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The generation of low-valence tin derivatives, RSn(l),
in the gas-phase by neutralization-reionization mass
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Neutralization-reionization mass spectrometry (NRMS) was applied to the generation and characterization of low-valence Sn(I)
derivatives. The observation of recovery signals in the NR mass spectra of RSn' ions (R=H, CL, Br, CH,, C,H, C_H,) demonstrated that
their neutral counterparts are stable species in the gas-phase with a lifetime of at least 5 ps. According to quantum chemical calcula-
tions, a favorable Franck—Condon factor may contribute to the stability of RSn neutrals generated in the NR event. The experimental

results for tin acetylide and phenyltin are the first examples of the generation of these previously unknown molecular species.
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Introduction

Low-valence tin derivatives, RSn(I), are an unstable
and seldom observed species. Inorganic Sn(I) derivatives are
of astrophysical interest as their presence in other galaxies
has been detected spectroscopically.’ RSn radicals are com-
mon intermediates or short-lived products of transforma-
tions of stable Sn(IV) or Sn(II) compounds in various
experimental conditions, especially in the gas-phase. Three
general types of processes have been used to produce RSn.
One process is the dissociation of Sn(ITV) or Sn(Il) deriva-
tives. A variety of methods for the activation of Sn-R bonds
in SnR, and SnR, have been employed to produce RSn spe-
cies. Among them are photolysis, thermolysis, DC dis-
charge, plasmas and flames. All these reactions usually
result in several products and identification of the desired
RSn neutral is achieved by the analysis of spectral character-
istics of the mixtures. As an example, photolysis/
photodegradation/photodissociation of SnBr,’ SnBr,,”
SnCl,* or SnCL,* produced SnBr and SnCl, respectively.

Bimolecular reactions of tin compounds with molecules
containing an R group or with R-radicals can be used to form
RSn. For example, glow discharge in H, + Sn(CH,), + He
mixtures was used to produce SnH.° The third way of gener-
ating RSn is by reacting molecular (atomic) Sn with halo-
gen- or hydrogen-containing reactants. Crossed molecular
beam experiments with Cl, or Br,” or with alkyl halides" all
produced the corresponding tin(I) halides. Chemilumi-
nescent beam gas reactions between Sn and various molecu-
lar halides were employed to generate SnF, SnCl, SnBr and
Snl.’ Reactions of atomic Sn in H-air, diffusion H or acety-
lene-containing flames is a source for SnH radicals.”

Organic derivatives of Sn(I) are poorly characterized.
The only well documented radical having an Sn(I)-C bond,
SnCH,, was detected as one of the products of electron
impact induced dissociation of (CH,)Sn,." The ionization
energy of neutral CH,Sn was measured as 6.85 + 0.3 eV and
the dissociation energy of the Sn—C bond was calculated.

Unlike inorganic SnR radicals, whose intrinsic stability
has been predicted by numerous quantum chemical studies,
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theoretical calculations of organic derivatives of Sn(I) is an
almost completely unexplored field. Therefore, it was a big
challenge to find an experimental method which would
allow one to produce previously unknown molecules of this
type. Neutralization-reionization mass spectrometry
(NRMS) is a unique method of generation and characteriza-
tion of unstable molecules and reaction intermediates,
including unknown species. It has been successfully applied
for the generation of Group IVA element-containing mole-
cules and radicals.”" The method is based on the neutraliza-
tion of positively- (or negatively-) charged analogs of the
sought neutral. lonic counterparts of unstable neutrals are
frequently stable species and can be easily generated in the
gas-phase, where they may be converted to the correspond-
ing neutrals. The NRMS technique has been successfully
applied to the generation and characterization of various
monovalent silicon derivatives, RSi (R=OH," NH,,"” CH,,"
C,H," CH," CH,"” OCH,"), as well as the germanium deriv-
ative, CH,Ge,” so that it was worth trying to apply this
method to the generation of related Sn-containing species. In
this work, we report the results for the observation of previ-
ously known (SnH, SnCl, SnBr, SnCH,) and unknown
(SnC,H, SnC H,) Sn(I) derivatives.

