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THE NATURE AND SPECTROSCOPIC CHARACTER OF THE METAL-
-OXYGEN BONDING OF SOME HEAVY METALS

By B. Jezowska-TrzesiaTowska, J. Hanuza, M. Baruka
Institute of Low Temperatures and Structural Research, Polish Academy of Sciences, Wroclaw*
(Received March 4, 1970)

The infra-red spectra of compounds containing metal-oxygen bonds, viz., mono-oxy- and
hydroxy-compounds of rhenium, ruthenium and osmium of the general formulae MO, L,_,*-(n=1
with M= Re, Os; n= 2 with M= Re, Ru, Os and 7 = 3 with M= Re, Os), [MO(OH)L,],
(M = Re), [M(OH),L,]>~ (M = Re, Ru, Os) and MO (k= 0, —1, —2 and M= Re, Ru, Os)
and those of binuclear compounds containing the oxygen bridge MOM were examined. On the
basis of group theory the normal modes and correlation tables for all possible structures of these
compounds were compiled, and the particular bands were assigned to the corresponding functional
groups. Approximate expressions for calculation of force constants in the metal-oxygen bonds
existing in the oxycompounds of rhenium, ruthenium and osmium were derived. A comprehen-
sive discussion of the results obtained is presented.

Introduction

The oxygen atom forms strong bonds with metal atoms. These bonds result both from
o and 7 interactions. The metal oxycations MO;* and oxyanions MO2~ are stable in
solid and liquid phases and in solutions. Owing to its electrodonor properties, the oxygen
atom can also form a connecting bridge between the metal atoms to yield stable MOM
groups. These oxygen bridges make possible the occurrence of a peculiar kind of super-
exchange between the metal atoms, which may result in complete spin quenching of the
metal atoms. This exireme case was called “‘oxygen bonding”. Vibrational spectroscopy is
a good tool for discerning the character of the chemical bonds, 7.e. the interactions between
the atoms of oxygen and metal. This method permits to determine the molecular structure
and type of interactions, and to establish the extent of the 7 character in the bonding as well.
The present studies were made on heavy transition metals —rhenium, ruthenium and osmium
— where the tendency to form m-bondings is particularly evident.

Earlier papers on the vibrational spectroscopy of rhenium [1-15] and osmium [16-18]
oxy-compounds dealt only with the limited spectral region (650-1000 cm=?) and did not
contain any theoretical band assignment. From among the ruthenium oxycomplexes, only
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the tetrahedral compounds were subject to spectroscopic studies [19-24]. In our paper,
we present the result of infra-red studies over a 200-4000 cm~* range (Perkin-Elmer Grating
Spectrophotometer, Model 621) on the following oxy- and hydroxy-compounds:

— for rhenium: ReQ,, KReO,, CsReO,, K,[ReOCl;] [25]

Cs,[ReOCl] [25], Csy[ReOCI,F] [26], Csy[ReO3Cly] [27]
[ReO4en,]C1 [28], [Re(OH), en,]Cl, [28]
[Re(OH)qen, |F; [28], [ReO(OH)en,]Cl, [28],
[ReO4py,]C1{8], [ReOCLen] [29], [ReOClgpy, ] [29]
K3[R602(CN)4] * H,0 [30, 31], K,[Re,0Cl;,] [32],
Cs,[Re,0Cly,] [32], [Reg0gen,Cl ] [11,
[R‘3203PY4C14] (2], Ks[Rezoa(CN)s] - H,0 [6];

— for osmium: 0sO, (gas and solid), OsOF; [33], K,[0s0,Cl,] [34]
(NH,),[050,Cl,] [34], K,[0s0,(NO,),] [34],
K,[0s0,Br,] [34], (NH,),[0s0,Br,] [34],
K3[0s045(C50,),] [34], K»[0s0,(0H),] [34],
K2[0502(0H)2(N02)é] [34], K,[0s04(0H),(C;0,)] [34],
Csz['Ost(C204)2] [34], (NH4)2[0502(C204)2] [34],
Cs,[0s0,Cl,] [35], Cs, [0s0,(CN),] [36],
Ag,[0s04(CN),] [36], K, [0s0,(CN),] [36],
[Ost(NH3)4]C12 [37], [0sO4(NHs),](OH), [37],
[0s0,(NH,),](SO,) [37], Cs [0s05F5] [35, 38],
(NH,),[0s,0Cl;,] - H;0 [39, 40], Y, [0s,0Cl,,] - HyO [39, 40]
Cs,4[0s,0Cl1gBr, | [39, 40], Y, [0s,0Br,4] - H,0 [39, 40],
Y,[0s,0ClBr,] - HyO [39, 40], Cs4[0s,0Bry,] - H;0 [39, 40],
Cs,[0s,0Clgl, ] - H,0 [41-43], Y, [0s,0CLL,] - Hy0 [41-43],
Cs,[0s,01,] - HyO [41-43], Y,[0s,01,,] - H;0 [41-43];

— for ruthenium: RuO, (gas and solid), KRuO,, NaRuO, [44],
NayRuO, [45], BaRuO, [46], Cs,[Ru0,Cl,][45, 47],
Rb, [Ru0,Cl,] [45, 47], Csy[RuO,Br, ] [45, 47],
Y, [RuO,Br,] [45, 47], Y,[Ru0,(S0,),] [48, 49],
[RuO,(OH),(NH,),] [49, 50, [Ru(OH)(NHy),(NO)|ClL [51],
K, [Ru(OH)(NO,),(NO)] 511, [Ru(OH)(NH,),(NO)JBr, [51],
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Aga[Ru(OH)CL(NO)] [51], K,[Ru,0Cly] . H;0 [52],
¥, [Ru,0Clyo] - H0 [52], K;[Ru,0Br;o] - H,0 [52],
Y,[Ruy0Br;,] - HyO [52], Y,[Ru,0ClgBr,] - H,0 [52],

where Y = [As(phen),].
For comparison and elimination of metal-halogen bands, the spectra of the fo]lowmg
sxmple complexes were procured:

K;ReCl, [53], CsyReClg [53], KyReF, [53],
Cs,ReFy [53], Cs[Re(CN)g] - H,0 [54],
Y[Re(CN),] - H;0 [54];
— for ruthenium: K,RuCl, [45], K,RuBr, [45, 50];
K,0sClg [39], K,0sBrg [39], K,0sI, [39], K,0sF, [55].

— for rhenium:

— for osmium:

The above 'complexesv were obtained by the methods described in the papers referred to at
each particular compound. The compounds examined by us are divided into two groups,
one with pseudotetrahedral symmetry and the other with pseudooctahedral symmetry.

Comp'ouﬁds with pseudotetrahedral symmetry

Perrhenates wece studied by several authors [56-61]. Griffith [56], Kriegsmann [57 61]
and Petrov [59] have established Td symmetry of the anion on the basis of IR and Ra spectra
in aqueous solutions. These studies, as well as those made by Baran [62] and Busey [60]
in the solid state, were used by Miiller and Krebs [24] for their calculations of force constants
in the ReO, anion. In our opinion, the T; symmetry is not a good approximation of the
actual structure of this anion in the solid state. On the basis of group theory we have compiled
a correlation table of symmetry groups for a distorted tetrahedron (Table I).

TABLE 1
Correlation table of the symmetry groups for a distorted tetrahedron )
Td C3v sz Cs ‘ Cz ‘ Cs i S4
v | Ay(R) A,(L,R) AL R) A'(I, R) A(LR) A(LR) AR)
v, E(R) E(I,R) Ay(I,R)-+ A"(I,R) 2A4(LR) E(I,R) A(R)+
+4y(R) +B(,R)
v, Fy(I,R) A(LR)+ | Ay, R)+ 24'(LR)+ - | 4(I,R)+ A, R)-+ B(I,R)+
+ELR) | +B(LR)+| +4"(I,R) | +B(I,R+ | -+E(LR) + E(L R)
+By(I,R) +B(I,R)
v | F(LR) | A4(LR)+ | 4(LR)+ 24(LR+ | ALR+ | AR+ B(I, R)-+
+ELR) | +B(LR)+| +A4A"UR) | 4B R+ +E(I,R) + E(L R)
+By(LR) 4+ B(I,R)
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The spectra of perrhenates and the oxide ReO, are given together with their assigments
in Table II.

