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Electronic and geometrical structures of the homonuclear 3d metal dimefsdvh S to Zn,) as well as

their M, anions and l\}l cations are computed using density functional theory with six generalized gradient
approximations for the exchange-correlation potential. The neutral ground states are assigned as follows: Sc
(52[:)! TIZ (3Ag)v V2 (329_)1 Cr2 (12+)! an (11Hu)1 FeZ (7Au)1 COZ (SAQ)I NIZ (329_)1 CUZ (123—)1 and ZQ (123—)

The anio_ns are assign(id as foIIovys:; &), Ti; (*A), V, (*2)), Cr, ((ZF), Mn, (102;)_, Fe, (8Ag), Co,

(°AJ), Ni; (*Z,), and Cy (%Z;) (Zn; is unbound). The cations ground states are; @), Ti; (Ag), V;

(*Z), Cry (=), Mny (MI1,), Fej (BAy), Coy (°Ty), Nig (*Ag), Cuy (2%5), and Zi (%%;). A natural bond

(NBO) analysis is used to obtain the chemical bonding patterns in the neutral and charged dimers. The results
of the NBO analysis allow us to explain the changes in the ground-state spin multiplicities and spatial
symmetries when moving along the neutral and ionic series. Consistent changes in the chemical bonding
patterns of the neutral and charged dimers lend further support to our assignment of the ground states in the
M, and l\/g series. Our calculated adiabatic electron affinities and ionization energies are in good agreement
with experiment.

I. Introduction the anions, the spectroscopic data were derived from laser
photoelectron spectra for GP Fe, %7 Co, 2 Ni,,® and Cy.°
Correspondingly, the adiabatic electron affinities (gAf their
neutral parents were determined.

Homonuclear 3d metal dimers have proved to be difficult
for both experimentdl and theoreticdl studies. Given the
complexity of the dimer calculations, it is clear that only density ) )
functional theory (DFT) can be used for the study of larger metal _ For the M cations, the spectroscopic data of several of
clusters. Therefore it is very useful to calibrate DFT for the them were obtained by different methods. Knight etdlave
metal dimers, where there is a sizable quantity of highly accurate 8SsignedZ™ as the ground state of §¢rpm their ESR spectra
experimental data and some results obtained using high IevelsOf+the cations trapped into neon matrices. The ground state of
of theory. Recently two DFT studigééwere performed for the V> was also assignétlas“=™ by using resonant two photon
neutral dimers from Sao Cw, using different methods, and no ionization (RZP') spectroscopy. The equilibrium bond distances
consensus was achieved in assigning the ground states of Mnof V; and Ni were obtained from zero-electron kinetic
and Np. For Mm, there is a dilemma: is its ground stécE\;r energy photoelectrdh gnd rotationally resolvgd photodisso-
or does it have a spin multiplicity of elev%(illzj or 111,)? ciation spectra? respectively. From ESR experiments, van Zee
For Ni, it is unclear if its ground state is a singlet or a triplet and Weltnet* concluded that the ground state of Mis 22,
and what spatial symmetry it possesses. While Hirao and co-Which was recently confirméd by the results of photo-
worker$ have considered only triplet states of,NSchaefer ~ dissociation spectroscopy. The R2PI stifdyas assigned the
and co-workersconsidered only singlet states. In addition to ground state of Chi as 25;. The ionization energies were
the problems with Niand M, both of these studies (as well ~ obtained!16-19.2527.28for all the dimers except $Sand Th.
as the majority of previous studies cited elsewhefheassign Experimental dissociation energies are avaifé for all the
the ground state of Gras 12;“, but the disagreement with M cations except Sc
experiment is so large that one might question if the theory  Previous DFT computations have been performed fgr?8c
and experiment refer to the same state. As was found in bothCr, 30 Mn, % Fe, 31733 Co,,34 Ni, ,3>3¢and Cy.3” While the
papers}* pure density functional theory (DFT) methods perform ground-state spin multiplicities were reported, the spatial
better than hyb”d DFT or many'body perturbation methods. Symmetry of the ground state was not reported fo}',mnng,
Schaefer and co-workérsoncluded “... it appears that DFT  anq N, A few ab initio studies have been performed so far on
paints a surprisingly plausible picture of these metal diatomics.” Fe, 7341 and Cy 4243

We are unaware of any systematic studies for either the anions  pecent DFT calculations confirm#tthat the ground state
or the ca_tlons of thg homonuclear 3d metal dlmers. While no ¢ V;r is 425’ and the computed bond length of 1.756 A is in
systematic study_ exists, there are some theoretlcgl and experiosa agreement with the experimental vaua 1.735 A. In
mental data available for both the anions and cations. Among accord with experimerit both DFT*46and ab initid” studies

e o author ELORET Goro. Mall Stos 2303 e, Nave predicted the ground state of Mto be'?s;. The Nij
ggutsggg?ﬁg{l‘_;g?ngga_ggv Orp., Mall Stop 2sbms. =malt cation was the subject of at least two ab initio stutfiégin
T Space Technology Division, Mail Stop 230-3. which its ground state was found to BE;”‘S and 4%, 4% In
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agreement with experiment, Partridge et’%bund the ground A and 100 A outward from chromium atoms. This lowers the

state of Cg to be 223. symmetry toC..,. The guess orbitals are taken from a calculation
The aim of this paper is fourfold: (a) to asset the performance onh the He-Cr—Mn—He doublet [at R(MA-Cr) = 2.4 A]. This

of several of the most popular DFT functionals for both neutral solution is found to be antiferrimagnetic with net spih§.5

and singly charged homonuclear 3d metal dimers by comparison(Cr) and —4.5 (Mn) in agreement with the previous results

of the results obtained to the experimental data; (b) to assignobtained by Desmarais et &l.

those states of the homonuclear 3d metal dimer ions which are  Since the ground states of the neutral 3d metal dimers Mn

unavailable from experimental or reliable theoretical sources; and Ni have not unambiguously been identified, we paid

(c) to confirm our assignment by consistency between the resultsspecial attention to these dimers; however, the main effort was

of the natural bond (NBO) analysis for the neutral and charged focused on the search for the ground states of the positively

dimers, as this analysis provides a qualitative description of and negatively singly charged dimer ions.

changes in the electronic structure of a species due to attachment The zero-point energies are taken as half the computed

or detachment of an electron; (d) to explain on the basis of the harmonic vibrational frequencies without any scaling. The

