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Summary. A recently proposed extension of the angular overlap model (AOM) is applied to the linear 
chain compounds [ptn(AA)2 • ptIvX2(AA)2] 4+ with X = C1, Br, I; AA = ethylenediamine, 1,2- and 
1,3-diaminopropane, and to Wolffram's red and Reihlen's green salt. The energy band structures are 
calculated from AOM parameters which are derived from d -  d spectra of isolated Pt(II) and Pt(IV) 
complexes reported in the literature. Assignments of absorption edges and other peaks in the crystal 
spectra as well as spectral shifts due to changes in the geometric structure are discussed. Since the 
AOM energy expressions are given in analytical form, the procedure supplies various advantages 
over the extended Hiickel theory which currently has been adapted for treating chain structures. 
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Behandlung yon gemischt-wertigen Pt(II)-Pt(IV)-Ketten-Komplexverbindungen mit dem ,,Angular 
Overlap"-Modell 

Zusammenfassung. Eine kfirzlich vorgeschlagene Erweiterung des ,,Angular Overlap"-Modells (AOM) 
wird auf die linearen Kettenverbindungen [ptn(AA)2.ptlVX2(AA)2] 4+ mit J r=  C1, Br, I; 
AA = Ethylendiamin, 1,2- und 1,3-Diaminopropan sowie auf Wolfframs Rot- und Reihlens Grtin- 
Salz angewandt. Die Energiebfinder werden von AOM-Parametern berechnet, die aus d -  d-Spektren 
isolierter Pt(II)- und Pt(IV)-Komplexe gewonnen wurden, welche in der Literatur zu finden sind. 
Diskutiert werden Zuordnungen zu Absorptionskanten und anderen Maxima in den Kristallspektren 
ebenso wie spektrale Verschiebungen aufgrund von Anderungen in der geometrischen Struktur. Da 
die AOM-Energieausdrficke in analytischer Form vorliegen, hat dieses Verfahren diverse Vorteile im 
Vergleich zur ,,Extended Hfickel"-Theorie, die kiirzlich ebenfalls so erweitert wurde, dab damit 
Kettenstrukturen behandelt werden k6nnen. 

Introduction 

Recent ly  the angu la r  over lap  mode l  ( A O M )  appl icable  for  invest igat ing e lectronic  
s t ructures  o f  t rans i t ion  meta l  complexes  has been ex tended  for  t rea t ing l inear cha in  
c o m p o u n d s  in the t ight  b inding  scheme by in t roduc ing  t rans la t iona l  symmet ry  
restr ic t ions [1].  This  m e t h o d  has several advantages  over  the ex tended  Hfickel  
t heo ry  ( E H T )  which by  p r o p e r  modi f i ca t ion  also has been appl ied for  calculat ing 
e lectronic  band  s t ructures  [2].  The  A O M  uses a m u c h  smaller  n u m b e r  o f  mode l  
pa rame te r s  which is a b o u t  ha l f  o f  tha t  in E H T ,  and  band  energy equa t ions  can be 
expressed in general  by  analyt ical  fo rmulas  depending  on  the wave vector  k. Since 
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the AOM has turned out to be quite successful for interpreting electronic spectra 
as well as magnetic and structural properties of transition metal complexes, it is 
felt that this model could also be used for demonstrating the close relations evident 
between the spectral properties and the geometric structure of infinite chain com- 
pounds. Most suitable for this purpose would be an investigation of mixed valence 
compounds exhibiting pronounced spectroscopic absorptions due to very strong 
charge transfer transitions in the visible region. 

