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A. INTRODUCTION

The infrared spectra of the Group II dihalides have been subject to many investigations
in the gas phase, and in inert gas matrices. The purpose of these is to determine force con-
stants and apex angles of the isolated molecules from vibrational frequencies. Some of the
molecules are linear and others are bent. In linear molecules the force constants can easily
be determined by assuming the valence force-field model 12, The symmetric stretch fre-
quency vy, which does not appear in the infrared, is also determined by use of this model.
In bent molecules an initial indication of the geometry is deduced from the number of fre-
quencies appearing in the spectrum. An absorption due to vy, together with the asymmet-
ric stretch frequency v and the bending frequency v,, indicates non-linearity. The apex
angle may be calculated from the three gas-phase frequencies (Herzberg 12, eqn. II (192)),
but it should be noted that this method does not usually give satisfactory results. Another
possibility for determining apex angles is to measure the isotope effect. According to the
Teller—Redlich product rule, the apex angle is calculated from the frequency ratio of two
isotopic species. The arguments above are valid specifically for isolated molecules, and
refer to the fundamental transition of the molecules.

An ideal experiment for obtaining information concerning the Group II MX, molecules
would require gas-phase conditions (to deal with isolated molecules) and low tempera-
tures (in order to observe the fundamental transition, and not transitions to or from ex-
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cited states, the so-called “hot bands™). As is well known, all the species dealt with here
are solid at ambient temperatures. For gas-phase experimentation, the molecules are
heated to high (sometimes very high) temperatures. This leads to a serious problem, since
at high temperatures it is not possible to observe only the absorption due to the fundamen-
tal transitions. For this reason the technique of investigating these molecules in solid inert
gas matrices at very low temperatures is important.

The purpose of the present discussion is to review the experimental work which has
been carried out and to examine critically the results and their reliability. For related re-
views see refs. 1a, 1b. The experimental frequencies reported in the literature for both the
gas phase and matrices are summarized in Table 1.

B. COMPARISON OF GAS-PHASE AND MATRIX MEASUREMENTS

Most of the measurements of vibrational frequencies in the gas phase have been per-
formed by Klemperer and co-workers 2—5 and Baikov © 7. However, there is not even one
molecule for which all three frequencies are reported. The absorption bands given in the
literature are very wide, and the absorpﬁon maxima are not definitive. Therefore, the fre-
quencies of absorption quoted have a large error. This is true even for species with high
vapour pressure at moderate temperatures, such as the mercury halides 2. Also, the rota-
tional structures are not resolved in the experimental spectrum. These facts tend to indi-
cate that is is not feasible as yet to decide the exact frequency values of the fundamental
transitions. This argument is reinforced by examining cases where similar absorptions are
quoted in different investigations. For CdCl, the frequency vy in the gas phase is assigned 3
as 427 cm~! and in another work 5 as 409 cm~!. Similarly for MgCl, we find 597 cm—!
(zef. 4) and 588 cm™! (ref. 8). The values of the bending frequencies vy of some fluorides 6
appear at very low energies, but the results quoted are estimates only, with appreciable un-
certainty owing to the low sensitivity of the detecting devices in this region.

In inert gas matrix experiments (see discussion in ref. 1b) the absorption bands are nar-
row and sharp. Detailed measurements were performed by Mann and co-workers?: 10,
Loewenschuss et al. 11- 12, Hastie et al. 13—15 and Snelson 16. Owing to the low tempera-
tures used in this technique, the vibrational absorption frequency corresponds to the fun-
damental transition. No rotational structure is observed, since the molecule, embedded in
the matrix, cannot rotate. The disadvantage of this technique is that absorption frequencies
are shifted, usually towards lower energies. This emerges from examination of the absorp-
tion bands measured in several matrices. In all measurements11, 13,14, 16 ahsorption is
shifted to lower frequencies when going from neon to argon to krypton (see Table 1).
Snelson 16 and Baikov®: 7 concluded from this that the gas-phase frequency has a higher
value than the frequency observed in a neon matrix. This is a useful empirical observation.
However, from the experimental frequencies it can be seen that the gas-phase absorption,
though not accurate, is in some cases lower than the matrix value6: 7> 16, Thus, in the MgF
spectrum?, the fundamental transition frequency (710 cm—1) is lower than the krypton
matrix frequency value (740 cm—!). From comparison of gas-phase and matrix measure-
ments it seems that the gas-phase frequencies cannot always be determined by reference to
matrix measured frequencies. It is seen from Table 1 that there are marked differences be-
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tween gas-phase and matrix absorptions assigned to v, for CaCl,, MgF, and SrF,, and
similar arguments hold for the assigned v3 frequencies of My;F, and BaF,. In the Group
1IB metal halides the differences between gas-phase and matiix values are smaller. This
seems to be coincidental when the great uncertainty in assigning absorption frequencies
from gas-phase measurements is considered.

