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Ammine complexes, especially transition metal ammine complexes, ares 
among the best known complex compounds. The vibrational spectia are now. 
generally well understood and the controversies concerning the assignment of 
bands in the region around 800 crnef as well as in the range 50*300 cm-l 
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have been resolved (see for example refs. 1-6). Recently some assignment 
problems also have been solved with the help of isotopic data. Force con&ant 
calculations for ammine complexes have been based mainly upon IR frequen- 
cies and the Urey-Bradley potential function. For many complexes a com- 
parison of the results reported in the literature reveals large discrepancies (cf. 
ref. 4). Only in recent years has it been possible to obtain reliable force con- 
stants by using metal isotope, 14N/15N, and H/D shifts. 

It is the aim of the present paper to give a critical review of vibrational 
spectroscopic data and force constants for ammine complexes containing on- 
ly ammonia ligands in the first coordination sphere. Isotopic data, solid state 
and outer-ion effects, lattice vibrations, and vibronic spectra will also be con- 
sidered. Metal-nitrogen stretching force constants determined by using ap- 
propriate models will be correlated with bond lengths, stability constants, li- 
gand field stabilization energies, and total bond energies. 

B. SYMMETRY AND NORMAL MOI)E;S OF THE COMPLEX IONS 

Many compounds with six NE-Is ligands coordinated to a central atom have 
cubic structures (cf. ref. ‘7), and the site symmetries of the complex ions in 
the crystal are the same as those for the free ions. The [M(NH,),]” i ions have 
Oh symmetry if one assumes weak libration of the NH3 ligands around the 
M-N axes. There is some evidence from incoherent inelastic neutron scattering 
experiments that these librations occur in compounds with weak hydrogen 
bonding (see Section F). If one fixes the NHs groups at special positions, the 
symmetry of the complex ion is reduced. The highest possible symmetry for 
any rigid configuration is D=. In this case two opposite ammine groups are in 
the staggered position. The distributions of the 69 vibrational modes of 
lM(NH3)~ln~ ions among the species of the point groups Ob and Dact are given 
in Table 1. 

In the case of a tetracoordinated complex with a tetrahedral framework it 
is possible to treat the whole complex with rigid NH3 ligands according to a 
model of !I’& symmezry (staggered configuration). The 45 normal modes are 
classified as given in Table 1. 

The NH3 groups at fixed positions necessarily violate the Da symmetry of 
tetracoordinated complexes with a square-planar framework. If two opposite 
ammine groups are assumed to be in the staggered position, the symmetry of 
the whole complex ion is C &h; if they are in the eclipsed position, the symme- 
try is CaV. Table 1 shows the distribution of the vibrational modes among the 
species of I)& (assuming weak libration) and (2,. Linear diammine complexes 
have -c)& symmetry if one assumes rotating ammine groups. If the ligands are 
rigid, the highest symmetry is Dad (Table 1). 

Since nearly all authors describe the vibrational spectra of hexammine com- 
plexes in terms of octahedral symmetry, of square-planar tetrammine com- 
plexes in terms of 1)& symmetry, and of linear diammine complexes with the 
nomenclature for Dsfi, we will refer only to these point groups when we dis- 



TABLE 1 

Dist,ribulion of the vibrational modes of ammine complex ions among the species of the point groups oh, D,,, Tdr Da, C&, Dab, Dad 

Total Framework v,(NH) v,(NH) 6,( HNH) LWNW iWH3) QNH3) u(MN) S(NMN) 
(P.M.M.) p 
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cuss the spectra. The designation of the vibrational modes given in Table 1 and 
used throughout the paper follows the conventional pattern (cf. ref. 3); 6,, is 
equivalent to 6, (or S,), r(NHs) designates a torsional mode of two ammine 
groups. The discussion of the spectra in the next two sections (C and 13) in- 
cludes only internal vibrations of the complex ions. External vibrations will 
be treated in Section F. 

C. VIBRATIONAL SPECI’RA OF AMMINE COMPLEXES OF MAIN GROUP 
METAL IONS 

The dissolution of alkali and alkaline-earth iodide and bromitie in liquid 
ammonia is characterized by the variation of thermodynamic properties of 
the solvent, which indicates strong solvent-solution interactions (cf. ref. 8). 
Vibrational spectroscopic investigations showed the formation of ammine 
complexes in these solutions [9,10]. Leonard et al. [9] obtained the IR and 
Reman spectra of a sodium iodide solution in NH3 and assigned the bands to 
the vibrational modes of the complex ion [Na(NHs)JC as follows: S.,(HNH): 
1525, G,(HNH): 1105, p,(N&): -500 cm-‘(all IR), v(NaN): 435,6(NNaN): 
103 cm-f(Raman). The authors mentioned that the presence of other ionic 
species such as [Na(NH&f* and [Na(NHs)J cannot be completely eliminated. 
In our opinion it is not clear whether all measured bands are really due to the 
tetmmmine sodium ion. Compared to other ammine complexes the NH, rock- 
ing and the skeletal deformation frequencies are unusually low, especially 
when considering the relatively high frequency of the metal-nitrogen stretch- 
ing vibration. 

Several phase diagrams for alkali halide and ammonia mixtures (for litera- 
ture citations see refs. 11 and 12) revealed the formation of ammoniates crys- 
tallizing at low temperatures. The structures of NaX, 5 l/7 NHs (X = Cl,Br) 
are known [ 131. The crystals contain [Na(NH,)s]+ and [Na(NH,)s]+ units in the 
ratio of seven to one. For pentacoordinated Na+, the Na-N distances vary be- 
tween 2.47 and 2.53 W , whereas the distances in the hexammine complex are 
equal (2.61 A). Regis et al. (111 investigated the 1R and Raman spectra of 
NaBr, 5 3.1’7 NH,; NaBr, 5 l/7 ND,; and Naf, 5 l/7 NHs at liquid nitrogen 
temperature. By comparison of the spectra they concluded that the iodide is 
isomorphous to the chloride and bromide. IR bands in the region 460-260 
cm-l (H/D frequency ratio: 1.12 compared to &.,~JJJ~,-,~)~‘~ = 1.08) due to 
sodium nitrogen stretching vibrations are split into several components. This 
splitting was explained by the existence of different Na-N distances in the 
[Na(NHs)s]+ complexes. The Raman bands occurring between 492 and 353 

-’ were not assigned to Na-N stretching but to r(NHs) modes, since vn/~n 
k:s found to be -1.33. A large number of IR bands between 1000 and 500 
cm+ were tentatively attributed to rocking vibrations; bands occurring in the 
region 1174-1040 cm-’ were assigned to G,(HNH), those around 1635 cm-’ 
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to G,,(HNH). The bands in the region of the N-H stretching vibrations were 
interpreted by taking into consideration the influence of hydrogen bonding 
with the anions on the orientation of the ammonia ligands. 

R&is and Corset [ 12 J reported the vibrational spectra of ‘LiNOs, 2 NHs; 
%iNOa, 2 NH,; ‘LiNUs, 2 ND,; ?LiNOs, 4 NHs; 6LiN0,, 4 NH,; 7LiN0,, 4 NDs 
a+, -180°C. Most of the features of the spectra could be correlated with the 
existence of complex ions [Li(NH,),]+ with different Li-N distances in the 
crystalline structure. Bands in the region 570-460 were assigned to Li-N 
stretching vibrations. 

(ii] A~~a~i~e-earth metal ions 

The IR spectra of [Be(NHa)&& and [Be(ND3)4]C12 have been determined 
by Grigor’ev et al. 114-l 61, who also reported those of the nitrate and the 
perchlorate [ 16,17 1. The tet:;ammine beryllium complex was assumed to have 
a tetrabeciral structure. From a comparison of the spectra it was concluded 
that beryllium fluoride am?ine should be formulated as [Be(NH&] [BeFe] 
[15]. In the Raman spectrum of fBe(NHs),]Clz, Grigor’ev and Sipachev [14] 
observed a line at 488 cm-l which they assigned to the totally symmetric 
Be-N stretching vibration. A band occurring at 493 cm-l in the IR spectrum 
was also assigned to this mode. Because of the fact that a very intense and 
broad band at -900 cm-’ in the IR spectra of tetrammine beryhium chloride, 
nitrate, and perchlorate has a z&~n ratio of about 1.1, it was assigned to 
t~,,(BeN)(F,). In our opinion this assignment is incorrect. On the one hand, 
symmetric and antisymmetric M-N stretching frequencies of tetrahedral am- 
mine complexes should not differ so much; on the other hand a v(MN) band 
at -900 cm-l indicates an unreasonably high bond order. 

Grigor’ev et al. [16,17] were the first to report the IR spectra of normal 
and fully deuterated hexammine magnesium chloride and nitrate. Recently, 
Plus made an extensive investigation of the IR [ 1%201 and Raman f 201 spec- 
tra of [Mg(NH&]C12 and [Mg(ND&]Cls. His data which are listed in Tables 2 
and 3 differ somewhat from those of the former authors. Since many bands 
are doubled, dissymmetric or present shoulders, Plus [20] concluded that the 
H atoms are at fixed positions. He assumed D m symmetry for the whole com- 
plex ion. 

To our knowledge, the only vibrational spectroscopic data of [Ca(NH&]Cla 
and [Sr(NHs)s]Cla were determined by Sipachev and Grigor’ev [16] (Table 2). 
These authors measured the IR spectra down to 400 cm-l. The rocking fre- 
quencies were used to estimate the metal-nitrogen stretching force constant 
(Simple Valence Force Field). From these I data (Section H(E)) we cal- 
culated v,,(CaN) and v,,(SrN) as given in Table 2. 

(iii) Group IIIA metal ions 

-Ammonia adducts of the type BXs - NHs and AlXa - NH, (X = halide) will 
not be considered here, The IR spectra of [Al(NH&jCIs, [AlfND&jCla, 
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Infrared spectra of octohedrnl hexammine complexes (cm-l) (unless otherwise stated: frequencies due ta Flu vibmtions) 
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3240 3160 1619 1328.5 831 498 
477 
449 
462 
441.5 
415.5 
488.5 
463 
438 
472 

331 

2440 2300 1166 1020 667 

3236 3156 1618 1323.5 329 

3200 1618 

2326 1161 

3156 1587 

2326 1161. 

3x90 ? 

2350 
-3185 

3050 

1607 a 1176 o 

1169 896 
1606 1174 
1565 1370 

3220 1 1696” 1146 n 646" 300” 
1685 n 1091 n 613” 298” 
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302 
287 
273 
266 
279 
264 
256 
236 
216f 
217 O*P 
214 p 
206 
214 
318 

1352 
1313 
io35 
1018 
1350 
1323 
1053 
1033 

345 

2410 658 433 

867 475 

2396 662 

684 1 
685 o 
682P 
620 
663 
950 

440 

3345 f 
336.2 asp 
333p 
316.6 
327.6 

3346 o 

2498 
3340 
3150 

3360 f 

nRef. 20; bref. 16; Ccnlculated fromestimated force constant [16];d ref. 17; e ref, 21; f Uncertain, see text; gref. 26; IJ ref. 37; ‘this work; 
iref. 44;kref. 46;lref. 47;mref, 28;“ref.43; Orcf. 65;PreP. 84;Qref. 101, 





TABLE 3 (continued) g 

~~(H~H) UHNW P,WW MW ~(NMN) 

&i[NH&~2+‘c 

[Pt(NH&J”+ c*m 

(3320) iJ 
(321O)‘J 

370 (A;,)” 235 (&Jk 
265 (Eg) 1 

669 (Ale) 

(3373) I!0 
(3287)jtO 

342 (AI,)” 

a Ref. 20; b ref. 17; c aqueous solution; d ref. 34; c ref. 44; ‘ref. 47; L: ref. 32; Ii refs, 27, 80; i r,sf. 27; i uncertain; k ref. 84; ’ refs. 44, 65; 
m ref. 102; n ref. 101; 0 ref. 85. 
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~A~W~&d~@d,, and [AI(ND&J(NO& were reported in refs. 16 and 17; 
v,(AlN)(A,,) was determined from the Raman spectrum of solid [Al(NH&JC& 
11’71. The data for normal and deuterated hexammine aluminium chloride can 
be taken from Tabies 2 and 3. The vibrationzd spectra of ammine complexes 
of zinc, cadmium, and mercury with closed d she& will be presented in Sec- 
tion D@ii). 

D. VIBRATIQNAL SPECTRA OF AMMiNE COMPLEXES OF TRANSITION 

METAL IONS 

Vibrational spectra of [SC(NH&~ are not yet known. Crigor’ev et al. 116, 
171 determined the IR spectra of normal and deuterated fSc(NH&Cl]Cia_ By 
analogy with the skeletal IR and Raman data of ~Al(NH~)~]~~ and [A&NH&- 
Cl]C&, vs(ScN)(Alg) and v,(ScN)fF1,) were estimated as 410-380 cm-’ and 
431. cm-l, respectively. The IR spectra of ~Y(NH&JCl, and [Y(ND&JCl, 
were reported [16,17], (Table 2). v,(YN)(A fk) - 350 cm-l wac ..&imated from 
the UYO)(A I&UYO)@‘& ratio of IY(H&%]~- 

Behrens and Lutz [Zl] reported IR data for [V(NH&]C12 (Table 2). Three 
bands at -400 cm-l were assigned to v(VN). We expect the IR active stretch- 
ing vibration for hexammines with divalent central atoms to be at much lower 
wavenumbers. 

(ii) Group WE-VIE4 metal ions 

Infrared spectra of rCrtNH~)~]Cls have been reported several times f22-34f 
and that of [Cr(ND&fCI, by Tanaka et at. [26 ]_ The site symmetry of the 
complex ion in the crystal is C, or C1 {cf. ref. 32), and hence all degeneracies 
ara removed in the solid state. Most authors found three bands in the region 
of the N-H stretching vibrations. The triplet was not attributed to site sym- 
metry splitting, but to I’ermi resonance of one N-H stretching mode with 25,,- 
(HNH) (cf. ref. 27). Splitting of bands pertaining to G,(HNH) and pI(NHa) 
were observed by Siebert and Eysel [32] (see also ref. 25)_ Two IR bands in 
the region of the metal-nitrogen stretching vibrations were reported [31] and 
three bands in refs, 25 and 26 (Table 2) and ref. 32. Blyholder and Vergez 1251 
pointed out that two of the bands may be due to interactions of the complex 
with its lattice. Tanaka et al. [26] stated that the main cause for that splitting 
is the formation of hydrogen bonds, Swaddle et al. 1333 concluded that two 
weak bands arise from the activation of the IR inactive mode Al, owing to 
the monodinic environment. In their ol$nion, the duality of the non-de- 
generate mode may reflect at least two different site-types of [Cr(NH&]3* in 
the unit cell. Siebert and Eysel f32f did not observe a band at -495 cm-‘, 
but they found a shoulder on the lower frequency side of the band at -470 
cm-l and an additional band at 417 cm- ‘. They assigned the doublet to v,*- 



~CrN~~~~~~ and the latter band to an E, mode. Ahen and Hush [31] reported 
a threefold splitting of a band in the region of G,,(NCrN)(Fx,); the other 
authors found only a single band. 

