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Abstract

A chemometrical method that allows one to obtain the isotopic abundances of the atoms composing a molecular ion,
given its elemental composition and its mass spectrum, was developed. The method uses non-linear regression to fit the
isotopic abundances of the elements, so that the experimental spectrum of the ion is reproduced. A least squares method
with minimization by downhill simplex algorithm was implemented in C language as a library, but a graphical user interface
application that allows an end-user to apply the method to his/her own spectra is also available. Examples of its application to
electrospray mass spectra of NaAuCl4 and CdCl2 are given. The chlorine isotope pattern was obtained from the AuCl4

− cluster
in the former case and, simultaneously, chlorine and cadmium isotope patterns from the CdCl3

− cluster. The performance
of the method was extensively characterized by applying it to a great number of simulated spectra. Non-idealities, against
which the method was evaluated, include noise, mass discrimination, detection non-linearity, base line offset (background
counting), and low resolution. It has been demonstrated that, in spite of what intuition might tell one, the polyatomic approach
to isotopic analyses has no a priori disadvantage to the common monatomic approach. Indeed, the results demonstrate that,
in some cases, the figures of merit can be improved by using polyatomic species and that other polyisotopic elements can
be included in the formula without significant loss of precision, as long as they have a dominant isotope, which is the case
of carbon, hydrogen, oxygen, and nitrogen, for example. This means that polyatomic species derived from organic species
could be useful for isotopic measurement purposes. (Int J Mass Spectrom 216 (2002) 95–113) © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

One of the aims of mass spectrometry is to deter-
mine isotopic compositions. There are several appli-
cations for such data in many different areas, such as
nuclear energy, geology, nutrition, and environmental
studies.

Typically elemental ions or simple polyatomic ions
containing the element of interest are generated in
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the ion source. Ion beam intensities are measured
over a time interval long enough to attain the de-
sired precision. From these measurements, one can
obtain the abundance ratio, which is the most com-
monly used piece of information in the above-cited
applications.

For elemental ions, peak intensities are directly
associated with isotopic abundances. However, if
polyatomic ions are used, the contributions of all nu-
clides involved in the composition of the ion must be
considered.

1387-3806/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Isotopic patterns are often obtained by destroying
the molecules, reducing them to elemental ions or
oxides. Several such approaches have been proposed,
which use inductively coupled plasma (ICP-MS) [1],
combustion followed by electron impact ionization
[2], or thermal ionization (TIMS) [3]. Following
molecular destruction, the desired isotopic patterns
can be directly measured. For oxides, the interference
of oxygen can be manually corrected, such as for
Na2BO2

+ or Cs2BO2
+ obtained by positive thermal

ionization [4,5]. Although sodium is monoisotopic,
oxygen has three stable isotopes, which cause iso-
baric interference: for example,23Na2

11B16O2
+ has

the same integer mass as23Na2
10B17O16O+. After

data acquisition, this isobaric interference must be
mathematically compensated to obtain the unbiased
boron isotopic ratio. Other similar examples include
SO2

•+ for sulfur, N2
•+ for nitrogen, and CO2•+ for

carbon and oxygen.
One approach to avoid this sort of isobaric interfer-

ence is to use species in which the only polyisotopic el-
ement is the desired one, for example S in SF6

•+, and
Fe in FeF4−. The former is obtained by ionization of
gaseous SF6, while the latter is generated by negative
thermal ionization of a fluoride-containing Fe sample.
The use of monoisotopic fluoride and iodide ligands
has also been proposed for the generation of anionic
complexes of metals and boron by electrospray [6].

The isobaric interference of species with different
formulas is a more complicated case, because its math-
ematical compensation is not necessarily trivial. Nor-
mally, the solution is to turn to another technique
and/or chemical species. For example, iron suffers in-
terference with ArO+ in ICP-MS. Alternatively, it can
be analyzed as FeF4

− by TIMS, or as Fe(PF3)5 by
electron impact [7].

An advantage of the use of polyatomic species for
mass analysis is the shift towards higher masses. Thus,
isotopic fractionation due to instrumental mass dis-
crimination can be diminished for lighter elements
[8]. For example, Cs2BO2

+ is more convenient than
Na2BO2

+, because cesium is heavier than sodium.
Moreover, higher masses are less prone to isobaric in-
terference.

Sample preparation may be laborious, however.
Chlorine can be ionized via electron impact of CH3Cl,
which produces Cl+. However, chlorine from a generic
source must first be converted to methyl chloride,
which requires several synthesis steps [9]. Similarly,
syntheses of SF6 and Fe(PF3)5 are also laborious [6,7].