Allavena et al. 17 calculated the apex angle and force constants of S0, from matrix fre-
quencies, and found that these values were close to gas-phase values. It was concluded that
for the Group I1A fluorides a similar calculation will also give apex angles and force con-
stants of the gas-phase or isolated molecules. In Table 2 we compare apex angles calculated
from the isotope effect10: 17 and those calculated from the three vibrational frequencies
(ref. 1a, eqn. II (192)) of SO, and the fluorides. Table 2 demonstrates the fact that while
for SO, there is agreement between angles calculated from the isotope effect and those cal-
culated from the frequencies, and also fair agreement between gas-phase and matrix calcu-
lations, for the fluorides the angles calculated from matrix frequencies do not agree with
those calculated from the isotope effect. We shall show in the next section that apex angles
calculated from the isotope effect are reasonable. It seems that apex angles (as well as
force constants) calculated from the three matrix frequencies are doubtful. Thus it does
not seem advisable to make analogies between SO, and the fluorides nor between gas-phase
and matrix frequency values, since for at least some triatomic molecules this analogy does
not hold (Table 2).

From the above argument it is evident that, with the experimental techniques common-
lv used at present for infrared measurements, it is not possible to determine accurately the
fundamental transition frequency of isolated MX, molecules. Matrix IR measurements are
more informative than the gas-phase measurements. We shall refer next to the matrix tech-
nique P and try to examine its advantages and shortcomings.

C. THE ISOTOPE EFFECT

This is a valuable tool for determining force constants and apex angles of molecules. If
it is assumed that these constants do not change on isotopic substitution, then all the force
constants and the apex angle of a molecule can be obtained from measurements on the
various isotopes. Since the molecules dealt with here are relatively heavy, their isotope ef-
fect is small, and an instrument with high resolving power is needed. It is not possible to

TABLE 2
Apex angle calculations
From isotope effect =~ From three frequencies
(Gas) SO, 121° 09’ 122° 16’
(Kzypton matrix) SO, 120° 06’ 120° 56’
(Krypton matrix) MgF, 158° Imaginary
(Krypton matrix) CaF, 140° 115°

(Krypton matrix) StF, 108° 91°
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observe any isptope effect in these molecules in the gas phase, owing to the wide absorp-
tion bands observed in the spectrum, and hence this effect has only been observed in inert
gas matrix measurements. Its major application has been in determining the molecular con-
stants of the fluorides by using different isotopes of the metal atom? 10, 16_For the fluo-
rides the method is relatively simple, since the fluorine atom has only one isotope. For
chlorides the method is somewhat more complicated since the chlorine atom has two
abundant isotopes (see, for example 15, CaCl,).

There exists the problem of assignment of bands in the isotopic measurements. A com-
monly used criterion is to assign closely spaced bands according to their intensities. The
greater the relative abundance of an isotopic species, the greater its absorption intensity.

It is of course possible to measure isotopic species separately by carefully establishing
identical conditions for the various measurements, as is reported 1 for ZnCl,.

According to the Teller—Redlich product rule, the determination of apex angles in these
molecules depends only on the antisymmetric vibration frequency »3. It is possible to cal-
culate the apex angle if it is assumed that the ratio of frequencies v3 measured in matrices
is equal, as a good approximation, to the same ratio of the fundamental transition frequen-
cies. It is possible to check this assumption by looking at the isotope effect for the sym-
metric frequencies v; (stretching) and v, (bending). The ratio between these frequencies
in different isotopes of the same atom depends only on the atomic masses in the molecules
(see Herzbergla, eqn. II (306)). In Table 3 a comparison is made between the ratio of ex-
perimental frequencies and the ratio calculated from atomic masses. The calculations were
carried out for only two molecules, because only for these molecules were sufficient data
available.

