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The single-crystal polarised electronic absorption spectra of [AsPh,] [OsNX,] (X = CI, Br, or I) at room temperature 
and 5 K are reported in the range 10 00040 000 cm- l. The spectra have been interpreted using the observed 
polarisation and vibrational fine-structure data in conjunction with a parameterised ligand-field model. The 
single-crystal structure of [AsPh,] [OsNBr,] has been determined by X-ray crystallography. The compound 
crystallises in the tetragonal space group P4/n, a = b = 12.774(3), c = 8.008(3) A, Z = 2. The [OsNBr,]- 
ion has 4mm (C4J symmetry with 0s-N 1.583(15), 0s-Br 2.457(1) A, N-0s-Br 104.29(3)". The [AsPh,]+ 
cation has crystallographic &(S,) symmetry with As-C 1.891 (8) A, C-As-C 105.1 2(48) and 11 6.69(25)". 

ALTHOUGH compounds containing the MNn+ chromo- 
phore, where M = Ru or Os, have been known for a 
number of years there is a dearth of absorption spectral 
data compared with the Mom+ species of the early 
transit ion-met a1 elements. Polarised single-cr yst a1 
electronic absorption spectra have been reported for 
K[OsO,N] doped in K[C104],1 whilst the thin-film 
technique of Cowman et aL2 has been used to study 
[OsNXJ- and [OsNX,(OH,)] - chromophores, where 
X = C1 or Br. However, this latter technique appears 
to  have serious limitations since only the xy polarised 
spectrum was observed directly, the z polarised spectrum 
being obtained by subtracting the xy from that of a 
mull. In view of this lack of data on the above types of 
chromophores, we now report the low-temperature 
polarised single-crystal electronic absorption spectra of 
the compounds [AsPh,][OsNX,] (where X = C1, Br, or 
I). Also, we have determined the crystal structure of 
[AsPh,] [OsNBr,] which, like other salts of this series, 
crystallises in the tetragonal space group Y4/rt394 and 
contains discrete square-pyramidal [MNX,] - anions 
having C4v point symmetry, with all the M-N vectors 
parallel to each other and to the crystallographic c axis. 

EXPERIMENTAL 

Preparation of the Compounds.-[AsPh,] [OsNX,] [X = C1 
or Br) were prepared by the method of Griffith and Paw- 
son.6 Crystals of the chloride were grown by slow evapor- 
ation of a solution of the compound in CH2C12, whilst MeCN 
solvent was used to crystallise the bromo-complex. 

[AsPh,] [OsNI,] was prepared by refluxing [AsPh,]- 
[OsNCl,] in MeI-MeCN (10 : 1 by volume) for 3 h. Re- 
moval of the solvent under reduced pressure gave a deep red 
powder which was recrystallised from MeI-MeCN ( 1  : 1 by 
volume). 

The crystallisations of all three compounds were per- 
formed in the dark. Elemental analyses on the com- 
pounds were in agreement with their formulations, Also 
i.r. spectra for the above compounds were in agreement with 
published data,s which are summarised in Table 1.  

Electronic Absorfition Spectra.-These were measured in 

the range 10 000-40 000 cm-l on suitably thinned crystals 
mounted on silica plates a t  room temperature and a t  5 K 
using equipment previously described. The orientations 
of the crystals were such that the electric vector of the 

TABLE 1 

Vibrational frequencies (cm-l) * for [MNXJ 
(M = Ru or Os, X = C1 or Br) 

[OsNCl,]- [OsNBr,]- 

358 (10) 162 (4) 
184 (6) 122 ( 5 )  
352 (1) 156 ( 1 )  
149 (1) 110 (1) 
174 (2) 120 (2) 
365vs 220m 
271m 273m 
132 ( 9 )  98 (1) 

1 123vs 1 119vs 
[RuNCl,] - 
1 092vs 

346 (10) 
197 (8) 
304 (4) 
154 (1) 
172 ( 5 )  
378vs 
26 7s 
163 (1) 

[RuNBr,] - 
1 088vs 

224 (10) 
156 (1) 
187 (3) 
103 (1) 
128 (1) 
304vs 
211 

98 
* Infra-red frequencies (ref. 6) are given in italics; 'us = 

Very strong, s = strong, m = medium. Raman frequencies 
(ref. 8) have relative intensities in parentheses. In all cases the 
cation was [AsPh,]+. 

incident beam could be polarised parallel to and perpen- 
dicular to the crystallographic c axis. The data obtained a t  
5 K are given in Tables 2-4 and in Figure 1-3, which also 
include the room-temperature spectra. 