NBO analysis why the spin multiplicities of the neutral dimers €electron affinities and ionization energies reported in this work

do not seem to have a simple correlation with the spin are adiabatic values; that is, each state is at its equilibrium bond

multiplicities of their constituent atoms. This would allow us length. Dissociation energies are obtained as differences in total

to gain insight in the spin multiplicity changes when moving energies of a dimer and its constituent atoms computed at the

from S¢ to Zmy. corresponding levels of theory. In the atomic computations,
symmetry and equivalence restrictions are not imposed, and the
Il. Computational Details solutions are in general a mixture of the?3d' and 433d"!
. . . occupations.
Our calculations were performed using the Gaussian98
program?! The standard (15s11p6d1f)/[10s7p4d1f] basi®set . Neutral Dimers

denoted as 6-3HG* in G98, was used throughout this work,
excluding a calibration calculation on Aghich was performed
with the recently developé&ticorrelation consistent Fe basis set.
Six exchange-correlation potentials were tested, namely the
f;g?&%%tl?gp%gii k(tahséezilgﬁg‘gq;n%;ﬁrpdoer:fgﬂagfg ;:r?a‘rew cm™Y) are only m_arginally different from those obtained with
Wang's functional’8 and PerdewWang's correlatioff the 6-313-G* basis (e = 2.01 A andw, = 397 cn*, see Table
(PW91PW91), Becke's excharffeand Lee-Yang—Parr's l). Thus we conclude that expanding the ba3|§ set will not
correlatiof® (BLYP), Becke's exchandg® and Perdew’s cor- significantly affect the results. However, as we discuss bglow,
relatiorf® (BP86), Becke's exchanffeand Perdew Burke— the results depend somewhat on t_he choice of the functional.
Ernzerhof's correlatidi (BPBE), and, finally, PerdewBurke— The lowest energy states of st-'zngZ' Fe, and Cy are
Ernzerhof's exchange and correlation (PBEPBE). The geometry found to.be52u, *Ag, ,329- ,7AU' and %, respectively, for all
was optimized for each possible spin multiplicity until further ~ Six functionals used in this work, and these are in agreement
increasing the spin multiplicity would result in a state whose With the assignments of Hirao and co-workeand Schaefer -
total energy was above the energy of the lowest asymptote. aand po-worker§.Therefore, the_se dimers are not dlgcussed in
useful empirical criteriof? 2 indicating that one has obtained detail. For Cs, Mn;, Co,, and Nb, some questions arise about
the ground state is that the spin multiplicities of a neutral and the ground state and/or the best theoretical approach, and
its ions differ by + 1. This “t1-rule” corresponds to an therefore these states are discussed in some detail.

assumption that attachment and detachment of an electron are A COz. Hirao and co-workefsfound that their pure func-
one-electron processes. tionals yielded A4 ground state of Gowhich is in agreement
We identify the spatial symmetry of the wave function using With the othef®= calculations. They found that the hybrid
the Slater determinant based on KefSham orbitals as is done  B3LYP approach yielded &%, state, in agreement with
in a conventional unrestricted HartreBock scheme. For some  configuration interaction calculations. Schaefer and co-workers
states, whose one-electranorbitals have not been resolved ~reported a°%; state for all the levels excluding the LSDA
by symmetry, their assignment & states was supported by ~approach. We find &Aq ground state for al' functionals
the results of population analyses performed within the con- considered, which is significantly below tH&; state. We

We first note that we have performed BPW91 computations
on the groundA, state of Fe using both the 6-31£G* basis
and the triple (TZ) correlation consistent basis set. The results
obtained using the TZ basis set & 2.00 A andw. = 404

ventional Mulliker¥® or natural atomic orbitals (NA®}55 should note that theAy occupation used in this work is not the
schemes. The spin multiplicity is taken to bexZn, — ng)+1. same as used by Schaefer and co-workers, and this explains

As has been discussed previously for,dt is possible to the different assignment despite using some of the same
obtain a lower energy by reducing the symmetry frBm, to functionals and very similar basis sets.

Cp. This corresponds to a rather spin contaminated solution. B. Niz. In the recent DFT studies, Hirao and co-worRers
For the dimer, it is possible to make an approximate correction considered only théS; and3%; states of Ni, while Schaefer
for this contaminatiofi® but it is not clear how to proceed for ~ and co-workersrestricted their study to four singlet states. Two
larger clusters. Since the spin polarized results are in betterab initio studie®>®have found the lowest state to Hé; with
agreement with experiment, we use this approach in this work. five states within 0.05 eV of this state. In addition, it has been
We do not attempt any corrections, since we are interested insuggestef that after the inclusion of spirorbit coupling, the
the accuracy of approaches that can be easily applied to largeground state iéZ;r(Og), with only two close states.

clusters of metal atoms. We should note that it is not always In the first experimental study of Blby Spain and Morsé&
easy to obtain the spin polarized solutions and the best approactthe dimer was found to have a total angular momenfirs 4,
that we have found is an approach similar to that used in a which is expected to correspond to a state that is mdsily
search of ground states of 3d metal atdislamely, two He character, while their subsequent sttfthas revealed the angular
atoms were placed along the-GCr axis at the distances of 95 moment of zero, which is expected to correspond 1 atate.
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TABLE 1: Comparison of Spectroscopic Constants of the 3d Metal Dimers Obtained at the BPW91, PW91PW91, BLYP, BP86,
BPBE, and PBEPBE Levels to Experiment

SCZ le V2 Cl’z an F62 COZ N|2 CUZ znZ
5, g 5y s+ 1, Ay 5Ag =y sy i
re/A BPW91 2.63 1.89 1.74 175 2.62 2.01 1.98 211 2.25 3.27
PW91PWO1  2.62 1.89 1.74 172 2.61 2.01 1.98 2.11 2.24 3.18
BLYP 2.65 1.92 1.76 171 2.65 2.03 2.00 2.13 2.27 3.01
BP86 2.62 1.89 1.74 1.70 2.61 2.00 1.98 2.10 2.24 3.23
BPBE 2.63 1.89 1.74 175 2.61 2.01 1.98 2.11 2.25 3.24
PBEPBE 2.63 1.90 1.74 1.72 2.62 2.01 1.98 2.11 2.25 3.21
expt 1.9429 177 16788 <34 202 21545 22193 235
+0.0013 +0.02 +0.0004 +0.08'
welcm™  BPW91L 241 465 652 283 202 397 382 325 256 35
PW91PW91 243 470 653 345 204 400 386 329 260 55
BLYP 234 450 635 405 194 387 374 315 244 19
BP86 242 470 654 400 203 402 386 330 260 52
BPBE 241 467 652 289 203 397 383 326 257 50
PBEPBE 243 462 651 347 203 397 381 325 257 54
expt 2389  407.9 537.5  480.6 299.7 2968  259.2 266.46 80
+0.5 £05 &3 +19
Do/eV ~ BPW91L 151 2.54 2.80 1.05 1.15 2.18 2.24 250 1.94 0.02
PW91PW91  1.63 2.94 3.24 1.48 1.15 2.45 2.49 2.69 2.09 0.08
BLYP 1.15 2.97 3.49 1.92 0.65 2.28 2.33 253 1.99 0.01
BP86 151 3.00 3.39 1.69 1.05 2.36 2.42 2.64 2.05 0.04
BPBE 1.53 2.55 2.80 1.04 112 2.19 2.25 251 1.94 0.02
PBEPBE 1.61 2.92 3.23 1.42 1.05 2.44 2.51 2.69 2.09 0.07
expt 165 154 2753 144 <0.80° 1.15 169  2.068 2.01 0.0562
+022  £0.18 +£0.00f  £0.08' +£0.09" £0.26 0.0  40.08

2 Ref. 85,86.° Ref. 87.¢ Ref. 88.9Ref. 79.¢Ref. 89.7Ref. 28.9 Ref. 90." Ref. 91.1 Ref. 81.J Ref. 92.kRef. 92.' Ref. 5.m Ref. 93." Ref. 94.

