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The molecular structure of tin dibromide was investigated by high-level computational methods and gas-
phase electron diffraction. The structural and vibrational characteristics of both, &nBrSnBr, were

determined by computations. To reach an agreement between computed and experimental bond lengths for

SnBp, very large bases and correlated methods are needed. For the diuBey; 8vo low-energy geometries
were found, one withCs and the other withC,, symmetry, the former with somewhat lower energy.
Thermodynamic functions for gaseous Sndnd SnBr, and their dimerization reaction have been calculated

on the basis of the computed structures.

Introduction

Tin dibromide has been the subject of previous investigations
both from structural and thermochemical points of view,
although less frequently than the chlorides and the iodides of
tin. As mentioned by Hilpert et al. in their mass spectrometric
study? the vaporization of SnBihas importance in the modeling
of metal halide lamps, so its investigation has practical
importance beside its interest for fundamental research.

The vaporization of SnBrwas studied earlier by Knowles
et al2and by Hirayama and Stratwyhile the thermochemistry
of the SnBs dimer was studied by Hilpert et dlwho identified
the dimer in the vapor phase over molten tin dibromide by their
mass spectrometric measurement.

The geometry of SnBiwas investigated by electron diffrac-
tion (ED) several times in the past. Apart from the very early
studies in the 1940s and 1950s by Lister and Sbitiod Akishin
et al.® where only the bond lengths could be determined,
Spiridonov and co-workers studied Saklmn a series of papers
as one of their test cases in their development of the joint
electron diffraction and vibrational analysis of simple mole-
cules’ 19 The composition of the vapor was not considered in
either case.

Vibrational spectroscopic studies of SaBnclude the gas-
phase Raman spectroscopic study by Beattie and Pemngl

tions and thermodynamic calculations for both the monomeric
and the dimeric species. The reason for our study is manifold.
First, the earlier ED study by Spiridonov et’ak?® does not
mention the possibility of having dimeric molecules in the vapor
and does not present any experimental data; thus, there is no
way to judge the quality of their results. Second, a recent study
by Levy et al. showed that the dimer of SaClas a rather
strange structur®®, and this made us curious about what the
geometry of SgBr, might be. There have not been any previous
studies of the geometry and vibrational characteristics of
SnBry. Finally, since the thermodynamical calculations by
Hilpert et all for the dimer were based on a supposed geometry
that is far from the one we found to be the minimum-energy
structure, we decided to repeat these calculations with the new
structure and with our computed vibrational frequencies because
molecular structures and symmetries might seriously influence
the outcome of thermodynamic calculations.

Experimental Section

The ED patterns of the SnB(Sigma-Aldrich) sample were
recorded in our modified EG-100A apparafusith a high-
temperature nozzle systefhThe nozzle material was stainless
steel. To avoid thermal decomposition, the lowest possible
temperature and gas pressure were employed at a nozzle
temperature of 617 K.

the matrix isolation Raman spectroscopic study by Ozin and The ED experiments were performed using 60 kV electrons
Vander Voet? In neither case were dimers detected in their at two camera ranges, 50 and 19 cm, respectively, using Kodak
spectra, although the presence of “weak aggregate lines” waselectron image plates. Three and five photoplates were selected

observed in the spectrum in ref 12, albeit not assigned.
Finally, there have been only three computational studies of

monomeric SnBx3-15 two of which present data on both the

ground state and the first excited electron state moleé&fés.

for analysis at the 50 and 19 cm camera ranges, respectively.
The data intervals at the 50 and 19 cm experimentssare
2—14 A~1 (with data steps of 0.125 &) ands = 9—28.5 A1

(with data steps of 0.25 &), respectively. The electron

No computational studies have yet been performed on the dimerscattering factors were taken from the literattf@&@he molecular

of tin dibromide.
In this work we present the results of the ED study of tin
dibromide together with high-level quantum chemical computa-
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intensities and the radial distribution curves of Spée plotted
in Figures 1 and 2, respectively. Listings of the total electron
diffraction intensities are deposited as Supporting Information.