Single-crystal Structure .--Crysbal data. C,,H,,AsRr,NOs, 
= 907.1, Tetragonal, a = b = 12.774(3), c = 8.008(3) 

A, U = 1306.7 A3, D ,  (flotation) = 2.28, 2 = 2, D, = 
2.30 g ~ m - ~ ,  F(000) = 840, Mo-K, radiation, A = 0.7107 A, 
p(Mo-K,) = 130 cm-l. Space group P4/n from systematic 
absences: hkO when Iz + R # 2n. 

Preliminary unit-cell dimensions and space-group data 
were obtained from oscillation and Weissenberg photo- 
graphs and refined on a Hilger and Watts four-circle dif- 
fractometer. The layers 0-12kZ were examined for a 
needle-shaped crystal GU.  4 mm in length and 0.2 mm in 
cross-section and 1 299 reflections with I > 3 4 1 )  in the 
range 0 < 28 < 55" were considered and used in the subse- 
quent refinement. No corrections were made for absorp- 
tion, anomalous dispersion, or secondary extinction. Data 
reduction and crystallographic calculations were carried out 
on the Nottingham I.C.L. 1906A computer using the Oxford 
University CKYSTALS programs. Atomic scattering fac- 
tors were used as published.8 The structure was solved by 
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TABLE 2 
Band positions (cm-1) for the  polarised single-crystal 

electronic absorption spectrum of [AsPh,][OsNCl,] at  5 K * 
27510 I 

11910. 

20120 s 

2831011 

28890* 

20820, 

290001rhl 

1 6 9 5 0 ~  

17240IW 

17 5 8 0 ~ 1  

18060uW 

1 0 1 6 0 ~  

1844OV 

1 8 6 1 0 ~  

1815Om 

10850m 

l89lOm 

19 OOOm 

19060m 

19100* 

19 lnom 

192001rhl 

19250m 

1 9 1 1 0 ~  

19150m 

19190m 

19500m 

19830m 

19680m 

l97lOm 

1979Om 

l98lOm 

19860m 

199lOm 

20000m 

2OOlOrn 

2 O I l O r n  

20180m 

20 26Om 

20 420m 

2058Om 

20 110m 

20880m 

21050r.b 

2l2lOw.br 

21350~. br 

? l%l*t f  

2166Owbr 

9LO 

- 

110 

292101Shh) 

29610lsh~ 

29990m 

1026OIrh~ 

10700lrhl 

l l240m 

I6 950m 

I71OClShl 

l8610rn 

lS43Om 

19540m 

IO8IO.n 

1996Om 

2 O l l O m  

20250m 

20190m 

20510m 

208101rhI 
20690s 

20140s 

10980s 
211101 

21 25c5 

21 LOO' 

2148Om 

216)Qn 

2110Of8h~ 

221LOm 

2251Om 

- - 
180 - 

760 
3M 

210 

4 4 0  

5L0 

- - 

~ - 
- 

50 

00 

110 

10 
110 

120 

110 

140 

160 

150 
140 

150 

I20 

150 

170 

110 

4LQ 

170 

29120s 

29920lDhl 

2999O"l 

101101sn1 

50510s 

10150s. 

l l l00"l  

i i snos  

1 2 ~ 4 0 v r  

125101 

216401 

219201 

650 

~ 

060 

- 
810 

- 
nio - 

+?A2) 
vib 

24180m 

24750m 

25160s 

254801 

22500rs 

225101%hI 

225001Shl 

22 060m 

22830"s 

22950lrhl 

23UOm 

2112OIihl 

232101rhi 

21280"s 

23140m 

21420m 

21670s 

21800m 

2 4 0 5 0 m  

2L170m 

241001,hl 

245lOm.br 

246701shl 

25000m.br 

25llOm.br 

2SnOr.br 

rSlSOw. br 

25600' I 4 1 0  

- 
190 

- 

190 

- 

390 

~ 

180 

- 

480 

- 
410 

110 
- 
~ 

LOO - 
480 - 

2560Om 

26410m 

2139Om 

2I116OIibl 

1947Om 

10580m 

11 1501Shl 

810 
- 
- 
S60 

- 
- 
- 
- 
- 

970 

,110 

1110 

870 

17000vs.br. 

40000vs.br 

* Assignment refers to the electronic excited-state label of 
the electronic transition from the A l( lA 1) ground state ; 
' vib.' denotes that the transition is vibronically allowed; C.T. 
= charge transfer; s = strong, m = medium, w = weak, 
(sh) = shoulder, br = broad, v = very. 

