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The molecular structure of magnesium dibromide was investigated by high-level computational techniques
and gas-phase electron diffraction. The vapor consisted of about 88% monomeric and 12% dimeric species
at the electron diffraction experimental conditions at 1065 K. The geometrical parameters and vibrational
characteristics of monomeric, dimeric, and trimeric magnesium dibromide species were determined by
computations. Very high level computations with extended basis sets and relativistic pseudopotentials on
bromine were needed to reach an agreement between computed and estimated experimental equilibrium
geometries for the monomer. For both the dimer and the trimer, different geometrical arrangements were
tested. Their ground-state structures have halogen bridges with four-membered ring geomefigsaadd

D.s symmetry, respectively. Thermodynamic parameters have also been calculated.

Introduction content. The vapors of calcium dihalides have been shown to
have less than 5% dimeric species in their vapor by electron
diffraction,'® and there were no measurable amounts of dimers
in the vapors of the strontiuth and barium dibromide¥.

Computational studies of magnesium dibromide include the
Eomprehensive studies of alkaline earth dihalides by Seijo and

Magnesium dibromide is best known in connection with the
widely used Grignard reagent in organic synthésébe so-
called Schlenk equilibriuAgdescribes the process, in which the
associated species can be dimers, trimers, and even large
gssociates may be involved. Magnesium dibromide cry;tallizes Barandiafa, 1 Knaupp et alt’ and Axten et at The latter also
in a Cdb-type layer s@ructuré,_although recently a h'gh'. determined the structure of the dimer but only at the Hartree
temperature polymorphic modification was also found, which Fock (HF) level
crystallizes in the CdGltype structuré. The gas-phase mon- '
omeric molecule was studied in the early days of the gas-electron
diffraction (GED) technique by the so-called visual method, and
its bond length was estimatédsimple as the composition of
such a molecule is, there are many pitfalls in its structure
determination. The vapor composition of magnesium dibromide
may be rather complex, and this was ignored in the early study.
Further complication is the high experimental temperature and
the anharmonicity of the vibrations associated with these types Experimental Section
of molecule€ The gas-phase IR spectrum of magnesium
dibromide was studied by Randall et Athe matrix isolation

IR spectra by Cocke et dl.and both the matrix isolation IR .
and Raman spectra by Lesiecki and NilSIBesides determining checked by mass spectrometry. The sample was evaporated in

the frequencies and shape of the monomer, they also measureQYr combined electron-diffraction quadrupole mass spectromet-

- - PR [ developed in the Budapest laboratéwyijth a
frequencies that could be attributed to dimeric molecules. Even fic experiment X .
the possibility of the presence of some trimers could not be modified EG-100A apparatésand with a radiation-type nozzle

excluded. The vapors of alkaline earth dihalides have been system and a molybdenum noz;le. The experimental temperature
shown to contain small oligomers in addition to monomeric was 106'_5 K_’ and the accelerating voltage was 60 kV. The mass
molecules'? and the tendency to contain larger species seems SPectra |_nd|cated the presence .Of monomeric ‘f.’md also other
to be strongest for the halides of magnesium. The electron species in the vapor. Four and five photographic plates were

diffraction study of magnesium dichloride detected about 13% used in_ the analysis ta!(en at 50 and 19 cm ca[?era_ ranges,
of dimers in the vapot! On the other hand, an early mass respectively. The data intervals were 2:50.00 A (with

—1 —1 i —1

spectrometric study of all magnesium dihalides detected only 0.125 A" steps) and 9.0630.00 .'B‘ (with 0.25 A SIGPS) at

an about 1% dimeric species in their vapéralas at a few the two camera ranges, respecfuv'ely. Electron scattering factors
hundred degrees lower temperature than the temperature of thd/ere taken_ from _the I|teratu_%.L|_st|ngs of electrgn d|ffract|or)
GED experiments. As it will be discussed, such a difference in molecular Intensities are given in t_he _Supportlng Information.
the experimental temperatures seriously influences the Vaporfl'he.molecular intensity and radial distribution curves are shown

in Figures 1 and 2.
*To whom correspondence should be addressed. E-mail: hargitta@ ~Quantum-Chemical Calculations. Quantum-chemical cal-

ludens.elte.hu. culations were performed at different levels of theory and used

The lack of reliable experimental data on the geometrical
parameters of magnesium dibromide prompted us to determine
its structure by electron diffraction. At the same time, we also
carried out high-level computational studies of the monomers,
dimers, and trimers of this molecule and determined their
structures and some of their thermodynamic functions.

