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The charge-transfer (CT) spectra of transition metal complexes show characteristic changes upon dimer formation. 
This study focuses on the (anb) - Cu CT transitions of Cu azide systems which each split into two transitions if 
coordination to one copper center is replaced by bridging to two copper centers. In addition, a shift of the in-plane 
(anb) ,  - Cu CT transitions of the azide systems to lower energy is observed in the dimer spectrum. This shift is 
ascribed to a strong antiferromagnetic interaction in the CT excited state which is due to coupling of one electron 
in the bridging orbital with one unpaired electron on a copper center. Three models are developed and evaluated 
to interpret these CT excited-state shifts and splittings. The excitonic model evaluates only the diagonal energies 
(i.e. within the CT state) and gives a splitting scheme known from exciton theory which describes the dimer coupling 
in terms of four two-electron parameters. As the CT state splittings given by this model are too small, off-diagonal 
terms have to be considered. This is done in terms of molecular orbital (MO model) and valence-bond (VB) theory 
(VBCI model). It is shown that the VBCI model accounts for the sign and magnitude of the CT state splitting 
observed in Cu azide systems. In terms of this model, excited-state antiferromagnetism is described as configuration 
interaction (CI) with metal - metal CT (MMCT) and double CT (DCT) states. It is further shown that the VB 
and MO models agree in the description of triplet CT states and that the triplet CT  state splitting corresponds to 
the HOMO-LUMO splitting of the dimeric complex. In order to obtain quantitative information regarding the 
CT transition energies and splittings, SCF-Xa SW calculations are performed on a structurally characterized Cu 
azide monomer and dimer. The implications of the excited-state interactions on the ground-state properties of 
bridged dimers are discussed. 

I. Introduction 

The electronic structure of transition metal dimers has been 
of continued interest in bioinorganic and magnetochemistry, 
materials science, and solid-state physics.I.2 Theoretical analysis 
of these systems has mainly focused on a quantitative description 
and computation of ground-state properties, in particular the 
exchange coupling constant J.3 In contrast, the dimer interactions 
present in excited electronic states have been investigated in a 
less systematic way. Notable exceptions are magnetic interactions 
in excited ligand field (LF) states of certain transition metal 
pairs which have been studied and analyzed in terms of the Tanabe 
mechani~m.~ In a copper dimer, a more general picture of the 
exchange interactions involved in the shifts and splittings of the 
monomer LF  into dimer transitions has been obtained.5 A 
comparable understanding of dimer interactions in charge-transfer 
(CT) states is still lacking. 

Evidence for the influence of dimer formation on the CT 
spectrum of transition metal complexes has been known for some 
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time. Bands with intensities typical of CT  transitions which appear 
in the optical spectra of dimers but are absent in the spectrum 
of the corresponding monomer have been termed "dimer bands".@ 
The origin of these transitions has been unclear. A more 
systematic investigation of these phenomena has been prompted 
by the effort to interpret the optical spectrum of oxy-hemocyanin 
(oxy Hc).lo Hc, the oxygen transport protein of invertebrates, 
contains a coupled binuclear cupric site which reversibly binds 
oxygen as peroxide. An analysis of the CT spectrum shows that 
peroxide bridges the two copper(II)'s,'O and resonance Raman 
spectroscopy indicates that peroxide is bound symmetrica1ly.l' 
Molecular orbital theory predicts that the dominant bonding 
interaction in Cu peroxide systems is between the peroxide in- 
plane a*, antibonding orbital and the Cu d2-2 orbital and that 
a much weaker interaction exists between the peroxide r*,orbital 
perpendicular to the Cu-02-C~ plane and the Cu d orbitals.I2 
In agreement with this bonding description, two peroxide - Cu 
transitions are observed in the optical absorption spectrum of a 
copper peroxo monomer, [CU~(XYL-O-)O~]+,~~ one high- 
intensity a*, - d2-2 transition at  19 900 cm-' (e = 6300 M-1 
cm-I) and one a*" - dX24 transition at  16 000 cm-l of lower 
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intensity (e = 1100 M-l cm-l).14 However, the optical spectrum 
of oxy Hc contains three dominant absorption features which 
have been interpreted as peroxide - Cu CT transitions, two 
bands in the optical absorption spectrum at 17 200 cm-’ (e = 
1000 M-l cm-l) and 29 000 cm-1 (e = 20 000 M-l cm-1) and one 
absorption feature in the CD spectrum near 480 nm (Ac = 1 M-1 
cm-l).lO Therefore, a splitting of the monomer CT bands occurs 
upon bridging in a dimer. 

From group theory, every monomer CT transition corresponds 
to two CT transitions in the dimer, the symmetric and antisym- 
metric combination of CT transitions to each Cu. The only direct 
experimental evidence for this splitting has been obtained in a 
comparative spectroscopic study of monomeric and dimeric Cu 
azide systems.15 The HOMO of azide is nonbonding (nb) and 
doubly degenerate. Upon binding to Cu, it splits into (rnb), and 
(@),the same way as ?r*(O22-); Cu azide systems may therefore 
serve as spectroscopic analogues of Cu peroxide systems. In an 
end-on azide coordinated Cu monomer, the (?rnb), - Cu d2-9 
transition is observed at  25 500 cm-1 (e = 2000 M-1 cm-l). This 
transition splits in a cis p-1,3-bridged azide dimer, [Cuz(L-Et)- 
N3],16 into two transitions at 27 400 cm-1 (e = 2100 M-l cm-l) 
and 23 800 cm-1 (e = 1000 M-1 cm-1). Since a nearly identical 
spectrum is observed for met-N3-Hc it was concluded that azide 
is bound symmetrically in a cis p- 1,3 (end-on) fashion by met Hc. 
In order to account for the observed intensities and splittings of 
the peroxide and azide - Cu CT bands, a transition dipole vector 
coupling (TDVC) model has been developed. In terms of this 
model, the observed splitting is given by the interaction energy 
of the transition dipoles centered at  the two monomer subunits. 
From the observed intensities of the transitions, CT  splittings 
were obtained which were, however, 1 order of magnitude smaller 
than the experimental values.15 Application of the TDVC concept 
to the optical spectrum of oxy Hc produced splittings and selection 
rules compatible with a spectroscopically effective model involving 
a cis p-l,2 binding geometry of peroxide, in analogy to p-1,3- 
azide binding.I0 However, only end-on binding modes were 
considered. 

In order to gain further insight into the electronic structure 
changes associated with a variation of the peroxide binding mode, 
the first side-on (p-$:$) peroxide bridged transition metal dimer, 
[Cu(HB(3,5-i-Pr2pz)3)]2(02))l7 and the first structurally char- 
acterized trans p-l,2 peroxide bridged Cu dimer, [(CUL)ZOZ],~* 
have been investigated spectroscopically.19~20 These studies 
support a side-on peroxide-bridged model for the active site of 
oxy Hc. In addition, broken symmetry SCF-Xa-SW calculations 
have been performed on the structurally characterized peroxide- 
Cu(I1) systems, i.e. the monomer, the trans end-on dimer, and 
the p-$$ side-on dimer, and two hypothetical systems, the cis 
p-1,2 dimer and the side-on monomer.21 In accordance with the 
bonding concept described above, the dominant bonding inter- 
action in all systems is shown to be the gdonor interaction between 
the peroxide A*,  orbital and the copper d2-p orbitals, with an 
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additional T acceptor interaction between the peroxide u* orbital 
and the copper d9-9 orbitals in the side-on dimer. Moreover, 
ground-state coupling constants J as well as optical transition 
energies have been calculated. With respect to CT transitions, 
thecalculatedvalueof the T*,- Cu transition energy was always 
close to the experimental values whereas serious disagreement 
with the spectroscopicdata was noted with respect to the calculated 
T*, - Cu CT transition energy in the dimer systems, which was 
consistently much greater than observed experimentally. In order 
to understand the origin of the disagreement between the 
calculated and observed A*, CT energies, the interactions present 
in excited electronic states of dimers have to be considered in 
more detail. 