TABLE 3 

Band positions (cm-l) for the  polarised single-crystal 
electronic absorption spectrum of [AsPh,][OsNBr,] at 5 K * 

I Polorirdion 

171801 

181001 

184201 

1 8 8 3 0 ~  

187201 

1BpSpW 

19oww 

19l6OW 

I9600m 

203Mlm 

21 030m 

220001 

221501rhl 

212705 

2,570r 

2 4 2 6 O m  

[I50 

199408 

207101 

21 8201 

2 1 4 L O s  
Al?E I 

218501 

2 4 2 2 0 1  

21650s 

251701s 

2621011 p El1E 1 
wb 

* See footnote to Table 2. 
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normal heavy-atom, Patterson, and Fourier techniques and 
refined by least-squares procedures involving anisotropic 
temperature factors for all the non-hydrogen atoms. The 
hydrogen atoms were included in the refinement a t  fixed 
positions and each with a constant Uiso. The analysis 

TABLE 4 
Band positions (cm-l) for the polarised single-crystal 

electronic absorption spectrum of [AsPh,][OsNI,] a t  5 K * 

17 700 w 177105 ~ ( ~ € 1  

z Polorlsotion Asslgnmenl xy Polor!sothon Ass~ynmml 

184901sh) A,(’A,, 18620(sh) 

18 950Lrh) 19 620s €13A,) 

19770m 20700(shI 

21 340s 21 250s 

22 310 s 222105 Ai’m,] vtb 

2267OLsh) 22940s E “ E  I 

23910m 240105 

24 850m 24480s 

26060m 25020s 

26000(shl 

27130(shI 

* See footnote to Table 2. 

converged a t  R 0.041. Structure factors and thermal para- 
meters are in Supplementary Publication No. SUP 23086 
(15 PP+* 

RESULTS A N D  DISCUSSION 

Crystal Strztctztre.-The final atomic co-ordinates are 
listed in Table 5 and selected bond lengths and angles are 
in Table 6. The Os-N bond length [1.583(15) A] and 
the interligand bond angles in the [OsNBr,]- ion are in 
good agreement with those reported for the isomorphous 
chloro- and iodo-c~mplexes .~~~ The dimensions within 
the [AsPh,]+ ion are also in agreement with the cor- 
responding dimensions reported for this cation in the 
chloro- and iodo-compounds. 

TABLE 5 
Atomic co-ordinates for [AsPh,] [OsNBr,] with 
estimated standard deviations in parentheses 

%la Y lb Z l C  

0.250 00 0.250 00 0.120 09(8) 
0.250 00 0.250 00 -0.077 63(184) 
0.091 49(8) 0.348 05(9) 0.195 84(14) 
0.250 00 0.750 00 0.000 00 

-0.258 59(62) 0.132 78(60) 0.143 56(99) 
-0.190 63(80) 0.127 80(70) 0.282 45(102) 
-0.202 28(88) 0.047 74(84) 0.396 96(130) 
-0.274 96(100) -0.025 70(87) 0.371 23(141) 
-0.341 41(83) -0.024 21(77) 0.236 98(143) 
-0.332 14(69) 0.054 93(63) 0.116 95(125) 
-0.137 21 0.184 00 0.304 61 
- 0.153 34 0.045 96 0.501 11 
-0.278 30 -0.085 24 0.460 69 
-0.397 07 -0.079 34 0.238 53 
-0.376 96 0.054 35 0.011 94 

ELectronic A bsorption Spectra.-Since the single- 
crystal polarised spectra a t  room temperature showed 
very poor resolution, the results are merely summarised 
in the Figures. However, cooling the crystals to 5 K 
afforded considerable resolution, particularly for the 
chloro-complex, and since we base our assignments on 

* For details see Notices to  Authors No. 7, J. Chern. SOC., 
Dalton Trans., 1980, Index issue. 

these spectra they are reported in detail. Our approach 
to the interpretation of the spectra is to select [AsPh,]- 
[OsNCl,], which gave the most detailed information, and 
to assign as many bands as possible based on the polaris- 
ation data. This is then followed by a discussion of the 
vibrational fine structure, supplemented by a ligand-field 
calculation (see Appendix for details). 

TABLE 6 
Bond lengths (A) and interbond angles (”) for 

[AsPh,] [OsNBr,] 

Os(l)-N(l) 1.583(15) N(1)-Os(1)-Br(1) 104.29(3) 
Os( 1)-Br( 1) 2.457( 1) Rr(1)-Os( 1)-Br( 1)’ 151.41(6) 

Br(1)-Os( 1)-Br( 1)” 86.51(1) 

(a) Co-ordination about 0 s  

(b) In the [AsPh,]+ cation 
As( 1)-C( 1) 1.891(8) C( l)-As( 1)-C (1) ’ 105.12(48) 
C(l)-C(2) 1.412(12) C( 1)’-As( 1)-C(1)” 111.69(25) 
C(l)-C(f3) 1.385(12) As( 1)-C( 1)-C( 2) 11 8.61 (60) 
C(2)-C(3) 1.382( 13) AS( 1)-C(1)-C(6) 120.97(68) 

