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Abstract: A new high-temperature gas-phase electron diffraction analysis of manganese trifluoride, combined with
high-level quantum chemical calculations, provides direct geometrical evidence of-alhan distortion in a free
molecule. The potential energy surface of the molecule was scanned extensively by computation at the SCF level.
CASSCF and CASPT?2 calculations established that of the nangymmetry stationary points on the potential
energy surface the lowest energy ones are quintets. The global minimum is a quintet 3¥atsyofimetry. In this
planarC,, symmetry structure there are two longer and one somewhat shorteFMonds, with two bond angles
close to 106 and one bond angle of about P48The second lowest energy state was’®f symmetry, which
turned out to be a transition state with an imaginaryib plane) bending frequency. A constrained planar structure

of D3y molecular symmetry has appreciably higher energy thafBhsymmetry structure. The experimental data

are in complete agreement with the results of the computations in giving the best agreemenCwitstracture
characterized byg(Mn—F) = 1.7284 0.014 A (once)s¢(Mn—F) = 1.7544 0.008 A (twice),(F—Mn—F) =

106.4+ 0.9 (twice), anddo(F—Mn—F) = 143.34+ 2.0° (once). Our computed infrared wavenumbers and intensities
make an assignment possible for published vibrational spectra og.MnF

Introduction “Jahn—Teller system” together with chromium and copper
dihalides. Indeed, the crystals of these systems, allgMX

structural chemistry. According to its original formulatida, octahedral types, show considerable tetragonal d|§to?t|@n.
nonlinear, symmetric molecule with an orbitally degenerate "€CeNt X-ray crystallography stublpf manganese trifluoride
electronic state is unstable and gets distorted, thereby removin%‘Jr“c”r'T"m'_the results of earlier wofkin that the Mnf; crystals

the electronic degeneracy, until a nondegenerate ground statd'aveé @ distorted octahedral shape. There are four-Mn

is achieved. The effect involves the coupling of the electronic distances close to each other and two that are much longer, thus
and vibrational motions of the molecule. The ground state there is a tetragonal elongation of the octahedron in the crystal
orbital degeneracy is removed by distorting the highly sym- and a decrease of symmetry fra@p to Da.

metrical geometry to a lower symmetry structure. Only those  There is no a priori reason that the Jatireller effect should
types of vibration are capable of doing so whose symmetry occur only in crystals. Such distortions should be possible in
matches the symmetry of the electronic state: they have tofree, gas-phase molecules, provided that they have a degenerate
belong to the same irreducible representation of the molecularground electronic state. In the electron diffraction studies of
point group as one of the irreducible representations that the Cr8 and MoCk°® deviations fronDz, symmetry were observed
direct product of the symmetry of the ground state with itself and were attributed to a dynamic Jakifeller effect, although
reduces té* this could not be unambiguously confirmed in either investiga-

Only certain systems are subjects to Jafieller distortion tion. A recent density functional stufysupports the idea of
depending, inter alia, on the number and spin state of their dynamical JahrTeller effect in Crk.
valence electrons and their coordination number. Octahedral Ngnetheless. to our knowledge, direct experimental evidence
d* and d transition metal complexes are typical examples. s never been found for the JatiFeller effect in a free gas-
Manganese trifluoride has always been considered a prototypephase molecule. One of the reasons for a lack of such data

*To whom correspondence should be addressed. E-mail: could be that transition metal dihalides, such as£xd Cu,
haggl'ztg\'lgs@dz?v?éigjte-h“- which are the most typical JahiTeller systems in the crystal

$1096/97 academic year at the University of North Carolina at Phase, are linear molecules in the gas phase and thus the Jahn
Wilmington, Wilmington, NC 28403.

The Jahr-Teller effect is one of the truly subtle effects in
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} would imply unrealistically large shrinkage effeéésThus, they
suggested that the molecule is either pyramidal or planar with
F2 Cy, symmetry.

We have found the structure of Maktriguing and, at first,

we decided to carry out some quantum chemical calculations
N / to help to distinguish between the two models, and Cy,.

F4 F3 We then used some of our computational results as constraints
in a reanalysis of Dr. Girichev’'s experimental data which he
had kindly sent us. However, even with these constraints it

Dy, was impossible to make a distinction between his two proposed
models.

Since high-temperature electron diffraction experiments
present a great challenge, at this point we decided to carry out
our own independent electron diffraction experiment. We found
it especially important to collect the highest-quality data possible

"‘ and at the widest possible scattering angle range. While we
were working on the analysis, a new matrix-isolation infrared
and Raman investigation of MgRppeared in the literature by
Bukhmarina and Predtechenskii. Their conclusion was that
the molecule must be distorted fronDag, planar configuration.

