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Mass spectra of fully and partially deuterated As, Sb, Bi, Ge, and Sn hydrides have been
obtained using several mathematical approaches aimed at signal extraction and reconstruc-
tion. Study of such hydride mixtures is important for the elucidation of hydride generation
mechanisms. In this approach, mass spectra of partially deuterated isotopomers, i.e., AsH2D
and AsHD2, are extracted using the weighted two-band target entropy minimization method.
Alternatively, these mass spectra were constructed from the mass spectra of fully deuterated
and hydrogenated hydrides using the statistical approach in fragmentation pathways. Con-
centration profiles of all deuterated hydrides were obtained from their overlapping mixture
mass spectra using least-squares deconvolution. (J Am Soc Mass Spectrom 2007, 18,
337–345) © 2007 American Society for Mass Spectrometry

Hydride generation by aqueous phase reaction of
NaBH4 with various elements is a widely used
analytical technique for ultra trace determina-

tion of elements such as As, Sb, Bi, Ge, Pb, Hg, Se, Te,
and Sn [1]. More recently, this reaction has been ex-
tended to generation of volatile species of In, Tl, Cd, Cu,
and many other transition and noble metals [2]. Al-
though hydride generation was first introduced in 1973,
the reaction mechanisms relating to the interaction of
aqueous tetrahydroborate(III) with ionic or molecular
analytes are almost unknown. Nascent hydrogen hy-
pothesis was very popular for a long time even though
there were no supporting experimental data [3]. The
first systematic investigations of the hydride generation
mechanism appeared only recently using the approach
of introducing the deuterium labeled reagents to eluci-
date the details of the hydride formation followed by
mass spectrometric measurements [4]. Unfortunately,
one cannot separate the various isotopologic hydrides
such as AsH3, AsH2D, AsHD2, or AsD3 using conven-
tional capillary gas chromatographic systems. Neither
can these compounds be well separated in the mass
domain since the electron impact mass spectra of these
hydrides greatly overlap. Also, to the best of our

knowledge, there are no experimental strategies for
obtaining pure intermediate isotopologues such as
AsH2D and AsHD2, not even to record their true mass
spectra. In other words, while introducing the deute-
rium labeled reagents potentially offers new informa-
tion about the hydride formation mechanism, the
interpretation of the experimental data becomes cum-
bersome. The aim of this study is to mathematically
solve the above mentioned problem to investigate the
mechanism of hydride formation and H/D exchange
reactions of the various (semi)metal hydrides. Using
deconvolution methods, such as weighted two-band
target entropy minimization [5–8], any recorded mass
spectra of deuterium-labeled hydrides can be deconvo-
luted into the pure mass spectra of each isotopologue
without having standard mass spectra of these com-
pounds. The first part of this study described the
mathematical approaches used to achieve the above
stated aim [9] and in this manuscript we are extending
the work to metal hydrides of the IV and V main group
elements.

Experimental

Reagents and Materials

The following reagents were used: NaBH4 pellets (Alfa
Aesar, Word Hill, MA); NaBD4 pellets (99% D, Cam-
bridge Isotope Laboratories, Andover, MA); 37% DCl in

Published online November 7, 2006
Address reprint requests to Dr. Z. Mester, Institute for National Measure-
ment Standards, National Research Council Canada, 1200 Montreal Road,
M-12, Ottawa, ON K1A 0R6, Canada. E-mail: zoltan.mester@nrc.ca

© 2007 American Society for Mass Spectrometry. Published by Elsevier Inc. Received February 8, 2006
1044-0305/07/$32.00 Revised August 4, 2006
doi:10.1016/j.jasms.2006.09.018 Accepted September 24, 2006



D2O (99.5% D, Aldrich, St. Louis, MO); 30% NaOD in
D2O (99% D, Aldrich) and D2O (99% D, Aldrich). A
stock solution of NaBH4 (1.0 M) in H2O was stabilized
by adding NaOH up to 0.5 M. A stock solution of
NaBD4 (1.0 M) in D2O was stabilized by adding NaOD
up to 0.5 M. Working solutions of pure 0.2 M NaBH4,
0.2M NaBD4, as well as mixed 0.2 M (NaBH4 � NaBD4)
were prepared before experiments by adding 4 mL of
H2O to x �L of 1.0 M NaBH4 � y �L of 1.0 M NaBD4 (x
� 1000, 900, 750, 500, 250, 100, and 0 �L; x � y � 1000
�L). The resulting concentration of NaOH in the final
solutions is 0.1 M NaOH. A 0.2 M NaBD4 solution in
D2O and 0.1 M NaOD were prepared for hydride
generation in fully deuterated reaction medium.
Cold vapor generation of hydrides was performed in

septum-sealed vials using solutions of 500 �g mL�1

As(III) and Bi(III), and 100 to 300 �g mL�1 (in acidified
aqueous media) of 123Sb(III), 73Ge(III), and 118Sn(IV)
(Oak Ridge National Laboratory, Oak Ridge, TN). All
other reagents were of analytical grade.

