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The Thouless instability conditions in the binuclear iron complex 1 have been investigated by 
means of a semiempirical INDO approach. The behaviour of the restricted Hartree-Fock (HF) 
wave function with respect to singlet, non-singlet and complex variations of the orbitals is studied. 
The existence of a spin decoupled solution near the diamagnetic closed shell groundstate is de-
monstrated. The nature of the correlation processes (angular vs left-right) for the various orbital 
fluctuations is discussed. 

Introduction 

The electronic structure of binuclear transition 
metal compounds w i t h a diamagnet ic groundstate 
has been invest igated in large detail in recent years 
[1]. F r o m a theoretical point of v i e w t w o aspects 
were of main interest. On one side the magnitude 
of the direct metal-metal interact ion in bridged 
systems has been studied extens ive ly [2—5]. 

On the other side the general v a l i d i t y of the one-
determinantal H a r t r e e - F o c k ( H F ) picture has been 
questioned as C I calculations on several binuclear 
species h a v e demonstrated the significant impor-
tance of electron correlation [6, 7]. 

R e c e n t l y we h a v e shown t h a t the t w o theoretical 
problems (magnitude of direct metal-metal inter-
action v s coupling v i a l igand bridges and the 
va l id i ty of the one-electron picture within the H F 
approximation) can be unified b y means of theo-
retical procedures invest igat ing the stabi l i ty of the 
H F w a v e funct ion against orbital fluctuations 
[ 8 — 1 1 ] . T h e formalism is based on the random 
phase approximat ion ( R P A ) and has been derived 
b y Thouless [12]; Cicek and P a l d u s h a v e refor-
mulated the eigenvalue problem for the exci tat ion 
energies of a N e lectron system for quantum-
chemical purposes [13]. In the field of transit ion 
metal complexes the m e t h o d has been applied t o 
poly-decker sandwiches [8, 9] bimetallocenes and 
bimetallocenylenes [10] as wrell as to binuclear 
cyclooctatetraene complexes [11]. 

Reprint requests to Dr. M. C. Böhm, Institut für Organische 
Chemie der Universität Heidelberg, Im Neuenheimer Feld 
270, D-6900 Heidelberg. 

In this publication we w a n t to invest igate the 
stabil i ty of the H F solution, the nature and the 
range of electron correlation and the part ic ipat ion 
of the bridging l igands in m a n y b o d y effects in t h e 
iron complex trans[(^ 5 -C 5 H 5 )Fe(CO) 2 ]2 (1)- Theo-
retical f ramework of this s t u d y are the instabi l i ty 
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conditions as derived b y Thouless [12]; computa-
tional f ramework is an improved I N D O Hamil-
tonian designed for transit ion metal compounds 
[14]. 

Theory 

Based on R P A the s tabi l i ty of the H F orbitals 
against the fol lowing variat ions is invest igated: 

a) Violat ion of the spatial s y m m e t r y while the 
orbitals are spin-paired (a and ß spin) a n d retain 
their real character. 

b) Violations of the spatial and spin s y m m e t r y 
leading to an unrestricted solution of the H F deter-
minant. 

c) Violat ion of the real character of the orbital 
w a v e funct ion leading to complex solutions for the 
one-electron functions. 

The stabi l i ty condition of the H F determinant 
| & o ) can be formulated as an eigenvalue problem 
for the exci tat ion energies 1>ZÄ for the N electron 
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s y s t e m [13, 15, 16]. 

a , 3 x i , 3 y \ / i , 3 c i.3 c 
1,3Y 1'3Xl\1'30l l 1 ' 3 ^ ) ' ^ 

!> 3 X symbolizes the m a t r i x w i t h singly exci ted 
configurations on the diagonal and the m u t u a l 
interact ion energies on the off-diagonal; 1>3Y 
stands for the C I m a t r i x between doubly exci ted 
configurations and the H F groundstate , C is the 
co lumn m a t r i x of mixing ampli tudes between the 
occupied and e m p t y Fermi-sea, 1>3X, 1>3Y and C 
are the complex conjugates of 1>3JL, 1 < 3 Y and C. 
T h e m a t r i x elements of 1 » 3 X and ! ' 3 F are defined 
in eq. (2) and (3); the upper signs correspond to 
orbital fluctuations of the singlet t y p e ( 1 X , 1 Y - > 
lX), the lower ones are associated to triplet (non-
singlet) exci tat ions ( 3 X , 3 F - » 3 A ) . 

