l' axis (at 12 and 108 ms) represent the
limits for diffusion-controlled transportofthe catecholanJines
as determined from the simulations using the diffusion
coefficient of catecholamines in free solution (f; X 10-6 cm'
S'l). Of the 1044 spikes, only 8.5% have t'l' values less than
12 ms, and 5.4 % have values greater than 108 ms.

When evaluated as a contour plot (Figure 5B) the wide
distribution of i m values at each value of tlj2 is Jnore readily
evaluated. This range of amplitudes is not unexpected
because the vesicles have a broad diatribution of radii" and
would be expected to contain a broad range ofcatecholamine
contents. The closed circles in this figure are the average im

values determined between values of t'l' obtained from the
simulations of this geometry (Figure 3B) using the solution
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Figure 8. (A, B) Histograms of the widths at haff height (/112) from
experiments with the electrodes located 5 I'm above the pole of the
cell. The cells were exposed to 100 I'M nicotine, detection was
amperometric, and the bin size is 10 ms. (A, C) Measurements with
6-1'm-radius electrode. (B, Dl Measurements with 20-1'm-radlus
electrode. (C, D) Histograms of the same data in Aand B, respectively,
but with the bin size determined by the square root of /11" The unfilled
bars Indicate data which falls outside the limits predicted by random
walk simulation with the appropriate dimensions and D = 6 X 10-' em'
S-1.

diffusion coefficient. At small values of t'l' the average im

decreases in a manner consistent with the simulations (Figure
3C). However, at values of t II' greater than 55 InS the average
im values become independent of t'l', inconsistent with the
simulated results. Inspection of the contour plot shows that
truncation ofthe distribution of spikes occurs at larger values
of t'l' because the currentamplitudes for some spikes become
comparable to the cutoff of the spike-fmding program
determined by the noise level (horizontal line) of the
measurements. For this reason, the distribution of current
amplitudes at small values of t'l' is taken as more repre­
sentative ofthe range ofevents which occur at the cell surface.

Characteristicsof Spikes Measured with an r = 20 I'm
Electrode. As with the smaller electrode, spikes measured
with the r = 2Q-l'm electrode have widths athalfheight varying
from 5 to 250 ms. Correlation of the normalized shape of 733
randomly chosen spikes with the diffusion-based model gave
a correlation coefficient of 0.8737. Of the total of 825 spikes
measured at four cells (each stimulated three times), 24%
have a t'l' value less than 15 ms, the value obtained by
simulation for this geometry and the free solution diffusion
coefficient, whereas 9% had t'l' values greater than 92 ms,
the maximum spike width expected. Thus, the fit with the
diffusion-based model is not as good, but the error in
positioning is greater with the larger electrode since it blocks
the view ofthe cell. Plots ofthe data obtained with the larger
electrode similar to Figure 5 show that the diatribution of
spikes identified is also truncated at larger values of t'/2
because of the signal-to-noise ratio. The noise was greater
(Himes larger than the small electrode) because ofthe larger
capacitance associated with the increased electrode area.22

When the data was purposely overfJltered (20 Hz) to look for
additional spikes with t'l' values greater than 92 ms, only
10% more were found.

Distribution of Spike Widths. Histograms of the values
of t'i' determined at several cells with a 5-l'm cell-electrode
spacing are shown in Figure 6A,B for electrodes of two
different radii. Histograms with bins determined by (t'/.)'/'
are shown in Figure 6C,D. This approach was chosen because
the simulated data in Figure 3B are approximately linear

(22) Howell, J. 0.; Kuhr, W. G.; Ensman, R. E.; Wightman, R. M. J.
Electroanal. Chem. Interfacial Electrochem. 1986,209,77-90.
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Figure 7. Experimental spikes measured with r =6-)Lm electrode and
normalized by t1/2 and im and superimposed on the normalized dlffuslon­
based model. Points: experimental data. line: diffusion-based model.
(A) im = 65 pA, /112 = 38 ms, r = 0.9908. (B) 1m= 72 pA, /112 = 15
ms, r = 0.9054. (Cl im = 78 pA, /112 = 35 ms, r = 0.9880.

when (t'/2) 112 is plotted against axial position. Since the region
between each simulated tl/2 point describes a region of equal
surface area, such a plot should show bins equally filled if the
concentration spikes originate uniformly over the surface.
Previous immunofluorescence studies suggests random sites
ofexocytosis,23,24 and our measurements with dual electrodes
support this view.',ll Within experimental error these
expectations seem to be met for small values of t'/2 at both
sizes ofelectrode. At larger values, both electrodes have fewer
events in each bin. However, as already noted, some spikes
with large values of t'/2 are lost in the noise. From these
considerations it appears that less than 50% of the number
of spikes which originate on the hemispherical surface of the
cell are detected with both sizes of electrodes. Although
simulated results suggest more efficient detection of spikes
with the larger electrode, its increased noise negates this
advantage.

Correlation coefficients of the normalized spikes which lie
within the range of t l /2 values expected with the diffusion­
based model were determined. The values were 0.9151 for
the smaller electrode (n = 601 spikes evaluated) and 0.8992
for the larger electrode (n = 602 spikes evaluated). Three
spikes measured with the smaller electrode are given in Figure
7 and illustrate the quality of fit ofthese spikes. An excellent
fit is obtained in Figure 7A; a fit representative of the average
is shown in Figure 7B. Some spikes showed an increase in
current before the main spike (Figure 7C), a feature that has
been reported previously."

In view ofthe uncertainty in the electrode position and the
variability in cell radii, the data obtained with 5-)Lm cell­
electrode spacing show a reasonable fit with the diffusion­
based model. Thus, it appears that the spike shape is
predominantly determined by transport of a packet of
catecholamines released at random locations on the cell
surface to the electrode with a rate determined by the free
solution diffusion coefficient. Because the half-widths are
linearly dependent on the diffusion coefficient (eq 2), its value
can be determined quite readily.

The spikes with tl/2 values greater than 100 ms (unshaded
bars, Figure 6C,D) do not agree with the model. They were
individually examined and have the shape expected for
diffusion, similar correlation coefficients to the narrower
spikes, and do not appear to be the result of overlapping,
coincident spikes. Their presence in these histograms may
reflect geometrical errors in the placement of the electrodes.
Alternatively, there may be slow events associated with
exocytosis that precedediffusion to the electrode. Preliminary

(23) Hesketh, J. K; Ciesielski-Treska, J.; Aunis, D. Cell Tissue Res.
1981,218,331-343.

(24) Phillip8, J. H.; Burridge, K.; Wilson, S. P.; Kirshner, N. J. Cell
Bioi. 1983,97,1906-1917.

Q (pc)
Figure 8. Histograms 01 spike charge (Q) detected In the two
experiments described in Figure 6. Only spikes wtth 1112 values between
10and 30 msare included. TheblnsizelsO.2pC. (A)Chargemeasured
with 6-)LITl-f'adlus electrode. (B) Charge measured wlth 2ll-)Lmelectrode.
In each histogram, the solid line Is a nonlinear least-squares fit 01 the
probability density function previously derived lor this type 01 histogram."
The correlation coefficient lor A Is 0.908 and Is 0.885 for B.

data sugge"t that there is much poorer agreement with a
diffusion-bused model when the electrode is placed closer to
the cell surface. Indeed, such features should be more
apparent with closer spacing where diffusional broadening
plays less of a role.

InterprE'tation of the Spike Areas. The integral of an
individual spike gives by Faraday's law the quantity of
material detected per spike. Histograms of the spike areas
of spikes with h/2 values between 10 and 30 ms are given in
Figure 8 for measurements made with a 5-)Lm electrode-cell
spacing atthe 6- and 20-)LID-radius electrodes. Thehistograms
both show the skewed shape we have reported earlier." The
shape is that expected when the variation is due to the range
of volumes ofvesicles.25 The solid line superimposed on the
histograms is a probability density function based on a
constant concentration in each vesicle, a two-electron oxi­
dation proc·ess, and a gaussian distribution of vesicle radii."
With the use ofthe mean and standard deviation ofthe vesicle
radii," the best-fit line shown was obtained with only the
vesicular concentration as an adjustable parameter. Values
of 0.17 and 0.33 M are obtained for the 6- and 20-)Lm-radii
electrodes, respectively.

Note, however, that these values, and those we reported
earlier," are not corrected for the coulometric-collection
efficiency. For the bins employed, simulations show that on
average 48% ofthe material secreted is detected for the 6-)Lm­
radius electrode, whereas 90 % i..-detected with the 20-)Lm­
radius electrode. With these corrections the values for the
estimated vesicular concentration is 0.36 M at each size of
electrode, close to a previous estimate." The success of this
approach further supports the validity of the diffusion
controlled model to describe the measured events at the cell­
electrode spacing employed.

CONCLUSIONS

Fusion of vesicles with the cell surface results in the
extrusion of the vesicle contents into the extracellular space.
In this paper we have modeled this phenomenon as an
instantaneous point source at the surface of a hemisphere
which diffuses to the electrode. The individual spike shapes
and their range of half-widths measured with two different
electrode sizes are consistent with the model when the free
solution diffusion coefficient is employed. Thus, we conclude

(25) Beckers, J. M.; Richerson, G. B.; Stevens, C. F. ?roc. Nat!. Acad.
Sci. U.S.A. 1~90, 79, 5359-5362.
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that the temporal spike characteristics measured with a 5-/Lm
cell pol_lectrode spacing is a result of mass transport of a
concentration packet from the cell surface to the electrode
by diffusion. Analysis of the data suggests that spikes
originating far from the electrode are lost in the noise. In
addition the modeling shows that diffusive losses are quite
extensive with the smaller electrode. Correction for these
losses allows a more accurate estimate of the vesicle con­
centration to be made.

Despite the overallagreementofthe dataand the diffusion­
based model, there are suggestions in the data that factors
involved in the exocytotic process may also be evident. The
prespike feature (Figure 7C) has been attributed to formation
of a preexocytotic state formed between the vesicle and cell
membrane." We have observed that the average area of all
detected spikes remains constantwith cell-electrode spacings

ofl,3,and 51Lm,1lwhereas thediffusion-based theorypredicts
an increase incoulometric-collection efficiencywith decreased
spacing (Table I). Future experiments with smaller cell­
electrode separations will be required to clarify these issues.
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Hydrogen Peroxide and {j-Nicotinamide Adenine Dinucleotide
Sensing Amperometric Electrodes Based on Electrical
Connection of Horseradish Peroxidase Redox Centers to
Electrodes through a Three-Dimensional Electron Relaying
Polymer Network

Mark Vreeke, Ruben Maidan, and Adam Heller'

Department of Chemical Engineering and Materials Science and Engineering Center, The University of Texas at
Austin, Austin, Texas 78712-1062

HycWgen peroxide Is eIIIcIentIy eIec:lroreduced at an.1ectrocIe
modified wHh a hydrophile, perm.able tIIm of ho.-adIsh
peroxidase (HRP) covalently bound to a 3-cImensIonai epoxy
n.twork having polyvinyl pyridine (PYP)-compl.x.d
[Oa(bpy).clf+/z+ redox centers. T1le sendhrlty 01 the resulting
H.O. cathocl. at 0.0 Y (SeE) Is 1 A cm-' M-'. Its curr.nt
Incr.ases IIn.arly with H.o. conc.ntratlon In the 1 X 10-7-2
X 10'" M rang•• R.lated NAD(P)H cathodes are based on
stoichiometric homogeneous reduction of O. to H.O. by NADH
or NAD(P)H. T1le reduction Involves two known sleps. In
the fIrsl slep, NAD(P)H tr....rs two eIectroM and a proton
to a dJssolved quinoid. T1le qulnokIs are typIcaly dertved 01
p/lenaZJnes; however phenothlaz.... and phenoxazlne dertv­
atlves ..e also useful In the second slep, two electrons and
a prolon are transferred from the reduced qa*lokl to 0.. This
reaction procIuces H.o. and the orlglnal quinoid. Because the
two reactions are quantitative, the sendhrlty and the lnear
range of the relUltlng NADH and NADPH eIectrocIes ..e
Identical with tho8e of the H.O. electrode, 1 A cm-' M-' and
1 X 10-7-2 X 10""' M, respectively.

particularly those of Miller,7-10 Gorton," and Kulys,'2,13
developed electrodes on which reaction 1 proceeds rapidly at
low overpotentials. The most successfulelectrodes, of which
Gorton's phenoxazine-derivative and Kulys' phenazine-based
electrodes are examples,a-16 utilize electrode-bound, elec­
trode-adsorbed, or freely diffusing mediators having quinoid
structures in their oxidized state. The quinoids effectively
catalyze reaction 1 at potentials near 0.0 V (SCE).

Here we consider a more complex but nevertheless very
fast and efficientsetofcoupled reactions for the amperometric
assay of NAD(P)H. The fIrst is a homogeneous solution
reaction, exemplified by (2), where, as in the electrode

PMS+ + NADH - PMSH + NAD+ (2)

reactions of Miller, Kulys, and Gorton, two electrons and a
proton are transferred from NAD(P)H to a quinoid mediator.
A particularly effective mediator is the water-soluble 5­
methylphenazonium cation (PMS+) which is quantitatively
reduced by NAD(p)H to 5-methylphenazine (PMSH). PMSH
is next reoxidized to PMS+ by dissolved molecular oxygen
which is, in turn, reduced to H,O, (reaction3). With reactions

INTRODUCTION (3)

Selective electrooxidation ofNADHand NADPHcofactors
(reaction 1) of enzymes allows, in principle, amperometric
assay of a substantial number of biochemicals. When the

2 and 3 being quantitative, each mole of NAD(P)H produces
1molofH20,. H,O, is then assayed through electroreduction
on the "wired" peroxidase electrode (reaction 4). Several

(1) (4)

electrooxidation products are the cofactors NAD+ or NADP+,
these can be enzymatically rereduced and electrocatalytic
enzyme electrodes !'aD be made. The reversible potential of
the NADH/NAD+ couple is -{l.56 V (SCE) at pH 7.

'
Because,

the reaction involves the concerted transfer of two electrons
and a proton, it is usually slow, proceeding at practical rates
on most electrodes only at high overpotentials. At these high
overpotentials reaction products of NADH and other con­
stituents of biological fluids that are also electrooxidized
interfere with the amperometric assays of NAD(P)H.2.3
FollowingElving'sdefurition ofthis problem,.... severalgroups,

(l) C1a7k, W. M. Oxidation-Redlu;tionPotentiols ofOrganic Systems;
William and Wilkins: Baltimore, 1960.

(2) Mououx, J.; Elving, P. J. Anal. Chem. 1979,51,346-50.
(3) Blaedel, W. J.; Jenkins, R. A. Anal. Chem. 1975, 47, 1337~43.

(4) Same<, z.; Elving, P. J. J. Electroanal. Chem. Interfacial Elec-
trochem. 1983, 144, 217-34.

(5) Elving, P. J.; Bresnahan, W. T.; MoiToux, J.; Same<, Z. Bioelec­
trochem. Bioenerg. 1982, 9, 365--78.

(6) Mouo"", J.; Elving, P. J. J. Am. Chem. Soc. 1980, 102, 6533-8.
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previously reported detection schemes for NADH and NAn­
PH have utilized reactions 2and 3, amperometrically sensing
the depletion of oxygen",I. or spectrophotometrically mea-

(7) Degrand, C.; Miller, L. L. J. Am. Chem. Soc. 1980, 102, 5728-32.
(8) Kitani, A.; So, Y. H.; Miller, L. L. J. Am. Chem. Soc. 1981, 103,

7638-4l.
(9) Fukui, M.; Kitani, A.; Degrand, C.; Miller, L. L. J. Am. Chem. Sac.

1982,104,28-33.
(10) Lau, N. K.; Miller, L. L. J. Am. Chem. Soc. 1983,105,5271-84.
(11) Gorton, L.; Csoregi, R; Domingues, E.; Emneus, J.; Jonsson­

Petterson, G.; Marke>-Varga, G.; Persson, B. Anal. Chim. Acta 1991,250,
203--48.

(12) CeDas, N. K.; Kanapieniene, J. J.; Kulys, J. J. J. Electroanol.
Chem. Interfaciol Electrochem. 1985, 189, 16:Hl.

(13) Kulys, J. J. Biosensors 1986,2,3-13.
(14) Gorton, L.; Torstensson, A.; Jaegfeldt, H.; Johansson, G. J.

Electroanal. Chem. Interfacial Electrochem. 1984, 161, 103-20.
(15) Persson, B.; Gorton, L. J. Electroanal. Chem. Interfacial Elec­

trochem. 1990, 292, 115--36.
(16) Bremle, G.; Persson, B.; Gorton, L. Electroanalys;' 1991,3,77­

86.
(17) Polster, J.; Schmidt, H.-L. Talanta 1989,36, No. 8, 864~.
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Table I. Amperometrie B,O, SenBOrs Baoed on HRP-Modif"1ed Electrodes
sensitivity linear

electrode mediator or electrode (Acm-2 range
surface redox matrix potential" M-I) VMl comments ref

glassy carbon none 0.0 10-2 HRP covalently bound to a hydrophilic this work
epoxy network; polyvinylpyridine-derived
polyamine croes-linked with PEGDGE

glassy carbon polymer I 0.0 0.1-100 HRP covalently bound to hydrophilic this work
epoxy network; polymer I croeslinked
withPEGDGE

spectrographic Donee 0.05 0.175 0.1-500 BSA with glutaraldehyde Cl'OII&-linking 36
graphite

carbon paste <>-phenylenediamine" -(l.15 NAb 3.1-200 butanone peroxide used as the subetrate 37
Pt hexacyanoferrate (0.01 Mid -(l.05 e 5-1700 HRP immobilized onto a Nylon net 38
NMP+TCNQ- nonel 0.05 0.168 HRP entrapped with dialysis membrane 39
SnO, ferroceneearboxylic acidd 0.2 0.04 0.01-1 HRP immobilized with glutaraldehyde 40
carbon paste ferrocened 0.05 NAb 0.1-10 Nafion coating applied to the electrode 41

to prevent loes of mediator
graphite foil potassium -(l.02" 0.03 <600 electrolyte was dioxane with 15% 42

hemcyanoferrate(ll)d aqueous buffer
carbon fiber' none h 40-5000 biotin/avidin complex used to obtain a 43

surface layer of HRP
Pt, organic metal, potassium ferrocyanide membrane with albumin and glutaraldehyde 44

or glassy carbon
spectrographic hemcyanoferrate(ll)d 0.0 0.1-1000 HRP immobilized on arylamino-derivatized 45

graphite or controlled-pore glass, packed into a flow-
carbon film through reactor

aminosilylated hexacyanoferrate(ll)d 0.0 glycerophosphate oxidase, HRP, and BSA 46
glassy carbon covalently croes-linked on the glassy

carbon surface
glassy carbon hexacyanoferrate(I1)d 0.0 albumin, glutaraldehyde, HRP, and 47

oxidase (xanthine, uricase, glucose)
matrix held close to the electrode with
a dialysis membrane

gold or graphite several· k 2.Oi 0.05-& HRP free in solution 46

" Potential VB SCE. b Macroporous electrode. The true surface area is unknown. ' Uncertainty as to whether the surface species created
during electrode pretreatment are mediating. d Freely diffusing mediator.• Flow system. f Probably mediated by the soluble component of
the organic metal or the reaction product of the organic metal. g Microelectrode. • Cyclic voltametry used to provide selective detection of
oxygen generated by autocatalytic decomposition of hydrogen peroxide. ; HRP incorporated into a bi~e system. j Best reported result
for ferrocenemonocarboxylic acid. • mediators used and redox potential: [Ru(NHa)bPy](CIO<l, - +28, CpFeC,BsHll = -8.0, 1,1'-dimethyl­
3-(2-aminoethyl)ferrocene = +75, (2-aminoethyl)ferrocene = +185, ferrocenemonocarboxylic acid = +275, (aminomethyl)ferrocene = +309
mY.

(24) Gregg, B. A.; HeUer, A. J. Phys. Chem. 1991,95,5970-5.

3, these cofaetors are also detected at the same potential with
the same sensitivity.

o

,:7,

"'N

EXPERIMENTAL SECTION

Reacents. Horseradishperoxidase (HRP) E.C. 1.11.1.7 (Sigma
P-8375 Type VI, 260 units/mg) was used. Poly(ethylene glycol
6OOdiglycidylether), teehnicalgrade (PEGDGE) was purchased
from Polysciences (Catalog No. 8211). The osmium redox
polyamine (polymer I, Figure 1) was synthesized as described
previously." NADH and NADPH were purchaeed from Sigma
(340-110 and N-1630, respectively). 5-Methylpbenaoonium
methyl sulfate was from Aldrich. Other mediators were from
Aldrich or Sigma. All chemicals were used as received.

Electrode Construction and Preparation. Rotating disk
electrodes were madeofa l-emlength of3-mm-diametervitreous

,:71

'"N.
I

9H2

9H2

NH,
.,.... 1.~ of the electron-<.....yIng redox polymer (m =
1; n • 3.35; 0 • 0.6). After cross-llnklng wllh PEGDGE, ~ forms a
3-<lImensionai networl< that Is able to relay electrons to covalently
bound HAP. The polymer Is referred to as polymer I.

suring the H 20 2 generated,19-21 We now add to these
amperometric reduction of H 20 2 on peroxidase, electrically
connected (wired) through a permeable 3-dimensional redox
polymer network to an electrode. Several horseradish per­
oxidase modified diffusionally mediated and mediatorless
type electrodes have been earlier described. Their charac­
teristics are comparedwith thewired HRP electrode in Table
I.

In the wired HRP electrodes electrons from the electrode
are relayed to the eD2Yllle through a redox epoxy network to
which the enzyme (HRP) is covalently bound. The centers
consistof [0s(bpY)2CI]3+/2+, complexed to polyvinylpyridine.
The HRP and the redox polymer are cross-linked into a
3-dimensional epoxy network with a water-solublediepoxide.
In earlier papers we showed that the resulting redox epoxy
accepts eleetrons from substrate-reduced OD2YIIles, relaying
these to electrodes.22,23 Here we show that the network also
relays electrons in the reverse direction from the electrode to
a bound eD2Yllle. Network-bound HRP is efficiently elee­
troreduced at 0.0 V (SCE), and H 20 2 is detected with 1 A
cm-2M-I sensitivity. Because NAD(p)H concentrations are
stoichiometrically translated to H.o2through reactions 2 and

(18) Huck, H.; Schelter-Graf,A.; Danzer,J.; Kircb, P.; Schmidt, H.-L.
Analyst 1984, 109, 147-50.

(19) Williama, D. C., III; Seitz, W. R. Anal. Chem. 1976,48, 147&-81.
(20) Eur. Pat. Appl. EP 317070, 1989.
(21) Eur. Pat. Appl. EP 285998, 1988.
(22) Gregg, B. A.; Heller, A. J. Phy•. Chem. 1991,95, 5971HlO.
(23) Pisbko, M. V.; Katakis, I.; Lindquist, S.-E.; Heller, A. Mol. Cry.t.

Liq. Cryst. 1990,190,221-49.
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Figure 2. CycliC voltammogram ofa vllreous carbon electrode mo<IfIed
with the Schiff base formed of polyaldehyd&--~Pand polymer I without
[Os(bpy),Cr]3+12+ eleclron-relaying centers, addllIonally cross-llnked
with PEGOGE: (A) no H,O,; (8) 0.1 mM H,o,. Condlllona: aerated pH
7 physiological phosphate buffer (PBS) solution; scan rate 2.5 mV s-';
500 rpm.

Potential vs SCE, mV

FIgure 3. Electrode as In Figure 2. but with [Os(bpy),CIj3+/2+ electron­
relaying centers (polymer I) (1:5 enzyme 10 polymer I rallo): (A) no
H,O,; (8) 0.1 mM H,O,; (C) 0.5 mM H,o,. Condltlons for A and 8 are
as In Figure 2. For C the scan rate Is 2.5 mV So,; 2000 rpm.
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FIgure 5. Dependence of the current density on the H,o, concentration
for vtIreoos carbon electrodes mo<IfIed wtlh PEGDGE-cross-Inked tw­
polymer I films. The ~P:poIymer I ratios are indicated. CondItIons:
PBS; 0.0 V (SCE); 1000 rpm.

place at potentials negative of 0.2 V (SeE). In 1 X 10-< M
H2O, a -lILA em-' plateau is reached near 0.1 V (SCE). In
the redox epoxy network formed by PEGDGE croea-linking
ofpolymer I containing [Os(bpy),clj3+/2+ centers, the current
density at 0.0 V (SCE) increases by 2 orders of magnitude to
about 100 p.A cm-'. Furthermore, H,O, eleetroreduction is
observed already at +0.45 V (SCE) and the steady-state
current plateaus at +0.3 V (SCE) (Figure 4).

The dependence of the catalytic H20 2 electroreduction
currentdenaityontheHRP:polymerlratioinPEGDGEcroea­
linked fi1ms is seen in Figure 5. The current density is nearly
independent of the HRP:polymer ratio atlow «1 X 10-< M)
H,O, concentration. At higher (>1 X 10-< M) H,O, concen-

Potential vs SCE, mV

FIgure 4. PotentIal dependence of the s1eady...1Ble current denslty for
e vttreous carbon electrode mo<IfIed wtlh PEGDGE-cross-llnked HV'­
polymer I at 1:5 ratio. CondItIons: PBS; 1000 rpm; 1 X 10-' M H,o,.

1:5
1:10

RESULTS

H202 Sensing Electrodes. Electroreduction of H20, is
observed on electrodes modified with HRP immobilized in
the epoxy network formed of either the polyamine without
[Os(bpy),Clj2+/2+ redox centers (Figure 2) or with [Os­
(bpy),CIl'+/'+ redox centers (Figure 3). When there are no
[Os(bpy),CI]3+/'+ centers in the polymer, reduction takes

carbon rods from Atomergic Chemicals Corp. These were press­
fitted into one end of a Teflon sleeve. The opposite end of the
sleeve had a press-fitted stainless steel rod threaded to match a
Pine rotator. Electricalcontact between the vitreous carbon and
stainless steel rods was made with a silver epoxy Epo-tek H20E
from Epoxy Technology Inc. The electrodes were polished rtrSt
with 6-_ then with !-I,m diamond suspension, followed by 0.3­
ILm alumina. The polishingcompounds were from Buehler. After
each polishing step, the electrodes were sonicated 3~ min in
deionized water.

Enzyme Immobilization. HRP (2 mg) was dissolved in 100
ILL of 0.1 M sodium bicarbonate solution. After the addition of
50~ of 12 mg/mL sodium periodate, the enzyme solution was
incubated in the dark for 2.3 h. A 10 mg/mL solution ofpolymer
I was used to dilute aliquots of the enzyme solution to make
enzyme: polymer I solutions of various ratios (1:5, 1:10, 1:50,
1:100). A I-ILL loadingofenzyme: polymer I solution was applied
to the polished vitreous carbon surface. The electrodes were
allowed to partially dry for 5-15 min, after which, 1~ of a 1
mg/mL solution of PEGOGE was applied. The electrodes were
then cured in water-saturated air at room temperature for >4 h.

Electrodes were also made by coimmobilizing the NaJO,­
oxidized HRP with a polyamine that had no redox centers. This
polyamine was obtained by reacting polyvinylpyridine (pVP)
(MW 60 000) with 2-bromoethyJamine to form the pyridinium­
N-ethyJamine derivative. It is thus simiJar to polymer I but has
no [Os(bpy),Clj3+/2+ redox centers. The HRP was cross-linked
to the polyamine using PEGDGE through the above deacribed
process.

Buffers, Electrodes, and Electrochemical Equipment.
The electrodes were operated at room temperature in modified
Oulbecco's buffer (PBS) at pH 7.4. Unless otherwise indicated,
the solutions were well aerated. All mediatorsolutionswere made
daily and protected from light until used. Potentials were
referenced to asaturatedcalomelelectrodefromEG& G, Catalog
No. K0077. A platinum wire was used as the counter electrode.
The chronoamperometric experiments were performedon an EG
& G potentiostat/galvanostat Model 173 and recorded on a Kipp
& Zonen XY recorder Model B091. The cyclic voltammograrns
were run on an EG & G potentiostat/galvanostat Model 273A
and recorded on a PC with software developed in this lab. The
rotator used was a Pine Instruments AFMSRX with the ACMDI
1906C shaft.
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figure 7. Steady-etale caJIlratlon curves for PEGDGE-«OSS-IInked
1:5and 1:100 tR':polymer I electrodes lnaJr (sold clrcle&) and nitrogen
(open circles). CondItIons: 0.0 V (see); PBS; 500 rJlI11.

tration the currentdensity incre8lle8 as the film becomesricher
in HRP up to a ratio of 1:5 (Figure 5); the current density
then decreases upon further increasing the enzyme content
(not shown). The current densities of electrodes with 1:10
and 1:5 (HRP:polymer I) film ratios do not differ greatly. For
electrodes with the 1:5 (HRP:polymer I) films the sensitivity
in the (0-1) x 1~ M H20 2concentration range is 1 A cm-2
M-l;i.e. the currentdensity atl x 1~MH202is l()0I'J\cm-2.
When the H20 2concentration exceeds 0.25 mM, the current
is time dependent and decays because of (slow) substrate
inhibition ofHRP. Control electrodes, made with PEGDGE
cross-linked films of polymer I without HRP show no
measurable H20 2 response.

Figure6 showsLevichplots for l:l00and 1:5 (HRP:polymer
I) electrodes in 1 x 1~ M H20 2. Linear dependence of the
current density on the square root of the angular velocity is
observed only up to about 400 rpm. At higher angular
velocities the currentdensities increase with theHRP content
of the f"1lms but are not proportional to the HRP content. At
2500 rpm increasing the HRP concentration from 1:100 to
1:5 increases the current density by only 30%.

The insensitivity of the electrodes to the partial pressure
of oxygen is seen in Figure 7. There is no measurable
difference between the calibration curves of the 1:100 (HRP:
polymer I) electrode in nitrogen-purged or air-saturated
solutions. For the 1:5 (HRP:polymer I) electrode there
appears to be a marginal difference, with the readings in air
exceeding those in nitrogen by less than 2%.

The dynamic range of the 1:5 (HRP:polymer I) electrode
is seen in Figure 8. The current density increases linearly
withH2O. concentrationover a range of3 orders ofmagnitude
from about 1 X 10-7 to 1 X 10-4 M (correlation coefficient

H202 concentration, pM

figure e. Dynamic range of the 1:5 HRP:polymer I electrode. Steady­
stsle lTlll8SU"e_ were at 0.0 V (SCE) and 1000 rpm with PBS.

0.997; slope 1 A cm-2M-l). At 10-5 M H20 2the 0-95% rise
tinIe is 2 min. At lower concentrations the rise times are
longer. Following an H20 2injection raising the concentration
from 0.0 to 1 X 10-7 M, the rise time is about 10 min. The
noise equivalent H20 2concentration is 3 oM; i.e. at 1 X 10-8

M H2O. thesignal to noise ratio is 3. Thebackground current,
measured after the electrode was allowed to stabilize for 30
min, is 70 nA cm-2•

NAD(P)H Sensing Electrodes Derived ofHRP Wired
to a 3-Dimensional Redox Polymer Network. The wired
HRP electrodes are insensitive to NAD(P)H; i.e. the back­
ground current at 0.0 V (SCE) does not change when either
cofactor is added. However, if 1-methoxy-5-methylphen­
azonium methyl sulfate (I, cation), 5-methylphenazonium
methyl sulfate (II, cation), Meldola's blue (ill, cation), Nile
blue (IV, cation), toluidine blue 0 (V, cation), methylene blue
(VI, cation), thionine (VII), flavin mononucleotide (Vill),
4,5-dihydr0-4,5-dioxo-lH-pyrrolo[2,3-flquinoline-2,7,9-tricar­
boxylic acid (PQQ) (IX), or methylene violet <Bemthsen)
(X) is added, anNAD(P)H concentration dependentcathodic
current is observed. The structures of these heterocyclic
quinoids are shown in Figure 9. The relative effectiveness of
these mediators in the H20 ...fonning reaction is in the order
of their listing, the phenazonium derivatives and Meldola's
bluebeing themosteffective and flavin mononucleotide, pQQ,
and methylene violet the least. Addition of any of the
mediators at <1.0 I'M concentration does not produce a
current response.

The dependence of the steady-state current density on the
NADH concentration for aerated solutions containing 1.6 I'M
5-methylphenazonium methyl sulfate is seen in Figure 10.
The dependence is linear through the 1-100 I'M NADH
concentration range and the slope, Le. sensitivity, is 1 A cm-2
M-l, sinIilar to that for H20 2. Corresponding results for
NADPH are seen for the 1:5 electrode in Figure 11. The
linear range for NADPH is from 1 to 200 I'M, and the
sensitivity is again 1 A cm-2 M-l. The equilibration times for
steady-state measurements depend on the concentration of
the mediator; a higher mediator concentration results in
acceleration ofthe H20 2production. Typically, the 0-95 %
rise time of the currentfollowing an NADH injection was 5--7
min at 3.3 I'M 5-methylphenazonium methyl sulfate con­
centration.

Asexpectedfrom reaction 3, electroreduction currents were
observed only inaerated or oxygenated solutions. The current
did not increase when O2rather than air was bubbled through
the solution. When the solutions were purged of oxygen by
bubblingwith N2, the current reversed; i.e. an electroo:ridation
current was observed in the PMSH (PMS+ and NADH)
containing solution. Electroo:ridation of PMSH proceeded
onglassycarbonelectrodeswhetheror notthese weremodmed
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DISCUSSION

was checked. Control experiments with PMS+ (1 X 10-5 M)
show that the current is not changed when the electrode is
operated in the dark or with the above ambient irradiance,
It was also noted, however, that PMS+ measurably photo­
decomposed even at low irradiance by the ambient light.

NADPH concentration, IJM

Figure 11. Dependence 01 the steady-state electrocatalytlc reduction
current density on the NADPH concentration for the 1:5 electrode of
Figure 10. Conditions were as In figure 10, except thet the
5-methylphenazonlum methyl suKate concentration was 4.7 I'M.

HRP-Based Hydrogen Perolride Sensing Electrodes.
Table I compares H,O, electrodes based on direct, diffu­
sionally mediated, and redox polymer-relayed electroreduc­
tion of HRP. Comparison of the electrodes shows that the
wiring of HRP to an electrode, i.e, its covalent binding to a
hydrophilic 3-dimensional electron-relaying redox network,
increases sensitivity. In the absence of osmium-complex
relays the observed sensitivity, 1 X 10-'Acm-'M-" is 2 orders
ofmagnitude lower than that in their presence (Figures 2 and
3). In the fust case only redox centers of HRP molecules
actually contacting the electrode surface may be electrore­
duced. These redox centers produce the redox wave in Figure
2. Incontrast, mostHRP molecnles in the f'JIms, the thickness
ofwhich is ::<10""" cm, are electricallyaccessible when electrons
are relayed through [Os(bpy)2Clj3+/'+ centers complexed to
the polyvinylpyridine backbone in polymer I. Electrooxi­
dation of HRP in the electron-relaying epoxy network starts
at +0.45 V, i.e. 0.18 V positive of the +0.27-V redox potential
of the [Os(bpy),Clj3+/2+ centers. This implies that oxidized
HRP accepts electrons from the network even when the ratio
of the reduced to oxidized centers is only about 1:1000.

The optimal HRP:polymer I ratio in the f'1Im (Figure 5) is
near 1:5. At higher enzyme content, the electron-relaying
capacity of the f'1Ims is diminished by the nonrelaying HRP
in the network. The network, with an electron diffusion
coefficient below 10-8 cm' S-l,24 does not transport or transfer
electrons to the boundenzyme molecules fast enough to match
their turnover rate at optimal (10""" M) substrate concentra­
tion. Had the electron transport through the polymer been
faster, still higher current densities might have been realized.
Thatthe electrodes are limited by the rate ofelectron transfer
either through the network or from the network to the enzyme
is seen in the Levich plots of Figure 6. These show normal
solution mass transfer limited kinetics of the substrate,
characterized by linear dependence of the current density on
the square root of the angular velocity, only at low angular
velocities. At high angular velocities where the kinetics does
not depend linearlyon substrate mass transport and depends
only weakly on enzyme content, the characteristics are
dominated by transport of either electrons or substrate
through the f'1Im. Previous work with glucose oxidase
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Figure 9. Struelures of the mediators which are able to catalytlcally
cycle through reactions 2 and 3. Note the central qulnoldal struelura
stabilized by the adjacent aromatic rings: cation of 1-methoxy-5­
methylphenazonium methyl suKate (I); cation of 5-rnethylphenazonlum
methyl suKate (II); cation of Meldola's blue (III); cation of Nne blue
(IV); cation of toluidine blue 0 (V); cation of methylene blue (VI);
thlonlne (VII); flavin mononucleotide (VIII); 4,5-dlhydr0-4,5-dloxo­
1H-pyrro1o[2,~t]qulnollne-2, 7,9-trtcarboxylcacld(POO)(IX); methylene
violet (Bernthsen) (X).

100.,----------------,

NADH concentration, ~M

Figure 10. Dependence of the steady-state electrocatalytlc reduction
current density on the NADH concentration for PEGDGE-aoss-Ilnked
1:5 and 1:100 HRP:polymer I flim-modKied vitreous carbon electrodes.
Conditions: 0.0 V (SCE), 1000 rpm. 1.6 I'M 5-methylphenazonlum
methyl suKate (PMS+); PBS.

with HRP-containing fIlms. Even minimal aeration of the
PMSH solutions reversed the current, but only on HRP­
modllied electrodes.

Light Effects. PMS+ solutions strongly absorb A< 480
nm light. It has been reported that the mechanism of
reduction of heterocyclic quinoid dyes by NADH can involve
their excited stateS.!7.'. Furthermore, the oxidant of the
NADH-reduced quinoid dye may not be ground-state (triplet)
oxygen but excited (singlet) oxygen, formed through energy
transfer from the excited dye in its triplet state. Thus, as a
precaution, the effect of 0.2 mW cm-' 4100 K color temper­
ature "cool-white" fluorescent on the rise time of the current

(25) Julliard, M.; Le Petit, J. Photochem. Photobiol. 1982, 36, 283-90.
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containing redox epoxy films suggests electron transfer or
transport limitation.24

Reduction ofHeterocyclic Quinoids by Two Electron
Plus Proton Transfer from NAD(P)H. The earlier results
of Miller, Gorton, Kulys, and their colleagues26-31 show that
NAD(P)H is rapidly and cleanly oxidized to NAD(P)+ by
transferring two electrons plus a proton to any of a variety
of dissolved or electrode-surfaee-bound quinoids, including
native quinoids on oxidized graphite (reaction 5). 5-Meth-

capable of oxidizing methylene blue and so a stoichiometric
production of hydrogen peroxide is not observed".l7 The
disparity prohably results from the higher dye concentrations
employed by Schmidt et al. At a high dye concentration the
rates of side reactions, particularly between the reduced dye
and H20 2, are increased. At the NAD(P)H and mediator
concentrations employed here we observe only the stoichi­
ometric reaction 7. As is evident from reaction 3, the asaay

quinoid•• + NAD(P)H - quinoi~ + NAD(P)+ (5)
(7)

(26) Murray, R. W. In Electroanalytical Chemistry; Bard, A. J., Ed.;
Marcel Dekker: New York; Vol. 13, pp 191-236.

(27) Albery, W. J.; Bartlett, P. N.; Casa, A. E. G. Phil. Trans. R. Soc.
London B 1987,316, 107-19.

(28) Albery, W. J.; Bartlett, P. N. J. Chem. Soc., Chem. Commun.
1984, 234-6.

(29) ltoh, S.; Kinugawa, M.; Mit&, N.; Ohshiro, Y. J. Chem. Soc., Chem.
Commun.. 1989, 694-5.

(30) Yabuki, S.; Mizutan~ F.; Aaai, M. Biosensors Bio€lectron. 1991,
6,311-5.

(31) Kimura, Y.; Niki, K. Anal. Sci. 1985,1,271-4.
(32) Halaka, F. G.; Babcock, G. T.; Dye, J. L. J. Bioi. Chem. 1982,257,

No.3, 14SlHl1.
(33) Encyclopedia of Chemical Technology, 3rd ad.; Kirk, J. R. p

Othmer, D. F., Eda.; John Wiley and S008: New York, 1981: Vol. 13, pp
16-22.

ylphenazonium derivatives and Meldola's blue and its de­
rivatives are particularly fast two electron plus proton
acceptors from NAD(P)H. The homogeneous bimolecular
two electron proton transfer rate from NADH to PMS+
(reaction 2) is 3.8 X 10" M-I S-I at 25 ·C.32

Oxidation of PMSH by O2 (reaction 3), whereby PMS+ is
recovered and H2O. is produced, has a bimolecular homo­
geneous rate constant of 1.8 x 1()2 M-I S-l in water at 25 ·C.32
Thus in an aqueous solution in equilibrium with air (~2.5 X
10--' M O2), the oxidation of PMSH is rapid. Indeed, the
related reaction of dihydrophenazine and O2 in an organic
solvent (reaction 6) has been considered as an industrial
process for the production of H20 2.33

The rates of reactions 2 and 3 and H20 2diffusion may all
slow the response, i.e. rise time, of the NAD(P)H sensor. At
low NADH concentration (0.1 I'M) the calculated rate from
reaction 2 and inherentdiffusion-controlled transportofH20 2
are limiting factors of the electrode's kinetics. At higher
NADH concentration (100 I'M) and at low PMS+ concen­
trations (1.6 ,.M) reaction 3 limits the electrode's response.
The calculated H202 formation rates through reaction 3 and
experimental sensor rise times are of the same order of
magnitude.

The variation of current with concentration, and the 1 A
cm-2 M-I sensitivity, for NADH (Figure 10) and NADPH
(Figure 11) through their 1 X 10-7 to 2 X 10-' M concentration
range are identical to those of H20 2 (Figure 8). We infer
from the identical sensitivities and dynamic ranges that the
homogeneous two electron and proton transfer reactions
proceed either at or very close to unit current efficiency, i.e.
that NAD(P)H produces a stoichiometric amount of H20 2
through reactions 2 and 3. The actual mechanism of H20 2
production involves more steps than represented byequations
2 and 3.

Interferences. Schmidt et al. suggested that "Reduction
of the oxygen proceeds by a complex sequence of reactions,
producing among other intermediates the superoxide radical
ion, which leads to hydrogen peroxide and this in turn is

In contrast with redox centers of flavoprotein eJl2yllles like
glucose oxidase, that do notcommunicate directly with carbon
electrodes on which the enzymes are adsorbed, redox centers
ofdirectly absorbed horseradish peroxidase do communicate
electricallywithcarbon electrodes.35,36 Themaximum current

CONCLUSIONS

(34) Brill, A. S. Comprehensive Biochemistry; E1aevier: Amsterdam,
1966; pp 447-79.

(35) Yaropo1ov, A. I.; Malom, V.; Varfolomeev, S. D.; Berezin, I. V.
Dokl. Akad. Nauk. USSR 1979, 249 (6), 1399-401.

(36) JOD8&On, G.; Gorton, L. Electroanalysis 1989,1,465-8.
(37) Wang, J.; Frieha, B.; Naaer, N.; Romero, E. G.; Wollenberger, U.;

Ozaoz, M.; Evans, O. Anal. Chim. Acta 1991,254,81-8.
(38) Cosgrove, M.; Moody, G. J.; Thomas, J. D. R. Analyst 1988, 113,

1811-5.
(39) Kulys, J. J.; Samalius, A. S.; SvirJDickaa, G.-J. S. FEBS Lett. 1980,

114,7-10.
(40) Tatsuma, T.; Okawa, Y.; Watanabe, T. Anal. Chem. 1989, 61,

2352-5.
(41) Sanchez, P. D.; Otdieres, A. J. M.; Garcia, A. C.; Blanco, P. T.

Electroanalysis 1991, 3, 281-5.
(42) Schubert, F.; Saini, S.; Turner, A. P. F. Anal. Chim. Acta 1991,

245,133-8.
(43) Pantano, P.; Morton, T. H.; Kuhr, W. G. J. Am. Chem. Soc. 1991,

113, 1832-3.
(44) Kulya, J. J.; PesliaJrjene, M. V.; Samalius, A. S. Bioelectrochem.

Bioenerg. 1981,8,81-8.
(45) Lundback, H.; Olsson, B. Anal. Lett. 1985, 18 (B7), 871-89.
(46) Kojima, J.; Morita, N.; Takagi, M. Anal. Sci. 1988, 4, 497-500.
(47) Kulys.J. J.; Laurinavicius, V.-S.A.;Pesliakiene,M. V.; Gureviciene,

V. V. Anal. Chim. Acta 1983, 148, 13-8.

requires thatthe solutionsbe aerated. A decrease in O2 partial
pressure will slow reaction 3. Nevertheless, even in this case
the ultimate steady-state current will not change, because
reaction 3 is irreversible. The high bimolecular rate constant
(1.8 X 1()2 M-Is-I) for PMSH oxidation by O2 usually ensures
a rapid reaction in air-exposed solutions. When the oxygen
concentration is only l/lOth of that in a well-aerated solution
(a typical value at 25 ·C being 0.25 mM), the half-life of
PMSH is 154 s, assuming a pseudo-first-order reaction in
PMSH.

HRP-eatalyzed reactions maycause severe interference by
anumberofinterferants. H20z-oxidizedHRP may be reduced
by any ofa number of hydrogen donors. Such reduction will
cause loss ofcatalytic current. Addition of0.1 mM ascorbate,
a common component of biological samples, will reduce the
cathodic current by over 50%. Current will also be lost if
NAD(P)H directly reduces H20.-oxidized HRP. This reac­
tion is actually observed in our experiments as a dip in the
current from the electrodes when NAD(P)H is initially
injected into a solution with a substantial H20 2 concentration
already present. Once the NAD(P)H reacts to form H20 2
and NAD(P)+, the current recovers. The ultimate current is
not lowered, because reactions occurring at the electrode
surface do not change the bulk solution concentrations, the
bulk H20 2 concentration being reached through the homo­
geneous solution reactions 2 and 3. Beyondorganic hydrogen
donors, H20 2 itself is oxidized by HRP to O2 and water.a.<
Fortunately, the latter reaction is not fast.

(6)

H
I

0:-< N0 + 0, ­A NJ.L....?
I
H
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density does not exceed, however, in the absence of a
diffusional mediator or of nondiffusing electron-relaying
centers, the current density associated with the turnover of
the enzyme layer directly contacting the electrode surface.
Oxidized horseradish peroxidase molecules, that are remote
from the electrode surface, do not accept electrons from
electrodes unless the electrons are relayed through redox
centers in the polymer. The current density is increased by
2 orders of magnitude when the HRP molecules bound
throughout the thick mm are connected to the electrode
through its 3-dimensional electron-relaying network. The
sensitivity of the resulting amperometric H20 2 sensor is 1 A
cm-2 M-l at 0.0 V (SCE), and its dynamic range is 1 X 10-"-2
x 10-4 M H 20 2•

Two electron plus proton transfer from NAD(P)H to
quinoids produces stoichiometric concentrations of H20 2•

With NADH and NAD(P)H stoichiometrically translated to
H202, their concentrations can be amperometricallyassayed
at wired horseradish peroxidase cathodes poised at 0.0 V
(SCE) (Figure 12). The sensitivities and dynamic ranges of
these cathodes are identical with those of H20 2 cathode, 1 A
cm-2 M-l through the 1 x lQ-S-lO-4 M concentration range.

(48) Frew, ;J. E.; Hanner, M. A.; Allen, H.; Hill, 0.; Libor, S. I. J.
Electroanal. Chern. Interfacial Electrocem. 1986,201, 1-10.

OmV

Flgur. 12. Cycles of the proposed NADH (and NADPH) cathodes.

Although the assay of these cofactors requires molecular
oxygen, the electrodes are not excessively aensitive to vari­
ations in O2 partial pressure becauae the quinoid-catalyzed
NAD(P)H reactions with O2 are irreversible.
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In Situ UV-Visible Reflection Absorption Wavelength
Modulation Spectroscopy of Species Irreversibly Adsorbed on
Electrode Surfaces

Sunghyun Kim and Daniel A. Scherson'

Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44106

A methoclls hereln descrlbed for the In situ detection 01 species
ad80rbed on eIectrocIe swt_ which employs a vibrating
grating to modulate the wavelenglh of the Incident Ight. ThIs
technique denoted as reflection ab8orpllon wavelength m0d­
ulation spectroscopy (RAWMS) hasmade" po88lbleto obtain
at a fbted ellH:trode potent/a' normalized, differential UV­
visible spectra of a single, trre"enII1Iy ad80rbed rnonoIayer
of cobslt tetrasullonated phthalocyanlne (Co"TsPc) on the
basal plane of highly oriented pyrolytlc greph/le (HOPG(bp))
and of methylene blue (MB) on graphite. The (wavelength)
Integrated difference RAWMS spectra lor the.. ad80rbecl
species were remarkably similar to th_ observed lor the
same compounds In a.- solutions when prasent In the
monomeric lorm. Complementary wavelength mocIuIatlon
experiments Invofvlng a CDnventlon8l tr_1ssIon geometry
have shown that the Instrument Involved In the In situ RAWMS
measurements Is capable of r880lvlng absorbance changes
on tha order 01 0.002 un"s.

INTRODUCTION

Reflectance spectroscopy in the UV-visible range provides
a versatile means ofprobinga varietyofphenomenaat metal­
electrolyte interfaces, such as ionic and molecular adsorption
and the formation and removal of superficial oxide films at
coverages well below a monolayer. 1

Of particular interest to the field of electrocatalysis is a
better understanding of the mode of bonding of irreversibly
adsorbed species on electrode surfaces, including orientation
and electronic overlap.2 Insight intothese issues can begained
by determining the optical constants of the adsorbed phase.
Such information can be obtained, in principle, from mea­
surements of the interfacial reflectivity in the absence and
in the presence of the adsorbate under otherwise identical
conditions3 provided that the optical properties of the
substrate and the electrolyte solution immediately adjacent
to the substrate (or to the adsorbed layer) are not affected
by the presence ofthe adsorbed phase. Regardless ofwhether
these stringent conditions are met, the acquisition of such
conceptually simple data for species irreversibly adsorbed on
electrode surfaces has proven to be exceedingly difficult. Far
leas demanding from an experimental viewpoint are UV-vis
reflectance spectroscopic techniques which are based on the
modulation of the applied potential across the electrode-

(1) Kolb, D. In Spectroelectrochemistry: Theory and Practice; Gale,
R J., Ed.; Plenum Prees: New York, 1988.

(2) Murray, R W. In Electraanalytical Chemistry; Bard, A. J., Ed.;
Marcel Dekker: New York, 1984; VoL 13.

(3) Mcintyre, J. D. E. In Advances in Electrochemistry and Elec­
trochemical Engineering; Delahay, P., Tobias, C. W., Eds.; John Wiley
& Sons; New York, 1973; Vol. 9.
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electrolyte interface.4- 7 Despite their extraordinarysensitivity
(1()-4-10-· relative absorption units), the interpretation of
results obtained with these fairly popular methods must be
performedwithgreatcare, as the measured signals are derived
from changes in the spectral properties of the interface
generated by the applied potential and not from the (static)
interface itself.

The presentwork introduces the useofreflection absorption
wavelength modulation spectroscopy (RAWMS) for the in
situ detection of species irreversibly adsorbed on electrode
surfaces atafixedelectrodepotential. This specific technique
has been used earlier by other workers to investigate ex situ
highly detailed aspects of the reflectivity of semiconductors
and metals at the solid-air interface.8--IO

Two fairly well-documented adsorbate/substrate systems
were selected in this study to assess the advantages and
limitations of in situ RAWMS: cobalt tetrasulfonated ph­
thalocyanine (CoTsPc) adsorbed on the basal plane ofhighly
oriented pyrolytic graphite (HOPG(bp)7,11 and methylene blue
(MB) on graphite.· Both these adsorbates exhibit well­
defined voltammetric peaks in a readily accessible potential
range, and hence the absolute coverages can be calculated by
straightforward integration. It may be noted that CoTsPc
is a powerful electrocatalyst for the 2-e reduction ofdioxygen
to hydrogen peroxide in aqueous electrolytes.12

As will be shown, in situ RAWMS in its present stage of
development is capable ofdetectingspectra for theadsorbate/
substrate systems involved in this study at coverages on the
order of a single monolayer.

The overall sensitivity of the WMS instrument was
established by conducting experiments in the conventional
transmission mode using very dilute solutions of CoTsPc in
aqueous media.

THEORETICAL CONSIDERATIONS

The optical response of a three-layer system consisting of
a noninteracting homogeneous ftlm of fInite thickness (ad­
sorbate layer) interposed between two semiinfmite phases
(electrode and electrolyte) can be represented in terms ofthe
normalized reflectivity, defined as 6R/R = (R - Ro)/Ro• where
Ro and R are the reflectivities observed in the absence and

(4) Ngameni, E.; Laouenan. A.; L'Her. M.; Hinnen, C.; Hendricks, N.
H.; Collman, J. P. J. Electroanal. Chem. Interfaci41 Electrochem. 1991,
3QI,207.

(5) Sagara, T.; lizuka, J.; Niki, K. Langmuir 199%,8, 1018.
(6) Lezna,RO.;deTacconi,N.R;Hahn,F.;Arvia,A.J.J.Electraanal.

Chem.lnterfacial Electrochem. 1991,306,259.
(7) Kim, S.; Xu, X.; Bae, I. T.; Wang, Z.; SchenlOD, D. A. Anal. Chem.

1990, 62, 2847.
(8) Fang, C. Y.; Cohen, M. L.; Zucca, R R L.; Stokes, J.; Shen, Y. R

Phys. Rev. Lett. 1970, 25, 1486.
(9) Zucca, R R L.; Shen, Y. R Phys. Rev. B. 1970, 1, 2668.
(10) Balalev, I. Phys. Rev. 1966,143,636.
(11) Nikolic, B.; Adzic, R. R; Yeager, E. B. J. Electraanal. Chem.

Interfori41 Electrochem. 1919, 103, 281.
(12) Zagal, J.; Bindra, P.; Yeager, E. B. J. Electrochem. 8oc.198O,127,

1506.
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RESULTS AND DISCUSSION

(13) Zagal, J.; Sen, R. K.; Yeager, E. B. J. Electroanal. Chern. Interfacial
Eketrochem. 1977,83,207.

1. Irreversibly Adsorbed Monolayera. A. CoTsPc on
HOPG(bp). The in situ RAWMS spectrum of bare HOPG­
(bp) obtained in 0.05 M H 2S04 at a potential of 0.5 V (prior
to introducing the CoTsPc solution into the cell), using
p-polarized light, is shown in Figure lA (see dotted curve).
The voltammogram recorded in the neat electrolyte after
adsorption (and subsequent rinsing with the macrocycle-free
solution) displayed a characteristic peak at 0.84 V V8 SCE
ascribed tothe CoDTsPc/eomTsPccouple (see insertin Figure
lA).7.l3 ThecoverageofCoTsPc,as determined byintsgration
of(either one of) the peak(s) was about 18 pmoVcm2 and thus

c
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FIgure 1. (A) In situ PiJOIarized RAWMS spectra 01 HOPG(bp) In 0.05
M H,SO. before (dotted CI.IV8) and after (solid CI.IV8) adsorption 01
about 18 pmolJem2 01 CoTsPc. Both spectra were obtained with the
_ polarized at 0.5 V va see (see text lor _). Insert:
Cycle voItarn'llOg8m for a single monolayer 01 CoTsPc on HOPG(bp)
obtained In the base eleclrolyte. Scan rate: 100 mV s-'. Electrode
area: 3 cm2. (8) Normalized dllleren"" RAWMS spectra, Rlllo[11
,.,iJRJiJAn. -l/llo(iJR"IiJAj,J ler CoTsPcadsorbed on HOPG(bp) obtained
!rom the data In (A) In this liglI'e. 110 represen1s the relIecIMty spectn.m
01 the bare HOPG(bp) stria"" belore CoTsPc was admitted Into the
eel. (C) Integrated RIRo[l/"'oRloA), - 1/Ilo(ollo/iJA),1 va A, ler
CoTsPc on HOPG(bp) obtained from the data shown In (6) In thIs!tgln.

O(tJI/R)/OA = (RIR,)[I/R(oR/oA), -l/Ro(oRJOA),l (1)

The technique described in this work enables the two terms
on the right-hand side of eq 1 to be determined with a great
degree of accuracy, making it possible to obtain (within an
additive constant) tJI/R as a function of wavelength by a
simple numerical integration.

in the presence of the adsorbate layer. Explicit expressions
for tJI/R for s- and p-polarized light in terms of the optical
constantsofthe three phases (E" i =1-3), the thickness ofthe
adsorbate layer (d), the angle of incidence (1/>1), and the
wavelength of the incident light (A) can be derived from
Fresnel's equations. These relationships can be greatly
simplified for d/A« 1, a condition tbat is universally fulfilled
for layersofatomic or molecular dimensions in the UV-visible
and infrared regions.3

From a purely formal viewpoint, tbe derivative of the
normali2ed reflectivity with respect to A can be written as

EXPERIMENTAL SECTION

Unlike other approaches reported in the literature which
employ either a vihrating mirror'·· or a moving (entrance) slit"
to modulats the wavelength, the present strategy involves the
application of a mechanical perturbation to the galvanometer­
driven grating/mirror assembly ofa rapid scanning RSS Harrick
unit to achieve the same goal. In this arrangement, the torsion
ofthe galvanometer or, equivalently, the deflection ofthe grating
is proportional to the dc current (ld<) and therefore to A. A linear
relationship between I d, and Awas indeed found for the Harrick
instrument in the range between 400 and 800 nm, yielding a
slope of about 0.875 mA/V. For the RAWMS messurements,
the galvanometer was driven by a sinusoidal ac current, M sin
wt, where M is directly proportional to the amplitude of the
wavelength modulation, or dA, superimposed on Id<' or a i",ed
A. The input signal to the galvanometer, I"" + M sin wt, was
generated by adding an (sinusoidal) ac voltage from astable source
to a dc voltage (obtained from a programmable Metrabyte DAC­
02 board) and feeding the resulting signal into a PAR Model 173
potentiostatoperated in the galvanostatic mode. All es:periments
were conducted using dA = 3.5 nm (M ca. 3 mAl and w = 10 Hz.
Average values of the dc and ac components at a fued (average)
wavelength>'" i,e. R(>.o) and (dR/dA)"" were obtained with a
lock-in amplifier (Stanford Research Instruments, Model 510)
and stored in a computer for further processing. For small
modulation amplitudes, such as those used in this work, dR/dA
~ aR/OA. Dats were acquired over the desired spectral range at
2-nm intervals. The WMS unitwas fully controlled by a personal
computer using routines developed in this laboratory.

In situ RAWMS spectra (or l/R(aR/iJAh V8 A curves) were
recorded fIrst in the absence and then in the presence of the
adsorbate on the surface, denoted as s and r, respectively. Similar
datawere also collectedafterpolarizingthe electrode atpotentials
at which most of the adsorbed material would be expected to
desorb from the surface followed by repeated rinsing with neat
electrolyte.

Forthe spectroscopic measurements, the adsorption ofCoTsPc
and MB was effected (after the in situ RAWMS spectra of the
bare surface had been recorded) by injecting (with a syringe) a
solution of the material in the base electrolyte, i.e. 1.0 x 1()-6 M
CoTsPc in 0.05 M H,sO. and 1.8 x 10""" M MB in 0.5 M KNO"
0.1 M phospbate buffer (pH =7.9), respectively, with the electrode
at open circuit. After a few minutes, the adsorbate-containing
solution was removed and neat electrolyte was injected into and
then withdrawn from the cell. This rinsing procedure was
repeated at least 10 times to ensure that no nonadsorbed material
was left in the cell. During all these operations the position of
the cell was msintained fued, a factor found to be crucial to the
success of the measurements. After the cell was iilled with neat
electrolyte,a series ofvoltammograms were recorded todetermine
the surface coverage.

Potential modulation experiments at properly selected wave­
lengths were performed only for the CoTsPc/HOPG(bp) system
using techniques and procedures described in detail elsewhere.'
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s-polarized light

Wavelength /nm

figure 2. (A) In sllu s-polarized RAWMS spectra ofHO~) In 0.05
M H,S(l. In the absence (dotted curve) and In the prM«lC8 (solid
curve) of about 20 pmol/cm' of adsorbed CoTsPc. Bo1h spectra were
obtained wllh the electrode polarized at 0.5 V. Electrode er..: 3 cm'.
(8) Normalized difference RAWMS spectra, RIRo[l/R(aRla>-.)~ - llRo
(aRo/II>-.),] of CoTsPc/HOPG(bp) obtained from the data In (A) In this
figure. Ro In this case represents the reflectivity spectrum of HOPG­
(bp) eftar desorptlon of CoTsPc from the striace (see text for details).
(C) Inlag'ated RIRo[ l/R(IIRla>-.)~ - l/R.(aRo/a>-')~1 VB A, for CoTsPc
on HOPG(bp) obtained from the data shown In (8) In this figure.
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Harrlck instrument working in the conventional rapid scan­
ning mode using signal averaging techniques to improve the
signal-to-noise ratio.

B. MB on OG. The interfacial capacity per unit cross­
sectional area for the OG specimen used in these studies, as
determined from cyclic voltammetry, was found to be about
1 mF/em2 and thus much larger than thatobserved for HOPG­
(bp)15,16 (ea. 3 JAF/em2 at the point of zero charge) or glassy
carbon (ea. 15 "F/em2).16 Although the edge plane ofHOPG
is known to exhibit much larger capacity values than those
of HOPG(bp) (50-70 "F/em2),16 the differences observed in
this work appear too large to be explained solely on this basis.
This suggests that the surface roughness ofthis OG specimen

somewhat smaller than that usually observed for this ad­
sorbate/substrate system, ca. 30 pmol/em2• The electrode
was then polarized at 0.5 V and a new RAWMS spectrum
recorded yielding a rather shallow bipolar peak in the region
between 640 and 690 nm (see solid line in Figure 1A). This
feature, attributed to the irreversibly adsorbed CoIITsPc
monolayer, can be more clearly observed by subtracting the
two curves in Figure 1A and multiplying the difference by
the factor R/Ro, as prescribed by the right-hand side ofeq 1).
The resulting normalized difference RAWMS spectra, Le.
R/Ro[l/R(aR/a>-'h - 1/Ro(aRJa>-'h] VB >-., is shown in B, Figure
1.

According to eq 1, the wavelength dependence of the
normalized reflectivitycan be determined (within an additive
constant) by integrating the curve in Figure lB, yielding in
this case the MI/R vs >-. plot depicted in Figure 1C. The peak
position (668 nm) is in good agreement with that of CoTsPc
in dilute enough solutions for the species to be predominantly
in the monomeric form." Furthermore, the width at half­
height (ea. 33 nm) is also in harmony with reflection absorption
data reported much earlier by Nikolic et al. (ea. 27 nm) for
this same system, who obtained a height for the absorption
peak larger than that observed here (ca. 0.01).11 The sloping
background observed in the region extending from 600 to 640
nm originates from the small difference (3 x 10-') in the values
ofl/R(aR/a>-'h between the bare and CoTsPc-covered HOPG­
(bp) surface in that same spectral range (see Figure 1A). It
is conceivable that this integrated spectra represents the true
optical interfacial response of the system. However, the
possibility ofthis hackground to be derived from instrumental
artifacts, such as long-term drifts or other sources, cannot be
ruled out.

In independent measurements, in situ RAWMS data for
the CoIITsPc/HOPG(bp) system were acquired with s­
poIarned light, yielding (except for the sloping background)
very similar results (see Figure 2A). Unlike the experiments
performed with p-polarized light, the RAWMS spectra in
this case were fust acquired for HOPG(bp) after adsorbing
the CoTsPc (solid curve in Figure 2). Subsequently, the
electrode was polari2ed at 1.0 V to desorb the CoTsPc from
the surface and the cell then thoroughly rinsed with neat
electrolyte. A cyclic voltammogram was then performed to
ensure that the amount ofmacrocycle left on the surface was
minimal. A second RAWMS spectrum was then acquired
with the electrode poIarned at 0.5 V (see dotted curve, Figure
2). As shown in B and C of Figure 2, exceptionally good
results were obtained using this last specific RAWMS
spectrum as a reference. This affords further confIrmation
that the spectra shown in A of Figures 1 and 2 (solid curves)
are indeed derived from the adsorbed monolayer and not
from solution-phase material. Some indication that the
electrochemically-induced desorption was not complete was
provided by the presence of a very small peak in the
normalized difference spectra of the surface obtained after
CoTsPc desorption using as a reference the corresponding
spectrafor the same substrate before CoTsPc was introduced
into the cell.

It is interesting to note that the potential-modulated
spectrum of the same interface obtained with p-poIari2ed
light (see Figure 3) also displays a positive-goingpeak centered
at about the same wavelength as that in Figure 1C. This
implies that the negative-going feature in the potential­
modulated spectrum can be attributed almost entirely to the
CoIDTsPc species.

It should be stressed that despite repeated attempts no
direct normalized spectra could ever be detected with the

(14) Nevin, W. A.; Liu, W.; Melnik, M.; Lever, A. B. P. J. Electroanal.
Chem. Interfacial Electrochem. 1986,213,217.

(15) Randin. J. P.; Yeager, E. B. J. Eleetrochem. Soc. 1971, 118, 711.
(16) Randin, J. P.; Yeager, E. B. J. Eleetroanal. Chem. [ntertacial

Electrochem. 1972.36,257.
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2. Wavelength Modulation Spectra in tha Transmis­
sion Mode. A number of experiments were conducted in
which the wavelength modulation instrument was employed
to record spectra of solution-phase CoIITsPc in the trans­
mission mode using conventional cuvettes. As indicated in
Figure 5, highly defmed derivative-like curves could be
observed down to a concentration of 14 nM, corresponding
to ca. 0.0014 absorption units. This regime is not easily
accessible with conventional spectrophotometers which il­
lustrates the very high sensitivity ofwavelength modulation
compared to more popular spectroscopic techniques in this
spectral range.

~ ~ ~ ~ ~ ~ ~ ~ ~

Wavelength /nm

FIgure 4. (A) In situ RAWMS spectra obtained with unpolarlzed Hght
lor OG befora (dotted ClNB) and alter (solid curve) adsorption of Me
In 0.5 M KN03, 0.1 M phosphate buller (pH = 7.9) obtained at 0.0 V
vs see. Insert: Cyclic voItammogram for a single rnonoIayer of MB
onOG. Scan rata: 200mV/s. Eleclrodearea: 30m2. (B)NormaUzed
dlltarence RAWMS spectra, RIRo[l/R(ilRlil~)"- lIRolilRolil~),,1 va
~, for a monolayer of MB Irreversibly adsorbed on OG based on the
data shown In (A) In this lIgura. (e) Integrated RIRo[l/R(ilRlil~)"­
l/R.,(ilR.,/ilX),,] vs xspectra for MB on OG based on the data shown
In (B) In this lIgure.
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Figure 3. Potentlaknodulated spectra of CoTsPc/HOPG(bp) In 0.05
M H2SO4 at 0.9 V normalized by rallactlvlty at 0.5 V. These
measuraments wera obtained with p-polarlzed light, and the potantial
was scanned from 0.1 to 0.9 V at 300 mVIs (see raf 7 for further
details).

is rather high. Further evidence in support of this view was
obtained from cyclic voltsmmetry curves for MB adsorbed
on graphite following thorough rinsing with base electrolyte
(see insert, Figure 4). As would be expected for a surface­
confmed species, the peak currents in this case were found
to be directly proportional to thescan rate. TheMB coverage
was on the order of 2.9 nmol/cm2 and thus about 1 order of
magnitude larger than those reported by other authors on
pyrolytic graphite (0040 nmol/cm2)5 or sulfide-modified gold
(0.HH).26 nmol/cm2) substrates.··l7,l.

RAWMS spectra recorded at 0.0 V VB SCE for graphite
before (dotted line) and after (solid line) adsorption of MB
are shown in Figure 4. These measurements were performed
with unpolarized light to offset the very small reflectivity of
the carbon substrate. The peculiar peaks observed in both
spectra in the region between 615 and 675 nm appear to be
intrinsic to this particular graphite specimen. As indicated
in Figure 4B, the normalized difference RAWMS spectrum
displayed a prominent negative-going peak with a maximum
at 680 nm, which can be clearly associated with adsorbed
MB, and muchsmaller features at higher energies. Integration
of this latter curve (see Figure 4C) produced a peak with a
maximum at 664 nm and a small ahoulder at higher energies.
Essentially identical features have been observed for MB in
the solution phase and attributed to monomeric (peak) and
dimeric (ahoulder) forms ofthe species.l9 Itmust be stressed,
however, that the optical properties of the substrate can be
modified by the presence of the adsorbate, and therefore the
occurrence of small features in a spectral region where the
substrate exhibits peaks of its own (such as the shoulder in
Figure 4C) cannot be readily ascribed to theadsorbate. These
results are somewhat different than those reported by Com
et al.20 who observed a substantial blue shift in the peak
maximum for monolayers ofMB adsorbed on silica from MB
aqueous solutions at a concentration of2.5 x 10-4 M or higher.

The electrode was then polarized at -{l.55 V VB SCE in an
attempt to desorb the material from the surface. This
procedure, however, was found to be only partiallysuccessful,
as even after repeated rinsing with base electrolyte, both the
voltsmmetry and the optics produced much smaller, albeit
still detectsble signals associated with adsorbed MB.

(17) Barner, B. J.; Com, R. M. Langmuir 1990, 6, 1023.
(18) Svetlicic, V.; Clavilier, J.; Zutic, V.; Chevalet. J. J. Electroanal.

Chern. Interfacial Electrochem. 1991, 312, 205.
(19) Mckay, R. B. Trans. Faraday Soc. 1965,61,787.
(20) Higgin., D. A.; Byerly, S. K.; Abrams, B.; Com, R. M. J. Phys.

Chem. 1991, 95, 6984.

CONCLUSIONS

The results ofthis investigation have ahown that RAWMS
in its present stage of development provides a very sensitive
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studies involving, for example, gold, platinum, or silver as
electrode substrates. Such experiments are currently in
progress in this laboratory and will be reported in due course.
Theuncertainties associatedwith the backgroundreflectivity
may not be regarded as very restrictive since most oftsn only
peak positions are used for spectral identification. Far more
critical are questions regarding the actual interpretation of
the data because the assumptions regarding the optical
properties of the substrate referred to in the Introduction
may be expected to be only rarely satisfied.

Despite these shortcomings, however, a combination of
RAWMS and potential-modulated reflection spectroscopy
may become a powerful tool for studying various structural
and electronic properties of a wide variety of both reversibly
and irreversiblyadsorbed speciesonvarious types ofelectrode
surfaces.

Wavelength /nm

FIgura 5. Transmlsalon wavelength modulation spectra of a 14 nM
Co"TsPcaqueous 8OIuIlon obtai'led using the same Inslrunent Involved
In the In situ RAWMS~.

means of observing in situ species irrevezsibly adsorbed on
graphite electrodes at a fixed electrode potential. It should
be noted that the reflectivity ofgraphite in the visible region
is much lower than that of common metals; hence, further
gains in sensitivityC8Dbeexpected to beobtsinedforRAWMS
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Voltage-Scan Fluorometry of Rose Bengal Ion at the
1,2-Dichloroethane-Water Interface

Takashi Kakiuchi; Yoko Takasu, and Mitsugi Senda

Department of Agricultural Chemistry, Faculty of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606, Japan

A new approach to Ion sensing has been pr_ntecl. Transfer
01 R088 Bengal (RB) anions trom the aqueous pha.. (W) to
the 1,2-dch1oroethane (DCE) pheH accompanlecl by the linear
sweep 01 the vollage across the Interface Is monitored as an
Incre_ In fluor88C8ClCe intensity (F) from RB danIons
transferred to the DCE ph_. RB In W can be detected clown
to 20 nM as a peak on a F va time curve. The peak height
(~Fp) Is proportional to the concentration Of the elye anion

tc:.> up to 2 I'M. At higher concentrations, ~Fp va •c:. plot
gradually deviates from the straight Hne. ~Fp Is Invenely
proportional to the square root 01 the scan rate. The Lambert­
Beer's law In conjunction wRh the concentration profile of
transferred Ions In the DCE pha.. accounts for the saHent
features of the F va t curve..

INTRODUCTION

Ion transfer across the interface between two immiscible
electrolyte solutions is a fundamental process in selective
detection of ions, e.g. solvent extraction and ion-selective
electrodes.'·2 In electrochemistry at liquid-liquid interfaces,
the transfer of ions across the interface is measured as an
electrical current passing through the interface. A residual
current due to nonideal polarizability of the liquid-liquid
interface and noise current, particularly amplified in the
positive feedback mode, usually limit the lower bound of
analyte ion concentration to O.01~.1 mM in conventional
electrochemical measurements. Fluorescence is in principle
much more sensitive than electrical current and has been
used in detecting ions based on optode techniques.3-5 Liquid­
membrane attached optodes3.&-'o have been proposed as a
promising approach since the specific extraction of ions into
the membrane gives rise to the change in optical properties
of the bulk membrane rather than the change in monolayer
level, which is common to receptor-immobilized optodes. A
crucialstep indetecting ions with membrane-attachedoptodes
is the distribution of ions from a sample solution to the
membrane. External control of the potential drop across the
membrantHlOlution interface enables us to select ions on the

(1) Girault, H. H.; Schiffrin. D. J. Electroanalytical Chemistry; Bard,
A. J., Ed.; Marcel Dekker: New York, 1989; Vol. 15, pp 1-144.

(2) Senda, M.; Kakiuchi, T.; Osakai, T. Electrochim. Acta 1991, 36,
253-262.

(3) Bright, F. V.; Piorier, G. E.; Hieftje, G. M. Talanta, 1988, 35,U3­
U8.

(4) Suzuki, K; Tohda, K; Taoda, Y.; Ohzora, H.; Nishihara, S.; Inoue,
H.; Shirai, T. Anal. Chem. 1989,61,382-383.

(5) Kawabata, Y.; Kamichika, T.; Imasaka, T.; Iahihashi, N. Anal.
Chem. 1990,62, 1528-153l.

(6) Kawahata, Y.; Kamichika, T.; Imasaka, T.; Iahihashi, N. Anal.
Chem. 1990, 62, 2054-2055.

(7) Seiler, K.; Morf, W. E.; Rusterholz, 8.; Simon, W. Anal. Chem.
1989,5,557-561.

(8) Mori, W. E.; Seiler, K.; Lehmann, B.; Behringer, C.; Hartman, K;
Simon, W. Pure Appl. Chem. 1989,61, 1613-1618.

(9) Tan, S. S. S.; Hauser, P. C.; Chaoiotakis, N. A.; Suter, G.; Simon,
W. Chimia 1989,43, 257-26l.

(10) Hauser, P. C.; peri..et, P. M. J.; Tao, S. S. S.; Simon, W. Anal.
Chem. 1990,62, 1919-1923.
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basis of their relative lipophilicity. In the present Btudy. we
have applied fluorometry to detect the transfer offluoreBcent
Rose Bengal (RB) dianion through the 1,2-dichloroethane
(DCE)-water (W) interface accompanied by the linear scan
ofthe potentialdrop acrossthe interface. When the excitation
light was introduced from DCE to the interface so that the
condition oftotal reflection is satisfied, the fluorescence from
dye ions transferred from the aqueous to DCE phase can be
measured with high sensitivity. The present system can be
seen as a simple model of membrane-solution interfaces in
optodesequipped with a thin membrane for specificextraction
of ions.

THEORETICAL CONSIDERATION
We consider the combinationofvoltage-dependenttransfer

ofdye ions across the DCE-W interface and the fluorescence
from ions transferred into the DCE phase.