Ground state Transition state While they strongly suggested that the distortion may be due

54, B, to the JahrTeller effect, they did not give an assignment to

Figure 1. The expected JahkfTeller-type deformation of the trigonal their frequen_mes._ Nonetheless.’ they suggested that thelr_ results
planar manganese trifluoride molecule. Both ground-state and transition-May be the first direct observation of the Jafireller effect in

state geometries, witd,, symmetry, are indicated. a vibrational spectrum.

In the present paper we report our electron diffraction
Teller effect does not apply to them. Manganese trifluoride, investigation of manganese trifluoride together with quantum
on the other hand, is an ideal candidate for observing this effect. chemical calculations and normal coordinate analysis based on

Supposing that MnFhas a planaDa, symmetry structure, the experimental and our computed frequencies.

as other transition metal trihalides, such as £rBnd Fek,1?
do, the symmetry of its ground electronic state couldBeas
was discussed in an early quantum chemical study by Yates The electron diffraction patterns of a Sigma-Aldrich Mrgample

Experimental Section

and Pitzef3 Such a molecule would qualify for a Jahifieller were recorded in our modified EG-100A apparé%u_srith a high-
distortion, but computational difficulties did not allow them to  temperature nozzle systefh.The nozzle material was nickel. To avoid
investigate lower symmetry structures at that time. thermal decomposition the lowest possible temperature and gas pressure

S were employed, using a special, relatively wide noz&led(7 mm) at
Considering the symmetry of the ground state of a planar 5 ,o,5je temperature of 1000 K.

MnFs molecule a”‘?‘ t_he possible Qormal modes of vibrations of The electron diffraction experiments were performed by using 60
such a molecule, it is ag type vibration that can lower the kv electrons at two camera ranges, 50 and 19 cm, respectively, using
symmetry of the molecule and stabilize!tt. This means an  Kodak electron image plates. Five and three photoplates were selected
in-plane deformation of the molecule int@Ca, symmetry shape  for analysis at the 50 and 19 cm camera range, respectively. The data
(see Figure 1). This is the only normal mode that has the right intervals at the 50 and 19 cm experiments sre 2—14 (with data
symmetry for the distortion. This also means that we cannot Steps of 0.125 AY) and 9-30 A™* (with data steps of 0.25 A),
expect the molecule to decrease its symmetry towafh,a respectively. Due to the increasing noise level, @/er20 Alatthe
symmetry structure since that would involve an out-of-plane 19 ¢m experiment, a diminishing weight was applied to these data.
vibration, with " symmetry, but there is no irreducible The electron scattering factors were taken from the liter&furéhe

tati itha” t the irreducibl molecular intensities of Mnfare plotted in Figure 2. Listings of the
representation witia;™ Symmetry among the Irreducibie rép- 45 glectron diffraction intensities are available from the authors upon

resentations that the direct productedfwith itself reduces to.  equest.
Therefore Cs,-type distortion does not seem to be possible, at
least not in the JahnTeller manner. Computational Section

Manganese trifluoride was investigated by electron diffraction
recently by Girichev et a® They found two models of the
MnF; molecule to approximate equally well their electron
diffraction data, viz., aCs, and a JahnTeller distortedCy,
structure. They also concluded that thg symmetry geometry
could not be a consequence of out-of-plane distortionsd,a
planar equilibrium configuration because such an assignment

In a zeroth-order approximation, Mgay be regarded as
composed of an Mit cation and three Fanions. Since the
ground state valence configuration of an isolated*Mion is
3d*, quintet states of MnFmust be investigated, while triplet
states cannot be excluded without quantitative calculations. If
one wishes to compare triplet and quintet states on an equal

(16) The shrinkage effect in this case would be an apparent shortening
(11) zasorin, E. Z.; Ivanov, A. A.; Ermolaeva, L. I.; Spiridonov, V. P.  of the F--F distances due to the out-of-plane vibrations. See, e.g.: Hargittai,

Zh. Fiz. Khim 1989 63, 669. I. In Stereochemical Applications of Gas-Phase Electron Diffragtion
(12) Hargittai, M.; Kolonits, M.; Tremmel, J.; Fourquet, F.-L.; Ferey, Hargittai, |., Hargittai, M., Eds.; VCH: New York, 1988; Vol. A, p 1.
G. Struct. Chem199Q 1, 75. (17) Bukhmarina, V. |.; Predtechenskii, Yu. Bpt. Spectrosk1996
(13) Yates, J. H.; Pitzer, R. Ml. Chem. Phys1979 70, 4049. 80, 762.
(14) For an early detailed treatment of the trigonal case, see: Liehr, A.  (18) Hargittai, I.; Tremmel, J.; Kolonits, MHIS Hung. Sci. Instrum
D. Parts HIll. In Progress in Inorganic ChemistryCotton, F. A., Ed.; 198Q 50, 31.
Interscience: New York, London, 1961, 1962, 196; Vol. 3, 4, 5. (19) Tremmel, J.; Hargittai, . Phys. E1985 18, 148.
(15) Girichev, G. V.; Giricheva, N. |.; Petrova, V. N.; Shlykov, S. A;; (20) Wilson, A. J. C., Edinternational Tables for X-ray Crystallography,

Rakov, E. G.Zh. Strukt. Khim1994 35 (6), 61. C; Kluwer: Dordrecht, 1995.
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sM(s) - exactly what one would expect for two states linked by a Jahn
50 cm C,, model "+ E| Teller distortion; depending on the phase adopted for the in-
plane & motion starting from aDs, reference geometry,
19 cm predominantly a bending vibration, one will obtain either one

opened bond angle coupled with two lengthened bonds or two
opened angles combined with one lengthened bond.

