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We report the first observation and photodetachment photoelectron spectroscopic study of a series
of hexahalogenometallates dianions I‘@IC(M=Re, Os, Ir, and Ptand MB%‘ (M=Re, Ir, and Pt

in the gas phase. All of these species were found to be stable as free gaseous doubly charged anions.
Photoelectron spectra of all the dianions were obtained at several detachment photon energies. The
photon-energy-dependent spectra clearly revealed the dianion nature of these species and allowed
the repulsive Coulomb barriers to be estimated. The binding energies of the second excess electron
in MCI%‘ (M=Re, Os, Ir, Ptwere determined to be 0.46), 0.46(5), 0.82(5), and 1.58(5) eV,
respectively, and those in MEr (M=Re, Ir, P} to be 0.76(6), 0.96 (6), and 1.52(6) eV,
respectively. A wealth of electronic structure information about these metal complexes were
obtained and low-lying and highly-excited electronic states of the corresponding singly charged
anions were observed. Detachment from metaibitals or ligand orbitals were observed and could

be clearly distinguished; detachments from the metafbitals all occur at low binding energies
whereas those from the ligand-dominated orbitals all take place at rather high binding energies. We
also found a remarkable correlation between electron affinities measuretuoand the redox
potentials obtained in the solution phase of these speciesl999) American Institute of Physics.
[S0021-960629)00234-2

I. INTRODUCTION Sheller and Cederbaum predicted some electronically stable
MCAs consisting of halogen-type ligands and a metal atom
Multiply charged anion§MCAs) are common in solu- (e.g., LI, NaR, KF3"),2 -3 although these dianions are
tions and solids, but are challenging to study in the gas phassot stable thermodynamically. Cederbaum and co-workers
both experimentally and theoreticaflyStrong Coulomb re- have also proposed a “construction principle” to form stable
pulsion between the excess negative charges makes MCAfseous MCAs based on the alkali—halogen systérs.
difficult to be formed in the gas phase whereas strong eleavlany common MCAs known to exist in the condensed
tron correlation effects and the diffuse nature of the excesphases, such as GQ S, SeG, and PG, are found
charges make theoretical investigations rather difficultelectronically unstable in the gas ph&sé.Gutowski et al.
Therefore, despite of their ubiquity and importance in thestudied the local and electronic stability of several octahedral
condensed phases, our knowledge about MCAs are stilosed-shell[ MFg]"~ MCAs containing early 4 and
scarce:™® transition metal$%?2 Some of these MCAs are predicted to
Theoretical search of small stable MCAs has been verye stable locally and electronicallyertically). Miyoshi and
active recentl§ 2 and has been reviewed by Schekg¢ral!  Sakai predicted C§ and MoE~ to be electronically stable
As discussed by Boldyrev, Gutowski, and Simdrisere are  with octahedral geomet’?
three types of stability of MCAs. The first is their electronic Experimental study of MCAs has also made progress
stability. If A"~ at its own optimal geometry is more stable recently. A number of dianions have been observed in the
thanA("" Y~ at the same geometry, it is vertically electroni- gas phase using mass spectrometry and has been well
cally stable. IfA"" at its optimal geometry is more stable reviewed!® Lately, Compton and co-workers have observed
than A"~ D~ at its own optimal geometryA"~ is adiabati- and investigated dianions of several fullerenes and fullerene
cally electronically stable. Second,Af"” has all real vibra-  derivatives?®3! As demonstrated by Kebarle and
tional frequencies at its optimal geometry, it is locally geo-co-workers®? electrospray ionizatiofESI) (Ref. 33 is an
metrically stable. Finally, ifA"~ is more stable than any ideal technigue to produce gas phase MCAs; and many more
possible dissociation fragment, it is thermodynamicallyMCAs have been observed using the ESI technique, includ-
stable. There is a consensus currently that all free atomisg fullerenes and derivatives as well as small organic and
cannot support two or more extra electrons because of thiaorganic specie¥'~3°
enormous Coulomb repulsion. It is also concluded that all Recently, we have developed an experimental technique
isolated diatomic or triatomic dianions are not stabld:  to investigate gas phase multiply charged anions using pho-
though they may exist as resonance or metastable exciteddetachment photoelectron spectrosc@PES and an ESI
specie€®> %’ For larger systemgmore than four atoms source’’~*? PES is particularly ideal to probe the intrinsic
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properties of free multiply charged anions and directly yieldswere obtained in the PES spectra of all the species, yielding
information about their electronic stability, intramolecular a wealth of electronic structure information about both the
Coulomb repulsion, and solvation effects, as we havalianions and the singly charged species. Detachment from
shown in our investigations of the citric acid dianioh, the central metati-orbitals and ligand orbitals were clearly

a series of linear dicarboxylate dianiof®,C(CH,),CO; observed and distinguished. PES spectra measured at differ-
(n=2-12),%° 5,057t and (MSQ)5~ (M=NaK) ent photon energies clearly revealed the doubly charged na-
dianions*®We have observed directly the repulsive Coulombture of these species and allowed the RCB to be estimated. In
barrier (RCB), that exists in any multiply charged anion addition, we found a remarkable correlation between the
against electron detachmémt?® Particularly, we found that electron binding energies measuriedvacuoand the redox

the RCB is equal in magnitude to the intramolecular Cou-potentials obtained in solutions.

lomb repulsion between the two excess charges. The effects

of the RCB on the PES spectra and electron tunnelingl. EXPERIMENTS

through the RCB have also been obsert&4°In addition to . . .
information about their electronic stability, PES spectra alsq The experiments were performed with a magnetic-bottle

provide electronic structure information about the MCAs.zomuer;(g'fl:gz;faigoc? tEeESe az?'?rzztwl{; Eguzlege;ﬁ anbliﬁtl'-z d
Due to the relatively long time scale of our experiment ' Xperi v S

elsewherg’ and only a very brief description is given here. A
(~0.19, any MCAs that we observe should have at Ieastlo,glvI solution of each salt BMLg (M=Re, Os, Ir, Pt

local and thermodynamical stabilities with a sufficiently long L=Cl, Br) (pH~7) in a water/methandl2/98 ratio mixed

lifetime of at least-0.1s. olvent was sprayed through a 0.01 mm inner diameter sy-
Our motivation to search and probe the properties of pray 9 : y

