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The structures and vibrational spectra of the monomer and dimer of copper dichloride as well as the 1:1 complexes
with aluminum and gallium trichloride, CuAlgland CuGaGl have been studied using ab initio and density
functional methods. For all molecules, equilibrium structures corresponding to minima on the potential energy
surface were found to possess the ideal and exp&zigdan, or C,, symmetries, respectively. These complexes

are, however, easily distorted through bending of the terminal chlorines connected to copper in the plane of the
singly occupied orbital in Cu% Calculated bending potentials show that the corresponding modes are very soft.
For the higher associates of CyCVibrational bands that may facilitate the verification of the structures are
presented.

Introduction sults>12.13pyt no experimental or theoretical work so far gives

. . conclusive evidence concerning the structure ofQIy
Metal halides are well-known to form polymeric or complex Chemical f ificati f | halides i
species in the vapor phase above the condensed phase. In this, CN€mical vapor transport for purification of metal halides is

work, we study monomeric and dimeric copper chloride as well ofte_n accomplished_ with the help Of. complexing hal?des, in
as the 1:1 complexes between Cu@hd AICk or GaCh. particular AICE and its congeners. This leads to a multitude of

. : -phase complexes, among them Cud#od CuGaGlwhich
The earliest report on gaseous,Cly was in an IR study b gas-p L
Leroi et al Lattgr Papa?theodoréuand Dienstbach etyfily are included in this work. Papatheodorou and Cafqiroved

published results from resonance Raman investigations, Whichthe existence of CuAlGl by means of resonance Raman

support a trigonal configuration for the copper atom. All of the spec(;rostcopy and smijg?ested:aa.nn? stlrucyure W'thhgeg'
reports assume the molecule to have a ring structure Dth coordinate copper and four-coordinate aluminum. Jufsiaan

symmetry. The same symmetry is assumed for a large numberROhr?aSSSFPave pbseéveﬂ Cl;G.?ththeér retsoncir&;e R_?rrran
of dimers of metal dihalides, but such structures have only Spectra, but ‘assigned all of Its bands 1o & e
recently been verified, e.g., for B8ls,4 MgsCla,S and CaCl,.® verification of the structures of these complexes, along with an
For all of these the’pérfédDZh s;r,'nmetzry Aéeems to b4é in interpretation of their vibrational spectra, is therefore a prime

accordance with both experimerita and theoretical re- goal of the prese.n.t work. ] )
It has proven difficult to determine the ground electronic state

*To whom correspondence should be addressed. and geometry of CuGlas _vveII asa r_1umber of other transition
T New address: School of Technology, Ser-Trandelag College, N-7005 metal dihalides (cf. Hargitt#i), and in recent years a number
Trondheim, Norway. of gas-phase investigations of Cu®lave been reporteld; 24
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focusing on the rovibrational structure in selected parts of the triples*) level with numerically obtained gradients. The Gaussian 94
electronic spectrum. Agreement between theory and experimentpackag® was used, and the convergence criteria were as for the B3LYP
seems to have been reached concerning the ground state an@ptimizations described above. All valence electrons were correlated
vital parts of the electronic spectrum for this molectfié> On in the UCCSD(T) calculations.
the other hand, there exist experimental indications of both  Cartesian basis functions, retaining the s contaminant of d shells,
linea”* and bert® CuCh, and the shape of the molecule has were used in all geometry optimizations at the HF and B3LYP levels
yet to be studied explicitly by quantum chemical methods. in the present work. For copper, the Wachterprimitive basis
Quantum chemistry may assist in the interpretation of the contracted to [10s,8p,3d] with the standard modifications as imple-
electronic and vibrational spectf&6 of the transition metal mented in Game3swas used. 6-318 bases were used for chlorine
dihalides, as well as afford information about the potential curves @nd aluminum, while gallium was described by a Binnir@urtiss”
of bending, as recently seen for Cs@$ To address the shape (14s,11p,5d)/[6s,4p,1d] contracted baS|s_,. A_II basis s_ets for the main-
of CuChL by means of calculated potential curves of bending grggg ato(;ng 2\/\(/)e7r? aualmgnted lby _polanzatu;n fltlj_nctlcms:é O't.7\;é’|
and analysis of the vibrational spectrum is thus another goal of =~ and o or chlorine, aluminum, and gallium, respectively).
the present contribution. As this problem turned out to be For simplicity, these basis sets, including the metal sets, are termed
P ) s p S 6-31G(d) in the present work. Earlier studies have shown that the above-
particularly complex, we found it necessary to give it a broad

freat t also 1o h d ref f K th described basis sets are well suited for investigation of geometry and
reatment, also to have a sound reference for our work on the, ;. oo frequencies for ACI®*% and GaClg.!
larger molecules.

For CuC}, the geometry optimizations at the UCCSD(T) level were
performed with basis sets termed TZD2P in the present work. These
sets were constructed from spherical harmonic functions. For Cu, the
Wachters primitive basis was augmented by two primitive 4p
exponents, a diffuse d exponenty(= 0.1491), and a (3f) sét. The
contraction of the innermost (14s,9p,4d) followed Wachters’s scheme
three-parameter hybrid density functioHgB3LYP) as implemented 3. The two outermost p and d exponents were left uncontracted, while
in the Gaussian 94 suite of prografid.he density was evaluated using  the f primitives were contracted to [2f], leading in total to a [8s,6p,-
a grid with 75 radial shells per atom and 302 angular points per shell 4d,2f] contracted set. Chlorine was described by a Huzinaga primitive
in the B3LYP calculations. The HF geometry optimizations were (12s,9p) basis contracted according to McLean and Chandler’s chloride
performed within the restricted open shell (ROHF) or unrestricted schemé to [6s,5p]. Diffuse s and p functions were added in an even-
(UHF) formalism as indicated in each case. The Gaflesst of tempered fashion along with two uncontracted d functions< 1.299,