1'3Xjcijm = (ei — sk) djcjdim + (kl,jm) 
— (kj,lm) ± (kl,jm) (2) 

1'3YkiJm = (kl,jm) — (km, jl) 
±(kl,jm) (3) 

T h e indices k and j correspond to orbitals occupied 
in the H F groundstate | <Z>oX l and m refer to the 
particle-states. T h e orbitals cpk h a v e been obtained 
b y means of the real, restricted H F eigenvalue 
problem (4) where F symbolizes the F o c k operator. 

F | 9Ok) = £k | cpk) • (4) 

T h e electron-electron interact ion integrals in (2) 
a n d (3) are defined in eq. (5): 

1 
(k I, j m) = ( epic (1) cpi (1) 

r 12 
(pj(2)cpm(2) (5) 

T h e exci tat ion energies 1»3A are posit ive if the 
interact ion m a t r i x on the le f t of E q . (1) is posit ive 
definite. According t o Thouless this condition also 
guarantees the stabi l i ty of | OQ) against orbital 
fluctuations. 

I f the spin-orbitals | cpk)a are associated to | 0o>, 
the orbitals of the determinantal w a v e funct ion 
| @y resulting f rom the eigenvalue problem (1) are 
g i v e n b y the expansion (6) where the spin-orbitals 
| cpk)a h a v e been replaced b y one-electron functions 
| <jpkVa wi th mix ing ampli tudes ckGia' • 

oo 

| <PkVo = I (pk)o + 2 I • (6) 
l = N +1 

The u n i t a r y transformations (8) — ( 1 1 ) form a 
proper one-electron basis for the singlet (XA) and 
triplet (non-singlet (3A)) excitat ions. 

4l = (1/1/2) (Cfcaia + Ckßiß), 

Al = (l/l/2)(Cjfca/a — Ckßiß), 

Cm = (l/|/2) (CjcßidL + Ctatß) , 

( l / j / 2 ) {ckßl x — Cjcalß) . ckl 

(8) 

(9) 

(10) 

(11) 

Obviously (8) is associated t o the singlet excitat ion 
while (9)— (11) correspond t o the U H F problem. 

I n the case of a complex M O basis the four ampli-
tudes i c h , icki> ici-i a n < l ick i result in a single eigen-
value problem (12) which is fourfold degenerate due 
t o the ident i ty (13). 

( i X - i Y ) C ° = cXCe, 

i X - i 7 = 3 X - 3 7 . 

(12) 

(13) 

\<P*>o= l ^ k ^ ) ) ' 5 = ^ spin . (7) 

T h e singlet and tr iplet fluctuations are calculated 
b y means of the interaction matrices ( X X + 1 Y ) and 
( 3 X - ( - 3 F ) , respectively, which together with the 
choice i,3_X — f o r the complex amplitudes 
result in an eigenvector spectrum w h i c h is identical 
to the eigenvector set of (1). 

H F solutions are called singlet stable if 1 A > 0 ; 
here only spatial v iolat ions of the orbitals are t a k e n 
into account . T h e non-singlet (triplet) stabi l i ty is 
related t o 3A > 0, the associated e igenvalue problem 
corresponds to spatial and spin violat ions of the 
H F orbitals. T h e s tabi l i ty of the H F orbitals 
against complex (non-real) var iat ions is deter-
mined b y CX > 0. T h e global stabi l i ty of | 0o> there-
fore can be expressed as min( 1 A, 3A, CX) > 0 . 