Instrumentation

A Hewlett-Packard 6890 gas chromatograph (Wilming-
ton, DE) operated in the splitless mode and equipped
with a Hewlett-Packard 5973 mass selective detector
(operated at 70 eV) was fitted with a DB-1 capillary
column (30 m� 0.25 mm i.d.� 1 �m; ValcoBond VB-1).
A 5 mL gas-tight Hamilton syringe was used for sam-
pling headspace gases from reaction vials; 10 mL screw
cap reaction vials, fitted with PTFE/silicone septa
(Pierce Chemical Co., Rockford, IL), were used accord-
ing to experimental requirements. The GC was oper-
ated under the following conditions: injector tempera-
ture 150 °C; oven temperature 35 °C (isothermal). The
carrier gas was He at 1.2 mL min�1.

Hydride Generation Procedure

The 10 mL reaction vial containing 2 mL of acid (1 M
HCl or DCl for As, Sb, and Bi and 0.01 MHCl or DCl for
Ge and Sn), approximately 2 to 10 �g of the element
ions and a Teflon coated stir-bar was capped and two
stainless steel needles were inserted through the sep-
tum. Vigorous stirring of the solution was started and
nitrogen was then introduced through one needle to
purge the atmospheric oxygen from the headspace of
the vial. The two needles were then removed and 1 mL
of 0.2 M reducing solution (NaBH4, NaBD4 or NaBH4,
and NaBD4 mixture) was injected using a plastic sy-
ringe fitted with a stainless steel needle. Headspace
gases (2 to 3 mL) were subsequently sampled with a gas
tight syringe and injected into the GC/MS.

Collection of Mass Spectra

Mass spectra of the hydride mixtures were obtained by
integrating the overall chromatographic peaks. Average
background intensities were subtracted. The obtained

L1-normalized (�Ai � 1) mass spectra were sufficiently
stationary, i.e., constant in their statistical parameters
over time. For example, results of 10 duplicate experi-
ments using various mixtures of NaBH4 and NaBD4 in
HCl showed the relative mass spectral intensity varia-
tions in the order of 1.5%. Average mass spectra of 2 to
4 measurements were used for spectral reconstruction
and deconvolution. For reconstruction of AsHnDm,
SbHnDm, and BiHnDm spectra (4 spectra, 7 m/z channels
each) seven different mixture mass spectra were used
(each being average of 2 to 4 replicate measurements).
For SnHnDm and GeHnDm (5 spectra, 9 m/z channels) 12
mixture spectra were used in each case.

Calculations

All computations were carried out using the commer-
cially available MathCad v.12.0 package (Mathsoft En-
gineering and Education, Inc.). Reconstruction of the
mass spectra was done using the statistical mass bal-
ance° method° [9]° and° the° weighted° two-band-target
entropy minimization algorithm (developed by the Gar-
land°group°[5–8]°and°discussed°originally°by°Zhang°et
al.°[5];°see°also°the°first°part°of°this°study°[9]).°Standard
simulated annealing minimization procedure was used
to search for global minima, i.e., pure component mass
spectra.
Concentration profiles of the individual isotopo-

logues were obtained using a least-squares isotope
pattern°reconstruction°as°described°elsewhere°[10,°11].
A non-negative least-squares minimization routine was
used for the reconstruction of more complex Ge and Sn
hydride mass spectra to avoid the occurrence of nega-
tive°contributions°[12].°Spectral°contrast°angle°between
the two mass spectra was calculated as follows:

cos��� �

i

Ai ·Bi (1)

where Ai and Bi are the ion intensities on the ith m/z
channel. For spectral comparison purposes, all the mass
spectra were normalized with respect to their L2-norm,
i.e., �Ai

2 � �Bi
2 � 1, unlike the conventional L1-norm

(�Ai � �Bi � 1) for the reasons discussed elsewhere
[13].°L1-norm°was°used°in°spectral°reconstruction,°en-
tropy minimization and in least-squares reconstruction.

