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Several mass spectrometry methods were explored to determine the regiospecificity of
deuterium substitutions in hydrocarbon mixtures. The case investigated in this work was that
of ethane mixtures obtained by catalytic H™D exchange between either C2H6 and D2 or C2D6
and H2 over platinum surfaces. A total of ten isotopologs are possible, and were indeed
detected in all cases. Deconvolution of low-resolution mass spectra was found sufficient to
determine the composition of the gas mixtures in terms of the total number of deuterium
substitutions, but not to identify symmetric versus asymmetric substitutions in the C2D2H4,
C2D3H3, and C2D4H2 products. High-resolution mass spectrometry allowed the separation of
the intensities due to C2X4

� fragments from those from molecular C2X6
� signals (X � H or D),

and with that for a more accurate determination of the composition of the mixtures. Relative
probabilities were determined for the symmetric versus asymmetric removal of X2 from C2X6

�

ions and for isotope scrambling in the mass spectrometer, and with that information fairly
good cracking patterns were then calculated for the C2X4

� fragments produced by each
individual pure C2X6 isotopologue. However, total deconvolution of all ten components in the
ethane mixtures obtained by H™D exchange catalysis was beyond the experimental accuracy
of the measurements. Tandem mass spectrometry/collision-induced decomposition mass
spectrometry (MS/CID-MS) proved more useful for this task. In particular, it was possible to
determine the proportion of symmetric versus asymmetric double H™D exchange in samples
for which the total ethane-d2 (in the case of C2H6 � D2) or ethane-d4 (with C2D6 � H2)
amounted to only �3% on the ethane mix. A comparison with other analytical methods, NMR
in particular, is provided. (J Am Soc Mass Spectrom 2004, 15, 1366–1373) © 2004 American
Society for Mass Spectrometry

Isotope labeling, deuterium marking in particular, is
one of the most widespread methods in studies of
molecular structures and reaction mechanisms

[1–4]. Because such labeling relies on the substitution of
atoms with the same chemical properties but different
atomic mass, mass spectrometry is often the analytical
tool of choice [5]. Much work has indeed been carried
out to date on mass spectrometry detection of deuteri-
um-labeled molecules [6]. However, while it is quite
straightforward to determine the number of hydrogen
atoms substituted by deuterium in a particular mole-
cule, it is much more difficult to identify the specific
moieties where the substitutions have taken place.
Sometimes that information is embedded in the crack-
ing patterns of the mass spectra, provided that the
resulting fragments can be cleanly associated with
specific moieties of the molecule, but isotope scram-
bling during the ionization process prior to mass selec-
tion complicates matters even in those cases.

Here we report on studies carried out to evaluate the
performance of different mass spectrometry techniques
for the identification of the location of the deuterium
substitutions in mixtures of isotopically labeled com-
pounds. Our work was carried out with ethane and
aimed to identify the mechanism of H™D exchange
reactions catalyzed by platinum surfaces, but our con-
clusions may be extrapolated to other molecules and
other applications. Three techniques were applied in
this work, namely, low- and high-resolution mass spec-
trometry (LR-MS and HR-MS) and tandem mass spec-
trometry/collision-induced decomposition mass spec-
trometry (MS/CID-MS). While all three techniques
were capable of providing the composition of the
ethane mixtures as a function of the number of hydro-
gens exchanged by deuteriums, only the last was useful
in determining the regiospecificity of the substitutions.
A discussion is provided on the relative performance of
mass spectrometry versus NMR for the task of deuteri-
um-labeling determinations.