According to the correlation table, KReO, has S, symmetry. This is shown by the absence
of the »(Re=0) at 965 cm=2 and the presence of doublets §(ORe0) and »(Re0,): In the
case of CsReQ, the presence of the »(Re=0) band and triplets of the above bands are
characteristic of the C; symmetry. )

A definite symmetry may also be assigned to the oxide ReOQ,. The arrangement and
intensities of its bands are evidence of pseudotetrahedral structure. The absence of the
»(Re = 0) band at about 970 em™* and the splitting of other bands correspond to the S,

TABLE II
Cs ReO, K Re0, ReO, e

Spectrum Symmetry C, Spectrum Spectrum Sa

— 245 w §(0*Re0) B

— 278 m } 6(0*Re0*) E
318 w, sh 6(0ORe0) 4 305 vs 305 vs 8,:(ORe0) B
328 vs S(ORe0) 4’ 314 vs 315 s 0,(ORe0) E
335 s 6(0ORe0) A4’
345 m 6(Re0y,) 4” 365 s 363 m 6(Re0,) B

— _ 466 w, vvb v5(ReORe) or »(ReO)

— 736 w, vvb v,5(ReORe)
901 vs . 7(Re0,) 4”7
915 vs »(ReQ,) 4’ 913 vs 911 vs, b v,(Re0,) E
931 s, sh »(Re0,) 4’ 930 vs, sh 939 vs, sh vy(ReOy) B
967 w »(Re=0) 4’ 965 »(Re=0)4

(calc. from comb. band).
967901

1866 w {  2%931 1859 m 1858 m 2x930
1880 w 967+ 915 1870 w, sk 965913
1905 w 967+ 931 1903 w 965+-930

symmetry. The two weak bands appearing between 200 and 300 cm™! result from the
deformation vibrations (0*ReQ) and 6(0*ReO*), where the Re—O* bonding is somewhat
longer with respect to Re—O. Two new bands, very diffuse and weak, are also observed
over the 450-750 cm™! region. Such arrangement of bands (three bands above 400 em™1)
is characteristic of most oxides. The band at 466 cm~1 results most probably from the
»,(ReORe) or »(Re—O) vibrations, since the ReORe system seems to be angular in this
case. The absorption at 736 cm~1 was assigned to the asymmetric stretching vibrations of
the angular ReORe group existing in the space lattice.

The infra-red spectra of the respective osmium and ruthenium compounds are shown
in Table III and IV.

The infra-red spectra of osmium [20, 23, 63, 64] and ruthenium [19-24] oxy-compounds
of a general formula MO, are extensively discussed in the literature. The spectra of these
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TABLE IIT
“080, 050, RuO, Ru0O, T
gas solid gas solid d
970 962 873 = » (Ap*
945 s, sh L 906 s, sh
960 vs, b 956 s 920 vs, b { 9245 } 3 (Fp)
321 w, sh 329 s :
3294, % 331s } 82955 336 m, sh } ¥ (Fy)
1930 w — 1793 m — M+,
1920 w 1918 vw 1828 w — 2vg

* »,(Ay) calculated from combination bands.

compounds in the solid and gas state (Table III), when compared with the correlation table
(Table I), enable to establish T symmeiry in these oxides. This is shown by the absence
of the #;(A;) and #,(E) bands, which are forbidden in the infrared. The values of ¥, (4,)
given in the table have been calculated from the combination bands. A slight splitting of
the v,(Fy) and »,(F},) bands in the solid state results from the crystal field effect. The lowering

. TABLE IV
Na RuO, K RuO, Symmetry S, K, RuO, Ba Ru0, G
283 s 279 s, sh 6,(ORu0O) B 301 w, sh 294 w, sh 6(ORuQ) 4~
287 s 285 s 6,(ORu0) E 320 vs 321 vs, b 6(ORuO) 4°
334 w 330 m 6(Ru0,) B 328 s, sh 334 s, sh 6(ORu0) 4’
334 m 338 m 6(Ru0,) 4~
828 m 825 m 7,(Ru0,) E 802 m, sh 805 s, sh »(Ru0,) 4"
807 vs 813 vs P(RuOy) 4’
851 s 849 s v(RuO,) B 835 s, sh 832 s, sh »(Ru0,) 4’
— 864 »(Ru=0)* 4 859 m 856 m »(Ru=0) 4’
— 1652 w 2X v, 1671 w 1669 w »(Ru=0)+»Ru0,) ~
— 1M3vw | »(Ru=0)+»,(Ru0,) || 1698w 1680 w ¥(Ru=0)--»Ru0,)

* »(Ru=0)4 calculated from combination bands.

symmetry in solid state may be observed in the vibrational spectra of the ruthenium oxy-
anions (Table IV). According to the correlation table, the ruthenates have .S, symmetry,
as shown by the occurrence of the 6(ORu0) and »(Ru0,) doublets and the absence of the
»(Ru=0) band. The RuO; oxyanions have still lower symmetry in the solid state, since
the band arrangement in the spectra with a triplet band structure is characteristic of the C,

Symmetry.
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Complex compounds with pseudooctahedral symmetry

A theoretical treatment of normal vibrations in pseudo-octahedral oxy-compounds
of a general formula [MO,Lg_,J* is presented in Table V. g

This table enables an accurate assessment of the complex symmetry to be made, since
the isomeric structure of a compound may be determined from the number of the #»(MO)
and »(ML) bands. The particular classes of compounds will be discussed in detail,

4R . : TABLE V
. Normal vibrations of ‘the' MO, Lg_,/*~ systems, Lo
Type of | =" S}%m- Y(MO) ) i »(ML) Irretiilci;gie
compound Isor‘ngnfm“ metry |, Represen- | Numb. il Representation g representatml.l_ .
tation IR bands IR bands the group
CIEER R BRI ST Yl s
MOL, = bea, 4 1 24,4+ B+ E 3 44,+-2B,+ By +-AE
MO,L, trans | Dy, | Agt+dp | L Aig+ B+ Ey 1 2415+ Big+Bygt
gy dis | Gy | ArtBr 2. | 241+Bi+B, 4 | 641424, 4Bt
: i g i e e " 4B,
MO,L, | trans | Cp ' | -24;+B i o 9t 4-By 3 64, A+ 4B+ 4B}
& Cow | At+E 2 4+ E 2 44,4 A, L SE
ey (degener.)
MOL;X, | trans” | Gy | A1 1| 24i+By 3 44, B+ B,
“cis (g = & A’ R I 24’+-A" 3. 44’424

A. The MOL; type .compounds
The molecule of a general formula XY;Z and C,, symmetry has been theoretically
discussed by Griffiths [65], Cross [66], Smith [67] et al. on the basis of the spectra of SF,Cl
and IOF;. The notation employed by these authors is used aside our own in considerations
of the bond vibrations in these compounds. For comparison, the infra-red spectra of the
the MLs type anions (Table VI) were found in order to obtain the data on the metal-
-halogen bond frequency which is necessary for further discussion.
TABLE VI

K,;0sClg | K;0sBrg [K,0sFg | KyOslg K,RuClgK,RuBrg| Assignment

Cs,ReClg| KyReClg | K, ReFg

CsyReFg

3000s | 317vs | 540wvs | 528vs | 325ws | 224dvs | 548ws| n.o. | 328wvs 250 s | va(Fy,)0(LML)

) 262 ; d
n. o. n. o. 235vs | 238 vs 1. 0. n.o. {246 ::h n. o. n. o. n. o. ‘114(F1u)—v(ML)

The abbreviation “n.o.” denotes the frequencies which we could not observe because
they lie below 200 cm™.