Magnesium dibromide was prepared by D. Knausz ‘ai/&®
University from magnesium metal and bromifidts purity was
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TABLE 1: Geometrical Parameters of MgBr, and Mg.Br4 from Computation (distances in A, angles in degrees)

basig MgBr, Mg2Brs

method Mg Br Mg-Br Mg—Br; Mg—Bry Br,—Mg—Bry A(D¢— mony A(Dp — Dy)°
B3LYP TZ SDB-TZ 2.326 2.335 2.523 95.8 0.009 0.188
MP2 2.326 2.332 2.513 95.6 0.006 0.181
B3LYP ATZ SDB-TZ 2.328 2.337 2.522 95.8 0.009 0.185
MP2 2.329 2.335 2.513 95.6 0.006 0.178
MP2 ATZ SDB-ATZ 2.330 2.337 2.516 95.5 0.007 0.179
MP2 TZ TZ-PP 2.318
CCSD(T) 2.321
MP2 Qz Qz 2.319
CCSD(T) 2.324
MP2 Qz SDB-QZz 2.325
CCSD(T) 2.326
MP2 52 SDB-Qz 2.321
CCSD(T) 2.323
MP2 Qz QZ-PP 2.311 2.319 2.495 95.3 0.008 0.176
CCSD(T) 2.314
MP2 AQZ AQZ—PP 2.311
MP2 CQz QPP 2.307
CCSD(T) 2.310
MP2 CcQz AQZ-PP 2.308
MP2 52 QZ-PP 2.300
CCSD(T) 2.305
MP2, ref 18 6-31G* 2.324

aFor details of basis sets, see computational sectibifference of dimer terminal and monomer bond lengtBifference of bridging and
terminal bond lengths.

sM(s)
88% MgBr, + 12% Mg,Br, .
50
C.m 88% MgBr2+12% Mngr4
12%MggBr4
- . A
| : : : : : : o 1 2 3 4 5 6 7 8
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S,A-l Figure 2. Experimental (dashed line) and calculated (solid line) radial
distributions and their differencea) for magnesium dibromide. The

Figure 1. Experimental (dots) and calculated (solid line) molecular .,ninytion of 129 of the dimeric molecules is also indicated.

intensities and their difference\) for magnesium dibromide at
1065 K. .
46 electrons, were eventually used; these latter incorporate scalar

a wide range of basis sets in order to get the best possiblerelativistic effects. The associated basis sets were of different
equilibrium geometry for the monomeric MgBmolecule. types; triple- and quadruplé-correlation-consistent valence
Density functional (B3LYP), MP2 (full), and CCSD(T) methods electron bases of Martin and Sunderm#&{(8DB—TZ, SDB—
were used with full geometry optimization. All computations QZ) with and without diffuse functions. Fully relativistic,
were performed using the Gaussiafiy@ogram package. For ~ Dirac—Fock pseudopotentials were also tested with the cor-
magnesium, Dunning’s all-electron basis sets were used, startingelation-consistent basis sets (FfBP, ATZ-PP, QZPP,
from triple< quality up to quintuplez with and without AQZ—PP) of Peterson et &. A set of the best computed

polarization functiong# Triple- and quadruplé- correlation- geometrical parameters of the monomer MgBnolecule
consistent polarized core/valence bases of Dunning%ware together with those of the minimum-energy structure of the
also tested (CTZ, CQZ). These sets include extra functions dimer are given in Table 1.

designed for corecore and corevalence correlation providing A recent study of some alkaline earth dihalide dimers showed
more accurate calculated parameters, such as shorter bondhat their minimum-energy structures may be different depending
lengths. For bromine we tried all-electron basis ¥eds well on whether their respective monomers are linear or bent. The

as pseudopotentials. Since relativistic effects are important for dimers of linear monomers hawy,, while those of the bent
such a large atom as bromine, the Stuttgart-type relativistic monomers haveCs, symmetry3® We have calculated dimer
effective core potentials (ECPs) of Bergner et?alcovering structures assuming these two symmetries in order to determine
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TABLE 2: Geometrical Parameters of Different Isomers of MgBr,4, Geometrical Parameters of the MgBrs Molecule (distances
in A, angles in degrees), Number of Imaginary Frequencies (NIMAG), and Relative Energies (in kcal/mol) of the Dimers from
Computation?