MCAs led us to consider the octahedral or quasioctahedr [inge neediebiased at=2.2 kv) into ambient atmosphere.

nebelogenomealais dnions, IXV—Re, Os, I and |1 ¢10 Sar0ed cropts were fe o desotaton
Pt, X=CI, Br) in the present investigation. These dianions priary .

are classical Werner-type transition metal compl&kesd (gjvesolvatlon capillary were guided by a radio-frequency gua-

are commonly found as constituents of solids, melts, an ruple ion-guide into a 3D quadruple ion-trap, where ions
T y ) _u . 10S, ' ere accumulated for 0.1 s before being pulsed out into the
solutions?” These species are interesting electron transfe

. . . i Extraction zone of a TOF mass spectrometer. The dominating
agents in solutions and have been extensively studied

26-51 . . . ion signals in each case were the 3\7ILdianions, which
such? There is also an extensive body of literature on th ere mass-gated and decelerated before intercepted by a

properties of these species in solids. Their ground state ele tobe laser beam in the photodetachment zone of the
troni_c energy Ievgls have bee-n investigateq in .numerougnagnetic—bottle photoelectron analyzer. Both an ArF exci-
studies of optical absorpticl, magnetic _circular o acer193 nm and a Nd:YAG lase(532, 355, and 266
dichroism;™ and x-ray'photoelelctrcr)]n spegtroscjﬁyﬂ::%l% q nm) were used for photodetachment. The experiments were
geometry structures in crystals have been determined. yonq ot 20 Hz with the ion beam off at alternating laser shots
There have al_so been several th_eoretlcal investigations abOfgr background substraction. Photoelectrons were collected
Lhe helectronlc and éggggometr'cal structures  of - thesey haarly 100% efficiency by the magnetic-bottle and ana-
exa glogenometallat " To the best of our_ knowle(_jg_e, lyzed in a 4 mlong electron flight tube. Photoelectron TOF
there is no gas phase study on these species and it is N tra were collected and then converted to kinetic energy
known if they are stable as free dianions or can be formed Rpectra, calibrated by the known spectra ofahd O . The
the gas phase. _ , _ _electron binding energyBE) spectra presented were ob-
Gas phase studies of these species would be interestingineq by subtracting the kinetic energy spectra from the de-

in at least three aspects. First, from the point of view ofi;chment photon energies. The electron kinetic energy reso-
MCAs, it would be important to understand their electronic| tion wasAE/E~2%  i.e.. 20 meV for 1 eV kinetic energy

and thermodynamic stability in the gas phase. Second, thgactrons.

electronic structure information obtained through PES would

be valuable to compare to theoretical calculations, which A RESULTS

often done on gaseous species and used to understand prop-

erties of the condensed phases. Third, photodetachment is Figure 1 shows the PES spectra of NCIM=Re, Os,

the simplest oxidation reaction. It would be interesting tolr, and P} at 193 nm. All the spectra exhibit rich and well

compare the gas phase electron binding energies of thesesolved features, as labeled, which represent transitions

species to their redox potentials in solutions. from the electronic ground state of the dianions to the ground
In this paper, we present the first and a systematic PE&nd excited states of the corresponding singly charged an-

study of several MC%F (M=Re, Os, Ir, and Btand MB%‘ ( ions. Using the single-electron pictu&goopmans’ theo-

M=Re, Ir, and Ptdianions in the gas phase at four photonrem), these PES features can be alternatively viewed as re-

energies; 532 nnf2.331 eV}, 355 nm(3.496 eV}, 266 nm moving electrons from the occupied molecular orbitals

(4.661 eV}, and 193 nn(6.424 e\j. We show that these late (MOs) of the dianions. The second electron binding energies

5d transition metal hexacholoride and bromide dianions aref the MCIS‘ dianions(M=Re, Os, Ir, and Bt determined

indeed stable in the gas phase both electronically anfrom the threshold of theX feature in each spectrum, are

thermodynamically—all the dianions possess positive elec0.46, 0.46, 0.82, and 1.58 eV, respectively. Overall, the spec-

tron binding energies. Well-resolved detachment featuretra of ReCﬁ‘ and PtCﬁ‘ appear to be less congested than
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FIG. 1. Photoelectron spectra of MCI(M=Re, Ir, Os, and Btat 193 nm.
The labels ¢’ and ‘L’ indicate features from metal-orbitals and ligand-
orbitals, respectively.

that of OsC}~ and IrCE™. It is also worth to note that there
are no spectral features at higher B&s4.5 €V) in all the
spectra.
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FIG. 2. Photoelectron spectra of RéCht (a) 193 nm,(b) 266 nm,(c) 355
nm, and(d) 532 nm.

due to detachment from the ligand-derived MOs whereas the
lower BE features, which vary according to the metals, are
due to detachment from the metddorbitals, as labeled in
Fig. 1 (“ d” for d-orbitals; “L” for ligands). As shown be-

The BEs and spacings of the first few spectral featuresow, these assignments were supported by the data on the

(X, A andB for Re, Os, and Ir; X and A for Pfre different

bromide complexes.