The II?. spectra of fCr(NHa)e]Pirs and [Cr(NHa)s]Ia which show similar band 
splittings as the spectrum of the chloride have been given f26,27,32], None of 
the bands in the spectrum of the perchlorate is split [26,27,33,35] (cubic 
crystal structure [ 36]), the same is also true for the pentachlorocuprate [31-- 
-333. Unlike Tanaka et al. [26] and the present authors [37), Siebert and 
Eyset [32] observed a splitting of some bands in the IR spectrum of [Cr(NH&]- 
[NO&, the structure of which is not yet known. The spectra of [50C!r(NHs)s]- 
(NO& and [~Cr~NH~js]~N~~js have been reported in ref. 37 (Table 2). 

Infrared data {Partly rudimentary) of [Cr(NH,),]3* with the following anions 
have aLso been reported: TIBre3- [32f, SiFe2-, I3F,, PFa- [27f, MnF,* f 383, 
_MnO4, ReO*-, cr0*2- [39], OsOsN- [403. 

The Raman spectra (He-Ne excitation, 6328 A) of some hexammine 
chromium (HI) salts and of the normal and fuhy deuterated complex in aque- 
ous soWion are partly supertinposed by a phosphorescence spectrum (for 
further details see Section G). Siebert and Eysel [32] found one polarized and 
one depolarized line (v,(CrN)(A& v(CrN)(EJ} in the Raman spectrum of 
~Cr~NH~~~13+ (aq.). Besides these lines, Long and Penrose [34] observed an ad- 
ditional depolarized iine which was assigned to ~~NCrN~~~~~ (Table 3). The 
position of two IR and Raman forbidden but vibronicahy allowed modes 
(~=~NH~~~~~), ~~NCrN~{~~)~ could be determined from the vibrational strue- 
ture of the s.Z& - A, transition 134,411 (Table 11). Some Raman lines of 
solid [ Cr(NH&]CuC15 have been reported [ 32,331. The latter reference con- 
tains also data for the sulfate, the former for the tetrabromothallate. Some 
Raman fines of the nitrate in the region of the N-H stretching vibrations are 
given in ref. 34. 

There is some evidence for the existence of ammine molybdenum complexes. 
Opalovskii and Blokhina [42 J investigated the reaction cf MoFe with liquid 
ammonia. They stated that the spectrum of a compound formulated as MoFS- 
(NH&b indicates that; the ammine ligmds are in the inner coordination sphere. 
In our opinion it is d~ubtf~ whether such MoV complexes exist. 

Saccorxi et al. [43] determined the XR spectra of hexammme manganese 
(11) chloride, bromide, and iodide. They did not report the vibrational 
eequencies due to the N-H stretching vibrations and to ~~~~NMnN)~~~~). The 
data for [Mn(NH&]C12 obtained by us (Table 2, for the skeletal frequencies 
see also ref. 44) differ somewhat from theirs. In the Raman spectrum of [Mn- 
(NH,),]= in aqueous sohrtion we observed one line 1443 which could be un- 
equivocally assigned to v,{MnN)(A 1$ f rom depok&ation measurements 
(Table 3). 

(iii) Iron, mthenium, osmium 

The IR spectra of I[FetNH&fCfs, Bra, and Ia have been reported [43] 
and also the skeletal data of the chloride salt [443. As in the case of the man- 
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ganese complex our data given in Table 2 differ a bit from those in ref. 43. 
Though the Raman spectrum of [ Fe(NH& 1”’ in aqueous soiution could not 
be obtained by us, the value for v,(FeN)(A,) = 344 cm-l could be determined 
quite accurately by graphical interpolation f44 J. To our knowledge, no reli- 
able vibrational spectroscopic information of the well known iFe(NH&] 3+ 
complex is known. 

Infrared spectra of hr?xammine ruthenium (If) chloride, bromide, iodide, 
and tetrafluoroborate have been reported by Allen and Senoff [45], that of 
the chloride also by Fairey and Irving [46]. Whereas the latter authors found 
a band at 437 cm-’ which they assigns& to v,(RuN), Mien and Senoff were 
not able to detect any band in this region. As in the case of [V(NH&]a” we 
expect this mode to be at much lower wavenumbers, 

Griffith [47], Vogt et al, f48] as well as Allen et al. [31,45] determined the 
IR spectrum of [ Ru~NH~)s JCI,; Allen also reported data for the pentachloro- 
cuprate [31], bromide, iodide, and tetm~uoroborate 1451. IR data for fRu- 
(ND&]Cls have been given [45,47]. Allen and Senoff f45] found that the 
ammonia symmetric deformation and the ~tisymmet~~ Ru-N stretching 
bands, respectively, occur as rnultip~~~. Griffith /47X obsemed one polarized 
and two depolarized lines in the Raman spectra of fRu(NHs)s]a” and fRu- 
(ND&13+ in Ha0 and I&O, respectively (Table 3). The IR spectra of normal 
and deuterated EOs(NH&] [OsBrGJ as well as Y&OSN) for [OS-(~~NH&] 
[OsSrs] have also been reported f47f. Bottomfey and Tong [49] measured 
the IR spectra uf the bromide and iodide. Without mentioning the frequencies, 
they stated that the spectra are similar to those of the ruthenium compound, 
but with ammonia vibrations approximately 25 cm-’ higher in energy. 

Miller, ~h~~ophliemk, and Tossidis [5U] reported the IR spectrum of 
fCo(NH,),]fReO,), (Table 4). fn the Raman spectrum of this compound they 
observed a single line (apart from lines pertaining to the anion) which they as- 
signed to v,(CoN)(A 1) (Table 5). Two IR bands of weak intensity (1410 and 
-3200 cm-l) were assigned to Zp,fNHs) and BS,,(HNH), respectively. 

Inf?ared data for fCo(NHs)s]Gls have been given [22,23,28,29,43,44,51-537. 
Different numbers of bands in the region of the N-H stretching vibrations 
were reported in the literature. The discrepancies may be explained by the fact 
that for ali ammine metal chlorides p(NH) bands are very broad. Whereas the 
frequencies of the bands due to G,(HNH) and G,,(HNH) given in the literature 
do not differ essentially, the p,(NHs) frequencies vary between 634 cm-l 

-’ [28,51] and 670 em f521, and the v,&?oN) data between 318 cm-’ [28,5X] 
and 328 cm -’ f53]. Our own measurements revealed bands at 655 and 325 
cm-l. 

The IR spectra of the bromide and iodide have been reported [43,51,53]. 
The disagreement mentioned above occurs also for these compounds. Patil 
and Seceo [S4] determined the IR spectrum of ~CofNH&]Fz_ Because of the 
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Infrared spectra of tetrahedral tetramrnine complexes (cm-l) (unless otherwise stated: frequencies due ta E’s vibrations) 

(3290~ u 
(3140) b 
(2460) b 
(2315)b 

3340 
3288 (E,F2) 

I~~115WihlIz g 3286 (E,F2) 

IWNWd(ReW2 3354 h 
~~d(16NH~)4](ReG~)~ f 3342 

3260 1610 
3227 (Al) 1700 (F, ?) 
3177 (x;;) 1596 (E,F2) 

3226 (Al) 1790 (Fr ?) 
3176 (P2) 1596 (E,F$ 

3267 h 1617 h 
3260 1612 

(f306)u-d 

(lOl2)b--” 

1240 

1175.5h 670h 
1169 667 

(625)~-~ 

(620)+--d 

(493) e (290)= 

(278) e 

369.6 i I.66 h, 160 h 
360.5 160.6, 163.5 

s Uncertain (see text);b ref. 15; o ref. 14; d ref. 16; ‘?Grigor’ev and Sipncbev 1141 assigned this band to V&BeN) (Al) and a band at 914 
cm-l to~~(BeN~ (Fz)(see text); “ref. 50; s ref. 65;b this work;rref, 44;jref. 115. 



55 

h 

m 



56 

presence of a band at 400 cm-l which was assigned to a metal-fluorine stretch- 
ing mode, it seems doubtful whether the given formulation is correct. 

The present authors [ 44 3 determined one polarized and one depolarized line 
due to v,(CoN)(A Q) and ft(CoN)(Ea) in the Raman spectrum of [Co(NH&f2+ 
(as,). Reliable solid state Raman spectra are not yet known. The frequencies 
reported recently by Grzybek et al. 1531 seem to be incorrect. Their skeletal 
data correspond approximately to those for hexammine cobalt(IH?. 

The most numerous IR investigations of ammine complexes were made for 

[Co(NH&]C1s (cf. refs. 22--24,27-29,3X-33,35,37,43,44,51,52,55-66). 
For discussions of the controversies appearing in the literature concerning 
the location of ZJ(CON) the reader is referred to refs. 2 and 3. Whereas some 
authors observed only one band at -500 cm --l [27-29,31,59], Nakamoto et 
al. 1601 (cf. ref. 3), Sacconi et al. [43], Siebert and Eysel [32], Swaddle et al. 
[33], as well as the present authors [37,65] determined three bands at 498, 
477, and 449 cm-l. As in the case of fCr(NH&]Cl,, the site symmetry of the 
complex ion in the crystal is C, or C1 f67 J_ This is also true for the bromide, 
but not for the cubic iodide, where the site symmetry of [Co(NH&J3” is the 
same as that for the free ion. In this case only one band at 464 cm-’ was ob- 
served [SB], for contrary statements see refs. 32,69. Several authors assumed 
the three bands between 450 and 500 cm -’ for [Co(NH3)&13 to be the com- 
pcnents of the threefold degenerate v,,(CoN)(Fr,) mode (cf. literature cita- 
tions in ref. 33). Sacconi et al. [43] stated that it is not possible to establish 
whether the triplet arises from the splitting of the F1, mode or from the activa- 
tion of other normally inactive modes. Siebert and Eysel [32] excluded the 
first possibility. In their opinion, the frequency differences are too great. They 
assigned the bands as follows: 497 and 477 cm-l: Y,,(CON)(F~,), 448 cm-‘: 
Y(CON)(E,). On the other hand Swaddle et al. [333 made the following assign- 
ment: 499 and 476 cm-‘: v,(CoN)(A f$ (cf. ~~~NH~)s~Cl~)* 449 cm-r: 
Y(CON)(E,). The bands at 499 and 449 cm-’ agree well with the Raman frc- 
quencies of [Co(NH,)a13” (as.) (494 cm-l(p): v,(CoN)(A1&, 442 cm-‘(dp): 
+oN)(F,)). 1 n our opinion, the coincidence may be accidental and is not un- 
equivccal proof of the correct assignment of the three bands in the IR spec- 
trum of [Co(NH&]Cf3_ One would expect that at least one of the three bands 
represents the IR active mode v,~(CON)(F,,), The transition moment of 
this mode should be greater than the moments of the IR inactive modes 
v,(CoN)(Al,) and Y(CON)(E,). Recently we have reported the IR spectrum of 
[Co(NH&]C13, [Co(ND3)&13, and [CO(~~NH&]CI~ (Table 2) 137,651. 
Figure 1 shows that al1 three bands under consideration for the three com- 
pounds have nearly equal intensities and shapes. The H/D and the 14N/‘%l 
isotope shifts, respectively, are equal within the error limits. If one tentatively 
assigns the IR bands of [Co(NH&]C13 at 498 and 449 cm-’ to the Raman ac- 
tive A lg and E, modes, the isotope shifts of these bands can be calculated on 
the basis of the Point Mass Model (Section H(iii)). It has been shown [65] 
that measured and calculated ‘*N/‘%J shifts of the lower frequency band agree 
approximately within the error limits, whereas tha calculated shift of the 
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higher frequency band is clearly greater than the measured one. Similar rela- 
tions, though less unequivocal, hold for the H/D shifts f37]. All facts strongly 
support the assignment of the triplet to components of ~~~(C~Nj(~~~j- 

IR spectroscopic information for [Co(NDsjs]Cls may also be found in refs. 
28, 29, 32, 43, 52, 58-60 and 64, data for fCofNHaja]13r3 in refs. 27, 30, 32, 
35,43, 51,56, 5?,68 and 70, for [Co(NHa)s]Is in refs, 27, 32, 35, 43, 51, 
56, 5’7, 64,68 and 71 for the nitrate in refs. 32, 35,64 and 72, for CuCl,* 
in refs. 31,32,61,63 and 73, for ClO, in refs. 27,35 and 64, for InCIs3-ct 
PbClG2’, BiCi,3- and T1CI,3- (only ~==~N~uN~~~~~~ [TUJ; SbCfss- [X&74]; 
‘PlBr,“- [32]; F-, SiFs%, BF4;‘-, PFs, 1271; MnO,- [39,15 J; Re04’- [39]; 
CsO,* 1223; MnFs* 1381; CdCiS3- 173 3; Co(CNj,* 1761; CM&N”- (p,(N&j j 
f40f; ZnCl&Sj f73]. Viltange [62] reported the IR spectra of hexammine 
cobalt {III j with 25 different anions (incorrect assignmerit of v&CoNj j. In- 
frared data for [CO(NID,),]~* with Br-, I, N03, ?StBrG3- and CuCl”- as 
anions have been given in refs. 32,64 and 72. 

The IR intensity of bands due to P,,(CON) in hexammine cobalt {III) salts 
is remarkably low. Shimanouchi and Nakagawa [28] tried to expiain this fact 
by the following consideration: They found for a series of ammine complexes 
that the intensity of P,,(MN) increases as the M-N stretching force constant 
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decreases. According to ref. 28, this may be due to an increase in ionic char- 
acter of the M-N bond, causing a larger transition moment. On the other 
hand, compounds like [ Co(NH&Cl]C12 present intense IR bands due to CO- 
halt-nitrogen stretching modes (cf. refs. 3, 28, 30,60), whereas the proper- 
ties of the Co-N bonds are slrnilar as those of [CofNH&]@. It should be 
emphasized that the factors governing the intensity of a band are more com- 
plex than a simple change in the ionic character. Terrasse et al. 1271 stated 
that the intensity of the bands under consideration is strongly dependent on 
the anion. They explained the intensity differences in terms of different dipole 
effects on the N-H bonds by the anions. The experimental results given in 
ref. 27 could be only partly confirmed by Siebert and Eysel [32]. 