Mg:—Bry Mg,—Bry Mg:1—Br; Mg,—Br; UBr,—Mg1—Bry OBr,—Mg2—Bry NIMAG AE
Mngr4
Do GS 2.523 2.523 2.335 2.335 95.8 95.8 0 0.00
Cs, 2.731 2.452 2.344 - 86.6 99.6 0 14.28
Cs 2.619 2.487 2.338 2.379 90.3 96.5 1 15.37
Mg3Bre
Dy GS 2.536 2.519 2.337 95.7 96.5 0 -

aB3LYP/Mg:TZ (= cc—pvtz), Br:SDB-TZ, see computational sectiohGS: ground-state structure.

TABLE 3: Ring Puckering Potential for Mg ,Br, from
Computation (distances in A, angles in degrees, energies in

kcal/mol)?

Mgi—X—Mgz® Mg—Br, Mg—Br; Br,—Mg—Br, Bri—Mg—X¢ AE
0 2.523 2.336 95.8 180. 0.00
10 2.523 2.335 95.7 179.5 0.17
20 2.524 2.335 95.3 178.3 0.70
30 2.527 2.335 94.5 176.5 1.70
40 2.531 2.334 93.5 173.9 3.32
50 2.536 2.334 92.2 170.8 5.79
60 2.544 2.334 90.7 167.2 9.40

aB3LYP/MQ:TZ (= cc—pvtz), Br:SDB-TZ, see computational
section.? Puckering angle of the M8r, ring. X is the midpoint of the
Bry+++Brp line. ¢ Angle of the terminal Mg-Br bond and the BMg—
Bry, plane.

TABLE 4: Vibrational Frequencies (cm~1) of the MgBr,
Monomeric Molecule from Computation and Experiment

basis
method set/Mg basis set/Br v; 2 V3
MP2 ATZ SDB-ATZ 198 94 531
MP2 ATZ ATZ-PP 201 106 543
MP2 Qz Qz 200 93 535
CCSD(T) Qz Qz 199 93 533
Figure 3. Molecular models of MgBr.: (a) model withD, symmetry MPp2 AQZ  SDB-AQZ 198 93 530
(ground-state structure), (b) model witly, symmetry, and (c) model ’(\:AgéD T 5522 SSBgQé gg(l) gg ggg
with Cs symmetry (transition-state structure). MP2 M 0z QZ—Pg 201 103 540
CCSD(T) Qz QZ-PP 201 101 533
MP2 CQz AQZPP 201 106 540
MP2, ref 18 202.7 102.3 549.0
experimental, 490
gas phase, ref 7
experimental, 1979 815 497.1
Ar matrix, ref 9
experimental, 502, 509,
Ar matrix, ref 8 520
PC modet TZ SDB-TZ 183 56 501
Figure 4. Molecular model and labeling of atoms in MRys. B3LYP

. . . . aPolarizable continuum model to model the Ar environment; see
their relative stabilities. The transition-state structure between computational section.