°Ref. 95.P Ref. 90.9 Ref. 96." Ref. 97.5Ref. 98.' Ref. 99.U Ref. 100.” Ref. 1." Ref. 101.XRef. 102.Y Ref. 103.2Ref. 1.2 Ref. 104.

In our work, the lowest state, for all of the DFT levels used, the differences with experiment are larger than those found for
is 3%, (70 607 3, 3m; 0y 0) followed by a®Aq (3n§ 6oy, O3 the symmetry-broken approach. Thus, while it is not ideal to
state that is 0.050.06 eV above the ground state.°B, state break the symmetry and introduce spin contamination, it appears
(0507 is 0.57-0.63 eV above theé’s; state. The lowest to be a way to obtain an improved description of @ithin
singlet state i$Aq [60(c)162(3)], which is 0.43 eV(BPWO1)  the DFT approximation, and we assume that this will also be
above the3s, state. We were unable to converge aily true of larger Cr clusters. . .
states. Ab initio calculations find a low lyingF; state with D. Ground State of Mn,. Early experimental electron-spin-
two open shelb orbitals, while the DFT calculations yield two ~ fesonance(ESR)™ and optical spectroscoffy studies per-
open-shell orbitals. Despite these differences, the DFT formed under matrix isolation conditions have suggested Mn
spectroscopic constants are in reasonable agreement wittHO P€ an antiferromagnetic, weakly bound singlet. Dissociation
experiment. energies of Mpdetermined in inert matrices ha_ve shqwn such

C. Cr2, An Antiferromagnetic Singlet. There is a general ~ Wide error bars that Morsewas forced in his review to
consensus that the ground state of @ X, even though ~ 'écommend an egtlmafeo(MnZ.).s.O.S eV. The only experi-
many methods yield computed spectroscopic constants that dgnental estimatéfor the equilibrium bond length of Mnis
not agree with experiment, and the results strongly depend on'e = 3-4 A. A resonance Raman stiéyperformed in argon
the method and basis set usédlt is customary to state that ~Matrices assigned the Muibrational frequency as 124.7 ¢y

the ground state of Gis antiferromagnetic. Some studies have NOWever, this was reassigriédo Mn; after measurements
used a symmetry-broken approach to better describe thePerformed in krypton matrices. This latter study assigned a

antiferromagnetic character; two have presented the values of?ibrational constant of 76.4 cmto Mn,. Because of the small
excess spin densities (or net spins) on chromium atoms, whichPinding energy and large bond length, it was commonly assumed
are+2.54 (LSDA),+3.77 (BLYP), andt4.03 (B3P86) as found ~ that M is a van der Waals dimer. However, tag value
by Edgecombe and Beckeand +2.80 (LSDA) and+4.40 appears large for a true vdW molecule.
(PBEPBE) as found by Desmarais ef@l. According to our computations, the ground state of,Ngn

For some DFT functional® the r and we values obtained 1y at all the levels applied in this work. THZ; state is
using symmetry-broken singlet of £ragree with experiment somewhat higher in total energy. This is in agreement with other
about as well as those obtained using a multiconfigurational recent DFT calculation$3°45830ur computed, value is also
perturbation theory approathor using the most ambitious ~ Similar to previous work. Using a symmetry-broken approach,
multireference configuration interaction calculatiGhsyhere we have also found an antiferromagnetiE® state. Our
the limit of one billion configurations was passed. Our broken- computations, performed at the BPW91 level, yield a net spin
symmetry BPW91/6-31£G* calculations predict a somewhat of +4.75 at the Mn sites, a bond length of 2.68 A, avibrational
larger bond length and lower vibrational frequency than obtained frequency of 128 cmt, and a dissociation energy of 0.45 eV,
experimentally, whereas the BLYP/6-3#G* approach yields but this singlet state is 0.60 eV above the ground state. These
better agreement with experiment, see Table 1. Such a discrepesults are similar to those reported previodSly.
ancy between the results of computations at the BPW91 and E. Comparison with Experiment. The results of our
BLYP levels is rather rare and was observed before in different computations fore, we, andD,, of the ground-state Mdimers
assignment§ 77 of the CrO™ ground state at these two levels. are compared to experimental data in Table 1. The results
If the DFT calculations are performed usibg, symmetry’? obtained with the Perdew’s correlation functionals PW91, P86,
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TABLE 2: Spectroscopic Constants of the 3d Metal Dimer Anions Obtained at the BPW91, PW91PW91, BLYP, BP86, BPBE,
and PBEPBE Levels along with the Experimental Values Obtained from Photoelectron Spectra

Sc, Ti, Vs, Cr, Mn, Fe, Co, Ni, Cu, Zn,
=y Ay s, 23+ %%y 8Ag 6Ay = ik Sy
re/A BPW91 273 193 176 174 2.39 2.07 2.03 2.17 2.36 3.06
PWO1PW91 272 193 175 172 2.38 2.07 2.02 217 2.35 3.02
BLYP 275 195 177 172 2.39 2.08 2.05 2.19 2.39 3.20
BP86 271 193 175  1.70 2.37 2.06 2.02 2.17 2.35 3.05
BPBE 273 193 175 174 2.39 2.07 2.03 2.17 2.35 3.05
PBEPBE 272 193 175 172 2.39 2.07 2.03 217 2.35 3.03
expt . 1.705 2.10 2.257 2.345
+0.01G +0.04 4+0.017  +0.010
welom™t  BPW91 218 429 615 305 247 350 347 280 208 76
PWO1PW91 219 434 618 349 250 352 350 283 204 73
BLYP 210 416 601 380 246 345 341 271 192 61
BP86 218 431 617 392 251 354 350 282 202 67
BPBE 218 430 615 310 247 350 348 281 202 66
PBEPBE 219 426 616 347 248 350 347 280 204 72
expt 440 250 240 210 210
+2(0 +20p +15° 425 +15°

aRef. 5. Ref. 6,7.cRef. 8.9Ref. 9.

or PBE are nearly independent of the choice of the correlation 4A(707. 657 163, re = 2.30 A, we = 238 cnt?) and41“g(7oﬁ 53

or exchange functional for the and we values, while theD, 53, re = 2.38 A, we = 207 cnl) states; however, the
values are more sensitive to the choice. The BPW91 and BPBEcomputedT, values (at the BPW91 level), are0.42 eV and
levels provide similaD, values that are generally closer to  +0.58 eV, which is sufficiently large to make them unlikely
experimental data than those obtained with the BP86, candidates for the ground state. It is unclear if we failed to find
PW91PWO1, or PBEPBE. Excluding £the BLYP provides  the ground state of N if there is another closely spaced state
slightly larger bond lengths and, correspondingly, smaller ¢ Ni; with the larger bond length populated under the
vibrational frequencies, which are closer to experimental data gyperimental conditions, if the error in the anion results are
except for Cy. The experimentale andwe values for Csare  |grger than those for the neutral, or if the fit to experimental
reasonably well reproduced at the BLYP and BP86 levels, while yata has a larger error than expected.

this state is the worst case for the BPW91 and BPBE levels.
Overall, the largest discrepancy between DFT and experiment
is 0.07 A forre (Crp), 197 cn1t for we (Cr2), and 1.46 eV for

Do (Tiy).