Table VII contains the infra-red spectra of ReOCly ReOCIF~ and OsOF;.
L’ denotes the ligand atom (Cl, F) in trans position with respect to the oxygen. The broad
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TABLE VII
Species | Activity | Assignment* Denotations** K2[iTIOCI5] Cszlf‘{::{)Cls] Csy[ReOCL,F]| OsOF 5 gas.
— —_ »(OH) 3340 w, b | 3540 m, b — —
— == S(HOH) 1635 m,b | 1605 s, b- e —
A; | IR, Ra | y(M=0) v1(M=0) axial stretch 993,988 vs | 955 vs 973 vs 960 vs
v5(ML,) vo(ML,) sym. square )
-+ stretch 316 vs,b 310 vs, b 305 vs, b 712 vs
y(MLy) v3(ML,) out-of plane ‘
‘| deform: 275 w,sh| 273 w,sh| 279s,sh | 628m,sh
Vgs (MLY*** | 9ML’) stretch*** 316 vs, b 310 vs,b 506 vs 640 s
A, — — — — e — —
B, Ra Vs (MLy) v5(ML,) square stretch — — — =
O(ML,) v¢(ML,) out of plane '
deform. — — — .
B, Ra P(ML,) v,(ML,) in plane deform. — — — =
E IR, Ra | v, (MLy) vg(ML,) antisym.square E
stretch 330 s,sh 327 s,sh 305 vs, b 703 vs, b
o(MO) 74(MO) rocking 230 m 231 s 237 m 330 m
§(LMO) v10(LMO) deform. 218 w 217 w 215 w 231 w
o(MLY) 111(ML;) rocking n.o. [ n.o. n.o. 272 s
Combination ' 1337 w
bands | 2 1405 m
1915 m

*Assignments employed in the present paper; ** Assignments employed in papers [65-67]
#** For compound Cs,[ReOCl,F[ this band corresponds to v (ReF).

and strong bands at 316, 310 and 305 cm™! for rhenium compounds result most certainly
from overlapping of », and »; or », and wg in the latter case. The bands found at about
275 ecm™! in the spectra of rhenium complexes result from the deformation vibration of
the ReCl, group and correspond most likely to vo(E,) for the ReCly anion. The weak
band at 483 cm~1 appears in the region deprived of the »(ReCl), »(ReF) and »(ReO) frequen-
cies. This is a combination band: §(CIReO)+»(ReCl,).

The band assignment for the osmium oxycompound was made on the basis of the spec-
trum of gaseous OsFg published by Weinstock et al. [68]. The spectrum exhibits two bands,
v3(Fy,) 720 cm~! and »y(Fy,) 268 cm1, and a number of combination bands. The band
frequencies are consistent with those observed by us for OsOF i

The »(M=O0) frequencies are observed for all compounds in Table VII over the 950~
-995 cm™ region.

Ruthenium does not form any such compounds.

B. The MO,L, type compounds

This type of compounds will be discussed on the basis of infra-red spectra of rhenium,
ruthenium and osmium complexes with changing ligands. This system has two possible
isomorphic modifications — cis compound with Cy, symmetry and trans compound with D, h
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TABLE VIII
Normal vibrations of the MOgL, system
Sym- Activity | Number Number of
Isomer ey Species . of Type of normal vibration stretch. vibr. in IR
O T IR Ra | bands »(M=0) I (ML)
cis Cop A; a p 6 74(MO,), 6(MOy), v,(MLy,),
v(ML;), 6(ML,), 6(ML;) | 2
A, ia dp 2 T(MO,), T(MLy) . Ll
B, a dp 3 45(MO,), v4(MLy), (LMO) il 1
B, a dp 4 y(MOy), ”as(MLln)» y(ML,),
o(ML)) 0 1
trans Dy, Ay, ia P 2 #,(ML,), ,(MO,) — —_—
Ay, a f 0 — —_ —
Agx ia P 0 — = —
Aay a f 2 P(MLy), v,,(MOy) 1 0
By, ia P 1 6(ML,) = -
By, a f 0 —_ aF -
By ia p 1 v,(ML,) — -
By, a f 1 7(ML,) 0 0
E, ia dp 1 J(MO,) —_ =
E, a f 3 7,6(ML,), 6(MLg), 6(MO,) 0 1
@ -active, ia—inacitve, p - polarized, dp - depolarized, f-forbidden transitions
TABLE IX
Cs[Re(CN),] - HO Y[Re(CN)g] - H,O K,;[Re0,(CN),] - H,O Assignment [54, 69-71]
3550 m, vb 3568 m, vb 3550 w »(OH)
3380 m
2120 vs
2152 vs 2155 vs 2094 s, sh »(CN)
2079 s
1635 m 1635 m 1635 m §(HOH)
== — 775 vvs, b v,(Re0y) Agy
442 w, sh 422 m AT5 s 3(OReC) and »(ReC),
469 s
424 m 407 s 435 m »(ReC)
406 w, sh 396 m 412 w »(ReC)
337 vs 350 vs 341 vs d(ReCN)
- — 252 s d(Re0,) E,

symmetry. Table VIII contains the normal vibrations of such systems determined on the
basis of the group theory.

According to this table, it is rather easy to distinguish between the cis- and trans-isomer,
since the trans compound exhibits one »,,(MO,) band in the infra-red, while the cis -compounds
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TABLE X
[ReO, [Re(OH), | [Re(OH), | [ReO(OH)| [ReOCl; | [Re,Og !
| el | endCl | endFs | emlCl | oen] | em@] |
B —  |3400s,5 |3400s,0b |3380us,b = e »(OH)
83480s | 3212s,sh |3352ws,b |3270ws  |3164ws | 3265uvs,sh (32725 vy By
3270vs | 3166 vs 3208 vs 3124 vs, sh | 3230 vs 3228 vs vy Al} »(NH)
3191 s 3084 vs 3129vs,b |3116s 3083 s,sh | 3180 vs 3201 vs 917 By
. 3040 vs 3100vs (3136
2024vs [ 2085s 2975vs  [2993m  [2970vs  [2049m  [2948m | vy B,
2852 vs 2958 s 2950 s 2949 m 2888 w 915 By| ¥(CHyp)
2738 m 2933 s 2945 vs 2922 s 2882m 2887 w vy Ay
2682 w, sh | 2886 s 2608 w 2852 5 2832 w v, Ay
2520 w 2422 w 2418 m 2494 w
2360 w 2355 w 2393 w - Overtone and
2315 w 2308 w 2325 w 2315w 2326w combination
2163 w 2200 w 2250m (2240 w bands of
2100w 2110 w 2113 w 2142 w 2109 w 2108 w ethylenediamine
1690 w 1890 w 1885 w
1695 vs 1600 s 1572 vs 1563 vs 1577 m,sh | 1563vs (1579 vs
1562 s, sh 1573 vs 1562 vs V3 A1} O(NH,)
1542 m 1542 s, sh | 1560 m, sh 1555 vs )
1457m | 1455m | 1462 1452vs | 1460 m, sh | 1463 s 1462 s vy A4, ’
1448m, sh | 14430s | 1450vs  |1845s  |1454s  |1456s (14575 | vy AB,} 8(CHy)
1400 w 1400 w 1395 w combination band of en
1866 m, sh | 1378 vs 1363 s 1368 w 1362 s 1384 vs 1364 w 3 '
1355 m 1362 s 10 Bl} «(CH,)
1307 m 1328 s 1331 m 1316 s 1323 m 1314's 1315m
1302 vs 1306 vs Vor Bg} (O(NHQ) ¥
1124 s 1123 s 1148 vs 1129 s 1138vs  |1140ws
1292 vs 1286 m 1293 vs 1281 m 1291 vs 1290 vs
1242 vs 1250 vs 1243 vs 1275 s
1225 m,sh |1220m | 1201 m 1204s {1203 7(CHy), y(NHyp)
1175w, b | 1163 vs 1172 vs 1166 vs 1150 vs 1190 m, sh | ¥4 By, T
1097 m 1106 s 1109 w 1110 s 1110s 1111 m vg | 41 *(CH) 6(ReOH)
1053 m 1058vs | 1052vs | 1048wvs | 1056 vs 1050vs  |1052wws | wyg } B, region
1017 s
10070s  [10030s | 998vs | 100Los,sh |1004m  [1005m } Y(NHy)
974 s,sh | 1000 vs 983 s 994 vs 999 vs 983 vs 982 s v, Ay »(CC)
— — — — 981 vs 970 vs 935m »(Re = 0)
895 vs 898 m 889m 887m 890m, sh | vg A,
882m | 882m | 861m | 883w 13 s 875s } o(CH),
864 m
819 vvs, b —_— —_ — — 800 w, sh ,5(Re0y)
820 vs 815vs,5h | 802s 818w 820w 821w 809 w, sk | vy Ay @(CHy)
750 vs 775 w T41 s 773 m T44 vs 760s,sh | vy B; @(NHjy)
b — — — — 730 vs, sh 7,5(ReORe)
723 vs 31lm T4ls 700s 124 vs
693vs | 627m | 700w | 629vs | 665w | 706vs,sh }‘-’(NHﬂ)
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Table. X (continued)