Experimental

Low-resolution mass spectra (LR-MS) of the ethane
samples produced by catalytic exchange were obtained
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in line during reaction using a computer-interfaced
Dycor MA-200M quadrupole mass spectrometer with
an electron-impact ionizer operated at 70 eV ionization
energy. The gas samples were flowed continuously into
the mass spectrometer via a capillary tube connected to
the main micro-batch reactor used for the reaction.
High-resolution mass spectra (HR-MS) were acquired
using a Finnigan-MAT 900 spectrometer operated at 70
eV ionization energy and 180 °C source temperature.
The static resolving power of that instrument (Da value
over full with at 10% of maximum) was set to approx-
imately 25,000 by using the 79 Da doublet of a 1:9
mixture of benzene:pyridine. Tandem mass spectrome-
try/collision-induced decomposition (MS/CID-MS)
sample analysis was carried out with a VG ZAB 2FHF
high-resolution reversed-geometry mass spectrometer.
The electron-impact ionizer was set at 70 eV ionization
energy, 200 °C source temperature, and 1000 resolving
power. MS/MS spectra were obtained by sequential
mass filtering using the magnetic sector of the instru-
ment, fragmentation of the ion of interest in the inter-
mediate field-free region via gas-phase collisions
through a 5.5 � 10�6 torr He atmosphere, and second
mass filtering using an electrostatic ionizer.
Pure normal ethane (ethane-d0) (C2H6, Matheson,

Montgomeryville, PA, 99.9%), and CH3CH2D (ethane-
d1), CH3CHD2 (ethane-d2,a), CH2DCHD2 (ethane-d3,s),
CH3CD3 (ethane-d3,a), CH2DCD3 (ethane-d4,a),
CHD2CHD2 (ethane-d4,s), CHD2CD3 (ethane-d5), and
C2D6 (ethane-d6) (Merck-Canada or CIL, Andover, MA,
99% atom purity), were used as supplied. Two ethane
mixtures were produced by H™D exchange using a
platinum foil (Aldrich, Milwaukee, WI, 99.99% purity)
as catalyst and a micro-batch reactor described else-
where [7–9]. Mixtures of either 50 torr of normal C2H6
and 500 torr of D2 or 50 torr of C2D6 and 500 torr of H2
were reacted, at 625 and 675 K respectively, until
reaching 37 and 55% total conversions. The gas mix-
tures were trapped into a U-shaped glass tube with
valves at each end by means of liquid nitrogen cooling,
and pumped while frozen in order to remove the
hydrogen and deuterium gases before leaking them
into the mass spectrometers. Finally, an equimolar
mixture of six of the pure ethane molecules available to
us (ethane-d1 � -d2,a � -d3,a � -d4,a � -d5 � -d6) was
prepared using the same circulation loop in the micro-
batch reactor.

Results

As stated above, LR-MS spectra were taken continu-
ously during the catalytic conversion of the ethane �
hydrogen/deuterium mixtures in order to follow the
kinetics of the reaction by recording the signals in the
24–36 Da mass spectral range as a function of time.
Deconvolution of the data was done by using the
experimental cracking patterns of the pure ethane iso-
topologs available to us and calculated spectra of the
rest using a previously reported methodology [10]. It

was found that even though the LR-MS data tends to
overestimate the amount of light ethanes produced, it
reproduces the overall conversion and general isotopo-
logue distribution curves reasonably well, in particular
the percentages of each of the components in terms of
the total number of deuterium substitutions [7]. A
U-shaped distribution was found in all cases, with
maxima at one (d1) and six (d6) and a minimum at three
(d3) atoms per ethane molecule. A typical result for the
case of the 50 torr C2H6 � 500 torr D2 mixture after 37%
conversion is provided in Figure 1. On the other hand,
given the close similarity of the mass spectrometry
cracking patterns of the symmetrically- versus asym-
metrically substituted isotopologues, no attempt was
made to differentiate between the two isomers of
ethane-d2 (CDH2CDH2 versus CD2HCH3), ethane-d3
(CD2HCDH2 versus CD3CH3), or ethane-d4
(CD2HCD2H versus CD3CDH2).
The viability of HR-MS for the complete analysis of

the isotopically labeled ethane samples was tested next.
High-resolution mass spectra were recorded first for
each of the pure ethane isotopologues as well as for the
equimolar mixture mentioned in the Experimental Sec-