1.336( 17) C( r?)-C( 1)-C( 6) 120.39(77) E [ ~ ~ z E [ ~ ~  1.37O( 16) C( l)-C(2)-c(3) 119.33(89) 
C(5)-C(6) 1.400(13) C( 2)-C(3)-C(4) 1 19.4 9 (99) 

122.81 (97) 
C (4)-C (5)-C (6) 119.77(98) 
C(5)-C(6)-C( 1) 118.06(93) 

c (3)-c (4)-C (5) 

The electronic ground states of the complexes com- 
prise a pair of electrons in a metal-based dzy* antibonding 
molecular orbital which leads to a IA, ground term con- 
sistent with their diamagnet i~m.~ Single electron 
excitations from this ground state to the other metal- 
based antibonding molecular orbitals give rise to a 
number of spin-triplet and spin-singlet excited states, see 
Table 7.  In the absence of spin-orbit coupling, the 
selection rules for electric-dipole transitions predict only 
one allowed band which should occur in xy polarisation. 
Clearly our spectra are more complex than this. I t  is 
expected that spin-orbit coupling would be a significant 
perturbation for Os6+ and,  as shown in Table 7 ,  this may 

TABLE 7 

Selection rules a, for electric dipole transitions of a d2 
complex 

c‘io C4v’ 
polarisation polarisation 

Transition b z XY Transition c z X Y  
bY)b2+% (z2)  

‘A1-t3B2 F F Al+Bl F(B1) y) 

- t3Az F F +Al A y)  
+E F(E) 

4 B 2  F(B2) F ( E )  - 4 2  F P 2 )  F(E) 
(XY)bZ -tbl(X2 - Y2) 

+E F(E) 
+*A2 F(A 2 )  F(E)  +A2 F(A2) F(E) 

-t3E F F +Al A F ( E )  
+A2 F(A2) F(E)  
+Bl F(B1) F ( E )  

(xy)b ,  -te(xz,yz) 

4 3 2  F(B,) y)  
+E F ( E )  

4 E  F(E) A +E F ( E )  A 
F = Forbidden, A = allowed; the symmetry of the vibra- 

tion which will make an electronically forbidden band allowed 
is given in parentheses. Spin selection rule, singlet+triplet, 
F; singiet+singlet, A. Ground state is lA1. Ground state 
is A, .  
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lead to considerable relaxation of the selection rules. 
Thus we predict four allowed transitions in xy polaris- 
ation and two in z polarisation. The ligand-field cal- 
culation suggests the following ordering of the excited 
states involved in these transitions: E(3E) < A,(3E) < 
E(3A2) < A1(3A2) < A2(IA,) < E(lE). The spectra will 
now be discussed separately for each compound. 

An examination of the whole 
spectrum showed three distinct regions of absorption 
with associated fine structure in z polarisation. In xy 
polarisation, structured absorptions were apparent 
throughout the spectral range. However, a careful 
analysis of repeating patterns in the fine structure 
enabled four band systems to be identified which have no 
counterparts in z polarisation. The electronic origins in 
both polarisations are indicated in Figure 1 (b)  and Table 2. 

(1) [AsPh,] [OsNCl,]. 

- --  ---_ 
<- I 

I 
40 

FIGURE 1 Polarised single-crystal electronic absorption spec- 
trum of [AsPh,][OsNCI,] at ( a )  298 K, (b)  5 K; z polarisation 
(--), xy polarisation (- - - - -) 

Based on these polarisation data we have assigned 
the two lowest energy bands in x polarisation, originating 
at  18 750 and 22 500 cm-I, to transitions from the A,(lA1) 
ground state to A,(3E) and states, respectively. 
Similarly, bands originating at  17 800, 19 830, and 27 370 
cm-l in xy polarisation were assigned to transitions to the 
E ( 3 E ) ,  E(3A2) ,  and E(IE)  excited states from A1(lA1), 
respectively. Additional support for these assignments 
was obtained from the fine structure associated with each 

band. This will now be discussed for each individual 
transit ion. 