I n [8] and [10] we h a v e discussed in large detail 
the occurance of the three instabi l i ty types in 
binuclear transit ion metal compounds. T h e theo-
retical findings can be summarized as follows. 

a) Singlet instabilities are the result of intra-
atomic angular correlation [17] and interatomic 
left-right correlation [17]. O n l y if b o t h correlation 
processes are present in an orbital f luctuation, 
singlet instabilities are observed. T h e necessity of 
coupling both m a n y b o d y interactions results in 
correlation processes s trongly dependent on the 
topology of the surrounding l igand system (e.g. 
different m a n y b o d y interactions in poly-decker 
sandwiches and bimetallocenes/bimetallocenylenes 
[8, 10]). I n the stacked sandwich compounds high-
lying valence orbitals of the central r ing belonging 
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to different irreducible representations al low the 
coupling of both correlation t y p e s (angular, left-
right) resulting in significant singlet instabilit ies. 
In the bimetallocenes/bimetallocenylenes on the 
other side the combinat ion of b o t h processes is 
prevented due to the fu lva lene bridge w i t h a single 
high-lying f r a g m e n t orbital of :/i-type. T h e inter-
atomic left-r ight correlation prevents the intra-
atomic angular scattering which corresponds t o an 
orbital transit ion within an electron-hole pair w i t h 
large metal 3 d ampli tudes of different magnet ic 
quantum numbers. T h e fluctuation p a t t e r n of the 
angular process on the other h a n d p r e v e n t s left-
right correlation. A schematical representat ion of 
this situation is displayed in F i g u r e 1. A n addit ional 
condition for singlet instabilit ies consists in t h e 
interaction w i t h a n e a r b y fluctuation showing 
similar m a n y b o d y d y n a m i c s v ia the off-diagonal 
elements of the instabi l i ty m a t r i x . 

b) Triplet (non-singlet) instabilities correspond 
to a spin decoupling within an electron-hole pair 
with the same magnet ic q u a n t u m n u m b e r b u t w i t h 
different p a r i t y w i t h respect t o the internuclear 

3d 3d axis (long-range behaviour, left-right correla-
tion). Schematical ly the orbital fluctuations leading 
t o the t w o instabi l i ty t y p e s can be formulated b y 
means of (15), (16) and (17). 

Singlet instabi l i ty: 

(3d^) i ->(3d 2 / ) 0 (15) 

coupled to 

( 3 d „ ) o - > ( 3 d * ) i . (16) 

Triplet instabi l i ty : 

(3 d a ; ) i ( 3 d x ) 0 , (17) 

= — y2,xy, (18) 
x+y. (19) 

F o r sake of clearness only the 3 d contribution t o 
the orbital w a v e functions is displayed, x and y 
symbolize a member of the 3 d A O ' s while i and o 
s tand for the par i ty of the orbital w a v e funct ion 
(i = in-phase, bonding linear combination, o = out-
of-phase, antibonding linear combination). 

T h e I N D O Hamil tonian used in the present in-
stabi l i ty calculation has been described in great 
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T H E C O U P L I N G B E T W E E N 
A N G U L A R AND L E F T - R I G H T 
C O R R E L A T I O N IS B L O C K E D 
BY T H E TC - B R I D G E ,r> 

k 

U N -
A C C O U P L E D A C 

Fig. 1. Schematic representation of the coupling of intraatomic angular and interatomic left-right correlation in poly-
decker sandwich compounds. In bimetallocenes and bimetallocenylenes the angular correlation is decoupled from the 
left-right interaction and corresponds to a localized molecular domain (verified in the case of a bimetallocenylene complex). 
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detail in [14]; here only a short review of the parametrizat ion scheme is given. # i n d o is defined in (20) b y 

means of creation and destruction operators a£a and aua associated to the //'th A O with spin o(<7 = a, ß). 
A A A B 

# i n d o = 2 2 u ß ß n ß o + 2 2 2 f £ B + 2 2 2 « w 
fi o ß o B =1= A ,u v a 

+ i 2 2 2 2 ( ^ . A - i K i A ) + i 2 2 2 2 . (2o> ß v a a' n v a a' 
A * B 

is the number operator which is defined in (21). 

n v o == a^oano • (21) 

T h e Unß parameters are atomic core integrals, the 
expectat ion va lue of an electron /j, a t the .4 ' th 
atomic side in its own potential field and the field 
of the atomic core A . E x p e r i m e n t a l U ß ß values have 
been used. symbolizes the electron core inter-
act ion between the A O fx at center A and the atomic 
cores B (B=(=A). ßf,l® is the resonance integral be-
tween the atomic orbitals [x and v a t the centers A 
and B . ß h a s been designed to be proportional to 
the interference densi ty which is the physical ly 
significant term leading to bond formation (see 
[14]). T h e fol lowing t w o expressions are the one-
center electron-electron interaction integrals of 
Coulomb and exchange ( K t y p e which 

h a v e been obtained from atomspectroscopic data. 
In the case of the K i n t e g r a l s a rotat ional ly inva-
riant ansatz has been used. T h e two-center Coulomb 
integrals are calculated v ia the empirical Dewar-
Sabelli, O h n o - K l o p m a n relation (22) [18]. 