Computational Details

Geometry Optimizations and Vibrational Analyses. Geometry
optimizations by means of analytically obtained gradients were
performed using the Hartred-ock (HF) method, and also with Becke'’s

programs was used for these calculations, and geometries were
converged to a maximum gradient below 110 “Ep/a,. The optimiza-
tions using the B3LYP method were performed within the unrestricted
formalism (restricted for AIG) using the Gaussian 94 packa&de.
Geometries were converged to maximum gradient and displacement
of 4.5 x 10*Ex/ag and 1.8x 10 %ay, respectively. All stationary points
obtained through full optimization within a given symmetry were
characterized by the curvature of the potential energy surface. Using
the B3LYP method, the Hessian matrices were obtained analytically,
while numerical differentiation was performed in the case of HF. All
frequencies were obtained within the harmonic approximation. Potential
energy curves of bending were obtained through optimizations (using
B3LYP) with constrained bending angle.

For CuC}, geometry optimizations were also performed at the
UCCSD(T) (coupled cluster with single and double substituiorid
of the UHF reference, and with a perturbative estimate of connected
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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. R.;
Martin, L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J.Gaussian 94,
revision B.3; Gaussian, Inc.: Pittsburgh, PA, 1995.

(29) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su,
S.; Windus T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem.
1993 14, 1347.

(30) Cizek, JAdv. Chem. Phys1969 14, 35.

(31) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910.

(32) Scuseria, G. E.; Janssen, C. L.; Schaefer, H. F.JIlIChem. Phys.
1988 89, 7382.

(33) Scuseria, G. E.; Schaefer, H. F., l.Chem. Phys1989 90, 3700.

0.433).

Energy Evaluations. Single point energy calculations, in B3LYP-
optimized geometries, were performed with the B3LYP method (see
above), at the HF (RHF and ROHF) level of theory as well as with a
couple of approaches based on configuration interaction (Cl). The CI
methods chosen were the modified coupled pair functional (MCPF)
approximatiorf? as well as spin-adapt&t°RCCSD(T) (coupled cluster
with single and double substitutiolis®® of the RHF reference, and
with a perturbative estimate of connected tripfes

MCPF is a size-consistent single-reference state method with the
zeroth-order wave function defined at the RHF (or ROHF) level. The
MCPF calculations were performed using the Stockholm set of
programs'’ All valence electrons were correlated, except those of 3s
on chlorine. The core orbitals, as well as 3s on chlorine, were localized
according to af?Ominimization procedur® prior to the correlation
treatment. The RCCSD(T) calculations were performed with the
MOLCAS-4 set of program®,and all valence electrons were correlated
in the RCCSD(T) calculations.
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Scaling of the correlation energy has been adopted as a scheme foiTable 1. Energies and Enthalpies (kcal/mol) Relative to the Educts
obtaining better estimates of relative energies in the present study. TheCuCk (3[1g) and AICK?

strategy used is the PGIscheme according to Siegbahn efailyhere CUAICs CwCls

Xis the percentage of the correlation effects that the parent Cl method

is expected to account for. The PElscheme was originally developed CuCh (*Z")

for scaling of correlation energies obtained with the MCPF method in AE. AE. AHz08 AE. AHagg
conjunction with bases of doubleplus polarization (DZP) quality, ROHF -5.0 —251 —243 —-296 —29.0
for which the optimal value oK was found to be close to 78.An MCPF -05 —-35.3 -—-345

improved estimate of relative energies is thus obtained by adding 22% PCI-78 0.8 —-38.2 -—-374

of the difference between the SCF energy and the total extrapolated RCCSD(T) 1.6 —-351 —-343 -394 -388
energy. With the CCSD(T) method, increases to 88} still referring PCI-80 3.2 -37.7 —36.8 —418 —412
to bases of DZP quality. The latter scheme, PCI-80(CCSD(T)), in B3LYP 9.3 —26.0 —252 -272 -266

connection with basis sets (termed 6+33(d)) to be detailed below, CBZIF;ECG) 1?3

is expected to be the most reliable approach with which energy

i . . : Ramand —34.2
differences are calculated in the current work. A comparison in the visd _36.8
Appendix confirms excellent agreement between bending potentials ‘ ) _ ' ‘
calculated with PCI-80(CCSD(T))/6-31G(d) and CCSD(T) using large 2 The calculated energies and enthalpies are obtained for geometries
atomic natural orbital (ANO) sets. optimized using B3LYP within ideal symmetryReference 565 Ref-

Estimates of scalar relativistic effects were included in all energy €rence 25¢ Reference 3.
evaluations in the present work. The corrections were obtained using
first-order perturbation theory including the masslocity and Darwin that the ground state of Cugddb 21 (0%73%0?) (Beattie et af4).
terms®253 For technical reasons, no MCPF calculations could be A theoretical investigation of linear CuCémploying various
performed for CpCls, and the construction of relative energies involving size-consistent Configuration interaction (C|) schemes and |arge
this molecule was thus based on relativistic corrections taken from HF |55is sets has been reported by Bauschlicher ancPR@R).
calculations. For all of the other molecules, the corrections were They found the ground state to be an almost equal mixture of
obtained from the MCPF density. The level at which to obtain scalar 25" (6%n%0Y) and?I1, when estimates of spirorbit effects are

relativistic corrections is further discussed in the Appendix. included. the | bei ble by ab 1.9 keall
Our standard basis sets for energy evaluation are termee-GR1) included, the latter state being more stable by about 1.9 kca

in the present work and contain some augmentations compared to theN0l when spir-orbit effects are ignored. Indeed, the narrow
6-31G(d) sets described above for geometry optimization: A primitive SPacing betweef=q* and?Ily is also reflected in the current
(3f) contracted to [1ff was added to the copper basis, while the chlorine work (cf. Table 1). Including correlation effects is seen to be
basis was augmented by a diffuse s andxp,(= 0.0483) function. important for the description of th&1y state, and thus for
Furthermore, all energy evaluations were performed using spherical predicting the right order among the two lower states. Including
harmonics bases. Computed energies were converted to enthalpies a4 perturbative estimate of connected triples through the RCCSD-
298 K by adding contributions fror®V work as for ideal gases and (T) method brings the predicted relative stability%il_fr and
zero-point vibrational energies along with the temperature-dependentgl—I in excellent agreement with the CI results obtained by BR.
part of the vibrational energy according to equations for the harmonic Ex?rapolation of the correlation energy according to the RCI-

oscillator. The frequencies used were those obtained with the B3LYP . o . -
method. g schemé® yields an excitation energy only slightly higher than