them was also calculated; the geometrical parameters and

relative energies of these structures are given in Table 2. Thepuckering angles by FOincrements. The results are given in
molecular models and labeling of atoms are shown in Figure 3. Table 3. It seems that during the puckering the terminal bond
Two trimer structures were also examinedPay-symmetry length of the dimer does not change, while the bridging bond
arrangement, found in an earlier study at the Hartféeck length increases noticeably. The,BMg—Bry, angle of the four-
level!® and aDay-symmetry six-membered ring structure. The  membered ring decreases, while the terminal bonds bend away
latter was found to be unstable. The geometrical parameters offrom the original molecular plane and the molecule takes up a
the minimum-energy trimer structure are given in Table 2. The slightly pronounced W shape. The puckering motion of the ring
molecular model and the labeling of atoms are shown in Figure is rather anharmonic, in that the energy of & packer is 34
4. times greater than that of the 2Lpucker. Investigation of the
Computations determine the so-called equilibrium geometry, puckering also made it possible to carry out a so-called dynamic
while electron diffraction measures thermal average geometrieselectron diffraction analysis (vide infra).
and their symmetry is often lower than that of the equilibrium Frequency calculations were also performed at different
structure. To see the effect of large-amplitude vibrations on the computational levels for the monomer, as shown in Table 4.
molecular geometry, we have computed the effect of puckering The frequencies of the minimum-energy dimeric and trimeric
of the four-membered ring of the dimer molecule. We optimized molecules are given in Table 5. Most of the experimental
all parameters of the dimer structure by changing the constantfrequencies of magnesium dibromide come from matrix isolation
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TABLE 5: Computed Vibrational Frequencies (cm™?) of out, this parameter could be refined in the “static” structure
Mg2Br4 and MgsBrg Molecules (IR intensities (km/mol) in analysis.
square bracketsy The structure analysis was carried out in two different ways.
Mg2Brs MgsBrs One of them was the traditional “static” analysis, the other the
D2y (GSY Ca» Dag so-called “dynamic analysis”. In the first case, one “static”
A, 4588 A, 442.0[83.7] AL 447.0 structure Qescribes the molecular geomgtry, whose symmetry,
A, 1747 A; 303.9[78.5] A 171.4 however, is lower than that of the equilibrium structure. The
Ay 90.9 A; 158.4[8.9] A, 1473 symmetry lowering is due to the thermal average nature of the
By 97.5 A1 120.2[6.1] A 60.1 GED geometries and to the large amplitude deformation
539 Zggé E igg-é Eg-g} gl 432-% [205.4] vibrations of the moleculeés® In this case, even if MgBrhas
Bjﬁ 433.7 [275.3] E 009[04] Bz 341.3 [255.6] a linear and MgBrs a Dar-symmetry planar equilibrium
Bi 154.4[6.6] E 47.0[0.1] B, 166.9[7.4] geometry, they appear as bent and puckered, respectively. In
By 312.1[110.8] B, 111.5[1.5] this analysis, only the difference of the monomer and dimer
Ba 41.6[5.8] E 310.7[99.6] terminal bond lengths was constrained at the computed value;
Ba 129.3[43.1] E  230.9[<0.1] all other geometrical parameters could be refined. The only other
Ba 16.2[24] E 1%?'% [[%%]8] constraint we applied in this analysis was the grouping of the
E 455 [1: 4] vibrational amplitudes of closely spaced distances (mostly those
E 11.4[1.2] of the dimer) and also the grouping of the asymmetry parameters

of the three Mg-Br distances.
The “dynamic” analysis uses a set of “conformers” in order
to approximate the thermal average nature of the experimental

experiments, therefore we tried to model the effect of the argon Structures. On the basis of our earlier experiefiose used
matrix using the so-called polarizable continuum model initially the computed conformer structures only for the dimer molecule.
devised by Tomasi and co-work8fsand implemented in These dimer “conformersj’ are the geometries that were com-
Gaussian03 based on the work of Barone and co-wctkans! puted for gradually changing puckering angles; see Table 3. In
Tomasi and co-workei® These geometry optimizations were this analysis, the (elatlve contrlbut!ons of the dlffe(ent “con-
carried out at the B3LYP/Mg:TZ, Br:SDRTX levels. The formers” were estimated from their relative energies by the

dimerization energy of MgBrwas also calculated at the MP2/ ~ €XPressionV = exp(~AE/RT). To describe the contribution of
Mg:QZ Br:QZ—PP levels, taking the BSSE correction into these different conformers, again, only parameter differences
account. were taken over from the computation to the electron diffraction

. . . . analysis.
Normal Coordinate Analysis. A normal coordinate analysis Asi v th in high-t N lectron diffracti
was performed based on the computed vibrational frequencies S IS usually the case In high-temperature electron arfiraction

MP2/0Z. QZ-PP) for both monomeric and dimeric MgBr sf[udie_s of metal_ halides, the anharmonicity of the stretching
fjsing %e ;?rogran)1 ASYM28! The mean-square vibratigfal vibrations, described by the so-called asymmetry parameter (

amplitudes of the nonbonded distances in the dimer were could not be ignored. The starting value of this parameter was

i i 42 _ 4 _—4
especially useful for the electron diffraction analysis because gstlmated by the expressian= alr%(3 — 2l¢%r%/6, wherea

due to the relatively small dimer content of the vapor it was IS thﬁ g/lorstethpatrameterli IS tr;ethmean-squaret \gb;agqonal
expected that these amplitudes could not be refined in the ampiitude at the temperature ot the experiment, @ne the

analysis. According to the computations, the ground-state Mean-square vibrational amplitude at 3K8Initially the Morse

