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Experimental Evidence for a Jahn-Teller
Distortion in AuCl;**
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Gold halides have generated considerable interest amongst
both computational and experimental chemists because of
their intriguing bonding and structures."* Advances in gas-
phase (mass-spectrometry) experiments® and the theoretical
importance of relativistic effects in gold chemistry® have
recently been reviewed. The common oxidation states for
gold are Au™ and Au', with Au" being comparatively rare.
The Au' monohalides display large structural relativistic
effects, and the very short Au---Au distances in their dimers
(caused by the so-called “aurophilic attraction”) are regarded
as classic examples of metallophilic interactions.!”! All of the
monohalides have been characterized experimentally.":>")
Monomeric Au" is a rare oxidation state, although multi-
nuclear complexes are more common,® and some examples
such as solid-state AuCl, are mixed valent.’! Perhaps the most
significant Au" complexes are those containing Au—Xe bonds,
such as [AuXe,][Sb,F;;,."" Schroder etal. have recently
identified AuCl, (as neutral, anionic, and cationic species) in
sophisticated mass-spectrometric experiments.'"!! The D,
trigonal-planar structure of the d® Au™ halides are Jahn-
Teller distorted to T-, Y-, and L-shaped geometries. This
distortion was highlighted computationally by Schwerdtfeger
et al. in 1992,1'"” and recently elaborated by Hargittai and co-
workers!'™! as well as by Schwerdtfeger and co-workers.*
Both the stability of the gold trihalides and the Jahn-Teller
stabilization energy decrease from the fluoride through to the
iodide. The T-shaped structure is the minimum of the Jahn-
Teller surface for AuF;, AuCl;, and AuBr;, and is the global
minimum of the ground state for the first two. The Y-shaped
geometry is a transition state between the T-shaped geo-
metries. For Aul;, the Y-shaped structure lies at lower energy
than the T-shaped structure, but for both AuBr; and Aul; the
potential-energy surface is very flat, and the energy gain
arising from a Jahn-Teller distortion is small. Schulz and
Hargittail! suggest that AuF; and AuCl, are static Jahn-Teller
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systems, whereas AuBr; and Aul; are dynamic Jahn-Teller
systems. Of the monomeric Au™ halides, experimental data is
only available for AuF;, with the T-shaped structure being
confirmed by electron diffraction studies."") Aul; has been
reported to be stabilized in a cuprate lattice,"" but more
recent calculations™ and experiments" suggest that the gold
is present as Au' and not Au'™, therefore the D, structure is
unsurprising. The solid-state structures of both Au,Cls and
Au,Brg consist of discrete D,,-symmetric halogen-bridged
dimers!"” which become the principal gold-containing vapor
species. Vaporization is accompanied by extensive decom-
position, and in the recent electron-diffraction study, only
approximately 6% of the vapor was Au,Cl, (the remainder
being Cl,), and it was noted that it was not possible to obtain
any data for monomeric AuCly.? Therefore, the authors
proposed that the only way forward was to use detailed
computational methods.

We have previously used matrix isolation in combination
with IR, UV/Vis and extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy to synthesize and characterize
monomeric noble-metal chlorides such as PtCl and PtCL.[""!
For the platinum chlorides, hollow-cathode sputtering with
chlorine-doped argon was used to generate the atomic Pt, and
although this approach was used for AuCl;, thermal evapo-
ration and laser ablation were also employed.