Experimental

Organic tin(IV) compounds, nitric oxide and dimethyl-
amine were purchased from Aldrich (Milwaukee, WI,
USA).

Electron ionization mass spectra were recorded and tan-
dem mass spectrometry experiments were performed on
modified VG Analytical (Manchester, UK) ZAB-2F and
ZAB-SE instruments, having BEE and BEB geometries,
respectively. The layout of the ZAB-2F mass spectrometer
had been reported previously.”” All compounds were evapo-
rated into the ion source using a heated direct inlet probe.
The ion source temperature was 200-250°C, the electron
ionization energy was 70 eV, and the accelerating voltage
was 8 kV. Data acquisition and data processing software and
hardware were provided by Mommers Technologies, Inc.
(Vanier, Ontario, Canada).

Both instruments had two collision cells and a deflector
electrode in the second field-free region. In collision-
induced dissociation (CID) experiments with mass-selected
ions, helium or oxygen was used as collision gas. Their pres-
sure was adjusted to give a main ion beam transmission of
~ 85% (85% T). In the NRMS experiments, dimethylamine
or NO was used for neutralization of the mass-selected ions.
The pressure of the neutralization gas in the first collision
cell corresponded to 60—80% T. The voltage on the deflector
electrode was + 1000 V. Oxygen was used for reionization
in the second collision cell; its pressure corresponded to
~ 70% transmission of the main ion beam. The distances
between the first (neutralization) and the second
(reionization) collision cells were 5 cm on the ZAB-SE and

10 cm on the ZAB-2F instrument. Collision-induced disso-
ciation of energy-selected survivor ions was achieved using
oxygen in the third field-free region of the ZAB-2F mass
spectrometer. Collision-induced dissociative ionization
(CIDI) mass spectra were recorded on the same instrument
using He as a collision gas in the first collision cell and oxy-
gen in the second collision cell for ionization of the neutral
products of ion dissociations. A potential was applied to the
deflector electrode to prevent the transport of ions to the sec-
ond collision cell.

Partial isotope interference took place between the ions
of interest and other Sn-containing ions. For example HSn"
jons interfered with Sn” ions and C,H,Sn" with C,H,Sn" ions.
Isotopically pure peaks could be found in each case; the ions
having "Sn, *’Sn, or 'Sn were the most suitable for this
purpose. Ions having the same elemental composition, but
different isotopes of the elements, were present in mass
regions corresponding to SnCl" and SnBr" ions. In these
cases, the presence of isotope interferences was useful for
confirming elemental compositions of these ions.

Quantum chemical calculations were carried out using
density functional theory with the B3LYP functional”* and
the LANL2DZ basis set.” The calculations used the Gaussi-
an 98” series of programs. All equilibrium geometries and
transition state geometries are fully optimized. Vibrational
frequencies and zero-point energies are obtained from the
analytical second derivatives” calculated at the B3LYP/
LANL2DZ level using the B3LYP/LANL2DZ optimized
geometries.

Results and discussion

Electron ionization of stable organic tin(IV) derivatives
was used to generate ions of interest. Ionization of
trimethyltin chloride produced abundant CISn" and CH,Sn’
ions. This compound was also a good source for SnH' ions.
Dissociation of molecular ions of dimethyltin dibromide was
used to generate BrSn' ions. Fragmentation of allyl-
triphenyltin gave C.H,Sn" ions. Further dissociation of these
ions gave rise to C,HSn' ions.

CID mass spectra of all ions of interest were recorded to
ensure their purity and, in the case of polyatomic ions, to
determine the connectivity of atoms. As expected, the CID
mass spectra of diatomic ions were very simple. The only
fragment ion corresponded to the ionized tin. The non-
observation of R” ions was consistent with a significantly
lower ionization energy (/E) of Sn (~ 7.34 eV; all thermo-
chemical data are taken from Reference 26) relative to H, Cl
and Br, with the ionization energy of the latter (~ 11.8 eV)
exceeding the /E of Sn by more than 4 eV.

