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Abstract: The molecular geometry of monomeric and dimeric gold trifluoride, AaRd AwFs, has been
determined by gas-phase electron diffraction and high-level quantum chemical calculations. Both experiment
and computation indicate that the ground-state structure ot AasC,, symmetry, rather than 3-fold symmetry,

with one shorter and two longer AtF bonds and an almost T-shaped form, due to a first-order-Jaéilter

effect. CASSCF calculations show the trip@4, symmetry structure’A’, to lie about 42 kcal/mol above the

1A; symmetry ground state and tie, symmetry singlet’A’, even higher than the triplet state, by about a
further 13 kcal/mol. The molecule has a typical “Mexican-hat’-type potential energy surface with three equal
minimum-energy structures around the brim of the hat, separated by equal-height transition structures, about
3.6 kcal/mol above the minimum energy. The geometry of the transition structure has also been calculated.
The dimer has &2, symmetry planar, halogen-bridged geometry, with the gold atom having an approximately
square-planar coordination, typical fof wansition metals. The geometries of AuF andBthave also been
calculated. The very short AuAu separation in ApF is indicative of the so-called aurophilic interaction.

This effect is much less pronounced in /g

Introduction Gold trifluoride and gold pentafluoride can only be prepared

Determination of precise and accurate structural parameters(Tm the elements (or Clfinstead of F) and are very moisture
for a molecule containing gold is a formidable task, both for sensitive and strong oxidizet<sold trifluoride has a rather low
experiment and for computation. Several neutral and anionic Volatility, but heating the sample risks decomposition, so the
fluorides of gold have been investigated in the past decade by®*Perimental conditions have to be selected very carefully for
ab initio technique$ Density functional methods have also been 2 ga.S-phasellnv.estlgatlon. The interpretation of elgctron dif-
applied for gold systems and proved successful even for |argefract|on data is hindered by the Iarge gtomlc scattering of gold
gold complexe& The importance of including relativistic effects &S compared to the molecular contribution, by the strong electron

in the calculations has been demonstrdte@&chwerdtfeger, ~ Scattering of gold as compared with that of fluorine, by the
Dolg, and co-workePs$ predicted AuF to be a stable gas-phase dynamical (multiple) atomatom scattering, and by the anhar-
compound, based on computation, which was later confirmed Monicity of the vibrations. . _

in a neutralizatiorrreionization mass spectrometric experiment 1 he crystal structure of gold trifluoride is unique, with square-
by Schwarz, Klaptke, and co-workeré.Recently, a UV-vis planar Auk units joined by symmetricak-fluoro bridges in

spectroscopic study on gold(lll) and gold(V) fluorides and cis positions, thus forming a helical chdiiThe structure of its
fluoroanions has been published. vaporization products has not yet been determined by experi-

" — — ment. A recent quantum chemical calculation at the Hartree
o whom correspondence should be addressed. E-mail: hargittaim@ Fock (HF) level indicated that monomeric gold trifluoride is a
ludens.elte.hu. _ ) g
T Edtvos University. Jahn-Teller distorted molecule witk;, symmetry!2 As early
¥ University of Munich. as 1976, a simple Hikel-type calculation by Hoffmann et al.

1) (@) Schwerdtfeger, P.; Boyd, P. D. W.; Brienne, S.; Burrell, A. K.
Ino(rg).(C)hem 1992 3:gL, 3411. (b); Schwerdtfeger, P.; McFeaters, J. S.; suggested a T-shaped ground-state geometry for another Au-

Liddell, M. J.; Hrusak, J.; Schwarz, H. Chem. Phys1995 103 245. (c) (111) molecule, Au(CH)s, rather than one witiCan symmetry,
Schwerdtfeger, P.; McFeaters, J. S.; Stephens, R. L.; Liddell, M. J.; Dolg, due to Jaha Teller distortion8
M.; Hess, B. A.Chem. Phys. Lettl994 218 362. (d) Schwerdtfeger, P.;

Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. A.; Boyd, P. D. W.Chem. (6) (a) Tornieporth-Oetting, I. C.; Klapke, T. M. Chem. Ber.1995
Phys.1989 91, 1762. (e) Laerdahl, J. K.; Saue, T.; Faegri,Tikeor. Chem. 128 957. (b) Sharp, A. GJ. Chem. Socl959 2901. (c)Gmelin Handbuch
Acc.1997 97, 177. der Anorganischen Chemie, Auerlag Chemie, Weinheim, 1954; p 684.
(2) (@) Chung, S.-C.; Krueger, S.; Schmidbaur, H.; Roeschinbrg. (d) Gmelin Handbook, Au Suppl. Vol. B $pringer, Berlin, 1992; p 117.
Chem. 1996 35, 5387. (b) Hrusak, J.; Hertwig, R. H.; Scler, D; (e) Puddepath, R. Xhe Chemistry of GolcElsevier: Amsterdam, 1978.
Schwerdtfeger, P.; Koch, W.; Schwarz, Brganometallics1995 14, 1284. () Engelmann, U.; Miler, B. G. Z. Anorg. Allg. Chem1993 619 1661.
(c) Hrusak, J.; Hertwig, R. H.; Schder, D.; Koch, W.; Schwarz, HChem. (g9) Engelmann, U.; Miler, B. G. Z. Anorg. Allg. Chem1992 618, 43.
Phys. Lett.1995 236, 194. (7) (a) Einstein, F. W. B.; Rao, P. R.; Trotter, J.; Bartlett, NChem.
(3) Pyykkgq P.Chem. Re. 1988 88, 563. Soc. (A)1967 478. (b) Zemva, B.; Lutar, K.; Jeshi, A.; Casteel, W. J,;
(4) Schroeder, D.; Hrusak, J.; Tornieporth-Oetting, I. C.; KtapoT. Wilkonson, A. P.; Cox, D. E.; Von Dreele, R. B.; Bormann, H.; Bartlett,
M.; Schwarz, HAngew. Chem1994 106, 223. N. J. Am. Chem. S0d 991, 113 4192.
(5) Hector, A. L.; Levason W.; Weller, M. T.; Hope, E. G.JJ.Fluorine (8) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. K. Am. Chem.
Chem.1997, 86, 105. Soc 1976 98, 7255.
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Table 1. Experimental Conditions