Raman spectra of [Co(NH&J* in aqueous solution have been reported by 
Bose and Datta [77], Haas and Hall [78], Rrauzman [79], Siebert and Eysel 
[V’ as well as by Swaddle et al. [33], those of ~Co(ND&J3” in D@ can be 
found in refs. 32, 78. The early data given [ 77 f turned out to be incorrect. 
References 78 and 79 reported two lines due to v,(CoN)(A,,) and ~(CoN)(~~), 
respectively; the position of GfNCoN)(F,,) is reported in refs. 32 and 33, which 
also include some ammonia stretching [33] and deformation modes [ 32,331, and 
p,(NI&)(F,) 1321. Solid state Raman spectra of the chloride, bromide, and 
iodide are also given in these references [ 32,33 J_ Reference 32 contains Raman 
data for the normal and deuterated complex with the following anions: CI-, 
Er‘-, I-, NO,, TlBrs3- and CuCls 3-_ Barrowcliffe et al. [70] determined the 
low frequency range of the Raman spectra of hexammine cobalt(III) with Br-, 
InCla3-, BiCls3-, SbCle3- and TlC1e3- as anions. For incoherent inelastic neu- 
tron scattering data (I.I.N.S.) of [Co(NHa)&s, [Co(NHs)a]CI,, and [Co- 
{NH&]13 see Section F. 

Infrared frequencies for ~RhtNH3~~]Cl3 have been listed 127,313 (skeletal 
vibrations), [47,80] and those for the deuterated compound in ref. 47. In the 
region >800 cm--’ the reported data differ considerably: Griffith [47] found 
a single band in the region of the N-H stretching vibrations (3200 cm-r), 
Poulet and Mathieu [SO] (see also ref. 27) determined two bands at 3140 and 
3230 cm-l. Whereas these authors assigned one band to G,(HNH) (1320 cm-‘), 
Griffith [47] reported a doublet (1352 and 1318 cm-l). According to 
Griffith, G,,(HNH) and p*(NHa) abscrb at 1618 and 845 cm-‘, respectively; 
according to Poulet and Mathieu at 1550 and 830 cm-‘. In the G,,(NRhN) 
range, one band is reported [27,80], whereas in ref. 47 it is stated as a doublet 
and in ref. 31 as a triplet. IR spectra of the fluoride, iodide, and perchlorate 
C~II be found in ref. 27, that of the pentachlorocuprate in ref. 31, and that of 
tne hexafluoromanganate (III) in ref. 38. 

The first Raman spectra of [Rh(NH3)J3” in aqueous solution were obtained 
by Mathieu [81,82-J. Two weak lines at 560 and 390 cm-’ [Sl] turned out to 
be incorrect. The position of v,(RhN)(Al,), v(RhN)(E,), and &(NRhN)(F2s) 
previously [ 82 ] reported at 500,475, and 270 cm-‘, was later on [27,80 J cor- 
rected to 515,480 and 240 cm -r. This is in excellent agreement with the data 
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of Griffith (4’7 J, who also determined the Raman spectrum of [ Rh(NDB)B]” 
in DzO (Table 3). 

Only one vibrational spectroscopic investigation of [Ir(NH&J3* has been given 
in the li&erature: the IR spectra of normal and deutera%ed ffr(NH&fGl, and 
the Raman spectra of the ions in Hz0 and DzO have been presented 1471. 

(v) Nickel, palladium, platinum 

Infrared spectra of [Ni(NH&]C12 have been given E22-25,27-30,43,44,53, 
65,83,84], Apart from the position of bands in the region of the N-H stretch- 
irtg vibrations {Section D(ii)) the literature data are quite conformable- 
Blybolder and Vergez 1251 observed an intense band at 460 cm‘-’ which &ould 
not be confirmed by other workers. The present authors reported the IR spec- 
tra of [58Ni(NH&]C12, [62Ni(NHs)s] Clz, [Ni(NDs)&&, and [Ni(r5NHs)s_lC12 
[65,84] (Table 2); for the deuterated compound see also Sacconi et al. [43]. 

XR data for the hexammine nickel complex with the anions Br-, I-, BFI_ 
CIOh-* PFt;‘- bave been given f27,53] with GlU,ancf SiF, Z- in refs. 35 and 27 re- 
spectively. MiiIfer et al. f3Q3 observed the IR spectra of II oxo- and thio-me- 
tallates. Viltange 1831 reported the spectra of the complexes with the follow- 
ing anions: CI-, Br‘-, ClO,, BrO, ClO,, NO,-, SOB*, S2082-, Crock, 
MOO*+, WO,“, SCN-. As in the case of [Co(NH&]Fz, Patil and Secco [ 541 
assigned one ba&d in the IR spectrum of ~Ni(NHs)~~F~ to an M-F stretching 
mode (cf. Section D(iv)). 

Ln the Raman spectrum of [Ni(NHs)6]2+ * m aqueous solution, Dam~chun 
f85] observed no lines in the region of the Ni-N stretching vibrations. She 
determined two lines at 3374 and 3286 cm-’ which are slightly displaced 
with regard to the N-H stretching modes of free ammonia. Terrasse et al. [Z?] 
found two lines at 3320 and 3210 cm-” in this region. Moreover, they ob- 
served a line at 370 cm‘” r which was later on confirmed by us [84$ From mea- 
surements of the degree of depolarization we assigned this line to v,(NiN;(A &. 
A careful reinvestigation of the Raman spectrum revealed two additionai lines 
at -265 and 235 cm-” which we attributed to v(NiN)(E,) and S(NNiN)(F,), 
respectively [44,65,84 J. The solid state Raman data for various hexammine 
nickel(H) salts reported recently by Grzybek et al. f53j do not seem reliable. 
In the Raman spectrum of [Ni(NH&]C& they reported three lines below 500 
cm-’ which they assigned as follows: 490 cm-‘: ~~~N~)(A~~)~ 441 cmef: 
~~N~)(~~, 378 cm -“: ~~NN~)(~~~). In our opinion it is impossible that the 
symmetric M-N stretching mode of a hexammine complex with divalent cen- 
tral atom occurs at such high wavenumbers t-160 cm-’ higher than the anti- 
symmetric stretching mode). I.I.N.S. data for [Ni(NH,)& will be reported in 
Section F. 

The IR data for tetrammine palladium (II) chloride (monohydrate) with a 
square-planar PdN4 structure have been reported [ 23,28,29,37,52,86-911. The 
present authors determined the infrared spectra of [‘04Pd(NH&]Ct, l H,O and 
ffl%dfNHs)&!l, - Hz0 (ref. 3’7, Table 6). The IR active in-plane and out-of-plane 
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Infrared spectra of square-planar tetrammine complexes (cm-l) (A~,&I wcW 

Sa(HNH) 
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+dMN) G(NMN) 

(E,) (AzwE,) 

[‘““Pd(NH3)4]C12 * Hz0 

[1’%“d(NH&]C12 * Hz0 

[Pt(NH&&b 

I’WNKd.d~~~ * H2O 

[63C~(NHS)$Od * Hz0 
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2466 2320 1225 
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-1300 732 
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494 a 

496” 

492b 

610d 

426.5 a 

426 t~ 
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407.5 

418,3 

291 (E,) a 

237 (A 2u) a 
291 (E,,)b 
237.5 (A2Jb 
290.6 (I&,)” 
236 (Ati) b 
297 (E,,)d 

236 (Azu) d 
256 (E,) a 

226 W2d“ 
256 (E,) b 
226.5 (Az~)~ 
255 (k&)b 

226 (h,) b 
235.5 (E,) 
216.5 (A,,) 

250 (E,,) 
222.5 (AZ”) 

n Ref. 44; b ref. 37; c ref. 95; d ref. 91; c ref. 92. 
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NPdN deformation vibrations have been assigned in a different manner: Whereas 
Perry et al. [ 301 attributed a band at 160 cm--l to the out-of-plane deformation 
mode, Hiraishi et al. [91] assigned a band at much higher wavenumber (232 cm-l) 
to S(NPdN)(A,). According to Perry et al. [90], S(NPdN)(E,) should lie at 245 
cm-l, according to Hiraishi et al. [9l] at 295 cm-l, We could not ascertain a band 
at 245 cm-% in the infrared spectrum of [Pd(NH&]Cla - H,U_ For [Cu(NHhl- 
SO4 - H,O, we solved the assignment problem by the comparison of measured 
and calculated H/D and 14N/15N shifts of the vibrational frequencies (37,921 
(see below)_ The relation G(NMN)(E,) > s(NMN)(Aa,,) should also be valid for 
the tetramm*&e palladium (cf. ref. 37) and platinum complexes. 

Powell and Sheppard [ 52 ] observed a doubling of the p,(NH3) frequency, 
and stated that this may be due to in-plane a2d oat-of-plane rocking vibra- 
tions. Perry et al. 1901 pointed at that the G,(HNH) and v,,(PdN) fundamen- 
tals are split into various components. In their opinion, some of these bands 
must be ascribed to coupling between molecules in the unit cell. Some weak 
bands in the spectrum were assigned to overtones and combination tones. The 
splittings mentioned above were not reported by other authors_ Infrared d&a 
for [Pd(NH3j4]Br2 are given in refs. 87,88 and 90, those for [Pd(NH&]- 
[PdClJ in refs. 87,91 and 93 and for [Pd(NH,),] [PtC14] in ref. 94. Hiraishi 
et al. [91] studied the FIR spectrum of tetrachloropalladate at liquid nitrogen 
temperature, Hex&a [S9] determined three lines in the solid state Raman 
spectrum of [Pd(NHa),]Cle - Ha0 (Table 7). Numerous workers reported the 
infrared spectrum of [Pt(NH&]Cla (HaO) [23~28,29,52,58,86,88,89,91,95,96 J. 
As in the case of the corresponding palladium salt, different assignments for 
the E, and As skeletal deformation modes occur in the literature. We favour 
the assignment given in Table 6. Several authors reported a doublet in the re- 
gion of pJNHa) (cf. [Pd(NH&]CL - IT&O). 

Some bands in the IR spectra of the iodide and tetrachloropalladate were 
reported in refs. 96 and 94, respectively. The IR spectra of [Pt(NH3j4] [Pt- 
(SCN),] and [Pt(NH,),] [Pt(CN),] are reported [93,97]. The spectrum of 
Magnus Green Salt, (MGS) [Pt(NH&] [PtC14] has been given several times 
[91,93-95,98]. Hiraishi et al. [91] investigated the FIR spectrum of MGS at 
ambient and liquid nitrogen temperature_ They found inter alia that a band at 
-200 cm-’ increased substantially in intensity upon cooling with liquid nitro- 
gen_ The same effect was observed for [Pd(NH&] {PdCll] and [Pt(NH&]- 
[PtBr,]. From the fact that the spectral change occurs only in the infrared 
spectra of MGS type complexes, Hiraishi et al. suggested to assign this band to 
the antisymmetric stretching vibration of the Pt-Pt-Pt chain (Aa species) of 
the salts. This Iattice mode band is normally expected to be below 100 cm-’ 
(cf. Section F), but it was suggested that the metal-metal interaction (the 
Pt-Pt distance is 3.25 8, [99]) g ives high Pt-Pt &retching frequencies_ 

Adams and Hall [98] who determined the symmetry species of the skeletal 
vibrations of MGS from experiments with oriented single crystals (IR and 
Raman measurements at ambient and liquid nitrogen temperature) placed the 
Aht lattice mode of the cation-anion chain at 81 cm-l and not at 201 cm-l_ 



u Ref, 89; b aque~uE 6~Iuti~~i c ref. 82; d ref. 96; e ref, 37. 
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They attributed the latter band to a NH, torsional motion. Fishman and Inter- 
rante [loo] obtained the absorption spectra of normal and fully deuterated 
MGS in the near infrared region and found 6 bands between 6400 and 4050 

ml with fractional shifts (vn/vn) close tat/2, which they attributed to over- 
Fzes and combinations of the ammonia fundamentafs of the [Pt(NH&]* 
complex ion. A band at 3140 cm-l was assigned to a N-H stretching mode. 
Raman frequencies of [Pt(NH&]“’ in aqueous solution were determined by 
Mathieu [82] (Table 7) (c.f. ref. 81). Single crystal Raman data of [J34NH&l- 
Cl2 - H,O can be found in ref. 95. 

Hiraishi et al_ 1911 as well as Nolan and James flOl] reported the IR spec- 
trum of hexammine platinum(IV) chloride and of the corresponding mcmo- 
hydrate. Bands due to S,(HNH), G,(HNH), and p,(NHa) in the spectrum of 
the hydrate showed splittings which are probably due to a loss of degeneracy 
caused by different symmetries in the solid state [ lOl]. 

In the region of the Pt-N stretching vibrations, Hiraishi et al. [91] observed 
three bands at 602,583, and 536 cm-’ in the IR spectrum of the hydrate; in 
that of the anhydrous compound the highest frequency band (possibly caused 
by crystalline water) was missing. The band at 583 cm-’ was assigned to a 
combination tone (F,, X F-, cf. ref. lOl), and the lowest band to v,,(PtN)- 
(F,)_ Nolan and James [loll found three bands at 564,580, and 516 (sh) 
cm-’ in the IR-spectra of both compounds_ According to them, the band at 
564 cm-’ is possibly due to the Raman active mode ~~~PtN)(A~~)_ The band 
at 530-l and the shoulder at 516 cm-l were attributed to v,,(PtN)(F1,). In 
the spectrum of [Pt(NHs)s](S04)s - HzO, Hiraishi et al. [91] determined a 
single band at 531 cm-’ and assigned it to zJ,,(PtN). (The reference to a band 
at 521 cm+ in the text [9l] is poSsibly due to a misprint.} 

The Raman spectrum of [PtfNIj& J 4+ in aqueous solution was reported by 
Clegg and Hall [102] (Table 3), that of ~Pt(N~~)~JC~~ - Hz0 and of the anhy- 
drous compound (Table 3) by Nolan and James [loll, who stated that the 
two A Ig lines may be due to different sites occupied by the complex ion or to 
coupling between A lg modes of different M(NHs)s units caused by the low 
symmetry in the solid state. A weak line at 603 cm-l was not assigned. 

IR data of [Cu(NH&]S04 - Hz0 have been given [22,23,28-30,44,52]; 
those of the chloride may be taken from [58]. Powell and Sheppard [52] as 
well as Goulden and Manning [103] found a band due to G,(HNH) at 1280 
and 1270 cm-‘, respectively, in the IR spectrum of [CU(NH~)~]~~ in aqueous 
solution. The former authors determined the position of G,(DND) of 
[Cu(ND&J% in Da0 at 982 cm-l_ The LR spectra of 6aCu, @Cu, and IaN 
labelled [Cu(NHs)4]S04 - Hz0 and of [Cu(NDs)4]SO4 - D20 were reported by 
us [37,92] (Table 6). The site symmetry of the [Cu(NHS Lr12+ ion in the crystal 
is C, (cf. ref. 7), i.e. the degeneracy of the E, modes is removed. As can be 
seen from Table 6, v&NH), S,,(HNH), and G,(HNH) show splittings, which 
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may be either due to site-symmetry erections or to the activation of IR in- 
active modes. In the region of the antisymmetric N-H stretching and HNH 
bending vibrations bands due to lattice water vibrations are also expected (cf. 
ref, 52). Since ah bands in these regions show 14N/% isotope shifts, the possi- 
bility of assigning some of the bands to water modes can be excluded with 
great confidence [92]. The spiittings mentioned above wore not noted in refs. 
2223 and 68. Whereas in refs. 22,23,37,52 and 92 three bands in the re- 
gion of the N--I-I stretching vibmtions were found, only one broad band is seen 
elsewhere [28,29,58]. Some IR frequencies reported by ~hjmanouchi and 
Nakagawa [28,29]{6.,(HNH): 1610; Fi,(HNH): 1270,X240; p,(NHs): 713 
cm-‘) differ considerably from the data of most other workers. The problem 
to distinguish between the IR active in-plane and out-of-plane NCuN deforma- 
tion vibrations has recently [37,92] been solved by the comparison of 
measured and calculated H/D and “N/?N shifts on the basis of the Point Mass 
Model. 