Results and Discussion

The maximum number of hydrogen atoms, n, in simple
metal and nonmetal volatile hydrides ranges from 1 to
4 and introducing deuterium in these hydrides can
result in a maximum of (n � 1) partially deuterated
isotopologues with a total of (n � 1) hydrides formed.
The simplest case of n � 1 represents hydrides such as
HCl, HBr, (CH3)2AsH or CH3HgH. The mass-domain
separation of these isotopomers is a trivial task (espe-
cially when enriched isotopes of the analyte elements
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are used) since there is no mass spectral overlap on the
molecular ions of the two species, e.g., D81Br and H81Br
can be directly measured. In the case of n � 2, the
system becomes more complex. Direct estimation of
H2O, HOD, and D2O from their electron impact mass
spectra is impossible since H2O

� overlaps with OD�

(originating fromHOD and D2O). In the first part of this
study, we described the mass spectral deconvolution of
the systems with n � 2 using three conceptually differ-
ent°approaches°[9]°and°here°we°extend°the°introduced
methods to the mass spectral reconstruction of hydrides
with n � 3 and 4.

Deconvolution of EH3/EH2D/EHD2/ED3

Mass Spectra

Electron impact mass spectra of the partially deuterated
(semi)metal hydrides cannot be obtained due to the
difficult chromatographic separation and their large
spectral overlap. Mass spectra of AsH2D and AsHD2 for
example cover m/z channels from 75 to 79 and 75 to 80,
respectively. In the following paragraphs we will apply
the°band-target°entropy°minimization°[5,°8]°and°mass
balance°[9]°models°to°obtain°the°mass°spectra°of°the
partially deuterated hydrides of As, Sb, Bi, Ge, and Sn.
Unlike in the systems with n � 2 (H2O, H2Se), the
alternating°least-squares°model°[9]°cannot°be°extended
to hydrides with n 	 2 due to the rapid increase in the
number of unknown variables. In the case of As, 12
unknown variables (three concentrations, nine ion in-
tensities for AsH2D and AsHD2) are present while only
six independent measurements are available from the
normalized mass spectra of m/z � 75 to 81).

Statistical Mass Balance Model

Statistical reconstruction of the individual deuterated
hydride isotopologue mass spectra has been attempted
previously.°Reconstruction°of°deuterated°diborane°[14],
methane°[15],°and°ethane°[16]°mass°spectra°has°been
reported. Reconstructed mass spectra of deuterometh-

anes have even found application in methane H/D
exchange°studies°over°various°catalysts°[17].
Reconstruction mixed isotopomer mass spectra of

arsenic, antimony, and bismuth hydrides can be
achieved in a manner similar to that used for H2O and
H2Se°isotopologues°[9].°In°principle,°the°statistical°mass
balance model reconstructs the mass spectra of isotopo-
logues EH2D and EHD2 using the mass spectra of EH3
and ED3 (E� As, Sb, Bi). All the possible fragmentation
reaction pathways can be written for EH3, EH2D, EHD2
and ED3 (see Scheme 1). For each of the reactions, a
probability coefficient k is assigned that accounts for the
mass balance between the precursor ion and its frag-
ment ion along with the statistical reaction probability
factor. The individual ion intensities for EH2D and
EHD2 mass spectra are derived using the symmetry
numbers for each fragmentation reaction. In other
words, the loss of the H· radical from EH3

·� (represented
by the kH1) is assumed to be three times as probable as
the loss of H from the EHD2

·� (represented by [1/3]kH1).
Symmetry numbers for the loss of HD are determined
by assuming that the probability of HD elimination is
the arithmetic average between the H2 and D2 elimina-
tion reactions. Consider the fragmentation EH2D

·� ¡
EH·� (loss of HD). There are two combinations for HD
elimination from the EH2D whereas there are three
combinations to remove H2 or D2 from EH3 and ED3,
respectively. Thus, the symmetry number for the loss of
HD in the pathway EH2D

·� ¡ EH·� is [2/3].
Reaction probability coefficients are obtained from

the experimental mass spectra of pure EH3 and ED3 and
are used to reconstruct the mass spectra of EH2D and
EHD2. For example, coefficients kHi and the experimen-
tally measured mass spectrum of EH3

·� are linked via
the following equations:

I�EH3
·�� � 1� kH1� kH11 (2)

I�EH2
�� � kH1�1� kH2� kH21� (3)

I�EH·�� � �kH1kH2� kH11��1� kH3� (4)

Scheme 1. Statistical mass balance model of the EH3 and ED3 mass spectra (E � As, Sb or Bi) that
is used to reconstruct the mass spectra of the EH2D and EHD2. Coefficients k represent the reaction
probabilities. k11 � (kH11 � kD11)/2 and k21 � (kH21 � kD21)/2.
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I�E�� � kH1kH2kH3� kH1kH21� kH11kH3 (5)