= 1 I V ^ I b + 0.25(11 > i A + l | y £ B ) 2 . 
(22) 

J?AB is the separation between the atoms A and B . 
T h e instabi l i ty threshold as well as the absolute 

values of the exci tat ion energies obviously depend 
on the parameters of the semiempirical Hamil-
tonian. Detai led studies in H F instabil i ty calcula-
tions within semiempirical M O procedures and ab 
initio approaches however h a v e demonstrated t h a t 
the general features concerning the stabi l i ty of the 
H F solution are independent of the computational 
procedure [19, 20]. 

I n the present paper the interrelation between 
short-range and long-range correlation effects as 
well as the role of the bridging groups with respect 
t o the aforementioned m a n y b o d y interactions are 
studied. I n accordance with [19] and [20] the gen-
eral conclusions should be independent from the 
used M O model. This work differs from the aims of a 

recent ab initio H F instabi l i ty s t u d y on quadrupoly 
bonded Cr and Mo complexes [21] as in the present 
invest igat ion the i m p o r t a n t influence of bridging 
l igands in w e a k l y coupled dimers u p o n electron 
correlation is a n a l y z e d but n o t the nature of the 
metal-metal bond. 

T h e I N D O H F and instabi l i ty calculations on 
the binuclear F e complex 1 w i t h idealized C^h 
s y m m e t r y were performed on the g e o m e t r y deter-
mined b y X - r a y invest igat ions [4, 22], 

Calculations 

T h e electronic structure of 1 has been discussed 
on several degrees of sophistication ranging from 
E x t e n d e d H ü c k e l ( E H ) calculations of the one-
electron t y p e [3], semiempirical C N D O results [5] 
to ab initio calculations, wi th a near minimal basis 
[3]. The valence orbitals of 1 can be obtained from 
the f ragment M O ' s of trans[(^5-C5H5)Fe]2 and the 
donor and acceptor funct ions of the carbonyl 
l igands. T h e F e C p dimer is an isolabal der ivat ive 
[23] t o Fe2(CO)6 extensively discussed b y Thorn 
and H o f f m a n n [24], In Fig . 2 the valence orbitals 
of 1 are d isp layed; t h e y h a v e been observed from 
the valence set of trans[(^5-C5H5)Fe(CO)]2 and 
f rom the t w o bridging carbonyl groups. 

T h e orbital energies of 1 correspond to the semi-
empirical I N D O Hamil tonian. T h e H O M O (146g) 
shows significant metal-metal coupling of n * t y p e 
(3d«y) stabil ized b y the bg combinat ion of the C O 
acceptors. 14bg is separated b y about 1.9 e V from 
t w o orbitals, 31 ag and 1 6 a u , w i th F e F e a coupling 
and F e F e n interaction. T h e corresponding desta-
bilized combinat ions are predicted a t — 1 . 2 7 and 
0.60 eV. T h e lowest unoccupied M O (29&u) however 
is of a * t y p e ( F e F e interaction) stabil ized b y the 
bu combination of the 7i*(CO) set. These occupied 
and v ir tual orbitals h a v e large ampli tudes in the 
F e F e direction. A t lower energy a set of six MO's 
wi th large 3 d contributions is predicted which are 
predominant ly involved in the Fe-(CsH5) and 
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Fig. 2. Schematical interaction diagram for 1. The valence 
orbitals of the binuclear complex are constructed from the 
fragment MO's of trans f(^5-C5H5)Fe(CO)]2 and from those 
of the bridging carbonly groups. 