From these considerations, one can note that, even
though there exist methods for isotopic abundance
determination for most elements, new methods with
increased precision and accuracy (e.g., by elimination
of isobaric interference or diminishment of isotopic
fractionation and instrumental mass discrimination),
simplified sample handling, and/or reduced cost, are
still being looked for. Most efforts in this direction are
devoted to improvements in instrumentation and sam-
ple preparation. However, chemometric algorithms
can be envisioned as post-treatment procedures to
improve the quality of the extracted information. Al-
though mathematical methods are being routinely used
for tasks such as compensating detector dead time, in-
strumental mass discrimination, and the interference
of the oxygen isotopes in the element oxide ion (e.g.,
CO2

•+, SO2
•+, and Na2BO2

+), more sophisticated
approaches can be used. For example,6Li/7Li and/or
10B/11B can be analyzed through the Li2BO2

+ ion in
TIMS as suggested by Datta and coworkers [10–14].

In this paper we introduce a mathematical method
(IPDec) to obtain the isotopic patterns of the elements
that compose a polyatomic ion given its isotopomeric
pattern and elemental composition. This method al-
lows one to obtain the isotopic pattern of an element by
using a species containing several polyisotopic atoms,
thus broadening the universe of usable polyatomic
species beyond simple oxides and fluorides.

2. Mathematical method

The purpose of this method is to find the set of el-
emental isotopic patterns that, given the formula of a
molecular ion, produce an isotopomeric pattern that
best fits an experimental mass spectrum. In order to
do so, one needs two basic components: (a) a general
way to calculate the isotopomeric pattern of a molecule
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given its elemental composition and the isotopic pat-
terns of its constituent atoms, and (b) a way to adjust
these atomic isotopic patterns so that the calculated
isotopomeric pattern approximates the experimentally
measured one.

Considering zero width peaks (infinite resolution)
separated by exactly one mass unit, and that the light-
est isotope has zero mass, one can calculate the iso-
topomeric pattern by polynomial expansion [15]. In
this approach, the patterns are represented by polyno-
mials whose coefficients are the isotopic/isotopomeric
abundances.

P(a; x) =
Np∑
i=1

aix
i−1 (1)

whereNp is the number of peaks in the pattern and
the ai is the abundance of theith peak ordered by
mass. For example, the chlorine isotopic pattern can
be represented by the polynomial of Eq. (1) with
aT = (0.7577 0 0.2423).

The multiplication of the polynomials associated
with the elemental isotopic patterns raised to their
formula numbers yields the molecular isotopomeric
pattern

PC(A; x) =
NE∏
i=1

Pi(A
〈i〉; x)νi (2)

whereA is a matrix whoseith column (A〈i〉) contains
the isotopic abundances of theith element,νi is its
formula number, andNE is the number of different
elements in the formula. For example, the matrixA

for the CdCl3− ion is

AT =
[

0.0125 0 0.0089 0 0.1249 0.1280 0.2413 0.1222 0.2873 0 0.0749

0.7577 0 0.2423 0 0 0 0 0 0 0 0

]

If adequately implemented, this infinite resolution
polynomial expansion is reasonably fast and gives very
good results for small to medium-sized molecules.

The function to be minimized by varying the atomic
isotopic abundance is

S(A; I ) =
N∑

i=1

(k · Yi − Ii)
2 (3)

whereI is the vector of experimental intensities,N
the number of peaks of the calculated isotopomeric
pattern, andYi is the coefficient of thexi−1 term of
thePC polynomial (which corresponds to theith peak
of the calculated isotopomeric pattern). The variable
k is a scaling factor given by

k =
∑N

i=1YiIi∑N
i=1Y

2
i

(4)

that has the same units as the experimental intensities,
and fits the isotopomeric pattern to the experimental
spectrum by least squares.

In summary, the elements of theA matrix are varied,
the polynomialPC, the scale factork and then the
functionSare evaluated. The process is repeated until
S is minimized. The success or failure of the method
depends on the manner by which the elements of the
A matrix are varied.

3. Implementation

For minimization, we chose the downhill simplex
algorithm, due to its simplicity and versatility [16].
Although gradient methods are more efficient with re-
spect to the number of function evaluations necessary,
the calculation of the derivatives ofS with respect to
the isotopic abundances being adjusted is time con-
suming and can be a source of error for large formulas.

The method was implemented in C as a library,
and can be used in other programs. It was compiled
with the GNU C Compiler version 2.95.2 under Linux

(Debian 2.2, kernel version 2.2.14) and MS-Windows
95/98. The program must provide the library with the
spectrum to be fitted, formula numbers of the elements
to be considered, and the initial estimates of their iso-
topic patterns.

The library is used in an analysis module of a
graphical software package written in-house for the
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manipulation of mass-spectral data. This program
uses the GTK+ graphical toolkit, and can be obtained
from the authors in source C form upon request.
Pre-compiled binaries for MS-Windows 95/98 and
Linux are also available.