For the reference RCCSD(T) energy calculations on the cucl the one given by BR when applied to the CCSD(T) energies (
molecule (based on geometries obtained with UCCSD(T)/TZD2P), large = 80), thus indicating the robustness of the latter method which
atomic natural orbital bases (termed ANO-L) were used. Copper was iS chosen as the standard for calculating energies in the current
described by a primitive (21s,15p,10d,6f,4gfF$generally contracted work, as further discussed in the Appendix. While HF under-
to [6s,5p,4d,3f,2g], while for chlorine, a primitive (17s,12p,5d,4ffset  estimates the stability 611, by ~7 kcal/mol, B3LYP, perhaps
was generally contracted to [5s,4p,3d, 1f]. somewhat surprisingly, apparently overestimates this stability
by about the same amount. Even higher28 kcal/mol)?Z,*
< 2[1,4 excitation energies have been obtained with pure DFT

In the current section focus is set on describing the structure method<$8:57 The workhorse ab initio methods of the current
and properties of the title compounds, and discussion of the study have not been chosen with the aim of obtaining very
quantum chemical methods has been kept to a minimum. Foraccurate optical transition energies, and strictly we cannot yet
information about the methods and basis sets applied, readersiecide upon which of these results are to be trusted. However,
are referred to the Computational Details section. A discussion the paper by BR is strengthened by the fact that their excitation
of the accuracy of bending potentials as calculated with various energies for atomic copper as well as the electron affinities for
quantum chemical methods can be found in the Appendix.  Cl are in good agreement with experiment.

CuCl,. A recent study based on data from laser-induced  The bond distance (Table 2) of Cu@kems to be fairly well
fluorescence (LIF) and laser excitation spectroscopy concludedreproduced by B3LYP with modest basis sets and, for both

- - states, comes out-B pm longer than the ones obtained by
(49) Gﬂgﬁfssf’;”ﬁﬂgi;nﬁ'\‘/’ig?ggﬁ"-N'z-o g&/’?‘;’?%l'\sﬂé:-?ﬁg'gg"ge_; BR, and 5-6 pm longer than experimefftHF does not include
Sadlej, A. J.; Schiz, M.; Seijo, L.; Serrano-Andee L.: Siegbahn, P, Sufficient covalence, resulting in a bond distance more than 10
E. M.; Widmark, P.-O. MOLCAS, 4 ed.; Lund University: Lund, pm longer than the experimental value for the ground state.

Results and Discussion

Sweden, 1997. ; :
(50) Siegbahn, P. E. M.; Blomberg, M. R. A.; Svensson,@iem. Phys. . So f(’?\r, we have only ConSI.dered a "”ef"‘r geometry for cppper

Lett. 1994 223 35. dichloride. Calculated potentials for bending of the lowest linear
(51) Siegbahn, P. E. M.; Svensson, M.; Boussard, P. J. Ehem. Phys. state f[1g) can be found in Figure 1. The state showBj] is

1995 102, 5377. the lower of the two 4B, and 2A,) derived from bending of

(52) Martin, R. L.J. Chem. Phys1983 87, 750.

(53) Cowan, R. D.; Griffin, D. CJ. Opt. Soc. Am1976 66, 1010.

(54) Pou-Anieigo, R.; Mercha, M.; Nebot-Gil, I.; Widmark, P.-O.; Roos,
B. O. Theor. Chim. Actal995 92, 149. (56) Deeth, R. JJ. Chem. Soc., Dalton Tran$993 1061.

(55) Widmark, P.-O.; Persson, B. J.; Roos, B.Theor. Chim. Actd 991, (57) Rogemond, F.; Chermette, H.; Salahub, DCRem. Phys. Letl994
79, 419. 219 228.

°[1y, and stabilization through bending could be expected as
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Table 2. Calculated Geometry (A, deg) and Vibrational Frequencies fiR Intensities (3 A-2 u™1) for Linear CuC} Compared to
Experimental Vibrational Frequencies

method ROHF ROHF UHF B3LYP B3LYP obsd

state DY Tl g Tl Y

bond distance(Cu—Cl)  2.144 2.140 2.139 2.090 2.110 2.635

mode frequency/IR intensity TEBy", ROHF)
v (T1y) 112/1.41  81/0.70 80/0.70 71/0.21 71/1.07 22AB0°¢ 967 o, 100%

108/0.63  108/0.62  118/0.16

v1(Zg") 358/0 350/0 349/0 332/0 343/0 380154373 370372  r, 100%
vs (Zuh) 502/2.59  499/2.76  499/2.82  479/0.96  488/2.50  49B02503¢ 526 r, 100%

aReference 24 (laser-induced fluorescence/molecular bédReference 3 (RamanjReference 2 (resonance RamahReference 58 (from
vibronic structure in UV/vis spectrumj.Reference 1 (gas-phase IR).