Figure 1a shows the electronic absorption spectrum of
Au,Clg in an argon matrix, and is in good agreement with the
vapor-phase spectrum.’® The intense bands at 40590 and
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Figure 1. Matrix-isolation electronic absorption spectra of a) Au,Clg in
Ar, b) thermally evaporated gold atoms in 1% Cl,/Ar, c) thermally
evaporated gold atoms mixed with 1% Cl,/Ar passed through micro-
wave discharge, d) expansion of (c).
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46060 cm™' were assigned to bridging- and terminal-ligand-
to-metal charge-transfer transitions, respectively."® The
weaker features at 22300 and 32890 cm ™' were assigned to
d-d transitions." Figure 1b shows the spectrum obtained
when thermally evaporated gold atoms were matrix isolated
in 1% Cl,/Ar. The sharp peaks at 39050, 43670, and
44085 cm™! are due to atomic gold."” The broad feature at
approximately 30500 cm ™' and the tail into the UV region are
both due to Cl,. In addition to these, a weaker band at about
16000 cm ™ with vibrational fine structure was observed. The
spectra obtained when thermally evaporated gold atoms were
trapped in a 5% Cl,/Ar matrix were very similar, except that
there was less unreacted gold, and the fine structure on the
band at 16000 cm ™" was less well resolved. A similar spectrum
was obtained when gold was sputtered with Cl,/Ar mixtures,
and the band at 16000 cm™' was also present when HCI was
used as the chlorine source in the sputtering experiments.
Figure 1c shows the spectrum obtained when thermally
evaporated gold atoms were condensed in a 1% CL/Ar
mixture that had passed through a microwave discharge just
prior to deposition. This process had the effect of increasing
the yield of the feature at 16000 cm™' relative to similar
experiments with no discharge, as well as reducing the amount
of residual Cl, present, although there is a substantial amount
of unreacted gold. These observations indicate that the band
at 16000 cm ™! only appears when chlorine atoms or molecules
are present, and that there are no high energy features
associated with the band at 16000 cm ™" that are obscured by
the UV tail arising from the presence of Cl, (Figure 1b). As
the feature at 16000 cm ™ was only present in spectra which
contained both gold and chlorine and is independent of the
source of both gold atoms and chlorine, it can readily be
assigned to an AuCl, species. An expansion of the vibrational
fine structure on this band is shown in Figure 1d, and the
separation of about 310 cm™! between the sharpest peaks on
the low energy side is consistent with a symmetric Au—Cl
stretching mode in an excited state. The observation of only
one band implies the presence of one AuCl, species. As this
band is much lower in energy than both the charge-transfer
and d-d bands in Au,Cl,, it is most likely to be a d-d transition,
with any charge-transfer bands beyond the effective upper
spectral limit of about 50000 cm™".

IR spectroscopy of the Au—Cl stretching modes (v 5,_¢;) in
combination with the natural isotopic abundances of Cl (*Cl,
75.5%;%Cl, 24.5%) is a very powerful method of identifying
molecular shape. For AuCl, a simple 3:1 isotope pattern is
expected. For AuCl,, a 9:6:1 pattern would be observed, and if
the separation of the outermost components could be
identified accurately, the bond angle could be determined.
The presence of threefold rotation axes in both Dsj,- and Cs,-
symmetric AuCl; would result in nonbinomial isotope pat-
terns for the degenerate modes. One IR-active E’ v, ¢ band
with a 81:9:27:11 pattern is expected for Ds,-symmetric
AuCl;, whereas C;-symmetric AuCl; would have two IR-
active v, bands, an E mode with a 81:9:27:11 isotope
pattern, and an A; mode with a 27:27:9:1 pattern. Calcula-
tions!"? for T-shaped AuCl, predict three IR-active v,
modes (2A, + B,), but the two A, modes have very low
intensity so that only the B, mode is expected to be observed.
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Our calculations indicate that the B, mode will display a 9:6:1
chlorine isotope pattern, and the two very low intensity
A, modes will yield a complex isotope pattern derived from
9:6:1 and 3:1 isotope patterns, but which is dependent on their
separation. The Y-shaped transition state is also calculated!*
to have three IR-active v,, ¢ modes (2A, + B,) with similar
frequency, intensity (intense A,, very weak A, + B,), and
isotope patterns to the T-shaped geometry.

The argon-matrix IR spectrum of Au,Clg is shown in
Figure 2a. This spectrum is in very good agreement with the
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Figure 2. Matrix-isolation IR spectra of a) Au,Clg in Ar, b) gold atoms
sputtered with 5% Cl,/Ar, ) thermally evaporated gold atoms in
100% Cl,.

