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The electronic structure of CuCl , and CuBr , from anion photoelectron
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The electronic structures of CyXX=Cl and Bp have been investigated in the gas phase by means
of anion photodetachment photoelectron spectroscopy amnéhitio theory. The photoelectron
spectra of CuX were recorded at two photon energies, 193 and 157 nm. Well-resolved and rich
photodetachment features in the spectra provide unprecedented details for the low-lying electronic
states of CuGland CuBs. The excitation energies for five low-lying electronic states of Cw¥re
determined, and they explain well the two previously observed optical absorption bands. The
electron affinities for CuGland CuBjp were determined to be identical, 4:88.05 eV within the
experimental uncertainty. Both the anions and neutral Cspécies were calculated to be linear
with only a slight bond length variation between the charged and neutral species. The calculated
electron affinities and vertical excitation energies for the excited states agree well with the
experimental values, yielding a definite assignment for the electronic states of &uCCuBs.
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I. INTRODUCTION band$€~!! A consensus has been reached that the ground
state of CuGlis °I14 (Refs. 9—11and not’s; as predicted

. . < by simple ligand field calculations or as is the case for
reduction reaction$.The Cul)/Cu(ll) redox pair is one of

o+ ! . involved i 1y of elect uk.%"12However, there is no agreement in the assignment
traenrsr:‘grs eﬁomr:]neosn éfarean;tselrm/;t'\c/)i olfntr?ev;rrlec)t/ (r)e ng gor;'of the optical bands and the energetics of the low-lying elec-

2y ) 'zatl Structurs P onic states among the calculations. There have been quite
troscopy of copper complexes at the active site in metallo-

. . ) . extensive high-resolution spectroscopic studies on ¢uCl
proteins has been intensively pursiedOne of the ultimate 9 P P &

goals is to understand the electronic structures of the copp (ggore recently. Rotationally resolved excitation spectra have

complexes and their contributions to the biological functions. een obtained both in a seeded molecular beam by recording

Here, we consider the gaseous species Lwa\d CuX ;[he t(.)tzl flugrfclescence ?gfﬁ[ﬁnd mt g'égm ceIII (;Jfr']n%
(X=Cl, Br) as simple models for the QWCu(Il) redox pair. 2>ef-ihduced-fluorescence.”’ 1hese studiesrevealed tha

In terms of thed electron configuration, Cugls one of the the ground state of Cuglis 2_H9(3/2)’ and not’Iy(yz) as _
simplest transition-metal dichlorides. In the ionic limit, the Predicted theoretically,and yielded detailed spectroscopic
molecule is CTC2*Cl~, where C&" hasd® configuration. constants for the ground state. The interest in gaseous,CuCl
While in the covalent limit, the Cu atom is promoted to the Nas been stimulated recently by the observation of unex-
3d%4s? excited state, undergoes44p hybridization, and pected red and near-infrared bands in experiments intended
forms covalent bonds with the two CI atoms. The ligand-t0 Séarch for new chemical lasefs® It is now known that
field states are then derived from @%Boccupation of C&  the near-infrared bands are due to the Guéhission at
with a single hole in the @ shell. Transitions between these ~9 000 cm *2=?2but there is no agreement concerning the
states are referred to as-d excitations since they involve Origin of the red band. Some works suggested that the red
only changes in the orientation of the iole. The charge band was due to CugF®*?*but others assigned it to other
transfer (CT) states are derived from ad® occupation of ~species??*such as excited chlorine oxides. It is surprising
Cu" and involve the transfer of one electron from the ligandthat there is not yet agreement on the energy levels among
to the metal. the low-lying states of a seemingly simple molecule as
The optical absorption spectrum of CyGixhibits two ~ CuCl. This state of affair is most likely due to two reasons:
broad bands with maxima at9000 cm* (IR band and (1) not many spectroscopic techniques can probe and resolve
19000 cm? (red band®’ Several theoretical calculations a manifold of low-lying electronic states, ari@) the corre-
have been carried out to interpret and assign the two opticdation effects, which are very important in transition metals,