Prior to the quantitative consideration, it would be useful
to qualitatively consider the properties of fluorescence
intensity (F(t)) vs time (t) curves, which we call voltfluorc>­
grams. H all dye ionstransferred to theDCE phaseare equally
excited and concentration quenching iB negligible, F(t) should
be proportional to the total amount of dye ions in the DCE
phase, Le., F(t) is proportional to the integral of the current
with respect to time. By integrating the current for linear
sweep voltammetry, it can be shown that the total charge
transferred into the DCE phase is proportional to the hulk
concentration ofi in the aqueous phase, ·c;', and is inversely
proportional to the square root of the 8C8D rate, v'/'. Since
in real systems excitation light is attenuated by absorption
and all dye ions are not equally excited, this proportionality
holds only in inf"mite dilution or at a very fast 8C8D rate,
Nevertheless, a voltfluorogram should reBemble the corre­
sponding total charge transferred vs t curve, or its derivative
should be similar to the corresponding cyclic voltammogram;
a single peak will appear on a voltfluorogram at the potential
where the sign of the current is reversed in the reverse 8C8D

and the Bteepest rise and fall of F(t) will correspond to the
potential around the peak for the forward 8C8D and that in
the reverse 8C8D, respectively, in a cyclic voltammogram.

To calculate the fluorescence intensity, we neglect, for
simplicity, the fluorescence from the aqueous phase. In the
present system the concentration of dye ions is a function of
t and distance normal to the interface, x. The intenBity of
excitation light also is hence a function of t and x. When the
angle of incident light is not in parallel with x-axis, the
calculation ofthe intensityofexcitation lightis fairly involved.
Here we simplify the treatment by supposing that the
excitation light comes from the bulk of DCE phase in the
direction normal to the interface and is absorbed at the
interface.

Lambert-Beer's law has the form"

d In [ .. -'CpeE(t,x) dx (1)

where • is the molar absorption coefficient of ion i and

(U) Atkins, P. W. Physical Chemistry, 4th ad.; Orlord Univeraity
Press: Orlord, 1990; Chapter 17.

@ 1992 Amarican ChemIcal SocIaly
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Figure 1. A cyclic vollammogram of the reversible ion transfer (a) and
voltftuorograms (b) at <fc~)/V'12 = 0.005 (1), 0.010 (2), 0.020 (3),
0.050 (4), 0.100 (5), 0.200 (6), and 0.500 (7) calculated from eq 5.

er(t,x) is the concentration of i in DCE. By integrating
this equation, we obtain

o ~~~~-~

o 0.5 1.0

1.0 l
~ °I2J"- 0.5

...' 0 0 0.05

II III IV V VI V11

0.01 H 0.01 t1 ... "" 1Ag AgCl rBACl TSATPB Phosphate-Borat AgCl Ag

Buffer at pH9.0

a t1 Rose Bengal

(vater) (DeE) (vater)

To make sure that Rose Bengal takes a divalent anionic form,
the pHofthe phaseVwasadjusted to9.0usingO.Ol M phosphate­
borate buffer. The interface between IV and V is the polarized
interface. The potential of the right-hand side terminal of the
cell with respect to the left is denoted as E. The current was
taken to be positive when positivelycharged species pass through
the interface from W to DCE. Figure 3 illustrates the cell used
for fluorescence measurements. Acylindrical samplevial of2-cm
dismeterand 3.l>-emlength was modifiedtoaccommodateanother
inIetandusedfortheoutercell(Figurel). ThepolarizedDCE-W
interface between phases IV and V was made at the end of the
innerglass tube, whose inner diameter was 4.6 mm. The location
of the interface was adjusted at the central aris of the cylindrical
outer cell. The orifice and outer surface of the tube was made
hydrophobic by applying dimethyldichlorosilane vapor. After
the interface was adjusted to be as flat as possible, the stopcock
connected to the inner tube was closed to maintain the location
and shape ofthe interface as is. Light from a 150-W xenon lamp
was led to the vicinity of the outer glass wall of the cell through
an opticalwave guideequipped with a convex lens. Thedismeter
of the lens was 7 mm and its focal length was 2 em. Light was
impinged to the interface from the DCE phase through the outer
glass wall of the cell. The angle of incidence to the DCE-W

(12) Kakiucbi, T.; Senda, M. BuU. Chern. Sex:. Jpn. 1983, 56, 1322­
1326.

(13) O&akai,T 0; Nuna, T.; Yamamoto.Y.; Saito. A.; Senda. M. BunseJti
Kagaku 1989, 38, 479-4ll5.

ebc "i / vlJ2

figure 2. Peak height vs E(bC~)/v'l2 curve corresponding to the
calculated R.f)I~Io vs t/lr curves In Figure 1. The Inset shows the
magnified view at smaller <fc~)/V'12 values.

EXPERIMENTAL SECTION

Material.. Reagent·grade RB was used without further
purification. Methods of the purification of water and tetra­
buty1ammonium chloride (TBACI) and of the preparation of
tetrabuty1ammonium tetraphenylborate (TBATPB) have been
described elsewhere." Other chemicals used were of reagent
grade.

Method.. Cyclic voltsmmograms were recorded using a
computer-controlled voltsmmetry system." The positive feed­
back method was used for the compensation of potential drop
due to solution resistance." The electrochemical cell is repre­
sented by

located at the potential where the dimensionless current, >t­
(t), crosses the line of >tIt) = 0 (Figure 1a). With increasing
E(be;')/v'/2, the peak potential shifts to the right by a few
millivolts (amaller E). The peak becomes broader and
eventually shows a plateau when E(be;')/v'/2 > 0.5. The peak
height (F.,I~lo) in Figure 1b is plotted against E(be;')/V' /

2in
Figure 2. Fp/~lo is approximately a linear function of
E(bC;')/v'/2 up to E(bc;')/v'/2 = 0.05 (inset of Figure 2) and
becomes saturated above E(bc;')/v'/2 = 0.2.
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andf'(i,t) = epeE/be;'. Here DpeE is the diffusion coefficient
of i in DCE, nDCE is the dimensionless diffusion coefficient
defmed by nfitE = DpeEilt/(6x)2, 6x and ilt are discretized
distance and time, and L is the number of iteration per RT/
z;F'. In eq 6, be;' and V'/2 appear as a combined parameter,
be;'/v'/2; be;' and 1/vl / 2 is equivalent in determining the
magnitude of F(t). F(t) is not linear with respect to be;,/
v1/2

•

F(t}/~lo vs t/tT plots at several values of E(be;'}/V' /
2 are

shown in Figure 1b, where tT is time needed for one
measurement. At lower values of E(be;'}/V' /

2
, the peaks are

On the other hand, fluorescence intensity from a thin layer
of thickness dx, dF(t,x), is given by

dF(t,x) ~ .~I(t,x)epeE(t,x) dx (3)

where ~ is the quantum yield of fluorescence at a given
wavelength. Combining these two equations and assuming
the absence of concentration quenching, we may write for
the total fluorescence intensity

F(t) =dloJ:~epeE(x,t)[expl-'f:cpeE(t,D dill dx (4)

epeE(x,t) is given by solving the diffusion equation with
appropriate initial and boundary conditions. To obtain
epeE(x,t), we assumed that the diffusion of ion i follows the
semiinfmite linear conditions both in DCE and W phases
and that the transfer of i is reversible. Since the analytical
form of epeE(t,x) is not available, we fIrSt calculated epeE
(t,x) and then F(t) numerically using a finite difference
method. F(t) is then expressed as

F(t) = E~lo be;'~[f(i,t) exp$ E
be

;'f' f(k,t)}] (5)
V1/ 2f::t rU1/ 2t::

where
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located at the potential where the dimensionless current, x­
(t), crosses the line of x(t) = 0 (Figure la). With increasing
E(bCf)jvl

/
2
, the peak potential shifts to the right by a few

millivolts (smaller E). The peak becomes broader and
eventually shows a plateau when E(be;')/vI/2 > 0.5. The peak
height (Fp/if>1o) in Figure Ib is plotted against E(bc;')/vI/2 in
Figure 2. Fp/if>1o is approximately a linear function of
E(bcf)/v I/2 up to E(be;')jvl

/
2 = 0.05 (inset of Figure 2) and

becomes saturated above E(be;')/vI/2 = 0.2.

ebc"i/vlll

Figure 2, Peak height VB E(bC~)/v'l2 curve corresponding to the
calculated R.fJIif>Io vs tllr curves In Figure 1. The Inset shows the
magnified view at smaler «bc~)lV"2 values.
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EXPERIMENTAL SECTION

Materials. Reagent-grade RB was used without further
purification. Methods of the purification of water and tetra­
butylammonium chloride (TBAC1) and of the preparstion of
tetrabutylammonium tetraphenylborate (TBATPB) have been
"_"';l-! ol""whoTo.12 Other chemicals used were of reagent
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figure 1. Acyclic voIlammogram of the reverstlielon transfer (a) and

voItftuorograms (b) at <fc~)/V'12 = 0.005 (1), 0.010 (2), 0.020 (3),
0.050 (4), 0.100 (5), 0.200 (6), and 0.500 (7) calculated from eq 5.

CpeE(t,X) is the concentration of i in DCE. By integrating
this equation, we obtain

~;l;:.g~IScanFluoroJDetry of Rose Bengal Ion at the
- Ie oroethane-Water Interface

Takashi ~akiuehi: Yoko Takasu. and Mit.~ugi Send..
(Anal. Cnem. 1992,64,3096-3100).

. Since the origin of the x-axis is taken at the " te -
In eq • 2 . d " . • n naee,-K

s L, ,an 4 snouln be reaa as K and in eq 5 - h uJd
be read. as E. E 5 0

form of Ci (ttx) 18 DOt dvdllBme, we 1"U," ..

(t,x) and then F(t) numerically using a finite difference
method. F(t) is then expressed as

F(t) = Eif>1obe;' f'[f(i,t) expf be;'f f'!(k,t)}l (5)
v'/2'f=t r v'/2~

where

E = K(vpcE 1 RT)'/2 (6)
DrLz;F

and f(i,t) = epeEjbe;'. Here npeE is the diffusion coefficient
of i in DCE,~E is the dimensionless diffusion coefficient
defined by D, =nFt1tl(tix)2, tix and t1t are discretized
distance and tinte, and L is the number of iteration per RTI
z;}'. In eq 6, be;' and V'/2 appear as a combined parameter,
bc'r'lv'/2; bci' and I/vl/2 is equlvalent in determining the
magnitude of F(t). F(t) is not linear with respect to bc;'1
V

1/2
•

F(t)jif>1o vs tjtT plots at several values of E(be;')jvl
/
2 are

shown in Figure 1b, where tT is time needed for one
measurement. At lower values of E(be;')/vI/2 , the peaks are

1
interface. The potential of the right-hand side terminal of the
cell with respect to the left is denoted as E. The current was
taken to be poeitive when positivelycharged species pass through
the interface from W to DCE. Figure 3 illustrates the cell used
for fluorescence measurements. A cylindrical sample vialof2-em
diameter and 3.1H:m length was modifiedtoaecommodateanother
inletandusedfortheoutercell(Figurel). Thepo1arizedDCE-W
interface between phases IV and V was made at the end of the
inner glass tube, whose inner diameter was 4.6 mm. The location
ofthe interface was adjusted at the central axis ofthe cylindrical
outer cell. The orifice and outer surface of the tube was made
hydrophobic by applying dimethyldichlorosilane vapor. After
the interface was adjusted to be as flat as possible, the stopcock
connected to the inner tube was closed to maintain the location
and shape of the interface as is. Light from a 150-W xenon lamp
was led to the vicinity of the outer glass wall of the cell through
an optical wave guide equipped with a convex lens. Thediameter
of the lens was 7 mm and its focal length was 2 em. Light was
impinged to the interface from the DCE phase through the outer
glass wall of the cell. The angle of incidence to the DCE-W

(12) Kakiuchi, T.; Sends, M. Bull. Chern. Soc. Jpn. 1983,56, 1322­
1326.

(13) Ooakai, T.; Nuno, T.; Yamamoto, Y.; Saito, A.; Senda, M.Bunseki
Kagaku 1989, 38, 479-485.
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interface was adjusted so that the excitation beam focused at the
interface was totally reflected. The refractive index is greater
in DCE (n20D =1.4421) than in water (n20D =1.3330). The critical
angle for the DCE-water interface ia then 67.56° when both phasea
consiat of pure solvents. The aogle of incidence was set at about
75°.

The reflection of the light at the interface was monitored
visually by using a piece of black paper placed at the opposite
side of the cell. In fact, mainly due to the incomplete focusing
of light aod the diapersion of light when passing through the
outer glass wall ofthe cell, itwas difficult to achieve the complete
reflection of incident light at the DCE-W interface; a certain
portion of the light inevitably leaked through the interface into
the aqueous phase. Filtering of excitation light with a mono­
chromatorora iJ.lter did not appreciably improve the penetration
of light into the aqueous phase. Emitted light normal to the
interface was monitored through aoother opticalwaveguide which
was set heneath the cell (Figure 3) aod was connected to a photon­
countingapparatus (Unisoku, Japao) via a monochromator. The
depth ofthe DCE phase beneath the interface was about 10 mm.
Time-dependent fluorescence was monitored usually at the
maximum emission, 590 nm. Triggering signal for starting a
photon-counting measurement with time scan mode at a given
wavelength was also fed to the computer-controlledvoltammetry
system for enabling the voltage SCaD. AU measurements were
made at room temperature, 23 ± 2°C.

RESULTS AND DISCUSSION

Properties ofFluorescence Intensityvs TimeCurves.
Voltfluorograms recorded at a scan rate (u) = 10 mV S-1 are
shown in Figure 4b for bc~ = 0.5 mM (curve 1) and 0.5 I'M
(curve 2). E was applied in a cyclic voltammetry mode
between the initial potential (EiniJ at 400 mV and the
switching potential (Es) at 75 mV. Transfer of RB anions
from W to DCE was detected as an increase in F. In the
reverse scan of E, F decreased as RB ions went back to the
aqueous phase. After each scanning, E was kept at 400 mV.
Continued decrease in F with time at this potential indicates
that RB in the DCE phase was gradually redistributed into
the W phase.

Curve 1showed characteriatic features which are predicted
in the theoretical treatment described above (Figure 1). The
peak appeared at the E value on the reverse scan. The rate
of the increase in F in the forward scan was significantly
reduced before reaching the Es. When E returned to the
initial potential, the Fdecreased toonly20% ofthe maximum
value of F.

tis
Figura 4. A cyclic voltammogram and a vollfluorogram (curve 1)
simultaneously recorded at be:. = 0.5 mM In W and at v = 20 mV
s". Curve 2 Is a voItftuorogram at be:. = 2 I'M.

A small reproducible peak appearing in the forward 8C8D

cannot, however, be interpreted within the framework of the
model discussed above andsuggests the participationofother
factors not directly related to the ion transfer current, e.g.
movementofthe interfacedue to the change insurface tension,
convective motion of the DCE solution, or small emulsion
particle formed in the vicinity of the interface.

A cyclic voltammogram simultaneously recorded during
the fluorescence measurement at bc~ ~ 0.5 mM is shown in
Figure 4a. It is seen that the peak in curve 1 in Figure 4b
appeared at the potential where the current became zero in
Figure 4a. The position ofthe peak in the reverse scan of the
cyclic voltammogram corresponds to the steepest decrease in
the voltfluorogram in Figure 4b. Similar correspondence for
the peak in the cyclic voltammogram in the forward scan was
not observed probably due to the small peak in the voltflu­
orogram in Figure 4b.

When bc~ was lowered, the peak in voltfluorograms
shifted to around Es, as exemplified by the trace at bc~ =
2 I'M (curve 2 in Figure 4h). Thus the peak appeared much
earlier than that predicted from eq 5. The decrease in F in
the reverse 8C8D was more rapid than expected in the above
model (Figure 2). After one cycle of the voltage BCBDning, F
decreased to less than half of the peak height. The point of
inflection in the forward 8C8D corresponds to the forward
peak of the cyclic voltammogram in Figure 4b.

When bc~< 10 I'M, the residual current mainly due to the
transfer of supporting electrolytes far exceeds the current
corresponding to RB ion transfer.'4,'5 The observed shift of
the peak in the voltfluorogram at lower RB concentrations
may be associated with the disturbance of the interface due
to the transfer of supporting electrolyte ions.

Concentration DependenceofFluoreecence Intensity.
Voltfluorograms at several different values of bc~ between
50 nM and 5 I'M at u = 10 mV S-1 are shown in Figure 5. In

(14) Kalriuchi, T.; Sanda, M. Bull. Chem. Soc. Jpn. 1983, 56, 1322­
1326.

(15) Kalriuchi, T.; Sanda, M. Collect. Czech. Chem. Comnwn. 1991,
56, 112-129.
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Figure 8. Depandence of tha peak height of voltfluorograms on scan
rate. Data were taken from Figure 7.

peak potential remained constant at E = E. over the range
of v between 5 and 100 mV s". The AF'p was inversely
proportional to V'/2 as shown in Figure 8. According to eq 5,
the increase in scan rate is equivalent to the decrease in
beli'a. Since the AF'p vs beli'a plot at v = 10 mV s" in Figure
6 is almost linear at belie = 2 jLM, observed linearity in Figure
8 is in harmony with the linear variation in the inset in Figure
6.

When E(be£')!V'/2 is small enough to neglect higher terms
of the series expansion of the exponential term in eq 5, we
have

F(t) =

beW 00 (beW)2 00 i

E~Io v'~2W(i,t) + E2~Io V'~2 ~[f(i,t)~f(k,t)l (7)

Further, if E(be£')!V'/2 is so small that the second term of the
right-hand side of eq 7 is negligible, the linear variation of
F(t) with respect to either be£' or V'/2 is expected. The
observed linear variations of F(t) in Figures 6 and 8 assure
that E(be"(')!V'/2 is small enough in the experimental range of
ber and V1/ 2•

the concentration range shown in Figure 5, all peaks were
located at about Es and the position was independent of
bciiBO

The fluorescence increased with beli'a. The concentration
dependence of the peak height (AF'p) on voltfluorograms
corrected for the background fluorescence is shown in Figure
6. Error bars in the figure indicate the standard deviation
for two independent sets of measurements, a total five runs.
In the lower concentration range, F increased linearly with
belie as shown in the inset in Figure 5. In the lower limit, the
peak was detectable down to beli'a = 20 nM. Deviation from
the straight line becomes appreciable when belie> 2 jLM.

The background fluorescence, i.e. F at E = E ini1 before the
voltage scan, increased with belie. This increase is probably
attributable to three factors. First is the fluorescence from
RB excited by an evanescent wave in the aqueous side of the
interface. Second is the fluorescence from RB in W excited
by the light passed through the interface due to incomplete
reflection at the interface. Third is the fluorescence from
RB in DCE. When a new DCE-W interface was formed
without applying the potential across the two Ag-AgCl
electrodes, a certain amount of RB spontaneously dissolved
into the DCE phase. Although RB went back to the W phase
after setting the potential at 400 mV, a certain portion ofRB
spread over the DCE phase remained to contaminate the
DCE phase.

Effect afScan Rate. The effect ofscan rate is illustrated
in Figure 7 between v =5 and 100 mV s" at beli'a =2 jLM. With
increasing SCan rate, F decreased as predicted above. The
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CONCLUSIONS

Fluorometric detection of ion transfer is 3 orders of
magnitude more sensitive than conventional electrochemical
techniques. The potential drop across the interface as a new
parameter in optical detection of ionic substances enables
separate detection of ions having different degree of lipo­
philicity, which augments the selectivity inherent to optical
techniques based on excitation or fluorescence spectrum of
analytes. The fluorescence technique has been applied to
obtain partition coefficient of fluorescent dyes between the

(16) Wiegand, D. H.; Van:9Bek, P. Appl. Spectrosc. 1988,42,95&-961.
(17) Wiegand, D. H.; Vanygek, P. J. Colloid Interface Sci. 1990,135,

272-282.

oil and water phases.'S,l7 The present results show the
possibility that the partition coefficients or transfer free
energies between an oil and water phases can be determined
based on voltfluorograms. Another advantage ofthe present
method is that the presence ofnonfluorescent ions transferred
within the potential window, even in large quantity, does not
interferewith the determination ofanalyte ions. The present
study has been concerned with the detection of fluorescent
ions. However, the method can be extended to the detection
of nonfluorescent ions by using fluorescent ionophores.

RECEIVED for review August 11, 1992. Accepted October
6,1992.
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Determination of Chromium(III) and Chromium(VI) in Water
Using Flow Injection On-Line Preconcentration with Selective
Adsorption on Activated Alumina and Flame Atomic Absorption
Spectrometric Detection

Michael Sperling, Shukun XU,t and Bernhard Welz'

Department of Applied Research, Bodenseewerk Perkin-Elmer GmbH, W-7770 Uberlingen, Germany

A rapid and sensltlv. m.thod lor th. apecl......lectlv.
det.rmlnatlon of clvomlum(lIl) and clvomlum(VI) In wat.r
samples by name atomic ab8orpllon spectrometry using on­
Nne preconcenlrallon on a rnIc:roc:cIIwnn packed wllh activated
alumina (8CkIIc lorm) has been developed, sequential
apeclell-selecllv. sorplIon was po88lbIe by using the CIark­
Lubs buffer sylltlllllll wlth pH 7 lor Cr( III) and pH 2 lor Cr­
(VI). The preconcenlrated apecIeI were eluted elrectly from
th. column to the nebullzer-burner 8y8lem using 1.0 moVL
nitric acid and 0.5 moVL ammonia lor Cr( III) and Cr(VI),
respectlv.ly. Th. r.t.ntlon efficiency was beller than 80%
lorCr(lIl) and bellerthan 90% torCr(VI), giving a..nsIllYlly
enhancement of 25 lor a 3-mL sampl. Ioaelng. The eIlect of
concomitant apecIeI was investigated, and sall8taclory
recovery of 90-108% coukI be oblalned from naual water
samples. Unear calbrallon lor both apecIeI was 8lItabllllhed
over the concentration rang. 10-200 pglL wlIh detection
Imlts (3 s) 01 1.0 and 0.8 jlg/L lor Cr(lll) and Cr(VI),
respectlv.1y.

INTRODUCTION

There is a rapidly increasing demand for fast and reliable
analytical methods for the determination of chemical forms
of elements in environmental samples. The interest in
chromium is governed by the fact that its toxicity depends
critically on its oxidation state: While chromium(I1I) is
considered essential for mammals for the maintenance of
glucose, lipid, and protein metabolism,l chromium(VI) is
known to be toxic to humans.2 Cr(I1I) and Cr(VI) enter the
environmentas a result ofeffluent discharge from steelworks,
electroplating, tanning industries, oxidative dyeing, chemical
industries, and cooling water towers.' The metal may also
enter drinking water supply systems from the corrosion
inhibitors used in water pipes and containers or by contam­
ination of the underground water from sanitary landfill
leaching. Therefore it is ofmajor concern to understand the
behavior of chromium in natural aquatic systems. In view of
the difference between the oxidation states, and in order to
follow the pathways for interconversion in the environment,
it is increasingly important to monitor the concentration of
tbe individual chemical species as well as the total concen­
tration ofchromiumin the environment. Traditionalmethods
for the speciation of inorganic chromium, are, however
relatively time-consuming, involvingspecies separationbased
on solvent extraction,. coprecipitation,' electrochemical sep-

• To whom correspondence should be addressed.
f On leave from the Flow Injection Analysis Research Center. Institute

of Applied Ecology, Academia Sinica, Shenyang, 110015, China.
(1) Ottaway, J. M.; Fell, G. S. Pure Appl. Chem. 1986,58,1707.
(2) Nriagu, J. 0.; Nieboer, E. Chromium in the Natural and Human

Environmentj Wiley: New York, 1988.
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aration,5 ion exchange,s,7 solid-phase extraction,8,9 or selective
volatilization in combination with graphite furnace atomic
absorption spectrometry (GFAAS).10

Many methods are based on the determination of Cr(VI)
and total chromium because Cr(I1I) is kinetically inert, calling
for a conversion step. The conversion of metal species from
one form to another can have serious drawbacks including
incomplete conversions (particularly at low concentrations),
introduction of contamination by the oxidation/reduction
agents, interferences from othermetals present, and generally,
complex and time-consuming sample pretreatment proce­
dures, Of the numerous methods developed for chromium
speciation, those which physically separate the individual
species followed by direct quantitation are preferred because
they are relatively fast and require only minimal sample
pretreatment. This last factor is particularly important
because prolonged sample manipulation may affect the
chromiumspeciesdistributionsignificantly.ll During the past
decade, problems inherent in manual sample manipulation
could be overcome, at least in part, by hyphenated techniques
suchas HPLC orFIA coupled to photometricor spectrometric
detection techniques, which are summarized in Table 1.12- 26

Detection limits given in Table I are based on 3 s and were
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Table I. Comparison of Published Methods for the Selective Determination of Chromium(III) and/or Chromium(VI) by
On-Line Separation Techniques"

Crspecies technique sorbent F"l/h V.,mL RSD,% DL,~/L range, ,ug/L ref

Cr(VI) FI-UV DPC ng 0.164 3.0 (100 I'g/L) IS 20-2000 13
Cr(T) FI-UV oxidat, Ce(IV) ng 0.164 2.0 (200 I'g/L) 55 50-4000

Cr(VI) FI-UV DPC ng <3 ng 100-1250 14
Cr(T) FI-UV oxidat, Ce(IV) ng 30-100 <1 ng 500-5000

Cr(VI) FI-UV DPC 120 0.03 ng ng 100-20000 15
Cr(T) FI-FAAS 120 0.03 ng ng 1000-50000

Cr(III) HPLC-FAAS RP 30? 0.2 S.9 (1240 ~/L) 60 100-2000 16
Cr(VI) RP 30? 0.2 7.5 (1260 ~/L) 120 200-2000

Cr(lIl) HPLC-DCP-AES C18-RP 5 0.1 ng 5-10 10-5000 17
Cr(VI)

Cr(III) HPLC-DCP-AES ion exchanger I-S 1.0 <1 ng ng IS
Cr(VI)

Cr(llI) FI-FAAS PHXA 1 100 ng ng 20-100 19

Cr(III) FI-FAAS CPG-SHOQ 120 0.2 1.0 (600 ~/L) ng 70-2000 20
Cr(VI) direct 0.5 (1000 I'g/L) ng 100-5000
Cr(llI) FI-FAAS CPG-SHOQ 60 1.0 0.67 (100 ~/L) 16 20-400
Cr(VI) direct 0.52 (500 ~/L) 85 100-5000

Cr(VI) FI-FAAS RP 2-4 10-14 ng 1.2 5-100 21

Cr(llI) FI-ICP-AES Muromac-l 17 IS <5(10~/L) 0.21 0.2-100 22
ion-exchange

Cr(llI) FI-ICP-AES alumina, acidic 20 2.0 2.2 (10 I'8/L) 2.1 5-1000 23
Cr(VI) 20 2.0 1.1 (10 I'8/L) 0.3 5-1000

Cr(III) FI-ICP-AES alumina, basic 5-20 0.2-10 12 (10 I'8/L) 1.4 10-1000 24

Cr(llI) FI-DCP-AES alumina, acidic ng 0.5 2.32 (200 I'8/L) 40 100-500 25
Cr(VI) ng 0.5 1.34 (200 I'g/L) 20 100-500

Cr(T) FI-ETAAS oxidation 22 3.0 9.1 (O.II'8/L) O.QlS 0.05-0.5 26
Cr(VI) DDTC/C,s-RP 22 3.0 9.1 (O.II'8/L) 0.016 0.05-0.5

• F" sample rate; V" sample volume; DL, detection limit (3 s); RSD, relative standard deviation; ng, not given; Cr(T), total chromium;
CPG-SHOQ, quinolin-8-ol immobilized on controlled-pore glass; DPC, diphenyl carbazide; DDTC, diethyl dithiocarbamate; PHXA,
polyhydroxanllc acid; RP, reversed phase; FI, flow injection; HPLC, high performance liquid chromatography; IC, ion chromatography; ICP-
AES, inductively coupled pIaama atomic emission spectrometry; DCP-AES, direct current plasma atomic emission spectrometry; FAAS, flame
atomic absorption spectrometry; ETAAS, electrothermal atomic absorption spectrometry; UV, UV photometry.

recalculated from original data ifnecessary in order to allow
direct comparison.

In photometric methods,I'-15 which are traditionally used
for the determination of Cr(VI), several conditions such as
temperature and amount of reagent must be kept strictly
constant in order to achieve good reproducibility. Generally
these methods have problems in handling complex sample
matrices and they have to be combined with a conversion
step. Conversion by on-line oxidation of Cr(III) with Ce(IV)
at elevated temperature"-I' has the disadvantages of intro­
ducing serious contamination and hence impairing detection
limits.

Separation of chromium species using chromatographic
techniquesl8-IS often results in inadequatesensitivityfor trace
concentrations of Cr in real samples because of low sample
loading. Syty et al.IS used a reversed-phase polymeric CIS
material for chromium speciation. Trivalent Cr was eBBen­
tially not retained on the column while Cr(VI) emerged after
70 s. On-line determination by flame atomic absorption
spectrometry (FAAS) gave detection limits of 60 p.g/L for
Cr(lll) and 120 i'fYL for Cr(VI), which was inadequate for
most natural water samples. Krull and co-workersl7 have
separated Cr(lll) and Cr(VI) by means of a reversed-phase
CIS HPLC column coupled directly to DCP-AES. A wide
linear range, detection limits of a few micrograms per liter
Cr, and good recovery ofCr(III)/(VI) added to distilled water
were reported. However, they were not able to recover Cr­
(VI) added to a varietyofenvironmentalor biologicalsamples
nor detect any Cr species in NIST SRM 1643a (trace elements
in water). Inorder to achieve adequate detection limits some
preconcentration, preferentially on-column, has to be per-

formed. PreconcentrationofCr(III) is not as straightforward
as for Cr(VI) because the kinetic inertness of Cr(III) hinders
efficient complexation resulting in poor sensitivity, low
sampling frequency,15.1. and incomplete recovery.15

When FI techniques are used for separation, the objective
is to separate a single analyte or group of analytes from
interfering sample components or matrices, often simulta­
neously achieving some degree of preconcentration and
therefore gaining sensitivity at the expense of separation
power. The FI separation process is quite similar to batch
fIltration or solvent extraction procedures, and no chromato­
graphic processes are involved, despite the fact that some
chromatographic equipment like HPLC pumps and on-line
columns might be used for this purpose. Different solid
sorbentsl9-26 were used for FIpreconcentrationand separation
of Cr(III) and Cr(VI). Shah and Devil. used a poly­
(hydroxamic acid) resin for the preconcentration of Cr(III).
Sample throughput was very low, achieving a 50-fold pre­
concentration by loading 100 mL of sample in 50 min, and
complete recovery of Cr(lll) from the resin was not pOBBible
even after prolonged elution. Hirata et al.2' used a chelating
ion exchanger (Muromac A-I) and achieved a maximum 113­
fold preconcentration of Crill) with a loading time of 180 s.
However, besides the availability of the material, its low
selectivitycaused problemsgiving riae tospectral interferences
by coeluted cations such as magnesium and competition on
the column for example by aluminum. Cox et al.23 used a
minicolumn of activated alumina in the acidic form in
combinationwith inductively-coupledplasmaatomicemission
spectrometry (ICP-AES) for rapid sequential determination
of Cr(III) and Cr(VI). While preconcentration for Cr(VI)
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Figure 1. Flow Injection manffold lor on-lIne preconcentratlon 01 Cr­
(1II) and Cr(Vl). V. Injector valve; Pl, P2 peristaltic pumps; C.
mlcrocolumn packed with activated alumlne (acidic lorm); W, waste;
MS, tIame atomic absorption spectrometer. (a) sample Io8c1ng
sequence, (b) elution sequence.

throughout. The Clark-Luhs buffer solution with pH 2.0, used
for the sorption of Cr(VI), was prepared by mixing 88.1 mL of
0.2 mol/L potassium chloride solution with 11.9 mL of0.2 mol/L
hydrochloricacid and diluting to 200 mL with water. The Clark­
Lubs buffer solution with pH 7.0, used for the sorption ofCr(ID),
was prepared by mixing 50 mL of0.2 mol/L potassium hydrogen
phosphate solution with 29.5 mL of0.2 mol/L sodium hydroxide
solution and diluting to 200 mL with water; 1.0 mollL nitric acid
and 0.5 mol/L ammonia were used for the elution of Cr(Ill) and
Cr(Vl) species, respectively.

Standard solutions of Cr(ID) and Cr(Vl) were prepared by
appropriate dilution from 1000 mg/L stock solutions, made up
from commercially available concentrates, Titrisol (Merck) for
Cr(ID) and Fixanal (Riedel-de-Haen, Seelze, Germany) for Cr­
(VI). Synthetic mixtures of both species were produced by
appropriate mixing of these standard solutions for the investi­
gation of selectivity and recovery.

Water samples were filtered if necessary and acidified to pH
4 with nitric acid. Lake and tap water samples were provided
by the Lake Constance Water Supply (BWV, Sipplingen,
Germany). Because of the lack of standard reference materials
certified for chromium species, standard reference materials
"trace elements in water" SRM 1643b and SRM 1643c (NlST,
USA) and "river water" SLRS-l (Nations! Research Council
Canada) were used for recovery experiments and comparison of
the chromiumspeciesconcentration withcertifiedvalues for total
chromium.

Procedure. The FI manifold for on-line preconcentration
and elution is shown in Figure 1, and the optimized operating
parameters are given in Table II. Sample and buffer solutions
were pumped simultaneously and mixed on-line. The precon­
centration time was usually 35.. Preconcentration and deter­
minstion of Cr(TIl) and Cr(VI) were performed sequentially by
selecting the appropriate buffer and eluent solutions. During
the preconcentration ofone species, the other species justpassed
thecolumnwithoutbeingretained. However,duringtheselective
preconcentration ofone species, column and connecting tubes to
the valve acted as a sample loop for the other species. During
the elution stage, the nonsorbed species would run in front ofthe
sorbed species. By carefully optimizing the flow rates and the
peakevaluation time windows, both species could be d.termined
sequentially in one run (Figure 2), giving low sensitivity for the

EXPERIMENTAL SECTION

A Perkin-Elmer Model 2100 atomic absorption spectrometer
witb deuterium arc bsckground correction was used throughout.
The hollow cathode lamp for chromium was operated at 25 mA,
and the spectrometer was set to 357.9 nm with a spectral
bandwidthofO.7nm. Astandard air-acetylene nebulizer-bumer
system withoutany impactsystem (impact bead and flow spoiler
removed) was operated at an acetylene flow rate of 3.1 L/min
and an air flow rate of 5.0 L/min in order to produce a fuel-rich
flame. The bumer height was adjusted to about 3.5 mm for
optimum sensitivity. The nebulizer uptake rate was adjusted to
give optimum response for conventional sample aspiration. No
provision was taken to compensate for the lower flow rates
delivered by the FI system; however, the transfer capillary to the
nebulizer (PTFE, O.3-mmLd.) restricted the uptake rate to values
close to the flow rate provided by the FI gystem. Running the
nebulizer under this restricted sample flow rate will not reduce
thesensitivityproportions! to the flow reduction becauseofbetter
nebulizer efficiency under starved conditions. The reduction of
sample flow in the FI mode in comparison to conventions! free
uptake ofthe nebulizer is also beneficial for the droplet diameter
distribution, which is shifted to smaller droplets and therefore
less prone to vaporization interferences. The impact bead and
flow spoiler could therefore be removed from the spray chamber,
resulting in an additional gain in sensitivity. Time-resolved
absorbance signals of the elution peaks for Cr(ID) and Cr(VI)
were displayed on the monitor and printed together with peak
height and integrated absorbance values using an Epson Model
FX-80+ printer. For peak height sbsorbance evaluation the
spectrometer was operated with a time constant of 0.5 s.

A Perkin-Elmer Model FlAS-200 flow injection system con­
nected to the spectrometer was used for the on-line preconcen­
tration of chromium(ID) and chromium(VI). The automatic
operationofthe injectorvalveand thetwomulticbannel peristsItic
pumpswas programmedusingthespectrometersoftware. Tygon
pump tubes were used to propel all sample and reagent solutions.
A minimum length of PTFE tubing with an Ld. of 0.3 mm was
used for all connections in order to minimize the dead volume.
Aconicallyshapedmicrocolumnof5(}.1f!. capacity(perkin-Elmer,
Uberlingen, Germany), packed with alumina, was used in the
manifold for selective sorption of Cr(ill) and Cr(VI) species.
Aluminum oxide 90, acidicactivated for columnchromatography
(Merck, Darmstadt, Germany), was sieved, and the fraction in
the range 56--170I'IDwas used for the packing, providingminimum
dispersion, and acceptable backpressure.

Reagents, Standard Solutions,and Samples. Allreagents
were of at least analytical reagent grade purity, and ultrapure
water (18 MOhm/cm, Nanopure System, Barnstedt) was used

was straightforward, Cr(llI) could not be retained on the
column and therefore only detected with greatly reduced
sensitivity. Later the same group of authors reported the
preconcentration of Cr(ill) on an basic alumina column.24

Retention of both chromium species on an acidic alumina
column and sequential elution by changing the elution
conditions was reported by Ahmad et al.'5 However, no
information was given on the flow conditions or on results for
samples, and detection limits were not adequate for real
samples (see Table I).

In spite of that, however, activated alumina offers the
principal possibility for preconcentration of both chromium
species since it can function both as an anion and a cation
exchanger depending on the pH ofthe solution. Under acidic
conditions alumina exhibits a high affmity for oxyanions
whereas it strongly retains cations under basic conditions.
We therefore investigated the possibility of using acidic
activated alumina for the sequential preconcentration of Cr­
(III) and Cr(VI) using carefullyselectedpH conditions. Flow
injection (FI) techniques were used with FAAS detection
which, as a single-element technique, is ideally suited for the
speciation of a single element. Compared to ICP-AES it has
the advantages ofless spectral interferences by concomitants
and less running costs.
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Table II. Sequence of Operation for Selective On-Line FI Preconcentration of Cr(III)/Cr(VI) for Determination by FAAS

flow rate, mL/min valve
step time, 8 pump 1 pump 2 medium. position function

4.8 sample inject prefill tubes with sample
0.6 buffer"

3.5 eluent' elute residual Cr
35 4.0 sample fill load Cr onto alumina column

0.5 buffer"
10 3.5 wash solution' fill wash column
15 3.5 eluent' inject elute Cr to flame

a Buffer solution: pH 2 for Cr(VI), pH 7 for Cr(!Il). 'Eluent: 0.5 mollL ammonia for Cr(VI), I mollL RNO, for Cr(m). 'Wash solution:
water for Cr(VI), 0.5 mollL ammonia for Cr(!Il).

o-l-L--"""----------'''''i
o time lsi 100

Fig... 2. Detection of both Cr(III) and Cr(VI) In presence of each
other during a single elution sequence without a preceding washing
step following 30-a semple loading: A, unretalned Cr(III); B, retained
Cr(VI).

in solution, the total concentration of Cr in equilibrium with
Cr(OHls (s) can be expressed as

[Cr]total = [Cr3+] + [Cr(OH)2+] + [Cr(OH)2+] +
[Cr(OH)s'1 + [Cr(OH)4l (6)

The contribution of each species was calculsted by using the
thermodynamic equilibrium constants given by Rai et al.27

with the help ofa spreadsheet program (LOTUS 1-2-3, Ver.
3.1) running on an EpsonAX2 AT-compatible computer. The
result of this calculstion is shown in Figure 3B.

Chromium(VI) may be present in aqueous solutions as
chromate, dichromate, hydrogen chromate, chromic acid,
hydrogen dichromate, trichromate, and tetracbromate.28 The
last three ions have been detected only in strongly acidic
solutiona, however, and only for very high concentrations of
chromium(VI) which do not apply here. Equilibrium and
stoichiometric relationshipa for the three species considered
here are presented in eqs 7-10.

nonsorbed species (direct determination) and high sensitivity
for the sorbed species (preconcentration). However, this pro­
cedurewould haveadded complexityand deteriorated selectivity
in cases of big differences in concentration between the two
species. Awash cycle was therefore introduced before the elution
in order to flush the residual sample from the interstitial spaces
of the column. Water was used for that purpose in the
determination of Cr(Vl) and 0.5 mollL ammonia solution in the
determination ofCr(m). During that wash cycle the eluent was
pumped to the FAA spectrometer in order to record the baseline.
To avoid any carry over between samples and replicate mea­
surements,a prefill cyclewas used in frontofthe preconcentration
step, in which the sample tube was filled with the next sample
and the column washed with the eluent.

Alinearcalibrationgraph was obtainedover the concentration
range 1(}-200 "gIL for both species, using aqueous standard
solutions, performing the same procedure as for the samples.

RESULTS AND DISCUSSION

Calculation of the Distribution ofChromium Species.
The method is based on the possibility of influencing the
surface charge ofactivated alumina by conditioning through
selection of the pH value of the buffer system (see Figure
3A). In order to have a rational basis for the optimization of
the procedure and further discussion, the distribution of
chromium species in relstion to pH was calculated by using
publiahed thermodynamic data.

Chromium(III) is reported to form severalhydroxo species,
including CrOH2+, Cr(OHh+, Cr(OH>.o, Cr(OH)4-, Cr2­
(OHh4+, and Cr3(OH).'+. Polynuclear species were ignored
because their contributionunderthe presentconditiona (trace
concentration, room temperature) are considered insignifi­
cant.27 The chromium(III) distribution was calculsted by
using the following equations:

0.248

Abs.

(28) Tandon, R. K.; Crisp, P. T.; Ellis, J.; Baker, R. 8. Talanta 1984,
31,227.

(29) Richard, F.; Bourg, A. C. M. Wat. Res. 1991, 25, 807.

The concentration ofchromic acid in relstionahip to pH and
total chromium concentration was obtained by solving the
equation:

[Cr]total = [H2Cr04] + [HCr04l + [CrOll + 2[Cr20il

(10)

The concentrations of the cbromium(VI) species were ob­
tained by solving eq 10 for a total chromium concentration
of 10-" mol/L and using the above given thermodynamic data
for eqs 7-9.29 The result obtained by using a spreadsheet
program (Lotus 1-2-3, Ver.3.1 with BackSolver) is shown in
Figure 4.

(8)

Cr(OH)s(s) + H+ .= Cr(OH)2+ + H20 log K s = -0.44

(3)

Cr(OH)s(s) + 3H+ .= Cr3+ + 3H20 log K 1 = 9.76 (1)

Cr(OH)g(s) + 2H+ .= CrOH2+ + 2H20 log K 2 = 5.96

(2)

Cr(OH)S<s).= Cr(OH)so log K 4 = 4;.84 (4)

Cr(OH)s(s) + H 20.= Cr(OH)4- + H+ log K s = -18.25

(5)

Under the assumption that the chromiumspecies represented
byeqs 1-5 are the only species present in significant amounts

(27) Rai, D.; 8883, B. M.; Moore, D. A. Inorg. Chem. 1987,26,345.
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figure 5. Effect 01 the pH of various buffer solutions (see text) on the
peak height absorbance 01 200 I'QIL Cr(1II) and Cr(V1) (lor FI
parameters see the ExperimentaJ SectIon).

uptake rate and the FI flow rate by air36 cannot be recom·
mended, because sensitivity and precision were degraded
significantly. Background correction, used during method
development, was found to be unnecesaary as the separation
by sorption and the wash cycle were effective in eliminating
any nonspecific absorption by concomitant species.

Optimizationofthe BufferSystem. Activatedalumina
canactas an anionora cationexchangerdependingon solution
pH. Under acidic conditions it exhibits a high affinity for
oxyanions whereas it strongly sorbs cations under basic
conditions. The effect of various buffer solutions on the
sorption behavior ofCr(ill) and Cr(Vl) was investigated over
the range pH 1-9. The different buffer systems examined in
this study were potassium chloride/hydrochloric acid for pH
1.0-2.0, sodium acetate/acetic acid for pH 3.6-5.6, sodium
hydroxide/potassium dihydrogen phosphate for pH 6.2-7.4,
and ammonia/ammonium chloride for pH 8.0 and 9.0. The
buffer solutions were added to the standard solutions of Cr­
(ill) and Cr(Vl), on-line, followed by preconcentration,
elution, and determination. The results, which are presented
in Figure 5 show that the optimum value for the sorption of
Cr(lll) is pH 7. From the equilibrium graph of the different
Cr(lll) species (see Figure 3), this behavior can be explained
by the sorption of the uncharged Cr(OHh species on an
uncharged alumina surface (see Figure 3A) whereas the
anionic Cr(Vl) species is not sorbed at all under these
conditions. The observed sensitivity loss for Cr(ID) at pH
values higher than 7 could be explained by the formation of
a negatively charged species such as [Cr(OH).]- (amphoteric
character of Cr(lll) which cannot be retained on the
negativelycharged aluminasurface. Interestingly, the buffer
solution with pH 7.0 enhanced the signala of Cr(ill) in
comparison to the unbuffered system at the same pH as is
shown in Figure 6a. This effect might be due at least in part
to analyte loss by sorption on container walls which was
reported to be most pronounced at pH 6.95.37

The Cr(VI) species can be sorbed on the column at pH
values 1.0-5.6 using the Clark-Lubs buffer. This can be best
explained by the sorption of the predominant species
[HCrO.-] on the acidic alumina having a positive surface
eharge under theee conditions (see Figure 3A). The diehr...
mate ion concentration 88 calculated from thermodynamic
data is negligible as is shown in Figure 4. Interestingly Cr-

(36) Garcia, I. L.; C6rdoba, M. H.; Sanche••Pedreno, C. Analyst 1987,
112,276.

(37) Shrendrikar. A. D.; West, P. W. Anal. Chirn. Acta 1974. 72.91.
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Figure 3. (A) Surface charge 01 alumina In relationship to pH. (6)
Calculated distribution 01 Inorganic chromlum(III) species as a lunctlon
01 pH (solution in equilibrium with Cr(OH), precipitate).
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figure 4. Calculated distribution 01 inorganiC chromium(IV) species
as a function 01 pH (10" mollL total chronium concentration; data
taken from reI 37).

Optimization ofFlameConditions. The determination
ofchromium by FAAS using the air-acetyleneflame is subject
to many interferences,30-32 which can be avoided in part by
using the hotter nitrous oxide-acetylene flame,31,32 but at the
expense of a significantly reduced sensitivity.33 In addition,
sensitivity and interferences in the air--acetylene flame are
related in a complex manner to the oxidation state of
chromium,"l,33 the flame gas composition,34,33 and the bumer
position.34 Asignificantlydifferentsensitivitycan beobserved
for the two oxidation states, whereby Cr(ill) generally gives
the higher values.31,33 This effect can also be observed in the
nitrous oxide-acetylene flame.31 While this species-related
problem has to be accounted for in the determination oftotal
chromium, it is not a real problem in the determination of
the individualspecies. As the selective preconcentration also
separates the chromium species under investigation, at least
in part, from other matrix components, it was expected that
some of the interference problems reported in the literature
would be reduced or eliminated. In contrast to recommen­
dations to use the nitrous oxide-acetylene flame for inter·
ference-free determination of chromium, the air·acetylene
flame was chosen and operated under moderately reducing
conditions in order toobtainhighsensitivityandgood linearity
of the analytical curve. The bumer position was adjusted
automatically by an optimization routine performed by the
spectrometer. Best conditions were found for 3.1 L/min
acetylene and 5.0 L/min air and an observation height of
approximately 3.5 mm, giving a characteristic concentration
better than 76 p.g/L. Compensation of the nebulizer free-

(30) Rubeaka, I.; MIlBII, J. Anal. Spectl'03c. 1979,2,309.
(31) Maruta. T.; Suzuki, M.; Takeuchi, T. Anal. Chirn. Acta 1970,51,

381.
(32) Knecht, J. Fresenius' Z. Anal. Chern. 1983,316,409.
(33) Kraft, G.; Lindenberger, D.; Beck, H. FresenWs' Z. Anal. Chern.

1976, 282, 119.
(34) Steglich, F.; Stahlberg, R. Fresenius' Z. Anal. Chern. 1983,315,

329.
(35) Steglich, F.; Stahlberg, R.j Grossmann. O. Fresenius' Z. Anal.

Chern. 1984,318,309.
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FIgure 7. Transient slgnals for 50 I'OfL of both Cr{1II) and Cr(VI) In
presance of each 01ller. (a) Transient signal for 50 I'9/L Cr{1II) In 1Ile
presance of 50 I'9/L Cr{V1), (b) Translent signal for 50 I'9!L Cr{V1)
In 1Ile presance of 50 I'9/L Cr{1II).

samples in the range of pH 3~ and less than 10% in the pH
range of 2-7 (see Figure 6b). In order to avoid losses of Cr­
(Ill) bysorption ontocontainerwalls duringsample processing
as well as a reduction of Cr(VI) under strongly acidic
conditions, the samples were kept at approximately pH 4.

Optimization of FI Flow Conditions. High sample
loading flow rates are important for an efficient preconcen­
tration and high sample throughput. In general Fl sample
flow rates are limited by the back-pressure produced by the
column and!or the sorption efficiency which decreases with
increasing flow rate. No degradation in sorption efficiency
was observed up to a loading flow rate of 4 mL/min for both
Cr species, which is the highest flow rate that can be handIed
accurately and reproducibly by the peristalticpump with the
type of column used in this work. The buffer solution flow
rate adds to the total loading flow rate and hence calls for a
proportional reduction of the sample flow rate. The buffer
flow rate should not be too low to guarantee good mixing of
buffer and sample solutions. No influence of the buffer flow
rate on the absorbance was detectable in the range 0.4~.8

mL/min, and a flow rate of0.5 mL/min was used for all future
work.

The effect of eluent concentration and eluent flow rate on
the absorbance of 200 p.g/L Cr(Ill) and 100 p.g/L Cr(VI) was
investigated for the concentration range 0.2-1.0 mol/L and
for flow rates ranging from 1.0 to 3,5 mL/min. A 1.0 mol/L
nitric acid concentration was found optimum for Cr(lll) as
it elutedabout95% ofthe sorbedchromiumwithin 5 s. Higher
concentrations of nitric acid, hydrochloric acid, or mixtures
of both acids did not improve the recovery and were not used
because of their p<l88ible side effects on column lifetime. In
order to avoid any carry over between samples, the residual
chromium was eluted during the prefillsequence. 0.5 mol/L
ammonia was used for the elution of Cr(VI); higher concen­
trations were avoided because they would attack the alumina
solid sorbent. For both species an elution flow rate of 2.2
mL/min was selected, giving optimum sensitivity and elution
peaks with minimum tailing (Figure 7).

Performance of the On-Line Preconcentration Sys­
tem. Characteristic data for the performance of the on-line
preconcentration system are summarized in Table m. The
efficiency of sorption was investigated by analyzing the
previously collected column effluent of a standard solution
containing 200 p.g/L chromium using the same solid-sorbent
preconcentration technique. From the results obtained by
this repeated preconcentration a retention efficiency of 80%
for Cr(lll) and 92% for Cr(Vl) was calcnlated. The sorption!
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(VI) could be sorbed neither at pH 4.0 using the Clark-Lub&
buffer solution made from potassium hydrogen phthalate and
sodium hydroxide nor at pH 5.7 using the Britton-Robilison
buffer made from ph08phoricacid, acetic acid, and boric acid.
Cox et al." have shown that acidic activated alumina has a
highaffinity for oxyanionspeciessuchas arsenate, molybdate,
phosphate, and vanadate. The sorption ofCr(Vl) will hence
be affected by other oxyanions, which should therefore be
avoided, particularly in the buffer system. In the presence
of the Clark-Lubs buffer for pH 2.0, the efficiency of the
Cr(Vl) retention was about 10%lower than under nonbuffered
conditions at the same pH as can be seen in Figure 6b.

From these results it is clear that the buffering solution
not only plays a role in controlling the pH and hence the Cr
species present, but also in controlling the afflDity of the
sorbentmaterial for thesespecies. Ingeneral, cationsorption
enhances the POllitive surface charge and therefore favors
electrostatic adsorption of anions.29 The Clark-Lubs buffer
systems of pH 2.0 and 7.0 were chosen for all future work,
giving high selectivity and robust conditions in the case of
varying sample acidity. No significant influence on retention
efficiencywas ob&ervedfor buffer concentrations in the range
of 0.1~.25 mol/L, and a buffer concentration of 0.2 mol/L
was therefore used for all determinations. No influence of
sample pH in the range of pH 2.lHl was observed in the
preconcentration of Cr(lll) (see Figure 6). For Cr(Vl), less
than 5% relative change in absorhance was observed with

pH

FIgure S. (a) Effect of 1Ile acldlty of sample solu1lon on 1Ile peak helght
absortlanee of 100 I'OfL Cr{1II)00_(a) with and (b) wIlhouladling
buffer solution of pH 7, as descrtbed In 1Ile Experimental SectIon. (b)
Effect of sample solu1lon aclctly on 1Ile peak helght absorbance of 100
I'gIL Cr{V1) 00_ (a) with and (b) wIlhoul adding buffer solution of
pH 2, as desa1bed In 1Ile Experimental SectIon.

0.11
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Table III. Performance Data for On-Line Preconcentration
of Chromium by Sorption on Alumina with a Loading Time
of 35 s

CrIll) Cr(VI)

working range. p.g/L 1()-200 1()-200
sensitivity enhancement (EF)a 25 25
concentration efficiency, EF/min 23 23
characteristic concentration

/lg/L (peak height absorbance) 3.9 3.2
~/L (integrated absorbance) 2.2 1.8

detection limit, ~/L (3 s) 1.0 0.8
precisionb

(200p.g/L) 1.1 1.3
(100~/L) 1.0 1.1
(50~/L) 1.7

sample consumption, mL 3.0 3.0
sample frequency, lIh 55 55

a Compared to conventional continuous nebulization. b Integrated
absorbance, n = 11, within run.

Table IV. Influence of Potential Concomitants on the Peak
Height Absorbance Signal Produced by 100 !'IlL Cr(lll)

conen, interference, conen, interference,
ion mg/L % ion mg/L %

SO.'- 1000 <±5 Zn'+ 10 <±5
NO,- 1000 +20 Fe3+ 40 -M

500 <±5 10 --w
Mo(YI) 10 +25 Fe2+ 10 ~O

2 <±5 2.5 -40
PO.3- 20 <±5 0.5 <±5
CI- 1000 <±5 AJ3+ 5 -47
Pb'+ 1 <±5 1 -40
Cu2+ 5 -25 0.5 -15

2 <±5 0.2 <±5
Cd'+ 0.1 -30 Fe2+ a 2.0 -43

0.05 <±5 Fe3+ o 2.0 -50
Ni2+ 0.5 -50 Fe2+ b 2.0 -18

0.25 -20 Fe3+ b 2.0 -20
0.1 <±5 Fe2+ c 2.0 <±5

Mn2+ 5.0 -15 Fe3+ c 2.0 <±5
Cr(YI) 0.2 <±5

a 0.1 % (w/v) NH.F added to buffer. b 0.5% (w/v) NH.F added to
buffer. '1.0% (w/v) NH.F added to buffer.

elution is highly reproducible giving an overall precision better
than 2 % (for details see Table Ill). Using 200 /lg/L chromium
standard solutions a linear relationship was observed between
loading time and enrichment factor up to I-min preconcen­
tration time. With a loading time of 35 s a sensitivity
enhancement of 25 was obtained for both species, allowing
a sample frequency of 55/h. For the determination of
chromium concentrations below 10 /Lg/L the method can be
modified by using a longer preconcentration period at the
expense of a reduced sample throughput. If concentrations
below 1 /lg/L have to be determined, a method with higher
sensitivityusing flow injection coupled with graphite furnace
atomic absorptionspectrometricdetection'" is more advisable.

Interferences. Cr(lll) exhibits a typical cationicsorption
behavior. Its adsorption increases with pH but decreases
when competing cations are present because of the low
selectivity ofalumina. The effects ofcommon coexisting ions
on the determination ofCr(lll) are summarized in Table IV.
From these results it can be concluded that there is no obvious
interference to be expected from normal concomitant levels
found in natural waters, but higher concentrations of iron
and aluminum do interfere. The concomitant cations are
retained on the column and coeluted, causing an interference
in the air-acetylene flame, which is well documented.3H4 It

(38) Beccaluva, L.; Venturelli, G. At. Absorpt. Newsl. 1971, 10, 50.

Table V. Influence of Potential Concomitants on the Peak
Height Absorbance Signal Produced by 100 !'IlL Cr(VI)

coneD, interference, conen, interference,
ion mg/L % ion mg/L %

SO.' 1000 -88 Zn2+ 10 <±5
500 <±5 Pb'+ 5.0 <±5

NO,- 1000 -15 Cu2+ 5.0 <±5
500 <±5 Cd'+ 0.5 <±5

Mo(YI) 10 -45 Ni2+ 1.0 <±5
2 <±5 Mn'+ 5.0 <±5

PO.3- 100 -45 AJ3+ 5.0 <±5
20 -18 Fe3+ 5.0 <±5
10 <±5

CI- 1000 -10 Cr(III) 2.0 <±5
500 <±5

could be overcome in the usual manner<>-<' by adding
ammonium fluoride or ammonium chloride as a releasing
agent to the buffer solution (see Table IV).

Cr(VI), onthe otherhand, exhibits a typical anionic sorption
behavior. Its adsorption decreases with increasing pH and
in the presence of competing dissolved anions. Millimolar
concentrations of major cations such as K+, Ca'+, and Mg'+
have onlya veryminor influence on Cr(Vl) adsorption, shifting
the adsorption edge to a slightly higher pH. Cation sorption
enhances the positive surface charge and hence favors
electrostatic adsorption of anions.29 Competing anions,
however, have a significanteffecton Cr(VI) adsorption, which
depends on the concentrations of the competing anion and
of [CrO.]'-, on their relative affinities for the solid surface
and on the number of available surface sites. A shift of the
adsorption edge toward lower pH values was generally
observed in sorption experiments29 for competinganions such
as CI-, NO,-, SO.'-, HCO,-, HPO.'-, and MoO.'-.

The effect of concomitant species on the determination of
Cr(VI) is summarized in Table V. From these results it can
be deducted that oxyanions are in fact the most serious
interferents. However, the alumina column makes possible
the determination of Cr(VI) in natural water, tolerating
nitrate, sulfate, phosphate, and molybdate at a 5000-, 1000-,
100-, and 20-fold excess, respectively, compared to chromate,
under the conditions used here.

Recovery. Recovery experiments were carried out with
spiked water samples and reference materials because certified
reference materials for chromium(III) and/or chromium(VI)
species are not available. The results are shown in Table VI.
A small influence of the signal evaluation procedure on
recovery was observed, integrated absorbance signals giving
in some cases better recovery and also slightlybetterprecision
than peak height absorbance. No systematic error could be
found in the added concentration range of 20--100 ILf,/L of
chromium. The Cr(III) concentration found in two NIST
standard reference materials was in good agreement with the
certified value for tots! chromium as can be seen in Table
VII. No Cr(VI) was detected in these samples, which is in
close agreement with results of other groUps'S,23 and most
probably a result of the sample conservation used by NIST.

(39) Cobb, W. D.; Foster, W. W.; Hsrrison, T. S. Analyst 1976, 101,
255.

(40) Psndey, L. P.; GboBe, A.; Dasgupta, P.; Rao, A. S. T%nto 1978,
25,482.

(41) Aggett, J.; O'Brisn, G. Anolyst 1981, 106, 497.
(42) Aggett, J.; O'Brisn, G. Analyst 1981, 106, 506.
(43) Miller, D. B. At. Spectrosc. 1988, 9, 43.
(44) Kitagawa, K.; Yanigisawa, M.; Takeuchi, T. Anal. Chim. Acta

1980,115, 121.
(45) Agemisn, H.; Cbou, A. S. Y. Anal. Cim. Acta 1975, 80, 61.
(46) RooB, J. T. H. Spectrochim. Acta 1972, 27B, 473.
(47) Arpadjan, S.; Chadjiivanov, K.; Tsalev, D. Spectrochim. Acta 1985,

40B,697.
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CONCLUSION

Table VI. Recovery of Cr(III) and Cr(VI) Added to Water
Samples

(I Average and standard deviation of three determinations based
on peak height absorbance.

One of the characteristics of flow injectiGn is that this
technique can work accurately and reproducibly under
nonequilibrium conditions through the accurate control of
time. This often results in a great reduction of the analysis
time and allows the possibility of working reliably with
unstable analyte species and reagents. In the procedure
described in this work the water samples were kept at a "safe"
pH of4 prior to analysis. The pH of2 and 7, which was found
optimum for the selective sorption of Cr(Vl) and Cr(llI),
respectively, at which, however, the chromium species were
not stable, was adjusted by adding a huffer on-line only
fractions of a second before the corresponding chromium

found,· IJ.!!/L
Cr(lII) Cr(Vl)

18.0:0.5 nd
19.5: 0.5 nd

18.6 * 0.4
19.0:0.6

certificste,
,.g}Lsample

NIST-I643b
NIST-I643c

Registry No. H,Q, 7732-18-5; Cr, 7440-47-3.

• Average and standard deviation of three determinations based
on peak area is given. nd, not detected.

Table VII. Determination of Chromium Species in Two
NIST Standard Beference Materials "Trace Elements in
Water"

species was sorbed onto the column. In this way, any risk of
analyte loss and/or shift in equilibrium between the species
was minimized, This is in contrast to chromatographic
procedures which are orders of magnitude slower and hence
much moresubjectto shifts in equilihrium. On-lineseparation
of the two chromium species also avoids the disadvantages
ofconversion methods which include the risk for incomplete
conversion, introduction of contamination, and complexity
of the procedure,

The preconcentration efficiency, particularly for Cr(lli),
was improved significantly by optimizing the buffer systems
with respect to pH and composition. As a result, bothspecies,
Cr(lIl) and Cr(VI), could be preconcentrated in the same
system and determined with comparable sensitivity.

REcEIVED for review June 23, 1992. Accepted September
18,1992.

99*3
98*5
95*6

101*5
96*5

106*3
95*4

102*9
90*3

CrUll) Cr(VI)
% recoveryG

97 *2
92*5
91*6
94*3

102*8
93*9

100* I
99*9
93* 6

100
50
20

100
50
20

100
50
20

spiked
concn, p.g/Lsample

drinking water

river water
(SLRS-l)

lake water
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on Dioxins and Furans in Human Milk and Blood
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Unclerthe~oftheWorldHeaIlhOrpnlzallon(WHO),

an Int.rlaboratory calibration on the _Iyals of PCDDIPCDFa
In human mile and blood was carrled out which Included 19
laboratories from 14 countries. Th. 8tudy de8lgn Involved the
analyals of three samples of .achmatrix In trlplcat.. Selected
sampl•• w.r. spiked with natlv. standards of certain 2,3.7,8­
substituted cong.ners at concentrations known only to WHO
staff. Th. study d.slgn resulted In approxlmat.1y 4000
Individual plec•• of PCDD/PCDF data g.n.rated by a varlely
of analytical methods, at various concentrations, and by
laboratorl.. of wld.1y dHf.r.nt .xperlenc.. This wa.. by
consld.rabl. margin, the largest study which allowed for the
direct comparison of laboratory and method performance.
The r.suIt. of statlatlcal anaJyals of this data b_ addr_
the effect on data quality of clean up rnethocIa, Inalrumental
methods. _Iyt. concentration, laboratory QA programs, and
laboratory .xperIence. The 8tudy has lIhown that the
laboratory Is the single moat Important determinant of data
prectalon and accuracy. The method of analyt. enrlchment
(-.nplecieanup).anaIyt• ....-..nent[gaachrornatographyl
mass spectrometry (GCIMS) protocol], and analyt. c0ncen­

tration have w.aker correlations wlth data quality.

INTRODUCTION

The characterization of exposure and attendant risk to
human health from polychlorinated dibenzo-p-dioxins
(PCDDs) and polychlorinated dibenzofurans (PCDFs) de­
mands the availability of reliable data on the concentration
of these compounds in human tissues and fluids. Previous
studies have evaluated the performance ofavailable methods
and existing laboratories to produce quality data on PCDD/
PCDFs in adipose tissue.' Thedifficulties in obtaininghuman
adipose samples limit the routine use ofthis tissue in assessing
human exposure. Consequently. researchers have turned to
the analysis of blood and breast milk as indicators of
exposure.2,3 Although blood and milk are more readily

* To whom correspondence should be sent.
t California Department of Health Services.
l University of UmeiL
f National Defense Research Establishment.
J. Food Science Laboratory.
I Danish Institute of Plant and Soil Science.
I National Environment Research Institute.
-WHO/EURO.
(1) Albro, P. W.; Crummett, W. B.; Dupuy, A. E., Jr.; Gr088, M. 1..;

Hanson, M.; Harless, R. L.; Hileman. F. D.; Hilker. D.; Jason. C.; et al.
Anal. Chern. 1985.57,2717-25.

(2) Lindstrom, G.; Rappe, C.; Sjoestroem, M. Che1nO$phere 1989, 19
(1-6).745-50.

(3) Needham, L. L.; PattertlOD, D. G., Jr.; Pirkle, J. L.; HendertlOn. 1..
0.; Burse, V. W.; Che1nO$phere 1989,18 (1-6).425-30.

OO03-2700/92/03tl<4-3109$03.00/0

obtained through the use of less invasive procedures, they
presentsignificant analytical challenges. Within this context.
the World Health Organization Regional Office for Europe
(WHO/EURO) has been conducting interlaboratory quality
control studies on levels of PCDF/PCDDs in human milk
and blood within its overall project on the health effects of
these chemicals.4,5 The goal of this effort is to ensure that
reliable and comparable data on these compounds can be
obtained.

The results of the first round of studies. on human milk
only. were evaluated by a WHO experts group and subse­
quently published.·,' At completion of this first round. it
was recommended that the studies be continued and that a
new round should be organized every second year from 1988
onward. Based on that recommendation. a series ofmeetings
were held by WHO/EURO to design the study protocol that
would encompass the analysis of both human blood and milk.

The intercalibration study began in 1989 with the
distribution of human milk and blood samples to 19 partic­
ipating laboratories. The fmal reports of data on the last of
the three pools ofmilk and blood were submitted to the study
coordinators in 1990. The results from all ofthe participating
laboratories were collected by WHO staff. and preliminary
statistical calculations were carried out. A meeting was held
in June of 1990 in Rovaniemi. Finland. and attended by 22
experts from 15 countries representing the 19 participating
laboratories as well as representatives from WHO/EURO.
DisCU88ions were held at this meeting regarding the inter­
laboratory study plan, laboratory methodologies. and data
quality. During these di8CU88ions, participating laboratories
were unaware of the scoring of their own results. A prelim­
inary report evaluatingtheobservationsofthe 19 participating
laboratories was presented at Dioxin 90 in Bayreuth. Ger­
many.'

The purpose ofthis paper is to identify. principally through
statistical means. which factors contributed most to data
quality. We also wanted to identify analytes or procedures
that gave laboratories the most difficulty and to estimate
minimum detection and quantitation limits in these matrices.
The study design allows for a statistical examination oftrends
acr08S laboratories and pools (repeat measures) and made
pOBBible a more rigorous assessment of agreement that can

(4) WHO Regional Office for Europe. Environment Health Series 29;
WHO: Copenhagen, 1988.

(5) WHO Regional Office for Europe. Environmental Health Series
34; WHO: Copenhagen, 1989.

(6) Rappe, C.; Tarkowski, S.; Yrjanheikki, E. Che1nO$phere 1989, 18
(1-6), 883-9.

(7) Tarkowski, S.; Yrjanheikki. E. Che1nO$phere 1989, 19, (1-6).995­
1000.

(8) Ersboell, A.; Nygren. M.; Yrjanheikki. E. DiOM 90 Abstract of
Papers, Vol. 4, pp 169-174.

© 1992 American Chemical Society
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(11) Youden, W. J.; Steiner, E. H. J. Assoc. Off. An41. Chem. 1975,88.
(12) ISO, 5725; 1976.

STATISTICAL METHODS

Calculations for reproducibility and repeatability were
carried out according to Youden and Steiner and ISO,l1,'2
The coefficient of variation for reproducibility (CV.._) was
computed according to eq 1

(1)

(3)

(2)

s...
CV",peat = y"

ijk

Our analysis of the data used a standardized data set. All
observations of any congener were standardized to a mean of
zero and a standard deviation of one for all reported values
in each pool and matrix. This allowed an evaluation of the
effects of pool across all congeners and made comparisons
between laboratories easier. In the analysis, laboratory
identification (A-S), pool (a, b, or c), replicate (1, 2, or 3) and
analytical method (0 or 1) were considered as possible
explanatory variables. The relationships between the con­
geners reported and laboratory identification were investi­
gated first using principal components analysis. A multi­
variate analysis ofvariance, modeling lab, pool, and replicate
as random or fixed effects was used to examine the relative
importance of the explanatory variables. Laboratory and
pool means, by congener, were tested for significant differ­
ences,

For purposes of the principal component analyses only,
missing data, which resulted from laboratories not reporting
data on specific congeners, were assigned values equal to the
mean standardized value reported for all other congeners in
the observation with the missing value. It was necessary to
replace missing values in the PCAanalysis, otherwise an entire
observation would be deleted by the SAS program running
the PCA calculations. Missing values were replaced with the
mean standardized value for a given observation of all other
dioxin or furan values reported in that observation.

Laboratories E, I, J, and M had missing values on
HxCDD1,2 and sometimes HxCDD3 in milk and blood. In
the case of laboratories E and I, HxCDDI and -2 were not
chromatographically separated and were reported as one
number. Laboratories J and M had four missing HxCDDI
values for probably the J!8lIle reason as well as four and one
misaingHxCDD3 value, respectively. Inaddition, laboratory
J had HxCDF1,2 and -4 missing from two observations that
had misaing HxCDD1, andMhad HxCDFl,2,4 and HpCDFI

where Zij, is the standardized average deviation from the
median value for congener i, pool i,laboratory k and Y·ij is
the median value for congener i, pool i, The CV..pro reflects
theclosenessofagreementbetweenindividualresultsobtained
on thesamematerialbutunderdifferentconditions (e.g, time).
CV"p<o is not a true measure of accuracy for there was no
"true value" for each analyte. The true value was taken as
the median of all measurements for a given analyte.

The CV for repeatability (CV,."..J is computed as the
standarddeviation between the three determinations for each
laboratory, congener, and pool usingeq 2divided by the mean
value of the three determinations for each laboratory (eq 3).
The CV..peat was taken as a measure of the closeness of
agreement between the same measurements on identical
materials under the same conditions (e.g, time)

The design of the present study was developed at the
consultation held in Copenhagen in February 1988 and was
intended to facilitate the use ofstatistical methods ofanalysis
of PCDD and PCDF data described by Pallesen.9 The
coordination of the studies and preparation of samples for
analysis was carried out by Drs. Nygren and Yrjinheikki.

The studywas designed to take into account boththe short­
term and the long-term variation of the data, which was
described as the repeatability and the reproducibility, re­
spectively. For each of the two matrices, human milk and
human plasma (hereafter referred to as blood), a single
homogeneous pool was prepared and divided into three
subpools. The blood pool was prepared from blood which
had exceeded its shelf life and was no longer suitable for
medical purposes. Prior to the division into three subpools,
a quantityof14C-labeled [P4C]polychlododecane was added
to allow homogeneitytobechecked. The radioactivitypresent
in the three pools agreed within 10%. For each matrix, two
of the subpools were fortified by the addition of a certain
amount of the PCDD and PCDF congeners having a sub­
stitution pattern including the 2,3,7-, and 8-positions which
are normally found in human samples, The third subpool
was unfortified. The exact fortification schema had been
agreed to between the study coordinators and WHO/EURO
in accordance with the requirements for a full statistical
analysis and was not known to the participating laboratories.
Initially, samples of two subpools of each matrix were sent
to participants. Samples ofthe finalsubpool were distributed
after results for the first two had been submitted to WHO.
Each participantwas required to make threeseparateanalyses
ofeachsubpool. All participatinglaboratories were requested
to use common '2C'2 and '2C12 standards which were supplied
by the coordinating laboratory. All samples were shipped
frozen.

Laboratories were free to choose their own analytical
methods for eitherblood or milk. Laboratoriesgenerally used
similar but not always identical methods, The method
variable we define is a class variable with two levels. We
grouped all the extraction and isolation procedures into two
broad claasea. The flISt class includes all laboratories using
a method described by Smith and StallinglO or minor
modifications ofthis method. The method uses AX21 carbon
as the primary PCDD and PCDF isolation step followed by
alumina. The secondclass includesall other procedures, most
used sulfuric acid first followed by alumina, Nearly all
methods used some type of carbon chromatography step as
well. Two laboratories used GPC instead of sulfuric acid for
either milk or blood and two used solid-phase extraction
followed byalumina andcarbon, In addition, two laboratories
used Florisil in place of alumina. Most laboratories used
high-resolution sector instruments operating in electron
impact at 2000-10 000 resolution (all but one were manu­
factured by the same company), Three laboratories used
low-resolution quadrupole instruments operating in a negative
chemical ionization mode and two laboratories did not report
their cleanup or separation and detection methods.

STUDY DESIGN

(9) Pallesen, I. Waste Manage. Res. 1987, 5 (3), 367-79.
(10) Smith, L. W.; Stalling, D. L.; Johnson, J. L. Anal. Chem. 1984,56,

183~.

beexpected from highlycapable laboratoriesanalyzing human
milk and blood,
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Table I. WHO Qualif'Jed Laboratories"

principal organization milk blood
deJoDg,A. RIVM yes yes

Biltboven, NL
Ende,M. Staat. Chem. Unters. yes yes

Oldenberg, FRG yes yes
FUrst, P. Chem.Landes. yes yes

Nord. Westf., FRG yes yeo
Gross,M. U. of Nebraska yeo NP

Lincoln, NE, USA yes NP
Hannah,D. DSm, Lower Hutt yes yeo

New Zealand
Matbar, W. FHO yes NP

Berlin,FRG
Needham,L. CDC NP yeo

Atlanta, GA, USA
Oehme,M. NILU yes NP

LiIlistrem, Norway yes NP
Olie,K. U. of Amsterdam yeo

Amsterdam, NL
Papke,O. ERGO NP yeo

Hamburg, FRG
Rappe,C. U. oCOmeA yes yeo

UmeA, Sweden
Ryan,J.J. H&WCanada yes yes

Ottawa, Canada
Startin, J. MAFF yes yes

Norwich, UK
Stephens, R. DHS yes yes

Berkeley, CA, USA

• NP = not participating.

values missing from one observation. Laboratory S had
missing TCDD values in both blood and milkdue to exclusive
use of negative chemical ionization, and laboratories F and
L were missing six values for PeCDFI in blood probably due
to the spiking error. Laboratory R was missing five lhCDF.(
values in blood and one each of TCDF, PeCDFl, lhCDFl,
lhCDF2, lhCDDl and lhCDD2. R had three lhCDF.(
values and two TCDD values missing from milk. No missing
values were replaced in an observation where all values ofthe
analytes were not reported. The subetitution of values did
not effect the general PCA mapping of a laboratory's
observations significantly. Assigned values for missing data
were not used in either the multivariate analysis or the
descriptive data.

This statistical treatment differs from that used by WHO
in the initial evaluation of the data where the CVs for
reproducibility and repeatability for the different congeners
were weighted according to their Nordic toxic equivalent
factors (Nordic TEF).'3.'4 The Nordic TEFs differ from the
more commonly used International TEFs only in use of the
factor of 0.01 for 1,2,3,7,8-PeCDF whereas the ITEF for this
congener is 0.05. Laboratories were then ranked (class.ifi~)

according to their weighted and summed CV values. Missmg
values for specific congeners were assigned CV values equal
to the largest CV value of the reporting laboratories. The
rational for using the TEF weighing factors and assigning
high CV values (scores) to missing values relau:s to ~e

objective ofWHO ofevaluating the use oflaboratones WhICh
produce PCDD/PCDF datafor health riskassessment.4,5 This
scoring led to a listing by WHO of laboratories qualified ~
conduct analysis of PCDD/PCDFs in human blood and m
human milk for the purpose ofproviding data for health risk
assessments. This listingofqualified laboratories is presented
in Table I. The objective of this current paper is to evaluate
the analytical performance of the participating laboratories,
the different analytical methods used, and the effect of

(13) AhIborg, U. G. Chemoophere 1989, 19 (1--6), 603--608.
(14) Yrj8Dheikki, E. Environment and Health in Europe 37; WHO:

Copenhagen, 1991.

