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The influence of molecular shape upon the inter­
nal field is evident in the values of /3 in Table I and 
the points in Fig. 1. For the roughly spherical mole­
cules of the substituted methanes, the effect of the 
internal field is greater than that calculated by 
means of the Powles equation, a discrepancy which 
would be still greater if the correction for the effect 
of viscosity were not omitted. The flattening of 
the sphere to the roughly oblate spheroidal form of 
the substituted benzene and pyridine molecules re 
duces the effects of the field to amounts close to 
those calculated by means of the Powles equation, 
an apparent exception being 2,6-dimethylpyridine, 
the points for which lie close to the O'Dwyer and 
Sack curve. Elongation of the flattened structure 
as in the quinoline, isoquinoline and substituted 
naphthalene molecules reduces the effects of the 
field below those calculated by the Powles equa­
tion. That the decrease in field effect is not merely 
the result of increase in molecular volume is shown 

Introduction 
Infrared spectra of solid ammine coordination 

compounds of the transition metals have been sub­
ject to several investigations.3-7 The comparative 
ease of preparation and the wide diversity of sub-
stituents possible in this series have emphasized 
the importance of a definite characterization of the 
absorption bands, which may be attributed to the 
NH3 grouping upon complex formation. 

Mizushima, Nakagawa and Quagliano have re­
cently characterized the deformation vibrations of 
coordinated ammonia molecules in Co(III) am-
mines.8 Using a Urey-Bradley type potential 
function, the frequencies of the degenerate and 
symmetric deformations and the rocking vibra­
tions have been calculated for the Co(NH3)6

+ + + 
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by the fact that pyridine and the monomethyl and 
monohalogenated pyridines and benzenes have 
about the same molar volumes as the tetrasubsti-
tuted methanes under consideration. The strong 
local fields of the highly polar cyanide and nitro 
groups raise the effects of field well above those cal­
culated by the Powles equation for nitrobenzene 
and benzonitrile, but the effect is much smaller in 
the case of the larger 1-nitronaphthalene. 

I t is evident that the macroscopic dielectric re­
laxation time of a polar liquid is usually greater 
than the molecular relaxation time but not nearly 
as much greater as is indicated by calculation based 
on the Lorentz internal field. The Powles equa­
tion and the identical first approximation obtained 
by O'Dwyer and Sack seems to be the best approxi­
mation for the calculation of the molecular relaxa­
tion time from the macroscopic, but it is a very 
rough approximation. 
PRINCETON, N E W JERSEY 

ion. These calculated values were shown to be in 
good agreement with frequencies observed for a 
number of Co(III) ammines containing coordi­
nated ammonia molecules and, furthermore, the 
values calculated for the deuterated hexammine co-
balt(III) chloride, using the same set of force con­
stants, agreed with the observed frequencies. 

The infrared spectra of a number of ammines 
have now been obtained to determine the effect of 
the nature and the oxidation state of the central 
metal atom on the frequencies of the three charac­
teristic deformation vibrations of the coordinated 
ammonia molecules. 

Experimental 
Preparation of Compounds.—The compounds listed in 

Table I were prepared by methods similar to those given in 
the references in the last column. Most of the compounds 
were dried by heating under reduced pressure in an Abder-
halden apparatus for several hours at 110°. AU other 
compounds listed in Table II were supplied by Dr. D. N. 
Sen.9 

Absorption Measurements.—Spectra were obtained by 
means of a Perkin-Elmer Infrared Spectrophotometer Model 
21 with a sodium chloride prism. Preparation of the po­
tassium bromide disks was carried out according to the pro­
cedure of Stimson and O'Donnell10 as described in a previous 
article.4 

The frequency values for the NH3 deformation vibrations 
are listed in Table I I . 

(9) D. N. Sen, Ph.D. Thesis, University of Notre Dame, 1953. 
(10) M. M. Stimson and M. J. O'Donnell, THIS JOURNAL, 74, 1805 

(1952). 
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The infrared spectra of a number of solid metal ammine complexes have been investigated. I t has been possible to deter­
mine the three deformation vibrations of the ligated molecules in these complexes. The NH3 degenerate deformation is 
observed in the region of 1650-1560 cm. - 1 ; the NH3 symmetric deformation in the region of 1350-1150 cm. - 1 ; and the 
NH 3 rocking frequency in the region of 950-650 cm. - 1 . Each of these absorption bands has a characteristic absorption 
profile. A theoretical explanation for the range of these deformation frequencies is presented. 
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TABLB I 

ANALYSIS OF COMPOUNDS 
Com­

ponent 
ana- % 

Compound lyied Calcd. 