The implementation allows one to choose which
isotopic abundances should be adjusted, and which
must remain fixed. This feature is useful for elements
like bromine, whose 80-isotope has zero abundance.
Another case in which this feature is useful is when
one knows a priori the isotopic pattern of an element,
such as when one wishes to correct for the interference
of the oxygen isotopic pattern over the isotopic pattern
of another element.

A binary mask can be used to select a subset of
the experimental peaks to be considered in the regres-
sion. This feature can be used to disregard some of
the experimental peaks when one knows that they are
subject to some isobaric interference.

The polynomial expansion was implemented using
a binary construction scheme as described by Ku-
binyi [15], but without any disregarding threshold.
This method is reasonably fast and accurate for small
to medium-sized molecules.

Since the isotopic abundances are calculated by
an iterative non-linear regression algorithm, statisti-
cal dispersion information is not easily obtained. The
simplest ways to perform the error propagation from
the experimental spectrum to the elemental isotopic
abundances are as follows:

1. when the user has access to a set of repeated
measurements of the experimental spectrum, the
method can be applied to each spectrum in this
set individually and the results consolidated at the
end;

2. when the user has some information about the prob-
ability distribution of the experimental spectrum,
the Monte Carlo method can be employed to do
the propagation. Pseudo-random spectra with the
known probability distribution are generated, the
method is applied to each of them, and the results
are consolidated to obtain statistical information
about the isotopic abundances.

4. Results and discussion

From the description of the method, one should note
that its application is not restricted to a single type of
mass spectrometer, or chemical species. In fact, this
method is valid whenever one has a mass spectrum of
a known polyatomic species. However, since the math-
ematical method is not intuitive, some demonstration
of its usability and performance is needed to convince
the reader that he/she should consider this approach
to develop new methods of isotopic measurement. Be-
fore proceeding to the systematic exploration of the
characteristics of the method, we present some exam-
ples of its application to experimental and simulated
spectra, so that the reader can get acquainted with the
sorts of possibilities it opens.

In this first example, the method is applied to the
cluster of the AuCl4− ion, obtained by electrospray
ionization of a 100�M NaAuCl4 solution in methanol/
swater 99:1. Experimental details can be found else-
where [6]. This example is interesting, because gold
is monoisotopic and, thus, the observed isotopomeric
pattern is that of four chlorine atoms.

Fig. 1 contains the base peak normalized experi-
mental spectrum. The inset contains the calculated
chlorine isotopic pattern, as well as its tabulated
natural isotopic abundances. In this regression, the
abundance of the36Cl isotope was kept constant and
equal to zero.

The CdCl3− ion provides a more dramatic exam-
ple of application of the method. Both constituent ele-
ments of this ion are polyisotopic, and cadmium has a
very complex isotopic pattern encompassing 11 mass
units.

Fig. 2 contains the base peak normalized electro-
spray spectrum of CdCl3

− obtained from a 100�M
CdCl2 solution in methanol/water 99:1. Experimental
details can be found in [6]. Fig. 3 contains the adjusted
isotopic patterns of cadmium and chlorine, as well as
the natural abundances. In this regression, the abun-
dances of107Cd, 109Cd, 115Cd, and36Cl were kept
constant and equal to zero.

In these two examples, only semi-quantitative
concordance between the tabulated natural isotopic
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Fig. 1. Experimental electrospray ionization mass spectrum of a 100�M NaAuCl4 solution in methanol/water 99:1. The inset shows the
calculated chlorine isotopic pattern (black), as well as its tabulated natural isotopic abundances (hachured).

abundances and the calculated ones was achieved.
There is no sense in expecting more than a qualita-
tive agreement in these cases, because no procedures
for compensation of instrumental mass discrimina-
tion and other systematic experimental errors were
performed, nor were isotopically certified samples
used. These examples simply demonstrate some of

Fig. 2. Experimental electrospray ionization mass spectrum of a 100�M CdCl2 solution in methanol/water 99:1.

the general features and possible applications for
the method. In the next sections we will present a
systematic study of its performance.

Isotopic abundances, peak intensities, and noise are
parameters that can be freely chosen when simulated
data are produced. However, in actual spectra these
parameters depend on a set of conditions that are not
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Fig. 3. Calculated (black) and natural (hachured) isotopic patterns
of chlorine (top) and cadmium (bottom) based on the spectrum
from Fig. 2.

completely under user control. Applying the method
to a specific situation may lead to tendentious conclu-
sions, because a favorable or unfavorable case can be
selected. Thus, we decided to simulate a large number
of spectra with different conditions in order to examine
some trends. Based on these, one can envision possi-
ble applications for the method. The aspects treated in
this paper are noise, resolution, mass discrimination,
detection non-linearity, and baseline correction.

For resolution and mass discrimination studies, ab-
solute intensity and signal-to-noise ratio are not im-
portant. However, to compare the remaining issues for
different formula ions, some sort of normalization is
necessary. In all cases, the intensities of the base peaks
of the clusters were made equal.