1 )
structure of the dimer hd3,, symmetry. This was the structure F"’?‘ram.e“?f was chosen .to bse 1.5%ased on our experience
for which we carried out the normal coordinate analysis. The with similar metal dihalides? The asymmetry parameters of

internal coordinates as well as the symmetry coordinates werethe three different MgBr distances were th_en refined in a
the same as those chosen previously for,®lgit The group. The asymmetry paramet?{ obt{;une_d this Wgy.corresponds
calculated vibrational amplitudes for both monomeric and Elfjha Morslfr pafr?hmeéeég 1'6‘?’& ’Wh'Ch. IS a.re$llsg||c \E/salue.
dimeric molecules are given in the Supporting Information. € resufts ot the analyses are given in fable .

Electron Diffraction Analysis. Although the basic compo-
nent of the vapor was the monomeric molecule, it was obvious
from the mass spectra that there is a noticeable amount of dimer The bond length of the monomer MgBmolecule was
presence in the vapor. To reduce the strong correlation betweercalculated at a wide range of method/basis set combinations
closely spaced distances during the analysis, certain assumptiongsee Table 1). Most of them give a bond length between 2.32
have been introduced. First of all, the difference between the and 2.33 A and that agrees with the previously determined
monomer bond length and that of the dimer terminal bond was values by Axten et at8 but these values are more than 0.01 A
accepted from the computation. To use bond lemtiffierences longer than the estimated experimental equilibrium distance. It
from computation as constraints in the GED analysis is a is only the quadruplé€-bases on Mg with the fully relativistic
generally accepted and justified approach. Even if the physical Dirac—Fock pseudopotentials and large quadruplealence
meaning of geometrical parameters from experiment and basis sets on Br that give bond lengths around 2.310 A that are
computation is not the same, these differences cancel to a gooctlose to the estimated equilibrium bond length from electron
approximation if we use thelifferencesof computed bond diffraction, 2.307(8) A. The inclusion of diffuse functions (on
lengths rather than the bond lengths themselves as constraintgither or both types of atoms) very slightly lengthens the bonds,
in the GED analysi&€3® As Table 1 shows this difference was but the effect is marginal. The bond length is a few thousandths
remarkably constant at different levels of computation. The of an angstrom larger from the CCSD(T) computation than that
variation of the difference of the monomer and the dimer from the MP2 (full) with the same basis sets. If we accept the
terminal bond lengths is within 0.003 A. The difference between generally observed fact that the MP2 method somewhat
the two dimer distances varies within 0.010 A, but as it turned underestimates bond lengths, then the CCSD(T) computations

aB3LYP/MQ:TZ (= cc—pvtz), Br:SDB-TZ, see computational
section.? GS: ground-state structure.

Results and Discussion
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TABLE 6: Geometrical Parameters of MgBr, and MgBr4
from Electron Diffraction 2

J. Phys. Chem. A, Vol. 109, No. 37, 2005383

calculated at higher than HF level are given. There is only one
experimental gas-phase frequency available from the literature,