V. Cations

As shown in Table 3, the ground-state spin multiplicities of
. all the W cations are larger by one than those of the
IV. Anions . . .
_ corresponding neutral parents except foﬁ Bind Mn,. Our
Our results for the ground states of the;Manions are  assignment is in agreement with the experimental assignment
presented in Table 2. As is seen, the differences betweenfgr gc; (4zg and4x-19), V;(4z§ and4=-1%), and Cq, where
spectroscopic constants computed at the various DFT levels argne experimentally determined ground stis aIsoZEJ. For
somewhat larger than those for the neutral dimers presented i“Tij, the lowest state with a spin multiplicity of four is tHag
Table 1. Excluding S¢ and Mn,, the anions have a spin (60% 702 16%, BPWOL: re = 1.95 A, we = 507 cnr?) state
multiplicity that is one larger than their neutral parents, since whi%h |gS 0 ’150 25 eV above the é;roun%ﬁ state. For \J
. ; ) . g . ,
the.electron attaches to. an emptyipln orbngl, commonly the the2A, (03 re= 1.62 A, we = 895 cnT?) state is only 0.1 eV
antibonding (4s-4s) orbital. For Sg the antibonding (4s4s) above the ground's. state. Thus for both Fiand V.
orbital is singly occupied and thus the addition of an electron removing ano or 8 elgctron réquires similar energies =

to this orbital reduces the multiplicity by one. For Mihe extra .
electron adds to the openbonding orbital, which reduces the Detachment of an extra electron frorv arbital of Cr; leads
to an antiferrimagnetié=" state of Cj with net spins of

multiplicity by one. For Cs the “antiferrimagnetic” coupling | '

remains after the electron attachment, as shown by the net spinst2-1(+1.75) and—3.1(-2.75) at the two Cr sites using the

at Cr sitest+3.6 and—2.6 (BPW91) and+3.1 and—2.1 (BLYP). BPW91(BLYP) functional. For M§, two levels of theory
Comparison to experimental data obtained from laser detach-predict the lowest state to G&; in agreement with experi-

ment photoelectron spectra of GrFe,, Co,, Ni,, and Cy ment* and previous DF1346 studies, while four other levels

shows that DFT reproduces experimental spectroscopic constantgredict a '°IT, ground state. Clearly it is impossible to

with approximately the same accuracy as for the neutral dimers. definitively determine the ground state of §from the DFT

Ni, is an exception, where the difference between experiment calculations. Since more functionals yield%l, ground state,

and theory for the anion. value is 0.09 A, while the difference  the results for this state are presented in Tables 3 and 4. Here,

is smaller (only 0.04 A) for neutral Nicompare Tables 1 and  we list spectroscopic constants obtained for %I&E% (65 éﬁ

2). The low-lying*A, state (& 15} 7o) is a candidate for the 3’ 372 70y 60, 70y) state and its position with respect to the

ground state; our computdd values are 0.15 eV at the BPW91 1911, state: BPW91re = 2.95 A we = 149 cn?, To= —0.002

level and only by 0.005 eV at the BLYP level, and the computed eV), BLYP (re = 3.00 A, we = 141 ¢, To = +0.28 evV),

bond length (BPW91lr = 2.212 A, we = 270 cn1t; BLYP: BP86 (. = 2.95 A, we = 150 cnt?, Te = +0.13 eV), BPBE

re = 2.218 A, we = 262 cnT?) has about the same error as (re = 2.96 A, we = 149 cnl, T = —0.01 eV), PW91PW91

found for the neutral. We should also note that we have found (ro = 2.95 A, we= 152 cnl, T, = +0.10 eV), and PBEPBE

some anion states with longer bond lengths, namely the (re=2.95 A, we = 152 cn1?, T = +0.07 eV). Spectroscopic
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TABLE 3: Comparison of Spectroscopic Constants of the 3d Metal Dimer Cations Obtained at the Different DFT Levels with

Experiment
Sg Tig 2 crl Mnj Fe Col Nij Cuy zny
sy 2Aq =y 23F 1071, BA, o Ag sy 3

re/A BPW91 257  1.78 1.70 1.67 2.50 217 2.09 2.28 2.40 2.60
PW91PW91 256  1.78 1.70 1.66 2.49 2.17 2.09 2.27 2.39 2.60
BLYP 258  1.80 1.72 1.66 2.52 2.20 211 2.30 2.42 2.66
BP86 256  1.78 1.70 1.65 2.49 2.17 2.09 2.27 2.39 2.60
BPBE 257 178 1.70 1.67 2.49 217 2.09 2.28 2.40 2.60
PBEPBE 257 1.78 1.70 1.66 2.50 2.17 2.09 2.28 2.39 2.61
expt 1.734% 2.222%

welcm™  BPW91 269 723 715 413 246 319 342 262 201 151
PWO1PW91 269 723 719 452 247 320 344 265 205 157
BLYP 261 688 700 471 234 307 334 248 196 137
BP86 269 721 720 486 249 322 345 265 205 155
BPBE 269 726 717 414 246 320 342 262 201 156
PBEPBE 268 720 728 449 244 320 341 262 204 155

Do/eV BPW91 254  3.09 351 1.30 1.91 3.35 2.97 2.87 2.02 1.73
PWO1PW91 279  3.46 3.91 1.69 2.10 3.57 3.21 3.13 2.14 1.85
BLYP 252  3.35 3.96 2.02 2.04 3.38 3.12 2.92 2.07 1.72
BP86 266  3.50 4.00 1.88 2.07 3.46 3.12 2.96 2.09 1.79
BPBE 255  3.10 351 1.28 1.91 3.35 2.97 2.87 2.02 1.73
PBEPBE 278  3.42 3.87 1.63 2.00 3.58 3.26 3.12 2.14 1.78
expt 2.37 3.13 1.30 21 2.66 2.765 2.245 2.078 0.56

+0.07 4014 +0.06 +0.3  +0.13  +0.00F  +0.028 +0.025 +0.*

aRef. 12.° Ref. 13.¢Ref. 20.9Ref. 21.¢ Ref. 22.7Ref. 22.9 Ref. 24." Ref. 25.! Ref. 28.1 Ref. 26.

TABLE 4: Valence Electronic Configurations of the Ground State 3d Metal Dimers and Orbitals Involved in Attachment and

Detachment of an Electron

+

species state neutralM +e—M, state —e—M, state
S N 607 377 70, 60, 60y Ty 604 on
i : o2 3 701 o 6 A 7 A,
Tiz Ag 607 3, 70 65 Oy u gy 9
Ve %y 602 37, 703 o 604 P 7oy s,
Cr, 3 1302 5% 140°0* 150 3+ 140 23+
Mn ML 602 62 8% 373 31 o, 60, 7o, 3y 103" 704 1op1,,
F 7 A g 9 4 02 3 g g 1 7 8 A 7 8 A
e u 60, 3, 7o 0, 0,37, 60, o 9 g u
Co *Ag eag 37t 700 ag N 37rg 60, 704 Ay 194 5y
Ni; j2g; 60y 3\7z§ 702 8 5§ 3, 607 704 Py 16,2 :Ai
23 +
Cu %, 60;, 37, 70, 0, 0y, 3, 60, 704 Sy 7oy N
Zn, s, 3, 705 0 04 37y 70, o, sk

2 The lowest energy state of Niis *Aq (70, 67, 0,).

constants of theé2S! state obtained at different levels are
consistent with each other and are quite different from those
obtained for théTT, state: bond lengths are longer by 0-45
0.50 A and vibrational frequencies are smaller by about 100
cmL. Spectroscopic experimental data are highly desirable to
resolve which is the ground state of BirFinally we note that
there is a low-lying!%s,} (62 o7 3 3, 60;, 707) state which
has aT. value of about 0.3 eV at all the levels.