In copper acetate, the shift and splitting of each L F  monomer 
transition into four dimer transitions can be expressed in terms 
of four parameters.5 The Coulomb integral K accounts for an 
overall shift of the dimer transitions with respect to the parent 
monomer transition. The exchange integral J determines the 
magnitude of the excited-state singlet-triplet splitting. In contrast 
to the ground state, excited L F  states are further split by the 
“Coulomb mediated excitation transfer integral” I and the 
“exchange mediated excitation transfer integral” L.221~~ This 
description has been extended to the peroxide - Cu and the 
azide - Cu CT spectra in oxy Hc and the mentioned series of 
azide-bridged dimers, respectively. As the part of the splitting 
described by lis exactly the splitting as calculated by the TDVC 
model, the mentioned discrepancy between the observed CT 
transition splittings and thevalues obtained with the TDVC model 
were therefore ascribed to the neglect of L.15 Similarly, the 
discrepancy between the u*, - Cu CT transition energies 
calculated with the SCF-Xa method and those observed for the 
trans and side-on Cu peroxo dimers was ascribed to the influence 
of the excited-state exchange integrals, in particular the magnetic 
coupling constant J ,  which have not been taken into account in 
the calculation.21 Since, for a ? T * ~  CT state, a single electron in 
the bridging ligand orbital interacts with a single electron in one 
Cu centered orbital with large overlap, a very strong antiferro- 
magnetic CT excited-state magnetic exchange interaction results 
which is much stronger than the ground-state J and may lower 
the energy of the singlet CT state appreciably (Le. by thousands 
of cm-1).24 

In order to obtain a more quantitative understanding of CT 
state shifts and splittings, a theoretical study is performed on a 
structurally characterized Cu cis p-1 ,3 azide dimer [Cuz(L-Et)- 
N3] and a corresponding monomer. As already mentioned, these 
are the only systems where an unambigous experimental splitting 
of a monomer CT transition in a dimer has been obtained. Three 
models are presented and compared to explain the experimental 
findings. The excitonic model which involves the I ,  J ,  K, and L 
integrals is parallel to the model applied for d-d transitions in 
Cu acetate and is shown to give too small splittings in CT states. 
Starting from the excitonic model, two alternative approaches 
are presented, the valence-bond configuration interaction (VBCI) 
model and the molecular orbital (MO) model. It is shown that 
both models agree in the description of triplet CT states but 
differ in the description of singlet CT states. In the framework 
of the M O  model, broken and full symmetry SCF-Xa-SW 
ground- and transition-state calculations are performed on the 
azide monomer and dimer. The results of these calculations are 
compared with the predictions of the VBCI model and spectro- 
scopic data. Finally, the relationship of the excited-state 
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Figure 1. Cu azide model system used in section 11. Note that the same 
coordinate system applies to the d, orbitals on both coppers. 
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properties considered in this study to the ground-state properties 
of bridged dimers are discussed. 

11. Theoretical Framework 

In this section, the ground and charge-transfer (CT) excited- 
state energies of bridged transition metal dimers are derived. The 
treatment focuses specifically on the (rnb)). - Cu CT transition 
of a cis &- 1,3 azide bridged Cu(1I) dimer. In part A, the diagonal 
CTstatesplittings aredeterminedandit is shown that thesplitting 
parameters are identical to those of exciton theory. Hence, this 
description is called the "excitonic model". As the coupling of 
transition dipole vectors (transition dipole vector coupling, TDVC) 
accounts for the major part of the electronic CT state splitting, 
the excitonic model basically coincides with the TDVC model 
which has been used earlier to interpret CT spectra of bridged 
dimers.lOJs The excitonic model may be formulated using either 
atomic metal orbitals (VB formalism) or using delocalized 
molecular orbital (MO) metal basis functions (MO formalism). 
In part B, the bonding of metal and ligand orbitals is considered 
explicitly and a method for the theoretical calculation of CT 
state splittings is developed. Within the VB formalism, config- 
uration interaction (CI) between the VB states of part A is 
introduced (VBCI model, part B.1). In the MO formalism, the 
metal type MO's of part A are mixed with ligand orbitals and 
states are built from the admixed orbitals (MO model, part B.2). 
Both descriptions are shown to agree in the description of triplet 
states which provides a method to calculate VBCI parameters by 
molecular orbital transition state calculations. 

E A .  Excitonic Model. The structurally characterized cis p l , 3  
azide bridged Cu(I1) dimer, [Cu(L-Et)N3], is idealized as 
depicted in Figure 1. The coordinate system is chosen such that 
the unpaired electron on each Cu(II), CUA and CUB, is located 
in the d, orbital. The phases of both Cu d orbitals, dA and dg, 
are set toobtain positive overlap with the doubly occupied bridging 
in-plane (fib)). orbital of azide. This threeorbital system contains 
four electrons and is the binding framework of the dimeric 
complex. 

In order to simplify the treatment, the (rnb), orbital of azide 
is orthogonalized to the metal orbitals 

( l / ~ ) ( ( T " b ) u - S d r ( d A + d B ) )  (l)  

with the overlap integral &I* (dAJ(rnb),,) = (dBJ(rnb)u). For 
simplicity, it is also assumed that the metal orbitals do not overlap, 

of the dimer, each Cu is occupied by one electron in dA and de 
with two paired electrons in r (Scheme I). The two unpaired 
electrons couple to form singlet and triplet states. The corre- 
sponding wave functions '\kiOs, i = 1,3 a n d j  = +, -, are compiled 
in Table I (see "valence bond" column). 

An azide - Cu CT transition corresponds to a shift of an 
electron from T todA resulting in a Cu+(dl0) ion on site A (Scheme 
11). Alternatively, the electron may be shifted from T to dB 
forming a reduced Cu on site B. The corresponding singlet wave 
functions l + ~ C T  and l @ ~ C T  are given in Table I. Proper dimer 
eigenstates and are linear combinations of l i p ~ C T  
and 1@BCT; analogous considerations apply for the triplet CT states 
(cf. Table I). 

Instead of starting from the atomic orbitals dA and de, one can 
equally use the molecular orbitals (MO's) 

(d&) 0. Thus, (dAlT) (d&) = 0. In the ground State 

d- = ( 1 / d 2 )  ( d ~  dB) ( 2 4  

d+ = (1/~'2)(dA-dB) (2b) 
along with the azide r orbital. It will be shown in part 1I.B that 
d_ is raised in energy due to a bonding interaction with r. At the 
present level, however, b. and d+ are only separated by 

(d-) - (d+) = 2(d,lh(l)ld~) e 2 h ~ ~  (3) 
which is assumed to be very small as dA and dB are far apart and 
do not overlap. The four-electron ground and CT excited wave 
functions arising from r, d+, and d, are compiled in Table I, 
right. h( 1) in (3) denotes theone-electron part of the Hamiltonian 
H of the four-electron dimer system given by 

(4) 

AE is an average CT energy given by the energy difference 
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Table I. Wave Functions 

wave function valence bond molecular orbital 

where the Coulomb, exchange, and one-electron integrals, 
respectively, are given by 

Klj = ( ij1e2/r1&j) J, = ( iJle2/r12~i) (8) 

(dA) = ( d ~ I h ( 1 ) l d ~ )  (7) = ( d h ( 1 ) h )  ( 9 )  

In the following, it is assumed that &dB Jdd - 0. For further 
insight into eq 7, the Ymonomer CT transition"25 is considered. 

Inorganic Chemistry, Vol. 32, No. 13, I993 2853 

Scheme II 
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Figure 2. Excitonic splitting scheme of each monomer CT state in a 
dimer. 

The ground and CT excited states are in this case given by the 
three-electron functions 

- 
AE = A + Jdr- Kdr (12) 

and the overall shift of the dimer with respect to the monomer 
CT transition is given by Jdr - Kdr (see Figure 2). From ( 5 ) ,  the 
following CT splittings are obtained (see Figure 2): 

The CT singlet states are split symmetrically by three two- 
electron parameters, L, I, and N, and the CT triplet states are 
split symmetrically only by L and N.  Apart from  AB, which is 

(25) Strictly speaking, the r orbital in (10) is not the proper monomer ligand 
orbitaldueto(1). Hence, Ain(l1)maynotbewnsidercdasthemonomer 
CT energy but as the CT energy of a monomer subunit (e.g. A) of the 
dimer where all coupling to the unpaired electron on CUB has been 
neglected. 
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Figure 3. Pictorial representation of the two-electron integrals I, Jdr, and 
L and the one-electron integral hAB. 
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Figure 4. Singlet and triplet states of a Cu(I1) dimer with configuration 
interaction. 

small, the above result (eqs 13a,b) is identical to the excitonic 
splitting scheme as derived by El Sayed and Robinson.26 The 
difference between the mean singlet and the mean triplet energies, 
i.e. the CT singlet-triplet gap, is given by 

( I / ~ ) [ ( ( ~ Q + c T )  + ( 1 ~ ) )  - ( (~Q+cT)  + ( 3 ~ ' _ ~ ~ ) ) 1 =  

2Jd, ( I4)  
This excited state magnetic coupling constant Jd, (eq 6d) has to 
be distinguished from the ground-state magnetic coupling constant 
J d d  given by 