Quantum Chemical Calculations

No geometrical information is available on the dimer of tin
dibromide; therefore, our first aim was to calculate the structure

10.1021/jp0486671 CCC: $27.50 © 2004 American Chemical Society
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Figure 1. Experimental (E) and calculated (T) molecular intensities
and their differencesX) for the model containing 1.4(5)% dimeric
molecules ofCs symmetry.
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Figure 2. Experimental (E) and calculated (T) radial distributions and
their differences 4) for the model containing 1.4(5)% dimeric
molecules ofCs symmetry.

and vibrational frequencies of &r4. To be able to check the
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TABLE 1: Computed Geometrical Parameters of
Monomeric SnBr;

basis method re, A a,deg ref
Sn/Basis 2, Br/cc-pvVDZ MP2 2501 99.1 this work
Sn/Basis 2, Bricc-pVTZ MP2 2.513 98.6 this work
Sn/Basis 2, Br/cc-pVQZ MP2 2516 98.2 this work
Sn/Basis 2, Br/Basis 2 MP2 2518 98.1 this work
Sn/Basis 1, Br/sdd MP2 2.519 99.2 this work
Sn/Basis 1, Bricc-pvVDZ  MP2 2.522  99.7 this work
CCSD(T) 2.527 100.0 this work
Sn/Basis 1, Br/ MP2 2.531 99.1 this work
aug-cc-pvVDZ CCSD(T) 2.536 99.5 thiswork
Sn/Basis 1, Br/cc-pVTZ MP2 2.529 98.6 this work
Sn/Basis 1, Br/ MP2 2,529 98.3 thiswork
aug-cc-pVvTZ
Sn/Basis 1, Br/Basis 1 MP2 2,534 99.2 this work
CCSD(T) 2.539 99.5 thiswork, 15
Sn/3s3pld vbs, Br/ MRSDCI 2535 99.7 13

CASSCF 2552 100.3 13
B3LYP 2567 100.0 14
CCSD(T) 2552 1002 15

4s4pld vbs

Sn/4s4pld vbs, Br/
3s3pld vbs

TABLE 2: Calculated and Experimental Vibrational
Frequencies of Monomeric SnBg

computed (MP2) exptl

Sn/Basis 1 Sn/Basisl Sn/Basis 1 Sn/Basis 2

Br/sdd Br/aug-cc- Br/Basis 1 Br/cc-pVDZ

pvDZ

vy, et 240.4 245.0 234.1 257.3 24
vy, T L 87.6 80.5 75.8 87.5 822
8op1t
v, cmt 2319 237.3 228.1 250.7 23

aMatrix isolation (Ar) Raman spectroscopyGas-phase Raman
spectroscopy.

larger bond angles than the MP2 calculations. The difference

dimer presence at the ED experimental conditions in the vapor,was about 0.020.03 A and about 43° for the B3LYP

we also needed the differences of geometrical parameters offunctional and somewhat less, about 0:0102 A and

the monomer and the dimer to aid the ED analysis. For this 0.5-1.C°, for the B3PW91 functional. Since the experimental
purpose we had to carry out computations at the same levelgeometry of the monomer agreed better with the MP2 results
and basis sets for both molecular species. Besides this purpose(vide infra), we concentrated on those.

we also wanted to carry out high-level computations for the

We were interested in what basis set we need in order to get

monomer to get better computed structures than found in thethe same SaBr bond length for the monomer as the estimated

literature.

