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The electronic spectra and magnetic properties of the 
compounds [ReXsPPh3] [PPhJH] (X = Cl, Br) of Cd, 
symmetry, [ReX4(PPh&] (X=Cl, Br) and [ReXz - 
(DPE)?]X (X = Cl, Br; DPE = diphenylphosphinoetha- 
ne) of D1t, symmetry, have been investigated. The 
d-d transitions have been correlated using point char- 
ge model calculations in which the monoelectronic 
energies have been calculated according to the angu- 
lar overlap method. The composition of ground states 
derived from calculations has been confirmed by ma- 
gnetic measurements. Values for the optical electro- 
negativities have been derived from the charge trans- 
fey transitions. 

Introduction 

The spectroscopic and magnetic properties of halo- 
genorhenate( IV) ions of Oh symmetry have been in- 
vestigated previously,‘*2 and recently, Leigh and Min- 
gos3 examined the charge transfer bands of [Reck 
(PMePhhl. The aim of the present paper is the 
interpretation of the electronic spectra, in particular 
the d-d transitions, and magnetic properties of the 
compounds: [ReX5PPh3] [PPh3H] (X=Cl, Br) of Gv 
symmetry, [ReXJ(PPh&] (X=Cl, Br) and [ Re& - 
(DPEhlX (X = Cl, Br; DPE = diphenylphosphinoetha- 
ne) of D4h symmetry, (if the internal geometry of the 
ligand is ignored). 

The spectra have been correlated using a point 
charge model calculation4,5 which takes account of 
perturbations due to the ligand field, interelectronic 
repulsion and spin-orbit interaction, utilizing previo- 
usly calculated6*’ energy matrices. The monoelectro- 
nit energy levels of the d orbitals have been calcu- 
lated according to the angular overlap method. 

Magnetic measurements have confirmed the compo- 
sition of the ground state, derived from the angular 
overlap method, for all the complexes examined. 
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Determination of Geometry 

The IR spectrum of [ReC&PPhs] [ PPhsH]in nujol 
presents three bands (at 337(m), 308(vs), and 283(s) 
cm-‘), due to the Re-Cl stretching modes. This is in 
agreement with a Clv symmetry, for which three IR 
active (2A1 + E), Re-Cl stretching bands are predicted, 
of which at least one has low intensity. 

The IR spectra of [ReC14(PPh&] and [ReClz - 
(DPE)JCl in nujol present only a single Re-Cl stretch 
at 323 and 322 cm-‘, respectively. This is consistent 
with D41, symmetry for which only one IR active (E,) 
Re-Cl stretching mode would be predicted. 

It appears reasonable that the bromoderivatives 
have the same geometry as the analogous chlorides. 

Electronic Spectra 

The bands between 4.0 and 20.0 kK are of low 
intensity and are therefore attributed to d-d trans- 
itions. Spectra in reflectance (Figures l-4) and in 
chloroform solution have been recorded in this energy 
range. Those in reflectance are more suitable for 
observation of d-d bands, since they may easily be 
correlated with the spectra both of phosphinic ligands, 
and of several d” complexes with these ligands. In- 
tensities of the bands were obtained from solution 
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Figure 1. Reflectance spectra. 
- - - - [ ReBrdPPh,] [ PPh,H] ; 

- r ReCMPPh,) J [ PPh,H] : 
000 [ ReCl,(PPh,),]; 000 

[ ReBrr(PPhd2]; - - - [ QuCIPPh,] ; - . . - PPh,. 
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Table I. Calculated and observed d-d transitions (kK). 

[ ReClsPPh,] [ PPh,H] 
Calc. r:l- Obs. 

0,023 ‘B,;E’ - 
5.38 ‘E;E” 
6,89 ‘E;E’ 6,32 
7,86 ‘B,;E” 7.27 
8.07 ‘A,;E’ -- 
8,33 ‘E;E’ a,33 

13,62 ‘Bz;E” 13,33 
14,88 *E;E’ 14.40 
16.50 ‘E;E” 15,90 

[ ReBrrPPh>] [ PPh,H] 
Calc. l-r Obs. 

0.038 ‘B,E’ 
5,16 4.83 ‘E;E” 

6.36 ‘E;E, 6,25 
7,40 ‘B,;E” 7.06 
7,61 ‘Az;E’ 8.06 
7,86 ‘E:E’ 8,33 

1283 ‘B,;E” 
14jl ‘E;E’ 

12 5 
13:6 

15.86 ‘E;E” 15,15 

Ca/cy$,Phx’z~bs, 

0,153 ‘B,;E’ - 
2.73 ‘E;E” - 
4.66 ‘E;E’ 4,92 

‘B,;E” 7.60 6.49 
7.86 ‘A,;E’ 8,OO 
8,12 ‘Az;E’ 8,69 

13 14 
16:60 

*B.E” 
‘EYE’ 

1333 
2 

18,74 ‘E;E” - 

[ReBr,(PPh,),] 
CdC. r:r* Obs. 