Au F3 + AUzFe AUzFe
nozzle temperature (K) 1094 600
accelerating voltage (kV) 60 60
camera ranges (cm) 50 19 50 19
no. of plate3analyzed 4 5 4 4
data intervals (A?) 2.00-14.00 9.06-29.50 2.06-14.00 9.06-29.50
data steps (AY) 0.125 0.25 0.125 0.25

aKodak electron image plates.

Considering the severe computational difficulties associated
with such a system, a comparison with experiment seemed ° © AusFg, 800 K
worthwhile. We were also curious whether the Jafieller
distortion could be observed experimentally, especially since
such a distortion was detected recently for a similar gas-phase
molecule, MnE, by gas electron diffractiof.

50 em

Experimental Section

The sample of gold trifluoride was prepared according to a method
described elsewhefeé? The compound is extremely sensitive to air
and humidity and was handled with special care during the electron = ' ‘ 1 ’ ; ;
diffraction experiment. Our first attempts at registering electron 5 10 e 2 % %0

diffraction patterns failed due to decomposition of the sample during Fi 1 E . tal (E) and calculated (T lecular intensiti
heating. The photographic plates showed changing diffraction patterns, Igdu:(; - d_f)f(perlmen a_ (I ) ?n ‘é?ﬁcu a:_e (t)€58100|§(:u ar intensities
an obvious indication of decomposition of the sample. Eventually, and their differences/); electron diffraction a ’

passivation of all parts of the nozzle system that may come in contact
with the gold trifluoride sample stabilized the experimental conditions.
This passivation was done with fluorine gas for 24 h at 4 atm and 100
°C.

A previous mass spectrometric stdtlgf gold trifluoride indicated
three different species in the vapor phase. At lower temperatures dimeric
molecules, while at higher temperatures monomeric molecules were
registered. At low temperatures there was also an indication of the
presence of a very small amount of trimeric species, which, however,
proved to make no appreciable contribution to the electron diffraction

sM(s)

94.4% AUF; + 5.6% Au,Fg
1094 K

analysis.

To determine the structure of both monomeric and dimeric forms Poy-L o
of gold trifluoride, two independent experiments were performed. One I . | —+ | | |
was done at the lowest temperature that provided sufficient vapor 0 5 10 3115_1 20 25 30

pressure to have the largest relative abundance of dimers in the vapor. ] ] -
The other, higher-temperature experiment, aimed at detecting the Figure 2. Experimental (E) and calculated (T) molecular intensities
monomer molecules, had to be planned especially carefully for the @nd their differencesA); electron diffraction at 1094 K.

reasons mentioned above.

The electron diffraction patterns were recorded in the modified EG-
100A apparatus of the Budapest laborat@r.high-temperature nozzle
system was used at 600"Kand a double-oven system at 1094K.
The nozzle material was nickel. In the higher-temperature experiment
the evaporating molecules, reaching the cqld surfaces of the appara_tusComputationaI Details
decomposed to gold metal and either fluorine gas or hydrogen fluoride
(by reacting with residual water in the apparatus). After the experiment  Different electronic states and geometries had to be checked for
a thin gold layer covered the walls of the apparatus and even the monomeric Aulz because of the possible Jafifeller distortion (vide
photographic plates. This was carefully removed mechanically with a supra). Single reference calculations do not suffice for reliable
piece of cotton swab after the plates were developed. The increasedcomparison of different triplet and singlet states; therefore, as a first
experimental uncertainties, especially those of the vibrational ampli- step, different geometrical arrangements were checked with a CASSCF
tudes, show the consequences of these experimental difficulties. Thecalculation. We correlated four electrons in six orbitals, to give 105
presence of any appreciable amount of HF andnFthe scattering CSF. Pseudopotential techniques were adopted for Au (see below), and
volume was checked and could be ruled out in the structure analysis.a 6-31G(d) standard basis set was applied for fluorine. Four different
planar states were investigated, two w@h, (*A1) and two withDan

(9) Hargittai, M.; Réfy, B.; Kolonits, M.; Marsden, C.; Heully, J.-LJ. symmetry tA, 'A’). The twoCy, Symmetry states represent the ground
Am. Chem. Socl997 119, 9042. o _ _ state and a transition state, separated by 3.6 kcal/mol. The triplet state

(10) Klaptke, T. M. In Organic Dervatives of Siber and Gold Patai, is 41.7 kcal/mol higher in energy than the ground state, followed by

oo B . Wikey: Chichester, Sussex, 1999; Chapter 15 and refsIB o' open-shell biradical singlet state with a further 13.4 kcal/mol higher