[ReO, [Re(OH), | [Re(OH), | [ReO(OH) | [ReOCl; | [Re,0, g
e én,|Cl eng|Cly en,|F,y eny|Cl,. en] .| -enyCl] Sclenpets
o — 571 s 554 s 565 s — — v(Re-OH)
-556 w . )
5682 557m 542s | 558s,sh | 557s 550 m »(ReN) with
] ‘ , o(NHy)
510m 489 s 514 s 502vs | 517wvs . | 515s 511 m vy By o(NH,) or
: o ' | d(NCCN)
AT5w | 46w | 448s 438 s, 4681w . | 4425 | 441s v, A,}S(NCCN)
418w ] 4355 o b } “»(ReN).
366m, vb| 348vw, | -335s 329 337m | 336s | 338m | vy B, .
309m | 325m,sh| 3175 .| 4 NHz‘t°’3‘°n
el P == —3 = 308vvs .| 305vs . v(ReCl)
2901 s 303m,sh| 306m - | 285m 283vs,b | 291, . . »(ReN) and
280 m,sh | 273s 266 m 273 s 28ls J(NReN)
o Bl 229 m, sh : 236 w, sh | 248w, sh | 232 s 232 m O(NReN) and ring deform.
215s . 220m 217 s 2i5m 6(ORe0), 6(OReCl) or -
’ - | 6(0ReOH)

should possess two bands resulting from the symmetric and asymmetric vibrations of the
MO, group..

 The vibrational spectra of cyanide rhenium complexes have been examined by several
‘authors [54, 69, 70]. On the basis of these studies and assignments given by Nakamoto [71],
we have described the bands for [Re(CN)g]™ and Kg[ReOy(CN),].HyO (Table IX).. :

The spectrum of K3[ReOy(CN),]- H,0 exhibits only one vibration of the ReO, group,
which is evidence of trans configuration of the oxygens in the OReO system. This result
confirms the structural X-ray analysis made earlier [72].

. Another group of compounds examined in the preseat paper are the compounds of
rhemum with ethylenodiamine. The spectra of these compounds together with their assign-
ments are given in Table X. The complexes of formulae [ReOClyen] and [Re,04en,Cl,] will be
discussed separately (pp 88 and 92), but, in order to eliminate the bands of ethylenediamine,
it was necessary to enter all these spectra into one table. The spectrum of ethylenediamine
is relatively complex over the entire region examined by us. In spite of this, it is not difficult
to eliminate the bands resulting from this ligand. For comparison, we have also obtained
the spectrum of ethylenediamine alone [73].

The changes in the spectrum of bounded ethyldiamine depending on structure enable
certain conclusions to be drawn in determinations of the isomeric structure of the formed
.complex. The results of studies on a large number of cis- and trans-compounds enabled
us to develop a general interpretation and classification of compounds where ethylenediamine
appears as a ligand. According to these results:

— the ethylenediamine band 6(NH,) at about 1600 cm=1 is split into a sharp doublet
for the cis-compounds [74, 75];
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TABLE XI
by [ReO,py,|Cl | [ReOCl3py,] | [Re;03py,Cly] Assignment
3400 s, b » ~ »(OH)
3077 vs 3099 s 3070 vs V905 Bi )
3052 vs 3088 m Va0 A1 |
3032 vs 3040 vs, vb | 3062 s 3064 vs vy, By ¢ »(CH)
3024 vs : V13 A.lv
3000 s Va Al
2910 w : 2911 w 2913 w
2800 m, b
2456 w 2452 w . » ) .
1986 w 2015 w 1999 w 9% w 1 Overtone .and combination
1922 m 1968 vw 1968 w 1968 w 1 bands of pyridine
1872 w 1898 w "
1815w 1825w .
1642 s, b ' 7 5(HOH)
1632 m 1631 m, sh 1633 w combination bands of pyridine
. 1598 vs. 1617 s 1610 vs 1606 vs v By o T e e
1588 vs 1605 vs 1601 s, sh 1598 m, sh ””ea ) A1 Symmetty and in plane )
1582 vs 1596 m, sh 3 vy Bj| ring vibrations i
7 1560 w- 1561 s 1568 s - 1573 m . »(CC)-and »(CN)
1484 vs 1483 vs . 1484vs | 1480 vs Vigg A1 .,
1476 vs, sh 1475 s, sh 1473 w, sh .
1440 vs 1447 vs 1459 vs 1453 vs v By
1375 m 1384 w 1394 vw 1392 vw vy By ) In plane antisym. ring py vibr.
1357 w 1353 s 1353 s 1351 m. Vet Vlob} »(CC) and »(CN) ,
1233 s 1247 vs 1241 m »
12235
1218 vs 1218 vs 1210 vs 1205 vs Vog A
1163 m
1148 vs 1149 s 1152 s 1142 s s By ¢ (CH) deform.
1096 w 1094 w '
1075 s, sh
1070 vs 1069 vs 1067 vs 1068 vs Viza A
1063 vs
1033 vs 1051 s 1050 s 1048 s v Ay Sym. ring pyridine vibr.
1048 s 1017 vs
992 vs 1012 s 1012 s, sh 1015 m vy A, Sym. ring pyridine vibr.
1005 m
— 971 vs, b 949 s . vRe=0)
945 w 956 m 943 vs 938 m vs B, Antisym. out of plane (CH) vibr.
912 w 923 w 920 w combination band of pyridine
885 w 883 m 860 m 864 m Viga A1 - Sym. (CH) deform.
822 vus, b — 803 vw ,5(ReOy)
748 vs 785 vs 759 vs 761 vs vy B, Antisym. out of plane ring vibr.
770 vs ‘
700 vs 704 vs 700 w 710 v, By ) Antisym. out of plane and in plane
693 vs 682 vs, b 1 ‘ vos By ] ring vibr. 4v,(ReORe) in last
676 m, sh 665 vw, sh 669 m, sh 675) vb. vep By ) case,
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Table XI (continued)

§ 24 [ReOspyJCl | [ReOClypy,] | [ResO3py,Cly] Assignment

603 vs 651 vs 649 m Vg Ay
473 m 648 vs
466 m 455 'vs 457 s V168a Al

407 vs, b 397 w } } Ring pyridine vibr.
354m, b 330 vs 328 s ey By

— 321 vos 310 vws »ReCl)
286 s 298 s, sh 304 s, sk
277 s, sk 271 s 272 s } »(ReN) and 6(NReN)
263 s

230 s 235 m 234 m |
290 2l4m 290 m } 6(ORe0), 4(OReCl), 5(NReN)

— over the 1130-1150 cm= region — w(NH,) the cis-isomers exhibit two bands
while the trans-compound only one [76];

— over the 870-900 cm™1 region —g(CH,).the cis-isomers exhibit a medium intensity
doublet while the trans-compounds shows a single band [75, 77];

—the cis-isomers exhibit four bands over the region 400-600 cm! while the trans
compounds have two or three bands [78].

