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Density functional theory has been applied to investigate the monomeric and dimeric dihalides of the heavier
alkaline earth metals. Quasirelativistic pseudopotentials and large basis sets with uncontracted d (and f)
polarization functions on the metals and correlation-consistent all-electron basis sets on the halogens were
utilized. The monomers of SgFBaF,, and BaC} were found to be genuinely bent, while Gadénd SrC},

although also bent, have extremely flat potential energy surfaces and are better described as quasilinear. The
dimers of the heavier alkaline earth difluorides and dichloridesFC&aCls, SKF4, SCls, BaFs, and Ba-

Cls, were investigated in great detail. Six different isomers were calculated for the strontium and barium
dihalide dimers. The typicdD,, symmetry halogen-bridged structure is the most stable only for the dimers

of the lighter dihalides, and it is not a stable structure for the heavier dimers. For these molecules, a triple-
bridgedCs;, symmetry structure is the most stable and even other isomers with pyramidal coordination of the
metal were found to be stable, although with higher energy. There appears to be a correlation between the
monomer and the dimer structures for alkaline earth dihalides; for the linear halides, the metal tends to have
planar, while for the bent ones, pyramidal coordination in their most stable dimer structure. Not only have
our calculations extended information on this class of compounds but they have also considerably improved
the agreement between the calculated and the available experimental data.

Introduction supported by electron diffraction studiand finally confirmed

i 10,11 i i i
The molecular shapes of alkaline earth dihalides are remark- by Ireceint C?erUtat'?kr%i: Ot?ﬁr nct)nlllneilrr] tgeometr:jgs 'tf‘
ably diverse. This diversity has generated a continued interest'0'€CU'ES OT heavy alkaline earth metais witn wo coordination

in and some controversy about these structures. The halides ofave also 3been observed, by X-ray difiractand electron
the heavier alkaline earth metals have recently become accesg'ﬁr_"’mt'pn1 experiments and c_omputa_thﬁbsoth_ core polar-_
sible to computational studies, and a pattern of these structure zation in the metal and d orbital pe}rtlslpatlon n t?e bonding
is finally emerging. can bg invoked to account for this “anomalous” structural

The early notions of uniform linearity for all alkaline earth behavior.
dihalides appeared consistent with popular qualitative médels I view of the diversity in the monomer structures of the
as well as the rudimentary gas-phase electron diffraction studiestwo-coordinated alkaline earth metals, it is also of interest to
in the fifties® To be sure, the linear geometries reported from 100k at the structure of their dimers. There have been a few
the early electron diffraction studies carried error limits up to Studies discussing these structures for the alkaline earth dihy-
+30° or more, but they could be conveniently overlooked. For drides!® and for the lighter dihalide¥1° The levels of the
some time, however, there has been accumulating evidence tha€omputations and the depth of these studies differ considerably.
some of them, viz., strontium difluoride and all the barium Kaupp and Schleyé&rprobed several different isomers in their
dihalides are bent rather than lindgBome molecules, such as  study of the dihydrides and suggested some interesting structures
calcium difluoride, strontium dichloride, and strontium dibro- for the dimers of the heavier metals. Ystenes and Westberg only
mide are conspicuously floppy, and can be considered considered the usuaD,, geometry in their study of the
“quasilinear”>~7 It is somewhat arbitrary what is considered magnesium dihalide dimet8. Ramondo et al. tested three
quasilinear, a molecule that has a very slight hump on the different isomers of the beryllium and magnesium difluoritfes.
potential energy surface at the linear geometry or one whoseAxten et al*” and Pogrebnaya et #looked at several different
PES is simply extremely flat. These shapes cannot be predictedmodels of the magnesium dihalides, and the beryllium, mag-
by such popular and successful models of structural chemistry nesium, and calcium difluorides, respectively. The models that
as the VSEPR modeknd the simple Walsh-type diagrafs. were considered are summarized in Figure 1 but the general

The first indication of the possible nonlinearity of alkaline conclusion pointed to th®y, structure 1) for the dimers of
earth dihalide molecules came from Klemperer's molecular the dihalides (except for CaFvide infra). Alas, the dimers of
beam deflection studies in the early sixtfeShey were later  heavier dihalides have not been studied, while the “anomalous”
monomers have proved to be those of the heavier metals. Thus,
| d* To V\{hohm correspondence should be addressed. E-mail: hargittaim@ ;¢ curiosity together with the computational possibilities
e Sf,f,etfs'it;'of North Carolina at Wilmington. motivated us to initiate the present investigation into the dimer

* Edtvds University. structures of the heavier alkaline earth dihalides.
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Figure 1. Different possible isomers of alkaline earth dihalides and dihydride®.n, two halogen (or hydrogen) bridge®; Ca,, two ligand
bridges with pyramidal metal coordination and trans arrangement of the terminal &d@as;two ligand bridges with pyramidal metal coordination
and cis arrangement of the terminal ato#sC,,, with two ligand bridges and asymmetrical arrangement of the terminal a®i@s;, three ligand
bridges;6, Dan, four ligand bridges.

While the computations quoted above found the dimers of a nonlinear monomer structure has been proposed in one of its
beryllium and magnesium dihalides and magnesium dihydrides dihalides; Cakis calculated to be bent and extremely floppy
to have theD,n, symmetry structure in their ground state, there (but see basis set and method dependence bélaw)ile CaH
was no consistency in the data concerning other possibleis calculated to be linear with a very shallow bending pote#ftial.