Table II. Median Values for PCDD. and PCDF.
(Unfortified and Fortif'Jed, pc/,; wet wt)

milk pool' blood pool',b
congener a b c a b

TCDD(TD) 0.05 0.06 0.22· 0.02 0.07· 0.02
PeCDD(PD) 0.12 0.12 0.45· 0.21· 0.04 0.03
HxCDD(Hxl) 0.15· 0.07 0.07 0.02 0.05· 0.02
lhCDD2(Hx2) 1.0* 0.53 1.1· 0.16 0.47· 0.16
lhCDD3(Hx3) 0.15 0.13 0.13 0.04 0.04 0.03
HpCDD(Hp) 4.04· 1.3 2.49* 1.40* 1.25· 0.40
OCDD(OD) 13.6· 5.6 15.9* 3.15 10.4· 3.10
TCDF(TF) 0.19· 0.04 0.04 n/c n/c 0.01
PeCDFl(PF1) 0.02 0.02 0.02 n/c n/c 0.005
PeCDF2(PF2) 0.28 0.26 1.1· n/c n/c 0.12
HxCDFl(HFl) 0.13 0.09 0.08 0.03 0.03 0.03
HxCDF2(HF2) 0.13· 0.08 0.07 0.03 0.05· 0.02
lhCDF3(HF3) 0.02 0.02 0.01 0.01 0.01 0.01
lhCDF4(HF4) 0.04 0.03 0.03 0.03· 0.01 0.Q1
HpCDFl(Hp1) 0.30* 0.13 0.32· 0.20- 0.10 0.10
HpCDF2(Hp2) 0.03 0.03 0.02 0.01 0.01 0.01
OCDF(OF) 0.10· 0.04 0.11· 0.032 0.011 0.029

•• =fortified congener. b n/c =not calculoted.

concentration on the two matrices studied. As a result, TEF
weighing was not considered.

RESULTS

The study produced a substantial PCDD/PCDF data base
upon which assessments of laboratory and analytical method
performance could be made. In all,16laboratories submitted
complete, or near complete, data on PCDD/PCDFs in the
human milk samples, and 15 laboratories submitted data on
the human blood samples. This represents approximately
4000 separate measurements. As a result, this study repre­
sents, byfar, the largestcontrolled interlaboratorycalibration
for PCDD/PCDFs. The concentration of the PCDD/PCDF
analytes on a volume basis ranged from 0.02 to 18 ppt in milk
and from 0.01 to 10 ppt in blood serum.

Table IT presents the target analytes of the study and the
median reported values and their ranges for both the
unfortified (unspiked) and fortified (spiked) congeners for
blood and milk.

One ofthe measures ofmethod and laboratoryperformance
is the recovery of spiked analytes. The experimental design
allowed for the estimation of recovery by summing the mean
determined concentration of a given analyte by a laboratory
in an unfortified sample and the known amount of the spike
for that analyte and comparing this sum with the concen­
tration determined by that laboratory for the analyte in a
fortified sample. Using this approach, the recoveries were
calculated for all data reported by a laboratory. Means and
ranges for the recovery data from each laboratory are
presented in Table ITI. Negative recoveries are sometimes
calculated because a laboratorymay report less in the fortified
pool than in an unfortified pool.

The coefficients of variation for repeatability and repro­
ducibility, as dermed in eqs 1 and 3 were calculated for each
analyte, pool, and laboratory. The average CV values for all
analytes and pools for each laboratory were calculated. The
results for both blood and milk are presented in Figures 1
and 2.

The results reported were also eIanlined by congener.
Figures 3 and .( present the range of the 2nd and 3rd quartile
(25th to 75th percentile) measured as a relative percent
difference from the median (the value at the 50th percentile).
The distance between the 25th and the 75th percentiles is
divided by the median for each analyte. These bar graphs
show the range of half the reported values that are closest to
the median for unfortified milk and blood determinations,
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OCDF for milk and TCDF, PeCDF1, TCDD, HxCDD1, and
OCDD for blood).

There are a number of possible reasons why a laboratory
may report high or low results on dioxins or furans. These
compounds axe ubiquitous and are known to contaminate
laboratories. The resulting contamination will affect these
very low level quantitations differently depending upon the
patterns ofhigh and low congeners in the source. In addition,
random and systematic artifacts do occur in the multistep
process of doing these low-level measurements. The source
of these anomalies can be difficult, if not impossible, to
identify. A laboratory may handle the labeled internal
standards incorrectly and allow solutions to evaporate or be
diluted. Since unlabeled furans and dioxins were sent in
separate ampoules, then incorrect amounts of either furans
or dioxins could have been mixed, producing systematically
high or low results. All laboratories experienced difficulty
with TCDF, PeCDF1, and PeCDF2 in pools a and b in blood
which resulted from an inadvertent fortification of PeCDF2
at a very high level. The PeCDF2 which was spiked at an
excessive level contained TCDF and PeCDFl as impurities,
which precluded accurate quantitation of these congeners in
pools a and b. Aprincipalcomponents analysis was performed
on the standardized data set to further examine the inter­
relationships between the congeners and the laboratories
reporting the congener quantitation.

Tbe variables used in the PCA analysis are given in Table
IV. They include all the analytes that were measurable and
exclude values that reflect the reporting of detection limits.
In addition PeCDF2 was excluded from the blood analysis
due a spiking error. Table IV gives the eigenvectors and
eigenvalues for principal component 1, 2 and 3 (PC1, 2 or -3).
The eigenvalues for PC4 and PC5 were 0.98, 0.88 and 0.82,
0.77 for milk and blood, respectively. Although they are not
greater than one (standardized variables will have a mean of
zeroand a variance ofone), it could be argued that theyshould
be considered, since onlya relatively smallpartofthe variance
is accounted for by PC1 (less than 40%). The eigenvectors
for the variables in PC1 are all about the same magnitude
and direction for both milk and blood. This indicates that
generally the values reported tracked with one another. If
a laboratory reported high or low values, then they generally
reported high or low results on many congeners. This is to
be expected, since these compounds are analyzed together.
The eigenvectors for the other PCs contrast certain groups
of congeners with other groups. As will be discussed later
these eigenvectors correlatewith the standardizedmeanvalues
ofone or a few laboratories. All the variables had comparable
weightings on at least two of tbe f"lrst three PCs except for
PCDF2, HxCDF1, and HxCDF2 in milk and HxCDD2 and
HxCDD3 in blood. These congeners are ones in milk, which
very few or no laboratories had statistically significantly
different mean standardized values.

The f"IrSt five principal components (prinl-5 or PCl-5)
explained 74% (81 % for blood data) of the total variability,
and tbe f"lrst principal component explained 39% (40% for
blood data) in the milk data set. The remaining principal
components explain very small amounts of the variability
and were therefore considered the analytical noise. The f"lrst,
second, third, and/or fourth principal components (prin)
scores for each laboratory were plotted against one another.
Ata glance one can separate certain labortories's observations
with respect to their agreement with other laboratories and
their own repeated measures (Figures 5-8). The laboratories
determined by the earlier WHO evaluation using Nordic TEF
weighingfactors to be performing less well than the consensus
group also clearly separate from a consensus group of
laboratories. In addition, laboratories falling outside the

bloodmilk
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Figure 1. CVrepro (%) and CVrepeat (%) in milk for each laboratory.

I~ CV REPRODUCIBILTY _ CV REPEATABILITY

Figure 2. CVrepro (%) and CVrepeat (%) in blood for each laboratory.

respectively. The results shown exclude outliers and reflect
the range of measurements that are closest to the median.
The congeners median values ranged over 2 orders of
magnitude, therefore making it difficult to plot the actual
medians. The purpose is to identify differences in precision
for the congeners that may reflect difficulties that most
laboratories experienced. It is possible to see a trend toward
higb results for most analytes. Analytes showing less agree­
ment between laboratories can be identified (PeCDF1 and

lab pool a poole pools pool b

A 71 (5&-77) 81 (61-102) 87 (66-112) 87 (77-108)
B 18 (-25-108) 155 (76-219) ·C 99 (66-143) 113 (36-212) 79 (71-88) 77 (62-87)
D 96 (82-114) 82 (46-114) . ·E 88 (82-90) 88 (70--112) 93 (82-102) 87 (67-106)
F 89 (68-122) 104 (77-138) 81 (53-100) 105 (82-141)
G 77 (50--138) 99 (45-163) 75 (60--94) 78 (34-116)
H 89 (148-149) 36 (-148-79) 65 (-2-94) 80 (30--108)
I 89 (57-109) 55 (29-87) 90 (78-105) 85 (50--105)
J . 0.5 (-42-60) 922 (-25-2176)
K 37 (-34-73) 119 (62-247) 50 (3-91) 429 (-98-2416)
L 95 (78-140) 66 (-15-119) -329 (-1041-75) -176 (-762-82)
M 76 (62-96) 75 (49-113) .
N 72 (68-77) 73 (39-114)
0 107 (67-138) 109 (78-171)
P 73 (59-89) 89 (68-112) ·Q 88 (69-88) 91 (69-104) 76 (59-89) 88 (51-132)
R 91 (60--140) 136 (108-168) 112 (101-123) 163 (112-242)
S 63 (30--91) 90 (61-143) 104 (91-115) 106 (78-113)

• Recoveries for fortified pools ofblood and milk for all participating
laboratories. Mean values for all congeners as well as ranges of
reported values are given (in parentheses). Negative recoveries signify
that some labs reported lower values for fortified samples than the
corresponding unfortified sample. *Not participating.

Table III. Recovery Figures-
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consensus group separate from each other. The laboratories
with the most consensus also showed closer agreement with
their repeat measures than the laboratories with less con­
sensus. It is also possible to group laboratories that fen
between the extremes. The plotting ofprins 2-5 against prin
1 separated out different laboratories from the origin. Prin
2 plotted against prin 3 (Figure 6) shows laboratories G, H,
B, and K beingseparatedfromthe laboratorieswith the closest
scores. These plots (Figures 6-8) consistently show several
laboratories mapping very near the origin (Q, D, E, A, S, P,
F, I) while all other laboratories map away from the origin
and away from each other (R, K, B, L, G, H, C, M), showing
a range of progressively less agreement with the origin
mapping labs and one another. Asimilar result is seen in the
case ofthe principalcomponentsanalysis for blooddata. Many
of the same laboratories map close to the origin, while others
are easily separated.

The substitution of values did not affect the general PCA
mapping of a laboratory's observations significantly. The
PCA revealed that most observations mapped in one region,

and certain observations mapped in separate regions. This
did notchangeaftervaluesweresubstitutedfor missingvalues.

The absolute values ofthe principalcomponentscoreswere
summed for prins 1-5 for each laboratory. Figures 9 and 10
sbowbar grapbs ofsummed scores by laboratoryfor milk and
blood, respectively. It is interesting to note that the pattern
of relative scores is very similar to the reported CVs for
reproducibility (accuracy toward the median). The same 11
laboratories have similar sum scores. The minor differences
are probably due to the changes made for missing values or
the use ofthe means in the principal component analysis and
not medians.

At this point it was useful to return to the original
standardized data set to examine the individual laboratories
further by exploring what was happening to individual
analytes. Each laboratory could be examined individually at
greater detail by taking the means by congener and laboratory
and plotting them against the eigenvectors for an appropriate
principal component (principal component 2 was chosen for
the specific labs illustrated). Figures 11-14 give examples of
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Table IV. Principal Components Variables and Their
Eigenvectors and Eigenvalues for the First Three Principal
Components in Milk and Blood
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FIgure 5. Principal component 1 plotted against principal component
2 for milk. Observations are designated with a letter rsfaring to the
laboratory 01 ongin.
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Figure 8. Principal component 1 plotted against principal component
4 for blood. Observations are designated with a letter referlng to the
laboratory of origin.

blood

1.7

-{l.39
-{l.31
0.14
0.046

-{l,43
0.3
0.28
0.12
0.12
0.14

-{l.21
-{l.26
0.46

milk

0.27
-{l.15
-{l.33

0.05
-{l.25

0.29
0.63
0.15

-{l.14
0.05

-{l.03
-{l.13
-{l.25

0.082
0.36

1.5

____R:.:.-R R

PCI PC2

milk blood milk blood

TeDD 0.26 0.32 0.34 -{l.OO2
PeCDD 0.26 0.29 -{l.I5 0.19
HxCDDl 0.25 0.3 -{l.2 -{l.13
HxCDD2 0.26 0.28 -{l.4 -{l.ll
HxCDD3 0.33 0.34 -{l.02 -{l.06
HpCDD 0.24 0.18 -{l.39 0.55
OCDD 0.08 0.16 -{l.26 0.51
TCDF 0.34 0.19 0.04 0.03
PeCDFl 0.2 0.23 0.28 -{l.22
PeCDF2 0.32 -{l.06
HxCDFl 0.31 0.31 0.094 -{l.22
HxCDF2 0.26 0.32 -{l.05 -{l.24
HxCDF4 0.29 0.32 0.096 -{l.22
HpCDFI 0.14 0.29 0,46 0.41
OCDF 0.18 0.36

eigenvalues 5.8 5.2 1.98 2.2
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Figure 8. Principal component 2 plotted against principal component
3 for milk. Observations are designated with a letter retaring to the
laboratory 01 origin.

the poor performers and the best performers for both milk
and blood. The particular congeners that on average were in
the poorest agreement could be identified for any laboratory
as well as the magnitude and direction from the mean. It is
also intereating to note that laboratories with the poorest
results correlate with the eigenvectors for the principal
component. The congeners furthest from the mean are the
ones given the largest weighting for principal component 2.
PC2 explains the results of certain laboratories well (K, G,
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Figure 9. Principal component scores 01 milk data weighted by their
fraction 01 !he variance explained and !he absolute values summed
(prJn 1-5).

and H in milk and L in blood). Laboratories with the highest
consensus (A, Q, S, D, E, F, I, and P) show no correlation at
alI with any principal component eigenvectors, and when
mapped with principal component I they mapped in the same
region for alI analytes demonstrating a high degree of
conaensus. In general, laboratories with most, if not alI, of
their mean results within zero and minus half a standard
deviation of the mean had the highest consensus. This was
not the case for eight laboratories, which had several analytea
one or more standard deviations from the mean (R, L, K, B)
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Figure 14. A nonconsensus laboratory's (laboratory L) standardized
mean blood level for each congener plotter against the principal
component 2 eigenvectors for the entire group. (Dioxin and furan
levels were standardized for each pool to a mean of 0 and standard
deviation of 1.)

A multivariate analysis of variance revealed, as had been
suspected, thatlaboratory identification (A--8) explainedmost
of the variability in the data set, while pool (a, b, and c) and
replicate number (1, 2, or 3) made only small contributions
to the variability which were notstatistically significant. The
model was run treating laboratory, pool, and replicate as fixed
effects and examining interactions between laboratory and
pool and then testing cell means. The analysis was run a
second time, treating laboratory as a random effect. In both
models laboratory identification was the most significant
explanatory variable, while pool and replicate were almost
always not significant. There was a significant interaction
between laboratory identification and pool for all variables
under both models. Apparently the performance of the
laboratories changed in different ways as they analyzed the
three pools. Method was examined separately in milk and
blood by a one-way analysis of variance (ANOVA). There
were no statistically significant differences detected in the
results reported for anydioxin or furan using the two methods.

The means for all laboratories by congeners in milk were
tested for significant differences. This testing showed that
there was less agreement between some of the laboratories on
the OCDF, OCDD, TCDD, PeCDF1, HxCDD2, and HpCDD
values and on dioxins in general. These laboratories were
from the nonconsensus group (R, L, K, B, G, H, M, and C).
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Figure 13. A consensus laboratory's (laboratory A) standardized mean
blood level for each congener plotted against the principal component
2 eigenvectors for the entire group. (Dioxin and furan levels were
standardized for each pool to a mean of 0 and standard deviation of
1.)
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Figure 12. A nonconsensus laboratory's (laboratory K) standardized
mean milk level for each congener plotted against the principal
component 2 eigenvectors for the entire group. (Dioxin and furan
levels were standardized for each pool to a mean of 0 and a standard
deviation of 1.)
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Figure 11. A consensus laboratory's (laboratory D) standardized mean
milk level for each congener plotted against the principal component
2 eigenvectors for the entire group. (Dioxin and furan levels were
standardized for each pool to a mean of 0 and a standard deviation
of 1.)
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Figure 10. Principal component scores of blood data weighted by
their fraction of the variance explain and the absolute value summed
(prin 1-5).

orhad two or three congeners one or more standard deviations
from the means (C, G, H, M). Although some of the
laboratories reported biased results on the same congener, all
nonconsensus laboratories had difficulties with a different
subset of the congeners.
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FIgure 15. Mlk principal component 2 plotted against principal
component 3 showing observations using the Smlth--Stalllng method
(designated by 0) and observations using _ methods (designated
by 1).

The greatest agreement was achieved with the congeners
PeCDF2, HxCDF1, HxCDF2, and HpCDF1 where only one
or two laboratory means were significantly different from the
others. In general standardized means were not statistically
different ifthey were less than 0.75 standard deviations apart.

The magnitude of separation between means is obviously
dependent on the size of the estimated standard error (even
an estimate of this is usually not known). If one examines
the standard error calculated for each dioxin and furan for
all reported results for milk by pool with the grand mean for
each congener and pool, one sees that all the standard errors
are between 20% and 120% of the size of the mean (most are
about30%) with two notableexceptions, OCDF andPeCDF1,
which are between 60% and 200% HxCDF4 and HpCDF1
were alsohigher, averaging 55% to70% acroes the three pools.
It seems likely that under these conditions two values could
not a priori be considereddifferent ifthey were within a factor
of 2 of one another.

DISCUSSION
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figure 18. Blood principal component 1 plotted against principal
component 4 showing observations using the Smlth-StsUIng method
(designated by 0) and observations using other methods (daslgnated
by 1).

laboratories using other methods (designated by 1) for the
clean up of blood samples are represented in the consensus
group.

The data presented in Figures 3 and 4 show the relative
agreement achieved for each of the target congeners. Two of
the congeners, PeCDF1 and OCDF, showed a significantly
larger quartile range. The relative percent difference from
the median for PeCDF1 in the blood data was even larger
than in the milk data. The problem with PeCDF1 may be
related to the very large spiking error of PeCDF2 in two of
the pools, making it more difficult than usual to measure
that isomer. The determination of TCDF and PeCDF1 in
blood appeared to cause difficulty and to a lesser extent
TCDD,OCDD,andHxCDD1aswell. Itisbelievedthatmuch
of the problem with the data on OCDF can be traced to a
combination of very low levels (40--110 ppq) and the use of
polar GC columns (SP 2330 or similar) by many laboratories.
These columns are known to produce poor recoveries for
OCDF. Additionally, no 13C-OCDF internal standard was
used. This necessitated the use of another 13C intemal
standard for recovery estimation of OCDF.

There appeared to be some correlation between the
concentrationofan analyte and the relative percentdifference
<RPD) from the median as shown in Figures 17 and 18.
However several congeners which were at a concentration of
less that 0.1 ppt had CVs from the median in the 20--30%
range which is quite comparable to that found for congeners
at concentration in the 1-10 ppt range. Precision problems

Several approaches were used to assess the principal
determinants of the quality of data produced in this study.
Thevariables tbat were potentially related to the data quality
were laboratory identification, analytical methodology, an­
alyte (some congeners may be more difficult than others),
concentration of analyte, and pool (the effect of time on a
replicate measure). In addition, we attempted to determine
what data quality (precision, accuracy, and quantitation
limits) could be expected for the 17 toxic congeners in human
blood and milk. Figure 1, which presents the sum of the
mean CVs for repeatability and reproducibility on milk data,
indicates that 11 of the 16 laboratories have quite similar
values, with means between 20-30%. Data from four
laboratories have CVs in the range of 60-70%. Figure 2,
which presents the CV data for blood, also shows a similar
pattern of CVs. Nine of the laboratories produced data with
mean CVs less that 30%. The remaining laboratories had
CVs significantly higher, ranging from 55% to 130%.

The mean coefficient of variation for repeatability of the
data reported by most laboratories was less than their mean
coefficientofvariation for reproducibility. This observation
in itself does not necessarily indicate anything significant
about data quality from a particular laboratory. Most labs
had combined CVs of <30%. However, this difference can
indicate the presence of some bias in the accuracy of the
results. It is important to note that normally a laboratory
only has current informationon its CVfor repeatability, which
could quite easily give the incautious observer a misleading
indication about the quality or lack of quality of any given
result.

Although most laboratories which performed well in both
blood and milk used a standard cleanup very similar to the
Smith-8talling method and HRMS, some laboratorieswhich
performed quite well used other cleanup methods combined
with high- or low-resolution MS. Conversely, some of the
laboratories which performed less well were using Smith­
Stalling methods and HRMS as well as other methods. The
analysis of variance for method showed no significant
differences between methods and results for any congener.
This result is interpreted to mean that the use of specific
protocols was less important to the productionof high quality
data than wereother factors related to laboratory, for example
the experience of laboratory or the specific condition of a
laboratory at the time of analysis or random errors. Figures
15 and 16 show the laboratories mapped against principal
component 1 and identified by the method used for blood
and milk, respectively. It can be seen that laboratories using
both the Smith-Stalling method <designated by 0) and
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from the data set, satisfactory method performance (CVs
<50%) is retained down to approximately 0.05 ppt or less.

Overall data quality has been affected to some extent by
the use of a common set of 12C and 13C standards which was
supplied by WHO. Interlaboratory comparison of data can
be significantly influenced by the use of standards from
different sources. The magnitude of this effect is difficult to
assess. It has been suggested for future studies that labo­
ratories calibrate their in house standards against a common
set supplied by WHO.

CONCLUSIONS

A significant consensus was observed by a majority of the
laboratories in the analysis of milk and blood plasma. The
laboratories with the highest consensus produced accurate
and precise results on congenersat concentrationwhich ranged
from 0.01 to 15 ppt. The mean results of the consensus
laboratorieswere within 0.5 standard deviations ofthe ground
mean. The standarderror was largest for OCDF andPeCDFl.
The coefficient ofvariation of the data from blood tended to
be larger for a given congener than the data from milk.
Althoughsome biascould be easilyobserved in the laboratories
with the highest consensus, it was largely insignificant to the
development of an overall consensus (differences were not
statistically significant and therefore may not indicate
anything systematic in the analytical work).

Several factors which could potentially affect data quality
were examined. There were analyte concentration, clean up
method, use of high- or low-resolution mass spectrometry,
pool number, replicate number, and sample matrix. In
addition, information was collected on such factors as length
of dioxin analytical experience and type of laboratory
(academic, government, or private). None of these factors,
taken as variables, were correlated with either accuracy or
precision of the reported values. Some laboratories with
relatively less experience in the dioxin field, usin~ low­
resolution mass spectrometry, produced apparently good
(consensus) data. Other laboratories, with substantial ex­
perience, using state of the art high-resolution mass spec­
trometers, produced poorer (nonconsensus) data. A few
laboratories contributed the most to variability in the data
set and usually introduced a general bias toward high results.
One nonconsensus laboratory reported having significant
laboratorycontamination problems. The results ofthese few
laboratories did not agree with other laboratories nor did
they agree with one another. There was much less consensus
between all labs on the level of OCDF in milk and PeCDFI
in blood. It did appear that laboratories that had well­
established QA programs, which they followed carefully,
produced superior results.

RECEIVED for review August 6, 1992. Accepted September
18,1992.
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Figure 17. Coefficient of variation of the data for each congener in
each milk pool plotted against congener concentration.
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Figure 18. Coefficient of variation of the data for each congener in
each blood pool piotted against congener concentration.

appeared to be at least in part related to congener-specific
problems. The congeners with the largest variance from the
median were at concentrations in the range of 0.02--{).04 ppt.
OCDF appears to present particular difficulties for many
laboratories. This is probably due to the reasons stated above.

The relationship between analyte concentration and CV is
shown in Figures 17 and 18. Analytes at with large CVs
(>50%) may be a resultofdata from a few ofthe participating
laboratories which are not part of the consensus group and
not identified as qualified by WHO. There appears to be no
significantcorrelation ofCVwith analyte concentration either
in blood or milk. In bothmatrices, analytes at concentrations
below 100 ppq were reported with good precision (CVrepeat).

As a result, it is difficult to assess the expected quantitation
limits for an experienced, well-qualified laboratory. If the
four laboratories with the largest average CVs are removed
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in the Chromatography of Proteins

Jan Stahlberg'

Astra Pharmaceutical Production AB, Quality Control, S-151 85 Si'Jdertiilje, Sweden

Bengt Jonsson

Division of Physical Chemistry 1, Chemical Center, University of Lund, S-221 00 Lund, Sweden

Csaba Horvath

Department of Chemical Engineering, Yale University, New Haven, Connecticut 06520

We have recently proposed a lheorellcal framework for the
effect of the eluting aaIt ionic strength of the eluent on the
retention factor of proteins In Ion-exChange chromatography
of proteins. It 18 baaed on the solution of the linearized
PoIsaon-8oIlzmann equation for two Oppoallely charged planar
surfaces In contact wllh a sail solution and describes the
coulomblc Interaction between the protein and the oppoeltely
charged statlOll8l'J;Jhase surface. At aufflctenlIy high sail
concentrations In the mobileph_van der Waals interactions
between the protein and the stationary phase become
Imporlant. In this work we consIcJer the effect of sail on the
combined couIornblc and van der Waals Interactions by
combining the electrostatic theory wtth the theory for van der
Waals interactions. The combined theory describes the
retention of proteins as a function of eluting sail concentration
over a wide sail concentration range. The protein molecutes
are, according to the propoaecl theory, hetcI In a d,",- layer
close to the stationary phase and are not In a cIIalInct layer,
which Is assumed In the traditional thermoelynamlc Interpr.
tatlon of the capacity lactor. For this re_n, we also examine
the thermodynamic Interpretation 01 the capacity lactor when
II Is due to distant dependent Interectlons.

INTRODUCTION

Electrostatic interaction (ion-exchange) chromatography
of proteins with high-performance columns and instrumen­
tation is widely used in the analysis and purification of
proteins. In this branch of chromatogrsphy the surface of
the stationary phase bears rIXed charges and the retention is
modulated by varying the concentration and nature of the
eluting salt in the mobile phase. The classical theory for the
effect of salt concentration of protein retention is based on
a stoichiometric ion-exchange model.l.2 However, stoichio­
metric laws fail to account for electrostatic interactions of
polyelectrolytes, and such treatment does not consider
explicitly stationary-phase properties. Moreover, the sto­
ichiometric approach does not explicitly take into account
other phenomena, e.g., van der Waalsinteractions, which may
affect concomitantly the magnitude of retention due to
coulombic interactions.

In an attempt to construct a more realistic model for the
retention in electrostatic interaction chromatography of
proteins, two nonstoichiometric theories have been put

(1) Boardman, N. K.; Partridge, S. M. Biochem. J. 1955,59, 543.
(2) Morris,C.J. O.R;MorriB,P. Separation Methods in Biochemistry,

2nd ed.; Wiley: New York, 1976; pp 66-87.

0003-27oo/92/0364-311S$03.00/0

forward by using the Manning counterion condensation
model.3,4 Furthermore, the retention of various proteins has
been successfully correlated with their surface potential~and
this rmding also lends supportto the nonstoichiometric nature
of the "ion-exchange" process with proteins.

Recently, we have proposed6 that the retention ofa protein
molecule by the charged chromatographic surface can be
approximatelydescribed byconsideringcoulombic interaction
between two oppositely charged planar surfaces in contact
with a huffered salt solution. For this simple geometry the
linearizedPoisson-Boltzmannequation wassolved to evaluate
the free energy change as a function of the distance between
the two surfaces. The results predict that in the case of
coulombic interactions the logarithmiccapacity factor linearly
depends on the reciprocal square root of the ionic strength
ofthe mobile phase. Indeed, corresponding plotsofretention
data ohtained over a wide range of experimental conditions
yielded straight lines, and their slope allowed the estimation
ofthe net charges on the proteins by using only independently
measurable physicochemicalparameters. In chromatographic
practice, however, besides coulombic interactions, the re­
tention of proteins is likely to entail also van der Waals
interactions with nonpolar moieties at the stationary phase
surface. Therefore, in describing the effect ofthe eluting salt
on the retention over a wide range ofsalt concentration in the
eluent, one has to account for both kinds of interactions, as
shown previously.3 The combined coulombic and van der
Waals interaction is known from colloid chemistry to describe
the long-range interaction (i.e. separation distances>1 nm)
in this kind of system. At shorter separation distances the
interaction becomes extremely complex, involving short­
ranged solvation andsteric forces. Because ofthis complexity,
a rigorous treatment of the interaction at all separation
distances cannot be made. We will describe the distance­
dependent interactions as a sum of coulombic and van der
Waals interactions, as is done in the DLVO theory for
describing the interaction between colloidal panicles.

In several theoretical treatments of interactions between
a protein molecule and a surface in aqueous media, they are
ascribed to van der Waals forces. Generally, they entail a
combination of London, Debye, and Keesom forces, as well
as desolvation forces which are related to the energy needed
to dehydrate the surfaces in contact upon binding. In the

(3) Melander, W. R.; El Rasai, z.; Horvath, C•. J. Chromatogr. 1989,
469,3.

(4) MllZ88roff. I.; Varady, L.; Mouchawar, G. A.; Regnier, F. E. J.
Chromatogr. 1990, 499, 63.

(5) Haggerty, L.; Lenhoff, A. M. J. Phy•. Chem. 1991, 95, 1472.
(6) Stahlberg, J.;Jonsson,B.; Horvath, c•. Anal. Chem.1991, 63, 1867.
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(2a)

Lifshitz theory,' the vander Waals forces betweenlarge bodies
are expressed in terms of dielectric constants and refractive
indices, neglecting the atomic structure. VanOss and co­
workers8,. adopted the Lifshitz theory to treat the adsorption
of proteins to noncharged surfaces. Combination of elec­
trostatic repulsion and van der Waals attraction between
charged particles of the same sign constitutes the classical
DLVO theory that has been used by Ruckenstein et al.'O•ll

to offer a qualitative description for protein retention in the
so-called potential barrier chromatography. Following an­
other approach, Horvath and co-workers"l2,13 have adapted
the solvophobic theory of SinanogJu" in their treatment of
hydrophobic interactions.

Here we examine the effect of the ionic strength of the
mobile phase on the interplayofcoulombic and van der Waals
forces in the chromatography of proteins by combining the
above mentioned electrostatic theory with a first approxi­
mation ofthe Lifshitz treatmentofvander Waals interactions.
In both cases the magnitude of retention is determined by
interactions that are distance dependent, and this prompted
us to reexamine the concept of capacity factor and phase
ratio of the chromatographic column. The results are
expected tofacilitate the interpretationofthephysicochemical
phenomena underlying the retention process in ion-exchange
chromatography over a range of salt concentration.

THEORY

In the ensuing development of the theory for protein
retention, involvingbothcoulombicand van der Waals forces,
first the fundamentals of the two kinds of interactions are
treated individually, and then their combined effect is
considered. We will examine the magnitude ofthe combined
forces as a function of the distance between the protein and
the surface of the stationary phase. It will be shown that,
depending on the magnitude of the physical parameters
involved, the minimum in free energy of the protein may
occur at a certain distance from the stationary phase. This
means that the protein molecules are held in a diffuse layer
close to the surface. Subsequently, an interpretation of the
retention factor appropriate for the chromatographic process
based on such interactions is given. Finally, an expression
is derived for the dependence ofthe retention factor on the
salt concentration when the magnitude of protein retention
is determined by both coulombic and van der Waals inter­
actions.

Interaction of Proteins with the Chromatographic
Surface. van der Waals Interactions. The theory of van
der Waals interactions between macroscopic bodies is well
developed and frequently used in colloid and surface chem­
istry.' For simplicity, we consider van der Waals interactions
between two flat surfaces for which the free energy change
per unit surface area can be approximated' as

I!J.Gvdw/Ap = -H/12rL2 (1)

where I!J.GvdW is the change infree energywhen the twosurfaces
having areas of Ap are brought from immity to a distance L

(7) Israelachvili, J. N. Inter17Wlecular and Surface Forces; Academic
Press: London. 1985.

(8) Vao Oss. C. J.; Good, R J.; Chaudury; M. K. J. Colloid Interftu:e
Sci. 1986,111,378.

(9) Vao Oss, C. J.; Good, R. J.; Chaudury; M. K. Sep. Sci. Technol.
19S1,22,1.

(10) Lesills, V.; Ruckenstein, E. Biotechnol. Prog. 1988, 4, 12.
(11) Ruckenstein, E.; ChiIIakuru, R. Sep. Sc~ Technol. 1990,25,27.
(12) Melaoder, W, R; Corradini,D.; Horvath, Cs.J. Chromatogr.1984,

317,67.
(13) Ketti, A.; Mae. Y.-F.; Horvath, Cs. Chromatographia 1987, 24,

646.
(14) Sinaoog!u, O. In Molecular Associations in Biology; Pullmao, B.,

Ed.; Academic Press: New York, 1968; pp 427-445.

Reference Solution
Figure 1. Schematic view of the geometry of the proposed model for
the combined coulomblc and van der Waals Interaction between the
oppositely charged protein and stationary-phase surf&ce.

andH is the Hamaker constant thatdependson the dielectric
properties of the intervening medium and of the two plates.
In our case, I!J.GvdW represents the energy of protein binding
to the stationary phase from the eluent.

Electrostatic Interactions. The electrostatic interaction
between the charged protein and the oppositely charged
surface of the stationary phase has already been treated by
a simple theory" based on a solution ofthe Poisson-Boltzmann
equation. In order to use analytical solutions of the Poisson­
Boltzmann equation, it is assumed that theoppositelycharged
surfacesofboth the protein moleculeand the stationaryphase
are planar and are in contact with a buffered salt solution,
as shown in Figure 1. For this one-dimensional system the
solution of the linearized Poisson-Boltzmann equation6,lS

yields for the electrostatic free energy per unit surface area,
which is needed to move the surfaces from imtnity to a
seperation distance L, the following expression:

I!J.G.. = _1_(U: + u;)e-<L + 2UaUp )

Ap KtOEr ed. _ e-KL

where I!J.G.. is the free energy change due to electrostatic
interactions, Ap is the appropriate protein surface area, Up

and Ua are the respective charge densities on the protein and
the stationary phase surface, and Eo and E, are the permittivity
of vacuum and the dielectric constant of the mobile phase,
respectively. The inverse Debye length. is defined by

• = F(2I)1/2/(EoE,RT>1/2 (2b)

where F is the Faraday constant, I is the ionic strength of the
bulk solution, Le., that of the mobile phase, R is the gas
constant, and T is the absolute temperature. The coulombic
free energy change according to eq 2a has been illustrated
previouslyfor various conditions as far as the charge densities
and ionic strength are concerned.6 It has been shown that
at sufficiently large separation distances I!J.G.. is negative so
that the plates are attracted to each other. With decreasing
separation distance, however, I!J.G.. may reach a minimum if
the charge densities of the two surfaces not are the same.
Thus, for plates carrying opposite charges, there is an
equilibrium distance between the surfaces at which the free
energy is minimum.

Combined Coulombic and vander Wools Interactions. AIl
the protein approaches the oppositely charged surface, the
combined effect ofCoulombic and van der Waals interactions
becomes important. Coulombic interactions are attractive
at long distances, but as mentioned above, they may become
repulsive at short distances. On the other hand, the van der
Waals interactions are most often attractive and increasingly

(15) Parsegiao, V, A.; Gingell, D, Biophys. J. 1972, 12, 1192.
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Figwe 2. (A-D) Plots according to eq 3 of the GIbbs free energy per unit area, I!J.G,IAp, as a function of the distance between the two oppoaltely
charged surfaces, L. In each figure the ionic strength is the paranne1er so thel curves a-<l represent Ionic strength = 0.1, 0.5, 1.0, and 2.0 m.
In Figure 2A curve e represents the ionic strength indepandent van dar Waals Interaction with the Hamaker constant H set to 3.0 X 10-21 J.
In Figure 2A, u. = 0.16 C/m', up = -0.03 C/m', and H = 3.0 X 10-21 J. In Figure 26, u. = 0.16 C/m', up = -0.03 C/m', and H = 2.25 X
10-21 J. In Figure 2C, u. = 0.175 C/m', up = -0.03 C/m', and H = 3.0 X 10-21 J. In Figure 20, u. = 0.16 C/m', up = -0.035 C/m', and
H = 3.0 X 10-" J.

stronger the shorter the separation distance. It is known
from measurements of the force acting between molecularly
smooth surfaces that the two dominating forces at distances
larger than around 1 nm are the van der Waals interaction
described by eq 1 and the electrostatic interaction here
described by eq 2a_ Such measurements also show that at
shorter separation distances between the two macroscopic
bodies these two equationsstart to deviate from experimental
values because of the structural behavior of the solvent
molecules remaining between the two surfaces.7

In our case this means that when the protein reaches the
proximity of the chromatographic surface, the intervening
water between the two surfaces has to be removed, and the
work required to do that depends in a complex way on the
composition of the mobile phase as well as the properties of
the protein and the stationary phase. The latter includes the
pertinent molecular architectures and contact areas, the
density and distribution of the surface charges as well as the
structure of water near the interacting surfaces.

A detailed treatment of such a complex binding process is
beyond the scope of the present work. In taking a simplified
approach, we 888ume that all major features involved are
implicit in eqs 1 and 2a; i.e. the numerical value for the
Hamaker constant, H, is regarded as a formal or effective
value for the considered system and is therefore not solely
due to pure van der Waals interactions. We can therefore

express the overall free energy change for chromatographic
retention,I!J.G" asthesumofthe free energychangesaasociated
with coulombic and van der Waals interactions. This leads
to the following relationship

I!J.G, I!J.G.. I!J.GydW-=--+--=
A. A. A.

1 (U; + u.')e-.L + 2UoU.) H
- --- (3)
"0<' ed_e'd 12...L 2

The dependence of the retention free energy due to
combined coulombic and van der Waals interactions on the
separating distance, according to eq 3, is illustrated in Figure
2A-D for different values of the Hamaker constant and the
charge densities. In each case calculations were made for
ionic strengths of 0.1, 0.5, 1.0, and 2.0 m and the results
obtained with these values are represented by the plots a-d,
respectively.

The plots in Figure 2A show that when the ionic strength
is low (l = 0.1 m) and the seperating distances are large, the
free energy change is negative so that the surfaces attract
each other. As the distance decreases to 1.6 nm, the free
energy reaches a minimum, and at shorter distances, the
surfaces repel each other. This behavior bas been explained
previously6 by the decreasing entropy of the ions in the
solution between the plates that more than offsets the gain
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in electrostatic energy when they come closer than the
equilibrium distance. When I is 0.5 m, the minimum free
energy has a higher value and the equilibrium distance is
smaller than shown for I = 0.1 m. In this case the surfaces
also repel each other upon a further decrease in the separating
distance. At higher ionic strength,I = 1.0 m, the equilibrium
separating distance is further reduced and the value of the
minimum free energy is lower than before due to the effect
of the attractive van der Waals interactions. With a further
decrease of the distance between the surfaces, the free energy
reaches a maximum at about 0.2 nm, and at smaller distances
van der Waals attraction dominates over electrostatic re­
pulsion. Upon a further increase in ionic strength, as
illustrated for I = 2.0 m, both electrostatic attraction and
repulsion are attenuated to the extent that the free energy
of interaction between the surfaces is dominated by van der
Waals attraction. The distance dependence ofthe free energy
solely due to van der Waals interactions, when the Hamaker
constant equals 3.0 X 10-21 J, is also illustrated for the sake
of comparison by the dotted line e in Figure 2A. It is seen
that at sufficiently high ionic strength the interactions are
almost exclusively due to short-range van der Waals forces
and there is no equilibrium distance.

In Figure 2B,C the same parameters were used as a Figure
2A with the exception that the Hamaker constant is taken
as 2.25 x 10-21 J in Figure 2B and u, is 0.175 C/m2 in Figure
2C. Comparing these results to those shown in Figure 2A we
can see that at ionic strengths of 0.1 and 0.5 m the influence
ofthese changes is smallexcept that the equilibrium distances
in Figure 2C are slightlygreater. We can conclude, therefore,
that electrostatic interactions between the surfaces are not
affected palpably by the value of the Hamaker constant and
the charge density of the chromatographic surface at low or
moderate ionic strengths. When the ionic strength is higher,
as seen for the results with I = 1.0 m, the above change in the
parameters results in a smaller influence ofthe van der Waals
forces in Figure 2B,C compared to that shown in Figure 2A.
As a result, the plots of the free energy against the separating
distance for I = 1.0 m show a rather high energy barrier at
the separation distance of 0.2 nm in Figure 2B,C. With a
further increase of the ionic strength to I = 2.0 m, van der
Waals attraction dominates the interaction again and gives
rise to the same kind of behavior as seen in Figure 2A.

In calculating the results depicted in Figure 2D, we used
the same parameters as in Figure 2A except for Up that was
takenasO.035C/m2• Comparingthereultstothoseillustrated
in Figure 2A, we see that, at ionic strengths of 0.1 and 0.5 m,
the retention free energy has a greater negative value at all
separation distances due to strongerelectrostatic attractions.
With increasing Up, the charge density difference between
the two surfaces decreases and, as a result, electrostatic
attraction is more pronounced at smallerseparationdistances.
The effect is shown for I = 1.0 m in Figure 2D where the
potential barrier, which is at 0.2 nm in Figure 2A-e, has
changed to a plateau. When the ionicstrength increases above
1.0 m, the free energy change is dominated by van der Waals
attraction in this case also.

Retention Factor with Distance-Dependent Interac­
tions. The results in Figure 2A-D illustrate that the free
energy change associated with the interaction between the
oppositely charged surface of the protein and the stationary
phase encompass different valuesdependingon theseparating
distance. It follows then that, in the chromatographicprocess,
retention occurs when the protein molecules are held in a
diffuse layer close to the stationary-phase surface rather than
at specific binding sites as postulated by the stoichiometric
displacement model. Our treatment also departs from
traditional retention models that assume that the bound

1
x

x+dx

j
Fig.... 3. Schematic view 01 a zone 01 elune A with the axial velocity
ii.(xl eluting through a column 01 length I,.

protein molecules are uniformly conf"med to a distinct layer.
For this reason, we shall examine the thermodynamic
interpretation ofthe chromatographicallymeasured retention
factor when it is due to interactions whose strength varies
with the distance between the retained molecules and the
actual chromatographic surface. The approach presented
here is applicable to all forms of chromatography where the
interactions underlying the retention are distance dependent.

Let us consider a chromatographic column with a uniform
cross-section and length Ie, as schematically shown in Figure
3. We assume that there is no axial dispersion and that
chemicalequilibrium is instantaneouslyattained in any point
of the column. Since the local velocity of the mobile phase
in the axial direction is different at different cross-sectional
points, the eluite moves with a velocity given by the average
of its point velocities. Our concern is a zone of eluite A that
occupies the volume dV between the axial distances x and x
+ dx in the column. The axial velocity, UA(X) of the zone is
given by the mean velocity of the eluite molecules within the
zone as

UA(X) = ~U(X,Y,Z) nA(x,y,Z)/~nA(X,y,z) (4)

where u(x,y,z) and nA(x,y,z) are the respective mobile-phase
velocities in the axial direction and the number of moles of
A, both at the point (x,y,z), and the summation is taken over
all points within the volume dV. It follows from eq 4 that the
more eluitemolecules at points oflowaxial velocity thegreater
is the retention of the zone. Since nA(x,y,z) is equal to CA­

(x,y,z) dy dz, where CA is the molar concentration of A, it is
convenient to rewrite eq 4 and the corresponding integrals as

uA(x) = i u(x,y,z) CA(x,y,z) dy dzli CA(X,y,z) dy dz (5)
y,z Y;Z

With incompresaiblemobile and stationaryphases the column
properties are assumed to be independent of x. Thus the
zone velocity has a constantvalue ofuA(x) and we can therefore
integrate both the numerator and the denominator in the x
direction to obtain UA. The retention time of A in a column
of length I, can be expressed as

I I,I, CA(x,y,z) dx dy dz
c x,y,z

t
A

=~ = I, u(x,y,z) cA(x,y,z) dx dy dz
x,y,z

l,fvcA(r) dV
---::-=---- (6)

fvuA(r) cA(r) dV

where cA(r) and uA(r) are the point concentration and point
velocities, respectively.

Within the moving zone there is an equilibrium distribution
ofAas a result ofinteractionwith thechromatographic surface
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and the concentration at any given point cA(r) is related to
the concentration at a reference point, CA(O), by

cA(r) = cA(O)e-&G(T)/RT (7)

where AG(r) is the change in free energy upon transferring
1mol of A from the reference point to point r. Combination
ofeqs 6 and 7yields for the retention time ofA the expression

t = I r c (0) e-&G(T)/RT dV/ r u(r) c (0) e-&GWRT dV (8)
A cJv A Jv A

Equation 8 is a general expression for the retention time in
chromatography and is valid also when the eluite is retained
bydistance-dependent interactionswith thestationary phase.

In the following we apply eq 8 toa chromatographicsystem
comprising a column packed with porous particles with a
retentive layer at the surface accessible to the eluite. Such
stationary phases, for instance with a nonpolar layer, are
widely used in reversed-phase chromatography. The total
column volume Vtot is given by

V tot = V, + V, + V p + Vi (9)

where V" V" V p, and Vi are the respective volumes of the
inert support, the retentive layer, the intraparticulate pores,
and the interstitial space. The integral in eq 8 can be applied
to each of the spaces and summation of the numerators and
denominators yields the retention time as follows:

t = (I C (0)[ r e-&GA(T)/RT dV + r e,&GA(T)/RT dV +
RcA Jv. JVr

r e,&GA(T)/RT dV + r e-&GA(T)/RT dV]lI
Jvp Jv;

(CA(O)[ r u(r)e-&GAWRT dV + r u(r)e'&GAWRT dV +
Jv. JVr

r u(r)e-&GA(r)/RT dV + r u(r)e'&GA(r)/RT dV]1 (10)
Jvp Jv;

For a nonretained eluite the chemical potential is the same
throughout the spaces V p and Vi and is infinitely high in
spaces V. and V~ As the zone of such an eluite moves down
the column, its concentration is uniform and equal in the
spaces Vi and V p but zero in V. and V, because it is excluded
from these spaces. Such an eluite has the properties of an
inert tracer used for the measurement of the mobile-phase
space in a column. In light of the above discussion, the
integrals over the volumes V. and V, in eq 8 vanish and the
retention time of the tracer, t.. can be expressed as

Ih(O)[I"dV+ I v,dV]
t - •

o cA(O)[Ivu(r) dV + I" u(r) dV]
• p

_,---_..:I,.:.W...;i'--+---:V.fP:..)__ I,= -=- (11)
Iv;u(r) d V + Iv.u(r) d V U

o

Nowlet us consider a retained eluitewith the same properties
as the unretained tracer, exceptthatthechange in free energy,
AG" for its transfer between the spaces Vi and V, is fmite and
constant throughout V,. By applying these conditions to eq
10 we obtain the retention time of such an eluite:

I [ r dV + r dV + r e'&G,/RT dV]
c JVi Jvp Jv.

[f, u(r) dV + f, u(r) dV + f, u(r)e'&G,(r)/RT dV]
Vi Vp V, (12)

Hwefurtherassume thattheeluite in thespace Vrisstationary
so that u(r) is zero at any point in V, and that its velocity
in Vi and Vp is equal to that of the unretained component,
eq 12 can be further simplified to obtain the following

relationship:

tR = I,Wi + V p + V,e'&G,/RT)/uoWi + V.,) (13)

In chromatographic practice the retention factor is evaluated
from the relationship k' - (tR - to)/t.. Using the expressions
obtained for to and tR in eqs 11 and 13, we obtain for the
retention factor

t - t V (e-&G,/RT)
k' =~ = r =q,K (14)

to Wi + V.,)

where q, = V,/(Vi + V p) is the phase ratio and K =e-&G./RT
is the equilibrium constant for the chromatographic process.
It is seen that only when several simplifying assumptions are
made does eq 8 reduce to the traditional expression for the
retention factor as the product of the phase ratio and the
equilibrium constant. In turn, this analysis leads to the
conclusion that eq 14 cannot be used to express the retention
factor when the interactions between the eluite and the
chromatographicsurface are distance dependent. This caveat
gains particular significance in the chromatography of large
polyelectrolyte molecules on stationary phases with fixed
charges due to the long range of coulombic interactions.

Retention Factor of Proteins in Electrostatic Inter­
action Chromatography. It was shown above that the
general expression for the retention time given in eq 8 leads
to the traditional defmition of the retention factor only in
certain particular cases. In this section we will discuss the
implicationsofeq 8for thespecificcase ofthe chromatography
of proteins on ion-exchanger stationary phases.

Let us consider a column of length I" that is packed with
a porous stationary phase having a surface charge density of
a.. In the column, the proteinaceous eluite explores the
mobile-phase space that is given by the sum of Vi, the
interstitial volume, and Vp, the intraparticulate pore volume.
By applying eq 8, the retention time of the protein tR can be
expressed as

I C (O)[f, e,&G(T)/RT dV + f, e-&G(T)/RT dV]
t
R

' A V; vp (15)
C (0)[ r u(r)e'&G(,)/RT dV + r u(r)e-&G(rl/RT dV]

A J~ J~

Assuming that the mobile phase is stagnant in the pores, i.e.
u(r)=0 in Vp, and that the protein concentration, CA(O), is the
same throughout the interstitial space, we can simplify eq 15
to obtain the expression

t = I (V. + r e,&G(TI/RT dV)/ r u(r) dV (16)
ReI Jvp Jv;

The pores ofthe stationary phase in protein chromatography
have radii much larger than the Debye length in order to
accommodate the protein molecules. Consequently, we can
transform the integral in the numerator of eq 16 from a
volume-dependent to a distance-dependent relationship. By
using the relation d Vp = A. dL, where A. is the surface area
ofthestationary phase equiaccessible to the protein, we obtain
for the retention time of the protein the following expression:

t = I (V. + A rL' e,&G(LI/RT dL)/ r u(r) dV (17)
Rei aJL.ia JVi

The retention time of a marker molecule, which does not
interact with the stationary phase and has the same size as
tbe protein, is the holdup time ofan inerttracer in the column,
t.. By using the same arguments as above in deriving eq 17,
we obtain for to the relationship

to = leWi + A, rL
' dL)/ r u(r) dV (18)JL",;. Jv;

In the numerators ofeqs 17 and 18 the value of L' is formally
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chosen so that the numerical value of the integral equals that In k'

of the mobile-phase space in the pores Vp, i.e. f L.,P A, dL =
Vp• By combining eqs 17 and 18, we can express the retention
factor of the protein as follows:

k' = tR - to = A,ft' (e-aG(L)/RT ~ 1) dL (19)
to Vo L",;"

where the integral in the numerator is proportional to the
surface excess ofthe protein. Equation 19 was alreadyderived
in another way and used in our previous paper.6 By
substituting the distance-dependent free energy change from
eq 3 into eq 19, we can express the retentionfactor ofa protein
due to combined coulombic and van der Waals interactions
as

A'f,L' [ ( Ap (a; + a;)e-d- + 2a,ap
k'-- exp ---- +

- Vo L",;" RTKEoE, ed- - e d- 0

ArJI 2)-1] dL (20)
RT(12".L)

where Ap is the surface area of the protein molecule that
interacts with the stationary phase and, as a first approxi- -1

mation it can be regarded as halfofthe total molecular surface
area of the protein.6

RESULTS AND DISCUSSION

(21)

Protein retention in chromatography with ion-exchanger
stationary phases is likely to involve both coulombic and van
der Waals interactions. The"expression for the conesponding
retention factor is given by eq 20 which requires numerical
integration. We used the Statgraphics software version 4.0
and a Compaq computer to carry out the calculations for
certain cases of interest, and the results are discussed as
follows.

Plots of the logarithmic retention factor against Vv1 for
a hypothetical protein having a net charge +7 and an
interacting molecular surface area of 2500 A2 are presented
in Figures 4 and 5. At sufficiently high ionic strengths the
numerical value of the integral in eq 20 is dependent on the
lower integration limit Lmin, which is arbitrarily set to 0.17
nm for all cases illustrated in Figures 4 and 5. The plots
shown in Figure 4 were made with the Hamaker constant as
the parameter by assuming a fixed charge density of the
stationary-phase surface. The value ofthe Hamaker constant
was varied in the range from 1.0 to 10.0 X 10-21 J or taken as
zero. It is seen that when the ionic strength of the mobile
phase is low, i.e., 1/v1 is larger than 3, the influence of the
Hamakerconstanton the logarithmic retention factor is small.
The limiting slope of the plots approaches that of the plot
calculated with H = 0 in order to represent the hypothetical
case when van der Waals interactions are absent.

This behavior at low ionic strength is readily understood
byexamining the results depicted in Figure 2A,B, which show
that the effect of the Hamaker constant on the free energy
change becomes negligible at sufficiently low ionic strengths
and the magnitude of the retention factor is determined
essentially by coulombic interactions. With increasing ionic
strength, however, the magnitude ofelectrostatic interactions
is attenuated and at short separating distances attractive van
der Waals forces begin to dominate. As a result, at a certain
value of the ionic strength, which depends on the magnitude
ofthe Hamaker constant, vander Waalsattraction dominates
over electrostatic interactions. Thus the retention factor
increases with a further increase in the ionic strength.

It should be noted that the retention free energy change
due to van der Waals interactions can also be treated by a
surface thermodynamic approach7 and expressed by the

0+-----.-----.-----.----
o 2 3

1/-5 m-'"

Figure... Theoretically calculated logarithmic relentlon factor as a
functlon of the reciprocal square root of the ionic strength with the
Hamaker constant as the parametar. The c..-ves are calculated by
numerical Inlegratlon of eq 20 by selling A. to 2500 A'/moIecule,
A,IVo 10135 X 10' m'/m3 , and the charge densllles a, and a.lo 0.16
and -0.0224 Clm', respectively.

characteristic interfacial tensions of the system as

f!.GvdW H
-A-=--L2='Y,m+'Ypm -'Yps

p 12". min

where 'Yij is the surface tension between phases i and i, and
the suhscripts s, m, and p denote the stationary, mobile, and
protein phases, respectively. Adsorption data at high ion
concentrations rnsy therefore be used to estirnste the value
of Lmin from the quotient HILmin2, if the effective Hamaker
constant, H, is known.

The effect of the charge density at the stationary-phase
surface on the plots ofthe logarithmic retention factor against
1/v1 is illustrated in Figure 5 for the chrornstography of a
hypothetical protein when the retention is due to both
coulombic and van der Waals interactions. The value of the
Hamaker constant was taken as 6.0 X 10-21 J, and the size and
net charge of the protein are assumed to be the same as in
Figure 4. Figure 5 shows that at low ionic strengths the
magnitude of the logarithmic retention factor and its de­
pendence on 1/v1 are rather insensitive to changes in the
charge density of the stationary-phase surface so that the
pattern is very similar to that depicted in Figure 4. This
behavior is easily understood from a comparison of the plots
in Figure 2A,C which shows that at ionic strengths of0.1 and
0.5 m an increase in the surface charge density from 0.160 to
0.175 Clm' does not affect the value offree energy minimum
and only slightly shifts its position in the direction of
increasing ionic strength. Comparison of Figure 2A,C also
shows thstat sufficientlyhigh ionicstrengths, a highersurface
charge density of the stationary phase engenders a higher
potential barrier for the interaction, and this effect is
responsible for the lower capacity factors in Figure 5. The
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In k'

0.'60

0.640 0.320

o

·1

O+-------.-----r------r---
o 2

,rfJ m'"
FIgunt 5. Theore!icaly calculated IogarI1hmic retention lactor as a
"-"clion 01 the reciprocal square root of the ionic strength with the
surface density 01 the stationaly phase as the parameter. The curves
ara calculated by numerical integration of eq 20 by setting A, to 2500
A'/rnoIecule, A,IVo to 135 X 10· m'lm', Hto 6.010-21 J, and <T, to
-0.0224 C/m'.

greater the difference in the charge density of the two
interacting surfaces, the higher the ionic strength required
to make the potential barrier vanish.

As a test for the theory proposed here, the experimentally
observed retention behavior of proteins in ion-exchanger
columns over a wide range ofsalt concentrations in the eluent
was simulated hy numerical integration of eq 20. The
theoretical results are compared to the experimental data for
four proteins in Figure 6. The procedure for constructing
the theoretical plots was as follows. First the values ofAJVo,

<T.. H, and <Tp were varied by trial and error in order to obtain
the best fit of the calculated dependence of the logarithmic
retention factor on 1/"\/1 to the el<perimental data for the
lysozyme. Then, hy using the same column parameters, AJ
VA and <T.. found appropriate with lysozyme, the values of H
and <Tp representing protein properties were varied to fit the
calculated data to the experimental results obtained with the
other three proteins. The lower integration limit, Lmin, was
0.16 nm for lysozyme and a-chymotrypsinogen and 0.12 nm
for cytochrome cand ribonuclease. In all four cases the surface
area of the protein, Ap, which interacts with the stationary
phase was taken to be halfofthe surface area of the spherical
protein molecule.6

The results illustrated in Figure 6 shows a good agreement
between plots of the experimental data and those calculated

In k'

3.0

I
'.0

1.0

-1.0

1f'11i nr'"

FIgunt 8. Comparison between the theoretically calculated and
experimentally observed logarithmic retention lactor as a lunctlon 01
the reciprocal square root of the ionic strength for four different proteins.
The thaoratlcal curves are calculated by numerical integration of eq
20 by seltfng the column parameter A,lVo to 3.4 X 10" m'tm' and
<T, to -0.220 C/m'. The theoretical paramel8<s <T" Ap, and H,
respactlvely, ana lor the respactlva proteins: Iysozyma (e) 0.0500
C/m', 4410 A', and 1.55 X 10-21 J; a-chymotrypslnogen (0), 0.0430
C/m', 4834 A', and 2.11 X 10-21 J; cylc>cnorne c (.Il.) 0.0430 C/m',
4410 A', and 0.94 X 10-21 J; rIJonucIaase (0) 0.0387 C/m', 4160
A', and 1.24 X 10-" J. TheexparimantaJly observed capacity factors
ana from ref 3.

by the present theory as far as the dependence of the
logarithmic retention factor on the reciprocal square root of
the ionic stength is concerned. Because of the large number
of variables involved in this procedure and their complex
interdependence, the limitedsetofnumerical values obtained
by this analysis may not be accurate. Yet, the parameter
values for the proteins and for the stationary phases are all
physically reasonable. Further studies are required to
examine closer thepotentialofthis approach for the evaluation
of various physicochemical parameters which can be used to
characterize the chromatographic systemand!or the proteins.

CONCLUSIONS

The simple theoretical framework presented here for the
retention of proteins in chromatography due to both cou­
lombic and van der Waals interactions is based on a
macroscopic approach. Thus the neglect of interactions on
the molecular level may entail certain oversimplifications.
Nevertheless, the physicochemical basis of the theory is firm
and the proposedapproach can be useful for the organization,
analysis, and interpretationofchromatographic data. Further
experimental studies using well-characterized proteins and
stationary phases are needed to explore in more detail the
realm of applicability for this theory.

REcEIVED for review April 6, 1992. Accepted September
14,1992.



Anal. Chern. 111112, 64, 3125-3132

Analytical SPLITT Fractionation: Rapid Particle Size Analysis
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In SPLIlT fractionation (SF), particles or molecules are
separated rapidly by fleld-drlven migration over a short
(submlllimeter) path lying across a ribbonlike flow cell having
splnters at the ends. The outlet splnter separates components
of high and low mobilities, directing the fractions to different
outlet substreams for collection and measurement. The SF
process, when run continuously, allows the scaleup of difficult
separations. However, the rapid (often <1 min) division and
measurement of InJected sample pulses can provide useful
and timely analytical Information. When used this way SF
becomes analytical SPLITT fractionation (ASF). Here we
utilize a miniature gravity SPLIlT cell tor particle size analysis
In the 5-75-jU1I size range. The measurement of "oversJzed"
particles Is particularly straightforward using ASF. Oversized
particles (those exceeding a criterion diameter) have adverse
ellects on the performance or safety of such products as
abrasives, polishers, coatings, and pharmaceutical emulsions.
Oversized particle analysis Is Illustrated using starch granules,
abrasive particles, and glass beads. Most run times are 0.3­
2.0 min. By making a series of runs at different cutoll
diameters, we show that entire size distribution curves can
be constructed. this case Is Illustrated using quartz particles
and glass beads. By using microscopy and published size
distribution data, we show that our results are In good
agreemenf with those expected theoretically.

Split-flowthin (SPLITT) cellsare elongated unpacked flow
cells resembling field-flow fractionation (FFF) channels,
except that their operation requires the presence of one or
more flow splitters at the outlet end of the channel and often
at the inlet end as well.1-4 The outlet splitter(s) serves to
divide the sheet of liquid flowing through the channel into
two (or more) laminae. A field or gradient applied over the
cell's thin dimension (as in FFF) creates transverse concen­
tration gradientssuch that the divided laminae have different
contents, which means that separation has been realized (see
Figure 1).

Although SPLITT fractionation (SF) and FFF are carried
out in a similar thin channel flow system with an applied
transverse field, the two separation processes are fundamen­
tally different in nature. In FFF, separation is generated
along the flow axis of the channel as a consequence of the
different velocities of the stream filaments that different
components are forced to occupy by the transverse field.5-9
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In SPLITT fractionation, bycontrast, separation is generated
along the short transverse axis as a direct consequence of the
differential transport induced by the applied field or
gradient,l-4

The primary advantage ofSPLITT cell separation relative
to FFF is that SF can be made to occur continuously, making
it a strong candidate for small- and intermediate-scale
preparative work on macromolecules and particles. In
addition SF tends to be a faster separation process (typical
separation time ~1 min or less) than FFF, although there are
exceptions. The high speed of separation is due to the short
separation path, equal to some fraction of the channel
thicknessand thus often lying in the l00-l'm range. Although
the resolving power generated over such a short path is
obviously limited,'0 the resolution is often surprisingly high
(particularly for particles) because of the uniformity of flow
and the near absence of pathological flow effects in the
SPLITT cell.

Thehighspeed ofSPLITT fractionation and the simplicity
of the apparatus and the underlying process make this an
attractive approach for certain analytical applications, par­
ticularly in the area of process analysis and quality control.
However the separation and output would differ significantly
from that of FFF, which is also promising for certain process
controlapplications. FFF,which resembles chromatography,
is capable ofanalyzing a series ofdiscrete samples, producing
typically a particle size or molecular weight distribution for
each. The individual run times might range from 1 to 5 min
for the high speed steric or hyperlayer FFF of particles>1
I'm in diameter to 10-30 min for high-resolution colloid or
polymer fractionation. Analytical SPLITT fractionation
(ASF), by contrast, can report continuously on an unbroken
stream ofsuspended or dissolved sample, although it too can
be fed discrete sample pulses if desired. However, rather
than yielding a complete size or mass distribution (as does
FFF) for each volume element ofthe entering sample stream,
ASF divides the distribution into a small number of fmite
elements or 'channels", each corresponding to a separate
outlet substream. The cutoff between elements is control­
lable. The simplest and often most effective SPLITT cells
are binary systems thatproduce only twosuhstreams, as shown
in Figure 1.

The suitability of ASF for analysis depends in part on
whether the analytical problem can be adequately treated by
the limited informationalcontentofthe two or more channels.
In many cases such information is adequate. In these cases
the high speed and the possibility for continuous SPLITT
analysis would constitute significant gains in analytical
capabilities. Even in those cases for which the limited
information ofa single ASF run is inadequate, the high speed
ofASF permits multiple runs in a short time period and thus
the compounding of information as described below.

One promising area where SF might be useful at both
analyticaland preparative levels is in the production, cleanup,
and characterization of particulate materials from which

(10) Giddings, J. C. Sep. Sci. Technol. 1992,27, 148!i-1504.
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Figure 1. Schematic diagram of SPlITT cell. Thickness of cell is
exaggerated to illustrate differential transport between wall A and wall
B.

"oversized" particles (those exceeding a certain criterion
diameter) must be rigorously excluded (or at least reduced
to very low levels) because ofthe adverse effects they produce.
Examples include abrasives," polishers,"·12 coatings,'2.'3
aerosols,12 and injectable emulsions.'· By setting the cutoff
diameter d, ofthe SPLITT cell at this criterion diameter, the
oversize particles are isolated from their numerous small
diameter counterparts, thus simplifying their detection and
quantitation. The removal (and ifdesired the measurement)
of oversize particles is highly efficient, and thus scaleup of
the SPLITTcell is also promisingfor small- and intermediate­
scale preparative purposes.

An analytical SPLITT cell could be used flexibly in several
different ways for the determination of oversized particles.
First ofall, the ASF process could be readily automated using
an autoinjector, giving in many cases the capabilityof making
one or more determinations per minute on an ongoing basis.
Alternately, ASF could be run continuously by tapping into
a process feed stream. In this case, ASF would provide a
continuous report on the oversized content of the stream.
Undesirable shifts would be detected almost immediately
because of the rapid response of the SPLITT cell.

Another promising area where SF might be useful at the
analytical level is in the determination of particle size
distributions. The mass of sample above a specified size can
be obtained by measuring the relative content of the two
outlet streams providing the cutoff diameter is adjusted to
equal the specified diameter. This step is identical to that
required to measure the relative amountofoversized particles
that exceed a specified criterion diameter. To obtain a full
(cumulative) size distribution, this step must be repeated for
a series of cutoff diameters. This multiple-step process is
feasible because of the high speed of the individual steps.

The throughput of a SPLITT cell is proportional to its
length L and breadth b but independent of thickness w.w
Thus the area bL of the cell can be increased (within limits)
to accommodate throughput requirements. For analytical
SPLITT fractionation, where information rather than frac­
tionated material is the desired product, area bL and thus
the overall size of the device can be reduced to levels dictated
more by convenience than throughput. Accordingly, for this
work we have constructed and utilized a miniature split cell
many times smaller than any previously reported (see Figure
2).

For the work reported here, fractionation is achieved
through differential transport in a gravitational field. How­
ever, a number ofother transport mechanisms that have been
proposed and in some cases utilized for preparative SPLITT
operation could also be harnessed for analytical purposes.

(11) Miller, B. V.; Lines, R. W. CRC Crit. Rea. Anal. Chern. 1988,20,
75-115.

(12) Cadle, R. D.Particle Size; Reinhold Publishing: New York,1965;
Chapter 6.

(13) Rump, H. Particle Teohnology; Chapman and Hall: New York,
1991; pp 1-15.

(14) Hersey,J. A. InParticleCharacterizationin Technology; Beddow,
J. K., Ed.; CRC: Boca Raton, FL, 1984; Vol. I, pp 69-79.

Figure 2. Photograph of analytical SPlITT cell used In these studies.

Alternate driving forces for transport include centrifugation,
electrical forces,I5 hydrodynaniic lift forces,l"and concentra­
tion gradients· Using the appropriate force it should be
possible to achieve rapid analytical fractionation based on
differences in sedimentation coefficient and size (as we report
here), density, electrical mobility, isoelectric point, and
diffusion coefficient.

THEORY

Figure 1 shows the principles underlying the operation of
a simple binary SPLITTcell. Due to the action ofthe external
field or driving force, particles or molecules are transported
differentially across the thickness w of the cell, which in the
experimental system reported here is only 0.38 mm. Rapidly
migrating particles are separated from those undergoing
slower transport by means of an outlet splitter that divides
the channellanIinae into two outlet substreams, a and b.

The effectiveness of the SPLITT process is enhanced by
the active control of the positions of the inlet splitting plane
(lSP) and the outlet splitting plane (OSP), a control gained
by varying the flow rates of inlet and outlet substreams. As
shown in Figure 1, the ISP divides the sample-containing
lamina originating at inlet a' from the sample-free lamina
whose source is inlet b'. When the volumetric flow rate ofthe
substream entering b', Y(b'), exceeds that of the substream
entering a', Y(a') , then the ISP swerves upward from the
inlet splitter, compressing the sample feed lamina into a thin
band ideal for initiating separation. The degree of compres­
sion is arbitrary as dictated by the flow rate ratio. The only
negative effectofincreasing the compression is its association
with a low rate of feed input, which is proportional to Y(a'),
but this is of little concern for analytical SF.

The OSP, dividing the thin ribbon of flow in the cell into
the two lanIinae that eventually emerge as substreams a and
b, is likewise controlled by the ratio of the outlet volumetric
flow rates Y(a) and Y(b). It is, of course, necessary that the
sum of inlet flow rates equal the sum of outlet flow rates as

(15) Giddings, J. C. J. Chrornatogr. 1989,480,21-33.
(16) Giddings, J. C. Sep. Sci. Technol. 1988,23, 119-131.
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expressed by

The cutoff value flV, specifies the cutoff particle diameter
do. Thus from eqs 5 and 6

where b is the breadthofthe cellandL is its length as measured
between the inlet and outlet splitting edges.

When transport is driven by gravity or a centrifuge, U is
given by

(10)

The use of eq 1 gives the alternate expression

V(t) = V(b') - V(b)

Thesubstitution ofeq 9 (or one can use eq 10 ifprefered) into
eq 8 yields

d = pB77[V(a) - V(a')] f /2 (11), r bLG(Pp-p) f
In principle, all particles smaller than d, exit outlet a while
larger particles exit b. Clearly, d, depends upon particle
density Pp because of the influence of PP on sedimentation
velocities. Thus a unique value of d, can only be established
for particles of uniform density.

As shown by eq 11, the cutoff diameter can be readily
adjusted or altered by changing the volumetric flow rates of
substreams a and a'. Somewhat less flexible means for
controlling d, include altering the SPLI'IT cell dimensions
b and L, changing the field strength G (through tilting the
cell on end or applying a centrifugal force), using an additive
to change P, or varying the temperature to change viscosity.
In addition, we note that the same basic methodology can be
used both for floating particles as for sinking particles except
in the former case the feed substream a' would be introduced
adjacent to the wall of lowest gravitational potential.

While eq 11 gives a unique value for the cutoff diameter,
there will actually be a small range in diameters that divide
between outlets a and b. lO This range is introduced by
imperfections in the system, particularly in the splitters, and
sometimes in the measurable displacement caused by Brown­
ian motion. In addition, we note that eq 11 slightly under­
estimates the true cutoffdiameter because in reality particles
must migrate somewhat further than the distance between
the ISP and the OSPto gain outlet b. Theadditionaldistance
depends upon the initial poeition of a given particle within
thecompressed feed lamina. Since particles sedimenttoward
the inlet splitter between the time of their entrance at inlet
a' and the time that they reach the splitter edge, conditions
can be adjusted such that particles in the critical diameter
range sediment to the surface of the splitter before the two
inlet substreams are merged. (Such conditions apply in the
presentexperiments.) In this case the incrementalmigration
distance is only slightly larger than a single particle radius,
leading generally to only a amall perturbation in the cutoff
diameter relative to the value given by eq 11.

Although eq 11 fixes the flow rate difference V(t) = V(a)
- V(a') once d, is chosen, the four constituent flow rates (two
in and two out) are not rigidly fixed by the above equations,
leading to additional flexibility in operation. Some criteria
for choosing these flow rates has been discussed in a recent
paper on the optimization of SPLI'IT operation.'o Briefly,
we require V(a')« V(t) for maximum resolution, but reducing
V(a') excessively will delay particle elution and will risk
particle depoeition on the inlet splitter. A ratio of V(a')/ V(t)
of 0.I-{).3 is generally suitable. The value of V(b') is also
chosen by compromise. A high V(b') hastens elution but
causes unwanted sample dilution. Its value must be high
enough to supply the flowstream represented by V(t) with
enough flow left over to flush particles out of outlet b (see eq
10). In most cases V(b')/ V(t) is best chosen in the range
1.5-3.0. Once the inlet flow rates V(a') and V(b') are set as
above, the outlet flow rates V(a) and V(b) are determined by
eqs 9 and 10.

EXPERIMENTAL SECTION

The working dimensions of the SPLITT channel are 5-cm
length, I-em breadth, and 381'/LIIl thickness. The ceIl void volume
is thus 0.19 mL. The channel thickness w is determined by the
combined thickness of two Mylar spacers (0.005 in. or 127 /LIIl

(2)

(7)

(6)

(9)

flV=bLU

V(t) = V(a) - V(a')

U=sG (3)

where s is the sedimentation coefficient and G is the field
strength measured as acceleration. For spherical particles of
diameter d, s is given by

_ (Pp - p)d2 _ ~d2
s-~-1B.1 (4)

where PP is the particle density, P is the carrier 'density, ~
is the density difference, and '1 is the carrier viscosity. The
substitution of eqs 3 and 4 into 2 sbows that for sedimenting
particles

V(a') + V(b') =V(a) + V(b) (1)

Sandwiched between the ISP and the OSP is a thin film
ofliquid termed the transport lamina. As the particles enter
the cell and pass beyond the inlet splitter, they are gradually
driven into this transport lamina by the applied field.
However, as made clear by Figure I, particles must be driven
across the entire thickness of the transport lamina in order
to emerge from outlet b. Particles whose field-driven
migration is too slow to allow passage through the transport
lamina in the course of their residence in the cell fail to
penetrate through the OSP and thus emerge from outlet a.
Because of the thinness of the compressed feed lamina and
the uniformity of the transport lamina, a fairly sharp cutoff
in migrationvelocitydistinguishes the particlesemergingfrom
outlets a and b. If the field-induced velocity depends upon
particle size, as is the case for sedimentation, this cutoff
velocity can be translated into a unique value of the cutoff
diameter do.

The theory defining the cutoffdiameter has been described
in previous publications.2,l0 It is assumed that particles are
driven at constant velocity U from wall A to wall B during
their residence in the SPLI'IT cell. As a consequence of this
uniform transport, the particles are driven across a thin
fIlament of the flowing liquid. The volumetric flowrate of
the filament traversed by the particles is given simply by2

flV = bLsG = bLG~d2 (5)
18'1

Ofcritical importance is the relative magnitude of flVand
V(t), the latter being the volumetric flow rate of the transport
lamina. For present purposes, we assume that all particles
for which flV> V(t) will emerge from outlet b. Particles of
lesser flV, such that flV < V(t), will emerge from outlet a.
Therefore the cutoff value of flV is given by

. . bLG 2
V(t) = flV, = l&7flpd,

and d, is therefore expressed by

= (IB77V(t»)'/2
d, bLG~ (8)

The volumetric flowrate of the transport lamina V(t) is
given by (see Figure 1)
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FIgure 3. Simultaneous responses of detectors at outlets a and b for
wheat starch with de ;;: 9 #m. The micrographs serve to compare the
fractionated particle subpopulations collected from these two outlets
with those found in the untractionated wheat starch sample.

diameter do' Figure 3 sbows the results obtained for wheat
starch. In this figure the two detector response curves for
the two outlets are shown along with micrographs of the
material collected from each outlet. The figure shows that
the fractionation into large and small size ranges is largely
completed in just over 1 min.

For the wheat starch run shown in Figure 3, a critical
diameter ofd, =9 )Lm was chosen inorder to divide the bimodal
size distribution (as shown by sedimentation/steric FFF) into
its two major components. By applying eq 7 and assuming
Ap =0.5 g/mL and ~ =0.01 poise along with the other known
parameters, we calculate that the required Vet) = 0.66 mL/
min. This value was provided in accordance witb eq 10 by
adjustments giving V(b') = 1.57 and V(b) = 0.91 mIJmin.
Tbe volumetric flow rate of the feed stream was V(a') =0.52
mL/min while Veal = 1.18 mL/min. Examination of a large
set of micrographs shows that the separation is very clean;
only a minor population of particles cross over to emerge
from the wrong outlet. Most importantly for the analysis (or
removal) of oversized particles, larger particles (>9 )Lm) are
recovered from outlet b at virtually 100%.

