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Either a permanent or a programmable transmission filter
element can be employed. For a given emission source, a flame
for example, the spectra are not dynamic in that they do not
change on a measurement-to-measurement basis. If the source
temperature remains relatively constant, there is no need to
change the filter function. Thus, a permanent transmission
mask may be employed. Permanent transmission filter masks
can be produced by several methods. One method is to use
the emission and background spectra of the species to be
analyzed as a basis set. This basis set is then orthogonalized
using a digital computer. The resulting basis set and the
factorization matrix (5) may then be used to produce enlarged
dot density masks on a digital plotter. These enlarged masks
could then be photographically reduced to proper dimensions.
If programmability is required, for example in cases where
the interferences vary substantially over time, then a liquid
crystal device such as the ones found in the new “pocket”
television sets could be used for the transmission mask.

Promising applications are those that apply the optical
correlation filter method to spectroscopic analyses which are
background emission interference limited. One example is
the detection of alkali and alkali earth elements by flame
emission. Interferences due to the combustion produects of
the fuel and due to emission from other species in the sample
will limit the detection. Another application will be found
in ICP emission for quantitative estimation of atomic species.
It is well-known that interference, as a consequence of the
great number of emission lines relative to that of absorption,
is a limiting factor in emission spectroscopies. In this case
several correlation filter functions would be constructed such
that they would be orthogonal to each other.

The main advantage to incoherent OSP is that the optical
spectrum or interferogram can be processed without con-
version. By use of achromatic transmission elements, the
processor will be unaffected by the chromaticity of the signal.
Another advantage is in the short time required to “calculate”
the signal estimate. OSP can perform parallel computations
in the same time that is required to perform one computation.
Thus, entire spectral libraries may be “searched” in one op-
eration. A third advantage is that the data are already in a
form that can be utilized by the processor. Only minor
electronic level computations are required for the mathe-
matical formulation of the signal estimate. Fourth, the cost
of an optical processor can be much less than a large digital
array processor. And finally, the physical size of the optical
processor will allow construction of spectrometers that contain
all of the processing capabilities. It should not be difficult
to add this processor to existing dispersion devices, since the
only additional components required are transmission filters
and photodiodes.

One disadvantage is that the throughput of the signal may
be low when there is a large overlap between target spectra
and interference spectra (2, 3). This is especially true if there
is a large number of such interferences. The optical correlation
filter transmission element will have a maximum total spec-

trum throughput on the order of the integrated spectral
density and half of this per photodiode for two (bipolar)
correlation filter vectors. The more elements in a matched
filter “library”, the less total light throughput per element,
scaling at best as 1/2N, N being the number of filter elements.
However, the correlation filter maximizes the signal-to-noise
ratio, and the throughput at wavelengths that are correlated
to a particular spectrum should approach 100%. For large
numbers of correlation filter elements in a single mask ele-
ment, the spectroscopic signal may be amplified with a image
intensifier. Alternatively, the correlation filter can be time
multiplexed in the spectral image plane so that only one
pattern is correlated at a time ().

CONCLUSION

The application of OSP to spectroscopic-based chemical
analysis problems will result in more efficient means to both
obtain signal estimates that are independent of background
interferences and to perform rapid pattern recognition spectral
analysis. Further, the OSP spectroscopic data analyzer will
be a cost-effective alternative to processing of fast analytical
signals. Specific applications of the OSP spectrum processor
will be found for the real-time discrimination and quantitative
estimation of luminescent spectroscopic signals that are
background limited.

A surprisingly straightforward application of optical signal
processing to a particular class of problems currently limiting
several analysis processes has been described here. This device
could prove to make light work out of what with current
technology requires large amounts of computer time, labor,
and/or expensive analysis equipment. The device will be very
well suited for use as a chemical sensor, which will respond
to only the species of interest. This sensor would not have
to be large in size and could be constructed from materials
currently available.
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Sequencing Procyanidin Oligomers by Fast Atom Bombardment Mass

Spectrometry

Sir: Polymeric procyanidins (condensed tannins) are
present in a wide distribution of plants, occurring in partic-
ularly high concentrations in some barks, leaves, and fruits
(1). These phenolic polymers complex with proteins and

therefore inhibit enzyme activity (2), are important contrib-
utors to the flavor of foods (3, 4), and influence the nutritional
value of plants (5, 6). Procyanidins are also credited with a
role in protecting plants from microorganisms and insects (7,