static model dynamic model viz., the v3 asymmetric stretching frequenéyAll monomer
MgBr, frequencies and some of those of the dimer measured in the
ro(Mg—Br) 2.325+ 0.006 2.326+ 0.006 argon matrix have been reported by Lesiecki and NiblErere
IFZ:'“\”A(MQB*FF)b g-gggi 8-882 g-ggi 8-882 is also another argon-matrix IR work by Cocke et al. in the
g—Br . . . . ;
«(Mg—B") 43¢ 105+ 14% 105 A3% 1054 1.4 10-5 literature that reports three bands at 502, 509,.and 520 cm
ro(Br-+-Br) 4.550+ 0.010 4.548+ 0.010 that can be assigned to the asymmetric stretching frequency.
I(Br-+*Br) 0.1434 0.005 0.143k 0.005 The computed symmetric stretching frequency is only a few
Og(Br-Br) 0.100+0.008 0.104t 0.008 cm~1 higher than the argon-matrix value from ref 9, which is
VB 2333i000'\4928r4c 5 3355 0,007 reasonable. The situation with the asymmetric stretching
|r(g|E/|gg—Br51) oo0sa 0083 frequency is more difficult. It is hard to judge the reliability of
«(Mg—Brye 4.2 % 105 4.0x 10°5 the reported experimental asymmetric stretching frequencies.
ro(Mg—Bry) 2.523+0.015 2.528t 0.008 The work reporting the gas-phase frequency is a barely half-
|(Mg—Bro) 0.126 0.139 page note that does not show the actual spectriihe reported
«(Mg—Brp)® 1.9x 104 19x 104 f 490 ol Il with th ed i
ADi—Mon)  [0.008] [0.009P requency, cmt, agrees well wi e one reported in one
A(Dp — Dy) 0.190+ 0.014 [0.193 of the argon-matrix work&,497 cnt?; alas one would expect
DBLb_Mg_Brb g4gi O-g [95.8} a larger value in the gas phase than in the matrix, in which,
Oa, 5.3+ 4. T avi ; : ; iy i
Dimer (%) 121t 15 1274 15 due to the mewtaple interaction with the matrix S|t_es, one wogld
R (%) 7.2 76 expect a weakening of the bond. At the same time, there is a

disagreement between the two argon-matrix studies concerning
this frequency, and this discrepancy is not commented on in
the relevant papers. The computed asymmetric stretching
frequency is considerably higher than either of the experimental
ones, even from the best computations (between 530 and 540
cm~1, about 26-40 cnt ! higher than the experimental values).
The agreement between experiment and computation is also poor
for the bending frequency; the computed values being about

aBond lengths1(), vibrational amplitudesl), and shrinkagedg) in
A, angles in degrees, and asymmetry parametdiis A3. Error limits
are estimated total errors, including systematic errors and the effect o
constraints used in the refinement; = (20,52 + (cp)? + A2 where
ois is the standard deviation of the least squares refinenpeistthe
parameterg is 0.002 for distances and 0.02 for amplitudes, anis
the effect of constraintd.Estimated (by anharmonic corrections)
experimental equilibrium distanceFor molecular model and number-
ing of atoms, see Figure 3#Refined together with the monomer .
amplitude.® Refined together with the monomer asymmetry parameter. 10-20 cnr* larger than the experimental ones.
fConstrained at the computed value at the MP2/Mg:QZ, Br:QR There are several possible reasons for such discrepancies.

level. ¢ Constrained at the computed values at the B3LYP/Mg@:TZ, Br:  There are two obvious ones; one of them pertains to the possi-
dS_DB—iTZ 'e\ael- " F’U(;kf_er'“g of the four-membered central ring of the  hjlity of matrix effects in the experiment. Our trial calculations
imer.! Goodness of fit. with the polarizable continuum model of Tomasi et3lin

with fully relativistic ECP and the QZPP valence basis on Br  Which we put the MgBr molecule into an “argon solvent’,
and high-level basis sets on Mg give the best results. Interest-Showed quite a large change in the frequencies of MgBe