An experimental study similar to that reported above was
carried out for the glass bead sample consisting of particles
that are more truly spherical. The size distribution for the
sample is known to be monomodal as confirmed by sedi­
mentation/sterie FFF with a peak in the distribution at about
16 )Lm}? For the ASF experiment, the cutoff diameter was
set at d, =15 )Lm. Based on Ap =1.41 g/mL, this cutoff was
obtained using the substream flow rates Yea') = 3.0, V(b') =
13.0, Veal = 8.0, and V(b) = 8.0 mL/min. Because of the
higher density and the larger cutoffdiameter, these flow rates
are considerably larger than those applied to the wheatstarch.
Consequently, the run is completed in less than 0.5 min. This
is shown by the detector response curves in Figure 4. This

Fraction b
(d>91'm)

.......
50J.Lm

Fraction a
(d < 9 ~m)

• C .... '. .~ .
~ . . ..

lfW"':~. .
I:·'" '.4'· ..
~ . .'llE!I

o 0.5 1.0 1.5 2.0
TiME (min)

Unfractionated
wbeat starch

sample

In the first experiments, glass beads, wheat starch, potato
starch, and the cubic boron nitride abrasive Were used to
demonstrate, with preparative as well as analytical implica­
tions, the successful removal of particles above a selected
cutoffdiameter. In the fmal part, the glass beads and quartz
samples were used to illustrate the application of SF for
determining the particle size distribution.

The performance of the miniature SPLITI cell was
evaluated by its application to a variety ofparticuiate samples
using different flow and cutoff conditions. Most important
initially was testing its capability to split a particulate sample
into two subpopulations divided around a designated cutoff

For the size distribution experiments, all flow rates were kept
constant during each run. The outlet flow rates Veal and V(b)
were then changed, corresponding to dlfferent cutoff sizes, for
each experiment in the series. New samples were injected for
each set of outlet flow rate conditions selected. The retrieval
factor F. for each flow condition corresponds to a point on the
cumulative size distribution curve located at the cutoff size as
explained in the next section.

RESULTS AND DISCUSSION

each) and a stainless steel splitter layer (127 I'm). All these
components are sandwiched between two glass plates in mucb
the same way as larger SPLITT cells are assembled' Finally,
these layers are held together fIrmly by two stainless steel plates
and clamped evenly with bolts. The finished cell, whose overall
external length is only 12.5 em, is shown in Figure 2.

One Minipuls peristaltic pump (Gilson, Middleton, WI) and
one Kontron 410 pump (Kontron Electrolab, London, UK)
provided the independent flows to inlets a' and b', respectively,
for the wheat starch experiments. Two QD-O pumps (FMI,
Oyster, NY) provided the inlet flows for the potato starch
experiments. For most experiments two Model 153 UV absor­
bance detectors (Altex, Berkeley, CAl, both operated at 254 nm,
were connected to outlets a and b to monitor the particulate
content of the emerging streams. (However, for the particle
counting experiments (see Figure 8) a Model 757 UV detector
from Applied Biosystems (Ramsey, NJ) with a shorter response
time was used.) Samples Were injected using a Valco (Houston,
TX) injection valve with a 17-"L loop. The two detectors were
temporarily connected in series to determine their sensitivity
ratio for each type of experiment. Results from the detectors
were supplemented by scanning electron microscopy using a
Hitachi (Tokyo, Japan) Model S-450 instrument.

The carrier fluid Was an aqueous solution of 0.002 % (w/v)
FL-70 (Fisher Scientific, Fair Lawn, NJ) and 0.005% (w/v) sodium
azide (Sigma Chemical Co., St. Louis, MO). Samples consisted
of suspensions of 0.1 % (w/v) wheat starch, 1% potato starch,
0.3 % and 1% glass beads, 0.3% polystyrene latex beads, 0.5 %
BN abrasive, and 1% quartz (BRC 67) prepared in the carrier
fluid. Both starch samples Were obtained from Sogetal Inc. (San
Francisco, CAl. One glass bead sample specified as SRM 1003
from NIST (Washington, DC) had bead diameters between 5
and 30 I'm. Samples of 1-5-"m- and lO-"m-diameter glass beads
were obtained from Duke Scientific (Palo Alto, CAl. The glass
beads Were centrifuged in 1,4-diiodobutane (Aldrich, Milwaukee,
WI) before the ASF experiments to remove those beads with
bubbles inside. The quartz powder is a Commision of the
European Co=unities Standard (BCR 67) obtained from Duke
Scientific (Palo Alto, CAl. The cubic boron nitride (IlN) abrasive
was obtained from GE Superabrasives (Worthington, OH).

The fraction of sample emerging from outlet b (and thus the
fraction with diameter d > do) was calculated from the equation

Fb =A(b)V(b)/[A(b)V(b) + A(a) V(a)] (12)

where A(a) and A(b) are the peak areas of the detector response
curveS at outlets a and b, respectively, and Veal and V(b) are the
volumetric flow rates from the two outlets, respectively. The
same equation applies to the fraction F. if A(b)V(b) in the
numerator is replaced by A(a) Veal. Clearly

F. + Fb = 1 (13)
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approximately 2 min. Once again, particles with a size larger
than the cutoffdiameter are found to be removed completely
from the fmer material. In this case, the weighted fraction
of oversized material, as obtained from peak areas, is 3.9%.

Since oversized particles should constitute a minor fraction
of any particular product, it is important to examine the
sensitivity and accuracy of ASF for the measurement of low
levels of oversized particles. Two factors are especially
importanthere. First is the intrinsicsensitivityofthe detector
used to monitor outlet substream b, which contains the
oversized particles. The present studies were done using
co=ercial UV detectors designed for HPLC work. The
sensitivity of such detectors could probably be improved by
using a detector that measures scattered light directly rather
than indirectly.

The second factor is the possibility that a small fraction
of particles below diameter d, will "leak" across the transport
lamina and exit outlet b, thereby interfering with the
measurement of the oversized particles. Although larger
particles rarely cross over to exit outlet a, as noted above, a
few smaller particles can make their way to outlet b along the
edges of the SPLITT cell where the flow of the transport
lamina is reduced over a short distance due to frictional drag
at the edge walls. This leakage is somewhat amplified by the
reduced aspect ratio (breadth/thickness = 26) of the small
analytical SPLITT cell used here.

We note that for a well-designed SPLITTcell, only a minor
fraction ofsmallparticles should leak into the large (oversized)
fraction. However, when determiningthecontentofoversized
particles, which constitute a lesser component at the tail end
of a distribution, the leakage of a small fraction of the
dominant smallparticlepopulation will constitute a relatively
large contamination of the oversized particles. This is borne

...J Outlet b

~~-----
o 0:4 0.8

TIME (min)
Figure5. Measurement of oversized potato starch particles, considered
as those with diameters above d, = 55 I'm. The small peak observed
for the boutlet represents the relative amount of these larger particles.
The fractionation around the 55-I'm cutoff is confirmed by the electron
micrographs.
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figure also shows the micrographs of unfractionated and
fractionated material. These micrographs again confirm the
efficacy of the particle separation.

Oversized particles are almost always those at the extreme
upper end ofthe particlesize distrihution, Inorder to examine
the effectiveness of fractionation of oversized particles from
a wide size distribution, we have adjusted the cutoffdiameter
to lie near the upper extreme of the size distribution of two
quite different particulate materials. The first is a potato
starch sample which sedimentation/steric FFF shows to have
particles ranging from 8- to 75-l'm diameter with a mode at
38 I'm. The cutoff diameter for the ASF run was set at 55
I'm, which entailed using the flow rates 1I(a') =5.0, 1I(b') =
30, 1I(a) = 30, 1I(b) = 5.0 mL/min. The results are shown in
Figure 5. The run is observed to be effectively completed in
~0.3 min.

As expected, the detector response curves show that only
a minor portion ofthe sample, corresponding to the oversized
particles constituting the tail ofthe distribution, emerge from
outlet b. The area of the outlet b peak relative to the total
area of outlet a and b peaks when corrected for differences
in flow rates and detector sensitivity is 6.1 %. Interestingly,
if one looks at the detector response curve from a sedimen­
tation/steric FFF run, the percent of the peak area corre­
spondingto a diameter largerthan 55 I'm is 5.8%,in reasonable
agreement with the ASF results. The micrographs shown in
Figure 5 (and others not shown) confirm that virtually all of
the oversized particles are eluted in substream b.

The second material we have examined for oversized
particles is cubic boron nitride abrasive with particles much
smaller, more angular, and considerably higher in density
(3.45 g/cm3) than the potato starch sample described above.
Microscopic examination shows that the size distribution lies
between about 0.5 and 7.0 I'm. Accordingly, we have set the
cutoff diameter at 5 I'm using the flow rate 1I(a') =0.4, 1I(b')
= 2.0, V(a) = 1.4, and V(b) = 1.0 mL/min. The results are
shown in Figure 6. The run in this case is completed in

0.2 0.4 0.6
TIME (min)

Figure 4, Detector responses and micrographs for NIST glass bead
sampie. For this run flow rates were adjusted to give d, = 15 I'm.
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Figure 6. Measurement of oversized particles (those above de = 5
,urn) in a cubic boron nitride abrasive material.

out by comparing Figures 3--£. The electron micrographs for
the large particle fractions in Figures 3 and 4 show relatively
little small particle contamination because the cutoff diam­
eters are relatively close to the center of the distribution.
However when the extreme tail ofthe distribution is examined
for oversized particles as shown in Figures 5 and 6, the relative
contamination level ofsmall particles increases for the reason
just described. Although the number of small particle
contaminants in the latter cases is significant, it is clear from
the figures that the relative mass or scattering intensity
contributed by small particle contaminants would be quite
negligible compared to that of the true oversized particles.
Thus only in rare cases will the leakage of small particles
significantly perturb the measurement ofoversized particles.

In assessing the meaning and accuracy of oversize mea­
surements, it is important to keep in mind the nature of the
detector response. Since in the present case this response is
proportional to scattered light intensity, and since in the
particle size range under investigation the intensity of
scattered light is proportional to the surface area of the
particles in the detector cell, the integrated response (Le.,
peak area) represents an area-weighted distribution." (For
larger particles, these detectors can be used to count particle
numbers as discussed below.) In order to convert these area­
weighted measurements to relative mass, a correction factor
would be necessary. The correction factor, if considered
necessary, could be obtained from empirical calibration.

Several sets of experiments were carried out to evaluate
sensitivity. In the first set, the detection limit of lO-!Lm glass
beads mixed with a larger population of 1-5-!Lm glass beads
was examined using V(a') =0.8, V(h') = 2.8, V(a) = 2.7, and
V(b) = 0.9 mL/min, conditions for which d, = 9 !Lm. It was
found that the 10-lLm glass beads could be reduced to a level

(17) Giddings, J. C.; Moon, M. H.; Williams, P. S.; Myers, M. N. Anal.
Chem. 1991,63, 1366-1372.
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Figure 7. Detector responses at outlets a and b for (A) the Injection
of 451'g of 1-5-l'm glass beads, (B) 0.251'g of lQ..l'm glass beads,
and (C) a mixture of the two.

around 0.25~ (0.5 % ofthe sample mass) before the oversized
(outlet b) peak became too noisy for measurement. This is
illustrated in Figure 7. In Figure 7A the detector responses
for outlets a and b are shown for the injection of 45 I'g of
1-5-l'm glass beads. We observe that there is no detectable
signal for outlet b. Figure 7B shows the two detector responses
for the injection of 0.251'g of 10-lLm glass beads. In this case
a meaningful (but noisy) peak emerges from outlet b while
the detector response from outlet a is quiet. (Since a 0.25-l'g
sample consists of only -200 individual beads, the signal at
outlet b is expected to be noisy.) Figure 7C shows the two
detector responses when a mixture of the above specified
quantities of the two glass bead samples is injected into the
system. Again the oversized peak is readily discernible,
although noisy. These preliminary results showthat oversized
particles can be measured using our present experimental
system down to 0.25 !Lg, constituting 0.5 % by weight of the
sample, without significant interference from the smaller
particles.

Very similar sensitivity results were obtained using a 50-l'g
sample of 21-l'm polystyrene latex beads and 0.2-l'g sample
of 28-l'm latex with d, = 25 I'm. The oversized (28-l'm)
particles were detected without measurable interference for
the mixture of these two latexes, thus confirming the ability
of the present system to measure oversized particles down to
the 0.4% level.

The sensitivity to oversized particles exceeding 20 I'm
diameter can be further enhanced using the Applied BiD­
systems detector whose response is sufficiently rapid and
sensitive to detect single particles passing through the detector
cell. This modified system was tested using polystyrene latex
beads of 10- and 28-l'm diameter. The 28-l'm beads could be
individually detected as small pulaes as shown in Figure 8.
However, without fractionation, the signal from 800 of the
smaller beads totally obscured the signal from individual
larger beads as shown by elution through a 50-cm length of
Teflon tubing (0.08-cm inside diameter) immediately pre-
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Figure 8. Detector responses for an Injection of 60 000 1Q-jLm
polystyrene latex beadsandliV'ee 28-jLm beads usIngthe rapid response
detectorat outletb. Thelhree Individual 28-jLm beads can be observed
as separate pulses at outlet b.
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Figure 10. Cumulative mass distribution data for quartz particles (BCR
67) compared to reference curve.

100

distribution curve provided by NIST. For the more blocky
quartz particles ofthe secondsample (BCR 67), the departure
of the ASF results from the reference curve is somewhat
greater than for the glass beads as shown in Figure 10.
However, the agreement is still quite satisfactory.

While each data point in Figures 9 and 10 represents a
discrete measurement of F. under different flow (and thus
cutoff} conditions, the cumulative distribution curve could
be generated in a single experiment in which the flow rate
V(a) is varied gradually but continuously (with V(a') held
constant) in order to ·scan" across the diameter range of
interest. TheF. value accumulated from the detector signals
at any given time would be ascribed to the flow conditions
(and the corresponding do calculated from eq 11) applicable
a brief period before the measurement is made in order to
account for the short time lag between the separation and the
detector response. Furtherwork would be needed to establish
a value for the time lag.

~
'" 80

'"«
~ 60

While SPLITT fractionation (SF) was conceived as a
method for the clean preparative fractionation ofparticulate
and molecular materials,l-4 the high intrinsic speed of this
techniquegives it considerable analytical potential for certain
applications. This study demonstrates the efficacy of ana­
lytical SPLITT fractionation (ASF) for the rapid determi­
nation of oversized particles and, to a lesser degree, for the
construction ofparticle size distribution curves. The results
for the particle populations examined are encouraging. The
two most important features of these results are that the
observed run times, as predicted, are very short,lying for the

(18) Allen, T. Particle Size Measurement, 4thed.; Chapman and Hall:
New York, 1990; pp 124-169.

ceding the detector inlet. However, by using the SPLITT
cell, 65 000 beads of1O-jLm diametercould be injectedwithout
interferingwith the individual28-jLm pulsesasshownin Figure
8. For this injection, in which three of the larger beads are
observed to elute from outlet b, the mass ratio of 10 to 28-jLm
beads is ~10". This ratio could undoubtedly have been
increased further, but no effort was made in this direction.
Thus the oversized (28-jLm) spheres are detectable at levels
at least as low as 0.1 % by mass. This result was achieved
with flow rate settings V(a') = 0.2, V(b') = 1.0, V(a) = 0.7,
and V(b) = 0.5 mL/min, giving do = 25 I'm.

We noted earlier that size distribution curves could be
obtained from gravitational ASF data providing successive
runs are made using different cutoff diameters. Size distri­
butions are frequently represented by cumulative distribution
curvesP A point on the cumulative distribution curve
represents the fraction of particles (or of particle mass) with
diameters less than that specified on the abscissa scale of the
plot. Consequently the ordinate value of a point on such a
plot is simply equal to F., the fraction of sample emerging
from outlet a; the abscissa value is the corresponding cutoff
diameter do. Thus by carrying out a series of experiments at
different flow rate increments V(a) - V(a') that correspond
to different do values as expressed by eq 11, a plot ofF. versus
do can be generated that is equivalent to the cumulative
distribution curve.

The type of cumulative distribution measured depends
upon the detector response. Fora detector that simplycounts
particles, the ordinate scale of the plot would become the
fraction of the total number of particles having a diameter
less than the specified value. If the detector responds to
particle mass (that is, if the peak areas A in eq 12 are
proportional to mass), then the plot ofF. versus do becomes
a cumulative mass distribution curve. However, the detectors
used here, while capable ofproviding particle counts for larger
particles as noted above, respond primarily to particle surface
area,l? yielding a cumulative area distribution curve. For
particles of similar geometry, relative area can be converted
to relative mass through multiplication by particle diameter
(or other size parameter). This correction will provide a
cumulative mass distribution curve.

The above approach has been applied to two particulate
samples. Results for the NIST glass bead material (SRN
1003) are reported in Figure 9. Both the raw data plot (F.
versus do) and the plot corrected to yield cumulative mass
distribution show good agreement with the cumulative mass
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most part (except as shown in Figure 8) in the range from 0.3
to 2.0 min and, second, that the fractionation is relatively
clean and in good agreement with the calculated cutoff
diameter. There is virtually no contamination of the small
particle fraction by oversized particles (which is perhaps most
significant for preparative applications) whereas there is a
small leakage of small particles into the oversized fraction,
The latter leakage does not appear sufficient to perturb the
measurement of oversized particles.

The fast separations achieved here are more a consequence
of the intrinsic high speed of the method than of any special
effort to maximize speed. However, our results show clearly
that separation speed is correlated with channel flow rate
which, in turn, is adjusted to the particle population being
examined. More specifically, the flow rate of the transport
lamina is specifically tied to particle density and cutoff
diameter as shown by eq 7. This relationship suggests that
this specific flow rate, and thus the speed of separation, will
increase in proportion to /!;pd,'. The time of separation will
thus be roughly proportional to II tl.pd,'. (Other flow rates
in the SPLITT cell including V(a') and V(b) can also be
adjusted to influence separation time butonce optimized these
usually increase in proportion to V(t).) This predicted
dependence of analysis time on particle parameters is
confirmed qualitatively by our results. Thus the run time is
shortest (0.3 min) for the larger potato starch particles using
a cutoff diameter of 55 I'm (Figure 5). The analysis time is
longer (>1 min) for wheat starch where a cutoff diameter of
9 I'm was used (Figure 3). The separation time is also relatively
long (2 min) for the boron nitride abrasive, where the cutoff
diameter is 5 I'm, although this small cutoff diameter is
somewhat offset by the higher density (3.45 g/cm3) of this
material. By extrapolation of the above results, we conclude
that high-speed operation could no longer be maintained as
particle diameters dropped to a few I'm andlor as particle
densities approach those of the carrier liquid. In this case it
would be necessary to amplify the driving force by using a
centrifugal SPLITT system in order to maintain timely
analysis.
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GLOSSARY

a outlet at cell wall A
a' feed inlet
A cell wall adjacent to feed inlet
b cell breadth
b outlet at cell wall B
b' carrier inlet
B cell wall adjacent to carrier inlet
d particle diameter
de cutoff diameter
F. fraction of component exiting outlet a
Fh fraction of component exiting outlet b
G sedimentation field strength
L cell length

sedimentation coefficient
U velocity induced by field
V volumetric flow rate through SPLITI cell
V(a) volumetric flow rate exiting outlet a
V(a') volumetric flow rate of feed inlet substream a'
V(b) volumetric flow rate exiting outlet b
V(b') volumetric flow rate entering inlet b'
V(t) volumetric flow rate of transport lamina
w cell thickness
tl.V volumetric flow rate of filament traversed by

particles
tl.V, cutoff value of tl.V
/!;P density difference of particles and carrier
11 carrier viscosity
p carrier density
PP particle density
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The carbon skeleton 01 a molecule can be determined by
U8lng the powerful 2D INADEQUATE expertment, but the
melhocI sutI.... from very poor sensltlvtty at nat..al carbon-13
abundanca. A computer program, descrtbed previously, has
been significantly Improved In Ita abilly to recognize AB
spectral patterns correapondlng to carborH:arbon bonds which
makes It possible to evaluate reliably spectra with rms SIN
ratio aa low aa 2.5, Le., nearly 1 order 01 magnitude below
the level rlKll*ed for routine IIWMIaIlnterpretatlon. AppIcatIon
01 the INADEQUATE expertment to 88Illples containing aa
BttIe aa 20 jUlIo! 01 a compound 01 Interest 18 now possI)Ie.
The method 18 descrtbed In detan and critically evaluated by
means 01 examples and simulations.

INTRODUCTION

Two-dimensional (2D) nuclear magnetic resonance (NMR)
spectroscopy has become a prominent technique for the
determination ofmolecular structure. While computerization
has dramatically increased the amount and variety of data
obtainable from such spectroscopic measurements, compar­
atively little effort has been expended to use computers to
improve and accelerate the data interpretation process.
Previous research aimed at using computer-assisted or
automated techniques to interpret 2D NMR spectra have
consisted mainly of the application of direct techniques l "

(e.g., cluster analysis and peak picking), linear prediction or
maximum entropy methods,S or least-squares parameter
optimization' in cases ofsevere overlapandlorstrong coupling.
Such techniques have been applied almost exclusively to
chemical shift correlation spectra.

The 2D version ofthe incredible natural abundance double
quantum transfer experiment (INADEQUATE)5.6 is one of
the most elegant2D structure elucidation techniques. Asingle
spectrum has the potential to reveal the complete carbon
skeleton of a molecule. The method depends on creation of
double quantum coherence in a spin system consisting of two
bonded 13(; nuclei. Atnatural abundancefor 13(; (1.1 %) about
one molecule in ten thousand will have two 13(; nuclei
participating in a particular bond. Thus, the method will be
very insensitive compared to the more routine experiments
observing carbon in molecules with only one 13C nucleus. To
take advantage of this elegant experiment, some have
synthetically enriched the compound ofinterest or used large
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amounts of material. For example, Oh et al.7 used 2D
INADEQUATE spectra in conjunction with a ·semiauto­
mated graphics package" to identify individual peptides in
proteins uniformly labeled to 26 % in 13(;. In many cases,
however (natural products are a particularly good example),
neither of these solutions to the problem of sensitivity is
practical.

In previous publicationsS.9 we described a computer pro­
gram capable ofextractingbond information from lowsignal­
to-noise ratio (SIN) 2D INADEQUATE spectra in a fully
automated fashion. The well-defined structural complexity
of 2D INADEQUATE spectra can be exploited to defme a
parametric model, the use of which significantly improves
the detection limitofan automated bond extractionalgorithm.
In this paper we describe substantial improvements to the
technique permitting data with modestdigital resolution and
a SIN as low as 2.5 to be analyzed. (In this paper, signal­
to-noise ratios willbe given as the ratioofpeak signal intensity
to root-mean-square, rms, noise. A SIN of three means that
the signal is about the same amplitude as the peak-to-peak
noise in a spectrum.) Thereliabilityofthe method is carefully
explored by means of computer simulations and analysis of
a known compound. With the discussed improvements the
routine determination of the carbon backbone of 20 !Lmol of
a compound is possible at natural abundance of 13C.

AUTOMATED SPECTRAL ANALYSIS

At first consideration a dataset of sufficient size to
adequately digitize a 2D INADEQUATE spectrum would
seem to preclude the use of compute-intensive modeling
techniques for spectral analysis. A typical 2D carbon
spectrum at magnetic fields above 11 T, would have peaks
with line widths of about 0.5 Hz dispersed over as much as
25 kHz in both dimensions. Digitization of a hypercomplex
2D spectrum to take full advantage of the available spectral
resolution would require 100 GB ofdata. This number clearly
shows the amazing resolution obtainable by 2D NMR
spectroscopy, but useful spectra may be acquired with the
digitization reduced by 3 or more orders ofmagnitude. These
practical adjustments bring total data acquisition time and
requirements for processing and storage within reasonable
limits. However, truncation and underdigitization of the
spectrum must then be dealt with in the data analysis.

Modeling of the hundreds ofmegabytes ofdata still cannot
be accomplished in a reasonable time using currently available
computer systems. Figure 1 illustrates, for the molecular
fragment )CHCH2CHs, the approach taken to bring the
problem within the capability of readily available computer
workstations. From a proton-decoupled one-dimensional
carbon spectrum, the chemical shifts of all 13(; nuclei are
known. For every pair of bonded carbon atoms, the 2D

(7) Oh, B. H.; Weotter, W. M.; Darba, P.; Markley, J. L. Science \'88,
240,908.

(8) Dunkel, R.; Mayne, C. L.; Curtis, J.; Pugmire, R. J.; Grant, D. M.
J. Magn. Reson. 1990,90,290.

(9) Dunkel, R. Ph.D. Thesis, University of Utah, December 1990.
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"-
=> /CH-CH,CH3

Figure 1. Schematic d1a~ 01 a 20 INADEQUATE spectrum and
the con-aspondIng 10carbon-13 spectrum lora tine carbon moIecUar
fragment.

spectrum contains a four-line pattern restricted to two small
regionslO that we will call the "fitting window" symbolized by
a pair of rectangles as shown in Figure 1. Each rectangle
contains two of four transitions comprising the spectrum of
a coupled two-spin system. The spectral lines are derived
from a double quantum coherence and are antiphase rather
than both positive as in normal ID spectra. Each doublet
encloses the chemical shift frequency of one of the bonded
carbons on the horizontal chemical shift axis. In the second
dimension, the double quantum frequency (DQF) axis, all
four transitions appear at a frequency that is the sum of the
two chemicalshifts. InFigure 1four transitions can be found,
two with shift frequencies of the methine carbon at approx·
imately PA:I: JI2, whereJis thecarbon--carbonscalar coupling
constant, and twoatapproximately"8:1:JI2 for the methylene
carbon. All four transitions have a DQF of approximately PA

+"8. A similar bond pattern between the methylene ("8) and
methyl (pc) carbons also existe, but no bond pattern is found
between the methine (pAl and methyl (pc) carbons.

The strategy, then, is to search for bond patterns only in
those areas of the 2D spectrum where bond patterns could
exist consistentwith a pair of resonances in the ID spectrum.
The area to besearchedfor a bond pattern typicallycomprises
only about 0.03% of the total dataset. For n carbon atoms
there are n(n - 1)/2 possible pairs of carbon atoms, and the
time required for an exhaustive search of all potential bond
regions is proportional to n2• A spectroscopist is able to
interpretonlyfairlysimplespectrausing thistediousapproach
precluding the application of this visual method to more
complex spectra. Fortunately, the approach is well structured
for computer analysis in that only a fairly small dataset (a
few kilobytes) must be examined for each potential bond.
Consequently, a relatively large number of bond regions can
be processed with reasonable computing resources.

The smallest dataset described in this and the accompa­
nying paper contains more than 33 million floating point
numbers. For each bond pattern to be identified about 10
of the numbers will contain appreciable signal amplitude.
The traditional approach is to acquire spectra with sufficient
SIN to be able to manually phase the dataset and to identify
all signals from carbon-carbon couplings by examining the
pure absorption quadrant of the data. This will only be
possible if the peaks protrude well above the noise in the
spectrum. The detection limit of the program CCBoND
(Carbon-earbon BOND) described in this paper lies well
below the SIN at which a spectroscopist can detect bond
patterns. It will be shown subsequently that this increased

(10) Bernassau, J. M.; Boissiere, F.; Thomas, J. F. Comput. Chern.
1986, 10 (4), 253.

sensitivity can be achieved by examination of a parameter
response surface associated with the least-squares fitting
process. The least-squares fitting process nIters the data in
such a way that the effective SIN for bond detection is
markedly increased.

CONSTRUCTION OF THE PARAMETRIC
MODEL

The model equation used previously" to describe the 2D
INADEQUATE spectrum incorporated only the absorption
mode spectrum of a system of two coupled spins. Purely
Lorentzian line shapes were assumed in both spectral
dimensions. While ithasprovenvery useful, this earliermodel
had certain limitations;

(1) Byrestricting the previousmodel to the pure absorption
mode, the other three quadrants of the experimental hyper­
complex dataset are ignored. Since the noise in these other
quadrants is at least partially uncorrelated to the noise in the
pure absorption mode, independent information about the
spins is being discarded.

(2) Truncation of the data acquisition in the time domain
caused the spectrum to be convolved with a sinc function; the
more severe the truncation, the more the sine function will
dominate the line shape causing a Lorentzian model to fit the
data poorly. Also, manual phasing ofthe spectrum is difficult
for reasons to be discussed later. In order to keep data
acquisition time and mass storage requirements reasonable,
both dimensions of a 2D INADEQUATE Fill usually are
truncated, and the DQ dimension is normally severely
distorted. Apodization of the time domain data has been
used to limit the effects of truncation, but this only partially
solves the problem and often degrades the resolution of the
spectrum unacceptably.

(3) In the previous pure absorption mode model, it was
necessary to phase correctly the spectrum for a pure absorp­
tion presentation in both dimensions. An application of the
fllSt-order phase correction is inappropriate because the lines
are usually aliased in the double quantum direction to
minimize the size of the data set. This can be done without
reducing the information content of the spectrum, but the
phase correction must then be applied to the lines true position
and not its apparent position. Heretofore this phasing has
been done manually using the software supplied by the
spectrometer vendor. Since only a linear phase correction
was available, the best solution to this problem was often a
compromise that was found to beunsatisfactory in manycases.

Removal of these three limitations, while simple in prin­
ciple, adds considerable complexity to the required computer
simulations. One simply extends the model to include all
four quadrants ofthe hypercomplex spectrum and uses a line
shape consisting of a Lorentzian convolved with a sinc
function. Parameterization of the full hypercomplex line
shape leads naturally to the inclusion of the phases of the
lines in both dimensions as parameters. Once this is done,
the need to phase the spectrum for pure absorption is
eliminated, and the spectrum is simply simulated for the
experimental phases appropriate for anyone quadrant. The
equations for a model incorporating these features will be
described below.

In bothour previous and presentmodels the scalar coupling
terms in the Hamiltonian were included in a full quantum
mechanical treatmentsoas tocorrectly predictthe frequencies
and intensities ofthe four transitions for all valuesofcoupling
constants and shifts. Thus, complete generality is preserved
for both AB cases, where second-order effects become
important, but also for AX cases. Because our treatment is
totally general and not limited to first-order cases, we have
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The relative intensities of Al and Bl transitions, hl,BJ, and
the A2 and B2 transitions, h2.B2, can be obtained from the
quantum mechanical description of a generalized AB spin
System:12

chosen to designate our coupled two-spin system with the
unrestricted AB designation even though it is exact also for
AX cases. Ifnotstated otherwise, time parameters are stated
in seconds, frequency parameters in hertz, and phase angles
in radians.

The spectral response of an AB spin system in the 2D
INADEQUATEspectrum, S,is a function ofpoeitions VI along
the DQ-axis and V2 along the chemical shift axis and can be
expressedas a productofthe lineshapes in the single quantum,
SSQ, and the double quantum, SOQ, directions:

(1)

provided the line shape in the DQ dimension, SOQ, is the
same for all four transitions. The line shape of these
transitions in both shift and DQ dimension is nominally
Lorent2ian due to transverse relaxation and dephasing due
to magnetic field inhomogeneity during the acquisition time.
This shape is then convolved with a sine function as a
consequence of limited data acqusition. The equation in one
dimension for a Lorent2ian convolved with a sine lineshape
isH

lAI.BI = I-J/R

lA2,B2 =1 + J/R

(5)

(6)

for the absorption mode, SabeID, and

for the dispersion mode, SdiapID, where T2 and TA are the
relaxation and acquisition times, respectively, and AJ, is the
deviation ofthe independent frequency variable, VI or V2, from
the center of the line. For an arbitrarily phased line, the
observed real spectrum will consist of a linear combination
ofabsorptionand dispersion mode dictated bythe phase angle,
4>

SID(liv,T2,TA>4» = Sabe
ID

(liv,T2,TA) 006 4> +
SdiapID(AJ"T2,TA) sin 4> (3)

The imaginary part of the spectrum will have the same
functional form, but 4> must be replaced by 4> + 1</2. All four
satellite signals ofthe 13C_13C coupling areassumed to possess,
in the DQ-direction, the same line shape; and, hence, SOQ is
equal to SID with liv =VI - l'DQ, T2 = T 2DQ, T A = TADQ and
4> = 4>DQ: so that

The shift direction contains the four satellite signaJg
belonging to an AB spin system, described by the scalar
coupling constant J and the chemical shifts VA and "B of the
two relevant carbons. The transition frequencies for the AI,
A2, Bl and B2 transitions are given by

(11) Marshall, A. G.; Comisarow, M. 8.; PariBod, G. J. Chern. Phys.
1979, 71 (11),4434.

The INADEQUATE pulse sequence suppresses the strong
signals of isolated 13C spins by producing double quantum
coherence, which cannot be formed by isolated spins. When
the double quantum coherence is transformed back into the
observable single quantum coherence, the net magnetization
is theoretically zero, and the doublet components are an­
tiphase.13 The pulse sequence used produces the downfield
member of each doublet in positive and the upfield member
in negative absorption for J > O. To reduce the number of
parameters, the phases as well as the relaxation times ofboth
transitions of a doublet are assumed to be identical The
expectation function for the shift direction then becomes

[j3Q = lIIAI,8IS
ID

(V2 - vAI,T2,ASQ,TASQ,4>A)-

IoIA2,B.sID(v2 - vA2,T2,ASQ,TASQ,4>A) +
I.IA2,B.sID(v2 - vB2,T2,BSQ,TASQ,,,,")-

IlAI,8IS
ID

(V2 - vB1,T2,BSQ,TASQ,4>s) (7)

where h-I. are the factors needed to convert the relative
intensities to observed intensities for each transition, 4>A and
4>B are the phase angles, T2,ASQ and T2,BSQ are the transverse
relaxation times for each doublet, and TASQ is the acquisition
time.

Equations 1-7describe tbe spectral responseexpectedfrom
each carbon-carbon bond in one of the four datasets of a
phase-sensitive 2D INADEQUATEspectrum. Theremaining
three datasets then differ only in their relative phase angles
and can also be calculated from these equations by shifting
the phase angles of imaginary datasets by 1</2. So if eqs 1-7
are taken to describe the real/real dataset with phase angles
4>A, 4>B, and 4>DQ, then the phase angles for the real/imaginary
dataset are 4>A, 4>B, and 4>DQ + 1</2, for the imaginary/real
dataset they are 4>A + 1</2, 4>B + 1</2, and 4>DQ, and f'mally for
the imaginary/imaginary data the phase angles are 4>A + .../2,
4>B + .../2 and 4>DQ + .../2. The sign of the factor 1</2 depends
on the phase shift between the normal and quadrature
components in the INADEQUATE pulse program and can
be negative for one or both dimensions.

A dataset acquired from a mixture of 56% 1,2,3,4­
tetrahydro-l,l-dimethylnaphthalene (l,l-dimethyltetralin)

(12) Corio, P. L. Structure of High-Resolution NMR Spectra; Aca­
demic: New York, 1966; p 192.

(13) Bu, A. Two-Dimensiorwl Nuclear Magnetic Resononce in
Liquids; Delft University: Delft, Holland, 1982; p 160.
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Figure 2. Regression resutts for bond 2-3 in 1,1-<linnethyttetralin. From top to bottom are shown the unphased experimental, the best-fit calculated,
and the residual spectrum. The real/real and real/imaginary quadrants of the hypercomplex dataset are shown on the left and right, respectively.

and 6%ofthe isomeric 2-ethyl-l,2,3,4-tetrahydronaphthalene
(2-ethyltetralin) in CDCI3 was described in a previous
publication8 and will be used here to illustrate the comput­
erized analysis of 2D INADEQUATE spectra. Figures 2 and
3show the spectrum of bond 2-3 of l,l-dimethyltetralin with
small second-ordereffects, to illustrate the agreement between
experimental data and the best-fit model. The rows from
top to bottom show the unphased experimental spectrum,
the best-fit spectrum calculated from the equations above,
and the difference between experimental and simulated
spectra. Most of the nonrandom residuals are due to
incompletely suppressed single quantum magnetization ap­
pearing close to the chemical shifts of each carbon. The
remaining residuals near each line are due primarily to slightly
non-Lorentzian line shapes caused by magnet inhomogeneity.

Figures 4 and 5 show a comparison of experimental and
simulatedbond patterns with prominentsecond-order effects.
This larger spectral region contains the partly overlapping
signals of bond 6-7 in the upper right of the spectrum and
bond 7-8 at the left side of the spectrum, bothwith prominent
second-order effects. The B doublet of bond (Hl appears in
the lower right of the region shown. The simulation was
calculated as the sum of the three individually determined
bond signals mentioned above without any correction for
signal overlap. The experimental data contain additional
signals, both from 1,I-dimethyltetralin and 2-ethyltetralin,
that are not caused by these three bonds and are not included
in the simulation. In summary, Figures 2-5 have been given
to show that the modelequation captures all the main features
in 2D INADEQUATE spectra using all four quadrants of the
hypercomplex data. The next sections will show how bond
information may be extracted from the data and establish
criteria for the reliability of the method.

RESPONSE SURFACE MAPPING

The previous section described how a hand signal is a
function of 16 parameters. It is possible, at least in principle,
to refine initial parameter estimates to describe the spectral
pattern in the fitting window, to estimate the errors in the
parameter values, and to base the identification of a bond
pattern on these values. This process was showns to work
well if the initial estimates are sufficiently accurate for
convergence to the spectral pattern and if signal overlap is
not present in the fitting window thatcouldcauseconvergence
to an unwanted spectral pattern. However, compliance with
these two conditions can be difficult in some cases, and this
section describes a way to overcome these limitations.

Asuitable estimate ofthe one-bond carbon-earbon coupling
constant,"-'s usually unavailable from prior knowledge, is
especially crucial for convergence to the correct spectral
pattern. The initial estimate of J used by CCBoND is based
on the hybridization of each carbon atom suggested by its
chemical shift.8 Since the correlation between chemical shift
and coupling constant is only approximate, these estimates
can be inaccurate by 10 Hz or more. The initial values of

(14) Wasylishen, R. E. Spin-Spin Coupling Between Carbon-I3 and
the First Row Nuclei. In Annual Reports on NMR Spectroscopy; Webb.
G. A., Ed.; Academic Press: New York, 1977; Vol. 7, pp 245-291.

(15) Wray, V. Carbon-Carbon Coupling Constants: A Compilation of
Data and aPractical Guide. In Progress in NMR Spectroscopy; Pergamon
Press: New York, 1979; Vol. 13, pp 177-256. .

(16) Wrsy, V.; Hansen, P. E. Carbon-Carbon Coupling Constants: Data.
In Annual Reports on NMR Spectroscopy; Webb, G. A., Ed.; Academic
Press: New York, 1981; Vol. llA, pp 99-181.

(17) Marshall, J. L. Carbon-Carbon and Carbon-Proton NMR
Couplings: Applications to Organic Stereochemistryand Conformational
Analysis; VCH: New York, 1983; Methods in Stereochemical Analysis,
Vol. 2.

(18) Kluge, H. Dissertation zur Erlangung des Grades eines Doktors
der Naturwissenschaften; Technische Universitat Braunschweig, 1984.
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Flgur.3, Regression resu~s for bond 2-3 in 1,1-dimethy~etralin. From top to bottom are shown the unphased experimental, the best-m calCUlated,
and the residual spectrum. The imaginary/real and imaginary/imaginary quadrants of the hypercomplex dataset are shown on the left and right,
respectively.

chemical shift frequencies are obtained from the ID spectrum
where the adjacent nuclei are l2C, and the accuracy of these
values is limited by isotope shifts induced when these 12C
nuclei are replaced by 13C in the INADEQUATE spectrum.
13C versus 12C isotope shifts of up to 0.027 ppm have been
observed.!9

When the signals of more than one bond pattern appear
in a given fitting window, ambiguities may arise. These
overlap situations are aggravated by the acquisition of 2D
INADEQUATE spectra with severe underdigitization for
reasons explained above. Consider, for example the eight
lines shown schematically in Figure 6. This represents a slice
from a fitting window parallel to the chemical shift direction.
The eight transitions are resolved in the shift direction but
are unresolved in the orthogonal DQ direction, due in part
to less than optimal digitization. For example, such a pattern
might occur for bonded carbons at PA and PB and bonded
carbons at PA + , and PB + ,'. If, and " are of the order of
the expected isotope shift and the scalar couplings are similar
for the two bonds, then searching for a bond in this eight-line
pattern could yield as many as four different assignments
shown in Figure 6a. Since all the DQ frequencies differ by
a term of order " more accurate knowledge of the DQ
frequency independent of the values of the chemical shifts
would remove the ambiguities not resolvable in a severely
under-digitized DQ spectrum. If, in addition to the ambiguity
created by similar coupling constants, , is within a line width
equal to " as shown in Figure 6b, two additional interpre­
tations expand the number of possible assignments to a total

(19) Hansen, P. E. Isotope Effects on Nuclear Shielding, in Annual
Reports on NMR Spectroscopy; Webb, G. A., Ed.; Academic Press: New
York, 1983; Vol. 15, pp 105-234.

of six. Furthermore, interpretations 2, 3, 5, and 6 have the
same DQ frequency and would be indistinguishable even for
better DQ resolution.

A regression analysis with a one-bond model is not capable
of correctly analyzing such overlap situations. For the four
carbon atoms involved, there are (n - I)nj2 = 6 bond regions
to be considered. This overlap region could contain a bond
between two carbons on the left side and a bond between two
carbons on the right side of Figure 6. Should such bonds
exist, they would yield strongly second-order AB patterns
with quite different DQ frequencies than those shown. Each
of the remaining four searches may yield anyone of the
potential four or six bond patterns shown in Figure 6. In
each of these cases the result obtained in the convergence
could depend on the initial parameters used in the analysis
and may not necessarily be correct.

Other overlap situations leading to ambiguous results are
also possible, and a way to deal with this problem is important
to the automated procedure. Since a correct interpretation
is not always guaranteed, an automated algorithm for
extracting connectivity is needed, at least, to detect and to
enumerate all possible bond interpretations. Such a suitable
algorithm is used to explore all plausible interpretations of
the data in a specific fitting window, and an exhaustive search
of all fitting windows then completes the enumeration of all
possible interpretations of spectral signals. When all four
resonances of an identified pattern are not part of any other
interpretation, a valid bond pattern has been identified that
can be assigned unambiguously to a specific pair of carbon
resonances in the ID spectrum. The remaining cases must
be resolved using additional information not contained in
the INADEQUATE spectrum. Examples of these ambiguous
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Flgur. 4. Regression resuns for 1,1-dimethynetralin showing overlapping and hig,Jy second order patterns. The strong doublet at the right Iront
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the unphased experimental, the best-Itt calculated, and the residual spectrum. The real/real and real/imaginary quadrants of the hypercomplex
dataset are shown on the left and rlg,t, respectively.

situations are described in the accompanying application
paper for a cholesterol sample.20

It is noteworthy that all possible interpretations of the
spectral patterns encountered in Figure 6 differ at least in
one of the two transition frequencies, VA or VB, arising from
the two relevant carbon atoms or in the magnitude of the
"'C-"'C coupling constant, J. Only a change in one of these
three parameters (VA, va, J) can lead to different bond patterns
as illustrated in Figure 6b. None ofthe remaining parameters
in the model equation or even any combination of these
parameters can lead to more than one valid bond pattern
even though variations in these parameters may produce local
minimaon the response surface. Exploration ofsuch minima
is unnecessary whenonlya bond test is required. The response
surface terminology is used here to describe the functional
dependence of the sum-of-squared residuals on the 16
adjustable parameters in the model equation. Even though
all of these parameters are not generally included in the
regression, to be discussed in detail later, the response surface
potentially may have up to 16 dimensions, making the full
surface impractical to compute and impossible to display.
Thus, the alternative ambiguous interpretations differ at least
in one of the two chemical shift frequencies or in the coupling
constant, and these three parameters form a special three­
dimensional subspace of the 16 dimensional parameter space
that is critical in determining all local minima important to
bond identification.

The model equation can be used to calculate the sum-of­
squared residuals between a low SIN 2D INADEQUATE

(20) Dunkel, R.; Mayne, C. L.; Foster, M. P.; Ireland, C. M.; Du, L.;
Owen, N. L.; Pugmire, R. J.; Grant, D. M. Anal. Chem., following paper
in this issue.

spectral region and the corresponding simulation as a function
of the two chemical shift frequencies and the scalar coupling
constant. While a bond signal in the 2D spectrum consists
of four transitions, it becomes a single minimum in the sum­
of-squared-residuals function. Every valid interpretation of
a spectral pattern has a unique combination of chemical shift
frequencies and a coupling constant, and each minimum in
the sum-of-squared residuals for the 3D parameter subspace
corresponds to an alternative interpretation of the spectral
data. Enumeration ofall such minima will catalogall possible
interpretations of the spectral signals in the 2D spectrum. It
is evident from Figure 6 that a dataset with these properties
has to include the coupling constant as well as the two shifts
since bond patterns 5 and 6 are only resolved by the J
parameter. Thus, ambiguous signal assignmentscan, at times,
be directly identified from the position of the minima. Every
signal in the real-valued 3D parameter space comprises the
information from all four quadrants of the hypercomplex
dataset for both halves of the fitting window filtered through
the model equation. Use of the response surface function
results in an increase in the SIN ratio of about one order of
magnitude.

Figure 7 shows a simulated signal overlap corresponding
to the graphical illustration in Figure 6b, calculated from
parameters similar to those ofbond 2-3 in 1,1-dimethyltetralin
with a separation of E = 2 Hz between the two overlapping
patterns. Normallydistributed pseudorandom noise is added
to correspond to a SIN of 10. To enhance the visual
presentation of response surfaces it is better to show the
negative sum-of-squared residuals as a way to portray the
agreement between simulated and experimental spectral
patterns. Figure 8 shows for this spectral region a typical
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Figure 5. Regression results for 1,1-<Jlmethyttetralin showing overlapping and highly second order patterns. The strong doublet at the right front
of the spectrum Is the B part of bond 5-6. At the rear on the right Is bond 6-7 and on the left Is bond 7-8. From top to bottom are shown
the unphased experimental, the best-Itt calculated, and the residual spectrum. The imaginary/real and imaginary/Imaginary quadrants of the
hypercomplex dataset are shown on the left and right, respectively.
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Figure 6. Two overlapping bond patterns are shown schematically.
The two patterns are resolved in the chemical shift dimension, bu1 due
to severe data truncation, they are not resolved in the double quantum
dimension. The scalar coupling constants are presumed equal, a
common occurrence when the chemical shifts are pairwise nearly
equal as shown. (a) The chemical shifts of two carbons in the A part
of the spectrum differ by • while those of the B part differ by.'. Four
different interpretations of the data are possible as indicated. (b) II
• = .' then six different interpretations of the overlapping patterns are
possible.

three parameter (pA, PB, and J) contour surface of constant
agreement at 67 % of the maximum value. All six interpre­
tations that are indicated in Figure 6b are fully resolved and
visible at this level. Additional surfaces at 50% and 3% are
shown as partially transparent shells. Refer to the color and
opacity maps given for details of the rendering. For the
volume rendering in this picture the agreement function is

sampled witha grid densityof30 points in both shiftdirections
and 60 points in the coupling constant dimension. At each
grid point the coupling constant and both transition fre­
quencies are locked to the grid values while optimizing the
intensity values and possibly other parameter values (see the
next section) to maximize the agreement function. The
dimensions of the displayed region are 3 Hz in the two shift
axes and 6 Hz in the scalar coupling axis. The 54 000
regression analyses of the fitting window required for such
a plot can be computed in about 40 min using eqs 12 and 13
(described later). The volume rendering ofthe resulting data
matrix such as the one shown in Figure 8 is based on a ray­
tracing algorithm and takes several minutes to complete. The
timing information in this paper is given in wall-clock time
for an IBM RS/6000-320 workstation.

For the numerical analysis ofsuch a 3D agreement function
the resolution of the grid can be significantly reduced below
that necessary to produce an acceptable figure. Any signal
measured in the time domain will influence at least one point
in the frequency spectrum; thus, it is unnecessary to use a
grid point density greater than the digital resolution. A grid
density corresponding to half the digital resolution has been
found to give satisfactory results for the data analyzed to
date. A simple peak picking algorithm is used to identify the
local maxima of the grid values. Parameter values corre­
sponding to a grid point with maximum agreement can be
further refined by allowing the coupling constant and shift
frequencies to be adjusted as described later. Such a grid
search can easily consume 2 orders of magnitude more
computer time than a single optimization process, but it
assures that all possible interpretations of the data even for
overlapping lines are identified and reported.
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(b)

(c)

Figure 7. A simulated spectrum containing two overlapping bond pallerns as shown schematically in Figure 6b. The parameters of the 2-3 bond
in 1,1-<llmethy~etrain are used but w~ the second pallern offset by , =2 Hz to produce the spectral pallern b. Pseudorandom noise (c) Is added
to produce a spectrum (a) w~ SIN of 10. The real/real quadrant of the hypercomplex dataset Is shown w~ the A part of the AB pallem on
the left and the B part on the right.

PARAMETER CORRELATION AND
PRECISION

The equation descrihing an AB spin system in a hyper­
complex 2D INADEQUATE spectrum contains 16 param­
eters, namely four intensities (l,-I,), three frequencies (VA,

va, vDQ), three phase values (rPA, rPB, rPDQ), three transverse
relaxation times (T2,ASQ, T2,BsQ, T2DQ), two acquisition times
(TADQ, TASQ) , and a coupling constant (J). All of these
parameters represent physical features underlying and in­
fluencing the spectral response of the coupled spin system.
Fortunately, prior knowledge is available to estimate reliably
many ofthese parameters withsufficientaccuracy that further
refinement is not needed in the compute-intensive regression

analysis. In some cases independentestimates are much more
accurate than those obtainable from the 2D dataset, so these
parameters should never be included in the regression under
normal circumstances. We have found it informative, how­
ever, to obtain a regression of these parameters to verify the
results with known values and to assure that the computer
program is working correctly. The acquisition times in both
spectral dimensions, TADQ and TASQ, are determined by times
in the pulse sequence that are known very precisely. With
compatible referencing of both spectral axes, the double
quantum frequency is the sum of chemical shifts (vDQ = VA

+ va). On occasion vDQ is regressed independently in an
attempt to resolve ambiguities. For example, if the double
quantum frequency is found to differ significantly for the
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Figure 8. Calculated response function of the simulated spectrum from Figure 7 with overlap of two bond signals. A combination of color and
opacity Is used to show the nature of the agreement function. The six possible interpretations of the data as diagramed in Figure 6b can be clearly
seen as well-resolved maxima of the agreement function. The data of Figure 7 has been transformed such that the a~ernative interpretations
are readily apparent, and the SIN of this display is neariy 1 order of magnitude better than that in Figure 7.

Table I. Coefficients of Correlation between Model Parameters for Bond 2-3 in l,l-Dimethyltetralin

I, 1, Is I, VA vB <PA <PB <PDQ T"A
SQ

T"B
SQ J

J 0.001 0.000 0.000 0.000 0.005 0.003 0.000 0.000 0.000 -D.001 0.000 1.000
T"B

SQ 0.000 0.000 --1l.585 --1l.583 0.000 0.007 0.000 -D.005 0.000 0.000 1.000
T"A

SQ --1l.596 --1l.603 0.000 0.000 0.017 0.000 -D.012 0.000 0.000 1.000
<PDQ 0.000 0.000 0.001 0.000 -D.026 -D.043 0.019 0.030 1.000
<PB 0.000 0.000 0.017 -D.015 0.000 --1l.714 0.000 1.000
<PA 0,016 -D.009 0.000 0.000 --1l.728 0.000 1.000
VB 0.000 0.000 -D.013 0.009 0.000 1.000
VA -D.014 0.005 0.000 0.000 1.000
I, 0.000 0.000 0.338 1.000
Is 0.000 0.000 1.000
I, 0.357 1.000
I, 1.000

two doublets, one must conclude that the pattern is a
misinterpretation because all four transitions of a bond
pattern must have exactly the same DQ frequency. The
Lorentzian line width in the DQ direction, T,DQ, is approx­
imately 1Hz, considerablyless than the usual digital resolution
of about 80 Hz in the DQ direction, and no attempt is made
to regress this parameter because the line width is dominated
by the sine contribution. However, with higher spectral
resolution, T,DQ might need to be given more attention.

Having excluded TADQ, TASQ, "DQ, and T,DQ, the remaining
12 model parameters can be obtained from the nonlinear
regression and the following discussion will focus on the
question ofhow accurately these 12 values can be determined
from the 2D dataset as a function of the rms SIN. Some of
these values can also be derived from prior knowledge with
comparable precision, and earlier knowledge accumulated
from the analysis of bond patterns can be used to simplify
subsequent analyses. Various methods for using this prior
knowledge to reduce substantially the computational burden
of the analysis will be discussed below.

The determination of initial parameter estimates for the
model equation, the optimization of these estimates in a

nonlinear regression analysis, and the calculation of the
variance-covariance matrix, C, from partial derivatives of
the model with respect to each of the adjustable parameters
were described previously,8 From the variance-covariance
matrix, the correlation of the determined parameter values
can be estimated from

(8)

The spectrum and simulation of bond 2-3 in 1,I-dimeth­
yltetralin were shown above in Figures 2 and 3. Table I lists
the corresponding correlation coefficients r(x"xj) calculated
by eq 8 for the determined parameter values, No pair of
parameters in the model is correlated above 0.8 or below -D.8,
confirming that the 12 remaining parameters are indepen­
dently determined by the experimental data. The highest
correlation coefficients in Table I are shown in a bold font
and can be found (1) between shift frequencies and their
corresponding phase values (VA with <PA and VB with <PB), (2)
between intensity parameters of a doublet and the corre­
sponding relaxation times (1" I, with T',ASQ and 13, I, with
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where liVI/2 is the line width at half height and <r is the
determined standard deviation of the corresponding param­
eter.

T 2,BSQ), and (3) between the intensity ofone line ofa doublet
and the other line of the same doublet (I, with 12 and 13 with
I.). This last correlation is due to high correlation of each
line to their common relaxation parameters and to the partial
overlap of their dispersive signal tails as shown in the
imaginarylimaginary part of the spectral region in Figure 3.
By locking highly correlated parameter values to one another
or to a specific value, thespeed ofconvergence ofthe nonlinear
regression analysis is improved, and the uncertainty in the
remaining determined parameter values is reduced.

In addition to the estimation of parameter values and
correlations, the dataanalysis alsoprovides a confidence limit
for every parameter. Assuming that the response surface is
nearly quadratic in the vicinity of the best-fit parameter
values, an estimate of the marginal standard deviation in
parameter Xi is obtained from the diagonal elements of the
variance-covariance matrix, C, by

<r(Xi ) = VC;; (9)

These values, easily calculated, are used extensively for the
automated bond detection as described later.

The modeling ofthe data was introduced to summarize the
information contained in a spectral region in a way that is
fairly independent of spectral resolution and allows one to
decide whether or not this region contains a bond pattern.
Based on the supposition that a fitofthe model toa sufficiently
strong bond signalwill lead to well-defined parameter values,
the precision of parameters will be used as a criterion for
bond existence. The parameter precision measures how
closely the outcomes ofmultiple measurements cluster about
the mean value of a specified parameter and indicates how
well this parameter value is determined by the data. The
precision implies repeatability of the observation and does
not necessarily imply accuracy.2l

For 1D spectra a relationship describing the precision of
fitted parameters as a function of the SIN was published by
Posener22 and identical expressions have been applied by
Marshall and Verdun"

P(i) =c(i)VK(S/N) (10)

where c(i) is a constant that depends upon the line shape
(Gaussian, Lorentzian, sinc, etc,) and the kind of parameter
to be determined and K is the number of data points per line
width athalfheight. Posener dermed the parameter precision
P(i) in eq 10 to be the reciprocal of the relative standard
deviation or in case of frequency parameters as the ratio of
line width to the frequency standarddeviation. In the present
work Posener's definition is extended to include phase
parameters. Phase angles can be assumed to lie between zero
and 2.. since they only influence the signal shape through
sine and cosine functions (see equation 3), and the average
phase angle is used to determine the parameter precision.
The following definitions are used:

P(J) = liv
,
/2

<r(J)

In the following discussion, the influence of SIN on these
parameter precisionswill beexamined. The factors associated
with K and c are assumed to constitute a simple constant of
proportionality. The influence of K, however, is important
in that the digital resolution chosen for manual interpretation
ofspectra might not be optimal for automated interpretation.
One Monte Carlo simulation, described later, corroborates
the dependence of the parameter precision on the digital
resolution as given in eq 10.

The covariance matrix, C, provides unbiased estimates of
the correlations and marginal standard deviations of the
parameters only when the response surface is quadratic in all
the parameters. While thiscondition strictlyholds onlywhen
the model equation is linear in the fitting parameters, it is
a reasonableapproximation in someregion ofparameterspace
about the best-fit point. Equations 8 and 9 are valid even for
a nonlinear model if the errors are small enough. Of course,
if the residuals show a systematic departure from the model,
then the covariance matrix will not yield good estimates of
the errors, and the model must be expanded to account for
the factors that produce the systematic residuals. To explore
these questions for a given nonlinear model, one would like
to repeat an experiment many times and examine the
distribution of the residuals. Unfortunately, the acquisition
time of one or more days per spectrum renders this approach
impractical for the 2D INADEQUATE experiment.

As an alternative waytoexplore the effectsofrandom noise,
different samples of pseudorandom noise may be added to
a simulated spectrum, and then subject such datasets to the
same analysis as experimental data. This procedure is often
referred to as a Monte Carlo simulation.2' From comparison
of experimental and simulated spectral regions (e.g., see
Figures 2-5) it is clear that the model equation approximates
the experimental spectral pattern rather well, so it is
reasonable to presume that systematic contributions to the
residuals are negligible. To confirm that the distribution of
noise in an experimentalspectrum is normal, the distribution
ofamplitudes in the cholesterol dataset wascomputed. Since
the contribution from NMRsignals is negligible over theentire
dataset, the distribution accurately characterizes the noise.
The agreement between the best-fit Gaussian distribution
with zero mean and the experimentally determined intensity
distribution is excellent, and, hence, it is presumed for the
Monte Carlo simulations that the noise in these spectra is
normally distributed. Using the best-fit parameter values,
multiple datasets were simulated by calculation of the bond
pattern and by adding noise calculated by a normally
distributed pseudorandom number generator, and these
datasets were used to replace repetitive measurements. Each
of these simulated datasets is regressed and analyzed exactly
like measured data. The deviations of the estimated pa­
rametersobtained in this manner yielderror values from which
one can construct a distribution. This method has been used
previously in the context of 1D spectroscopy.23,25

Aproblemarises in the determination ofthe SIN for spectra
with essentially sinc line shapes. The SIN is specified as the
ratio ofmaximum heightofa well-phased line to the standard
deviation of the noise. The standard deviation for the noise
can be easily determined, but the line shape in the DQ
direction is to a good approximation a sinc function due to
the extreme underdigitization in this dimension. Figure 9
shows a perfectlyphased 1D sinc function digitized in various
ways. The light lineshowsa continuous pureabsorption mode
sinc functions on the left half of the figure and a pure

...
P(<I>i) = <r(<I>i) (11)

P(v.) = liv
'
/2

, <r(v
i
)

T·
P(T.)=-'-

, <r(T;>

I
P(l-) =-'

, <r(Ii)

(21) Deul8<:h, R. Estimation Theory: Prentice-Hall: London, 1965; p
154.

(22) Posener, D. W. J. Magn. Reson. 1974, 14, 121.
(23) Marshall, A. G.; Verdun, F. R. Fourier Transforms in NMR,

Optical, and Mass Spectrometry; Elsevier: Amsterdam, 1990, p ISO.

(24) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes. The Art of Scientific Computing; Cambridge
University: Cambridge, 1987; p 531.

(25) Chen, L.; Cottrell, C. E.; Marshall, A. G. Chemom. [nteU. Lab.
Syst. 1986, I, 51.
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(26) Dunkel, R. U.S. Patent Application No. 675,401.

(bl--l-

While nonlinear regression analysis is normally used to
determine accurate parameter values from the data, it should
be remembered that the primary goal for this work is to decide
whether or not a given fitting window contains a bond signal.
Hence, the goal is to obtain the best possible discrimination
between noise-related and bond-related patterns, while
achieving an acceptable run time for CCBoND consistentwith
the size of the dataset and the n2 time complexity of the
algorithm for n identified 1D resonances.

One of the most time-consuming steps in the extraction of
bond information from the 2D INADEQUATE spectrum is
associated with the response surface mapping of the 3D
parameter space. This step is required to detect all possible
valid interpretations of the data, especially in a region where
bond patterns can overlap. When it is possible to linearize
the regression required for eachgridpointduringthis mapping
step, one may replace the iterative nonlinear regression
analysis by a straightforward and much faster linear regres­
sion. In the accompanying application paper20 the nonlinear
approach to extraction of bond information is demonstrated
using a sample of bistramide A.27 In addition, the linearized
approach to mapping the response surface in conjunction

(27) Foster, M. P.; Mayne, C. L.; Dunkel, R.; Pugmire, R. J.; Grant,
D. M.; Komprobst, J.-M.; Verbist, J.-F.; Biard, J.-F.; Ireland, C. M. J.
Am. Chern. Soc. 1992,114, 1110.

PARAMETER ESTIMATION

2and 3. Figure 10shows the simulated imaginarylreal dataset
in the region where the strongest signal components of this
bond pattern appear with varying amounts of normally
distributed noise to produce SIN of (a) 20, (b), 10, (c) 5, and
(d) 2.5. In each case the best-fit is shown below the
corresponding spectrum. Note, there are no readily apparent
differences amonganyofthe best-fitspectra. Aspectroscopist
could readily identify all four signals at SIN = 20 but would
encounter problems at SIN = 10 with no hope of identifying
the complete bond pattern atthe lower SIN levels. Incontrast,
the computerized analysis can identify the pattern at all SIN
levels shown with only minor deviations of the determined
parameter values from the values used in the Monte Carlo
simulations. Thus, qualitatively, the technique detects bonds
better than would a spectroscopist. The remainder of this
paper is devoted to quantifying the reliability with which the
method will detect bonds.

To determine the distributions of errors in the various
parameters and how they affect the ability to detect bonds,
1000 spectra, each with a different noise sample, were
simulated and analyzed. The computational requirements
for these Monte Carlo simulations are similar to the analysis
of 1000 experimental fitting windows and take between 1 h
and several daysdependingon the parameters to be optimized,
the response surface mapping used, and the number ofpoints
in the fitting window. At each SIN level, the standard
deviation of each parameter was calculated from the 1000
simulations, and the parameter precisions were determined
usingeq 11. The resultingdataare plotted in Figure 11 versus
SIN. As predicted by eq 10, the parameter precision is
proportional to the SIN. The DQ phase angle, ¢DQ, precision
is twice that of the SQ phase angles because the former is
determined by all four transitions ofthe AB pattern, whereas
the latter two phases relyondata from onlyone ofthedoublets.
Parameter precisions of the coupling constant and of the
chemical shift frequencies are similar. The relaxation time
precision shows a slightly nonlinear behavior at the rms SIN
ratio of 2.5 where the parameter precision begins to decrease
more rapidly than expected. At this SIN level, this relaxation
parameter is no longer well determined by the data. The
nextsection discusses howto avoid this and related problems.

(c)

Figure 9. D1g~lzatlonof a slnc function. In each case the same slnc
function Is shown as a light line w~ the pure absorption component
on the left and the pure dispersion component on the right. In a the
transttlon frequency falls on a dlg~lzation point; In b ~ falls halfway
between two dlgttlzatlon points; and c Is a case between a and b. The
heavy lines show what a spectroscopist sees when the data points are
simply connected by straight lines. Note, the signal can completely
disappear In one or the other of the components of the spectrum.
Furthermore, c shows that the signal can appear to have badly
mlsadjusted phase when, In fact, ~ does not.

(a)

dispersion mode sinc function on the right side. Depending
on the relative position of the transition frequency of the
signal with respect to the digitization points, the observed
signal in the absorption mode spectrum (bold line) can be a
maximum, similar to the behaviorofa Lorentzian line (Figure
9a); zero everywhere (Figure 9b); or an intermediate case
(Figure 9c). Even though the spectrum is perfectly phased
an intermediate case may appear to be poorly phased.
Fortunately, the underdigitization does not influence the
computerized analysis as long as all quadrants of the dataset
are used in the regression analysis and the model equation
contains the sinc contribution to the lineshape. The 2D line
shape is simply the product of two 1D line shapes (see eq 1),
so the 2D line shape exhibits corresponding behavior. In the
numerical analysis used here no attempts are made to phase
the data; the phase of the spectrum is simply a parameter to
be determined. The signal used to compute the SIN is the
maximum absolute value amplitude of the unphased simu­
lated pattern in all four quadrants. Automated phase
correction of these 2D spectra, however, is necessary to
linearize the determination of the sum-of-square residuals
for response surface mapping. A general technique for
automatedphase correctionofn-dimensionalspectrahas been
developed.26 Theapproach isdemonstrated in the application
paper20 and will be discussed in detail in a subsequent
publication.

The following Monte Carlo simulations demonstrate the
implication ofvarious SIN values. The parameter values, for
the Monte Carlo simulations, are taken again from the best­
fit values ofbond 2-3 in 1,1-dimethyltetralinshown in Figures
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Flgur. 10. Filling of simulated spectra with varying SIN. In each case the upper plot shows the real-real part of the hypercomplex spectrum
and the lower plot shows the best-fit. Each successive case shows decreasing SIN, (a) 20, (b) 10, (c) 5, and (d) 2.5. There is no appreciable
dlfference in the best-f~ spectral patterns even at the lowest SIN where the signals are essentially obscured by the noise.

with a nonlinear refmement of identified local minima is
demonstrated using a cholesterol sample.

The model equation has 16 parameters, three of which
(TADQ, T ASQ, and T,DQ) are sufficiently accurately known that
they need no further adjustment. The double quantum
frequency is subject to a constraint (vDQ = VA + VB) SO that
normally it need not be treated as an independent parameter.
The remaining 12 parameters may in part be locked to initial
values or regressed during either the mapping or the final
optimization stages, Obviously as many parameters as
possible should be locked to increase the computational
efficiency. Locking those parameter values that are strongly
correlated to other parameters obviously proves to be very
beneficial, Failure to do this adversely affects the run time
of the regression analysis, and the precision is seriously
degraded for parameters which are highly correlated. Table
II records the parameter precisions as determined from 1000
Monte Carlo simulations for various combinations of locked
and regressed parameters. In the language of nonlinear
regression analysis each of these combinations constitutes a
different model, as they are designated here, even though the
functional form ofthe model is never changed. The parameter
values underlying these simulations are I, = 65.227, I, =

64.960,13 = 58.135,1. = 59.336, J = 32.708 Hz, VA = 39.353
ppm, VB = 19.734 ppm, T"ASQ = 0.6544 S, T"BSQ = 0.4817 s,
<PDQ = -{).4479 radians, <PA = -{).2829 radians, and<PB = -{).4914
radians.

Modell. The first column of Table II, designated model
1, contains the most general model where all 12 parameter
values are regressed. The recorded values are the slopes of
the lines in Figure 11 corresponding to the factor c(i)VK in
eq 10. Since the parametervalues used to make the simulation
stem from an experimental bond pattern with small differ­
ences in the four intensity values, the resulting parameter
precisions also show slight differences for the four transitions.

Model 2. Model 2 in Table II locks both relaxation times
in the shift direction (T2,ASQ, T"BSQ). Figure 11 shows that
these parameters cannot be determined reliably at low SIN
since the parameter precision actually decreases even more
rapidly than eq 10 predicts. Furthermore, Table I indicates
strong correlations of these relaxation parameters to the
corresponding intensity parameters. The values of these
effective relaxation parameters are determined mainly by
the lifetime of the corresponding excited spin states and by
dephasing due to magnet inhomogeneity. It is conceivable
that the values of these relaxation parameters determined
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Differentiating (12) with respect to I, setting the right­
hand side equal to zero, and solving for I then gives the
optimum value of I as

Use of (13) permits mapping of the response surface for the
other three variables to be accomplished with reasonable
computing resources. Model 5 in Table II contains the
c(i)VK values for the remaining intensity value, coupling
constant, and the two chemical shifte. Using the methodology
developed thus far, the question can now be addressed as to

(13)

(12)
n

x2
(l) = L (Si - IT,)'

i"1

has been developed.26 Where other methods have failed, the
automated phasing program works well independent of line
width and even at extremely low SIN. The accuracyobtained
is well above that achievable with manual phasing.9 The
method is also not subject to the problems introduced by
truncation of the Fill. This phasing method is explained
and demonstrated in the accompanying application paper.20

The initial autophasing step is very important since the
phase parameters are nonlinear parameters and the only ones
left to impact the time-consuming mapping step as explained
above. Thus, a sufficiently accurate estimate of phase as a
function of frequency allows one to map all n(n - 1)/2 bond
regions with linear rather than nonlinear methods. The 2D
line shape of a transition is a product of two ID line shapes
(eq I), eachofwhich is only influenced by the phase parameter
associated with the corresponding axis (eq 3). The needed
approximate dependence of the shift phase on the shift
frequency and of the DQ phase on the DQ frequency can be
obtained from a few nonlinearly analyzed bond signals in a
time insignificant compared to the nonlinear analysis of all
fitting windows. Judicious choice ofa few fitting windows to
be analyzed nonlinearly yields sufficient data to permit the
remaining fitting windows to be analyzed linearly. Thevalues
of c(i)VK are given in Table II for the five parameter values
ofmodel 4 assuming that all other model parameters may be
set to appropriate values.

Model 5. In model 5 the number of parameters has been
reduced finally to four by locking the four intensities, II> 12,

Is. andh toa single value. This final simplification presumes
that it is sufficient to determine only one overall intensity
parameter for all four transitions ofthe AB spin 9ystem. Figure
14 shows the correlation of the best-fit intensity of B to A
transitions. The observed deviations from a linearcorrelation,
well above the experimental uncertainties in the intensities,
are probably caused by instrumental artifacts such as
variations in the distances from the carrier frequency and in
the line widths. However, there is a sufficiently clear
correlation between the A and B intensities, so that in low
SIN spectra where the errors are much larger and the only
objective is to detect whether or not a bond signal is present,
these differences of intensity between A and B transitions
usually can be ignored. The final modification of the
parameterization leaves the model dependent on the single
remaining intensity parameter during the mappingstep, since
the nonlinear two chemical shifts and the coupling constant
are locked to grid values. Optimization of the intensity
parameter for each point of the grid can be computed rapidly
since no iteration is required for the linear regression. Let
S,be the experimental amplitude ofthe ithpoint in a spectrum
of n points and IT, the amplitude of the corresponding point
in the simulated spectrum. The sum-of-square residuals is
then given by

125

100

-;,.
75 ~;'"- J
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from the ID spectrum would be slightly larger than those
characterizing the 2D spectrum since adjacent 13C nuclei
provide an additional relaxation pathway. However, Figure
12 shows a strong correlation between relaxation times
determined for all bonds of 1,l-dimethyltetralin and the
corresponding relaxation times determined from the ID
spectrum. The error bars shown are tilted so that the
horizontal and vertical projections for each data point are an
interval of plus or minus one marginal standard deviation
calculated from eq 9 for the ID and the 2D parameters,
respectively. Encouragingly, these data correspond reason­
ably well to a line ofslope one. Considering the 2D relaxation
times are determined from a high SIN spectrum, the marginal
standard deviation decreases in proportion to the inverse of
the SIN ratio (eqs 10 and 11), and relaxation times above 0.5
s in the 2D spectrum correspond to a line width less than the
digital resolution. Thus, locking the transverse relaxation
times in low SIN spectra to the values extracted from the ID
spectrum is more than justified. The slopes, c(i)VK, for eq
10 are given in Table II for the 10 parameters specified by
model 2.

Model3. In model 3 of Table II II is locked to 12 and 13

is locked toh Ideally the intensity parameters 11,[2,[3, and
I, would all be identical, but modest spectral distortions arise
because of differences in line widths and resonance offset
effects from the pulse sequence. Locking II to 12 and 13 to
I,has been justified in the cases we have studied. Forexample,
Figure 13 shows excellent correlation of determined inten­
sities for Al to A2 and for Bl to B2 transitions in all the
bond signals in 1,I-dimethyltetralin. Again, the values of
c(i)VK are given in Table II for the eight parameter values
specified by model 3.

Model4. The only high correlations remaining among the
parameters of model 3 are between the chemical shift
frequencies and the corresponding phase values. Model 4 in
Table II locks all three phase values to predetermined phase
functions. The two chemical shift frequencies cannot be
estimated sufficiently accurately from the ID data due to
isotope shifts as discussed above. Further, the phases in the
ID spectrum fail to correlate well with those in the 2D
spectrum due to differences between the two pulse sequences.
There is no prior knowledge on the variation of phase angle
with frequency in the DQ direction. However, it has been
found experimentally that phase and frequency correlate
within a given spectrum, and an automatic phasing routine

FIgure 11. The parameter preclslons det..- for bond 2-3 in
1,1-<l1methyltetralln by Monte Carlo sinulatlon using 1000 cifferent
noise samples. The precision Is c1rectly proportional to the spectral
SIN except, for the lowest SIN, the relaxation tInne in shift <lrection,
T2so, cannot be reliably det..- from the data as shown by the
rapid nonlinear decrease In parameter precislon.
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Table II. Comparison of Parameter Precisions c(i)vK
Determined by Monte Carlo Simulation of 1000
Experiments under Different Conditions ....

100
model 1 model 2

P(h) 1.78 2.27
P(I,) 1.73 2.19
P(l,) 1.39 1.68
P(l,) 1.42 1.76
P(J) 2.75 2.77
P(VA) 2.91 2.92
P(VB) 2.21 2.23
P(T'.ASQ) lAO
P(T'.BSQ) 1.20
P(<pDQ) 12.14 12.16
P(<PA) 6.87 6.88
P(<PB) 5.10 5.13

09

model 3 model 4 model 5

3.21 3.15 3.97

2040 2.45

2.77 2.85 2.84
2.90 4.28 4.28
2.23 3.37 3.37

12.15
6.89
5.14

....
80

60

40 0

.."•
20 *,.

•..
~.­..

11

20 40 60 80 100 120

- 08

I 0.7

0-

~

~
0.6

;:

" 05N

0-

~ 0.4

~

1-:'
0.3 0.4 05 0.6 0.7 0.8 09

Flgur. 13. Comparison of determined Intensities within each doublet
of the AB spin systems In the 1,1-<llmethyltetralln spectrum. Expar­
Imental values are shown as circles with an error bar such that the
projection onto each axis reflects the parameter value plus or minus
one marginal standard devlalion. The bond patterns with severe second­
order effects havethe lowest Intansltyvaluesand largest errors because
these patterns are weak and have much lower SIN. Note also that
the model Is parameterized so that the two transitions of the A or B
doublets should Ideally have equal Intensity parameters, even when
severe second-order effects are present. The plot shows a direct
correlation consistent with the errors justifying the locking of these two
Intensity parameters together lor regression.

120 ,-~-.-~--.-----r-~"""'-~---'

Q

ria From The 10 Carbon spectrum [5]

Figur. 12. Correlalion of transverse relaxation times in the chamlcal
shift dlreclion determined from bond signals In the 2D INADEQUATE
spectrum versus those determined from the 10 carbon spectrum for
the 1,1-<limethyltetralln spectrum. Experimental values are shown as
circles with an error bar such that the projection onto each axis reflects
the parameter value plus or minus one marginal standard deviation.
The plot shows a di'ect correlalion consistent with the errors. This
justlfleslocklng these perameters to the values obtained from the high
SIN 1Dspectrum during regression of 2D data where the SIN Is much
lower.

what is the lowest SIN at which bonds can be reliably
detected?

100
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Figur. 14. Comparison of the determined Intensity parameter for the
B and A doublets of the AB spin systems In the 1, 1-<llmethyltelralln
spectrum. Experimental values are shown as circles with an error bar
such that the projection onto each axis reflects the parameter value
plus or minus one marginal standard deviation. The correlation of the
determined Intensity values Is much poorer than would be expected
based on the errors In the determined perameters. The correlation
Is sufficient to justlly locking the parameters together for detecting
bonds in low SIN spectra, but this constraint must be used with caution.

the chosen bond criterion. The use of models 2 and 5 for the
structure elucidation of bioorganic molecules is illustrated
further in the accompanying application paper.'o Model 5
will be given special attention because of its high sensitivity
and computational efficiency.