Copper is a key cofactor in many biological oxidation—
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were not fully considered in the previous theoretical calcula- CuCly” 21 2§g+
tions. X
We have developed an experimental technique to inves-
tigate solution-phase anionic species in the gas phase usin
photodetachment photoelectron spectrosc@iS and an
electrospray ionization source coupled with ion-trap mass
spectrometry> As shown previously®~* this technique is
well suited to probe both multiply charged and singly
charged metal complex anions, providing unprecedented de-
tails of molecular electronic structure information. PES of
singly charged anions is a powerful tool in providing elec-
tronic and spectroscopic information about the underlying s
neutral species. The observed features represent transitione
from the electronic ground state of the anion to the ground
and excited states of the corresponding neutral molecule. Un-
like optical absorption, which is subject to stringent selection
rules, PES of an anion can access electronic states of the
neutral molecules, which are optically “dark.” Here, we re-
port a combined PES andb initio study on CuX FIG. 1. Photoelectron spectra of CgCl(a) at 193 nm(6.424 eV}, (b) at
(X=Cl, Br) and the assignment for all the low-lying states of 157 nm(7.866 eV.
the corresponding neutral CyXspecies. In addition,
CuX, ICuX, (X=ClI, Br) is the simplest molecular pair that

(a) D
193 nm

y

Intensit

ectron

tive El

Binding Energy (eV)

contains the C@)/Cu(ll) redox couple. Therefore, photode- kinetic energy spectra, calibrated by the known spectra of |
and O . The binding energy spectra were obtained by sub-

tachment of gaseous CyX — CuX,+e") is analogous to a . o .
d uX 2 ) g tracting the kinetic energy spectra from the corresponding

redox reaction in solution beside the solvation effects. X :
photon energies. The energy resolution was about 10 meV

Hence, photodetachment of CuXvill not only yield valu- 0 Kineti d f h
able electronic information for the CyXnolecules, but may (FWHM) at ~0.5 eV kinetic energy, as measured from the
spectrum of T at 355 nm.

also provide interesting information about solution redox re

actions involving the C)/Cu(ll) redox couple.
I1l. COMPUTATIONAL DETAILS

Il EXPERIMENTAL DETAILS _ The basis sets _used were the aug-cc-p\/('Rb_,f. 3)
(with only onef-function of exponent 0.706or Cl with the

The experiment was carried out with an apparatus thascalar relativistic(SR Stuttgart pseudopotentidfsfor Cu
includes a magnetic-bottle time-of-flight photoelectron ana-and Br. For Br, the accompanying valence basis set was de-
lyzer and an electrospray ion source. Details of this apparatusontracted and augmented to givé241111/21111/11)1set
have been reported recentfand only a brief description of (most diffuse functions, 0.045 fas, 0.072212 forp, 0.389
the experimental procedure is given here. To produce thér d, and 0.706 forf). The basis set for bromine has been
desired anions, we used 1) molar solutions of tetraethy- carefully fitted at the Hartree—Fock level and the electron
lammonium tetrachloro and tetrabromo cup(l)e  affinity is not very sensitive to softer functions. We therefore
(NEt,),CuCl, and (NEt,),CuBr,, respectively, apH~7 ina neglected adding more diffuse functions for bromine. For
water/methanol1:9 ratio mixed solvent. The solutions were Cu, the accompanying basis set was partially decontracted
sprayed through a 0.01 mm diam syringe needle at ambiernd augmented with further functions to give(Z111111/
atmosphere and-2.2 kV high voltage. Negatively charged 2211111/311111/1)Xket(most diffuse functions, 0.01 fc;
ions emerging from a desolvation capillary were guided by g, andd and 0.4 forf).
radio frequency-only quadrupole ion-guide into an ion trap, = Geometry optimizations and subsequent frequency
where the ions were accumulated for 0.1 s before beingnalyses for thézg and 2Hg electronic ground states of
pushed into the extraction zone of a time-of-flight mass spec€uX, and CuX (X=CI, Br) were performed at the B3LYP
trometer. The main anion signals corresponded to CaXd  and BPW91 level of theory using theaussiAN9g program
CuX, as a result of redox reactions occurring during thepackage’®> Subsequent outer valence Green’s function
electrospray. (OVGH) (Ref. 39 calculations at these geometries gave re-