In a first step, hypothetical molecules composed of
one or more atoms of a single hypothetical element (A)

with two isotopes (mA and m+1A) were considered.
Besides molecules of the kind Ap, the model can also
represent the case of molecules of the type ApXq ,
where X stands for a monoisotopic element.

In a second step, molecules of formula ApXq , where
X is also polyisotopic, were considered. In this case,
the element A has two isotopes:mA and m+2A, and
X has two isotopes:m

′
X and m′+1X. These isotopic

patterns were chosen in order to represent cases such
as ions from organochlorine compounds. The isotope
patterns of both elements were adjusted, i.e., no re-
striction was placed on the method.

5. The case of molecules with one polyisotopic
element

5.1. Noise

As any other kind of measurement, isotopic abun-
dances are affected by noise. There are basically
two types of peak intensity measurement modes:
ion counting (digital) and continuous current (ana-
log). Ion counting data follow Poisson statistics, and
are intrinsically heteroscedastic. Analog signals are
more complex, because, although the original signal
is related to the ion counting statistics, there is also
a contribution from electronic circuit noise (white
noise). The resulting behavior may be heteroscedas-
tic or homoscedastic, and the probability distribution
approaches the normal one.

The way in which noise propagates from the ex-
perimental spectra to the method results was explored
using the Monte Carlo method. To do so, thousands
of spectra were simulated considering that their peaks
had some a priori known probability distribution, the
method was applied to each, and the results were con-
solidated at the end.

Obviously, as the formula number increases, the
number of isotopomeric peaks also increases and, thus,
the time required to scan all peaks of the cluster in-
creases. Usually, a stable signal cannot be maintained
indefinitely (i.e., the time available for the measure-
ment is finite), therefore one has to reduce the time
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spent for data acquisition. For example, if the exper-
imental signal is stable for 10 min and two peaks are
monitored, one can spend only 5 min on each peak.
On the other hand, if four peaks are monitored, only
2.5 min can be spent on each. Consequently, in the
two-peak case, one will have roughly twice as many
scans (spectra) as in the four-peak case. This results
in an increase of the standard deviation of the mean
by a factor of 21/2.

For comparisons of the results obtained with differ-
ent formula numbers, we assume that measurement
time available is finite. This translates into larger
apparent standard deviations for the larger formula
number clusters. To account for this, every estimated
standard deviation (ESD) was multiplied by (N/n)1/2,
whereN is the number of peaks in the isotopomeric
pattern, andn the minimum number of peaks (i.e., the
number of isotopes).

Two cases were studied: (1) normal heteroscedastic
errors with 1‰ relative standard deviation, and (2)
normal homoscedastic errors with standard deviation
equal to 1‰ of the base peak intensity.

Fig. 4 shows the relative estimated standard de-
viation (RESD) of the calculated isotopic ratio

Fig. 4. RESD of the calculated isotopic ratio (mA/m+1A) as a function of the actual abundance ofmA for formulas Ap . Each point was
calculated over 1000 simulated spectra considering that each peak had an independent normal distribution with 1‰ standard deviation
(heteroscedastic data).

(mA/m+1A) as a function of the actual abundance of
mA and formula number. Each point was calculated
from 1000 simulated spectra, and each peak was as-
sumed to have an independent normal distribution
with 1‰ standard deviation (Case 1: heteroscedas-
tic data). The IPDec method was applied to each
spectrum, and the resulting set of abundances was
consolidated.

In this case, for elemental ions (formula number=
1), the RESD is constant along the whole abundance
range. For polyatomic compositions, the RESD pro-
duced by the IPDec method becomes dependent on
the isotopic abundances. These results suggest that the
use of the polyatomic species and the IPDec method is
advantageous for isotopically rich elements (the mid-
dle of the abundance range).

Fig. 5 shows the RESD of the calculated isotopic
ratio (mA/m+1A) as a function of the actualmA
abundance for some formula numbers considering
homoscedastic data. The isotopic measurement is less
precise for quasi-monoisotopic elements, regardless
of the formula number. However, a precision im-
provement by using polyatomic species and IPDec
method is achieved.
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Fig. 5. RESD of the calculated isotopic ratio (mA/m+1A) as a function of the actual abundance ofmA for formulas Ap . Each point was
calculated over 1000 simulated spectra considering that each peak had an independent normal distribution with standard deviation equal
to 1‰ of the base peak intensity (homoscedastic data).

5.2. Instrumental mass discrimination

It is a systematic error in isotopic analyses that oc-
curs due to a difference in the sensitivity of the mass
spectrometer (ion production, detector sensitivity, or
m/z filter transmission) to different-mass ions. It is a
major concern for isotopic analyses and, thus, must be
treated here.