( 3\k-Gs) - ( = -2Jdd = -2( d ~ d & ~ / t ' 1 2 l d ~ d ~ )  (1 5 )  
In total, the splitting of the CT states (eqs 13 and 14) can be 
expressed in terms of four parameters, I, Jd,, L, and N. Irepresents 
an interaction between two exchangechargedensities, dA*( 1 ) ~ (  1) 
and a*(2)d~(2) ,  and has been termed Coulomb mediated 
excitation transfer (see Figure 3).22 Clasically, 4Imay be viewed 
as interaction energy between two transition dipoles.23a L, the 
exchange mediated excitation transfer,Z'b represents the inter- 
action between the exchange charge density dA*( l)dB( 1) and the 
charge density on the bridge, ~*(2)*(2) (see Figure 3). Similarly, 
Nrepresents theinteraction ofdA*dBwithdA*dA. As theexchange 
charge density for CUA and CUB will be highest between the two 
atoms, i.e. on the bridge, Ncan be assumed to be small as compared 
to Land is therefore neglected. Finally, the excited-state exchange 
integral Jd,  is the self-interaction of the metal-ligand exchange 
charge density (see Figure 3), just as the ground-state exchange 
integral Jdd  is the self-interaction of the metal-metal exchange 
charge density. 

So far, ligand orbitals orthogonalized to metal d functions 
have been used in the many-electron dimer wave functions. This 
way, the one-electron contribution 2HAB to the excited CT state 
splitting is negligible and only the two-electron integrals L and 
Iaccount for the dimer splitting. In the case of the azide-bridged 
dimer [Cuz(L-Et)(Ns)], the 41 contribution to the CT state 
splitting has been estimated with the TDVC model to 275 cm-l. 

(26)  El Sayed, M. A.; Robinson, G. W. Mol. Phys. 1961, 4, 273-286. 

x 

On the other hand, a splitting of ( 1 q + C T )  - ( of 3600 cm-' 
has been observed e~perimentally.'~ As it is known from exciton 
theory that the two-electron L integral is even smaller than Z,23bl26 
this level of description is clearly insufficient to describe the CT 
splitting. In addition, the excitonic model is not able to explain 
excited-state antiferromagnetism as the exchange integral Jd, is 
positive and the CT triplets lie below the CT singlets (Figure 2). 
Hence, off-diagonal terms are considered in the following sections. 

JI.B.1. Valence-Bond CI Model. In terms of the valence-bond 
(VB) formalism, bonding is introduced as a configuration 
interaction (CI). First, the ground and CT state triplets are 
considered. The off-diagonal matrix element between these states 
is 

This transfer integral corresponds to a one-electron jump from 
the bridging ligand to the metal, i.e. a CT transition. The secular 
determinant 

describes the mutual repulsion between the triplet ground and 
the "-" CT excited state. 3Q+CT cannot interact with the triplet 
ground state, (39-GslH13q+CT) = 0. Hence, the interaction (16) 
splits the "+" and "-" CT triplets which are thus far degenerate 
(except in section 1I.A where the two-electron integral L and hAB 
were included). The admixed triplet functions are 

(39-cT)' = m-3Q?T - h 'Qk_GS (18a) 

(3Q'_GS)' = J;-;;" 'Qk_GS + h 'Qk_CT ( 1 8 ~ )  
and, for )hdr/Al << 1, the triplet CT splitting is given by 

( (3\k-cT)') - ( 3Q+CT) = hd:/A (19) 
Analogous considerations apply for the ground and CT state 
singlets. In contrast to the triplets, the "+" components interact 

( lq+GSI~ l~+CT)  = hd, (20) 

which causes a singlet CT  state splitting opposite to the triplet 
splitting: 

((l@+cT)') - = hd;/A (21) 

(Ihdr/Al << 1) (Figure 4). However, the CT excited singlets are 
not only interacting with the singlet ground state. Starting from 
the CT excited configuration, two more singlet states can be 
reached by one-electron transitions: the unpaired electron on 
one copper may jump to the bridge, corresponding to a transition 
to a metal - metal CT (MMCT) state (Scheme 111) or the 
unpaired electron on the bridge may jump to the copper containing 
one hole corresponding to a second CT transition (double CT 
state, DCT) (Scheme IV). Thecorresponding MMCT and DCT 
wave functions are compiled in Table I. After determination of 
the relevant off-diagonal elements, the full singlet "+" state secular 
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Scheme IV + -t+ 
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Scheme V 
LUMO 

HOMO 

x 

determinant is given by 

(''#+Os) - E  hd, 0 0 

0 hd, - E 0 
0 d2hdr 0 ("#+Dcf) - E  

= O  hdr ('*+CT)-E hdr d2hd,  

(22) 
and the singlet secular determinant by 

Note that, for the triplets, no MMCT or DCT states are possible. 
Neglecting two-electron integrals, the secular determinants (1 7), 
(22), and (23) involve four parameters: the mean CT energy 
A,!? = A (cf. (1 I), (12)), the transfer integral hd,, the energy of 
the MMCT state EMMCT, and the energy of the DCT state E m .  
The secular problems are solved algebraically in section 1II.B for 
the cis p- 1,3 azide dimer. If A < E M M ~  < E m ,  both lq+m and 
1q-m are shifted to lower energy by interaction with the MMCT 
states of equal symmetry. As the triplet CT states are not subject 
to such interaction, the CT singlets lie below the triplets 
corresponding to an excited-state antiferromagnetism (ESAF). 
Finally, the singlet ground state is shifted below the triplet 
ground state 3\E-Gs (ground-state antiferromagnetism, GSAF) 
as it interacts with a singlet CT state lowered by ESAF below 
the triplet CT state. 

II.B.2. Molecular OrbitalModel In section II.A, the molecular 
orbital description of a bridged dimer has been introduced by 
combining the copper atomic orbitals dA and de into the MO 
basis functions d+ and d_ (eq 21) which have been treated as 
quasi degenerate. Now, metal-ligand bonding is introduced by 
mixing d_ with A: 

- 

A' = GT + Ad- 

d-' = a d -  - AT 

(24a) 

(24b) 

d+' = d, (24c) 
The mixing coefficient X and the interaction energy aredetermined 
from the secular determinant 

with 

hd, = (d-lh(l)lT) (26) 
(cf. (16)). (25) describes a repulsion between A and d-. As 
(d+lhl?r) = 0, d+ and d' are split with d_' being higher in energy 
(HOMO-LUMO splitting): 

(d-') - (d+)  = (27) 
With (d-) - ( A )  = A and (hd,/Al << 1 

The MO singlet ground state configuration (cf. Table I) is given 
by Scheme V, and the two singlet CT states and l\k-m are 
given by Scheme VI. Correspondingly, the triplet Ms = + 1 ground 
state is represented by Scheme VII, and the two triplet CT states 

Scheme VI 

L U M O  

H O M O  

d 

Scheme VI1 

Scheme VIII 

L U M O  

H O M O  

d 

-+- ++ * + 
+ -+- 

LUMO ,+ 

H O M O  .+ 

d + 
_t_ + + + 
+ + 

3q+m and 3q-m are given by Scheme VIII. From Schemes VI 
and VI11 and neglecting two-electron integrals, the singlet and 
triplet CT splittings are given by the orbital difference 

i = 1 , 3  

(29) 

(d-') - (d+)  = All,, onc-electron = 
( ( i * - )  - ('*+))MO 

This result may also be obtained using the MO singlet and triplet 
CT functions of Table I but with the admixed orbitals of (24) 
instead of (2). Note that with = hd12/A (eq 28) the MO 
splitting (eq 29) is identical with the VB splitting (eq 19) for the 
CT triplets but opposite to the VB splitting (eq 21) for the CT 
singlets. In fact, both models (MO and VBCI) coincide for the 
triplets, which can be shown by expanding the MO triplet CT 
functions of Table I containing the admixed orbitals of (24) into 
those containing the unperturbed orbitals of (2); this way, the 
VBCI wave functions of (18) are obtained. The same corre- 
spondence between MO and VBCI holds for the ground-state 
triplets. Hence, it is possible to calculate the VBCI parameters 
A and hd, by MO methods (see sections 1II.A.e and 1II.B). 

The singlet CT excited-state splitting (eq 29) predicted by the 
MO model ("-" higher than "+") is opposite to the ordering 
given by the VBCI model ("+" higher than "-"; cf. section II.A, 
(21)). Thereason for this contradiction is a different contribution 
of the MMCT in the CT state which is seen by again expanding 
the MO many-electron wave functions containing the mixed 
orbitals d and d-' into those containing the unperturbed orbitals 
A and d-. Of course, CI could also be employed in the MO 
framework, which would remove the disagreement with the VBCI 
prediction. 