in each spectrum, depending on the central metal atoms. Photon-energy-dependent spectra for @C(M=Re,
These lower BE features also appeared to have relatively loWs, Ir, and Pt are shown in Figs. 2-5, respectively. The
intensities except for thB feature in |rc§* [Fig. A(c)] and  disappearance of the higBE features(although thermody-
the A feature in Ptcﬁ‘ [Fig. 1(d)]. Each spectrum showed a namically possiblein the lower photon energy spectra was a
similar and prominent doublet feature between 2.5 and 3.@direct consequence of the RCB in MCAs. From these data
eV [C andD in Figs. {a)—1(c); B and C in Fig. 1d)]. There the barrier height for each dianion was estimated, as dis-
also appeared to be another similar doublet feature betweaussed below. The sharp peaks in each 266 nm spectrum was
4.0-4.5 eV in each spectrum although they were less defindue to CI' as a result of photodissociation of the parent
tive in Figs. 1a) and Xb). These similar spectral features dianions and subsequent photodetachment by a second pho-
among the four complexes were indications that they weré¢on. Very weak signals due to Clwere discernible in the
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FIG. 3. Photoelectron spectra of O§Cht (a) 193 nm,(b) 266 nm,(c) 355 FIG. 4. Photoelectron spectra of IgClat () 193 nm,(b) 266 nm,(c) 355
nm, and(d) 532 nm. nm, and(d) 532 nm.
193 nm spectrum of Pt@, as well[Fig. 5@)]. cussed below. The second electron binding energies of

Figures 6—8 show the PES spectra of I‘@FBat 266 and MBré’ were measured from the threshold of tKebands
193 nm for M=Re, Ir, and Pt, respectively, along with the from each PES spectra to be 0.76, 0.96, and 1.52 eV for Re,
corresponding MCéF spectra for comparison. As expected, Ir, and Pt, respectively. As shown in Table II, the bromide
the spectral features of the bromide complexes were similatomplexes of Re and Ir exhibited higher electronic stability
to those of the chlorides and there was a one-to-one corréhan the corresponding chloride complexes whereaséPtBr
spondence between the features of the chlorides and the brehowed less electronic stability than F%CI We did not
mides, as labeled in Figs. 6—8. The similar patterns and relaneasure the spectra of O%Brbecause we were unable to
tive intensities of the first few low BE features between theobtain a KOsBf salt sample. We expected that its spectra
chlorides and the bromides were consistent with the abovshould be similar to that of Osgl.
identification of their being from the central methbrbitals. The vertical electron binding energies of all the mea-
The anticipated larger separation of the doublet peaks, in thsured spectral features for the seven hexahalogenometallates
bromides(C/D for Re and Ir;B/C andD/E for Pt; G/H for =~ are summarized in Table |. The adiabatic binding energies of
Ir) confirmed their ligand origins. The significant enhance-the X ground state feature, i.e., the adiabatic electron affini-
ment of theE feature in ReBj (Fig. 6), compared to that in ties of the corresponding monoanions, are given in Table II.
ReCE_, was due to its slightly lower BE and RCB, as dis- Each species is discussed as follows.

Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 10, 8 September 1999 Photodetachment of doubly charged anions 4501

X PtClg2-
Cp (d)
B ) ReClg2-
() 355 nm (3.496 eV) X C 266 nm
A
A
> T T T T
2
1] Ccl
i A B (c)
9 c (b) 266 nm ReBrg2-
7] (4.661 eV) 266 nm
2 >
w X =
s £
2 5|
B 0
(a) 193 nm 2
(6.424 eV) ~
¢
hﬁmﬁmﬂmmmm
0 1 2 3 4 5 6
Binding Energy (eV)
FIG. 5. Photoelectron spectra of PSClat (@) 193 nm,(b) 266 nm, andc) (a)
355 nm. ReBrg2-
193 nm
B
IV. DISCUSSION X
A
A. Molecular orbitals and electron configurations of
MC'S_ (M=Re’ OS' Ir’ and Pt) mwmmnﬁmmﬁwrﬁr%
0 1 2 3 4 5 6

The electron configurations of the central metal atoms
ared®, d*, d° andd® in MCI3~ (M=Re, Os, Ir, P}, respec-
tively, where the oxidation state of the metal can be viewedG. 6. Photoelectron spectra of R§Br compared to that of Regl at 193
as IV. Under octahedral symmetry the fid@rbitals are split  and 266 nm.
to a set of triply (2,5) and doubly (%,) degenerate
orbitals®® For these 8 transition metal hexahalogen com-
plexes, it is known that the relatively high ligand field
strength makes them inherently adopt the low-spinstructures of MC@’ (M=Re, Os, Ir, and Ptwere first inves-
arrangement>®’ Therefore, the ground state configurationstigated by Cotton and Harfi$ using an extended kel
are expected to be {2,)°, (2ty)?, (2ty)°, and (2,4)® for  molecular orbital model, and later by Goursstal >’ using
MCI%’ (M=Re, Os, Ir, and Bt respectively. The half-filled the relativistic MSX« method. The highest occupied MO
ReC%‘ and the closed-shell PI%II complexes can maintain (HOMO) of these complexes corresponds to thg,2rbital,
the Oy, symmetry. However, the open shell Os and Ir com-which is mainly a nonbonding metaldsr(d,,,d,,dyy) or-
plexes are expected to distort to a lovi&y, symmetry due bital with a slight Cl3# contribution. The next occupied
to the Jahn-Teller effeéf:®* The relatively simple spectra orbital (1t;4), HOMO-1, is a nonbonding Cl37 orbital,
for the Re and Pt complexes, compared to that for the Os analccording to the calculations. The next orbitalt{4,

Ir complexes(Fig. 1), are consistent with the higher symme- HOMO-2, also mainly consists of contributions from the
try for the former. ligand p# orbitals with some mixing of the metalpéand 4f

The chemical bonding in the hexachlorometallates haverbitals. The difference among the four complexes lies at
been studied theoreticalfj:>” There are significant Cl-to-M their different occupations of the HOMO(g) while the
o donations and M-to-Cir back donations. The M—Cl bond- 1t;4(HOMO-1), 4t;,(HOMO-2) and other ligand-derived
ings have considerable covalent characters. The electrondOs are all completely filled. We will use these MO con-

Binding Energy (eV)
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FIG. 7. Photoelectron spectra of Id3r compared to that of Irél at 193  FIG. 8. Photoelectron spectra of P§Br compared to that of Ptgl at 193
and 266 nm. and 266 nm.