isomers. According to Ramondo et Hlhoth BeF, and MgF, Considering their dimers, the ground-state structure oHga
have a second stable minimum structure Wity symmetry is characterized by modglwith D, symmetry, but two further
(5) that is separated by a rather large energy gap from the globalstructures,5 and 6, were also found to be stable. T,

minimum (166.9 and 66.1 kJ/mol for B& and MgF,, symmetry structure5) with three hydrogen bridges is only

respectively, at the HF/6-31G* level). Pogrebnaya éf alid slightly less stable than th®,, structure {) with energy
not find theCs, structure stable for B€4, but their results agree  differences of 17.2 and 5.9 kJ/mol at the HF and MP2 levels,
with the previous one for Mgr, with a similar energy respectively. The structure with four hydrogen bridg&sh@as
difference from structurd (64.5 kJ/mol at the HF and 58.0 considerably higher energy (159.4 and 130.5 kJ/mol at the HF
kJ/mol at the MP2 level, respectively). Axten et aarrived at and MP2 levels, respectively). For Cafhe global minimum
similar conclusions in their study of all magnesium dihalides. is structure5, with three halogen bridges. THgy, symmetry
They found theCs, symmetry structure stable and higher in  structure {) is only slightly less stable (4.0 and 11.6 kJ/mol, at
energy than th®,, structure by 66.1 and 64.0 kJ/mol for Mg, HF and MP2, respectively). Again, structevas found to be
at the HF and MP2 level, respectively. The energy differences a stable structure, but with considerably higher energy (142.8
are the same for all four M4 molecules at the HF level, but  kJ/mol at HF and 129.5 kJ/mol at MP2) than structbre
decrease somewhat toward the magnesium di-iodide dimer at In the present study, we determined the geometry of the
the MP2 level, viz., 58.6, 52.3, and 35.6 kJ/mol, for 124, dimers of strontium and barium difluoride and dichloride by
Mg2Br4, and Mgl4, respectively. There were no other stable quantum chemical calculations. Since all previous studies used
isomers found for either the beryllium or the magnesium dihalide either HF or MP2 level calculations, we repeated the calculations
dimers. Considering MgH4, only the Dy, structure was found of CaF, at these levels together with the B3LYP technique
to be stable. The triple-bridged structukg fas two imaginary applied here, to check the performance of both the applied basis
frequencies and is not even bound with respect to two monomersets and the density functional method. Similarly, we have
molecules® calculated the structure of g2l,4, so that we could compare
Calcium is the first among the alkaline earth metals for which our geometries with experimental structures. To be able to do
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meaningful comparisons with the structure of the monomers, with previous results both from experiment and computation,
we have calculated the structure of the six corresponding are collected in Table 1.
monomer structures as well, with the same computational Experimental data are scarce to compare the computational

techniques. results with, mostly because these halides have such a low
volatility. The few data that are available are also often of
Computational Methods guestionable value. A case in point is the old Russian electron

diffraction works? which were pioneering in their time but do
not conform to present-day standards. These data are still often
guoted but any agreement or disagreement with them no longer
carries information value (for a critical discussion, see ref 4
and especially ref 33). The few more up-to-date electron
diffraction data are quoted in Table 1. Concerning bond angles,
there are some estimates from matrix isolation vibrational

interaction. It is obvious that th ¢ d polarization functi spectroscopic studié$2%32 put they are rather uncertain,
interaction. 1S obvious that the use ot d polarization functions considering the shortcomings of the matrix isotope shift
is essential for the description of these molecules. Moreover, it

) : echnique in determining bond angR¥3:34 Furthermore, the
has been pointed out that even the contraction scheme of the dtO 9 J 9

bitals is i cant in determining the sh fth lecul ond angle estimates from matrix isolation techniques are
orbrtals 1S important in determining the snape ot these molecules, impacted by matrix effects, which can be considerable for highly
so uncontracted d polarization functions have to be &4$Edr

. . . . flexible molecules with soft bending modes. Examples ampl
fluorine and chlorine all-electron basis sets, the correlation- 9 P Py

istent basi ts of Dunniffy VTZ d illustrate this in the literature; even the symmetry of the molecule
consistent basis Sets o bunnifigec-pviz, were used as .y change from one matrix to another and to the gas fhége.
implemented in Gaussian98.

An early high-temperature gas-phase infrared spectroscopic

The density functional method (B3LYP)was selected as  gy,gy#6 yielded merely some rough indication about the bond
the principal computational method since it has proved to be angles of these molecules.

reliable for calculating both the geometries and the vibrational
characteristics of molecules containing heavy mefaBull
geometry optimizations were carried out within the point group
of the particular structures. All stationary points were character-
ized by a frequency analysis at the same level as the optimiza-
tions. Since our first results indicated problems with the
frequency analyses (too many imaginary frequencies together
with considerable nonzero translational contributions remaining),
we repeated our initial calculations with an ultrafine grid with
99 radial shells and 590 angular points. This step proved to be
crucial since the problems with the frequency analyses disap-
peared and the CPU times were about the same and sometime .
even shorter due to faster convergence. It is important to mention ccording to the careful §tudy of Hassgztt and Marsgférg .

. large number of polarization functions is needed to describe
though that only the energies, the convergence, and the very~ d th It i it to th lied
low wavenumbers were sensitive to the change in the grid size ak, an € result 1S very sensitive even 1o e apple

but not the geometrical parameters. Compared with the otherteoxggggﬂgz :Lgﬁcﬁfgufgomn g:lat t;?C'lig;géﬁg\?;:ugfsfgz
geometries, structuis a relatively rigid system, and therefore Property,

- ob :
for this model the default fine grid calculation proved to be used. Wright et &t also demonstrated the basis set dependency
sufficient. of these structures.

Since these are the first DFT calculations that have been  OUrMP2 results for both the bond length and the bond angle

performed on systems under investigation in the present study,Of Cak are in excellent agreement with 'ot.her, hlgh-level all-
we found it prudent to repeat the computations fosfGat the electron calculations (see Table 1), thus giving confidence about

HF and MP2 level together with the same DFT approach used our chosen pseudopotentials and basis sets. As to the B3LYP
for the other molecules. The structure of,Ch was calculated results, b_oth the bond I_ength and the bond angle seem somewhat
in order to compare it with available experimental data. These underestlmate(_j by this meth(_)d, as cc_)mpared with the MP2
calculations were performed only for the typidn structure results. There is no.good-qua_llty experimental bond length for
and the triple-bridges, symmetry structure. Cak tp compare with nor rellable.enqugh bond angles from

experiments (vide supra); but considering the most recent bond
angle estimate from spectroscoffyfrom among all computa-
tions our B3LYP result agrees with it best.