There are three independent measured variables and
five unknowns in this system of equations. Because this
system is under-determined, one can have an infinite
number of solutions to the model described above.
Despite that, it is feasible to assign values to all the
possible combinations of kH1, kH2 and kD1, kD2 (kH1, kH2,
kD1, kD2 � [0�1]) and, for each of these values, calculate
the corresponding values of kH3, kH11, kH21, and kD3,
kD11, kD21. Any negative k values are excluded from the
solution set. This procedure is essentially a non-
negative° least-squares° optimization° [12]° where° any
combination of non-negative kH1, kH2, kH3, kH11, and kH21
that fit the mass spectra of EH3 is obtained. The same
applies to ED3. Once all the possible sets of kHi and kDi

are identified, mass spectra of EH2D and EHD2 are then
obtained for every possible combination between those
two sets according to Scheme 1.
Despite the under-determined nature of the model,

the obtained ion intensities for mass spectra of AsH2D
and AsHD2 are rather insensitive to the particular
values°of°k used°(Figure°1).°This°is°because°of°the°fact
that them/z � 78, 79, and 80 intensities depend on either
the ratio or the difference between the kHi and kDi. Since
the differences in AsH3 and AsD3 mass spectra are
small (in terms of the ion intensities), so are the differ-
ences between the possible kHi and kDi values. It is
interesting to note up front that despite the simplicity of
this model, the ion ratios in the predicted isotopologue

mass spectra agree rather well with the experimental
measurements.

Weighted Two-Band Target Entropy
Minimization Model

Band-target entropy minimization is an alternative ap-
proach°to°reconstruct°component°mass°spectra°[5,°8].
One of the most prominent features of the band target
entropy minimization is the selection of the target m/z
channels. Given a mass spectra with n channels one has
·n(n � 1) combinations of two-band targets (including
situations where both bands represent the same m/z
channel). In the case of arsenic hydride mixtures, 28
different targets over a seven channel mass spectra (m/z
� 75 to 81) leads to four distinct mass spectra as shown
in°Figure°2.°Note°that°the°key°to°retrieving°a°component
mass spectrum using this technique is the existence of a
unique m/z channel that bears the highest intensity ion
among all the other component spectra. AsH3 has such
an ion at m/z 78, AsH2D at m/z 79, AsHD2 at m/z 80, and
AsD3 at m/z 81.
Two of the retrieved profiles agree with the experi-

mental spectra of AsH3 and AsD3; however, closer
inspection of the remaining two spectra shows abnor-
mally large molecular ions. This is not consistent with
the observed ion intensity relationships in isotopologue
mass spectra since it is reasonable to assume that the
molecular and elemental ion intensities of isotopo-
logues have to range between the intensities of fully
hydrogenated and deuterated compounds. When such
contextual knowledge was included in the weighted
two-band target entropy minimization algorithm the
obtained AsH2D and AsHD3 mass spectra were in good
agreement°with°the°statistical°model°(Figure°2°top)°and
the experimental data (see Validation section). Note
that the biased ion ratios cannot be regarded as a failure
of the entropy minimization model, rather as a conse-
quence of the extremely dense spectral overlaps in this
particular situation.
For reference purposes, the reconstructed As, Sb, and

Bi hydride isotopologue mass spectra are given in the
Table°1.
To the best of our knowledge, this is the first study of

the individual metal hydride isotopologue mass spec-
tra, thus it is of interest to discuss the spectral similarity
of these spectra. Spectral contrast angle is widely used
similarity criteria in diverse fields, including mass spec-
trometry°[13,°18].°Inspecting°the°spectra°from°Table°1,°it
can be observed that the spectral similarity between
successive isotopologues (AsH3 versus AsH2D; AsH2D
versus AsHD2; AsHD2 versus AsD3) is rather constant.
This can be illustrated by plotting the congruence angle
among°the°isotopologues°in°polar°coordinates°(Figure°3)
[19].°Thus,°all°the°isotopologue°mass°spectra°(including
the Sn and Ge hydrides as discussed later) share an
equal degree of dissimilarity. If this rule has a general
extension, it will ensure that the spectral similarity of

Figure 1. Reconstruction of the AsH2D and AsHD2 mass spectra
using the statistical mass balance model. Maximum difference
between the kHi and kDi was allowed to be 50% (1000 simulations).
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Figure 2. Reconstruction of AsHnDm mass spectra using blind two-band-target entropy minimiza-
tion (below). The filled circles below represent the target m/z channels. Above are the AsH2D and
AsHD2 spectra obtained when restrictions to the molecular ion intensity are implemented.