[Co(NHs)6]Cl, NH 8 38.20 
[Co(NHs)8]Cb NH 3 44.04 
[Ag(NHs)2]2S04 NH3 17.93 
[Cu(NHs)4ISO4-H2O NH3 27.72 
[Ni(NHs)6]Cl2 NH3 44.08 
[Cr(NHs)6]Cl3 NH3 39.22 
[Cr(NHs)5Cl]Cl2 NH3 34.96 
[Co(NHs)6Br]Br2 NH3 22.18 
[Co(NH3)5N02]Cl2 NH3 32.62 
[Co(NHs)6NO3]Cl2 NH3 30.74 
[ C O ( N H J ) 5 H 2 O ] C I 3 NH3 31.71 

[Co(NHs)4(H2O)2]Cl3 NH3 25.28 
«raws-[Co(NH3)4(N02)2]Cl NH3 26.76 
[Co(NHs)3(NOs)3] NH3 20.60 
[Co( NHs)6Cl]Br2 NH3 25.09 
[Co(NH3)sONO]Cl2 NH3 32.62 
[Co(NHs)6SO4]Cl NH 3 30.98 
[ C O ( N H 3 ) S C O 1 ] N O I - 1 A H 2 O NH3 26.40 

[Co(NHs)5OH]Br2-H2O NH3 25.12 
[Co(NHs)5C2O4]Br-HBr NH3 21.67 
[Co(NHs)4CO3]Cl NH3 30.62 
K[Co(NHs) 2 (NO 2 ^]" NH 3 10.77 

Found 

37.94 
43.71 
17.58 
27.34 
43.83 
38.77 
34.58 
22.06 
32.38 
30.64 
31.58 
24.99 
26.71 
20.57 
25.20 
32.75 
30.98 
26.11 
25.10 
21.76 
30.35 
11.19 

Ref. 

10 
11 
11 
11 
11 
11 
11 
12 
13 
14 
11 
15 
11 
11 
16 
13 
17 
18 
19 
20 
21 
11 

Discussion 
The previous calculation8 of normal frequencies 

for the NH3 ligand was based on the following po­
tential function 

V = 2 ^Ki(An)' + S ^ V i V (Aau)» 

+ S ^Fij(At7ii)a + linear terms 

where r\ and r$ are bond lengths with equilibrium 
values n0 and rf>\ atj bond angles and qu distances 
between non-bonded atoms. In addition K, H 
and F represent stretching, bending and repulsive 
force constants, respectively. 

The deformation frequencies depend on the bend­
ing force constants iJ(HNH) and 77(HNM), and 
the repulsive force constants, F(H' • -H) and 
F(H- • -M), where M denotes the central metal. 
Of these constants H(HNH) and F(- • -H) are the 
same as those used for the calculation of the vibra­
tions of ammonia (NHs), ammonium ion (NH4

+), 
and the deuterated products (ND3 and ND4

+).23 

Therefore, these two constants have the same value 
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(1939). 
(14) H. F. Walton, "Inorganic Preparations," Prentice-Hall, New 

York, N. Y., 1948, p. 92. 
(15) S. M. Jorgensen, J. prakt. Chem., 23, 237 (1881). 
(16) H. Hecht, "Preparative Anorganische Chemie," Springer Ver-

lag, Berlin, 1951, p. 173. 
(17) S. M. Jorgensen, / . prakt. Chem,, [2] 18, 221 (1878). 
(18) F. Ephraim and W. Flugl, HeIv. CMm. Acta, 7, 724 (1924). 
(19) A. B. Lamb and K. J. Mysels, T H I S JOURNAL, 67, 470 (1945). 
(20) A. Werner, Bet-., 40, 4109 (1907). 
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(22) A. B. Lamb and E. B. Damon, THIS JOURNAL, 69, 385 (1937). 
(23) I. Nakagawa and S. Mizushima, Bull. Chem. Soc. Japan, 28, 589 

(1955). 

TABLE II 

DEFORMATION FREQUENCIES IN C M . - 1 FOR M E T A L AMMINE 

COMPLEXES 
De- Sym- Rock-

Compound generate metric ing 

1 [Ag(NHs)2J2SO4 1650 1215 738 
2 [Co(NHs)6]Cl2 1610 1158 650 
3 [Ni(NHs)6]Cl2 1610 1175 678 
4 [Cu(NHs)4]SO4-H2O 1615 1285 732 
5 [Cr(NHs)6]Cl3 1620 1314 757 
6 [Pd(NHs)4]Cl2 1610 1304 827 
7 [Co(NHs)6]Cl3 1620 1325 827 
8 [Pt(NHs)4]Cl2 1570 1350 850 
9 [Pt(NHs)6Cl]Cl3 1560 1355 935 

10 [Cr(NHs)6Cl]CIj 1600 1290 724 
11 [Cr(NHs)6NO2]Cl2 1620 1305 768 
12 trans- [Pt(NHs)2Cl2] 1605 1295 815 
13 frarcs-(Pd(NHO2Cl2] 1614 1250 756 
14 [Co(NHs)5NO2]Cl2 1595 1315 850 
15 ^ra»j-[Co(NH3)4(N02)2]Cl 1620 1300 840 
16 [Co(NHs)3(NOa)3I 1630 1290 815 
17 K[Co(NHs)2(NOs)4] 1630 1265 790 
18 [Co(NH3)6Cl]Br2 1600 1310 840 
19 [Co(NHs)5Br]Br2 1590 1312 832 
20 [Co(NH3 )6OH] Br2 1620 1303 806 
21 [Co(NH3)5ONO]Cl2 1620 1320 845 
22 [Co(NHs)5H2O]Cl3 1620 1325 835 
23 CW-[CO(NHS) 4 (H 2 O) 2 ]CIS 1620 1320 850 