MuRer et al. f104] determirred the IR spectra of tetrammine copper per- 
manganate, perrhenate, chromate, molybdate, and tungstate. A crystal struc- 
ture of [ Cu(NH& ]Clz and [ Cu( NH,)s]13rs revealed that the hexammine cop 
per ion is not octahedral but shows strong tetragonal distortion (4 short Cu-N 
bond Iengths with 2.11 A and two long bond lengths with 2.59 A) flOs]. The 
IR data for [CufNH&]Fa given by Patil and Secco [54] seem to be doubtful 
fc.f. Section D(iv))_ 

Damaschun [SS] (see also Joos and Danaaschun [ 196 1) was the first to deter- 
mine the Raman spectrum of EC!u(NHs).#*. An aqueous solution of the sul- 
fate shows a line at 410 cm-‘, whilst the chloride shows a line at 419 cm-‘. 
These were confirmed by us [37]. In addition to this line at 420 cmL1 (un- 
equivocally assigned as ~~~C~~~_4~~~ from measurements of the degree of 
depolarization), we observed a very weak line at 375 cm-l, which we attri- 
buted to u(CuN)(B,,). 

Corey and Wyckoff [ 107 J determined linear coordination of A$ to two 
ammonia molecules in [Ag(NHa)&S04. Infrared spectra of this compound 
have been listed [22,23,52,58,108]. Powell and Sheppard [ 52f reported 
the position of G,@-INH) and G,fDNf)) in the IR spectrum of fAg{NH,),]’ in 
I&O and of [Ag(NDs)e]+ in DSO, respectively. IR data for the nitrate and the 
perchlorate were reported by Miles et al, [log]. Geddes and Bottger [108] in- 
vestigated the spectra of the normal and fully deuterated sulfate and nitrate. 
Table 8 contains the sulfate data (bands below 400 cm-l have been measured 
at 143 K). The site symmetry of the [Ag(NHs),]+ ion in crystalline [Ag- 
(NIIs)&@O, is Cs. As can be seen from the table, alI of the type E’ bands ap- 
pear as doubiets and the IR forbidden ~~(~H~~~ d) and v,(AgN)(A,‘) bands 
are strong enough to be resolved. One band at 265 cm-l in the spectrum of 
the deuterated sulfate was tentatively assigned to r(NHe) 11081. Geddes and 
Bottger [lo8 ] attributed a doublet at 221,211 cm-l ([Ag(NH,},],SG,) and 
206,192 cm-’ ~~Ag~N~~~~]~~*~ to ~~NAgN~~~‘~. This assignment was sup- 
ported by the occurence of a band at $84 cm-’ in the IR spectra of the ni- 



TABLE 8 

Infrared spectra of linear diammine complexes (cmw2) 

[~g~~~3)2l~i2 3265 b 

D Ref. 108; b ref. 109; c ref. 51, 

3197 b 1605 (E’) c 1268 {A;) c 719 (E’)e 513 (A;) c 

TABLE 9 

Raman spectra of linear diammine complexes (cm-“) 

q,GW %fNH 1 ~~~~~~~ UfINf3) PJNW WW G(NMN) 

IM‘Wh I* a& 3373 3287 (A;) 1668 (A;) 1224 (A;) 372 (A;) 
1624 

UW’WM% ’ 3280 ’ 3218 1665 1293 412 
1610 

R Aqueous solution (nitrate); b ref. 109. 



trate in dimethylformamide and dimethylsulphoxide [108]. The solid state 
IR spectra of the normal and deuterated nitrate show a pattern similar to 
those of the sulfate, but some bands occur at considerably lower wavenum- 
hers, e.g. ~=(N~~~~E'~~ 660, 610 cm-l, ~~(A~)(A~‘): 386 cm-l, G(NAgN)(E’): 
208,176 cm-’ f]Ag(NH,),]NOs). Bands at 3230 and 2350 cm-’ in the spectra 
of the normal and deuterated nitrate, respectively, were assigned to an over- 
tone of G,,(HNH)(a’) enhanced by Fermi resonance [log]. Contrary to Geddes 
and Bottger [108], Miles et al. 11091 found no clear feature in the IR spectrum 
of fAg(NH&]NOs which could be assigned to p,,(AgN)(E’). A very broad band 
at -430 cm-l) tentatively attributed to this vibration is much lower in fre- 
quency than the band found by the former authors (470 cm-‘). 

R,aman spectra of saturated aqueous solutions of [Ag(NHs)s]CI04 and 
[Ag( NHs)s]NOs have been determined by Miles et al. [log] (Table 9). The line 
at -370 cm+ (v,(AgN)(Ai)) was found to be only very weakly polarized. Ac- 
cording to Miles et al. this is probably a result of strong hydrogen bonding be- 
tween the ammine groups and the solvent cage. Geddes and Bottger ]108] 
stated that the value of 410 cm-’ quoted by Powell and Sheppard [52] for 
v,[AgN) was apparently a misquote. 

To cur know!edge, vibrational spectroscopic data of ammine gold complexes 
hzve not yet been reported (for the electronic spectrum of [Au(NH&13* see 
for example, ref. 110). 

(vii) Group Il.. metal ions 

IR data of tetrammine zinc chloride and iodide with tetrahedral ZnNd frame- 
work have been reported in refs. 43 and 58, respectively. The present authors 
[SS] determined the IR spectra of fZn(NHs)& and [Zn(l?NH,),]I, (Table 4) 
(see also ref. 84). Baran [ill] obtained the spectrum of [ Zn(NH3)J ]PtCI.J, 
Miiller et al. [104] those of the permanganate, perrhenate, chromate, and 
tungstate. p,(NH,) of the osmiate was given in ref. 40. 

The R.a.man spectra of [64Zn(NHs)4]12, [68Zn(NHs)4]Iz, and [Zn(NDs)4]12 
were dete,rmined by Nakamoto et al. [ 1121 (see also ref. 113), those of [ Zn- 
(NH&& and [Zn(15NHs)4]Iz by us [65] (cf. ref. 84). We found agreement 
with the data reported in [1X2] but also several additional lines. Some of these 
lines are observable in the figure presented in their publication but have not 
been listed. The totally symmetric zinc--nitrogen stretching frequency of [Zn- 
(NHa).J2+ in aqueous solution has also been determined [ 112-1141. Damaschun 
[85] (cf. ref. 106) erroneously assigned this frequency to v,(ZnN) of the 
hexammine complex which does not exist in aqueous solution. 

The crystal structure of tetrammine zinc iodide is not yet known, but it 
seems likely that the site symmetry of the complex ion in the crystal is low, 
since the solid state‘ Raman and IR spectra are rather complicated. The Raman 
as well as the IR spectra of normal and “N labelled tetrammine zinc iodide 
present four bands in the region of the N-H stretching vibrations ]65]. By in- 
tensity co~iderations and by inspection of the analytical expressions for the 
F and G matrix elements three bands were assigned as given in Tables 4 and 5. 
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Fig. 2. Raman and IR spectra of [ Zn(NH3)4]12 and [ Zn( 15NH& 112 in the range 
440-400 cm-l. 

A Raman line at 3151.2 cm-l and an II?, band at 3145 cm-’ (~Zn(NHs)~]I2~ 
are possibly overtones of G,,(HNH). It is interesting to note that the VC?ZY 

similar 14N/lsN isotope shifts of the Raman doublet at -1250 cm-’ are clearly 
different from those of the IR doublet in this region. Thus the Raman and IR 
bands do not belong to the same species. 

Figure 2 shows the Raman and IR spectra of ~Zn(NH~)4]12 and [Zn- 
(15NHs)4]I, in the region of the metal-nitrogen stretching vibrations. From 
the relative intensities of the two Raman lines it is clear that the higher fre- 
quency Raman line corresponds to v,( ZnN)(A 1) (cf. [ Zn(NHs)4]m in aqueous 
solution), and the lower frequency line to v,,(ZnN)(Fz). The isotope shifts of 
the two bands differ by -1.5 cm -‘. By applying the Point Mass Model, one 
can calculate the 14N/‘sN isotope shift of v,(ZnN)(A r). The result (11.6 cm-‘) 
is in excellent agreement with the measured value 11.7 cm-‘. Instead of one 
single band, the IR spectra clearly show three bands in this region. From the 
isotope shifts it seems likely that these bands can be assigned to the compo- 
nents of the threefold degenerate Y,,(ZnN)(Fa) mode. 

Terrasse et al. [27] reported the IR spectra of the hexammine zinc ion 
with the following anions: Cl-, ClO,, SiFe’-, RF,, PFs-; Sacconi et al. 1431 
determined those of the chloride, bromide, and iodide. While for ]Zn(NH,)e]- 
Cla the bands due to G,,(HNH) and pr(NH,) are nearly the same in both 
references, the vas(ZnN) and G,(HNH) frequencies given in ref. 27 are 

-’ approximately 100 cm higher than those reported in ref 43. Sacconi et al. 
[43] pointed out that the values in ref. 27 appear to be contradictory in that 
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the former bands correspond to bands of the tet&mine complex whereas 
the latter bands are due to those of the hexammine complex. A reinvestiga- 
tion of the IR spectrum of hexammine zinc chloride accomplished by us con- 
firmed the da+a reported in ref. 43. The IR data of ~Zn(NH,),J Fz (also those 
of [Cd(NH&]Fz) [54) are questionable (see Section D(iv)). 

Barrow et al. I581 determined the IR spectrum of [Cd(NHs)&&, Miiller 
et al. [104] those of [Cd(NH&](M n 4 2 and [Cd(NH&&ReO.&. Our recent 0 ) 
data for [Cd(NH&](ReO& and [Cd(15NH,).J(Re0& [1X5] are given in 
Table 4, Additional bands at 3184 cm-l and 3176 cm-* (15N compound), re- 
spectively, may be due to 2 (S,,(HNH). IR data for [Cd(NH,),] [PtClJ are 
given f 111 J. The ammonia rocking frequency for [ CdfNH,), ] (OSO~N)~ can 
be found [40]. 

Recently [44] we reported the solid state Raman spectrum of [Cd(NH&I- 
(ReO&. In addition to lines corresponding to the anion, we observed one in- 
tense line at 386 cm-’ and a very weak shoulder at about 170 cm-‘, which we 
assigned as shown in Table 5. Plane [X14] reported a line at 350 cm-l in the 
spectrum of an ammoniacal solution of cadmium chloride, which he mistaken- 
ly attributed to [Cd(NH,),12* (see below). 

The IR spectra of hexammine cadmium salts containing the same anions as 

the corresponding zinc compounds are reported [ 27,433. A similar disagree- 
ment as in the case of [Zn(NH&]Clz exists over the frequencies of [Cd(NHs)& 
Ciz (cf. ref. 43). Raman data of [Cd(NH&]2+ in aqueous solution have been 
determint.. in f85,106] and (1143. Our determination of a fully polarized line 
at 342 cm-’ (v,(CdN)(A,,)) (441 confirmed previous work. We could also find 
the corresponding line (341 cm-l ) in the low temperature Raman spectrum 
(173 K) of [Cd(NH&]C12 (this work). 

In ~Hg(NHs)~]~l* and [Hg~NHs)~]~r~, the N-Hg-N atoms lie on a straight 
line (d(HgN): 2.05 A (chloride), 2.11 fl (bromide), while 4 halide ions are in 
the equatorial position [ 116,117 3. S everal authors regarded these compounds 
to contain quasi-isolated [Hg(NH,),]2’ ions. There is some justification for this 
approach, because the mercury-halogen distances (2.99 a for [Hg(NH&]Brz) 
are much larger than the sum of the covalent radii. 

The IR spectra have been studied by several authors [51,58,93,109,118]; 
a bent diammine structure is assumed in ref. 58. Bertin et al. t51] (see also Clark 
and Williams [ 931) reported a band at 513 cm-’ (chloride) which they assigned 
ti v,,(HgN). Miles et al. [ 1091 could not with confidence make any assign- 
ment of a band due to this vibration. A poorly resolved band at -217 cm-l 
(chloride) and <ZOO cm --1 (bromide), tentatively assigned to Y(HgC1) and 
v(HgBr), respectively, was given in ref. 93. The solid state Raman spectra were 
reported in ref. 109 (for the chloride see Table 9). According to Miles et al. 
[log], the increase of 33 -I cm for v,(HgN) in going from the bromide to the 
chloride indicates some interaction between the mercury ion and the halide 
ions. 

No reliable data for [Hg(NH&J2’ are available. The frequencies reported in 
the literature (cf. refs. 58 and X14) possibly pertain to the diammine complex 
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(for the existence of [Hg(NH&]* in aqueous solution see for example ref. 
119). 

E. CORRELATIONS BETWEEN THE VIBRATIONAL SPECTROSCOPIC DATA 

Table 10 contains the frequency ranges for the vibrational modes of the 
compounds listed in Table 2-9. In cases where single bands (especially Raman 
lines) for some compounds lie outside the given ranges, we have specified 
them in footnotes. The uncertain data of [V(NHs)&Xz and [Be(NH~)&12 
are not considered in the table. 

As is to be expected, the metal-nitrogen stretching vibrations for hexam- 
mine complexes of divalent metals occur in a lower frequency range than 
those for the corresponding complexes of trivalent metals and for [Pt(NH&l”. 
The t&ally symmetzic M-N stretching frequencies for most hexammine com- 
plexes (exceptions: [Mg(NH&~*+, [Al(NH&J3+, [Cr(NH,)&J3”) are higher than 
the other two stretching frequencies. It is interesting to note that ~(MN~(~~) 
is lower than Y,,(MN)(F~,) in the case of the first transition series trivalent 
and divalent hexammines and also for [Mg(NH3)J2’ and [A1(NHs),]3’, where- 
as it occurs between u,(MN)(A,& and v,,(MN)(FI,) in the case of hexammine 
complexes of trivalent metal ions belonging to the second and third transition 
series as well as of hexammine platinum(IV) (cf. ref. 44). While the frequency 
ratios ~~(MN~(A ~$/~~~(MN~(~~~~ are nearly constant for all hexammines, the 
values for v,(MN)(A Ig)/~(MN)(Eg) and v(MN)(E,)/v,,(MN)(F,,) differ more. 
If one compares the M-N stretching frequencies for the tetrahedral and square- 
planar tetrammine complexes of divalent metal ions and of [Ag(NHs)s]+ and 
EWiSWhl 2+, it turns out that they occur approximately in the same range 
as the stretching vibrations for the hexaxnmines of trivalent metal ions. 