In the PES experiment, the CyXanions of interest were sults not in very good agreement with the experimental data.
mass-selected and decelerated before being intercepted by\e therefore performed CCSD) calculations using the un-
laser beam in the detachment zone of the magnetic-bottlestricted Hartree—Fock wave function as reference within
photoelectron analyzer. For the current study, 193624  the program packagecesii.>® The CCSDT) equilibrium ge-
eV) and 157 nm(7.866 eV} photons from an excimer laser ometries were determined by a numerical fit procedure. The
were used for photodetachment. The photoelectrons wereequency analyses for tﬁ’-'éig state of linear CuXresulted
collected at nearly 100% efficiency by the magnetic-bottlein a symmetry-broker{inondegenerajell, bending mode,
and analyzedn a 4 mlong time-of-flight tube. Photoelectron due to the fact that a single determinant description is not
time-of-flight spectra were collected and then converted taufficient and a state-averaged multireference procedure is
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2y, TABLE I. Measured vertical detachment energie®E) for CuCl, and the
CuBro- obtained term values for CuClcompared with spin—orbit averaged
2 25 + F CCSO(T) calculations.
g
21'[ B
Calculated term

(a) A Experiment value (cm™)
2 193nm X 2g E
B |_| 25+ State VDE(eV)® Term value(cm Y)° This work Ref. 9
c
[T} G
£ ¢ D X 21, 4508 0 0 0@ 41)
b e 178(T 4g1)
e A 223 4.638) 1050 859 1576
B B 2Ag, 5.388) 7100 7768 7514
i} C 2Ag, 5588 8700 9656
4 D 21, 6.368) 15000 16410 16686
'ﬁ E 22: 6.718) 17 800 19128 19570
E) F 2, 6.9710) 19900

aThe numbers in the parentheses indicate the uncertainties in the last digits.
PEstimated using the VDE differences and rounded to 50’cm

Binding Energy (eV)

bands at 157 nm. Th€ andD peaks, which were relatively
weak at 193 nm, were further reduced at 157 nm, similar to
the intensity changes of thB and C peaks in the CuGl
spectra.

The electron affinitiegEAs) of CuX,, or the adiabatic
required. We therefore report only the average frequency ofietachment energi¢&DE) of the anions, are defined by the
the two modes, which has to be used with some care. 0-0 transitions of the ground state featuftse X bands.

CCsSOT) optimizations for the neutral Cuxvere only  Due to the lack of vibrational resolution in thebands, the
performed for thezl'lg ground state to yield the theoretical EAs were determined approximately by drawing a straight
adiabatic EA. Otherwise single point CC8D calculations line at the front edge of th& features and then adding a
at the CuX optimized CCSDT) geometry were used to constant to the intercept with the binding energy axis, to take
obtain the vertical electron detachment energies for the exnto account both the instrumental resolution and a finite
cited states of CuX Spin—orbit coupling was neglected in thermal effect. Following this procedure, we found that the
all calculations. In order to correctly assign the spin—orbitEAs of CuCh, and CuBp were identical, 4.350.05eV
states of CuGland CuBg from Koopmans theorem we car- within our experimental uncertainty. The vertical detachment
ried out fully relativistic Dirac—Hartree—FodOHF) calcu-  energies(VDEs) were measured straightforwardly from the

FIG. 2. Photoelectron spectra of CyBr(a) at 193 nm(6.424 eV, (b) at
157 nm(7.866 eV.

lations of the closed-shell anions using the program packaggeak maxima and listed in Tables | and Il for CyCind
DIRAC.%® The all-electron basis sets used were of dual typeCuBr,, respectively.

and are described in Refs. 37 and 38.

IV. EXPERIMENTAL RESULTS

features K,A-D), in which theX and A bands were only
partially resolved. At 157 nm, two more featurdsandF)

solved due to the deteriorating instrumental resolution for th
high kinetic energy electrons. The intensities of BxandC

V. THEORETICAL RESULTS

Ground and excited electronic states of Cugtid CuBj

Figure 1 shows the PES spectra of Cu@ken at 193 paye peen investigated theoretically by a number of
and 157 nm. The 193 nm spectrum exhibited five distinct

TABLE Il. Measured vertical detachment energi®DE) for CuBr, and
were revealed, while th& and A features could not be re- the obtained term values for CuBcompared with spin—orbit averaged

éab initio calculations.

