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SmBryla—x(g) and SnBryls—,* (x = 0—4,y = 0—3) Species: Mass Spectrometric Evidence
and Quantum-Chemical Studies

1. Introduction

Metal halides are known to form various kinds of halogen-
bridged vapor complexés?® These complexes are important
for practical applicatiorfsand provide challenging targets for
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Dimeric gaseous species Bnl,s—, X = 0—4, were detected by Knudsen effusion mass spectrometry. Fragment
ionic species SiBr,l;-y", y = 0—3, yielded by electron bombardment were identified in mass spectra of
SnBr—Snk, equilibrium vapors. The structure and bonding of identified ions and neutral precursors were
studied by quantum-chemical methods. Enthalpies and entropies of the anion-exchange reactions involving
gaseous dimeric species were estimated by the use of mass spectrometric and theoretical data. Implications
of the thermodynamic and structural data obtained by theoretical methods on the observed fragmentation
paths of the neutral $SBryl4— species are discussed. The nature of interactions leading to dimer formation is
studied on the basis of the atomic charge distribution and the variational-perturbational interaction energy
decomposition scheme. The studies unravelled the additivity of properties such as bond length, vibrational
frequencies, and atomic charge distribution corresponding t+Bsand Sn-1 bonds participating in studied
molecules and ions.

gaseous equilibria involving the &Brl4—x dimer complexes.
Studies of the nature of bonding by terminal and bridged bonds
were performed to elucidate the differences betweenESrand
Sn—I bonds in different environments.

basic researchDespite many experimental studies carried out _ )
mostly by the Knudsen effusion mass spectrometry, still little 2. Experimental Section

is known about the nature of chemical bonding and the structure
of the metal halide complex. Knowledge concerning fragmenta-
tion processes of such species upon electron bombaretimen

Mass spectrometric studies were carried out with a substan-
¢ tially modified single-focusing CH5 mass spectrometer (Finni-

the ionization technique commonly used in the Knudsen effusion 92" MAT, Bremen, Germanywhich was equipped with the

mass spectrometry is rather scanty as well. Measurements leadcnudsen cell machined from molybdenum of a knife-edged
to uncertainties in data obtained by this method due to effusion orifice with a diameter of 0.8 mm. Temperatures were

difficulties in the assignment of ion intensities to their neutral Measured with a chromel/alumel thermocouple calibrated at the
precursord:5 This is particularly the case for the minor vapor melting point of silver. Electrons with energy of 25 eV were
components for which fragmentation studies based on recordingused for the ionization of neutral vapors.

ionization efficiency curves, or on the isothermal evaporation  SnBr, and Snj (both nominal purity 99.999% mass, Cerac

method, are difficult to apply. Inc., Milwaukee, WI) were used for the sample preparation.
In our previous study we investigated the thermochemistry Three samples of different chemical compositions were prepared
of monomer species present in SpB8nk vapors? In this work (Table 1). The compositions were chosen on the basis of the

we report the mass spectrometric identification of dimeric SnBp—Snl, phase diagrar, ensuring the different vapor
species in the SnBtSnk, system. Quantum-chemical studies composition and, as a consequence, different mass spectra of
were performed for neutral SBryds—x complexes that cor-  equilibrium vapors. Stoichiometric amounts of components were
respond to SiBr,ls-y* fragment ions detected in the mass mived and put into the Knudsen cell without the previous
spectrum. Data obtained from both experimental and theoretmalmelting_ After heating, samples were kept at a temperature of

sources resulted i_n the prediction Of. the structural parameters 4o k with the simultaneous recording of the mass spectrum.
of molecular and ionic species and in thermodynamic data of After the ion intensity became time-independent, mass spectra
were recorded at different temperatures. Runs 2 and 5 were
carried out by the use of the same material as the one used in
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of Technology. o runs 1 and 4, respectively. The partial depletion of the more
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TABLE 1: lon Intensities of Dimeric Species (in Arbitrary
Units) Recorded upon Vaporizing the SnBg—Snl, Samples

of Different Compositions

Sn,Bra(g) SnyBr3l SmyBrI, Sn,Brl3 Snply
., e
\\_\\ ., . .

T/K I(SmyBr;") I(SnyBrI") I(SmyBrl,) I(SnpI;")

Run1 x(SnBry) = 0.462
573 1.55E+04 1.48E+04 5.82E+03 1.43E+03
563 1.28E+04 1.12E+04 4.37E+03 1.17E+03
553 8.39E+03 7.02E+03 3.39E+03 6.66E+02
543 6.39E+03 5.47E+03 2.73E+03 4.97E+02
533 3.86E+03 3.20E+03 1.63E+03 2.98E+02
523 2.71E+03 2.05E+03 9.77E+02 1.76E+02
513 1.69E+03 1.09E+03 3.56E+02 5.77E+01
503 6.80E+02 3.92E+02 1.60E+02 2.14E+01
493 2.61E+02 1.59E+02 5.42E+01 9.69E+00
483 8.95E+01 5.69E+01 2.14E+01 4.72E+00
473 3.56E+01 1.74E+01 8.59E+00