It has been stated in several publications [3,16,23-25,35,43,47,51,52,73., 
86,120,121] that the NHs rocking frequency is very sensitive to the nature of 
the metal ion. Some authors (cf. refs. 16 and 23) postulated a linear relation 
between pr(NH3) and v,,(MN)(F,,); for an opposite statement see Griffith 
[47]. This author found that both v,(MN)(Ar,) and z$MN)(E,) for hexammine 
~thenium(III), iridium, and rhodium decrease in the same sequence as p,(NH3). 
A comparison of the data collected in Tables 2-9 reveals that high metal-nitro- 
gen stretching frequencies generally imply high rocking frequencies (cf. the 
frequency ranges in Table lo), but a direct connection does not exist. The na- 
ture of the metal ions is also reflected considerably in the values of the sym- 
metric ammonia deformation frequencies, whereas bands due to G,,(HNH) oc- 
cur for all ammine complexes around 1600 cm-’ within a rather narrow range 
(Table 10) (cf. refs. 23,71,120). Wilmshurst [X22] has shown that there is a 
linear relationship between the squares of the symmetric NH3 deformation and 
rocking frequencies in a series of ammine complexes and the electronegativity 
of the metal. Grinberg and Varshavskii [123] explained the sensitivity of the 
G,(HNH) frequencies by periodic changes in the character of the orbital occu- 
pied by the unshared electron pair of the nitrogen atom during changes of 



‘TABLE: 10 

Frequency ranges of the vibrational modes (cm-“) (single bands outside the given ranges are specified in footnotes) 

WW 3360-3160 329!3-3125 3150-3050 3355-3175 3330-3140 3320-3150 
~,W’W 1610-1585 b 1630-1586 1665 1620-1595n 1.640-l 560 ’ 1660-1610 
UHNR) 1180-1090 c 1370-1300 f 1370 1260-1175 1325-1280 k 1295-1220 
~ir(NHfi) 685-476 d 860-745 s 950 696-670 i 890-735s 740-700 
NW 370-240 536-400 564-616 435-370 625-375 515-370 
~(NMN) 216-165 c 330-240 313-283 195-146 300-225 220-210 , 

’ [Pt~NH~~~]~4; b M E ME: 1568 (Pzs) (Raman); c M = Mg: 1229 (Al,) (Raman), M = Ru;1220 (r;iu) (IR); d M = Ru: 769 (Flu) (IR); . 
@ M 5 Ni: 235 (Fzs) (Raman); ‘M = Y: 1224 (Flu) (XR); sM = Y: 620 (PI,,) (IR); h M = Zn: 1700 (P1(?)) (IR), 1730 (Fl(?)) (Raman); 
“M =: Zn: 610,612 (IR, Rsman);jM = Cu: 1669 (IR);Ic M = Pt: 1365 cm-1 {Raman). 
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HNH angles (for correlations between the NH3 rocking and M-N stretching 
frequencies and stability constants as well as ligand field stabilization energies 
see Section I). 

A greater formal charge on the metal ion strengthens the M-N bonds and 
weakens the N-H bonds. Hence the N-H stretching frequencies for ammme 
complexes of trivalent metal ions should occur at lower wavenumbers than 
those for complexes of divalent ions. This effect is not clearly to be seen from 
the frequencies of the chlorides given in the tables, since bsnds due to N-H 
stretching modes are usually very broa.d and cannot be determined accurately. 
Especially in the case of the halides the bands are not readily resolved. This 
may partly be attributed to hydrogen bonding between the ammonia-hydro- 
gen atoms and the outer ion. Replacing a halide ion by a complex anion (e.g. 
Cl04) renders the bands well resolvable in many cases makes the above men- 
tioned effect detectable (for discussions see refs. 3 and 35). 

It is well known that the vibrational frequencies of ammine complexes are 
not only sensitive to changes in the metal ions but also to changes in the 
anions. The shifts of the N-H stretching modes to higher and of the p,(NH,) 
and v(MN) modes to lower wavenumbers on going from the chloride to the 
iodide salt of a given complex have been explained with decreasing hydrogen 
bonding [3,26,27,35,43,121]. The rocking modes tmed out to be most sen- 
sitive to the kind of the outer ions present. Miiller et al. [39,104,121] made a 
systematical ~vestigation on the dependency of the frequencies due to 
p,(NHs) upon the nature of the anion. They stated among other things that the 
rocking frequency increaser with increasing charge of the anion (e.g. MnOc 
to CrO**) and is nearly constant for complexes with anions of approximately 
equal size and equal charge (e.g. lMnO,- and I-). Wieghardt and Siebert [124 ] 
showed that for some cubic hexammine metal hexafluorometallates(II1) the 
position of p=(NHa) can be correlated to the lattice constants. 

F. LA’ITICE VIBRA’i’IONS 

(i) IR and Raman spectra 

The Bravais unit cell for compounds of the type ]M(NH&]Xa crystallizing 
in the space group 0,” - Fm3m (z = 4) contains one complex ion /M(NH&J2 
and two outer ions (XI). A factor group analysis (cf. ref. 20) reveals 4 external 

vibrations, which are distributed among the species of Oh as follows: 

r external = Fig (IR and Raman inactive rotatory mode) 
+2FzU (acoustic mode + IR active translatory mode) 
+FB (Raman active translatory mode). 

A strong absorption band between 125 and 80 cm-’ in the infrared spectra of 
hexammine magnesium [ 201, cobalt(II) [43,53], and nickel [ 30,43,53,125] 
salts has been assigned to the IR active optical translator-y mode (F,,) of the 
complex ions against the halide ions, The frequency of this band decreases 



markedly with increasing atomic weight of the halogen (cf. for example 
[Ni(NH&]CIa: 115 cm-‘; [Ni(NH&&: 81 cm-’ 143,531). 

Plus [2OJ assigned a line at 158 em-l in the Raman spectra of [Mg(NH&]- 
Cla and [Mg~N~s~s]Cl~ to the pa translatory mode, By using the measured Fxu 
lattice frequencies (IR) for [Co(NHs),]Xz and fNi(NH&]Xa iX = Cl, Rr, I) 
and a lattice dynamics model based on electrostatic interactions between 
punctiform ions, Grzybek et al* [53] calculated the frequencies of the Raman 
active F, lattice mode. According to these authors, this vibration should ap- 
pear around 95 cm-l for the chlorides, 65 cm-r for the bromides, and 50 cm-’ 
for the iodides. 

Nakagawa and Shimanouchi f125f pointed out that bands due to two Fz, 
translator-y modes should occur in the IR spectra of compounds of the type 
[M(NH&]Xs (space group Ohs), since in this case two kinds of halide ions 
(X,, X,) exist in the Bravais unit cell, while for compounds of the type 
[MfNHafs]Xz only one kind of X exists. In the lattice mode which should OC- 
cur at higher wavenumbers, the X1 and Xz ions displace in the same direction 
causing a large transition moment, whereas in the mode which is to be ex- 
pected at lower wavenumbers the X1 and X, ions displace in opposite direc- 
tions, and accordingly the transition moment may be very small. For [Co- 
(NH&]Xs (X = F, Cl, Br, I) only one strong band in the range 160-100 cm-’ 
was observed (see also refs. 30,33 and 43) which was attributed to the higher 
frequency lattice vibration. Apart from very doubtful bands at -85 and -55 
cm-’ in the spectra of the chloride and iodide, respectively, the lower fre- 
quency band could not be determined by these authors. In addition to the in- 
tense band mentioned above, Baranovskii and Mazo 1641 found a band of 
weak intensity between 77 and 75 cm-’ in the FIR spectra of normal and fully 
deuterated hexammine cobalt(III) chloride and iodide as weff as of fCo(NH&J- 
(ClO&. which may be due to the second F1, mode. Raman lines due to Feg 
lattice modes of hexammine cobalt{III) salts have not yet been reparted. 

For [Mg(NH&JQ., the bands due to the lattice modes undergo almost no 
(2 cm-‘, Flu mode) or no displacement (Fag mode) on deuteration [ZO]. The 
same is true for the two F,, lattice bands in the IR spectra of [Co(NHs)s]Cls 
and fCo(NHs)& (refs. 43 and 64), whereas in the case of [Ni~NHs)s]Cl~, the 
F1, lattice band shows a distinct shift to lower wavenumbers (7 cm-‘) f43f. 
It is interesting to note that Sacconi et al. f433 observed a lattice frequency 
increase by 6 cm -’ for [Co~NHs)~Cl]CI,/[Co(ND3)5c1IcI,. According to them, 
this phenomenon may be explained by contraction of the crystal lattice (de- 
crease of the N-Cl distance) as a result of deuteration. The N--Cl distance 
should be practically unchanged in [Co(NHa),]Cla and should increase in 
[Ni(NHs)s]C12. Contrary to ref. 43, Raranovskii and Maze 1641 found no Iat- 
tice band shifts for fCo(NH&Cl JCl2. 

Nakagawa f76] reported some results of a factor group analysis for [Co- 
(NH&] fCoWN)e] (space group Ca 2 - Rg}. He stated that two translational 
lattice modes (A,, E,f should occur in the IR spectrum, At least one out of 4 
IR bands between 169 and 94 cm-l should be due to a lattice vibration. A 
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factor group analysis for [Pt(NH&]C12 * Hz0 was made by Poulet et al. [95]. 
None of the bands in the IR spectrum was attributed to a lattice mode. 
Hiraishi et al. [Sl] assigned an IR baud at 122 cm-’ to a lattice vibration, 
whereas the former authors stated that this band (118 cm-‘) [95] is possibly 
due to an internal vibration or to a combination of lattice vibrations. 

Magnus Green Salt (m(NH&] [PtCJ,& crystallizes in the space groupDe6 
- P4lmnc (z = 2) 1991. According to the results of a factor group analysis (hy- 
drogen atoms neglected) 191,981, the 16 external vibrations are classified as 
follows: 

r external = 24 lpfRaman active rotatory modes) + ZA ru(IR and Raman inactive 
transiatory modes) + ZAzp(inactive rotatory modes} + 2&,(aeoust- 
ic mode + IR active translatory mode) + 4E,(Raman active rota- 
tory modes) + LLE,(acoustic mode + 3 IR active translatory modes). 

Adams and Hall 1981 assigned an IR band at 81 cm-’ to the AZ,, translatory 
mode (for a different assignment see ref. 91) and a band at 71 cm-’ to one 
of three predicted B, translatory modes (see also ref. 91). Their single crystal 
Raman experiments indicated that the four E, rotatory lattice modes are either 
not higher than 30 cm-l or vanishingly weak. Similarly, they found no evidence 
for the two Al, rotatory modes predicted. Hiraishi et al. [91] attributed three 
bands at 102,94 and 8’7 cm-’ in the IR spectrum of [Pd(NH&) [PdC14] and 
two bands in the gpectra of [Pt(NH&] [I%&,] (95,62 cm-‘) and [Pd(NH,)& 
[PdBr4] (90, 76 cm-‘) to E, translatory vibrations. Geddes and Bottger [lOS] 
attributed 6 bands in the low-temperature (143 K) IR spectrum of [Ag- 
(NH&]&O4 as well as 5 bands in the spectra of [Ag(ND,)&SO,, [Ag(NH&]- 
NOa and [ Ag(ND&]NOs to lattice vibrations. These bands appear to be of 
translational origin, since no significant H/D frequency shift was observed. 
Two bands at 161 and 139 cm-’ in the spectrum of fAg(ND&&SO, were ten- 
tatively assigned to iattice combination and overtones, respectively. For several 
other compounds, IR and Raman bands due to lattice vibrations have been 
reported without detailed discussion, for example, for [Cr(NH&]Cl,, [Cu- 
(NH&]S04 - Hz0 [30], [Zn(NH&& [65,112] and [Pt(NH&]Cl, [loll. 

(ii) Neutron incoherent inelastic scattering 

Janik et al. [126] determined the incoherent inelastic neutron scattering 
(I.I.N.S.) of the complex compounds [Co(NH,),j12 and [Ni(NH&&. Measure- 
ments were made on a time-of-flight spectrometer at 113 K. In the phonon 
density plots calculated from the scattered neutron intensity plots the follow- 
ing peaks below 300 cm-’ were obtained: 43,72,X10, 152,184 cm-l ([Co- 
(NH&&); 80, 105,142, 200 cm-’ (~Ni(NH~}~]I~). (In an earlier work, Jakcib 
et al. 11271 measured the I.I.N.S. of [Co(NH&]I,, (Co(NH&]C13, and [Co- 
(NH3)&. By comparison with the vibrational spectroscopic data of SeFs, 
they interpreted the peaks as being caused by internal vibrations of the CoN6 
skeleton. In our opinion, this assignment is incorrect in most cases; for exam- 
ple, peaks in the ranges 880-700 em-l and 530-410 cm-l car,not be due to 
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metal-nitrogen stretching and skeletal deformation vibrations, respectively.) 
The I.I.N.S. peaks at 184 cm-’ ([Co(NHs)s]Ia) and 200 cm-’ ([WN%MId 

occur at similar wavenumbers as the bands due to G,,(NMN)(Fr,) in the IR 
spectra (188 and 216 cm-‘, respectively [53,43J). This is also true for the 
I.I.N.S. peaks at 72 cm-’ (~CO(NH~)~]I~), 80 cm-’ (rNi(NHs)s]~~) and the 
translatory IR lattice bands (F1,) at 7’7 and 81 cm-l, respectively f43,53]- On 
the basis of the agreement with the JR data, Janik et al. [126] assigned the 
peaks at 184 and 200 cm-’ to skeletal deformation modes, whilst they did 
not attribute the peaks at 72 and 80 cm-’ to translatory lattice modes, but 
to NH, torsional modes. This assignment was made on grounds of the fact 
that van Kempen et al. [128] obtained rotational barriers from the specific 
heat anomaly below 3 K which led to the determination of torsional frequen- 
cies at 81 cm-’ ([ Co(NH& 11s) and 79 cm-l ([Ni(NHs)&). According to ref. 
126, there is a temptation to consider the IR and calorimetry data as being 
based on the same physical phenomenon. In the opinion of Janik et al., the 
coincidence is completely fortuitious. The rather indistinct I.I.N.S. peaks at 
152 and 142 cm-‘, respectively, were attributed to an overtone of the NHs 
torsional mode, and the peaks at 110 and 105 cm-‘, respectively, to the optic 
translatory vibration. It was postulated that the translatory frequency shifts 
to higher wavenumbers if the temperature decreases from room temperature 
(IR data) to 113 K (I.I.N.S. measurements). No assignment was given for the 
I.I.N.S. peak at 43 cm-’ ( ~CO(N~~)~~I~). 