Figure 1. Comparison between the high- and low-resolution
mass spectra recorded for a 50 torr C2H6 � 500 torr D2 reaction
mixture after about 37% H™D exchange over a platinum catalyst.
Both techniques are capable of providing information on the
composition of the mixture in terms of total number of deuterium
substitutions per molecule, but neither is useful for the determi-
nation of the regiospecificity of the substitutions in the ethane-d2,
-d3, and -d4 components. Comparable values were obtained with
both techniques for the total conversion, and similar bimodal
product distributions were seen as well. Notice, however, that the
low-resolution instrument slightly overestimates the amount of
light alkanes produced.
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tion. The 30–36 Da data for the latter are displayed in
Figure 2. It is clear that a complete separation of the
C2X6

�, C2X5
�, C2X4

� and C2X3
� ions (X � H or D) in

each Da region is possible with our instrumentation:
notice, for instance, the individual peaks obtained for
the C2D3

�, C2D2H2
�, C2DH4

� and C2H6
� fragments

around the 30 Da region (plus additional minor peaks
for 13C-substituted moieties). This is particularly impor-
tant in the analysis of ethanes, where most of the
intensity in the mass spectra is not due to the molecular
ions but to C2X4

� fragments. The separation illustrated
in Figure 2 makes the determination of sample compo-
sitions in terms of number of deuterium substitutions
straightforward. The composition of the 37% conver-
sion C2H6 � D2 catalytic sample estimated with this
technique is contrasted with that measured with LR-MS
in Figure 1.
It was determined that the most promising proce-

dure for the determination of the ratios of symmetric
versus asymmetric isotopic substitutions in the ethane-
d2, -d3, and -d4 components of our gas mixtures would
be via analysis of the signals corresponding to the
C2X4

� fragments in the HR mass spectra. For that, the
mass spectrometry cracking pattern of all pure isoto-
pologs was required, in particular that for CH2DCH2D
(which we could not purchase or synthesize). The
C2X4

� contributions to the mass spectra of each ethane
were calculated by using two parameters. First, the
symmetric versus asymmetric X2 removal ratio from
C2X6

� in the ionizer of the mass spectrometer (that is,
one hydrogen/deuterium from each carbon versus both
from the same carbon) was estimated at 0.84:0.16 by
comparing the signals for C2D2H2

� versus C2D3H
� �

C2DH3
� obtained with CD3CH3. Second, an isotope

effect for H versus D removal of 1.62 was measured by
a collective minimum square fit of the calculated crack-
ing patterns of all the pure compounds we had to those
obtained experimentally. The resulting C2X4

� distribu-

tions for all ethanes are contrasted to the measured
values in Figure 3. An excellent fit was obtained in all
cases, with deviations rarely larger than 1–2%, and
never exceeding �5%.
Unfortunately, the HR-MS approach turned out to be

ineffective for the full analysis of our ethane mixtures.
Several reasons can be provided to explain this failure.
For one, the C2X4

� yields obtained after ionization of
the symmetrically- versus asymmetrically-substituted
ethanes in the mass spectrometer are often fairly simi-
lar. Perhaps the best pairs of signals for the differenti-
ation between the two ethane isotopologues are those
for C2D4

� from ethane-d4 (19% for CD2HCD2H versus
2% for CD3CDH2), and for C2D3H

� from ethane-d3 (36%
for CD2HCDH2 versus 8% for CD3CH3), but those are
exceptions rather than the rule. In addition, the C2H6,
C2H5D, C2HD5, and C2D6 isotopologues display quite
high C2X4

� intensities in their cracking patterns. The
severity of this interference is compounded by the fact
that ethane-d0 and -d6 are the main products in the
catalytic mixtures.
As an example to illustrate these limitations of the

HR-MS technique, lets consider the specific case of our
37% conversion C2H6 � D2/Pt catalytic sample. In
terms of the C2DH3