figurations to give a qualitative account of the major PESI b ials relati he diff ic el .
features observed. omb potentials relative to the different asymptotic electronic

states(X, A, B, C, D andE) of the singly charged anion,
MClg. The barrier height is measured from the top of a
potential curve relative to an asymptotic limit of the singly
charged anionic states. The well deptlesergy difference
Before discussing the PES spectra of the individuabetween the top of the potential energy curves and the elec-
metal complexes, we first briefly explain one unique propertytronic ground state of the doubly charged aniame then
of photodetachment of MCAs and the photon energy-different for different asymptotic electronic states of the cor-
dependent PES spectra. As we reported recéfitfifthere is  responding singly charged anion, as clearly shown in Fig. 9.
an essential difference between photodetachment of multiply When a detachment photon energy is lower than the well
and singly charged anions. In MCAs, there exists a RCBdepth of a specific singly charged anion state, but higher than
against electron detachmémdue to the long range Cou- its binding energy(defined as the energy difference relative
lomb repulsion between the outgoing electron and the reto the ground state of the doubly charged ani&®ES signals
maining anion(which has one less charge than the parentor this specific state and all other higher BE states cannot be
MCA). Figure 9 shows a schematic drawing, illustrating theobserved except through electron tunnnefifhigivhen the
RCBs bounding the M@T dianion and the repulsive Cou- photon energy is near the top of a specific potential curve,

B. Repulsive Coulomb barriers in MCAs and their
effects on photodetachment spectra
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TABLE I. Vertical binding energiegeV)? of all features observed in PES spectra of l\éCUVI=Re, Os, Ir, Pt
and MBrg’ (M=Re, Ir, P}. All labels are referred to Figs. 1-8.

ReCE~ OsCE™ IrCl2 PtCE ReBZ~ IrBra- iz
X 0675  0.64(5 0.98(5) 1.67(5) 0.96(5) 1.09 (5) 1.67(5
A 104100 1.41(5 1.35(5) 2.12(5) 1.32(5) 1.45(8) 1.99(5)
1.52(5) (A)
B 2.25(100 2.12(5) 2.12(5) 2.55(5) 1.83(5) 1.67 (5 2.25(5)
C 2705 261(5 2.55(5) 2.72(5) 2.23(5) 2.05(5) 2.61(5)
D  294(5  282(5 2.72(5) 4.12(5) 2.80(5) 2.60 (5) 3.85(5)
E  421(10 3.23(5)(E) 3.17(5(E;) 4.40(100 4.02(5 ~3.2 4.45(10)
3.35(5) (E;)  3.40(5) (Ey)
F 352(5) (F;) 3.64(5) ~3.4
3.60(5 (F2)
3.87(5) (F3)
G 4.11(10) 4.10(5) 3.90 (5)
H 4.29(10) 4.3310)

#The numbers in the parentheses indicate the uncertainties in the last digits.

the detached electron signal corresponding to this state wiltlectron tunneling. Finally, the 532 nm photon was below the
be reduced. The relevant parameters and states used in Figb8rrier top of theX state and no electron signals were ex-
are actually for that of Pt<§T, which we use as an example pected to be observed.
here. If we assume that the RCBs all have the same height for
Figure 5 shows the PES spectra of RICat 193, 266, the different electronic statéi reality they may be slightly
and 355 nm. Six distinct features were resolved in the 193jifferent depending on which electron is remoyede can
nm spectrum, labeled a§ A, B, C, D andE. The latter two  gstimate the RCB height from the photon-energy-dependent
features(D _and E) completely disappeared in the 266 nm pgg spectra. Since the 193 ri$1424 e\ photon was near
spectrun{Fig. 5b), the two sharp peaks were due to €lin e parrier top of the state which has a vertical BE of about
the 355 nm spectruiiFig. S(c)], the B and C features disap- 4 40 ey, we obtained that the RCB should be about 2 eV
peared while the intensity of the A feature was significantly( 424 eV—4.40 e) Since the 355 nn{3.496 e\j photon
reduced. In fact, we have tried to measure the spectrum as below theA state(vertical BE, 2.12 eV, we could infer
PtCE™ at 532 nm(2.331 eV, higher than thX state binding that the RCB was larger than 14 6949'6 eV_2.12 ey,
energy, but no electron signals could be detected. TheseOnsistent with the estimate fr;)m tHe 193 nrﬁ spe(;trum

observations of the photon energy dependence can be easil o
understood using the schematic potential energy curve%%ove' As shown in Fig. 9, the 266 nm photon was near the

shown in Fig. 9, where the positions of the four photon en- arrier top of theC state, which became slightly more in-
ergies used and the vertical BEs of the six observed states afig'S€ and broader at 266 nm compared to that at the 193 nm.
shown. The 193 nm photon was near the barrier top ofthe As will be discussed below, these observations for @he
and D state’ the weak intensities of these two states wer&tate were really due to an autodetachment effect at 266 nm.
likely due to the barrier effect. There may very well be otherOtherwise, a significantly reduced intensity should be ob-
states between 4.5 and 6.4 eV, which would not be observegerved at 266 nm for the state due to the barrier effect. A

at 193 nm. The 266 nm photon was above the barrier tops d¥rief glance of the 193 nm spectra of all the four dianions
the X, A, B and C states, but below that of thB and E (Fig. 1) revealed that there were no higher BE features for all
states. The 355 nm photon should be above the barrier top éur complexes beyond about 4.5 eV, due to the RCB. We
the X state, but below that of thA state. Thus the weaker will address the issue of the RCB separately for each species
signal of theA state in the 355 spectrum must be due tobelow when discussing the photon energy-dependent PES.

TABLE Il. Measured adiabatic electron binding enerdia®E, eV) and estimated repulsive coulomb barriers
(RCB, eV of the seven ME,’ complexes along with their redox potentialg,{,V) in solution and the
calculated adiabatic electron affinitiéSA, eV) of MLg.