35 (averaged ratio between obser¥ahd calculated frequencies)
20l —6—B3LYP for the stretching modes are 1.01 and 1.05 for HF and B3LYP
‘ —A—ROHF at the ground state, confirming that the calculated bonds are
2.5 1 too weak (long) but that the deviation from experiment is not
—o—RCCSDM dramatic. The calculated frequency differs significantly from
Energy ~°|  _=PoLsoRecsDm) the one reported by Beattie et®based on LIF measurements.
tkealimol) | At present we have no explanation for this deviation.

1 The Renner effect® expected for?[l; and the apparent
anharmonicity of the bending mode in this state (cf. Figure 1)
make it difficult to compare observed fundamentals for this
mode with the present harmonic frequencies obtained within
the Born—Oppenheimer approximation. The observed Bénd
at~130 cnt! does not seem to correspond to the bending mode
] ) i ] in 224", as judged from the deviation from the present values
Figure 1. Calculated bending potentials for CyG@¥ith angles 186 for v,. Neither does it correspond very well with the calculated
15C°. Estimates of scalar relativistic effects, as obtained from the MCPF : >
density, included. upper component of the bending mod_e iy, and thus the
recent value (96 crit) reported by Beattie et &f.seems to be
supported by the current calculations. The lack of an observed

plane. FoRA,, however, the singly occupied orbital is perpen- second component of the bending mode, however, suggests that

dicular to the bending plane, and no corresponding stabilization (e molecule is bent rather than linear.
should be expected. On the other hand, bending of¥ge Also interesting in this respect is the discrepancy between
state is not expected to induce stabilization, as doubly occupiedthe spectroscopic results for CuClThe Ramahand resonance
orbitals are located in both possible bending planes, whereasRaman spectra recorded some 20 years ago display intensive
the singly occupied orbitalg*) should favor a linear config-  bands at~130 cnt! that were attributed to the bending mode,
uration. The last of the valence statésq, may only experience  as well as bands at500 cnt* assigned to either asymmetric
reduced repulsion from the hole in the d shell at angles so sharpstretct or a combination; + v.2 The apparent Raman activity
that repulsion between the ligands will dominate. of v2 and v3 suggests a bent molecule, which also is the

The 2B, curves in Figure 1 show that the molecule can be conclusion reached by both Dienstbach et ahd Papathe-
rather eas”y bent, at |east at W|de anglesl and exc|ud|ng HF OdOI’OU? In ContraSt, Beattie et éf.recently C|a|med that CU@'
(upper Curve), there seems to be a nice agreement among thés |ineal’, on the basis of analySiS of data obtained with laser-
methods in predicting the shape of the curve. Both B3LYP and induced fluorescence and laser excitation spectroscopy, although
the two coupled cluster based methods shown predict thatthe isotopic shift pattern in fact indicated a slightly bent (373
bending to reach 130should cost less than 2 kcal/mol. The structure. Their conclusion is supported by the lack of an IR
scheme where the correlation energy is extrapolated to includeband corresponding to symmetric stretch. However, with the
100% of the correlation effects, PCI-80(RCCSD(T)), is expected experimental difficulties-and with the perceived low IR
to be the most accurate of the methods included in Figure 1, intensity of vy in a slightly bent moleculethis is not a very
and has been shown to provide a bending potential in excellentstrong argument. Hence, although Cu®las been studied
agreement with coupled cluster calculations with large basis setsintensively by various spectroscopic techniques, the results
(cf. discussion in the Appendix). Furthermore, comparing the relevant for the shape of this molecule still appear to be rather
HF-based potential with the three correlated ones, it is clear confusing.
that inclusion of correlation effects stabilizes bent structures, CuAICls and CuGaCls. The calculated geometries and
but the present curves of bending never actually fall below the vibrational frequencies for the two compounds are given in
level of a linear molecule. However, the energetical preference Tables 3 and 4, while energies relative to the educts £@0L)
for a linear geometry is very small, and it is obvious that a and AICk can be found in Table 1. The complexes display three-
more thorough correlation treatment as well as inclusion of coordinate copper with two chlorines bridged to the tetrahedrally
spin—orbit and vibronic coupling may alter the detailed shape coordinated aluminum or gallium (Figure 2). The copper atom
of the curve. What does seem clear, however, is that the potentialcan be thought of as having an electron configuration similar
curve for bending of the ground state of Cu@lflat, and that o that of copper in thélly ground state of CuGl(described
the bending mode has a low frequency and a large amplitude.

The calculated frequencies (Table 2) are comparable with the (sg) pekock, C. W.; Gruen, D. MJ. Chem. Phys1966 44, 4387.
observed values for the stretching modes. The scaling factors(59) Renner, RZ. Phys.1934 92, 172.

0.5 {

0.0 7 T . T
180 170 160 150
CI-Cu-Cl angle (deg)

the only singly occupied d orbital is localized in the bending
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Table 3. Calculated Geometry (A, deg) and Vibrational Frequencies iR Intensities (3 A-2 u™2) for CuAICIs Compared to Experimental
Vibrational Frequencies