0003-2700/86/0358-2563$01.50/0 © 1986 American Chemical Society



2564 o ANALYTICAL CHEMISTRY, VOL. 58, NO. 12, OCTOBER 1986

8). As abundant constituents of the barks of many com-
mercially harvested timber species, procyanidins are potential
replacements for petroleum-derived, phenolic polymers used
industrially as adhesives, dispersants, and ion exchange ma-
terials (9-11). Although these polymers have been used
throughout recorded history in applications such as leather
tanning (12), little was known about their chemistry until
recently. Current research is for the most part focused on their
biogenesis, structure, and reactions (13-19).

Both 'H and 3C NMR spectroscopy have been primary
tools for elucidating procyanidin structures. However, reso-
nance multiplicity and broadening associated with rotational
and conformational isomerism often severely complicate the
interpretation of NMR spectra. Although remarkable ad-
vances have been made in elucidating the structures of these
polymers over the past 15 years, questions remain about the
occurrence and extent of branching, the relative proportions
of different interflavanoid linkage types, and the sequential
order of different monomer units in the polymers.

A growing body of literature (20, 21) advocates the use of
fast atom bombardment mass spectrometry (FAB-MS) cou-
pled with some mode of tandem mass spectrometry (MS-MS)
(22, 23) as a powerful tool for partial or complete sequencing
of biopolymers. This correspondence describes the sequencing
of procyanidin oligomers by FAB-MS and linked scanning
MS-MS. The abundant sequence ions observed can also be
used to differentiate the two types of polymeric linkages found
in procyanidins as well as to distinguish a branched trimer
from linear isomers. Metastable decomposition pathways
leading to the sequence ions are established for each com-
pound.

EXPERIMENTAL SECTION

Procyanidin dimer A-1, epicatechin(48—8;26—0—T7)catechin
(I), was isolated from Arachis hypogea (24). The dimeric pro-
cyanidins B-1, epicatechin{(43—8)catechin (II), and B-7, epi-
catechin(48—6)catechin (IIT), were made by acid-catalyzed
cleavage of condensed tannins isolated from Pinus taeda bark
in the presence of excess (+)-catechin (16). The branched trimer
epicatechin(48—8)catechin(48—6)epicatechin (IV) was syn-
thesized by reacting III with epicatechin-43-phenyl sulfide at pH
9.0 and ambient temperature (15, 17). The linear trimers epi-
catechin(48—8)epicatechin(43—6)catechin (V) and epicatechin-
(48—8)epicatechin(43—8)catechin (VI) were isolated from the
phloem of Pinus taeda (25).

Mass spectra were obtained with a VG 7070E-HF mass spec-
trometer. A standard VG FAB source equipped with an Ion Tech
saddle field atom gun was used. The sample compounds were
dissolved in droplets of the FAB liquid matrix, a 5:1 mixture of
dithiothreitol and dithioerythritol, directly on the target of the
sample insertion probe. The samples were bombarded with 8 keV
xenon atoms; the resulting secondary ions were accelerated from
the source to 6 keV and mass analyzed at low resolution
(1500-2000, 10% valley definition) with a scan rate of 10 s per
mass decade. Metastable decomposition pathways were estab-
lished with B/E and B?/E linked scanning without collisional
activation.

RESULTS AND DISCUSSION

The positive ion mass spectra produced by FAB-MS of the
procyanidin oligomers (I-V1) all exhibit abundant (M + H)*
ions; fragmentation occurs predominantly by cleavage of in-
terflavanoid bonds to produce sequence ions. Retro-Diels—
Alder (RDA) fission of the flavanoid monomer’s heterocyclic
ring system, similar to that recently reported for several fla-
vonols (26), is also observed but to a lesser degree than the
bond cleavages.