Four different triplet states were characterized, one of each
possible symmetry with &, planar geometry. ThéB, state
A was found to be the most stable triplet, followed in order by

3A,, 3A1, and®B,. Geometry optimization was performed for
A(C3, model) the 3B, state only. Using the 6-electron CAS, these states are
\aa 280, 358, 366, and 485 kJ/mol less stable tharPfheground
—tr i state, respectively. These results show unequivocally that all
0 5 10 15 20 25 30 possible triplet states are substantially higher in energy than
s, A7 the lowest quintet. As the geometry of the ground state is the
Figure 2. Experimental molecular intensities (E) of MnFgether main focus of interest in the present work, no further work was
with the calculated model for th&,, geometry (T) and their difference  performed on the triplet species.
(A). Difference curves for th€;,-symmetry model are also indicated. In the second phase of the computational study we concen-
trated our attention on the calculation of the vibrational
footing, single-reference calculations are unreliable. In the first frequencies and force fields for the two low-lyifg; and>B,
part of our theoretical study we therefore surveyed many states. The CAS calculations showed, as expected, that a single
different geometrical arrangements of both triplet and quintet configuration dominates in both of these species; the weight of
MnF3 using CASSCF techniques and the MOLCAS progfdm.  the HF-reference configuration always exceeded 99%. We
In the initial phase we correlated 6 electrons in 8 orbitals, to therefore adopted SCF and DFT methods for these vibrational
give 108 CSF. The selection criteria were based upon the frequency calculations, since they are less computationally
populations of the natural orbitals obtained from an MCPF demanding than the CASSCF variety. The Gaussian92 program
calculation. Gradient methods were applied to locate stationarywas employed? and standard all-electron basis sets were
points on the quintet surface. Pseudopotential techniques wereadopted for both fluorine and manganese atoms. The fluorine
adopted for both Mn and F atoms; seven valence electrons werepasis is a TZ contraction of Huzinaga’'s 10s, 6p primitites,
treated explicitly for fluorine and fifteen for (neutral) manganese, augmented with diffuse s and p functions (exponents 0.10 and
i.e. the 3s and 3p orbitals were included in the “valence” region. 0.07, respectively) and a set of d-type polarization functions
The Gaussian bases were of doublguality for fluorine?? (exponent 0.8), to give a final contracted basis off 3s, 3 +
augmented with diffuse p-type functions (4s, 5p contracted to 1p, 1d] quality. The s and p functions for Mn were taken from
2s, 3p) and approximately tripie-quality for manganes®, Wachters’ 14s, 9p s@&8, flexibly contracted to 8s, 6p and
augmented with a set of f-type polarization functions (8s, 7p, augmented with a more diffuse p-type function (exponent 0.15).
6d, 1f, contracted to 6s, 5p, 3d, 1f). The (6/3) triple¢ d set was taken from the work of Goddard

Three different planaC,, quintet states were located, with  and co-workerd? An f-type polarization function (exponent
Ay, By and B symmetries. Their geometries differ chiefly in  0.6) was also added. The spherical-harmonic representation of
the bond angles; there are two “small” angles of 106the both d-type and f-type functions was adopted. The “finegrid”

A (C;, model)

T

°A; state and two “large” angles of 12& the B, species, option was used for numerical integration in the DFT calcula-
while in the °B; case all angles are fairly close to £2Qve tions.
adopt the convention where the molecule is located inythe Geometries optimized for the two low-lying quintet states of

plane). ThePA; state is the lowest of these, being 25.7 kJ/mol C,, symmetry are presented in Table 1. Absolute energies and
below the®B; species and 173 kJ/mol more stable than®Be  energy differences between the two main quintet states are also
state. Further CASSCF calculations were then performed, usingreported. Several different methods were used, to assess the
a larger active space (8 electrons in 10 orbitals, to give 2000 variability of the results obtained. Unrestricted HF and DFT
CSF) and the geometries already locatedS#estate remained  technique® were adopted, since these enable the second
the most stable, but its margin compared to ¥Bg species  derivatives of the energy to be obtained analytically. Spin
diminished substantially, to only 10 kJ/mol. When dynamic contamination was negligible, witls*2 Cvalues never exceed-
correlation effects were also included by the CASPT2 method, ing 6.03. Excitations out of the eight lowest-energy MOs and
the energy gap between these two states was reduced evemto their virtual counterparts were excluded in the MP2
further, to just 6.4 kJ/mol, though it is important to note that calculations; this choice of active space includes the 3s- and
the relative ordering was not affected. No stationary point of 3p-like manganese orbitals, in an attempt to incorporate at least
Cs, symmetry could be found with use of CASSCF methods. part of any core-valence correlation effects. It is important to
While the bond lengths in the two lowest-lying quintet states note that the angular parameters do not vary significantly with
are similar, with a total variation of some 0.04 A, there are _ — - . ]
mportant ystemaicdiferences. In e, tate we ind two. (29 absser SEDFT, Fich 1 37 ks © W iead Cocon 1
“long” and one “short” bond, whereas the pattern is reversed g ; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari,