(11) Chilingarov, N. S.; Korobov, M. V.; Rudometkin, S. V.; Aliknanyan, ~ €nergy, all at the CASSCF level.
A. S.; Sidorov, L. N.Int. J. Mass Spectrom. lon Processe286 69, 175. These and some of the geometry optimizations have been performed
19&125)55'6‘;?““ I.; Tremmel, J.; Kolonits, MHSI Hung. Sci. Instrum. using the GAUSSIAN94 program packageyhile the latest ones were
(13) Tremmel, J.; Hargittai, IJ. Phys. E Sci. Instruml985 18, 148. (15) Ross, A. W.; Fink, M.; Hilderbrandt, R.; Wang, J.; Smith, V. H.,
(14) Hargittai, M.; Kolonits, M.; Gdorhazy, L. Chem. Phys. Letil996 Jr. In International Tables for CrystallographyC; Wilson, A. J. C., Ed;
257, 321. Kluwer: Dordrecht, 1995; pp 245338.

Details of the experiments are given in Table 1. The electron
scattering factors were taken from the literattr@he experimental
and calculated molecular intensities from the two experiments are shown
in Figures 1 and 2.
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Table 2. Geometrical Parameters and Total Energies of Gold Fluoride Molecules; iAuBifferent Electronic States, Afs, AuF, and

AuzF,, from Computatioh

level B3LYP B3LYP B3LYP B3LYP B3LYP MP2 B3LYP MP2
basis for Au basis 1 basis 1 basis 1 basis 1 basis 2 basis 2 basis 2 basis 2
basis for F 6-311+G(3d) 6-31%#G(3df) aug-cc-PVDZ aug-cc-PVTZ  6-33G(3df) 6-31HG(3df) aug-cc-PVTZ  aug-cc-PVTZ
AuFs, 1A1, GS’
Au;—F; 1.916 1.914 1.927 1.905 1.902 1.873 1.890 1.846
Au;—F3 1.926 1.924 1.934 1.919 1.919 1.903 1.910 1.881
A(Au;—F3—Au;—F,;) 0.010 0.010 0.007 0.014 0.017 0.030 0.020 0.035
OF,—Au;—F; 94.7 94.6 94.6 94.4 94.3 92.9 94.3 92.8
total energy —435.299117 —435.301189 —435.1998692 —435.3154317 —435.444875 —434.518371 —435.4602479 —434.565278
AuFs, 1A1, TS
Au;—F; 1.932 1.930 1.930 1.925 1.926 1.903 1.915 1.880
Aui;—F3 1.916 1.913 1.914 1.907 1.904 1.886 1.895 1.861
OF,—Au;—F; 139.3 139.4 139.4 139.4 139.1 140.3 139.3 140.2
total energy —435.290602 —435.292647 —435.2244649 —435.3068579 —435.433895 —434.505749 —435.4499905 —434.5532185
AuFs, 3A Dap
Au—F 1.959 1.957 1.957
total energy —435.280435 —435.281983 —435.2138657
AuzFg, Doy
Au—F 1.904 1.901 1.912 1.895 1.893 1.873 1.882 1.850
Au—Fy 2.063 2.061 2.081 2.059 2.057 2.030 2.052 2.016
A(Au—F,—Au—F)  0.159 0.160 0.169 0.164 0.164 0.157 0.169 0.166
Au---Au 3.194 3.191 3.237 3.186 3.183 3.075 3.168 3.073
OFR—Au—F 89.9 89.9 89.5 89.7 89.7 89.4 89.7 89.1
OF,—Au—Fy 78.5 78.5 77.9 78.6 78.6 81.5 78.9 80.7
total energy —870.700372 —870.704426 —870.5073501 —870.7316871 —870.99478 —869.164075 —871.0233096 —869.254089
AuF
Au—F 1.981 1.979 1.976 1.973 1.977 1.944 1.965 1.911
total energy —235.617198 —235.617648 —235.5834667 —235.6221034 —235.762839 —235.139821 —235.767479 —235.1544586
AusF>
Au—F 2.260 2.258 2.260 2.261 2.261 2.215 2.264 2.215
Au---Au 2.877 2.876 2.890 2.856 2.851 2.711 2.834 2.709
OF—Au—F 100.9 100.9 100.5 101.7 101.8 104.5 102.4 104.6

total energy —471.258046 —471.258313

—471.1950437 —471.2649946 —471.549200 —470.327308 —471.5559185 —470.3523033

2 Distances in angstroms, angles in degrees, total energies in hartrees. For numbering of atoms, see’Bgouad state¢ Transition state.

d Au—F; and Au-F, denotes terminal and bridging bonds of the dimer,

performed with GAUSSIAN98’ For gold, two slightly different sets

respectively.

with additional d and f polarization functions (2111111111,41111,-

of pseudopotentials and basis sets were used. First, the multielectron211111,1111) (hereafter referred to as basis 2) and two different

adjusted quasirelativistic effective core potential (WB-MEFIT), covering
60 electrons ([Kr]4¢P4f4) and an (8s7p6d)/[6s5p3d]-GTO valence basis

standard basis sets for fluorine, 6-31G(3df) and aug-cc-pVTZ.
Full geometry optimizations were performed for the ground- and

set (311111,22111,411), of the Stuttgart group was used (hereafterexcited-state AuFmolecules, using a FletchePowell procedure, at

referred to as basis 1j.The use of this pseudopotential makes the
treatment of major relativistic effectdarwin and mass velocity
terms—feasible. Spir-orbit interaction is not included. Full electron
basis sets were utilized for fluorine, ranging from 6-31G(d) to 643&4
(3df), along with the Dunning correlation-consistent basis sets, aug-
cc-pVDZ and aug-cc-pVTZ? At the final stage of the computations
an optimized pseudopotential and a larger basis set were used féf gold,

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision E.2; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(17) 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.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
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;
Head-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98Revision A.6;
Gaussian, Inc.: Pittsburgh PA, 1998.