Several approaches have been proposed to model
instrumental mass discrimination. Among these, three
empirical models have had the most success in com-
pensating this bias. These models postulate linear,
power, or exponential dependence of the sensitivity on
the mass [17]. While the power and exponential laws
are mathematically equivalent, the linear law can be
considered a special case for narrow mass spans. Thus,
only the exponential mass discrimination is treated
here. In this model, the measured intensity of a peak
is given by

Im = Tm eα(m−m0) (5)

whereTm is the true intensity of the peakm, α is an
empirical discrimination constant, andm0 is an m/z
value chosen as reference. The constantα can be either

positive or negative when the measured intensities tend
to either grow or shrink, respectively, with increasing
m/z. Here, the lowest-mass peak of each cluster was
chosen as reference, and a 1% increase of sensitivity
per mass unit (α = 9.95× 10−3) was used.

In order to evaluate the effects of systematic errors,
the per-thousand relative deviation (δr) of the calcu-
lated isotopic ratio relative to its expected value is
used

δr = 1000(r − r0)

r0
(6)

For all abundances and formula numbers,δr was
equal to−9.901. For modeled isotopic ratio measure-
ments, mass discrimination effects are as significant
for large molecules as they are for small molecules.
The result for negativeα is similar, but with a positive
deviation.

As a matter of fact, studies by Held and Taylor
[18] have shown that the mass discrimination tends
to be smaller for largem/z than for smallm/z. This
suggests that the method is advantageous, because the
use of polyatomic species naturally leads to highm/z
values.
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Fig. 6. Effect of the detector dead time on the isotopic ratio for formulas Ap . Base peak intensity is equal to 1 andτ = 0.03 (time units).

5.3. Detection non-linearity

The detectors commonly used in mass spectrometry
are not perfectly linear, and variations in ion flux at
the detector may not result in a perfectly proportional
variation of the recorded signal.

The commonest one of such imperfections is called
“detector dead time.” It is significant at high count-
ing rates, and results in the recording of smaller than
expected intensities. It happens because the detector
becomes insensitive for a small period of time after
the arrival of an ion.

This effect is empirically modeled by considering
that the measured ion intensity is given by

I = T

1 + τT
(7)

whereτ is the detector dead time, given in time units,
and T is the true intensity, given in frequency units
([time]−1) [18].

The value ofτ must be chosen so that the product
τT, in the right-hand-side of Eq. (7) has a desired
value. Since each cluster is scaled so that its base
peak has unit intensity, we choseτ = 0.03 (time
units), which corresponds to a 30 ns dead time for a

106 Hz peak intensity, a value observed with common
detectors.

Fig. 6 has the per-thousand deviation of the cal-
culated isotopic ratio from its expected value as a
function of the actualmA abundance and for some
formula numbers. It is interesting to note that detector
non-linearity is more problematic when the element
is quasi-monoisotopic, and zero when both isotopes
have the same abundance. This is expected, because
peaks of the same intensities have equal ion count-
ing rates. Increasing the formula number, the region
around abundance 0.5, in which the non-linearity ef-
fect is small, is enlarged. Thus, the model suggests
that the polyatomic approach minimizes detector
non-linearity effects for a broad range of abundances.

5.4. Base line correction

In ion counting detection, there is a residual produc-
tion of spurious pulses background. These spurious
background pulses are produced continuously, and the
residual value should be subtracted from the measured
signal. For analog-mode detection, there is a base line
due to the electronic signal processing that can assume
a value in a broad range in voltage. In both cases, the
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Fig. 7. Effect of the base line on the isotopic ratio for formulas Ap . Base peak intensity is equal to 1 and base line offset is 0.01.

base line must be judiciously compensated, because
incorrect base line attribution can lead to systematic
errors.

Fig. 7 shows the per-thousand relative deviation of
the calculated isotopic ratio from its expected value
as a function of the actualmA abundance for some
formula numbers and a 0.01 offset applied to all peaks.
The same absolute trend is observed when a negative
base line is considered.

The elemental ion isotope pattern is more affected
by error in base line attribution when it tends to be
monoisotopic. Of course, when both isotopes have ex-
actly the same abundance (0.5), errors in base line are
insignificant. The results shown in Fig. 7 suggest that
the polyatomic approach is less affected by base line
attribution errors.

5.5. Resolution

Although it is possible to obtain high resolution
mass spectra, that permit the identification of peaks
within a thousandth of a mass unit, the equipments
are expensive and, frequently, high resolution is ob-
tained at the expense of ion transmission, which then
reduces the signal-to-noise ratio. Thus, less expen-
sive high-transmission, low resolution instruments are

commonly used. However, low resolution may lead to
errors due to the mutual superimposition of the tails
of neighbor peaks.

Fig. 8 shows the per-thousand relative deviation of
the calculated isotopic ratio from its expected value as
a function of the actualmA abundance for low reso-
lution spectra. Spectra were simulated as linear com-
binations of Gaussian-shaped peaks withσ equal to
0.25 u. The inset in Fig. 8 shows the spectrum of A5

for mA abundance 0.8, so that the reader can have an
idea of the type of peak shape considered. The inten-
sities were calculated by integrating the continuous
spectrum within a 0.1 u margin around the nominal
m/z. This example shows a very poor resolution case
for illustrative purposes.