ReCE~ OsCE~ IrCI3~ PtCE~ ReBRE~ IrBra- PiBE"
ADE? 0.4605) 0.4605) 0.825) 1.585) 0.76(6) 0.966) 1.526)
EAP 0.26 -0.23 0.53 1.28
E, 1.33 1.28 1.74 2.30
RCB ~2.4 ~2.0 ~1.7 ~2.0 ~2 <2 ~25

3The ADE of ML is the same as the adiabatic EA of §ILThe numbers in the parentheses indicate the
uncertainties in the last digt.
PFrom Ref. 51.
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FIG. 9. Schematic drawing of potential energy curves showing the repulsive

Coulomb barrier§RCB) of a dianion with respect to different final states

to E) of the corresponding singly charged anion. The binding energies in eV,

and the estimated RCB for P@CIare shown(see text The relative posi-
tions of the four photon energies used are also indicated.

C. PtCIZ™ and PtBr 3~
We first discuss the PES spectra of BtCand PtBf
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FIG. 10. Schematic diagram showing various one-electron detachment
channels for Pt@r. Letters in the parentheses represent a tentative assign-
ment of the detachment features of F%fCﬂsee Figs. () and 5.

with this large RCB. The higher RCB in the bromide com-
plex suggests that there is a larger Coulomb repulsion in
PtBr~ than that in PtQ . The slightly smaller adiabatic
electron binding energy of Pt?r (Table 1) is consistent
with this observation.

As discussed above, the ground state of ?T@Uopts an
electron configuration of..(4t;,)®(t114)%(2t54)°, which is
closed shell and will be stable undey, symmetry. Figure 10
shows the one-electron detachment channels expected from
this configuration; the final states of P{Care?T,y, *Tg,
and?Ty,, upon detaching one electron from theg, 1ty,,

and 4,,, respectively. All these degenerate states are ex-
pected to be unstable under tidg, symmetry due to the

which both have closed shell MO configurations. The photordahn-Teller effect and are expected to distort to the lower

energy dependent PES spectra of %’TCIIFig. 5 have al-

D, symmetry®®®1 UnderD,;, symmetry, each of the three

ready been briefly mentioned above. The two sharp peaks &lectronic states will split to two terms, yielding totally six

3.61 and 3.71 eV in the 266 nm spectriifrig. 5b)] are due
to CI” as a result of photodissociation (P@C# hv
—PtCE+CI7) and subsequent photodetachment
CI"(ClI" +hv—Cl+e™) at 266 nm. This two-photon pro-

electronic states, as shown in Fig. 10. We tentatively assign
the six featuresX, A, B, C, D andE) observed in the PES

ofspectralFigs. 1d) and g to these six electronic states, as

given in Fig. 10. All theE states are still doubly degenerate

cess was confirmed by photon-flux-dependent studies. 18nd could further split with a further decrease of symmetry.

fact, very weak signals due to Chlere also discernible in
the 193 nm spectrurfFigs. 1(d) and 5a)]. The second frag-

mentation product (Ptg) was expected to have much

However, such splittings, if taking place, were not resolved
in the PES spectra.
These assignments are supported by the PES spectra of

higher electron binding energies and could probably not b&@tBr . Figure 8 shows the PES of P$rat_193 and 266
detached at 266 nm. As mentioned above, the intense aritm along with the PtGI™ spectra for comparison. There are

broad C feature at 266 nnFig. 5b)] was likely due to
autodetachmerit. i.e., the PtGJ~ dianion resonantly ab-

also six featureglabeledX to E) in the 193 nm spectra of
PtBlé_. The X and A features and their separation are very

sorbed a 266 nm photon to form a temporary excited statesimilar to that in the PtGl spectra, except that the peaks
which then decayed to the state. Both the enhanced inten- slightly shift to lower BE by~0.1 eV in PtBE’. It is thus
sity and the broad nature of this feature at 266 nm wergeasonable to assign théand A features to be due to de-

consistent with the autodetachment mechanism.

The spectra of Pt&r are compared to that of P§lin
Fig. 8 at 266 and 193 nm. The Pﬁ%rcomplex gave nearly
identical spectra as Plﬁ:l At 266 nm, even the Brsignals

tachment from the metal-orbitals in both the chloride and
bromide complexes. There are also two pairs of featBr€s
andD/E in the PtB§~ spectra, similar to that in the P&
spectra, but with much larger separations in the bromide

[Fig. 8(c)] due to photodissociation of the parent dianionscase. The large separations of these features iréPt;ﬁm-

were similar to the Cl signals in the PtGl spectrum(Fig.
8(d)]. From the photon energy-dependent spectra ofathr
however, we inferred a larger RCB for PgBrthan that for
PtC%’. The very weak intensity of th® feature (vertical
BE, 3.85 eV in the PtBé_ spectrum[Fig. 8@a)] indicated

vide rather solid evidence that they are due to detachment
from ligand-based orbitals, as a result of the anticipated
stronger vibronic coupling in the bromide compf@x-ow-
ever, we also noted that tH&/'C splitting in the spectra of
PtCE~ and PtBf seemed to correlate with the spin—orbit

that the 193 nm photon was probably below the RCB of thesplittings of Cl and Br, as clearly shown from the Cand

D state, giving a barrier height of2.5 eV or largen6.424
eV-3.85 eV. The reduced intensities of tieandC features
in the 266 spectrum of PtBr [Fig. 8(c)] were consistent

Br~ PES features in the 266 nm spectra. This was perhaps
not surprising, considering the nonbonding and predomi-
nantly ligand-nature of thetl; MO.
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D. ReCl3™ and ReBr 2~ ReClg2 (On) ReClg™ (Dgp)

The PES spectra of Re{lat 193, 266, 355, and 532 NM  ...4t16(1t1962t03 2220 @110)6(1t1g)512g)2 = 3T { Ee CoA)
are shown in Fig. 2. There are six well-resolved spectral A2 (B)
features(labeled asX, A, B, C, D andE) in the 193 nm M(4tlu)6(ltlg)5(2t2g)3">5T2g {szg ©)
spectrum. TheE feature was very weak at 193 nffig. Eg )
2(a)], suggesting that the 193 nm photon was probably
below the RCB of theE state. The sharp Clpeaks in the o _ )

266 nm spectrunﬁFig. 2(b)] were due to photodissociation FIG. 11. Schematic dlagrgm showing various one-electron qetachment
R channels for Re@T. Letters in the parentheses represent a tentative assign-

of the parent Re('éf dianion and subsequent photodetach- .t of the detachment features of RClsee Figs. @ and 2.

ment of the free Cl, similar to the Ptcﬁ‘ case[Fig. 5b)].