Spatial symmetry of Feand Cy is defined by detachment
of an electron from thg-7oy orbital while the electron detaches
from 7o, in Zn, to form its 22; ground state. In Gp the
electron detaches from & orbital that results in &l state.
The ground state of Niis Ay (70, 60} 63) which is not
connected to the ground state of, My a one-electron process.

VI. Electronic Configurations

As is seen from Table 4, there is a remarkably general trend
of attaching an extra electron toag orbital (except Mg) in
order to form the anion ground state. This corresponds to
increasing the 4s atomic state populations by one in all the
anions except Mp, whose neutral parent has already three
electrons occupying the Mn 4s states.

According to Table 4, in all the dimers exceptmd Np,
the electron detaches fromeaorbital that results in depleting
4s atomic states. The electron ipFeaves the @ orbital which
is 99% 4s in character. However, the 4s occupation i iEe
1.50, which reflects a strong 48d, hybridization in this cation.

In Cop, the electron leaves &y orbital in order to form the
ground state of the Gocation. As discussed above, the states

From the one-electron process view, this state may correspondof Ni, are close together and therefore it is difficult to determine

to the3Aq state of Nj which is only marginally above the ground
32§ state. The lowest states of }\Iicorresponding to one-
electron detachment from the neutral gro&ﬁg state aréA,
(detachment fronB-o,) and“Z; (detachment frong-70y). The

4A state is only marginally (0.030.05 eV) above the ground
state, while thé‘Zg state is about 0.20 eV higher. Clearly the
energy difference between tha4 and“A, states is too small

to make a definitive prediction of the ground state; therefore,
further studies on Niand its cation are highly desirable.

the ground states of Mand NEL. Accordingly, it is impossible

to determine if NI is formed by the loss of & electron, as
found from most of the other systems, or the loss &fedectron,

as found in our calculations. The ground states of all of dimers,
except Sg, Mnp, and Zn are derived from the 43d'!
occupations of the atoms. In the;Smd Mn, promoting a 4s
electron into the 3d shell is expensive (1.43 and 2.15 eV,
respectively®d); therefore, as discussed above, the ground states
of these dimers are derived from the mixedt%#B1+43d,
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Figure 1. Bonding patterns of ground-state,S6¢,, and Sg. The
energy scale corresponds to orbital energies obtained using the NB
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423d! — 4813cP (1.43 e\A%) promotion energy, the bonding
in Sg is derived from the mixed 43d!+4s!3c? asymptote. The
valence electronic configuration of Sis 60’ 3., 70, 60y,
where thes-60¢ orbital corresponds to a 4<ls se-bond in the
p-spin representation. The-604 orbital combines with the
o-60y, orbital to produce a pair of 4s-LSOs. Two singly occupied
7, and one @y orbitals correspond to two 36¢-3d, and one
3d,+3d, a se-bonds. If both Sc atoms promote td3tg, it is
possible to form three two-electron bonds: {4is and a pair
of 3d,+3d,); this 12; state is 0.35 eV above tH&; ground
state?®

To form the ground-state anion, the extra electron attaches
to an antibonding-(4s—4s) 6, orbital that results in the second
pair of 4s-LSOs (see Figure 1). Thebonding orbitals of S¢
are the same as in gd\ote that the ground state of Sbas
previously been assign&tas“I1y, which corresponds to one-
electron attachment to ther3 orbital of the ground state.

Because of the diffuse character of valence orbitals of Sc
and its ions, several states with different occupation of five 3d
bonding orbitals (3¢ 3d,, and 3d) by three valence electrons
are rather close in total energy. For examplé&\gstate which
corresponds to promotion of an electron from the lowest
3d,+3d, orbital to 3¢+3ds is only 0.17 eV(BPW91) above
the ground®s, state. Multireference methods would be ideal
for finding all the spectrum of states of Sand its ions.

The ground-state cation arises when an electron is detached

Ofrom thea-60y orbital, which destroys the twa 4s-LSOs and

localized orbitals. The central panels present bonding orbitals (or se- Cr€ates an se-bpnd (th?g&’rbitfﬂ)- Formation of an add.itionay .
bonds) in both spin representations while the left and right panels show se-bond is consistent with the increased thermodynamic stability

the LSOs at the “left” and “right” atoms of a dimer. The top is for the
cation, the middle for the neutral, and the bottom is for the anion.

asymptote. For Zn, the 4s to 4p promotion energy is very large
and therefore the 4<Zn occupation leads to very weak (less
than 0.1 eV) bonding (see Table 1).

VII. Chemical Bonding

Localized (Lewis) bonding orbitals constructed using the
NBO analysis appear to be well suited for describing the
chemical bonding in the 3d metal dimers, which may have
occupied (neglecting small contributions from 4p and higher
angular momentum orbitals) bonding#44s, 4s3¢+4s3d,, and
3d+-3d orbitals and the corresponding antibonding orbitals. Since
the ground states of 3d metal dimers are typically not singlets,
it is appropriate to analyze the bonding separately for the spin-
up (@) and spin-downg) spin representations. We will designate
the single electron bonds as se-bonds. An occupied bofding

antibonding pair in the same spin representation would appear

as a pair of localized spirorbitals (LSOs), one on each atom
of the dimer. Figures-t11 present bonding patterns obtained
with the NBO analysis. Since the results, excluding, Gre
similar for all functionals used, we report only the results
obtained with the BPW91 orbitals. For £mwhere the BLYP

of SG with respect to that of So(compare Tables 1 and 3).
The NBO analysis provides a rather simple description of the
bonding patterns in the series;SSe, and S§, which allows

a qualitative understanding of bonding.

B. Bonding Patterns in Tiy, Ti;~, and Tix*. The 423k —
453 promotion energy of Ti (0.81 e\d) is lower than the
corresponding promotion energy of Sc, and an electron is
promoted to the 3d manifold on each Ti. In the grouiig,
state, one two-electron 44ls bond, two two-electron 3d-3d,
bonds, one one-electron 363d,, and one one-electron 3€3d;
bond are formed. Th@ér state with four two-electron bonds
(4s, 3dr, and 3dr) is higher in energy. ThéA, state has the
advantage of retaining some of the atomic exchange.

In the anion, the electron is added to the-4s antibonding
orbital, which results in an annihilation of the bondig4st4s)
orbital and creates a pair of 4s LSOs. The cation is formed by
detachment of @ spacea electron, which decreases the spin
multiplicity by one relative to the neutral and results in bonding
orbitals in botho. and 3 spin representations that are mixtures
of the 4s and 3d orbitals.