In a recent publication, Janik et al. f129a] determined the rotational bar- 
riers for some hexammine nickel salts by applying an IR band profile method 
(cf. ref. 129b and literature therein). Because of the disagreement between 
the activation energy for [Ni(NHs)s]Ia obtained by them (0.91 kcal mol-‘) 
and that of van Kempen et aI. [128J (0.50 kcal mol-l), they pointed out that 
the selection of an I.I.N.S. peak at 80 cm-’ as NH3 torsion, which led to a 
rotational barrier of *0.50 kcal mol-‘, may be erroneous. According to ref. 
129, tbis peak should correspond rather 50 the translatory lattice mode, opsn- 
ing the possibility that either the peak at 105 or that at 142 cm-’ given in ref. 
126 could correspond to 7(NHa), leading to barrier values closer to 0.91 kcal 
mol-‘. 

It should be mentioned for the completeness that Leech et al. [130] studied 
the temperature dependence (90 K-470 K) of the IR band contours for trans- 

Pd(NHs)aXs (X=Cl, I). According to these authors it seems probable that in 
Pd(NHa)sIa the NHa groups are rotating with gradually decreasing freedom 
from higher to lower temperatures, whereas it appears that with PdfNHa)&lsthe 
ammonia groups are not rotating appreciably at room temperature and below, 
but that they begin to rotate with limited freedom at temperatures above this. 
The barriers to internal rotation for Pd(NHa)& were determined as follows: 
210 cm-’ (90 K), 255 cm-’ (298 K), 210 cm-’ (470 K) (eO.60,0.73, 0.60 
kcal mol-l). 
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G. VIBRONIC SPECTRA 

Wentworth [131] investigated the vibronic structure of the Laporte for- 
bidden ‘Tr, f- lAr,absorption band in the near UV polarized crystal spectrum 
of [Co(NH&] fCo(CN)s] and also of the deuterated compound at 80 K ax-& 
explained it in terms of a uniquantal progression of a CON, vibration at 420 
cm -r and its combination with a vibration at 390 cm-‘. Deuteration lowers 
these bands to 380 and 340 cm-‘, respectively. Yeranos 11321 pointed out 
that one should expect progressions due to the CoNs skeletal modes of FI, 
and Fti symmetry and to combination tones whose direct product includes 
the F, and/or Fti species. His assignment (Y,(CON)(F&* ~420 cm’-‘, 
%tCoN)@ ~g) * e390-l) appears to be doubtful, if one compares the excited 

state frequencies with the IR and Raman ground-state data given in Tables 2 
and 3. 

Seven Fr, and four F, vibrational modes can act as vibronic origins for the 
‘T,, + 4A2g and ‘Es + 4Azg transitions of fCr(NH&j3” 11331. Whereas the ab- 
sorption band due to the former transition is not resolved, the structure of the 
latter has been investigated by several authors in absorption and emission. 
Porter and Schkifer 11341 determined the phosphorescence spectrum of [Cr- 
(ru’H3)61 3c in rigid glass at-195°C using a high-pressure mercury arc lamp as ex- 
citing light. Some vibronic bands corresponding to transitions from the zero 
level of the lowest doublet state 2Eg to vibrational levels of the quartet ground 
state (*A%) were detected and tentatively assigned by comparison with IR 
bands. Adamson and Dunn [135] examined the vibrational structure of the 
2Eg + 4A2g absorption band for the normal and fully deuterated hexammine 
chromium ion. They found marked isotope shift in at least two bands, which 
they correlated to ammonia deformat+on and rocking vibrations. More com- 
plete assignments of all bands reported in ref. 135 were given later ]34]. Eysel 
11361 investigated the absorption and emission spectra of a series of hexammine 
chromium salts. For [Cc(NH&] [TlClsJ, a detailed assignment of the bands 
due to F1, and Fti fundamentals (and also some combination tones) coupled 
with the electronic transition 2Eg - 4A2g was reported. Whereas the assign- 
ment for the fundamentals was confirmed in later publications [34,41a), that 
for some combination tones was found to be inconsistent with the vibronic 
selection rules f41a]. 

Flint f 1371 obtained the luminescence spectrum of normal and deuterated 
[Cr(NH3)s](C10J), and gave some preliminary assignments. Later on, Flint and 
Greenough [41a] reported more detailed spectra of the former compound, of 
]Cr(NH&]PFG and their deuterated analogues at room temperature and at 
80 K; in some cases also at 4 K. Nine bands (7FI,, 2F& correlated with tran- 
sitions from the zero level of the excited state to F1, and Fzu vibrationally ex- 
cited levels of the ground state and five bands (3F1,, !Z.F& due to transitions 
from excited vibrational levels of the 2JElp state to the ground state were ob- 
served (Table 11). Most combination bands could be assigned as transitions 
involving one quantum of a FI, or F= mode and one quantum of v(CrN)fE,) 
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or G,(HNH)(E,). The frequencies for these modes derived from combinations 
are 422 and 1824 cm-l, respectively ([Cr(NH&J (CIO,),). According to’ Flint 
and Greenough [ela], the appearence of the combinations may be due to a 
J&n--Telkr effect in the 4T2g state. 

Employing He/Me laser excitation (6328 A ) in a Raman experiment, Long 
and Penrose f34] obtained phosphorescence spectra of [Cr(NH&]% z&d [Cr- 
(ND&j3’ in aqueous solution (Table 11) and of solid [Cr(NH&](C104),. For 
the latter compound, their results are essentially identical to those reported 
in refs. 41a and 137. The absorption data of Adamson and D&i [135] with 
the assignment of Long and Penrose !34] are also given in Table 11. A com- 
parison of ground-state and excited state vibronic frequencies with the IR and 
Raman data presented in Tables 2 and 3 reveals that the shapes of the poten- 
tial surfaces of the ‘Es and 4A2g states do not differ much 1341. As can be 
seen from the table, the differences in the vibronic frequencies p,(NH,)(F& 
and p,(Nl&)(F~,), respectively, obtaiied from the emission spectra of [Cr- 

TABLE 11 

Electronic ground state and excited state (*) fundamentals of TCr(NH&33+ ([Cr(ND&#’ 
in brackets) determined from the vibronic system of the 2E, c-, 4A2g transition in emission 
and absorption (cm-l) 

Emission Absorption 

[Cr(NH3)sl(~%)s ECr(NHsk13+ IWN&)~13+~ 
cwst. a aqueous soIution b aqueous solutionC 

%(ffNW (Flu] * 1350 (1260) 

Pr(NH3L(FIuJ * 740 (625) 800 (625) 

~r(NI53) W2d * 664 (517) 730 (545) 

%ACrN) (Flu) * 466 (438) 475 (455) 
G(NCrN) (FI”) * 252 (242) 262 (231) 255 (225) 
G(NCrN) (F*) * 191(194) 184 (172) 205 (185) 

~(NGrN~ (&.J 212 (190) 190 (172) 

&NCrN) Wlu) 264 (237) 254 (224) 

%&rN) (Flu] 476 (429) 461 (431) 
,%(NHa) W2u) 670 (509) 724 (544) 

PAN% 1 (J+‘d 741 (591) 797 (618) 

&(HNW (~‘A 1340 (1071) 

L(HNW (Fxu) 1623 (1184) 

J’,(NH) (Fxu 1 3270 (2399) 
&(Nw (Flu 1 3335 (2478) 

a Ref. 41a, positions of the zero phonon lines for [Cr(NH&](CI04)3: 15,232 cm-’ (295 K), 
15,221 cm-l (8C K); [Cr(ND&](CiO,& 15,243 cm-l (295 K), 15,232 cm-l (80 K); 
Stokes lines measured at 80 K, anti-Stokes lines at 295 K. b Ref. 34, O-O transition: 
15,212 cmMx fiCr(rJH~&]~+), 15,230 cm-’ (fCr(N&)fj ] 3* ) . c Lines: ref. 135, assignment: 
ref. 34; o--O transition: 15,175 cm-’ ([Cr(NH&]a+), 15,185 cm-” ([Cr(ND&fa+). 
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WH3kIWlO4,)3 and of [Cr(NH3)J3* (as.) are rather large. The same is 
also true if one compares p,(NH,)(F,,)* and p,(NHa)(F,)*, respectively, for 

r~(NH3hw~04)3 in emission and [Cr(NH&]* in absorption. The H/D shifts, 
too, differ much in many cases. Because of possible systematic errors a rein- 
vestigation of the system seems desirable. 

Recently, Flint et al. [41b] reported the ‘J??~ - ‘A, transition of [Cr- 
(N&)&d%, fQWD3MCd%, ICWJH3kd fWC%l and fWNbMW3)3 
in emission and absorption. The vibronic spectra showed splittings which were 
interpreted in terms of the non-cubic environments of the hexammine chromi- 
um ion. 

H. FORCE CONSTANTS 

(i) General remarks 

As can be seen from the first column of Table 1, the determination of force 
constants for octahedral hexammine and tetrahedral and square-planar tetram- 
mine complexes requires the solution of third, fourth and seventh order inverse 
eigen-value problems. If one assumes a rigid configuration of the ammonia 
groups in hexammine complexes, even eleventh and twelfth order secular equa- 
tions occur. It is well known that the determination of exact force.constant.. 
corresponding to species with more than one vibration is not possibile, if be- 
sides the vibrational frequencies appropriate additional data are not available. 
In the case of ammine complex ions, the isotope shifts of the vibrational fre- 
quencies are the only additional data obtainable for determining the force field. 
Even by using complete IR and Raman data sets and all possible isotope shifts 
of the vibrational frequencies as additional data, the eigen-value problems re- 
main underdetermined. In order to overcome the difficulties, approximation 
methods and/or simplified models have been used. 

(ii) Urey-Bradley Force Field 

The large majority of normal coordinate analyses reported in the literature 
has been based on the Urey-Bradley Force Field (U.B.F.F.) [X38,139]. 
Preliminary U.B.F.F. calculations in which only that part of the potential 
function was considered which is directly related to the ammonia deformation 
vibrations S,,(HNH), G,(HNH), p,(NH3) can be found in refs. 51, 71 and 120 
WoWH3h13+h [=I ([Co(NH3kl 2+), [=I WdWH3)~12C, ~WNH3h$+C). 

Nakagawa et al. [29] (see also ref. 28) calculated the internal U-B. force 
constants (and also some diagonal symmetry force constants) for [Cr(NH3)s13*, 
[Co(NWs13”, [Co(NHa)s12”, [Ni(N&)s]2”3 lPdfNWd2~, fftCNI-W.T, and 
P(NH3),12* on the basis of seven IR active frequencies for each complex 
(Fr,, and E, species, respectively). In subsequent publications 130,911 the cor- 
responding data for [Hg(NH3)J2’ and [Pt(NH3)s]* were also given. The values 
for the deformation constant H(HNH) were transferred from that determined 
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for NH3, ND3, NJ&+, and ND4+ [120]. The rep*ulsion constants F(H *** H) and 
F(H *** M) were assumed to be 0.06 and 0.10 mdyn A-l, respectively, for all 
the complex ions, and the F(N -es N) data were estimated (0.03-0.05 mdyn 
A-l) from the interaction force between Ar atoms using a Lennard:Jones 
potential function. All other force constants were adjusted by a trial and error 
method. The authors found that the metal-nitrogen stretching force constants 
F(MN) vary in the order [28-30,911: 

PtxV > Hg” > Pt” > I’d” > Co”’ > Crux > Cu” > Ni” > Con 
2.13 2.05 1.92 1.71 1.05 0.94 0.84 0.34 0.33 mdyn a-‘, 

showing that the covalent degree of the M-N bonds decreases from [Pt- 
(NH&] 4t to [ Co(NH& Jz+. The same relationships hold for the diagonal sym- 
metry force constant data which mainly determine Y,,(MN)(F~,, or E,). (These 
force constants were considered to be physically more significant than the 
inner U.B. force constants K(MN), when the nature of chemical bonding in 
the complexes fs discussed [ 301.) Nakagawa et al. [ 291 noted that the values 
of H(HNM), F,,,_,(p,(NH,)) and Fti,,,,(GS(HNH)) vary in a similar manner. 
Some irregularities were explained by the statement that the l&and vibrations 
are more or less affected by the outer ion through hydrogen bonding. As is to 
be expected, the nitrogen-hydrogen stretching force constant K(NH) in- 
creases froi. [Pt(NH&j4’ (5.20 mdyn a-‘) 191) to [Co(NHs)sj”’ (6.00 
mdyn a-l) i28]. 

Whril ihe force constant data determined for [Co(NH,),]* f28,29] were 
?ransferred to halogenoammine complexes of the type [ Co(NH&XJ’* and 
[Co( NHs)4X2J”, complex values resulted [ 301. It was found that a value of 
-0.25 mdyn al-’ for F(N *a* N) is needed in order to obtain real solutions. By 
using these values, Nakagawa and Shimanouchi recalculated the force constants 
for ICr(NHa)e13i, fCo(NHa)~1~*, fCo(NH&l*, [Ni(NH~)~~~ and ECuN-bhd~. 
The new K(MN) values (Cr”‘: 0.84, Co”‘: 1.05, Con: 0.10, Ni”: 0.16, Cu”: 
0.76 mdyn i%-l) differ considerably from those determined earlier. This\ is also 
true forF ti,,,al(vas(MN)) and H(HNM). From a normal coordinate analysis - 
for fCo(NH,)&’ and [Ni(NH,)s]* which also considered the LR active trans- 
latory lattice vibrations (chlorides, bromides, and iodides), Nakagawa and 
Shimanouchi [125] obtained force constants which are very close to those 
given [28,29]. The authors pointed out that the metal-nitrogen stretching 
force constants may be almost accurately obtained without the introduction 
of lattice modes, whereas the deformation constants H(HNM) and H(NMN) 
are modified showing that p,(NHs) and G,,(NMN) are somewhat affected by 
the outer ion. Similar results were obtained by a normal coordinate treatment 
of the optically active crystal vibrations for [Co(NHs)s’j [Co(CN)s] [76]. 

Terrasse et al. [27] reported a normal coordinate analysis for the IR and 
Raman active species of [Rh(NH&13’ on the basis of 7 IR and 5 Raman fre- 
quencies. Poulet et al. [95] made a similar calculation for the in-plane vibra- 
tions of fPt(NH&f*+ by using 7 IR and 8 Raman frequencies. The force con- 
stants H(HNH), ~(HNM), F(H .*a H), P(N l ** H) and the intermolecular tension 
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were transferred from [120]; K(NH) was arbitrarily estimated as 5.4 ([Rh- 

(NH3),J3+) and 5.6 mdyn A-l ([Pt(NH&]%). The skeletal force constants WMN), 
EI(NMN), and F(N --. N) were obtained as follows: 1.6,0.085, 0.1 mdyn A-’ 
([Rh(NH&J3”) and 2.1, 0.19, 0.09 mdyn A-’ ([Pt(NH3)J? 