Agreement between the calculated and experimental isotope effects is fairly good. The
difference can partly be attributed to anharmonicity, which was not taken into considera-
tion in the frequency values (see, for comparison, Table 52 in ref. 1a). There is no apparent
reason to assume a different isotope effect for different frequencies of the same molecule.
We then conclude that the isotope effect may be used for the antisymmetric v5 frequency
ratio and may be applied to the determination of the apex angle in matrix measurements.
Some support for this argument can be obtained from the »3 isotope effect of the linear
ZnCl, molecule 11_n this case agreement is found between the calculated and experimen-

tal isotope effects.

TABLE 3
Isotope effect
,,gi) V(zi) “’(10 wgi)
Molecule - _ -
vy v2 wy W2
MgF, 0.981 0.976
CaFa, 0.982 0.978

v — experimental frequencies
w — harmonic frequencies of findamental transitions
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angle can be derived. Rather, a range is obtained, which is sometimes quite large 9 10,
owing to the fact that the frequency shift of an isotopic species is not a sufficiently sensi-
tive function of the apex angle. Hastie et al. 13 calculated an apex angle for ZnF, lower
than 180°, while Loewenschuss et al. 11 predict a linear molecule from the isotope effect
(both measurements were of course carried out in matrices). Snelson 16 found the isotope
effect of MgF, to indicate linearity. Mann et al.? obtained for the same molecule an apex
angle of about 160°. It is clear then that the determination of apex angle values from the
isotope effect requires very careful and precise work. Snelson’s measurements 16 are accu-
rate to within + 1 cm—1, and consequently his apex angle value is accurate within + 30°.
In the case of Mann et al.9 the frequency values are much more accurate (+ 0.05 cm—1)
and thus the apex angle is given with an error of + 5°. Only with such very accurate mea-
surements is it possible to distinguish between a linear and a bent configuration for MgF,.

It therefore seems advisabie to be cautious about conciusions from isotope-effect mea-
surements. When a bent configuration of a molecule is well established (e.g. CaF,, S1F,,
S1Cl,), the apex angle value is still subject to a sizeable error, due primarily to anharmon-

icity 15,

D. OTHER METHODS OF GEOMETRY DETERMINATION

Apart from spectroscopic measurements, the molecular geometries have been studied by
electron diffraction 18, and by the deflection of a molecular beam in an inhomogeneous
electric field19. A detailed discission will not be given here since these methods for deter-
mining geometries have been discussed in the literature. From electron diffraction mea-
surements it was concluded that all the molecules in question are linear17. However, it is
by now widely accepted that since the error in determining apex angles by this method is
large (up to 40° in some measurements) it is scarcely possible to decide from it whether a
molecule is linear or bent.

A more sensitive technique is due to Klemperer and co-workers!?. However, this meth-
od does not give apex angies, and the effect observed is qualitative. This work indicaies
the fluorides of calcium and strontium, strontium chloride, and all the barium halides to
be bent, which does not contradict the speciroscopic measuremerits, In addition, in almost
all molecules where no indication of bending is observed, spectroscopic measurements in-
dicate linearity (e.g. the Group IIB halides). The deflection method is reliable when def-
inite indications of bent molecules are obtained, since this is based on an observable effect.
Conclusions on linearity by this technique are less reliable since they are based on lack of
an observable effect. Thus, in the case of MgF,, Klemperer and co-workers1? concluded
the molecule is linear. Mann et al.? deduced from the vibrational spectrum of the molecule
in inert gas matrices that it is bent. In the next section we shall try to explain this apparent
contradiction.