3J"E(C0)terminal bonding. T h e highest M O (30ag) 
of this F e 3 d set is of d t y p e and is predicted at 
— 1 0 . 8 7 eV. T h e I N D O results are close to the or-
bital splitt ing obtained within the ab initio frame-
work [3], 

T h e results of the H F instabil i ty calculations are 
summarized in Table 1. I t is seen t h a t the H F 
determinant | 0o> is clearly stable with respect to 
orbital fluctuations of the singlet and complex (non-
real) t3^pe. T h e lowest root of the t w o eigenvalue 
problems exceeds 1 e V indicating the stabi l i ty of 
the H F determinant against spatial violat ions and 
complex M O solutions. T h e leading term in the 
orbital fluctuations of for the singlet instabi l i ty 
corresponds to the exci tat ion 1 4 6 g - > 2 9 6 u . T h e 
associated correlation process at the F e centers is of 
intraatomic angular t y p e (3dyr*-H*3dcr*). T h e 
s y m m e t r y of the valence orbitals at the bridging 
C O groups prevents left-right correlation and thus 

a further reduct ion of the exci tat ion energy of the 
singlet instabi l i ty problem. 

T h e second eigenvalue of the singlet var iat ion 
w h i c h is near ly degenerate with corresponds to 
an angular correlation (3d<5—^3da*) with a super-
imposed left-r ight coupling. T h e significant energy 
g a p within the electron-hole pair however avoids 
the occurance of a H F breakdown of t h e singlet 
t y p e . T h e 1% values and the exci tat ion pat terns of 
the complex route are close to the singlet case. 

T h e I N D O results of the non-singlet variat ions 
differ r e m a r k a b l y f rom the H F fluctuations retain-
ing the spin-paired character of the groundstate 
determinant . T h e lowest eigenvalue (0.15 eV) indi-
cates the existence of an unrestricted H F solution 
t h a t differs only 14.5 kJ/mol from the restricted 
H F w a v e funct ion wi th a diamagnetic closed shell 
structure. Inspect ion of T a b l e 1 clearly displays t h a t 
the orbital transit ion corresponds to a spin decoup-
ling within an electron-hole pair of n * and n char-
acter (FeFe coupling). T h e (approximate) magnetic 
q u a n t u m number in b o t h MO's is identical , the 
p a r i t y of the orbital w a v e funct ion wi th respect to 
the internuclear F e F e axis however differs. This 
M O pat tern results in a spin decoupling between 
the t w o formal (^5-C5H5)Fe(CO)2 fragments . In 
contrast to the singlet fluctuations this process is 
a l w a y s of interatomic long-range character. More 
pronounced non-singlet fluctuations in 1 are pre-
v e n t e d due to the significant d e r e a l i z a t i o n of the 
orbital w a v e funct ion of the 146 g hole-state. 

I n the case of observed non-singlet instabilities 
it is clear t h a t the predict ive capabi l i ty of H F cal-
culations concerning the spin mult ipl ic i ty of poly-
nuclear clusters (e.g. closed shell complex w i t h low-
spin configuration vs. open shell system wi th high-
spin configuration) is lost. Here methods b e y o n d 
the independent particle picture must be employed. 
Possible theoretical choices are C I procedures [6, 7] 
or valence bond ( V B ) calculations [25]. 

Conclusion 

T h e v a l i d i t y of the H F picture in the binuclear 
F e p o l y c a r b o n y l complex 1 with respect t o orbital 
fluctuations v iolat ing spatial and spin s y m m e t r y as 
well as the real character of the molecular orbitals 
has been invest igated. I t has been demonstrated 
t h a t | <Z>o) is clearly stable with respect to singlet 
fluctuations and complex solutions of the H F orbi-
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Table 1. INDO results of the instability calculations on 1. The orbital transitions contributing to the eigenvalues of the 
instability problem are given. The type and the Fe 3d character of the electron-hole pairs is also displayed. The type of 
the Fe 3d wave function corresponds to the metal-metal interaction. The eigenvalue problem has been obtained by means 
of a limited 14X10 CI. Cp: C5H5-moiety. 