previous data from both the solid state and the gas phase,*”!
and complex chlorine isotopic structure is observed in both
bands. The feature at approximately 386 cm™' arises from
terminal v,, ¢, asymmetric stretching modes (vy,(B,,) and
v16(Bs,)), and the bridging v, ¢, asymmetric stretching modes
are at about 312cm™ (v3(B,,) and v;,(Bj,)). Figure2b
displays the spectrum of the matrix-isolated products from a
gold foil sputtered with 5 % Cl,/Ar. The only significant v, ¢
band is at approximately 420 cm ', and it is clear that there is
no evidence for the formation of Au,Clg under these
conditions. Although this band shows signs of asymmetry, it
did not display isotopic chlorine features at higher spectral
resolution, probably because of the considerable Cl, concen-
tration in the matrix. Although sputtering, thermal evapo-
ration, and laser ablation were all used with lower Cl/Ar
concentrations, the spectral quality was not sufficient to
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provide convincing evidence of the geometry of the gold-
containing species. Pure Cl, matrices were then used, and
thermally evaporated gold atoms were condensed at 50 K and
then cooled to about 12 K. The resulting spectrum is shown in
Figure 2c. The most intense band at approximately 410 cm ™
clearly displays a 9:6:1 isotopic pattern with a splitting that is
consistent with a vibrational mode involving two chlorine
atoms attached to a heavy element. There is also evidence for
a second 9:6:1 pattern with a similar peak separation a few
wavenumbers higher. The most reasonable interpretation of
this is that there are two 9:6:1 patterns in close proximity that
are derived from the same vibrational mode, which is subject
to matrix-site effects in the pure Cl, matrix. This band is in a
very similar position to that obtained for argon matrices with
sputtering, laser ablation, and thermal evaporation, thus
indicating that it arises from the same species in all cases,
which also gives rise to the band at 16000 cm™' in the
electronic absorption spectra. In addition to the relatively
intense bands around 410 cm ™!, there is a complex multiplet
at 375-350 cm™'. Although TaCls is known to have spectral
features in this region,m] no such bands were observed when a
bare tantalum filament was heated during the deposition of a
pure Cl, matrix. Therefore, this multiplet is also assigned to an
Audl, species.

The presence of 9:6:1 isotope patterns in the bands at
410 cm™" rules out AuCl, but they could be assigned to either
AuCl, or AuCl;. Au" is commonly considered to be a rare
oxidation state, especially for monomeric compounds.® Solid-
state AuCl, is known to be mixed valent!” and AuCl, has only
been detected in the vapor phase by using sophisticated mass
spectrometric experiments starting with mass-selected
AuCl,”." Stace and co-workers have reported that Au' can
be stabilized in the gas phase by o-donor, m-acceptor ligands,
especially if the ligands have a large dipole moment and high
ionization energy,” but this is not the case for chloride. It
would be expected that pure Cl, matrices would yield stable
gold chloride with the highest oxidation state. From all of the
various experimental conditions used for the electronic
absorption spectra, only one band at 16000 cm™' was asso-
ciated with both gold and chlorine, and whereas the presence
of Cl atoms increased its intensity, no other bands were
observed. The presence of weak features in the region
between 375 and 350 cm ™' is compatible with AuCls, but not
with AuCl,. Despite reporting an extensive set of calculations
on monomeric, dimeric, and anionic gold halides, Hargittai
and co-workers!"? did not appear to consider AuCl,. Schroder
et al. have carried out some DFT calculations that indicate
that AuCl, would be stable to disproportionation in the
idealized gas phase, but not in the solid state.!!! Our DFT
calculations®™! indicate that although the AH values for
AuCl,,, and AuCl,,, from gold atoms and Cl, are very similar
(=271 and —273 kJmol™', respectively), the enthalpy of
atomization to gold and chlorine atoms is much larger for
AuCl; than for AuCl, (672 and 537 kJmol™, respectively).
The previous MP2 and B3LYP calculations® indicate that the
IR-active v, mode of “T-shaped” AuCl; should be about
20 cm ™! higher than the terminal v, ¢ modes in Au,Clg, with
the most intense v,, ¢, mode of the Y-shaped transition state
being a few wavenumbers less than that of the T-shaped v, ¢
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mode. The v,y mode of AuCl is calculated® to be just above
midway in terms of energy between the terminal and bridging
Vawa modes in Au,Cls, although our DFT -calculations
incorporating the high-level relativistic effects within ADF
(Amsterdam Density Functional package) indicate that the
value should be closer to that of the terminal v,,  mode in
Au,Clg. Our calculations on AuCl, indicate that its IR-active
Vaucr mode should be higher than that of AuCl; by about
17 cm™.