Table 1. Reconstructed mass spectra of 75As, 123Sb and 209Bi hydrides

(75As) AsH3
a | b AsH2D c | b AsHD2

c | b AsD3
a | b

m/z � 75 0.145 | 0.145 0.142 | 0.139 0.139 | 0.135 0.133 | 0.136
76 0.421 | 0.420 0.278 | 0.262 0.141 | 0.086 0.008 | 0.000
77 0.106 | 0.105 0.176 | 0.177 0.281 | 0.324 0.421 | 0.431
78 0.328 | 0.328 0.066 | 0.079 0.064 | 0.006 0.003 | 0.000�

79 0.000 | 0.001 0.341 | 0.343 0.031 | 0.103 0.088 | 0.088
80 0.000 | 0.000 0.000 | 0.000� 0.344 | 0.346 0.022 | 0.000�

81 0.000 | 0.000 0.000 | 0.000� 0.000 | 0.000� 0.325 | 0.345

(123Sb) SbH3 SbH2D SbHD2 SbD3

m/z � 123 0.238 | 0.238 0.230 | 0.218 0.231 | 0.205 0.215 | 0.225
124 0.368 | 0.367 0.240 | 0.211 0.118 | 0.098 0.007 | 0.007
125 0.120 | 0.121 0.164 | 0.166 0.240 | 0.273 0.353 | 0.351
126 0.274 | 0.273 0.081 | 0.123 0.079 | 0.056 0.004 | 0.000�

127 0.000 | 0.001 0.285 | 0.282 0.042 | 0.072 0.113 | 0.120
128 0.000 | 0.000 0.000 | 0.000� 0.290 | 0.296 0.021 | 0.001�

129 0.000 | 0.000 0.000 | 0.000� 0.000 | 0.000� 0.288 | 0.296

(209Bi) BiH3 BiH2D BiHD2 BiD3

m/z � 209 0.444 | 0.442 0.398 | 0.408 0.371 | 0.375 0.362 | 0.370
210 0.419 | 0.420 0.233 | 0.233 0.122 | 0.068 0.001 | 0.000�

211 0.058 | 0.058 0.173 | 0.205 0.245 | 0.322 0.401 | 0.398
212 0.079 | 0.078 0.090 | 0.055 0.078 | 0.023 0.000 | 0.000�

213 0.000 | 0.000� 0.106 | 0.097 0.058 | 0.059 0.079 | 0.086
214 0.000 | 0.000� 0.000 | 0.000� 0.126 | 0.149 0.002 | 0.001�

215 0.000 | 0.000� 0.000 | 0.000� 0.000 | 0.000� 0.154 | 0.146

aExperimental mass spectra.
bBand-target entropy minimization. Ions that were forced to zero are marked with an asterisk (�). Molecular ion intensity of EH2D and EHD2 was
forced to be within the EH3 and ED3 values.
cStatistical mass balance model. Maximum difference between the kHi and kDi was allowed to be 50% (1000 simulations).
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any isotopologue mass spectra is governed by the
orthogonality (dissimilarity) between the fully hydro-
genated and fully deuterated hydride mass spectra.
Among the periodic trends seen in the mass spectra of
the element hydrides, the intensity of the molecular ion
diminishes with the increase of the atomic number. In
other words, heavy element hydrides are more prone to
fragmentation.

Deconvolution of EH4/EH3D2/EH2D2/EHD3/ED4

Mass Spectra

Aqueous phase reaction of borohydride, BH4
�, with

Ge(IV) and Sn(IV) species forms GeH4 and SnH4 respec-
tively. However, in the presence of deuterated borohy-
dride, BD4

�, four more hydrides can form: EH3D,
EH2D2, EHD3, and ED4 (E � 73Ge, 118Sn) depending on
the BH4

�/BD4
� ratio. Also, various partially deuterated

hydrides can be obtained when GeH4/GeD4 and SnH4/
SnD4 are subjected to H/D exchange reactions at dif-
ferent pH.
Germanium and tin hydride mass spectra are differ-

ent from the As, Sb, and Bi hydride in a sense that the
molecular ion is practically absent. Also, the number of
isotopologues is by one larger than in the case of group
V element hydrides. For these reasons the Ge and Sn
hydride isotopologue mass spectra are substantially
overlapping and the retrieval of all five isotopologue
mass spectra using the band-target entropy minimiza-
tion model was not successful. GeH4, GeD4, and SnH4,
SnD4 mass spectra can be easily recovered using the
restrictions analogous to As, Sb, and Bi spectra. Alter-
nating the band-targets for germanium hydride mix-
tures, for example, leads to the retrieval of only GeH4,
GeD4, and GeHD3 spectra. Accurate ion intensities,
however, cannot be ensured for GeH3D, GeH2D2,
GeHD3, and their Sn analogues for two reasons. First,
no feasible verification of the ion intensities can be done
(due to the absence of the molecular ions) and, sec-
ondly, there is no safe way to ensure that pure spectra

(and not linear combinations of several spectra) are
retrieved from the entropy minimization. At the ex-
pense of additional assumptions (such as the pure GeD4
and GeH4 spectra), the statistical model, however, is not
affected by the dense spectral overlaps; hence, it can be
used to reconstruct all the isotopologues of Ge and Sn
hydrides°as°shown°in°Table°2.
Despite some difficulties of implementing the

weighted two-band target entropy minimization model
in the particular case of Ge and Sn hydride mixtures, it
has an important advantage in retrieval of fully deuter-
ated hydride reference spectra. Due to the high reactiv-
ity of GeD4 and SnD4, the H/D exchange process makes
it extremely hard to obtain mass spectra with no impu-
rities from the first exchange products GeHD3 and
SnHD3.