0.242 ‘B,E’ - 
2.47 ‘E;E” - 
4.35 ‘E;E’ 5.19 
7.38 ‘B,:E” 621 
7,64 ‘A,;E’ 7,69 
7,89 ‘AGE* 8.33 

1267 
16:33 

‘B.E” 1190 
&, 13:79 

18.47 ‘E:E” - 

[ ReCli(DPE)>]CI 
ck r-r’ Obs. 

108 - 
4:96 

‘AGE 
‘Bz;B> 4.88 

5.21 ‘B,;B, 5,26 
5.63 ‘E;Az 5,53 
5.80 ‘E;A, 5,aa 
6.65 ‘E;E 6,17 
9.05 ‘E:B, 8,69 
9.08 ‘E;B, 

10.27 ‘A,;AI 166 
II,94 ‘E;E 14,81 

[ReBrdDPE),]Br 
Calc. r:r Obs. 

- 1.13 ‘A,;E 
4.92 5.00 ‘B,;Bz 
5,15 ‘B,;B, 5.49 
5.79 ‘E;A, 5,67 
5.95 ‘E;A, 5,99 
6.82 ‘E;E 
9.22 ‘E:B, &J6 
9.26 ‘E:B> 

lo,17 ‘A,:A, 1025 
12,Ol ‘E;E 14,30 

Table II. Values of the parameters used (cm-‘). 

E Re(DPEhBn] Re(DPE)&h]Cl Br 4690 4857 -3544 -3607 20233 20233 -6335 -6335 330 300 1400 1400 2300 2350 

Table Ill. Composition of the ground state. 

[ReCl,(PPhJ)z] 

0.9586(ezb2,‘BJ-0.1897(e’~E)+0.1717(e~b~~B~) 
0.9493(e*b,,‘B+0.2176(e3~E)+0.1855(ezb2,1B~) 
0.8617(e*b~,‘BI)-0.4492(e’.‘E)+0.1952(ezb2,1B,) 
0.8060( e’bI,‘BI)-0.5363(e’,2E) + 0.2054(e2b2,1BI) 
0.88921(b,‘e’,‘A+0.3558(b~~~E)-O,2708(b~~e*,’A~) 
0.8858(b~e’,‘A&-O.3554(ble’,‘E)-O.Z8l4(bz~ez,’A,) 

spectra and values of E between 10 and SO were 
found. 

nes, respectively, could not rationalize the magnetic 
behaviour with temperature. 
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Figure 2. Reflectance spectra. - [ReCh(PPh,)][PPh,H]; 
. . ..[ReBn(PPhj)][PPh.H]. -a--.-[ReCI,(PPh,),]; ---. 
[ ReBn(PPh,h]. 

The calculation was initially carried out using the 
crystal field model. However, the monoelectronic 
energy level schemes and the composition of the 
ground states calculated as a function of G(k) and 
G’(k), characteristic of the halogens and the phosphi- 
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Figure 3. Reflectance spectra. 
- - - - [ ReBrt(DPE),]Br; 

- [ReCh(DPET]F); 
- * - . - DPE; . . . - [ CuClDPEj. 

It is known’ that the crystal field model, while ca- 
pable of interpreting the properties of complexes hav- 
ing cubic symmetries, is not easily adapted to lower 
symmetries. Because of this we have adopted the 
angular overlap scheme to calculate the perturbation 
of the field and ignored 6 bonding. This method ta- 
kes account of differences between the c and 5c pro- 
perties of the ligands by means of the parameters A, 
B for the halogens, and A’, B’ for the phosphines, 
respectively. We have thus calculated monoelectro- 
nit energy levels and ground states which may be 
confirmed by magnetic measurements. Values for A, 
B, A’ and B’ have been chosen assuming that the pho- 



spines have a-donor powers greater than the halogens 
and, in contrast to the latter, behave also as weak TC- 
acceptors. On this basis it is necessary that I A’ I > 
I A I and 1 B’ I> 1 B I. For the interelectronic repul- 
sion parameters B and C, and the spin-orbit coupling 
constant <, initial values similar to those for halogen- 
orhenate( IV)’ have been chosen. Analogously, initial 
parameters A and B were obtained using the relation: 
IODqcR,x:- j = 3A-4B. The parameters A’ and B’, as 
mentioned previously, take account of the differences 
in chemical properties between the halides and the 
phosphines. The values of all the parameters have 
been modified so to obtain agreement between the 
calculated and experimental frequencies. It is neces- 
sary to point out that these values, taken singularly, 
have little chemical significance, but they are suffi- 
cient to determine, to a reasonable approximation, the 
number of bands predicted by the geometry and also 
the ground state of the compounds. 