Experiment CCsDn)
features at 193 nifFig. 1(a)] were relatively weak compared " - -
to that of theX, A andD features, but were further reduced State  VDE(eV)" Term value(em ™) Term value(om™)
almost to the noise level at 157 nffrig. 1(b)]. The new X Mgy, 4528 0 0
featureF at 157 nm was also relatively weak. A zﬂguz 4.658) 1050

The PES spectra of CuBr(Fig. 2) were similar to that E Zig g'zg(g; izgg ;ggg
of CuCl,, except that more features were observed appar-5 - Ags’z 5:6&8) 9350
ently due to the larger spin—orbit splitting. There were in g ZHQU?,ZZ 5.838) 10550 10408
total ten distinct peakdabeled fromX, A—1) resolved at 157  F 211, 5.988) 11800
nm. TheH andl features and the high binding energy side of G 2s7 6.378) 14900 13360
the G peak were cut off at 193 nm. The main differences H *llg,  6.598) 16 700
between the 193 and 157 nm spectra were the intensity! ‘Moo 67410 17900

changes of th&, C, andD bands. TheB peak was Stronger arpe numbers in the parentheses indicate the uncertainties in the last digits.
PEstimated using the VDE differences and rounded to 50°cm

in the 193 nm spectrum and became equal toXhend A
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TABLE IIl. Optimized bond lengthgin A) for CuX, and their neutrals at different levels of theory, and
calculated, and experimental adiabatic and vertical detachment engk@igsand VDE at the scalar relativ-
istic level. Experimental values are spin—orbit averaged.

Molecule Property B3LYP BPW91 CCSD) Expt. (this work)
CuCkL (D oy, 1) rouat A) 2.140 2.124 2.116
CUCK(D..py Iy rouar A) 2.067 2.067 2.043
ADE (eV) 4.096 3.811 4.310 4.350.05
VDE (eV) 4.190 3.861 4.316 4.500.08
CuCh(D..p,%3y) rcuct (R) 2.094 2.091
ADE (eV) 4.412 4.456
VDE (eV) 4.449 4.471 4.422 4.630.08
CUCL(D.p,?Ag) roua A) 2.105 2.100
ADE (eV) 5.286 5.692
VDE (eV) 5.304 5.701 5.279 5.480.08
CuBr, (Dep , ) Fcusr (B) 2.255 2.255 2.240
CUBIyD..p M) rcusr (B) 2.200 2.200 2.167
ADE (eV) 4.084 3.759 4.309 4:40.05
VDE (eV) 4.135 3.796 4.386 4:60.1
CuBI(D..h ,227) I cusr (B) 2.233 2.231
ADE (eV) 4.576 4.581
VDE (eV) 4.583 4.589 4.416 4.790.08
CUBIyD.h A g) reusr A) 2.239 2.234
ADE (eV) 5.352 5.730
VDE (eV) 5.355 5.753 5.270 5.570.08