From the weal€E feature(vertical BE, 4.21 eY at 193 nm,

we inferred that the RCB height should be2.2 eV

(6.242eV-4.21 eV). The 266 nm photon was then expected ) )

to be below the RCB of th€ and D states, which have ~Tzu, respectively. Triplet states can also be formed upon

vertical BEs of 2.70 and 2.94 eYTable |), respectively. femoving an electron fromtl, or 4ty,, but are not shown

Their reduced intensities at 266 nm were consistent with thé Fig. 11 because they were expected to have higher ener-

above estimated RCB. There seemed to be a broad bacfies. All these final states are degenerate and expected to

ground from about 1.5 to 3.5 eV in the 266 nm spectrum ofundergo Jahn-Teller distortion to a lowBy, symmetry, as

ReCE™ [Fig. 2(b)], possibly due to either autodetachment orgiven in Fig. 11. The first three low BE feature§, AandB)

photodetachment of other low BE singly charged Respe- i the ReC{™ spectra(Fig. 2) have relatively low intensity

cies due to photodissociation. At 355 rifig. 2(c)], all the ~ and their intensity ratios were invariant at 266 rnfig.

higher BE featuregB, C, and D) disappeared due to the 2(b)]. We assigned these three features to be derived from

RCB. The reduced relative intensity of tefeature at 355 detachment of a-electron from the £, HOMO. The three

nm suggested that the 355 nm photon was near the barrié@atures were attributed to the Jahn-Teller splittings of the

top of the A state(vertical BE, 1.04 eV, yielding a RCB  °Tiq State, as given in Fig. 11. The and D pair was as-

height of ~2.4 eV (3.496 e-1.04 eV), consistent with the signed to be due to removal of an electron from the ligand

estimate using th& feature at 193 nniiFig. 2@]. The 532  orbital, 1t,;. Even though thé& feature has very low inten-

nm photon was expected to be near the RCB ofXrstate,  Sity [Fig. 2@)], it was real. Its feeble intensity was due to the

which was the only feature observed at 532 ifig. 2(d)].  RCB. Comparing to other complexékig. 1), we expected

The PES spectra of Refrat 193 and 266 nm are com- that there should also be a pair of state associated with the
pared to that of Re&T in Fig. 6. All the features in ReBr  state. The other component was not observed at 193 nm due
can be correlated to those in R&Claccording to the same to the RCB. We thus assigned thdeature of ReG™ [Figs.
labels as indicated in Fig. 6, except that the binding energie$(@ and 2a)] to be due to removal of an electron from the
of the X and A features increased in ReBrwhile the bind- 4ty ligand MO, as shown in Fig. 11. We see from Fig. 11
ing energies of the other featuréd to E) decreased. In par- that we attributed theX and A features in the spectra of
ticular, the intensity of thé& feature in ReBy~ was signifi- ReCE [Figs. 1) and 6 to be due to the further Jahn-Teller
cantly enhanced, suggesting that the 193 nm photon wasplitting of the3Eg state. However, th® and E features
above the RCB of th& state(vertical BE, 4.02 ey, Thus  (Fig. 6), which were attributed to théEy and °E, states,
the RCB height of ReBf should be <24 ev respectively, did not show any resolved splittings. Clearly, a
(6.424 e\-4.02 eV). TheE feature completely disappeared detailed assignment was not possible without further accu-
in the 266 nm spectrurfFig. 6(c)], where two sharp peaks rate ab initio calculations. The current discussion should be
due to BF were visible. The intensity of thD feature was Viewed as tentative.
significantly reduced at 266 nm, indicating that the 266 nm  Nevertheless, as shown in Fig. 6, the PES spectra of
photon was below the RCB of th state(vertical BE, 2.80 ReBj~ support the above spectral assignments for &eil
eV). Therefore, the RCB should be>1.86 eV terms ofthe origins of the different features. The fact that the
(4.661 e\-2.80eV). The intensity of th€ feature(vertical X, A andB features(Fig. 6) have relative small intensities
BE, 2.23 eV did not change significantly at 266 nm, sug- and similar patterns in both complexes indicates that they are
gesting that that RCB should be2.4 eV, consistent with the due to detaching a metatiselectron. The large separation of
estimate from the 193 nm above based onEheate. There- theC andD features in ReBf indicates clearly that they are
fore, we estimated a RCB of~2 eV for ReB§  due to removing one electron from the ligand orbitals. The
(1.86 e\ KRCB<2.4¢eV). observation of the strong feature in the ReBfr spectrum

The ground state of Refl has an electron configuration confirmed theE feature in the Re@l spectrum. As dis-
of ... (4t1,)8(t114)8(2t,4)® with a half-filled HOMO (Z,5),  cussed above, the strofigfeature in ReBj~ was due to the
which is expected to be stable und®f, symmetry without smaller RCB(~2 eV) in ReBg, in comparison to the RCB
first order Jahn-Teller distortions. Figure 11 shows the firs{~2.4 e\) in ReCE ™. The smaller RCB in ReBr is con-
few one-electron detachment channels, based on this cosistent with a slightly higher electronic stability of the bro-
figuration. Detaching one electron from,¢, 1t,4, and 4;,  mide complex, suggesting that there is a slightly smaller
leads to the following final states of R%_CI3T1g, 5T29, and  Coulomb repulsion in the Re%‘r dianion.