All parameter precisions shown in Table II were calculated
using the standard deviations from the Monte Carlo simu­
lations mentioned above. At the same time the average
marginal standard deviations, calculated using eq 9, were

DETECTION LIMIT

The previous section described a method for detecting bond
patterns by mapping a response surface for only three
parameters: the couplingconstantand the two chemicalshifts.
All other parameters of the model are held constant at values
obtained either from constraints on the fit or from prior
knowledge except that the overall intensity of the pattern is
optimized at each grid point. The question now to be
addressed is the following: what SIN level is required for
reliable bond detection? A bond-related pattern can be
expected to result in a much larger parameter precision than
a noise-related pattern. The objective of this final section is
to establish an adequate bond criterion based upon the
determined intensity parameter precision or upon the lowest
such value in case more than one intensity parameter is
determined for a specific AB pattern. This leads naturally
to a definition of the detection limit for the method based
upon an intensity criterion. The five models discussed in the
last section and specified in Table II are further examined
here to illustrate the effect of locking parameter values on

20 40 60 80 100
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Figure 15. Distribution of intensi1y parameter precisions determined from simulated spectra. The wMe distribution corresponds to simulated
spectra containing bond signals at a SIN of 5, while the black distribution is derived from datasets containing only noise. Each distribution Is based
on 1000 simulations using the parameter values of the 2-3 bond in 1,1-(jimethy~etralln. The five plots, a-e, correspond to models 1-5, respectively,
as discussed in the text and shown in Table II.

determined for each model. These values were found to be
uniformly higher, by 11-53 %, than the values determined
from the simulations. Hence, the errorvalues calculated from
eq 9 are considered to be conservative estimates of the
uncertainties in the parameter values and are used for all
routine applications of CCBOND.

To be useful, a bond-detection algorithm must have high
reliability. In the following discussion a probability of at
least 99.9 % for correctly identifying a bond pattern is
considered satisfactory. This same level of reliability is
required for rejecting a dataset involving only random noise.
Error distributions based on at least 1000 Monte Carlo
simulations are required to approximate this high level of
reliability. The distribution oferrors for datasets containing
only noise depends somewhat on the surface mapping
techniques employed. For all spectra in the application

paper20 and for all Monte Carlo simulations in this paper, 10
points distributed over a region of ±6.5 Hz for the coupling
constant and 3 points distributed over ±1.5 Hz for each of
the chemical shift dimensions are mapped for each fitting
window. Figure 15 shows bar charts indicating the distri­
butions of intensity parameter precision for each of the five
models using a SIN of five. The determined parameter
precisions for noise only datasets (black bars) and noise plus
bond pattern datasets (white bars) is based on 1000 Monte
Carlo simulation for each distribution.

All the noise-only distributions are bimodal because, in
underdigitized spectra such as those used here, a slight shift
in parameter values will locate a noise excursion that gives
some agreement with the model, and because the probability
is small that no such noise excursion exists in the dataset.
Indeed, numerous local maxima of the agreement function
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sions. The number of points within the half height contour
ofeach 2D signal quadruples. According to eq 10, this increase
ofinformation should double the precision ofparameter values
determined from the expanded dataset thereby improving
the detection limit by a factor of 2 corresponding to an SIN
of 1.25.

Several additional points are worth mentioning. By
considering only a single fitting parameter for bond identi­
fication, in this case the overall intensity, one neglects
information from the other parameters that could improve
the detection limit. Bond identification should, in principle,
be based upon the jointprobabilitydistribution ofall adjusted
parameter values; relevant studies on this issue are now in
progress. All parameter precisions determined by Monte
Carlo simulations assume that spectra contain only a signal

figure 16. Distributions of intensity parameter precision as described
in Figure 15 for model 5 at a SIN of 2.5. Shown are the distributions
for (a) bond 2-3 with weak second order effects, (b) bond 6-7 wnh
strong second-order effects. and (c) bond 2-3 again wnh the same
parameter values but with twice the dignal resolution in both spectral
dimensions.

will exist, and the program will Imd the global maximum so
long as the grid density used for response surface mapping
is high enough for the digital resolution employed. Negative
parameter precisions in the noise-onlysimulations result from
negative-determined intensities that are not excluded by the
model and can be found in noise even though they have no
physical meaning for a correctly phased spectrum.

As in the preceding discussion, the parameter values used
for simulating the datasets are the determined best-fit
parameters ofbond 2-3 in 1,1-dimethyltetralin. These values
are also used as the initial estimates for the bond pattern
search in both the noise-only and signal-containing datasets.
As the parameterization of the model is progressively re­
stricted by introducing more prior knowledge, an increase is
realized in intensity precision for datasets containing bond
patterns and in absolute precision for noise-only datasets.
The only exception occurs when phase parameters are locked
(compare parts c and d of Figure 15). This case hardly
increases intensity precision since these parameters are not
significantly correlated (see Table I). However, locking the
phase parameters caused a significant decrease in intensity
precision for pure noise datasets due to a reduction in noise
patterns that are compatible with the model. If the distri­
bution derived from pure noise does not overlap with that
derived from noise plus signal, it is presumed, since the
distributions shown are based on 1000 simulations, that a
threshold value for intensity parameter precision can be
chosen where bonds will be correctly detected at 99.9 %
confidence, and nonbonds will be rejected with the same
confidence.

Figure 15a indicates that a SIN of5 is close to the detection
limit if all 12 parameters are optimized during an analysis of
a fitting window. Slightly lower SIN values are satisfactory
for the other models, but model 5 is clearly superior. Since
the parameter precision is directly proportional to SIN, Figure
15e indicates that the SIN may be reduced by an additional
factor of about 2 without producing overlap of the two
distributions. Figure 16a presents simulations for a SIN of
2.5 and appears to establish this value as a suitable lower
limit for the program's detection limit in its current state.
The motivation for choosing parameter precisions instead of
parameter values for the definition of bond criteria resides
in the independence of precisions on spectral amplitude. The
average parameter precision for detected bonds increases
proportionally with the spectral rms SIN ratio, given by eq
10. The detection limit also can be influenced by other factors.
For example, the influence of second-order quantum me­
chanical effects and lines of changing width compared to
digital resolution are shown in Figure 16b,c. Figure 16b uses
the strong second-order parameters (the ratio of chemical
shift difference to coupling constant is 1.36) of the 6-7 bond
of 1,1-dimethyltetralin with a SIN of 2.5.

The decrease in parameter precision for strongly coupled
AB patterns arises mainly from the definition of SIN which
is based on the height of the tallest line in the pattern. The
INADEQUATE experiment is normally optimized for de­
tection of patterns in the AX limit, but is far from optimum
for strongly second-order AB patterns. Hence, the SIN of
such patterns is usually significantly lower than for corre­
spondingAX patterns, and the parameter precision decreases.
The overall intensity of an AB pattern also decreases
precipitously in an INADEQUATE experiment for chemical
shift to coupling ratios below three; hence, the experimenter
must be wary of concluding that a bond does not exist when
none is detected in a spectrum oftwo carbons having chemical
shifts thatdiffer by less than three times the coupling constant.
Figure 16c uses the same parameters as Figure 16a, but the
digital resolution of the spectrum is doubled in both dimen-
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of the shape described by the model equation along with
uncorrelated random noise. Several deviations from this
assumption are known. First, about 3% of the total signal
power notexplained by the model in a spectral region consists
ofnonrandom residuale. Second, all signals coming from the
probe of an NMR instrument are amplified before the signal
is separated into the two quadrature components.28 This
introduces correlation of the noise between the real and
imaginary parts of the hypercomplex dataset in the shift
direction. Such correlations were not represented in the
Monte Carlo simulation. Third, incompletely suppressed
singlequantum signals span the entireDQ-axis atthe chemical
shift frequency of each carbon, producing nonrandom re­
siduale. Fourth, the first few points in the t2 Fills are
frequently severely distorted due to experimental artifacts.9

However, all of these effects have normally been controlled
adequately compared to tbe experimental random noise
relevant to this study, and artifacts in our results have yet
to be encountered that exhibit such inconsistencies. Still,
nonrandom components in the data other than those arising
from the sought after bond can result in a false positive test.
Chen et al.2S compared error values calculated by both
covariance matrix and Monte Carlo simulation with exper­
imentally determined error values. For ID proton NMR
spectra ofwater, the precision of experimentally determined
values in line positions was found to be five times lower than
that predicted by uncertainties in the regression analysis.
The otherdetermined parametersshowsimilar discrepancies.
Their experimentally determined precisions show hardly any
correlation with SIN and are probably dominated by other
instrumental factors leading to nonreproducible results. The
experimentalist must be constantly on guard for occurrences
of this sort when using the type of analysis of experimental
data described here.

SUMMARY AND CONCLUSIONS

Our former attempts at automated bond extraction from
2D INADEQUATE spectra were limited to spectra with
sufficient SIN that the resonances could be readily observed
by a spectroscopist, and the spectrum was phased manually.
The bond extraction was reliable so long as the bond regions
were free of overlapping signals and initial estimates of the
coupling constant were sufficiently accurate. Any violation
of these conditions could interfere with the program's ability
to correctly detect bonds. Time domain truncation of the
data also introduced severe problems that necessitated
substantial line broadening tosuppress the frequency domain
truncation artifacts. The improvements described in this
paper satisfactorily resolve these problems. The model has
been extended to include all four quadrants of the hyper-

(28) Shaw, D. Fourier Transform N.M.R. Spectroscopy, 2nd ed.;
Elsevier: Amsterdam, 1984; p 150.

complexspectrum, and truncation effects have been included
in the model so thatno line-broadening functions are required.
The phase-sensitive model allows one to eliminate manual
phasecorrection ofspectra, and inclusion ofall four quadrants
of the hypercomplex data improves the detection limit of the
method. Inclusion of all p08Bible constraints and prior
knowledge in the model extends the sensitivityofthe method.
Elimination of all manual manipulation of the data permits
full advantage to be taken of the sensitivity of the nonlinear
regression techniques to extend the bond detection limit of
the method to SIN of 2.5, well below the level where manual
data manipulation and interpretation is p08Bible. The
autophasing technique is not. limited solely to use with 2D
INADEQUATE spectra but may be naturally extended to
phase correction of n-dimensional spectra. Details of such
work will be published elsewhere.

Response surface mapping in a three-dimensional param­
eter space for every possible bond region is able to detect
resolved bond patterns even in the presence of nearby local
minima in the response surface and to identify possible
alternative interpretations of the data in cases where over­
lapping bond patterns introduce ambiguities in the assign­
ments of the spectral bond patterns.

Computer simulations have been used to explore the
validity of the techniques and show that the program should
perform reliably for SIN of 2.5 or more. The program has
been used to interpret spectra obtained from as little as 20
/Lmol of complex organic molecules. These results are
described in the accompanyingpaper.'" Thex-windowversion
ofthe described software is commercially available for UNIX
workstations through the Scientific Instrumentation Tech­
nology and Research Corp., P.O. Box 58072, Salt Lake City,
UT 84158-0072.
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Applications of the Improved Computerized Analysis of 2D
INADEQUATE Spectra
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Ronald J. Pugmire,! and David M. Grant'"
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Thl. pap.r lIIustrat•• the use of the program CCBoNO to
det.rmlne the carbon sk.l.ton. 01 bioorganic molecul•• In
low concentration sampl.s. DlBcu888d Is the structur.
.Iucldatlon 01 blBtramld. A, a compound .xtracted from a
FIJian LlBBocflnum &p. and chol....rol In 71- and 2G-j&mol
sampl.s, r.spectlvely. The detection limit of the automated
bond extraction Is shown to be dramatically Improv.d
compared to the manual Interpretation of 20 INADEQUATE
spectra.

INTRODUCTION

A method for improving the computerized extraction of
carbon-carbon bond data from 2D INADEQUATE spectra
as well as a thorough treatment of detection limits and
recognition of possible ambiguities in signal assignments is
described in an accompanying paper.l The current paper
describes the application of this method to two samples,

The first compound was a natural product, bistramide A,
extracted from Lissoclinum sp. ascidian collected in Fijian
waters. Despite the use ofa rather large amount of material,
50 mg or 71 "mol, and extensive time averaging employed for
the acquisition of the 2D INADEQUATE spectrum, manual
interpretation of the data was marginal for most bonds and
was not able to identify some crucial bonds. As this work
involved correction of a previously published structure, the
structural data had to be absolutely irrefutable. The details
of the structure elucidation have been recently published in
a communication.' The 2D INADEQUATE data, which
played a crucial role in solving this structure, are discussed
here as a typical example of the automated spectral analysis.

Cholesterol was selected as a second molecule to examine
the lower limits of applicability of the method. Only 8 mg
or 20 "mol of the compound were used. This molecule has
sufficient structural complexity to test the methods employed
and exhibits several features that illustrate the limitations of
the method. The amount of compound and the length of
time averaging were chosen to yield a spectrum that would
be completely impossible either to phase manually or to
distinguish visually its signals from the noise. Despite these
obstacles, the program CCBoND extracted all but a few bonds
from the spectrum. These bonds were not detected for
fundamental reasons, to be discussed later, that may under
certain conditions limit the impact ofthis method. They are
presented to illustrate potential pitfalls in the use of the

* To whom correspondence should be addressed.
t Department of Chemistry, University of Utah.
1 Department of Medicinal Chemistry, University of Utah.
§ Department of Fuels Engineering, University of Utah.
..L Department of Chemistry, Brigham Young University.
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method. Nevertheless, these examples illustrate that the 2D
INADEQUATE method can contribute substantially to the
solution of actual structure elucidation problems even when
sample quantities are limited to amounts commonly encoun­
tered in natural product research.

EXPERIMENTAL SECTION

The first compound, bistramide A (C..HssN,O" MW 704),
was extracted from Lissoclinum sp. collected at a depth of 35 ft
in Fijian waters. From 104 g of the dried organism, 50 mg (71
"mol) of the purified sample was obtsined and used for the
structure elucidation. Further detsils ofthe sample preparation
are given elsewhere.' The 2D INADEQUATE spectrum was
obtained on a 500-MHz Varian Unity spectrometer using a 5-mm
broadband probe with a one-turn observe coil. The 7r/2 pulse
width was 8.2 ItS, and the spectral width was 24 830 Hz (197.5
ppm) in both dimensions. For each of 512 increments of the
double-quantum evolution time, 49 664 complex samples of the
FID were acquired, and the process was repeated with the phase
of the double-quantum preparation sequence shifted by 7r/2 to
produce the hypercomplex dataset. Autoshimmiog of all z
gradients was performed before each increment. A 2-s recycle
time, equal to the longest carbon T" and 512 transients per
increment were used resulting in an acquisition time of 12 days.
Neither zero filling nor weighting of the time domaio data was
used io the subsequent data analysis.

The cholesterol (C27H..O, MW 386) consisted of8 mg (20"mol)
of the compound as received from the vendor without further
purification. The spectrum was obtained on a Varian VXR-500
spectrometer using a stsndard broadband probe with a two-turn
observe coil. The 7r/2 pulse width was 9.3 ItS, and the spectral
width was 20 kHz (159 ppm) in both dimensions. For each of
207 increments of the double-quantum evolution time, 32 768
complex samples of the Fill were acquired, and the process was
repeated with the phase of the double-quantum preparation
sequence shifted by 7r/2 to produce the hypercomplex dataset.
A lO-s recycle time, equal to the longest carbon T" and 256
transients per increment were used resulting in an acquisition
time of 6 days. The data set was zerofilled to the next power of
two in the DQ dimenaion, but no weighting of the time domain
data was used.

Both spectra were acquired using deuteriochloroform as the
solvent and a solution volume of approximately 700 "L. The
centenesonance ofthe chloroform triplet was defined as 77 ppm
and used to reference all chemical shifts to TMS. Broadband
proton decoupling was achieved using WALTZ modulation of a
3-kHz H, field. The probe temperature was regulated at
approximately 26 DC. The 2D INADEQUATE pulse sequence
from Bax et al.'·' along with the extensions of Levitt and Ernst'
was used to acquire hypercomplex data. The details of the pulse
sequence have been given elsewhere.' The preparation of the
double quantum coherence was optimized for J = 40 Hz. These

(3) Bu. A.; Freeman, R; Kempsell, S. P. J. Am. Chern. Soc. 1980,102,
4849.

(4) Bu, A.; Freeman, R; Frenkiel, T. A. J. Am. Chern. Sac. 1981, 103,
2102.

(5) Levitt, M. H.; Ernst, R R Mol. Phys. 1983, 50 (5), 1109.
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J. Magn. Reson. 1990. 90, 290.
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data were processed according to the prescription ofStates et al.'
To assist the automated analysis of the low SIN 2D INADE­
QUATE spectra, a ID proton-decoupled carbon spectrum was
acquired in each case under the same experimental conditions
as were used for acquiring the 2D data. The resonance fre­
quencies, intensities, and relaxation times for all carbon reso­
nances in the ID spectrum provide initial parameter estimates
for the analysis of the 2D spectrum.

RESULTS AND DISCUSSION

(a)

I II

liD 90 70 30

Chem,,,,,l ShIft [ppm]

(c)

a' ! •• Ii 1JI ; II 11'1 1Ft I; ·.111 ;" J : w:r I; II I

Figure 1. Results of the analysis of the 10 proton-<lecoupled carbon
spectrum of bistramide A by program F'HASEIr: (al the experimental
spectrum w~h phase and baseline automatically corrected, (bl the
simulated spectrum calculated from determined parameter values,
and (cl the residual spectrum, a minus b, showing thet essentially all
the nonrandom features of the spectrum are accurately simulated.

isotope shift of 3 Hz, and (4) a maximum deviation of the
final coupling constant of 15 Hz from the initial estimate6

were used.
The automated analysis identified 35 bond signals, each

with a unique assignment to a pair of carbon resonances.
Several examples of fitting windows will now be presented to
illustrate how the analysis proceeds. Figure 2 shows the
response surface, as described in ref 1, of a fitting window
corresponding to the chemical shifts in the ID spectrum of
two nonbonded carbons, i.e., the fitting window contains only
noise. This figure shows the lack of any agreement between
experimental data and simulated bond patterns depending
upon a coupling constant, J, and both chemical shifts, VA and
VB, The dimensions of the volume rendered are 6 Hz in the
J axis and 3 Hz in the VA and "B axes. This particular fitting
window was chosen as an example of a nonbond because it
gave one of the highest intensity parameter precision values
of any nonbond. Thus, this fitting window would be an
example from the right-hand tail of the distribution of
nonbonds shown in Figure 15b of ref 1. The featurelessness
of this volume rendering is to be contrasted with the well
defined patterns present in those ofsubsequent figures where
bonds are known to exist. At the right side of Figure 2 are
given the color and opacity maps used for all volume
renderings of this paper.

The weakest confirmed carbon-carbon bond signal was
detected between carbon atoms resonating at 173,32and 32.35
ppm, The pulse sequence used to obtain this dataset was
optimized for J = 40 Hz. However, this bond, with J = 51.0
Hz, deviates significantly from the optimum; thus, its signal
was not well excited by the pulse sequence. Figures 3 and 4
show the real and imaginary parts of the unphased experi­
mental, simulated, and residual data ofthis bond region. This
bond signal is well below the noise level, and there would be

IIII

(b)

The Bistramide A Example. Proton spectra of the
bistramide Asample contain severe signal overlap, especially
in the methylene region, which may explain the erroneous
assignmenta of carbon-carbon bonds published previously
for bistramide A (alias bistratene A).s Even though more
demanding in acquisition time than the plethoraoftechniques
involving protons, a 2D INADEQUATE spectrum detects
directly the carbon skeleton of the molecule. Despite the
presence of an unusually high-digital resolution in the 2D
spectrum and extensive time averaging intended to render
the 2D INADEQUATE spectrum visually interpretable,
several crucial bond signals could not be identified during an
extensive manual examination of the acquired data set, and
those' bond patterns that could be visually identified were,
for the most part, marginally identifiable. Previous work in
the areaofcomputerizedanalysis ofsuchspectra6 had revealed
the possibility of dramatically increased sensitivity for
computerized versus manual interpretation.9 Therefore, the
automated bond extraction method was applied to the
bistramide A spectrum.

To obtain frequencies, intensities, phases and relaxation
times of transitions ofbistramide A, the ID carbon spectrum
was analyzed by the program PHASEIT,lO and Figure 1
summarizes the results of the analysis. From top to bottom
are shown (a) the experimental spectrum after automated
correction, (b) the simulated spectrum calculated from the
determined intensity, frequency, phase and relaxation pa­
rameters of each transition, and (c) the residual spectrum
after subtracting bfrom a. Neglecting the three solventsignals
near 77 ppm and the incompletely suppressed carrier signal
in the center of the spectrum, 40 resonances remain each
corresponding to just one carbon.2 In contrast to the proton
spectrum, even though the aliphatic region of the carbon
spectrum is crowded, the increased dispersion of carbon
chemical shifts combined with the simplification afforded by
proton decoupling permits each carbon to be resolved. The
analysis of the ID carbon spectrum took 3 min and the 2D
FFT 90 min. If not stated otherwise all timing information
in this paper is given in wall-clock time for an IBM RS/6000­
320 workstation. The parameter values obtained from
PHASEIT are used for the analysis of780 possible bond regions
in the 388-MB 2D INADEQUATE data set. The analysis
required 27 h on three IBM RS/6000-520workstations running
in parallel (79-h total CPU time). The program CCBOND was
used with response surface mapping and detection of indi­
vidual transitions corresponding to the set of operating
parameters, model 2, described in ref 1. Bond criteria based
upon (1) positive values of all intensity parameters, (2) a
minimum intensity parameterprecision of2.5, (3) a maximum

(7) States, D. J.; Haberkorn, R. A.; Ruben, D_ J. J. Magn_ Reson.1982,
48,286.

(8) <a) Bistramide Afrom L. bistrotum collected in New Caledonia:
Gouiffes, D.; Moreau, S.; Helbecque, N.; Bernier, J. L.; Henichart, J. P.;
Barbin, Y.; Laurent, D.; Verbist, J. F. Tetrahedron 1988,44, 451. <b)
Bistratene A from L. bistratum collected at the Great Barrier Reef:
Degnan, B. M.; Hawkins, C. J.; Lavin, M. F.; McCaffrey, E. J.; Parry, D.
L.; Watters, D. J. J. Med. Chem. 1989,32, 1354.

(9) Dunkel, R. Ph.D. Thesis, University of Utah, December 1990.
(10) Dunkel, R. U.S. Patent Application No. 675,401.
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Figure 2. Response surface of a fitting window in the bistramide A data set containing only noise. This fitting window gave one of the highest
intensity parameter precision values of any fitting window with only noise.

Figure 3. The weakest bond signal in the bistramide A spectrum involving the carbon atoms at 173.32 and 32.35 ppm is shown. From top to
bottom are given the unphased experimental, the best-m calculated, and the residual spectrum in the reallreal (lell) and the reallimaginary (right)
data sets.

no hope ofvisually finding and identifying the pattern. Figure
5 presents the response surface of this spectral region on the
left and the corresponding simulated response surface on the
right. These two plots show that low SIN does influence the

experimental response surface. However, the prior knowledge
extracted from the ID dataset and included in the construc­
tion of the mathematical model as well as the complete
hypercomplex dataset allows this bond signal to be clearly
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Figure 4. The weakest bond signal in the bistramide A spectrum involving the carbon atoms at 173.32 and 32.35 ppm is shown. From top to
bottom are given the unphased experimental, the best-m calculated and the residual spectrum in the imaginary/real (left) and the imaginary/
imaginary (right) data sets.

differentiated from the noise only response surface given in
Figure 2.

Figure 6shows the bistramide Amolecule with the detected
35 bond signals drawn in bold. The italicized numbers are
the scalar coupling constants in hertz, and normal text is
used for resonance frequencies from the ID carbon spectrum
in ppm from TMS. Five fragments of the carbon skeleton
can be assembled from the analysis containing all carbon­
carbon single bonds in the molecule. These fragments could
have been further assembled by an additional 2D INADE­
QUATE experiment optimized for the detection of double
bonds with coupling constants on the order of 70 Hz.
However, sufficient information is available from other
experiments to identify these bonds unambiguously, and a
further 2D INADEQUATE experiment was not needed to
prove the structure.2

The Cholesterol Example. The analysis ofthe ID carbon
spectrum of the 20-l'mol cholesterol sample by the program
PHASEIT took 3 min. Thirty resonances were identified and
numerically characterized. Figure 7 shows (a) the automat­
ically corrected experimental spectrum, (b) the simulated
spectrum calculated from the determined parameter values,
and (c) the residuals obtained by subtracting b from a. After
elimination of the three solvent resonances near 77 ppm as
well as an incompletely suppressed carrier glitch, which falls
under the solvent resonances, one is left with 26 resonances
to be used in the analysis ofthe 2D INADEQUATE spectrum.
Figure 7 suggests that the signal at 31.93 ppm is actually an
overlap of two carbon resonances, and as will be seen below,
this ambiguity introduces problems in the structure eluci­
dation. The 2D fast Fourier transform of the 2D dataset
took 15 min.

In this example, involving a known compound. the data
were acquired with minimal resolution as well as a SIN ratio
barely above the detection limit of CCBOND to illustrate

problems that can potentially arise in the elucidation of an
unknown structure. The number of data points in the 2D
INADEQUATE cholesterol dataset is about one-fourth that
of the bistramide A spectrum discussed above, hence poten­
tially reducing the sensitivity of the automated analysis by
a factor of 2 (compare parts a and c of Figure 16 in ref 1). To
maximize the performance of the program CCBOND for
detection ofweak bond signals, the most sensitive operational
mode, referred to as model 5 in Table II ofref 1, was selected
for the analysis of these data. During the mapping stage of
the analysis of a bond region, only the overall intensity value
is adjusted for every grid point while keeping all other
parameters constant. After identification of the grid point
or points corresponding to an optimum agreement between
simulated and experimental spectral regions, the coupling
constant and the two shift frequencies are also unlocked and
regressed, using the parameter values corresponding to
optimum grid points as initial values. These few nonlinear
regressions determine the final optimum parameter values
upon which the bond criteria are based, and these values are
reported by the program CCBOND.

Use of model 5 achieves greater sensitivity than use of any
of the other models (compare parts a-d with part e in Figure
15 of ref 1) but requires that the spectral phase be determined
a priori. Use ofmodel 5 also increases the speed of extracting
bond information by about 1order ofmagnitude by linearizing
the regression during the time consuming mapping stage. A
method for autophasing n-dimensional spectra10 will be
described in detail in a later publication. Briefly, however,
the approach is to identify a few spectral signals and to
determine their phases in each dimension by a nonlinear
regression analysis. These phases are then further regressed
with a model expressing phase as a function of frequency in
each of the two dimensions. Asimple linear model has proven
adequate so far in our work. Once the parameters of this
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Figure 5. On the left is shown a vrnume rendering of the experimental response surface of the same spectral region as shown in Figures 3 and
4, and the weakest bond pattem in bistramide A. On the right is shown the corresponding simulated response surface. Contrasted with Figure
2, the positive bond test for this weakest of bond patterns is certainly justified.

18"

2174

Figure 6. The molecular skeleton of bistramide A. All carbon-carbon single bonds were determined by the program CCBOND from a 20
INADEQUATE data set and are shown with bold lines. The chemical shifts in ppm from TMS of the carbon resonances were determined from
the 10 spectrum by the program PHASEIT. Italic numbers are coupling constants in hertz determined from the 2D data by the program CCBoND.

model are determined sufficiently accurately, the phases for
subsequent regressions are computed from the model. For
the cholesterol sample nine detected bond patterns were used
to determine the phase-frequency model as shown in Figures
8 and 9. This approach is somewhat analogous to phasing
the data before subjecting them to the full spectral analysis.

From Figure 16a of ref 1, it is known that bonds witb weak
second-order effects (I1vjJ > 4) produce, using model 5 at a
SjN above 2.5, patterns with a detected intensity precision

greater than 4 with at least 99.9 % probability. Hence, the
following bond criteria are chosen to establish bond
identification: (1) the value of the intensity parameter must
be positive, (2) the intensity parameter precision must be
greater than 4, (3) the isotope shift must be less than 3 Hz,
and (4) the value of the coupling constant must differ by less
than 15 Hz from the initial estimate.

All 325 potential bond regions were evaluated under these
conditions in 4h and 30 min. This time is roughly equivalent
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Figure 9. The weighted linear phase correction in the double quantum
direction determined for the 2D INADEQUATE spectrum of cholesterol
by program CCBOND. The experimental points are the phase values
in the double quantum direction ($00) shown as circles with an error
bar corresponding to plus or minus one marginal standard deviation
as determined by fitting the model equation to nine bond patterns
identified during examination of possible bond regions. The outliers at
-103 ppm are due to the low dig~1 resolution of the spectrum in the
DQ direction that causes overlap olthe signals from the bonds between
the carbon at 28.02 ppm and the two methyl groups w~h resonances
at 22.56 and 22.81 ppm.

70 60 5C 40
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Figure 7. Results of the analysis of the 1Dproton-decoupled carbon
spectrum of cholesterol by the program PHASEIT: (a) the experimental
spectrum with phase and baseline automatically corrected, (b) the
simulated spectrum calculated from determined parameter values.
and (c) the residual spectrum, a minus b.

ShIrt Frequency [ppm]

Figure 8. The weighted linear phase correction in the shift direction
determined for the 2D INADEQUATE spectrum for the 20-l"mol
cholesterol sample by program CCBOND. The experimental points are
the phase values in shift direction (<PA and <Po) shown as circles w~h

an error bar corresponding to plus or minus one marginal standard
deviation as determined by fitting the model equation described in the
text to nine bond patterns identified during examination of possible
bond regions.

from other reported bond patterns, a clear indication that a
significantly higher spectral resolution in the DQ direction
would have been preferable. The major sources of fitting
window overlap are six reported bond patterns, each listed
twice by CCBOND, one of each pair includes the carbon at
42.32 ppm and the other of each pair includes the carbon at
42.34 ppm in the ID spectrum. The chemical shift difference
of 2.5 Hz between these two carbons on a 500-MHz spec­
trometer is less than the maximum expected isotope shift of
3 Hz, and the duplication of these reported patterns simply
indicates that these atoms are indistinguishable as far as
assignment of the identified bond patterns is concerned.
Either of these carbon atoms satisfy the bond criteria equally
well for all six simulated patterns, and it remains unclear
how to assign these six patterns to the two carbons. Thus,
CCBOND produces an enumeration of all 12 possible inter­
pretations, and the spectroscopist is left with the task of
resolving the problem by bringing to bear additional infor­
mation. For example, one might use an alternative solvent
to increase the difference in chemical shift of the two carbons
thereby removing the ambiguity; only a very small change in
chemical shift would be required to render the data unam­
biguously interpretable.

While ref 1 compared mainly the analysis of pure noise
spectral regions with those containing just one bond pattern,
experimental spectra can contain regions with several over­
lapping bond patterns. Program CCLOGlC was written to
summarize the outputofCCBoND in the form ofa connectivity
table with indications of ambiguous signal assignments and
of overlap between bond patterns that might cause a false
positive bond test. Compared to the analysis of bistramide
A, these problems in the analysis of the cholesterol spectrum
are significantly increased due to reduced spectral resolution.
Furthermore, use of model 5 in the fitting increases the
difficulty of identifying cases where only three of the four
lines in the pattern exist.

Three positive bond tests for the cholesterol spectrum were
called into question because of overlap of fitting windows for
both A and B transitions. Examination ofthese three regions
reveals that only the pattern involving carbons at 28.02 and
24.29 ppm shows significant signal overlap for all four
transitions. For the other two cases, even though the fitting
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to the time required to interpret manually a high SIN
spectrum ofthis size and is negligible compared to the 2 orders
ofmagnitude increase in acquisition time necessary to acquire
a high SIN spectrum that could have been interpreted
manually. The overall improvement in time and savings in
spectrometer costs more than justifies the computational
burden of automated interpretation. The program CCBOND
reported that 34 of the 325 possible pairs of carbons in
cholesterol produced a bond pattern in the 2D INADEQUATE
spectrum. Only 8 of these 34 reported bonds occur in fitting
windows that are totally free of overlap with fitting windows
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(a)

(b)

(c)

Figure 10. The fitting window of a spectral pattern that caused a false positive indication of a bond between the carbons at 28.02 and 24.29
ppm In the 20-/Lmol cholesterol spectrum. The figure illustrates (a) the simulated prospective bond signal, (b) a simulation of the three bond signals
(28.01 bonded to 22.81, 28.01 bonded to 22.58, and 24.30 bonded to 28.23 ppm) overlapping the false one, and (c) the difference b minus a.
Because of extreme underdigitization in the DO direction, these three patterns overiap the fitting window in such a way that all the intensity attributed
to the false bond is drawn from these overlapping signals.

windows overlap, there is sufficient independent data so that
ambiguous interpretations are not produced. Figure 10
examines the problem bond between the carbons at 28.02
and 24.29 ppm. Using the best-fit parameter values for the
various overlapping patterns Figure 10 shows (a) a simulation
of the bond in question, (b) a simulation of the three other
bond patterns significantly influencing this fitting window,
and (c) the difference between the two, b minus a. Ofcourse,
the actual experimental data could not be used in this figure
because of the very low SIN. The dispersive signal compo-

nents best illustrate the extreme degree of signal overlap.
The left half of Figure lOb, the A part of the fitting window,
is composed of the A part of the spectrum from three bond
patterns. At the left edge of the window is the Al transition
of the bond between carbons at 28.23 and 24.30 ppm. In the
center is an overlap of the A2 transition of this same bond
with the Al transitions ofbond patterns between the carbons
at 28.02 and 22.81 ppm and between carbons at 28.02 and
22.56 ppm. The right side contains an overlap of the A2
transitions of these last two bonds. The right half of Figure
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Figure 11, On the left is shown the experimental response surface corresponding to the false bond case described in Figure 10, and on the right
is shown the response surface that would be expected for such a bond. The severe distortions and the poor agreement between experimental
and simulated pattems allow one to suspect the misinterpretation of the experimental pattem.

lOb, the B part of the fitting window, contains the B doublet
of the bond pattern between carbons at 28.23 and 24.30 ppm.
Since every transition of the prospective bond overlaps with
transitions of other bond patterns, there is no independent
evidence that this bond signal really exists.

Figure 11 shows a better way to examine this overlap
problem. On the left is shown the actual response surface,
while on the right is shown the response surface expected
from an isolated bond with appropriate parameters. The
correspondence between the two surfaces is poor, and nearby
maxima exist which cannot be excluded from consideration.
The assumption of an isolated AB spin system used to derive
the bond criteria is clearly violated. Furthermore, the
prospective pattern has a parameter precision of 4.1, barely
above the threshold for bond detection, and is by far the
weakest pattern found in the cholesterol spectrum. In fact,
this pattern does not correspond to a legitimate bond in
cholesterol. This example serves to emphasize when the
program gives a warning of problems that the results of the
automated analysis must be interpreted with care. Problems
of this sort can be ameliorated by acquiring the data with
higher digital resolution in the DQ direction.

Figure 12 shows the real/real part of the spectrum of the
weakest bond signal detected in the cholesterol sample. This
bond connects the carbons resonating at 140.77 and 42.32
ppm. Model 3 was used for the last step in the fitting for this
bond so that all phase values as well as all four intensity
parameters were optimized along with the coupling constant
and both chemical shifts. In this manner thesignal intensities
detectable with the model equation are faithfully reproduced.
The experimental data setwas automatically phase corrected
based upon the determined best-fit phase parameters so that
the spectrum shown is in pure absorption mode. Figure 12a
is the experimental spectrum, part b is the simulated
spectrum, and part c is the residual spectrum. It becomes
immediately obvious that manual interpretation of even the

well-phased spectrum would be impossible. Figure 13 shows
a volume rendering of expected, on the right, and experi­
mental, on the left, response surfaces. Even though significant
differences between the simulated and experimental response
surfaces are evident, the features in the experimental response
surface are clearly nonrandom in contrast to Figure 2, and
the area of high agreement is well localized in contrast to
Figure 11.

Assembly of molecular fragments" and enumeration of
the possible candidate structures from the connectivity table
generated by program CCLOGIC can be done by programs
such as CASE,12-l4 CHEMICS,15,16 and GENOA,17 but so far
we have done this step manually. Either approach requires
additional information to complete the structure elucidation.
In the case of cholesterol it is instructive to discuss the kind
of additional information needed to complete the carbon
skeleton in addition to that obtained from the analysis of the
2D INADEQUATE spectrum.

As with the bistramide Asample, the double bond between
the resonances with chemical shifts of140.77 and 121.72 ppm
was not detected. Such carbon-carbon double bonds exhibit
coupling constants around 68 HZ,18 and since the pulse
sequence was optimized to detect single bonds (J = 40 Hz),

(11) GraYl N. A. B. Computer.Assisted Structure Elucidation; John
Wiley & Sons: New York, 1986; Chapter VII.

(12) Christie, B. D.; Munk, M. E. J. Chern. lnf. Cornput. Sci. 1988,28,
87.

(13) Christie, B. D.; Munk, M. E. Anal. Chirn. Acta 1987, 200, 347.
(14) Munk, M. E.; Shelley, C. A.; Woodruff, H. B.; Trulson, M. O.

Fresenius' Z. Anal. Chern. 1982,313,473.
(15) Funatsu, K.; Susuta, Y.; Sasaki, S. I. J. Chern. lnf. Cornput. Sci.

1989,29,6.
(16) Fun.tsu, K.; Miyabayashi, N.; Sasaki, S.1. J. Chern. lnf. Cornput.

Sci. 1988,28, 18.
(17) Lindley, M. R.; Shoolery, J. N.; Smith, D. H.; Djerassi, C. Org.

Magn. Reson. 1983,21 (7),405.
(18) Wray, V. Carbon-Carbon Coupling Constants: A Compilation of

Data and a Practical Guide. Progr. NMR Spectrosc. 1979, 13, 184.
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(b)

Flgur.12. The real/real quadrant of the pattern for the weakest identified bond pattern in the 20-lLmol sample of cholesterol: (a) the autophased
experimental spectrum, (b) the best-frt determined pattern, and (c) the difference between the two. The bond connects the carbon at 140.77
to the one at 42.32 ppm. Clearly the experimental data is uninterpretable visually.

these bonds fail to appear in the spectrum. To remedy this
problem would require the experiment to be repeated with
optimization for the detection of Sp'--Sp2 bonds. As these
two chemical shifts are characteristic of either alkenes or
aromatic compounds the characteristic shifts for the two
carbons suggest the presence of an alkene pair even though
the bond was not detected in the spectrum. Numerous
circumstances in an unknown sample can combine so that a
particular bond is not observed, and interferences from such
negative data must be made with great caution.

The carbon resonance at 31.92 ppm in the ID spectrum is
an overlap of two magnetically equivalent carbon atoms that
are not resolved on a 500-MHz spectrometer. When the
surrounding structure is assembled clearly this is a case of
accidental magnetic equivalence and is not due to molecular

symmetry. The actual bond between these two carbon atoms
forms an Azspin system and, consequently, is undetected in
the 2D INADEQUATE spectrum. Use of a different solvent
or a shift reagent may separate such resonances and resolve
this problem.

While the bond signal between carbon resonances at 36.52
and 37.27 ppm with prominent second-order multiplet
intensity distortion (t>.vIJ = 2.8) was observed without undue
difficulties, the bond between resonances at 35.79 and 36.21
ppm was undetected due to the severe second order effects
(t>.vIJ = 1.5). This result is expected based on the Monte
Carlo simulations shown in Figure 16a compared to that of
Figure 16b of ref 1. Severely second-order AB patterns, with
lower intensities in the outer two lines, require higher SIN
than do AX patterns to obtain reliable bond detection. This
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Figure 13. On the left is shown the experimental and on the right the simulated response surfaces for the data shown in Figure 12. Note that
the experimental pattern is better localized and agrees fairly well with the simulation in contrast to the case shown in Figure 11.

problem is aggravated by three additional effects: (1) Severely
second-order patterns give lower signal intensities than do
AX patterns. The pulse sequence could be optimized to give
somewhat better performance for casesl9 where AvlJ < 3, but
this would lower the threshold at which the problem becomes
intracteble only slightly and would require acquisition of a
new 2D date set. No matter what measures are taken, as the
spin system approaches the A2 limiting case, bond detection
becomes impossible. (2) The phase in the DQ direction of
AB patterns with severe second-order effects does not follow
the linear relation to frequency used for other patterns.9Thus,
it becomes more difficult to use models with predetermined
phases. (3) Due to weak A, and B, outer transitions the
coupling constant is highly correlated with both chemical
shifts. This slows the convergence ofthe nonlinear regression
analysis. The agreement between simulated and experimental
data for the bond between carbons at 35.79 and 36.21 ppm
can be substantially improved by allowing the DQ phase to
be adjusted during the nonlinear regression analysis. How­
ever, a probability of 99.9% for bond detection is not
achievable for this spectral pattern.

Figure 14 summarizes the structural information obtained
for cholesterol from the 2D INADEQUATE date and the ID
carbon spectrum. The chemical shifts reported are those
from the ID spectrum and the coupling constants are those
determined from the 2D spectrum. The determined average
marginal standard deviation is 0.137 Hz for the reported
coupling constants and 2.3 x 10-4 ppm for the transition
frequencies. All detected bonds are shown as bold lines in
Figure 14, and dashed lines are used for the bonds to carbons
at 42.32 and 42.34 ppm as a result of the ambiguities
encountered in the assignment discussed above. Light lines
are used for the double bond since it was not observed. The
coupling constant for the double bond is about 71 Hz, a value

(19) Bax, A.; Freeman, R. J. Magn. Reson. 1980,41,507.

HO

Figure 14. The carbon skeleton of cholesterol from 20 limol of
compound. The chemical shifts of the carbon resonances were
determined from the 10 spectrum in ppm from TMS, and the Italic
numbers are the coupling constants in hertz obtained from the 20
INADEQUATE spectrum. Dashed lines are used for bond signals that
were detected, but assignment of the bond to a unique pair of carbon
resonances was ambiguous. Bold lines are used for all other detected
bonds. Light lines are used for bonds that were not detected. The
textdiscusses the experimental limitations ieading to these uncertainties.

determined for a cholesterol derivative. 2O A light line is also
used for the bond that is unobserved because ofan accidental
magnetic equivalence of the two carbons at 31.93 ppm. The
bond between carbons at 35.79 and 36.21 ppm has severe
second-order effects that prevent reliable detection. The
value of the coupling constant of this AB pattern was
determined independently to be J = 34.7 Hz from a 120-mg
sample of cholesterol.

It is instructive to consider what additional data would be
needed, as a minimum, to complete the cholesterol structure
determination. The presence ofthe double bond can reliably
be infered from the chemical shifts of the carbons, and the
anomalously high chemical shift of the carbon at 71.83 ppm
in an aliphatic ring indicates the presence of some function­
ality. A high-resolution mass spectrum would give a reliable
molecular formula confirming the hydroxyl on the carbon at

(20) Wl'ay. V. C8l'bon--earbon Coupling Constants: A Compilation of
Data and a Practical Guide. Progr. NMR Spectrosc. 1979, 13, 233.
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71.83 ppm and ensuring that there are no additional oxygens
or other heteroatoms in the molecule. A DEPT experiment
would establish the number of directly bonded protons for
each carbon. At this point each of the carbons at 31.93 ppm
has only one unsatisfied bond. No additional bonds were
detected to either of them, and none of the possible bonds
to other carbons with unsatisfied valences would produce a
strongly second-order case that might not be detected. In
conditions such as this it may be safe to assume that such
carbons are bonded to each other. At this point it is known
that the carbon at 42.32 ppm has two unsatisfied valences
and the one at 42.34 ppm has four. All six of the required
bonds were detected. The only question is how they should
be distributed. There are 15 possible isomers consistentwith
the constraints. Some experimentation with models leads to
the conclusion that only the structure of Figure 14 is
reasonable. All the others yield highly strained ring systems
or systems uncharacteristic of natural products. The only
remaining uncertain bonds are on the carbons at 35.79 and
36.21 ppm, so these two carbons must be bonded to each
other. Recall that there is evidence for a bond between these
two carbons, although not at the level of certainty we have
chosen as our standard. The first assignment of the carbon
resonances in cholesterol was done by Reich et al.21 using
data obtained with a frequency sweep cw spectrometer at
15.1 MHz. Some corrections in the assignment were made
later, and the results ofFigure 14 agree with this more recent
work.22

SUMMARY AND CONCLUSIONS

In this paper it has been demonstrated that 2D INADE­
QUATE data sets with rms SIN as low as 2.5 can be
successfullyanalyzed whichextends the realm ofapplicability
of this powerful technique to about 20 /Lmol of the unknown
compound. Computer automated methods for extracting
carbon-alrbon bond information from the spectrum and
constructing the carbon skeletons of molecules have been
established, and a program called CCBoND implementing
these techniques has been written and is described in ref 1.
Two examples of the use of the program (cholesterol and
bistramide A) are discussed in detail in this paper. At this
SIN no cases were encountered where noise was interpreted
as a bond. Some bonds characterized by highly second-order
spin systems were not detected satisfactorily, and cases were
encountered where a bond could not be unambiguously
assigned to one or the other of the two carbons differing in
chemical shiftbyless than 3Hz. However, mostofthecarbon­
carbon bonds in both examples were correctly detected, and
with minimal additional information, the complete structure
of the molecule could be inferred.

Computer automation removes the need to search visually
through a 2D INADEQUATE spectrum to find the connec·
tivity information. Indeed, at the lowest SIN levels tested,
the computer program performed reliably while experienced
spectroscopists were unable to detect the signals. We estimate
that the program works reliably at a SIN about 1 order of
magnitude lower than that required for reliable manual
interpretation. Although the computation necessary to
analyze the data required many hours on powerful worksta­
tions, enhancementofSIN by time averaging ofsignals would
have required about 2orders ofmagnitude morespectrometer
time in addition to the spectroscopist's time to interpret the

(21) Reich, H. J.; Jautelat, M.; M..... M. T.; Weigert, F. J.; Roberts,
J. D. J. Am. Chern. Soc. 1969, 91. 7445.

(22) Blunt, J. W.; Stothers, J. B. Org. Magn. Resan. 1977,9 (8), 439.

spectra manually. Thus, it is economically advantageous to
trade computation time for spectrometer acquisition time.
In fact, most modem high-field spectrometers include good
computer workstations as part of the system, 80 that the
computation required can be accomplished in the background
while other acquisition tasks are in progress. Because of the
very low sensitivity of the INADEQUATE experiment, the
automated method is preferable even when a millimolar
quantity ofan unknown is available and a satisfactorysolvent
can be found. For samples of less than a few hundred
micromoles there is no efficient alternative to the computer­
automated techniques.

The 2D INADEQUATEexperimenthassomefundamental
limitations: (1) Only bond patterns with a limited range of
coupling constants can be observed in one spectrum. (2)
Bonds between carbons with identical chemical shifts cannot
be detected. (3) Bonds between carbons where the chemical
shifts differ by less than about twice the carbon-carbon
coupling constantare detected considerably less reliably than
are bonds between carbons with greater separation. (4) If a
given carbon is bonded to one of two or more other carbons
differing in chemical shift by less than about 3 Hz, it is
impossible to determine which ofthis group is actually bonded
to the first. The computer program detects and catalogues
all these possible ambiguous interpretations of the data for
further scrutiny by the spectroscopist.

Besides automating the spectral analysis, CCBoND is also
an interactive tool that provides the spectroscopist with a
unique "filter" through which to view 2D INADEQUATE
data in a three-dimensional parameter space. This display
on color graphics workstations not only shows a considerably
increased SIN ratio compared to normal2D spectral data but
also reduces the subjective elements associated with bond
identification. The method also systematizes and simplifies
the interpretation of the data, especially in cases where
overlapping bond patterns introduce ambiguities into the
interpretation.

With the achieved improvement in detection limit using
program CCBOND, it now becomesfeasible to use the powerful
2D INADEQUATE technique for structure elucidation of
small samples in a routine fashion as long as attention is paid
to the limitations mentioned above. The x-window version
of the described software is commercially available for UNIX
workstations through the Scientific Instrumentation Tech­
nology and Research Corp., P.O. Box 58072, Salt Lake City,
UT 84158-0072.

ACKNOWLEDGMENT

Assistance from the following sources is gratefully
acknowledged: JamesA. Rose and Robert McDermottofthe
University of Utah Visualization Laboratory for assistance
in rendering Figures 2, 5, 11, and 13 and the Department of
Computer Science supported by a visualization grant from
IBM for the volume rendering software; the University of
Utah Visualization Laboratory under a grant from ffiM for
computing resources; the Deutsche Forschungsgemeinschaft
(R.D.); NIH Grants GM 08521 (D.M.G.), CA 36622 (C.M.I.),
CA 01179 (C.M.!.); and the Consortium for Fossil Fuel
Liquefaction Science funded by DOE/PETC under contract
No. DE-FC22-90PC 90029 (R.J.P.).

Received for review March 5, 1992. Accepted August 6,
1992.

Registry No. Bistramide A, 115566-02-4; Cholesterol, 57­
88-5.



Ansi. Chern. 111112, 64, 3161-3167

Quantitative Determination of Sulfonated Aliphatic and
Aromatic Surfactants in Sewage Sludge by lon-Pair/
Supercritical Fluid Extraction and Derivatization Gas
Chromatography/Mass Spectrometry
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Secondary alkanllllUltonate (SAS) and Inear alkylbenzene­
BUlfonate (LAS) 8Iriactants were quantitatively (>90%)
extracted from sewage sludges as their tetrabutylammonlum
Ion pairs uslng 400 atrn of supercrltlcal CO. for 5 min of static
extractlon folawed by 10 min of dynamic extraction at 80 °c.
Ion pairs of SAS and LAS quantitatively formed butyl esters
In the Injection port of the gas chromatograph and were
determined by gas chromatographyImass spectrometry with­
out class fractionation of U1e sewage sludge extracts.
Concentrations of SAS and LAS In sludges from Itve clfferem
sewage treatment plants rangecllrom 0.27 to 0.80 g/kg of dry
sewage sIuge and from 3.83 to 7.51 glkg, respectively. Good
reproduclbllty was achieved with RSDs of typically 5 % for
replicate extractions and analy.... Homologue and Isomer
clstrlbutlons of SAS In sewage sludge Indicated an enrichment
of the more hydrophobic components In sewage sludge during
sewage treatment.

INTRODUCTION

Supercritical fluid extraction (SFE) has gained attention
as a viable technique for combining derivatization reactions
with extraction for the determination of polar and ionic
organic compounds in solid samples. Coupling derivatization
reactions with sample extraction and concentration reduces
sample handling and analysis time. Hawthorne et al.1
reported SFE of polar analytes (e.g., 2,4-dichlorophenoxy­
acetic acid, phospholipid-derived fatty acids, and phenols)
using trimethylphenylammonium hydroxide as an ion pair
and methylating reagent. Hills et al.2 combined silylation
reactions with SFE for extracting oxalic acid, dicarboxylic
acids, and alcohols from roasted coffee.

Important classes of amphiphilic compounds used in
laundry and cleaning products are linear alkylbenzene­
sulfonate (LAS) surfactants with 1.8 X 1()6 tons consumed
worldwide in 1987.3 Although it has been shown that LAS
removal from the aqueous phase varies from 80 to 98%
depending on the type of sewage treatment,4 LAS generally

1 Swiss Federal Institute for Water Resources and Water Pollution
Control.

, Currentaddress: Department ofAgricultural Chemistry, Oregon State
Univeroity, Corva.llis, OR 97331.

§ Energy and Environmental Research Center.
(1) Hawthorne, S. B.; Miller, D. J.; Nivens, D. E.; White, D. C. Anal.

Chern. 1992,64,405--412.
(2) Hills, J. W.: Hill, H. H.; Maeda, T. Anal. Chern. 1992,63. 2152­

2155.
(3) Berth, P.; Jeschke, P. Tenside, Surfactants. Deterg. 1989,26,75­

79.
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accumulates in sewage sludges.5-8 Concentrations of LAS in
sewage sludge and sediment have been determined using
various extraction methods including refluxing in methanol,s
sonication using methanol,9 and ion-pair extraction using
methylene blue.6 It also has been shown that LAS is
quantitatively extracted from sewage sludge using SFE with
methanol as modifer.1O

Secondary alkanesulfonates (SAS) are surfactants with a
European SAS production capacity of approximately 1.5 X
105 tons/yearll and are potentially present in sewage sludge
and extractable using LAS extraction methods. LAS can be
determined using HPLC with UV absorption l ' or fluo­
rescence':HS detection, but SAS lack a chromophore and is
therefore not amenable to HPLC methods using photometric
detectors. Because SAS and LAS are ionic, nonvolatile
analytes, derivatization is required prior to their determi­
nation by GC.

Previously reported derivatization procedures for LAS,
including formation of sulfonyl chlorides,6.16-IS methyl
esters,'6.18-21 and trifluoroethyl esters,9.22 are not directly
amenable for coupling with extraction techniques and typ­
ically require multiple preparative steps and the use of
hazardous reagents (e.g. diazomethane). However, Heywood
et al.19 reported high-temperature esterification of p-dode­
cylbenzenesulfonic acid from its tetramethylammonium ion­
pair form. As previously reported,' ion-pair extraction under

(4) Rapaport, R. A.; Eckhoff, W. S. Environ. Toxicol. Chern. 1990,9,
1245-1257.

(5) McEvoy, J.; Giger, W. Naturwissenschaften 1985, 72, 4~3l.
(6) McEvoy, J.; Giger, W. Erwiron. Sci. Tech~~86, 20, 37&-383.
(1) GIger, W., Alder, A. C.; Brunner, P.; MarcolDlDl, A.; SIl,grlSt, H.

Tenside Surfactants Deterg. 1989, 26, 95-100.
193(ll~:.atthijs,E.; DeHenau, H. Tenside, Surfactants, Deterg. 1987,4,

(9) Trehy, M.; Gledhill, W. E.; Orth, R. G. Anal. Chern. 1990,62,2581­
2586.

(10) Hawthorne, S. B.; Miller, D. J.; Walker, D. D.; Whittington, D. E.;
Moore, B. L. J. Chromatogr. 1991,641, 185-194.

(11) Personal communication, Hills AG, Marl, Germany, 1991.
(12) Marcomini, A.; Giger, W. Anal. Chern. 1987,59,1709-1715.
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2534-2540.
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2271.
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(17) Watanahe, S.; Nukiyama,M.;Takagi,F.;Lida,K.;Kaise, T.;Wada,
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SFE conditions using tetraalkylammonium ion-pair reagents
can be coupled with ion-pair derivatization, thereby mini­
mizing analysts exposure to hazardous reagents as well as
reducing the number of sample preparation steps and time.

This paper describes an ion-pair/SFE and injection-port
derivatization method for determiningSAS and LAS insewage
sludges. SAS and LAS are coextracted from sewage sludge
and unambiguously determined bygas chromatography/mass
spectrometry (GC/MS) without class fractionation ofthe SFE
extract. The ion-pair/SFE method presented in this paper
reduces total sample preparation and analysis time to less
than 1 h.

EXPERIMENTAL SECTION

Samples. Three anaerobically stsbilized sewage sludges and
two fresh (untreated) sludges were collected from mechanical­
biological sewage treatment plants in the area of Ziirich,
Switzerland. Sewage sludge samples were dried at 80 °C for 72
h, finely ground, and stored in amber bottles.

Chemicals and Reagents. Commercial mixtures of SAS
(Hostapur 80; Hoechst AG, Frankfurt, Germany) and LAS
(Dobane 113; Shell) were obtained through the Lever Co. (Port
Sunlight, England) for use as standards. Primary alkane­
sulfonates (C12-SAS and CI..SAS) were purchased from Lancaster
Synthesis Ltd. (Lancaster, England) for use as SAS surrogates
and 4-octylbenzenesulfonic acid (Cs-LAS) was purchased from
Aldrich Chemical (Milwaukee, WI). The ClrSAS, Cls-SAS, and
C..LAS surrogates were chosen for this study because they do
not occur in commercialSAS and LAS mixtures and are therefore
suitable for evaluating the efficiency of SAS and LAS extraction
and alkylation.

Reagent grade ion-pair reagents were prepared as 0.5 M
methanolic solutions except where noted. Reagents tested
included tetrabutylammonium hydrogen sulfate (TBA; Aldrich
Chemical), tetraethylammonium hydrogen sulfate (TEA; Fluks
AG, Buchs, Switzerland), tetramethylammonium hydrogen sul­
fate (TMA; Aldrich Chemical), trimethylphenylammonium hy­
droxide (0.2 M) (TMPA; Pierce, Rockford, IL), and (trifluo­
romethyl)phenylammonium hydroxide (0.2 M) (TFMPA; Alltech,
Deerfield, IL).

A preliminary survey of ion-pair reagents was first conducted
to determine the most efficient reagent for ion-pair extraction
and derivatization of SAS using water as the sample matrix.
Reagent evaluation based on liquid-liquid extraction ofaqueous
SAS standard solutions was performed at room temperature by
adding 0.5 mL of each 0.5 M ion-pair reagent to separate vials
containing 3 mL of 15 /lg/mL C!Z'SAS standard. Standard
solutions were extracted a total of three times with 2 mL of
chloroform by shaking for 30 s. The chloroform extracts were
combined and concentrated to 1 mL under nitrogen. Samples
for this preliminary investigation of ion-pair reagents were
analyzed using a Hewlett Packard Model 5890 GC equipped with
a HP-5 column (2Q-m X 0.2-mm X 0.17-!,m film thickness;
Hewlett-Packard) with flame ionization detection (FID). in­
jection conditions included a split ratio of1:15, a glass inlet liner
packed with silanized glass wool, and an inlet injection temper­
ature of 300 DC. The GC oven was ramped from an initial
temperature of 100 to 250 °C at 10 DC/min.

Ion-Pair/Supercritical Fluid Extraction. All extractions
were performed using an ISCO 260D pump and SFX 210 extractor
(Lincoln, NE) and SFC grade CO, (Scott Specialty Gases,
Plumsteadville, PAl. Lengths (10 em) of 30-32-_-i.d. fused
silica (Polymicro Technologies, Phoenix, AZ) were attached to
the extractor outlet and used to obtain dynamic extraction flow
ratesofO.7-{).9 mL;min measured as liquid CO, flow at the pump.
Extracts were collected by placing the end of the restrictor in 3-4
mL of chloroform. Chloroform was periodically added to the
collection vials to compensate for evaporative losses during the
extraction. During the dynamic extraction step, the restrictor
was constantly warmed with a heat gun to maintain constant
flow by minimizing restrictor plugging.

Ion-pair/SFE, a two-step procedure, was applied using a static
extraction step during which an ion-pair reagent is permitted to
mix with the sewagesludgesample under supercritical conditions,

followed by a dynamic extraction step to recover the extracted
analytes. Unless otherwise noted, the following procedures were
used for extractingsewagesludgesunder ion-pair/SFE conditions.
First, a O.4&-!,m glass-fiber fJ.Iter (Gelman Sciences, Ann Arbor,
MI) was placed over the outlet frit of a 2.5-mL ISCO extraction
cell end cap to minimize restrictor plugging by the finely ground
sewage sludge. The extraction cell body was attached and dry
sewage sludge (100 mg) was then weighed directly into the cell
followed by addition of 25 !,L of 2 !'g/mL each SAS and LAS
surrogates and 1 mL of ion-pair reagent. Finally, the cell was
placed into the extractor (maintained at 80 °C) and immediately
pressurized to 400 aoo of CO, for 5 min of static extraction by
opening the inlet valve and keeping the exit valve closed. After
5 min, the exit valve was opened for 10 min ofdynamic extraction.
The cell was removed from the extractor and allowed to cool to
room temperature. Second and third extractions were conducted
by adding additional SAS and LAS surrogates and 1 mL of ion­
pair reagent to the cooled cell and repeating the extraction
procedure. Sewage sludge extracts were concentrated to ca. 1
mL under a gentle stream of nitrogen and transferred to GC
autosampler vials. The sewage sludge extracts required no
additional fractionation or cleanupsteps prior to GC/MS analysis.

Conventional Liquid Solvent Extraction of Sewage
Sludge. Liquid solvent extraction of sewage sludge using 0.02
M TBA in methanol was performed using a sewage sludge
collected from the Ziirich-Glatt sewage treatment plant. Three
1oo-mg samples of sewage sludge were weighed into 15-mL glass
vials with Teflon-lined screw caps. TBA (5 mL) was added to
each vial, and the mixtures were sonicated for 30 min at room
temperature. The vials were centrifuged for 10 min, after which
the methanol supernatant was decanted. Each sewage sludge
sample was extracted a total of three times by adding 5 mL of
fresh TBA prior to each extraction. The three extracta for each
sewage sludge sample were combined, spiked with SAS and LAS
surrogates, and concentrated to approximately 0.5 mL for GC/
MS analysis.

Gas Chromatography/Mass Spectrometry. Gas chro­
matographicseparations were performed with a Hewlett-Packard
Model 5890 GC equipped with a HP-5 column (2Q-m X 0.2-mm
i.d. X 0.33-!,m mm thickness; Hewlett-Packard) with helium as
carrier gas. For SAS and LAS determinations, the oven was
ramped at 10°C/min from an initial temperature of 110 to 220
DC, followed by a second ramp of 6°C/min to 300 °C where the
temperature was held for 3 min. Injection-port conditions for
SAS and LAS included a split ratio of1:7, an injector temperature
of 300 DC, and a glass inlet liner with a plug of silanized glass
wool. Inlet liners were routinely replaced every 20-25 injections.
Each sewage sludge extract injection was followed by a 1-!,L
injection ofTFMPA to minimize any potential sample carryover
into the next injected sample. For TFMPA injections the GC
oven was ramped at 20 OCtmin from 110to 300 DC. Mass spectral
detection was performed with a Hewlett-Packard 5971A mass­
selective detector with electron impact ionization (70 eV). The
mass spectrometer was operated in both full scan (5(}-4OO smu)
and in selected ion mode (SIM) using a dwell time of 50 ms for
each mass.

GC/MS Quantitation of SAS and LAS. Commercial
preparations of Hostapur 60 and Dobane 113 were used to
constructSAS and LAS quantitation curves, respectively. Glass
vials containing aqueous solutions of 50-1000 !'g of SAS and
from 500 to 1500 !'g of LAS were each spiked with 50 !'g each of
C12-SAS, Cls-SAS, and Cs-LAS. To each vial, 0.5 mL of 0.5 M
TBA in methanol was added and shaken to allow ion-pair
formation. Each sample was then extracted a total three times
with 2 mL of chloroform each for 30 S. The chloroform extracts
were combined and evaporated to 0.5 mL.

For quantitation, the peak areas of the ([M - 138]'+) ions at
m/z 196,210,224, and 238 corresponding to the C,,-, Cw , CI6-,
and Cl1'SAS homologues, respectively, were ratioed to the area
ofthe ([M -138]'+) ion at m/z 168 of the C12-SAS surrogate. The
correlation between peak area and total SAS concentration was
determined by linear regression, typically with r' =0.997. SAS
homologue distributionsweredetermined bysumming all isomers
for each homologue and calculating their percent of the total.
Quantitation of LAS was based on the sum of the ion currents
corresponding to m/z 91, 171, and 185. A LAS quantitation curve
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Table I. Relative Efficiency of C,,-SAS Derivatization

Figure 1. Mass spectra 01 (A) 6-C,,-SAS and (B) ~l1-LAS.
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previously reported for alkyl esters of alkane sulfonates.23

Although the commercial SAS 8tandard was reported to
contain mona-, di-, and polysulfonates, only monosulfonated
SAS were detected using GC/MS. All SAS components give
an intense homologue-specific ion of ([M - 138]·+), corre­
sponding to the loss of HS03C.H. (sulfonate butyl ester).
Therefore, the ([M - 138]·+) ions of m/z 168, 196,210,224,
and 238 were used for quantitating the CI2-SAS surrogate,
native C...SAS, C....SAS, CwSAS, and C17-SAS, respectively.
Since preliminary work indicated that CI3-SAS and CwSAS,
found at trace levels in the SAS commercial mixture, were
not detectable in sewage sludge extracts; their ([M -138]·+)
ions were excluded from subsequent analyses.

Electron impact ionization spectra of LAS were charac­
teristic of the aromatic nature ofLAS (Figure 1) with intense
peaks typically at m/z 91 (tropylium ion) or m/z 171 or 185,
corresponding to CnH 2nC6H.SO.H where n = 1 or 2.24 For
purposes of locating individual LAS homologue8 and their
isomers, the [M - 55]+ ions of m/z 299, 313, 327, and 341
arising from the loss of C.H7, were characteristic ofCw-LAS,
CwLAS, CI2-LAS, and CI3-LAS, respectively. The sum of
theLAS ions atm/z 91, 171,and 185 were used for quantitating
the C.-LAS surrogate and native CIO-C14-LAS in ion-pair/
SFE extracts of sewage sludge.

Total ion current chromatograms for extracts of sewage
sludge demonstrated the complexity of the sample extracted

Ion-Pair Reagent Evaluation. Ion-pair reagents served
two purposes in this study. First, ion-pair reagenta enhanced
the extraction ofsulfonatedsurfactants into supercritical CO2

by decreasing their polarity. Second, surfactant ion pairs
underwent derivatization in the GC injection port to form
sulfonate alkyl esters. Since different ion-pair derivatization
reagents were available and since derivatization efficiency
maydepend upon the reagent selected, ion-pair reagents were
evaluated for their reaction with SAS to form alkyl esters
under injeetion-portconditions (Table I). Ofthe five reagents
tested, only TBA indicated no retention of SAS by the inlet
liner. In addition, SAS butyl esters formed quantitatively
from SAS ion pairs withTBA under injeetion-portconditions,
as demonstrated by the fact that the peak area for the C I ...

SAS surrogate was between 90 and 107% of the predicted
response.

GasChromatography/Mass SpectrometryofSAS and
LAS. Mass spectral fragmentation (Figure lA) for SAS under
electron impact ionization was consistentwith fragmentation

RESULTS AND DISCUSSION

was constructed by ratioing the area of the LAS standard to that
of the C"LAS surrogate. The correlation between total LAS
and C"LAS surrogate peak area and total LAS concentration
was determined by linear regzession, typically with,.. = 0.994.

High-Performance LiquidChromatography. HPLC with
fluorescence detection was used to independently determine
whether alkylation occurred under SFE or injection-port con­
ditions. The butyl ester of the C,-LAS surrogate (C"LAS-Bu)
was prepared by an alternative method to ion-pair derivatization
byfirst converting C,-LAS to its sulfonyl chloride derivative with
phosphorus pentachloride, followed by substitution to the butyl
ester using butanol. Formation of C,-LAS-Bu was verified by
GC/MS. Prederivatized C"LAS-Bu was then spiked intoextracts
ofboth a LAS commercialmixture, extracted from water at room
temperature, and a sewage sludge extracted under ion-pair/SFE
conditions. Underivatized C"LAS surrogate had been added to
eachsample prior to extraction. Extracts were analyzed by HPLC
before and after spiking with C"LAS-Bu.

HPLC separations were performed with a liquid chromato­
graph (Hewlett-Packard 1090) equipped with a dual grating
fluorescence spectrophotometer (Hewlett-Packard 1046A). The
fluorescence detector was operated at an excitation wavelength
of 225 and an emission wavelength of 295 nm, with a spectral
band-pass of 2 DID. The volume of the detector flow cell was 5
~L. For reversed-phase separations, a Hypersil ODS (l2Q-mm
X 2.1-mm Ld.) column (Hewlett-Packard) was operated at
ambient temperature with a flow rate of 0.4 mL/min. Gradient
elution was performed with a binary solution of methanol and
0.1 M ammonium acetate buffer (pH 6.5) using a linear gzadient
from 35/65 methanol/buffer to 90/10 methanol/buffer in 25 min.
One minute of 35/65 methanol/buffer was used to reestablish
initial conditions.
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time, min
FIgure 2, Total ion cl-lTent chromatogram for the unfractlonated ion­
palr/SFE extract of sewage sludge with the retention limes of surrogate
and native SAS and LAS indicated. FIgure 4. HPLC chromatograms of (Al corrmerclal LAS standard and

C,..LAS surrogate extracted from water at room temperature, (B) Ion­
pair/SFE extract ofsewage sludge with C,..LAS and native LAS indicated.
and (C) Ion-pairISFE extract of sewage spiked with C,..LAS-Bu. For
chromatographic condttlons see the Experimental Section.

24222018

C14SAS (m/z 196)

..I. I II

16

,-ClO,C14·LAS ---,

I ClS·SAS

CS-LAS

I
r CI4-C17·SAS.,

C 12·SAS

14

u

E
~
::l
U

c
E!

Table II. Effect of Sample Size and Support Material on
Native SAS Recovery from Sewage Sludge'

a Recoveries based on three sequential extractions ofsewagesludge
from the ZUrich-Glatt sewage treatment plant where 100% recovery
is defined as the sum of three sequential extractions.

% SAS recovery

5
5
5

19
18

92
93
92
75
75

extract 1 extract 2 ertract 3

filter
filter
ftIter
glass wool
glass wool

sample support

250
100
50

100
50

sample size,
mg

~ C15SAS (m/z210)

C10LAS (m/z 299)
H

C11 LAS (m/z 313) .4A ~

C13LAS (m/7341) ill
I i I I i I I I

15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00

Time (min)
Figure 3. Selected Ion chromatograms for homologues of SAS using
[M - 138]'+ Ions "t mlz 196. 210. 224, and 238 and of LAS using
[M - 55J+ Ions at mlz 299,313.327, and 341 in an unfractlonated
ion-palrlSFE extract of sewage sludge.

by ion·pairlSFE (Figure 2). Owing to their high concentra­
tions in sewage sludge. LAS peaks were observed in the full
scan chromatogram of the unfractionated sewage sludge
extract. Although native SAS were not easily distinguished
from the many other components in the total ion chromato­
gram, selected ion monitoring (SIM) yielded relativelysimple
chromatograms for both SAS and LAS (Figure 3). Although
SAS and LAS overlap in retention time, SAS and LAS were
easily distinguished from one another and from other matrix
components using SIM analysis without class fractionation
of the ion·pairlSFE extract.

Verification of Ion Pairs in lon·PairlSFE Extracts
Using HPLC. HPLC with fluorescence detection was used
to determine whether alkylation occurred already under ion­
pair/SFE conditions in the SFE apparatus or later in the GC
injection port. The HPLC chromatogram (Figure 4A) of a
commercial ClO-e,.-LAS mixture and Cg-LAS surrogate ion
pairs, extracted from water using TBA in liquid methanol at
room temperature, showed typical reversed-phase chromato­
graphic behavior. The selected conditions for HPLC sepa­
ration of LAS resulted only in partial separation of the C,O­
C,,,LAS isomers (Figure 4). Retention times identical to that
of the commercial LAS extract were observed for the Cg'LAS
surrogate and native LAS in a HPLC chromatogram for an
unspiked ion-pair/SFE sewage sludge extract (Figure 4B),
demonstrating thatLAS ion pairsare present in SFE extracts.
Further evidence that ion·pairlSFE extractscontain ion pairs
and not butyl esters was shown by spiking the ion-pairlSFE
extractwith prederivatized Cg-LAS-Bu. The Cg'LAS·Bu was
detected as a later-eluting peak (Figure 4Cl, compared to the
Cg-LAS ion pair, further indicating that the butyl ester of
Cg-LAS is chromatographically different from the ion pair.
Having shown that Cg-LAS exists as an ion pair in the ion­
pairlSFE extract and not as a butyl ester proves that
derivatization occurs under the high-temperature conditions
of the GC injection port and not in the SFE extraction
apparatus.

lon-PairlSupercritical Fluid Extraction of Sewage
Sludge. Initial experiments were performed to demonstrate
ion·pair formation andextraction under SFE conditionsusing
surrogates spiked ontosand, a relatively simplesample matrix.
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Table III. Recovery of SAS and LAS fl'Om Sewage Sludges

% SAS recovery

Table V. Distributions of SAS Homolognes for Sewage
Sludges and a Commercial Product

SAS homologue distribution'

Glatt
Seegraben
Niederglatt
Stiifa-uetikon
Opfikon

% LAS recovery

extract 1 extract 2 extract 3

• As percent of total SAS. b Determined from ion-pair/SFE.
, Determined from liquid solvent extraction.

19 ± 1.5 35± 0.3 3O± 1.0 17 ± 0.5
15 ± 0.1 34 ± 0.3 32 ±0.1 19 ± 0.3
18 ± 1.8 34 ± 0.9 31 ± 0.6 18 ± 0.3
19 ± 1.6 31 ± 1.2 28± 0.6 22 ± 1.1
20 ± 1.0 35 ± 0.8 28± 0.6 16 ± 0.8
20 ± 1.0 37 ±0.7 28± 0.4 15 ± 0.6

sewage treatment plant C" C,s C,s C"
ZUrich-Glattb
ZUrich-Glatt"
Opfikon-Kiotenb

Niederglattb

Seegriibenb

Stiifa-uetikonb

commercial product
(H08tapur 60)' 40 ± 0.3 32 ± 0.2 19 ± 0.2 9 ± 0.2

3
1
4

6
8

10

91
91
86

Glatt
Seegraben
Niederglatt

sewage treatment plant

Table IV. Concentration of SAS and LAS in Sewage
Sludge

• Sewage trestment plants in the ZUrich area. The area of three
sequential extractions is defmed as 100% recovery.

• Concentrations determined from four replicate samples except
for B and F with three replicate samples. b Anaerobically stabilized
sewage sludge. 'Determined by liquid solvent extraction. d Fresh
sewage sludge.

The SAS surrogates spiked onto sea sand were recovered
quantitatively (>97%) usingTBAasan ion-pairreagent under
SFE conditions of 15O·C with 3(}-min static followed by 15­
min dynamic extraction times. In a separate experiment,
quantitative recovery (93-94%) of SAS and LAS surrogates,
spiked onto 250 mg of sewage sludge instead of sea sand,
demonstrated quantitative ion-pair formation and extraction
from sewage sludge, a complex organic-rich matrix.

Because spiking solid samples with surrogate standards is
potentiallyproblematic, twoseparatesets ofexperimentswere
conducted in order to validate the use ofsurrogate standards
for quantitating native SAS and LAS in sewage sludge
extraeta. First, exhaustive extraction ofnative SAS and LAS
was determined by ratioing the total amountofnative analyte
recovered in sequential extractions to the C,rSAS and Ca­
LAS surrogate standards, which were shown to be quanti­
tatively recovered in a single extraction. Second, the total
concentrations of native SAS and LAS determined by ion­
pair/SFE were compared directly with those obtained by
liquid ion-pair extraction. For both methods, C\2"SAS and
Cg-LAS were used as surrogate internal standards.

The dependence ofnative SAS recovery from sewagesludge
on extraction temperature was investigated by varying the
extractor temperature between 150 and 80 ·C. Although no
dependence on recovery with temperature was observed, the
use oflower temperatures was more convenientwith less time
required to cool the extraction cells to room temperature in
between additions of TBA. In addition, no change in the
recovery ofnative SAS was observed by decreasing the static
extraction time from 30 to 5 min or the dynamic extraction
timefrom 15 to 10min. Therefore, an extraction temperature
of 8O·C and a 5-min static extraction followed by a l(}-mim
dynamic extraction were used as standard conditions for ion­
pair/SFE.

Sincemethanol-modifiedCO2 isknown toextractLAS from
sewagesludge"otherecoveryofnativeSASfromsew&gesludge
extracted under supercritical fluid conditions usingTBA was
compared to that extracted using methanol. Two lDO-mg
samples of sewage sludge were extracted under standard
conditions with either 1 mL of pure methanol or 1 mL of 0.5
M TBA in methanol added to the extraction cell containing
sewage sludge. The methanol-only extract was analyzed by
adding TBA prior to GC/MS analysis. The advantage of
ion-pair/SFE extraction over that using only the methanol
modifier was demonstrated bya 2.5-fold inereae in the amount
of native SAS extracted from sewage sludge samples using
ion-pair reagent (TBA) compared to thatextractedusingonly
methanol.