The CID mass spectra of C,H,Sn", C,HSn" and CH,Sn"
ions are shown in Figures 1-3. These are dominated by Sn”
ions with other fragments making only a small contribution
to the spectra. These results point to the Sn atom as the pre-
ferred site of positive-charge localization in agreement with
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Figure 1. (a) CID and (b) NR mass spectra of SnC,H* ions. An
artifact signal is denoted by the asterisk.

the results of our quantum chemical calculations of RSn"
ions (Table 1). The behavior of C,HSn" and CH,Sn" ions can
be compared with their siticon- (R=CH,," C,H") and germa-
nium-containing (R=CH,”) analogs.

There are distinctive differences in the dissociation
characteristics of C,HE" (E=Sn, Si) ions that can be attrib-
uted to differences in the properties of Sn and Si atoms. The
IE of Sn (7.4 ¢V) is significantly lower than the /E of Si
(8.15 eV) which resulted in a different charge distribution
between the fragments arising from the E-C bond cleavage.
Both E" and C,H' ions were observed in the CID mass spec-
trum of C,HSi™ ions, whereas the CID mass spectrum of
C,HSn" [Figure 1(a)] did not display a signal due to C,H’
ions. The relative contributions of fragments formed other
than by E~C bond fission were also different. EC,” ions were
the most abundant product from the dissociation of C,HSi’,
but this was a minor fragment for E=Sn. Similarly, the con-
tribution from SiC" ions was higher than that from the
SnC"-CH bond cleavage product. These tendencies can be
easily explained by general trends in decreasing E—C bond
strengths going down a group in the Periodic Table.
Weakening of the Sn—C bond relative to the Si—C bond
resulted in the prevalence of E-C bond dissociation in
C,HSn' over other competitive reactions, for example, frag-
mentations involving bond cleavages in the acetylide
moiety.

Similar conclusions can be drawn for the series of
ECH," ions (E=Si," Ge,” Sn). Although the experimental
conditions of the CID experiments were not the same, a dis-
tinctive trend in the reactivity can be easily identified. The
contribution from E’ ions diminished in going from E=Sn to
E=Si in agreement with the increase of the E~C bond
strength. Collision-induced dissociation of CH,Sn" ions
[Figure 2(a)], unlike their Si and Ge analogs, did not produce
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Figure 2. (a) CID, (b) NR mass spectra of SnCH,* ions and (c) CID
mass spectrum  of SnCH;* ions surviving neutralization-
reionization.

any SnH' fragments. The latter would be indicative of a
structure having an Sn~H bond. This fact, as well as the ori-
gin of the ions under study, confirms H,CSn connectivity of
the atoms.

The CID mass spectrum of C.H,Sn" ions [Figure 3(a)]
was consistent with the presence of a phenyl ring. Similarly
to other RSn" ions, the R—Sn bond cleavage dominated the
fragmentation. At the same time, fragments that are charac-
teristic for aromatic structures and correspond to loss of neu-
tral C,H,, C.H, + H,, CH, or C H, were present. Only a weak
signal, due to C H," ions, was detected in the CID mass spec-
trum of C,H,Sn" ions [Figure 3(a)]. This observation was
consistent with higher exothermicity (by 92 kJ mol™) of
Reaction (2) compared with Reaction (1). Additional sup-
port for reactions (1) and (2) was provided by the CIDI mass
spectrum of C,H,Sn" ions [Figure 3(b)], which displayed
peaks for (re)ionized C H, and Sn neutrals, respectively.

CeHsSn'———= CgHs + Sn*AH, (products)=1347 kJ mol™* (1)

e C6H5++ Sn AHfO (products) = 1439 kJ mol! (2)

The results of neutralization—reionization experiments
with mass-selected RSn" ions depended greatly on the nature
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Figure 3. (a) CID, {b) CIDI and (c) NR mass spectra of SnC;H;*
ions.