So far, the (?r"b)" - Cu CT transition has not been considered. 
The azide ( ~ n b ) ~  orbital is oriented vertical to the Cu-N&u 
plane and has a comparatively weak winteraction with the metal. 
It is therefore at higher energy than the in-plane orbital (anb),. 
In addition, the overlap between ( ~ n b ) ~  and the singly occupied, 
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highest metal orbital is small. Hence, the (rnb), - Cu CT 
transition is at  lower energy than the ( r n b ) ,  CT transition and 
has a much smaller intensity. In analogy to the (rnb). CT state, 
the (rnb)” CT state is doublydegenerate and may split by electronic 
interactions. This point is further considered in section 1II.B. 

To summarize, the treatment of section 1I.B has shown the 
following: (i) The VBCI model allows a qualitative understanding 
of the effects of CT state splitting and CT state antiferromag- 
netism. (ii) The MO model provides a physical picture for the 
VBCI parameters A and hdT which determine the CT state 
energies. In particular, the triplet CT splitting is given by the 
HOMO-LUMO splitting. As the triplet CT  state descriptions 
coincide in the M O  and VBCI model, A and hd* are accessible 
from a MO calculation (see the following section). 

Tuczek and Solomon 

111. Application to Copper Azide Model Systems: Ground- 
and Excited-State Properties 

1II.A. Molecular Orbital Model. III.A.l. Computational 
Methods. The electronic structure of a copper(I1)-azide monomer 
and a cis p-1,3 dimer was calculated using the standard version 
of the SCF-XaSW method. Both mono- and binuclear copper 
azide systems exist which have been structurally characterized 
and studied spe~troscopically.~~J6 The geometry used for the 
monomer calculation was adapted from that of the [(L’-O)Cu- 
(N3)].H20 complex,27 which is an almost ideal square-based 
pyramid with two nitrogen coordinating ligands, one phenoxo 
group, and one azide in the basal plane. This coordination was 
simplified in the calculation to square planar by placing three 
ammonia ligands and the azide in the basal plane, resulting in 
C, molecular symmetry. The dimer calculation is based on the 
[Cuz(L-Et)(N3)I2+ ion, where the coordination around each Cu 
center is also close to square-pyramidal.16 The basal Cu 
coordination of two benzimidazolyl nitrogens, bridging alkoxy 
(approximated as hydroxide), and azide was also idealized to 
square planar, resulting in Cb molecular symmetry. The input 
geometries of monomer and dimer are compiled in Table 11. 

Spin-unrestricted SCF-XaSW calculations2* were performed 
on the monomer and the dimer. In addition, broken symmetry 
SCF-XaSW calculations were performed on the dimer according 
to the procedure of Noodleman.29 Both systems were placed in 
Watson spheres in order to ensure overall neutrality. The 
calculations were considered to be converged when the largest 
relative change in the potential between subsequent iterations 
was less than 1 X 10-5. a values for the atomic regions were 
taken from the table of Schwarz,30 and those in the inter- and 
outer-sphere regions were weighted averages of the atomic a 
values based on the number of valence electrons in the neutral 
free atoms. All calculations were performed with Cu, 0, 
ammonia-N, and H sphere radii fixed a t  2.95, 1.84, 1.70, and 
1.17 bohr, respectively. These values have been optimized in a 
previous X a  study of copper peroxide systems;21 in particular, 
the 0 2 2 -  u*. - Cu charge-transfer transition energy was 
reproduced for a copper peroxide monomer which corresponds 
to the azide monomer system studied here. The azide sphere 
radii were determined in a calculation of free azide (N3-) with 
an equilibrium N-N bond distance of 2.2200 bohr placed in a 
Watson sphere of +1 charge. The photoelectron spectrum of 
azide and the transition energy to the lowest excited state were 

(27) The ligand L’-0- is the anion of 2-([N,N-bis(2-pyridylethyl)- 
amino]methyl)phenol: Karlin, K. D.; Cohen, B. I.; Hayes, J. C.; Farooq, 
A.; Zubieta, J. Inorg. Chem. 1987, 26, 147-153. 

(28) (a) Slater, J. C. The Selfconsistent Field for  Molecules and Solids; 
McGraw-Hill: New York, 1974; Vol. 4. (b) Johnson, K. H. Adv. 
Quantum Chem. 1973, 7, 143-185. 

(29) (a) Noodleman, L.; Norman, J. G., Jr. J.  Chem. Phys. 1979,70,4903- 
4906. (b) Noodleman, L. J. Chem. Phys. 1981, 74, 5737-5743. 

(30) (a) Schwarz. K. Phys. Rev. B 1972, 5, 2466-2468. (b) Schwarz, K. 
Theor. Chim. Acta 1974, 34, 225-231. 

Table II. Inuut Geometries of Comer Azidesa 
position 

no. atom X Y Z radius CY 

(A) Azide Monomer 
1 out -0.1102 -0,9273 0.0000 8.8371 0.78276 
2 Cu 0.2070 -0.9527 0.0000 2.9500 0.70697 
3 N4 1.3460 2.6590 0.0000 1.6000 0.75197 
4 N5 -0.1821 4.3827 0.0000 1.3000 0.75197 
5 N6 -1.5445 6.2682 0.0000 1.6000 0.75197 
6 N3 3.9548 -1.4414 0.0000 1.7000 0.75197 
7 N1 -0.7215 -4.8635 0.0000 1.7000 0.75197 
8 N2 -3.5246 -0.0861 0.0000 1.7000 0.75197 
9 H l A  -2.6003 -5.0651 0.0000 1.1700 0.97804 

10 H l B  0.0000 -5.6822 -1.5429 1.1700 0.97804 
11 H2A -3.7348 1.7921 0.0000 1.1700 0.97804 
12 H2B -4.3507 -0.7983 -1.5429 1.1700 0.97804 
13 H3A 4.3493 -3.2896 0.0000 1.1700 0.97804 
14 H3B 4.6941 -0.6397 -1.5429 1.1700 0.97804 
15 H l B  0.0000 -5.6822 1.5429 1.1700 0.97804 
16 H2B -4.3507 -0,7983 1.5429 1.1700 0.97804 
17 H3B 4.6941 -0.6397 1.5429 1.1700 0.97804 

(B) Azide Dimer 
1 out 0.0000 0.0012 O.OOO0 9.1336 0.77702 

3 Cu2 3.4157 0.0012 O.oo00 2.9500 0.70697 

5 N6 0.0000 3.7344 O.oo00 1.3000 0.75197 
6 N7 2.1730 3.6395 O.oo00 1.6000 0.75197 

2 Cul  -3.4157 0.0012 O.OOO0 2.9500 0.70697 

4 N5 -2.1730 3.6395 0.0000 1.6000 0.75197 

7 0-H O.oo00 -1.3511 O.oo00 1.8400 0.74447 
8 H - O  O.oo00 -3.2408 O.OOO0 1.1700 0.97804 
9 N1 -7.1294 0.7029 O.OOO0 1.7000 0.75197 

10 N2 -4.5798 -3.7134 O.OO00 1.1700 0.75197 
11 N3 7.1294 0.7029 O.oo00 1.7000 0.75197 
12 N4 4.5798 -3.7134 O.oo00 1.7000 0.75197 
13 H l A  -7.4185 2.5703 0.0000 1.1700 0.97804 
14 H l B  -7.9145 -0.0555 -1.5426 1.1700 0.97804 
15 H2A -3.0685 4 .8480 0.0000 1.1700 0.97804 
16 H2B -5.6182 4 .0489 -1.5426 1.1700 0.97804 
17 H3A 7.4185 2.5703 0.0000 1.1700 0.97804 

19 H4A 3.0685 -4.8480 0.0000 1.1700 0.97804 
18 H3B 7.9145 -0.0555 -1.5426 1.1700 0.97804 

20 H4B 5.6182 4.0489 -1.5426 1.1700 0.97804 
21 H l B  -7.9145 -0.0555 1.5426 1.1700 0.97804 
22 H2B -5.6182 -4.0489 1.5426 1.1700 0.97804 
23 H3B 7.9145 -0.0555 1.5426 1.1700 0.97804 
24 H4B 5.6182 -4.0489 1.5426 1.1700 0.97804 

a All distances in bohr. In the azide monomer x is rotated with respect 
to x 11 CU-N~.  

reproduced satisfactorily with radii of 1.6 bohr (terminal N)  and 
1.4 bohr (central N).” 