Some brief remarks on geometries from theoretical approaches seem appropriate. An
examination of the experimental geometries of all Group II dihalides1® leads to the con-
clusion that a trend towards bending is observed for heavier meial atoms and lighter halo-
gen atoms. The method developed by Walsh 22 for MX, molecules predicts a linear.con-
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figuration for all the molecules. Orbitals of type s and p only of the central metal atom are
considered. Refinement of Walsh’s method by including d orbitals23; 24 of the metal atom
leads to a possibility of bending in the heavier metal halides, namely the halides of Ca, Sr

and Ba. This improves the agreement with experimental results. The trend of geometry on
halide substitution can be qualitatively explained by the electronegativity of the halides23.
This seems to be a rather intuitive approach, and further theoretical work seems called for.

E. MATRIX EFFECTS

In extreme cases the possibility should be borne in mind that the effect of matrix en-
vironment may perhaps result in bending a molecule which is linear in the gas phase. The
spectrum? of MgF, in argon and krypton matrices indicates a bent structure, while gas-
phase geometry measurements !9 indicate linearity. Similar arguments apply to ZnF,, for
which matrix measurements 3 indicate a bent structure (but the anharmonic factor may
not be negligible in this case 13 15), while the measurements of Klemperer and co-workers1?
indicate a linear molecule. Whether these differences are really due to matrix effects or to
the low sensitivity of the geometry determination techniques is hard to decide at present.

The assignment of bands in the infrared spectrum is also made complicated by so-called
matrix splitting. The difficulty arises from the fact that there is no quantitative explana-
tion for this effect. A typical example of such splitting is encountered in the matrix spec-
trum? of MgF,. In the krypton matrix spectrum a triplet is observed in the absorption
band, attributed to the antisymmetric stretching vibration v3. A similar multiplet, but
consisting of four branches, is observed in the same band measured in an argon matrix.

This splitting covers a wide range, extending 5.5 cm~1 in the v3 absorption band of 2’“4MgF2
in the argon matrix. The apex angle determination of the molecule is not affected, because
each component of the multiplet exhibits the same isotope effect?. However, the multi-
plet makes it impossible to assign an accurate value to the vibration frequency. Another
complication arises from the fact that the matrix splitting appears only in certain absorp-
tion bands and in certain matrices. In BeF, the v, and v3 bands are clearly split in all ma-
trices 16, In other molecules splitting is observed only in the v3 band, while for the », and
v, bands no such effect is observed. This is encountered especially in the fluorides®: 1016,
The spectrum of SrF, clearly demonstrates the difficulty of assignment of absorption bands
due to matrix splitting. In the v; absorption frequency region 10 of S1F,, splitting attri-
buted to the matrix effect appears. With an instrument of high resolving power, the v; sym-
metric frequency could be observed in this region (the difference between v; and v; for
SrF, is about 1 cm—1) by the use of different isotopes of Sr separately. The matrix split-
ting of »3 overlaps the vy band, and thus complicates the assignment of this latter band

(see Fig. 5, ref. 10). Again, some uncertainty is involved in the assignment 14 of vy in

BaCl,, partly due to the matrix effect on v3.

In the spectrum of ZnF, a matrix splitting of »3 is observed in neon 13 butnotin argon13
or krypton 11, It does not seem possible to assign this split to a »; absorption as this
would require both a very bent geometry and an unusually large Xy, interaction. In TiF,
splitting of v3 and detection of v; have been reported 3.

To conclude, it is worthwhile mentioning a case in which the matrix absorption band
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depends on the experimental conditions, namely the temperature of the vapour. Hastie et
al. 14 report a shift of 13 cm~! in the frequency band of superheated BaCl, trapped in an
argon matrix. If this phenomenon is common to other related molecules, it leads to a seri-
ous difficulty in the determination of the exact value of a given vibrational frequency.