C. Bonding Patterns in V-, V,, and V;r. As in Tip, one 4s
electron on each V is promoted into the 3d shell (promotion
energy 483 — 4s13dP is 0.25 e\t%9). Compared with T, the

shows a somewhat different bonding pattern, we present resultswo extra electrons add to the-(3d;+3ds) and -(3d,+3dy)

for the BLYP and BPW91 approaches. The energy scale

orbitals (see Figure 3), resulting in3E§ ground state. All of

corresponds to orbital energies obtained using the NBO localizedthe valence electrons in \participate in chemical bonding,
orbital$4®5for each particular species. The central panels presentwhich makes this dimer the most stable in both the neutral and
bonding orbitals (or se-bonds) in both spin representations, while the cationic series (compare Tables 1 and 3). As found fgr Ti

the left and right panels show the LSOs at the “left* and “right”
atoms of a dimer and its positively (top) and negatively (bottom)
charged ions.

A. Bonding Patterns in Se, Sg, and Sg. Bonding

the extra electron in ¥ adds to theo-60y orbital, which
annihilates the 4s4s bond and leads to the formation of a pair
of LSOs in thea space. The cation is formed by removing a
electron from thep-spin representation, which results in a

patterns of these species are given in Figure 1. Due to the largemixing of the 4s and 3dorbitals, thus leaving two 4s3¢t4s3d,
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Figure 3. Bonding patterns of ground-state,W,, and \/2F

hybrid bonding orbitals in each spin representation. This is
similar to the mixing observed for Ji

D. Bonding Patterns in Cr,, Cr,, and Crj. Cr has a 45
3d® occupation and therefore, unlike ScTi,, and \b, no
promotion occurs. In the groun%ﬂ:Q+ state of Cs six bonds are
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E(eV) BPWO1 Cry ’z*
100 3dg+3d
+
1.0 A L
T %4515
-12.0 38%3dn+3d7t 3dg+3dy
36%
-13.0 3G%ﬁ ;&34%
A %3, 3de+3ds
1
Cr, 's*
-3.0
- 3dg+3dg

<o 3d5-ﬂ- %g%% 70%
5. %
0| %10 30%

] s+4s
- 24
Cr_2 )X
+1.0_
3dg+3dy _ﬂ_
-1.0[3 'ﬁ' ‘ﬁ, 3dn+3dn 3d;
% 34% 45

3 o— 4s 4'30

3dg+3dg 3d o+3ds

36%
4sdi+4sdg

a-bond  B-bond LSO2

LSO1

Figure 4. Bonding patterns of ground-state ,CrCr,, and Ci
obtained at the BPW91 level.

formed. Applying single reference methods to & state
yields bond lengths that are too sh8rand the molecule is
unstable or barely stable toward dissociation. This is due to the
weak 3d-3d bonding and the large intraatomic-38d exchange
energy. Therefore, we prefer to lower the symmetrZio, as
described in section Il, thus allowing a better description of the
intraatomic 3@-3d exchange, even though this introduces some
spin contamination into the approximate wave function built
on the Kohn-Sham orbitals of such a symmetry-broken
solution. The bonding patterns of £ICr,, and CE’ obtained
using theirC.,, orbitals are presented in Figure 4 (BPW91) and
Figure 5 (BLYP). The BPW9l1 (as well as the BPBE,
PW91PW81, and PBEPBE) favor the formation of twaos 3d
LSOs in each spin representation, while the BLYP and BP86
do not. Since the. andwe values computed at the BLYP and
BP86 levels are in better agreement with experiment (see Table
1) the BLYP and BP86 bonding patterns are believed to be more
representative.

As Figures 4 and 5 show, the and-bonding orbitals are
asymmetric. The bonding orbitals in one spin representation are
polarized toward one atom, while the orbitals in the other spin
representation are polarized toward the second atom. They are
described by the percentage of participation of atomic orbitals
near to the corresponding tilted energy level in the Figures. The
BLYP a-electronic configurations at the two atoms are’(4s
3d-3) and (48%3d*7), respectively, while th@ constituents are
oppositely distributed. This yields net spin densitiest#.7
on the atoms. Localization of 3arbitals at the BPW91 level
increases the absolute value of the spin density at each atom,
see Table 5 and Figure 4.

As in the preceding dimers, an extra electron attaches to the
antibonding (4s-4s) orbital which produces an 4s LSO in each
spin representation and results in the groéBd state of Cj.

To form the ground?=" state of Cj, the electron detaches
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Figure 5. Bonding patterns of ground-state ,CrCr,, and CE
obtained at the BLYP level.

TABLE 5: Effective Electronic Configurations of Atoms in
the 3d Metal Dimers and Their lons

species spin neutral anion cation
Sc/Se o 45-93dL5 45-93dL5 4953d5
B 49530 48-93¢P0 49530
TilTi, o 48-53cP0 4530 4923175
B 495310 495310 492325
VIV, o 4935 4535 4935
B 49-53dL5 49-53dL5 49-93dL5
Cri/Cr, o 49730 45-93cB0 4937
B 493310 49943d2 49433
Cr,/Cr, o 493310 4g-93dt1 49932
B 48730 4553cP8 48837
Mn/Mn;, o 45-93cp0 45-93¢p0 4953¢p0
ﬁ 45053(95 4§)530094p02 4§J43006
FelFe o 4953cP0 45-93cp0 493¢p0
B 4853cP0 4853cP0 482375
ColCao o 4953cP0 45-93¢p0 4953¢P0
p 49330 49330 4935
Ni/Ni, o 493cP0 48-93¢p0 4953¢p0
p 49340 49340 49 3p&
Cu/Cuw o 4953¢P0 48-93¢p0 4953¢P0
p 493cP0 493cP0 4930
Zn/Zrny o 48-93¢h0 48-93¢p0
B 45-93cp0 49-53¢P0

aCorresponds to the lowest energy state of KA,).

from a 4st-4s bonding orbital. However, the asymmetry in the
orbitals results in an asymmetric net spin density as found
previously in the spin-broken calculations of Desmarais &t al.
In Cr,, the net spins on atoms (given by a pair of numbers in
brackets) are as follows: BPW9%8.6, —2.6], BLYP [+3.1,
—2.1], BP86 f+3.1, —2.1], BPBE [+3.6, —2.6], PW91PW91
[+3.4,—2.4], PBEPBE $3.4,—2.4]. In the cation, the net spins
on atoms are BPW91H3.1,—2.1], BLYP [+2.8,—1.8], BP86
[+2.8,—1.8], BPBE [+3.1,—2.1], PW91PW91+42.9, —1.9],
PBEPBE [+3.0, —2.0].
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Figure 6. Bonding patterns of ground-state Mmn;, and Mri.

E. Bonding Patterns in Mny, Mn,, and Mn;. Since the
43P — 43P promotion energy in Mn atom is the largest in
the 3d metal atoms, 2.15 €% only one 4s electron is promoted
into the 3d manifold of Ma As in Sg, this results in twax-4s
LSOs. The promoted electron can fill eithep&3d,+3d,) or
a B-(3d,+3d,) bonding orbital. The former leads to 162;
state and the latter corresponds t&'H, state (see Figure 6).
At all the levels applied here, tHéll,, state is 0.06 to 0.18 eV
below thellzg+ state. Note that th@-(4s+4s) orbital in the
101, state is better described as a 4sBds3d; orbital since it
contains 20% of the 3dAOs, while both bonding orbitals in
the 112; state are almost pure #4s and 3¢g+3d, orbitals.