Figure 4. Reflectance spectra. - [ ReC12(DPE)2]C1; 
- _ - - [ReBrdDPE)z]Br. 
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Figure 5. Monoelectronic levels. 

It may be noted from the calculations that all the 
d-d transitions observed are those concerning confi- 
gurations derived from the octahedral ones t32, and 
t4zg, respectively. The bands derived from higher 
octahedral configurations are not observed because 
they have maxima in the energy range expected for 
charge transfer bands. The order of the monoelec- 
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tronic energy levels of the chloroderivatives is shown 
in Figure 5. The calculated and observed d-d trans- 
itions are in Table I. Values of parameters are in 
Table II and ground state compositions including 
spin-orbit coupling, limited the configurations present 
with eigenvectors>O.l, are in Table III. The ground 
states of the d3 compounds have symmetry E”, while 
the d4 ones have symmetry A1. The values in Table 
III refer to calculations restricted to configurations 
derived from the octahedral t32g, t2zeep ones in the case 
of d3, and t4z,, t329e, for d4 cases. This was done be- 
cause the calculations extended to all the possible 
configurations did not give rise to significant varia- 
tions neither in the transition energies nor in the com- 
position of the ground states. The calculated elec- 
tronic transitions suffer from all the criticisms that 
may be levelled against such methods. Despite this, 
it appears that th,e good agreement between calculated 
and observed values is not totally casual. 

Magnetic Properties 

The halogenorhenates(IV) with Oh symmetry have 
magnetic moments, at room temperature, of c.3.4. B. 
M., which decrease with temperature9 and show ma- 
gnetic exchange. The rhenium( IV) complexes exa- 
mined here show, at room temperature, p= 3.46 and 
3.53 B.M. for D4t, and C4” symmetry, respectively, and 
do not appear to show magnetic exchange. These 
values are close to those of halogenorhenate, and this 
similarity is caused by the predominant partecipation 
of a quartet state into the ground state, not only for 
oh but also for I&, and C4” symmetries. Such be- 
haviour is also found in [Re14(py)2]? Instead, the 
apparently anomalous properties of [ Re(OH)C13(PEt2- 
Ph)z]? in view of the above considerations, may be 
attributed to the important contribution of the doublet 
state to the ground state in a symmetry very different 
from the Oh one. 

Magnetic measurements have been performed down 
to liquid nitrogen temperature by the Gouy method for 
all the compounds (Table IV and V). The rhenium- 
(IV) complexes with C4” symmetry have a temperature 
independent magnetic moment and their magnetic be- 
haviour agrees with the presence of the energy levels 
E” (fundamental) and E’ (excited state), both of which 
are magnetic, as calculated by the angular overlap 
method. In fact, the calculated energy difference bet- 
ween the two states, of -30 cm-l (see Table I) sug- 
gests that, in the temperature range investigated, the 
population of these two states remains approximately 
constant. The D4t, compounds, in contrast, show a 
temperature dependent magnetic moment. This also 
agrees with the calculated values of the energy levels 
E” (fundamental) and E’ (excited) (see Table I). The 
calculated difference between these states, of -200 
cm-‘, indicates small variations in Boltzmann popu- 
lation, even within the restricted temperature range. 

The magnetic measurements have also been elabo- 
rated according to the method of Figgis,” which, 
using a simplified Hamiltonian and measuring the 
average magnetic susceptibility, determines the values 

(10) B. N. Figgis. Trans Faraday SOL. 56, 1553 (1960). 
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of the zero field splitting. Values for the C4” com- 
pounds lower than 30 cm-’ and for the D& one lower 
than 130 cm-’ are obtained, (allowing for small er- 
rors due to the limited temperature interval). We 
thus conclude that the energy values obtained by the 
magnetic measurements are in agreement with those 
calculated in Table I. It is not possible to verify the 
composition of the magnetic ground state from the 
measurements of average susceptibility since XM de- 
pends only on the absolute value of the zero field 
splitting: 

xh(= W 2 
9+9eeX+ 

-- 
3kT 2 l+eex 

6 where X=- 
KT 

and &=zero field splitting. 

Table IV. Magnetic data 
[ ReCL(PPhl)] [ PPh,H]. 

over a temperature range for 

103 15090 3.52 203 
113 13676 3.51 213 
123 12591 3.52 223 
133 11734 3.53 233 
143 10950 3.54 243 
153 10267 3.54 253 
163 9604 3.54 263 
173 9055 3.54 273 
183 8593 3.55 283 
193 8157 3.55 293 

7776 
7414 
7079 
6757 
6476 
6215 
5967 
5739 
5559 
5331 

Table V. Magnetic 
[ ReCUPPh,),]. 