Again, quasi-monoisotopic elements are more prone
to errors due to the low resolution. In this case, the tail
of the higher peak introduces a significant systematic
error to the intensity of the lower one. Of course, the
mutual interference of equally intense peaks is less
significant.

Once again, the polyatomic approach seems to be
a better solution. Actually, this is expected, because
an isotopomeric distribution approaches a Gaussian
curve for large formula numbers [19,20]. In this case,
neighbor peaks tend to have similar intensities and,
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Fig. 8. Effect of the resolution on the isotopic ratio for formulas Ap . Inset shows the simulated spectrum of A5 with abundance ofmA
equal to 0.8.

thus, the mutual interference of the tail tends to be
insignificant.

6. The case of molecules with two polyisotopic
elements

6.1. Noise

Figs. 9 and 10 show density maps with the RESD
obtained in the same way as in the single-element
cases of, respectively, homoscedastic and het-
eroscedastic data. Each map describes the RESD of the
isotopic ratio as a function of the actualmA and m′

X
abundances for molecules A5X5, AX5, A5X, and AX.

These results for ApXq species can be summarized
by: (1) large numbers of A atoms improve the pre-
cision of the measured abundance ofmA and (2) the
inclusion of the X element can be deleterious if it is
isotopically rich.

It is important to note that, form
′
X abundance above

0.9 or below 0.1, the results tend to those of the
monoisotopic case. This means that, even if X is poly-
isotopic, the precision of the isotopic ratio measured

with molecules of the kind ApXq may be better than
that obtained by using a lone A atom. Since elements
such as carbon, nitrogen, oxygen, and hydrogen be-
long to this quasi-monoisotopic group, fragments and
molecular ions of organic compounds containing the
element A, even with highq/p ratio, can be suitable for
the IPDec method. In this case, the X element would
be used to aggregate a large number of A atoms. For
example, a species such as Cl3

+ cannot be obtained
by electron impact, but an organochlorine ion contain-
ing several chlorine atoms, such as C2H2Cl3+, can be
easily produced by the same technique.

6.2. Instrumental mass discrimination

The per-thousand relative deviation of the calcu-
lated isotopic ratio from its expected value is equal to
−19.704 for all the expectedmA andm′

X abundances
and formulas ApXq for a equal to 9.95×10−3, which
corresponds to a 1% increase of intensity per mass
unit. In the same way as observed for the monoele-
mental case, determinations using larger molecules
are affected by mass discrimination in not a larger
extent than those using smaller ones. Moreover, the
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Fig. 9. RESD of the calculated isotopic ratio (mA/m+1A) as a function of the actual abundance ofmA (horizontal axis) andm
′
X (vertical

axis). The bar next to each graph maps RESD into a gray scale. Each point was calculated over 1000 simulated spectra considering that
each peak had an independent normal distribution with standard deviation equal to 1‰ of the base peak intensity (homoscedastic data).

isotopic pattern of X has no effect, i.e., it does not
matter whether X is mono or polyisotopic. Again, the
result for negativeα is similar, but with a positive de-
viation, and them/z is shifted to high mass region by
including the element X, which may be advantageous
to minimize instrumental mass discrimination.

6.3. Detection non-linearity

Fig. 11 encloses four contour maps with the ab-
solute per-thousand deviation of the calculated A

isotopic ratio from its expected value as a function
of the actualmA and m′

X abundances for molecules
A5X, AX, AX 5, and A5X5. Each cluster is scaled so
that its base peak has unit intensity andτ is equal to
0.03 (time units).

When the abundance ofm
′
X tends to 0 or 1, a

monoisotopic case of X is achieved and the results tend
to that previously discussed. On the other hand, the in-
creasing abundance of a second isotope of the element
X tends to produce disturbances in the pattern of A.
Although the particular case of abundances equal to
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Fig. 10. RESD of the calculated isotopic ratio (mA/m+1A) as a function of the actual abundance ofmA (horizontal axis) andm
′
X (vertical

axis). The bar next to each graph maps RESD into a gray scale. Each point was calculated over 1000 simulated spectra considering that
each peak had an independent normal distribution with 1‰ standard deviation (heteroscedastic data).

0.5 for both elements is not affected by the detection
non-linearity, this region is very sensitive to changes in
the abundances. Moreover, for the case ApXq consid-
ered here, the disturbance caused by the non-linearity
increases with theq/p ratio. Thus, non-linearity is an
issue that must be carefully evaluated for highq/p
ratio.

The same comment drawn in the noise evalua-
tion section about the inclusion of isotopically poor
elements, such as C, N, H, and O, is also valid
here.