Characteristic representatives for this class of compounds are Pt(II)-Pt(IV) 
complexes of the type [Mn(AA)2 • MIVX2(AA)2] 4+ with bridging atoms X = C1, 
Br and I and amine ligands AA = ethylenediamine (en), 1,2-diaminopropane 
(pn), 1,3-diaminopropane (tn) or the Wolffram's red salt [Pt(NH2C2Hs)4" 
PtC12(NH2C2Hs)4]CI4" 4H20 (WR) and the corresponding bromine compound, i.e. 
Reihlen's green salt (RG) [-3, 4]. All of their crystal structures are known [4--6], 
they form singly bridged chains ( . . .P t ( I I ) . . .X-P t ( IV) -X. . . )  along one of the 
crystallographic axes with alternating units of square planar PtA42+ and hexa- 
coordinated PtX2A42+ chromophoric units, the Pt(IV)-X bond lengths, in general, 
being smaller than Pt(II). • • X atomic distance. All APtX bond angles are close to 
90 ° . The structural data and physical properties of these systems allow an ordering 
into class II mixed valence compounds according to the classification of Robin 
and Day [7], i.e. they are diamagnetic [-8] and exhibit solid state spectra charac- 
teristic for the isolated constituent complex units, but contain in addition strong 
absorptions assigned to intervalence charge transfer transitions [3, 9, 10]. Increasing 
the temperature or applying high pressure leads to significant changes of physical 
properties such as low energy shifts of the charge transfer absorptions [11, 12] and 
a reversible increase of electric conductivity by a factor of 10 9 at 140 kbar [i3]. 
Due to X-ray diffraction studies carried out also at different pressure, these property 
changes can be correlated to varying structural parameters. Since detailed exper- 
imental results on absorption, emission, reflectance and excitation spectra as well 
resonance raman data are available for these compounds [-9-14], they represent 
appropriate examples for testing the extended AOM on these systems, demonstrat- 
ing the relations pertinent to optical or other physical properties and the structure 
of these transition group complexes. Moreover, for Pt compounds the d - d spectra 
of various mononuclear are known [-15-19] from which ligand field AOM param- 
eters are derived serving as useful reference values for the present chain compounds. 

The only theoretical treatment of this type of chain compounds was carried 
out on a model compound as [Pt(NH3)4 • Pt(NH3)4X2] 4+ applying EHT [20] which, 
although the non-diagonal elements of the orbital energy matrix are approximated 
by a modified Wolfberg-Helmholz formula [-21], leads to a large number of atomic 
parameters (eight for the diagonal elements and ten for exponents in the Slater- 
type orbitals for calculating overlap integrals). This calculation has considered a 
high symmetric chain of ptIIIA4 X units, as the bridging halide ions are located on 
the midpoints between the metal ions, and showed how a band gap is opened 
stabilizing the system on geometry distortion which leads to a Pt-X bond alternation. 

In the present paper we show that energy bands of the electronic level schemes 
can be obtained from the AOM at much smaller expense of computation than 
from EHT furnishing similar results, the AOM parameters being derived from 
smaller molecular units available from isolated mononuclear complexes. The results 
will be used for explaining the electronic spectra of the title linear chain compounds. 
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Structural Data and Electronic Spectra 

A collection of  crystal data for the present chain compounds is supplied by Keller 
[-4] and references given in his review article. Important  bond lengths for an AOM 
treatment are those for M - X  and M-N with M = Pt(II) and Pt(IV), since the size 
of  the model parameters and the phenotype of  the optical spectra are primarily 
determined by the metal-ligand bond moiety. In virtual all cases the M - X  bond 
lengths for Pt(II) are significantly larger than for Pt(IV) except for the bromine 
compound of  en and p n  where the halogene atom is located almost on the center 
of  the linear Pt-Br-Pt group of atoms [41, the Pt-Br bond distances of 271 pm for 
ptlV-Br and 276pm for ptn-Br in the en compound comparing with 244.5pm in 
KzPtBr4 [22]. The structural parameters of  the corresponding chloro-en (enC1) 
compound [-4] are 231.8 for Pt Iv-c1 and 308.5pm for ptII-c1 in the perchlorate 
salt and in the isolated species 232 pm for K2PtC16 [23] and 231.6 pm for K2PtC14 
[24]. Of  similar importance are Pt-N bond lengths which in the chain compounds 
vary from 197 to 212pro, the pt~v-N distances in general being a few picometer 
smaller than for Pt~LN. These numbers compare, e.g., to 206-209pm in 
t r[Pten2X2] 2+ ( X  = C1, I) [25] and 205-206 in [Pt(tn)2] 2+ [26]. It should be noted, 
however, that structural data for some of  the compounds have large error limits 
due to severe twinning of  the crystals or a lack of  three-dimensional order because 
of  occasional shifts of  one chain molecule to another,  sometimes accompanied by 
stacking faults. 

Table 1. Absorption features from polarized single crystal spectra (~:/~ [[ z and a: E± z) according 
to Ref. [11] listing absorption edges P and band maxima Q, a, fl in/Lm- 1 

Compound T(K) Polarization P Q c~ fl 

enC1 

enI 

WR d 

1.75 2.2 b 2.87 
RT a 

o- (b) - 2.91 

rc 1.91 2.20 b 2.97 
2 

a (b) 2.21 3.00 

rc 0.775 2.06 2.53 
RT 

a - 2.08 2.54 

0.845 2.04 2.52 
2 

a ~ 0.8 ~ 2.05 2.54 

1.62 (b) 
RT 

a (b) (b) 2.53 

1.79 2.12 ° 
2 

a 1.6 ° 2.12 

3.49 

3.48 

a Room temperature 
b Shoulder 
c Weak absorption 
d Peaks in agreement with Ref. [14] 
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Table 2. Band maxima v in ktm-1 from diffuse reflectance spectra and bond distances 
in pm from Ref. [3] and [-4] and references therein 