author$~1139 Table Il contains the equilibrium bond dis- A pictorial comparison of the four highest occupied molecu-
tances of CuX and CuX, and the electron detachment en- lar orbitals for CuCJ and CuB§ is given in Fig. 3° An
ergies of CuX. Both the anions and neutral species wereinteresting feature in the comparison of some deeper orbitals
calculated to be linear. The structural data show the expectégFig. 4) is the presence of a small amounthf—7* bonding
trends, with the bromide having longer bond lengths than theharacter for the chloride that does not occur for the bro-
chloride. The structural differences between the anions anthide.
the neutrals are minor, approximately 0.07 A for both the  The orbital energies obtained from the DHF calculations
chloride and the bromide at the CCAD level. All three reveal that for a specific spin—orbit split state the one with
methods appeared to reproduce the electron detachment ehe largerwo value is highest in energy. This implies that
ergies of CuX reasonably well. The CCSD) values are in  removal of an electron gives DB(+1)<DE({}) for the
excellent agreement with the experimental results. In particudetachment energies of a specific-S state in accordance
lar, the calculated ADEs for CuCland CuBj at the  with what one usually expects for hole states. We note that
CCSIT) level of theory are nearly identical, consistent with for CuCl, the o4(1/2) andwy(1/2) orbitals are quasidegen-
the experimental observations. Further, the computations reerate and therefore mix due to spin—orbit coupling. The non-
vealed that there was little difference between the ADEs andelativistic single group notation for th&=1/2 2I1, and
VDEs (~0.1 e\), consistent with the small geometry 225 states of CuGlmay therefore be used with care.
changes between the ground states of the anions and the The NBO(Ref. 4) and Mulliken charges for the nega-
neutrals. The calculated excitation enerdiesm valuesfor  tively charged species are shown in Table V. A major differ-
the excited states of CyXat the CCSDT) level (neglecting  ence between the two methods is that the NBO result shows
the spin—orbit couplingare in good agreement with the ex- lessd,, participation in the Cu—Cl bond. The B3LYP and
periments(Tables | and I, lending credence for the assign- BPW91 frequencies for the anion and neutral species are
ment for all the low-lying electronic states observed here. given in Table VI.

Table IV lists an analysis of the seven highest occupied
molecular orbitals (HOMOs) of CuX, according to VvI. SPECTRAL ASSIGNMENTS AND DISCUSSION
HFIB3LYP calculations. For both relativistic methods
(SRHF and DHF and for both halides, the HOMO was
found to be amy orbital in agreement with the fact that the The absorption spectrum of CuyQh the gas phase has
ZHg state represents the electronic ground state of LCuXbeen well known since the 19605 The first of these was by
(X=Cl and Bp (due to removal of an electron from the, Hougenet al® who assigned two broad features-a9 000
HOMO of CuX;). An examination of the MO coefficients and 18000 cm* as twod—d transitions,?ITg—23 ', and
indicates that this is an antibondisgl.(Cu)—p,(X) orbital. 2Ag<—22;—, respectively. The electronic spectrum was re-

A. A brief overview of previous works
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TABLE IV. Occupied molecular orbitals of CuXat the scalar relativistic Hartree—Fot®RHF and Dirac—
Hartree—FockDHF) level (calculated at the B3LYP geomejnA qualitative bonding description is also given.

SRHF Koopmans DHF Koopmans Main character
CuCl, energiegeV) energieqeV) Cu X of MO
my 3/2 —6.069 -5.979 d, p. antibonding
1/2 -6.119
gy 1/2 —6.128 —6.051 sd, p, weakly antibonding
Ty 3/2 —6.876 —6.821 p, nonbonding
1/2 —6.904
oy 1/2 —7.247 —7.292 p, nhonbonding
Sy 5/2 —8.790 —8.573 ds nonbonding
3/2 —8.844
Ty 3/2 —9.553 —9.498 d, p, bonding,d'—#* bonding
1/2 -9.515
Ty 12 —9.636 —9.742 sd, p, bonding
CuBr,
Ty 32 —5.641 —5.259 d, p, antibonding
1/2 —5.590
oy 1/2 —6.294 —6.100 sd, p, weakly antibonding
Ty 3/2 —6.234 —6.159 p- nonbonding
1/2 —6.348
oy 1/2 —6.618 —6.901 p, nonbonding
Oy 5/2 -9.118 —8.894 ds nonbonding
3/2 —9.166
oy 1/2 —9.524 —9.844 sd, p, bonding
Ty 312 —9.629 —9.856 d, nonbonding
1/2 —10.027

corded at higher resolution later by DeKock and Gr(@he  the observed 19000 cm band. They stated that the failure
same two-broad absorption systems at 8700 and 1900 observe the transitiofily«— 2% at 3800 cm* was due
cm ! were observed. With simple ligand field calculations, to the instrumental I|m|t(>4 000 cml). De Mello et al®
they predicted twal—d transmons?H <—22+ at3800cm?!  performed the firsib initio SCF (RHF and UHF studies
andzA <—22+ at 8200 cm®. Hence they aSS|gned the 9000

cm- band 10 the?A <—22+ transition, but did not assign

6g (do-po) ng (dn-pr)