6.4. Base line correction

Fig. 12 encloses four contour maps with the abso-
lute per-thousand deviation of the calculated A iso-
topic ratio from its expected value as a function of the
actualmA and m′

X abundances for molecules A5X,
AX, AX 5, and A5X5 and a 0.01 offset applied to all
peaks. The trend is the same as the one observed when
considering the non-linearity effect, i.e., as long as the
X element is not isotopically rich, it can be advanta-
geous to employ species with one or more X atoms.
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Fig. 11. Effect of the detector dead time on the isotopic ratio vs. the actual abundance ofmA (horizontal axis) andm
′
X (vertical axis).

Base peak intensity is equal to 1 andτ = 0.03 time units. The level curves indicate the values ofδr (Eq. (6)).

6.5. Resolution

Fig. 13 encloses four contour maps with the abso-
lute per-thousand deviation of the calculated A iso-
topic ratio from its expected value as a function of the
actualmA and m′

X abundances for molecules A5X,
AX, AX 5, and A5X5. The same Gaussian peak shape
used previously was applied.

In this example, the presence of the element X aug-
ments the interference of the mutual tail superposition.

Similarly to the previous case, the effect is low when
both elements have isotopes with the same abun-
dances. This situation corresponds to the central point
in the maps.

This trend can be understood by remembering that
A has two isotopes whose masses differ by two mass
units and X has two isotopes separated by one mass
unit. Thus, for a lone A atom, the mutual tail effect
is low. However, for ApXq species, the X atoms yield
an isotopomeric pattern with one mass unit separated
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Fig. 12. Effect of the base line on the isotopic ratio vs. the actual abundance ofmA (horizontal axis) andm
′
X (vertical axis). Base peak

intensity is equal to 1 and base line offset is 0.01. The level curves indicate the values ofδr (Eq. (6)).

isotopomers. In this case, the mutual tail effect is more
pronounced.

7. Utilization of selected peaks of a
polyatomic cluster

As previously mentioned, one can use the IPDec
method to determine the isotopic pattern of an ele-
ment by selecting only some peaks of its cluster. In

this section, this approach is demonstrated and its per-
formance is evaluated. An extreme case was chosen: a
hypothetical cluster corresponding to a C60 ion com-
pared to the lone carbon atom.

Theoretically, the C60 cluster has 61 peaks. Thus, it
is unreasonable to monitor all these peaks in order to
determine, through IPDec method, the isotopic pattern
of carbon. Nevertheless, one can obtain the carbon
isotopic pattern by applying the IPDec method only
to a few of these peaks.
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Fig. 13. Effect of the resolution on the isotopic ratio vs. the actual abundance ofmA (horizontal axis) andm
′
X (vertical axis). Gaussian-shaped

peaks withσ equal to 0.25 u and integration window width equal to 0.1 u. The level curves indicate the values ofδr (Eq. (6)).

The same non-idealities studied before are consid-
ered here for four cases: (1) the lone carbon atom, (2)
the full C60 cluster, (3) the first eight peaks of the C60

cluster, and (4) the first two peaks of the C60 clus-
ter. Case 1 corresponds to the classical approach. Case
2 corresponds to a hypothetical method, in which all
the 61 peaks are monitored. Of course, this method
is impracticable, but it is being considered for refer-
ential purposes. Case 3 is a more reasonable one, in

which only the eight most intense peaks are moni-
tored, and the reduced mass span decreases the proba-
bility of an isobaric interference. Case 4 is an extreme
case, in which only the two most abundant peaks are
considered. From the experimental standpoint, Case 4
is closely related to the conventional methods, where
only two mass channels are monitored.

Homoscedastic and heteroscedastic data were con-
sidered. Standard deviations of the isotopic ratios were
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determined over 10,000 point Monte Carlo runs. Ho-
moscedastic data were simulated by applying errors
drawn from a normal distribution with standard de-
viation equal to 1‰ of the cluster base peak. Het-
eroscedastic data were simulated by drawing errors
for each peak from a normal distribution with relative
standard deviation equal to 1‰.

For Case 1 (elemental ion), the standard deviation
of the isotopic ratio was calculated using the error
propagation formula

σratio =
(

σ 2
12

I2
13

+ I2
12σ

2
13

I4
13

)1/2

(8)

where I12 and I13 are the intensities recorded at the
12C and13C channels, respectively, andσ 12 andσ 13

are their respective standard deviations.
Instrumental mass discrimination effects were ex-

plored by multiplying each nominal peak intensity
by 1.01m−m0, wherem is the peak mass andm0 is
the mass of the first peak of the cluster. This corre-
sponds to a 1% per mass unit positive exponential
mass discrimination. The dead time (τ ) was chosen
so that τIbase peak = 0.03. Lack of spectral reso-
lution was implemented by considering that each
peak has a Gaussian shape with height equal to the