Table 1. Selected optimized parameters® for RSn ions and neutrals.

of the neutralization gas. No, or very weak, NR mass spectra
were detected when oxygen or xenon were used as the neu-
tralization agent. This result was consistent with that for a
successful NRMS experiment, the ionization energy of the
target used for neutralization should be close enough to the
IE of the neutral counterpart of the projectile ion.”* Ioniza-
tion energies of SnH, SnCl and SnBr have been calculated on
several occasions and were found to be in the range of
~6.5-7.4 eV.” A similar value (6.85 eV) was experimen-
tally observed for SnCH,." All these values are significantly
lower than the ionization energies (~ 12.1 eV) of Xe and O,.
The use of “milder” neutralization targets, such as NO
(JE=9.2¢V) or (CH,),NH (IE=9.2 ¢eV), resulted in the
observation of well-detected neutralization—reionization
spectra of RSn" ions.

The important characteristic of the NR mass spectra of
RSn’" ions was the observation of very intense signals of sur-
vivor ions. The presence of the recovery signal demonstrated
that these RSn radicals were stable in the gas-phase over the
course of the experiment. The calculated half-life times of
these radicals should have exceeded 3-5 ps. It should be
noted that the results for HSn, C1Sn, BrSn and CH,Sn were
somewhat predictable, because these neutrals have been
observed before, whereas evidence for the stability of C,HSn
and C.H,Sn was provided for the first time.

The NR mass spectra of C1Sn" and BrSn' ions displayed
exceptionally strong recovery signals amounting for more
than 80% of the total-ion current. Several factors can con-
tribute to the exclusive stability of the corresponding neu-
trals. First, collisional neutralization of these ions requires

Ton/neutral q(Sn) d(C-Sn) d(C-C) d(C-H) Other
HSn d(R-Sn) 1.763
HSn' 0.8646 d(R-Sn) 1.861
ClSn d(R-Sn) 2.552
ClSn’ 0.9466 d(R-Sn) 2.725
BrSn d(R—Sn) 2.793
BrSn’ 0.9003 d(R-Sn) 3.168
CH,Sn 2270 1.409° 1.087° Sn—phenyl 118.7*
C.H,Sn" 0.7205 2322 1.412° 1.086" Sn-phenyl 117.0°
C,HSn 2.037 1.236 1.068 Sn—C-C 180°
C,HSn' 1.0428 2.000 1.236 1.075 Sn—-C-C 180°
CH,Sn 2.401 - 1.089° Sn-C-H 102.2°®
CH,Sn 0.7958 2.480 _ 1.092" Sn—C-H 100.5°"

"bond distances (d) are in A, net charges (q) are in e.
*average values
‘dihedral angle
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additional energy because the electron transfer from NO and
dimethylamine are exothermic processes. This energy defi-
cit is provided by the translational energy of the projectile
ions. It is possible that the amount of translational energy
converted in the electron exchange between C1Sn" or BrSn’
and NO or (CH,),NH is such that the process becomes
almost thermoneutral or resonant. Second, according to our
calculations (Table 1), the geometries of ground states of
RSn ions and neutrals are close to each other. This is in favor
of the Franck--Condon factor, assuring that vertical neutral-
ization will likely produce a neutral in a deep potential well.
Third, the calculated dissociation energies of neutral CISn
(280-406 kJ mol™**) and BrSn (335 kJ mol™*) are rather
high and, therefore, if the neutrals are formed at the ground
state, there is a significant barrier for their dissociation. A
combination of factors should result in the formation of sta-
ble RSn neutrals. This was observed for R=Cl and R=Br.
Another consequence of the high stability of C1Sn and BrSn,
generated from the corresponding ions, is that the NR mass
spectra of C1Sn" or BrSn” did not display detectable signals
due to C1' and Br" ions. The latter would be easily produced
by collisional (re)ionization by oxygen. This result was also
indicative of the fact that the observation of Sn” ions in the
NR mass spectra of the two ions should be accounted for by
the dissociation of the reionized RSn rather than by
reionization of neutral Sn. A relatively low R—Sn bond dis-
sociation energy in RSn was the most likely factor explain-
ing the moderate intensity of recovery signals in the NR
mass spectra of HSn". Survivor ions accounted for approxi-
mately 50% of the total-ion current with the remaining ions
corresponding to Sn'.