HOMO-1 (cg) (a)

HOMO-2 (ry)  HOMO-3 (cy) HOMO-2 (ry)  HOMO-3 (oy) 6g (do-Po) g (dr)

(@ (b) (b)
FIG. 3. Orbital plots of HOMO, HOMO-1, HOMO-2, and HOMO-3 ¢d) FIG. 4. o4 bonding andmy bonding/nonbonding molecular orbitals @
CuCl, and(b) CuBr, (see also Table IV CuCl, and(b) CuBr, .
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TABLE V. Occupation of selected orbitals and partial charggof CuX;, transitions onEJ H A — H were predicted to be at
based on NBO and Mulliken analyses of HF//B3LYP calculations. 5574 and 21447 crﬁ respectlvely totally different from
the calculations by BR. Nevertheless, Deeth was unable to

Ongo Amull. . . . .
assign the absorption transitions. The latest theoretical study
Cu g044 asm 0.654 0.035 11 i ;
: : of CuCl, was done by Rogemoret al." using density func-
cl st9% p57° -0.827 -0.517 . . . L2
cu 037 o9 0673 0.381 tional theory with different exchange and correlation interac-
Br L7 P58 ~0.836 —0.690 tions. The ground state was confirmed tozlibg. Among all

different calculations performed by these authors, the energy
levels for the three ligand field statéise., ?Ily, S, 2A )

and the two charge transfer states., °I,, 22 ) were the

and multiple scattering(a calculations. They predicted at game and were in  the foIIowrng sequence:
the SCF level that both the ligand field transitions from thezH 22g e 22: , ZAg, in order of increasing energies.

ground state 4) to the ?Ilg and *Ag stateszwere within Note however, that this order differs from that predicted by
the band at-9 000 cm * whereas théll, and®X charge  the previous calculations of BRThe energy levels for the
transfer states agreed wrth the band at 19000 1crhlow- low-lying states were predicted as 54083(), 11500
ever, using multiple scattering, theory, they calculated (211,), 17300 €51), and 19600 cmt (ZAg) Therefore

1 ul/: . f

thatzonly the’I1, state was at the IR regig 198 cm*) and they proposed a new assignment for the two optical absorp-
the“A state Iay at 23961 cnt, even higher than the charge tion bands with maxima at 9000 and 19 000 ¢ndue to
transfer state’Tl, (16673 cm?). Bauschlicher and Roos 22* ZHg(d—d) andZHu<—2Hg (CT), respectively.

(BR) (Ref. 9 later performedab initio calculations, taking
into account low-lying ligand field and charge transfer states
and including single or double configuration interaction,
coupled-pair functions, and spin—orbit interaction. They preB. Spectral assignments and discussion
dicted that CuCl has a ground state Gﬂg(m), contrary to

all previous assignment of the ground state. They found thal

Our calculated order of the MQJable V) is similar to

11 H
the d—d transitions were: 178 ot (‘llysz), 1676 cm 88 B0 EHe Y 0O e around state
(258, 7514 cm* (*Agesr), and 9656 cit (PAgea)- Tu P JJrou! "

4
The lowest charge transfer states were computed to lie %f CuCh has avalence c?nflg?ratlophoﬁw 54%7'“;’,9 g
16686 cmi® (2I1,) and 19570 cm! (23.7). Therefore, they  UPON removing one electron from the corresponding occu-

assigned the two bands at 9000 and 19000 cms the pied MOs under the Koopmans’ approximation, the final
transitions oA ,—2I1,(d—d) and2Il,—2I1,, 25 21 states of the CuGlneutral molecule would be expected to
g u g9 .2 29+ 2 29+ _2 2 25 + 3
(CT), respectively, which have since been used widely b t'e.l 'Hgti 29d< HF< 2y <. Ag= H9<A29 ' :ﬁspecf_ |
experimentalists. Slightly later, Deéttperformed local den- IVely, In the order ol increasing energy. Among these fina

sity functional Slater-type orbital calculations. Tt?tﬂg stz;t)t_tes, }T’fﬂ andHA states are aliso Iez:p(tjected Itto fh avti SFf).mI
ground state for CuGlwas confirmed, and the twd-—d Orbit SpItings. HOWEVET, our calcuiated resutts tor the firs
five electronic states for Cught the CCSOT) level (with-