for the 5B, species (see also Figure 1). This distribution is K. Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.;
Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA,

(21) MOLCAS3; Andersson, K., Blomley, M. R. A.,"lacher, M. P., 1992.

Karlstrem, G., Kellg V., Lindh, R., Malmquist, P.-A., Noga, J., Olsen, J., (25) Dunning, T. HJ. Chem. Phys1971, 55, 716.

Roos, B. O., Sadlej, A. J., Siegbahn, P. E. M., Urban, M., Widmark, P.-O. (26) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

University of Lund: Sweden. (27) Rappe, A. K.; Smedley, T. A.; Goddard, W. A Phys. Cheml 98],
(22) Bergner, A.; Dolg, M.; Kahle, W.; Stoll, H.; Preuss, HJol. Phys 85, 2607.

1993 80, 1431. (28) Becke, A. D.J. Chem. Phys1993 98, 1372 and 5648. Lee, C;
(23) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987, Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785. Becke, A. DPhys. Re.

86, 866. 1988 A38 3098. Perdew, J. FRhys. Re. B 1986 33, 8822.
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Table 1. Geometrical Parameters and Energies Optimized foPAheand

J. Am. Chem. Soc., Vol. 119, No. 38, 199045

5B, States of Mng?

SAl SBZ
method r(Mni—F,) r(Mn;—F3) OF,—Mni—F3 —Eb r(Mni—F) r(Mn;—F3) OF—Mni—F; AE®
SCF 1.734 1.749 107.4 8.30211 1.774 1.734 127.5 8.7
B3LYP 1.734 1.755 106.6 10.77197 1.770 1.741 128.4 7.7
BLYP 1.752 1.775 106.9 10.80039 1.781 1.760 128.4 5.8
BP86 1.739 1.763 106.6 10.92030 1.771 1.747 128.8 6.4
MP2 1.726 1.752 105.7 9.21236 1.773 1.731 129.1 8.9

aDistances in A, angles in deg. For numbering of atoms see Figlr
betweerPA; and®B; states, in kJ/mol.

dsolute energy, in hartree (au), belewl440 au.f Energy separation

Table 2. Harmonic Vibrational Wavenumbers and Calculated Infrared Intensities forMnF

wavenumbers, cnt

normal computed

mode IR(Kr) ref 17 IR(Ar}ref 17 Ra(Ar) ref 17 IR(Ne) ref 17 gas (estimated) SCF B3LYP
b, 752 759 774 778 811 (313) 788 (260)
a 705 712 728 732 757 (166) 749 (129)
& 644 644 660 695 (28) 666 (9)
by 182 182 182 185 186 210 (104) 181 (58)
& 186 186 190 194 (45) 180 (21)
b, 180 205 (8) 173 (3)

a Experimental relative intensitiedzsgl7121182 = 1:0.5:0.5,l75¢ 1644 = 1:0.05-0.1, l1821186 = 1:0.5.° Computed intensities, in parentheses, in

km/mol.

method, and the differences between the two types of bond
length for a given electronic state vary within a rather narrow
range. Correlation effects on the bond lengths are small, of
the order of the differences between the values obtained by the
various methods.

Harmonic vibrational frequencies were calculated forhe
and®B; states of Mng. There is now sufficient experience of
DFT methods to suggest that they are likely to provide more
reliable vibrational frequencies than either SCF or MP2
techniqueg? so MP2 values were not obtained. There is one
imaginary vibrational frequency gbsymmetry, an in-plane
bending motion) predicted for th#B, state at both SCF and
B3LYP levels of theory. As the magnitude of this frequency
is similar for both types of calculation (203i and 160i for SCF
and B3LYP, respectively), it seems most unlikely that more
sophisticated calculations would give results which are quali-
tatively different. Thus, it is clear that thR8, species is the
transition state on the pathway that links two equivafét
states; theCs motion “downhill” from the 5B, TS to the®A;
true minimum was followed at the SCF level for confirmation.
The computed harmonic vibrational frequencies forthetrue
minimum structure at the DFT level are given in Table 2.