(18) Andrae, D.; Hassermann, U.; Dolg, M.; Stoll, H.; Preuss, Fheor.
Chim. Actal99Q 77, 123.

two different levels of theory, MP2 and density functional (B3LY¥F?

The D3, symmetry structure was calculated only at lower computational
levels. All stationary points were characterized by a frequency analysis
at the B3LYP level and using basis 1 for gold and the 6-8G{3d)
basis set for fluorine.

The potential energy surface (PES) of Aukas calculated using
the aug-cc-pVDZ basis set for fluorine and the Stuttgart pseudopotential
and basis 1 for gold. The energy was calculated as a function of the
two F—Au—F angles in 5 steps. None of the determined points has
been corrected for zero-point vibrations; such corrections are calculated
to be very small, of the order of 0-1.2 kcal/mol, in the harmonic
approximation.

Dimeric gold trifluoride has also been calculated at all levels of
theory applied for the monomer. To take into account the possibility
of AuF; being reduced to AuF or A#,, the geometries of these two
species were also calculated at all computational levels used for gold
trifluoride. The geometrical parameters are presented in Table 2. The
relative energies and dimerization energies are shown in Table 3. Both
dimerizations are exothermic, but the energy gain in the dimerization
of AuF; is much larger, by about 50 kcal/mol, than that for AuF. The

(19) (a) Woon, D. E.; Dunning, T. Hl. Chem. Phys1993 98, 1358.
(b) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys1992
96, 6796. (c) Dunning, T. HJ. Chem. Phys1989 90, 1007.

(20) Dolg, M., private communication.

(21) Becke, A. D.J. Chem. Phys1993 98, 5648.

(22) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b)
Miehlich, B.; Savin, A.; Stoll, H.; Preuss, KEhem. Phys. Letl989 157,
200.
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Table 3. Relative Energies and Dimerization Energies (kcal/mol)
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level B3LYP B3LYP B3LYP B3LYP B3LYP MP2 B3LYP MP2

basis for Au  basis 1 basis 1 basis 1 basis 1 basis 2 basis 2 basis 2 basis 2

basis for F 6-311G(3d) 6-311#G(3df) aug-cc-PVDZ aug-cc-PVTZ 6-331G(3df) 6-31HG(3df) aug-cc-PVTZ aug-cc-PVTZ
AuF;, TS-GS

AE, 0K 5.3 5.4 5.2 54 6.9 7.9 6.3 7.6

ArH, 298 K 4.7 4.8 4.6 4.8 6.3 7.3 5.7 7.0
2AuUF— AU2F2

AE, 0K —-14.8 —-14.4 —-17.6 -13.0 —-14.8 —-29.9 -13.2 —-27.2

ArH, 298 K —14.5 —-14.1 —18.1 —13.5 —14.5 —29.6 —13.7 —27.7
2AUF3 i AUzFG

AE, 0K —64.1 —64.0 —67.6 —63.3 —65.9 —79.9 —64.5 —77.5

ARH, 298 K —62.5 —62.5 —67.3 —63.0 —64.4 —78.4 —63.0 —76.1

Table 4. Vibrational Frequencies, Symmetry Assignments, and F3
Infrared Intensities for the Ground-State Molecules of &uku,Fs,

AuF, and AuF, from B3LYP Computatiorfs 7

AuF; AusFg AuF AuF>
B, 131 (2) Ba, 72 (3) 0513 (41) B39 (0)
B,101(13)  A,121(0) A 55 (0) .
A 206 (10) By 125 (1) B, 62 (17) F6
A593(18) A 129 (0) By, 222 (118) ra
A, 604 (0) Bsy 172 (0) Bay 292 (71)
B,640 (140)  Bpy 172 (0) Ay 347 (0) F2 2
Byg 200 (0)
By, 217 (2)
£y 230 (0) 4
Bau 230 (16) P i
Bsg 416 (0)

Bay 471 (14)
By, 471 (250)
Ag 486 (0)
Bag 626 (0)
B2, 636 (93)
By, 636 (127)
A 644 (0)

aFrequencies in cni, IR intensities (in parentheses) in km/mol.
Applied basis sets: F, 6-3315(3d); Au, basis 1. ZPE (in kcal/mol)
for AuFs, 3.381; for AuFs, 8.654; for AuF, 0.733; for Ask,, 1.453.

F4

calculated BSSE lies in the range of 1 kcal/mol (B3LYP, Au, basis 1;
F, 6-31H-G(3df)). Vibrational frequencies for the ground-state mol-
ecules are given in Table 4. The models of all molecules and the
numbering of atoms are given in Figure 3.