Run2 x(SnBry) = 0.462
583 2.11E+04 2.12E+04 1.46E+04 3.09E+03
573 1.59E+04 1.55E+04 1.00E+04 2.06E+03
563 1.04E+04 9.54E+03 6.38E+03 1.32E+03
553 8.35E+03 7.20E+03 4.52E+03 9.29E+02
543 5.50E+03 4.46E+03 2.83E+03 6.31E+02
533 3.17E+03 2.71E+03 1.68E+03 2.99E+02
523 2.01E+03 1.65E+03 8.64E+02 1.35E+02
513 1.06E+03 7.14E+02 4.12E+02 5.91E+01
503 4.18E+02 3.00E+02 1.49E+02 1.86E+01
493 1.60E+02 1.06E+02 5.09E+01 5.72E+00
483 4.86E+01 3.51E+01 1.34E+01
473 1.49E+01 1.14E+01 6.22E+00

Run 3 x(SnBrz) = 0.275
583 5.54E+03 6.51E+03 4.50E+03 1.74E+03
563 4.04E+03 4.25E+03 2.61E+03 9.64E+02
553 3.53E+03 2.56E+03 1.10E+03 2.88E+02
543 2.02E+03 1.31E+03 4.38E+02 8.35E+01
533 1.35E+03 6.64E+02 2.14E+02 3.73E+01
523 6.56E+02 3.44E+02 1.14E+02 2.24E+01
513 3.02E+02 1.42E+02 4.24E+01 6.46E+00
503 6.65E+01 2.84E+01 7.91E+00
493 1.36E+01

Run 4 x(SnBrp) =0.123
583 7.92E+02 3.15E+03 7.74E+03 7.55E+03
573 6.77E+02 2.54E+03 6.16E+03 5.81E+03
563 4.40E+02 1.79E+03 4.32E+03 4.08E+03
553 1.35E+03 3.00E+03 3.90E+03 1.92E+03
543 9.88E+02 1.93E+03 2.25E+03 1.04E+03
533 6.60E+02 1.28E+03 1.47E+03 6.61E+02
523 3.30E+02 6.38E+02 7.35E+02 3.38E+02
513 2.39EH01 5.88E+01 7.80E+01 4.10E+01
503 6.73E+01 1.54E+02 1.83E+02 1.01E+02
493 2.73E+01 6.95E+01 7.68E+01 3.43E+01
483 1.36E+01 2.65E+01 3.42E+01 1.49E+01

Run 5 x(SnBrz) =0.123
503 4.64E+02 3.40E+02 1.21E+02 3.08E+01
584 1.72E+03 7.20E+03 1.16E+04 1.10E+04
573 1.26E+03 5.03E+03 7.97E+03 7.65E+03
563 3.04E+03 6.95E+03 6.38E+03 3.68E+03
553 2.76E+03 5.31E+03 4.07E+03 2.01E+03
543 2.05E+03 3.26E+03 2.24E+03 9.64E+02
533 1.13E+03 1.66E+03 1.13E+03 4.77E+02
523 7.33E+02 9.42E+02 5.48E+02 1.95E+02
513 5.71E+02 5.75E+02 2.68E+02 8.30E+01
503 3.02E+02 2.81E+02 1.15E+02 2.86E+01
493 1.35E+02 1.19E+02 4.12E+01 9.94E+00
483 5.54E+01 4.68E+01 1.64E+01

3. Theoretical Approach and Computational Details
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process, and geometry searches were carried out for a number
of possible isomers to ensure the location of the global
minimum. At the DFT level of theory the location of true
minima was confirmed by frequency calculations. The density
functional theory (DFT) approach has utilized the Becke's three-
parameter function&l with the Vosko et al. local correlation
part?and the Lee et dF nonlocal part (abbreviated as B3LYP).
All calculations were carried out using relativistic effective core
potentials (RECPs) developed by the Stuttgart grduppti-
mizations and frequency calculations were performed in the
SDB-aug-cc-pVTZ basis sétfrom which the single f function
characterized by the lowest exponent was removed. Additionally,
the single point calculations were performed at the MP2 level
in the extended SDB-aug-cc-pVQZ basis'gebnstituting the
most advanced level of theory presented in this work. Because
of the ionic nature of chemical bonds in the studied complexes,
the application of selected basis sets was confirmed by the
computation of the ionization potential of Sn and electron
affinities of halogen atoms. The calculated ionization potential
of tin (7.17 eV) agrees well with the experimental value (7.34
eV).1% Theoretical values of electron affinities for Br (3.460 eV)
and | (3.277 eV) also agree satisfactorily with the respective
experimental data of 3.363 and 3.0590 ¥\The calculated
values corrected for the spitorbit effect are 3.155 eV for Br
and 2.649 eV for |. Vibrational frequencies and thermodynamic
properties of the studied complexes were calculated applying
the ideal gas, rigid rotor, and harmonic oscillator approxima-
tions?

The total interaction energy calculated at the MP2 level

AEyp, =Exg —EA — Eg 1)
has been decomposed
AEypy = AEe + eyp” )

into Hartree-Fock (HF) and correlation components6?).
The HF interaction energy decomposition was performed within
the variational-perturbational scheme, corrected for the basis
set superposition error (BSSE)In the above schem&Eyr is
partitioned into electrostatice{?) and Heitler-London-
exchange €,{t) first-order components and the higher order
delocalization AEge'F) term. The delocalization energy ac-
counts for the charge transfer, induction, and other higher order
Hartree-Fock terms'® The correlation contributioaye® was
also corrected for BSSE. The main contribution to it constitutes
the second-order Hartreéock dispersion energy. The remain-
ing terms giving significant contribution tq,p@ are correlation
corrections to the HF componerits.