A1(1A1)-+A1(3E). A three-membered progression 
with an average separation between the members of ca. 
900 cm-l can be identified within this band system. 
The separations correspond to a v(0s-N) stretching 
vibration in the excited state which is reduced from the 
ground-state value of 1 123 cm-l. The reduction in 
frequency can be attributed to promotion of an electron 
into an X*  (Os-N) antibonding niolecular orbital. This 
is consistent with the proposed one-electron promotion 
(5d,y*)2 - (5d,,*)1(5d,,*, 5d,,*)l. In addition to the 
vibrational progression involving separations of ca. 
900 c m l ,  there are vibrational progressions involving 
separations of ca. 150 cm-l throughout this band system. 
Each of these components has a further feature ca. GO 
cm-l to higher energy. We attribute the separations 
of ca. 150 cm-l to the excited-state A ,  x(OsC1) deform- 
ation vibration, reduced from the value of 184 cm-1 in 
the ground state, whilst the separation of ca. 60 cm-l is 
attributed to a lattice vibrational mode. 

This band system originated at 
22500 cm-l and had a well defined ten-membered 
vibrational progression with an average spacing of ca. 
390 cm-l. The first few members of this progression 
each had an additional splitting of ca. 150 cm-l super- 
imposed on them. There were no vibrational features 
which could be assigned to coupling with an A, ~ ( 0 s - N )  
stretching vibration. These observations are consistent 
with the assignment of the band to a transition involving 
A,(3Aa) which results from the one-electron promotion 
(5d,,*)2 -+ (5d,,*)1(5dZ2 +*)l, The splittings of 390 
and 150 cm-l are assumed to correspond to w2 [A, 
v(MX)] and v3 [A ,  x(MX)] vibrational modes in the excited 
state. These splittings agree well with those reported by 
Cowman et aZ.2 who identified this band system in their 
studies. The value of 390 cm-1 for v2 in the excited state 
is higher than that observed in the ground state (358 
cm-1) and was taken by Cowman et aZ. to be confirmation 
of the assignment without further comment. Similarly, 
increases in certain excited-state vibrational frequencies 
associated with the transition A1,(3Tlg)+Tlg(3Tlg) of 
[OsF,I2- have also been reported without further com- 
ment.1° This latter transition arises from the one- 
electron promotion (ta) *+ ( t29)3 (e,) l, thus corresponding to 
the promotion of an electron from a x antibonding mole- 
cular orbital into an empty G antibonding molecular 
orbital. In the present system a simple view of the 
increase in frequency implies that the promotion of a 
single electron from a filled metal-chlorine x antibonding 
molecular orbital to an empty metal-chlorine G anti- 
bonding molecular orbital strengthens the net metal- 
chlorine interaction ! However, such an explanation is 
chemically not sensible. In our view the most probable 
explanation for the increase in frequency arises from 
mixing of the A ,  v(MX) and A ,  v(MN) vibrations brought 
about by spin-orbit coupling admixing the LI,(~A,) and 
A1(3E) terms. Since in the excited states the frequency 
of the A, v(MN) vibration is much greater than that of the 

A1(1A1)-+A1(3A2). 
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A ,  v(MX) vibration, i t  is quite feasible for the net 
vibrational frequency to be greater than the correspond- 
ing frequency in the ground state. 

A1(1A1)+E(3E). This transition, originating at 
17 800 cm-l in xy polarisation, was defined by a three- 
membered progression with separations of ca. 800 cm-1 
on a rising background of absorption. The assignment 
of this vibrational structure to the A ,  ~ ( 0 s - N )  stretching 
vibration in the excited state, reduced from that in the 
ground state, is consistent with the promotion of an 
electron into an x* (0s-N) antibonding molecular orbital. 
The fine structure coupled with the polarisation of the 
band is consistent with the excited state arising from 
the one-electron promotion (5d,,*), (5dZ,*)1(5d,*, 
5d,,*)l. 

This transition had a band origin 
at 19 830 cm-l in xy polarisation and was associated with 
vibrational fine structure with an average separation of 
ca. 140 cm-l. There were no separations of ca. 390 cm-l 
as observed for the transition to L ~ ~ ( ~ A , )  in x polarisation, 
nor were there any splittings which were attributable to 
an A ,  ~ ( 0 s - N )  stretching vibration. The vibrational 
progression involving separations of ca. 140 cm-l may be 
attributed to coupling with an A ,  v(Os-Cl) deformation 
frequency, reduced from its ground state value of 184 
cm-l. The polarisation and vibrational data are con- 
sistent with the excited state arising from the one-electron 
promotion (5d,,*)2 - (5dzy*)1(5dza-,z*)'. 

The band attributed to this transi- 
tion was xy-polarised and had its origin at 27 370 cm-l. 
There was a vibrational progression with average spacing 
of ca. 800 cm-l which we attributed to coupling with the 
A ,  ~ ( 0 s - N )  stretching vibration in the excited state. 
The reduction in the frequency of this mode compared 
to that in the ground state, and the polarisation, are 
consistent with the excited state arising from the one- 
electron promotion (5d,,*)2 - (5d,,*)l(5d,,*,5dyz*)l. 