Monomers. The monomer geometries were calculated at the ~ The linearity of CaGlis well established by spectroscofsié
same level and with the same basis sets as the dimers so thaand electron diffractiotf experiments as well as by computa-
geometrical changes during dimerization could be reliably tions>1°Before comparing its computed bond length with the
observed. Moreover, since there are prior computational dataone from gas-phase electron diffraction, vibrational anharmonic
available for the monomers at the HF and MP2 level, the corrections of the thermal average experimental bond lengths
applicability of the DFT method could also be tested. For this have to be carried out, due to the different physical meaning of
reason Cagand CaCJ} were also calculated; CaBecause that  the experimental and computed parametéf8The estimated
is the best studied system computationally (vide infra) and experimental equilibrium bond length for Ca@ 2.455(8) A.
CaCl, because for this molecule there is reliable experimental Among the computed Ce&Cl bond lengths our B3LYP result
information for the monomer and even a limited amount of agrees best with this value, so the reliability of the applied
information for the dime?® The monomer geometries, together method and basis set seems to be established.

Calculations were performed using the Gaussian 98 program
package’? For the alkaline earth metals, the multielectron
adjusted quasirelativistic 10-valence-electron effective core
potentials (WB MEFIT) and 6s6p5d1f uncontracted basis sets
developed by the Stuttgart group were udke@hese pseudo-
potentials treat the major relativistic effects, such as the Darwin
and mass velocity terms, but do not include spambit

Calcium DihalidesThe experimental difficulties in determin-
ing the molecular geometries of these alkaline earth dihalides
enhance the importance of the computational approaches.
However, due to the very shallow bending potential of some of
these molecules, the determination of their shape is a delicate
task that has been amply demonstrated by the large number of
computational studies and their scattered results on the structure
of Cak, (see the examples given in Table 1 and references to
other studies in the cited works). It appears that both the bond
length and the shape of the molecule depend strongly on the

pplied basis sets as well as the method of the computation.

Results
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TABLE 1: Geometrical Parameters of the Monomers (Distances in A, Angles in Degrees) from Experiment (in Italics) and
Computation

distance type/basis $et distance type/basis $et
r(M—X) OX—M—-X method M X ref r(M—X) OX—M-X method M X ref
Cak SrCh
142(1) MI(Ar)-IR 27,28 2.630(6) 154.6(1.0) ED J/Ma 6
140 MI(Kn)-IR 29 2.613(8) ED g 6
139-156¢ MI-IR 30 120 MI(Kn)-IR 31
2.017 163.0 HF pp/uc ae this work 130(8) MI(An)-IR 32
2.004 153.5 MP2 pp/uc ae this work 2.629 160.0 B3LYP pp/uc ae this work
1.990 142.4 B3LYP  pp/uc ae this work 2.632 155.5 B3LYP ppfuc ae 6
2.032 162.9 HF ae/defd ae! 20a 2.621 160.6 MP2 pp/dad ae 6
2.003 153.8 MP2 ae/defd a¢e 20a 2.631 161.4 QCISD(T) ppltc ae 6
2.005 153 MP2 aefef ae 20b,c 2.612 155.2 QCISD(T) pptuef ae 6
2.001 151.8 MP2 ae/def ae 20c 2.678 180.0 HF pp/c prol 10
2.033 154.8 MP2 aeluc ae 20d 2.675 167.3 HF pp/uc +dp 10
2.030 156.0 CIsC aeluc ae 20d 2.640 159.5 SDCI ppfuc  pp+d 10
1.96 130 HF aeluc ae/uc 20e 2.700 180 HF pp/c +gp 5
2.031 163 HF aelc ae 19 2.689 180.0 HF pp/c +gp 11
2.037 180 HF pp/c ppd 10 Bak
2.029 162.3 HF pp/uc pid 10 100 MI(Kr)-IR 29
2.010 157.5 SDCI pp/uef pp+d 10 2.236 117.8 B3LYP pp/uc ae this work
2.053 180 HF pp/c ppd 5 2.300 125.3 HF pp/c pipd 10
CaCb 2.299 125.6 HF pp/uc ppd 10
2.483(7) 180 ED J 26 2.254 123.0 SDCI pp/ukf pp+d 10
2.455(8) ED 3 calc by us 2.331 126 HF pp/c ppd 5
2.466 180 B3LYP  pp/uc ae this work 2.291 126.0 HF pp/c +gp 11
2.507 180 HF pp/c ppd 10 BaC}
2506 180 HF ppluc ppd 10 100 MI(KN)-IR 31
2.482 180 SDCI pp/utf pp+d 10 120(10)  MI(An)-IR 32
2.540 180 HF pp/c ppd 5 2.764 128.4 B3LYP pp/uc ae this work
Srk, 2.846 144.9 HF pp/c ppd 10
108 MI(Kr)-IR 29 2.841 1415 HF ppluc ppd 10
2.120 129.0 B3LYP  pp/uc ae this work 2.791 141.4 SDCI ppfuc  pp+d 10
2.167 143.3 HF pp/c ppd 10 2.898 143 HF pp/c ppd 5
2.164 141.5 HF pp/uc pid 10 2.816 143.1 HF pp/c pid 11
2.161 138.8 SDCI pp/ukef pp+d 10
2.191 144 HF pp/c ppd 5
2177  149.0 HF pplc ppd 11

a Abbreviations (in alphabetical order): B3LYP, density functional calculation with Becke’s three-parameter hybrid method with the LYP functional
CISC, size-consistent configuration interaction; ED, electron diffraction; HF, Hatfreek calculation; MI-IR, matrix isolation infrared spectroscopy;
MP2, Moller—Plesset calculation; QCISD(T), quadratic configuration interaction including singe and double substitutions with a triples contribution;
SDCI, singles and doubles configuration interactibAbreviations used for basis sets: ae, all electron; pp, pseudopotential (quasirelativistic or
relativistic) or model potential method; c, contracted; uc, uncontracted d polarization functions; for further details see original ref@eperding
on the applied matrix, see original reference for detdiExponents of different d and f polarization functions optimized.