On the basis of these criteria the compounds examined by us may be found to possess
a trans configuration, although in some cases splitting of certain bands is observed, due to
the crystal effect, and a lowering of symmetry. The 1550-1600 cm~! band splitting in
[Rey04en,Cl,] and the doublets over the 870-900 cm~? region for the compounds of lower
symmetry are particularly typical. The compound [ReQ,en,]Cl exhibits a broad band with
a characteristic doublet structure at about 820 cm~1. This band is formed by overlapping
of v,(Re0,) and o(CH,). The deformation vibration of the ReO, group, 6(0Re0), is observed
at 215 cm™1.

The spectra of similar compounds of rhenium with pyridine are shown in Table XI.
As previously, the table comprises the spectra of all compounds and also for comparison
the pyridine spectrum.-

The assignment of bands resulting from pyridine was based on papers published
by Wilmshurst, Bernstein [79] and Kline, Turkevich [80]. The spectral characteristic,
shifts and band intensities of the pyridine ligand agree with those observed by Greenwood [81]
and Gill [82] for complexed pyridine. The spectrum of [ReO,py,]Cl exhibits a broad, strong
band at 822 cm~! which results from v,((Re0,). The absence of any band at about 890 cm™,
corresponding to »(Re0,), is evidence of a trans configuration of the OReO group and
Dy, symmetry. This spectrum exhibits two strong absorption peaks at about 225 cra~™.
The 220 cm~ band is most probably due to the deformation vibrations of the ReO, group,
while the band at 230 cm=? is related to the J0(NReN) frequency.
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The next group of complex compounds of a MO,L, type which have been investigated
in the present work are the osmium compounds. Their spectra together with assignments
are presented in Table XII.

All the osmium compounds examined by us over the 799-843 cm=! region have a very
strong band due to the asymmetric stretch of the 00sO system belonging to the A,, species.
Meanwhile, almost all complexes do not exhibit any »(0s0,) —4;, bands at about 890 cm-1.
This is evidence of a trans configuration of the OsO, group oxygens and D,, symmetry.
The compounds, which are recorded in the table as K,[0sOy(OH)y(NO,),] and
K,[0s0,(0H)4(C50,)], for which the symmetric. stretching vibrations v,(0s0,) become
active, yielding the bands of medium intensity at 899 and 905 cm=1, respectively, are ex-
ceptions. For the first compound, the band at about 800 cm* has a doublet structure coa-
sisting of a strong absorption peak at 799 cm~! and a shoulder at 820 cm=1. Besides this,
two new bands appear which are not exhibited by the nitrite complex K,[0sO,(NO,),].
These bands occur at 530 and 245 cm1. Similar results have been obtained for the oxalate
compound (Table XII). Atovmyan has suggested [83] that the osmium compounds reported
by Wintrebert [34] as [0s04X,]~™ or [0sO,4(OH)oX,]= are binuclear complexes with
e
o’
to exhibit three infra-red bands belonging to the species By,, By, , B, which appear in the
regions where the osmium compounds exhibit new bands [84]. To these complexes most
probably the formulae should be assigned: K,[0s,04(NO,),] and K,[0s,04(C50,),]. Mean-
while, during the pu’-oxy bridge formulation, the linear trans bond O0sO becomes
bent, what results in activation of the v,(0s0,) vibrations.

The assignment of bands resulting from complex ligands [v, #,, etc., for C,0F,
NO;, NHj, etc.] was made on the basis of results reported by Nakamoto [71].

The deformation §(0sO,) vibrations belonging to the E, species absorb over the
270-310 cm~! range.

The last of the three heavy elements examined by us — ruthenium, also forms several
compounds where the RuO, group appears. The spectra of these compounds are shown in
Table XIII. For comparison, the spectra of several hydroxy complexes of ruthenium are
shown in this table. The »(M—OH) vibrations will be discussed later.

Similarly as in osmium and ruthenium compounds, the spectra of ruthenium oxy-
complexes (Table X11II) only exhibit bands resulting from the asymmetric »,(RuQ,) vibrations,
what suggests the trans configuration of the ruthenium di-oxy compounds. The deformation
vibrations of the ORuO group absorb over the frequency range corresponding to the §(00s0)
frequencies, that is 295-309 cm~. The complex [RuOy(OH),(NH,),] probably has a binuclear
structure with a uu’-oxy bridge. It should be then formulated as [RuyO4(NH,),], like the
osmium compounds discussed previously. Such a formulation is indicated by the absence

a double up’-oxy bridge. Such M M system with Dy, (7}) symmetry should be expected

0
of the 6(RuOH) and »(OH) bands. On the other hand, the bands related to the Ru< ‘ >Ru

o
group vibrations appear in turn at 830(B,,), 490(B,,) and 200(B,,) cm~L. Bending of the
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linear ORuO bond in this compound activates the symmetric' »,(RuQ,) vibration which
appears at about 795 cm—1.

Assuming the model of metal-oxygen interactions suggested for the vanadyl [85] and
osmyl [86] complexes, it is possible to explain theoretically the appearence of the trans
configuration in the dioxy-compounds of rhenium, osmium and ruthenium examined by us.
We shall consider only the “p,—d,” overlap (2p orbitals of oxygen with free d orbitals
of metal) since mainly these orbitals determine the arrangement of the oxygen atoms. The
positions of ligands will be defined by the cartesian coordinates and then:

TABLE XIV
Positions of the oxygen
Symmetry 0, Overlap 0, Overlap
Cyy 0, 2py—d,, o, 2p,—dyy
2pz = dxz 2Pz_ dyz
Dy, (033 2py—dyy 02 2py—d,,
2p,—d,, 2p,—dy,

If the oxygen atoms are in trans positions along the  axis, then the d,, and d,, orbitals
will participate in the 7 bonding from the part of the metal. The d,, orbital will be non-
-bonding for this symmetry. Next, for a cis configuration of the oxygens all three d, orbitals
of the metal participate in the bonding with the oxygen atom. Therefore, the d? electron
metals (osmium-VI, rhenium-V and ruthenium-VI) form complex compounds of Dy,
symmetry, since both d, electrons can be placed in the non-bonding d,, orbital which
is advantageous for energy reasons. The C,, symmetry is instead characteristic of the d°
configuration, where both oxygens are in the cis position. With such symmetry all d orbitals
participate in the z bonding with the oxygen atoms and, therefore, the total 7 bonding
effect is higher than that for the trans structure of the complex. This results from the higher
»(MO,) frequencies for the cis compounds with respect to those for the trans-isomers.

C. The [MO(OH)L,] type compounds and hydroxy-compounds

Generally speaking, the hydroxy-compounds have three absorption ranges: »(OH)
3200 —3500 cm~1, 6(MOH) 800-1200 cm—! and »(M—OH) 400-600 cm~1.

The only rhenium hydroxy-complexes examined by us are those with ethylenediamine
(Table X). Absorption resulting from the »(OH) vibrations takes place at 3400-3450 cm~L.
Complexed ethylenediamine has two weak bands of equal intensities over the 550-600 cm—1
region. Overlapping of these bands with the »(Re—OH) band results in strengthening
of the band at higher frequencies. The »(Re—OH) frequency corresponds to the stretching
vibration of the rhenium-oxygen bonding of a bond order 1. Ethylenediamine gives several
bands over the 1000-1100 cm! region, and it was impossible to determine which of these
bands is due to the deformation vibrations J6(ReOH).