F2

Figure 3. Models of gold fluoride molecules and the numbering of
atoms.
Normal Coordinate Analysis
For fluxional systems modern electron diffraction analyses

Normal coordinate analyses were carried out for AaRd are carried out either with the so-called dynamical analysis or
AuzFs based on the computed frequencies and force fields (vide jn the so-calledr, representation, both in order to avoid the
supra). Two programs were used, both based on the harmoniceffects of large-amplitude deformation vibrations on the deter-
approximation, ASYM2& using rectilinear displacements and  mined parameters. The correctness of the latter approach has
SHRINK4?4 Using curvilinear diSpIacementS. Table 5 lists the recenﬂy been questionéﬂMoreover, for such Strong|y anhar-
computed mean-square amplitudes from both approaches tomgnic systems as the high-temperature metal halides, the value
gether with the experimental values. The two approaches giveof purely harmonic vibrational corrections is questionable.
the same results for parallel amplitudes and are in agreementNonetheless, we performed refinements with both the rectilinear
with the available expel‘imental values within their uncertainties. and the curvilinear vibrational Correctionsl but the agreement
with experiment was worse than that from the conventional
analysis in both cases. Moreover, the refinements were unstable;

Lower-Temperature Experiment. The electron diffraction  therefore, we decided not to adopt either approach. An anhar-
experiment at 600 K was analyzed first. It corresponds to Monic V|brat|o_nfal analysis or the_quantum chemlr_;al calculation
scattering by the dimeric gold trifluoride molecule alone. The ©f anharmonicity parameters is not yet feasible for such
presence of other species, such as the monomer and trimefnolecules. On the other hand, in a conventional so-called static

molecules, fluorine, or hydrogen fluoride, were tested and ruled electron diffraction analysis the shrinkage effécts not
out. compensated for, and this hinders the determination of the

symmetry of the equilibrium geometry. In our study, a lower,

Electron Diffraction Analysis

(23) Hedberg, L.; Mills, 1. M.J. Mol. Spectrosc1993 160, 117.
(24) Sipachev, V. A. InAdvances in Molecular Structure Research (25) See, e.g.: Kuchitsu, K. IBiffraction Studies on Non-Crystalline
Hargittai, M., Hargittai, |. Eds.; JAl Press: Stamford, CT, 1999; Vol. 5, pp  SubstancedHargittai, I., Orville-Thomas, W. J., Eds.; Elsevier: Amsterdam,

263-311. 1981; pp 63-116.
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Table 5. Mean-Square Amplitudes of Vibration for Aks and Auk; from Different Normal Coordinate Analyses and from Experiment

AUZFG AUF3
600 K 1094 K 1094 K
IASYMZO ISHRINK4 Iexp IASYMZO ISHRINK4 Iexp IASYM ISHRINK4 Iexp

Aui—Fs 0.049 0.050 0.04% 0.004 0.063 0.063 0.058 0.008 Au;—F, 0.067 0.067 0.063 0.006
Aui—F3 0.069 0.069 0.06% 0.004 0.090 0.090 0.086 0.008 Au;—F; 0.064 0.066 0.06&: 0.006
Aus--Auz 0.084 0.085 0.095 0.003 0.113 0.116 0.11% 0.038 FeeeF3 0.250 0.262 0.24% 0.061
Auy--F; 0.128 0.127 0.148- 0.007 0.172 0.173 0.19¥ 0.118 ReeFy 0.105 0.092 0.105

Fs+-Fy 0.097 0.100 0.097 0.127 0.132 0.127

Fz+-Fs 0.152 0.150 0.17% 0.023 0.203 0.201 0.203

Fs+-Fg 0.140 0.141 0.159 0.023 0.186 0.189 0.186

Fse+Fg 0.083 0.083 0.086- 0.009 0.108 0.109 0.108

Fs+-F7 0.215 0.212 0.296- 0.111 0.289 0.292 0.289

Fs+-Fg 0.136 0.133 0.17# 0.057 0.181 0.186 0.181

aRefined in a group with the amplitudes of the monomer-A&ubond lengths® Value taken from the normal coordinate analy$iRefined in

a group with the amplitudes of the dimer A& bond lengths.

Table 6. Geometrical Parameters of A?

AusFe, 600 K parameter 600 K 1094 K
fr) ro(Au—F)P 1.8764 0.006 1.885+ 0.01F
[(Au—F) 0.049+ 0.004 0.059+ 0.006'
""" k(Au—F) 1.0x 105+ 2.3x10°%+
7.6x 10°%e 2.2x 1075f
rg(Au—F)? 2.033+ 0.007 2.055+ 0.014
I(Au—F), 0.067+ 0.004 0.086+ 0.006
k(Au—F), 24x 105+ 8.1x 105+
1.3x 10°5¢ 2.2x 1075f
: o A[(AuU—F),—(Au—F)] 0.1574 0.002 0.169
AurFr AuFs Fo-Fy Forfe FaFo AurAuy FooFo AurFs Be By ForFy rg(Aus--+Auy) 3.082+ 0.006 3.113+ 0.021
AithoTS [(Auz---Auy) 0.095+ 0.003 0.11H4-0.038
; ; ‘K ‘ ; , , } OF—Au—F; 91.3+1.0 91.3
o 1 2 3 A 4 5 5 - OuF—Au—F 92.1+1.0
' OF—Au—Fy 799+ 1.6 79.9
Figure 4. Experimental (E) and calculated (T) radial distributions; OoFo—Au—Fp 80.4+ 1.6
experiment at 600 K. The difference curveSAMS” and “A without Od 17.4+9.0 17.4
MS” refer to the differences of the experimental and calculated dimer (%) 100.0 5.6:4.0

distributions with and without multiple scattering correction, respec-
tively. The vertical bars indicate the relative contributions of different
distances.