To investigate the dependence of native SAS recovery on
sample size and the number of extractions required for
quantitative recovery, three samples each of 50, 100, and 250
mg ofsewage sludge from the Ztirich-{}lattsewage treatment
plantwere extractedusing three sequentialextractions under
standard ion-pair/SFE conditions. Recoveries ofnative SAS
from all three sample sizes were essentially identical (e.g.,
92-93%, lHl%, and 2-3% for the first, second, and third
extractions, respectively (Table II». Consistent recovery of
>92% in the fmt extract indicated that only one extraction
was required for essentially quantitative extraction ofnative
SAS from sewage sludge, regardless ofsample size. Since no
dependence of recovery on sample size was observed, 100 mg
was arbitrarily selected for subsequent extractions.

The effect of support material covering the extraction cell
outlet frit on native SAS recovery and overall extraction
performance was tested by replacing the O.45-l'm glass-fiber
flIter with a plug ofsilanized glass wool. Decreased dynamic
extraction flow rates and restrictor blocking occurred fre­
quently when using glass wool, suggesting incomplete reten­
tion of sewage sludge particles inside the extraction cell. In
addition, native SAS recovery from sewage sludge supported
by glass wool decreased to 75% in the first extract compared
to 92 % using the glass-fiber flIter (Table II) so the filter was
used as the sample support for all subsequent extractions.

The ability of the ion-pair/SFE method to quantitatively
extract SAS and LAS from different types of sewage sludges
also was tested by performing three sequential extractions
each on four additional sewage sludges collected from sewage
treatment plants in the region around Ziirich (Table III).
Native SAS recovery varied in the fmt extract between 89
and 94% with an additional 5-9% and 1-3% in the second
and third extraeta, respectively. Sewage sludge extracts from
three of the samples were also analyzed for LAS. Between
86 and 91 % of native LAS was recovered in the fmt extract
followed by an additional 6-10% in the second extract and
1-4% in the third extract. Consistent recovery of ~89% for
SAS and ~86% for LAS in the first extract indicated that

conen, g/kg of dry sludge"

SAS LAS

0.76 ± 0.02 5.54 ± 0.06
0.80 ± 0.05' 5.39 ± 0.11'
0.80 ± 0.04 7.51 ± 0.23
0.27 ± 0.01 3.98 ± 0.25
0.37 ± 0.01 3.83 ± 0.31
0.51 ± 0.02 4.90 ± 0.26

(A) ZUrich-Glattb
(B) ZUrich-Glattb
(C) Opfikon-Klotenb

(D) Niederglattb

(E) Seegrabend

(F) Stiifa-uetikond

sewage treatment plant
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figure 5. selected Ion chromatograms lor C,,..SAS (m/z 210) and C,,,.LAS (m/z 327) Isomers In (A) standard commercial mixtures and In (B)
an lon-palr/SFE extract of a sewage sludge.

only a single extraction was required for the reproducible
and quantitative recovery of SAS and LAS from different
sludges.

Quantitative of SAS and LAS in Sewage Sludge.
Concentrations of SAS and LAS in sewage sludge were
determined from theextraction and analysis offour replicates
of each sewage sludge sample extracted by ion-pair/SFE
(Table IV). Concentrations of SAS in the five sewage sludge
samples ranged from 0.27 to 0.80g/kgand LAS concentrations
ranged between 3.83 and 7.51 g/kg. The method gave good
relative standard deviations (typically 5%) for both SAS and
LAS. The reproducibility ofthe injection-port derivatization,
calculated from four replicate injections of a single sewage
sludge extract, gave a relative standard deviation of <1 % for
both SAS and LAS. However, when samples of very high
concentrations preceded samples containing lowlevelsofSAS
and LAS, traces of SAS were observed in the sample of low
concentration but could be eliminated by changing the inlet
liner.

Concentrations of LAS found in sewage sludge using ion­
pair/SFE and injection-port derivatization are comparable
to those previously reported for sludges collected from
municipal sewage treatment plants in Switzerland,5.• Ger­
many,· and the United States.' Ion-pair/SFE was further
validated by comparing SAS and LAS concentrations in
sewage sludge from the ZOrich-Glatt treatment plant using
a conventional liquid solvent extraction with TBA as the ion­
pair reagent as described above (Table IV). The concentration
ofSAS in sewagesludge, obtained by liquidsolventextraction,
was 0.76 g/kgcompared to 0.80 g/kg byion-pair/SFE. Liquid
solvent extraction gave a LAS concentration of 5.39 g/kg
compared to 5.54 g/kg obtained by ion-pair/SFE. Excellent
agreement between SAS and LAS concentrations in sewage
sludge.determined by the two methods proved that ion-pair/
SFE is quantitative while requiring only 15 min for complete
extraction. In contrast, the time needed to prepare sewage
sludge extracts using conventional liquid solvent extraction
was a minimum of 2 h.

Homologue and Isomer Distributions for SAS in
Sewage Sludge. Quantitative informationon the homologue
and isomer composition of SAS mixtures in sewage sludge
also was available by integrating the individual SAS peaks

shown in Figure 3. Homologue distributions were determined
for each sewage sludge by summing the individual isomers
for C,,-e'7 homologues of SAS. Table V also gives the
homologue distribution determined for the commercial SAS
standard. Unfortunately, no published information on the
homologue composition ofthe commercial SAS standard was
available. However, comparison of SAS homologue distri­
butions for sewage sludge and the commercial mixture
demonstrated a relative enrichment of the longer-chain SAS
homologues by sewage sludge (Table V). As shown in Figure
5, isomers with the sulfonic acid group located near the middle
of the alkyl chain (internal isomer) elute f'Jrst followed by
those with the sulfonic acid group attached to the end of the
chain (external isomers). Selected ion chromatograms ofCw
SAS and C,Z"LAS for sewage sludge both gave isomeric
patterns thatdemonstrated a relative enrichmentofthe more
hydrophobic (external) isomers relative to the standard
mixture (Figure 5). Selective enrichment of the more
hydrophobic homologues and isomers of LAS has been
previously reported for sewage sludges. and sediments.25

CONCLUSIONS

Ion-pair/SFE and injection-port derivatization is a simple,
fast, and quantitative alternative for determining both
aliphatic and aromatic sulfonated surfactants insewagesludge
by GC/MS. Although SAS lack a chromophore necessary for
selective and sensitive detection by HPLC, they can be
determined in the presence of aromatic surfactants (LAS)
without prior class fractionation or sample cleanup ofsewage
sludge extracts using GC/MS. Ion-pair/SFE improves upon
a previous SFE method10 for extracting LAS from sewage
sludge by reducing the total extraction time from 30 to 15
min. In addition, ion-pair/SFE does not require modification
of existing instrumentation or a second pump for delivering
a high percent ofmethanol modifier. Ion-pair derivatization
requires a minimum number of preparative steps and does
not involve hazardous reagents. Although this report illus­
trates ion-pair/SFE for sulfonated surfactants, it can be
applied to other sulfonated chemicals. Ongoing work in our

(25) Hand, V. C.; Williams, G. K. Environ. Sci. Technol. 1987, 21,
370-373.
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laboratories indicates that sulfonated stilbene and biphenyl
derivatives, used as opticalbrighteners in laundry detergents,
areaiso present in the ion-pair/SFEextracts ofsewagesludge.
By combining ion-pair extraction with derivatization, the
number of analytes that can be determined simultaneously
is increased while the time and cost ofsample extraction and
analysis is reduced.
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Enantiomer Separation of Chlordane Components and
Metabolites Using Chiral High-Resolution Gas Chromatography
and Detection by Mass Spectrometric Techniques

Hans-Rudolf Buser" and Markus D. Muller

Swiss Federal Research Station, CH-8820 Wiidenswil, Switzerland

OCt.and~oxychlorclMe, and heptac:hIor exo­
and endo-epoxJcle were 8IIalyzedll8lllll achlral and chlral hlg'"
resolution gaa chromatography (HRGC) and detection by
electron Ionization (EI) and electron-capture, negative Ion­
ization ma.. spectrometry (ECNI MS). Two ,B-cyclodextrln
(,B-eD) det1vallvesw_ ueed a.chlral aelectonl anddIAoIved
In a poIyaIoxane stationary phaH (PSOaS). S1ly1ated,B-eD
(BSCD) showedlncre8HCI enantIorMr resolution COII'Ip«ed
to permethylated ,B-CD (PMCD); however, BSCD waa 1_
suitable for the analy'" of a technical chlordane mixture
because of coelutlon ot enantlomera of dlfferant malor
octachtordanes. Chlral HRGC and MS were than appUed to
thea"""of aquatic vertebrate apacles and human~
t..... AI chlral aynthatlcraf-. cornpounda and thechlral
compclIl8nta In tachntcal chIorcIMe showed ananttomartc rllltoa
of approximately 1:1, but slgnlflcantly different ratIos of soma
of thasa components were observed In the bIoIogIcalaampla••
In soma ca_ clfferant anantIomera of the _ compound

were pracIomlnatlng In clfferant apaclaa, although the com­
pouncIa presumably originate from the _ original source.

Wharaaa clfferancaa In Hantlomarlc compoaItfon of some
octachlordan.. ware detected prevtoualy In the aquatic
samples, such difference. were now also detected for the
metabole proctuc:ta, oxychlonlana andhaplachlor axo-apoxtda.
These changae are~ Ikaly~ by ananlloaalacttve
biologicai~ and no! by ablottc procaaaaa In the
anvlronmant. Although _nUOmertC rllltoa can be det8l'lNnad
without the availability of individual enantlomer., It 18 .hown
that thay may be affected by the praaance of chlral or achIral
Intarferanla.

INTRODUCTION

Chlordane, formerly one ofthe most widely used pesticides,
consists of a series of different congeners and isomers.1-3 It
belongs into the group of chlorinated hydrocarbons. Chlor­
dane and some metabolites are very persistent and therefore
ubiquitous environmentalcontaminants.4-7 Not surprisingly,
it can now befound in specimensatall trophic levels, generally

(1) WHO/IARC. OccupationalExposures inInsecticide Application,
andsomePesticides; IARC Monographs on the Evaluation ofCarcinogenic
Risks to HUIIl8D8. Volume 53; World Health Organization, International
Agency for Research on Cancer. Lyon, 1991; pp 115-177.

(2) Savage, E. P. Rev. Environ. Contam. Toxicol. 1989. IIO, 117.
(3) Dearth, M. A.; Hites. R. A. Environ. Sci. Technol. 1991,25.245­

254.
(4) Nomeir, A. A.; Hajjar, N. P.Reu. Environ. Contam. Toxicol.1981,

100.1-22.
(5) NODltrom. R J.; Simon, M.; Muir, D. C. G.; Schweinshurg, R E.

Erwiron. Sci. Technol. 1988.22, 1063-1071.
(6) Muir, D. C. G.; Norstrom, R J.j Simon, M. En.viron. Sci. Technol.

1988.22. 1071-1079.
(7) Dearth. M. A.; Hites, R A. Environ. Sci. Technol. 1991.25.1279­

1284.

0003-2700192103&4-3168$03.0010

together with many other halogenated compounds like the
polychlorobiphenyls (PCBs), polychloronaphthalenes (PCNs),
polychloroterphenyls (PCTs), polychlorodionns and diben­
zofurans, toxaphenes, DDT (l,l,l-trichloro-2,2-bis(4-chlo­
rophenyl)ethane), and related compounds. Whereas most of
these halogenated hydrocarbonsare achiral, severalchlordane
components, including the two main components, cis- and
trans-chlordane (structures, see Chart I), are chiral and thus
exist as two enantiomers (optical isomers).

In the course of biological transformation and environ­
mental degradation, drastic changes in congener and isomer
composition ofchlordanecomponents in biotawere observed,
and minor components of the technical mixture became
predominant in some biological samples.5,6,8 Biological trans­
formation of chiral compounds can be stereoselective, and
uptake, metabolism, and excretion of enantiomers may thus
be very different.&-ll Therefore, the enantiomericcomposition
of chiral compounds may be changed in these pracesses.
Metabolites of chiral compounds often are chiral, and even
metabolites of achiral compounds may be chiral if chiral
reagents or catalysts (enzymes) are involved. For instance,
trans-nonachlor (structure see Chart n, another major
constituent of technical chlordane, is achiral (prochiral), and
replacement of a chlorine substituent by another atom or
group can lead to a chiral compound. Oxychlordane, the key
metabolite of chlordane,' is chiral (the structures of the two
enantiomersare shownin ChartIl). Itwas previously reported
that both cis- and trans-chlordane in pigs would lead to
oxychlordane but to the racemate in the former and to an
optically active form in the latter case,12 although the exact
enantiomeric composition remained unknown. Therefore,
achiral analyses of chiral compounds will give only partial
information, and chiral analysis is required for a full under­
standing of the biological behavior of such compounds.
Nevertheless, so far little has been done on optical isomerism
and enantiomer composition of chlordane components.

In a previous study we reported on the successful appli­
cation ofchiral high-resolutiongas chromatography (HRGC)
and electron-capture, negative ionization mass spectrometry
(ECNl MS) toward the enantioselective determination of
chiral acta- and nonachlordanes in a technical chlordane
mixture and in a small number of aquatic environmental
samples.8 Several chiral chlordane components were sepa­
rated into pairs ofenantiomers, and significant differences in
the enantiomer composition betwTn the technical mixture
and these environmental samples were observed. However,

(8) Buser. H. R; Miiller, M. D.; Rappe. C. Environ. Sci. Technol. 1992,
26. 1533-1540.

(9) Ariens,E.J., vanRensen,J.J.S., Welling,W.,Eds.Stereoselectivity
ofPesticides, Biologicaland ChemicalProblems; Chemicals inAgriculture
Volume 1; Elsevier: Amsterdam, 1988.

(10) Bartels, M. J.; Smith, F. A. Drug Metab. Dispas. 1989,17.286.
(11) Miiller, M. D.; Schlabach, M.; Oehme. M. Environ. Sci. Technal.

1992, 26. 566-569.
(12) Schwemmer. B.; Cochrane. W. P.; Polen, P. B. Science 1970, 169,

1087.

© 1992 American CIlemIcaJ Society
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Chart I. Structlll'tlll of Some Chlordane Components and Metabolites'
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(chiral) (chiral)
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a H
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(chiral)

a~aa a a~aa a
a a a

A' b A'

a trans-chlordane a cis-chlordane
(chiral) (chiraJ)
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CI
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(chiral)
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# a
a

trans-nonachlor cis-nonachlor
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• Chiral compounds: structure of only one enantiomer shown_

CI

Chart II. Structlll'tlll of the Two Enantiomers of
Oxychlordane

CI~CICI CI

CI 0

--9 CI bl
CI oxychlordane.1 CI oxychlordane-2

• Arbitrarily assigned as oxychlordane-l and oxychlordane-2;
mirror plane perpendicular through Co and C..

some compounds were still not enantiomerically resolved or
their chirality remained unknown. Particularly, the chiral
metabolites oxychlordane and heptachlor exo-epoxide, the
latter a metabolite of heptachlor (structures see Chart I),
were notresolvedby our technique, although thesecompounds
were resolved using another separation system.13

In the present paper, we report more detailed information
on the chromatographic behavior and the enantiomer sepa­
ration of chiral chlordane components and metabolites and
mass spectrometric techniques for the selective detection of
these compounds. The enantiomer separation of additional
components is reported. Chiral HRGC in combination with
MS was then applied to the analysis of tissue extracts of
aquatic vertebrate species and a human tissue extract.
Specific analytical problems encountered in this type of
analysis are described and remedies suggested. Again sig­
nificant differences in enantiomer composition of some of
these environmental contaminants were observed, and we
show that different enantiomers of the same compound may
predominate in different species. The results further doc­
ument the application and potentialities of chiral HRGC in
environmental analyses.

EXPERIMENTAL SECTION

Materials and Reference Compounds. cis-Chlordane,
trans-chlordane, cis- and trans-nonachlor, heptachlor, heptachlor
exo- and enda-epoxide, and oxychlordane were from Dr. Eh­
renstorfer, GmbH Augsburg, FRG; a technical chlordane was
obtained in the 1950s from Maag Ltd., Dielsdorf, Switzerland.
This particular sample has been archived in Wiidenswil and was
previously analyzed;' it was now used for comparative analyses.
Solutionsofthe referencecompoundsandthe technicalchlordane
mixture in toluene (1-10 ng/I'L) were prepared and used for
analysis.

The silicon compounds used for the preparation ofthe capillary
columns were from the following sources: 1,3-diphenyl-l,I,3,3­
tetramethyldisilazane and N-(tert-hutyldimethylsilyl)-N-meth­
yltrifluoroacetsmide from Fluka, Buchs, Switzerland,and PS086,
an OH-terminated dimethylpolysiloxane containing 12-15%
diphenylsiloxane groups, methyltriethoxysilane, and 1,3,5-tri­
methyl-l,3,5-triphenylcyclotrisiloxane from Petrarch Systems,
Bristol, PA. /I-Cyclodextrin (,8-CD) and permethylated /I-CD
(PMCD) were from Fluka and Sigma (Buchs, Switzerland),
respectively; (tert-butyldimethylsilyl)-/l-CD (BSCD) was pre-­
pared according to ref 14.

Preparation ofBiological Samples. Herringoil and tissues
of a salmon, a seal, and a penguin were examined. The samples
werethesameasthosedescribedinapreviousstudy.s Theherring
oil was prepared from herring (Clupea harengus) collected from
the GulfofBothnia. The salmon muscle tissue was from a female
salmon (Salmo solar) caught in the Ume river at Stomorrfors,
Sweden. The seal sample was a composite of liver tissue ofadult
greyseal (Halichoerus grypus) collected from the BalticSeaalong
the Swedish southeastern coast line. The penguin tissue was
from an juvenile Adelaide penguin (Pygosceli8 adelis) found dead
onRoss Island, Antarctica. In addition to these aquatic samples,
human adipose tissue of a male American was analyzed.

The samples were extracted and the extracts clesned up at the
Institute of Environmental Chemistry, University of Umea,
Sweden." Briefly, the tissues (approximately 20 g) were ho­
mogenized with Na,sO. and extracted with dichloromethane/

(13) Konig, W. A.; Ich.ln, D.; Rung, T.; Pfaff.nberger, B.; Ludwig, P.;
Hiihnerfuss, H. J. High Re8olut. Chromatogr. Chromatogr. Commun.
1991,14,530-536.

(14) Blum, W.; Aichholz, R. J. HighResolut. Chromatogr. Chromatogr.
Commun. 1990, 13, 515-518.

(15) Zook, D. R; Buser, H. R; Olsson, M.; Bergqvist, P. A.; Rappe, C.,
submitted to Ambio.
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(16) Blum, W. J. High Resolut. Chromatogr. Chromatogr. Commun.
1985,8,719.

Table I. Ions Monitored (m/z Values) in 81M Experiments
for Chlordane Components and Metabolites

n-hexane (1:1). Lipid removal was effected by polyethylene ftlm
dialysis followed by gel permeation chromatography using
Biobeads SX3. The eluate was then fractionated using florisil
chromatography. In this scheme, the chlordane components
including oxychlordane were found to elute into fraction 2 (15%
dichloromethane/n-hexane). Heptachlor exo-epoxide is more
polar'~ and was eluted into fraction 3 (50% dichloromethane/
n-hexane). The human adipose tissue (approximately 2 g) was
extracted as above hut not subjected to this florisil cleanup.
Procedural blanksshowed no detectable quantities ofthe anaJytes
under investigation. Aliquots of 2"L corresponding to 200-400
mg of tissue were used for analysis, or smaller sample aliquots
if required.

HRGC-MS Analysis. A VG Tribrid double-focusing mag­
netic sector hybrid mass spectrometer (VG Analytical Ltd.,
Manchester, England) was used for analyte detection and
identification. The ion source was operated in either the electron
ionization (EI, 70 eV,lSO ·C) or ECNl (50 eV,140 ·C) mode. A
modified chemical ionization source (courtesy Harry Seed, VG
Analytical) was used in these ECNI experiments. This source
allowed the use of neat argon asa buffer gas «0.5--1) X IO-<mbar,
as measured by the ion gauge). Initially, some experiments were
carried out using argon/l0% methane and carbon dioxide as
buffer gases. Comparable results were obtained but the use of
argon showed the least background signals, and argon was later
used exclusively.

Full-scan mass spectra (m/t 50-500, 1.16 s/scan, resolution
M/ tiM = 500) were recorded for analyte identification in the
technical chlordane mixture and in all biological samples.
Analyses were then repeated with selected-ion monitoring (SIM)
for increased sensitivity and optimal enantiomer/isomer sepa­
ration (faster cycle times; 0.50 s/scan; see Table I). The ions
chosen were not necessarily the most intense in the ECNI and
EI mass spectra but those expected to show least interference
from other compounds. Alock-mass of451.974 (ECN!) or 413.978
(EI) from perfluorotributylamine was used in the SIM experi­
ments. Concentrations in the biological samples were estimated
from SIM chromatograms in comparison to those of known
quantities of the reference compounds.

All samples were comparatively analyzed using an achiral and
two chiral HRGC column systems. The glass capillary HRGC
columns used were (1) a 20-m column coated with a 0.2-"m ftlm
ofneat PS086, thermally cross-linked;" (2) a 20-m column coated
with a 0.2-"m ftlm of PS086 containing 10% (w/w) PMCD as
chiral selector and 0.5% methyltriethoxysilane as cross-linker;
and (3) a 16-m column coated with a 0.2-"m ftlm of PS086
containing 30% BSCD as chiral selector and 0.5% methyltri­
ethoxysilane as cross-linker. The glass capillary columns were
made from 0.3-mm-Ld. Duran glass and leached and persilylated
prior to coating.I' Initially, a commercial25-m SEM fused silica
column was also used.

The achiral PS086 and the chiral PS086/BSCD HRGC columns
were temperature programmed as follows: 100 ·C, 2-min
isothermal, 20 ·C/min to 140 ·C, then at 3 ·C/min to 250 ·C,
followed by an isothermal hold at this temperature. The chiral
PS086/PMCD HRGC column was operated at a lower interme-

compds

octachlordanes
(ClOH,CIa)

nonachlordanes
(CIOH,Cl,)

oxychlordane
(CIOH,CIaQ)

heptachlor exo- and
endo-epoxide
(CIOH,CI,O)

ECN!
(ions monitored)

405.798 (M)­
407.795 (M + 2)"
409.792 (M + 4)'­
439.759 (M)­
441.756 (M + 2)"
443.753 (M + 4)'­
419.777 (M)"
421.774 (M + 2)­
423.771 (M + 4)­
385.816 (M)"
387.813 (M + 2)'­
389.810 (M + 4)-

EI
(ions monitored)

384.808 (M - CI)+
386.805 (M + 2 - Cl)+
421.774 (M + 2)'+
350.847 (M - Cl)+
352.844 (M + 2 - Cl)+
354.841 (M + 4 - CI)+
387.813 (M + 2)'+

diate temperature (120 ·C) and a slower programming rate (2
·C/min) for increased enantiomer resolution. All samples (2"L
in toluene) were on-column injected at 100 ·C. Data acquisition
and retention time measurements were started at 140·C (PS086
and PS086/BSCD) or 120·C (PS086/PMCD). Retention indexes
(RI) were calculated relative to n-alkanes (C,,-{:,,,; RI 1200­
2600), co-injected with the samples; linear interpolation was used
in the temperature-programmed runs. Enantiomeric ratios (ER)
were defined as ER = P';P2, whereby PI and P, • peak areas of
the earlier- and later-eluting enantiomers, respectively. Enan­
tiomer resolution (R) was defmed as R = (t, - t,)/(WI + w,),
whereby t, and t, = retention times of earlier- and later-eluting
enantiomers, respectively, and WI and w, = peak widths at half­
height of earlier- and later-eluting enantiomers, respectively.

Compound Identification. In addition to the reference
compounds available, other chlordane compounds, in particular
components MC4, MC5, MC6 (also known as nonachlor ill),
and MC7 (Miyazaki compounds, ref 17), and U82,,7,18 were
identified in the technical chlordane mixture and then assigned
in the environmental samples using published retention data
(retention indexes), in particular the data reported by Dearth
and Hites.' These identifications were done initiallyon the SEM
HRGC column. Compound identifications were supported from
full-scan mass spectra (molecular ions, number of CI atoms, and
fragmentation patterns).

RESULTS AND DISCUSSION

Isomer and Enantiomer Separation of Chlordane
Components and Metabolites. Technical chlordane con­
sists of a complex mixture of primarily hepta-, octa-, and
nonachlorinated, tricyclic compounds. It is prepared by the
Diels-Alder reaction of hel<8chlorocyclopentadiene and cy­
clopentadiene leading to chlordene, which is then further
chlorinated. The main constituents in technical chlordane
arecis- and trans-chlordane, and trans-nonachlor (structures
see Chart 1). These products are of the 6 + 2 and 6 + 3
substitution type.3,'9 There are a number of additional
components present in technical chlordane, some of which
are of the 5 + 2 (heptachloro) and 5 + 3 (octachloro)
substitution type, and some have even more complex struc­
tures resulting from rearrangement reactions.3 The com­
pounds from technical chlordane considered in our study are
primarily the octa- and the nonachlordanes, and they are of
the 5 + 3, 6 + 2, and 6 + 3 substitution type (see Chart I for
somestructures). Thecarbonakeleton ofall these compounds
has an endo configuration.

Also considered in this study were heptachlor, an unsat­
urated constituent of technical chlordane and an insecticide
of its own,l,3 oxychlordane, and heptachlor exO- and endo­
epoxide (structures, see Charts I and II). Oxychlordane is
the principal mammalian metabolite of cis- and trans­
chlordane and ofnonachlors;' it is animportantenvironmental
contaminant. The epoxy ring in oxychlordane has the no
configuration (structure, see Chart m. Heptachlor exo­
epoxide, often justreferred as heptachlor epoxide, is the main
metabolite ofheptachlor.- These oxygenated compounds are
usually not present in the technical chlordane mixture.

cis-Chlordane and trans-chlordane, and components MC5,
MC6, heptachlor, heptachlor exo- and endo-epoxide, and
oxychlordane all are chiral; cis- and trans-nonachlor are both
achiral butcan be considered as prochiral.~ Component U82,
a 5 +3 type octachlordaneofunknown configuration, isshown
in this study to be chiral (see below). Components MC5,

(17) Miyszaki, T.; Yamsgishi, T.; Matsumoto, M. Arch. Environ.
Contam. Toxicol. 1985, 14, 475-483.

(18) Desrtb, M. A.; Hites, R. A. Environ. Sci. Technol. 1991,25,1125­
1128.

(19) Sittig, M. Pesticide Manufacturing and Toxic Materials Control
Encyclopedia; Noyes Data Corporation: Park Ridge, NJ, 1980.

(20) March, J. Advanced Organic Chemistry, 3rd ed.; John Wiley and
Sons: New York, 1985; pp 82-140.
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Table II. Retention Indexes of Some Chlordane and
Reference Compounds on an Achiral (PS086) and Two
Chiral (PS086/PMCD and PS086/BSCD) Column Systems-

PS086/ PS086/
compounds' PS086 PMCD BSCD

U82-1
2104 2096 2127

U82-2 2132
MC5-1

2208 2218 2257
MC5-2 2223 2295
trans-chlordsn..l 2184 2188 2292
trans-cbIordsne-2 2193 2310
cis-ehlordsn..l 2215 2208 2294
cis-chlordane-2 2211 2301
MC&-1 2188 2174 2284
MC&-2 2275
trans·nonachlor 2210 2204 2238
cis·nonachlor 2365 2373 2391
heptachlor exo-epolrid.. l 2136 2135 2288
heptachlor exo-epoJrid..2 2277
heptachlor endo-epolrid..l 2149 2153 2219
heptacblor endo-epolrid..2 2229
oxychlordsne-l 2126 2119 2226
oxychlordan..2 2235
heptachlor-l!2' 1970 1961 2056
DDE 2279 2286 2247
aldrin 2032 2015 2141
dieldrin 2265 2265 2455

• AIeo included are DDE, aldrin and dieldrin as achilal retention
markers. • Annex...l and -2denote fll8t- andlater-elutingenantiomer
on each column; enantiomers not nece88arily the same on the two
chiral columns. C The two enantiomers are not separated.

MCG, and U82 were not available as individual reference
compounds but were present in the technical chlordane
mixture.

All synthetic reference compounds and the technical
chlordane mixture were analyzed on the achiral PS086 and
on the two chiral HRGC column systems. In Table II we list
the RI values observed. Also included in the list are the
retention indexes of 1,I-bis(4-chlorophenyl)-2,2-dichloro­
ethane (DDE),aldrin,and dieldrin as further achiral reference
compounds. As expected single peaks were observed for all
compounds on the achiral PS086 HRGC column (data not
shown), but both chiral columns showed separation of some
chiral compounds into pairs of enantiomers. Previously,
PS086/PMCD showed enantiomer resolution of cis- and
trans-chlordane, and ofsome additional octachlordanes (see
Figure 3, ref 8). However, PS086/PMCD did not enantio­
merically resolve other chiral compounds, like component
MCG, heptachlor, heptachlor e%o- and endo-epoxide, and
oxychlordane.

PS086/BSCD now showed the separation of several ad­
ditional chiralcompounds into pairs ofenantiomers, including
heptachlor e%o- and endo-epoxide, and oxychlordane whereas
heptachlor still remained unresolved. The enantiomeric
resolutions obtained were better than on PS086/PMCD.
Excluding heptachlor (not enantiomerically resolved), the
enantiomeric ratios of all synthetic chiral reference com­
pounds were close to the theoretical value of 1.00. The
enantiomeric ratios determined showed good reproducibility
(1-2 % standard deviation at 95% confidence interval), as
shown in previous studies.S,l1

A comparison of the RI values listed in Table II revealed
similar values (:i:17 RI units) for the reference compounds on
PS086 and PS086/PMCD, although the elution order of
component MC5 and cis-chlordane is reversed on these two
columns. In contrast, the RI values on PS086/BSCD are
generally higher (23-190 RI units) than those on PS086,
indicating a changed polarity of this column, not unexpected
because it contained a higher proportion (30%) of the more
polar !l-CD derivative. Retention index differences (aRl)
among enantiomers were up to 38 RI units on PS086/BSCD,

.. a MC5-,-",... -tea
" 'rr -cC8,.

ua2'A" .1\1\" Xl.,., t IJL. *14:00 11:00 11,00 20:00 22,00 21,00 26:00 ",..,.... b.. tN9 eN9
"..
::
".. [T"MC6
" .AA
11,00 11,00 11,00 20,00 22,00 21:00 2,,00 "..

figure 1. ECNI SIM chromatograms showlng elution of (a) octachlor­
daMS (mlz 410) and (b) nonachlordanes (mlz 444), respecttvely. In
the technical chlordane mixture using the c1Wal PS0861BSCO tflGC
column. Signals for CJ$. and tnIns-nonachlor are marl<ed by asterisks
In chromatogram a. Abbreviations: cC8 and tC8 for CJ$. and Ira".
chlordane, eN9 and tN9 for CJ$. and lrans-nonachlor, others see text.
Several octachlordanes not assigned using this column.

butonlyup to 5RI units on PS086/PMCD (data for heptachlor
not considered). The data in Table II indicate that RI
differences (aRI) of3-10 RI units are required for succe88ful
enantiomer resolution. The elution order of enantiomers is
not necessarily the same on chiral columns with different
!l-CD derivatives,2l and therefore it remained unknown
whether the elution order ofenantiomers is the same on both
ofour chiral columns. The enantiomer resolution for a given
aRI value is better on the PD086/PMCD column because
this columnwas longer and slower temperature programmed.

In Figure 1 ECN! SIM chromatograms (m/z 410 and 444)
showthe elution ofocts- and nonachlordanes in the technical
chlordanemixture on thechiralPS086/BSCD HRGC column;
thesame samplewas previouslyanalyzed on theachiral PS086
and the chiral PS086/PMCD HRGC column (see Figures 2
and 3, ref8). As shown in Figure I, the unknown componenta
Xl and U82, and component MCG, previously not enantio­
merically resolved, are now also separated into pairs of
enantiomers. The enantiomeric ratios of these chiral com­
pounds are close to the theoretical value of1.00, as previously
observed for the other chiral components in this technical
mixture. Also noticeable is the increased enantiomer reso­
lution of component MC5 (aRI = 38 RI units), the two
enantiomers being assigned with the aid ofthe environmental
samples (see below). Some minor octschlordanes (compo­
nents MC4 and MC7) could not be assigned on this column
because individual reference compounds were not available;
however, these compoundswere previouslyassigned onPS086
and PS086/PMCD.8

A potential problem previously pointed out with chiral
HRGC is coelution of the later-eluting enantiomer of one
isomer with the earlier-eluting enantiomer of another,later­
eluting isomer, although the isomers are well separated by
achiral HRGC. This phenomen can actually be observed in
Figure I, where the later-eluting enantiomer of component
MC5 (MC5-2) is coeluting with the first-eluting enantiomers
oftrans-chlordane (trans-chlordane-l) andcis-chlordane (cis­
chlordane-I) (RI values 2295, 2292, and 2294, respectively,
see Table II). All three compounds are easily separable by
achiral HRGC (see Figure 2, ref 8). On PS086/BSCD,
coelution or near coelution of other components is more of
a problem than on the other two columns. In this way, the
enantiomers of MC6 and heptachlor exo-epoxide, and enan­
tiomers of oxychlordane and heptachlor endo-epoJride, prac­
tically coelute as can be seen from the data in Table II.

(21) Armstrong, D. W.; Li, W. Y.;Pitha, J. Anal. Chern.tHO,62, 217.



3172 • ANALYTICAl Ct£MISTRY, VOL. 64, NO. 24, DECEMBER 15, 1992

a.,

Flgur.2. EI mass spectra of (a) racemic heptachkii ",x<>epoxlde and
(b) racemic heptachlor "fldo.epoxlde. For both compounds, '-1'+ =
mlz 386, CI,.

In many instances, this problem can be circumvented by a
selective detection ofthese compounds using MS techniques.
Due to the similarity ofthe mass spectra, however, this is not
possible in the case of the octachlordanes. Although PS086/
BSCD shows the bestenantiomer resolution ofall components
when injected individually, coelution oftheaboveenantiomers
makes enantioselective determinations of these major chlor­
dane components impossible, and for that purpose the chiral
PS086/PMCD column is more suitable,

Selective Detection of Chlordane Compounds Using
Various Mass Spectrometric Techniques. EI and ECNI
MS are extensively used for the detection of chlorinated
hydrocarbons. In particular, ECNI MS has become an
important tool for screening of environmental contaminants
and their metabolites, due to its potential for increased
sensitivity and selectivity toward organochlorine compounds
and its virtual transparency to many otherwise interfering
compounds. Particularly, the heptachlorinated and higher­
chlorinated compounds considered in this study areexpected
to show high sensitivity in ECNI MS.

Selective detection of analytes in environmental samples
is important since many other compounds are often present
in the fractions analyzed despite the sophisticated cleanup
methods used, Coelution of analytes with interferents is
particularly a problem with chiral HRGC, since the number
of compounds (enantiomers/isomers) which have to be
considered is increased <up to 2-fold) but chromatographic
performance (theoretical or effectiveplate numbers) in general
is the same as in achiral HRGC. Therefore, the possibility
for interference is increased, and selective detection is of
particular importance in chiral HRGC. In the presentstudy,
both EI and ECNI were used for selective detection of the
chlordane compounds.

EI and ECNI mass spectra of chlordane components have
been described,3,22,23 although mass spectra of individual
enantiomers so far have hardly been reported. Whereas the
mass spectra of isomers may differ significantly, those of
enantiomers should be identical. As examples, we show in
Figure 2a,b the EI mass spectra of racemic heptachlor exo­
and endo-epoxide and in Figure 3a,b those of the two
enantiomers of oxychlordane. Whereas the EI mass spectra
ofheptachlor exo- andendo-epoxidediffer significantly, those
ofthe two enantiomers ofoxychlordaneare virtually identical,
and the minor differences observed are likely from small
variations in the instrumental conditions. Similarily, almost
identical EI and ECNI mass spectra were observed for the
enantiomers of the other synthetic chiral reference com­
pounds, EI and ECNI MS can distinguish among some

(22) Stemmler, E. A.; Hites, R. A. Anal. Chern. 1985, 57, 684-692.
(23) Ribick, M. A.; Zajicek, J. Che1TlO$phere 1983, 12, 1229-1242.

M/'

M/'

Flgur. 3. EI mass spectra of the two anantiomers of synthetic
oxychlordane ('-1'+ = mlz 420, CI.) separated on PS066/BSCD: <a>
oxychlordall&-1 (eer1Ier-ekJtlng~ (b) oxychlordan&-2 (Iater-ekJtlng ana",
_). Abs<*Jte conflg.....tIons not known. Note that mass spaetra
are vi1ua1y identical.

isomers, e,g. between heptachlor exo- and endo-epoxide and
among 5 + 3 and 6 + 2 type octachlordanes and generally
easily among <chloro) homologs, However, both techniques
cannot distinguish among enantiomers, and enantiomer
assignment therefore must be derived from (chiral) chro­
matographic data.

The SIM responses of enantiomers, both in EI and ECNI
MS, are identical, and therefore individual standards of
enantiomers are not required for precise determinations of
enantiomeric ratios and compositions. However, enantiomer
detection must be highly selective since other compounds
(achiral or chiral) may mimick the presence of one or the
other enantiomer. In ECNI MS, interference can also
attenuate signal intensity, because electron-eapturing com­
pounds may deplete the ion source of the limited number of
thermalized electrons. Furthermore, the presence of larger
quantities of other chlorinated compounds can lead to the
formation of Cl- and then to adduct ion formation (M + C\)­
resulting in too low signals for the ions monitored. Coeluting
components may thus easily affect the signals for one or the
other enantiomer and thus change the enantiomeric ratios
observed. Therefore, the absence of major interferents has
to be ensured, preferably by aquisition of full-scan mass
spectra. Inprinciple, theenantiomeric ratios are independent
of recovery efficiency since no chiral reagents or materials
are involved in extraction and cleanup, and chemical and
physical properties of enantiomers are identical.

Analysis ofBiological Environmental Samples. Chiral
HRGC with EI and ECNI MS detection were applied to the
analysis of the aquatic environmental samples and a human
tissue extract. Of particular interest were oxychlordane and
heptachlor exo-epoxide, metabolic products of technical
chlordane, and so far never en8ntioselectively determined in
such samples.

In Figure 4a-d we show ECNI SIM chromatograms (m/z
424) for oxychlordane in four biologicalsamplesusing PS086/
BSCD, Whereas achiral HRGC showed single peaks (data
not shown), the chromatograms now show the separation of
oxychlordane into a pair of enantiomers and document the
presenceofbothenantiomers in these biologicalsamples with
the f'1rst-eluting enantiomer (oxychlordane-1) beingsomewhat
more abundant, The enantiomeric ratios observed in these
biological samples are clearly different from 1.00 but sur­
prisinglysimilar (1.3-1.6) in all the species, although the total
concentrations of oxychlordane in these species varied. The
total concentrations of oxychlordane were estimated at 2
(herring), 5 (salmon), 60 (seal), 80 (penguin), and 40 ng/g
(human tissue).
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Flgura4. ECNI SIM chromatogr8ms (mlz424) showing the presence
of oxychlonlane In extracts of (a) Baltlc hen1ng, (b) Bailie salmon, (c)
Bailie gray seal, and (d) In a human adlposa llssue. Note the presence
of both enanliomers In enantlomeric ratios clearly different from 1.00.
Peak ldentlflcations: 1 =oxychlordana-1, 2 =oxychlordane-2.

Full-scan mass spectra confirmed the presence of oxy­
chlordane in these samples. In Figure 5a-d we show EI and
ECNI mass spectra ofboth oxychlordane enantiomers in the
penguin tissue usingPS086/BSCD. Themass spectra indicate
the presence of additional components, coeluting with these
enantiomers. The EI massspectraofoxychlordane-l (Figure
5a) and oxychlordane-2 (Figure 5b) showthe presence ofDDE
(Mo+ = m/z 316) and trans-nonachlor (Mo+ = m/z 440),
respectively. The ECNI mass spectrum of oxychlordane-2
(Figure 5d) also shows the presence of trans-nonachlor,
whereas DDE does not respond under these conditions.

Whereas the presence of interferents in this case did not
disturb mass spectrometric identification, itcan significantly
alter chromatographicperformance ofthe chiral columns and
hence enantiomer resolution. This reversible, novel phe­
nomen is illustrated in Figure 6 for oxychlordane. The
chromatograms of the penguin and seal tissue extracts show
almost complete separation (R '" 0.9) of the two enantiomers
(see Figure 4c for seal and Figure 6a for penguin) when
analyzed on PS086/BSCD and injecting sufficiently small
(25-mg) sample aliquots, but the chromatograms in Figure
6b,c show significant deterioration of enantiomer resolution
(R '" 0.5 and R '" 0.2, respectively) when larger (200-mg)
sample aliquot were injected. Apparently, the presence of
larger amounts ofDDE and trans-nonachlor in these samples
are the cause for a significant loss in enantiomer resolution,
presumably by saturating the chiral selector in the stationary
phase; the presenceofnonvolatile lipid material in thesamples
would cause irreversible loss of resolution. Apparently,
complexation and saturation of the chiral selector can be

caused by achiral interferents, in agreement with results from
complexation experiments in the liquid phase under non-gas
chromatographic conditions." The chromatograms clearly
show, contrary to expectations, that the a-ratio (a measure
for enantiomer selectivity) is reduced although the apparent
column efficiency increased (narrower peak width, higher
effective plate numbers). The latter is likely caused by a
chromatographic focusing effect due to the presence oflarger
quantities of these coeluting components and comparable to
a cosolvent effect25 whereby the analyte and the interferant
(cosolvent) have similar or equal retention times. The
observed enantiomeric ratio of a chiral compound may thus
differ from the real ratio in the sample, and deviations thus
can be caused not only by nonselective detection (see above)
but also by chromatographic effects. A solution to the latter
problem is the analysis ofsufficiently small sample aliquots.
This, however, also mandates that MS detection be at the
highest sensitivity.

It can be speculated that the chiral selector (BSCD or
PMCD) forms a one-to-one guest-host complex with the
analyte or an interferent.25 The amount ofchiral selector in
our thin.fIlm, narrow-bore HRGC columns is small and on
the order of 0.4 and 1.2 mg or 0.28 and 0.34 !,mol of PMCD
(molecular weight, MW '" 1430) and BSCD (MW", 3530),
respectively, assuming fully derivatized products. The
amount of chiral selector within the length of column
corresponding to the height-equivalent ofone effective plate
is thus 5.6 and 6.8 pmol (Noff = 50 000). Assuming the
separation process to take place in one or a few effective plates
at a time, and with MW's = 40<HiOO for the compounds of
interest, the expected sample capacities of our chiral HRGC
columns are in the low nanogram range.

Heptachlor exo-epoxide was detected in the Baltic aquatic
samples and in the human adipose tissue; the corresponding
fraction of the penguin tissue was not available for this
analysis. In Figure 7a-d, EI SIM chromatograms (m/z 353)
show the elution ofheptachlor exo-epoxide in these samples
using PS086/BSCD. Both enantiomers are present in all the
samples and their separation is clearly demonstrated. How­
ever, there are significant differences in the enantiomeric
composition. Whereas the later-eluting enantiomer (hep­
tachlor exo-epoxide-2) is more abundant intheaquatic species,
heptachlor exo-epoxide-l is more prevalent in the human
tissue. The two fish species, herring and salmon, show a very
sinlilar enantiomericcomp08ition; theseal tissue shows a much
higher enantiomeric excess of heptachlor exo-epoxide-2,
indicating a more stereoselective uptake or formation of this
metabolite by the warm-blooded seal. The total concentra­
tions ofheptachlor exo-epoxide were estimated at 2 (herring),
5 (salmon), 10 (seal), and 20 ng/g (human tissue); heptachlor
endo-epoxide was not detected in these samples.

Theaquaticsampleswere further examinedfor the presence
of octa- and nonachlordanes. Previously, several octachlor­
danes were separated into enantiomers on PS086/PMCD but
component U82 and MC6, a chiral nonachlor, eluted as single
peaks (see Figure 3, ref 8). The presence of octa- and
nonachlordanes was now conf'mned on PS086/BSCD. In
Figure Sa-h we show ECNI SIM chromatograms (m/z 410
and 444) ofthe same samples. As observed with the technical
mixture (see Figure la), component U82 is now clearly
separated into enantiomers. Whereas the enantiomeric ratio
of this component in the technical mixture and in the two
iish species is 1:1 (see Figures la and Sa,b), clearly different
ratios are observed in both of the warm-blooded species, seal
and penguin (see Figure 8c,d respectively). Interestingly, the

(24) Bender. M. L.; Komiyama, M. Cyclodextrin Chemistry;
Springer-Verlag: Berlin, 1978; pp 10-27.

(25) Grob, K.; M(lJJer, E. J. High Resolut. Chromatogr. Chromatogr.
Commun. 1988, ll, 38&-394.
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figure 5, EI and ECNI mass spectra of the two enantiomers of oxychlordane identified In Antarctic penguin. (a, c) EI and ECNI mass spectra
of oxychlordane-l, respectively. (b, d) EI and ECNI mass spectra of oxychlordane-2, respectively. Note coetutIon of DOE (EI, MO+ = mlz 316,
Cl" (M - CI,)"+ = mlz 246; no detection In ECNI) with oxychlordane-l, and of frans-nonachlor (EI, M'+ = mlz 440, C~, (M - Cit = mlz 405;
ECNI, MO- = mlz 440, CI,) with oxychlordane-2.
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Figure 8. ECNI SIM chromatograms (mlz 424) showing the
deterioration of enantlorner resolution for oxychlordane In the presence
of increasing amounts of coelutlng Interlerents (DOE, nonachlor). (a,
b) Injection of small (25-mg) and larger (20D-mg) allquots of extract
of Antarctic penguin, respectively. (c) Injection of a larger (2DO-mg)
alquot of extractof Baltic seal. Peak identifications: 1 =oxychlordan&­
1, 2 = oxychlordane-2.

Figure 7. EI SIM chromatograms (mlz 353) showing the elution of
the two enantlomers of heptachlor axo-epoxide on the chlral PS0861
BSCD HRGC column In aquatlc species from the BaltIc and a human
adipose tissue. (a) Baltic herTIng, (b) BaltIc salmon. (c) Baltic seal, and
(d) human adipose tissue. Peak identifications: 1 = heptachlor exo­
epoxlde-l, 2 = heptachlor exo-epoxlde-2.

first-eluting enantiomer (U82-1) is clearly dominating in seal,
whereas the later-eluting enantiomer (U82-2) is more pre­
valent in penguin. The chromatogram inFigure8d shows the
enhanced enantiomer separation of component MC5 on this
chiral column. In case of the nonachlors (see Figures 8e-h),
component MCG shows enantiomeric ratios of around 1:1 in
all aquatic species: cis-nonachlor and trans·nonachlor are
achiral and, as expected, elute as single peaks. The presence

of additional peaks in the ECNI 81M chromatogram (m12
(10) for octachlordanes (see Figure Sa-;i) are due to PCBs,
particularily octachlorobiphenyls, and toxaphenes.

CONCLUSIONS

The enantiomer separation of several chiral chlordane
components as well as the oxygenated metabolites oxychlor­
dane and heptachlor exo.epo:ride was accomplished by chiral
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figure e. EONI SIM chromatograms showing elution 01 (a-<l) octachlordanes (mlz 410) and (e-h) nonachlordanes (mlz 444) on the chlral
PS086/BSCD HRGC column In (a, e) Bailie herring, (b, l) Bailie salmon, (c, g) BaltIc grey seal, and (d, h) Antarctic penguin. Abbreviations, see
Figure 1 and text. SIgnal lor lnIn&«lnachior marl<ed by asterisks In chromatO\78J11S a-<l. Peak rnarl<ed by X CO"13r1zed 01 1nIns-ch1ordane-1,
ci9-chlordane-1, and MC5-2.

HRGC. Two ,B-CD derivatives (BSCD and PMCD) were used
as cmral selectors. Addition of these cmral selectors to the
polysiloxane stationary phase (PS086) changed the polarity
and thus the isomer elution profJ.1es of the columns. Enan­
tiomer resolution was dependent on the cmral selector and
varied among different analytes; it was generally best using
thesilylatedderivative (BSCD). However, thepermethylated
derivative (PMCD) showed a better selectivity toward the
separation of the enantiomers of the major chlordane com­
ponents in the technicalchlordanemixture, like cis- and trans­
chlordane and component MC5. Absolute configurations of
the enantiomers thus separated, however, still remain un­
known.

Enantiomers have largely the same chemical and physical
properties and therefore the same response using MS de­
tection techniques. Enantiomeric ratios can be determined
without the availabilityofthe individualenantiomers, as long
as the enantiomers are sufficiently resolved and detection is
selective. However, when analyzing biological and environ­
mental samples the presence of interferents may cause
problems. Coeluting components, present in the extracts
despite sophisticated cleanup procedures, may lead to dif­
ficulties in the determination of precise ratios due to the
chromatographic effects and detection problems outlined.
Generally, these problemsare notencounteredwhen analyzing
pure reference compounds. Afurther problem demonstrated
was the coelution ofenantiomers ofdifferent isomers in cmra!
HRGC (e.g. trans-chlordane-I, cis-chlordane-I, and MC5-2
on PS086/BSCD) although the isomers were resolved using
acmral HRGC.

Cmral HRGC revealed significant deviations in the enan­
tiomeric composition of chlordane components in the envi­
ronmental biological samples. Whereas we have previously
detected some deviations in major and minor chlordane
components,S we now detected such differences also in the
metabolic products ofchlordane, heptachlor exo-epoxide and
oxychlordane. We show that in all the species analyzed both
enantiomers of these metabolites are present. We further
show that one or the other enantiomer of a particular cmral
compound (e.g. componentU82) may predominate indifferent
species, although the original source (technical chlordane)
presumably is the same. We found that in general the
enantiomeric ratios deviate more in aquatic species at higher
trophic level. These changedenantiomericcompositions must
be due to enantioselective biological processes and cannot be
due to abiotic processes, 88 we have pointed out previously.s
The results further document the importance of cmral
analyses in environmental studies of cmral pollutants.
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Determination of Heavy Metals by Thin-Layer
Chromatography-SQuare-Wave Anodic Stripping Voltammetry

Joseph H. Aldstadt and Howard D. Dewald'

Department of Chemistry, Clippinger Laboratories, Ohio University, Athens, Ohio 45701-2979

A lqIlare-wave anoclc strlpplllll voltammetrlc method Is
described lor low perla per million determination 01 heavy
meteJal4lp8rated by thln-layer Chrometography (TLC). Heavy
melalaamplaa are aaparated on carboxymethyl caluloaa TLC
p1et.. and detected by anode stripping vollammatry (ASY)
uAlg a celluIoM cIa.,aIs mambra_vared "*'cury 111m
aIactrOda (CM-MFE) placed clractly on the TLC plate surface
In a thin film 01 "'IJPOrlInlI aIactroIyte solution. The last scan
rat..po.Ibla In8quare-wave voIlamrnatryduring the atrlpplllll
stap alln*late the need to deoxygenate the sample. RaauIllI
are praaanted lor e mixture 01 Pb(II), Cd(II), Cu(II), and
Zn(II). Calibration curv.. lor Pb(lI) were linear over the
ralllle 10-500 Illl, with a relative standard devtatlon 01 the
peak current over a set 01 eight aaparate 10G-ng Pb( II)
samples 0118%.

INTRODUCTION

Anodic stripping voltammetry (ASV) is a powerful tech­
nique for rapidly measuring trace levels of heavy metals,
especially in conjunction with modem pulse voltammetric
techniques that discriminate double-layer charging currents
from Faradaic currents.1 The application ofASV to analytes
in complex sample matrices can be complicated by several
factors, particularly the adsorption ofinterfering components
to the electrode surface. A gradual loss of electrode activity
("poisoning") by the adsorption of proteins and surfactants
or the accumulation of reaction products can be observed
when ASV is used in determinations of heavy metals in
complex mixtures. Mercury electrode surfaces in particular
are poisoned readily by humic acids, which are usually present
in samples of environmental origin.2,3 In addition to these
adsorptive interferences, the presence of overlapping peaks
in mixtures containing several electroactive components can
also hinder the successful application of ASV.

The coupling of electrochemical techniques to various
column liquid chromatographic (LC-EC) techniques has
proven to be an effective way of preventing adsorptive
interferences and separating electroactive components.• In
addition to LC-EC, chemically-modifiedelectrodes have been
used to improve ASV selectivity. Efforts have been reported
with Nafion perfluorosu1fonate resin fIlms,5-7 cellulose acetate
fJlms,s and cellulose dialysis membrane-covered electrodes.9,10

(1) Wang, J. Stripping Analysis; VCH: Deerfield Beach, FL. 1985.
(2) Batley, G. E.; Florence, T. M. J. E/ectroonal. Chern. Interfocial

E/ectrochern. 1976,72, 121-126.
(3) Wang, J.; Luo, D. B. Talanta 1984,31, 703-7m.
(4) Kissinger, P. T.; Heineman, W. R. Laboratory Techniques in

Electroanalytical Chemistry; Marcel Dekker: New York, NY, 1984;
Chepter 22.

(5) Hoyer, B.; Florence, T. M.; Batley, G. E. Anal. Chern. 1987,59,
1608-1614.

(6) Hoyer, B.; Florence, T. M. Anal. Chern. 1987,59,2838-2842.
(7) Morrison, G. M. P.; Florence, T. M. Electroanalysis (N. Y.) 1989,

1,485-491.
(8) Wang, J.; Hutchins-Kumar, L. D. Anal. Chern. 1986,58,402-407.
(9) Stewart, E. E.; Smart, R. B. Anal. Chern. 1984,56,1131-1135.
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These membranes serve to control access to the mercury fl1m.
Furthermore, the presence ofoverlapping peaks in mixtures
can be addressed by using a mercury film electrode (MFE),
which has the highest resolving power of the electrodes used
inASV.l,9

Koval reported recently the novel application of in situ
voltammetric detection for thin-layer (or planar) liquid
chromatography mC)_ll Low-nanogram levels of p-anisi­
dine and p-phenetidine were identified by square-wave
voltammetry (SWV) using a Pt disk microelectrode after
developmentonsilicagel TLC plates, with linearity observed
over several orders of magnitude. We demonstrate here the
feasibility of using of a cellulose acetate membrane-covered
mercury film electrode (CM-MFE) to determine Pb(II) , Cd­
(II), Cu(II), and Zn(II) by themselves and in mixtures by in
situASV after separation on carboxymethyl cellulose (CMC)
TLC plates.

EXPERIMENTAL SECTION

Apparatus. Thin-layer chromatography (TLC) was per­
formed in a 10- x IG-cmsaturated (sandwich) verticaldevelopment
chamber, fabricated in-house using Macor (a machinable ceramic
material). The sandwich or OS-chamber" provides more repro­
ducible chromatographic conditions.l'

A glsssy carbon disk working electrode (3-mm diameter) and
AgjAgCl (3 M NaC!) reference electrode (Model RE-I) were
obtained from BioanalyticalSystems (West Lafayette,lN), while
a Pt disk aUIiliary electrode (0.25-mm diameter) was fabricated
as described by Koval et al. l3 ASV was conducted on a
Bioanalytical Systems Model lOOA electrochemical analyzer
(West Lafayette, IN) using Osteryoung square-wave anodic
stripping voltammetry (SWASV), primarily because the fast scan
rates attainable obviate the need to deoxygenate the sample. As
Wojciechowski and Balcerzak point out," SWV scan rates in
excess of 40 mVis allow stripping to be completed before a
significant amount of dissolved oxygen can reach the electrode
surface and oxidi2e the amalgam. Solution purging is not only
time-consuming in any ASV measurement but also impractical
for the in situ method developed here.

TLC-SWASV. The apparatus used is shown in Figure 1. A
Nylon "canopy" (15-mm height, 22-mm Ld., 24-mm o.d.) was
machined with three holes symmetrically arranged for the
electrode insertions, as well as a small «O.5-mm Ld.) hole for
venting (Le., to relieve pressure during supporting electrolyte
addition). Two small three-pronged laboratory clamps were used
to secure the canopy over the TLC plate.

Reagents and TLC Supplies. All chemicals were of ACS
reagent grade or better. All reagents were prepared in water
than was de-ioni2ed and then doubly-distilled. Heavy metal
standards (nitrate salts) were prepared volumetrically from
atomic absorption standards (Fisher Scientific, Pittsburgh, PAl.

(10) Smart, R. B.; Stewart, E. E. Environ. Sci. Technal. 1985,19, 137­
140.

(11) Brown, G. N.; Birks, J. W.; Koval, C. A. Anal. Lett. 1989, 22,
507-518.

(12) Geiss, K Fundamentals of Thin-Layer Chromatography (Planar
Chromatography); Alfred Hiithig Verlag: Heidelberg, Germany, 1987.

(13) Koval, C. A.; Austennann, R. L.; Turner, J. A.; Parkinson, B. A.
J. Electrochern. Soc. 1985, 132, 61:Hl23.

(14) Wojciechowski, M.; Balcerzak, J. Anal. Chern. 1990, 62, 1325­
1331.
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Analyte Spot
Figure 1. Schematic cross-sectional view of the TLC-ASV apparatus.