There are no orbitals available for electron attachment in the
o-spin representation, therefore, the extra electron may attach
to a-(3d,+3d,) orbital (to form al°l1, state) or to the second
B-(3d:+3d,) orbital (to form a'’%; state). The'’z; state is
found to be somewhat lower than tHa1, state (by 0.22 and
0.15 eV at the BPW91 and BLYP levels, respectively).

There are two options for an electron detachment: either to
remove an electron from the-4s LSO, with subsequent
formation of theo-(4s+4s) bonding orbital (&°T1, state), or to
remove the electron from th(3d,+3d,) orbital, which leaves
the only one bonding orbital that is composed of half 4s and
half 3d, atomic orbitals (a2, state). Thel?, state was
found to be the ground state in experimeHtand previous
theoretical studie® 47 However, only the BPW91 and BPBE
levels favor the!?S! state as the ground state of Mrwhich
only 0.01 eV below théll, at these levels. The closeness in
total energy of these two states, despite the fact that there are
three bonds in th&IT, state and only a single bond in th@é’
state, arises from the 4s3d promotion energy needed to form
the 1011, state, while thelzig,r state is formed from the atomic
ground states.
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Figure 7. Bonding patterns of ground-state;F€e,, and Fg. Figure 8. Bonding patterns of ground-state £&o,, and Cg.

F. Bonding Patterns in Fe, Fe,, and Fe;. The Fe atom 4s  result in a®A4 state which is+0.48 eV(BPW91) above the
— 3d promotion energy of 0.87 eV is much lower than in Mn, ground’A, state. However, this state has the bond length of
and both Fe atoms promote to thé2t occupation. This gives  2.26 A, while the experimental results show the two neutral
rise to 4s-4s se-bonds in botle and 8 spin representations  states having similar bond lengths and vibrational frequencies.
and fourp3-3d se-bonds (see Figure 7). The d€Bd electrons The secondA, state may be formed due to attachment from
occupy 10a-3d LSOs and are chemically inert. This bonding an a-3d, LSO, but this state cannot be studied using current
mechanism yields 8A, ground state. Clearly, the bonding in DFT methods. Therefore, the results of our calculations are also
Fe, is dramatically different than in Mn unable to provide a definitive assignment of the experimental

The most recent MRCI studi#s* yield a®>; ground state, ~ PES. A discussion of ReFe,, and the photoelectron spectra,
which is derived from the mixed 43d7+4<23d° asymptote. The  based on configuration interaction methods, has been recently
bonding pattern of this state is the same as that of the Fe published
ground statéA4 shown in Figure 7, except the 363d; orbital The ground state of Beis 8A, and it formally corresponds
is empty. However, this assignment contradicts the faifre  to detachment from thg-(4st4s) orbital; however, in the cation,
to observe Fgin electron-spin resonance (ESR) experiments, the 3d+3d, orbital becomes strongly 4s-hybridized (roughly
which led to the conclusion that fras an orbitally degenerate  50:50).
ground state. Th&, state was found in our calculations to be  G. Bonding Patterns in Co, Co,, and Co,. The bonding
above the groundA, state by+0.51 eV and4-0.64 eV at the patterns of Cpand Cg are similar to those of Reand Fg,
BPWO91 and BLYP levels, respectively. Attachment of an extra respectively, see Figure 8. Since two extra 3d-electrons ef Co
electron to thea- or 3-(4s—4s) antibonding orbitals leads to  and Cg occupy thes-3ds LSOs, the spin multiplicities of
®Aq (the ground state, Figure 7) BAq, which is above théAg these species decrease by two with respect toake Fg,

state by+0.41 eV (BPW91) and-0.26 eV (BLYP). correspondingly. An electron detaches from fh¢3ds+3ds)

Detachment of an extra electron from ams LSO of F¢ orbital of Ca, which results in the grountl’y state of the C
(®Ag) leads to formation of the grounid\, state of Fg, while cation. Detachment from thé-(4s+4s) orbital gives rise to a
detachment from theg-(3ds+3ds) orbital results in the929_ 6A4 state, which is somewhat higher.

state. The energy difference between two peaks in the photo- H. Bonding Patterns in Niy, Ni,, and Ni; . Both additional
electron spectrum measured by Leopold and Lineb@riger  electrons in Ni must fill antibonding orbitals, which results in
0.53 + 0.003 eV, which is in good agreement with our val- decreasing number of bonding orbitals and formation of the
ues of+0.51 eV and+0.64 eV of the’A,—%; separation corresponding LSOs. There are three nearly degenerate states
obtained at the BPW91 and BLYP levels, respectively. However, (3[1,, 3A,, and®z;) that correspond to different occupations of
the intensity of photodetachment of a 3d electron to form the the 3d antibonding orbitals.Another series of nearly degenerate
9%, state is expected to be snfatlompared with the detach-  states are the singlet states which stem from formation of single
ment of the 4s electron, while both experimental peaks possess3d+3d bonds in both spin representations in addition to the two

a similar intensity. Detachment from tlfe7o4 orbital (which 4st+4s se-bonds. The remaining sixteen 3d-electrons form eight
is the lowest 4$-4s bonding orbital of Fg see Figure 7) will LSOs in each spin representation. We have optimizednd
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Figure 9. Bonding patterns of ground-state NNi,, and Ni. Bonding patterns of ground-state £€u,, and Cy.
111 states, which are above the triplet ground state by 0.35 eV E(eV) Zn? 22:
(BPW91) and 0.31 eV (BLYP), respectively. We were unable -10.0] 4s 2
to have converged anl)Zg+ states.

-12.0]

An extra electron attaches to the7o, (4s—4s) orbital which
results in the’X, state. However, the lowest energy state of
Nij found is#Ag, which formally has a neutrdh state as the
parent, if one assumes thel rule to be valid. However, the
energy differences between several states of eagh NNj,
and Njj are too small to draw definite conclusion on their
ground states.

I. Bonding Patterns in Cu,, Cu,, and Cu; Copper has a
4s'3d° electronic configuration, thus, only a-#4s covalent
bond can be formed while 3d electrons occupy the closed 3d
shell (see Figure 10). The extra electron attaches tq arbital
which creates twa. 4s LSOs and makes the ground s#Eg.