Miles et al. 11091 determined the U.B. force constants for the diammine 
silver (I) and mercury(I1) ions by using IR and Raman data. Different force 
constant sets were given for [Hg(NHs)a]Cla and [Hg(NH3)2]Bra. Their F(HgN) 
values (0.85 mdyn A-l for the chloride and 0.53 mdyn A-l for the bromide) 
are considerably Iower than those reported earlier [30] (2.05 mdyn A-‘, see 
above). K(AgN) was obtained as 0.31 mdyn A-“. 

Nakamoto et al. 11121 reported the force constants of [Zn(NH3)J2* calcul- 
ated on the basis of Raman data for [64Zn(NH3)4]2*, [68Zn(NHs)4]2+, and [Zn- 
(ND3)J2”. All vibrations for the whole complex except two torsional modes 
were considered. The best agreement between observed and calculated frequen- 
cies was obtained with K(NH): 5.66, K(ZnN): 0.54, H(HNH): 0.43, H(ZnNH): 
0.048, H(NMN): 0.018, F(H --- H): 0.09, F(Zn .** I-I): 0.24, F(N l -- N): 0.19 
mdyn A-l. 

As can be shown by model calculations for a complete ammine metal com- 
plex, the skeletal vibrations are only slightly coupled with the Iigand vibra- 
tions, and the ammonia iigands can approximately be regarded as dynamic 
units [44> (Point Mass Modef (P.M.&I.) [68], see also the calculations of the 
potential energy dist~bution [28,30,109 j)_ Mizush~a et ai. [S6] calculated 
the skeletal U.B. force constants of [Pt(NH3)4F+ on the basis of the P.M.M. 
Since no low frequency IR data were known at that time, only the Raman 
frequencies (Mathieu [82]) were used. The force constants K(PtN): 2.804, 
H(NPtN): 0.147 and F(N *+- N): 0.05 mdyn A-’ do not reproduce v,,(PtN) 
and G,,(NPtN)(E,) (Table 6). Shimanouchi and Nakagawa l68] obtained the 
correspo\ldmg force constants for [CO(NH,),]~’ by using the skeletal IR fre- 
quencies of [Co(NH,),J3’, [CO(NH&X]~” and Lrans-[Co(NH&Xaj*. The 
Raman frequencies v,(CoN)(Al,), v(CoN)(EJ, and &(NCoN)(F& calculated 
from K(CoN): 1.07, H(NCoN): 0.29 and F(N a-- N): 0.10 mdyn j&-l do not 
agree with the measured values (Table 3). This is also true for the Raman frequen- 
cies calculated from R(CoN): 1.34, fi(NCoN): 0.22 and FfN --* N): 0.18 mdyn 
A-‘, which have been determined by Yeranos 11321 on the basis of skeletal 
IR data for [Co(NH,)s]* and [Co(ND,),]*. 

The U.B.F.F. data for the framework of the following complexes were 
determined on the basis of IR and Rarnan data: [Pd(NH3)J 2* (K: 2.2, H: 0.1, 
F: 0.2 mdyn A-r) [89], [CO(NH,)~]‘+ (K: X9, H‘: 0.09, F: 0.09 mdyn A-l) 
1503, [Zn(NH,),]‘+ (K: 1.10, H: 0.02, F: 0.19 mdyn A-‘) [84], fNi(NHs)s]2” 
(K: 0.46, H: 0.02, F: 0.23 mdyn A-l) 1841, 

If one compares the force constants for many complexes reported in the 
literature, the disagreements are readily apparent (see, for example, the K(MN) 
values for [Ni(NH3)6]2+ (0.16, 0.34, 0.46 mdyn W-l), [Pd(P!Hs).J21’ (1.71, 2.2 
mdyn A-‘) and EZn(NH&12’ (0.54,l.lO mdyn /I-l)). Some reasons for this 
fact have been pointed out by the present authors [44,84]: 



(a) U.B. force constants determined on the basis of 7 IR active F,,,, LF,, and 
E, vibrational frequencies, respectively, are not very reliable. On the one hand, 
additional constraints are necessary, which can be estimated only very arbitrar- 
Sy, but which have much influence on the final force constants (see, for exam- 
ple, the data reported in ref. 30). On the other hand, the Raman data are dis- 
regarded. The calculations do not give reliable M-N stretching force constants 
if the Raman and IR active metal-nitrogen stretching frequencies differ by 
more than several wavenumbers. As can be seen from the tables, this applies 
to many complexes. 

(b) The application of simple least-squares prucedures including all funda- 
mentafs is problematical, One can sometimes obtain force constants which re- 
Produce the measured frequencies but which are not physically meaningful. 
For example+ the analytical expressions for those diagonal force constant ma- 
trix elements which mainly determine the M-N stretching vibrations show 
clearly, how insensitive AEON) is to these matrix elements because of the pres- 
ence of other terms comparable in value of K(MN). 

(iii] Germ-d Valence Force Field 

Under the assumption of the Point Mass Model the order of the secular equ- 
ations is drastically reduced. As can be seen from the second column of Table 
1, not more than two skeletal vibrations are invulved in one species. The skele- 
tal symmetry force constants of first order secular equations can be calculated 
directly from the corresponding vibrational frequencies, those of second order 
equations can be determined from the fundamentals and at least one piece of 
additional information. These force constants are called pseudo-exact [64]. 
Tbe concept refers to a force field based on a simplified but physically reason- 
able model, using so much additional information that it can be determined 
definitely within the approximation. It has been shown f1403 that small iso- 
tope shifts can be used to calculate force constants within reliable error limits, 
even if the shifts can only be measured with relatively low accuracy. A theoret- 
ical interpretation of this effect has been given in terms af the Jacobians 
~(A~~~~~)~~~~ [141,1423. 

The present authors used the met-d isotope, H/D, and “I@% shifts of the 
IR bands corresponding to the antisymmetric metal-nitrogen stretching vibra- 
tions in the spectra of hexarnmine chromium, cobalt(III), nickel, of tetmmmine 
palladium, copper, cadmium, and the Raman lines of tetrammine zinc as addi- 
tional data for force constant calculations on the basis of the P.M.M. [37,65, 
84,92,115]. Table 12 contains the skeletal vibrational frequencies of fNi- 
fNI2&$‘, fs8Ni(N?%&]2*, [62Ni(NH3)G I”*, [Ni(f5NH3)sf2t; [Ni(NB3)aJ2* and 
the pseudo-exact E;, symmetry force constants determined by help of three 
isotope shifts of qJNiN)(F,,) as illustrative examples. The Alg, E,, and .P& 
symmetry force constants (calculated from the fundamentals) as well as the 
inner G.V.F.F. force constant data for f(NiN) are a&so stated, The table shows 
that the agreement between the skeletal force constants calculated by using 
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different isotopic frequencies is very good. This conformity, which could 
equally be shown for [Co(NH&J*, [Cu(NH,)J2* and [Zn(NHs)J*” can be re- 
garded as unequivocal proof of the applicability of the P.M.M. used in conjunc- 
tion with isotopic data_ 

For those complexes, for which reliable isotope shifts of the skeletal vibra- 
tional frequencies have not yet been determined, supplementary assumptions 
are necessary to determine the skeletal symmetry force constants of second 
order secuIar equations. Reports on approximate G.V.F.F. force constants 
(P.M.M.) by using IR and Rarnan data can be found, in ref. 34 for [CI(NH,),]~*, 
fCo(NH&]* (f(CrN): 1.60, KCoN): 1.72 mdyn A-l, constraint: estimation 
of the interaction constant f,,), in ref. 47 for ~Ru(NH,)J3+, tRh(NH&J3*, 
[Ir(NH3js]* (f(RuN): 2.07, f(RhN): 2.31, f(IrN): 2.40 mdyn W-r, simplified 
valence-force expressions), in ref _ 50 for [Co(NE&&J2 (f(CoN) : 1.38 mdyn a-l 
L matrix approximation method (L& > i) = 0) [143-1451; f(CoN): 1.31 
mdyn A-‘, Modified Valence Force Field (M.V.F.F.) (Fiif i # i) = O), and in 
refs. 146,147 for [Pt(NHs)4]2” (f(PtN): 2.44 mdyn A-‘, Fadini method 
[145,148,149]). 

The present authors 1441 have calculated the skeletal force constants for 19 
transition metal ammine complexes on the basis of critically selected spectral 
data by using different approximation methods. &J comparison of the approx- 
imate symmetry force constants with the pseudo-exact data did not reveal 
satisfactory agreement in all cases. On the other hand, the approximation data 
for the inner G.V.F.F. force constant f(MN), which is very useful for under- 
standing the nature of bonding in complexes, agree well with the pseudo-exact 
dats. within an error of 5%. One can assume with some certainty that the inac- 
curacies in the approximate f(MN) values for those complexes, for which no 
pseudo-exact data are known, are of comparable order of magnitude. Table 12 
shows the force constants for [Ni(NHs)s]2+, obtained by help of the L matrix 
approximation, the Fadini method and the U.B.F.F. Table 13 contains the 
reported 1441 KMN) values (L matrix approximation method). The estimated 
bond orders according to Siebert [ 1,150] are given in parentheses. It should 
be noted that the inner G.V.F.F. force constants f(MN) cannot be directly 
compared with the inner U.B.F.F. force constants K(MN) given in Section 
H(ii). The latter constants are generally expected to have lower values, 

Some correlations between the metal-nitrogen stretching force constants 
may be summarized here (cf. ref. 44 for further’details): flMN) for ammine 
complexes with the same symmetry, with centraI atoms having the same oxi- 
dation &ate and belonging to the same transition series, do not differ much. 
f(MN) increases when the charge of the central atom increases (cf. [Co- 
(NH3)s]2i-fC~(NH3)s]3~) or when the coordination number decreases (cf. 
[CO(NH&]~“-[CO(NH~)~]~+). For ammine co,mplexes of transition metals in 
the same group, the force constant increases from lighter to heavier atom (cf. 
iCo(NH,),13+-[Rh(NH,),]S~-llr(NH,)~~~, for nontransition metal complexes, 
f(MN) decreases (cf. ~~n(NHs)~]*+-[Cd(NH3)~~~~. The estimated bond orders 
for hexammine complexes of divalent metals indicate rather little covalent de- 



TABLE 13 

G.V,F.F. rne~-nitrogen stretching foxce constants and bond orders a of transition metal ammine complexes (X = NH3) (cf. ref, 44) 

VIn VIIa VIII fb Ifb 

MIX,2 FeX# coxy 2+ NiXa 
0.67 (0,3) 0.73 (0,3) f%3j+o.3) 0.85 (0.4) 

f 
1.66-(0,6) 1.86~~.6~ 

COXY 
1.44 (0.6) 

IrX# 
2.28 (0.9) 

PdXj 
2.15 (O&q 

PtX$+ 
2.76 (1,O) 
Ptxp 
2.54 (1.0) 

znxp 
O&g (0.3) 

znxp 
1.43 (0.5) 

CUX$+ 
1.42 (0.5) 

CdX; 
0,7,7 (0.4) 

CdX; 
1.24 (0.5) 
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gree. Hexammine complexes of trivalent ad quadrivalent metals belonging 
to the second and third transition series have nearly pure covalent sing{e bonds. 
This is also tr?e for tetrammine palladium and platinum. 

Block f59j calculated the furce constants fur the whole ion [Co(NE&&‘J* 
assuming Oh symmetry and employing IR frequencies of the normal and fully 
deuterated complex as well as (incorrect) Raman data from ref. 77. He used a 
M.V.F.F., according to ref. 27 with oversimplified F and G matrix elements. 
f(CoN) w% determined as 2.0 mdyn A-” and f(NH) as 5.2 mdyn A-“. 

Normal coordbaw anallyses for the complete ions [Zn(NH&]“‘, ECU- 
(NH&I ‘* and [Ni(NH&J2* (NH3 groups at special positions j on the basis of 
a force constant method by Cyvin [151--X%3] in -&Gch special symmetry co- 
ordinates for ligand vibrations, ligand-fmmework couplings, and framework 
vibrations are used, can be found in refs. 92,154 and 155, The force constants 
reproduce satisfactorily the observed frequencies for all the isotopic com- 
pounds. The framework force con&a&s fall within the error limits of the 
pseudo-exact P.M.M. data [ 37,65,84,92], which confirms their reliability. 

The Iigand farce constants were used to calculate the frequencies of free 
ammonia [92,3.54]. As expected, these frequencies turned out to be substanti- 
ally different fromthose measured for gaseous NHs due to kinematic coupling. 
This effect was found to be small for the N-H stretching frequencies, but 
simificant for bending. In the case of fZn(NH,@” and [~u(NH~~~~‘~~ the 
mean amplitudes of vibration were catculatti for all types of interatomic dis- 
fz&mces at different temperatures. The Zn-N and Cu-N mean amplitudes at 
298 K were determined as 0.066 A 11541 and 0.056 a [SZ]. 

It should be noted for the sake of completeness that some authors e@m- 
ated metal-nitrogen stretching force constants from one single frequency 
(S.V.F_F. - Simple Valence Force Field). Kobayashi and Fujjita [24] calculated 
f(MN) values from IR bands due to p,(NH& which they erroneously assigned 
to L$,(MN). For [Na(NH&]+ (cf. Section C(i)), Leonard et al. 193 obtained 
f(NaN) = 1.9 mdyn Am1 from a Raman line at 435 cm-z_ For [BeiNH&J*, 
[ A.l(Nlr&]3’, [ Mg(NH&]%, I Sc(MH& J3* and [Y(NH&J J3+, Grigor’ev et al. 
fR4,173 determined f(MN) =: 2_4,2.2,1.2, --1.5, -1.25 mdyn A-‘, respectively, 
from v,(MN) (Raman) (for the SC and Y complexes estimated frequencies were 
used). The metal-nitrogen stretching force constants for [Ca(NH,)J2* and 
[Sr(NH,),]*+ (0.75 and 0.61 mdyn A-l, respectively) were calculated [16] by 
using a relation between ammonia rocking and met&-nitrogen stretching fre- 
quencies. From the bands due to v,,(AgN) and p,(AgN) in the IR spectra of 
diammine silver sulfate and nitrate, Geddes and Bottger 1X08] obtained f(AgN) 
= X.72 and 1.58 mdyn A-‘, respectively, Plane 11143 caIcul&ed f(ZnN) = 1.8 
mdyn A-’ for [Zn(NH&#* born vs(ZnN){Al). His f(CdN) value of X.2 mdyn 
as1 determined from a Raman line which he mistakenly attributed to v,(CdN)- 
(AZ) of ICd(NH&]“’ (cf. Section D(vii)) applies to [Cd(NH&J2’. f(HgN) = 1.7 
mdyn W-l for [Hg(NH&]‘” was calculated from a Raman line at 350 cm-l. ,QS 
has atready been stated, the assignment of this line is doubtful. Plane also estim- 
ated the M-N bond orders from relative Raman intensities of the Al modes 
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and by comparison with the data for tetrahedral tetrachlora and tetrabromo 
complexes of Zn, Cd, Hg, Ga. For [ Zn(NH,),12+ he obtained a bond order of 
0.48 (cf. our value reported in Table 13). 