method ROHF UHF B3LYP
symmetry Cs Cs Ca
state 27! 27" 2B,
geometry
ri' (Cu—Cly) 2.387 2.387 2.289
r1 (Cu—Clp) 2.319 2.316
r2' (Al—Clp) 2.248 2.246 2.273
r2 (Al—Cly) 2.297 2.297
r3 (Al—Cly) 2.092 2.092 2.102
r4 (Cu—Cly) 2.146 2.144 2.101
B (Cu—Al) 3.271 3.270 3.188
o (Cli—AlI—Cly) 120.6 120.7 120.0
B (Cu—Cl,—Al) 89.8/90.3 89.7/90.3 88.6
y'ly (Cly—Cu—Cly) 122.2/149.8 121.5/150.5 134.5
0 (Cl,—AI—Cly) 109.0/111.2 109.0/111.2 110.4
€ (AI—Cu—Cly) 165.6 164.9 180
mode frequency/IR intensity obsd TEQJHF)
v15 (A") 24/0.04 24/0.04 21/0.01,B ¢, 85%;6, 9%;u, 6%
v10 (A") 59/0.29 62/0.28 18/0.07:B y, 100%
v14 (A") 96/0.22 96/0.21 95/0 A u, 71%;0, 27%
viz (A") 108/0.03 108/0.03 100/0.05B 0, 84%;y, 15%
vg (A") 110/0.16 110/0.17 102/0.05A 6, 68%;B, 28%
vg (A") 152/0.08 153/0.08 148/0.10,B 0, 78%;r4/r1', 22%
12 (A") 177/0.35 177/0.35 161/0.18B 0, 77%;¢, 13%;u, 7%
v7 (A") 191/0.04 191/0.04 178/0.15A B, 64%;0, 31%
ve (A") 233/0.18 233/0.18 242/0.04,B riry, 68%;rolry, 23%;6, 7%
vs (A") 289/0.97 289/0.97 272/1.02A 2910289 ri/ri', 85%;r4, 6%
va (A") 341/0.92 341/0.93 326/0.26,A 1oy, 78%;rs, 16%;r4/r1', 7%
v3 (A") 390/3.18 390/3.11 367/1.99B ralrsy', 69%;0, 10%;r1, 8%;r3, 7%
v (A") 443/3.46 444/3.49 419/1.69A 4480 444 ra, 84%;r1, 11%
vy (A") 522/4.42 522/4.43 500/5.0LA ra, 69%;r2/ry', 22%;B, 5%
vi (A") 628/5.04 628/5.04 599/4.04,B rs, 97%

a Contributions below 5% were omitteBlReference 2¢ Reference 15.

above), the hole in the d shell being assigned to theubital (Figure 1). These energy calculations were performed with a
in-plane with the bridging chlorines (cf. Figure 2). larger basis than the geometry optimizations, and also include
A shallow potential for bending of chlorine in the plane of scalar relativistic corrections as described in the Computational
the singly occupied d orbital was observed in the calculations Details section and further discussed in the Appendix. The
on CuC}, and it is interesting to check for a similar property relativistic corrections disfavor bending, and at 15his
also for the complexes containing three-coordinate copper. In contribution amounts to 0.4 kcal/mol. With the relativistic effect

fact, bending of the terminal chlorine in CuAldk favored at included, HF, as well as the other methods included in Figure
the nonrelativistic HF level, resulting inA’ ground state, while 3, predicts &, symmetric geometry. The difference in energy
B3LYP predicts the symmetrically oriented terminal -0l compared to a 160bent geometry is only some few tenths of
bond, resulting in &B, ground state. a kilocalorie/mole, and bending to reach 15@sts less than 2

As for CuCh, B3LYP predicts somewhat shorter bonds than kcal/mol as also found for CuglThus, one of the chlorines in
does HF, the difference being more pronounced for the bridges.CuCk is seemingly only little affected by the increased
The HF-optimized structures are seen to have unsymmetricalcoordination number of Cu through complexation with AICI
bridges due to a trans influence from the bent terminatCL (GaCh). Again, the conclusion must be that the bending mode
bonds. The energies and enthalpies of forming the CuAICI for this terminal Cu-Cl bond is very soft, and it is at present
complex from the CuGland AICk educts (Table 1) show the  not possible or meaningful to decide upon exactly where the
expected stabilization of the product upon inclusion of correla- minimum on the potential curve of bending is located.
tion effects in the ab initio approach, while B3LYP somewhat  The calculated frequencies compared with the experimental
surprisingly groups together with HF. There is considerable frequencies do not give any conclusive evidence as to whether
experience with MCPF as a useful tool for predicting energetics the Cz, or Cs symmetry is correct for CuAlGl The scaling
of reactions involving transition metai8.The stable perfor-  factors are similar to those found for Cu@ind are internally
mance normally obtained suggests that the ab initio correlatedconsistent for both methods. The assignment of the bands given
results probably are closer to reality than HF and B3LYP in by Papatheodor@us verified.
this case. However, the absolute value for the reaction energy The ratio between the calculated frequencies obtained using
(enthalpy) is probably slightly exaggerated, as a Hartfeeck HF and B3LYP is constant withif:1% for the modes with the
limit correction is not included. six highest frequencies. Only for the seventh band is there a

A closer look at the potentials for bending of the terminal Significant deviation, which probably is due to the different
Cu—Cl bond in thexy plane of CUAIC (Figure 3) reveals a  Symmetries obtained with the two methods. Hence, the observa-

remarkable similarity with the corresponding curves for GuCl tion of this band may afford a distinction of the correct
symmetry, although it might not be easily observed as the

(60) Svensson, M. Ph.D. Thesis, Department of Physics, University of _corresponding mode has low activity in IR, and prpbably also
Stockholm, Stockholm, Sweden, 1994, in Raman. All modes are both IR and Raman active for both
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Table 4. Calculated Geometry (A, deg) and Vibrational Frequencies iR Intensities (3 A-2 u™1) for CuGaC} Compared to
Experimental Vibrational Frequencies