To Potentiostat

Auxili
Electrode

(Pt)

~~~~~1e ---1+1-I+-~I
(Glassy Carbon)

O-Ring ---1++11+, I

Cellulose --+H+~
Membrane

Canopy

Reference
Electrode
(AgIAgCl)

Stationary
Phase

22mm 1D ring
-milled" from

stationary phase::

St~:rd LI--,S::am=pl::e7Lan=e"s------'

Figure 2. Schematic representation of a developed TLC plate (10 X
10 em). The color of the dlthlzonate complex of the metal Is Indicated.
Typical dimensions of the spots were 15 X 5 mm.

A pH between 2 and 3 was maintained in order to prevent the
formation of metal hydroxides. Dithizone (Eastman Kodak,
Rochester, NY) was repurified and then dissolved in chloroform
as a 0.10% (w/v) solution. l5

Nafion 117, a perfluorosulfonate cation-exchange resin, was
obtained from Aldrich (Milwaukee, WI) as a 5% (w/v) solution
in a mixture of lower aliphatic alcohols and 10% (v/v) water.
Spectrum Spectra/Por 6 cellulose acetate dialysis membranes
(28-l'm thickness) With a nominal molecular weight cutoffof3500
were obtained from Fisher Scientific (Pittsburgh, PAl.

Whatman polyester-backed carboxymethyl cellulose (CMC)
plates (lOO-l'm thickness) were obtained from VWR Scientific
(Cleveland, OH).

Procedures. Container Cleaning. Heavy metal reagent
solutions were stored in polyethylene containers that had been
soaked with 0.1 M HN03for at least 1 week.

TLC Procedure. The procedure of Cozzi et al. for the
separation of metals on CMC was modified to use 0.60 M acetic
acid/0.60 M sodium acetate as the mobile phase." Four samples
(0.5-1.0 I'L) were applied to separate manually-scored lanes on
the TLC plates using plastic Eppendorf pipets (Brinkmann,
Westbury, NY) or glass Nanopipettes (Analtech, Newark, DE).
Following a 25-min chromatographic development time, a
standard lane was excised and analyte spotts) were identified
with 0.10% (w/v) dithizone in chloroform followed by 10% (v/v)
NH,OH using a glassatomizing sprayer. The locationofsamples
in adjacent lanes was based on the retardation factors (Rt)
determined from dithizone identification of the standards, as
depicted in Figure 2. The visual detection limit using dithizone
was approximately 100 ng for each analyte.

Electrode Polishing. The working and auxiliary electrodes
were polished on a felt pad daily before use with 0.5-l'm -y-Al,03
(Buehler Ltd., Lake Bluff, IL).

NC-MFE Preparation. Nafion-coated mercury fIlm electrodes
(NC-MFE) were preparedas described by Hoyer and co-workers.'
Nafion 117 was diluted with absolute ethanol to 0.24% (w/v) ,
and 10 I'L was applied to the polished working electrode surface
to cast the fIlm. The electrode was covered for 1 h to allow dust­
free evaporation and then dried in the warm air stream (-50 ·C)
of a heat gun for 1 min. NC-MFE's prepared in this manner
correspond to the "thick" width used by Hoyer et al.,' with an
approximate electrode coverage of 1.2 I'g/mm'. Best results were
obtained when the Nafion-coated electrode was equilibrated prior
to MFE preparation for at least 12 h in a 10 mM HNOa/lO mM
KN03 solution. This proved to be a critical step-the influence
ofNafion fIlm swelling on membrane transport efficiency is well­
documented.17.l8

(15) Marr, I. L.; Cresser, M. S. Environmental Chemical Analysis'
International Textbook Co.: New York, 1983; p 139. '

(16) Cozzi, D.; Desideri, P. G.; Lepri, L. J. Chromatogr. 1969,42,532­
540.

(17) Yeo. R. S.; Chan, S. F.; Lee, J. J. Membr. Sci. 1981,9,273-283.
(18) Moore, R. B., Ill; Martin, C. R. Macromolecules 1988,21,1334­

1339.
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Figwe 3. Apparent diffusion of metal cations from the TLC stationary
phase to the MFE depicted schematically. Approximate thicknesses
are 0.010, 28, and 100 I'm for the MFE, CM, and stationary phase,
respectively.

CM-MFE Preparation. The CM-MFE was prepared daily
and stored as described by Stewart and Smart.9 Spectra/Por 6
cellulose dialysis membranes were heated for 20 min at 70 ·C in
reagent water, followed by 48 h in reagent water to remove traces
of the sodium azide preservative. To prevent degradation by
cellulytic microbes, the tubing was transferred to freshly boiled
water daily. Stock dialysis membranes (I.e., unwashed) were
refrigerated per the manufacturer's instructions. A silicone
rubber O-ring was used to hold the membrane (-1 cm') in place
on the end of the working electrode. Care must be exercised
such that the membrane is neither stretched nor allowed to dry
out. 19

MFE Preparation. MFE's were prepared in solution ex situ
from 1.0 mM Hg(N03), in 10 mM KNOa/l0 mM HN03 for 10
min at -1.000 V (all potentials are VB a AglAgCI (3 M NaC!)
reference electrode). The mercury fIlm was prepared under a
N,(g) blanket to improve its uniformity." The supporting
electrolyte (l0 mM KNOa/10 mM HN03) also included 0.1 mM
Hg(NO:v, to help maintain the mercury fIlm during the mea­
surement. Best results were obtained by electrically precondi­
tioning the CM-MFE in a deaerated 10 mM KNOa/1O mM HN03
solution by cycling the potential between +100 and -1000 mV
for eight cycles (each of 2-min duration) immediately following
MFE preparation. The estimated MFE thickness is 100 A.

SWASV. The following conditions were typically used for
on-plate measurements: initial (deposition) potential of -1.100
V; fmal potential of +0.100 V; deposition time of 30-60 s; quiet
time of0 s; square-wave amplitude of 25 mV; frequency of 25 Hz;
potential step of 4 mY-thus the scan rate was 100 mY/so

TLC-SWASV. Aschematic ofthe apparent transport process
is depicted in Figure 3. The TLC-SWASV experimental
procedure is as follows: (1) after chromatography, the plate is

(19) Kesting, R. E. Synthetic Polymer Membranes 2nd ed.·
Wiley-Interscience: New York, 1985; Chapter 4. ' ,
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Figure 4. Example 01 SWASV uslng the NC-MFE on a CMC TLC plate.
Pb(II) ...-sure<! In ~lJeate (2OQ-ng sample) reveals a gra_1Iy
Increasing CllTent response and distortion 01 the peak shape.

dried at room temperature; (2) on the basis of the standard'sR"
analyte spots are isolated using a milling device (22-mm Ld.,
24-mm o.d.) to remove the stationary phase around the spot as
depicted in Figure 2; (3) a cylindrical Nylon canopy (l5-mm
height, 22-mm i.d., 24-mm o.d.) containing the three electrodes
(arrangedsymmetricallywithin it) is clamped over the spot, such
that the edges of the canopy fit securely within the milled ring;
(4) 600 I'L ofsupporting electrolyte is immediatelyadded through
a port in the top of the canopy to form a shallow (-OA-mm) film
across the plate surface that is confmed hy the canopy; (5) the
ASV measurement is made in quadruplicate (3~ min/sample).
In this way, the measurement is made directly on the TLC plate.
Approximately 2O-fold analyte losses were observed as a result
ofchromatographicdevelopment, in basicagreement with Koval's
estimate for their voltammetric method.n Between samples the
working electrode is rinsed in deoxygenated 10 mM KNO, and
polarized insolution underaN2(g) blanketto +100mV(hycycling
the BAS 100A "step" function between +99 and + 100 mV
indefmitely).

RESULTS AND DISCUSSION

Nafion-Modified Electrodes. Initial characterization of
Nafion-coated (NC) polymer-modified MFE's was performed
using Pb(ll) standards applied to CMC TLC plates without
chromatographic development. Heavy metal standards (10
,J.) were applied to CMC and allowed to air dry. Figure 4
shows a typical voltammogram using a NC-MFE. Three
disadvantages in using the NC-MFE on-plate were observed.
First, Nafion's ability to preconcentrate cations proved to be
impractical. A stable peak current signal could only be
obtained after at least six measurements. Supporting elec­
trolyte (blank) samples revealed a high background signal
which increased with coating thickness. Furthermore, when
samples over a range of concentrations were analyzed in
random order, the peak current signal for a given sample was
proportional to that of the previous spiked sample (i.e.,
hysteresis). Second, the variability of measurementa on
successive days was very high, as the reproducibility in casting
a fresh Nafion coating each day bythe evaporative procedure
was poor. In fact, roughly half of the NC-MFE's yielded
erratic responses following MFE preparation and were not
used further. Finally and most importantly, although NC­
MFE's have been successfully used for solution-phase ASV
measurements,5-7 the Nafion fJims used in this work were too
thin to protect the MFE from abrasive contact with the
TLC stationary phase surface. The prospect of having to
prepare a fresh MFE after each sample was unattractive from

500

L
1

E(VOLTl
FIgura 5. Calbrallon standards lor on-plate SWASV 01 Pb(II) using
theCM-tEE. Pb(II) was applied as 0-,10-,25-,50-,100-, and50Q-ng
samples. Each sample was n-sured In trtpIIcate.

the standpoint ofsample throughput. Attempts to design an
electrode bousingfor a bare MFEthat would preventabrasive
damage (e.g., use of spacers) were unsuccessful, apparently
because the distance from the working electrode to the TLC
stationary phase was much greater than the diffusion layer.

Cellulose-Modified Electrodes. Voltammograms ob­
tained using a CM-MFE on a CMC TLC plate are shown in
Figure 5. Several improvementa compared to the NC-MFE
results became evident. First, preparation of the CM-MFE
is simple. Working electrodes can be prepared quickly on
the day of use since membrane equilibration is not required
for each electrode. Second, the background signal is low, as
cellulose does not preconcentrate cations as significantly as
Nafion. Cellulose is less specific than Nafion, which is an
importantconsiderationanalytically as rapid diffusion acroes
the membrane minimizes sample carryoveras well as shortens
the analysis time. Althougha delay in reaching the maximum
current response was observed, the signal stabilizes quickly
(usually by the third replicate of a given sample). Further­
more, a useful diagnostic was that peak currenta above - 4
!<A were indicative ofan overloaded MFE, as distorted peaks
(very broadwith"jagged" crests) were consequentlyobserved.
A Blight positive drift in the peak potential was observed for
NC- and CM-MFE's, though this usually stabilized by the
second replicate ofa given sample for the CM-MFE's. Third,
the peaks are narrower than those obtained with the NC­
MFE which again suggesta less restricted ion transport
through the membrane. Fourth, the membranes protect the
MFE from abrasive contact with the TLC surface during the
course of the day.

The relative standard deviation (RSD) for eight separate
lOO-ng samples (10 I'L of 10 ppm) ofPb(I1) spotted on CMC
was 15.9%-by comparison, a bare glassy carbon electrode
in solution (250 ppb) exhibited a RSD of4.00%. Calibration
curves for Pb(ll) applied to the surface were linear from
approximately 10 to 400 ng. For a series of calibration
standards (e.g., Figure 5), each sample was measured in
triplicate and the third measurement was plotted. For
example, four separate calibration curves over a period of
several weeks yielded an overall least-squares linear fit of y
l!'A) = 0.00719 :l:: 0.004 12 (p.A/ng) + 0.211 :l:: 0.253 l!'A);
correlation coefficient, r = 0.976 ± 0.0258. Thus inqualitative
terms, the variability in the slope and intercept values
illustrates the high day-to-day variability of the CM-MFE
calibration curves, while the low variability in the correlation
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Flgur.8. On-plate (0) and solution le) SWASV 01 a lour-<:omponent
mixture using the CM-MFE. The solution concentrations were 3.00
ppm Zn(II), 0.250 ppm 0<1(11), 0.250 ppm Pb(1I), and 0.500 ppm
Cu(II), while a 10-1'1- sample containing 100 ppm Zn(II), 10 ppm
0<1(11), 10 ppm Pb(1I), and 20 ppm Cu(1I) was appled to the TlC plate.

coefficient shows that CM-MFE's prepared for a given day
possessed good linearity.

ASV Determination in Mixtures by Carboxymethyl
Cellulose TLC. A mixture containing CullI), Pb(II), Cd­
(II), and Zn(II) in reagent water was applied (1 I'L) to
carbOxYmethyl cellulose TLC plates (250 ng/analyte) and
developed. The R, zones were lead (0.30-0.48), copper
(0.5H).70), and zinc/cadmium (O.7:Hl.86). The TLC spots
"tailed" slightly more in a multicomponent mixture, and the
Rfvaluesincreased by -10% compared to the valuesobserved
for single component determinations. It is important to note
that the origin is well-separated from the heavy metals-that
is, where mostpotentially interferingorganicsubstanceswould
remain under these chromatographic conditions.

Figure 6 shows voltammograms comparing the four­
component mixture on-plate (i.e., undeveloped) to a quali­
tatively identical mixture in solution, using the same CM­
MFE. The peak resolution does not degrade noticeably, and
only minor drift in peak potentials was observed. Voltam­
mograms from each ofthechromatographiczonesgivenabove
(origin, Pb, Cu, and Zn/Cd) are superimposed on the same
potentialaxiB inFigure 7, using a CM-MFEafter development
of the four-component mixture. Only minor carryover is
apparent: some Pb(II) was observed in the Cu(ln zone, while
Zn(II) was found at the origin. Intermetallic compounds of
Cu(II), particularly of Cu(II)-Zn(II) and Cu(II)-Gd(II), can
be signficant problems in ASV.l The separation of Cu(II)
from Zn(ln and Cd(II) in the method reported here reduces
this phenomenon to a negligible level. Although Cd(ll) and
Zn(m coelute, they are resolved by the inherent electro­
chemical selectivity of SWASV.

CONCLUSIONS

There are few quantitative detection methods in TLC and
even fewer that are electrochemical in nature. Work using
amperometric detection20,21 and voltammetric detectionll,22

are the only other reports of electrochemical detection in
TLC that could be identified in the literature, although the

(20) Di Stefano, v.; Marini, P. Analyst (London) 1973,98, 251-256.
(21) Bochkov, A. S. J. Liq. Chromatogr. 1982, 5, 1567-1572.
(22) Ostrovidov, E. A. Zaood. Lab. 1984,50,15-16; Chem. Abatr. 1985,

102, 71822e.
(23) Howard, J. N.; Koval, C. A. Anal. Chem. 1991,63,2777-2786.
(24) Unwin, P. R; Bard, A. J. Anal. Chem. 199%,64,113-119.
(25) Fritsch-Faul.., I.; Faulkner, L. R. Anal. Chem. 199%,64, 111&­

1127.

ErVOLTl
figure 7. On-plate SWASV 01 a lour-<:omponent mixture alter
cllromatographlc deYeklpment uslng the CM-MFE. Voltammograms
from the origin (0), Cu (e), Pb (e), and Cd/Zn (II) region of the TlC
plate (as shown In Figl.re 2) are overlaid on the same potential axis.

isolation of specific regions of various surfaces to perform
diverse electrochemical measurements has been the subject
of recent efforts in several laboratories.23-25

The accurate measurement offree metal ion concentration
is important in environmental, forensic, and clinical appli­
cations. Thill technique is simpler than atomic spectroscopic
methods and potentially more powerful than the basic ASV
technique; thus it may hold promise for field laboratory use,
e.g., trace metals in hazardous waste samples. While the MFE
is known for its stability and ease of preparation and usage,
the cellulose dialysis membranes used in this study also
possess many attractive features. These membranes are
chemically inert, nonelectroactive, hydrophilic, and insoluble
in water-ideal properties for an electrode membrane ma­
terial. A highly variable film casting procedure is not needed
to prepare the working electrode-the cellulose membranes
are in fact quite easy to handle. Furthermore, the cellulose
membranes are nontoxic, inexpensive, and widely available.

Work is in progress to modify the experimental conflgU­
ration by using an array of ultramicroelectrodes, as the
accuracy ofworking electrode placement is a major source of
variability in the present system (variability of electrode
placement was revealed by staining samples with dithizone
after the ASV measurement). The methodology will also be
optimized, especially the sensitivity (deposition time and
volume of supporting electrolyte within the canopy), and the
apparatus will be minaturized to increase the sample through­
put. Finally, potentiometric stripping analysis is being
explored as an alternative to SWASV because it not only also
allows one to forego sample deoxygenation but also may
pOSlleBB selectivity and sensitivity advantages.
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Stable Films of Cationic Surfactants and
Phthalocyaninetetrasulfonate Catalysts
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FIma IIIlIde from cationic aurtactanta and wefl-ret8lnec1 redox
catalylll. were Invellligated. Full loading of metal phthalo­
cyanlnetetraaulfonat.. (MPcTS....j Into water-lnaoluble dl­
alkytdlmethylarnrnonlum aurtactanta by Ion exchange from
~ aoIul1one ylelcled coalinga on eIectrocIea that retain
theae C8ta~ '- for 1-2 week. In electrolyte IIOIutIona. In
contralll, partly loaded films 1011I rnolIl MPcTS.... 101lB In a few
hOurs. AU fllrna showed gel-to-llqukl crylllal pha.. tr-'llona
at ternperatww ch8ractert8llc of surfactant blay_ C_
aecUonal views by SEM showed lay.,. of 0.1-0.2 JUIl, as well
as some dllIonIered reglona. Each larger layer Ie probably
made up of lIlack. of many molecular bilayer.. Retantlon of
MPcTS.... Iona _rna related to their dlmerlzation. Dlmere of
MPcTS4- asaocIated wtth ammonUn heed groupemay_
link edJaeant surfactant bllay"', The MPcTS.... Ion8 that
enhance lIlabilly In theae fIIma are also good redox c81alysta.

INTRODUCTION

Films of water-insoluble surfactants' can be prepared by
casting their solutions onto a solid support and evaporating
the organicsolvent. Casting offers a simple means to prepare
relatively thick multiple bilayer surfactant fl1ms compared
to the reliable but tedious Langmuir-Blodgett film transfer.2

Surfactant bilayer films intercalated between clay layers' or
linear ionic polymers,'.5 as well as fl1ms of polymerized
surfactants,4d-f have also been prepared by casting. The
surfactants used typically have two or three hydrocarbon
chains of 12 or more carbons. They do not form micelles
which would tend to dissolve the films in water.

Permeability of cast surfactant fl1ms is controlled by their
phase. Neutral, water-soluble solutes pass through fl1ms that
are in the liquid crystal state, but permeability is turned off
when the fl1ms are brought to the solid-like gel phase.3-S

f Permanent address: Beijing Normal University. Beijing, China.
(1) (a) Nakashima, N.; Ando, R.; Kunitake, T. Chem.Lett.1983,1577­

1580. (b) Kunitake, T.; Shimomura, M.; Kajiyama, T.; Harada, A.;
Okuyama, K; Takayanagi, M. Thin Solid Films 1984,121, L8!HlI. (c)
Ishikawa, Y.; Kunitake, T. J. Am. Chem. Soc. 1986,108,8300-8302. (d)
Hamachi, I.; Noda, S.; Kunitake, M.; Hamachi, I.; Honda, T.; Nuda, S.;
Kunitake, T. J. Am. Chem. Soc. 1990,112,6744-6745. (e) Hamachi, I.;
Honda, T.; Noda, S.; Kunitake, T. Chem. Lett. 1991, 1121-1124. (0
Hamachi, I.; Nuda, S.; Kunitake, T. J. Am. Chem. Soc. 1991, 113, 9625­
9630. (g) Ishikawa, Y.; Kunitake, T. J. Am. Chem. Soc. 1991,113,621­
630.

(2) Fendler, J. H. Membrane Mimetic Chemistry; Wiley: New York,
1982.

(3) Okahata, Y.; Shimizu, A. Longmuir 1989,5,954-%9.
(4) (a) Shimomura, M.; Kunitake, T. Polym. J. 1984,16, 187-190. (b)

Kunitake, T.; Tsuge, A.; Nakashima, N. Chem. Lett. 1984,1783-1786. (c)
Nakashima, N.; Kunitake, M.; Kunitake, T.; Tone, S.; Kajiyama, T.
Macromolecules 1985, 18, 1515-1516. (d) Higashi, N.; Kajiyama, T.;
Kunitake, T.; Prass. W.j Ringsdorf, H.i Takahara, A. Macromolecules
1987,20,29-33. (e) Nakashima, N.; Eda, H.; Kunitake, M.; Manahe, 0.;
Nakaoo, K J. Chem. Soc., Chem. Commun.199O,443-444. (f) Kunitake,
T. Polym. J. 1991,23,613-618.

(5) (a) Okabata, Y.; Enna, G.; Taguchi, K; Seki, T. J. Am. Chem. Soc.
1985,107,53llO-5301. (b) Okabata, Y.; Enna, G. J. Phys. Chem. 1988,
92,454&-4551. (c) Okahata, Y.; Eona, G.; Takenouchi, K J. Chem. Soc.,
Perkin Trans. 2 1989, 835-843.
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Results ofX-ray diffraction and electron microscopy, as well
as phase transitions for surfactant fl1ms at temperatures close
to those ofbilayervesicle suspensions ofthe same surfactants,
have been used to propose multiple bilayer structures.1.:Hl

Stable, ordered surfactant fl1ms have a wide range of
potential applications. Poasibilities include membranes with
controllable permeability,'''; coatings for piezoelectric6 or
amperometric sensors,. and kinetic control of catalytic
chemical or electrochemical reactions.7-9 Surfactant mole­
cules in these fl1ms are arranged in bilayers resembling those
of lipid membranes in living cells. Thus, additional appli­
cations include biomembrane-like supports for ordering
biological macromoleculesld-fand inorganic complexes"" and
for designing systems with vectorial electron transport.'o

We are currently evaluating insoluble surfactant fl1ms
containing redox mediators for electrochemical catalysis,
specifically for dehalogenations of organohalide pollutants.8

Films of didodecyl· and dioctadecyldimethylammonium
bromide (DDAB and DODAB) cast onto pyrolytic graphite
electrodes readily incorporated multivalent anions from
solution. When used in aqueous solutions, these films
excluded hydrophilic multivalent cations but were able to
preconcentrate hydrophobic ions and neutral molecules.7

Thus, such fl1ms should be useful in exerting selectivity and
control of catalytic reactions.

Anionic redox catalysts can be introduced into liquid
crystalline DDAB and DODAB films on electrodes by ion
exchange from aqueous solutions. Anionic macrocyclic com­
plexes such as metal phthalocyaninetetrasulfonates have a
wide range of catalytic activity." Films incorporating such
complexes catalyzed dehalogenation of organohalide pollut­
ants, converting vicinal dibromides to olefms and trichloro­
acetic acid to acetic acid.8 Clay-surfactant composite fl1ms
containing neutral metal phthalocyanines catalyzed similar
reductions.· Charge transport rates are much better for both
types of fl1ms in liquid crystal phases than in solid-like gel
states. Gel·to-liquid crystal phase transitions were detected
by voltammetry and differential scanning calorimetry.7-9

Composite clay-surfactant fl1ms containing metal phthal­
ocyanines showed excellent stability, retaining catalytic
activity for 1monthormore.· However, maintenance ofstable
amounts of anionic catalysts in pure DDAB and DODAB
fl1ms depends strongly on the type of anion incorporated.
Hexacyanoferrate(4-) ion and cobalt(Ill) corrinhexacarbox­
ylate are readily incorporated into DDAB and DODAB fl1ms.
However, when fl1ms loaded with these anions are placed in
a solution containing only supporting electrolyte, 5(}-75 % of
these electroactive anions are leached out in several hours.'"

(6) Okahata, Y.; Ebato, H. Anal. Chem. 1991,63,203-207.
(7) Rusling, J. F.; Zhang, H. Longmuir 1991, 7, 1791-1796.
(8) Rusling, J. F.; Hu, N.; Zhang, H.; Howe, D.; Miaw, C.·L.; Couture,

E. In Electrochemistry in Microheterogeneous Fluids; Mackay, R. A.,
Texter, J., Eds.; VCH Publisbers: New York, 1992.

(9) Hu, N.; Rusling, J. F. Anal. Chem. 1991, 63, 2163-2168.
(10) Gratzel, M. Heterogeneous Photochemical Electron Transfer;

CRC Press: Boca Raton, FL, 1989.
(11) Moser, F. H.; Thomas, A. L. The Phtholocyanines; CRC Preas:

Boca Raton, FL, 1983; VoL I, pp 79-100.
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Table I. Pha....Transition Temperatures (OC)

diff scanning calorimetry

this
sample work lit. [ref]

On the other band, when sufficient metal phthalocyanine­
tetrasulfonates (MPcTS4-) are incorporated, DDAB films
retain most of these catalytic anions for 10 days or more in
0.1 M KBr 8Olutions.s

In this paper, we present results of differential scanning
calorimetry, molecular spectroscopy, voltammetry, and scan­
ning electron microscopy (SEM) with energy-dispersiveX-ray
(EDX) analysis which provide insight into the structure and
causesofstabilityofcationic surfactant films containing metal
phthalocyaninetetrasulfonates. Absorbance spectra suggest
that dimerization of metal phthalocyaninetetrasulfonates12

contributes to the remarkable stability of catalytic films
containing these complexes. These films are microscopically
ordered in multiple bilayers of surfactants, but are macro­
scopically heterogeneous.

EXPERIMENTAL SECTION

drY DDAB powder"
wet DDAB powder"
aqueous DDAB

dispersionc

DDAB flims"
+ NiPcTS4­
+CuPcTS4­
+ Fe(CN)....

aqueous DODAB
dispersionc

DODAB flims"
+ NiPcTS'­
+CuPcTS'­
+ Fe(CN).'-

55
10
15

10,12
16,17
16,17
16

10 [31, <5 [l4al

44 [4al, >50 [14al

voltammetry
prevwork

[ref]

10 [81

9 [71

38 [81
41 [81
52 [81

Chemicals and Solutions. Didodeeyldimethylammonium
bromide <DDAB) and dioctsdecyldimethylammonium bromide
(DODAB) were 99+% from Eastman Kodak. Cetyltrimethyl­
ammonium bromide (CTAB, hexadeeyltrimethylammonium
bromide) was Fisher certified (99.8 %). Copper phthalocyanine­
3,4',4",4"'-tetrasulfonic acid and nickel phthaloeyaninetetrasul­
fonic acid (mixture of isomers) were obtained as tetrasodium
salts from Aldrich. All other chemicals were reagent grade.

Apparatus and Procedures. A BioanalyticalSystems BAS­
100 and PARC Model 273 electrochemistry system were used for
cyclic voltammetry (CV). The working electrode was a basal
plane pyrolyticgraphite (HPG-99, Union Carbide) disk (geometric
A = 0.2 em'). Electrodes were prepared by sealing pyrolytic
graphite (PG) disks into the large end ofa polypropylene pipette
tip as described previously· or by sealing to a glass tube with heat
shrinkable tubing. Electrodes were abraded with 600-grit SiC
paper on a metallographic polishing wheel prior to coating with
surfactant. Twofilm thicknesses were used. PG electrodes were
coated by pipeting 20l'Lof0.1 M solutionofDDAB in chloroform
(thick film) or 61'L of0.01 M solution of DDAB (thin flim) onto
PG disks. Chloroform was allowed to evaporate for 24 h after
fitting a small bottle tightly over the electrode to serve as a closed
evaporation chamber. Coatedelectrodes were subsequentlycured
for at least 24 h in air.

This method gave reasonably uniform and reproducible
coatings as evaluated by light microscopy, SEM, and CV of
incorporated ferrocyanide and MPcTS'" ions. Approximate flim
thicknesses estimated from geometric factors7 and confmned by
SEM cross-sectional views were 1-2 I'm for thin fUms and 3(}-50
I'm for thick fUms. Thin DDAB films were used for most of the
electrochemical experiments.

The three electrode cell for CVstudies included thesurfactant­
coated PG working electrode, a platinum wire counter electrode,
and a saturated calomel electrode (SCE) or a Ag/AgBr wire as
reference. In 0.1 M KBr, the Ag{AgBr reference half·cell had a
potential of 0.086 V VB SCE. The ohmic drop of cells was
compensated~90%by the electrochemical analyzers; the typical
uncompensated resistance was 1(}-20 ll. Experiments were
thermoststed at 25.0 ± 0.1 °C. All solutions were purged with
purified nitrogen to remove oxygen before voltammetry.

Absorption spectroscopy was done using eithera Perkin-Elmer
Model >.3B or a Milton Roy Spectronic 3000 Array UV-vis
spectrophotometer. Films were deposited as above onto glass
microscope slides at a sufficient thickness to give measurable
absorbance. These films were equilibrated with aqueous 0.1 M
KBr solutions containing 0.5 mM of the metal phthalocyanine­
tetrasulfonates (MPcTS"'). Films were removed from these

(12) (a) S<:helly, Z. A.; Farina, R. D.; Eyring, E. M. J. Phys. Chem.
1970,74,617-620. (h) S<:belly, Z. A.; Harward,D. J.; Hemmea,P.; Eyring,
E. M. J. Phys. Chem. 1970, 74, 304()-3042. (c) Gruen, L. C.; B1agrove,
R. J. Aust. J. Chem. 1972,25,2563--2558; 1973,26,319-323. (d) Boyd,
P. D. W.; Smith, T. D. J. Chem. Soc., Dalton Trans. 1972,839-843. (e)
Farina, R. D.; Halko, D. J.; Swinebard, J. H. J. Phys. Chem. 1972, 76,
2343-2348. (f) Abe~E. W.; Pratt,J. M.; Whelan, R.J. Chem. Soc.,Dalton
Trons. 1976,509-514. (g) Yang, Y.; Ward, J. R.; Seiders, R. P. Inorg.
Chem. 1985, 24, 176&-1769.

• Dried in a vacuum over caSo, dessicant for 2 days. b Stored in
a closed chamber with saturated water vapor for several days. ' 10
mM aqueous solution sonicated for 4 at 50 ·C. d After full equili­
bration in solution of 0.1 M KBror 0.1 M KBr + I mM of ion ststed.
Duplicate values are for separate flim•.

solutions, dipped in pure water .everal times, and then placed
in the spectrometer to obtain the spectra.

Scanning electron microscopy (SEM) and energy-diapersive
X-ray analysis (EDX) were done with an Amray 1810microscope
using a tungsten filament as the electron source. DDAB flims
for SEM/EDX analysis were coated onto PG electrodes using
the same method as for voitammetry. The entire electrode
assembly could be attached to the mounting stage of the SEM
with electrical connection through the electrode lead wire. Prior
to analysis by SEM, 5 nm of gold was coated onto samples with
a Model SC 500 sputter coater (Bio-Rad).

For cross-sectional SEM views, coatings were cast onto very
thin disks of pyrolytic graphite and freeze-fractured after
immersion in liquid nitrogen. EDX was done using a Phillips
North American EDAX Model PV-9800 system. The beam
diameter for spotanalyses was 2I'm. Sensitivityfactors provided
with system software were used to convert counts to relative
atom percent.

Differential scanning calorimetry was done with a Perkin­
Elmer Model DSC 7 calorimeter calibrated with water (0.0 °C)
and indium (156.6 °C). Thick DDAB films (5-10 mg) were
preparedas above on PG electrodes and equilibrated until stesdy­
state CVs were obtained. The flims were kept in solution until
immediately before the DSC run and then scraped off of the PG
into aluminum sample pans which were then crimped shut.
Samples were held at -30°C for 10 min and then scanned at 10
°C min-1to 0.0 °C, where they were held for 10 min. Analytical
scans at 10°C min-I were subeequently initiated. Phase
transitions are reported as onset temperatures of peaks in the
thermograms.

RESULTS

Calorimetry. Previous work showed that gel-to-liquid
crystal phase transitions measured for surfactant films by
differential scanning calorimetry (DSC) corresponded to
breaks in cyclic voltammetric peak current vs temperature
curves.7-9 More extensive calorimetric studies are reported
herein.

A phase transition at 55°C was observed for dry DDAB
powder (Table I). When the powder was allowed to equilibrate
with saturated water vapor under ambient temperature, a
transition (T,) was observed at 10 ·C with no peak at 55°C.
The 10 °C transition most likely corresponds to the 80 called
Lam2 phase, a lamellar liquid crystal system observed13 when
there is about 7-11 % water present in DDAB. An aqueous

(13) Fontel1, K.; Caglie, A.; Lindman, B.; Ninham, B. ActaChern. Scand.
1986, A40, 247-256.
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-E, V vs. AglAgBr
FIg.... 1. CycllcvoltammogramsatO.10V S-1: (a)atbarePGalectrode
In 0.1 MKBr/0.2 mM NIPcTS"'; (b) DDAB-coated PG fully loaded with
NIPcTS'" In 0.1 KBr with no NIPcTS'" In solution.

sonicated dispersion of DDAB gave a To of 15 ·C, slightly
larger than values previously reported for sonicated vesicle
dispersions,13 but similar to that reported for the lamellar
liquid crystal phase Laml observed at low DDAB concen­
trations in water,14

Similar DSC behavior for dry dioctadecyldimethylammo­
nium chloride (DODAC) has aleo been found. A gel-to-liquid
crystal transition at 52 ·C was observed only after addition
of sufficient water and persisted between 9 and 86 % water.IS

This higher value of To is consistent with the longer chain
length compared to DDAB and is similar to that reported for
DODAB (Table I), despite the difference in anion.

Films ofDDAB fully loaded with MPcTS4- or ferrocyanide
ions showed phase transitions by DSC and CV at similar
temperatures (Table I) to those ofcastDDAB ftlms containing
Br- ions and the Laml and Lam2 phases. Data for DODAB
support similar conclusions.

Electrochemistry. Voltammetry was done at 25 ·C with
DDAB ftlms in a lamellar liquid crystal state. Films were
loaded with MPcTS4- ions by placingfreshly prepared DDAB­
coated electrodes into 0.2-1.0 mM MPcTSN../0.1 M KEr
solutions and scanning repeatedly over the potential range
of the first CV peak, usually -{).2 to -1 V. Full incorporation
of MPcTS4- ions into DDAB ftlms, as detected by repro­
ducible CVs, occurs in about 30 min for thin ftlms. Loading
also occurs without scanning, but at a slightly slower rate.

In water, MPcTS4- ions are heavily aggregated,12 and only
very small, broad irreversible CV peaks are observed at PG
electrodes.I. When DDAB ftlms fully loaded with MPcTS4­
ions are rinsed with water and placed into 0.1 M KBr without
MPcTS4-, chemicallyreversible cyclicvoltammograms (Figure
1) are observed. At 100 mV S-I, the first cathodic peak for
NiPcTS4- is at -{).75 V vs Ag/AgBr and that ofCuPcTS4- is
at -{),4 V. These cathodic peak potentials are similar to those
reported for the one-electronM(mPcTS4-/M(II)PcTS5- redox
couples in noncoordinating organic solvents.J7

As discussed below, these fully loaded ftlms have excellent
stability in water. When DDAB ftlms fully loaded with
MPcTS4- were sonicated for several seconds in chloroform,
the solvent took on the characteristic color of the MPcTS4-.
Since MPcTSN.. is completely insoluble in chloroform, this
suggests that the MPcTS4- removed from the electrode was

(14) Evans, D. F.; Mitchell, D. J.; Ninham, B. W. J. Phys. Chem.198a,
90, 2817-2825.

(15) Komads, M.; Kuwabara, M.; Seki, S. Thermochim. Acta 1981,50,
81-9!.

(16) Zevecic,S.;Simic-Glavaski, B.; Yeager, E.; Lever, A. B. P.; Minor,
P. C. J. Electroanal. Chem. Interfacial Electrochem. 1985, 196, 339-358
and references therein.

(17) Lever, A. B. P.; Licoccia, S.; Magnell, K.j Minor, P. C. Advances
in Chemistry Series No. 201; American Chemical Society: Washington,
DC, 1982; pp 237-251.

-E, V vs. AglAgBr

Flgur. 2. Serle. of cyclic voltammograms at 0.10 V .-1 In 0.1 MKBr
showing uptake of NIPcTS'" by a DDAB film from Its 0.2 mM solution
during continueus scanning after (a) 1, (b) 3, (e) 8, (d) 10, (e) 18, and
(1)48 min.

associated with surfactant head groups. Moreover, no CV
peaks were observed after returning the chloroform-washed
electrodes to 0.5 mM MPcTS4-/0.1 M KBr. Chloroform
apparentlysolubilizes mostofthe electroactive MPcTS4- from
the electrode. As mentioned, diffusion-controlled peaks of
MPcTS4-are difficult todetect in water on bare PG (cf. Figure
1a).

Scan rate studies were done on thin ftlms fully loaded with
NiPcTS4- and CuPcTS4- ions. Peak current VB scan rate (v)
plots were linear only at. < 3 mV s-1, where nearly symmetric
peaks were observed. Between 0.06 and 10 V S-I, the peak
had the characteristic unsymmetrical diffusion-controlled
shape (Figure 1) and cathodic peakcurrents were proportional
to vl(2. Cathodic and anodic peak currents were equal
throughout this range of scan rates. These observations are
consistentwith the CV behaviorexpected18for anelectroactive
species confmed to a relatively thick mm on an electrode
surface.

Symmetric CV peaks found at very lowscan rates suggested
that nearly all the electroactive material was reduced at the
cathodic end of these scans. Integration under this one­
electron cathodic peak gives the charge (Q) proportional to
the so-called surface concentration of electroactive material
(r0), given byls

r o = Q/FA

where A is the area of the electrode and F is Faraday's
constant.

Surface concentrations for thin films were estimated in
two different ways: (1) integration of the cathodic CV at 1
mV S-1 and (2) integration ofscans made at 6mV S-I through
the potential range of the peak, but stopped and held at a
potential corresponding to about 60% ofpeak current on the
negative side of the peak for 600 s. The latter method might
measure charge from MPcTS4- monomers slowly dissociated
from dimers in the ftlm. Results of these two experiments
were in good agreement and consistently gave surface
concentrations of (4-5) x 10-8 mol em-2for the two MPcTS'­
ions. Using the average of these surface concentrations and
1.5 I'm for the estimated f'tIm thickness to obtain film volume,
we estimate a concentration of about 0.3 M for the electro­
active species in fully loaded thin ftlms.

The CVs show interesting changes as the film is loaded by
repetitive scanning in MPcTS4- solutions. Shortly after a
freshly prepared thin film DDAB-PG electrode is placed into
aqueous 0.2 mM NiPcTS4-, a reversible CV is observed with
cathodic peak potential of -{).67 V (Figure 2a). With

(18) Murray, R. W. In Electroanalytical Chemistry; Bard, A. J., Ed.;
Marcel Dekker: New York, 1984; VoL 13, pp 191-368.
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FIgur. 3. Influence of time In a 0.1 M KBr solution on cathodic
voltammetrlc peak current of DOAB fllms at O. 10 V s-': (a) loaded wtth
N1PcTS'" by continuous CV cycling for 5 min; (b) fuIy loaded wtth
NlPcTS.... Note tlme scale of minutes In a and hairs In b. (Unes
crewn arbItrarlly.)

increasing time, during which repetitive scanning was done,
both cathodic and anodic peaks shift negative. Between 7
and 10 min, a new, slightly more negative cathodic peak
(Figure 2c,d) grows in and replaces the original peak. The
cathodic peak potential shifts negative to about -0.78 V in
the first 20min andthen remains nearlyconstant. Theoverall
potential shift during loading was typically -110 mV. The
anodic peaks shift comparably. A steady-state CV is reached
after about 30 min of scanning, after which the CV remains
constantwith time (Figure 2g). Similar results wereobtained
when incorporating CuPcTS.....

An increase in rigidity of the films was also observed upon
loading them with MPcTS..... DDAB fIims soaked in aqueous
solutions are soft and malleable. Fully loadedfilms are rather
brittle, and pieces can be chipped away from the PG surface
with a spatula.

Retention of incorporated MPcTS<- ions in DDAB films
depends strongly on the amount of loading. In thick fIims
that were removed from solution before full loading was
reached (cf. Figure 2a-c), washed, and placed in fresh 0.1 M
KBr, about 75% of the MPcTS.... is lost to the solution within
several hours (Figure 3&). Thin fIims show a more gradual
decay, but show a 75 % loss in about 3 h. In contrast, fully
loaded fIims have much smaller rates of decrease in CV
currents over 270 h in 0.1 M KBr. Thus, a sufficiently large
concentration of incorporated MPcTS<- produces films that
retain MPcTS<- quite effectively.

Ion-excbange properties of films fully loaded with MPcTS<­
are different from the original films containing Br ions. For
example, when a DDAB film loaded with CuPcTS'" and used
for several days was placed in 5 mM ferrocyanide/0.1 M KBr,
a quite small sharp oxidationpeak for ferrocyanide was found

E. V va. AglAg8r

Flgur.4. Cyclic voltammograms at 0.10 V s·' of DDAB-coated PG
electrodes: (a) fllm fully loaded wl1h CuPcTS.... used for several days
In 0.1 M KBr solutions. then scanned after 3 h In 5 mM K.Fe(CNleIO.l
M KBr; (b) fresh llOAB film on PG electrode fuly equIIbrated wtth 5
mM K.Fe(CNleIO.1 M KBr. Note clfferent current scales In a and b.

atO.1 V (Figure4a), even after 2.5h ofsoakingand intermittent
CV scans. (An additional small oxidation peak near 0.3 V is
probablycaused by diffusion offerrocyanide to smalluncoated
sites on this electrode.) Incontrast, a fresh DDAB film loaded
in 5 mMferrocyanide for about30mingavea nearlysymmetric
oxidation peak at 0.05 V that was about 100 times larger
(Figure 4b) than on the DDAB--CuPcTS<- electrode.

Molecular Spectroscopy. Electronicabsorption spectra
of MPcTS<- ions give characteristic peaks for dimers in the
visible region.l2 This is illustrated by spectra of CuPcTS<­
in water (Figure 5). Peaks at 668 nm correspond to the
monomer, and those at 630 nm are for dimers. Similar results
were obtained in water for NiPcTS<-. These spectra show
that MPcTS<- ions are heavily dimerized in water even at
quite low concentrations. Analyses of A (668 nm) vs
concentration data with the appropriate Beer's law models19

were consistent with monomer-dimer equilibrium between
0.3 and 5 I'M MPcTS<-, as reported previously."

DDAB fIims fully equilibrated with MPcTS.... solutions,
removed from solution, and washed with water (Figure 6)
had relatively small dimer peaks. Their spectra suggested
similar degrees of dimerization in equilibrated fIims and in
aqueous solutions with concentrations of 0.3 I'M, assuming
that extinction coefficients are similar in the two media. Also,
spectra of 1 I'M MPcTS.... in 0.1 M micellar solutions of
cetyltrimethylammonium bromide showed only a monomer
peak, with no evidence for dimerization.

Spectra offIims soaked in MPcTS<- solutions for different
times were also measured. The ratio of monomer to dimer
peak absorbance decreased with time, reaching a constant
value of 1.3-1.5 in <10 min (Figure 7).

(19) Rusting. J. F. CRC Crit. Rev. Anal. Chern. 1989. 21. 4~81.
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Figure 5. Visible absorbance spectra of CuPcTS'- In water.

2.500 A

and SEM (Figure Sa) showed that the rUms had similar rough
surfaces with or without MPcTS4- incorporated.

SEM cross-sectional views after frOO2e-fracture showed
regions with wavy,layered structures (Figure 8b,c). These
weresimilar for rUms withand withoutMPcTS4- incorporated.
However, distinct regions featuring a nonlayered appearance
were also observed in the same samples. In the example
shown, the latter region appears rather amorphous and
includes some needle-like structures (Figure 8d).

EDX spot analysis provided semiquantitative information
on elemental concentrations. Since the sampling depth of
EDX is on the order of1I'm, these studies were done on thick
rUms (30--50 !LID) with and without MPcTS4- incorporated.
The only element detected for DDAB f1lms without incor­
porated foreign ions was Br. After ovemight equilibration
of rUms with 0.5 mM MPcTS4-/0.1 M KBr, the Br peak was
almost completely gone.

Elemental signals were monitored by EDX at six spots on
equilibrated films (Table II). The number ofcounts per unit
time for the central metal ions should give an estimate of
relative MPcTS4-concentrations at different locations in the
rUms. Considering the reproducibility of about 10--15% for
EDX, the data for Cu, in particular, could be construed as
suggesting some degree of heterogeneity.

As mentionedabove, onlytrace amounts ofBrweredetectsd
in samples equilibrated with MPcTS4- solutions. However,
significant K was found. The K/S ratio is consistent with <1
K+ ion for each MPcTS4- (Table II). However, M/S ratios
are larger than expected. This may result from inaccurate
sensitivity factors caused by a sample matrix effect. Nev­
ertheless, it is likely that some K+ ions are associated with
sulfonate groups of the MPcTS4- ions in the films.

DISCUSSION

figure 8. Visible absorbance spectrum of DDAB fllm fully equilibrated
with aqueous 0.2 mM CuPcTS'-.

t, min
FIgure 7. Influence of aquilibration Uma with 0.2 mM MPcTS'-/0.1
M KBr solutions on raUo of monomer/dlmer absorbance peaks lor
DDAB films: (a) NIPcTS'-; (b) CuPcTS'-.

Microscopy and EDX. Top-view appearances were very
different for freshly cast mms and rUms that had been soaked
in aqueous solutions. SEM and EDX are reported only for
rUms that had been treated with aqueoussolutions to be more
relevant to conditions of use in catalysis. Light microscopy

9 12 15 18 21

t. min

DSC results (Table I) show that water is necessary to
observe T, values for DDABatlessthanambienttemperature,
indicating thatwater influences thegel-to-liquid crystalphase
transition. T, values of the DDAB rUms are roughly similar
to those of Lam1 and Lam. phases irrespective of the
incorporated ion. The effects of these transitions are also
seen as breaks in cyclic voltammetric peak current VB

temperature data7,8 for incorporatedelectroactive ions (Table
I). Similarities in T, values for rUms and known bilayer
systems ofthe same surfactants suggest that the rUms contain
surfactant bilayers.

Why do fu11y loaded rUms retain MPcTS4-, while partly
loaded rUms undergo rapid loss of these ions in supporting
electrolyte solutions? Changes in visible spectra ofMPcTS4­
as the rUms are loaded are consistentwithan increasingdegree
ofdimerization of MPcTS4-. An increased fraction of dimer
upon loading is clearlyseen in the visiblespectraas thegrowth
of the peak between 600 and 620 nm. At low loadings, where
this peak is not present, MPcTS4- ions can be rapidly
exchanged out of the rUm in a few hours in electrolyte
solutions. When the dimer peak is present, MPcTS4- ions
are retained for many days. Also, ferrocyanide and cobalt­
(Ill) corrinhexacarboxylate ions, which do not dimerize, can
be replaced in several hours in fu11y loaded DDAB films.s We
conclude that dimerization is important for good retention
of MPcTS4- in the rUms.

Comparison of spectra (Figures 6 and 7) shows that fully
loaded films have about the same degree of dimerization of
MPcTS4- as 0.3 I'M aqueous solutions. This is remarkable
in view of the fact that these rUms contain about 0.3 M
MPcTS4-. The relatively low fraction of dimers in the rUms
and in aqueous micellar CTAB solutions may be explained
by a strong interaction between the sulfonates of the
macrocyclic catalysts and cationic head groups of the sur-
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Figure 8. Top view SEM Image (a) of DDAB film eqUilibrated with 0.1 M KBr/0.2 mM NIPcTS4-. Cross-sectional SEM Images (b-<l) of freeze­
fractured DDAB films after equilibration in solution with (b) CuPcTS4-, layered region; (c) NiPcTS4-, layered region; and (d) NIPcTS4-, nonlayered
region.

Table II. Energy Dispersive X-ray Spot Analyses of Films

NiPcTS/DDAB CuPcTS/DDAB
spot no. NicoWlts spot no. Cu counts

1 3230 1 5372
2 3324 2 5545
3 2245 3 4695
4 2280 4 4812
5 2721 5 11724
6 2208 6 7996
mean ± s 2668 ± 508 mean ± s 6691 ± 2742

(rsd) (±19%) (rsd) (±41%)

apparent av atomic ratiosQ

NilS = 0.45 ± 0.12 Cu/S = 0.32 ± 0.03
K/Ni = 0.33 ± 0.09 K/Cu = 0.49 ± 0.10
K/S =0.16 ± 0.02 K/S =0.16 ± 0.03

a Average ± s for six spots.

factants in micelles and bilayers. This interaction may cause
MPcTS'- ions to lie flat on the bilayer surfaces. This is
consistentwith recent results ofIshikawa and Kunitake, who
used ESR anisotropy to show that metal macrocyclic com­
plexes such as porphyrins and phthalocyanines with four
symmetrically attached sulfonate groups are inserted in
orientations parallel to the plane ofthe head groups in bilayers
of ammonium surfactants.'g

Previous investigators of MPcTS'- dimers in water pro­
posed face-to-face orientations.'2 Once the concentration of
MPcTS'- in the film becomes large enough, flat orientations

on bilayer surfaces may facilitate dimerization between
MPcTS'- ions on adjacent bilayers, cross-linking pairs of
bilayers. However, at smaller concentrations in the film,
MPcTS'- ions on bilayer surfaces would tend to be isolated
from one another.

The influence of dimerization on shifts in CV peak
potentials upon loading the films were explored with digital
simulations.2o To pick the range of kinetic constants, we used
published data on the dimerization kinetics.'2a,b,.,h For
example, for Co{II)PcTS'- in water at 58 cC, dimerization
rate constant12' k, was 600 M-l sol, and the dissociation rate
constant k, = 0.003 sol. Simulations ofCVs were done for two
mechanisms featuring reversible one-electron transfer (ET)
to the phthalocyanine and electoinactive dimers: (i) dimer­
ization preceding ET, and (ii) dimerization preceding and
following ET. Values of k, of 600,3000, and 30000 M-l sol
were used with a series of k, values from 0.003 to 300 sol.
Results showed that cathodic potential shifts >20 mV could
not be achieved without changes to sigmoid cathodic wave
shapes for any combination ofrate constants. Since diffusion­
like peak shapes are always found in the films at 0.10 V s-l,
dimerization is unlikely to be the full cause of the observed
potential shifts upon loading. Simulations showed that less
than 20 mV of the observed 1l0-mV shift in cathodic peak
potential (cf. Figure 2) could be explained by dimerization.
Other factors that maycontribute to the potential shift include

(20) Gosser, D. K.; Zhang, F. Talanta 1991,38, 71&-722.
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a change in the microenvironmentofMPcTS'-, also suggested
bythe increase in fl1m rigidity, and a change in axial ligation. 17

SEM and EDX analyses are consistent with some disorder
in the bulk structure of the fl1ms. A significant fraction of
cross sections were observed as stacked wavy layers of
thickness 0.I--{).2 I'm. Each of these relatively thick layers
may be associated with stecks of many individual3-nm-thick
surfactantbilayers. This was confirmedfor severalcomposite
surfactant fl1ms by comparing SEM cross sections with
molecularly resolvedtransmissionelectron microscopySb" and
X-ray diffraction.3-5 This multibilayerstructure is consistent
with the observation ofgel-to-liquid crystal phase transitions
characteristicofother bilayer systems ofthe same surfactants.
However, portions of the cross sections also had a more
amorphous, unlayered appearance. The presence ofbilayers
in these regions cannot be cOnIumed by SEM because of the
lackofmolecular resolution. However, tubular myelin figures
proposed to contain concentricbilayersformwhen dry DDAB
films are swelled with water.21 Similar myelin figures were
observed by light microscopy on the top ofthick DDAB films
when soaked in 0.1 M KBr, The amorphous parts of the
films found by SEMmight possibly be related to such bilayer­
containing structures.

Water wets abraded PG disks prepared for film casting, as
well as DDAB/MPcTS'- fl1ms, indicating that these surfaces
are hydrophilic. Carbon surfaces containconsiderable oxygen
(8-25%) present in various functional groupS,22-" which is
the probable cause of the polar nature of the surface. In
addition, surface-enhanced Raman studies of amphiphilic
alkylarnmonium ions adsorbed on rough Ag electrodes
indicated that head down orientations predominated at full
coverage over a wide potential range, even positive of the
point of zero charge.25 These observations would support
the likelihood of an average head down orientation for the
first surfactant layer next to the PG surface.

Detection of K in the fl1ms by EDX, but only trace Br,
suggests that a small fraction of the sulfonate groups of

(21) Shchipunov, Y. A.; Msslennikova, I. G.; Kolpakov, A. F.; Sch.­
milina, E. V. Bioelectrochem. Bioenerg. 1989,22,45-56.

(22) Kama., G. N.; Willis, W. S.; Rusling, J. F. Anal. Chem. 1985,57,
545-551.

(23) Kama., G. N. Anal. Chim. Acto 1988,207,1-16 and references
therein.

(24) Rusting, J. F.; Zhang, H.; Willis, W. S. Anal. Chim. Acta 1990,235,
307-315.

(25) Sun, S.; Birke, R. L.; Lombardi, J. R. J. Phys. Chem. 1990, 94,
2005-2010.

Figur. 9. Conceptual, idealized model of a small portion of a
dialky1dlmethylammonium film on PG stabilized by MPcTS~ Ions.

MPcTS'- are associated with K+ ions rather than ammonium
head groups.

In summary, fl1ms of dialkyldimethylammonium surfac­
tants in the liquid crystal phase incorporate large concen­
trations of MPcTS'- ions, yielding stable electroactive fl1ms
on electrodes. Stability is associated with dimerization of
MPcTS'- ions, which may cross-link adjacent surfactant
bilayers. Stacked surfactant bilayers seem to be the major
feature of the supramolecular structure (Figure 9), although
some disorder was found on the micrometer scale. The
multiple bilayer structure is consistent with proposed struc­
tures of cationic surfactant fl1ms stabilized by clay colloids
and linearanionic polymers.1,3-5 However, in the presentcase,
the stabilizing agent is also a redox catalyst.
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Determination of Mercury(II) in Dithizone-Impregnated Latex
Microparticles by Photochromism-Induced Photoacoustic
Spectroscopy
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The determination of trace levels of toxic heavy metals
continues to represent an important area of analytical
chemistry. Mercury has been determined over the years in
trace levels by reaction with the ligand phenylazothioformic
acid 2-phenylhydrazide, more commonlyknownas dithizone.!
Dithizone forms complexes with many heavy metals ofwhich
a number are photochromic. Photochromism refers to the
reversible color change that the compounds undergo on
exposure to visible light. Analysis of these photochromic
species by photoacoustic spectroscopy (PAS) has been quite
successful. The method is sensitive and is quite specific for
mercury if samples are prepared in solid films; no other heavy
metal complexes with dithizone exhibit photochromism in
the solid state.2 Frequently however, the preparation ofsolid
samples can be somewhat time-consuming. In this work, a
novel technique is presented in which aqueous Hg(II) is
sequestered into small uniform polystyrene latex micropar­
ticles which are previously impregnated with dithizone. The
particles can then be easily turned into a solid sample suitable
for photochromism-induced photoacoustic spectroscopy (PC­
PAS) analysis bysimple fIltration onto commercially available
small-pore membrane filters. The method is fast, simple,
and has the potential for simultaneous quantification and
clean-up of Hg(II) in environmental waters.

Much work has been carried out to make use of the very
regular surfaces of latex microparticles.3 The particles have
recently been used as a support on which silver needles were
grown for surface-enhanced raman spectroscopy.' Many
substances have been adsorbed onto the surfaces of micro­
particles, not the least of which being immunoglobulins for
the now well-established latex immunoassay agglutination
tests.5 The technique for dyeing microparticles has been well
established, and particles are available in a variety of colors,
usually to aid in visual determination ofagglutination assays.
Fluorescent dyes have also been used for a number of
spectroscopic techniques. In these cases the dye has been
shown to be deep in the interior of the particle and does not
alter the surface chemistry.6 A number ofiron(III) complexes
have been recently incorporated into sodium dodecylsulfate

* Author to whom all correspondence should be addressed.
(1) Sandell, E. B.; Onishi, H. Colorimetric Determination of Traces

of Metals, 4th ed.; Wiley-Interscience: New York, 1978; p 39L
(2) Chen, N.; Guo, R.; Lsi, E. P. C. Anal. Chern. 1988,60, 2435-39.
(3) Pelton, R. NATO ASI Series, Ser. C 303 (Scientific Methods for

the Study of Polymer Colloids and Their Applications) 1990,493-516.
(4) Wachter, E. A.; Moore, A. K.; Haas, J. W., III. Vibr. Spectrosc.

1992, 3, 73-78.
(5) Masson, P. 1..; Camhiaso, C. L.; Collet-Cassart, D.; Magnusson, C.

G. M.; Richards, C. B.; Bindic, C. J. M. Methods Enzyrnol. 1981, 74,
106-139.
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anapolis, 1984; Chapter VII.
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micelles and studiedspectroscopically,7 but these were limited
to the case ofthe continuous phase being aqueous. This work
is the first example reported in the literature, to the authors'
knowledge, of an analytical reagent being put inside a latex
microparticle. The reagent-impregnated microparticles are
stable in aqueous suspension and can be removed from the
aqueous phase along with the Hg(II) for analysis under
ambient conditions. Additionally, the potential for a variety
of organic complexing agents being incorporated in micro­
spheres to create tailor-made reagents for toxic clean-up is
great.

EXPERIMENTAL SECTION

Latex Microparticles and Dithizone. Polystyrene latex
microparticles were obtained from Seradyn (Indianapolis, IN)
in a range of particle diameters from 0.204 to 0.944 ILm. The
particles were of uniform size distribution and very regular in
appearance. Standard suspensions were prepared by simple
dilution of the 15% (w/w) stocks with 18-M!) deionized water.
These suspensions were stored at room temperature. Unless
otherwisespecified, all analyses were carriedoutusing thesmallest
diameter, 0.204 ILm. Dithizone was purified by Irving's method,
and the purified dithizone solution in spectroscopic grade CCl.,
was stored under a layer of 1 N H2SO, in the dark. Solutions
stored this way keep very well.s

Reagent Impregnation and Hg(II) Extraction. In a small
vial, 50 ILL of 0.01 % (w/v) dithizone (H,Dz) solution in CCl., was
added to 900 ILL of deionized water. The H2Dz was extracted
into the aqueous phase by addition of 10 ILL of 25% (v/v) NH,­
OH followed by gentle shaking. The CCl., layer was carefully
removed after all traces of the green H2Dz were gone. A l00-ILL
aliquot of0.2% (w/w) latex microparticle suspension was added,
and the suspension, a soft orange-yellow color, was acidified with
10 ILL of 3% (v/v) H2SO, as the pH needed to drive H2Dz into
the microparticles is below 6. The resulting green suspension of
H,Dz-impregnated latex microparticles (see Figure 1) was added
to 1.0-mL Hg(II) samples in l00-ILL aliquots. This volume
contained sufficient H2Dz to completely complex the most
concentrated standard plus a modest excess. The samples were
fIltered through O.I-ILm pore size filtera (Nuclepore, Toronto,
ON, Canada) which were then removed from the filter housing
and allowed to air dry before analysis.

PCPAS Measurement. The schematic diagram of the
PCPAS system is illustrated in Figure 2. The excitation source
was an argon ion-pumped dye laser (Spectra-Physics 164 and
375B, Mountainview, CAl. The output beam from the dye laser,
605nm in wavelength and typically90 mWin power, was directed
through a window into the photoacouatic cell after being
mechanicallychopped at 200 Hz. The samples (membrane filters
supporting latex microparticles) were placed directly into the

(7) Mazurndar, B. J. Chern. Soc. Dalton Trans. 1991,2091-£.
(8) Irving, H. M. N. H. Dithizone; The Chemical Society: London,

1977; Chapter 8.
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H' cell and directed onto the sample through the back window. The
PAS signal was again recorded for sufficient time to achieve a
steady-statesignal. The absolute difference in the signalvoltages,
the PCPAS signal amplitude, was taken as an indication of the
amount of Hg(II) present in the sample.

Interference from other heavy metals was examined by
preparation of mixed metal standards. The dithizone present in
the IOO-ILL aliquot remained in excess of the total amount of
extractable metals. These samples were analyzed in the same
way as described above.

(9) Irving, H. M. N. H. Dithizonei The Chemical Society: London,
1977; Chapter 5.

primary dithizonates into a solution of 10-5 M H,Dz in a
suitable organic solvent reach 100% above pH 4 while the
extraction drops to zero below pH 3. Lower concentrations
of H2Dz in the organic phase exaggerate the curves and push
them to higher pH regions; a 10-8 M solution will require a
pH of 8 to achieve quantitative extraction.- In this work, the
concentration of H,Dz was essentially constant at approxi­
mately 2% (w/w) in the latex. This represented a larger
concentrationofH,Dz in the latex phasecompared tosolution­
phase extractions which are typically carried out in the 10-7

to 10-5 M range. Hence, the control of pH was less critical
and a pH of ca. 6 was maintained in the extraction vessel to
ensure quantification. The extraction was assumed to be
complete after 15 min of occasional shaking, although the
reaction was seen to be much faster in those samples
concentrated enough to observe the color change visually.
The quantification was ascertained by reanalyzing the fIltrate
from aqueous samples after the primary reaction and filtra­
tion. The data verified that extraction efficiency was greater
than 99% for 50 and 100 ng Hg(II) in aqueous samples under
the given experimental conditions.

Photoacoustic analysis ofHg(II) dithizonate-impregnated
latex microparticles was straightforward. The presence of
essentially nonabaorbing latex polystyrene surrounding the
analyte species did not complicate the issue of signal
generation appreciably at a chopping frequency of 200 Hz.

RESULTS AND DISCUSSION

The chemistry of the H,Dz·impregnated latex micropar­
ticles preparation and Hg(Il) extraction is very interesting.
It is not clear yet how H,Dz, and then Hg(II), is transported
into the microparticle center. These solid particles of
polystyrene, witha rigid structureallowing them to be filtered
while retaining their shape, possess a negatively cbarged
surface due to residual surfactant from their production. It
is unlikely, then, that H,Dz adsorbs onto the surface at any
time to be followed by seepage into the microparticle interior.
It may be that the presence of residual CCI. facilitates the
transfer ofH,Dz in a manner similar to the procedure involved
with dyeing the particles. In dyeing particles, the particles
are initially swollen with a dye solution in a solvent for
polystyrene, suchas CCl.. The solvent is then carefully boiled
off, trapping the dye inside the latex.6 Although very little
CCI. (50 ILL) was involved in the H,Dz-impregnation step,
the transport process might be analogous since the latex
volume itself was quite small. The particles were hence
slightly swollen by the organic solvent, allowing enough
fluidity or flexibility to the structure to allow transfer of H,­
Dz across the interface.

The pH of the extraction is generally important to achieve
quantitative results. As illustrated in eq I, a large H,Dz
concentration will tend to drive the reaction toward com­
pletion. Sigmoid curves of the percentage extraction of
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Flgur. 3. Typical PCPAS signal for Hg(II) dlthlzonate In latex
mlcroparticles. The signal rises abruptly when exposed to visible
Illumination from the projector source due to higher absorptivity of the
blue exc~ed-state complex at the wavelength of 605 nm.

Flgur.2. Schematic diagram of the PCPAS apparatus.

gas·tight cell which was fitted to a condenser microphone and
a sound meter which contained a preamplifier and an octave
fIlter set (Briieland Kjaer 4144and 2209,Pte. Claire,PQ,Canada).
The baseline PAS signal from the sample (see Figure 3) was first
recorded using a lock-in amplifier (Stanford Research SR51O,
Sunnyvale, CAl. Then the sample was illuminated by the light
of an 80-W projector lamp focused into an optical fiber bundle.
The optical fiber bundle was brought close to the photoacoustic

Flgur. 1. Schematic showing the Impregnation and extraction
processes. (a) Representation of a latex mlcropartlcle; open circles
are 50,- functional groups from the surfactant used In the original
production of the latex mlcroparticles; shaded circles are 50,- groups
resulting from the termination of the styrene polymerization steps In
the mlcroparticle core. (b) Representation showing dlthlzone In the
process of transferring Into the mlcroparticle center at solution pH :S
6. (c) Representation showing Hg2+ In the process of complexlng with
H,oz In the Interior of the mlcropartlcle.
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FIgure 4. Analytical calbratlon CU'Ve for Hg(I1) dlthlzonate In latex
rnlaopartlcles. The error bar shows the typical standard deviation of
replicate samples. Triangles represent deta taken from samples
Impregnated Into O.204-l'm spheres while the crcles are data from
O.944-l'm spheres.

Calibration curves oflatexmicroparticlesdyed dark bluewith
Sudan Black (Seradyn, Inc.) showed a linear response with
quantity as expected. The calibration curve for the deter­
mination ofHg(lI) using 0.204-"m microparticles is shown in
the upper trace of Figure 4. The current detection limit,
determined at twice the standard deviation of the blank, is
500 pg (in a 1.0-mL aqueous sample) or 3 pmol of mercury.
It should be noted that the actual amount of Hg(lI) being
sampled by the excitation beam, and thus generating the
signal, is about 1%, or 5 pg, of the total amount of Hg(ll) in
the microparticles trapped on the fliter surface. A lo-fold
improvement in the detection limit, from 500 to 50 pg, was
convenientlyachievable simply by reducing the flitration area
from the current commercially available size of 130 mm2 to
13 mm2• Samples prepared in this manner did generate
measurable signals for 5O-pg Hg(ll) standards, with a signa\­
to-noise ratio of 2.

Given that H2Dz does not exhibit any appreciable pho­
tochromism at the excitation wavelength of 605 nm, excess
H2Dz in the microparticles did notadd to the observed PCPAS
signal amplitude. The amount of residual H2Dz in each
sample varied roughly inversely with the concentration of
the standard. This meant that, since H2Dz absorbed at this
wavelength, the baseline signa\ amplitudedid necessarilyvary
from sample to sample, but since it was only the photo­
chromism-induced signal change thatwas taken as a measure
of mercury content, it did not represent a problem to the
analysis. Nevertheless, the excess H2Dz produced a back­
ground PAS signal which, if large enough, could limit the
sensitivity range used on the sound meter. It appeared
possible to remove some of the excess dithizone from the
microparticles by addition of NH.OH to bring the pH to 9
after complexation with Hg(lI) was complete. In most cases,
however, the excess ofdithizone was modestand did notaffect
the analysis to any significant extent.

The lower trace of Figure 4 shows the resulting calibration
curve when 0.944-"m microparticles were used for the
extraction. There did not appear to be any difference in the
amountofH2Dz thatcould be sequestered into equal volumes
ofparticlesofdifferentsizes. Sincethe surface area to volume
ratio did notseemto affect the impregnation, it was confirmed
that H2Dz, and hence Hg(II), was being transferred into the
interior of the latex and not being adsorbed onto the surface.
The calibration results did show enhanced detection sensi­
tivity when smaller particles (0.204 I'm) were used to collect
Hg(ll). Thiswas undoubtedlydue toa combination offactors,
including opticalshielding ofthe interiorofthe largerparticles
(0.944 I'm) which inhibited the photochromic activity and

Concentration 01 Hg(lI) (ng mL"')

figure 5. eabatlon for Hg(I1) (~) and for mixed metal standards
contaW*1g equaJ quantlllas 01 Hg(I1) and Ag(I) (e) and Zn(I1) (+).

highersurface area ofthe smaller particleswhich lead to more
efficient transfer of heat to the gas in the photoacoustic cell.

In the present experimental setup, the projector illumi­
nation entered the PAS cell through the back window. While
this simple design avoided interference with the incident laser
beam, it had a tendency to limit the intensity of projector
light reaching the sample as the original fliters were a mixed
esters/cellulose acetate type and were strongly scattering. The
useful dynamic range of PCPAS analysis was drastically
improved by changing to Nuclepore fliters, which were a
polycarbonate typeand weremuchmore transparent to visible
light (average absorbance in the visible range = 0.75). The
new filters allowed more than enough light to reach the
samples to ensure that small variations in projector intensity
did notaffect thegeneration ofexcited state Hg(ll) dithizonate
(i.e. the PAS signal VB light intensity is flat). Additionally,
the switch served to improve the ease of filtration. The
polycarbonate pores are formed by nuclear bombardment
followed by etching leaving a clear channel; the cellulose
acetate fliters are of the tortuous path type. The result was
less back-pressure allowing larger volumes of dilute samples
to be extracted for preconcentration of Hg(ll). Many tens
ofmilliliters ofdilute solutions can be incorporated into very
small quantities of latex; a 50-mL volume of 50 ppb Hg(II)
will only require ca. 300 I'g of dithizone-impregnated latex.

The selectivity of the PCPAS determination for Hg(II)
was quite good using the latex microparticles as it is in other
solid sample preparations of Hg(HDzh. Samples of Ag(I)
and Zn(ll) dithizonates showed only small PCPAS signals at
the excitation wavelength of 605 nm even at very high
concentrations. Comparable quantities of either Ag(I) or
Zn(II) in a standard of Hg(II) did not add appreciably to the
measured PCPAS signa\ amplitude for Hg(II) as shown in
Figure 5. Note that the slopes of these calibration curves
were esentially the same; the variation from curve to curve
was due to slight variations in the preparation of dithizone­
impregnatedlatex microparticles. This variationusuallywill
not affect a calibration series from the same preparation.

The presence of interfering heavy metals becomes a
problem, however, if the total amount of extractable metals
is in excess of the amount of H,Dz introduced to the sample.
There will be competition between the metals for extraction
into the latex microparticles under this circumstance. A
smaller overall PCPAS aignal for Hg(HDzh will be produced
since some Hg(II) ions will remain in the aqueous phase and
be washed away with the flitrate. If large amounts of other
heavy metals are suspected, a larger amount of H2Dz­
impregnated latex microparticles will be needed. This may
generate smaller PCPAS signals for Hg(lI) as a result of the
inner fliter effect of the nonphotochromic, but absorbing,
interfering metal dithizonates. Again, the use of stronger
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projector illumination to induce photochromism should
surmountthe difficulty. Besides, intentionallyswamping the
latex microparticles with heavy metals will help remove any
excess H2Dzafter extractionofHg(II) from a sample solution,
resulting in a lower background signal, providing that the
choice of added metal does not interfere spectrally.

CONCLUSIONS

A novel technique has been demonstrated for the deter­
mination of mercury at picomole levels in aqueous samples.
The extraction of Hg(ll) into H2Dz-impregnated latex mi­
croparticles is both rapid and quantitative. PCPAS detection
for Hg(HDzh in these particles remains selective over other
toxic heavy metals, and the sensitivity of the technique is
good for environmental analysis.

Since there is a noticeable color change of the H2Dz­
impregnated latex microparticles upon reaction with heavy
metals (regardless of PCPAS detection ability), a packed
column of the microparticles can be applied to water streams

as a visual indicator for heavy metals contamination. Ad­
ditionally, the latex microparticles are a potential tool for
water clean-up as they can be collected easily on a membrane
fJlter for safe disposal after quantitative removal ofthe heavy
metals. It remains to be seen, however, whether it will be
possible to successfu1ly scale the method up to meet envi­
ronmental needs.
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Selective Surface Acoustic Wave-Based Organophosphonate
Chemical Sensor Employing a Self-Assembled Composite Monolayer:
A New Paradigm for Sensor Design
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INTRODUCTION Chart I

recapitulated here, except to note that, under certain con­
ditions, highly ordered monolayers of organomercaptans
spontaneouslyadsorb ontoAu surfaces from the vapor phases
and from solution.7 Carboxylic acid-terminated monolayers
are more disordered than methyl-terminated n-alkanethiols,
and they undergo extensive intramonolayer hydrogen
bonding.6e,7b,c,S For the purposes of this preliminary report,
it is sufficient to visualize the organomercaptan monolayer
acting only as scaffolding for the Cu2+ surface.

A number of transducers have been used as platforms for
sensing organophosphorus compounds.H ' We have used
SAW devices because of their extreme mass sensitivity.l,13-l5
Because of their high operating frequency and confmement
of the acoustic wave energy to within one wavelength of the
surface, the SAW devices we used are sensitive to the presence
ofas little as 100 pg/cm' of surface adsorhates (ca. 1.5 X 10-3
monolayers of DIMP).1,16 In the uncomplicated case, the
velocity of the SAW is perturbed in direct proportion to
adsorbed mass-per-area, which is measured as a shift in the

(6) (a) Thomas, R C.; Sun, L.; Crooks, R. M.; Ricco, A. J. Langmuir
1991, 7, 620. (b) Sun, L.; Thomllll, R C.; Crooks, R M.; Ricco, A. J. J.
Am. Chern. Soc. 1991, 113, 8550. (c) Sun, L.; Kepley, L. J.; Crooks, R
M. Langmuir 1992, 8, 2101.

(7) (a) Nuzzo, R G.; Allara, D. L. J. Am. Chem. Soc. 1983,105, 4481.
(b) Bam, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G. M.;
Nuzzo, R G. J. Am. Chern. Soc. 1989,111,321 aod references therein.
(c)Chidsey,C.E.D.;Loiacono,D.N.Langmuirl990,6,682andreferences
therein.

(8) (a) Nuzzo, R G.; Dubois, L. H.; Allara, D. L. J. Am. Chem. Soc.
1990, 112, 558. (b) lha, A.; Liedberg, B. J. Colloid Interface Sci. 1991,
144,282.

(9) Nieuwenhuizen, M. S.;Barendaz, A. W. Int.J. Environ. Anal.Chem.
1987,29, 105.

(10) (a) Grate, J. W.; Kluaty, M.; Barger, W. R; Snow, A. W. Anal.
Chem.I990,62,1927. (b) Grate,J. W.;Klusty, M.;McGill,RA.;Abraharo,
M. H.; Whiting, G.; Andonian-Haftvan,J. Anal. Chem.I992, 64,61<H>24.

(11) Kolesar, E. S., Jr.; Walser, R. M. Anal. Chem. 1988,60, 1731.
(12) Butler, M. A.; Ricco, A. J. Anal. Chern. 1992,64, 1851.
(13) Ricco, A. J.; Frye, G. C.; Martin, S. J. Langmuir 1989, 5, 273.
(14) Wohltjen, H. Sens. Actuators 1984,5,307.
(15) Wenzel, S. W.; White, R M. Appl. Phys. Lett. 1989,54, 1976.
(16) The frequency shift corresponding to one monolayer of DIMP

Wllll calculated from eq 1and the denaity of bulk liquid DIMP. Substrate
surface roughness was not taken into account, but previous studies have
shown roughness factors to be about 1.&-2.1 (see ref Sa).
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(1) Hughes, R. C.; Ricco, A. J.; Butler, M. A.; Martin, S. J. Science

1991,254,74.
(2) Ebersole, R. C.; Miller, J. A.; Moran, J. R; Ward, M. D. J. Am.

Chem. Soc. 1990, 112, 3239.
(3) Mirkin, C. A.; Wrighton, M. S. J. Am. Chem. Soc. 1990,112,8596.
(4) Steinberg, S.; Rubinstein, L Langmuir 1992,8, 1183.
(5) Wagner-Jauregg, T.; Hackley, B. E., Jr.; Lies, T. A.; Owens, O. 0.;

Proper, R J. Arn. Chern. Soc. 1955, 77, 922.

We report the fIrst example ofa chemicalseD.90r thatderives
a degree ofselectivity, sensitivity, reversibility, and durability
from a rationally designed, composite monolayer consisting
of simple molecular components. This approach to seD.90r
design has a number of advantages, including (1) prediction
ofsensor response based on known bulk-phase intermolecular
interactions, (2) rapid response times resulting from ultrathin
coatings, and (3) \implicity of fabrication. In this corre­
spondence we showhow each ofthese desirable characteristics
results from simple sequential self-assembly chemistry.

Chemical sensors usually consist of a chemically sensitive
coating supported by an inert physical transducer. I Because
the exact nature of the intermolecular interactions between
the coating and the target analyte are often ambiguous, the
design of selective seD.90r coatings is based largely on trial
and error. A more appealing approach to sensor fabrication
relies upon rational design based on known, bulk-phase
interactions between the analyte and the selective coating.
Three elegant examples thatemploythis design strategyhave
recently been reported, and theyserve tosummarize thestate
of the art.,.... Although all three are viable, these sensing
schemes suffer from various practical difficulties. For ex­
ample, all rely on complex and difficult-to-synthesize mol­
ecules.

The device described in this report derives its selectivity,
reversibility, and durability from a simple, self-assembled
monolayer and its sensitivity from a mass-sensitive surface
acoustic wave (SAW) device. The coating design takes
advantage of the interaction between organoph08phonate
nerve-agent simulants and a composite monolayer, consisting
of Cu'+ tethered to the SAW device by an ordered, carbox­
ylate-terminated n-alkanethiol monolayer. The rationale for
this design is that Cu2+and some of its chelates are hydrolysis
catalysts for certain nerve agents.5 Thus, a surface layer of
coordinatively unsaturated Cu2+mightbe expected to provide
selective and reversible bindingsites for organophosphonates.
The general approach is illustrated in Chart I, where the
analyte (D) is the nerve-agent simulant diisopropyl meth­
ylphosphonate (DlMP).

The selective coating responds proportionally and revers­
ibly to DIMP, in a manner readily distinguishable from its
response to common organic solvents and water. Moreover,
the sensor is both sensitive and durable.

The details of organomercaptan self-assembly on Au, Ag,
and Cu substrates have been widely studied and will not be

0003-2700/92/0364-3191$03.00/0 © 1992 American Chemical SocIety
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oscillation frequency of the device when it is used as the
feedback element of an appropriate oscillator circuit.'3 In
real systems, such as those described here, the SAW velocity
may also be affected by changes in the mechanical properties
of the coating.",10b.17

EXPERIMENTAL SECTION

Chemicals. The following chemicals were used as received:
diisopropyl methylph08phonate, DIMP (98%, Alfa), dimethyl
metbylph08phonate, DMMP (Aldrich),II-mercaptoundecanoic
acid, MUA (Aldrich); Cu(ClO,),·6HzO (98%, Aldrich); absolute
ethanol, EtOH (Midwest Grain Products); HzSO, (J. T. Baker);
HzOz (30%, J. T. Baker). Water was purified with a Milli-Q
(Millipore) deionization system or was double distilled. Forvapor
testing, a number ofreagent-grade solvents were used as received.
The vapor pressure of a sample of fractionally distilled DIMP,
measured using the Knudsen effusion method, was found to be
0.7 =0.3 mmHg at 25 ·C.

Substrate Preparation. Au-coated substrates were cleaned
in freshly prepared "piranha" solution (Caution: "Piranha"
solution, 1:3 HzOz:HzSO" reacts violently with many organic
materials and should be used with ertreme care, and it should
not be stored in sealed containers) for about 10 s, rinsed with
deionized water, and dried under Nz gas. The freshly cleaned
Au substrates were immersed in a 1 mM MUA/EtOH solution
for 8-12 h, rinsed with EtOH and water, then immersed in a 2
mM Cu(CIO,),.6HzO/EtOH solution for 5-10 min to yield the
composite monolayer depicted in Chart I. Best results were
obtained when all of these procedures were performed in inert­
atro08phere glovebaga.

FTIR-EIternal Reflection Spectroscopy (FTIR-ERS).
Polished Si (100) wafers (1.3- X 2.5-cm) were coated by electron­
beam evaporation of 300 A of Ti and 2000 A of Au and then
modified as described above. Measurements were made using
a Digilab FTS-40 FTIR spectrometer equipped with a Harrick
ScientificSeagull reflection accessory and aliquid Nreooled MCT
detector. All spectra were obtained using p-polarized light
incident on the substrate at 85· from the surface normal. Each
spectrum is the sum of 256 individual spectra, acquired over the
course of 3.5 min.

SAW Experiments. SAW devices (98-MHz) on ST-quartz
withAl orAu-on-Cr transducers were designed atSandia National
Laboratories (SNL) and fabricated by SNL or Crystal Tech­
nologies, Inc. (Palo Alto, CAl. In the active surface regionbetween
the transducers, 2000 A of Au was either electron-beam evap­
orated over a Ti adhesion layer or thermally evaporated over a
Cr adhesion layer. Composite monolayers were prepared ac­
cording to the procedure described ahove. Experiments were
conducted at 25 ·C.

SAW experiments were performed according to previously
described procedures."'hol' DIMP, DMMP, organicsolvents, and
water were entrained in a stream of high-purity Nz using gas
washing bottles. Vapor-saturated streams were diluted as
necessary with pure Nz to give desired concentrations. The
relationship between the changes in frequency (t:.{) and mass­
per-area (mAl is given by eq 1. Here,. is the fraction of the

(1)

center-to-center distance bstween the transducers covered by
the Au fIlm. In the present case, its value is 0.57. The mass
sensitivity, em, is 1.33 cmz/{g MHz) for ST-quartz; f. is the
oscillator frequency.

Ellipsometric Experiments. The substrates prepared for
FTIR-ERS measurements were also used for ellipsometric
thickness measurements. The method used for determining fIlm
thickness has been described previously." The value used for
the refractive index of the films was 1.50.

RESULTS AND DISCUSSION

The formation of a carboxylate/Cu2+-terminated mono­
layer, such as tbat illustrated in Chart I, was confirmed by
FTIR-ERS, X-ray photoelectron spectroscopy (XPS), and

(17) Martin, S. J.; Frye, G. C. Appl. Phys. Lett. 1990,57, 1867.

Figur. 1. FTIR-ERS spectra of (a) a monolayer of the acid form of
MUA confined to a Au substrate, (b) the carboxylate form of a MUA
monolayer complexed to Cu"+, and (c) DI!.f' adsorbed to a Cuz+t
carboxylate-terminated monolayer.

ellipsometry, Figure 1a shows the FTIR-ERS spectrum for
a monolayer of the protonated form of MUA prior to Cu2+
adsorption. The asymmetric and s~metric methylene
stretching frequencies at 2925 and 2854 cm-t , respectively,
are typical for a monolayer ofacid-terminated n-alkanethiols
and indicate liquidlike packingofthe methylene cbains,6e.7b,c,&
The carbonylstretching peaks at 1740and 1717 cm-1indicate
tbat the acid groups are protonated and present as a mixture
of free monomers and laterally hydrogen-bonded dimere,
respectively.6c·7b.c,8 Figure 1b was obtained after inlmereing
the acid-terminated surface in a dilute Cuz+/EtOH solution.
The methylene stretching region is essentially identical to
tbat shown in Figure la, but significant cbanges are apparent
in the carbonyl stretching region. The peaks for the carbonyl
stretch bave disappeared, and two new absorbances, which
represent the asymmetric and symmetric C-Q stretches of
the carboxylate groups, are present at about 1609 and 1450
em-', respectively. These peaks strongly suggest that the
surface has been deprotonated and is complexed to Cu2+,Bb.1S

A prominent Cu 2p doublet in the XPS spectrum of the
composite monolayer confIrms the presence of Cu2+ on the
monolayer surface. Film thicknesses calculated from ellip­
sometric data verify tbat only a single composite monolayer
is generally present on the Au surface prior to analyte
exposure.

Figure Ie shows the difference spectrum obtained by
subtracting Figure 1b from a spectrum recorded 2-5 min after
exposing the composite monolayer to DIMP/N2 vapor for 20
min, Several peaks characteristic of DIMP are present: the
P-{) stretchat 1016 cm-1; the hydrogen-bonded P=O stretch
at 1206 em-1; the symmetric deformation ofthe P-boundC~
groups at 1315 cm-1; the resonance-split symmetric defor­
mation ofthe isopropyl methyl groups centered at 1385 cm-1;
and the asymmetric C-H stretch of the isopropyl methyl
groups centered at 2984 cm-1.'8 Unfortunately, these data
do not conclusively prove the phosphonate interacts with the
unsaturated Cu2+ sites, although they are not inconsistent
with this hypothesis. The frequencies and magnitudes ofthe
peaks in Figure Ic do conclusively demonstrate that, under
these conditions,'" approximately one monolayer of DIMP
adsorbs onto the carboxylate/Cu2+ surface.

Figure 2shows the SAW response for a MUA/Cu2+-modified
SAW device upon exposure to pure N 2 and mixed DIMPIN2

(18) Bellamy, L. J. The Infro-red Sp€ctra of Compk% Mokcules;
Wiley: New York, 1975.

(19) FTIR-ERS experiments were performed ex situ, and as a result,
there is significantDIMP desorption from the substrate prior to spectral
acquisition. In situ SAW experiments discussed later in the text indicate
multilayer DIMP adsorption.
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Flgur.2. Response of a Cu'+/MUA-modlfled SAW device to 50%­
and 10%-DIMP-saturated N, vapor streams. Inset: Frequency shift
of the same device as a function of the gas-phase concentration of
DIMP. The Isotherm was obtained over the course of 2 h.

vapor streams. Between 0 and 8 min the sensor was exposed
to pure N2• These data were used to establiah a linear
correction for a very slight baseline drift of 0.07 ppm/min.
Between 8 and 15 min, the sensor was exposed to 50%­
saturated DIMP vapor in N2• Between 15 and 42 min the
sensor was again exposed to pure N2, and then between 42
and 52 min it was expoaed to 10%-saturated DIMP. Several
points are worth noting. First, the negative frequency shifts,
which correspond to a mass loading of about 20 and 6
monolayers16 of DIMP for 50% and 10% DIMP streams,
respectively, are approximately proportional to the partial
preasure of DIMP. Second, the sensor has rapid response
time: for 10% saturated DIMP, 90% of the maximum
frequency shift is attained in 35 a. Third, DIMP reversibly
binds to the chemically sensitive surface: when the 50%­
saturated stream is replaced by pure N2, 90% of the DIMP
desorbs in just over 2 min. Similar responses have also been
obtained for DMMP. The sort of response illustrated in
Figure 2 was obtained consistently over a period of several
months, during which the sensor was repeatedly exposed to
a range of common organic solvents and the laboratory
ambient.

There are two nearly linear regions in the complete
adsorption isotherm for the DIMP sensor, as shown in the
inset of Figure 2, suggesting two simple, single-energy
equilibrium constants relating gas-phase to surface-adsorbed
DIMP concentrations. We are able to detect DIMP at
concentrations as low as 100 ppb.

Useful chemical sensors must be selective as well as
reversible and sensitive. Toinvestigate selectivity, we exposed
the sensor used to obtain the data shown in Figure 2 to 10%­
saturated streams of polar and nonpolar solvents (Figure 3).
Thefrequency shifts observedfor these vapors, and for several
other common organic solvents, are all in the opposite
direction to the shifts resulting from DIMP or DMMP
exposure. Also, the sensor responds much more slowly to
water and the organic solvents than to the organophospho­
nates. These data demonatrate this sensor's selectivity for
organophosphonates relative to typical interferants, though
the sensor reaponse to ligands likely to strongly coordinate
the Cu2+ remains to be examined.

It is somewhat surprising that positive frequency shifts
result from exposure ofthe device tocommonorganicsolvents.
Since no mass loss is apparent after N2 purging, we conclude
that the positive frequency shifts correspond to changes in
the viscoelastic properties of the f"Ilm.6a.l0b,17 Anecdotal
support for this conclusion isprovidedbythesmallmagnitude
of the shifts for polar molecules compared to the shifts for
nonpolar molecules. We speculate that the solvents insert
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Flgur. 3. Plots of frequency shift versus time for a MUA/Cu'+-coated