A1(1Al)+-A2(1A2), A ligand-field calculation placed 
A,(lA2) between A,(3A2)  and E(lE) in energy. In 
addition to this, the selection rules show that this transi- 
tion is forbidden in z polarisation, since these Cav anions 
have no vibrations of A ,  symmetry, but it can be allowed 
in xy polarisation by coupling with a vibrational mode 
of E synimetry. A band system with its first member at  
24 380 cm-l, with an average vibrational splitting of ca. 
376 cm-1 and occurring only in xy polarisation, is con- 
sistent with these considerations. The vibrational 
progression is assigned to coupling with an excited-state 
.4 v(Os-Cl) stretching vibration. In the ground state, 
this vibration has a frequency of 358 cn1-l. Again we 
have an absorption band derived from the one-electron 
promotion (5dxy*)2 -+ (5d~y*)1(5d.za-y**)' in which there 
is an increase in the v2 ribrational frequency in the 
excited state compared to that in the ground state. M'e 
propose that the explanation for this increase is the same 
as that mentioned previously, i . ~ .  due to spin-orbit 
mixing between A,(lA,) and A,(,E). 

Having assigned most of the stronger features in the 
spectrum, using primarily the polarisation and fine- 

A1(1A1)+E(3A2). 

A,(lA,)-tE(lE). 

structure data, there remained a number of weak 
features to be accounted for. The approach to their 
assignment was to rely on the parameterised ligand-field 
calculation. Initially, a range of ligand-field para- 
meters at  the ratios F,/F, = 21, 14, and 11, which 
calculated the energies of the already assigned bands to  
within ca. 500 cm-l, was investigated. Using these 
parameters as a basis, a best fit set was determined using 
an iterative least-squares method. In this, all the 
ligand-field parameters were allowed to vary in predeter- 
mined steps away from the starting values until a 
minimum 6 value was found. The term 6 is defined as 
below where n is the number of experimentally assigned 

6 = 100. ( 3 AEi2) ' / [ {  2 (Eiobs)2]/n]' 
i = l  i = l  

transitions and AEi2 = (ELobs. - Epic.)2. This proce- 
dure simultaneously gave the energies of the formally 
forbidden transitions, and a comparison of the best 
calculated and observed band positions is given in Tables 
2 and 8. In the above calculations a fixed value of 
D, = 50 x lo3 cm-l was used. This represents the 
value of D, which places transitions involving the 
electron promotion (5~&.,*)~ -+ (5dzy*)1(5dza*)1 under 
the lowest charge-transfer band at  ca. 36 x lo3 cm-l. It 
is necessary to estimate the energies of such excited 
states because the E, B,, and B, spin-orbit levels of this 
configuration will interact with levels of the same sym- 
metry which derive from other configurations. The 
procedure adopted above will maximise such interactions. 

(2) [AsPh,] [OsNBr,]. The polarised single-crystal 
electronic absorption spectrum at 5 K (see Figure 2 and 
Table 3) showed poorer detail compared to that achieved 
for the corresponding chloro-complex. This may be 
attributed, at least in part, to lower frequencies for those 
vibrations involving displacement of the halogen atoms. 
The major features in the spectrum were assigned in a 
manner analogous to that used for [OsNCl,]-. In z 
polarisation, band origins were defined at  17 380 and 
22000 cm-l for the two transitions to the A ,  excited 
states. The ligand-field calculation indicated that the 
orbital parentage of these A ,  states is now A,(3A2) < 
A,(,E), the reverse of that for [OsNCl,]-. This is com- 
patible with the observed vibrational fine structure 
associated with the appropriate transitions. The band 
originating at  17 380 cm-l has no fine structure attribut- 
able to coupling with an excited-state A ,  ~ ( 0 s - N )  
stretching vibration but does have line structure with 
average spacings of 220 cm-l. This fine structure sug- 
gests coupling with an excited-state A x(Os-Br) vibration 
which is increased from the ground-state value of 162 
crr-1. A similar illcrease in frequency was also ob- 
served for the band assigned to the transition A,(lA,) 
->L4,(3A2) for [OsNClJ-. On the other hand, the 
band originating at  22 000 cm has a vibrational pro- 
gression of average spacing 1 000 cm-l which is attributed 
to coupling with an A ,  ~ ( 0 s - N )  stretching vibration in 
the excited state. This is consistent with the assign- 
ment of the transition to the excited state arising 
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TABLE 8 
Best-fit ligand-field parameters for [AsPh,] [OsNX,] 