Strontium and Barium Dihalide&ll four monomers studied This observation is valid for both cases where experimental
(Srk, SrCh, Bak,, and BaCj) appear bent in our B3LYP information is available. Our bond angles are also considerably
calculations using quasirelativistic core potentials and uncon- smaller than the previously published computed ones, while they
tracted d polarization functions on the metal. There is a generalagree better with the available experimental values.
consensus about the bent shape of the two fluorides and of Table 2 lists the frequencies of all monomers studied here
BaCh, as shown in Table 1, even if the actual values of the (from among the previous computations only the ones with
bond angle vary from technique to technigue and from measure-reliable geometries are cited; that is, the studies using inadequate
ment to measurement. The case of Si€bmbiguous. Similar basis sets and therefore resulting in wrong molecular shapes
to Cak,, the earlier studies, using contracted d functions, resulted are excluded). Experimental information is scarce and includes
in linear geometry for this molecule as did the use of simple gas-phase as well as matrix isolation results. The most interesting
HF level of computatioi:l® A more recent study using only  feature of these data is the difficulty of reliably determining
HF computations communicated also a linear geometry for this bending frequencies for the floppiest molecules, called also
molecule!! quasilinear, viz. Cafand SrC}. The MI-IR studies of Caf

The preliminary results of our high-temperature electron exaggerate the value of the bending frequency, and this may
diffraction investigation of SrGlindicate a bent geometry, as be an indication of some interaction with the matrix molecules.
do computations in which electron correlation is taken into This is also suggested by the differing bond angles determined
account and in which uncontracted d basis functions areused. in different matrixes (see Table 1). For SgClhe computed
Our present results agree with ref 6 concerning the bent shapebending frequencies are extremely low and the bending potential
and the bond angle of the molecule as well as the bond length.of the molecule is extremely fl&tThis makes these frequency

Our monomer bond lengths seem to be much shorter thanvalues rather uncertain, but again, the MI-IR bending frequency
any of the previously published values, and these new data arecan also be indicative of some matrix interaction that would
consistent with the experimental equilibrium distances derived increase its value.
from the electron diffraction thermal-average parameters ap- There is a discrepancy in the frequency assignment fop,BaF
plying corrections for both harmonic and anharmonic vibrations. concerning the symmetric and antisymmetric stretching frequen-
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TABLE 2: Vibrational Frequencies (cm~1) and Their Symmetry Assignments of Monomeric Alkaline Earth Dihalides from
Experiment (in Italics) and from Computations

method V1 (A1/29)b Vo (Al/.?'[u) V3 (Bz/Zu) ref method V1 (Al/Zg)b V2 (A1/.7'L’u) V3 (lezu) ref
Cak SrCh
IR gas 575(10) 36 IR gas 300(7) 36
MI(AN-IR 4875 156.6 559.8 28 MI(Ar)-IR 275 308 32
MI(Kn)-IR 486.2 163.6 553.5 28 MI(Kn)-IR 269 44 300 31
MI(Kr)-IR 484.8 163.4 553.7 29 B3LYP 264 16 311 this work
IR® 520(10) 595(10) 34 MP2 279 24 330 6
B3LYP 524 88 598 this work B3LYP 266 28 311 6
MP2 482 81 551 20d HF 256 20 307 10
CISC 479 90 549 20d BaF
MP2 524 30 628 20c IR gas 415(7) 36
HF 494 65 609 10 IRe 450(10) 430(10) 34
HF 506 53 631 19 MI(Kn)-IR 389.6 413.2 29
CaCb B3LYP 450 95 432 this work
IR gas 395(7) 36 HF 421 87 432 10
MI(An)-IR 71.5 397.2 28 HF 406 77 436 5
MI(KP)-IR 65.5 402.7 28 BaCh
MI(KD)-IR 63.6 402.3 31 IR gas 265(5) 36
B3LYP 279 18 418 this work MI(Ne)-IR 262 62 268 32
HF 275 48 420 10 MI(AnN-IR 226 61 234/247 32
HF 265 50 442 5 MI(Kn)-IR 255 260 31
Srk B3LYP 260 47 267 this work
IR gas 455(7) 36 HF 245 38 258 10
IRe 485(10) 490(10) 34 HF 233 36 275 5
MI(Kr)-IR 4415 82.0 443.4 29
B3LYP 480 91 482 this work
HF 465 77 480 10
HF 440 76 509 5

aFor meaning of abbreviations see Tablé Bymmetry assignment corresponds to bent/linear geometi@mrected for matrix effects, based
on measurements in different matrices.

cies. The two experimental studi@d’ have an opposite  TABLE 3: Geometrical Parameters (Distances in A, Angles

assignment, whiles < vy in ref 34,v; < vzin ref 29. Curiously, in Degrees), Dipole Moments (in Debye), and Relative
there is also some disagreement in the computational resultsEnergies (in kd/mol) of CaF4 and CaCl,
(see Table 2). According to our results, the IR intensity of the CaF, CaCl,
antisymmetric stretching frequ.ency is about 3 timeg as.high as HE HF (ref19) MP2  B3LYP B3LYP
that of the symmetric stretching frequency. Considering the o)
i 1 i 2h
Pl expernerta specta e 0 O Mo nx  aon g a0 lew e
’ M—Xp 2.195 2.203 2.186 2.185 2.660

v3. Our computed values of = 450 cnT! andv; = 432 cnt! Xp—M—Xp, 75.9 75.7 77.3 77.9 87.0
almost coincide with the values estimated for the gas-phase by Car(5)
Snelson, based on his measurements in different matrixes. Forp1 —x, 2027 2 042 2015  2.002  2.462
all other molecules the agreement between experiment andM1—X, 2.308 2.311 2.299 2.300 2.803
different level computations is acceptable. M2—Xp 2.101 2.114 2.088 2.082 2.558

Dimers. Calcium Difluoride and Calcium Dichloride Dimers. ~ Xr—M1-X, 136.1 136.0 1358 1358 1314
The two calcium dihalides were studied in order to assess the Xb~M2~Xo 826 822 83.4 83.7 81.0
reliability of our computational approach for these types of metal # 12.0 12.2 11.8 10.5 11.0
halides, and only structurdsand5 of Figure 1 were calculated. Don 1.0 4.3 6.4 7.9 0
The geometrical parameters of these two dimers are given in Cs 0 0 0 0 25