Type of 
Instability 

h (eV) (pk ~> (fx MO-Type cpk % 
Fe 3d MO-Type ^ 
in <pk 

/o 
Fe 3d 
in <pi 

Singlet 1 1.21 146g->296u 49.5 Fe(jr*), CO(.-r*), Cp(.-i) 
30ffg-> 17 au 15.7 Fe(<5), Cp(ji), CO(ff) 
12 b„ 29 6U 9.3 Fe(<5), Cp(n), CO(n) 
29a.g->17ou 7.6 Fe(<x),Q>(sr) 
14 6g - » 30 6U 5.7 Fe (71*), CO{n*), CP(jr) 

2 1.29 30ag-» 29 bu 39.2 Fe(«5),Cp(w),CO(<r) 
14 bg 17 au 19.0 Fe(.-r*), CO(n*), Cp(?r) 
30 crg-> 30 bu 10.2 Fe (6), Cp (n), CO (a) 
27 6U -> 33 ag 6.7 Fe (<5*), Cp(jr) 

Triplet 1 0.15 14&g-*17au 74.5 Fe(7R*), CO(tt*), Cp(jr) 
(Non-singlet) 13 6 g ->17a u 16.5 Fe(?r*), CP(JR) 

2 0.44 14 bg 29 bu 75.6 Fe(ji*), CO(tt:*), Cp(jr) 
13 bg -> 29 6U 2.6 Fe(?e*), Cp(jr) 
3 0 a g ^ 1 7 a u 2.6 Fe(<5),Cp(w),CO(<r) 

Complex 1 1.11 14 bg -> 29 ba 60.6 Fe(jr*), CO(jt*), Cp(jz) 
(Non-real) 3 0 a g ^ 1 7 a u 9.0 Fe(<5),Cp(re),CO(<r) 

12 bg -> 29 cru 7.2 Fe(ö), Cp(ji), CO(.t) 
29 ag^ 17 an 6.8 Fe(cx), CP(?R) 

2 1.44 31 ag29 &u 25.0 Fe(<r), Cp(jr) 
30 ag 29 6U 17.4 Fe(<5), Cp(?r)f CO (a) 
27 bu 33 ag 16.6 Fe(<5*), Cp(jt) 

22.4 Fe((T*),CO(7r*),Cp(7r*) 36.0 
64.9 Fe(7r), CO(CT), Cp(jr*) 50.9 
61.4 Fe(a*),CO(7r*),Cp(7r*) 36.0 
62.1 Fe(7r),CO(a),Cp(^*) 50.9 
22.4 Fe((T*),Cp(7r*) 36.0 
64.9 Fe(cr*), CO(TT*), Cp(.-r*) 36.0 
22.4 Fe(<T),CO(CT),Cp(jr*) 50.9 
64.9 Fe(ff*), Cp(.-r*) 36.0 
71.3 Fe((7),Cp(7r*) 33.0 

22.4 Fe (JZ), CO (a), Cp (n*) 50.9 
60.3 Fe (n), CO (a), Cp ( ti*) 50.9 
22.4 Fe((T*),CO(7i*),Cp(.T*) 36.0 
60.3 Fe(cr*),CO(7r*),Cp(7r*) 36.0 
64.9 Fe(7r),CO((T),Cp(7r*) 50.9 
22.4 Fe((T*),CO(7r*),Cp(7i*) 36.0 
64.9 Fe (71), CO (a), Cp (tt*) 50.9 
61.4 Fe(7i*),CO(rr*),Cp(7r*) 36.0 
62.1 Fe(.T),CO(<r),Cp(jr*) 50.9 
41.2 Fe(a*), CO (TT*), Cp (71*) 36.0 
64.9 Fe(f f*) ,CO (7T*) ,Cp (7r*) 36.0 
71.3 Fe(c), Cp(7i*) 33.0 

tals. T h e m a n y b o d y variat ion corresponds to an 
angular correlation process and is of intraatomic 
short-range t y p e . D u e to the s y m m e t r y of t h e 
n * (CO) transmitter orbitals long-range correlation 
of the left-right t y p e is prevented. O n the other 
hand an U H F solution in the v ic in i ty of the spin-
paired R H F determinant | 0 o ) is predicted; the 
orbital exci tat ion corresponds to an inter fragment 
spin decoupling within a MO pair of ji* a n d n char-
acter (nature of the F e F e interaction). This de-

coupling mechanism is ef fect ively transmitted v i a 
the 71* and (a CO) valence orbitals of the bridging 
carbonyl groups. T h e significant d e r e a l i z a t i o n of 
the 146 g combinat ion however prevents dramatical 
non-singlet instabilities. 
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