The dimers I, I, and III represent the two types of inter-
flavanoid bonds found in procyanidins: the A-type
(C4—C8;28—0—7) double linkage as shown in the dimer A-1
(I) and the B-type (C4—C8 or C4—C6) carbon-to-carbon
linkage as shown in dimers B-1 (II) and B-7 (III), respectively.
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Mass peaks corresponding to (M + H)* and (M - H,0 + H)*
ions for I and III are observed at m/z 577/559 and 579/561,
respectively (Figure 1); fragmentation characteristic of the
interflavanoid bonds is readily apparent in the major ion peaks
at m/z 287 for I and 289 for III. The spectrum of II, not
shown, is qualitatively similar to that of III; the slight dif-
ferences in relative abundances observed between corre-
sponding peaks in the mass spectra of II and III are probably
due to the different locations of their interflavanoid bonds.
Ion peaks attributable to RDA fission and subsequent water
loss are observed at m/z 425 and 407 for I and m/z 427 and
409 for IT and III.

It is well documented that B-type procyanidin linkages,
which readily undergo acid-catalyzed cleavage to give carbo-
nium ions at the C4 position of the upper flavanoid unit (I,
27), are very acid labile in solution and that A-type linkages,
which resist acid-catalyzed cleavage (24, 28), are not. Gas-
phase decompositions of FAB-desorbed ions are known to
mimic reactions in'solution (20, 21); this is indeed the case
with the two types of procyanidin dimers. Linked-scan spectra
from (M + H)* and its principal daughter ions show that both
m/z 287 from I and m/z 289 from II and III can result from
gas-phase, unimolecular decompositions of the parent ions.
However, in parallel to the reactions in solution chemistry,
the metastable decomposition pathways leading to charac-
teristic sequence ions from the dimers are distinctly different
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for the two types of interflavanoid bonds (Figure 2A). Inthe
case of B-type dimers, II and III, both B/E and B2/E linked
scans clearly show that the monomer ion at m/z 289 forms
directly from the (M + H)* ion; the process can be pictured
as simple protonation of the aromatic ring at the bonding
carbon (C8 or C6) followed by bond cleavage to give the
carbonium ion. -By contrast, the A-1 dimer undergoes a
two-step decomposition: RDA fission of the protonated parent
ion, (M + H)™, gives the ion at m/z 425, which subsequently
decomposes to the monomer ion, m/z 287 (VIII).
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The trimers IV-VI all give (M + H)* ion peaks at m/z 867
(Figure 3). Fragmentation of the upper interflavanoid linkage,
i, in each leads to ion peaks at m/z 289 and 579. As in the

FAB mass spectra of procyanidin dimers (m/z 309 is a matrix ion peak):
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A-1 (I), upper spectrum; B-7 (III), lower spectrum.
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Figure 2. Metastable decomposition pathways Ileading to major se-
quence ions for procyanidin (A) dimers [A-1 (1), upper; B-1 and B-7
(I1 and III), lower] and (B) trimers [branched trimers (1V), upper; linear
trimers (V and VI), lower].

case of the B-type dimers (II and III), the m/z 289 peak
corresponds to the upper flavanoid unit, which can form a
carbonium ion at C4 upon bond cleavage (VII). The m/z 579
ion peak corresponds to a protonated dimer moiety from the
lower two flavanoid units.

However, fragmentation of the lower interflavanoid bond,
ii, in the three trimers leads to different sequence ions de-
pending on whether the trimer is branched or linear. In the
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Figure 3. FAB mass spectrum of branched procyanidin trimer (IV) showing sequence ions at m/z 289 and 579 (upper spectrum); daughter ion
linked scan showing unimolecular gas phase decomposition of (M + H)* ion (m/z 867) from (1V) above (lower spectrum).
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Figure 4. Dimeric regions of the mass spectra of (A) a linear trimer
(V) and (B) a branched trimer (IV).

branched trimer (IV), cleavage of bond ii can only lead to
formation of a carbonium ion at C4 of ring I, which again
results in an ion peak at m/z 289 (VII). The upper two
flavanoid units released on cleavage of bond ii give an ion peak
at m/z 579 corresponding to a protonated dimer. Thus, in
the spectrum of the branched trimer (Figure 3), sequence ions
are observed only at m/z 289 and 579. B/E linked-scan
spectra show that both sequence ions, in addition to the RDA
fragment at m/z 715, can occur directly from unimolecular
gas phase decomposition of (M + H)*. By contrast, cleavage
of the linear trimers (V and VI) at the lower bond, ii, gives
a carbonium ion at C4 of the middle flavanoid unit (ring F),
which results in formation of a dimer moiety with m/z 577
(IX). Thus, sequence ions observed for linear trimers occur
at m/z 289, 577, and 579. Portions of typical mass spectra
containing the dimer fragments of a linear and a branched

trimer are compared in Figure 4. Figure 2B illustrates the
metastable decomposition pathways leading to sequence ions
for the branched (IV) and linear (V and VI) trimers.