� ion, it was determined that about
60% of its signal was due to the ethane-d2 isotopo-
logues. However, the difference in the cracking yield for
that peak (relative to the main signal) between the
symmetric and asymmetric isomers amounts to less
than 1%. An attempt to calculate the composition of the
C2D2H4 isotopologue with those data resulted in a
value of 135% for CDH2CDH2, clearly outside the
physically possible range. Analysis of the C2D2H2

� ion
presented the opposite problem: the symmetric/asym-
metric signal intensity ratio for that peak is about 1.5,

Figure 2. High-resolution mass spectra in the 30–36 Da range for
an equimolar mixture of ethane-d0, -d1, -d2, -d3, -d4, -d5, and -d6. The
instrument has enough resolving power to completely separate
the contributions from the C2X6

�, C2X5
�, C2X4

�, and C2X3
�

fragments (X�H or D) as well as those from 13C-substituted ions.

Figure 3. C2X4
� formation probabilities after electron impact

ionization of a number of pure ethane isotopologs in our high-
resolution mass spectrometer. The isotopologues are indicated in
the x axis by the number of deuterium substitutions (dn, a �
asymmetric or s � symmetric). Both experimental results and
calculated cracking patterns are provided for each compound.
Excellent predictability could be obtained by using only two
parameters, namely, the probability for symmetric versus asym-
metric X2 extraction (0.84:0.16) and an isotope effect for H versus
D abstraction (1.62).
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but since only �25% of the total C2D2H2
� MS signal

from the mixture is due to ethane-d2 (the rest comes
from ethane-d3 and -d4), large errors are introduced in
the calculations as well; the percentage of the symmetric
isomer was estimated here at �20%, again outside the
possible range. We used our simulated spectra for
CDH2CDH2 for these calculations (since we did not
have access to the experimental spectrum of that com-
pound), but we believe that this does not invalidate our
arguments because (1) the simulated spectra of the
other isotopologs matched quite reasonably the exper-
imental patterns, and (2) our simulated cracking for the
symmetric ethane-d2 is consistent with mass spectro-
metric data reported in the past [10]. Ultimately, it was
determined that a proper deconvolution of the C2X4

�

signals from HR-MS experiments requires a degree of
reproducibility in the intensities of the individual peaks
of better than 0.1%, well beyond the performance of our
instrument [11].
Finally, the potential of MS/CID-MS to fully resolve

the composition of the isotopically labeled ethane mix-
tures was probed. The promise of this tandem mass
spectrometry technique is that while the first stage can
be used to separate different isotopologues according to
the extent of the H™D exchange (the total number of
hydrogens or deuteriums exchanged), the second can
then focus on identifying the regiospecificity of those
substitutions. For this, detailed data were acquired in
the second stage for each of the peaks in the 30–36 Da
range of the mass spectra of the ethanes obtained in the
first stage of this MS/CID-MS. A typical second-stage
spectrum recorded from these experiments is shown in
Figure 4, in this case for the 34 Da signal from the first
stage of the spectrum from the 55%-exchanged C2D6 �
H2 sample. Nice definition could be obtained in both
the 24–36 (C2Xn

�) and 12–18 (CXn
�) Da regions of the

spectra. On the other hand, extensive dissociation of the
ions filtered in the first MS stage does take place in the
collision-induced (CID) region before the second. In
fact, it was determined by using the pure ethane isoto-
pologues available in this work that the cracking pat-
terns obtained via collisions with the He gas in the
second stage were quite similar to those recorded in the
first, after electron impact (EI) ionization. This is illus-
trated in Figure 5 for the 24–36 Da region of the spectra
obtained with CD2HCH3, CD3CH3, CD2HCD2H, and
CD3CD2H. The main difference between the regular
mass spectra of these compounds and the mass spectra
obtained for their molecular ions in the second stage is
that after the CID process a significantly higher signal is
observed for the removal of normal hydrogen (rather
than deuterium) during the decomposition of the C2X6