The NR mass spectra of ions having an Sn—C bond are
displayed in Figures 1-3 and are consistent with the CID
mass spectra of the corresponding ions. Survivor ions
accounted for approximately one-third of the total-ion cur-
rent in the NR mass spectrum of C,HSn" ions [Figure 1(b)].
The most intense peak corresponded to Sn” ions. The obser-
vation of a signal, due to SnC" ions at m/z 132, was consistent
with an SnCCH atom connectivity in the ions and the corre-
sponding neutrals. Compared with the NR mass spectrum of
C,HSi","” E-C bond cleavage was more abundant than reac-
tions involving C—H and C—C bond fission. This result can
be easily explained by a lower stability of the Sn—C bond rel-
ative to the Si—C bond in the corresponding ions and neu-
trals.

The NR mass spectrum of CH,Sn” ions [Figure 2(b)]
showed a rather weak, but clearly detectable, recovery sig-
nal. Compared with the NR mass spectra of CH,Si™" and
CH,Ge™ ions, the NR mass spectrum of CH,Sn" ions
showed a significantly lower [CH,E"]/[E"] ion intensity
ratio, even though “milder” reactants were used for neutral-
ization of the latter. Low dissociation energy of the CH,—Sn
bond (183 kJ mol™)" is a likely factor for the reduced stabil-
ity of CH,Sn neutrals generated in the NR event.

The CID mass spectrum of recovery CH,Sn" ions was
recorded [Figure 2(c)] to confirm the structural identity of

the ions before and after neutralization—reionization.
Although the overall intensity of peaks was very low, the
CID mass spectrum of the reionized species contained a
peak due to Sn' ions, which corroborated the methyltin
“structure” of CH,Sn ions and neutrals involved in the NR
event.

The NR mass spectrum of phenyltin ions [Figure 3(c)]
showed a well-detectable recovery signal, indicating the for-
mation of C_H,Sn neutrals that are stable in the experimental
time frame (~ 5 us). The most intense peak in the mass spec-
trum corresponded to Sn" ions. These ions might originate
from three sources. Two of them, viz. the collisional ioniza-
tion of Sn atoms produced by Reaction (2) and the dissocia-
tion of (reionized) C,H,Sn’, were confirmed by the CIDI and
CID experiments described above. The dissociation of neu-
tral C,H,Sn to Sn is another possible contributor to the Sn”
ion signal.

The presence of C,H," ions in the NR mass spectrum of
C.H,Sn" ions can also be explained by various dissociations
of C,H,Sn ions and neutrals. Collisional ionization of neutral
phenyl radicals originating from Reaction (1) is one of the
processes contributing to the signals due to C,H," and other
hydrocarbon ions. The comparison of CIDI [Figure 3(b)]
and NR [Figure 3(c)] mass spectra of CH,Sn" ions shows
that the latter is characterized by a higher [C,H,']/ [CH,"]
(n < 5) peak intensity ratio. This indicated the formation of
C.H,  ions having internal energy that is different from the
internal energy of the ions formed by collisional ionization
of the corresponding neutrals. The most likely source for the
portion of CH," ions that undergo extensive dehydrog-
enation, is the dissociation of survivor ions. The internal
energy acquired by reionized species may significantly
exceed the internal energy transferred by the collisional-
activation event.”” As a result, the dissociation of the survi-
vor C,H,Sn" ions becomes very intense and the dissociation
products are likely formed in their excited states.

Conclusions

Neutralization—reionization mass spectrometry was
applied to produce unusual derivatives of monovalent tin
from the corresponding cations, RSn" (R=H, Cl, Br, CH,,
C,H, CH,). The tin atom in RSn" ions has a (formal) +2 oxi-
dation state, which allowed their generation as stable species
in the gas-phase. Atom connectivity in the ions having an
Sn—C bond was tested by using collision-induced dissocia-
tion. The CID mass spectra were consistent with the struc-
tures having no Sn—H bond(s). This conclusion was
confirmed by neutralization—reionization mass spectra. The
most important feature of the NR mass spectra of RSn" ions
was the presence of a signal due to survivor ions. Their
observation demonstrated that the corresponding neutrals,
RSn, were generated in the course of the experiment with
life-times of at least 3 us. The quantum chemical calcula-
tions showed that the geometries of RSn ions were close to