method state ROHF UHF
state 2A! 2A"
geometry
ri' (Cu—Cly) 2.375 2.376
r1 (Cu—Cly) 2.312 2.309
r2' (Ga—Cly) 2.294 2.292
r, (Ga—Cly) 2.351 2.353
r3 (Ga—Cly) 2.122 2.122
r4 (Cu—Cly) 2.148 2.146
B (Cu—Ga) 3.288 3.287
a (Clt—Ga—CIt) 122.4 122.4
p (Cu—Cl,—Ga) 89.5/89.7 89.5/89.7
y'ly (Cly—Cu—Cly) 122.9/147.2 121.9/148.2
0 (Cl,—Ga—Cly) 108.6/110.8 108.5/110.9
€ (Ga—Cu—Cl) 167.2 166.1
mode frequency/IR intensity obsd TEROHF)
v1s (A") 21/0.03 21/0.03 £, 86%;60, 12%
v1o (A) 54/0.23 58/0.22 y, 100%
via (A") 93/0.14 93/0.14 u, 65%;6, 35%
vo (A) 102/0.14 102/0.14 0, 67%;B, 31%
vz (A") 103/0.03 103/0.03 0, 83%;u, 17%
vg (A) 123/0.20 124/0.20 0, 87%;r4/r1', 10%
v12 (A") 154/0.47 154/0.47 6, 69%;u, 16%;¢, 15%
vz (A) 159/0.20 159/0.20 B, 64%;6, 34%
ve (A) 226/0.01 226/0.02 rirq', 49%;ro/ry’, 45%
vs (A) 268/2.25 267/2.29 278 riry, 58%;rolry', 38%
v (A) 306/1.22 306/1.14 ri/ra', 60%;ro/ry’, 30%;r4, 7%
vz (A) 324/1.08 325/1.08 rolry', 88%;ri/ri', 12%
v (A) 420/2.81 420/2.79 r3, 90%:;r4, 8%
vy (A) 444/1.28 444/1.33 443 rs, 80%;r1/ry', 10%;r3, 8%
vi1 (A") 487/2.48 487/2.48 rs, 100%

25
—o—B3LYP
1 —a— 5
20 ROHF
15| —e—RocsDMm
Energy ‘
(kcal/mol) —=—PCI80(RCCSD(T))
1.0 1
0.5 -
0.0 & : '
180 170 160 150

Al-Cu-Cl angle (deg)

Figure 3. Calculated bending potentials for CuAi®ith angles 186
15C°. Estimates of scalar relativistic effects, as obtained from the MCPF
density, included.

T_y-x

assume that the conclusions reached above based on the bending

i . potentials of CuAlGd should be valid also for the gallium
Figure 2. Structures of the CuAlGlcomplex (a) and Gl dimer

(b). Also shown are the internal coordinates, except for the terminal complex.

out-of-plane beng (Cli—Cu—2Cly) and the ring torsiori (Cu—Cly,— The calculated frequencies fit reasonably well to the observed

Clp—Al/Cu). frequencies for CuGag;}® but the deviation for the symmetric
Cu—Cly, stretch is larger than expected. Also, the difference

symmetries, except for the IR-inactive, Anode inCy, sym- between the CuGaghknd the CuAld frequencies fomws is

metry, where the equivale@; modevi4 (A") has a low intensity much overestimated by the calculations. This could signal an
as well. Therefore, one should not expect conclusive changesinaccuracy in the calculated value or even an erroneous
in intensities or Raman polarizabilities due to a minor deviation interpretation of the vibrational spectrum given by Spiféa
from a Cy, symmetry. and Rohrbassé®.

For CuGad only geometry optimizations and frequency CuyCl,. The calculated geometries and vibrational frequencies
calculations at the HF level are reported. As the optimized angle are given in Table 5, while energies relative to the educts can
Ga—Cu—Clis only a couple of degrees wider and the in-plane be found in Table 1. The calculations show a three-coordinate
bending mode of the terminal Clh{y) has an even lower  copper, with an environment similar to that found in CuAlICl
frequency than in the aluminum complex, it is reasonable to and CuGaG (Figure 2).
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Table 5. Calculated Geometry (A, deg) and Vibrational Frequencies iR intensities (3 A2 u™%) for CuCl; Compared to Experimental
Vibrational Frequencies

method ROHF UHF B3LYP

state By By By

geometry
r1 (Cu—Clp) 2.294 2.291 2.269
ri' (Cu—Cly) 2.390 2.390 2.285
r, (Cu—Cly) 2.154 2.152 2.109
B (Cu—Cu) 3.290 3.288 3.184
p (Cu—Cly,—Cu) 89.2 89.2 88.7
y 'ly (Cl,—Cu—Cly) 120.1/149.1 119.3/149.9 125.6/143.1
€ (Cu—Cu—Cly) 165.5 164.7 171.1

mode frequency/IR intensity obsd TEQJHF)
v7 (Ay) 30/0.11 30/0.10 29/0.01 , 73%;u, 27%
v12 (By) 61/0.42 63/0.41 25/0.08 v, 96%
V5 (Ag) 70/0 7310 46/0 v, 99%;r1', 7%;r1, 3%
vg (Bg) 95/0 96/0 99/0 u, 100%
va (Ag) 130/0 130/0 123/0 165 B, 100%
Ve (Au) 136/0.94 137/0.93 127/0.28 u, 73%;8, 27%
v3 (Ag) 220/0 220/0 249/0 ri, 75%;ry, 21%
11 (By) 249/1.98 248/2.02 270/0.55 ri, 94%
10 (Bu) 304/1.04 305/0.97 284/0.61 ri, 82%;r,, 14%
v2 (Ag) 307/0 308/0 294/0 3F4307 ri, 71%;rq’, 22%;r,, 10%
v (Bu) 435/5.07 436/5.12 414/2.87 ry, 85%;r1, 15%
v1(Ag) 444/0 445/0 423/0 442443 ro, 85%;r1, 11%

a Contributions below 5% were omitteBlReference 3¢ Reference 2.