out spin—orbit coupling are as follows:’I14<?3; <?A,

TABLE VI. Vibrational frequencies of CuGl, CuBr,, CuCh, and CuBj <211 <22+ as given in Table I. This Orde”ng agrees W|th
(in cm™) in their electronic ground statés. the results predicted by BR. The assignments of the PES
o T S+ spectra are according to these theoretical results, as shown in
! 9 u Fig. 1 and Table I. Thé& andC features are assigned to the
CuCl spin—orbit components of th’eﬁg state. Our observed spin—
B3LYP 103 290 392 orbit splitting of 0.20 eV is very similar to the spin—orbit
BPW91 104 297 399 L 2
splitting of the“D state of the Cu atont0.253 e\j. The
CuBr, spin—orbit splitting for theZHg(X) ground state and the
B3LYP 78 187 323 211,(D) excited states is probably too small to be resolved.
BPWOL 83 184 817 As we will see below, the spin—orbit splitting in the corre-
cucl, sponding states of CuBris well resolved. There are two
B3LYP 82 356 505 more highly excited statéll; and?X;, corresponding to
BPWO1 9L s4s 485 the removal of an electron from the deeper valence Mg)s,
Expt. 127,104 g;gc’,f 360,372, 496,505 andoy [Fig. 4@)]. The vertical excitation energies could not

be calculated at the CCSD) level of theory currently. The
CuBr, featureF at 6.97 eV[(Fig. 1(b))] should be due to one of
B3LYP 86 188 341 these final states. The DHF calculatigiigble 1V) places the

BPW9L > 210 385 a4 MO at a higher binding energy, which was likely the one
A1, bending modeX; , symmetric stretchf, , asymmetric stretch. not observed in our spectra. Thus we assignRHeature to
lC’Reference ). the 2H state, as shown in Fig.(}). Again, as will be seen
dﬁigiﬂﬁi é)l) below, ‘the spin—orbit splitting in the correspondfid, state
*Reference @). in CuBr, is well resolved. Overall, the excellent numeric
‘Reference 9. agreement between the theoretical predictions and the PES
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data for the excitation energies allow us to assign all thehe alkali halides are all ionic systems, essentially consisting
low-lying excited states observed here conclusively. of M* and X". In the absence of any valence orbitals from

While the overall PES spectra of CuBare similar to  the alkali centers, the PES spectral features of the alkali di-
that of CuC}, more features were observed due to the largehalides are due to removing electrons from the halide orbit-
spin—orbit splitting as expected. Our DHF calculationsals, resulting in extremely high electron binding energies
(Table 1V) yielded the following occupied valence MOs for (>5 eV for Cl and Br Iigand)s42 The existence of the Cul3
CuBr, : myogSqomaoamg, Which is almost identical to that  shell in CuX, makes their electronic structures much richer
for CuCl, except that the ordering of the two deepgyand ~ and more interesting, resulting in the lower binding energy
o4 MOs are different in the two systentgable IV and Fig. ~ features in their PES spect(&igs. 1 and 2 which do not
4). Detaching one electron from these MOs will result in theexist in the alkali halide systems. It is these relatively low
following final states for neutral CuBr 21]9, 225, 11, binding energy, Cu@8-derived valence states that give the
223 , ZAg, 22; , andZHg. Our CCSTT) results(Table 11) redox properties of the CuXcomplexes. The first PES fea-
predicted the same ordering of the first five low-lying stategure (X) in the CuX, complexesFigs. 1 and 2 correspond
in CuBr, as in CuC}:ZHg<225<2Ag<2HU<ZEJ . The toaCul)—Cu(l) oxidation reaction, albeit in the gas phase.
PES data for CuBr are assigned accordingly, as shown inAs we have shown recentfy,the shape of the detachment
Table Il and Fig. 2. The spin—orbit splitting and VDEs for feature(the Franck—Condon envelopia the gas phase con-
the 2Ag state are nearly identical to those in CyQionsis-  tains valuable information concerning the energetics and re-
tent with the fact that theS; MO is primarily of Cu3l,  organization energies of the GQUCu(ll) redox couple. The
character. As expected, the Spin_orbit Sp||tt|ngs |n%;ﬁ% small difference between the ADE and VDE observed for
(X andA) and?I1,, (E andF) states in CuBrare much larger CuX; currently suggest a very small reorganization energies,
and well resolvedFig. 2 and Table ). Similar to CuC}, we @S is also evident on the basis of the small geometry changes
assigned théd and| features to the more highly excitétl, ~ from the theoretical calculatiori@able I).
state. However, the DHF calculations here showed a signifi-
cant discrepancy from the experimental observation regardvll. CONCLUSIONS
ing the character of the deepey MO for CuBr, (Fig. 4.
The expected increase of the spin—orbit splitting forztﬁ%
state in CuBjy relative to that in CuGl suggests that the
deepermy MO is primarily of ligand character, whereas the
DHF results predicted that this MO is mostly of @y char-
acter[(Fig. 4(b))]. Nevertheless, the similarity between the
spectra of CuBy and CuC]J lends significant support for the
assignments of the CuBrspectra.