Assignment of the Experimental Vibrational Spectra

Bukhmarina and Predtechengkiireported the vibrational
spectrum of Mngrecorded in different inert gas matrices. Their
most detailed spectrum is the IR spectrum recorded in Ar, but

780
v,em™ 770 4
=-10.7x + 777.
760 1 y=-10.7x + TT7.7
750 + TNe
740 1 . Ar
730 T + Kr
720 1 =11.2x +731.8
710 4
700 } ' : : ' |
0 0.5 1 15 2 25 3
a, A®

Figure 3. Estimation of the gas-phase vibrational wavenumbers of
MnF; from the experimental wavenumbers measured in different
matrices. The measured data are from ref 17.

Since we obtained the vibrational wavenumbers from our
guantum chemical calculations, it was of obvious interest to
match them with the experimental data of ref 17. Table 2 lists
the relevant data together with the computed infrared intensities.

The assignment of the stretching wavenumbers is straight-
forward. There also seems to be a matrix shift that increases
with the increasing polarizability of the noble gas. It has been
suggested that the gas-phase wavenumbers can be predicted
from the measurements in different matrices by extrapolation
to zero polarizability. We did this extrapolation for the two

there are also some data from the IR spectra in Ne and Kr, andlargest wavenumbers and it gives a nice linear relationship

a Raman spectrum recorded in Ar.
The results are consistent with a distortion fr@g, sym-

indeed, as shown by Figure 3. Since we might suppose that
the shift would be the same or at least similar for the symmetric

metry. For this model there should only be three bands observedstretch as well, we used the same equation to predict its gas-

in the IR: the asymmetric stretch, the in-plane bend, and the
out-of-plane deformation. However, four, or possibly five,
bands were observed in the most detailed Ar matrix spectrum.
The authors concluded that the molecule does not lixye
symmetry, noCs, symmetry, and that the molecule is, probably,
characterized by JahiTeller distortion. However, they did not
give an assignment to their spectra.

(29) See, for example: Hertwig, R. H.; Koch, W. Comput. Chem
1995 16, 576. Ricca, A.; Bauschlicher, C. Wheor. Chim. Actd 995 92,
123. Ventura, O. N.; Kieninger, MChem. Phys. Lettl995 245 488.

phase value.

There is only one experimental wavenumber for the deforma-
tion region (182 cml) with possibly another, appearing as a
shoulder on the more intensive peak (at 186 ¥malthough
Bukhmarina and Predtechenskii suggest that this shoulder is
merely the consequence of matrix effect. On the basis of the
comparison of experimental and computed infrared intensities,
we suggest that the measured 182 ¢érhand corresponds to
the b symmetry out-of-plane deformation mode.

The three computed deformation modes are very close to each
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Table 3. Symmetry Coordinates for the Ground-State Geometry of Table 4. Elements of the Force Constant Matrix for MnF
MnFz? (Stretching Force Constants in mdyn/A, Stret@end Interactions
in mdyn/rad, and Bending Force Constants in méyrac?)

Si(A)=Ar1,
Sz(A1)=2‘1gE§r1,3 rang 1 2 3
S(A1)=6" 04,13~ 0214~ 031,
S”gB?;:Z_M(_Nm* Ar) A 2 0.398 4.641
$(B2)=2 Ht214— 0517 3 0.013 ~0.006 0.289
SB(BI) = ﬂ1,2,3,4 4 5
aFor numbering of atoms see Figure 1. B2 4 3.990
5 —0.167 0.323
other. This suggests that the measured shoulder in the infrared B, 6 8.083
spectrum may not be a matrix effect but, rather, a real
wavenumber. Again, based on the infrared intensities, this could
correspond to thejavibration mode. Although their values are
reversed in the calculation, this is only by 1 thwhich is C3, model
well within error limits. The third deformation mode, ot b
symmetry, is of extremely low intensity from the computation, f(r) —-E
so this is also consistent with it remaining unobserved in the —7
experiment. -
One problem remains here, namely, the estimation of the gas-
phase value of the;lfrequency from the measured data. There
does not seem to be a matrix shift for this mode, at least not A
between the Ar and Kr matrices, but there is a slight shift for —, } . ' . , . ' , ' —_—
the Ne matrix (see Table 2). Assuming this effect to be real, ¢ 1 2 3 4 5 6
we can, again, estimate the gas-phase value at about 186 cm rA
Accordingly, the value of the shoulder, at 186 Tmshould Figure 4. Experimental radial distribution curve (E) of Makvith
also be shifted somewhat, say, to 190¢m the calculated distribution of th@;, model (T) and the difference curve