F. THE SYMMETRIC STRETCH FREQUENCY

According to the selection rules of triatomic symmetric molecules in the infrared, the
frequency absorption ¥ appears only in the spectrum of bent molecules. The experimental
data existing in this respect should be handled carefully. In gas-phase measurements
Baikov®: 7 did not observe a v; frequency for some fluorides known to be bent19. Al-
though observed in the Raman measurements20: 21 there is not even one experimental ab-
sorption assigned2~7 to »; in infrared measurements, whether the molecule is linear or
bent. It is concluded that available spectroscopic gas-phase data cannot provide a criterion
for the geometry of the triatomic molecules. While a »; absorption was not detected in
bent molecules®: 7, there exist spectra of apparently linear molecules that show absorptions
which can be assigned to vy . In the gas-phase spectrum® of MgCl, an absorption band was
found at about 295 cm™1 (it was originally assigned to the bending frequency v,, but this
should appear at a much lower frequency). This band may be assigned to vy, thus indica-
ting a bent configuration. Geometry determinations indicate 19 a linear structure for MgCl,,
but owing to the limited sensitivity of the experimental techniques a bent structure cannot
be tuled out. Similar arguments? could be applied to BeF, and BeCl,. However, since
dimers of MgCl,, BeF, and BeCl, are known to be present in the gas phase from mass
spectrometric measurements, the above bands can also be attributed to these species.

In matrix measurements there is at least one example in which a v; frequency may be
assigned to an absorption band, namely 12 HgF,. In the spectrum of this molecule the un-
classified absorption at 660.5 cm—! may be assigned to v (similar assignment is possible
for the absorption at 586 cm—1, see ref. 11b). Such an assignment is reasonable, since there
is no other explanation for this absorption (HgF or dimers perhaps?). The existence of the
v; frequency indicates a bent structure, and this contradicts the assumption that all mer-
cury halides are linear. The spectrum referred to above was taken in a krypton matrix,
another example of the possibility of a “matrix effect” that bends the molecule. The above
arguments about HgF, well illustrate the uncertainty involved in the interpretation of
spectroscopic measurements.

Another example is ZnF,. Hastie et al. 14 calculated from the isotope effect an apex
angle smaller than 180° (but see Sect. E), though they (as well as Loewenschuss et al. 11)
did not find any absorption that could be attributed to v, . It seems that no decision can be
made at this stage as to whether this fact is due to the insensitivity of the isotope effect or
to the inability to observe v; (because of a “matrix effect”, or an overlap with other ab-
sorptions — see next section). It is claimed 14 that at apex angles close to 180° absorption
assignable to vy is not easily detected. This is not always so since in the case of MgF,, with
an apex angle? of 160° or more, the vy absorption is readily observed when using a proper
technique.

An examination of the v; frequencies measured in krypton matrices (Table 1) shows
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that the v; frequency of MgF, is lower than that of CaF,, while from the v; frequencies
of the other fluorides (Sr, Ba) an inverse order is expected. This illustrates the uncertainty
involved in the assignment of v} frequencies. In the mercury halides (except for the fluo-
ride) agreement exists between the v, frequency calculated from matrix spectral? and the
experimental Raman frequency 20, confirming the suggested linearity of the molecules.
Similar agreement, though not as good, is encountered in the zinc halides1!, 21 The rela-
tively small differences in v; may be attributed partly to the frequency shift caused by the
matrix.

G. DIMER AND POLYMER SPECIES

With present experimental inert gas matrix techniques, the appearance of species other
than monomer MX, molecules is difficult to avoid. In most matrix investigations the exis-
tence of dimer and polymer species is reported. Absorptions due to these species compli-
cate the assignment of bands of the monomer molecules. The problem is most pronounced
in cases of overlap of absorptions of the monomer and other species. A remarkable exam-
ple is found in the spectrum of MgF,. Snelson16 overlooked the »; absorption frequency
of the monomer molecule around 480 cm—!. Only with better resolution? could this ab-
sorption band be detected. This suggests some uncertainty in assigning bands observed in
the spectrum of BeF,. In the gas-phase measurements, an absorption around 825 cm™1
was detected?, which may be assigned to v; - Snelson 16 attributed a similar band observed
in a matrix spectrum to a polymer species. Nevertheless, such an absorption due to vy may
exist, though the overlapping polymer band makes its observation difficult. (In MgF, the
v; was also masked by a polymer band, see above.) A similar problem is encountered in the
zinc halides. The bands of ZnCl, and ZnBr,, observed in the gas phase? at 295 cm—1 and
225 cm™! respectively, could be assigned to the symmetric v; frequency, although assign-
ment of these bands to the dimers is also possible. Thus the failure to observe these ab-
sorptions in the matrix spectrall may be attributed to the overlap of dimer or polymer
species, which absorb in the same region. The assignment of these bands to v, by Klemperer
and co-workers3 is believed to be incorrect, since the v, vibration appears1l at a much
lower frequency. In the previous section a linear structure was proposed for ZnCl, and
ZnBr,, while here the possibility of bending arises. It is not intended to solve the problem
here, but rather to point out the complicated nature of assigning absorption bands and
geometries for some of the molecules under discussion.