Therefore, on the basis of both experimental and compu-
tational considerations, the most reasonable assignment of
the bands at about 420 cm™" in the IR spectrum is to AuCl,.
The 9:6:1 chlorine isotope pattern demonstrates that it does
not have Dy, (or C;,) symmetry but adopts a Jahn-Teller-
distorted geometry, which on the basis of the calculations® is
most likely to be T shaped. These calculations also indicate
that the two A, modes in the T-shaped AuCl; species will be
separated by about 10 cm ™' and be about 30 cm ™' lower than
the B, mode, but will have very low (effectively zero)
intensity. The two low-intensity A; and B, modes in the Y-
shaped geometry are also calculated to be separated by
10cm™!, and about 30-40cm™' lower than the intense
A, mode. The complex multiplet at 375-350 cm™' clearly
falls into this region, but the intensity is incompatible with the
calculations.” It is possible that the Cl, matrix exerts
sufficient perturbation so that these modes gain some
intensity. The isotope pattern is very sensitive to the
separation of the two modes, and as a site effect was observed
on the intense v, mode, it is likely that this multiplet is also
subject to site effects.

The Au L;-edge EXAFS and FT for the matrix products of
gold sputtered with 5% Cl/Ar are shown in Figure 3.
Sputtering was chosen as it gives the best dilution of metal
atoms in the matrix, thus avoiding the problems of aggrega-
tion." The FT contains one peak that fits* to a single Au—Cl
bond length with no evidence for two different bond lengths,
thus ruling out the presence of Au,Cls. The Au—Cl bond
length of 2.22(2) A is 0.06 A shorter than that observed for
[AuCl]~ with the same analysis protocols. Previous B3LYP
and MP2 calculations® indicate that the T-shaped ground
state of AuCl; will have Au—Cl bond lengths shorter by about
0.07 A than [AuCl,]” and our ADF calculations indicate that
the Au—Cl bond length in AuCl, will be approximately 0.04 A
shorter than that of AuCl;. The chlorine occupation number
refined to a value of about 1.7, or an AuCl, fraction of about
57%. Whereas this could indicate a lower-coordination
species, the presence of bands corresponding to unreacted
gold in all of the electronic absorption spectra, the IR
evidence for AuCls;, as well as the Au—Cl bond lengths,
indicate it is much more likely to be caused by the presence of
both AuCl; and Au in the matrix. Although the small peak at
around 4.4 A in the FT might be due to multiple scattering
pathways through the central Au atom, indicative of a linear
or very near linear (> 160°) AuCl, unit,”®! its intensity is too
low to make any firm conclusions, and this is also where
Au---Ar interactions would be expected.

In conclusion a combination of matrix-isolation electronic
absorption, IR, and Au L;-edge EXAFS has provided the first
experimental data for AuCl; and shown conclusively that it
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Figure 3. Au L;-edge EXAFS (top) and FT (bottom) of the matrix-
isolated products of gold atoms sputtered with 5% Cl,/Ar.

does not have D5, symmetry in the matrix, but rather a Jahn—
Teller-distorted geometry. The experimental data is consistent
with a calculated ground state having a T-shaped geometry.

Experimental Section

The general features of our matrix-isolation experimental method-
ology have been described previously."”’ The gold atoms were
sputtered from a gold-foil hollow cathode, thermally evaporated
from gold wire wound onto a tungsten filament, or laser ablated (Xe—
Cl excimer laser) from a gold target disc. The Cl,/Ar mixtures were
prepared by using standard manometric procedures. The Au L;-edge
EXAFS spectra were collected on station 9.2 of the Daresbury
Laboratory SRS (2 GeV, 150-250 mA) using a Si220 monochromator
detuned by 50% to reduce harmonic contamination. The fluores-
cence data were collected with a Canberra 13-element solid-state
detector. The spectra were averaged, calibrated (using the first
maximum in the first derivative of gold foil at 11919 eV), and
background subtracted (quadratic pre-edge, 6th-order polynomial
post-edge) by using PAXAS.” The data were modeled with
EXCURV98.%" The DFT calculations at 0 K with zero-point energy
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and basis-set supposition-error corrections used ADF BP86/TZP with
ZORA.®
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