The calculations were carried out using the Gaussian 98 suite
of program&! The interaction energy decomposition was
performed applying the modified versf@mof the Gamess codg.

4. Results

4.1. Mass Spectrometric StudiesTable 1 summarizes ion
intensities of dimeric species obtained in five runs by the
Knudsen effusion mass spectrometry. The vapor composition
over three studied samples differs significantly from each other
due to the different chemical and phase compositions. The
thermodynamic consistency of the calculated gaseous equilibria
could be, therefore, checked due to their independence from

The geometries of the studied species were optimized by the vapor composition.

applying the second-order MgllePlesset perturbation theory
(MP2y and density functional theory (DFT) methodsNo

The ionization of SgBr«l4—x complexes by electron bombard-
ment leads to the formation of &8r,ls_,* fragment ions. The

symmetry constraints were imposed during the optimization fragmentation of dimeric complexes to ions containing a single
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Sn atom, such as SnBr and Snj", cannot be ruled out, species in each case. The total intensity of theB&t ions
although these ions originate predominantly from monomeric was used for SiBrs(g) in reaction 3 and for SBrsl(g) in
specie$. As shown in Table 1, each of the fr,l; " ions reaction 4. Apart from the statistical scatter, we obtained almost
can have only two neutral precursors. None of these ions is constant values d€,°(4), K,°(5), andKy°(6), contrary ta<y°(3).
“pure”, mainly originating from the single neutral species. This To get a better understanding of the meaning of this observation,
makes the assignment of these ions to their neutral precursorsye constructed graphs shown in Figure +da All points in
difficult and thereby also the thermochemical analysis of Table 1 are presented in the graphs as a dependence derived
processes involving dimer species. for reactions 3-6, from the ion intensity quotients representative
Studies of the fragmentation of NaSmBr, complexes  for the respectiv&,’(i). The intensity quotient remains constant
indicate that the splitting off | atom is much more probable in  for mass spectra in Table 1 if the respective graph in Figure
comparison to the fragmentation by splitting off Br atoms. The 15-d shows linearity and crosses the zero point of the diagram.
same conclusi_on was drawn by Gietmann et al. in the case of |t follows from the experimental mass spectra that d§(3)
the fragmentation of HoBs) HoBrzl and HaBrals—n (n = 1-5) does not fulfill these requirements. We conclude that the reason
mixed gaseous speci&sAlichanian and co-workers postulated g the origin of SaBrs* ions predominantly from the SBrsl
the fragmentation of UGBrs—n(g) by splitting only the larger  5jecule and not from SBr4(g), as assumed for the computa-
Br atom?® In the present study we performed, therefore, ion of the ion intensity quotient representative 6°(3).

calculations of the gaseous equilibria involving theml 4« . .
species assuming that each of theBys " fragment ions . I one neglects other fragmgntatlon paths OjEB.Q‘“X Species
L . in addition to these denoted in Table 1 as full lines, the values
originate only from the SiBryl4—y neutral precursor, i.e., by £ K o(4)—K.(6 AAG(4)-A G(6 b lculated f
splitting off the | atom. This assumption is denoted in Table 1 of Kp?(4) P (6) andAG*(4)~A/G*( )cgn € caiculated from
the experimental mass spectra. The ionization cross section term

as full lines on the fragmentation scheme. included i ey di h b v 1
Let us consider the following gaseous anion-exchange reac-nciuaed in goqsta s expected in eac case to be nearly
if the additivity is applied for the SBryl 4—x speciesKy® values

tions: and Gibbs energies for reactions@ at 550 K are presented in

SnBr, + Snl, = 2SnBr,l, 3) Tables 2 and 3, as an example. We have not considered here

reaction 3, due to the necessity of dividing the total intensity
Sn,Br;l + Sn,Brl; = 2SnBr,l, 4) of the SnBr3* ions between the $SBry and SnBrsl species,
both leading to this fragment.
SnBrgl + Snyl, = SnBr,l, + Sn,Brl, 5) 4.2. Quantum Chemical Calculations of SpBrl4-x(g) and

SnBryls-y*. 4.2.1. Structure of Molecules and lofi$1e SnB,

SnBryl, + Snyl, = 2SnBrl, (6) Snk, and SnBrl monomers possess the nonlit@asymmetry.

_ _ o The computed bond distances and angles closely reproduce the
The partial pressurg(i) of species at temperatur@ results  ayailable experimental valui#gTable 4). Geometries calculated
from the relatiori at the most advanced (MP2/SBQ-aug-cc-pVQZ) level of theory
o . . applied in this work are only slightly different from those
p(i) = (KTI(.1))o() @ obtained in the SBQ-aug-cc-pVTZ basis set. This agreement

wherek is the pressure calibration factd(j,i) is the intensity ~ gives us confidence in the optimized geometry of larger
of j ions originating upon the electron bombardment of species Structures. The reasonable representation of bonding in mono-
i, ando(i) denotes the partial ionization cross section of molecule Mers is confirmed by the calculated values of the vibrational
i giving j-ions. Adopting eq 7 for the gaseous anion-exchange frequencies being in the range expected from experiments for
reactions, eqs-36, one can write equilibrium constakt® as ~ such studie$® 2% A comparison between SnBrl and SaBind
an intensity quotient of ions originating from respective gaseous Snk reveals the additivity of properties such as bond length,
species. As an example for reaction 6 from the above consid-vibrational frequencies, and atomic charge distribution corre-
erations the equilibrium constant can be formulated as follows: sponding to SaBr and Sr-1 bonds (Table 4).
The energetically lowest isomers of the,Bn, and Sal,
2 2 - ; .
(6) = p(SnyBrl,) _ 1(SnBrl,") ) complexes possess the chairlike conformation with two halogen
P T o(Snl)p(SnBrA) + + and two tin atoms forming a four-membered ring with halogens
PSRLIP(SREL!) (Snpls)I(SnBral") located between metal atoms (bridged bonds) and two metal