. The »(Re=0) frequency for [ReO(OH)eny]Cl, is at 981 cm=t. The deformation
6(HO—Re—OH) frequency appears most probably at 220 cm~1.
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Analysis of spectral bands exhibited by osmium hydroxy-compound is less difficult
(Table XII). The hydroxyl group vibrations absorb at frequencies »(Os—OH) 4483, 6(0sOH)
1065 and 6(HO—Os—OH) 239 cm—L

Comparable data were obtained for the ruthenium hydroxy-compounds (Table XIII).
The stretching vibration of a single ruthenium-oxygen bond absorbs at somewhat higher
frequencies than the osmium compounds, namely at 528-584 cm=. The deformation
8(RuOH) vibrations give the bands in the 919-970 cm™! region.

The band assignment for nitrosyl and amino groups in the ruthenium hydroxy-com-
pounds (Table XIII) was made on the basis of the results reported by Mercer [87], Gans [88],
Allen [89, 90] et al.

D. The MOL;X, type compounds

This type of compounds will be discussed for the rhenium compounds only. Osmium
and ruthenium do not form any complexes of such structure. According to Table V, the
compounds [ReOCL;X,] should exhibit a single #(Re=0) band and triplets »(ReCl) both
for C,, and C, symmetry. The spectra obtained by us (Tables X and XI) contain the bands
corresponding to the stretching »(Re=0) vibrations at 971 cm™! for the pyridine complex
and at 970 cm? for the ethylenediamine compound. In both cases a very complex spectral
structure is observed in the 270-330 cm—! region, where the »(ReCl) vibrations occur.
This structure results from overlapping of »(ReCl) with »(ReN) and J(NReN). ‘

E. The MO,L; type compounds
Only two compounds of this type been examined by us: Cs,[Re0,Cl;] and Cs[0sO,Fs].

For such systems the following table of normal frequencies may be set up:

TABLE XV
Normal vibrations of the MOj; Ly system
. Number of
v Activity Number stretching vibra-
Isomer ety Species of Type of normal vibration tions in IR
IR | Ra | D% »(MO) | »(ML)
cis Cau Al a p 4 vs(MOS)’ 6:(M03)9 VS(MLS):
3,(MLy) 1 1
A, ia f 1 4(LMO) — —
E a 14 5 vas(M03)9 0gs(MO3), 745(MLy),
ML), 6(LMO) 1|1
trans Cyp Ay a P 6 v:(MO,), 6(MO,), »(MO),
(ML), 8(MLy), »(ML) 2 2
A,y ia dp 1 4(LMO) — —
B, a dp 4 ”as(MOz)» (MO,), y(MLy),
§(LMO) 1 0
B, a dp 4 ¥45(MLy), 6(MLy), p(MOy),
6(LMO) 0 1

a -active, ia-inactive, p - polarized, dp- depolarized, f - forbidden transitions.
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According to this table, the cis compound with C,, symmeiry should exhibit two
stretching frequencies, metal-oxygen and metal-chlorine, while the trans compounds with C,, -
symmetry exhibit three bands each. The spectra of these compounds together with their
assignments are given in Table XVI.

TABLE XVI
Cs,y[Re05Cl,] Cs[0sO4Fs] Vibrational mode Species of vibration
935 s 9525, b v,(MO;) Ay
890 vs, b 915 vs, b V,5\MO3) E J
370 s 578s v,(MLg) Ay
330 m . 469 s ¥,5(MLs) E
321 vs 348 m 6(MO,) Ay
315 m, sh 315m G,5(MO3) E
220 vs 215w o(LMO) E

A comparison of Tables XV and XVI may suggest cis configuration of the rhenium
compound and Cy, symmetry, since the band at 890 cm—1, very strong and broad, is a clear
doublet. C3, symmetry is also indicated by the number of bands resulting from the rhenium-
-chlorine stretching frequencies. In order to obtain a full analysis and to confirm this structure
a Raman spectrum is required, however. The two bands found in the 215-225 cm=1 region
are due to the deformation frequencies of the ReO, group.

The osmium compound is also likely to have C3, symmetry. Its spectrum agrees with
the characteristic of normal vibrations for the cis system MO,L, given in Table XV.

It seems, then, that the cis-structure of the trioxy compounds is characteristic of transi-
tion metals with a d° electron configuration in the complex. This becomes evident if the
positions of oxygens with respect to the metal and the overlap of d,-metal and p_-oxygen
orbitals (Table XVII) are defined.

TABLE XVII
Positions of the oxygen
Symmetry 0, Overlap 0, Overlap 0, Overlap -
Csy o, 2py—dy, 0, 2p,—d,, 0, 2py—d,,
2p;—dy, 2Pz—dyz 2py_dyz
Cyp (033 2py—d,, 02 2py—d,, o, 2p,—d,,
2p,—d,, 2p,—d,; 2Pz_'dyz

In the complexes of C,, symmetry three d,, orbitals do not participate equally in the 7
bonding with oxyligands. The d,, orbital participates in the bonding with three ligands,
the d,, orbital with two ligands and the d,,, orbital with only one ligand. Hence, the latter.
orbital will be least antibonding, and its filling with one or two electrons will be energetically:
more advantageous than for Cy, symmetry, where the antibonding effect is higher. For Cyy
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sy_mmétry the bonding contributions of d,, orbitals are equal and are better utilized. Therefore,

‘this symmetry is more convenient for the central ions of the d° configuration (Re—VII and
0s—VIII). We have observed this in the rhenium (VII) and osmium (VIII) compounds
which have Cj, symmetry. '

F. Binuclear compounds

Rhenium, ruthenium and osmium readily form binuclear compounds in which oxygen
forms a bridge bonding MOM between the metal atoms. The dimeric rhenium-IV and v
complexes as well as osmium-IV and ruthenium-IV complexes are particularly stable.
Oxidation state IV of rhenium is represented in our work by potassium and caesium oxy-
chlorhenates and the compound K¢[Re,04(CN)g]. 4H,0. The spectra of these compounds
together with their assignments are shown in Tables XVIII and XIX.

TABLE XVIII
K;[Rey03(CN)gl 4H,0 Assignment
3450 m, vb - »(OH) -
2125 s
20805, b #CD
1620 m J(HOH)
912 s »(Re=0)
784 s ,5(Re0y)
752 s ,(ReORe)
474 vs »(ReC)
462's 6(OReC)
335s 6(ReCN)
252m 6(0,Re0p)
200 vw vy(ReORe)

L’ denotes a ligand in the trans-position with respect to the bridging oxygen. The notation
in table refers to the isolated MO,L, groups of Cy, symmetry (O, — bridge oxygen) and
MOM of D, symmery.

~ Rhenium-V of a d? electron configuration appears in binuclear compounds with ethy-
lenediamine (Table X) and pyridine (Table XI) of formulae [Re;0zenyCly] and [ResO3py4Clyl.