-1
Gty (4t10)5(1t10)6(212g)3 —= 5Ty, { *B2u (E)

3Eu (E)
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E. OsClg~ showed the Cl peaks due to photodissociation and the an-
Figure 3 shows the PES spectra of (ﬁs_cat four de- ticipated disapp_ear:_;mce qf the high BE feature_s due to the
tachment photon energies. Compared to the spectra o Ptc| RCB. The relative intensity of the featuf2 (vertical BE,
and ReCﬁ‘, the spectra of Os@T were more complicated. 2.72 eVj did not change at 266 nm suggesting that the .266
In particular, extra features appeared in the spectrum dfim photon was above the RCB to thestate. We thus esti-
OsCE~ between 3 and 4 eV, labeled Es andF,, which mated a RCB 0f<1.9eV(4.661eV-2.72e\). At 355 nm,
did not exist in the spectra of P§land ReG}~ (Fig. ). ~ more high BE features disappeared. Clearly, the 355 nm pho-
There seemed to be fine structures in each ofhandF,  ton was below the RCB to th# state(vertical BE, 2.12 eV,
bands, which are listed in Table | &, (n=1,2) andF, suggesting that the RCB should be~1.4eV(3.496eV
(n=1-3), respectively. Again, at 266 nm, the higher BE —2.12eV). The RCB thus appeared to be somewhat lower in
features disappeared due to the RCB. The sharp peaks of CI'CI5~ (~1.7eV, averaging over the upper and lower
due to photodissociation were also visible. The featDre bounds$. This was already indicated by the rather strébg
(vertical BE, 2.82 ey was almost cutoff at 266 nifFig.  andH features in the 193 nm spectrum of IEC] compared
3(b)], i.e., the 266 nm photon was likely below the RCB of to the weak high BE features in the 193 nm spectra of the
the D state. Thus, we estimated that the RCB in @§CI other complexesFig. 1). The 532 nm photon was below the
should be>1.8 eV (4.661 eV-2.82eV). Since the intensity RCB to theX state, and the signals observed in the 532 nm
of the C feature(vertical BE, 2.61 ey was also reduced at spectrum were due to electron tunneling, consistent with the
266 nm, we surmised that the 266 nm photon was probablyeak intensity of the 532 nm spectrdiig. 4(b)]. The total
near the barrier top of th€ state. We thus inferred that the count rates of the 532 nm spectrum were very low and rather
RCB in OsC§~ should be~2 eV. More high BE features high detachment-laser-photon fluxes had to be used.
were missing in the 355 nm spectruig. 3(c)], as ex- The 193 and 266 nm spectra of IgBrare compared
pected. The 355 nm photon was expected to be near or abowth those of IrC§ ™ in Fig. 7. Similar spectral features were
the RCB of theA feature, which should be observed at 3550bserved for |rB§'_ as for |rCE‘_ Analogous to other M%r_
nm. However, its much broader width at 355 fifig. 3¢)]  complexes, the higher BE featuré® to H) all shifted to
was surprising. We again attributed this to an autodetachiower BEs even though the BEs of teand A features were
ment process, similar to those observed in Pt@it 266 nm, increasedFig. 7(a)]. Thus, the spacing between tAeandB
as discussed above. The 532 nm photon should be near tl"@tures was Signiﬁcanﬂy reduced in the %Brspectrum,
barrier top of theX state, which was indeed the only feature ywhere the doubletA and A’) that appeared in Ir@T [Fig.

observed. _ 7(b)] could no longer be resolved. The spacings between the
~ UnderOy symmetry, OSG@F IS izxpec_:ted to have a con- ¢ and D features, and between ti@ andH features were
figuration of ... (4t;,)®(1t14)®(2t2g)*, which, unlike PtC3 increased, as observed in the other flBcomplexes. Simi-

and Req§ , is expected to undergo Jahn-Teller distortion t0jar spectral features betwe@nandG were discernible in the

a lowerDgy :symmetry‘? "The more complicated PES spec- |rgr2- spectrum(E andF), but appeared to be much weaker
tra of OSC§ might be related to the initial state Jahn-Teller ihan those in Ir@F. At 266 nm, sharp features due to Br
effect. We will only give a very qualitative account of the \yere observed and the high BE features again disappeared
spectral features, by comparing with the other §1Ctom- e 10 the RCB. The intensity of tH feature(vertical BE,
plexes. The first three low BE featur€X, A andB) were 5 g0 e\j did not seem to vary at 266 nm, suggesting that the
similar to those in Re@l (Fig. 1) and should be due to regin B should be=2 eV(4.661 eV- 2.60 V).

removal of electrons frond-orbitals (2,4). The C and D Under O, symmetry, IrC} has a configuration of
features _in Os(’ér were similar to the _samé:/D p_air of ---(4tlu)6(1tlg)6(2t29)51 which is expected to undergo
features in ReGl and theB/C features in PIGl™ (Fig. 1), Jahn-Teller distortions to a lowd,, symmetry, similar to

and should be due to detachment from the similar l'gand'OsCE‘. We will again only give a very qualitative account

?Oi?]ln?te(: Meg,' 11F% . (-:rE‘e fe?jtl;rth I:DO'SCIEtCVé?S slmllflr of the spectral features, by comparing with the other 1Cl
aond N aesa:trtr'blrt]edeto deigchgzr?tr frolr?1 th Mé) Ig‘i’hze complex, in particular to that of Osgl. The first four low
w ibul 8,MO. BE features(X, A, A’, andB) are similar to the low BE

extra featuresg, and F, were probably due to the initial ; Z o
state Jahn-Teller splittings and could not be assigned Cu}‘_eatures(x, A andB) in both Osq and Re(j (Fig. D),

rently without knowledge about the precise electron configu—e xcept that the intensity of thé feature in Ing appeared

rations of Oscﬁ‘. The lack of comparable data on O§Br to be stronger. We thus attributed these I(_Jwer BE features to
also made it difficult to corroborate any more definitive as-.be .due tq removal of electrons fromo'rbltalsi(zzg), as
signments. !nd|cated in Fig. 1. The an_dD features in Ir(ﬁ appeared
in all the four complexegFig. 1) and should be due to de-
. _ tachment from the similar ligand-dominated MQ; 4. The
F.IrClg™ and IrBr g featuresG and H in IrCI3~ also have counterparts in the
Figure 4 shows the PES spectra of §Cht four photon  other four complexes and were attributed to detachment from
energies. The spectra of I@ZI exhibited remarkable simi- the 4t;,MO. The extra feature¢E, andF) in IrCIé‘ were
larities to that of 05c§r, as shown in Fig. 1 at 193 nm, similar to those in OS@T, and again probably due to the
except that the feature around 1.5 eV seemed to be a doubligitial state Jahn-Teller splittings. The qualitative assign-

(AandA’) in IrCIé’. The 266 nm spectrum of Ir%ﬂ again  ments of the Ir(j_ spectra were supported by the spectra of
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IrBré’. The anticipated enhanced splittings between Ghe 25
andD features, and@> andH features were indeed observed, L
consistent with the assignments that they were due to the 2.0 Refox-
ligand-based MOs.