Table 1
Evaluation of systematic and random errors affecting the12C/13C isotopic ratio obtained from a hypothetical C60 cluster compared to that
one from the lone carbon atoma

Non-idealities Lone carbon C60 (all peaks) C60 (first eight peaks) C60 (first two peaks)

Noise (homoscedastic)b 17h 1.5 0.53 0.32
Noise (heteroscedastic)c 0.26h 1.0 0.37 0.26
Mass discriminationd −9.9 −9.9 −9.9 −9.9
Detection non-linearitye −29 −10 −10 −9.7
Base linef −467 −12 −12 −4.9
Resolutiong −42 −0.60 −0.60 −0.58

a The considered12C/13C ratio is 89.91 that corresponds to the natural carbon isotopic ratio.
b The results in this row are the per-thousand relative standard deviations of the isotopic ratio calculated by a 10,000-point Monte

Carlo run using normal noise with standard deviation equal to 1‰ of the cluster base peak.
c The same as footnote b, but with standard deviation equal to 1‰ of the peak intensity.
d The results in this row areδr (Eq. (6)) for an exponential discrimination of 1% per u.
e Same as footnote d, but for a dead time such that its product by the base peak intensity equals 0.03.
f Same as footnote d, but for a base line offset equal to 1% of the base peak.
g Same as footnote d, but for Gaussian-shaped peaks withσ equal to 0.25 u and integration window width equal to 0.1 u.
h This value was analytically obtained by the error propagation formula (Eq. (8)) instead of Monte Carlo method.

nominal peak intensity, and standard deviation equal
to 0.25 u, and integrating this function in a 0.1 u win-
dow around each nominalm/z values. Base line at-
tribution error was considered by applying to each
peak a positive offset equal to 1% of the cluster base
peak.

Table 1 summarizes the effects of the main sources
of systematic and random errors on the resulting
12C/13C isotopic ratio for simulated data. When the
C60 approaches are compared, it is significant that
Case 4 (two peaks) is never worse than either Cases
2 or 3. Mass discrimination has the same effect for
all cases. On the other hand, the C60 approaches have
better performance than elemental carbon for noise
(homoscedastic data), detection non-linearity, base-
line offset, and lack of resolution. It is worthy noting
that Case 4 is never worse than the elemental carbon
approach.

Of course, we are not suggesting that carbon iso-
topic analysis be performed through fullerene synthe-
sis. Several practical problems, ranging from synthe-
sis procedure to ionization method, would have to be
treated. The idea is only to exemplify the alternatives
opened by the IPDec method and show that it has no
intrinsic disadvantage to conventional methods.
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8. Conclusions

Using IPDec method, one can obtain the isotopic
pattern of one or more elements from the isotopomeric
pattern of polyatomic species. The method enables
one to use polyatomic species for the determination
of isotopic patterns or isotopic ratios.

Of course, this computational treatment is more
complex and time consuming than a simple division
of two ion beam intensities. Moreover, the probability
of isobaric interferences is greater for the soft ioniza-
tion processes necessary to render polyatomic species.
However, the flexibility to produce and select new
species and the additional information obtained from
partially or non-fragmented ions are issues that should
be considered.

Analyses of random (noise) and systematic (base
line, non-linearity, resolution, and mass discrimina-
tion) errors were carried out and shed light on some
characteristics of the IPDec method. Of course, the
results are primarily of theoretical importance, be-
cause for real applications several other practical
issues, upon which the analyst has only partial con-
trol, will have to be tackled. The typical trends can
be summarized as follows:

1. large numbers of A atoms tend to improve the per-
formance of the polyatomic approach;

2. the X element can be deleterious if it is isotopi-
cally rich, but it can be useful as a “glue” ele-
ment to obtain species with a large number of A
atoms.

Our results suggest that the use of polyatomic and
polyisotopic species does not a priori deteriorate the
precision and accuracy of the obtained isotopic abun-
dances.

Our modeling indicates that instrumental mass
discrimination has the same effect upon the results
obtained through the conventional and the polyatomic
approach. This result is not intuitive and suggests
that strategies based on large-mass clusters might
perform better than conventional ones, because in-
strumental mass bias is smaller in the largem/z
region.

Of course, polyatomic species, by definition, have
more isotopomeric peaks than monatomic ones, which
can lead one to question the viability of the approach,
because of the greater number of mass channels to be
monitored. However, only the most intense peaks of
the cluster must be monitored, and this can lead to
rather impressive results.

Although several cases show that it can indeed be
better to work with polyatomic species and the IPDec
method than to stick to the monatomic approach, the
aim of these comparisons was not to prove that our
method is always better than any of the conventional
techniques. On the other hand, the opposite cannot be
stated a priori either. The final decision about which
method one should use for a specific analysis must be
based on the figures of merit of the analytical process
as a whole, rather than on unsound preconceived no-
tions.
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