The above findings show that procyanidin oligomers can
be sequenced by FAB-MS, that information can be obtained
about the type and location of the interflavanoid bonds, and
that linear and branched oligomers can be differentiated on
the basis of their fragmentation products. This information
complements that which can be obtained by 'H and *C NMR
spectroscopy and forms a basis for structural elucidation of
higher molecular weight polymers.

All of the experiments conducted in this study were per-
formed on chromatographically isolated and purified samples;
however, it should be feasible to extend the use of FAB
coupled with MS-MS to the direct analysis of procyanidin
oligomers without recourse to chromatographic isolation of
pure compounds. The potential of this powerful approach
to mixture analysis has already been demonstrated on a
number of biopolymer systems (20, 21) and should be equally
applicable to the sequencing of procyanidin polymers. This
possibility is currently being investigated.
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Statistical Sampling Errors as Intrinsic Limits on Detection in Dilute

Solutions

Sir: Sensitive detection schemes such as laser-induced
fluorescence have reached levels of performance where single
atoms can now be detected in the gas phase (1), and after
complexation with fluorescein-labeled antibodies, single
polymer chains have been detected on the surface of a mi-
croscope slide (2).

Failure to detect single molecules in a liquid phase has been
ascribed to large background signals (3). Impressive reductions
in background signals from Raman scattering (4) and window
fluorescence (5-7) have now been achieved. Dovichi et al. (3)
have predicted that single molecules could be detected in
solution with reasonable improvements to laser flow cytometer
detectors (3, 8, 9).

It is the purpose of this work to show that statistical sam-
pling theory predicts poor precision for sampling microvolumes
of very dilute solutions and presents an ultimate lower limit
on detection. It will be shown that solvent molecules play a
key role in setting this statistical limit, in contrast to gas and
solid phase detection where a solvent is not required.

Sampling theory for chemical analysis (10) and in chemo-
metrics (11, 12) has been well-reviewed in the literature.

Sampling theory (13, 14) can be applied to a simplified
model of a homogenous solution. Consider a binary system
consisting only of analyte and solvent. A binomial distribution
predicts an analyte relative standard deviation for any binary
system as

oa/na = ((1 - p)/nmp)'/? (1)

where n, is the number of analyte particles in the sample, o,
is its standard deviation (heterogeneity between samples), ny
is the total number of particles in the sample, including solvent
particles, and p is defined as

p = na/nr (2

and (1 - p) is then the corresponding fraction for solvent
particles.

At concentrations typical of analysis, the solvent particles
in liquid solutions far outnumber the analyte particles, and
thus p is very small. At the same time, ny is very large due
to dense packing in liquids, even in the smallest possible
volume. Equation 1 can now be simplified by the above
conditions to give

op/na = ny 2 3

Readers will recognize this result as the Poisson limit of a
binomial distribution, valid when nr is greater than 100 and
p is smaller than 0.01 (15).

Equation 3 has important ramifications. The analysis of
microvolumes of very dilute solutions is ultimately limited,
not by instrument sensitivity but by statistical errors in
sampling. For example, if 1% relative standard deviation is
desired for sampling a homogeneous solution that is 108 M
in analyte, a sample volume of no less than 2 pL is required.

The impact of statistical sampling errors in detecting a very
dilute analyte in solution is now examined. We choose
fluorescence as an example technology because it has good
potential for single molecule detection in solution and is well
suited to miniaturization. Much of the discussion that follows
could be modified for other detection schemes.

As smaller volumes of solution are probed, diffusion times
through the sample observation (probe) volume will be re-
duced. At some point, a plot of signal vs. time will have an
additional noise component due to the sampling uncertainty.
This occurs because diffusion replaces one “sample” with
another. This effect will also be observed in flowing streams.

Dovichi et al. made a distinction between the volume
“sampled” by the detector and the probe volume (3). This
convention will be used here. Thus, the probe volume is the
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