Full geometry optimizations were carried out first for the
monomer using density functional (B3LY,B3PW9HY),
second-order MgllerPlesset (MP2), and CCSD(T) level com-
putations with the Gaussian 98 program pack&gk.multi-
electron adjusted quasi-relativistic effective core potential
(ECP) covering 46 electrons ([Kr]4%) was used for St with
two different associated basis sets, a tripl€t4s10p2d1f)/
[3s3p2d1f] “Basis 1" and a quadruple-(14s10p3d2fg)/
[4s4p3d2fg] “Basis 224 For bromine, correlation-consistent
double- and triples all-electron basis sets (cc-pVDZ and cc-
pVTZ with and without diffuse functiond) and a quasi-
relativistic effective core potential developed by the Stuttgart
group, covering 28 electrons ([Ar]392° and three asso-
ciated basis sets, a simple (4s5p)/[2s3p] ¥isdd”) and two
larger ones of the type used for Sn (Basis 1 and Bas# 2),
were tried.

equilibrium bond length from electron diffraction. Therefore,
we carried out several trial calculations for the monomer with
different basis set combinations. Some of the results are collected
in Table 1, together with the literature data. A perfect agreement
with the estimated electron diffraction equilibrium distance was
achieved by using Basis 2 on Sn and a Huzinaga type cc-pvVDZ
basis on Br, with the bond angle also within the uncertainty of
the experimental value. The computed frequencies for the
monomer, together with the experimental values, are shown in
Table 2.

Geometry optimizations of the dimer were carried out with
initial structures ofCs and C,, symmetry. Several basis set
combinations were tried from among those used for the
monomer calculation. Two low-energy structures were found,
one withCs and the other witlC,, symmetry, independently of
the basis sets. Frequency calculations for the dimer could be
carried out only for the smaller basis sets. They indicated that

We found that it was impossible to get proper MO symmetries both theCs and theC,, structures are minima with no imaginary
with the larger basis set (Basis 2) on the Sn and the Br atomsfrequencies, with th&s structure being the global minimum.
using the Gaussian 98 program package. Eventually, we repeatedhe geometrical parameters of the two dimer structures are given

these calculations with the Gaussian 03 prograand that

in Table 3, while the frequencies are given in Table 4. Since

solved this problem. Therefore, all the Basis 2 calculations were earlier calculations of the $8l, moleculé® showed the same
carried out with the Gaussian 03 program package. The densitytype of minimum-energy structures as found keaed no other
functional calculations consistently gave larger bond lengths and minima—we did not carry out further searches for other
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TABLE 3: Computed Geometrical Parameters (MP2) of

Kolonits et al.

TABLE 5: Geometrical Parameters of SnBr from Electron

SmBra Diffraction &P
Sn basis Basis 1 Basis1 Basis1l Basis2 Basis?2 refining the 100%
Br basis sdd Basis 1 cc-pvVDZ cc-pVDZ Basis 2 dimer content monomer
SnBr,4 of Cs Symmetry ro(Sn—Br) 2.5154 0.005 2.51A-0.005
r(Sn—Brs), A 2.765 2.758 2.762 2.729  2.809 rQ"(Sn—Br) 2.5004+ 0.005 2.502+ 0.005
r(Sm—Brs), A 2.809 2.817 2.821 2.783 2.842 re(Sn—Br) 2.499+ 0.005
r(Sn—Bre), A 2550 2570 2556 2538 2573 I(Sn—Br) 0.077+ 0.002 0.077 0.002
r(Sm—Brs), A 2525 2.543 2.527 2.513 2.555 «(Sn—Br) 3.0x 105+ 3.4x 105+
OBrs—Sm—Brs, deg 84.8 84.6 84.9 84.8 85.4 4.3%x 10°6 4.2 % 10°¢
OBrs—Snp—Br,, deg 83.3 82.4 82.8 82.8 84.2 ro(Bre+-Br) 3.803+ 0.015 3.812- 0.013
O0Sm—X—-Sn,bdeg 136.5 132.9 133.1 132.7 143.1 I(Br++Br) 0.225+ 0.012 0.212+ 0.009
OX—Sm—Brs°deg 96.6 92.5 93.1 95.7 98.5 O«Br—Sn—Br) 97.9+ 04 98.2+ 0.4
OX—Sn—Brs°deg 94.4 95.3 96.2 93.0 96.4 O«(Br—Sn—Br) 98.3+ 0.9
SnBr4 of C,, Symmetry monomer % 98.6: 0.5 100
r(Sn—Brg), A 2791 2792 2796 2759  2.830 R (%) 4.8 5.1
r(Sm—Brs), A 2,516 2.528 2.515 2.500 2.547