III.A.2. Ground-State Properties of the Azide Monomer and 
Dimer. a. Monomer. The azide monomer model, [Cu(NH3)3- 
(N3)]+ (model structure l), has an approximately square-planar 
coordination of ammonia (NI,  N2, N3) and azide nitrogen atoms 
(N4 coordinating, N5 central, N6 terminal) around the central 
cupric ion with C, molecular symmetry. Energies and charge 
distributions of the one-electron energy levels from spin-unre- 
stricted SCF-XaSW calculations are given in Table 111. A 
diagram of these energy levels is presented in Figure 5 ,  left. With 
the x-axis given by the vector Cu-N4, the ground state of the 
molecule has one electron in the Cu dS-3 spin-up orbital (level 
18A’t) and thecorrespondingd+zspin-downorbital (level 18A’i) 
is empty. Level 18A’t is the highest occupied (HOMO) and 
level 18A’i the lowest unoccupied molecular orbital (LUMO; cf. 
Table 111). As shown in the contour plot of the wave function 

~ ~ ~ ~ 

(31) Transition energies (in eV) obtained by Xu transition state calculations 
and experimental ionization energies (in parentheses) (from: Lee, T. 
H.; Colton, R. J.; White, M. G.; Rabalais, J. W. J .  Phys. Chem. 1975, 
79,4845) are as follows: lr, 4.0 (4.0); 3u. 9.7 (8.0); 4us 10.6 (9.5); 1%” 
9.3 (12.8); 20. 23.7 (24.2); 3us 27.5 (28.2); 2us 392.4 (398.9); lu,, 
410.53 (403.5). The IE,, and ‘Au states were calculated at 6.0 eV. C/.: 
Fischer, C. R.; Kemmey, P. J.; Klemperer, W. G. Chem. Phys. Lett. 
1977,47, 545-549. 
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Table HI. Energy Levels and Charge Decomposition for Monomer 
Model ICu(NHMNdl+  

0 -  

charge decomposn (%) 

level energy (eV) Cu N4 Ns N6 N1 -N3 intb 
18A’(i) d(LUM0)  +0.2545 53 3 3 7 27 6 
18A’(t) d(HOM0)  -0.2545 51 4 2 6 30 6 
7A”(1) (@“‘)v -1.7434 27 26 1 28 0 17 
7A”(t) (rnbIV -1.9716 13 31 1 34 0 21 
17A’(J) d -2.2216 86 3 0 3 2 6 
l6A’(J) d -2.3413 81 6 0 5 3 4 
6A”(J) d -2.4594 98 0 0 0 0 1 
17”) (rnb). -2.6463 28 25 1 25 4 15 
15A’(1) (rnb). -2.6496 30 20 2 22 11 13 
5A”(J) d -2.7325 72 9 1 10 0 8 
16Af(t) d -2.8494 78 3 0 2 10 6 
15Af(f) d -3.1111 87 2 0 3 4 2 

5A”(f) d -3.2850 86 4 1 5 0 4 
6Af’(t) d -3.1252 98 o o a o 1 

a Energies have been scaled such that 0 eV is between the HOMO and 
LUMO. Intersphere contribution. 

lumo 
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Monomer ois p - l , 3  Dimer 

Figure 5. Energy levels of the Cu azide monomer (left) and dimer (right). 
The orbital energies have been scaled with 0 eV centered between the 
HOMO and LUMO. 

of level 18A’t in Figure 6A, the Cu ds-9 orbital is directed toward 
and delocalized on the neighboring ammonia and azide ligands 
and is antibonding with respect to the ligand valence orbitals. 
The HOMO and LUMO are split in energy by 0.5 eV as a result 
of the different spin-up and spin-down potentials. This splitting 
is only accounted for in a spin-unrestricted SCF calculation. The 
next levels at deeper binding energy are the azide ( ~ n b ) ~  spin 
orbitals (levels 7A”) oriented vertical to the CU-N~ plane. As 
shown in Table 111, the azide ( ~ n b ) ~  orbital is equally distributed 
over both terminal nitrogens (N4 and N6) with vanishing 
contribution of the central nitrogen (N5). The Cu contribution 
in the ( ~ n b ) ~ $  level is twice as large (27%) as in the ( rb ) ,?  level 
(1 3%), which induces an energy splitting of 0.2 eV between these 
levels. In contrast, the in-plane azide ( rnb) .  spin-up and spin- 
down levels (levels 17A’t and 15A’J) are close to degenerate. 
The contour plot of the wave function of level 17A’t (Figure 6B) 
shows that the ( ~ “ b ) .  orbital is equally distributed over Cu and 
the terminal nitrogens N4 and N6 with vanishing contribution of 
the central nitrogen N5 and that a u bonding interaction exists 
between Cu d, and azide. This interaction stabilizes the (rnb). 

inorganic Chemistry, Vol. 32, No. 13, 1993 
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Figure 6. Contour plots of the Cu azide monomer in the xy plane with 
the x-axis along the Cu-azide terminal N (N4) bond: (A) HOMO (B) 
(&).. Contours are located at hO.005, h0.01, h0.02, h0.04, h0.08, 
and h0.16 (e/bohr3)l/2. 

orbital by 0.8 eV below the energy of the (rnb), orbital. The Cu 
d, orbital in turn is destabilized by an antibonding interaction 
with the azide (rnb), orbital, which is, however, weaker than the 
overall metal-ligand antibonding interaction with ds-9 such that 

H34H3B H3 

N 4  n 

H1 

6 

H2 Q 
strudure 1 
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Table IV. Energy Levels and Charge Decomposition for [ C U Z ( N H ~ ) ~ ( O H ) ( N ~ ) ] ~ +  

Tuczek and Solomon 

(A) Full Symmetry (Cb) Calculation“ 

level energy (eV) CUI(CU2) N s ( N ~ ) ~  NsC OH N I , N z ( N ~ , N ~ ) ~  inte 

charge decomposn (96) 

13B1 d (LUMO) +0.3838 32 5 0 5 10 0 
14.41 d (HOMO) -0.3838 35 1 3 1 1 1  0 
5Ai ( “ 9 V  -0.8704 8 32 2 0 0 18 
6Bz d -1.9246 42 0 0 13 0 2 
12B1 d -1.9531 39 7 0 0 1 4 
13.41 d -2.0976 47 0 0 0 3 3 
11BI d -2.1 3 38 46 2 0 0 1 1 
12A1 d -2.3 225 49 0 0 0 0 0 
5B2 d -2.3287 49 0 1 0 0 1 
4A2 d -2.3541 49 0 0 0 0 1 
3A2 d -2.541 1 43 4 0 0 0 4 
lOB, (K”% -2.7564 20 22 1 0 4 7 

(B) Broken Symmetry (C,) Calculation 
charge decomposn (Wy 

level energy(eV) CUI Cuz N5 N6 N7 OH N1,Nz N3,N4 inte 

27A’(t) d (LUMO) +0.3846 31 34 5 0 4 5 9 10 0 
26A’(t) d (HOMO) -0.3846 36 33 1 3 1 1 12 1 1  0 

10A”(t) d -1.1236 37 47 0 0 0 13 0 0 2 
25A’(t) d -1.9504 29 50 7 0 7 1 1 1 4 
24A’(t) d -2.0984 48 45 1 0 0 0 1 2 3 
23A’(t) d -2.1333 45 48 1 0 1 1 1 1 1 
22A’(t) d -2.3252 58 39 1 0 0 0 0 0 0 
9A’Yt) d -2.3261 38 59 0 1 0 0 0 0 1 
8A”(t) d -2.3559 55 43 0 0 0 0 0 0 1 
7A”(t) d -2.5437 53 34 4 0 4 0 0 0 4 
21A’(t) (rnb), -2.7564 21 18 22 1 22 0 4 4 7 

11A”(t) ( T ” ~ ) ~  -0.8699 8 8 32 2 32 0 0 0 19 

a Energies have been scaled such that 0 eV is centered between the HOMO and LUMO. Terminal N of the azide group. Central N of the azide 
group. Ammonia nitrogens. e Intersphere contribution. /Atom designations and energy scaling as in part A. 

the latter orbital is the HOMO (see above). In fact, ds-9 is 
primarily antibonding with respect to the ammonia nitrogens 
(NI -N~)  (see Table 111). The 13% azide contribution to the 
HOMO l8A’t is mixed (see Figure 6A), Le. a superposition of 
-(.nb).=-(1/1/2)[p(N4)-p(N6)] for theantibondin interaction 
of d,z-9 with (rnb), and +(?r*), = +(1/1/2) ((1/ 2 2)[p(N4) + 
p(N6)] - p(N5)) for the bonding interaction with +(?r*),; p(N,) 
are the in-plane nitrogen p?r orbitals of N4, Ns, and N6. The 
bonding interaction with the high-energy azide T* orbital 
corresponds to back-conation of electron density from the metal 
to the ligand, a feature not commonly associated with the azide 
ligand.32 

b. Dimer. The dimer model used here has a square planar 
coordination for each cupric ion including ammonia nitrogens 
(NI-N~) ,  a bridging hydroxo, and a cis p1 ,3  bridging azide (Ns- 
N7; N6 central) ligation (model structure 2). The molecular 
symmetry is Cb. Energies and charge distributions of the one- 
electron levels from spin-unrestricted SCF-XaSW calculations 
are given in Table IVA, and the energy level diagram is presented 
in Figure 5 ,  right. The contour plots of the wave functions are 
presented in Figure 7. 