SAW device exposed to flowing N, streams of pure vapor-phase
solvents. Shortly after t = 0 min, the sensor was exposed to a 10%
solvent-saturated stream of N,. All solvents ceused positive frequency
shilts, In contradistinction to the negative frequency shilts obtained for
DIMP and DMMP, Nonpolar solvents resutted In a substantially larger
response than polar solvents, suggesting that Interactions wtth the
hydrocarbon chains of the MUA monolayer are Important.

The most important result of this study is that straight­
forward self-assembly chemistry can be used to fabricate
surfaces that are chemically sensitive to important analytes.
This implies that rational development of selective coatings
need not involve tedious synthesis of complex and fragile
"active sites". Moreover, since this sensor is based on a simple
monolayer, rapid responses are obtained. Finally, we have
demonstrated that this simple fabrication procedure incor­
porates all of the essential features of an ideal sensor: (1) it
is selective for organophosphonates; (2) it is sensitive to 100
ppb of an important nerve-gas simulant; (3) it provides a
reversible and proportional response to target analytes; (4)
it is durable for periods of months.

between the methylene chains of the MUA monolayer, most
likely at defects which must occur at boundaries between
adjacent Au crystallites, effectively stiffening the f"Ilm. Such
an effect would be most pronounced for nonpolar solvents,
consistent with our data. We are presently investigating this
interesting result.

As control experiments, SAW devices having bare quart2,
bare Au, and Cu2+-free MUA self-assembled f"J1ms were
examined. Quart2 and Au surfaces yielded measurable
response to DIMP, but in both cases, a significant fraction
of the response was irreversible, irreproducible, and appar­
ently dependenton surface cleanliness. Moreover, responses
to organic solvents were not generally distinguishable from
responses to DIMP in theae control experiments, since all
frequency shifts were negative. The Cu2+-free MUA f"Ilms
gave responses similar to those of the Cu2+-terminated films,
including positive frequency shifts for organic solvents, but
the repeatability and reversibility of the DIMP reaponses
were inferior to those of the Cu2+-terminated f"Ilms.
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Attomole Level Capillary Electrophoresis-Mass Spectrometric Protein
Analysis Using 5-JLm-Ld, Capillaries

Jon H. Wahl, David R. Goodlett, Harold R. Udseth, and Richard D. Smith'

Chemical Methods and Separations Group, Chemical Sciences Department, Pacific Northwest Laboratory,
Richland, Washington 99352

There is a strong interest in the development of analytical
techniques with enhanced sensitivity for biochemical appli­
cations, because in many cases sample size is limited or
obtained at great effort and expense. This enhanced sen­
sitivity is beneficial for all applications, but for large
biopolymers (proteins, DNA segments, and larger carbohy­
drates), the difficulties and analytical demands increase
significantly. Some of the most exciting and demanding
applications require methods capable ofanalyses that are on
the single-cell level,' where the maximum amounts of com­
ponents would typically be in the attomole range, and that
extend down to zeptomoles (10-2' mol) and below. In general,
analytical methods being developed for such applications are
more useful when they combine a separation method with a
sensitive, selective, and broadlyapplicable detection method.

In this regime of ultrasensitive analysis and, in particular,
for biopolymer characterization, mass spectrometry (MS) has
not generally been considered sufficiently sensitive when
compared with techniques such as laser-induced f1uorescence2-'
and electrochemical detection.> Indeed, Dovichi,2 Zare,3
Guzman,' and their respective co-workers, among others, have
successfully demonstrated capillary electrophoresis (CE) of
fluorescently labeled compounds at the low-zeptomole level.
These detection methods have provided the most impressive
sensitivities yet demonstrated using CE, but application is
restricted and information for compound identification is
generally limited due to a reliance on electrophoretic mo­
bilities. The attraction of MS detection is that accurate
molecular weight information and component identification
can be performed, even for proteins," and techniques for
obtaining structural information based upon tandem methods
are being currently extended to larger molecules.lHl

With the recent dramatic developments in ionization
techniques, the primary limitation for the use of mass
spectrometry is due to sensitivity constraints. For electro­
spray ionization (ESI) sensitivity generally decreases as
molecular weight increases," an observation largely attrib­
utable to the increased extent ofcharging and broader charge
state distribution for large molecules. Previous work by
Thibault and co-workers,'· Moseley et al.," and this labo-

(1) Kennedy, R T.; Oates, M. D.; Cooper, B. R; Nicherson, B.;
Jorgenson, J. W. Science 1989, 246, 57.

(2) Cheng, T. F.; Dovichi, N. J. Science 1988, 242, 562.
(3) Sweedler, J. V.; Shear, J. B.; Fishman, H. A.; Zare, R N. Annl.

Chern. 1991,63,496.
(4) Hernandez, L.; Eacalana, J.; Joshi, N.; Guzman, N. J. Chromatog.

1991, 559, 183.
(5) Wallingford, R A.; Ewing, A. G. Annl. Chern. 1989,61,96.
(6) Smith, R D.; Lon, J. A.; Edmonda, C. G.; Barinaga, C. J.; Udaeth,

H. R Anal. Chern. 1990, 62, 882.
(7) Smith, R D.; Fields, S. M.; Lon, J. A.; Barinaga, C. J.; Udaeth, H.

R.; Edmonds, C. G. Electrophoresis 1990, 11, 709.
(8) Smith, R D.; Lon, J. A.; Barlnaga, C. J.; Edmonda, C. G.; Udaeth,

H. R J. Chromotog. 1989, 480, 211.
(9) Smith, R D.; Lon, J. A.; Edmonda, C. G.; Barinaga, C. J.; Udaeth,

H. R J. Chromotog. 1990, 516, 157.
(10) Thiheult, P.; Paris, C.; Pleasance, S. Rapid Commun. Ma.s

Spectrom. 1991,5,484.
(11) Moeeley, M. A.; Jorgenson, J. W.; Shehanowitz, J.; Hunt, D. F.;

Tomer, K. B. J. Am. Soc. Mass Spectrom. 1992, 3, 289.
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ratory'2 have generally used sample sizes on the order of 100
fmol and larger to obtain mass spectra of proteins with
sufficientquality for precise molecular weight measurements.

In this correspondence we report the use of chemically
modified 5-l'm-i.d. capillaries for CE-MS of proteins. We
have found that the use of small inner diameter capillaries
results in greatly improved sensitivity in CE-ESI/MS, an
approximately 25-50-fold improvement, for the detection of
attomole quantities ofinjected protein. Previously, Moseley
et al.'3,14 have demonstrated femtomole level detection for
peptide separation using approximately 15-I'Dl-Ld. capillaries
where a continuous-flow fast atom bombardment interface
was utilized, but the choiceofcapillaryLd. was largely dictated
by their interface design, no particular sensitivity advantage
related to capillary Ld. was suggested, and the ionization
method used is inappropriate for proteins. To our knowledge
this report demonstrates the f1l8t attomole range CE-MS
results for proteins and, in particular, the first obtained with
scanning MS detection.

EXPERIMENTAL SECTION

The CE instrument used for this work is constructed st our
laboratory and is interfaced to a modifed Sciex TAGA 6000E
triple-quadrupole mass spectrometer as previously described.'2
The electrospray interface utilized a coaxial sheath flow of 75%
methanol-24% water---1 % acetic acid. The sheath liquid es­
tablishes electrical contsct with the CE capillary terminus and
defines the CE electric field strength.'> The sheath liquid is
delivered by a Harvard syringe pump at approximately 2l'L/min
and assists in stabilization nf the electrospray signal. I> The
electrospray is established using approximately a +4-kVgradient
between the capillary terminus and the MS sampling orifice.

Separations of a 30 I'M protein mixture containing aprotinin
(6.5 kDa) cytochrome c (12 kDa), myoglobin (17 kDa), and
carbonic anhydrase (29 kDa) (Sigma, St. Louis, MO) in doubly­
distilled deionized water are conducted in 100-cm-long, 5O-1'm­
and 5-l'm-i.d., nominally 150-l'm-o.d. fused-silica capillaries
(polymicro Technologies, PhoenixAZ). About 1em ofthe fused­
silica capillary terminus was stripped nf its polyimide costing
and is etched with 40% hydrofluoric acid to form a tapered tip.
The inner walls of the capillaries are chemically modified with
arninopropy1silane, in a mannersimilar to that described byBruin
et al.'" and as demonstrated previously by Lukacs." A 0.01 M
acetic acid solution, pH = 3.4, buffer was used. Because of the
very low ionic strength of this acetic acid buffer system, any
extracapillary broadening to the solute zone due to Joule heating
during the separatinn is assumed negligible for both the capillary
diameters. This aminopropylsilanesurface modification and the
acidic buffer system give rise to a net positive surface charge to
the inner walls of the capillaries and an electroosmotic flow in

(12) Smith, RD.; Udaeth, H. R; Barinaga, C. J.; Edmonda, C. G. J.
Chromotog. 1991,559, 197.

(13) Moeeley, M. A.; Deterding, L. J.; Tomer, K. B.; Jorgenson, J. W.
J. Chrornotogr. 1989,481, 197.

(14) Moeeley, M. A.; Deterding, L. J.; Tomer, K. B.; Jorgenson, J. W.
J. Chromo'ogr. 1990,516, 167.

(15) Smith, R. D.; Olivares, J. A.; Nguyen, N. T.; Udaeth, H. R Annl.
Chern. 1988, 60, 436.

(16) Bruin,G.L. M.; Huisden,R;Kraak,J. C.; Poppe, H.J. Chromotogr.
1989, 480, 339.
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Figural. Total Ion currenl electropherograms obtained lor the 30 I'M
proleln mixture containing carbonic anhydrase, aprollnln, myoglobin,
and cytochrome cuslng SOOo!,m-(top) and 5-!'fl\-l.d. (bottom) caplarles.
Injected amounts _re 60 Imol of protein for the SO-!'fl\-l.d. cep!lary
and 600 amol of protaln lor the 5-1"0 cepIIary by eIectroklne1lc Injection.
Comparison 01 the two electropherograms shows only 2-4-loid
difference In sO'>aIlntenslty. Exper1rnenteI concItIons: 1oo-cm capIIary
length; 0.01 M acetic acid buller solution, pH = 3.4; electric field, -300
V em-'; MS scanning condItlons, m/z600-1200 In 2 mlzsleps all.S
s/scan.

rates observed, presumably due to less effective surface
coverage for the smaller capillaries. The electrokinetic
injection method delivered approximately 60 fmol ofprotein
onto the 5O-!,m-Ld. capillary and 600 amol of protein onto
the 5-!'m capillary. This corresponds to a l00-fold difference
in the injected sample amount between the two capillaries;
however, comparison of the two electropherograms shown in
Figure 1 illustrates only a 2-4-fold difference in signal
intensity. Consequently, this corresponds to a gain in
sensitivity of 25-50, which is far outside the day to day
variation in instrumental response (a factor ofapproximately
2). The changes in relative migration rates and the failure
to gain in separation efficiency suggests that sample inter­
actions with capillary surface are contributing.

The mass spectra obtained for the 600 amol of protein
injection into the 5-!,m-Ld. capillary are shown in Figure 2
and are ofsufficientquality to determine the molecularweight
to approximately 0.03% for most components. To our
knowledge these are the first subfemtomole level CE-MS
results for proteins obtained while a relatively broad m/z
range is scanned. These results clearly indicate that CE-MS
of proteins is feasible at subfemtomole levels and that
sensitivity for the selected ion monitoring (SIM) mode of
operation should easily extend to the low-attomole range for
the proteins studied (generally a sensitivity improvement of
10-100 is noted for SIM relative to scanning detection). In
addition, the distribution ofESI signal due to the multiplicity
of charge states (observed for the higher molecular weight
proteins) suggests that even greater sensitivity should be
obtainable for smaller singly charged species.9 It is also
important to realize that the sensitivity gain obtained in this
work would not be realized if one injected 600 amol into the
large i.d. capillary due to the constant ESI contribution from
buffer components. A detailed study is in progress aimed at

RESULTS AND DISCUSSION

Our expectation in beginning this study was that smaller
CE currents (Le., comparableorsmaller than the ESI current)
would provide a situationwhere ESI efficiencywould increase.
A general observation from our experiments is that the
sensitivity in CE-MS generally improves with the use of
smaller Ld. capillaries. For larger Ld. capillaries the CE
currents greatly exceed the maximum electrospray ion
cunents, where CE currents are commonly greater than 1
iLA, and ESI currents are typically between 0.1 and 0.51'A.6
Smaller diameter capillaries incur smaller CE currents that
provide a bettermatch to theESIcurrent. Thus, the efficiency
ofthe ESI process may increaseas the capillary Ld. decreases,
other conditions being constant. Consequently, solute sen­
sitivity may also increa.se as the capillary Ld. decreases. The
increase in sensitivity observed in this study, however, is even
greater than predicted. Other factors also appear to con­
tribute to the sensitivity enhancement obtained using small­
Ld. capillaries.

Although there are increased difficulties using small-Ld.
capillaries, primarily due to plugging of the capillary, the MS
interfacing methods remained reliable throughout the study.
One concern relevant to the interface was that incomplete
mixing between the CE buffer system and the sheath liquid
would cause a decrease in a.nalyte ion current (because the
analyte would then be present in only a fraction of the
electrospray droplets). Observation of the terminus of an
uncoated fused-silica capillary ofsmall i.d., squarely cut with
the polyimide coating intact, showed that the electrospray
could emanate from both the outer diameter and near the
inner diameter of the capillary. Points of electrospray
emanation were observed to move rapidly, and apparently in
a random manner, between various sites on the capillary
terminus. We believe that such a mode of operation may
degrade signal stability and sensitivitybecause electrosprays
emanating from the capillary outer diameter likely contain
less analyte. For this reason the capillary terminus wasetched,
as described in the Experimental Section. Atapered capillary
terminus should allow liquid to flow to the conical apex and
provide more effective mixing between the CE effluent and
sheath liquid for the small i.d. capillaries.

The results ofour initialseparationswithproteinsareshown
in Figure 1, where the total ion current electropherograms
obtained for the protein mixture using the 5O-!'m- (top) and
the 5-"m-Ld. (bottom) capillaries are illustrated on the same
absolute scale. In both experiments, the mass spectrometer
is scanning from m/z 600 to 1200 in 2 m/z steps at 1.5 s/scan.
The surface treatment for the 5-l'm capillary appears less
homogeneous on the basis of the slower electroosmotic flow

the opposite direction compared to uncoated fused-silica cap­
illaries. The CE voltage is approximately -26 kV, resulting in
aCE gradientof-300 Vcm-' with the electrosp18.y voltage at the
capillary terminus at +4 kV. CE cunents are approximately 1.1
,.,A for the 50-"m-Ld. capillary and less than 60 nA for the 5-l'm­
Ld. capillary. Electrokinetic injection was conducted at -5 kV
for approxinlately 3 s and was used for alI separations, and the
amount injected, Q, is determined with the following equation:

Q = " •..,E..r"CAtin; (1)

where /Law is the apparent solute mobility, E is the applied field
strength, r is the inner radius of the capillary, CA is the solute
concentration, and tin; is the injection time. The injection
conditions (i.e., tin;> were adjustedsomewhatfor the two capillary
diameters to account for differences due to migration velocities
arising from differences in electroosmotic flow rates, so that a
factor of 100 less sample was injected onto the 5-"m capillary
(neglecting the smalI errors indicated by the different analyte
migration rates).
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mlz
FIgure 2. Mass spectra _Ined from lhe IncJvkkJal solute ZOMS lor
600 amol 01 protein Injected using the 5-jUTl-l.d. capllary shown In
Figure 1 (bottom). experimental condnlons are given In Figure 1.

more fully determining the relationshipofsensitivity, injection
size, and capillary diameter.

The high sensitivity demonstrated by this work utilizing
a conventionalscanning quadrupole mass spectrometer might
initially be surprising. We have previously estimated overall
transport efficiency of ions from the ESI source to the MS
detector as ~10-< for conventional ESI currents. Thus, 600
amol of protein would conespond to only ~4 x 10" ions
reaching the detector during peak elution without mass
analysis (Le., transmission ofall ions through the quadrupole
fIlter). (Due to the puise counting detection used in this work,
background is negligible over the m/z range of interest,
allowing low-signal levels to be reliably measured.) Due to
"scanning" the quadrupole mass fIlter in discrete steps, only
about 1()2 counts/protein would be expected to be recorded

during peak elution. In fact, the detected signals are intact
between 1 and 2 orders of magnitude greater than expected
on the basis of this simple estimate. For example analysis of
the raw spectra shows that a total of about 5000 discrete ion
counts contribute to the mass spectra during elution of
carbonic anhydrase. Clearly, the detected signals are much
more intense than expected on the basis of the above
assumptions. While we have not completely explored all the
phenomena poesibly contributing to our obervations, we
believe that the sampling efficiency for protein ions to be
substantially better than 10-<. Possible reasons for this
improved performance include (a) an expected enrichment
for massive ions relative to light ions for MS transmission
due to beam dynamic effects and (b) a reduction in space
charge expansion of the electrospray plume due to a reduced
ESI current with the smaller i.d. capillary. Pre1iminary
studies at out laboratory suggest that the latter can account
for as much as a 1()2 gain in transmission efficiency. Further
studies are in progress aimed at quantifying the various
contributions to theobservedperformanceand toextendthese
gains.

These results represent an encouraging initial step toward
the longer range goal ofultrasensitive protein analysis at low­
attomole and subattomole levels, although a number of
problems remain to be addressed. For example, the tech­
niques used to surface modify small-i.d. capillaries needs to
be improved to provide more uniform surfaces and enhanced
separation quality. Improved procedures for sample and
buffer preparation are also needed to prevent capillary
plugging, a fairly common occurrence with small-Ld. capil­
laries. Inaddition, the ESI interfacesenaitivitymay befurther
improved because the efficiency of ion transport from the
ESI source, which is at atmospheric pressure, to the MS
detector remains low.6 Sensitivity for broad m/z range
detection can befurther improved bythe useofarraydetectors
and, potentially, with ion trapping18and time-of-flight'9 mass
spectrometers. These developments may also mitigate the
somewhat reduced dynamic range resulting from the smaller
ESI currents with very small diameter capillaries (a factor of
<4 in the present study). Finally, the ancillary sample­
handling methods needed to more fully exploitattomole level
detection require significantattention. Acoalescence ofthese
methods is potentially useful for CE-MS atzeptomole levels.
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INTRODUCTION

Metal-induced, sultbydryl-rich polypeptides found in
plants (phytochelatins)I and animals (metallothioneins)2have
been been described as sequesters and detoxifiers of toxic
heavy metal ions (Hg, Cd) as well as major players in the
homeostatic control of the essential metals Zn and Cu.
Metallothioneins (MTs) have been used as a bioindicator of
heavy metal induced stress because they tightly bind the
metals (groups IIAand lIB) which induce their biosynthesis.3

An excess of metal-binding capacity due to MTs has been
observed in both animal and fISh tissues as a result of metal­
or drug-induced stress.'-7 Although this overproduction of
available coordination thiol sites may be desirable in terms
of transient resistance to heavy metals,s the sequestration of
essential metallic cations may account for noxious side
effects.4,7 Recently, the developmental toxicity of urethane
has been attributed to an alteration of embryonic Zn status
due to urethane-induced MTs in matemalliver.7

As the most extensively studied component of metallo­
biochemistry, thiolic metal-binding proteins have been pref­
erentially determined by selective and sensitive analytical
tools. Techniques providing limits ofdetection (LOD) in the
picomolar range include radioimmunoassay, electrophoresis/
silver staining, and polarography.s Extensive sample puri­
fication steps are required to achieve a high degree of
selectivity. Since itprovides twoelements ofspecificitywhich
attenuate the possibility of false positive or overestimated
determinations, on-line coupling of HPLC to flame atomic
absorption spectroscopy (AAS) detection represents a reliable
metal speciation tool.9 This technique has been used for the
determination of MTs after saturation with various metallic
cations.s However, the inefficient pneumatic nebulization
and flame atomization processes resulted in relatively high
LODs (nanomole range). For the determinationofcadmium­
saturated MTs, a modular thermospray/desolvation HPLC-

• To whom correspondence should be addressed.
(I) Grill, R; Winnacker. E. L.; Zenk. M. H. Methods Enzymol. 1991.

205.333-340.
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flame AAS accessory improved the pneumatic nebulization
efficiency to 100%, with signal enhancements of 7-8-fold.'o
However. the LOD for Cd (1.9 ng) was still much higher than
the theoretical absolute value. The unavoidable limitations
of high spectral background (low SIN ratio) and a short
residence time ofthe atomic vapors in the air/acetylene flame.
still remained.

We have shown previously that miniaturized thermochem­
ical cells, used as HPLC-AAS interfaces, can provide LODs
100--200 times lower than those achieved with conventional
flame AAS. Ionic organolead species, extracted from various
environmental samples. were determined using a methanol­
fueled thermospray-microatomizer interface" with LODs in
the 1-5-ng range. In this simple quart2 apparatus, the HPLC
methanolic effluent (composition >60% methanol) was
thermosprayed and vaporized in the presence of oxygen. The
resulting microflame pyrolyzed organic species and atomized
Pb which was transported in a vapors retainer tube mounted
in the AAS optical beam. More recently, hydride-forming
metalloids emerging from this pyrolytic flame were found to
form hydride derivatives thermochemically upon addition of
hydrogen to the gas stream.

'
2,'3 The resulting hydrides of Se

or As were channeled to a diffusion flame atomizer providing
LODs between 5and 25 ng. The microatomization approach
was found to be very efficient for ·volatile" heavy metals
which form thermally unstable oxides and hydrides (Pb, Cd,
Hg, etc.). The microflame which pyrolyzes molecular inter­
ferents to CO2and water vapors is positioned remotely from
the AAS optical beam, virtually eliminating spectral inter­
ferences. Furthermore, the lower gas flow rates and the use
of a vapors retainer tube increase the residence time of the
analyte in the optical beam. In the first generation of these
microatomizers, the HPLC mobile phase was used to fuel the
pyrolytic flame, which caused severe limitations in flexibility.

In the presentarticle we report a flexible microatomization
interface fueled by hydrogen and capable of handling 100%
aqueous HPLC mobile phases. This versatile interface allows
HPLC-AAS coupling with most methods used for the
separation of complex mixtures containing trace levels of
volatile metallic elements. The system has been optimized
for the detection of cadmium in mussels and animal tissues
using flow injection (total and bound soluble Cd) or HPLC­
AAS (Cd MTs) modes.
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At. Spectrom. 1992.
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EXPERIMENTAL SECTION

in the combustion chamber upon addition of a gentle stream of
oxygen (100 mL/min); (4) the silica capillary was then inserted
in the Swagelok fitting assembly; (5) the oxygen flow was increased
to 500 mL/min; (6) the solvent delivery system was rapidly
adjusted to 1 mL/min and the capillary was immediately
positioned in the thermospray inlet tube, approximately 1 em
from the combustion chamber. The thermosprayed HPLC
mobile phase has a significant cooling effect which should be
maintained at all times; operating the prescribed hydrogen/
oxygen flame without liquid flow causes the quartz assembly to
soften around the oxygen inlet tube. For the same reason, the
silica capillaryshould not be inserted inthe heated compartments
without liquid flowing through. CAUTION: Oxygen and
hydrogen should never be allowed to flow simultaneously in the
absence of a flame in the combustion chamber. Since uncon­
trolled ignition may shatter the chamber, the use of a face-shield
is recommended during preliminary work. In step one, hydrogen
escaping from the optical tube was ignited to avoid possible
accumulation in the venting system. This flame was extinguished
during operation. The interface was turned off using the reverse
sequence.

Reagents and Standards. All chemicals used were of ACS
reagent grade or better. Working solutions in the range 0.49­
62.5 ng/mL of cadmium were made from 1000 l'g/mL analytical
grade stock solutions in dilute (0.5 % v/v) nitric acid (Analytical
Grade, BDH, Montreal, PQ). The same acidic solution was used
as a carrier stream throughout all the F1 experiments. Test mobile
phases for HPLC consistedofaqueous solutionsofTris (2-amino­
2-(hydroxymethyl)-l,3-propanediol) buffer (l(HOO mM) ad­
justed to appropriate pHs with HCl (BDH, Montreal, PQ). Stock
solutions of partially purified horse kidney metallothionein I
and II isoforms (Sigma Chemical Co. St. Louis MI) were prepared
in 10 mMTris-HCl, pH 7.21, preserved with 0.02 % (w/v) sodium
azide.

High-Performance Liquid Chromatography of Metal­
lothioneins. Horse kidney MTs I and II isoforrns were separated
isocratically (1 mL/min) in a weak anion-exchange column (SK­
DEAE-5PW, 7.5 mm X 7.5 em; Supelco Co. Bellefonte, PA) using
15 mM Tris-HCl, pH 7.21, as mobile phase. Both mobile phase
and standards solvents were deoxygenated with helium. Amussel
MT fraction was eluted isocratically with Tris-HCI (100 mM,
pH 7.21, 1 mL/min).

Characterization/Optimization of the Interface. Hy­
drogen and oxygen flow rates were optimized as a function of
AAS response (F1 mode) to a standard (3 ng of Cd) or a biological
sample (mussel extract) by multivariate factorial experiments
(composite 2' designs). The effect of potential inteferents
(glutathione, Cu, Zn) coinjected with 0.97 ng of Cd was assessed
similarly using a composite 2' factorial design." Nonspecific
absorption from real samples was determined by comparing pure
AAS signals with D, background corrected responses. Matrix
effects were estimated by comparing standard addition calibra­
tions of standard and mussel extract solutions. Five replicate
standards (3 ng/mL) or sample solutions were spiked with
increasing levels of standard (+2, +4, +6, +8, and +10 ng/mL)
and analyzed in triplicate injections.

Preparation and Analysis of Cd-Contaminated Mussel
Extracts. Freshwater mussels (Elliptio complanata) ofsimilar
size (68 ± 4 mm) were collected from a nonpolluted river, 80 km
north of Montreal. The population (N =45) was transferred to
a tank of continuously oxygenated double-distilled water for a
period of 1 month. During this period, the mussels expelled
particulate matter from their siphon/gills system." The pop­
ulation was then exposed to 100 j<g/L Cd (as CdCl,> for a period
of 29 days. The Cd-spiked water was replaced daily in order to
maintain a constant level of exposure. Random sampling (N =
3) was done every second day. Residual Cd in solution was
removed by keeping the sampled mussel in double-distilled water
for 24 h prior to analysis.

Analytical glassware was soaked in 10% nitric acid before use.
Total mussel viscera was homogenized in 10 mL of Tris-HCI
buffer (10 mM, pH 7.4, 0.02% w/v NaN, as antibacterial, 0.05
mM phenylmethanesulfonyl fluoride as proteases inhibitor) at

(14) Hemelradd, J.; Holwerda, D. A.; Zandee, D. 1. Arch. Environ.
Toxieol. 1986,15,1-7.
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Figure 1. Thermospray-mlcr08lamlzer Inler1aC8.

Instrumentation and Thermospray Microatomizer In­
terface. The mobile phase for flow injection (F1) and HPLC
analyses was delivered (1 mLlmin) by a dual-pump HPLC system
(Gilson 305/306). The sample injection volume was 97 I'L.
Cadmium vapors produced in the microatomizer interface were
detected by a double-beam atomic absorption spectrometer (Pye
Unicam Model 1900) set at 228.9 nm. Absorbance/time data
were collectedat 10 Hz and integrated (JCL-6ooosoftware, Jones
Chromatography, Littleton, CO). Hydrogen and oxygen were
delivered from calibrated flow meters (Model 802 with micro-
valves; Matheson Co., Toronto, ON). .

The microatomizer interface, presented in Figure 1, was
composed ofquartz tubes which were connected together by glass
blowing. The main body comprised a thermospray inlet tube (A,
4-mm Ld. X 6-mm o.d. X 10 cm), a hydrogen inlet (B, 4-mm i.d.
X 6-mm o.d. X 10 cm) connected at a 90° angle, 7 cm from the
inlet of tube A, a combustion chamber (D, 9-mm i.d. X 11-mm
o.d. X 5 em), a thin oxygen inlet tube (C, 2-mm Ld. X 3.2-mm
o.d. X 6 em) emerging at a 90° angle in the combustion chamber,
and an atomic vapors retainer tube (E, 9-mm Ld. X 11-mm o.d.
X 12 cm) positioned in the optical beam of the AAS instrument.
A concentric guide tube (F, 2-mm Ld. X 3.2-mm o.d. X 10 cm)
was inserted in the thermospray inlet tube via reducing Swagelok
unions (G, 0.64-0.32 and 0.32-o.16em) fitted with Vespelferrules.
The outlet tip of this guide tube was constricted to O.5-0.8-mm
i.d. and positioned in the junction formed by the thermospray
and hydrogen inlet tubes. During operation, the HPLC or flow
injection liquid carrier was channeled through a short length of
silica capillary tube (H, 5O-I'm Ld. X 15 em; Chromatographic
Specialties, Brockville, ON) which was centered in the thermo­
spray inlet via the guide tube. This capillary was connected to
the steel HPLC tubing from the injection valve by a 1.6-Q.8-mm
reducing union and a zero dead volume Vespel capillary ferrule
(Chromatographic Specialties, Brockville, ON).

The thermospray and hydrogen inlet tubes were heated by a
continuous thermoelectric wire (I, Kanthal A-1 wire, 4.53 111m,
22-G diameter, Pyrodia Co., Montreal, PQ) wound tightly in 45
and 60 coils, respectively (plus 15 coils around the 2.4-cm length
between the thermospray/hydrogen inlets intersection and the
combustion chamber). The heater was embedded in refractive
wool (Fiberfrax, The Carborundum Co., Niagara, NY) for thermal
insulation and protection against corrosion from the ambient
air. The heated sections were then encased with cylindrical pieces
of firebrick of approximately 15-mm wall thickness (J). To
circumvent short-circuits between coils, the resistive wire was
surface-oridized (red hot, 800-900 °C) for 15 min before
embedding in refractive wool. The ac potential applied to the
heater was controlled by a variable transformer (Variac) and
monitored with a digital voltmeter. The vapors retainer tube
(E) was mounted in a cylindrical aluminum casing (5-cm Ld.)
and secured by frrebrick disks and refractive wool at both ends.
An additional support was positioned at the centerofthe encased
thermospray tube assembly.

The interface was made operational as follows: (1) hydrogen
was introducedat 1.7 L/min and ignited at both end ofthe vapors
retainer tube; (2) the heating coils were then energized to 45 V
(red hot, 800-900 °C); (3) a small flame spontaneously ignited
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10 ·C,withaPolytron homogenizer (20 000rpm), and centrifuged
for 20 min at 17000g (10 ·C). The supernatants were decanted
and diluted to 40 mL with buffer. Total Cd was determined by
injecting lO-fold dilutions of these extracts in the FI-microat­
omizer-AAS system. An "unbound" Cd fraction was isolated by
subjecting the extracts (1.5 mL) to ultrafiltration (1 kDa cutoff
membrane) in micropartitioning units (Amicon, Danvers, MA)
at 1.500g for 1.5 h. The ultrafiltrates were injected directly in
theFI-AASsystem. Externalcalibrationwascorrectedfor matrix
effect determined by standard addition.

Exploratorydeterminations ofmetsllothionein-bound Cdwere
done by injecting selected extracts in the HPLC(DEAE)­
microatomizer-AAS mode. ConfIrmation of the MT-ed bands
was obtained by analyzing the same extracts after thermocoag­
ulation (20 min at 70 'C) and centrifugation (17000g).

(X 10000)
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Figure 2. Surface predicting response (peak area) to 3 ng of Cd as
a function of 0, and H, flow rates, in the flow Injection mode.
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figure 3. AAS responses to sequentially diluted Cd standards In the
flow Injection mode (N = 4).

model was linear over the studied range (r =0.9981). The
absolute limit of detection, determined as three relative
standard derivations of the average background signal, was
71 pg.

Applications to biological samples demanded additional
characterization studies on possible analytical interferents.
As the interface was to be used in HPLC-AAS mode for the
determination ofsulfhydryl-richpolypeptides, we studied the
effectofmajor componentspresent in these complexanalytes.
MTs normally coordinate the essential metals Zn and Cu.
Glutathione was used to mimic the high cysteine content and
lackofaromatic amino acids in the primary structure ofMTs.
The surface response models predicting the matrix effect of
large excesses of these species when coinjected with Cd (8.6
pmol) are presented in Figure 4. In the absence ofcadmium,
a nonspecillcabsorptionsignalwas notobservedat the highest
levels of each interferent. In the absence of Cu or Zn,
glutathione affected the atomization efficiency linearly to a
maximum of 6.5% (34 884-fold molar excess relative to Cd).
The formation of CdS during the combustion process may
account for this effect, which diminished as the concentration
ofZn or Cu in the sample was increased up to 174-fold molar
exce88. Copper and zinc appeared to quench the atomization
process to maxima of 13% and 7%, respectively. Since the
relative stoichiometry of Cd:Cu/Zn:amino acids in metal­
lothioneins is not predicted to be higher than 1:10:100,2 these
potential interferents were notexpected to signillcantly affect
the response of MT-bound cadmium in HPLC bands.

The interface was then exposed to biological samples, in
the flow injection mode. The soluble cadmium fraction from

RESULTS AND DISCUSSION

Performance of Microatomizer. In the first microat­
omizer design,ll the thermosprayedHPLC methanolicmobile
phase was used to support the pyrolytic flame. This resulted
in a thorough premixing ofanalytes (alkylleads) with the fuel
vapors before ignition. However, this approach was not
compatible with aqueous samples and HPLC mobile phases.
The present hydrogen-fueled microatomizer interface was
designed in order to obtain full compatibility with aqueous
systems.

Preliminary experiments demonstrated that the confIgu­
ration of the thermospray/fuel/oxidant inlets was a critical
aspect affecting the performance of the interface, especially
when exposed to biological samples. Thermal atomization of
cadmium, lead, and mercury from pure standard solutions
could be achieved with various geometries in which O2, H2,
and sample vapors were mixed simultaneously in concentric
or cross-flow confIgurations. However, during the analysis
of biological extracts, an inefficient premixing of HPLC
effluent vapors with the fuel/oxidant mixture resulted in
laminar flow systems in which a portion ofthe solvent vapors
flew separatelyfrom the flame front. Under these conditions,
organic interferents from the biological samples were not
pyrolyzed completely, causingnonspecillc absorption signals
and/or memory effects. The design shown in Figure 1
represents the simplest confIguration which provided the
desired performance. The reproducibility of the response
was dependent on a smooth thermospray effect. Since water
was more diffIcult to thermospray than organic solvents, a
two-stage heating process was developed. The liquid phase
flowing through the silica capillary (Figure 1. H) was heated
by conduction/radiation via thermoelectric elements coiled
around the thermospray inlet tube (A). The last 1-1.5 em of
the capillary received an additional input of thermal energy
by convectionheatingwith hot hydrogen gas introduced from
the heated fuel inlet tube (B). Under these conditions the
fme aerosol emerging from the capillary was instantaneously
converted to vapors which mixed with H2before reaching the
combustion chamber (D). The small diameter of the oxygen
inlet tube (C) maximized the linear velocity of the oxidant
gas, which spontaneously ignited the fuel/ aqueous vapors
mixture in a homogeneous flame, with a characteristic jet
sound.

The microatomizer interface was optimized in flow injection
mode. The AAS response surface (to a Cd standard) as a
function of hydrogen and oxygen flow rates is presented in
Figure 2. The responseareas were minimized when conditions
promoted a relatively cool flame (fuel or oxidant defIciency).
Intermediate flow rates exceeding the stoichiometric fuel!
oxygen ratio resulted in maximum AAS signals. Optimum
flow rates were determined as O2 = 270 mL/min and H2 =
1.2L/min. The response to sequentially diluted Cd standard
solutions (N =4) is presented in Figure 3. The calibration

J
g 11.1

Q)",
(,),;
"gj
<ll •

0.3.D=
~:=:

o·en U

.D~

~~ 0.2
0:

0.1

Mass of Cd (ng)~
6.06

3.03

1.51

0.757



3200 • ANALYTICAL CHEMISTRY, VOL. 64, NO. 24, DECEMBER 15, 1992

A. A.

(X 1000)
26

..
~ 24

'": 23..
o -.

160 268 376 464 592 700

Oxygen Fiol\" Rate (mL/min)

11.
57

86
\..<:-ii-

28 ,,'\.<:-
o ~<>
~o

210-~268=~~=,,=L,=,,/
57 86 114

Amount Glutathione (}.Ig)

22

B.
(X 1000)

!::I~
-: 22

~ 21

20

\9Ol"""'==='======~==;
28 57 86 114

Amount Glutathione Cug)

Flgur.4. Surface responses to Cd (0.97 ng) coInjected with varlous
amounts of (A) glutathione and zn and (8) glutathione and Cu.

mussel tissues was prepared by homogenization in Tris-HCI
buffer, centrifugation, and dilution nO-fold). Without the
filtration effect of the HPLC column, considerable amounts
oforganic matter and metallic species were copyrolyzed with
the analyte. Adjustment of the flame compoeition was
required to reduce variations in performance. The effects of
H,/02 flow rates on AAB response and reproducibility (N =
4) with a mussel extract are presented in Figure 5. The level
of cadmium in the sample aliquot was estimated at 6.2 ng (87
X LOD). The response to Cd (Figure 5A) was marimized
using a more voluminous flame. As shown in Figure 5B the
flame compoeition critically affected the reproducibility of
the microatomization process. Low oxygen supply produced
a cooler flame which did not pyrolyze the sample efficiently.
A black depoeit on the walls of the combustion chamber
adsorbed the analyte, causiug up to 23% variation in AAB
response. The depoeited cadmium was recovered as a sharp
peak by increasiug the H,/02flow rates. An excess ofoxygen
was also detrimenta1, presumably due to a combination of
factors: (1) at low H2 flow rates the flame was almost
extinguished, and (2) at higher H2flow rates the tip of the
flame reached the optical tube, decreasing the SIN ratio and
affectiug the precision ofthe integration algorithm. Optimal
response and reproducibility were observed using a fuel-rich
flame obtained with an intermediate oxygen flow rate and a
relatively large hydrogen supply (550 mL/min and 2.3 L/min,
respectively).

Validation ofthe AAS signal observed duriug flow injection
ofcrude mussel extracts (N = 3) was done using D2background
correction (for nonspecific absorption signal) and standard
addition methods (for atomization quenching). The average
ratio between total and background-corrected absorbances
was 0.99 :I: 0.036. Takiug into account the relatively large
volume of sample injected in the microatomizer (97 !ili) and
the crude compoeition of the mussel extracts, we concluded
that nonspecific absorbance signals do not represent a
significant source oferror. The magnitude of interference to
the cadmium atomization efficiency was evaluated by com­
pariug the slopes of standard addition calibrations from a
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figure 5. OpUmlzation lor cadmium analysis In mussel extracts. Effect
of O. and H.lIow rates on (A) peak area and (8) coefflclent 01 varlablllty
(lour replicate Injections).

mussel extract and from a 3 ng/mL Cd standard. Both
standard addition curves were linear (N = 5; r = 0.9886 and
0.9972, respectively). The 810pe of the sample calibration
was reduced by 13.8% relative to that of the standard
calibration, which reflected quenching of the atomization
process. As with other atomic spectroscopy techniques,
external calibration of the flow injection microatomizer AAB
system should be used with precaution. For crude samples,
standard addition appears to be the most appropriate
calibration technique.

Characterization of the Soluble Cadmium Fraction
in Mussel Tissues. The microatomizer interface was
developed as a component ofa routine analytical protocol for
the study ofheavy metals bioaccumulation in the fresh water
mussel E. complanata. In a preliminary experiment aimed
at optimizing this protocol, we exposed a mussel colony to
100 ng/mL Cd, sampled periodically (N = 3), and determined
thesoluble cadmium content in homogenates before and after
ultrafIltration through a I kDa cutoff membrane (Figure 6).
Cadmium levels were calculated by external standardization
corrected for matrix effect (as determined by standard
addition calibration). As observed previously in other
Unionidae mussels,H.1S soluble cadmium accumulated at a
relatively constant rate and with significant biological vari­
ations duriug the 4-weekexpoeure period. Mostofthis soluble
Cd was bound to large biomolecules. Levelsof"free cadmium"
in ultraftltrates remained essentially constant at 2-4% of
soluble Cd. Given the relatively low Cd concentration and
short exposure period, it is probable that a saturation of
coordination sites in soluble proteins has not been achieved.

DeterminationofMetallothioneins. Themicroatomizer
was applied to the determination of metallothioneins in the
HPLC-AAS mode, usiug the standard DEAE ion-exchange
method (Figures 7 and 8). Both MT-I and MT-II isoforms

(15) Hemelradd, J.; Holwerda, D. A.: Teerda, K. J.: Herwig, H. J.:
Zandee, D. I. Arch. Environ. Toxicol. 1986. 15, 9-21.
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Time (days)

Figure 8. Level of souble bound (>1 kDa) and free cadmium in whole
mussel lissues (N = 3) as a function of exposure time.

Day 0

Day 29
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Figure 8. HPLC-mlcroatomizer AAS chromatograms from (A) a mussel
extract before and after a thermocoagulation/centrifugation treatment
aimed at confirming the presence of a metellothlonelns fraction and
(8)extracts from mussels sampled at the beginning of the trial (control)
and after 29 days of exposure to 100 I'9/L Cd, In stervlng conditions.
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Figure 7. HPLC-mlcroetomlzer AAS chromatograms ofa commercial
horse kidney extract contelnlng Cd- and Zn-MTs I and II Isoforms:
(A) 4.85-l'g totel proteins, with Integrator gain set at 1; (8) 485-n9totel
proteins, with Integrator gain setat 20. Chromatograms were obtelned
lsocratlcally (15 mM Trls-HCI, pH 7.21).

from a crude commercial horse kidneyextractwere separated
isocratically using a 15 mM Tris-HCl buffer (Figure 7). On
the basis of the specifications of the supplier, the LOD for
horse kidney MTs was estimated conservatively at 10-40 ng.
The mussel extracts contained a single peak which was eluted
using a stronger buffer (Tris-HCl, 100 mM). Ai! this
chromatographic band was recovered in solution after thor­
ough thermocoagulation and centifugation of the extract
(Figure 8A), we cOnIumed it as a metallothionein fraction.S

Since the mussel population was intentionally exposed to
cadmium under extreme starving conditions, cysteine and
other amino acids required in the biosynthesis of MTs were
limited to endogenous sources only. Whereas the concen­
tration of soluble Cd increased 5-fold during the exposure,
the magnitude of the cadmium-containing metallothionein
peak only increased by a factor of 1.5 (Figure 8B), suggesting
thata significant proportion ofCd was bound to other soluble

proteins. Weare currently exposingmussel colonies, fed with
microplankton, in order to determine the biosynthesis rate
of this metal-binding polypeptide fraction under environ­
mentally relevant conditions. Calibration (as a function of
AAS response to Cd) will be obtained via isolation of Cd­
saturated MT and determination of its amino acid profIle.

CONCLUSION

For the determination of cadmium in aqueous samples,
the FI/HPLC-microatomizer AAS approach provided a
unique combination ofadvantages over alternate techniques.
While the microatomizer interface was constructed with
inexpensive components, it effectively pyrolyzed organic
interferents and provided a limit of detection for cadmium
which was about 2.2 orders of magnitude lower than that
observed with a conventional flame AAS detector, and 27­
fold lower than that obtained with a thermospray-enhanced
flame AAS system.to In HPLC-AAS mode, the detectability
of Cd-containing MTs was improved by similar factors.

Ai! reported previously,11 continuous exposure to high
concentrations of sodium (from HPLC buffers) promotes
devitrification of the quartz combustion chamber and cor­
rosion of the silica capillary used to thermospray the HPLC
effluent. Further improvements to the physical strength of
the interface will include the development of a ceramic
combustion chamber and the use of a metallic thermospray
capillary. The performance of the microatomizer in the
determination of other volatile metals is currently being
investigated.
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Determination of Ethers and Alcohols In Gasollnes by Gas Chromatography/Fourier
Transform Infrared Spectroscopy

John W. Diehl,' John W. Finkbeiner, and Frank P. DiSanzo

Mobil Research and Development Corporation, Paulsboro Research Laboratory, Paulsboro, New Jersey 08066

(8) Bowater, I. C.; Brown,R. S.; Cooper,J. R.; Wilkinll. C. L. Maximum
Absorbance Algorithm for Reconstruction of G.. Chromatograms from
G.. Chromatograpbllnfrared Spectrometry Data. Anal. Chern. 1986,
58,2195.

Table I. Reconstruction Frequencies

frequency frequency
range range

compound (em-') compound (em-')

methanol 1055-1063 diisopropyl ether 1122-1130
ethanol 1052-1060 isobutyl alcobol 1037-1045
2-propanol 1141-1149 ethyl tert-butyl 1199-1207
tert-butyl alcohol 1207-1215 ether
I-propanol 1056-1064 1,2-dimethoxyetbane 1123-1131
methyl tert-butyl 1205-1213 (lSTD)

ether i-butanol 388~3673

2-butanol 1128-1136 tert-amyl methyl 118~1193

etber

the frequencies for each compound. These were the absorbance
maxima in tbe region of interest %4 cm-'. A reference spectrum
for each sample's reconstructions was obtained by averaging
the spectra from 0.1 to 0.5 min run time. No analyte or gasoline
component eluted during this retention time window.

Pure ethers and alcohols were obtained from Aldrich Chemical
Co. and Wiley Organics. Twenty calibration solutions were
prepared in the 0-20 vol % range by pipetting and weighing
aliquots in l-mL increments of the analytes with 10 mL of 1,2­
dimethoxyetbane which was the internal standard (ISTD) and
diluting to 100 mL with toluene. Multilevel calibration curves
were developed on a weight/weight basis. Calibrations in a base
fuel did not improve accuracy. Gasolines were analY2ed by
weighing the internal standard into a known volume and weight
of sample and determining the weight of the ether or alcohol
from the calibration curves. Tbe volume percent was calculated
hydividing the determined weightbythe density ofthe compound
ofinterestwitbthisvolumedividedbytbestartingsamplevolume.
Table IT contains the densities used for these measurements.
There were some small differences between the literature values
and those measured in the laboratory.

Table III. Selectivities over Toluene

0.787
0.717
0.788
0.737
0.792
0.768

dellllity
(g/mL)

>1000

143
119

>1000
24

152

selectivity

compound

2-butanol
diisopropyl ether
isobutyl alcohol
ethyl tert-butyl ether
I-butanol
tert-amyl methyl ether

0.781
0.782
0.771
0.764
0.791
0.733

density
(g/mL)

Analyte Densities at 25 ·C

compound

methanol 43 diisopropyl ether
ethanol 42 isobutyl alcohol
2-propanol 4 ethyl tert-butyl
tert-butyl alcohol 77 ether
I-propanol 22 1,2-dimethoxyethane
methyl tert-butyl 124 (ISTD)

ether I-butanol
2-butanol >1000 tert·amyl methyl

ether

compound selectivity compound

methanol
ethanol
2-propanol
tert-butyl alcohol
i-propanol
methyl tert-butyl ether

Table II.

In response to clean fuel legislation, research is underway
in the petroleum industry to develop fuels which reduce
vehicle exhaust emissions. Part of this effort is the addition
ofcertain ethers and alcohols such as methyl tert-butyl ether
(MTBE) and ethanol to gasolines. The capability of accu­
rately measuring these compounds is important in main­
taining minimum levels prescribed by law as well as optimum
levels for engine performance. A number of techniques have
been developed to determine ethers and alcohols such as
ASTM D4815,' the oxygenspecific Fill (O-Fill),2 and atomic
emission detection (AED).3 All of these methods have had
some problem such as hydrocarbon interference with D4815
and reliability with the O-Fill and AED. This compound
class has distinct absorbances in the mid-infrared.' Solution
infrared spectroscopy cannot readily deal with mixtures of
ethers and alcohols which can potentially occur by deliberate
blending or from impurities in the feed ethers such as
methanol, tert-butyl alcohol, and even tert-amyl methylether
in the case of MTBE. Gas chromatography (GC), however,
to first resolve the compounds followed by infrared spec­
troscopy addresses this problem. GC/Fourier transform
infrared (FTlRl spectroscopy has already been demonstrated
as a good quantitative tool for organic acids' and various
pollutants." The results of our investigation into the appli­
cability of GC/FTIR for oxygenates in fuel are presented
below.

INTRODUCTION

EXPERIMENTAL SECTION
A Hewlett-Packard Model 5890 Series IT GC/5965B IRD was

configured as follows.
Column: J&W 60-m X 0.32-mm-i.d. 5.0-l'm fJ.1m DB-I. The

column was connected to a 0.5-m section of J&W 0.53-mm-i.d.
deactivated fused silica tubing with a Swagelok low dead volume
'/urin. union. This retention gap was installed in the injector to
allow use of the HP 7673B autoaampler.

Carrier: H2, 42 cmfs set at 300 ·C (approximately 20 psi).
Oven temperature program: 20·C (0 min) 2 deg/min to 80

·C (0 min) 30 deg/min to 300 ·C.
Injector: Coolon-column capillary injector withheater turned

off. Injector temperature was approximately 5 ·C higher than
the oven temperature.

FTIR Spectrometer Parameters. Detector: wide band
MCT (4000-550 cm-') (nominal D* = 1.0 X 10'0 cm·HzO·'/W).

Light pipe temperature: 250 ·C.
Transfer line temperature: 250 ·C.
Resolution: 8 cm-l .

Scan rate: six interferograms coadded for 1 spectrum per
second.

Selective absorbance reconstructions: second difference re­
construction. Derivative function width = 75.7~ Table I contains

(l) ASTM D4815-88.
(2) DiSamo, F. P. J. Chromatogr. Sci. 1990, 28, 73-74.
(3) Slstkavitz, K. J.; Uden, P. C.; Bames, R. M. J. Chromatogr. 1986,

355, 117.
(4) Silverstein, R. M.; Bassler, G. C. Spectrometric Identificatian 0/

Organic Compounds, 2nd ed.; John Wiley &SOIlll, Inc.: New York, 1967.
(5) Olson, E. S.; Diehl, J. W.; Froehlich, M. L. Anal. Chern. 1988, 60,

1920-1924.
(6) Gurka, D. F.; Pyle, S. M. Environ. Sci. Technol. 1988,22,963-967.
(7) de Hasetb, J. A.; Isenhour, T. L. Recolllltruction of G.. Chro­

matograms from Interferometric G.. Chromatography/Infrared Spec­
trometry Data. Anal. Chern. 1977,49,49.

0003-2700/9210364-3202$03.00/0 © 1992 American Chemical SocIety
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I VOLUME % OF THE RNALYTES IN GASOLINE
12513-1131313 CM-l

Flgur.1. 1250-100O-cm-' selective absorbance chromatogram of the analytes and ISm at 1 volume % each In gasoline. Unlabeled peaks
are from hydrocarbons.

GASOLINE
321313-281313 CM-l

Flgur. 2. 3200-280O-cm-1 selective absorbence chromatogram of a typical gasoline highlighting the large number of coelutlng and potentially
Interfering compounds.

RESULTS AND DISCUSSION

Figure 1 shows a GC/FTIR chromatogram of the analytes
reconstructed from 1250 to 1000 em-I. Most analyses were
performedin this C-ostretchingregion. Allofthe compounds
were chromatographically well resolved except for isobutyl
alcohol and ETBE. Better separation could have been
obtained by starting at a lower oven temperature, but at a
sacrifice ofanalysis time. The absorbance maxima ofisobutyl
alcohol and ETBE, 1041 and 1203 cm-I, respectively, were
sufficiently different that they were measurable even with
coelution. Figure 2 shows a 3200--2800-cm-1 chromatogram
of a typical gasoline which highlights the potential hydro­
carbon interferences. Gasolines usually contain C4-e12
saturates andolefms and C6--C12 one- and two-ringaromatics
all of which have strong absorbances in the 3200-2800-em-1

spectral region. These classes also have some absorbance in
the 1250--1000 cm-I range resulting from methylene twisting
and wagging, and aromatic C-H in-plane bending.· Ofthese,
the aromatic absorption is the most intense. This can be

seen in Figure 3 where the gasoline from Figure 2 was
reconstructed between 1250 and 1000 cm-I • Even though
there are no ethers or alcohols in this fuel, a number ofpeaks
can be seen. By GC/FID, 2-methylpentane which eluted at
12 min was about 5.5 wt % of the sample while benzene at
20.5 min was about 1.5 wt %, yet their peak areas in the
125O--1000-cm-I region were approximately equal.

GC/FTIR was not found to be as selective over hydrocar­
bons as oxygen-specific detectors,2,3 and Table III contains
selectivities relative to toluene. These were calculated by
dividing the chromatographic peak area of 1volume %of an
analyte at its respective selective wavelength reconstruction
region by the chromatographic peak area of 1 volume % of
toluene at the analyte's wavelength region. The selectivities
ranged from 4 to >1000. Reconstructions at the narrow
frequency ranges listed in Table II were necessary to
completely eliminate coeluting hydrocarbon interferences.
No background hydrocarbon signals were present in any
selective absorbance reconstructions ofa number ofgasolines
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figure 3. 1250-1OOO-Cnr1 selective absorbance chromatogram of the same gasoline as In FIgLWe 2 which shows thatlhe gasoline hydrocerbons
have some signal In the 0-0 s!retchlng region.

GASOLINE
12C!J5-1213 ern-I

...

.
i
.i

,.
..
..

FIgure 4. 1205-1213-cnr1 seIeclIve absorbance chromatogram of the gasoIne !rom F9'res 2 and 3. ThIs frequency range was used for MTBE
quantllallon. No signal Is present at the MTBE retenlion lime of approximately 12 min.

and blending feeds. This can be seen in Figure 4 where a other ethers or alcohols are to be determined, interference
typicalgasoline has been reconstructedatMTBE's frequency problems have to be addressed, especially if coelution with
range of 1205-1213 em-I. No peak is evident at the MTBE an aromatic hydrocarbon can occur.
retention time of 12 min. Figure 5shows the 1205-1213-cm-1 All calibration curves were linear even up to 95 volume %
chromatogram ofthe 1volume % mixture from Figure 1. The with correlation coefficients >0.999. This was more in line
narrow reconstruction frequency reduced the MTBE signal with the results reported by Gurka and Pyle" than the
by approximately 50% compared to the wider range of1250- nonlinear ones reported by Olson et al.5 In the latter case,
1000 em-I. There was a problem in the case of I-butanol's the analytes and their respective internal standards not only
C-o stretching absorbance at 1042 em-I. This alcohol coeluted chromatographically but had relatively closeC~
coeluted with benzene, a common component in gasolines absorptions. This may explain the nonlinear calibrations.
typically found in the 1-2 wt % range. The selectivity of All calibration curves were found to be stable for several
I-butanol over benzene at 1042 em-I was only 3. I-Butanol months. Table IV contains precision and accuracy data for
had to be analyzed at the o-H stretching frequency of 3669 the analytes at the 5, 10, and 15 volume % levels in gasoline
em-I where the selectivity was 143. Sincethisisaweakerffi (7.7 mg/mL = approximately 1 volume %). The average
band the detection limit for this compound was 0.5 volume relative standard deviation (RSD) (n - 1) was 0.3 %, and the
% compared to 0.1% for the other analytes. average percentage accuracy was 0.8%. TheRSDwithsplit

Although no quantitation problemswere encountered with injection was 1.0%, and on-column injection was deCInitely
the 12 compounds addressed here, this was definitely a the more precise injection technique. There was some peak
situation where both gas chromatography and infrared shape distortion with C4 alcohols above the 10% level
spectroscopy were needed to ensure good analytical data. H apparently from overload of the 5.Q-1"ll CI1m column, and this
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1 VOLUME " ANALYTES IN GASOLINE
12B5-1213 CH-I
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Figure 5. 1205-1213-cm-1 selective absorbance chromatogram of the 1 voluma % analyle mixture from Figure 1. The narrow reconstruction
frequency reduced the MTBE signal by approximately 50 %.

Table IV. Precision and Accuracy Data· Table V. Analysis of Fuels

determined fuel interlaba (volume %) O-FID GC/FTffi
(mean actual RSD % A MTBE 14.6 = 0.3b 14.9' 14.4 = 0.2d

compound mg/mL) (mg/mL) (n-1) accuracy B MTBE 14.5 = 0.9 15.1 14.6= 0.2
methanol 39.11 39.14 0.5 0.1 C MTBE 13.9 = 0.8 14.7 13.9 = 0.2
ethanol 39.19 38.93 0.1 0.7 D MTBE 14.6 = 0.8 14.8 14.8= 0.2
2-propanol 38.52 38.49 0.2 0.1 E MTBE 15.2 = 0.9 15.5 14.9 = 0.2
tort-butyl alcohol 36.85 37.45 0.3 1.6 F ETOH 9.7 = 0.6 9.8 9.0 = 0.1I-propanol 39.58 39.43 0.2 0.4 G ETOH 9.7 = 0.7 9.5 9.4 = 0.1methyl tort-butyl ether 36.50 36.91 0.4 1.1 H ETOH 9.6 = 0.5 9.9 9.3 = 0.12-butanol 39.18 39.18 0.4 0.1 I ETOH 9.6 = 0.7 9.7 9.0 = 0.1diisopropyl ether 36.08 36.93 0.2 2.3
ether isobutyl alcohol 39.08 39.18 0.2 0.3

a Mean of D4815 results from 7 to 9 participating laboratories.ethyl tert-butyl ether 36.50 36.04 0.4 1.3
b Standard deviation, 2s = 95% confidence limit. ' Precision dataI-butanol 38.42 39.41 0.3 2.0 not available for O-FID. d From Table IV.tort-amyl methyl ether 38.15 38.52 0.4 1.0

methanol 84.25 82.67 0.2 1.9
dilution was not normally performed because ofanalysis timeethanol 82.07 81.49 0.1 0.7

2-propanol 81.43 80.96 0.1 0.6 requirementa.
tort-butyl alcohol 78.21 78.50 0.5 0.4 Table V shows the analyses of a number of test fuels
I-propanol 83.76 82.67 0.2 1.3 compared to O-FID, and the mean of the results from 7 to
methyl tort-butyl ether 74.33 74.22 0.3 0.1 9 laboratories employing D4815. Although the GC/FTffi2-butanol 83.75 82.07 0.3 1.5
diisopropylether 72.97 72.51 0.2 0.6 results seemed to be lower than those ofthe O-FID,allresults
isobutyl alcohol 82.73 80.91 0.2 1.0 were well within the precisions of the methods. The RSD's
ethyl tort-butyl ether 73.24 73.94 0.1 1.0 reported for D4815 ranged from 2 to 7%, which were much
I-butanol 82.29 83.70 0.2 1.0 worse than the 0.1~.8% reported here for GC/FTffi (Table
tort-amyl methyl ether 76.13 77005 0.1 1.2 IV). Precision data was not available for the O-FID.
methanol 118.16 117.83 0.3 0.3
ethanol 117.68 117.56 0.1 0.1 CONCLUSION
2-propanol 116.48 116.48 0.1 0.0
tort-butyl alcohol 112.98 114.52 0.2 1.3 GC/FTffi is defInitely a precise and accurate technique
I-propanol 119.06 119.11 0.3 0.0 for measuring CI--C4 alcohols and C5 and C6 ethers in
methyl tort-butyl ether 110.62 110.86 0.8 0.2 gasolines. The use of the correct absorbance reconstruction
2-butanol 119.43 119.31 0.5 0.1 frequencies gives good selectivity over hydrocarbons as welldiisopropyl ether 108.78 108.63 0.5 0.1
isobutyl alcohol 118.74 118.35 0.1 0.3 as very linear and stable calibration curves. These features
ethyl tort-butyl ether 109.84 111.17 0.6 1.2 should make it applicable to the analysis of other ethers and
I-butanol 118.03 120.06 0.6 1.7 alcohols as well as other compound classes as long as possible
tort-amyl methyl ether 113.79 115.63 0.6 1.6 chromatographic and spectroscopic interferences are kept in

an = 10. 7.7 mg/mL = approximately 1 volume %.
mind.

had an adverse effect on accuracy. Accuracy was improved RECEIVED for review July 2, 1992. Accepted September
when these solutions were diluted 5:1 with toluene. Sample 30,1992.
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Stripping Voltammetry of Reversible Redox Species by Self-Induced Redox Cycling

Tsutomu Horiuchi; Osamu Niwa. Masao Morita. and Hisao Tabei

NTT Basic Research Laboratories, Nippon Telegraph and Telephone Corporation, Tokai, lbaraki 319-11, Japan
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Figure 1. Schematic diagram of self-Induced redox cycling and new
stripping voltammetry. (A) Mechanism of self-Induced redox cycling.
Micro- and macroelectrodes were placed In the same cell. (8) Sen­
Induced redox cycling In a two-cell system. A twin mlcroelectrode was
placed In one cell and a macroelectrode In the other cell. The two
cells were connected by a sa~ bridge (halched area). One electrode
of the twin microelectrode was electrically connected 10 the macro­
electrode. The preelectrolysls mechanism of the new stripping
voltammetry is In parentheses. Preelectrolysls of the reversible species
at the twin electrode Induces the preconcentration of metal. (C) Metal
stripping stage on the macroelectrode.

INTRODUCTION

Voltsmmetry has been widely used to analyze electroactive
species in solution because of its simplicity. However, the
typicaldetection limits ofcyclicand linear sweep voltammetry
are in the micromolar range. At these concentrations it is
difficult to detect the amounts of trace materials. Various
pulse methods have been proposed to improve the sensitivity
ofvoltsmmetry. Their use has a detection limit 1 or 2 orders
of magnitude lower than that of cyclic or linear sweep
voltammetry,1.2

Electrode miniaturization also improves the sensitivity.
This is because a microelectrode has high mass transport
density, small double layer capacitance, and low ohmic losses
which result in a higher SIN ratio than that ofa conventional
size electrode.' We have reported that redox cycling on two
closely spaced potentiostated microelectrodes increases the
sensitivity of the reversible redox species and has been used
to obtain a detection limit of 10-8 mol/dm'.' However, the
sensitivity ofthese methods is not as high as with the stripping
analysis.

Stripping voltammetry has the lowest detection limit of
the commonly used electroanalytical techniques.[.2 It has
been applied for the detection of metal ions and halides in
water, foods, biological fluid, and environmental samples.5-13
The detection limit ofstripping voltsmmetry for heavy metal
ionsisfrom1O-[°to1o-"mol/dm'. Despiteitshighsensitivity,
stripping voltammetry can only be used to detect a limited
range of species, which includes some metal ions, halides, or
adsorptive organic compounds, unless special techniques are
employed such as electrode modification or the addition of
ligands to form adsorptive complexes,14-l8 However, the
experimental conditions for electrode modification or ligand
formation must be optimized for individual samples in order
to deposit them efficiently on the electrode surface.

Recently, we enhanced the limiting current byself-induced
redox cycling at a closely spaced micro-macro twin electrode.
This was achieved by applying potential only to the micro­
electrode.[9 Figure 1A shows the mechanism of self-induced
redox cycling. When sufficient potential to electrolyze the

(1) Bard, A. J.j Faulkner, L. R. Electrochemical Methods; Jolm Wiley
& Sons: New York. 1980.

(2) Kissinger, P. T.; Heineman, W. R. Laboratory Techniques in
Electroanalytical Chemistry; Marcel Dekker, Inc.: New York, 1984.

(3) Fleishmann, M.j PODS, S.; Rolison, D. R.; Schmidt, P. P. Ultra­
microelectrodes; Datatech Systems, Inc.: Morganton, NC, 1987.

(4) Niwa, 0.; Morita, M.; Tabei, H. Anal. Chem. 1990,62,447.
(5) Florence, T. M. J. Electroanal. Chern. Interfacial Electrochem.

1972,35,237.
(6) Florence, T. M. Anal. Chim. Acta 1982, 141, 73.
(7) Anderson, L.; Jagner, D.; Josefson, M. Anal. Chem. 1982,54,1371.
(8) Sadana, R. S. Anal. Chem. 1983, 55, 304.
(9) Kinard, J. T. Anal. Lett. 1977,10 (14), 1147.
(10) Hu, A.; Dessy, R. E.; Graneil, A. Anal. Chem. 1983, 55, 320.
(11) Scbieffer, G. W.; Blaedel, W. J. Anal. Chem. 1978,50,99.
(12) Figura, P.; McDuffie, B. Anal. Chem. 1979,51, 120.
(13) van den Berg, C. M. G. Anal. Lett. 1984,17,2141.
(14) van den Berg, C. M. G.; Jacinto, G. S. Anal. Chim. Acta 1988,211,

129.
(15) Wang, J.; Varugbese, K. Anal. Chim. Acta 1987,199, 185.
(16) Waog, J.; Farias, P. A. M.; Mahmoud, J. S. Anal. Chim. Acta

1985,171, 215.
(17) van den Berg, C. M. G. Analyst 1989,114, 1527.
(18) Moreira, J. C.; Zbao, R.; Fogg, A. G. Analyst 1990, 115, 1561.
(19) Horiuchi, T.; Niwa, 0.; Morita, M.j Tabei, H. J. Electrochem.

Soc. 1991, 138, 3549.

redox species is applied to a microelectrode placed very close
to a macroelectrode, the electroactive species produced on
the former diffuses to the neighborhood of the latter. The
oxidative reaction R - 0 is induced on the macroelectrode
edge nearest to the microelectrode, and the reductive reaction
o - R is induced on the far edge. The oxidized species
produced at the macroelectrode edge nearest to the micro­
electrode diffuse back to the microelectrode and are reduced
again; then self-induced redox cycling is established between
the micro- and macroelectrodes. Since electrons produced
in the electrochemical reaction on the nearest edge of the
macroelectrode are consumed in the reverse electrochemical
reaction on the far edge of the macroelectrode, the current
flows from the far edge to the nearest edge.

The self-induced redox cycling effect also occurred in a
two cell-system as shown in Figure lB. In order to construct
a closely spaced microelectrode/macroelectrode pair, twin
microelectrodes and a macroelectrode were placed in respec­
tive cells. One of the twin microelectrodes was connected to
the macroelectrode bya lead. Withthis cell system, the charge
produced by the self-induced redox cycling in the left cell is

0003-2700/92/0364-3206$03.00/0 © 1992 American Chemical Society
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A reference electrode, auxiliary electrode, and IDA working
electrode were placed in the left cell, and the glassy-carbon
electrode was placed in the right cell. The reference and auxiliary
electrodes were directly connected to the potentiostat. The
workingelectrode terminal ofthe potentiostate, the two terminals
of the IDA working electrode, and the glassy-carbon electrode
were cormected to a switch box. When the switch was in the A
position, one working electrode of IDA was cormected to the
potentiostat and the other working electrode was cormected to
the glassy-carbon electrode. In position B, the glassy-carbon
electrode was directly connected to the potentiostat.

Procedures, As with the conventional stripping method, our
new method requires preelectrolysis and then stripping. During
preelectrolysis, the switch in Figure 2 was in position A and one
working electrode of the IDA was potentiostated at -{),4 V. The
electrolyte solution was stirred with the magnetic stirrer during
preelectrolysis in the right cell. After 10 min of preelectrolysis,
stirring was stopped and the solution was left for lOs. During
stripping, the switch was moved to position B and immediately
the potential of the glassy-carbon electrode began to be swept
from -{),4 V to +0.5 V at a scan rate of 20 mVis.

In addition, cyclic voltammetry was performed on the IDA
electrode by potentiostating both fmger sets of the IDA without
cormecting the glassy-carbon electrode. One fmger set of the
IDA electrode was fixed at 0 V, and the other was swept at the
same scan rate as that of the stripping voltammetry in order to
compare this current with the peak current obtained by the new
stripping method.

=. ~nTCf~~

I[RU(NHJ~I'. uJ lAg c~
FIgure 2. Schematic diagram 01 the measurement system.

The redox potential of the ruthenium hexaammine was
-{).2 V in a pH 4.0 standard buffer solution. The stripping
peak of silver on the glassy-carbon electrode in potassium
nitrate solution was 0.35 V, which was measured with the
conventional stripping method.

When one fmger set of the IDA electrode in the standard
buffer containing oxidized ruthenium hexaammine was
connected to the glassy-carbon electrode in the silver nitrate
solution ofthe other cell, no ruthenium hexaammine oxidation
or silver ion deposition took place in spite of the redox
potential difference betweenruthenium hexaammine and the
silver ions. This is because there was no reduced species in
either cell. When the electrode of the IDA which was not
connected to the carbon electrode was potentiostatedatbelow
the redox potential of the ruthenium hexaammine, we
observed a steady-state current flowing from theglassy-carbon
electrode to the IDA. This current flow indicates that the
reduced ruthenium hexaammine is oxidized at the IDA and
the electrons generated in this reaction are consumed by the
reductive reaction on the glassy-carbon electrode. It also

EXPERIMENTAL SECTION

transmitted to the electrochemical reaction of a different
species in the right cell.

We developed a new stripping method using this self­
induced redox cycling effect in two cella which contain
different electroactive species. The left cell is filled with a
sample solution containing the redox species and the right
cell is filled with an electrolyte containing metal ions. A twin
microelectrode at which the redox cycling occurs and an
electrode on which the metal ions can be deposited are placed
in the left and right cella, respectively. At the preconcen­
tration stage, the oxidative current ofthe redox species at the
twin microelectrode in the left cell is transmitted to deposit
metal ions on the electrode in the right cell (in parentheses
of Figure IB). After a fixed period of preelectrolysis, the
quantity ofmetal ions deposited on the electrode in the right
cell can be evaluated by conventional stripping voltammetry,
which is measured by sweeping the potential of the macro­
electrode (Figure Ie). Since the amount of metal deposited
on the electrode in the right cell is related to the concentration
of the redox species in the left cell, we can estimate the
concentration from the large stripping peak of the metal.
Highly sensitive detection ofthe redoxspecies can be achieved
by this combination of electrodes without directly precon­
centrating the electroactive species on the electrode surface.

In this paper, we present the fl1'8t example ofa newstripping
analysis ofreversible redoxspeciesbaaed onself-inducedredox
cycling with an interdigitated array (IDA) and a glassy carbon
combination electrode.

Electrodes. In this experiment, the combination electrode
at which the self-induced redox cycling occurred, consisted ofan
interdigitatedarray electrode (IDA) and a glassy-carbon electrode
(BAS, West Lafayette, IN). The IDA was used for the redox
cycling, and the glassy-carbon electrode was used for metal ion
deposition. The IDA electrode consisted of two series of finger
electrodes. The fmger widths and gaps were all 2 I'm, and each
fmger was 2 mm long. The IDA consisted 750 pairs and was
fabricated on a thermally oxidized silicon wafer by photolitho­
graphic, lift off, and dry etching techniques, as described
elsewhere.2<>-22 The diameter of the glassy-carbon electrode was
3 mm. The reference and auxiliary electrodes were a Ag/AgCl
electrode (BAS, West Lafayette, IN) and a platinum wire,
respectively.

Chemicals and Apparatus. Potassium nitrate (Wako Chem­
icals, Osaka, Japan), Ruthenium(Ill) hexaammine chloride ([Ru­
(NH,).lCla, ruthenium hexaammine) (Johnson Matthey/Alfa
Products, Ward Hill, MA), pH 4.0 standard buffer solution (0.05
mol/dm' potassium hydrogen phthalate) (Nakarai Chemicals
LTD, Kyoto, Japan), andsilvernitrate (Kanto Chemicals, Kyoto,
Japan) were used as purchased.

Electrochemical measurements were performed using a twin
potentiostate HECS 990 (Huso, Kanagawa, Japan), a potential
sweep unit 175 (Princeton Applied Research, Princeton, NJ),
and an X-Yrecorder 3025 (Yokogawa Denki, Tokyo, Japan). A
magnetic stirrer PC-351 (Iwaki Glass, Tokyo, Japan) was used
to stir the electrolyte.

Cells. Figure 2showsa schematic diagram ofthe measurement
system. Two small glass cells were cormected by a salt bridge.
A0.05 mol/dm' standard buffer solution containing 1l'mol/dm'
ruthenium hexaammine was used in the left cell. A0.1 mol/dm'
potassium nitrate solution containing ll'mol/dm' silver nitrate
was used in the right cell. The salt bridge was made of a glass
tube, whose interior diameter was 5 mm. A Vycor disk, 00070
(Princeton Applied Research, Princeton, NJ), was connected to
each end of the glass tube with Teflon heat-shrink tubing. The
electrolyte in the salt bridge was saturated potassium nitrate
solution.

(20) Sanderson, D. G.; Anderson, L. B. Anal. Chern. 1985,57, 2388.
(21) Aoki, K.; Morita, M.; Niwa, 0.; Tabei, H. J. Electroonal. Chern.

Interfacial Electrochem. 1988, 256, 269.
(22) Niwa, 0.; Morita, M.; Tabei, H. J. Electroonal. Chern. Interfacial

Electrochern. 1989, 257, 291.
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figure 3. New sb1ppklg voltammogram of the 1 jtmoVdm" ruthenium
he""",""*,e al a sweep rale of 20 mVIs compared 10 the cyclic
voltammogram of the same species al an Interdlgltaledanray electrode
(IDA): (a) resUI of the new stripping method. (b) IDA working electrode
pofentlostaled al 0 V during preelectrolysls (other experimental
condlttons were the sameas those In (a)); (c) no ruthenium hexaammlne
In the electrolyte (other experimental condlllons were the same as
those In (a)); (d) cyclic voltammograms In twin potentloslated mode.

suggesta that self-induced redox cycling occurs on the IDA.
Since the electroactive species in the other cell consista only
ofsilver ions whichcan easilybe reduced by the redoxpotential
of ruthenium hexaammine, silver ions should be deposited
accompanied by ruthenium hexaammine oxidation.

InFigure 3, (a) shows the result ofthe new strippingmethod
applied to 1 jtmolldm3 ruthenium hexaammine by sweeping
the glassy-carbon electrode potential from -{).3 to +0.5 V
after 10 min of preelectrolysis. The potential of one of the
IDA electrodes was fixed at -{).4 V during preelectrolysis. A
large silver stripping peak with a magnitude of 7.1 jtA was
obtained at 0.35 V, indicating that silver ion deposition
actually took place accompanied by the electrolysis of
ruthenium hexaammine. (b) in Figure 3 is also the result of
the new stripping volammetry of ruthenium hexaammine
while one electrode of the IDA was potentiostated at 0 V
during the 1o-min preelectrolysis period. Otherexperimental
conditions were the same as those for (a). No stripping peak
was observed in this experiment. Since the preelectrolysis
electrode of the IDA was potentiostated above the redox
potential of ruthenium hexaammine, no reduced ruthenium
hexaammine was produced in the left cell. As a result, no
silver ions were deposited on the glassy-carbon electrode
because there was no electron supply from the rmger set
electrode ofthe IDA connected to the glassy-carbonelectrode.
The voltammogram shown by (c) in Figure 3 was obtained
by the same experiment as that shown by (a) without
ruthenium hexaammine. There was also no stripping peak
observed in this experiment, because no redox reaction took
place on the IDA electrode due to the absence of ruthenium
hexaammine. These resulta indicate that the deposition of
silver on the glassy-carbon electrode occurred only as a result
of the charge arising from the redox reaction of ruthenium
hexaammine.

(d) in Figure 3 shows the cyclic voltammogram of 1 jtmoll
dm3 ruthenium hexaammine in the twin potentiostated mode
in the left cell when the glassy-carbon electrode was not
connected. The IDA cathode was swept from -{).4 to +0.5 V
at a sweep rate of20mV/s. The anode was fixed atOV. The
oxidative limiting currentof ruthenium hexaammine is much
clearer than the reductive limiting current because of the
absence of charging current and residual current from the
dissolved oxygen or hydrogen ions caused by the potential

scan. TheobservedlimitingcurrentwasO.09jtA,whichagreed
well with the calculated value.21

As with the oxidative current of the IDA in the twin mode
«d) in Figure 3), the oxidative current generated by self­
induced redox cycling on the combination electrode also
contains much less interference or charging currentthan that
observed at the potentiostated rmger set of the IDA. As a
result of this noise reduction effect at the IDA during
preelectrolysis, this new stripping method has the potential
to achieve high sensitivity with an excellent signal to noise
ratio. It was also conflrmed that this method can be used to
determine reversible redox species which cannot be precon­
centrated by conventional stripping analysis.

The peak height obtained by this new stripping method
was 7.1 jtA, which is 79 times higher than that obtained from
a cyclic voltammogram «d) in Figure 3) at the IDA.
Furthermore, the limiting current observed in the cyclic
voltammogram at the IDAwas alreadyamplifled by the redox
cycling. The peak currentofa cyclic voltammogram obtained
ata single working electrode was reduced to about one-tenth
that at a twin potentiostated IDA at a sweep rate of 20 mVIs.
Therefore the detected signal with the new stripping method
was about 790 times larger than with conventional electro­
chemical detection with a single electrode.

The peak area of (a) in Figure 3 was calculated to be about
23.2 jtC by converting the horizontal a:ris to the time
dimension. On the other hand, the total charge in preelec­
trolysis was 54 jtC, which is calculated by assuming that the
steady-state currentwhose magnitude was 0.09 jtA continued
to flow for 10min. From these results, the Coulomb efficiency
for conversionfrom ruthenium hexaammine oxidation to silver
deposition was estimated to be more than 43 %.

The detection limit of this measurement system was 10
nmolldm3• The linear relationship between the stripping peak
height and the sample concentration was maintained in the
1~100 nmolldm3 range. A higher silver ion concentration
than the redox species and a small glassy-carbon electrode
will be effective for achieving higher sensitivity. The higher
concentration will increase the Coulomb efflciency during
the preelectrolysis stage and result in a large stripping peak.
The small glassy-carbon electrode will reduce the charging
current during the stripping stage and flatten the baseline of
the voltammogram.

CONCLUSION

Anewstrippingmethodfor reversible species which cannot
be preconcentrated on the electrode as in the conventional
strippingmethod was developed bycombininga closelyspaced
twin rnicroelectrode and an electrode capable of depositing
metal ions. An interdigitated array (IDA) electrode in a
solution of the reversible redox species was used as the twin
microelectrode, one flnger set of which was connected to a
glassy-carbon electrode in another solution containing metal
ions. The glassy-carbon electrode was used because metal
ions can be deposited on it. The preelectrolysis of the
reversible species at one rmger set of the IDA induced a
reversible reaction at the other rmger set, and the charge
produced by this reverse reaction was transmitted to deposit
metal ions on the glassy-carbon electrode. By measurement
of the current from dissolution of the metal ions, a highly
amplifled signal was obtained which is related to the
concentration of the reversible species.

This method will be veryuseful for analyzing trace amounts
of reversible redox species.

REcEIVED for review May 27, 1992. Accepted August 24,
1992.

Registry No. Carbon, 7440-44-0; ruthenium(ill) henam­
mine, 18943-33-4; silver, 7440-22-4.
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= Basic science ... and the applications
Now, there's a journal that links you with information on the basic
science and the applications of breakthroughs in molecular and
cellular biology. It's Bwtechnology Progress, a new journal co-
sponsored by the American Institute of Chemical Engineers and
the American Chemical Society; Originally started in 1985 by
AIChE, BwtechnolollY Progress is now a bimonthly journal that
provides research articles, notes, state-of-the-art reviews, and
expert commentaries on concepts and trends in these areas:

• Bioseparations • Product delivery
• Bioconversion • Biocatalytic processes
• Bioreactor technology • Applied biochemistry
• Applied molecular biology • Bioinstrumentation
• Bioanalysis • Biomedical engineering
• Formulation

===1 sampling 01 articles
Alpha-Amylase Fermentation with Bacillus Amyloliquefaciens in an Aqueous
Two-Phase System, K.-M. Park and N.S. Wang

Formation ofBioerodible Polymeric Microspheres and Microparticks by Rapid
Expansion ofSupercritical Solutions, J.W. Tom and P.G. Debenedetti

Metabolic Activity Control ofthe L-Lysinc Fermentation by Restrained Growth
Fed-Batch Strategies, RD. Kiss and G. Stephanopoulos

Intracellular Ice Formation During Freezing ofHepatocytes Cultured in a Dou­
ble Gel, A. Hubel, M. Toner, E.G. Cravalho, M.L. Yarmush, and RG. Tompkins

Cell Death in the Thin Films ofBursting Bubbles, RS. CheITY and C.T. Hulle

Antibody-Targeted Photolysis: l.n..YikQ Immunological, Photophysical, and
Cytotoxic Properties ofMonoclonal Antibody-Dextran-Sn(IV) Chlorin c6
Immunoconjugates, S. L. Rakestraw, W.E. Ford, RG. Tompkins, MAJ. Rodgers,
W.P. Thorpe, and M.L. Yarmush== Call For Papers
Biotechnology Progress provides exposure among both chemical researchers and engi­
neers, plus publication of accepted manuscripts usually within 4 to 6 months after sub­
mission, and research notes within just 2 to 3 months without page charges. Articles
are abstracted in Chemical Abstracts.

0$ 53
0$348

All Other Countries
(Air Service included)

0$ 47
0$342

, Europe
(Air Service included)

0$ 38
0$333

Canada &
Mexico

us.

1 year 0 $ 30
1 year 0 $ 325

__Yes, I want to receive bimonthly issues of Biotechnology Progress.
My 1993 subscription is covered by the ACS pro-rata refund guarantee.
Please check one:

ACS/AIChE
Members
Nonmembers

Name _

Address _

City Statc Zip, _

Account No. _

Expiration date: _

Signature: _

Print name: _

Please select your method of payment:

o Payment enclosed (Payable to the
American Chemical Society)

o Bill me
Charge my: 0 VisaJMasterCard or

o American Express

Foreign payment must be made in U.S. dollars by interna·
tional money order, UNESCO coupons, or U.S. bank draft..
Orders accepled through your subscription agency. For
nonmember rates in Japan, contact Maruzen Co., Ltd., 3­
10 Nihonbashi 2-chome. Chuo-ku. Tokyo, 103, Japan_

Mail this coupon to:
Biotechnology Progress, Member & Subscriber Services, American Chemical Society,
Dept. L-OOll, Columbus, OH 43268-0011
Or Call: 1-800-333-9511 (U.S. only) or (614) 447-3776 FAX: (614) 447-3671

. ~



To See How Powerful Your PC Can Be,
Kick In The Turbo.

TURBOCHROM 3
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It's a PC-based chromatography workstation
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of buffered interfaces, multi-vendor connectivity,

and expandability that allows maximum use of your
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Automation, validation, communication, and

productivity are the driving forces.
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And just wait until you see the extras:

• The Series 900 Buffered AID interfaces let you

collect data from up to 15 GCs and LCs of any

make simultaneously, freeing your PC to do other

jobs. And a unique buffering RAM protects that

valuable data from computer failures, lockups, or

rebooting.

• The Series 600 LINK Module provides two-way

digital communication between PC and supported

GC, giving you a single, totally integrated method

for instrument contro,l and data acquisition. LINK

allows single-point control of the entire chromato­

graphic process. And easier validation later.

• The Series 500 Interface Validation Module and

accompanying software let you test each interface in

your lab for linearity, gain, and gain error, ensuring

conversion integrity and GLP compliance.

• Turbochrom 3 keeps the road ahead clear by pro­

viding a solid growth path for the future of your lab,

adding more GCs and LCs, networking - all the

way to SQULIMS connectivity.

• PE Nelson furthers its reputation as the industry

standard in chromatography data handling by design­

ing Turbochrom 3 to run in the industry-standard

Microsoft Windows 3.1 environment. This easy-to­

use, visual operation will not only increase your pro­

ductivity now, it will ensure it for years to corne.

Keep your lab out in front. Take advantage of

all the power in your Pc. Kick in the Turbo.

For more information, contact PE Nelson or

your local Perkin-Elmer office. For product literature

in the U.S., call 1-800-762-4000.
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