�

ions to C2X4
� fragments. This can help in the identifi-

cation of symmetric versus asymmetric H™D exchange,
but makes the quantitative analysis of the C2X4

� ions
difficult. It should also be noted that the first MS stage
of our instrument does not have enough resolving
power to separate the different C2Xn

� ions within a
given mass unit so, for instance, the 34 Da spectrum in

Figure 4 includes contributions not only from C2D4H2
�

but also from C2D5
� fragments. This problem is more

acute with the peak for the 32 Da fragment, which could

Figure 4. Tandem mass spectrometry/collision-induced decom-
position mass spectrometry (MS/CID-MS) data from a 50 torr
C2D6 � 500 torr H2 mixture after 55% of catalytic H™D exchange
on a platinum foil. The figure shows the results from a second
mass resolution of the ionic fragments that result from He
collision-induced dissociation of the 34 Da ion isolated in the first
stage of mass filtering. Clear signals could be recorded for both
24–36 (C2Xn�) and 12–18 (CXn

�) Da regions of the spectra.

Figure 5. First- and second-stage cracking patterns for four
different pure ethane isotopologues (from left to right, CD2HCH3,
CD3CH3, CD2HCD2H, and CD3CD2H) in the 24–36 Da region,
obtained with our tandem MS/CID-MS setup. Fairly similar
patterns are obtained in both stages (after electron- and collision-
induced activation, respectively), except for the enhanced forma-
tion of C2X4

� fragments by normal hydrogen abstraction seen in
the second (CID) case.
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ideally provide information about the composition of
the ethane-d2 products in the H™D exchange mixtures,
but which also include large contributions from C2D4

�

and C2D3H2
� ions (see Figure 2). The use of the signals

from the C2X4
� fragments in these second-stage MS

spectra for the determination of symmetric versus
asymmetric H™D exchange was deemed not viable.
Instead, focus was placed on the use of the peaks

corresponding to the CXn
� ions, the methyl cations in

particular. The 12–18 Da region of the second-stage
MS/CID-MS spectra was deconvoluted by using three
parameters extracted from the data from the pure
ethane isotopologues: (1) the probability for the loss of
one hydrogen atom in the second stage, CHn

� 3
CHn�1

�, estimated at P�H,2 � 0.34 (independent of n, n
� 3, 2, or 1, and a bit lower than in the first stage, where
P�H,1 � 0.48); (2) the probability for an exchange of a
deuterium with a hydrogen atom, CDnH3�n

� 3
CDn�1H4�n

� (n � 3, 2, or 1), PD3H,2 � 0.58; and (3) the
reverse exchange of a hydrogen with a deuterium,
CDnH3�n

� 3 CDn�1H2�n
� (n � 2, 1, or 0), PH3D,2 �

0.31. The final results for the CXn
� cracking products

from the pure ethane isotopologues are reported in
Table 1. A reasonable agreement between experiments
and calculations was obtained.
One interesting observation worth highlighting here

in connection with the MS/CID-MS experiments is the
fact that the decomposition of a given ion in the second
stage always yields the same cracking pattern regard-
less of the original molecule from which that ion
originates in the first stage. In particular, the C2D5

� ion
from ethane-d6 and ethane-d5 (and presumably the
C2H5

� ion from ethane-d1 and ethane-d0) yield the same
34 and 32 Da (29 and 28 Da) spectra in the second stage,
respectively. Perhaps more importantly, the C2D4

� ion
from all CD3CD3, CD3CD2H, and CD2HCD2H yields the
same cracking pattern as well. This helps in the analysis
of the second-stage spectra, because only a few ions
need to be considered regardless of the number of
ethane isotopologues that contribute to the signal. On
the other hand, ions such as C2D4H

� can exist as either

one of two possible isomers (CD3CDH
� and

CD2HCD2
�), and those can in principle yield different

cracking patterns. It was found experimentally that this
is the case in the 24–36 Da range of the second-stage MS
spectra, but not so much in the CXn