Compound Property a Counter Ion 

C104- BF 4- 

enC1 

tnC1 

o 2.273 
R (R') 231.8 (308.5) 
R ° (R °') 202 (207) 

0 
R (R') 
R o (R o') 

2.296 

2.00 

2.062 
229.9 (309.6) 
207 (207) 

v 2.353 2.151 
pnC1 R (R') 231 (320) 

R ° (R °') 200; 211 (200; 211) b 

v 1.515 1.408 
enBr 

R (R') 271 (276) 

o 1.653 
tn(Br) R (R') 254.6 (295.5) 

R ° (R °') 204 (208) 

pn(Br) v 1.77 1.587 
R (R') 267 (267) ° 

enI o 1.23 

tnI v 1.23 1.23 

pnI o 1.23 1.23 

1.408 
254.1 (292.1) 
212 (209) 

Metal-halogen R and metal-nitrogen R ° bond distances (see text) 
b Asymmetric coordination 
° Bromide as counter ion 

In Tables 1 and 2 spectroscopic data available from polarized absorption spectra 
and from diffuse reflectance for the presently interesting compounds are listed as 
they are reported in the literature. The reflectance spectra are dominated by a 
broad absorption peak (Table 2) due to a d2 electron transition from Pt(II) to 
Pt(IV) [27, 28-1 which corresponds in the single crystal spectra to a pronounced 
absorption edge P (Table 1) polarized along the chain direction [11, 12, 14]. This 
assignment agrees with resonance Raman results obtained from some of the chain 
compounds which exhibit at energy close to the absorption edge a long progression 
in the symmetric Pt-X-Pt stretching mode [12, 14, 27-1. Based on the EHT calcu- 
lations [20] the band Q predominantly polarized perpendicular to z has been 
assigned to charge transfer transitions from dxz, dyz of primarily Pt(II) to d~2 of 
Pt(IV) [11]. The peaks a and fl towards higher energy, which are also observed in 
aqueous solution where decomposition into the complex constituents can be as- 
sumed, are according to the same authors [11.1 due to local transitions. In the chain 
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compounds charge transfer transitions between d-orbitals of Pt(II) and Pt(IV) 
should also contribute to the intensity of the fl-peak [11]. Weaker band features 
lower or somewhat higher in energy of the absorption edge which are not listed in 
Tables 1 and 2 are reported to correspond to excitons, localized impurity states or 
probably plasmons [11, 12, 28]. The occurrence of excitons has been discussed in 
detail, yet the actual mechanism of their origin has not been clarified so far [11, 
12]. Since Raman scattering does not resonate at energies lower than the absorption 
edge (also the excitation spectrum and first-order Raman cross sections yield neg- 
ligibly small resonance features in this region [12]) we safely can assume that no 
other transitions than those occurring between the d-electron band scheme have 
to be considered in the present systems. On temperature increase, the absorption 
edge P is observed to decrease in energy at the same time gaining some more 
intensity. These changes as well as the variation with pressure [13] will be discussed 
later (vide infra). 

Theoretical Results 

Electronic Structure of Chain Molecules Derived from the AOM 

The energy band scheme due to crystal orbitals from the d-orbital subset of the 
singly bridged [Pt(N)4 ' ' '  XPtCN)aX'' '  ]4+ chain chromophore is obtained from a 
tight-binding approximation applied on the basis of the AOM [1]. For a linear 
arrangement of the metal-ligand bonds the secular problem is separated into non- 
interacting a- and re-bond equations due to symmetry reasons (cf. Fig. 1). Using 
a perturbation formalism, the one-electron secular problem is reduced into the 
subspace of metal d-orbitals, the energy matrix elements of which are denoted by 
U~ with indices referring to orbitals on metal centers i and j. The d-orbital per- 
turbation matrix for a chain of two metals in the unit cell of length a depending 
on the wave vector k is 

( Ud21d21 2cos(ka/2) U4Od~2), (1)  
2 cos (ka/2) Ua~I d~2 U42 d22 

M2 Xl MI X2 M2 
e~(s) %(p) 

n(1) dill M21 d(21 

e ' e R  
phase:exp(-ikal2) 0 exp(ikal2) 

× 

½z 

Fig. 1. Definition of valence orbital sets for a- and n- antibonding interactions 
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where 2 denotes the type of bonding,  i.e. ), = a through dz2-, 2 = rc through dx~, 
dyz- and 2 = 6 th rough dxy, 42-y2-orbitals at centers 1 and 2. Parametr izat ion in 
the A O M  furnishes in the case of the a-bonding part  