Without effects from relativity both HF and B3LYP predict 30
a 3B, ground state with equilibrium structures that can be 25 | e BaLP S
described as being distorted @, from the (ideal) Doy —&—ROHF
symmetry due to bending of the terminal chlorines in the plane 201| —e—Rcesom
of the singly occupied orbitals. —8—PCHBO(RCCSD(T))

As for CuCh and the two complexes with main group metal kE";rgvl
trichlorides, B3LYP predicts somewhat shorter bonds than does  *"™" 44|
HF, and this difference is more pronounced for the bridges. The

bridges are furthermore seen to be unsymmetrical due to a trans 051

influence from the bent terminal GtCl bonds, but with a 0.0

difference in the bridging bond lengths of less than 2 pm in the

B3LYP-optimized structure. The energies and enthalpies of *15150 o o o

dimerization (Table 1) show that, as for CUAYB3LYP groups

together with HF, and predict too low absolute values. As ) _ _

expected when basis set corrections are not included in Figure 4. Calculated bending potentials for &l with angles 186

correlated ab initio calculations of bond strenaths. the predictions 150°. Estimates of scalar relativistic effects, as obtained from the ROHF
gins, . P . density, included.

from coupled cluster are located rather on the higher side of

experiment. Inclusion of such corrections would probably bring  The calculated vibrational frequencies correspond well with

the latter estimates in good agreement with at least the the observed frequencies, if the same scaling factors as for the

Ci-Cu-C! angle (deg)

experimental value from visible spectroscoplfor technical monomer are adopted: 1.01 for the HF calculations and 1.05
reasons, we were not able to carry out MCPF calculations on for the B3LYP calculations. In fact, the similarity between the
CwCly. scaling factors for the individual modes is convincing. The total

The HF and B3LYP potential curves of bending (Figure 4) energy distribution (TED) values also verify the assignments
both indicate a weak stabilization through distortionGg, given by Papatheodordu.
symmetry, whereas the two curves based on the coupled cluster An early report gave a frequency forg (416.5+ 5 cnr'l)
approximation predict the more symmetig, structure with a differing from the calculated value by ca. 20 chiafter scaling).
3By, ground state to be preferred. Thus, on going from the However, it is very difficult to evaluate the reliability of the
monomer to the bridged complexes, one may notice an increasedexperimental value on basis of the data given in the report, and
preference for bending of the terminal chlorines at the HF and we have found no other reports on this IR band. Also, the
B3LYP levels. Our more accurate estimates (based on coupledcorrespondence between the HF and B3LYP frequencies for
cluster), however, predict that the shape of the bending potentialthis mode indicates that a new investigation of the IR spectrum
essentially stays constant. It seems reasonable to attribute thizould be useful.
difference to an increased exaggeration of the ionic contributions It should be noted that a forc&}, symmetry yields a slightly
to the bonds on going from the monomer to the bridged lower calculated frequency for this mode, but this shift accounts
complexes at the SCF (HF and B3LYP) levels. At the ionic for only ~20% of the discrepancy. A Raman band at 165&m
limit, d electrons are antibonding, and complexes will tend to reported by Dienstbach et.aldoes not correspond to any
adopt conformations minimizing Pauli repulsion. In all of the calculated frequency from this work and is not verified by
current complexes there are significant covalent contributions, Papatheodorogi.
and forming the best possible directional (and d-rich) bonds The few bands observed in Raman do not discriminate
seems to be more important than a mere avoidance of repulsionbetween ideal and distorted structures 0§Cly An observation
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of v (Ay) in IR should be diagnostic as it is not activeDny, 35
symmetry. Also the difference between the twg Biodesvig —+—ROHF/G-31+G(d)
andvi1 seems to be very sensitive to the distortion (cf. the HF 3071 e RoHF/ANOL
and B3LYP values) and could give valuable, or even conclusive, 25| —o_RecspTyea1+G()
information.
—e— PCI-80(RCCSD(T))
. Energy 20 1
Conclusion (katimon —e—RCCSD(TVANO-L
We have seen that all Cl? domplexes in the current study ]
are predicted by our most accurate ab initio methods to adopt 1.0 4
their expected, ideal symmetries. The terminal chlorines attached
to copper may, however, easily be bent, causing the energetical 051
preference for ideal structures to be rather tiny. Hence, it is still 0.0 '
possible that effects not accounted for in the present study might 180 170 160 150
change the picture in favor of the more unsymmetric structures. C1-Cu-Cl angle (deg)

The most important finding regarding the orientation of the Figure Al. Calculated bending potentials for Cy@lith angles 186
terminal chlorines is thus simply that the force constant for 150, using 6-31#G(d) and ANO-L bases as indicated. The 6+&(d)
bending of the latter is close to zero. The ease with which theseiﬁﬁ'ss vﬁi ﬁecl%'rc;'\ﬁtgdetOr:eBb:SOLn\gFigﬁn'gtlhcg(v‘\’l)e‘:’epg}‘(gﬁm Bfg‘gSD
fﬁ;ggﬁi;gﬁpﬁggﬂﬂ:ﬁg rt?laeysti)r?glr;%iz:sljg%gsr/b(i:tc;TsiLdenn (T)/TZD'ZP optimizations. Relativistic effects are not included.

the lower linear stateI1q (6%7%0?), of the monomer. A similar 35

electron configuration, facilitating bending of terminal chlorines so :SE:F
in a plane of symmetry, is also found for the ground states of ' o MCPF 3
the h|gher aSSOC'ateS Of CLQC' 2.5 1 —e—PCI-78(MCPF)
The present work has also shown that calculation of accurate 20| —e—Rccspm
bending potentials for two- and three-coordinate transition metal —e—PCI-80(RCCSD(T))

. o . Energ’
complexes is a difficult task. On several occasions HF, B3LYP, (kca.,mﬁ., 151 —x—BaLYP

and MCPF predicted structures of lower symmetry than obtained
with CCSD(T).