From the experimental work performed thus far, it cannot generally be concluded with
certainty whether a molecule is linear or slightly bent. This continuing uncertainty un-
doubtedly requires improvement of the techniques for determining molecular geometries.
It would seem that high resolving power is one of the important requirements (at least in
isotopic measurements) for properly solving the spectra of the Group II metal dihalide
molecules. However, it should be stressed that at present the anharmonicity uncertainty
is greater than limitations of resolution.
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APPENDIX

It is useful for comparison purposes to add a few remarks concerning the first-row tran-
sition metal dihalides. Since the method for determining frequencies is the same as in the
Group II dihalides (and is subject to the same criticism) we shall confine ourselves to re-
marks concerning geometries as deduced from spectroscopic data. The frequencies ob-
tained for transition metal and some other fluorides and chlorides in the gas phase and in
neon and argon matrices are summarized in Table 4.

TABLE 4*
Experimental frequencies of transition metal and other selected MX, molecules**

Gas Neon Argon
Molecule v v3 vy v v3 vy vy v3
ScF, 7002 6854
TiF, 1760 7510 6430 1716 7410
VFa2 743@ 733a
CrF, 1514 809 1552 6544
MnF, 1322 7224 125a 17004
FeF, 1482 7584 1412 7314
CoF, 1584 746€ 1514 723¢
NiF, 1432 go01¢ 1402 780c.d
CuF, 1882 766€, 769¢ 183% 744¢
GeFp 692f 663 685f 655f 676f 262a 648f
ScC12 466g
TiCl, 4868 1228 4588
VCl, 4918 4818
CiCla 4938 1108 458,493k
MnCl, 4677 4848 837 467h,1
FeCl, 4927 887 4948 I 493%
CoCly 493/ 94¢ 492¢ 4937
NiCl, 505k,5157 5308 85i 5214d.8hi
CuCl, 4967
SiF, 8ssl 872! 8s1m g65m 843m 853M
SiCl, 513n 5021
PbCl, 3260 810 3040 3210 2990
EuF, 4740 1130 4520 4580 4350
EuCl, 2760 2870 2700 2820

* The remarks at the foot of Table 1 also apply here.
** Only the frequencies of the most abundant isotope are considered.
2 Ref. 26; D Ref. 25; € Ref. 13; 4 Ref. 29; € Ref. 30; Ref. 33;8 Ref. 15;/ Ref. 32;1 Ref. 28;/ Ref. 31;
X Ref. 8;’ Ref. 34; M Ref. 36; 7 Ref. 35 (the assignments are somewhat uncertain); ¢ Ref. 14.
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The tendency towards linearity when going from a lighter to a heavier halide is en-
countered, as in the Group II dihalides. Thus, all the transition metal dichlorides are
quoted as linear (see, for example, ref. 15). Among the difluorides of these metals, it is
evident that TiF,, at least, is bent 25 the evidence consisting both of the isotope effect
and an observable »; . Some other difluorides are also considered to have a bent structure 26,
but these are estimates only. This trend seems to be a rather general rule, since it applies to
the heavier lanthanide dihalides as well (EuF, and EuCl, in ref. 14).

No distinctive trend can be found for the metals2¢. While for the Group II dihalides,
the heavier the metal the more bent the molecule, no such behaviour is encountered in the
transition metals. In fact, by examining the table in ref. 26, the configuration of the
difluorides as a function of the atomic weight is quite random. It should be noted here that
the geometries quoted were (when not estimated) determined from the isotope effect in
inert gas matrices, and the limitations inherent in this method should be borne in mind.

No attempt will be made to explain theoretically the configurations of the various mol-
ecules. However, attention is drawn to the fact that Hayes’ reasoning?3 (s—p and s—d
separations) does not apply here (see discussion 27 and comparison between CaF 5 and
MnF,).
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