Pt (IV): Udol d~l = e~ ° + 2 eo (s) + 2 eo (p) = e~ ° + 2 eo, 

Pt (II): Udo2 d,2 = e,  °' + 2 eo' (s) + 2 e~' (p) = e~ °' + 2 eo', (2) 

where different A O M  parameters for the short  Pt(IV) (unprimed) and the long 
Pt(II) (primed) metaMigand bonds of  M - X  (eo) and M-N (e~ °) interaction are 
introduced.  For  the two-center matrix element we obtain [1] 

Udal da2 : [e~ (s) e~' ( S ) ]  1 / 2  - -  [e~ (p) e~' (p)]l/2. (3) 

The eigenvalues of Eq. (1) are 

EII, Iv (dz2) = ~ (eo ° + e~ °') + e¢ + e~' -T- {(A e~ ° + 2 A ea) 2 

+ 16 cos 2 (ka/2) [(e, (s) eo' (s)) '/2 - (e, (p) e, '  (p))1/212} i/2 (4) 

with 

Aeo ° = eo ° - e~ °' and Ae,  = e~ - eo', (5) 

reflecting possible alternations in respective metaMigand bonds. The nota t ion for 
the roots E~ I and E~ v refers to Pt(II) and Pt(IV) d-orbital components  since, due 
to e , '  < eo, eigenfunctions belonging to E~: I have larger contr ibutions f rom d-orbitals 
of  Pt(II) and functions to E~ v larger orbital contr ibutions f rom Pt(IV) (vide infra). 
In the case of  equal Pt-N and Pt-C1 bond  distances, Eq. (4) simplifies to 

E n, ,v (dz2) = eo ° + 2 eo -T- 2 cos (ka/2) [eo (p) - eo (s)-l, (6) 

which does not  supply a band gap at k = rt/a since the last term in Eq. (6) vanishes 
at this value of k. 

For  alternating bonds the band gap arising at k = rc/a is calculated f rom Eq. 
(4), 

A E~/a = E~/v - E~/a = A e~ ° + 2 A e~, (7) 

which is positive for any eo parameter  values, i.e. the band originating primarily 
f rom Pt(IV) d-orbitals is always higher in energy than the band f rom Pt(II) orbitals. 
A larger energy separation is obtained at k = 0 as is calculated also f rom Eq. (4) 
which yields 

A E o = E TM -- E n 

= {(Ae, ° + 2 A e J  + 16[(e , (s )eo ' (s ) f /2  - (eG (p) e~'(p)f/2]2} 1/2. (8) 

The ~-bonding matrix elements of Eq. (1) referring to rt-orbitals in the x- and 
y-plane aligned at maximal overlap (cf. Fig. 1) are 

gdld~zl = 2e= ° + 2e=, 

gd=2dr~2 = 2e~ °" + 2e=', 
U d = l  drc2 = - -  (e=e~') 1/2. (9) 
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Solution of  the secular problem leads to the eigenvalues 

E n, IV (dx~, dye) = e~ ° + e~°'+ e~ + e~' 

-T- [(d e~ ° + A en) 2 + 4 cos 2 (ka/2)e~e~'] 1/2, (10) 

which are degenerate for dxz and dy~ orbital sets. In case of neglecting 6-bonding 
(2 = 6) the corresponding energy expressions are 

E TM (d~y) = 4 e~ °, E TM (dx2 - y2) = 3 e~ °, 
Eii(dxy ) = 4e o,, EiJ(dx2 _ y2) = 3eO', ( l l )  

which are independent of k. 

Parameter Choice 

The AOM parameters e~ used for the present chain compounds shall be derived 
from parameters which are calculated from the spectra of isolated mononuclear 
Pt(II) and Pt(IV) complexes of similar composition. The number of parameters 
can, however, be decreased significantly. First of all, the e~ ° parameters of Pt-N 
vanish due to the lack of low-lying amine orbitals of ~-symmetry [18]. Moreover, 
the dependence of AOM parameters on the metal-ligand bond lengths can be used 
for expressing e~ parameters belonging to smaller R by e~' parameters of larger R' 
or vice versa. This is achieved by relating 

e ~ _  for 2 = a  or x, (12) 
e~' 

where n is a number between 5 and 7 depending on the model which is used for 
formulating the R-dependence of the cubic ligand field parameter 
10 Dq = 3 e~ - 4 e~ : in the framework of classical ligand field theory [29] we cal- 
culate n = 5 whilst in a pseudopotential model n = 7 has been derived [30]. For 
a series of Ni(II) amine complexes, e.g., an n = 4-5 dependence is obtained from 
the experiment [31]. With these additional assumptions, the number of model 
parameters is reduced to only four or five, i.e. e~ °, eo(s), e~(,p), e~ and eventually 
f/. 