Band energies */lo3 cn1-l 

7- 

Obs. 
16.95 
17.24 
17.80 
18.75 
19.54 
19.83 
22.50 
24.38 
27.37 

x = c1 
7 -A- 

Calc . 
16.86 
17.08 
17.68 
18.59 
19.27 
20.35 
22.24 
24.11 
27.36 
35.83 
36.10 
45.69 
31.0 
24.2 
50.0 

1 107.0 
41.0 

2 800.0 
27.0 

2.9 
2.310 

X = Br 
I 

Obs. 
17.38 
17.38 
17.80 
22.00 
18.38 
19.94 
18.30 
23.85 
25.37 

Calc. 
17.21 
17.31 
17.78 
22.00 
19.31 
19.83 
18.42 
".7& 
25.41 
40.70 
40.78 
47.31 
2 7.. 4 
23.9 
50.0 

680.0 
42.5 

2 700.0 
16.0 
0.7 
2.457 

Obs. 

17.71  
21.34 
18.62 
19.62 
18.49 
22.21 
22.9# 

7 _ _ _ _ _ _ _  
X Z I  
A \ 

Calc. 
17.44 
17.47 
17.90 
21.23 
18.79 
19.49 
18.43 
22.01 
22.99 
44.10 
44.12 
48.29 
23.8 
21.5 
50.0 

456.0 
19.0 

2 100.0 
24.0 

1.2 
2.662 

* Band positions in italics were those assigned and used in the ligand-field fitting procedure. 

from the electron promotion (5d,,*)2 - (5d,,*)1- 

In  xy polarisation the features originating at  17 800, 
23 850, and 25 370 cm-1 were assigned to transitions to 

(5d~z*,5dyz*)~. 

I 
I 

I 
I I 

,- 
I?;: 

I 

the excited states E("E),  A2(lA2),  and E(lE), respectively. 
The band at  17 800 cm-l showed no vibrational fine 
structure and the assignment was based on the polaris- 
ation data and the results of the ligand-field calculation. 
The band system starting with the sharp feature at 
25 370 cm-l has a somewhat uneven progression of 
average spacing ca. 930 cm-l superimposed on a rising 
background. These large splittings may be attributed 
to coupling with an excited-state A, v(0s-N) vibration, 
and this together with the polarisation of the band is 
consistent with the assignment of a transition to the 
E(1E) excited state resulting from the one-electron 
promotion (5d,,*) - (5dX,*) l(5dZ,* ,5d,,*) l. The band 
system starting at  23850 cm-l was assigned to the 
transition to the A2(lA2) excited state based on its 
polarisation properties and on the results of the ligand- 
field calculations. Although there appeared to be a 
vibrational progression associated with this baEd system 
the details were not readily explicable in terms of the 
expected coupling with an 0s-Br vibration in the excited 
state. 

The ligand-field calculation was next used to cal- 
culate the energies of the allowed transitions assigned 
above, and thus to determine the energies of the vibronic- 
ally allowed transitions. The parameters derived from 
the least-squares fitting process are given in Table 8. 

(3) [AsPh,][OsNI,]. The polarisedelectronicabsorption 
spectrum for this compound at  5 K is summarised in 
Table 4 and Figure 3. The spectrum was not as well 
resolved and not as clearly polarised as that for the 
bromo-analogue. Although there appeared to be vi- 
brational fine structure in the spectrum, it was not 
possible to interpret this as comprehensively as for the 
two other analogues. The assignment of the spectrum 
was based on selecting three prominent features in the xy- 
polarised spectrum which have no counterparts in the x- 
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polarised spectrum, and similarly two prominent 
features in the z-polarised spectrum which have no 
counterparts in the xy-polarised spectrum. The pro- 
posed assignment is indicated in Table 4 and Figure 3 
and, the best-fit parameters in Table 8. Other assign- 
ments of the spectra were tried, but these resulted in 
significantly higher 8 values. 

I 

20 25 w 103cm-' 

FIGURE 3 Polarised single-crystal electronic absorption spec- 
trum of [AsPh,][OsNI,] a t  ( a )  298 K, (b)  5 K ;  z polarisation 
(--), xy polarisation (- - - - -) 

Ligand-field Parameters.-The values of D, and D,, 
the splittings between the dry* and dzz, y2* and dxs--y** 
orbitals respectively, decrease in the series C1-, Br-, I-. 
The trend in D, correlates with the expected relative 
positions of these ligands in the spectrochemical series.,, 
However, the d* orbital energies, and hence their mutual 
separations, depend upon the extent of the covalent 
bonding within the complex ion. If we assume that the 
nitrido-metal covalent interaction is dominant, and 
essentially constant within this series of complexes, then 
the observed d* orbital splittings are consistent with an 
increase in covalency of the in-plane ligands on going 
from chloride to iodide. Furthermore, the decrease in 
both D, and D, indicates that the in-plane x bonding 
increases relatively more rapidly than the in-plane o 
bonding as the ligands are changed. This observation 
correlates with the increasing polarisability of the halide 
ligands. 