� region.
The cracking probability data reported in Table 1

was used to analyze the ethane mixtures obtained in
our H™D catalytic exchange experiments. Figure 6 dis-
plays the results pertinent to the products from two
isotopic substitutions. The left panel corresponds to the
analysis of the spectrum in Figure 4, that of the colli-
sion-induced dissociation of the 34 Da ions from the
mass spectrum of the sample obtained by conversion of
the C2D6 � H2 mixture, while the one on the right

Table 1. Second-stage CXn
� cracking patterns obtained with our MS/CID-MS instrument for all different isotopologues of ethane

14 Da 15 Da 16 Da 17 Da 18 Da

Expa Calc.b Expa Calc.b Expa Calc.b Expa Calc.b Expa Calc.b

CH3CH3 0.35 0.34 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
CDH2CH3 0.20 0.26 0.52 0.57 0.50 0.50 0.00 0.00 0.00 0.00
CD2HCH3 0.17 0.21 0.47 0.61 0.36 0.13 0.50 0.50 0.00 0.00
CDH2CDH2 - 0.15 - 0.27 - 1.00 - 0.02 - 0.00
CD3CH3 0.14 0.23 0.30 0.50 0.20 0.22 0.09 0.09 0.50 0.50
CD2HCDH2 - 0.11 - 0.23 - 0.57 - 0.50 - 0.00
CD3CDH2 - 0.13 - 0.11 - 0.67 - 0.03 - 0.50
CD2HCD2H 0.09 0.08 0.18 0.23 0.21 0.15 1.00 1.00 0.06 0.02
CD3CD2H 0.09 0.09 0.05 0.11 0.24 0.22 0.43 0.49 0.50 0.50
CD3CD3 0.11 0.12 0.00 0.00 0.36 0.34 0.00 0.00 1.00 1.00

aThe experimental data correspond to the 14–18 Da region of the mass spectra obtained for the molecular ions after collision-induced dissociation
with He gas.
bThe calculated patterns were obtained using the parameters discussed in the text.

Figure 6. Determination of the relative contributions from sym-
metric and asymmetric H™D substitutions in the doubly-exchange
products from reactions between C2D6 � H2 (left) and C2H6 � D2
(right) mixtures. The left bars show the raw and corrected 34 (first
mixture) and 32 (second) Da MS/CID-MS data in the 15–18 Da
region, before and after subtraction of the contributions from
species other than the doubly-substituted ethanes of interest. The
right bars correspond to the best fits to the data using appropriate
combinations of the symmetric and asymmetric components, and
amounts to 70% CD3CDH2:30% CD2HCD2H and 25% CD2HCH3:
75% CDH2CDH2 mixtures, respectively.
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reports the results using the 32 Da MS/CID-MS data for
the case of the C2H6 � D2 experiment. In both cases the
left bars provided for each of the 15–18 Da fragments
indicate the partition of the total measured signal
between the species of interest (ethane-d4 and ethane-d2,
respectively) and the other ethane isotopologues. The
right bars then display the partition between the sym-
metric and asymmetric components that best fit the
data.
It can be seen in Figure 6 that reasonable results

could be obtained for both of the samples analyzed. The
best fits to the experimental data correspond to 70%
CD3CDH2:30% CD2HCD2H and 25% CD2HCH3:75%
CDH2CDH2 mixtures, respectively. At first sight it
would appear that the fit for the second case is better
than that for the first (notice in particular the large
deviations between the experimental and calculated
values of the 15 and 16 Da signals for the C2D6 � H2
mixture). However, some additional uncertainty is in-
troduced in the experiment with the light alkane be-
cause of the large signals from the C2D4