Actual parameter values for the Pt(IV) amine interaction can be, e.g., derived 
from the ligand field strength lODq of [Pten3] 4+ which is reported [15] to be 
4.65/~m-~, well in agreement with Jorgensen's product formula [32] 10 Dq = f .  g, 
yielding for f (NH3)= 1.25 and g (Pt TM) = 3.6gm - I  the ligand field parameter 
10 Dq = 4.5 g m -  i. F rom 10 Dq = 3 eo°- 4 e~ 0 with vanishing e~° we obtain e~° = 1.5 
to 1.55#m-1. For a square planar Pt(II) ammonia complex on the other hand an 
eo ° value of 1.33/~m- 1 can be calculated [18]. Since Pt-N bond lengths R ° in present 
chain systems vary only about 6% for Pt(II) and Pt(IV), in general a common e~ ° 
parameter may be used. 

For  Pt-C1 interactions the parameters eo -- e~(s) + e~(p) = 1.24 and 
e~ = 0 . 2 8 ~ m  -~ are adopted [18, 19] which apply for the atomic distance 
R = 232 pm as reported [24] for KzPtC14. Due to the smaller dM-SL overlap the 
e~(s) parameter is about 10% of e~(p) parameters [1]. From the experiment a 
partitioning of the e~ parameter into e~(s) and eo(p) cannot be obtained. The 
inclusion of a further crsd parameter for considering the intermixing of d and higher 
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metal s orbitals which is important for square planar complexes [-10, 18] does not 
contribute significantly to the electronic structure of the present chain compounds 
since the polar coordination sites in z-direction are occupied by halogen ligands at 
distance R'. For Pt-Br the parameter values become e~ = 1.09 and e~ = 0.22/zm - 1 
which are valid for 244.5 pm as derived from K2PtBr4 [22]. These parameters refer 
to bond lengths which are close to the ptlV-x bond distances in Pt(II)-Pt(IV) chain 
molecules, therefore they can be used as starting sets for parametrizing the short 
Pt-X bond interactions in the present calculations. Corresponding parameters for 
the long Pt-X bonds are then obtained from Eq. (12). 

Parameters for Pt-I bonds are lacking since d -  d transitions are for the most 
part covered by large ligand to metal charge transfer absorptions preventing the 
determination of AOM parameters from the experiment. They may be, however, 
extrapolated from C r I I I - x  parameters [33, 34] by relating corresponding metal- 
halogen parameters in the series X = C1, Br, I. This procedure yields eo = 0.97 and 
e~ -- 0.19/.tin-1 for reasonable Pt-I estimates. 

Discussion 

Some energy band schemes computed from AOM parameters suitable for C1- 
bridged chain compounds are presented in Fig. 2. In calculation (a) the two com- 
ponents eo(s) and eo(p) of the eo-parameter are considered separately. The band 
positions do not differ very much from the calculation (b) where the a interaction 
is combined into a single e~-parameter. Only the dz2 band widths are narrower in 
calculation (a) since bonds are more localized if s- and p-orbitals are allowed to 
hybridize which decreases at the same time the overlap between atomic orbitals of 
different units cells. For equal Pt-X atomic distances (non-alternating bonds) the 
band system depicted in Fig. 2 c is obtained where a set of parameters averaged 
over ea and e~' is used. The parameters applying to the longer Pt-X bond distances 
in each case are calculated from Eq. (12) for n = 5. 

Also the density of states is plotted on the figures as calculated by means of 
the histogram method [35] using the formula 

D(E~) = 2 • 6~e[E~ - En (k)], (13) 
n k 

where the summation n extends of the energy bands and k over a number of selected 
points in the Brillouin zone. The Kronecker symbol is 

1, if [E~- E,(k)l  _-< A E / 2 ,  
64 e [Ei - E ,  (k)] = 0, otherwise, (14) 

when the interval A E  = Ei + 1 - Ei is chosen to be small compared to the width 
of the band. 