On the basis of these five wavenumbers, the sixth can be (A).
estimated from the calculated values by using appropriate
scaling. Thus we have a total set of estimated gas-phaseElectron Diffraction Analysis
wavenumbers for Mng=(see Table 2). It is notable that the ) ) S
values computed at the B3LYP level of theory agree well with Figure 4 shovys the experimental radial distribution curve of
these, without any need for scaling of any sort. Systematically, MNFs together with the calculated one foGa, model. Already
the stretching modes are overestimated B2%, whereas the ~ thiS comparison shows that the molecule cannot have a
bending modes are slightly underestimated. The wavenumberg?Yramidal, orDa, planar, geometry, which in both cases would

computed at the SCF level are decidedly less reliable, though € described by only two different kinds of distance, a-Nfn
the errors are still not large. bond distance and a-+F nonbonded distance. The experi-

mental radial distribution displays two well-resolved peaks in
Normal Coordinate Analysis the F--F distance region, implying a model with two different
F---F distances. This is in agreement with the proposed-Jahn
Teller distortion of the molecule (see Figure 1) as well as with
the computed minimum-energy geometry.

There are also two different kinds of Mik distance in the

C,, structure. These are, however, too close to each other and
could not be resolved in the electron diffraction radial distribu-
tion. For this reason some constraints had to be introduced into
the analysis.
. ) ) First of all the differencebetween the two kinds of MaF
The following internal coordinates were used to build up the gigiance was taken from the quantum chemical calculations and
symmetry coordinates (the numbering of atoms is given in yent fixed. Depending on the level of the calculation this
Figure 1): Mn-F stretch Qri, Aris Arig), in-plane bend  gigterence varied slightly, and this variation was taken into
(13 G214 0319, and out-of-plane bendf(2s34. The consideration in estimating the total errors of all parameters.

symmetry coordinates are given in Table 3. The force field g the best value we chose the MP?2 results givirglyin—F)
obtained from the B3LYP calculations was modified so as to — 026 A with a conservative error limit e£6.020 A. The

reproduce the estimated gas-phase frequencies. The resultingicyjated vibrational amplitudes of the two ME bond
force field is presented in Table 4. While it is of course not igiances were used as starting values in the refinement and
uniquely established as the harmonic force field for nike were varied with their difference unchanged.

bfelieve tha_t it is unlikely to be ;ignificantly in error, as the . Another parameter that could not be varied simultaneously
discrepancies between the predicted and “experimental (estl-for both bond distances is their asymmetry parameter. With
mated gas-phase) wavenu_mbe_rs are rath_er small. consideration of the results of different trial refinements as well
The calculated parallel vibrational amplitudes were used as as their values in similar molecules, such as:£éfve decided
starting values in the electron diffraction analysis while the to use a fixed value Corresponding’ t0 a Morée constamt 2
perpendicular vibrational amplitudes and the centrifugal cor- A The assumed velllue of the asymmetry parameter ian;Jences
rections were used for transforming the electron diffraction th.e bond lengths only. This was examined in separate trial
distance parameters tg values. refinements and was taken into consideration in estimating the
(30) Hedberg, L.; Mills, I. M.J. Mol. Spectrosc1993 160, 117. total errors.

Normal coordinate analyses were carried out for @
distorted planar configuration of MaRby using the program
ASYM20%° and the gas-phase wavenumbers estimated by us.
These are given in Table 2. The molecule has six normal modes
with the following irreducible representations:

I,=3a+b, +2b,




The Structure of the Free MafMMolecule

Table 5. Geometrical Parameters of Mnffom Electron
Diffraction

vibrational
rg o amplitude
parametey representation representation from NCAP
(MN—F)av& 1.745+ 0.004
A(Mn—F)d 0.026
r(Mni—F,) 1.728+0.014 1.712+ 0.014
I(Mn;—F) 0.072+ 0.003 0.058
k(Mn;—F)® 8.8x 10°¢
r(Mn;—Fs) 1.754+ 0.008 1.735t 0.008
I(Mn1—F3) 0.073+ 0.003 0.060
k(Mn;—F3)® 9.5x 1076
r(Fz--F3) 2.771+ 0.016
1(Fzr-+F3) 0.199+ 0.013 0.195
r(Fse+-Fs) 3.298+ 0.017
1(Fz+Fa) 0.117+ 0.012 0.118
D“(Fg—Mnl—F:«;) 106.4+ 0.9
Oo(Fs—Mn1—Fy) 143.3+ 2.0
R (%) 6.25

aDistances in A, angles in deg, asymmetry parametefinnBlicated
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molecule does, indeed, exhibit a Jatireller-type distortion.
The agreement between experimental intensities and the two
models, expressed by thefactors (goodness of fit) is 6.3%
and 9.8% for theC,, andCs, models, respectively. Moreover,
the geometry of th€,, model and the type of distortion leading

to this structure is consistent with the prediction based on
symmetry arguments on the one hand and with the results of
the quantum chemical calculations on the other.