With the x-axis along the Cu-Cu vector (cf. Figure l) ,  the 
ground state of the azide dimer has two electrons in the half- 
occupied d, orbitals of each copper. The HOMO (level 14A1) 
is the symmetric (AI) combination of the d, orbitals (see Figure 
7B), and the LUMO (level 13B1) is the antisymmetric (B1) 
combination with respect to the mirror plane between the two 
coppers (see Figure 7A). The B1 combination of the d, orbitals 
undergoes a u bonding-antibonding interaction with the in-plane 
(rnb) azide orbital: the contour plot of level lOBl (Figure 7C) 
shows the u bonding interaction between the dxy orbitals and the 
azide (&),level, and thecontour plot of level 13B1/27A’(LUMO 
Figure 7A) shows the u antibonding interaction with (rnb)),. Table 

(32) Jones, K. In Comprehensiue Inorganic Chemistry; Pergamon hess: 
Oxford, U.K., 1973; Vol. 2, Chapter 19 (Nitrogen), pp 147-388. 

H 4  H4E 

Structure 2 

IVA indicates that level lOB1 is equally distributed over the two 
coppers and the two terminal nitrogens of the azide group, Ns 
and N7, with no contribution of the central nitrogen (Na). This 
interaction is the primary contribution to the azide bond and 
lowers the (rub) level to -2.37 eV below the HOMO energy. The 
LUMO (level 13B1) is reciprocally raised in energy by the 
antibonding interaction (see Figure 5 ,  right) to 0.77 eV above the 
HOMO energy. Figure 7A shows that the interaction of the Cu 
d, is not only antibonding with respect to azide but also with 
respect to all other ligands, Le. hydroxide and ammonia (cf. part 
a). In particular the hydroxide contribution in the LUMO (see 
Table IVA) acts to increase the HOMO-LUMO splitting. By 
symmetry, theHOMO(level14A~)cannot interact with theazide 
(4). orbital and is primarily nonbonding. However, the contour 
plot of this level (Figure 7B) shows a contribution of the in-plane 
high-energy azide (?r*), orbital (cf. part a). Thus, the (**),, 
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Figure 7. Contour plots of the Cu azide dimer in the xy plane with the 
x-axis along the Cu-Cu vector: (A) LUMO; (B) HOMO (C) (rub).. 
Contours are located at t0.005, fO.O1, f0.02, t0.04, t0.08, and t0.16 
e/bohr. 

orbital which is unoccupied and lies at  an energy of +3.968 eV 
above the HOMO acts to stabilize the HOMO with respect to 
the LUMO. Together these interactions lead to an increased 
HOMO-LUMO splitting and to a significant stabilization of the 
Cu-azide bond. As shown in Figure 5 ,  right, and Table IVA, the 
next level below the HOMO at -0.5 eV consists primarily of the 
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Table V. Results of SCF-Xu Transition-State Calculations, VBCI 
Parameters, and Optical Transition Energies (Rounded Values) for 
the Cu(I1) Azide Dimer System’ with All Energies in cm-I and 
Optical Transitions Given with Polarizations 

MO MO 
(full sym), VBCI (broken sym) 
26 681 
6 849 
19 832 
10 674 

80 000 
52 426b 

-13 518 

30 900 23 500 (2 )  

27 000 ( x )  
19 300 (y, R,, R,) 15 300 
1700 3 600 
8 200 

@ x 11 Cu-Cu, C2 = z. Experimental value. 

azide out-of-plane (4)” orbital weakly interacting with Cu. At 
deeper binding energy, but above the (~nb), ,  orbital, are the 
remaining copper d levels. 

c. Antiferromagnetism of the Azide Dimer. A theoretical value 
for the magnitude of the ground state magnetic coupling constant 
-2.P can be obtained by calculating the energy difference between 
the ground-state triplet, 3B1GS, and the ground-state singlet, 1A1OS: 

-2ps  = Esil -Es,, = E(3B,GS) - E(’A,OS) (30) 

In the framework of the Xa calculation, excited-state energies 
can be estimated with the Slater transition-state method, where 
half an electron is transferred from a donating into an accepting 
orbital and after convergence the energy difference between the 
half-occupied orbitals is the transition energy.** For a spin- 
allowed transition, the electron is moved from an orbital of a 
given spin into an orbital of the same spin, and for a spin-forbidden 
transition it is moved into an orbital of opposite spin. A transition 
energy of -2J = 3606 cm-I is obtained for the lAIGS - 3BIGS 
transition. 

Due to the incomplete description of the lAIGS ground state 
in the single-determinant MO wave function I@+GS (cf. Table I, 
Scheme V in part II.B.2 and Discussion), the -2Jvalue obtained 
this way is in general too large. Alternatively, the calculation 
can be carried out in the broken-symmetry formalism,29 which 
removes symmetry elements relating the two halves of the dimer. 
In the limit of weakly interacting dimers where the magnetic 
electrons are localized on each metal center, this broken-symmetry 
state Ob is an equal mixture of the “correct” singlet wave function 
I\k+GS = lAlGS (see Table I)  and the triplet wave function 3lk-GS 
( M p O )  = 3BlGS (MS=O).~~ Hence, the energy of @b is the 
average of the (correct) singlet- and triplet-state energies, and 
the ground-state splitting is twice the energy difference of the 
triplet and broken-symmetry states 

-2pS = 2[Es,l -E,=,]  = 2 [ E (  3 B, OS ) - (ab)] (31) 
We find that the broken-symmetry calculation for the dimer gives 
no localization, i.e. the HOMO, LUMO, and azide (4) spin-up 
and spin-down levels are equally distributed over both halves of 
the dimer (Table IVB). This means, (ab) 1 and the 
full symmetry calculation is “stable” toward localization. Cor- 
respondingly, the broken-symmetry calculation of -25 is found 
to give the same result as the full symmetry calculation (Table 
V). An alternative evaluation of - 2 P  in terms of the VBCI 
model is given in section 1II.B. 

III.A.3. Excited-State Transition Energies. The Slater- 
transition-state method has also been shown to provide a 
reasonable estimate of excited-state energies as it partially includes 
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Scheme IX + 
A 

GS 0 h d r  0 0 
CT h d r  A h d r  &hd, 
MMCT 0 h,j, U 0 
DCT 0 A h , ,  0 E,,, 

Tuczek and Solomon 

(34) 

The 3B1 secular problem is given by 

‘ t  
relaxation effects due to changes in the electron density distribution 
in the transition.28a This is particularly important when calcu- 
lating charge-transfer (CT) transitions. Excited-state transition 
energies for the (@),and (&), CT states are compiled in Table 
V. All calculations have been carried out both for the monomer 
and the dimer in the spin-unrestricted formalism. For the dimer, 
transition states were calculated in full (C2J as well as in broken 
symmetry (C,) . 

First, the triplet state energies are evaluated in C, symmetry. 
The transition from the triplet ground state 3B1GS to the (rnb), 
CT triplet excited state 3A1CT is effected by moving an electron 
from (iPb). to the HOMO (Scheme IX). The corresponding 
transition energy (see Table V) is calculated by converging the 
configuration with half a spin-down electron in (?rnb), and half 
a spin-down electron in the HOMO (uide supra). Starting from 
the converged 3AICT state (cf. Scheme VIII, left), the transition 
energy to the 3B1CT state (cf. Scheme VIII, right) is calculated 
by moving the half of a spin-down electron from the HOMO to 
the LUMO. Hence, the energy difference E(3BICT) - E(3A1CT) 
= 6850 cm-l of the (?mb), states (see Table V) should approx- 
imately correspond to the HOMO-LUMO splitting (cf. (29)). 
This quantity was calculated independently by converging the 
ground-state triplet and taking the energy difference between the 
HOMOand LUMO which gives a value of 6727 cm-l. In analogy 
with the (T”),, transition, the transition energy from the triplet 
ground state to the ( ~ r n b ) ~  triplet CT  state 3B2CT is calculated by 
moving an electron from ( ~ n b ) ~  to the HOMO (cf. Scheme IX 
and Table V). In the following section, the azide - Cu CT 
energies are calculated with the VBCI model on the basis of the 
(full symmetry) triplet - triplet transition energies obtained in 
this section. 