“Considering the [L;MOML;]* type binuclear compounds as a ‘“‘three-body” system,
one should expect the vibrational spectra to exhibit three frequencies: v,,(MOM), »,(MOM)
and §(MOM). In the angular bridge MOM of Cy, symmetry all three frequencies are both
IR and Rdman active. The symmetric stretching bridge vibrations absorb in the 400-550
em™! region, similarly as the compounds of chromium [91, 92], tin, germanium [93],
arsenic:and antimony [84]. Since no new bands have been observed to form over this region,
this suggests a linear structure of the rhenium compounds examined by us. According to
the selection rules, the linear nucleus MOM should exhibit only the asymmetric stretching
fréquencies, while »(MOM) is only Raman active, giving the bands at about 200-250 cm=L.
Owing, to some crystal effects however, this vibration becomes sometimes infrared active.
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TABLE XIX
74 (MOM)| ,(MOM) | 5(LMO)
i OH) | 6(HOH): Other band
Compound | Cation S+ (Do) 2;( Dooi) | E(Ca) »(OH) | 6(HOH) er bands
K 855s 200vw | 210w — — 826 s,sh—v,(ReCly);
315 vs,b—vy(ReCly) 5
305 vs, b—w,4(ReCl’
Re;0Clt ‘"‘ :
Cs 851 s 202 vw 210 w — — 322 s, sh—,(ReCly);
310 vs, b—v((ReCly) and
v,(ReCl’)
NH, 845m — 220w | 3580 m | 1625 m | 310 vs—w,(OsCly); 304 s—
—,(0sCly); 273 w—w,,(0sCl’)
0s,0Cl, %+~
Y 838 m — 225w | 3620m | 1638m | 319 vs—w,(0sCl); 309 s—
' - ~4(0sCly); 281w—w,,(0sCl’)
_ , Cs 843 m = n.o. 3550 m | 1620 m | 205 s—w,,(OsBr,)
05,0Br; % , -
‘ Y 845 m — ‘n.0. 3480 m | 1609 m | 200 s—v,,(OsBr,)
lcs | 83%5m — | no.  [3520m| 1600w
05,0104 —
Y 841 m — n.o. 3545 m | 1605 m
Cs 848 m 205 w 210w | 3578 m| 1630 m | 310 s—w,,(0sCly);225 s—
+—9,5(0sBry); 2923—-11,(03(:14),
270 w—,,(0sCl’) . i
0s,0C1Br,*~
¥ 846 m 204 w 215 m,sh| 3600 m | 1628 m | 315 s—v,(0sCl,); 290 s—
- —v(0sCly); 275 w—v,,(0sCl’);
225 s—,4(0sBry)
Cs 82m | 215msh 225m | 3575m| 1630 m | ‘318 s—,,(0sCly);
295 m—w(0sCly)
0s,0Cl, L4~
'Y 830m 213 m 225m | 3520m | 1630 m | 321 s—w,,(0sCl);
298 w—v(0sCly)
K 885s — n.o 3480 m | 1615 m | 324 vs—v; and v,(RuCly);
' 289 w—,(RuCl’;
463 m—2v,,(RuORu)
Ru,0Cl % - ,
Y 880 s — n.o 3440 m | 1612 m | 322 vs, b—v; and v,(RuCly);
o 290 w—v,(RuCl);
) 465 m—2y(RuORu)
K 858 s — n.o. 3480 m | 1635 m | 248 m—v, and ¥,,(RuBr,)
Ru,0Br,*- , ]
Y 861 s — n.o. 3510m | 1640 m | 250 m—v; and ,,(RuBry)
Ru,0ClgBr,*- | Y 852m | 245m,b | 240 w,sh | 3542 m | 1642 m | 334 vs—w,; and »(RuCly);
250 m—»(RuBr’);
278 w—v,,(RuCl,)
where: Y = [As(phen)y]; L’ —ligand in trans position to the bridged oxygen atom.
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This happens for some rhenium, osmium and ruthenium compounds (Table XIX), especially
if the symmetry is disturbed by 1ntroduc1ng another halogen ligand. A difference of about
120 em~'in the position of the »,(ReORe) band in the cyanide (Table XVIII), pyridine
(Table XI) and ethylenediamine (Table X) complexes with respect to other dimeric rhe-
nium compounds (Table: XIX) is anticipated and- confirms' the existence of the so called

electron-wlthdravvlng” effect [2], consisting in a weakening of the bridge bonding ReORe
in the linear system O-Re-O-Re-0. Owing to the electron attraction, a stretching action of
the outer oxygens appears which leads to a decrease in the v, (ReORe) frequency with
respect to the u-oxychlororhenates and binuclear thiocyanide rhenium compounds [94].
Meanwhile, the above compounds with abnormal »,(ReORe) frequency exhibit-a decrease
in’ frequency and [ntensity of the »(Re = 0,) vibration (O, — terminal oxygen).

- The vibrational spectra of binuclear osmium-IV and ruthenium-IV compounds also
suggest that the MOM' bridge has a linear arrangement and D, symmetry, what confirms
the results of structural X-ray analysis made earlier for the ruthenlum compound [95].
The frequency ranges of asymmetric stretching vibrations of the bridge oxygen bonding
(830-885 cm™) correspond to the frequencies given for rhenium compounds. Several dime-
ric. compounds of osmium and.ruthenium exhibit activation of their infra-red forbidden
frequencies »,(MOM) over the 200—250 em~! region. This happens for the compounds of

a general formula [M,OL L _.]4 which. have.their symmetry disturbed b'y introducing
a second halogen into the complex.

- The deformation 5(MOM) frequenmes have not been observed by us since they are
beyond the range of our 1nstrument (below 200 cm™).

Force constants of the metal-oxygen bonds

On the basis of the above considerations one can compile the results related to the
metal-oxygen-bond frequency ranges (Table XX).

TABLE XX

Vibrational mode M= Re M= Os M= Ru

»(M=0) 912-995 952-960 —_

v(MO,) 890-912 889-905 —

v,:(MO,) 775-835 799-843 795-824

»(M—OH) 550-570 448-503 528584

(MO, 220-260 271-309 295-309

5, (MOM) 720-855 830848 852-885

vs(MOM) ‘ © 200-205 204-215 ~235

From among the v,sys,t\ems in the present work, the normal coordinate analysis was made
till now for the molecules MOL; [67] (Cy,), MO,L, (Cy, and Dy;) [97] and MO, Z,_,, (T ;[24],
C;, [96]). The normal coordinates are functions (sometimes complex ones) which comprise
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the displacement coordinates of many or all atoms in the molecule. Both the kinetic and
potential energies expressed in these Q; coordinates contain only the square terms:

3n—6
2T =23 0}
i=1
3n—6
i=1

The frequency of the normal vibration is determined by the kinetic and potential energies
of the system. The kinetic energy is determined by the masses of the individual atoms and
their geometrical arrangement in the molecule. On the other hand, the potential energy
arises from interaction between the individual atoms and is described in terms of the force
constants. Since the potential energy provides valuable information about the nature of inter-
atomic focces, it is highly desirable to obtain the force constants from the observed fre-
quencies.
Using the internal coordinates R; for a molecule, the potential energy is written:

2V = [R] [F] [R]

where [F] is a matrix whose components are the force constants. The kinetic energy in terms
of the same internal coordinates can be written as

2T = [R] [6-Y] [R]

where [G] is a matrix determined by the masses of the atoms and the geometry of the mol-
ecule.
If these two equations are combined with Newton’s equation,

d (aT W _,
di \ ok, | T R, —

the following secular equation is obtained:
161 [FI—[E}A] = 0.

Here, [E] is the unit matrix and 4 is related to the wave number ¥ by the relation 4 = 4n2c?»2.
Such an analysis was made for the molecules described above. Since in most cases no X-ray
data for the compounds studied by us are available, the force constants of the metal-oxygen
bonds may be only approximately calculated. The secular equation usually has a block
form in which each block is related to a definite species and a definite bonding. Moreover,
almost the entire value of the stretching force constant and stretch-stretch interaction force
constant is concentrated in the diagonal matrix terms. Hence, by selecting the corresponding
terms of matrices [G] and [F] we have obtained a very good approximation for calculation
of force constants f, and £,, in the molecules MOL;, MO,L, and MO,L,_,. For other types
of compounds the corresponding equations for the [G] and [F] matrix elements have been
derived ‘‘per analogiam®‘, taking into account their similar symmetries and arrangement of
oxygen atoms with respect to the metal. These matrix elements introduced into the
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secular equation together with the observed frequencies enabled us to calculate the
force constants of the metal-oxygen bonds. The final equations obtained by us are
arranged in Table XXI.