Table 3 together with other data from the literature. Our HF 211 g ka/mol for MP2 single-point calculation.
results for CaF4 agree very well with those of ref 19, the only
available comparison. Concerning{C4, the difference of the  frequencies at the HF and the MP2 level and both resulted in
terminal and bridging bonds, 0.21 A, agrees well with the crude all positive frequencies. In checking the performance of the DFT
estimate from electron diffraction, 0.22(4)%A. method further, we continued to increase the grid size from the
Concerning the relative stability of these isomers, our results 58 410 points, corresponding to the ultrafine grid, to 196 608
on CaF, agree with the previous calculation by Pogrebnaya et points (96 radial shells and a spherical grid), but it did not
al.1® at least at the HF level. Both structures were found to be change the results. Thus, it appears that the DFT method may
stable minima, but the triple-bridged struct&ris of somewhat have problems with the frequency calculation for systems that
lower energy than structufie Pogrebnaya et al. found the energy have extremely flat potential energy surfaces. However, this does
difference to be 4.0 and 11.6 kJ/mol at the HF and MP2 levels, not influence the reliability of the geometrical parameters, as
respectively. The energy differences in our calculations are 1.0, Table 3 illustrates this.
6.4, and 7.9 kJ/mol at the HF, MP2, and B3LYP levels, The dimer of CaGl was found to have the usuddu,
respectively. There is, however, one interesting aspect of thesymmetry global minimum structurel)( in accordance with
B3LYP calculation; theD,, isomerl is no longer a minimum earlier observations for other linear dihalide dim&r¥ and
structure but has one imaginary frequency, thus correspondingwith the interpretation of the FTIR spectrum of calcium
to a transition state. Since this structure was found to be a stabledichloride?® Structure5 is also a minimum, merely 2.5 kJ/mol
minimum at the HF level in ref 19, we also calculated the higher in energy than structute Apparently, the Cd,4 and
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TABLE 4: Relative Stabilities of Different Isomers of Alkaline Earth Dihalide Dimers (in kJ/mol), the Number of Their
Imaginary Frequencies, Nimag, @and Dimerization Energies,AE, for the Most Stable Isomer (kJ/mol) from B3LYP Calculations

C@F4 C@C|4 Sr2F4 Sr2C|4 BagF4 BBQC|4
structures energy  Nimag energy Nimag energy Nimag energy Nimag energy Nimag energy Nimag
D2n (1) 7.9 g 0 0 28.9 2 13.0 0 45.8 2 27.3 b2
Can (2) 21.9 0 19.7 0 22.0 0
Ca (3) 25.7 0 27.5 0 25.3 0
Ca, (4) 152.9 1 125.9 1 139.7 1 120.9 1
Cs, (5) 0 0 2.5 0 0 0 0 0 0 0 0 0
Dan (6) 103.7 0 110.4 0 64.9 0 78.8 0
AE (5) —272.0 —279.1 —211.5 —247.1 —206.8
AE (1) —194.4

aThere are no imaginary frequencies at the HF level (see teS8me at the HF level.

C&Cls pair |s_the point where thBz, st_ructure changes to_ the TABLE 5: Geometrical Parameters (Distances in A, Angles
Cg, structure in the ground state, but in a subtle way, while the j, pegrees) and Dipole Moments (in Debye) of the

PES for both molecules remains extremely flat. Ground-State, Triple-Halogen-Bridged Structure (5) of MXy4
Strontium and Barium Dihalide Dimers. Relggi Stabilities Dimers
of Isomers All possible structures indicated in Figure 1 were ShF, SKCly BaF, BaCls
!nvestllgat.ed since the main pbjectlve qf thls paper was the M1—X, 2154 2630 > 288 5798
investigation of the heavy alkaline earth dihalides. Full geometry \j1—x, 2451 2.959 2,626 3137
optimizations were carried out for all isomers, initially without ~ M2—X, 2.225 2.714 2.371 2.881
any constraint and finally with only the point group symmetry =~ M1::-M2 3.262 3.631 3.585 3.994
restriction. All structures were found to be stationary points on XimM1=X, 137.0 132.7 1386 1343
Xp—M2—X, 81.1 87.9 78.7 84.9

the potential energy surface (except struct@esd3 for Sr-

Cly) but not all of them represent minima. The relative energies

are given in Table 4. All molecules, except,Sli, show the  TABLE 6: Geometrical Parameters (Distances in A, Angles

same pattern. For all four molecules g symmetry structure in Degrees) of Dimers with Two Halogen Bridge3

5 with three halogen bridges is the global minimum. SKE, SKLCLP BaF, BaCls
The generally accepteD,, symmetry structure for metal

11.4 12.5 114 13.4

- ) ) > . Don (1
dihalide dimers 1) is a true minimum only for SCls, being M—X, 2.139 ” (2?614 2.270 2.779
only about 13 kJ/mol higher in energy than structbr&or the M—Xj, 2.341 2.829 2.510 3.015
other three molecule$ has two imaginary frequencies. Con-  M-*M 3.689 4.197 3.987 4.561
S Aar s ; T ; Xp—M—Xp 76.0 84.2 74.8 81.7
sidering our findings for Cd, regarding the stability of this
structure, we also carried out a frequency calculation for the M—x 2126 Can (2 2245 2.765
Do, structure at t_he HF level, to see if the imaginary frequencies M—XL 2324 2468 2,994
appear only with the DFT approach. However, the two M..-M 3.676 3.972 4544
imaginary frequencies remained; thus, it seems that this structure Xp—M—Xp 75.5 72.8 81.3
is, indeed, no longer a minimum for the heavier dimers. Its M-=M—X; 139.3 113.3 137.4
stability compared t& decreases about 100% in going from Sr M ) 131 Ca (3) 0 244 » 760
1 H H H - t . . .
to Ba with the same halogen and in going from Cl to F ligand M—X 5333 5479 3003
for the same metal. . _ _ . M--M 3.685 3.991 4.556
Isomers2 and 3 with pyramidal configuration around the Xp—M—=Xp 75.6 72.6 81.2
metal atom are true minima for all molecules except the M—M—=X; 149.0 126.0 145.0
strontium dichloride dimer, for which they refined to tbey, u 6.9 10.4 9.0
symmetry geometry. For the other three molecules Bathd Ca, (4)
3 are a little lower in energy than they, structure (), with M1-X, 2.125 2.606 2.256 2.764
the structure with trans arrangement of the terminal halogens M2—X, 2.571 3.094 2.795 3.299
. . . M2—X; 2.181 2.667 2.303 2.828
(2) being somewhat lower in energy than the cis arrangement p;1...m2 3.670 4.139 4.030 4.549
3). Xi—M2-X; 135.3 139.7 126.4 133.5
Structure6 with four halogen bridges anidy, symmetry is a Xp—M2—Xp 68.9 77.9 65.3 74.2
minimum structure for all four molecules, but these structures  *v~M17Xo 86.4 96.6 83.9 92.1
are rather high in energy compared to the ones discussed before. 4 17.9 19.0 19.2 213
The energy difference compared to structérés largest for aDipole moments, when different from zero, are also given (in