By using a simple triatomic mode! for calculating metal-ligand vibrations, 
Bayi& Cl565 obtained the metal-nitrogen stretching force constants for [Co- 
[Co(NH&J*, [CO(ND&]~*: 2.00, [CO(NH~)~]‘*: 0.84, [Cr(NH&13”: 1.72, 
[Ni(NH&12’: 0.88, [Ni(ND3)J2+: 0.93 mdyn A-l. 

I. CORRELATIONS OF SKELETAL FORCE CONSTANTS WITH OTHEX PHYSICAL 
PROPERTIES 

(i) Bond lengths 

Table 14 contains the sums of estimated covalent and ionic radii and a, 
compilation of metal-ammonia bond lengths for ammine complexes deter- 
mined by X-ray diffraction in recent years (for previous literature citations 
see refs. 7, 157 and 158). Since accurate M-N distances are known for only 
a few pure metal ammine complexes, the data for complexes containing other 
ligands besides NH3 are also stated. The bond lengths reported in the table are 
average values of all metal-nitrogen (ammonia) distances in a given compound 
(except in cases with a pronounced trans-effect where only the cis distances 
have been considered). A comparison of the experimentally determined mean 

TABLE 14 

Metal-nitrogen bond lengths in ammine complexes (A) 

Metal 
ion 

Sum of Sum of Bond. Compound Ref. 
cowlent ionic length 
radii radii 

V” 1.97 2.30 2.110 
cr" 1.93 2.40 2.064 

2.059 
2.067 
2.073 
2.08 

2.11 

CP 1.93 - 2.113 
RU” 2.00 - 2.144 

2.137 
2.127 
2.10 
2.127 

Rum 2.00 2.40 2.104 
2.10 
2.169 

NH41VO(WWH,)I 
fCr(NH3)61CU%. 
ECr&JH&SuBrs 
~Cr(NHs)s~MnFs 
fCrU’%)+=Fs 
t(Nc~3)SCr(oH)Cr(Nt3~~l 

5 - H2O 

CW-WE~~WW’JH~)~~ 
cl, - H20 

=(02)2(NH3)3 

WufNH3ks 112 

IRu(N%&j~C12 
[Ru(NH3)5N02]CI * tI20 

[RuW-W&zlC~2 
[Ru(NH3)&02Cl]C1 
[Ru(NH& l(BF4)s 
fRuWH,WIlCl2 

~Ru(NH3~5~MsO j!PF6)2 

159 
160,161 
161 
162 
162 

163 

164 
165 
166 
167 
168 
169 
48 

166 
170 
l?l 
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TABLE 14 (continued) 

Meal ion Sum of Sum of Bond Compound Ref. 
covafeslt iOGC length 

radii radii 

osn - 
con 1.91 
CO* 1.91 

Rhnr 2.00 2.40 

IP 2.02 
Ni* 1.90 
(cf. ref. 7) 

Pd= 2.03 2.21 
pt* 2.05 2.51 

cu= 1.92 

ZnC: 2.00 

- 
2.45 
2.34 

2.49 

2.40 

2.45 

2.09 
2.137 

2.125 
2.137 
2.114 
1.936 

1.968 
1.96 
1.960 
1.982 
1.990 
1.972 
1.947 
1.957 
1.978 
1.981 

1.966 
1.98 
1.968 
1.96 
1.963 
2.071 
2.056 

2.057 
2.072 
2.121 
2.10 

2.07 
2.15 
2.07 
2.11 
2.051 
2.0: 
2.05 
2.032 
2.015 
1.994 
2.025 
1.996 
2.14 

NOJf%&dNOz)z 201,202 

NitNH3)4tNCS)z 202,203 

Ni(NHa)atNCS)z 202 
Pd(NH3)S03 204 
IPtWW4 lzPW-@s(CN)e I 205 
cis-Pt(NH3)2Clz 206 
trans.Pt (NH3)2C12 206 
ECuW-W41SO4 - H20 207 
fCu(NH3klSeO4 207 
Na4ECufrJH,),lCu(s,o,)z 208 
ICuW-Wa l!CuCI2)2 - H2O 209 
WuWWd(C~~rd2 209 
[COJHd.dC~hh 209 

2.11 (eq.] 

( 

[CuUWMNH3)21C12 106 
Wu(N&MN%MBr2 105 

2.00 fNHa)2fZn(NH3)2(CrO4)2 I 210 

172 

173 
174 
175 
176,177 
177, cf. 
176 
176 
179 
180 
181 
182 
183 
184 
185 
186 
187, cf. 
188,189 
190 
191 
192 
193 
194 
195 
196 
196 
197 
198 
199,200 
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bond lengths data for hexacoordinated nickel(II) and cobalt(II) complexes 
with the sums of covalent radii reveals that the dMN values are considerably 
greater (>lO%) than those expected for covalent single bonds. This confirms 
the statement made on the basis of force constant calculations that the cova- 
lent character of the metal-ligand bonds in these complexes is not great. In 
the case of hexacoordinated Co in, Rum, Rhnf, Irur and of tetracoordinated 
Pd” and Pt” complexes with f(MN) values around 2 mdyn A-’ and bond or- 
ders between 0.6 and 1, the differences between actual bond lengths and sums 
of covalent radii are less than 5%. 

If one compares the metal-nitrogen stretching force constants of Table 13 
with the mean bond lengths in hexacoordinated complexes of central aitoms 
belonging to the same transition series (Co”: 2.114 A ]176,177 J, Ni”: 2.10 a 
[199-2031, Cr”‘: 2.07 a [160--1621, Co In: 1.97 a [176-1831; and Run’; 
2.10 A [166,170], Rh “‘: 2.07 A [195--9971) it turns out as expected that the 
force constants increase with decreasing M-N distances, though a direct cor- 
relation cannot be established. It must be taken into consideration, however, 
that for some complexes dMMN is strongly dependent on the nature of the anion 
(or (if present) on other ligands) (Table 14), and hence a comparison of bond 
lengths in different complexes with different anions (and crystal structures) 
is problematical. 

(ii) Stability constants and tigand field stabiiizafion energies 

For each step of the formation of an ammine complex in aqueous solution 
by the displacement of water molecules by ammonia there is a thermodynamic 
equilibrium, described by a stability constant K,, the antilogarithm of which 
is directly related to the free energy change AG,” at the binding of the nth li- 
gand. Several authors have tried to correlate stability constants with IR data, 
especially with p,(NHa) and v,,(MN) frequencies (cf. refs. 24, 25, 35, 43 and 
52). 

We wish now to compare the logarithms of individual stability constants 
for ammine complexes of divalent metals belonging to the first transition row 
with the metal-ligand stretching force constants for the hexammines. 
Figure 3 contains a plot of log I&., and f(MN) versus atomic number. The stabil- 
ity c’onstant. data for the cobalt, nickel, copper, and zinc complexes refer to 
EMF measurements at 30°C of solutions with ionic strengths held constant at 
2 mol l-l by addition of NH,NOB. log Ki and log Kl for the manganese and 
iron complexes were determined from a hypothesis at temperatures between 
20” and 30°C in solutions with ionic strengths of 0.5-5 moll-l, All stability 
constants have been collected from refs. 119 and 211. 

The ligand field stabilization energies for the high spin hexammines of 
divalent metals are also given in Fig. 3. For [Fe(NHa)#‘, the LFSE has been 
determined from an estimated value of 10 Dq = f * g by using g = 12500 1212 1; 
for [ CO(NH,),]‘~ an approximate 10 Dq value deduced from the ~~(~2”~~ + 47’r& 
~~(~!l’&‘) + ‘?,,) ratio [2X3] has been used; the effect of configuration inter- 



88 

1 
1 

MP Fez* cc.% Ni% cu2+ Zd+ 

LFSE 
I crri’) 

Ml?+ F2’ &P Ni2+ &+ ZlP 

Fig. 3. Plot of the logarithms of individual stability constants for ammine complexes of 
divalent metal ions belonging to the first transition row, of the ligand field stabilization 
energies, and of the metal-nitrogen stretching force constants for the hexammines versus 
atomic number. 

action was neglected. The LFSE for [Ni(NHs)s]“’ has been directly determined 
from spectroscopic data 12131, that for haxacoordinated copper is an idealized 
value assuming a regular octahedron which does not exist because of strong 
tetragonal distortion [ 1051. Ligand field stabilization energies for trivalent low 
spin complexes are much higher than those given in Fig. 3. For example, the 
values for [Co(NH&J3”, [Rh(NH~)sJ3* and ~~(NH~)s13~, which can be calcu- 
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lated from spectroscopic data (cf. 213) are 27093 cm-‘, 65690 cm-’ and 
81490 cm-l, respectively. 

It is well known that the log K, values fall in the Irving-Williams series 
[2l4f (Mn2+ < Fe*” < Co2* < Ni2+ < Cu*+ > Zn**). As can be seen from Figure 
3, the metal-nitrogen stretching force constants follow the same trend. (This 
is also true for the frequencies due to v,,(MN)(F~,), cf. refs. 43,212 and 215.) 
The evaluation of complexity constants and IR frequencies was explained by 
help of the l&and field theory which predicts a maximum stabilization for 
Ni2+ and no LFSE; for Ma2+ and Zn 2+ The inconsistency in the case of copper . 
arises from the fact that octahedral hexammine copper does not exist in aque- 
ous solution. , 

In the terminology of the MO theory, the es orbit& are antibonding caus- 
ing destabilization, whereas the fzs orbitals are nonbonding without effecting 
the bond strengths. To the first approximation, the LFSE can be defined as 
the product of the ligand field parameter A and the number of vacant posi- 
tions in ~tibonding orbit& [ZlS]. Yatsimirskii [217] defined the LPSE as 
the change in energy on going from a structure with a llmitingly uniform dis- 
tribution of electrons in all the nonbonding and antibonding orbitals to a 
structure with the actual distribution of the elections. For octahedral hexam- 
mine high spin complexes, he got qualitatively the same relation between elec- 
tronic configuration and LFSE as that given in Figure 3. 

If one compares the hgand field stabilization energies of hexammine iron- 
(H), cobalt(II,III) and Ni(II) with the energies for individual M-N bonds (see 
next paragraph), it turns out that the LFSE’s contribute only 4---%X% to the 
total energy. Bond energies for complexes with much higher LSFE values have 
not yet been determined, but a comparison of force constants and LFSEs in 
the series [Co(NHs),]~, [Rh(NH&13+, [Ir(NH,),]3+ reveals that the ffMN) 
values increase by less than 25% on going from Co to Ir, whereas we find a 
LFSE imrease of more than 200%. This shows clearly that even the extremely 
high ligand field stabilization energies for low-spin hexammine complexes of 
metals belonging to the second and third transition series are only minor 
sources of the bond strengths. 

According to Bjerrum f218J the logarithm of the mean complexity constant 
as defined by 

l/n c log K, 
” 

is a direct measure of the affinity between ammonia and metal ion in aqueous 
solution. This expression gives average values per complex-bound group irre- 
spective of the actual number of ligands. For all transition metal ammine com- 
plexes, for which logarithms of stability constants have been given [119,211], 
we have plotted the mean log K, values versus our f(MN) data [44]. Except 
for [Mn(NH&J2’, [Fe(NHs)s]‘+ (see above), [Cr(NH3)s13’, [Pd(NH3)J2’ and 
[Pt(NH&f’*, the data determined from EMF measurements at 30°C (medium: 
NH&J03, constant ionic strengths of 2 mol l-a or constant concentrations of 
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the inert salt> have been used. The stability constants for the Pd and Pt com- 
plexes refer to constant ionic strengths of 1 mollW1 (media: NaClO,, KNOs) 
and to 25 and 18°C respectively, For [Cr(NH,)s]3’ only a maximum value of 
the overall stability ccnstant could be determined (25”C, constant concentra- 
tion of 4.5 1301 l- ’ NHJX). Strictly speaking, only those mean stability con- 
stants can be compared with each other and correlated to other data, which 
have been determined under the same conditions. In spite of the fact that this 
is not true for all data used for Fig. 4, one finds a qualitative relation between 
metaI-ligand stretching force constants and logarithms of the mean complexity 
constants. (Ceddes and Bottger [10&J reported a similar graph for some com- 
plexes by using force constants based on a S.V.F.F,) 

(iii) Total bond energies 

H,[M(NH,),l n* (g) the enthalpy of formation of an ammine complex in 

flMNt 
mdynlf( 

2. 

2.c 

1= . . 

?.O 

0.5 

i i i i io l-Elog KN 
NN 

Fig. 4. Plot of the logarithms of the mean complexity constants of ammine compfexes 
against metal-nitrogen stretding force constants (X = NH3). 



the gaseous phase, i.e. the energy of the reaction 

M”=Vgf + ~~~36!&‘+ ~~(~~3)~~~+~~) 

is equal to m times the I!&--NHs bond en-, The total bond energy can be 
caku~ated by a the~~dyn~~~ cycle from tbe standard enthalpies of forma- 
tion of gaseous ammonia, halide ion, ifnd metal ion in the vzxlence state, fxx~m 
the standa& enthafpy of formation of the cryst&ne complex, and from the 
pseudo-lattice energy cf. ref_ 219. In Fig. 5, we have plotted OUT m&&nitrogen 
stretching force constants for the hexammine complexes of divalent met& 
ions of the first transition seties and far [Co(NH,)#' versus the total band 
energks detexmintu3 originaHy by Cotton EZZZOj and recakulated by Ashcroft 
and Motiimer f219] who used some mart: recent subsidiary dat;a. (Ya~~~~~ 
12171 abtained nearly the same bond energies on the basis of a th~rmody~~- 
ic cycle and by using an appropriate NO method.) 

Fig. 5. PIo& of ~et~-~i~~ogcn stretching force constants for hexammine cmr@exes of di- 
v&rat metat ians of the 1st transition series aad for f~o(NH&f3* vemlts the total bond 
energ&~ obtained by a thermodynamic cycle. 
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Whereas the dissociation energy of a bond is given by the depth of the 
potential well, the stretching force constant is a measure of the curvature of 
the potential function near the equilibrium position. Cenetily one gets Iinear 
r&&ions between bond energies and stretching force constants- A view on 
Fig. 5 shows that this dependency is confirmed, but it must he conceded that 
only very few data are available and that the reliability of bond energy values 
as calculated by Cotton is restricted by the simplifications involved in the 
dete~ination of pseudo-lattice energies. The data for [ Zn(NH,)G]2+ are the 
only wh%h do not fit the curve. Since this complex is very unstable, the stan- 
dard enthafpies of formation OF the vibrational spectra may need further atten- 
tion. 
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