The constanC contains the respective(i) values of species ~ halogen terminal bonds (Figure 2a). The ring is significantly
involved in the reaction. As mentioned above, theBjis—," deformed from the plane. Skeletons of compounds of the mixed
ion intensities in eq 8 are assumed to predominantly originate SMeBrds—x composition closely resemble structures of the
from SnBryl,—y(g). The respective intensity quotients can by homogeneous complexes. The terminal metalogen bonds
formulated for reactions-35 as well. Once the re#,°(i) and are not equivalent. The a-terminal bond falls inside the ring
C values remain constant for the different gas phase composi-(the “in” position), whereas the b-terminal bond is heading
tions, the respective ion intensity quotient is also expected to outside the ring (the “out” position, Figure 2a). For mixed
remain constant for different mass spectra in Table 1. We neglectsubstitutions the a-terminal atom is always bromine (Table 5).
here the temperature dependence of the equilibrium constantshe terminal bond distances are longer by only a few hundred
of reactions 3-6, which is justified for the anion-exchange angstroms than the distances predicted for monomers. The
processes. bridged bonds are about 0.2 A longer than the terminal bonds.

The assumption of the origin of the fBr,l5-y* ion by The above conclusion agrees with the bond distance variation
analyzing mass spectra given in Table 1 has been checked inn many other substituted cyclic structuf@sThe search for
the following manner. The respective ion intensity quotients isomers possessing a direct-Ssn bond was unsuccessful. The
for reactions 3-6 were calculated for each experimental point ethylene-like structure of $Br4 is more than 300 kJ mot
by the use of total SiBryl5-,* ion intensities for the SiBr,l4—y above the ground state. This observation is in line with the
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Figure 1. Experimental ion intensity ratios representative forKg)(3), (b) Ky°(4), (c) Kp°(5), and (d)K,°(6) (see text).

TABLE 2: Equilibrium Constants, Thermochemical Functions, and Third Law Enthalpies for Gaseous Anion-Exchange
Equilibria, Egs 4—6, Obtained from Mass Spectrometric Data and Quantum Chemical Calculations

K- AG°(550 K,exp), AS°(298 K theor), AH°(298 K), J mot*
eq (550 K,exp) J mol? JmolrtK™?! run 1 run 2 run 3 run 4 runs selected
4 1.81+0.05 —2710 9.09 219% 675 32504+ 567 2637+ 299 2419+ 581 1051+ 322 2311+ 806
5 4.11+0.07 —6460 2.94 —4436+4+ 787 —5386+ 510 —3276+ 406 —4984+ 349 —4242+ 718 —4465+ 803
6 2.18+ 0.07 —3560 —6.16 —6641+ 1161 —88104 355 —5900+ 288 —7409+ 550 —5316+ 511 —6815+ 1365

available Raman spectra for &, indicating the lack of bands ~ symmetry (Table 6). The value of the metdlalogen distance

characteristic for the metaimetal bond! falls between the length of the terminal and bridged bonds of
The preferred dissociation of molecules takes place as thethe neutral molecules.

breaking of the b-terminal bond. Such a reaction leads to the 4.2.2. Dimer FormationThe dimerization reaction proceeds

complex with three halogen atoms involved in the bridged with the concerted formation of two new metddalogen bonds.

bonding between two tin atoms (Figure 2b). TheBs" and The formation of the four-membered SsBt ring leads to four

Snpls* cations form a trigonal bipyramid possessing pertgt almost equivalent SnaX bonds. Few perturbations in bridged
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TABLE 3: Equilibrium Constants and Thermochemical Functions for Gaseous Anion-Exchange Equilibria Involving the
SmBrl4—x Dimeric Species at 550 K Obtained from Mass Spectrometric Data and Calculated by Quantum Chemical Methods

AG(550 K.exp),  AS(298 K theor),  AH°z2

no. reaction Kp° (550 K,exp) J mol?t JmoltK™! J mol?
1 SQ(BI’z)BI'z + Sn(lz)lz =2 Snz(Bl'z)lz 10.46
2 Snp(Brz2)Brl + Snp(Brl)l, = 2 Sn(Brp)l 1.81+0.05 —2710 9.09 2290
3 Sn(Br2)Brl + Sn(k)l, = Sny(Bry)l2 + Snp(Brl)l 2 411+ 0.07 —6460 2.94 —4850
4 Sn(Bry)l, + Sn(k)l2 = 2 Sn(Brl)l, 2.18+ 0.07 —3560 —6.16 —6950
5 Srp(Brz)Brz + Sn(k)l2 = Sm(Br2)Brl + Srp(Brl)l 2 1.37

aValid for the temperature range 29850 K.