Some words about the previous electron diffraction steidy
are also warranted here. Their inability to distinguish between
the Cs, and theC,, structures was a consequence of the lack of
resolution of the two different +F distances. Th&;, and
C,, models were approximating the experimental data to about
the same extent (the corresponding R factors being 6.78% and
6.75%, respectively). Their reported bond lengths for@he
model, 1.733(25) and 1.743(13) A, are in accordance with our
results, considering their large uncertainty limits. However, the
fact that the two distances were apparently refined simulta-
neously, with the calculated vibrational amplitudes constrained,

are total errors including twice the least-squares standard deviation, aand the asymmetry parameters ignored, precludes a reliable

0.2% systematic error for distances and 2% for amplitudes, and the

effect of constraints used in the analy$i8lean-square vibrational

amplitudes calculated by normal coordinate analysis based on estimate

gas-phase vibrational frequencies of Tablé Rverage of Mn-F bond
lengths.4 Difference of Mn—F, and Mn—F; bond lengths (see Figure
1), used as a constraint and based on MP2 computafidsymmetry
parameter fixed (see texf)Goodness of fit.

C,, model

f(r)

Mn-F Mn-F F..F F...F

4 6

r,A
Figure 5. Experimental radial distribution (E) of MnFwith the
calculated distribution of th€,, distorted model (T) and the difference
curve Q).

All other parameters could be refined simultaneously. The
results of the electron diffraction analysis are given in Table 5.
Figure 5 shows the radial distribution curve of tBg symmetry
model together with the experimental distribution. The im-
provement in the agreement compared with that of @ag
symmetry model is obvious.

Discussion

A gaseous Mngmolecule not exhibiting JakfTeller distor-
tion would be expected to have a planar equilibrium geometry
of Dap symmetry. This, however, was already ruled out by the
first electron diffraction study® Our observations have con-
firmed this, as @3, symmetry structure would imply unrealisti-
cally large, 0.15 A, shrinkage effects, to approximate the

experimental data. Such a large shrinkage would indicate a

surprisingly small wavenumber of the out-of-plane vibration,

comparison of our results with those of ref 15.

Girichev et al. discuss the possilile, arrangement of Mg~
dbased on the so called directional valenéleshich is basically
the same as the VSEPR model.They consider the central
atom, manganese, having two lone electron pairs in addition to
the three bonding pairs and assign a distorted trigonal bipyra-
midal electron domain geometry and, accordingly, a T-shape
geometry to Mnk. Typical molecules for this A¥E; type are,
for example, CIg* and Bri.3* They have k—A—Feqbond
angles somewhat smaller than °9Q87.5(2f and 85(2},
respectively), in keeping with the stronger repulsion from the
two lone electron pairs positioning equatorially than from the
bond to the equatorial fluorine atom. T@e, structure of Mnk
is not fully consistent with such a model. The bond angle that
would correspond to s—A—Feq in MnF3 is 106.4(0.9), that
is the two axial fluorines bend in the direction towards rather
than away from the supposed lone electron pair. Note also that
the difference between the two types of bond lengths is much
larger in CIk and Brk than in Mnk; (0.102 and 0.081 Avs
0.026 A, respectively). Thus, rather than looking for a VSEPR-
like explanation for the distortion of MFgeometry, it seems
to us straightforward to consider it the manifestation of the
Jahn-Teller effect.

To compare the experimental geometry with the results of
the computation, we have applied vibrational corrections to the
experimental distancé8. For this a normal coordinate analysis
was carried out. The resulting average geometry is a so-called
r«-type representation, which differs from the equilibrium
geometry only in the parallel anharmonic vibrational corrections.
Theser, parameters consist of the distances between average
nuclear positions and are also given in Table 5 together with
thery thermal average distances. The computed bond lengths
(Table 1) are equilibrium distances and should therefore be
somewhat smaller than even thevalues. In fact, they are all
a little too large, with the MP2 results being the best, though
the differences between the various theoretical values are mostly
very small. On the other hand, it is particularly pleasing to
note the remarkable agreement between the electron diffraction
and computed values for the angular parametérs;—Mn;—

(31) Charkin, O. PZh. Strukt. Khim1969 10, 754.
(32) Gillespie, R. J.; Hargittai, IThe VSEPR Model of Molecular

or else the molecule should be described by a pyramidal Geometry Allyn and Bacon: Boston, 1991.

equilibrium geometry. The latter, on the other hand, can be

ruled out, based on the comparison with g model.
Comparison of the radial distribution curves of tGg, and

C,, models in Figures 4 and 5 shows that the free WInF

(33) Haubrich, S. T.; Roerhig, M. A.; Kukolich, S. @. Chem. Phys
199Q 93, 121.

(34) Ischenko, A. A.; Miakshin, I. N.; Romanov, G. V.; Spiridonov, V.
P.; Sukhoverkhov, V. FDokl. Acad. Nauk SSSR (Endl®82 267, 994.