aBond lengths 1y) and vibrational amplituded)(in A, angles in
degrees, and asymmetry parametejsr(A3. Error limits are estimated
total errors, including systematic errors, and the effect of constraints
used in the refinemento, = (20.s*> + (cp)? + A?)2 whereois is the
standard deviation of the least squares refinenmeist,the parameter,
cis 0.002 for distances and 0.02 for amplitudes, And the effect of
constraints. For the dimer, the minimum-ene@ysymmetry structure
was taken into account, from the MP2 Sn/Basis 1, Br/sdd computation.
b Earlier electron diffraction resultsry(Sn—Br) = 2.512(3) A and
O(Br—Sn—Br) = 99.7(20y from ref 7 andrg(Sn—Br) = 2.501(3) A
and e¢(Br—Sn—Br) = 100.0(20j from ref 9.

OBrs—Sm—Br,, deg 85.3 85.7 85.7 86.0 85.6
OSm—X—Sn,’deg 177.7 167.7 167.0 172.2 167.3
OX—Sn—Brsbdeg 97.6 96.8 97.5 97.0 99.7

AE, kJ moltd 6.0 9.14 9.0 10.4 4.3

aGround state. The molecular model is shown in Figure®3@is
the midpoint of the By--Br, distance * The molecular model is shown
in Figure 3b.9 Energy difference between ti@, structure and th€s
symmetry structure.

TABLE 4: Vibrational Frequencies of the Two Models of
the SnpBr4 Dimer from MP2 Sn/Basis 1, Br/sdd

Computation of the monomer, their vibrational amplitudes, and the asymmetry
SnBra. modelA SnBra modelB parameter of the monomer bond length were always refmed
(Cs symmetry) (Cz, symmetry) |ndependentl)_/. For the dimer, ;everal constraints were applied,
symmetry  frequency, M symmetry  frequency, cm such as the dlffer(_ance of the dimer termln_al and bnqlglng bond
i ! lengths and the difference between the dimer terminal and the
N 2358 Ay 2414 monomer bond lengths. The dimer bond angles were also
2, i%gi 21 igg? accepted from the _comput_ation. A_II these constraints were taken
A 158.8 A 66.5 from the computations using Basis 1 on Sn and the basis “sdd”
A 96.6 A 11.4 on Br. The energy difference between the two dimer structures
A 89.9 A 104.4 was relatively small; therefore, we checked both forms in the
A 56.3 Ao 49.6 ED analysis. Since there was no observable difference in the
2,, 1%31 El 128-3 results concerning the monomer structure and the dimer con-
A 1015 B; 235.9 tent for the two different dimer structures, in our final calcu-
A 71.2 B, 163.6 lation we accepted the minimum-enerd@ys symmetry dimer
A" 49.6 B> 65.6 structure.

The amount of dimer we found in the vapor was about 2%,
too small to yield any reliable information on its structure from
experiment. It is interesting to note that the estimation of the
dimer content of the vapor above liquid tin bromide at 617 K,
using the equilibrium constant of the dimerization pro¢esel

On the basis of mass spectrometric evidehtie presence € Vapor pressure of SnBabove the liquid? yielded a value
of dimeric molecules in the vapor could not be ruled out at the of 1.5%. The inclusion of c_ilmers did not change the monomer
ED experimental conditions. Therefore, they had to be included par_ameters more than their tot_al errors. Rifactor (goodness .
in the analysis. In the course of the refinement, it soon becameOf fit) was also about the same In the two cases. The ggomgtrlcal
clear that the vapor consisted mainly of monomeric molecules Parameters of monomeric Sndrom experiment are given in
and the amount of dimers, if any, could not be more than just Table 5.