The energy gap calculated from Eq. (7) with parameters given in the preceding 
section is A E  = 1.88-2.14/zm- 1 for the chloro-en chain (enC1) compound and 0.89- 
1.12/zm -1 for enI depending, respectively, on the power n = 5 or 7 used in Eq. 
(12). Comparison with the absorption edge measured at 1.91 #m-~ for enC1 and 
0.847/zm-1 for enI (i.e. the low temperature results of Table 1) suggests that an 
n = 5 dependence of e~ parameters would be the more appropriate choice in Eq. 
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4 

3 

Ellam-12 _ 

1 

0 

f 

dxz,yz 
II 

d~ ~ 

T[ 

0 k--~ 

' -- e~[p) = 1.12 
L 

e~(p)= 0. 27 

e~(s)= 0.12 

e~ (s)= 0.03 

e°(Pt-N)=l.5 

E e~=0,28 

e~ = 0.07 

3 -  

d [Lr~ 

d z7 

E/gm-12 _ dIz I 

t 
1 -  IV d ×~,j__Sz 

d x~z,yz 
0 -  " ~  d~, I7 

i i i 

0 k - - - ~  

e~(p) = 1.24 

e~(p) = 0. 3 

e~(s)= 0 

e~ =0.28 

e" = 0.07 

eo(pI-N)=I.5 

E 

3-  

E m;. 
1- 

0 

0 

m d xZy2 

dill xy 

i i i 

e~(p) = (158 

- -  e~ls)  = 0 

e°(Pt-N)=l.5 
e~ = 0.13 

ir 
Fig. 2. Electronic band structures calcu- 
lated from different sets of AOM param- 
eters in #m- ]. The unit cell in calculation 
(c) is actually half as large as for (a) and 
(b); the correct dispersion curves are folded 
at k = rc/a 

(12) which is in acco rdance  wi th  the predic t ions  o f  conven t iona l  l igand field t heo ry  
[29].  The  spec t rum o f  the enC1 c o m p o u n d  m o r e o v e r  allows for  de te rmin ing  the 
A O M  pa rame te r s  o f  the ptlV-c1 in te rac t ion  which are u n k n o w n  unti l  now:  f r o m  
Eq. (7) and  the R-dependence  o f  e~(Pt-C1) suppl ied by  Eq.  (12) using n = 5, we 
ob ta in  e~(ptlV-c1) = 1.15 # m  - 1 and,  with 10 Dq = 2.84 # m  - 1, e~(ptIV-c1) = 



950 H.-H. Schmidtke and M. A. Atanasov 

= 0.14/,m -1 (for R = 232pm) which is smaller than e=(ptII-c1) obtained from 
PtC142- (see above). For the bromium chain compound RG we calculate with the 
Pt-Br parameters eo = 1.09/zm-~ for R = 246pm, R' = 312pm 4 and n = 5 an en- 
ergy gap of A E = 1.46/~m - 1 which compares quite well with the resonance Raman 
result of 1.59#m-1 reported by Clark and Turtle [36]. 

Reasonable assignments of the enC1 spectrum in Table 1 on the basis of the 
calculated band scheme, which are in accordance with C4~ selection rules of wave 
vector k and measured polarizations, are 

P dlzI-+dlzV for k = r c / a ,  a l -+al ,  z(]])polarized, 
,II IV 

Q dlz I --+ axe_y2 for k = re~a, a 1 --+ hi, electronically forbidden, 
dIxVz, IV IV a d~z --+ d~2 for k = ~/a, e --+ al, x , y  (3_) polarized, 
dli iv 

--+ dz2 for k = 0, al --* al, z([[)polarized. 

Accordingly, the weak absorption Q observed in either polarization is only vi- 
bronically allowed obtaining in enI higher intensity because of large vibronic cou- 
pling to low lying charge transfer states. In the iodine complex both the strong 
absorptions ~ and fl are due to charge transfer transitions. In both compounds 
and fl are localized transitions occurring at the PtN4X2 chromophoric centers, their 
positions and assignments agreeing well with the spectra which are obtained for 
isolated [Pten2X2] 2+ [16]. However, when comparing experimental absorption 
maxima with crystal orbital energy differences obtained from the calculation, one 
should keep in mind that transferring electrons from a localized to a more delo- 
calized orbital or vice versa, e.g. dz2 --+ dx2 _y2, will also change the electron repulsion 
which sometimes supplies quite drastic contributions. Therefore crystal orbital 
energy differences, in general, cannot predict actual positions of absorption peaks 
very accurately. The proposed assignments are in part also in variance with earlier 
suggestions [11, 14]. 

The W R  absorption spectrum is shifted compared to the enC1 spectrum to lower 
wavelengths (cf. Table 1). An explanation on the basis of geometry changes is 
difficult to propose since the structural data of WR are not very accurate [5]. 
Apparently, the AOM parameters of W R  are somewhat different to those of enC1; 
in particular the large shift of the a peak from 2.91 (enC1) to 2.53 ~ m -  ~ (WR) could 
be explained by increased r~-antibonding effects in dTx v and d~ v orbitals leading to 
a certain destabilization of corresponding bands for the W R  compound by virtue 
of larger e= and probably also finite e= ° parameters in Eq. (10). 