2 Bond lengths and vibrational amplitudes in angstroms, asymmetry
parameter £) in cubic angstroms, angles in degrees. Error limits are
estimated total errors, including systematic errors and the effect of
constraints used in the refinement. They were obtained by the expression
Cp, symmetry was assumed for the dimer, and thus the oi= (20.s* + (cp)® + YAPY2 whereois is the standard deviation of
symmetry lowering of the thermal average structure is accountedthe least-squares refinemepis the parametec is 0.002 for distances

P . and 0.02 for amplitudes, anty; are the estimated effects of different
fs%rrﬁrll(ggtge bond length determination is not influenced by the ¢,niraints See text for detaifsTerminal Au-F bond length¢ Dif-

o ) _ ference of the two dimer and two monomer bond lengths taken from
The consequences of dynamical intramolecular interatomic the computation at the B3LYP/Au (basis 2) and -F (aug-cc-PVTZ) level

scattering have been taken into account. This effect, referred to(see Table 2)? Refined in a group with the ampligudes of the other
often as intramolecular multiple scattering, may be important dimer and the wo monomer AtF bond lengthst For conditions

in th | diff . | f | | L refining the two asymmetry parameters separately, see’teefined
In the electron diffraction analyses of molecules containing i, a group with the asymmetry parameters of the other dimer and the

heavy atoms, especially if these atoms are connected at rightmonomer bond length8 Bridging Au—F bond length" Assumed from
angles, such as in ABs. As the difference curves between the the low-temperature experimehPuckering of the four-membered ring

experimental and calculated radial distributions shahe latter of the dimer.
without and with dynamic scatterirghis multiple scattering . ] .
should not be ignored for Affs, indeed. The contribution of  (¥) of the two different Au-F distances could not be refined
multiple scattering to the total experimental intensities was taken together with the bond length difference, and a series of trial
into account by using the program MUSC&Tthat applies calculations have been carried out with different refinement
Glauber's theory’ modified by the intratarget propagation schemes and widely differing starting parameters. The effects
model?8 All triplet terms were included. The improved fit of of different constraints on the determined parameters have been
the experimental and theoretical distributions can be seen in carefully checked and taken into account in the error estimation.
Figure 4, which displays the radial distribution curves. Our electron diffraction results indicate that the dimer has a
The bond angles and the average and difference of the twoPlanar halogen-bridged equilibrium geometry that appears
bond lengths were independent parameters, together with thebuckered in the electron diffraction analysis, as a consequence
puckering angle of the thermal average structure. The geo-©f the shrinkage effect. ) _
metrical parameters are given in Table 6, and the vibrational Higher-Temperature Experiment. The second experiment

With careful choice of the experimental conditions, the vapor

still contained about 6% dimers in the best experiments. This
is still a considerable “contamination”, considering the strong
scattering of the Au-Au contribution as witnessed by the radial

(26) Miller, B. R., Intramolecular Multiple Scattering Program.

(27) Glauber R. J. Iiectures in Theoretical Physics Vol.Brittin, W.
E., et al,, Eds.; Interscience: New York, NY, 1959.

(28) Miller, B. R.; Bartell, L. S.J. Chem. Phys198Q 72, 800.
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Table 7. Geometrical Parameters of AstF
94.4% AuF, + 5.6% Au,Fg

1094 K parameter r,O | K
ftr) . ro(Aui—Fy) 1.893+ 0.012 0.063+ 0.006° 3.3x 105+
r 2.2x10°5¢
A[(Aul_F3)— 0.020
(Au;—Fyp)d
S . A[(AU 1_F3)— 0.027
i ‘ (Au—Fyee
5 ‘ : ‘ rg(Aus—Fs3) 1.913+0.008 0.06Q: 0.0088 2.5x 105+
AuF, - AurF, FyF, Fy-Fy Aup-Auy FyoFsi  FeoFp 22x10°%¢
AuF, Au-F3 Fg~Fg  Fy~Fy FyF4 Auy-Fs AC,, FsFa rg(For+Fs) 2.9504+ 0.057 0.242+ 0.061
AT ro(Fa+Fs) 3.7484+0.029 0.105
, , ; ; ) ) ) { OF,—Au—F;  100.1+ 1.9
o ] 5 5 a4 s 6 7 OuF—Au—F; 1025+ 1.9

OaFs—Aui—Fs  157.0+ 4.1
Figure 5. Experimental (E) and calculated (T) radial distributions; [O,Fs—Au;—F, 160.44+ 4.1
experiment at 1094 K. The difference curveg for the finalC;, model monomer (%)  94.4- 4.0
and aCs, model, corresponding to Bz, equilibrium structure, are
indicated. The vertical bars indicate the relative contributions of different
distances, with the monomer contributions in boldface.

aBond lengths and vibrational amplitudes in angstroms, asymmetry
parameter ) in cubic angstroms, angles in degrees. Error limits are
estimated total errors, including systematic errors and the effect of
constraints used in the refinement, see text and Table 6 for details. For
distribution curve in Figure 5. The presence of other molecular numbering of atoms see Figure 3Refined in a group with the

species, such ag,FAUF, and AuF,, was also checked and could amplitudes of the dimer AdF bond lengths¢Refined in a group with
be ruled out the asymmetry parameters of the dimer bond lendgiference of