Isotope Effects in Fragmentation

When comparing the mass spectra of the various isoto-
pologues clearly the ion ratios within each mass spec-
trum°are°different°(Figure°4).°For°example,°the°ratio°of
AsD3

·�/As� in the mass spectrum of AsD3 is 2.43 � 0.04
(�2s) whereas the AsH3

·�/As� ratio in the mass spec-
trum of AsH3 differs by �7% (2.26 � 0.01). Similar
comparison of the molecular ion and elemental ion
ratios for Sb and Bi hydrides show 15 and 50% differ-
ences, respectively. This is clearly due to the isotope

Table 2. Reconstructed mass spectra of 73Ge and 118Sn
hydridesa

(73Ge) GeH4(exp) GeH3D GeH2D2 GeH3D GeD4
b

m/z � 73 0.162 0.138 0.143 0.128 0.124
74 0.103 0.053 0.037 0.021 0.001
75 0.363 0.206 0.101 0.056 0.083
76 0.363 0.262 0.252 0.166 0.000
77 0.009 0.311 0.268 0.202 0.395
78 0.007 0.206 0.307 0.000
79 0.005 0.096 0.389
80 0.007 0.007
81 0.001

(118Sn) SnH4(exp) SnH3D SnH2D2 SnH3D SnD4
c

118 0.266 0.244 0.249 0.237 0.234
119 0.081 0.048 0.032 0.017 0.000
120 0.215 0.126 0.069 0.050 0.070
121 0.434 0.226 0.115 0.113 0.000
122 0.004 0.352 0.279 0.123 0.243
123 0.003 0.240 0.346 0.000
124 0.003 0.111 0.451
125 0.003 0.000
126 0.001

aStatistical mass balance model. Maximum difference between the kHi
and kDi was set to 50%.
bExperimental GeD4 spectrum contains rather large amounts of GeHD3
and GeH2D2 (�10%). Constrained entropy minimization was used to
recover the pure GeD4 mass spectra (m/z � 76 and 78 were forced to be
 0.001).
cExperimental SnD4 mass spectrum contains about 5% SnHD3. Thus, all
the calculations were preformed in two iterations. In the first iteration
the raw SnD4 spectrum was used and in the second iteration the
contribution of the SnHD3 spectrum was removed from the contami-
nated experimental SnD4 mass spectrum.

Figure 3. Spectral contrast angle (angle of congurence) between
the neighboring EHnDm isotopologue mass spectra, i.e., AsH3 and
AsH2D, AsH2D and AsHD2 etc. (E � As, Sb, Bi). All the mass
spectral vectors have approximately equal dissimilarities among
them.
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effects in the fragmentation pathways. We can see that
on average, the loss of hydrogen predominate the loss
of deuterium in 70 eV electron impact mass spectra of
As, Sb, Bi, Ge, and Sn hydrides. Note that staggeringly
large isotope effects in EI mass spectra are not uncom-
mon. Such effects, for example, have been observed for
methane isotopologue CHD3 where the loss of H·

greatly°predominates°the°loss°of°D·°[20].°Similar°obser-
vations are known for hydrocarbon electron impact
spectra, where deuterium is also less easily split off than
hydrogen°[21].
For As, Sb, and Bi the ratios of the molecular ions to

the elemental ions are shown (e.g., AsD3
·�/As·�). For Ge

and Sn, the largest fragment ion is used due to the
absence of the molecular ions (e.g., SnH3

�/Sn�).
Because the ion ratios in the mass spectra of fully

deuterated hydrides are different from those in fully
hydrogenated species, prediction of the partially deu-
terated hydride mass spectra with the statistical mass
balance model requires the use of both spectra (i.e., kHi

and kDi). It is interesting to note that the magnitude of
the isotope effects in the group V metal hydrides
(As-Sb-Bi) increases with the increase of the atomic
number. The explanation of this effect is, however, well
beyond the scope of this manuscript.