The changes in the magnitudes of the metal inter- 
electronic repulsion parameters, Fk, which should occur 
when only the in-plane ligands are changed, are dif- 
ficult to predict. Theoretically it would be expected 
that decreasing charge, ZeE., on the metal should 
decrease Fk, whilst increasing bond length should in- 
crease Fk. However, for either of these effects the rate 
of variation of Fk depends on K. Also the rates of 
variation of any given Fk will depend on each of these 
interactions in a different manner. Such a conflict 
between the theoretical predictions is illustrated by the 
data for the CrrIIX, (where X = F-, C1-, or Br-) moie- 
ties,12 where changing X from F- to Br- should decrease 
Zeff. for chromium whilst the bond lengths increase. 
For this series, F ,  shows a steady decrease from F- to 
Br- whilst F,  increases. In the present [OsNXJ- 
systems we find a similar decrease in F ,  when X changes 
from C1- to I-. However, Fa shows a slight increase in 
going from chloride to bromide but a marked decrease 
for X = I-. I t  would appear that on changing from 
chloride to bromide the effect on F4 of increasing bond 
length outweighs the effect of decreasing Zen., but in 
changing to iodide the effect of decreasing Zeff. dominates. 

APPENDIX 

Parameterised Ligarad-field Calccclation .-The discrete 
[MNXJ- ions (M = 0 s  or Ru, X = C1, Br, or I) possess Cpv 
point symmetry and have metal atoms with a d2 electronic 
configuration. I f  i t  is assumed that the ligand field is 
dominated by the axial N3- group then the expected ordering 
of the metal-based antibonding molecular orbitals would be 
dry* < dzz-yz* < d,,*,dy2* < d+*. This ordering gives rise 
to a (dz,*)2 configuration for the ground state. The excit- 

+ +  + ~ C I X ;  Y ~ I  + IGY;I)I 
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El2 E /d2  been reported by Cowman et aZ., However, our results 
H 2 2  - - f / d 2  I = differ from these in respect of the off-diagonal elements 
-4142 HlOlO - E I within each sub-determinant. The source of the discrep- 

ancy is not known since the wavefunctions used by these 
authors are not available. In view of this we report our 
results in some detail. 

Where 
Hll  = 4 F 2  + 3 6 F 4  
H22 = -5  F ,  - 24 F4 + D1 + 612 
H33 = -5 F2 - 24 F4 + D ,  + 612 
H44 = - 5  F2 - 24 F4 + D1 - f / 2  
Hb6 = -5  F2 - 24 F4 + D1 - (1.2 
He6 = -5  F2 - 24 F4 + D1 
H77 = -5  F2 - 24 F4 + D1 
Has = F2 + 16 F4 + Dl 
Hw = F2 + 16F4 + Di 
HlOlO = 4 Fa - 69 F4 + D2 
H1111 = 4 F2 - 69 F4 + D ,  
H1212 = 4 F9 - 69 F4 + D2 

H1414 = -8  F,  - 9 F4 + D3 
H1616 = - 8  F2 - 9 F4 + D3 
H1816 = -8  F2 - 9 F4 + D3 
H1,17 = 

= F 2  + F4 + D 2  

21 F 4  + D 3  

D1 = AE(dzz*ryz- dw*)  
D2 = A E ( d , ~ - , ~ *  - dzy*)  
D3 = AE(d,2* - dz,*) 

ation of a single electron from the ground state to the above 
orbitals will give both spin-singlet and spin-triplet excited 
states of A, ,  E ,  and B,  symmetry respectively. Based on 
the assumption that spin-orbit coupling will be a significant 
perturbation in these systems we have derived the symmetry- 
determined spin-orbit functions, $, in the Cqv point group 
by using the projection 0perat0r.l~ 

The energies and functions resulting froni the effects of 
interelectron repulsion, spin-orbit coupling, and d orbital 
energy separations were calculated by diagonalising the 
secular determinant. Since there are no off-diagonal terms 
involving terms of different symmetry this determinant 
simplifies to the sub-determinants shown. 

Crystal-field matrices, including spin-orbit coupling, have 

The wavefunctions resulting from the diagonalisation will 
be linear combinations of the symmetry-determined spin- 
orbit functions. We have 1a.belled the final functions 
according to the origin of - the dominant function in the 
linear combination, e . g .  t,b = ut,b[A2(3E)] + bt,b[A,(lA,)], if 
us > b2 this would be designated $[A,(3E)] .  - 
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