A further comparison of the PES spectra of Cu@ind
CuBr, (Figs. 1 and 2is interesting. We note that the elec-
tron binding energies for the first three detachment channel
e, ?lly, °2,, and®A4, are very similar in the two sys-
tems, suggesting their Cuw3origin. On the other hand, the
electron binding energies for the next three detachment chal
nels, i.e.,’Il,, 2%, , and ?l,, are all decreased in the
CuBr, spectra, relqtive to fthat in. the C@CBpgctra. This ACKNOWLEDGMENTS
observation is consistent with their ligand origins due to the
relatively lower ionization potentials of Br. Such spectral The experimental work was supported by the National
changes among similar metal complexes with differentScience FoundatiofCHE-9817811 to L.S.W. Acknowl-
ligands have been observed in several other systems and predgment is also made to the Donors of the Petroleum Re-
vide valuable information for spectral assignments, as welsearch Fund, administered by the American Chemical Soci-
as for understanding the metal—ligand bondihg 42 ety, for partial support of this research. The experiment was

Based on the current results, we can definitely assign thperformed at the W. R. Wiley Environmental Molecular Sci-
famous IR and red bands observed in the optical absorptioences Laboratory, a national scientific user facility sponsored
and emission of CuGl The broad IR band with a maximum by Department of Energy’s Office of Biological and Envi-
at 8700 cm? is assigned to thd—d transition,zAg<—>ZHQl ronmental Research and located at Pacific Northwest Na-
(7100 and 8 700 cit), whereas the red band with a maxi- tional Laboratory. Pacific Northwest National laboratory is
mum at ~19000 cm?, is due to the CT transitions, operated for the U.S. Department of Energy by Battelle.
[1,<2M, (15000 cm?) and 2% «2I1; (17800 cm?).  L.S.W. is an Alfred P. Sloan Foundation Research Fellow.
The 2Hg<—2Hg (19900 cm?) transition contributes to the The Berlin group acknowledges support by the Volkswagen-
red band absorption at the high energy side. The above astiftung, the Deutsche ForschungsgemeinsclaiB 546,
signment is consistent with the predictions of BR. the Fonds der Chemsichen Industrie, and the Degussa-Hu
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with the CuX, systems, except the CulZhell. In addition, edges support from the Marsden fu@Wellington).

We report a combined PES arad initio study of the
two copper dihalide anions, CuChnd CuBg . Distinct fea-
tures observed in the PES spectra provide detailed electronic
structure information on both the anion and neutral mol-
ecules. The electron affinities of CyGind CuBj were mea-
sured to be identical, 4.350.05eV, which is in excellent
agreement with the CCSD) calculations. The excitation
energies of the low-lying excited states of the neutral mol-
ecules were determined experimentally for the first time. In
conjunction with the results of the CC8D calculations for
the excited electronic states, the data allow a detailed and
complete analysis and assignment of the low-lying states ob-
served here, as well as a conclusive interpretation of two
I?;ﬂ)sorption bands observed previously for GuCl
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