TABLE 4: Bond Distances ( in Angstroms), Angles @ in Degrees), Vibrational Frequencies ¥ in cm~1), and Atomic Charge (g
in electrons) at the B3LYP/SDB-aug-cc-pVTZ Level and MP2 Calculations in SDB-aug-cc-pVTZ and SDB-aug-cc-pVQZ Basis
Sets

bond distances vibrational frequencies atomic charges
molecule method r(Sn—Br) r(Sn—I) o 21 2 V3 q(Br) q(l)
SnBk B3LYP 2.552 100.0 233.4 76.7 224.6 —-0.277
MP22 2.523 98.6 —0.291
MP20 2.517 98.1
Expt. 2.504 98.66 261° 244 81¢80° 243¢ 2314
SnBrl B3LYP 2.554 2.764 100.6 182.9 66.9 227.2 -0.278 —0.142
MP22 2.526 2.732 99.0 —0.287 —0.143
MP2» 2.520 2.728 98.4
Snb B3LYP 2.767 101.3 183.7 57.3 179.6 —0.143
MP22 2.735 99.4 —0.142
MP2° 2.730 98.8
exp 2.699 103.% 212234 61c61f 227¢ 240

a|n SDB-aug-cc-pVTZ?P In SDB-aug-cc-pVQZS Reference 26¢ Reference 27¢ Reference 28 Reference 29.

a highest in the iodine substituted moleculelgnThe dimeriza-
tion of SnBk is about 10 kJ molt smaller (Table 7).

The total dimerization energy is dominated by the correlation
energy contribution. The Hartred-ock energy accounts for less
than one-third of the total energy. More importantly, the
correlation energy reverses the order of stability of the mol-
ecules. The DFT/B3LYP approach only partially accounts for
correlation effects, and compared to the MP2 results, the
difference is qualitative. The overall energy of the dimerization
reaction is well represented by additive contributions of single
bonds. The calculated entropy of the reaction indicates the higher
rigidity of the dimers. Due to the size of the iodine atoms,
molecules with a larger number of iodine atoms are character-
ized by a larger negative contribution to the total entropy of
dimerization. The experimental values of enthalpy and entropy
of formation are reasonably reproduced by calculations (Table
7). However, the predicted value of the dissociation enthalpy
of Snl4 is higher than the corresponding enthalpy ofE8m,
which is in disagreement with experimental data. The calculated
difference is not large and falls within the expected range of
error for theoretical predictions. The largAS predicted for
Snply, indicates that differences between the stabiliys] of
studied molecules will narrow and may be reversed at higher
temperatures.

A comparison between the total interaction energy values and
the dimer dissociation energy indicates the important contribu-
tion of the geometry relaxation term to the dissociation energy
Figure 2. Schematic representation of (a) :Bndi,(g) and (b) of dimers. The relaxation of monomers reverses the order of
SnBr,l3-y". (For parameters, see Tables 4 and 5). stabilization energies of the dimer. The interaction energy
partitioning indicates the significant differences between the
. . . Sn—Br and Si-I bonds. The SaBr bridged bond is stabilized
bonding are dug to nqnequwalency of the terminal bonds. The mostly by electrostatic forces, whereas the dispersion contribu-
lowest electronic excited states are located more than 3 €Vyion is the most important component of Shinteractions
(B3LYP level) above the ground state. Consequently, we expect(Taple 8). In both cases the HF interactions are almost equal to
that the spir-orbit corrections are not significant. The other the electrostatic forces with the exchange repulsion canceling
relativistic contributions are accounted for by applying relativ- almost entirely the energy delocalization term. In the first-order
istic effective core potentials. The dimerization energy is the approximation the interaction energy components may be
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TABLE 5: Structural Parameters (Definition in Figure 2a) of Sn,Bryl,—x Complexes k = 0—4) Optimized at the MP2/
SBQ-aug-cc-pVTZ Levet

a-terminal b-bridge
bond bond o-angle c-bridge bond d-terminal bond  fS-angle dihedral

molecule

n
1 Sn(Bry)Br, Br—Sn 2.562 SrBr 2.807 BrSn—Sn 68.7 Br-Sn 2.807 SABr 2.536 Sn-Sn—Br 117.4 Sa-Br—Br—Sn 133.5
2 Sn(Bry)Brl Br—Sn 2.561 SrBr 2.808 BrSn—Sn 68.7 BrSn 2.808 Skl 2.749 Sn-Sn—| 118.1 Sn-Br—Br—Sn 133.5
3 Sn(Brl)Br, Br—Sn 2.566 Skl 2.961 Br-Sn—Sn 67.2 BrSn 2.806 SaBr 2541 Sa-Sn—Br 119.7 SA-Br—1-Sn 129.8
4 Sn(Bryl, 1-Sn 2.776 SaBr 2.806 HSn—Sn 70.4 BrSn 2.806 Stl 2.750 Sn-Sn—| 117.7 Sn-Br—Br—Sn 134.4
5 Sn(l2)Br, Br—Sn 2570 Sal 3.010 B—Sn—Sn 65.8 +Sn 3.010 SaBr 2546 Sa-Sn—Br 122.2 Spa-1-1-Sn 126.1
6
7
8
9

Sn(Brl)Brl Br—Sn 2.564 Skl 2.964 Br-Sn—Sn 67.3 BrSn 2.807 Srl 2.753 SA-Sn—1  120.4 Sn-Br—I-Sn 129.9
SnBrl)l, 1-Sn  2.779 SaBr 2.756 FSn—Sn 69.0 +Sn 3.010 Skl 2755 Sm-Sn—l 120.1 Sn-I-Br—Sn 130.8
Sn(l)Brl  Br—Sn 2.568 Skl 3.009 Br~Sn—Sn 65.9 +Sn 3.009 Srl 2.759 Sn-Sn—1 122.9 Sn-l-1-Sn 126.2
Sn(l2)l2 I-Sn 2782 Sal 3.006 I-Sn—Sn 67.7 +Sn 3.006 Srl 2.760 Sn-Sn—| 122.6 Sn-l—1—-Sn 127.1

a Distances in angstroms, angles in degrees. Information regarding vibrational frequencies is given as Supporting Information.