An electron detaches from theyorbital which results in the

-14.0]

-18.0]
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3dg
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1t
an Eg
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3d° 3dp
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254 ground state of Cli 120

J. Bonding Patterns in Znp, Zn,, and Zn;. All the +3.0l s 23t
bonding and antibonding 4s- and 3d-derived orbitals are A 2 79
occupied in Zp. Their combinations form the corresponding 0.0 Ss4p+5s4p
LSOs, which results in no chemical bonding (see Figure 11) 1
ano! only a small binding energy. There is a diffuse 513&94p _ 3.0l4 .H. 4s
orbital which could accept an electron, but the derived anion ’
state is not stable toward autodetachment. Removing a 4s 6.0 ggc ggc
electron leads to the formation of a singlet4 bond in Z3. 1345 3d3

VIII. Electron Affinities and lonization Energies

LSO1  o-bond P-bond LSO2

Figure 11. Bonding patterns of ground-state ZZiZn,, and Z@.
Adiabatic electron affinities (E4) and ionization energies

(IEag computed as the differences in total energies of the in good agreement with experiment. The BPW91, PW91PW91,

corresponding ground states given in TableSknd described  BPBE, and PBEPBE levels provide values that differ by not

in Figures 11 are presented in Table 6. Zero point energies more than 0.10 eV from each other, while the BLYP and BP86

are neglected since they are smaller than 0.01 eV. As is seerlevels provide systematically lower and higher values, respec-

from Table 6, our EAqvalues obtained at all the six levels are tively, with respect to the four other functionals.
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TABLE 6: Adiabatic Electron Affinities and lonization Energies of the 3d Metal Dimers
Adiabatic Electron Affinities, eV

Se Tiz V2 Cry Mn; Fe Co, Niz Cuw, Zn,
BPW91 0.86 0.67 0.55 0.43 0.59 0.94 0.91 0.93 0.90 an/b
PW91PW91 0.89 0.70 0.58 0.48 0.67 0.98 0.95 0.98 0.96 n/b
BLYP 0.79 0.49 0.40 0.38 0.56 0.77 0.79 0.85 0.86 n/b
BP86 0.99 0.78 0.67 0.59 0.79 1.06 1.04 1.08 1.05 n/b
BPBE 0.84 0.66 0.54 0.41 0.57 0.93 0.90 0.91 0.88 n/b
PBEPBE 0.89 0.67 0.55 0.46 0.62 0.94 0.91 0.93 0.91 n/b
expt 0.505 0.902 1.110 0.926 0.842

+0.009 +0.008 +0.008 +0.01¢ +0.010
Adiabatic lonization Energy, eV
Se Ti, Vs, Cr, Mn; Fe Co, Niz Cw, Zn,
BPW91 5.13 5.91 6.21 7.03 6.24 6.68 7.14 7.66 8.05 7.63
PW91PW91 5.09 5.99 6.30 7.10 6.29 6.80 7.22 7.76 8.20 7.69
BLYP 4.99 5.96 6.31 7.03 6.09 6.77 7.10 7.71 8.13 7.77
BP86 5.28 6.09 6.43 7.21 6.37 6.92 7.34 7.86 8.27 7.82
BPBE 5.12 5.89 6.19 7.01 6.22 6.66 7.11 7.63 8.03 7.59
PBEPBE 5.13 5.98 6.28 7.06 6.24 6.75 7.15 7.71 8.10 7.64
expt 6.3566 6.9988 < 6.47 6.30 < 6.4% 7.430 7.899 9.0
+0.00068 +0.00071 +0.01 +0.028 +0.007" +0.20

2 Indicates that Zs is not bound with respect to Z#re . P Ref. 5.¢ Ref. 6.9 Ref. 6.°Ref. 8.7 Ref. 9.9 Ref. 11." Ref. 17.' Ref. 18.1 Ref. 19.
KRef. 25.' Ref. 28.m Ref. 16." Ref. 27.

The largest deviation from experiment@.32 eV) is obtained is consistent with the empirical*l rule”, according to which
for the EAyq0f Cop at the BLYP level. Note that all other levels  the ground-state spin multiplicities of a species and its singly
except the BP86 provide values of the (EA,q4 that are also charged ions are most likely different Byl. The most uncertain
in the worst agreement (abotD.20 eV) with experiment. The  assignment is for the ground states of bind Ni;, since there
BP86 provides the best estimate of the;Edg, which is only are several closely spaced states in the vicinity of their ground
0.07 eV smaller than the experimental value, but this approachstates. Gy, Cr,, and C;‘ were studied using@., symmetry,

provides the worst estimatet-0.21 eV) for the EAq of Clp. and all were found to possess antiferro(i)magnetic ground states,

On the whole, agreement with experiment is rather good if one which are assigned a&*, 2=+, and 2=+, respectively. The

takes into account the complexity of these systems. ground states of M Mn,, and Mrj are assigned a&Tl,,
Experimental ionization energies are available for €&r,, 102;, and1°T1,, respectively.

Fe, 'Niz, and Cuy with rather narrow error bars (see Table 6). (c) The NBO analysis is well suited for description of
Again the BPW91, PW91PW91, BPBE, and PBEPBE levels cnemical bonding patterns in the 3d metal dimers and their ions.
provide somewhat more consistent estimates for the experi-The ponding pattern consists of localized atomic orbitals and
mental values. The largest deviation from the experimental single-electron bonds, which allows us to explain the changes
values are: ¥, —0.17 eV (BPBE); C, +0.21 eV (BP86); Fg in the ground-state spin multiplicities and spatial symmetries
+0.62 eV (BP86); Ni, +0.43 eV (BP86); Cy +0.37 (BP86).  \yhen moving along the neutral and ionic series.
The experimental ionization energy for Zis 1.5 eV higher (d) The ground-state multiplicity of 3d metal dimers and their
than any theorgtlcal value pre;gnted in the table, and we suspechng is governed by several factors, some of which are: (i) the
that this experimental value is incorrect. size of the 48d" — 4s'3d™+! promotion energy, (ii) the size of
the 3d-3d intraatomic exchange energy, (iii) weakening of the

IX. Conclusions 3d—3d bonds with increasing, and (iv) the preference for
According to the goals formulated in the Introduction, one adding or removing electrons from the 4s orbital rather than
may conclude the following. the 3d. These factors help us explain our computed results.

(&) The BPW91, PW91PW91, BLYP, BP86, BPBE, and
PBEPBE levels of DF theory provide results rather close to
experiment for both spectroscopic constants and energetic
properties, such as electron affinities and ionization energies,
but not for dissociation energies. The results do not seem to
depend on the choice of the exchange functional because
BPW91 and PW91PWO91 vyield very similar results as do the (1) Morse, M. D.Chem. Re. 1986 86, 1049.

BPBE and PBEPBE approaches. On the whole, a slight (2) Salahub, D. RAb initio methods in Quantum Chemistryf;
preference may be given to the BPW91 and BPBE levels, Lawley, K. P., Ed.; Wiley: New York, 1987; pp 44%520.

although there are marginal differences between the results 45_(3) Yanasigava, S.; Tsuneda, T.; Hirao, K.Chem. Phys200Q 112
obtained at these two levels and those obtained at the PV\(91PW9f (4) Barden, C. J.; Rienstra-Kiracofe, J. C.: Schaefer, H. FJIChem.
and PBEPBE levels. The BLYP and BP86 levels provide the phys.200q 113 690.

electron affinities and ionization energies in somewhat worse  (5) Casey, S. M.; Leopold, D. G. Phys. Cheml1993 97, 816.
agreement with experiment_ (6) Leopold D. G.; Lineberger, W. Cl. Chem. Phys1986 85, 51.

- o (7) Leopold, D. G.; AlmiId, J.; Lineberger, W. C.; Taylor, P. R.
(b) Our assignment of the neutral and cationic ground states ~, ..’ Phys1986 88, 3780.

is in good agreement with the available experimental assign- (8) Ho, J.; Polak, M. L.; Ervin, K. M.; Lineberger, W. Q. Chem.
ments. Our assignment of the cationic and anionic ground statesPhys 1993 99, 8542.
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