ingly, with the above ECP/basis set combination on Br, the @Symmetric stretching frequency (501 Cihdecreased notice-
change of the Mg basis from QZ to CQZ and then to 5Z further ably compareql with the calculated value_ for the free MgBr_
decreases the MgBr bond length by 0.004 and then by 0.005 molecule_ and is much close_r to the e>_<per|mental argon-matrix
A, respectively, the latter value being already smaller than the frequencies. The symmetric stretching frequency does not
estimated experimental equilibrium bond length. change that mych, but the be_ndlng frequency becomes much
For the dimer computations the highest level we used was smaller than either the _experlmental or the gas-_phase value.
the MP2/Mg:QZ, Br/QZ-PP. This is the set of data from which Naturally, t_hese calculations are only very approximate, but at
we accepted the monomer and dimer terminal bond length least they |nd|cate_that the effect of the matrix is definitely a
differences. However, this difference was fairly constant at all factor in the experiment.
levels of the computation. Another reason for the disagreement between computed and
The minimum-energy structure of the dimer is tbey- experimental frequencies could be that while computations
symmetry arrangement (see Figure 3). T@g-symmetry provide harmonic frequencies, the experimental values are
structure with three halogen bridges is also a local minimum probably anharmonic, considering the high temperatures of
with all positive frequencies, but it lies about 14 kcal/mol higher evaporation. It is difficult to judge the effect of anharmonicity,
in energy than the global minimuBy,-symmetry structure. We  but based on recent results on lanthanide trihalides, the
have also calculated the transition-state structure (one imaginaryanharmonicity of these vibrations may be considerable and is
frequency) between these two arrangements. ICgagmmetry of the opposite sign for the stretching and for the out-of-plane
(see Figure 3) and lies barely about 1 kcal/mol higher in energy vibration. As discussed by Lanza and Minichifighe stretching
than theCs,-symmetry structure. frequencies decrease due to the anharmonicity, while the
The details of the trimer structure are similar to that of the puckering out-of-plane frequency substantially increases. If it
dimer, except the central part; the bonds of the four-coordinatedis possible to draw conclusions from this for alkaline earth
magnesium atom, Mg-Brp, are about 0.01 A longer than the dihalides, these two effects would bring the computed and
other bridging bonds that are connected with three-coordinatedexperimental asymmetric stretching frequencies closer to each
magnesium atoms (see Table 2 and Figure 4). The latter as wellother and would more or less cancel out for the bending
as the terminal Mg Br; bonds are of about the same length as frequencies. Of course, we have to consider that the lower the
those in the dimer. frequency, the larger the difficulties we encounter with the
The computed vibrational frequencies of the monomer are computations. Therefore, this situation cannot be considered as
given in Table 4 together with the experimental values and resolved yet; new vibrational experiments would be needed for
previous computational result; for the latter, only the ones that.
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We have also calculated the vibrational frequencies of the  (3) WefllsaA- F.Structural Inorganic Chemistry4th ed.; Clarendon
; ; ; ; . ; ; i« Press: Oxford, U.K., 1975.
pllmerlc_ and tnmerlc_molecules, _they are given in .Table 5. This (4) Schneider, M.: Kuske, P.: Lutz, H. Biota Crystallogr 1992 B48
is the first computation of the trimer frequencies; the ones for ;41

the dimer agree reasonably well with the ones calculated earlier  (5) For a summary and references, see, Spiridonov, Kém. Kel.
at the Hartree'Fock level® and also with the suggested few 1972 37, 399.

R : : (6) Hargittai, M.Chem. Re. 200Q 100, 2233.
wavenumbers from the argon-matrix experiment. (7) Randall,'S. P.: Green, F. T.: Margrave, JJLPhys. Chem959

The thermal average bond length,of the monomeric MgBr 63, 758.
molecule from electron diffraction is 2.325(6) A. When (8) Cocke, D. L.; Chang, C. A,; Gingerich, K. Appl. Spectrosd 973

o . . . .27 (4), 260.
vibrational corrections were applied to this value, the experi (@) Lesiecki, M. L.: Nibler, J. W.J. Chem. Phys1976 64 (2), 871.

mt_ental equilibrium bonql distance was estimated to be 2.3(_)7(8) (10) For references see, e.g., ref 6 and HargittaiCdord. Chem. Re

A in good agreement with the results of the best computations. 1988 91, 35. o

The asymmetry parameter of the MBr bond length was also (11) Molna, J.; Marsden, C. J.; Hargittai, M. Phys. Chem1995 99,
determme_d, even if with a rather_ large uncgr?amty. It_ is difficult (ﬁ) Berkowitz, J.: Marquart, J. Ri. Chem. Phys1962 37, 1853.

to determine this parameter. First of all, it is sensitive to the  (13) vajda, E.; Hargittai, M.; Hargittai, I.; Tremmel, J.; Brunvoll, J.
larger scattering-angle region of the molecular intensity curve, Inorg. Chem.1987 26, 1171.

which has a large noise due to the experimental conditions. At 1951242)6"'2598igai' M.; Kolonits, M.; Knausz, D.; Hargittai,J. Chem. Phys.
the same time, this parameter strongly correlates with the dimer (15) Hargittéi, M.: Kolonits, M.; Schultz, Gyl. Mol. Struct 2001, 567—

content. To overcome this problem, we decided first to estimate 568 241. _
the dimer content from the 50 cm experimental curve, assuming (16) Seijo, L.; Barandidr Z. J. Chem. Phys199], 94 (5), 3762.