SrCly, while it is the smallest for Béry; the relative energies Debye).”Structures2 and 3 are not stable minima for 82ls; they
decrease considerably from Sr to Ba with the same halogen andconverge to structurg.
also, although much less, from chlorine to fluorine with the same
metal. This structure is different from all the others in thatitis =~ GeometriesThe geometries of all isomers shown in Figure
relatively rigid and therefore there was no reason to do the 1 were calculated for all four heavy metal dimers. The
ultrafine grid calculations for it (vide supra). geometrical parameters are collected in Tableg .5

Structure4, the one havingC,, symmetry and an unsym- Isomer 5, G, SymmetryFor all four molecules, this structure
metrical arrangement of the halogen ligands, is a transition is the global minimum. The variations of the geometrical
structure for all four molecules with one imaginary frequency parameters show similar trends (see Table 5). In all molecules,
and rather large energy separation from the ground state structuréhe terminal MEX; bond is about 0.03 A longer than the
5, the largest being 153 kJ/mol for &5 and the smallest 121  monomer bond (except for &1, for which the two are the
kJ/mol for BaCl,. same). The two different bridging bonds (bonds to different



1956 J. Phys. Chem. A, Vol. 104, No. 9, 2000

TABLE 7: Geometrical Parameters (Distances in A, Angles
in Degrees) of the Four-Halogen-Bridged Isomers (6) of
MoX,4 Dimers

Levy and Hargittai

TABLE 8: Vibrational Frequencies (cm~1), Their Symmetry
Assignments, and Infrared Intensities (km/mol) for Isomer 5
(Cs,) of the Dimers

Sr2F4 SI'QCI4 BEQF4 BaQC|4 C@F;; CagC|4 Sr2F4 Sr2C|4 BaQF4 BaQC|4
M—Xo, 2.346 2869 2489 3025 E 78(8) 50(2) 54(13) 39(4) 29(14) 30 (5)
M-+-M 2.939 3217  3.260 3560 A, 241(2) 152(0.1) 169(1) 112(1) 128(0.4) 86(1)
Xoi—=M—Xp2  66.9 717 64.6 69.7 E 209(59) 117(18) 174(50) 98(20) 148(39) 84 (18)
Xp—M—Xps  102.4 111.7 98.2 107.9 E 235(8) 150(11) 212(5) 128(5) 188(4) 117 (3)
M—Xp—M 776 68.3 81.8 72.1 A; 330(113) 193(54) 294 (132) 171(6) 263 (147) 157 (70)
E 433 (154) 295 (107) 367 (106) 239 (69) 324 (99) 209 (62)

metal atoms) have strikingly different lengths; the bonds to the ﬁi 562 (160% 378 (125) 456 (131))

three-coordinated metal atom, MXp, are only about 0.08 A

509 (170) 316 (92) 429 (106) 261 (46) 387 (138) 234 (43)

289 (9) 409 (120) 251 (92)

longer than the terminal bond, that is, much shorter than the 5jecyles (one imaginary frequency). This structure lies
usual bridging metathalogen bonds. On the other hand, the considerably, about 120150 kJ/mol, higher in energy than
bridging bonds connected to the four-coordinated metal atom, ¢t ctures. The shortest bond in these molecules is the-M1

M1—Xy, are an additional 0.230.24 A longer than the other
bridging bond (that is they are 0.30.33 A longer than the

Xp bond, being about the same or slightly longer than the
corresponding monomer bonds (Table 6). The-N&2 bond is

terminal bond), indicating a rather loose linkage. It may be best g0yt 0.05 A longer than the MiX,, bond. At the same time,

to characterize these molecules as MXX 3™ ion pairs.

Isomer 1, Dy SymmetryFor the dimers of all linear metal
dihalides and dihydrides, this structure is the global minintms.

the other bridging bond, M1Xy, is considerably longer than
either of the others and is about 0-48.55 A longer than the
terminal bond. This shows that this isomer is a rather loosely

However, as discussed above, this is not the case for the fourbound complex of two MX monomers.

molecules studied here. The geometrical parameters (Table 6)

Isomer 6, D, SymmetryThis is an unusual structure with

are more or less typical of this type of structure, the terminal four halogen bridges connecting the two metal atoms and

metal halogen bonds being slightly longer (about 6-:0D3

providing an unisotropic environment for the metals. However,

A) than the corresponding monomer bond, except for the very even this structure is a true minimum for all four molecules,

floppy SkCls and CaF,, for which the relationship is the

albeit with a very high energy (about 6810 kJ/mol) relative

reverse. For all molecules, the bridging bonds are consistentlyto 5. Considering its geometrical parameters (Table 7), the

longer, by about 0.2 A, than the terminal bonds. The-XM—

M—Xp bonds are about 0.25 A longer than the monomer bonds

Xp angles are smaller in the two fluorides than in the chlorides, and about 0.020.033 A longer than the bridging bonds in
in keeping with the smaller size of the bridging ligand. These structure® and3. The metat-metal distances are much shorter,

structures, except for gtly, are not minima on the potential

energy surface.

Isomer 2, G, Symmetryln this structure the two terminal
halogen ligands occupy trans positions. FoiC%4, this is not
a stable structure as it converges to structurélowever, for

the other three dimers this is the second deepest minimum on

the potential energy surface, separated fromGhesymmetry

global minimum only by about 20 kJ/mol. Comparing their
geometrical parameters (Table 6) with those of the monomer

and theDg, symmetry structurel, the terminal bonds are of

about the same length as the monomer bonds for all four
molecules, and both these and the bridging bonds are somewh

shorter than those in tHey, structure of SiF4, BaF4, and Ba-
Cls. Considering the deviation from th&y, symmetry structure,
BaF4 is more pyramidal than &4 (the Ba-Ba—F; angle is
about 28 smaller than the SrSr—F; angle). Extrapolating this

observation to the two dichlorides, it seems reasonable that this

structure is not a stable one for6t4, and, indeed, it converged
to the Dy structure.

by about 0.75 A in the fluorides and by 1.0 A shorter in the
chlorides, than in structure$—3. Compared to the similar
dihydride dimers, their IMt-M distances are between those of

the fluorides and the chlorides for both metals. The sum of the

ionic radii of the metal dications (six coordination instead of

four) is 2.64 and 2.98 A for 3t and B&", respectively, thus

all M---M distances are longer than that. The comparison of

the halogern-halogen distances in the central plane of the

molecule is especially of interest, considering halogen repul-

sions. The sum of the ionic radii for the fluorine and chlorine

anions is 2.29 and 3.34 A, respectively, so even these are within

arthe X--+X distances in these four isomers.