� ion (respon-
sible for�95% of the intensity of the 16 Da peak). In any
case, the results for the C2H6 � D2 mixture are in
excellent agreement with previous analysis using 13C
NMR (30% CD2HCH3:70% CDH2CDH2) [7, 12].
Additional analysis of the ethane-d3 composition in

both cases was done with the aid of the data in Figure
7. A complete quantitative analysis is hindered in this
case by the large contributions to these second-stage MS
spectra from other ethane isotopologues. On the other
hand, clear semi-quantitative conclusions can be
reached by simple inspection of the cracking patterns,
in particular because of the clear differences in the

24–36 Da region between the spectra of CD2HCDH2
(d3,s) and CD3CH3 (d3,a). Notice, for instance, the pre-
dominance of the peaks at 30 and 31 Da in the asym-
metric and symmetric cases, respectively, and also their
corresponding intense peaks at 15 and 18 (CH3

� and
CD3

�) versus 16 and 17 (CDH2
� and CD2H

�) Da. The
second-stage MS/CID-MS spectra from both mixtures
show, after correcting for the contributions from the
other isotopologs (ethane-d4 and -d5, leading to the
traces labeled “corrected”), strong peaks at 16, 17, and
31 Da, and negligible remaining intensities ascribable to
asymmetric ethane-d3. The analysis of the components
due to four H™D exchanges is even more uncertain, but
also points to a predominance of symmetrically substi-
tuted isotopologues.

Discussion

The ability to detect the specific moiety where a partic-
ular deuterium substitution takes place within an or-
ganic molecule is an invaluable tool for the study of the
mechanisms of chemical reactions. The interest in our
case has been to determine the regioselectivity of the
elimination of hydrogen atoms from alkyl groups ad-
sorbed on metal surfaces [13], as this defines the overall
selectivity of many catalytic processes of commercial
interest such as oil processing and fine chemical and
pharmaceutical manufacturing [14, 15]. It has been our
contention that although hydride elimination from the
� carbon (the second counting from the surface) of key
alkyl surface intermediates is often the most prevalent,
this only explains the rapid alkane–alkene equilibria
typically observed in catalytic reactions under reducing
conditions [16, 17]. In order to promote other more
important pathways such as isomerizations, cycliza-
tions, and aromatizations, removal of hydrogen atoms
from other positions across the hydrocarbon chain is
required. Based mostly on experiments carried out with
model single-crystal surfaces and under vacuum [18],
we have suggested that carbon skeletal rearrangements
require a �-hydride elimination step, and that elimina-
tion at the � position is to be avoided because it leads to
undesirable C–C bond breaking (hydrogenolysis) side
reactions [19, 20].
H™D exchange studies are ideally suited to test our

hypothesis because they provide direct evidence for the
relative lability of the different hydrogens in a given
reactant under realistic catalytic conditions. In particu-
lar, the results from the studies reported here indicate
that, after an initial activation of the ethane reactant by
the platinum catalyst to produce an ethyl surface inter-
mediate, the second hydrogen removal takes place
preferentially at the � carbon. Subsequent rehydroge-
nation (dideuteriation) of the resulting adsorbed ethyl-
ene then leads to the predominant production of sym-
metrically substituted doubly exchanged ethane. This is
consistent with our previous observations on model
systems [15, 21]. On the other hand, it is also clear that
a sizable amount of asymmetrically exchanged prod-

Figure 7. 33 Da MS/CID-MS data for the same mixtures re-
ported in Figure 6. Comparison of the spectra from the reaction
samples, original (raw) and after subtraction of the contributions
from ethane-d4 and -d5 (corrected), with those from pure
CD2HCDH2 (symmetric ethane-d3) and CD3CH3 (asymmetric
ethane-d3) indicates the prevalence of symmetric H™D exchange in
the triply-substituted ethanes of those mixtures. Notice in partic-
ular the lack of significant signals for 15, 18, and 30 Da character-
istic of CD3CH3.
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ucts are made in these reactions as well. This indicates
that, under the pressures and temperatures used for
hydrocarbon catalytic conversion, �-hydride elimina-
tion may compete with dehydrogenation at the � posi-
tion [22]. Such competition explains the ability for
platinum to promote hydrocarbon reforming processes.
Further experiments with longer-chain reactants sug-
gest that elimination from the � position is also possible,
but it would be nice to obtain direct confirmation of this
via H™D catalytic exchange studies of appropriate mol-
ecules such as neopentane [22–24].
The work presented here was carried out with a