TABLE 6: Structural Parameters (Definition in Figure 2b) for Sn ,Br,l5-,* Complexes § = 0—3) Optimized at the MP2/
SBQ-aug-cc-pVTZ Levef

a-bridge bond b-bridge bond c-bridge bond a-angle p-angle y-angle

cation

n
1 SnBrs* Sn—Br 2746 SaBr 2746 SmBr 2746 BrSn—Sn 50.1 BrSn—Sn 50.1 BrSn—Sn 50.1
2  SnBrldt  Sn—I 2987 SmBr 2785 SmBr 278 FSn-Sn 53.2 BrSn—Sn 50.0 BrSn—Sn 50.0
3
4

SnBrl,t Sn—Br  2.750 Sn-l 2.947 Sn-l 2947 Br-Sn—Sn 494 +Sn-Sn 52.6 FSn-Sn 52.6
Snpls* Sn—I 2.947  Sn-l 2.947 Sl 2947 Sn—Sn 52.3 FSn-Sn 52.3 FSn-Sn 52.3

aDistances in angstroms, angles in degrees.

TABLE 7: Energies (kJ mol~?1), Enthalpies (kJ mol~1), and Entropies (J mol* K~1) of the Dimerization Reactions Calculated
at Different Levels of Theory and Comparison with Experimeng

n dimerization reaction AEo(B3LYP) AH(B3LYP) ASB3LYP) (exp) AE(MP2P AEL(HF)F AE(MP2F AH(MP2)d(exp)

1 2SnBg = Sr(Br2)Br, —69.6 —64.7 -141.3 -109.1 —440 —115.3 -110.4
(—153.8+ 8.8y (—106.8+ 3.6

2 SnBk+ SnBrl=Sny(Br)Brl  —68.6 -63.7 ~147.4 -109.9 —428  -116.2

3 SnBg+ SnBrl=Sn(Brl)Br,  —68.6 -63.7 -147.5 -111.1  —409  -118.3

4 2SnBrl= Sry(Bry)l, —67.3 —62.4 -153.6 -111.4  —40.8 —118.0

5 2SnBri= Sr(l,)Br, —68.2 -63.3 -153.4 1144  —386 —1225

6 SnBk + Snk = Sry(Brl)Brl —67.4 —-62.5 -147.1 -111.4  —40.3  —119.9

7 2SnBri= Sry(Brl)Brl —67.9 —63.0 -152.9 -112.6  —-395 —118.7

8 SnBrl+ Snk = Sr(Brl)l» —66.4 615 -153.1 -1154 378 —1215

9 SnBrl+ Snk = Sny(l2)Brl —-67.3 -62.3 -152.8 1154  —375  —123.7

10 2Snp= Sny(I))l, —66.2 —61.2 -153.4 -117.7 -344  —126.4 -121.4

(—158.3+ 10.2§2 (—101.0= 4.42

aData are given for standard pressure of 1 bar and 298.151Kthe SBQ-aug-cc-pVTZ basis sétin the SBQ-aug-cc-pVQZ basis séfThe
enthalpy correction to energy was adopted from B3LYP calculations.

TABLE 8: Interaction Energy Components, in kJ mol~1, for the Dimerization of Tin Dihalides

n molecule €e|(10) AEexHL AEde|HF AEHF EMP(Z) AEMPZ
1 Sry(Br2)Br; —108.47 379.14 —364.59 —93.94 —57.24 —151.81
2 Sry(Br2)Brl —108.96 382.17 —365.05 —91.84 —58.86 —150.69
3 Sny(Brl)Br, —89.33 381.83 —376.31 —91.84 —64.38 —148.19
4 Sny(Bro)l2 —108.41 388.71 —368.49 —88.19 —62.35 —150.54
5 Sny(l2)Br2 —73.33 384.01 —386.42 —75.74 —71.88 —147.62
6 Sry(Brl)Brl (SnBrl/SnBrlyp —93.23 385.25 —376.06 —84.05 —65.98 —150.03
7 Sn(Brl)Brl (SnBra/Snk)? —-89.71 383.67 —375.13 —-81.61 —64.38 —148.19
8 Sny(Brl)l 2 —92.54 391.72 —379.15 —79.97 —69.66 —149.62
9 Sny(12)Brl —-73.71 387.60 —387.53 —73.64 —-73.70 —147.34
10 Sn(l9)l2 —72.94 395.65 —392.62 —69.91 —77.97 —147.88

a Assumed monomers.