For comparison, excited-state transition energies have also been 
calculated in the broken-symmetry formalism and are included 
in Table V. Here, only Ms = 0 excited configurations with one 
electron shifted from (@), or ( ~ “ b ) ~  to the LUMO are calculated 
giving, in the weak coupling regime, transition energies averaged 
over the singlet and triplet as well as over the A1 and B1 components 
of (@), and the A2 and Bz components of (?mb),, respectively.21 
The average transition energy from the broken symmetry ground 
state to the (rnbb). CT state is 30 934 cm-l and to the (rnb)v CT 
state 15 300cm-1. Compared with the mean experimental (rnb),, 
transition energy of 25 600 cm-’, the broken-symmetry value of 
30 934 cm-1 is -5000 cm-l too high. This corresponds to the 
observation made in our previous X a  study of copper peroxo 
systems that the ( ~ n b ) ~  transition energy obtained from a broken- 
symmetry transition-state calculation is systematically too high. 
In contrast, the (irnb)v energy is -4000 cm-l too low if compared 
to a band observed at  19000-20000 cm-1 in met azide 
hemocyanins and met apo hemocyanin which has absorption as 
well as CD intensity and has been assigned to the ( ~ n b ) ~  transition.15 

1II.B. Valence-Bond-CI Model. In section 1I.B it has been 
shown that the MO description of the ground and (@), CT 
excited triplets, ’BIGS, 3AIa ,  and3B1CT,coincides with thevalence- 
b o n d 4 1  (VBCI) formalism. In terms of the VBCI model, the 
splitting of the triplet (rnb). CT state into 3A1CT and 3B1CT (see 
Table V) is due to configuration interaction (CI) between 3BlGS 
and3B1CT,whilenointeractionexistsfor3AICT(cf.section II.B.1). 

GS CT 

GS h d r  (32) 
CT A 1 

(cf. (17)), where A is the zeroth order CT energy, Le. the energy 
difference between the unperturbed 3BlGS and (’BICT, 3AIa) 
states (see Figure 8, right). Note from Figure 8 that 3B1Gs is 
stabilized by the same amount as 3BIa is destabilized with respect 
to 3AlCT. Hence, with a value of 26 681 cm-1 for E(3AIa) - 
E(3B1GS) and 6849 cm-1 for E(3BICT) - E(3A1CT) (Table V), A 
is 26 681 - 6849 = 19 832 cm-1 and the 3B1ff state is at  26 681 
+ 6849 = 33 530 cm-1 above the ground triplet (see Figure 8, 
“SCF triplets”, and Table V). This mutual repulsion of the 3BI 
states is reproduced by a value of the transfer integral hdr of 
-13 518 cm-1 in (36). 

The values of hdr and A determined numerically from the triplet 
states are now used in the VBCI analysis of the singlet states. 
First the 2 X 2 lB1 problem (eq 23) is treated which involves the 
interaction of lBICT with the metal-to-metal CT  (MMCT) state, 
lBIMMCT (cf. Scheme I11 in section II.B.1). From photoelectron 
spectroscopy, the energy of the MMCT state, also known as the 
Mott-Hubbard U,33 is known to be around 6.5 eV.34 The IBI 
interaction matrix 

(33) Anderson, P. W. Phys. Reu. 1959, 115, 2. 
(34) Didziulis, S .  V.; Cohen, S .  L.; Gewirth, A. A.; Solomon, E. I. J .  Am. 

(35) Archibald, T. W.; Sabin, J. R. J.  Chem. Phys. 1971, 55, 1821-1829. 
Chem. SOC. 1988, 110, 250-268. 
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F i p e  8. Energy level scheme resulting from application of the VBCI 
model for the (rnb), states of the Cu azide dimer. 

valueof 3600 cm-I. In addition to this considerable improvement 
of the simple MO prediction of CT energies, the VBCI model 
gives a physical rationale for the excited-state antiferromag- 
netism: the MMCT and DCT transitions generating singlet, but 
not triplet, states cause a depression of the AI, Bl CT states by - 10 000 cm-l relative to the triplets. As a measure of this 
interaction, we define 

From (39, we obtain a shift of -2FT = 8217 cm-1 for the IAlCT 
below the 3BICT state. Via this depression of the CT singlets with 
respect to the CT triplets, the ground-state singlet is also lowered 
with respect to the ground-state triplet (cf. Figure 8). Thus, the 
VBCI treatment gives a coupling constant of -2Ps  = 1733 cm-l, 
which is about half as large as the value of -3600 cm-l obtained 
from the SCF-Xa transition-state calculation. 

A similar treatment applies to the VBCI calculation of the 
( ~ n b ) ~  - Cu CT energies. As with the (@), states, the ground- 
state triplet - CT state triplet ((@), - HOMO; cf. Scheme 
IX) transition-state calculation gives the zeroth-order CT tran- 
sition energy, which, in case of the (@), - Cu CT transition, 
is denoted by A,. In case of the [Cuz(L-Et)(Nj)] system, A, has 
been calculated to 10 674 cm-l (Table V). Whereas the (rnb), 
state is split by CI with the ground state, no such interaction is 
possible for the (?rnb), state in planar symmetry. This is connected 
to the fact that, with respect to the molecular plane containing 
theCu-N3-Cuunit, (@),is symmetric and (@),antisymmetric. 
Hence, no totally symmetric state derives from the (?rnb), CT 
state and, in terms of the VBCI model, there is no splitting of this 
CT state. Including the depression of the lAIGS ground state of 
8582 cm-I, the (rnb), CT transition in terms of the VBCI model 
is therefore predicted at 19 256 cm-l ('Bz, ~Az) ,  in good agreement 
with met azide hemocyanin data.lS If the nonplanarity of the 
molecule is taken into account, a splitting of (rnb), may result. 
In fact, the C b  symmetry assumed in our model calculation of 
the [Cuz(L-Et)(N3)] dimer isanidealization (seesection III.A.1). 

IV. Discussion 

The model presented in this study has solved two conceptual 
problems which have emerged from spectroscopiczd and theo- 
retical21 investigations of peroxide- and azide-bridged copper 
dimers relevant to oxy-hemocyanin. The first problem was how 
to interpret the sign and magnitude of charge-transfer (CT) 
excited-state splittings observed in the optical spectra of these 
systems, as the TDVC (transition dipole vector coupling) model 
developed to interpret these CT spectra and determine the selection 
rules was shown to account for only a small fraction of the observed 
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CT state splitting.15 The second problem was related to the 
observation that bridging ligand - metal CT transitions in a 
dimer tend to be lower in energy than the corresponding transitions 
in the monomer whereas molecular orbital (MO) theory predicts 
the CT transition to be at  higher energy in the dimer than in the 
monomer from the additional stabilization of the ligand valence 
orbital due to bridging. In this study, three models are developed 
and evaluated and it is shown that only the VBCI (valence-bond 
configuration interaction) model is able to explain the experi- 
mental CT spectra of structurally characterized copper(I1) azide 
monomers and dimers. 

The excitonic model takes into account only the diagonal 
electronic splittings expressed by the two-electron integrals I ,  
Jd*, and L (all positive) and the one-electron integral, kAB (see 
eqs 13 and 14). Thelcontribution to the splitting can beestimated 
from the coupling of the CT transition moments (TDVC model), 
but this accounts in the case of the azide bridged dimer for only 
10% of the observed ~p1itting.l~ From exciton theory, it is known 
that the two-electron integral L << 423,36 hence, only kAB remains 
to account for the majority of the observed CT state splitting. 
The one-electron contribution  AB is, however, also anticipated 
to be small due to the large distance between the two copper 
centers. Apart from  AB, the CT splitting scheme of the excitonic 
model is formally identical with the excited-state interaction 
scheme of two closed-shell molecules (four electrons, four orbitals) 
as derived by Robinson and El Sayed.26 The physical difference 
is the fact that, in the case of the CT state of a metal dimer, one 
orbital containing one unpaired electron (bridging orbital) is 
shared by the two interacting centers whereas, for a dimer 
consisting of subunits being closed-shell in the ground state, no 
such overlap exists for any of the two singly occupied orbitals in 
the locally excited state. Both splitting schemesdiffer qualitatively 
from the splitting scheme for the d-d  states of two coupled Cu- 
(11) centers as derived for copper a ~ e t a t e . ~  The latter interaction 
scheme involves the same integrals, but only two electrons (or 
holes) are included in the dimer functions. 