simple molecule, ethane, and for a specific purpose, that
of elucidating the mechanism of alkane conversions on
metal catalysts. However, the ideas presented are quite
general, and can be easily extended to more complex
molecules and to different applications [25–28]. It
should be noted that there are alternative methods for
the determination of isotopic substitutions. In particu-
lar, we were quite successful in the past with the
characterization of our ethane mixtures using NMR [7,
12]. Nevertheless, we see the two approaches as com-
plementary. For instance, the best results in our NMR
studies were obtained by using the signals from the 13C
nuclei, since both 1H and 2H NMR spectra proved too
complex for proper analysis. The 13C NMR data were
fairly straightforward to analyze, but worked best with
13C-enriched samples, which yield stronger signals and
thus minimize problems due to lack of sensitivity. The
requirement of such isotopically enriched compounds
can prove expensive at best, and difficult from the
synthetic point of view in many instances.
It should also be pointed out that although the

molecule studied here, ethane, is quite simple, the
complexity of our problem arose from the need to
analyze full isotopologue mixtures where the products
of interest constituted minor components. Both regular
mass spectrometry and NMR are excellent probes to
identify specific moieties within a given molecule, but
not so well suited for the separation of mixtures.
Chromatography, alone or in combination with mass
spectrometry, could in principle be used for this pur-
pose [29], but it is not an easy technique to implement
for the separation of isotopologues. The power of tan-
dem mass spectrometry is that it can be easily adapted
for such separations. Although there are limitations due
to the interference of major cracking fragments in the
first stage of filtering (C2X4

� ions in our case), MS/
CID-MS allows for the separation of molecules with
different numbers of deuterium substitutions for fur-
ther analysis in the second stage. The same idea is
clearly applicable to mixtures of more complex mole-
cules.
The other clear advantage of MS/CID-MS is that it is

often simple to interpret, especially if semi-quantitative
information on the regiospecificity of the substitutions
is all that is required. It is known that the cracking
patterns in CID-MS are highly dependent on the con-
ditions used, especially in terms of the estimation of the

relative intensities [27]. Nevertheless, it was shown
above that at least the general features of those patterns
can be predicted by using only a handful of parameters.
Although advantage was taken here of the availability
of most of the ethane isotopologues to obtain individual
cracking patterns, this was shown to not be indispens-
able. Moreover, some determinations could be made by
using common sense, without the need to measure any
cracking patterns at all. For instance, the absence of any
significant intensity for 18 Da (the CD3

� fragment) in
the spectra of the mixtures in Figure 7 is a clear
indication of the lack of detectable CD3CH3. Similarly,
the low intensities in the 15 and 17 Da regions of the
second-stage mass spectra of the 32 Da ion was used in
our previous report to argue for the limited production
of CD2HCH3 from C2H6 � D2 mixtures. It helps to
know that only limited isotopic scrambling takes place
during the scission of the C–C bond in the CID region of
the instrument.
In summary, we believe that tandem MS/CID-MS is

a useful technique for the analysis of mixtures of
isotope-substituted compounds. It offers complemen-
tary information to other analytical techniques such as
NMR often used for this task. Indeed, both MS/CID-MS
and NMR have been used extensively for the identifi-
cation of isotopic substitutions in individual molecules
in connection with structural determinations [30–32].
Our results indicate the usefulness of tandem mass
spectrometry for a less common application, that of
quantifying the composition of mixtures of isotopo-
logues. High-resolution mass spectrometry proved less
successful for this application.
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