e (17) Knaupp, M.; Schleyer, P. v. R.; Stoll, H.; PreussJHAmM. Chem.
zero value for the asymmetry parameter. This is a reasonableSOC‘lggl 113 6012.

assumption, since the asymmetry parameter does not have a (18) Axten, J.; Trachtman, M.; Bock, C. W. Phys. Chem1994 98,
noticeable effect on the small-scattering region while the dimer 7823. ‘ ‘ _
content (due to the larger contribution of the longer nonbonded , (19) Brauer, GHandbook of Preparate Inorganic ChemistryAca-

di domi hi . demic Press: New York, 1963; pp 96910.
istances) dominates this region. (20) Hargittai, 1.; Tremmel, J.; Kolonits, MHung. Sci. Instrum198Q

Our electron diffraction analysis showed about 12% dimers 50, 31. Hargittai, I.; Bohatka, S.; Tremmel, J.; BerecHing. Sci. Instrum.
in the vapor phase under the experimental conditions. This is 1989 50, 51-56.

. . - . (21) Tremmel, J.; Hargittai, J. Phys. E1985 18, 148.
in accordance with our quadruple mass spectrometric studies, (55) ross, A. W.. Fink, M.; Hilderbrandt, R.; Wang, J.; Smith, V. H.,

which also indicated a considerable presence of dimeric species;Jr. In International Tables for Crystallography; Wilson, A. J. C., Ed.;
from the ions originating from the dimer, the Mgys* ion was Kluwer: Dordrecht, Holland, 1995; pp 24$38.

; ; + (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
the most intense, but other ions, such aSQIMng and MgBr, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

could also be detected. An earlier mass spectrometric study of\: Burant, J. C.; Millam, J. M.; lyengar, S. S.: Tomasi, J.; Barone, V.;
the magnesium dihalides indicated only about a 1% dimer Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;

i ; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
content .for eaCh ha}lld@' However, the GED eXp?“ment of Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
magnesium dibromide was performEd at about Zﬁ@her X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

temperature than that of the mass spectrometric experithent. Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
As the slope of the partial pressure (the logarithm of the ion Cammi, R.;; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

. . . : . .. Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
intensity ratio) vs reciprocal temperature plot of the dimer is S.- Daniels, A. D.: Strain, M. C.: Farkas. O.: Malick, D. K. Rabuck. A.

steeper than that of the monomer, the relative amount of dimersp.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
in the vapor increase as the temperature increases. Extrapolatiof.; Clifford, S.; Cioslowski, J.; Stefanov, B. B; Liu, G.; Liashenko, A;

; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
of the vapor pressure data from ref 12 to our g)_(penmental M. A: Peng. C. Y.: Nanayakkara, A.: Challacombe, M.: Gill. P. M. W.:
temperature shows that at our experimental conditions we canjohnson, B.: Chen, W.: Wong, M. W.; Gonzalez, C.; Pople, Haussian

expect the dimer content to be larger by an order of magnitude 03, revision B.05; Gaussian, Inc.: Pittsburgh, PA, 2003.
and this agrees with our findings. This is in agreement with the _ (24) (&) Kendall, R. A;; Dunning, T. H., Jr;; Harrison, R.1J.Chem.
so-called Brewer's rulé® Phys.1992 96, 6796. (b) Dunning, T. H., JiJ. Chem. Phys1989 90,

: ) o 1007. (c) Peterson, K. A.; Woon, D. E.; Dunning, T. H.,JrChem. Phys.
We have also computed the dimerization energy of magne- 1994 100, 7410.

sium dibromide. The BSSE correction is rather large, about 6 _ (25) Woon, D. E.; Peterson, K. A.; Dunning, T. H., Jr. To be submitted

kcal/mol. The BSSE corrected standard dimerization enthalpy, for(glé;)“\‘,:\fgg’r?'lj E.. Dunning, T. H., Jr. To be submitted for publication

AH°® = —34.8 kcal/mol, is in remarkably good agreement with (27) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, Mol.
the value—32 kcal/mol, estimated from simple relationships Phys.1993 80, 1431.
izati i (28) Martin, J. M. L.; Sundermann, A. Chem. Phys2001, 114, 3408.
and atomization energléé. (29) Peterson, K. A.; Figgen, D.; Goll, E.; Stoll, H.; Dolg, M.Chem.
. Phys 2003 119, 11113.
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