Vibrational Frequencies.Vibrational frequencies for all
dimers were calculated. TH&y, structures 1) of SroF4, BasFs,
and BaCl, have two imaginary frequencies, while ti,

structure6 for all four molecules has one imaginary frequency,

indicative of the fact that these are not minima on the potential
energy surface. All the other structures were found to be true
minima. The vibrational frequencies of these species are given
in Tables 8-12 together with their symmetry assignment and

Isomer 3, G, Symmetry.This structure differs from the o the more stable ones with their infrared intensities, the latter
previous one only in that the two terminal halogen ligands are i, order to facilitate their assignment in experimental spectra.
in the cis rather than trans position with respect to each other. The frequencies of G& and CaCl for structuresl and5 are
This structure is not stable for £, and it is the third deepest  51so included in the tables.
minimum for the other three molecules, separated from structure  the neavier dimers have not been observed experimentally
2 only by about 4-8 kJ/mol. The lengths of the terminal bonds yet. Their lighter counterparts, such assBg Mg,Xs, and even
(Table 6), are about the same as those of the monomer bondscy,x, have been observed by different techniques, such as mass
and the bridging ones are about ©@23 A longer. Their ring spectrometry? vibrational spectroscopy/;284° and electron
geometry is the same as that of isonZrConsidering their giffraction264142 Three wavenumbers of @R, have been
deviation from theDa structure, the MM —X; angles are about  jdentified and assigned in their matrix isolation speétra
10° larger than they are i@, which can be the result of the  agreement with our values (except for the assignment of one of
stronger aniofranion repulsion in a cis configuration. the frequencies; see Table 9). Similarly, the two identified

Isomer 4, G, Symmetry.This is a highly unsymmetrical  wavenumbers of the G&l, spectrur®® agree with the computed
arrangement, and it represents a transition state for all four values. With further development of matrix isolation vibrational
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TABLE 9: Vibrational Frequencies (cm~1), Their Symmetry Assignments, and Infrared Intensities (km/mol) for Isomer 1 D)

of the Dimers

CaFs? CaClp SKF, SKCly BaoF, Ba.Cls

B3LYP MP2 HF (ref 19) B3LYP B3LYP B3LYP B3LYP B3LYP
B —27 23 13 35 —51 6 —63 —22
Bau 8 (54) 21 (53) 21 (58) 18 (17) —35 (62) 11 (22) —54 (70) —12 (28)
Bau 64 (47) 68 (54) 68 (63) 40 (20) 48 (43) 33 (21) 31 (35) 28/(19)
Bag 95 101 97 62 63 46 36 37
Bay 159 (133) 168 (151) 175 (171) 95 (77) 120 (74) 70 (49) 91 (38) 55 (34)
Aq 183 189 194 108 131 82 97 65
Bag 337 347 360 219 289 179 242 156
By 381 (180) 379 (191) 382 (208) 272 (117) 314 (130) 212 (76) 277 (120) 183 (67)
Aq 383 385 396 231 334 206 292 183
By 394 (129) 397 (103) 411 (91) 221 (39) 351 (221) 202 (67) 310 (316) 185 (110)
B 559 (506) 556 (484) 581 (460) 377 (391) 460 (295) 293 (243) 416 (245) 255 (214)
Aq 587 582 604 397 477 303 429 264

a Experimental frequencies from matrix isolation infrared spectra; B30 (Ar) and 527 (Kr); 368 (Ar) and 366 (Kr)..B 396 (Ar) and 394
(Kr) from ref 28.° Experimental frequencies from matrix isolation infrared specBa: 370 (Ar) and 386 (Kr); Bi: 278 (Ar) and 269 (Kr) from

ref 28.¢ Centrosymmetric normal modes are inactive in the infrared.

TABLE 10: Vibrational Frequencies (cm~1) and Their
Symmetry Assignments for Isomer 2 Cyp,) of the Dimers

SKF, BaoF, Ba,Cly
By 30 By 18 By 14
Ag 45 Aq 50 Ag 25
Ay 59 Ay 54 Ay 32
By 87 By 88 By 47
Bu 138 Ay 116 B, 66
Ag 143 B, 129 A, 72
By 295 B 260 B 159
Ay 310 A 270 A 181
Ag 341 Ay 303 Ay 187
By 364 B, 336 B, 193
By 470 B, 434 B, 260
Ag 480 Ay 436 Ay 265

TABLE 11: Vibrational Frequencies (cm~1) and Their
Symmetry Assignments for Isomer 3 C,,) of the Dimers

Sk, BaoF4 BaCls
Az 29 32 10
B> 31 36 11
Az 66 51 35
B; 67 77 35
Az 130 111 62
Aq 139 124 70
A, 292 256 158
B1 311 268 181
Aq 337 300 185
B> 358 331 190
B> 466 432 258
Ax 481 440 266

TABLE 12: Vibrational Frequencies (cm~1) and Their
Symmetry Assignments for Isomer 6 D4,) of the Dimers

Sr2F4 Sr2C|4 BaoFs BBQC|4
Bau 123 50 135 68
E, 163 94 157 92
A1g 227 163 174 118
Ey 232 135 210 117
Big 270 164 259 157
Bog 293 167 270 148
Ao 333 190 317 176
E, 348 223 320 199
Aug 399 246 364 223

Discussion

It is only in the last 10 years or so that the long-standing
puzzle of the shape and structure of alkaline earth dihalides and
dihydrides seems to have been resolved and the factors
governing them understood. Concerning the monomeric mol-
ecules, it seems to be well established that both core polarization
of the metal by the electronegative ligands and a small amount
of covalent bonding involving the metah 1) d orbitals are
responsible for their bent shape. Thus, the smaller metal
dihalides, BeX and Mg, are all linear but all barium dihalides
are bent. The calcium and strontium dihalides occupy intermedi-
ate positions; some of them (with the heavier halides) are linear,
others (the fluorides) are bent, and SrBr best described as
quasilinear with an extremely flat potential energy surface ,CaF
and SrC} are usually also considered to be quasilinear; even if
their equilibrium geometry is unambiguously bent, their bending
potential surface is extremely flat. Accordingly, their compu-
tational study is hindered by the extreme sensitivity of the results
to basis set effect9ab

Only the lighter dimers of the alkaline earth dihalides
(beryllium, magnesium, and calcium dihalide dimers) have been
observed experimentally, and they were all found or supposed
to have the typical double-halogen-bridg&@p, symmetry
structurel.26-2841,42

The emerging picture from the computational studies of the
dimers of alkaline earth dihalides shows a correlation between
the structure of the monomeric molecules and the structure of
their dimers. All molecules that are linear as monomers prefer
a planar arrangement around their metal centers in their dimers.
Thus, theDy, structurel is their most stable dimer, even if
there are other structures with stable minima.