>
g
T 15 e y
. ; N o y
G. Overview ﬂi 1.0 EA(exp.) 7z
The current experiments represent the first observation £ _ e
of these hexahalogenometallate dianions in the gas phase <X 0.5 7
All of these species exhibit positive electron binding ener- § . 7
gies, indicating they are electronically stable. They are also & 0.0 S 4 EA(cal.)
likely to be stable thermodynamically although our experi- W NSRS
ments did not provide direct information about the thermo- 05
dynamic stability. Because there also exists a potential bar- ’ Re - Os Ir Pt

rier against dissociation of the type, I@IL-» MLg+L",

these complexes could be just locally stable. They are at leagic, 12. Correlation between our measurkEA(expb] and calculated

long-lived in the gas phase, considering our experimentglEA(cale, Ref. 51 adiabatic electron affinities of MGI(M=Re, Os, Ir, and

time scale(~0.1 9. Pt and the redox potentials of the corresponding dianions,2MGh solu-
The PES data provide unprecedented detailed moleculdf™ (Ref- 53-

electronic structure information about the hexahalogenomet-

a!lates @n the gas Phase’ even though_ only very qualit&_m\_’?\/ithin the dianions. It would be interesting to investigate
discussions were given here. The obtained spectroscopic "?ﬁeoretically if the RCB correlates with the M—L bond

formation should be valuable to compare to more accuralg,,qins je., the sizes of the dianions. In particular, the larger
theoretical investigations. Despite of the qualitative nature OhCB in PtBé’ and its decreased electronic stability in com-

thgculrrent ﬁljszlgn?er:tsafegture_shdl:jd-mpltz!s Ofgga”‘?" parison to Pt@ is unusual and may suggest subtle chemi-
orbitals could be clearly distinguished, as indicated in Fig. 1%6;1I bonding changes in the two dianions.

As discussed above, these assignments were corroborated
similar results on the bromide complexes. It is interesting
that detachment ad-electrons all happened at lower binding
energies than those from the ligands. It is also important to  The adiabatic electron affinitie6EAs) of the singly
point out that the spectra shown in Figs. 1-8 all representharged anions, measured from the thresholds of the PES
electronic states of the MLsingly charged anions. The fea- spectra of the corresponding dianions, indicate the electronic
ture X represents the ground state of the monoanions in eac$tability of the doubly charged anions. The EAs of the seven
case whereas all the other features represent the excited el@mmplex monoanions are given in Table II. For the four chlo-
tronic states of the monoanions. The spacings of the excitedde anions, there has been a recent calculation by Macgregor
state features relative to theground state correspond to the and Moock>! Table Il shows that their calculated EAs are
excitation energies. All the higher BE features due to theconsistent with our measured values and show the same
d-electrons can be related to low enerdyd transitions trend(also see Fig. 12 although the calculations in general
whereas all the features due to the ligands can be related tonderestimated the EAs. In particular, the calculations gave a
L—M charge transfer transitions within the monoanions.negative EA for OS@F, i.e., the calculation predicted that
The excitation energies for these transitions can be estimatete OSCS‘ dianion was not electronically stable, in contrast
from the vertical binding energies given in Table I. to the current experimental observation. Since the classic
The repulsive Coulomb barrier is a fundamental propertywork of Bartlett and co-worker® the EAs of neutral
of any MCAs. As we have shown previously, the heights ofhexafluorides of the third transition series have attracted con-
the RCB in MCAs are equivalent to the Coulomb repulsionsiderable attention and they are generally believed to in-
energies among the excess charges at the equilibrium MCArease in the direction, WK ReR<Osk;<IrFg<PtR;. The
geometry. The estimated RCBs for the seven complex diaravailable experimental data on the gas phase EAs of the neu-
ions are given in Table Il. It is noteworthy that RéCland tral hexafluorides have been interpreted as confirming Bar-
PtBZ~ seemed to have larger RCBs than the other comtlett's general conclusion of this EA trend across a transition
plexes, whereas Ir@T appeared to have a rather low RCB. metal row, due to the inefficient shielding of the core charges
Because of the covalent character between the M—Cl bonds the metal by thed-electrons. Our measured EAs of the
in these complexes, we cannot simply view them as 4% M ML monoanions also seem to be consistent with this trend.
ion interacting with 6 CT. Therefore, the Coulomb repulsion Within our experimental accuracy, however, the EAs of
energies in these dianions might be an important parameté&eC[, and OsC] are the same, whereas the calculations
in future theoretical understanding of the structure and bondpredicted a decrease from the Re to Os complex. The latter
ing of these metal complexes. It would be interesting to in-has been interpreted as arising from effects of interelectronic
vestigate if the RCB is the same for the different asymptoticcorrelation and repulsion in the theoretical stddy.
states of the monoanion. As mentioned above, the RCB rep- An oxidation reaction is a one-electron process and pro-
resents the intramolecular Coulomb repulsion energieseeds according totMXs]?>~ —[MXg]~ +e~, which, beside

H. Electron affinities and redox potentials
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the solvation effects, is similar to electron detachment in theéion with their corresponding redox potentials measured in
gas phase. Therefore, the gas phase EAs should be inherensiglutions.

related to the redox potentials, except that the solvation ef-
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