The vibrational analyses confirm most existing interpretations 051
of the vibrational spectra, but on some occasions reinterpreta- 0.0
tions are suggested. The calculations also give hints to bands

1.0 4

that may facilitate the verification of the structures, and it 0'515’30 s 170 165 160 155 150
appears that IR spectra may be more diagnostic than Raman Cl-Cu-Cl angle (deg)
spectra. Figure A2. Calculated bending potentials for Cu@lith angles 186
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Appendix. Evaluation of the Level of Calculation corrections are small, but including them would still lead to a

slight departure from the RCCSD(T)/ANO-L line.
Having established that the PCI-80 curve from extrapolation
we needed to establish a “best estimate” for the bending potentialOf RCCSD(T)/6-33-G(d) energies seems to be a reasonable

of the ground state, which among other things involved obtaining approximation to the bending potentials involving much larger

geometries of better quality than our standard B3LYP/6-31G(d) bases, yve set out to compare the PCI-80 results yvith calculations
set. employing a range of contemporary methods. Using our standard

The Cu-Cl bond length of thélT,-derived?B, ground state B3LYP/6-31G(d)-optimized geometries, single point energy
was optimized at the UCCSD(T)/‘?’ZDZP level for-6Cu—Cl calculations were performed with MCPF, coupled cluster based
angles in the range 18a5C°. As expected, this resulted in 9" both restricted and unrestricted reference, and B3LYP.

somewhat shorter bonds than optimized with B3LYP/6-31G(d), 6-31G(d) bases were used for these calculations, and the most
and for the linear case a distance (2.072 A) in better agreementMPortant of the thus obtained bending potentials are shown in
with the presumably most accurate optimization by BR (2.056 Figure A2.

A). The more accurately obtained geometries were subsequently Only a minor effect of going from a restricted to an
used in coupled cluster energy calculations with a large ANO unrestricted formulation is evident when comparing the ROHF
basis (ANO-L), to give what in the present work is regarded as and UHF results in Figure A2. The effect of changing from a
the highest quality bending potential, the RCCSD(T)/ANO-L restricted to an unrestricted reference in the coupled cluster
curve in Figure Al. The agreement between the ANO-L based calculations is even smaller. Also, the effect of including

The effects of including higher excitations and improving the
basis sets were studied for the monomer, GuEbr this task,
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perturbative corrections from connected triples was found to 0.5

be very small, and thus among the coupled cluster results only ~—+—ROHF/6-31+G(d) b
the RCCSD(T) and corresponding extrapolated PCI-80 curves 04 1| ¢ MCPF/6-31+G(d)

are shown. Comparing the HF curves with the ones derived —o—ROHF/TZD2P

from correlated methods, it is clear that inclusion of correlation 0.3

effects in general contributes to stabilization of bent structures. Eneray - MCPFRIZDZP

However, only the two MCPF-based curves are actually (caymoly 02| ~S—ROHF/ANOL

predicting that bent structures should be more stable than the

linear molecule, and they are located significantly below our 0.1 1 r
best estimate, PCI-80(CCSD(T)).

MCPF is not formally invariant to rotations that mix occupied 0.0 e e T e
(or virtual) orbitals among themselves. The unexpected deviation
from the coupled cluster curves may be a sign that the orbital 0'1130 o - o
variance problem influences the present MCPF-derived bending CI-Cu-Cl angle (dog)

potentials, and hence no bending potentials obtained at this IeveIFigure A3. Scalar relativistic corrections calculated for Cu@iith

are included in the Results and Discussion section of the presenrang|es 186-150°. The 6-31-G(d) energies are calculated for B3LYP/
contribution. 6-31G(d)-optimized CtCl bond lengths, while for ANO-L the bond

It seems as if the hybrid method included, B3LYP, is able to lengths were taken from UCCSD(T)/TZD2P optimizations.
describe the bending of CugIhirly well and at least represents

a significant improvement over the HF methods in this respect. 08

The method, however, predicts too much destabilization of the —+—ROHF
bent structures compared to PCI-80, and should be accompanied 0.4 1

by other methods when studying bending of the larger com-

plexes. 03]

In this section, we have so far only compared nonrelativistic ~ Energy
energies. For a more complete picture of the variation of the ~(ealimol
total energy upon bending, some estimate of the influence of
relativity should be included. Figure A3 shows how scalar

0.2 q

relativistic corrections, as obtained at the ROHF and MCPF 0.1 1

levels and with different basis sets, vary along with bending of

the CuC} molecule. It is immediately clear that relativity in 0.0 ‘ . ; _ ‘
general contributes to destabilization of bent structures, but that 180 170 160 150
these effects are rather small. At 25270), the estimates of Cl-Cu-Cl angle (deg)

destabilization through relativity compared to the linear case Figure A4. Scalar relativistic corrections calculated for CuAJ@ith
are all lower than 0.5 (0.1) kcal/mol. The MPCF/TZD2P angles 186-15C°. The calculations were performed with 6-8G(d)
alternative, which predicts the largest destabilization of the bent Pases using B3LYP/6-31G(d)-optimized €0l bond lengths.

structures, is too costly for the higher complexes in this study. gnq for this molecule the corresponding ROHF-derived correc-
The disagreement between MCPF/TZD2P and the correspondingions were used instead. According to the results for Ga€l

ROHF resultslalso appears to be somewhat unusual, see, e.9ghown in Figure A3, this should lead to too small corrections
Espelid et ak! The corrections based on ROHF_/G'KB(d) for bent structures. Thus, it may be of interest to check the
stand out as too low, while there seems to be a nice agreement yjidity of this approach by comparing ROHF- and MCPF-

among the three curves in the middle, namely, the corrections derived corrections also for CUAEIas given in Figure A4. It
based on ROHF/TZD2P, ROHF/ANO-L, and MCPF/6+33(d), is immediately clear that the correlated and uncorrelated

gnd for simplicity the latter approach was (_:hosen as thg standardggtimates of the scalar relativistic effects are closer for this
in the present work. However, for technical reasons it turned y5jacyle than for the monomer, and it is reasonable to believe
out that no MCPF calculations for @I, could be performed,  h4t this will be the case also for the other bridged complex,

CuCly.
(61) Espelid, @; Barve, K. J.; Jensen, V. R.Phys. Chem. A998 102,
10414. 1C990270M