a “contamination” of a few percent. There was no hope to
determine the structure of the dimer from the experiment, so
we had to rely on its computed geometry. According to our
usual practice, we used bond lenglifferencesas constraints by Hilpert et al! using experimentally determined molecular

in the analysis, rather than actual bond lengttie latter would parameters for the monom&and assuming a planar structure

not be right due to the different physical meaning of computed of Dy, symmetry for the dimer as well as some changes in the
and thermal average geometrf€d? While the actual bond geometry of the monomer on dimer formation. Since the

lengths obtained from computation and experiment may be molecular structure and symmetry of the dimer appear to be
rather different, this difference mostly cancels out if we carry very different from those assumed in the above work, we
over the bond length differences from the computations to the decided to recalculate the thermodynamic functions using the
experiment. geometry and vibrational frequencies of both the monomer and

Least-squares refinements including both monomeric and the two different dimersA and B) from our ab initio cal-
dimeric molecules were carried out. The geometrical parametersculations. We were curious to see whether changing the dimer

minimum structures for the $Br4 dimer, considering the very
costly nature of these computations.

Electron Diffraction Analysis

Thermodynamic Calculations

Detailed thermodynamic calculations were carried out earlier
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TABLE 6: Thermodynamic Functions of SnBr,(g) and function (and in entropy) can be accounted for by the differences
SneBr4(g) in the molecular geometries and vibrational frequencies used
—[G(T) — HXO)IT  Ho(T) — H2(0) M in the calculations. As far as the thermodynamic functions of
T (K) (JKtmol™) (kJ molt) (J K1mol™?) the SnBr, dimer are concerned, the enthalpy and entropy values
SnBr(g) calculated by Hilpert et & for their assumed dimer structure
100 230.96 3.94 270.32 are lower (e.g., at 298.15 K by about 2%) than those obtained
200 260.36 9.11 305.91 for the dimer structures of the present work.
298.15 279.22 14.57 328.07 The Gibbs energy functions and the enthalpy increments of
288 %g:gs %g:g; 2421?1:‘713 SnBr(g) and SaBra(g) can be used in the calculation of the
500 305.39 26.09 357.57 enthalpy of dimerization:
600 314.99 31.85 368.08
700 323.22 37.63 376.99 25nBL, — Sn,Br,
800 330.44 43.42 384.72
1388 gig:gi gg:gg gg%gg The 0enthalpy change of thel dimerization rgaction at 298 K
1100 347.89 60.83 403.19 (A/H;(298.15)) can be obtained by the third-law metHod
1200 352.72 66.63 408.24 from the experimentally determined equilibrium constant of the
SnuBra(g) A dimerization K;) using the equation
100 294.86 7.55 370.37
200 355.04 19.49 452.49 0 —
e e oz ey MUERED o o
400 428.49 45.31 541.76 TRINKG, + AGn(T) — Hn(298.15)1T)
288 f{?g:%g si:gg ggé:gi whereK, is the equilibrium constant andi; on the right-hand
700 494.28 84.87 615.52 side of the equation denotes the change of the Gibbs energy
800 510.57 98.11 633.21 function in the dimerization process. The equilibrium constants
900 525.08 111.37 648.82 for the dimerization were taken from Table 5 of the paper by
1000 238.16 124.67 662.80 Hilpert et al.} who studied the vapor-phase equilibria over SnBr
1100 550.08 137.91 675.45 . .
1200 561.01 151.19 687.00 by Knudsen effusion mass spectrometry in the temperature range
of 423-573 K. Our calculations were carried out by using the
SnBr«(9) B values of the thermodynamic functions for the monomer and
100 296.03 7.68 372.80 N
200 356.86 19.63 455.01 dimersA andB. The average values for the enthalpy change of
298.15 398.08 32.17 505.99 the dimerization L(er?n(298.15)) were found to be-105.5+
300 398.75 3241 506.79 0.3 and —104.0 + 0.4 kJ mot?, for dimers A and B,
400 430.66 45.45 544.28 respectively. These values are in excellent agreement with that
500 456.42 58.59 573.60 . . it
600 478.02 71.78 50766 obtained by Hilpert et aﬂl.(lpG.?i 5.0 kJ mot™).
700 496.60 85.01 618.04 The second-law evaluation meti#8ds based on the tem-
800 512.91 98.25 635.73 perature dependence of the equilibrium constant of the dimer-
900 527.44 111.51 651.34 ization. The logarithm oK, is a linear function of IV (see
1288 ggg-ié igg'c?)g g?g-gg Figure 2 of ref 1), and from the slope of the straight line
1200 563.42 151.33 689.52 an average value 0£103.84 2.9 kJ moif! was obtained for