As the electronic splittings derived from the diagonal energies 
are too small to account for the observed values, off-diagonal 
terms have to be considered. In terms of the VBCI model, the 
CT state splitting results from configuration interaction (CI) of 
the "+" singlet CT component with the "+" singlet ground state, 
and the *-" triplet CT component with the "-" triplet ground 
state ("+"and "-" denote the transformation behavior with respect 
to the mirror plane between the two Cu centers of the cis p1 ,3  
azidedimer). Insight into the physicalorigin oftheVB interaction 
is provided by a comparison with the CT splitting energy obtained 
in the MO model. It is shown that the triplet CT splitting in 
terms of the MO model is (i) given by the HOMO-LUMO- 
splitting energy and is (ii) identical to the triplet CT splitting 
obtained by the VBCI model. A similar splitting of a CT transition 
due to orbital splitting has been suggested for cobalt-superoxo 
dimers.' As the triplet ground-triplet CT state interaction is 
identical to the singlet ground-singlet CT state interaction, the 
VBCI singlet CT splitting is also given by the HOMO-LUMO- 
splitting but inverted relative to the triplet CT state splitting. 
This is, however, correct only to a first approximation since the 
singlet CT states interact with two additional states, the metal - metal CT (MMCT) and the double CT (DCT) states. The 
interaction of the "+" and "-" singlet CT with the "+" and "-* 
MMCT states acts to lower the energy of the singlet CT states 
below that of the triplet CT states and thus corresponds to an 
antiferromagnetic interaction. This excited-state antiferromag- 
netism (ESAF) is very large due to the direct interaction with 
the MMCT states (- 10 000 cm-1 in case of the azide dimer) and 
is the reason for the observation that CT bands in bridged dimers 
are at  much lower energy than in the corresponding monomers. 
Thus, the "dimer bands" mentioned earlier derive from CT 
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transitions which are at high energy in the monomer but appear 
at much lower energy in the dimer due to ESAF. In general, 
antiferromagnetism is ascribed to spin pairing in overlapping 
orbitals; in fact, this approach corresponds to the usual VB 
concept.36 We have alternatively started from orthogonal orbitals 
and introduced antiferromagnetism by CI. Both approaches are, 
of course, equivalent. In any case, the magnitude of ESAF 
depends on metal-ligand overlap as expressed by the transfer 
integral hdr (vide infra). As the HOMO-LUMO splitting and 
thus the CT excited-state splitting also depend on metal-ligand 
overlap, both the excited-state splitting and antiferromagnetism 
have the same physical origin. Finally, the "+" singlet CT state 
additionally interacts with the DCT state ("+"symmetry), which 
lowers the magnitude of the singlet CT state splitting somewhat 
but does not change the picture qualitatively. 

The first direct evidence for ESAF was found in a study of 
[Cu2C16]2-systems some years ago.24 Here, CT excitation at one 
Cu center creates a hole in a chlorine type MO extending over 
the four C1- atoms coordinated to that copper which has good 
overlap with the singly occupied d orbital on the second copper. 
Hence, the singlet CT state is lowered by an energy > 3000 cm-I 
below the corresponding triplet CT state. As the condition for 
ESAF is the presence of unpaired electrons in a metal center, the 
Cu( 11) dimers considered thus far may be contrasted to closed- 
shell dimers, e.g. Co(II1) peroxo systems.37 The comparison 
between the trans p1,2 Cu peroxo and the analogous Co system 
is particularly interesting, as the A * ~ - A * ~  separation is only 2500 
cm-1 in the Cu(II), but 17 000 cm-1 in the Co(II1) case. As the 
x*,state is not subject to ESAF (Le. it does not provide an effective 
superexchange mechanism), the reason for this difference is strong 
ESAF in the A*, ICT state of the Cu dimer but not the Co dimer. 
This in turn is due to the fact that excitation from the stable d6-d6 
low-spin configuration to the Co*+-Co4+ MMCT configuration 
requires a much higher energy than to the C u + 4 u 3 +  configuration 
in the Cu d949 dimer. In addition, the MMCT configuration 
should be high spin and thus not interact with the singlet CT 
state. 

The VBCI model is applied to a structurally characterized Cu 
cis 1-1,3 azide bridged dimer giving a splitting of the ( A " ~ ) ~  - 
Cu CT transition into two transitions at 23 500 (lB1) and 27 000 
cm-1 (lAl), respectively, in close agreement with the observed 
values (23 800 and 27 400 cm-I, respectively). The (rnb). - Cu 
CT energy of the corresponding structurally characterized 
monomer is calculated at 27 8 15 cm-1 (experimental value 25 600 
cm-l Is). Thus, the calculation also reproduces the experimental 
observation that the lower energy dimer CT transition is shifted 
to lower energy as compared with the parent monomer transition. 
In contrast, the broken-symmetry MO formalism applied to the 
cis p 1 , 3  azide dimer predicts an average (&), CT transition 
energy of 31 000 cm-', Le. an overall shift of the CT transition 
to higher energy as compared to the monomer. The discrepancy 
to the VBCI prediction derives from the neglect of the CT splitting 
and, more importantly, the neglect of excited-state antiferro- 
magnetism, which, in case of the azide dimer, amounts to 8000 
cm-1 (Table V). Finally, also the VBCI prediction of the (rnb)" 
transition energy (1 9 300 cm-1) is superior to the broken-symmetry 
value (1 5 000 cm-l) in comparison to spectral data.'$ 

The electronic interactions present in the excited states of dimers 
are also of importance with respect to their ground-state properties 
which have been studied intensively.lJ As described in sections 
1I.B. 1 and III.B, ground-stateantiferromagnetism (GSAF) results 
from the interaction of the ground-state singlet with the CT excited 
singlet lowered in energy due to ESAF. In a perturbation limit, 
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we obtain from (17), (22), (30), and (35) 

and 

With (28), (37) is the familiar expression for GSAFS8 

(37) 

but with an additional antiferromagnetic term (Em/2)-' due to 
interaction of the singlet ground state with the DCT state. The 
example of the azide dimer shows that this term which appears 
in the VBCI and cluster41 m0dels3~-" but is not accounted for 
by Anderson theory41 is not negligible with respect to the familiar 
1/U term. Further, with the ground state-CT state mixing 
coefficient X = -hd,/A, a comparison of (36) and (37) gives 

-2ps  = (%) 1 (-2FT) = X2(-2FT) (39) 

showing that GSAF results from ESAF by mixing of the ground 
with the CT excited state (cf. (18) for the triplets). A parallel 
result has been derived by Anderson,42 but he has treated CT 
excited-state antiferromagnetism in a spin-Hamiltonian formal- 
ism. From realistic values of X (0.1-0.3), ESAF can be 1-2 
orders of magnitude larger than GSAF. In case of the azide 
dimer, the VBCI model gives -2PS 1700 cm-I (cf. Figure 8). 

In summary, the present study has shown that the shift and 
splitting of a CT transition in a bridged dimer can be understood 
quantitatively by considering configuration interaction between 
ground and CT valence bond configurations. For an exact 
treatment, these effects have to be complemented by the splittings 
derived in section 11, which can be described in terms of the 
two-electron integrals L and I. The overall shift of a dimer CT 
transition to lower energy as compared to the monomer transition 
corresponds to excited-state antiferromagnetism (ESAF), which 
is due to the coupling of an unpaired electron in a ligand with 
an unpaired electron in a metal orbital. The CT state splitting 
provides a measure for the HOMO-LUMO splitting of the 
complex. Both effects can be used to obtain information about 
the magnitude of the transfer integral hdr, i.e. about bonding in 
the complex. In principle, this information is also contained in 
the ground-state antiferromagnetism (GSAF) but only via 
admixture of the CT states. Hence, GSAF can be orders of 
magnitude smaller than ESAF. In the absence of direct overlap, 
a superexchange pathway via bridging ligand orbitals is required 
in order to provide a coupling between the two metal centers in 
the ground state. Since the intermediate states involved in these 
processes are exactly the CT states investigated here, we obtain 
also direct information on superexchange pathways in the 
electronic ground state of dimers. Thus, the spectroscopic 
investigation of a bridged dimer potentially provides a complete 
picture of the electronic structure, which is also of relevance for 
a detailed understanding of its ground-state magnetic properties. 
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