. . bond lengths taken from the computation at the B3LYP/Au (basis 2),
Due to the complexity of the system only the conventional, _g (aug-cc-PVTZ) levelAu—F; is the dimer terminal bond length.

so-called static analysis could be carried out, applying some *value taken from the normal coordinate analysis.

assumptions. Thus, most of the noannded ampllltudes of thein the electron diffraction analysis without further change. The

dimer were taken from the normal coordinate analysis (see Table

5). The bond angles of the dimer were assumed from the results?oqgfg‘:‘r'grty of this approach was considered in the estimated

of the lower temperature experiment. Since the bond angles are The following strategy was applied in treating the asymmetry

related to ratios of internuclear distances, this was a reasonablep‘,j,lr‘,jlmeterS of the four bond distances. Eirst we calculated the
assumption. There are fou_r different A& bond distances in value of the Morse parametea, for both the dimer terminal
the tWO. molecules to consider, two of th_e supposedly &ahn and dimer bridging bonds from their asymmetry parameters
Teller distorted monomer and two of the dimer; the assumptions using the expressida®a = 6143 — 2¢%%)"2, wherex is

phy 9 P amplitude at the temperature of the experiment, knd the

ﬁgﬁgﬂlmg\]}ﬂg 2Zte;?l';§3rgseor:‘:;ﬁ§3iég;rt'uhmaznggéaraé mean-square vibrational amplitude at O K. Based on these two
commil)n approgach o transféih,‘erenEeS)f bond lengths rather a values, and using the computed vibrational amplitudes for
. . . the higher temperature, the starting values ofitlparameters
than their actual values from computation to experiniéiihe for the two dimer distances were calculated by the same
advantage of this approach is that the differences in physical expression. For the two different distances of the monomer we

::T:)en?n:ﬂg:[i:r?sw\?vl(l)az tIZ? grfeggﬁéeﬁpgﬁrlr?gs% TJSS ueiecrjerlir;r:rct supposed that their Morse parameters are the same as that of
shovFv)s?'l however. that e\?enythis assum tiopn mav be to% crude the terminal bond of the dimer. With these assumptions and
’ ’ P y ' using, again, the computed parallel vibrational amplitudes for

e o oo e tonclrong v G emperare, h sl of h o monomer
experiment as constraints. Thus, several different levels of dls_tancgs were calculated._ F|n_ally, these four parameters were
) ; refined in one group. Considering the many assumptions in this
Spproach and the importance of anharmonicity in these systems,
other ways of estimating the initial values of the asymmetry
arameters, varying in a broad interval, were also tried, with
he resulting parameters staying consistently within their
standard deviations. Nonetheless, even these small differences
were taken into consideration in the error estimation.
The principal question in this analysis was that of the shape
the monomeric Augmolecule. BothD3; (i.e., Cs,, consider-
ing the shrinkage effect) and the JahiFeller-distortedCy,
symmetry geometries have been tested. The difference curves
of experimental and calculated radial distributions show in
Figure 5 that the higher symmetry structure could be ruled out
and theC,, symmetry ascertained, indeed. The geometrical
parameters of the monomer are given in Table 7, with the
vibrational amplitudes in Table 5.

2). The B3LYP computations, applying basis 2 for gold and
the aug-cc-PVTZ basis set for fluorine, were selected on the
basis of their reasonable geometrical parameters. The differenc
of 0.169 A between the two dimer bond lengths from this
computation is somewhat larger than the difference at our low-
temperature experiment, 0.157(2) A. However, it was reasonable
to assume that the increase in bond length at higher temperatureg,)f
can be expected to be larger for the more compliant bridging
bond than for the more rigid terminal bond of the dimer. The
effect of using bond length differences from other computations
was also tested and considered in the error estimation. The
electron diffraction analysis was carried out in the so-called
representation, while the differences taken from the computation
are differences ofe parameters. Careful consideration of the
transformation of ; parameters to. showed that the correction
terms largely cancel, and it is justified to use thelifferences 13S()31) Rdfy, B.; Kolonits, M.; Hargittai, M.J. Mol. Struct.1998 445

(29) Hargittai, M.; Hargittai, lInt. J. Quantum Chenil992 44, 1057. (éZ) Kuchitsu, K.Bull. Chem. Soc. Jprl967, 40, 505.
(30) Chiu, N. S.; Ewbank,; J. D.; Askari, M.; Sdka, L. J. Mol. Struct (33) Hargittai, M.; Subbotina, N. Y.; Kolonits, M.; Gershikov, A. G.
1979 54, 185. Chem. Phys1991 94, 7278.
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The geometrical parameters of the dimer from this experiment

are given in Table 6. The many assumptions used in the analysis
. . L . . E,., (kcal/mol)

were taken into consideration in estimating the total errors. These
errors may seem overoptimistic considering the small amount 18
of dimers in the vapor. However, even this small amount has a 18
relatively large contribution to the total electron scattering,
especially due to its Au-Au contribution, which is the major
contribution to the peak arodr8 A (see Figure 5). The effect
of shrinkage is present in the determined bond angles. Test 10
calculations, taking into account perpendicular vibrational .
corrections, were carried out and the bond angles are also given L Nogitrz 227 170
in ther, representation.