Validation of the Reconstructed Mass Spectra

Although it is practically impossible to obtain pure
mass spectra of the partially deuterated species (unless
scrupulous separation is performed), nevertheless, it is
possible to obtain experimental evidence of certain ion
ratios for the AsHD2, SbHD2, and BiHD2 mass spectra
from rather simple experiments. When 75As, 123Sb, and
209Bi hydrides are generated in an environment that
contains 	90% deuterium (as BD4

�), it is reasonable to
assume that the generated hydride mixtures will con-
tain mostly 75AsD3,

123SbD3,
209BiD3, some amounts

75AsHD2,
123SbHD2,

209BiHD2, and virtually no other
species such as AsH3 or AsH2D. The same principle is
also observed, for example, in a H2O/HOD/D2O sys-
tem. In such mixtures ions with even m/z ratios origi-
nate from the 75AsHD2,

123SbHD2, and
209BiHD2 and

have no contributions from the fully deuterated com-
pounds. Thus, the even m/z ion ratios can be compared
to the theoretical estimates from the statistical, and
entropy°minimization°models° as° shown° in° Table° 3.
Hydrides for this experiment were generated using a
90:10 mixture of equimolar NaBD4 and NaBH4 solu-
tions. Using the coefficients and the symmetry numbers
from Scheme 1, it is easy to show that the m/z 80: 78
ratio in the AsHD2 mass spectrum according to the
statistical mass balance model is

m ⁄°z�80 : 78� �
1

3
·
2 · I81

AsD3 � I78
AsH3

I79
AsD3 � I77

AsH3
· (6)

This estimate is in good agreement with the experimen-
tal results as shown in Table 3. Similarly one can obtain
the estimates of the SbH2D, SbHD2, and BiH2D, BiHD2
mass spectra (see Table 3).
The agreement of the statistical model with exper-

imental values is striking and the constrained band-
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Figure 4. Isotope effects in EI fragmentation: differences in the
fragment ion ratios from hydrogen- and deuterium-containing
hydrides. On average, these results show that the loss of hydrogen
occurs easier than that of deuterium.For As, Sb and Bi the ratios of
the molecular ions to the elemental ions are shown (e.g. AsD3

.�/
As.�). For Ge and Sn the largest fragment ion is used due to the
absence of the molecular ions (e.g., SnH3

�/Sn�).

Table 3. Validation of the reconstructed mass spectra

Ions m/z Experimentala Statistical model Entropy modelb

75AsHD2
.�/75AsHD� 80/78 5.26 � 0.55 5.35 � 0.02 8 � 5 (38 � 10)

75AsHD2
.�/75AsH.� 80/76 2.04 � 0.15 2.43 � 0.15 3.1 � 0.5 (7.8 � 1.0)

123SbHD2
.�/123SbHD� 128/126 3.85 � 0.14 3.67 � 0.02 4.0 � 1.4 (n/a)c

123SbHD2
.�/123SbH.� 128/124 2.33 � 0.03 2.45 � 0.15 2.5 � 0.6 (19 � 8)

73GeHD3
.�/73GeHD2

� 78/76 1.5 � 0.4 1.8 � 0.9 n/a (2.0 � 0.5)
118SnHD3

.�/118SnHD2
� 123/121 3.1 � 0.3 3.1 � 1.2 n/a (n/a)d

aObtained from the AsD3/AsHD2 and SbD3/SbHD2 mixtures generated with NaBD4 � NaBH4 (90:10) (� 2s are reported). SnHD3/SnD4 and
GeHD3/GeD4 mixtures were obtained from NaBD4 in H2O.
bConstrained weighted two-band target entropy minimization (restrictions in the molecular ion intensity were applied). Values obtained from blind
deconvolution are given in the parenthesis.
cm/z � 126 intensity is very small (�0.004) in blind deconvolution.
dm/z � 121 intensity is very small (�0.01) in blind deconvolution.
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target entropy minimization leads to mass spectra
that agree with experimental evidence. Applying
restrictions on particular ion intensities is, perhaps,
feasible, only in isotopologue systems where partial
knowledge is always present (since the molecular
formulas are known). Similarly, we have shown that
it is possible to obtain accurate spectral intensities
from the band-target entropy minimization algorithm
when certain m/z channels are forced to zero (as in the
case of the GeD4 mass spectrum). In practice, such
restriction can be useful when the task is to extract
the mass spectrum of a particular component. For
example, when a mass spectrum of AsH3 is required,
the intensities of the channels 75 	 m/z 	 78 can be
set to zero.