For an investigation of the d-electron density distribution on Pt(II) and Pt(IV) 
metal centers, we consider the wave functions using the procedure as outlined earlier 
[1]. For convenience only that parts of the functions which refer to a single unit 
cell is given, and we set in the a-type orbitals of dzz-bands e~ ° = eo °' and eo(s) = O. 
With these assumptions we calculate the dz2 -functions (not normalized) for k = 0: 

E~= = 0 (dz2) eo °, 
E~ v 0 (dz2) = e, ° + 2 (e, + e,'), 

~,~I= o = (e. + e•')-1/2 ,~.(P , 1 /2a l  9wz. + eaU2d2z2), 
~,//IV_ = 1/2 l/2 1 ,1/2 2 o (eo + eo')-  (e~ dz2 + eo dz2 ) 

- [(ez + e~')/(HM ° -- Hp°)]l/2(p I - p~). 

(15) 
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Also contributions due to orbitals on the amine ligands are neglected since they 
do not participate in the energy band formation. Since eo' refers to the longer 
ptlI-Xand e~ to the shorter PtW-Xbonds, from Eq. (12) we have e~' < e~. Therefore, 

II • 2 II the crystal orbitals of the lower band dz2 are dominated by dz2 ( P t )  and those of 
II IV the higher band dlz~ by d~2 (Pt TM) atomic orbitals, which means that d~2-* d~2 

transitions transfer d~2 electrons mainly localized on Pt(II) to Pt(IV), the orbitals 
of the latter extending partially also over halogen ligands. For bond distances and 
so bond parameters as used above, the d,2 electron density on Pt(IV) is calculated 
0.19 for the enC1 chain compound, 0.48 for enBr and 0.35 for enI. The corresponding 
EHT result [20] of only 0.03 obtained for enC1 supplies a d-electron distribution 
which probably is too much localized on Pt(II). In the enBr compound, where the 
Br atoms are placed almost midway between the Pt ions, the d-electrons are almost 
completely delocalized over the metal centers leading to a symmetric d 7 + d 7 con- 
figuration which proposes a structural formula containing ptln-Br-Pt n~ atomic 
groups for this chain compound. A comparison of band energies of systems with 
and without bond alternation [calculation (b) and (c) of Fig. 2] shows that parallel 
to the formation of a band gap the total energy is decreased for an electron 
configuration filling the bands up to d~ I. The system therefore is more stabilized 
due to the operation of a Peierls distortion favoring low symmetry structures and 
mixed valence compounds. 

The crystal orbitals at the zone boundary k = Tc/a where the band gap between 
the valence and the conduction band is located are 

EI I :  n/a (az2) = ea ° + 2 ea" , gtlI= = d22 - [ e a ' / ( H M  ° - - I t p ° ) ]  1/2(pz+pz),2 , 

ExIV= ( d z 2 ) = e . °  + 2 e o ,  __ --1 (16) 

The orbitals of Eq. (15) and Eq. (16) are depicted in Fig. 3 illustrating the degree 
of delocalization from the weight of atomic orbitals inherent in the crystal orbitals. 

The AOM results can also explain the low frequency shift and intensity increase 
of the absorption band elge observed at higher temperature [11] (cf. Table 1) or 
pressure [13]. Measurements carried out on WR show, e.g., a 1.4kK change of 
the charge transfer band to lower wave numbers if a pressure of 30 kbar is applied.- 
Shifts to lower energy may be explained from the band gap formula Eq. (7) if the 
compression is supposed acting in the z-direction along the molecular chain M "  • t"- 
M-X. Since the applied force K in this direction is K = k. A R = k"  A R' (assuming 
harmonic force fields) where the force constant k of the shorter M-X bond is larger 
than k' of the longer M . . .  X bond, we obtain a more important decrease A R' for 
the longer bond length than for A R of the shorter. With these changes of atomic 
distances the AOM parameters e~ and eo' become more equal reducing A e~ in the 
band gap formula of Eq. (7). The higher electric conductivity observed when 
applying pressure on these compounds has been explained by a phonon-assisted 
electron transfer mechanism between partially localized states [37]. On the basis 
of AOM results it can be reasoned that as the halide ion moves by vibrational 
excitation on an average position from Pt(IV) more closely towards Pt(II), the 
energy gap is decreased in the same way as is the case when applying pressure. The 
decrease of A e~ lowers the barrier for electron transfer processes leading to increased 
occupancies of the conduction band. In the same way the temperature dependence 
of the absorption spectra can be understood: a change of only 5 pm to smaller 
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(o) 