considered as additive, and the interaction energy depends orand (Sa(l2)Brl, Sm(Brl)l,) are 2.1, 4.51, and 2.2 kJ nd|
the number of Br and | atoms in the formed ring. The electron respectively. The effect of switching on one (I, Br) pair is about
charge distribution confirms the interaction energy components 2 kJ mof®. Although systematic, the energy difference is
picture (Table 9). The atomic charge on the iodine atom (in the negligible, and at higher temperatures isomers will constitute
bridged bond) is close to zero indicating that the binding is the equilibrium mixture. Theoretical data obtained for dimeric
dominated by dispersion and induction (represented by the species resulted also in the computation of entropy changes for
delocalization term) interaction energy decomposition terms. anion-exchange processes, eqs64 The values ofA,S°(298
The total energy of isomers containing bromine and iodine K,theor) are included in Tables 2 and 3. Third law enthalpies,
indicates the higher stabilization of molecules with bridgegtBn ~ AH°(298 K), of reactions were evaluated in each run from
and terminal SrBr bonds. The energy differences in pairs of experimental A;G°(T) and theoreticalA;S°(298 K) values.
isomers (Sp(Brl)Br,, Srp(Br2)Brl), (Srp(12)Bra, Smp(Bro)lo), Results of the third law evaluation are given in Tables 2 and 3.
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TABLE 9: Atomic Charges for Sn,Bryl4—x (x = 0—4) Calculated within the Mulliken Population Analysis Representing the
MP2 Electronic Density?

sSn1 bridged halogens terminal halogens sn2
n molecule charge B charge B charge T charge T charge charge
1 Sny(Br2)Br; 0.449 Br —0.188 Br —0.188 Br —0.282 Br —0.313 0.522
2 Srp(Br2)Brl 0.441 Br —0.181 Br —0.181 Br —0.289 | —0.179 0.390
3 Sn(Brl)Br» 0.350 | —0.031 Br —-0.177 Br —0.276 Br —0.312 0.447
4 Sn(Bro)l 0.307 Br —0.176 Br —0.176 | —0.160 | —0.180 0.385
5 Sn(12)Br; 0.255 I —0.023 I —0.023 Br —0.272 Br —0.313 0.379
6 Sny(Brl)Brl 0.344 I —0.027 Br -0.171 Br —0.284 | —0.182 0.320
7 Sn(Brl)l2 0.215 | —0.024 Br —0.167 | —0.157 | —0.184 0.316
8 Sny(12)Brl 0.250 I —0.020 I —0.020 Br —0.279 | —0.186 0.255
9 Sn(l2)l2 0.126 | —0.017 | —0.017 | —0.156 | —0.190 0.252

aCharges in electrons.

TABLE 10: Energies (kJ mol™1), Enthalpies (kJ mol~1), and Entropies (J moi~* K1) of the Dissociation of the Terminal Bond
(Reaction 9) Calculated at Various Levels of Theory and Applying the Experimental Electron Affinity of Halogen3

n dissociation reaction AEL(B3LYP) AH(B3LYP) AS(B3LYP) AE(MP2y AEL(HF)° AE(MP2Y
1 Srp(Br2)Br,= Smy(Brs)* + Br 898.4 892.2 78.3 908.8 886.6 909.7
2 Snp(Br2)Brl = Sny(Bral)* + Br 885.0 883.7 83.4 901.8 882.8 902.9
3 Srp(Br2)Brl = Sry(Bra)* + | 830.0 824.4 76.4 847.7 814.9 850.6
4 Snp(Brl)Br, = Sny(Bral)* + Br 885.0 883.6 83.5 903.0 881.0 905.0
5 Snp(Bry)l, = Sry(Bral) T+ | 821.8 820.5 81.7 841.3 810.2 841.9
6 Sny(I2)Br, = Sry(Brl,) ™ +Br 879.4 888.0 83.9 852.2 875.5 899.6
7 Sn(Brl)Brl = Smy(Brl,)* + Br 879.1 877.7 83.5 895.4 877.2 897.0
8 Snp(Brl)Brl = Srp(Bral)* + 1 822.5 821.2 81.0 842.5 809.7 843.8
9 Sn(Brl)l, = Snp(Brly)™ + | 816.3 815/0 81.6 835.9 804.9 837.1
10 Sn(l2)Brl = Sny(l3)* +Br 873.4 871.9 83.4 889.2 871.6 891.3
11 Sn(l2)Brl = Sry(Brly)* +I 817.1 815.8 81.3 837.4 804.6 839.3
12 Sn(l2)l2= Sny(lz)" + | 810.9 809.6 81.9 830.7 799.7 832.4

aThermodynamic functions are given for the standard pressure of 1 bar and 298.1% tke SBQ-aug-cc-pVTZ basis sétin the SBQ-aug-
cc-pVQZ basis set.

Arithmetical mean enthalpies obtained in respective runs are molecules Ss(Br,)Bra, Sry(Br2)Brl, Sny(Brl)Brl, and Sn(l,)-
also reported. All uncertainties given in Tables 2 and 3 are Brl, where zero, one, two, and three bridged iodine bonds are
standard deviations of mean. formed in the cation, the dissociation energies are 905.6, 903.0,
4.2.3. Properties of Terminal Bond§he studied structures  897.0, and 891.3 kJ mol, respectively. The presence of iodine
of SnBr«l4—x molecules possess two nonequivalent positions in the bridge lowers the energy of the terminal bond dissociation
“in” and “out” for halogens bonded by terminal bonds (Figure by approximately 6 kJ mot. Analogically, for the molecular
2a). The different environment of both terminal atoms signifi- series Sg(Br)Brl, Sm(Brl)Brl, Sny(I2)Brl, and Sni(l2)l,, the
cantly influences their properties. An atom in the “in” position dissociation energy of the S terminal bond systematically
has closer contacts with the ring atoms than atoms of the “out” decreases (850.6, 843.8, 839.3, 832.4 kJ MoWwith the
halogen. Its negative charge is much smaller compared to theincreasing number of Sl bridged bonds. The terminal bonds
“out” halogen as well as compared to the atomic charge are well described at the HF level. The correlation contribution
distribution in the monomer (Table 9). The “out” bonds are more does not change the dissociation energy significantly. The atomic