The force constants calculated on the basis of the above equation are presented in Tables
XXII—XXVI. For the pseudo-tetrahedral anions (Table XXII) the equations derived for
T, symmetry have been employed for calculations, since no X-ray data concerning the
angle ¢(OMO) for all studied compounds are available. ug and u,y are, as usual, the reciprocal
atomic masses of oxygen and metal, respectively, f, is the stretching force constant, and f,,
is the stretch-stretch interaction force constant. The relationship between the observed
frequency » and wavelength 1 is:

2
-0 AR
A = 0.58885 (1000)

The force constants calculated for trioxy-compounds of rhenium and osmium (Table XVI)
of symmetry Cj, assume the following values:

“Csy[Re0;Cly] £, =696 f,, =031

Cs[0s0,F;] £, =747 f, =020 [ngn] :

The force constant of a chemical bond is a physical measure of its strength. This value is
affected both by the masses- of vibrating elements and their mutual affinity. The increase

“TABLE XXII
—Md Md
Compound Symmetry v3(47) v5(Fy) fr % For X Bond order
ReO, Ty 986 915 7.52 0.44
0s0, (i) 965 960 8.05 0.24
RuO, T, 873 920 6.73 0.15 2.00-2.3
RuO: T, 826 850 5.82 0.20
RuO7 T, 857 810 5.56 0.45
TABLE XXIII
Md
Compound Symmetry »(MO)—(4,) fr X Bond order
K,[ReOCl;] Co 993 8.36
Cs,ReOCl; (o 955 7.91
C52R60m4F C4U 973 821
[ReO(OH)en,]Cl, Ciy 981 8.35 _——
{ReO(OH)py,ICl, Cyy 965 8.08 i
[ReOClgen] C; 970 8.16
{ReOCl;py,] C 971 8.18
0sOF; Cy 960 8.01
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TABLE XXIV
Force constants metal-oxygen bonding in MO, systems — symmetry Dy,
(Bond order 2)
7,(MO,) 95(MO;) b Md
Compound- Ay Ay, I [ 1 ] Jer [ 1
[Reo2en2]Cl 890* 819 6343 1.03
{ReO, py,ICl 890** 822 6.45 102
K;3[ReO,(CN),JH,0 ~ 880* 775 6.06 123
{Re,04 eny Cly] 935 800 6.63 1.55
{Re,0; py, Cly] 949 803 6.83 1.65
Kg[Re,03(CN)g] 912 784 6.39 1.55
K,[0s0,Cl4] 900* 838 6.65 0.98
(NH,),[0s0,Cl,] 900** 841 6.67 0.96
Cs,y[0s0,Cl,] 900** 835 6.63 1.00
K;[0s0,Br,] 900** 843 6.68 0.95
(NH,),[0s0,Br,] 900** 839 6.65 0.93
K,[0s0,(0H)4] 860* 804 6.09 0.87
K,[05,04(NOy,] 889 843 6.59 0.86
K,[0s04(NO,),] 900** 841 6.67 0.96
K3[0s04(C50,),] 905%** 839 6.69 1.03
Cs[050,(C0,)5] 905%* 834 6.66 1.06
(NHy).[0s0,(C;0,),] 905%* 837 6.68 1.04
K,[05,04(C50,),] 905 820 6.59 1.08
K,[0s0,(CN),] 890* 830 6.51 0.95
Cs[0s0,(CN),] 890** 836 6.55 : 0.91
Ag,[0s0,4(CN)4] 890** 832 6.52 -0.94
[0s0,(NH;),]Cl, 870* 828 . 6.33 0.80
{0s0,(NH,),](OH), 870** 831 6.35 0.78
[0s0,(NH,),]S0, 870** 839 6.41 0.72
Cs,[Ru0,Cl,] 820%** 818 5.56 0.77
Rb,[Ru0,Cl,] 820%* 815 5.54 079
Cs,y[Ru0,Br,] 820%* 824 5.60 0.74
Y,[Ru0,Br,] 820%** 814 5.54 0.80
Y,[Ru04(S0,),] 820** 807 5.50 0.84
{Ru,04(NH,),] 820 795 5.53 0.91

Y= [As(phon),]; * value from the Raman spectra of aqueous solutions (Spectrqmefer 1KS-12);:
** value assumed for calculations.

in atomic mass of the central metal with respect to the same ligand, i. e. oxygen, results in
an increase of the force constant. The elements, arranged according to increasing atom mass,
form the series Ru << Re < Os. If the metals are arranged according to their affinity to the
2p,, electrons of oxygen, the following sequence will be obtained for a d2 eleciron configura-
tion: Re(V) < Re(VI) < Os (VI). This effect, however, is small in comparison to the metal
mass change effect, because the atomic mass of ruthenium is about twice ‘as small as that’
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TABLE XXV
Force constants MOM systems — symmetry D
_7,(MOM) 7,5(MOM) Md Md Bond
Compound ] 2;' 2 I [ A ] For [ A ] order
K,[Re;OCly,] 200 855 3.84 0.54
Csy[Re;0Cly,] 200 851 3.87 0.60
[Reg0sen,Cly] 200* 730 3.40 0.99 "
[Re;05p7,Cly] 200* 700 3.30 1.08 ot
Kg[Rex05(CN)gl 200 752 3.47 0.82
(NH,)4[0,0Cly,] 205* 845 3.97 0.74
Y,[0s,0CL,] 205* 838 3.94 0.76
Cs4[0s,0Bry] 205* 843 3.96 0.74
Y,[05,0Bry,] . 205* 845 3.97 0.74
Cs,[05,013] 205* 835 3.92 0.78
Y,[0s,01,,] 205+ 841 3.95 0.75
Cs,[0s,0ClBry] 205 848 3.98 0.72
Y,[0s,0Cl¢Br,] 204 846 3.94 0.72
Cs4[0s,0C1Tg,] ,.215 832 4.15 1.02
Y,[0s,0CLL,] - 213 830 4,09 0.99
K,[Ru,0Cl;,] - 230** 885 3,57 0.14 .
Y,[Ru,0CL, ] 230** 880 3.55 0.16 =)
K,[Ru,0Br;] . 230% 858 3.46 0.26
Y,[Ruy0Br;] .230* ‘861 3.47 0.25
Y,[Ru;OClgBr,] ..245 852 3.37 0.20
* yalue assumed for calculations
Y — [As(phen,)]
#* calculated from overtone 2X¥(RuORu)
‘ TABLE XXVI
Md ! L ]
Compounds »(M—OH) Iy |:—A—:| i
f ok
[Re(OH)zen,]Cl, : 571 2.99
[Re(OH)en,]F; 554 2.82 R
[ReO(OH)en,]Cl, 565 2.93
K,[0s0,(0H),] T _ 448 1.84
[Ru(OH)(NH,),(NO)ICl, 574 ~ Iy 2.82
[Ru(OH)(NH;)4(NO)Br, 581 2.89
Ag,[Ru(OH)CL,(NO)] 528 2.39
K,[Ru(OH)(NO,)4(NO)] 584 2.92

of two other elements. For a series of dioxy-compounds one should then expect the following
sequence of stretching force constants: ’

£10sV1] ~ f,[Re"] > £, [Ru""].
This sequence agrees with experiments (Table XXIV).
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The metal-oxygen bonds in mono-oxy compounds of osmium and rhenium (like in
trioxy compounds) exhibit comparable values of force constants f, what is due to the approxi-
mately equal atomic masses of these elements.

A comparison of stretching force constants within the same metal depending on the
electron configuration will be interesting. The force field around the central metal in-
creases with the increase in oxidation state. This leads to the force constant increase with
the increasing oxidation state and with the increase -in the metal-oxygen bond order:
fIMOL,] > £,]MO,L,] > f,[MOM] > f,[M—OH]. A similar series is formed by the force
constants f, of tetrahedral ruthenium anions (Table XXII) namely:

S [RuOy] > f,[RuO4] > f[RuO]-

To sum up, it should be emphasized that the calculated values of force constants enabled
us to draw certain conclusions regarding the nature and order of the metal-oxygen bonding
in complex compounds. On the other hand, thanks to group theory, it was possible to. deter-
mine the structure and symmetry of the compound studied.

Further support of all conclusions presented in this work is provided by the results of
magnetic and spectroscopic studies in the visible and ultraviolet regions [100].
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