Isotopic Conversion of the Mass Spectra

So far only the mass spectra of monoisotopic element
hydrides have been considered. Unlike arsenic and
bismuth, antimony, germanium and tin are not mo-
noisotopic, therefore the mass spectra of the hydrides
are more complex when natural isotopic composi-
tions are used for hydride generation. Fortunately,
the isotopic conversion of mass spectra is feasible.
The reconstructed mass spectra of 123SbH2D and
123SbHD2 can be convoluted with the natural isotope
pattern of antimony to obtain the spectra of SbH2D
and SbHD2. As an illustrative example, the mass
spectrum of SbH3 can be obtained when the mass
spectrum of 123SbH3 is convoluted with the Sb isotope
pattern. If each of the mass spectra is represented as
a vector An�1 and Bm�1, then the transformed mass
spectra C(m�n � 1) � 1 is obtained by summing the
secondary diagonals (skew diagonals) of the matrix A
� BT. For the 123SbH3 ¡ SbH3 conversion the follow-
ing operations have to be performed:

Such convolution is in agreement with the experimental
results obtained from Ge and Sn hydrides generated
from monoisotopic and natural abundance elements
under identical conditions. Note that for isotope pattern
conversions with more than one hetero-element this
calculation becomes iterative [22]. An alternative ma-
trix-based isotopic conversion algorithm is also de-
scribed in the literature (both agree) [23].

Concentration Profiles of Isotopologues

The ultimate aim of this study was to be able to
obtain accurate concentration profiles for the deuter-
ated element hydrides. To achieve this, various ratios
of BH4

�/BD4
� were used to generate the arsenic hy-

drides and the collected normalized mass spectra
(m/z � 75 to 81) of the hydride mixtures were then
inspected. Amount fraction of each compound in the
analyzed gas mixtures was calculated from the ob-
served composite mass spectra using the isotope
pattern reconstruction [10, 11]. In this procedure, the
amount fractions of all four arsenic hydride isotopo-
logues are obtained from the linear fit of the follow-
ing equation:

�
0.139

0.230

0.221

0.115

0.165

0.104

0.026

� xAsH3·�
0.145

0.421

0.106

. . .

0.000
� xAsH2D·�

0.142

0.278

0.176

. . .

0.000


� xAsHD2·�
0.139

0.141

0.281

. . .

0.000
�xAsD3�

0.133

0.008

0.421

. . .

0.325

(8)

The left side of the equation is the average mixture
mass spectrum (from n � 4 experiments) and right
side contains the four mass spectra of the individual
isotopologues (from Table 1). Least-squares fitting of
this mass spectrum leads to the relative isotopologue
abundances 0.18, 0.43, 0.31, and 0.09 for AsH3,
AsH2D, AsHD2, and AsD3 respectively. Figure 5
shows the deconvoluted concentration profiles of the
arsenic hydride isotopologues generated using vari-
ous amounts of NaBD4 in the mixture of NaBD4 and
NaBH4 (from pure NaBH4 to pure NaBD4). From
these profiles one can see that the sequential hydro-
gen and deuterium incorporation into the metal hy-
drides approximately follows the binomial probabil-
ity distribution [24]:

xAsH3�iDi
�

3!

i ! · �3� i�!
· xD

i · xH
3�i (9)

where xD and xH are the deuterium and hydrogen
amount fractions in the borohydride mixtures (BD4

�/
BH4

�). Any deviations from this equation are the
result of kinetic effects of H and D transfer. Increas-
ing the amount of deuterium in the borohydride
results in the systematic increase of deuterated ar-
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senic hydrides: starting from the AsH2D, then fol-
lowed by AsHD2 and ultimately, NaBD4 produces
almost pure AsD3.
The differences in concentration profiles as ob-

tained from the statistical model and the constrained
band-target entropy minimization approach are
rather small and are acceptable for analytical pur-
poses.

Conclusions

In this study, we have shown that the statistical mass
balance model is very efficient in predicting the ion
intensities in the complex mass spectra of As, Sb, Bi,
Ge, and Sn hydride isotopologues. This model con-
structs the mass spectra of EH2D and EHD2 isotopo-
logues from the experimental mass spectra of EH3
and ED3. Alternatively, weighted two-band target
entropy minimization can also extract the EH2D and
EHD2 mass spectra from the mixtures of isotopo-
logues with unknown concentration and having no
need to know EH3 and ED3 spectra. We have shown
that accurate ion intensities can be predicted for these
compounds thus solving mass spectrometric prob-
lems, virtually intractable before: using the predicted
mass spectra we are now able to estimate the indi-
vidual isotopologue concentration in unknown mix-
tures that is essential for investigations of the hydride
generation and aqueous H/D exchange reaction
mechanisms [25].
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Figure 5. Deconvoluted concentration profiles of the arsenic
hydride isotopologues generated using various amount fractions
of NaBD4 in the mixtures of NaBD4 and NaBH4. Isotopologue
mass spectra were obtained from the statistical model (black
circles) and the entropy minimization approach (open circles).
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