A,H0m(500).l From this value, by using the enthalpy increments
. . . 0

shape, structure, and frequencies had any influence on thediven in Table 6, one ?bta'ns fdrH;,(298.15) the same value
thermodynanic properties of the dimer and those of the Of =107.2+ 3 kJ mol* for both dimersA andB, which is in
dimerization process. good agreement with the calculated value reported by Hilpert

Thermodynamic functions for the gaseous monomers and t @l- (-106.9+ 5.3 kJ mot?).t The agreement between the
dimers were calculated in the rigid rotator harmonic oscillator €nthalpy of dimerization values calculated by second- and third-
approximation by using the equations given in ref 30. The law evaluation methods, on one hand, and between the present
molecular symmetries, geometrical parameters, and vibrationalValues and those obtained by Hilpert et'abn the other, is
frequencies for all three molecular species were taken from the 'émarkably good.
MP2 computation with Basis 1 on Sn and basis sdd on Br (see

Tables +4). The symmetry numbers were 2 for Spnd the Results and Discussion

B structure of SgBr, and 1 for SpBr4 structureA. The thermo- The shape of monomeric SnBs bent, as expected, due to
dynamic functions for the monomer and the two dimer structures the lone electron pair on its central até?The thermal average
(A andB) are listed for different temperatures in Table 6. bond lengthrg, and the bond angle from ED agree well with

In the case of the monomer, there is a fairly good agreementthe previous ED results (see Table 5). We have also estimated
between the calculated values of the Gibbs energy function the experimental equilibrium distance in two different ways.
(—[G%(T) — H2(0))/T) and those given in Table 6 of the One of them is by the Morse-type correctiori = ry —
review paper by Brewer et at,as well as those calculated by (3al?)/2 (a is the Morse constant andis the mean-square
Hilpert et al! For example, at 298.15 K the corresponding values vibrational amplitude§3 rg" = 2.5024 0.005 A, and the other
are 279.22, 280.03, and 274.69 J'mol~1, respectively; the by an anharmonic joint electron diffractiewibrational spec-
differences are within the uncertainties of the measurements androscopic analysid* The result of the latter is 2.49% 0.005
calculations. The enthalpy incrementsg(298.15)— H%(O)) A; the two values very well agree with each other and with the
are also in good agreement with each other (14.57, 14.31, andone calculated by Spiridonov et al. by another type of anhar-
14.60 kJ motl). The small differences in the Gibbs energy monic correction (2.501(3) A9.
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for the SnCl, dimer earliet® so this type of arrangement seems
to be general for the dimers of tin dihalides. The same comment
as given for the monomer molecule about the sizes of basis
sets on the tin and the bromine atoms, respectively, applies for
the dimer as well. It has to be emphasized that the shape and
relative stabilities of the dimeric molecules are irrespective of
the applied basis sets; therefore, they can be considered well
determined.

The dimer structures andB of the present work yielded,
within the error limit, the same thermodynamic values for the
dimerization reaction as those for the dimer structure assumed
by Hilpert et al. Considering the shape of these dimers (see
Figure 3) and the assum@&, symmetry structure in ref 1, to
find such a good agreement is somewhat surprising. Apparently,
the shape and geometry of these heavy molecules do not
influence the thermodynamic functions as much as it is usually
assumed.

Acknowledgment. We are grateful to the Hungarian Na-
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Figure 3. Molecular models of SiBrs. (a) Model withCs symmetry ) ] ) ]
corresponding to the global minimum. (b) Model with, symmetry Supporting Information Available: Total electron dif-
(also stable). fraction molecular intensities at two different camera ranges.
This material is available free of charge via the Internet at
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