On the other hand, bent monomers prefer pyramidal metal
coordination in their dimers. For all these molecules, the most
stable dimer structure is th€;, symmetry, triple-bridged
structureb. It is easy to imagine that it requires much smaller
rearrangement and thus less energy for a bent molecule to
produce this structure than for a linear molecule. The larger
the polarizability of the metal, the more favorable the anisotropic

spectroscopy, especially of Raman spectroscopy, frequenciespyramidal coordination will be. This is supported by the fact
for the other dimers may soon be identified. The electron that the stability of structur compared to th@®2, structurel
diffraction analysis of the heavier alkaline earth dihalides did increases from GX,4 toward BaX, within the same halogen
not detect any amounts of dimers at the experimental conditions;series. Similarly, the more electronegative the halogen ligand,
thus, even if they were present, they could not be more thanthe more polarized the metal will be and the more stable is
just a few percent of the vapor. However, with high-resolution structure5 compared with structuré.

matrix isolation spectroscopy even such small amounts could The next two minimum structures for 54, BaF4, and Ba-

be detected.

Cly are structure® and3, also with pyramidal metal coordina-
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tion, with structure2 with the trans ligand arrangement being

somewhat more stable than structBewith the cis ligand
arrangement. Th®,y, structurel is not even a minimum for
these three molecules. For £aand SpCl,, structurel is still

a minimum but with only slightly (8 and 13 kJ/mol, respectively)

higher energy than structufe These two are the extremely

floppy, “quasilinear” molecules, representing intermediate cases

between the linear/planar and bent/pyramidal systems.

Concerning the preference for pyramidal coordination of the
heavy alkaline earth metals in three coordination, other examples

Levy and Hargittai

(10) Kaupp, M.; Schleyer, P. v. R.; Stoll, H.; Preuss,JHAm. Chem.
Soc.1991, 113 6012.

(11) Miyake, K.; Sakai, YJ. Mol. Struct. (THEOCHEM}.994 11, 123.

(12) Williams, R. A.; Hanusa, T. P.; Huffman, J. £.Chem. Soc., Chem.
Commun 1988 1045.

(13) (a) Andersen, R. A.; Blom, R.; Boncella, J. M.; Burns, C. J.; Volden,
H. V. Acta Chem. Scand 987, 41, 24. (b) Blom, R.; Faegri, K.; Volden,
H. V. Organomet199Q 9, 372.

(14) Kaupp, M.; Schleyer, P. v. R.; Dolg, M.; Stoll, H. Am. Chem.
Soc 1992 114, 8202. Kaupp, M.; Schleyer, P. v. R. Am. Chem. Soc
1992 114, 491.

(15) Kaupp, M.; Schleyer, P.v. R. Am. Chem. Sod993 115, 11202.

(16) Ramondo, F.; Bencivenni, L.; Spoliti, M. Mol. Struct. (THEO-

can also be found in the literature as already noted in ref 15. CHEM) 1992 277, 171.

Barium has a BaBa—N angle of 158.3in the dimeric complex
{Ba[N(SiM&),]2} 2 according to its X-ray diffraction studi?.

(17) Axten, J.; Trachtman, M.; Bock, C. W. Phys. Chem1994 98,
82

(i8) Ystenes, M.; Westberg, Nepectrochim. Acta, Part A995 51,

Similar complexes with lighter alkaline earth metals follow the 1501.
same trend as the dihalides as far as the coordination of the (19) Pogrebnaya, T. P.; Sliznev, V. V.; Solomonik, V.Kaord. Khim

metal is concerned. This situation parallels what is found for

1997, 23, 498.
(20) (a) Hassett, D. M.; Marsden, C.J.Mol. Stuct 1995 346, 249.

some monomeric organometallic compounds of alkaline earth () wright, T. G.; Lee, E. P. F.: Dyke, J. Miol. Phys.1991, 73, 941. (c)

metals. Mg[G(CHa)s). has a linear CgMg—Cp coordinatioriZa
while the analogous molecules of Ca, Sr, and Ba are ¥éft,
just as is the case for the dihalides.

There are other examples of crystalline barium compounds

whose structures resemBleur structureb, with three bridges
and one terminal atom, such as the,@5iBus)4(THF) com-

Dyke, J. M.; Wright, T. GChem. Phys. Letl.99Q 169, 138. (d) Szentpalyi,
L.v.; Schwerdtfeger, RChem. Phys. Letfl99Q 170, 555. (e) DeKock, R.
L.; Peterson, M. A,; Timmer, L. K.; Baerends, E. J.; Vernooijs, P.
Polyhedron199Q 9, 1919.

(21) Kaupp, M.; Schleyer, P. v. R.; Stoll, H.; Preuss JHChem. Phys
1991, 94, 1360.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

plex* Drake et al** have suggested that it is advantageous for Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
such ionic compounds to have three rather than just two bridging D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

bonds to counter the large Coulombic repulsion of the two

divalent cations.
Structure6 with its high D4, symmetry but very anisotropic

metal environment is also a true minimum for all four molecules.
This isomer is also favored by larger cation polarizability, so

M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;

its stability can be expected to increase toward Ba, as is indeedHead-Gordon, M.; Replogle, E. S.; Pople, J Gaussian 98revision A.6:
the case. The smaller the anion, the more stable this structureGaussian, Inc.: Pittsburgh, PA, 1998.

will be with the same metal, since anieanion repulsion
destabilizes this structuf€.Thus, among the four molecules,
structure6 is least unfavorable for B&y, where it is only 65
kJ/mol higher in energy than structube
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