Discussion SoSEZ 1o <F-Au-F

[zin]
0

Square planar geometries for molecules of transition metals g
with a cf electronic configuration, such as Ni(ll), Pd(Il), Pt(ll), <F _;\u F
and Au(lll), are commo#?* Our quantum chemical calculations, ZEs
in agreement with previous resulfsfound the dimer of gold ~ Figure 6. “Mexican-hat™-type potential energy surface for AuF
trifluoride to have a planar halogen-bridged structure. The calculated at the B3LYP level: Au, basis 1, and F, aug-cc-pVDZ.
electron diffraction results are in accord with this, considering _ ] )
that they refer to the thermal-average structure. This structure COmpared to those obtained with the 6-313(3df) basis at all
is also in line with the near|y Symmetrica| Square_p|anar |eye|s. MP2 calculations giVe smaller bond Iengths than B3LYP
arrangement around gold in the crystal of AGF he terminal with all basis sets. Thus, the MP2 level combined with the aug-
Au—F bond length is the same, 1.876(2) and 1.876(6) A in the CC-PVTZ basis set on fluorine somewhat underestimates the
crystal and in the gas at 600 K, respectively, while the bridging Pond lengths, while both the B3LYP/aug-cc-PVTZ and the MP2/
Au—F bond in the helical chain of the CrystaL 1998(2) A, is 6'311+G(3df) Combinations Sllghtly overestimate them. In all
somewhat shorter than the bridging bond in the dimeric gas- the other calculations the bond lengths are too large.
phase molecule, 2.033(7) A. Gold trichloride has the same Bond angles are relatively insensitive to the level of the
structure in its crystal, consisting of planar dimeric Gl computation. The agreement between computed and experi-
units1a350n the other hand, this structure is at variance with mental bond angles is acceptable for the dimer and is poorer
the usual halogen-bridged geometries of metal trihalide dimers, for the monomer. Part of the disagreement may originate from
consisting of two tetrahedra sharing a common edge (see, forthe shrinkage effect. The experimental determination of the
example, refs 14 and 31). monomer bond angles suffers from the very small relative

We determined the dimer structure at two different temper- Weights of the F-F contributions to the total electron diffraction
atures, almost 500 degrees apart, and thus have an indicationntensities.
of the effect of temperature on its bond lengths. The terminal ~ The four-member rings of the dimers of Au&nd AuF are
bond length increases by about 0.01 A and the bridging bond rather different. The AttFy bridging bond length is about 0.2
lengths by about 0.02 A upon this temperature increase. A larger in AwF; than in AyFs, and further, the FAu—F angle
Valuable structural information can be extracted on the dimer is more than 20 larger in AwF, than in AwFs. Thus, the
at 1100 K even though the dimer content of the vapor is a mere Au-**Au distance in the monohalide dimer is very short, between
6%. This is due to the overwhelming scattering contribution of 2.71 and 2.88 A, depending on the level of the computation.
gold (see the corresponding vertical bars under the radial This effect is often called “aurophylié” and is due partly to
distributions in Figure 5, especially the one corresponding to correlation and partly to relativistic effects. Relativistic effects
the Au+-Au distance). have a large influence on gold chemistry, larger in gold

The computed and experimental geometries can be comparednonofiuoride than in gold trifluoride. While the two At bond
rigorously only if vibrational corrections are applied to the lengths shorten by about 0.05 A in Auf relativistic effects
thermal-average experimental geomet?She experimental ~ are considered in the computatitithe same shortening for
equ”ibrium bond |ength can be rough|y estimated by app|y|ng AuUF is about 0.16 l&d This is due to the difference in their
Morse-type anharmonic correctioffshowever, concerning the  electronic configurations. The valence shell of gold in AuF only
uncertainties of the asymmetry parameters in this study, we did contains the 6s orbital, and that shrinks substantially due to
not feel it prudent to do so. It can be estimated though, on the relativistic effects. On the other hand, in Au(lll) molecules the
basis of similar Systems and the temperature of the experiments5d orbital becomes part of the valence shell, and their relativistic
that this may amount to about 0.00.02 A. From the expansion partially compensates for the relativistic contraction
comparison of different basis sets and computational levels, theof the 6s orbitals; thus, the overall contraction will be much
following conclusions can be drawn: the use of basis 2 instead Smaller.
of basis 1 on gold causes only minor improvement in the AuFz has a T-shaped structure as a result of a first-order
parameters. On the other hand, the use of the Dunning triple- Jahn-Teller symmetry breaking of th®s, trigonal planar
basis on fluorine considerably improves the bond lengths Structure into theC,, arrangement. Both the computations and
the electron diffraction study show this distortion unambigu-

(34) (2) Greenwood, N. N.; Barnshaw, Bhemistry of the Elements  gygly. This makes Aufa useful case for electron diffraction
Pergamon Press: Oxford, 1984. (b) Huheey, JinGrganic Chemistry y: U

3rd ed.; Harper & Row: Cambridge, MA, 1983; pp 40810 and 476 in illustrating the JahaTeller effect since the splitting of the

471. F---F peak proves the distortion without a doubt. Jafieller
(35) Clark, E. S.; Templeton, D. H.; MacGillavry, C. Kcta Crystallogr

1958 11, 284. (37) (@) Schmidbaur, HGold Bull. 1990 23, 11. (b) Pyykko P.;

(36) Bartell, L. S.J. Chem. Phys1955 23, 1219. Runeberg, N.; Mendizabal, Ehem. Eur. J1997, 3, 1451.
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