ionic and closely resemble the bonding in monomers. charges indicate the ionic nature of the terminal bonds.
The dissociative fragmentation of dimeric species upon
electron bombardment proceeds through the reaction 5. Discussion and Conclusions
+ « " P n A . .
SnBrJ, ,+e=SnBrl; " +Br(orl)+2e (9) Two “pure” and three “mixed” dimeric species are present

in the equilibrium vapor of the SnB+Snlk, system in addition

The dissociation of the halogen from the dimer molecule takes to SnBg, SnBrl, and Snimonomers being the major specfes.
place from the terminal “out” bond. The positive hole left after The SnBryl4—x molecules possess a chairlike structure with a
the dissociation is closed due to the formation of the third four-membered Sm$n nonplanar ring (bridged bonds) and two
bridged bond by the terminal “in” halogen. The dissociation nonequivalent terminal SrX bonds (Figure 2a). The halogen
process leads to cations directly observed in the mass spectrumatoms forming terminal bonds assume “in” and “out” positions
Information concerning the energetics of this reaction supports relative to the ring. For different halogens occupying the terminal
the interpretation of the mass spectra. The energies of dissociapositions, the most stable geometry is adapted by isomers with
tion reactions exhibit a number of regularities. The highest Brin the “in” position and with I heading outside the skeleton.
dissociation energy is found in &r4 and the lowest in Sihy. The dimers are formed due to the concerted formation of
The Sn-Br terminal bonds are more stable (the range 0of-909 additive metat-halogen bonds leading to the four-membered
890 kJ mot?l) than Sn-1 bonds (the range of 832850 kJ SnX,Sn ring. The dimerization energy is dominated by the
mol~1) (Table 10). The bridged bonds influence the strength of correlation energy contribution. Such forces are more important
the terminal bonds. lodine atoms forming bridged bonds lead in iodine compounds, and the $ndimer is more stable than
to a lower dissociation energy of the terminal bonds. The SnBrs. The energy of dimerization is significantly influenced
influence is additive considering the number of bridged iodines by the monomer relaxation due to the reaction. The interaction
(or bromines). For Br dissociating from the sequence of energy decomposition as well as the atomic charge distribution
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indicates the significant differences between the-Bnand DAAH04-95-C-0008. This work does not necessarily reflect the
Sn—I bonds. The character of the SBr bond is ionic, whereas  policy of the government, and no official endorsement should
Sn—| possesses a more covalent nature. For halogen-mixedbe inferred. We thank the Mississippi Centre for Supercom-
species, the SBral, SmBral,, and SeBrls, isomers with | puting Research, Poznan and Wroclaw Supercomputing and
involved in bridge bonding and Br in a terminal position are Networking Centres, and the Interdisciplinary Centre for
more stable in comparison to other structures. Anion-exchangemathematical and Computational Modeling of Warsaw Uni-
I‘eaCtiOI’lS, eqS'46, are CharaCteriZEd by |0W entha|p|es O’f—Q Versity for a generous a”otment Of Computer t|me

kJ moi~ (Tables 2 and 3). This observation is understable due

. 9 b 9 . P '5, include vibrational frequencies and moments of inertia of
The high temperature equilibria between gaseous dimeric species. . - . A . -
. . studied dimers. This information is available free of charge via
result, therefore, mainly from respective entropy changes. Internet at htto-//pubs.acs.or
The dimeric species were identified by detecting the p-/ipubs.acs.org.
SmBryls-yt fragment ions that originated by the dissociative
fragmentation of neutral precursors with splitting off the single _ _ _
halogen atom. Such a fragmentation path is typical for gaseous g; mper:, ﬁ-?JNEImE;nn,hUT heémggg'é“-l ?gtgggg 299, 49.
H H H lipert, K. J. Elecltrochem. S0 .
metal halide species. In many cases fragments possessing one (3) Groen, C. P.. Oskam, A.: Kovacs, forg, Chem 2003 42, 851.
halogen atom less than the parent molecule are the most (4) Miller, M. Int. J. Mass Spectrom. lon Processk384 61, 293.
abundant in the mass spectrum of the metal halide complex (see, (5) Miller, M.; Niemann, U.; Hilpert, K.J. Electrochem. Sod 994
e.g., refs 4, 5, and 33). For minor species no signal for molecular 1411(62)77;?'- ert. K.: Miller. M. Ramondo, FJ. Phys. Chen991 95, 7261
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the th'_rd_ b”‘?'g‘?d bond (Figure 2D). The_ _energetlcs Qf the (10) Parr R. G Yang,’ W.Dehsity.-Fur'\ctional T’heor)'/ of Atoms and
dissociation is influenced by the composition of the bridged Molecules Oxford University Press: New York, 1994.
bonds. The iodine atoms constituting bridged bonds lower the  (11) Becke, D.J. Chem. Phys1993 98, 5648.

; T ; PRTI (12) Vosko, S. H.; Wilk, L.; Nusiar, MCan. J. Phys198Q 58, 1200.
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