3.55 
3.55 
3.55 
3.55 
3.55 
3.55 
3.54 
3.54 
3.55 
3.53 

data over a temperature range for 

‘W’K) x?,Sco”l O6 &rt ‘UW xY”“lo* &ff 

103 13240 3.30 173 8533 3.44 
113 12438 3.35 183 8073 3.44 
123 11628 3.38 193 7646 3.43 
133 10869 3.40 203 7263 3.43 
143 10170 3.41 213 6922 3.43 
153 9573 3.42 291 5148 3.46 
163 9002 3.43 

Table VI. Magnetic susceptibility over a temperature range 
for [ ReCI*( DPE)l] Cl. 

TW) xhl*“lo6 

112.8 1611 
121.8 1649 
138.6 1823 
203 1996 
300 1861 

This equation is the correct one, while the analo- 
gous one reported in the literature” suggests depen- 
dence of XM on the sign of 6. To determine the ma- 
gnetic ground state, analysis of anisotropy in magnetic 
susceptibility down to liquid helium temperature or 
single crystal e.s.r. spectra would be necessary. 

The d4 compounds show low values of paramagne- 
tic susceptibility, which increase on increase in tem- 

perature, as shown for [ReC12(DPE)2]Cl in Table VI. 
The paramagnetism of these compounds may be attri- 
buted to magnetic interaction between the ground 
state, itself non-magnetic (Al, J=O), with the first ex- 
cited state, which is magnetic (E, J= 1). Temperatu- 
re variations may be explained using the energy level 
values of Table I. In fact, the Al and E states are 
c. 1000 cm-’ apart. This difference would suggest 
only a small magnetic variation on the basis of sim- 
ple electronic excitations, within the temperature 
range studied. However, it is possible that several 
vibrational levels of the ground state, for example the 
linear X-Re-X bands (which should lie - 150 cm-’ 
from the ground state) may provoke a decrease in the 
ground-excited distance, thus favouring electronic mo- 
difications when the temperature is varied. The simi- 
lar behoviour of [OSC~~L~],‘~ for which the distance 
between ground state (A,, J=O) and first excited state 
(AZ, J= 1) is c. 2500 cm-‘, by our calculations, sup- 
ports the above mechanism. Elaboration of the ma- 
gnetic data according to Griffith’s method,13 would 
predict a sensible magnetic anisotropy, which could 
be confirmed by single crystal measurements on [Re- 
C~Z(DPE)Z]CI. 

Charge Transfer 

Spectra in chloroform in the charge-transfer region 
are reported in Figure 6. The bands at energy less 
than 25 kK are due to mainly a(P)-xd(Re) transfer, 
while those with v>25 kK may be assigned to essen- 
tially Z(X)-xd(Re) transfer. This is supported both 
by the spectra of the corresponding halogenorhenates- 
(IV),’ and by the values of optical electronegativity 
of the phosphines’4 and of rhenium(N),2 from which 
the transfer a(P)-xd(Re) is calculated to be -20 kK. 
The optical electronegativities of triphenylphosphine 
from the spectrn of ReIV compounds of I&h symmetry 
have been calculated. These were chosen instead of 
the Clh symmetry ones because as predicted, and con- 
firmed by experimental data (Figures 6), the Dd,, sym- 
metry presents spectra, near 20 kK, which are more 

Figure 6. Absorption spectra in CHCL 
[PPh,H]; 

- [ReCL(PPh,)]- 

(PPh,)l]; 
-..- [ReBr,(PPh,)][PP,H]; -‘_*..- [ReCl, 

-s - [ReBr,(PPh,),]; 
[ ReBn(DPE)2]Br. 

- - - - [ReCI,(DPE),]CI; - - -- 
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similar within the series examined and thus more 
surely assigned (since there is less mixing between 
the two types of charge transfer). From the band at 
19.4 kK for [ ReBr4(PPh;)z] a value of x0,=2.5 is 
calculated for triphenylphosphine, which is close to 
that reported in the literature.14 From this value and 
the band at 21.5 kK a value of the optical electro- 
negativity for Re”’ of 1.9 is calculated. Experimental 
frequencies have been modified by calculating the 
SPE using values of B and C shown in Table II. 

(14) K. A. Jensen and C. K. Jorgensen. Acta Chant. Stand., 19, 451 
(1965). 

(15) M. Freni, V. Valenti, and R. R. Pomponi, Garz. Chim. If., 94, 
521 (1964). 

Experimental Part 

Compounds were prepared according to literature 
methods 15-17 IR spectra were recorded on a Perkin 
Elmer mod. 621 and electronic spectra on a Beck- 
mann DK 2A. 
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