(35) Hargittai, M.; Hargittai, lInt. J. Quantum Chenl992 44, 1057.
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Fs is 106.44+ 0.9 from electron diffraction and 106°&rom At the high temperature (1000K) of the ED experimkhis
the B3LYP calculations. Here the MP2 level gives the worse 8.3 kJ/mol so an appreciable fraction of the molecules will lie
agreement (105°7, but even that angle is within the uncertainty in vibrational levels above the barriers. Moreover, they will
of the experimental bond angle. execute very large amplitude vibrational motion along the
As to the precision of our experimental bond lengths, the pathway linking two equivalent minima. We might also expect
average Mr-F bond distance is well-determined. The uncer- the vibrational motion along thi8A;— 5B, pathway to be
tainties assigned to the two individual bond lengths are large, strongly anharmonic. This all may explain why the experi-
reflecting our prudence in adopting a value for the difference mental vibrational amplitudes differ somewhat from the calcu-
between the two types of MfF bond length that was obtained |ated values. We have tried to incorporate transition-state
by calculation. The ED experiment essentially contains no molecules into our analysis, but the results were not sufficiently
information on the value of that parameter, so a good fit to the sensitive to their presence. The reason may be the relatively
ED data can be obtained with any value within rather large small contribution of the F+F distances to the electron
limits. The large uncertainty we have assigned to this difference scattering. Besides the signal/noise ratio for high-temperature
is not an indication that the difference does not exist, it merely gata cannot be expected to be as favorable as is typically found
indicates the caution of treating constraints from other sources.or more routine experiments. Therefore, we did not judge it
There is little information available as to the reliability of \yorthwhile to attempt to extract any information on the large-
calculated values for such small differences, precisely becaus%mplitude motion from the ED data.
they are so hard to determine from experiment. The uncertainty o . i . .
. ; X It is interesting to see how similar the change in geometries
we have chosen is substantially larger than the range obtained

by different methods of calculation, and it may indeed be too 2PP€ars the crystal and gas-phase structures of first-row
conservative. transition metal trihalides. The two trifluorides next to MnF

The electronic populations on the manganese and fluorine V14 CrF; and Fe, eXh'b.'t high-symmetry geometries in both .
atoms are of considerable chemical interest. At the SCF level phases. They ha_lve undistorted, regular octahec_iral crystals with
we obtain a net charge on Mn of1.61 e if the Mulliken metagﬂuorlne.dlstances'of 1.90 and 1.92 A in GiFand
method® is used, with—0.53 e for the unique fluorine and €™ respectively. Their gas-phase geometry Bassym-
—0.54 e for the two equivalent F atoms. Virtually identical M€ty and bond lengths of 1.732(2) (Grféf 11) and 1.763(4)
values are obtained from the CASSCF calculation, since the A (FEFsTef 12), respectively. The change in the mefiiorine
HF-reference configuration is so dominant. While the Mulliken diStance in both phases is in accord with the change in the d
method of population analysis is very widely used, it does have orbital occupation of the m_etal; the Iongest distance in the series
disadvantages when the basis contains diffuse functions, as hereSan be expected for FeMith the half-filled d-shell of irorf.?
it should be noted that diffuse functions are essential for ~Manganese trifluoride in between Gr&nd Fek, on the other
molecules with a highly polar character. “Natural charges” have hand, has a considerably distorted geometry in both phases. The
the advantage of being less sensitive to basis set than are therystals are monoclinic with two different shorter (1.817 and
Mulliken variety3” For MnF; we find that the ionic character  1.912 A) and one longer (2.088 A) MiF distance$, so the
is more pronounced; the manganese net charge becbthas crystals are distorted from octahedral symmetry to clo$24fo
e, with —0.76 and—0.80 e on the F atoms. In the gas phase the distortion is also obvietlere is aCy,

Although a species with strifs, symmetry does not appear symmetry geometry with two longer (1.754(8) A) and one
to be a stationary point on the PE surface, its energy relative to shorter (1.728(14) A) MrF distance. In both the crystal phase
the 5A1 minimum is of obvious interest when considering the and the gas phase the magnitudes of distortion are much beyond
vibrational motion of Mnk. That geometry is 39.5 kJ/mol  the experimental errors, so the effect is real. Due to the distorted
above the minimum if the CAS is considered, or 25 kJ/mol at molecular shape, the MrF distances are not comparable to
the more complete CASPT2 level of theory. These differences the analogous distances of the other, symmetrical, trifluorides.
are quite large compared to the barrier of about 7 kJ/mol, which
separates equivaleR; minima. Our most reliable value of Acknowledgment. We are grateful to Dr. G. V. Girichev
the calculated barrier height is probably the CASPT2 result of (jyanovo, Russia) for sending us his experimental data on which
6.4 kJ/mol. Fortunately, the SCF and B3LYP values are similar, the report of ref 15 was based. Although these data were not
at8.7 and 7.7 kJ/mol, respectively, and the other DFT and MP2 seq in our final analysis, they stimulated us in carrying out a
results are also comparable (see Table 1). None of these valuegeyy electron diffraction experiment on manganese trifluoride.
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