Ib) 

X 1 M I X 2 M 2 

I ( ~ ~  ( ~ l n  
IV o , 

Ek: 0 : % +2(% +e~ ) 

E II _ e  o 
k=0-  o 

EI__Y_~= e~ +2e~ 

EI~=e: + 2e~ 

Fig. 3. Atomic orbital contributions to or- 
crystal orbitals for (a) k = 0 and (b) k = rc/a. 
Orbitals on amine ligands are omitted for 
clarity 

(Pt n) and larger (Pt TM) Pt-X separations when increasing the temperature lowers 
the band gap energy by 0.11 ¢tm- 1 ifEq. (12) with n = 5 is used for the R-dependence 
of the parameters. This can be compared with a shift of about 0.16 Ftm- 1 observed 
for a temperature change from liquid helium to room temperature in enC1 (cf. 
Table 1). 

Similarly, intensity changes may be explained by transition moments Mz which 
are calculated from the wave function Eq. (16) at the zone boundary. For electric 
dipole transitions we get if only neighboring atoms are considered 

M~ ~ (gtII [ez[ Niv) = (d22Lezlp2 - p ~ ) K -  (p2 +p~lez[d~2)K', (17) 

with K = [e~/(HM ° - Hp°)] 1/2 and K' calculated from e / .  Since the first term van- 
ishes by symmetry reason, M~ becomes 

M~ ~ - 2 K" (p21ez [ d~2), (18) 

which increases when lowering the Pt-X distances at higher pressure or temperature 
due to corresponding changes of eo' in K' and, less pronounced, of the transition 
moment integral (/)2 l ezl d~z) which is negative by definition of the wave functions 
chosen (cf. Fig. 1). 

The reflectance spectra [3] (see Table 2) exhibit at long wave lengths pronounced 
maxima which correspond to the absorption edges P measured in the polarized 
single crystal spectra. They are, however, shifted throughout to higher energy by 
about 0.5/tm-1. A discussion of the observed spectroscopical trends in the com- 
pound series enC1, enBr, enI or enC1, tnC1, pnC1 etc. cannot be carried out in the 
same way as above since structural data are missing for most of these compounds. 
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Although some of the changes seem to be obvious, e.g., the low energy shift with 
heavier halogen ligands observed in either series of amine compounds is apparent 
from lower ligand field parameters, there are other relations which need further 
explanations. There is, for instance, the relatively strong shift of the intervalence 
band position when changing the counter ion. In the case of the t n B r  compound,  
for which structural data of perchlorate and tetrafluoroborate salts are available, 
the band shift from 1.653 to 1.408/~m-1 (cf. Table 2) can be explained by the 
Pt-N and Pt-Br interatomic distances which are significantly affected by the counter 
ion. A calculation of the band gap energy Eq. (7), carried out with the AOM 
parameters e~ (Pt-N) = 1.43/~m-1 for R = 206 pm obtained from an estimation 
for tn  on the basis of the spectrochemical series [38] and eo (Pt-Br) = 1.09/~m - z 
for R = 244.5 pm as derived from K2PtBr 4 [22] and using the structural data of 
Table 2 in Eq. (12), yields A E  = 1.08/~m -1 for tnBr'C104 and 0.81/2m -1 for 
tnBr. BF4. At least the difference of 0.27/~m- 1 compares well with the band max- 
imum shift of 0.245/~m-~ observed for these compounds.  Absolute values also 
agree if the 0.5/~m - 1 peak change is considered which is measured in the reflectance 
spectra. 

Quite similar relations reported for corresponding Pd(II)-Pt(IV) and Pd(II)-  
Pd(IV) chain compounds [-3] can be explained from the extended AOM as well; 
however, this would be outside the scope of the present article. 

Conclusions 

The electronic properties of mixed valence Pt(II)-Pt(IV) chain compounds can be 
discussed on the basis of the AOM suitably modified for treating extended molecular 
structures. Absorption edges due to intervalence transitions and other absorption 
peaks in the crystal spectra are assigned to calculated energy bands using AOM 
parameters which are derived from isolated mononuclear complexes of Pt(II) and 
Pt(IV). Relations connecting spectroscopic shifts with geometric distortions of chain 
molecules, e.g., caused by pressure or temperature changes, can easily be explained 
from parameter dependences on interatomic distances. The model could appro- 
priately be extended to more complicated systems containing two- or three-di- 
mensional networks. 
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