24 [Co(NHa)6CO3]NOs 1603 1305 830 
25 [Co(NHa)4CO3ICl 1600 1280 850 
26 [Co(NHs)5NO3]Cl2 1600 1315 855 
27 [Co(NHs)5SO4]Cl 1615 1315 830 
28 [Co(NH3)S(C2Oj)]Br-HBr 1625 1310 835 

throughout the series, whereas the remaining two, 
/ /(HNM) and F(H- • -M), depend considerably on 
the nature of the central metal, M. 

The calculation showed that the degenerate de­
formation frequency depends on / /(HNH) and 
F(H- • -H), the rocking frequency on /Z(HNM) 
and F(H- • -M), and the symmetric deformation 
frequency on all four constants. It follows from 
these relationships that the difference in the nature 
of the central metal atom should be reflected ver} 
strongly in the value of the rocking frequency 
considerably in the symmetric deformation fre­
quency and little in the degenerate deformation 
frequency. 

The frequencies of the deformation vibrations 
fall in characteristic regions of the spectra for all 
metal-ammine complexes reported. The degen­
erate deformation appears between 1650 and 1560 
cm. -1, the symmetric deformation between 1350 
and 1150 cm. - 1 and the rocking vibration between 
950 and 650 cm. -1 . The absorption profiles of the 
deformation are also quite characteristic. The 
degenerate deformation is broad and of moderate 
intensity, the symmetric deformation is quite 
sharp and very intense, and the rocking vibration 
band is very broad and intense.24 

The effects of the nature and oxidation state ol 
the central metal atom on the deformation fre­
quencies are revealed by the data in Table II. 
It is evident that the rocking frequency decreases 

(24) The spectrum of hexamminecobalt(III) chloride has been re­
ported in a previous paper.4 See also D. G. Hill and A. F. Rosenberg, 
J. Chem. Phys., 24, 1219 (1956). 
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in the following order: Pt(IV) > Pt(II) > Co(III) 
> Pd(II) > Cr(III) > Cu(II) > Ni(II) > Co(II). 
Univalent silver is somewhat out of line, the am­
monia ligands in [Ag(NHs)2] + having a rocking 
frequency slightly greater than that in [Cu-
(NH8)4]++. The presence of rocking frequencies 
in the spectra of the hexammine Ni(II) and Co(II) 
complex ions indicates that the nitrogen-to-metal 
bonds have covalent character; the relatively low 
frequencies along with the paramagnetism of these 
complexes indicate spsd2 outer orbital type bonds. 

The rocking frequencies show a large variation 
and are thus very sensitive to the nature and oxida­
tion state of the central metal ion. This is under­
standable from the above discussion of the nature 
of the rocking vibration. 

The symmetrical bending frequencies of coordi­
nated ammonia molecules show a similar variation 
with the nature of the N-M bond but the percen­
tage difference in frequency in going from the 
Co(II) to Pt(IV) ammines is not so great as for 
the rocking frequencies. Moreover, the degenerate 
frequencies show little variation with the nature 
of the N-M bond. These observations are also in 
accord with the foregoing discussions of the natures 
of the symmetric and degenerate deformation vibra­
tions. 

The neutral Pt(NHs)2Cl2 molecule (12) has a 
lower rocking and a lower symmetric deformation 
frequency than the [Pt(NH3)4]+ + ion (8) and a 
similar effect is observed in the Pd(II) compounds 
(13 and 6). The effect of the charge of the com-

In the course of studies on the lower oxidation 
states of platinum,2 we have had occasion to pre­
pare numerous ethylenediamine coordination com­
pounds of platinum halides. Although many of 
the corresponding chlorides have been synthesized 
and are well characterized, they are not desirable 
as starting materials for reactions in liquid am­
monia owing to their generally low solubility. 
Accordingly, the necessary bromides and iodides 
were prepared. The syntheses described below 
either correspond to compounds not previously re­
ported or represent new and/or improved proce­
dures. 

Experimental 
Methods.—Platinum, when present as the only non­

volatile component, was determined by ignition to the 
metal; otherwise, platinum was reduced to the metal with 

(1) This work was supported in part by the U. S. Atomic Energy 
Commission, Contract AT-(40-l)-1639. 

(2) G. W. Watt and R. E. McCarley, T H I S JOURNAL, 79, in press 
(1957). 

plex itself on the ammonia deformation frequencies 
is seen also in the series of cobalt(III) ammines 
(compounds 17, 16, 15 and 14). (The position of 
the rocking band at 790 cm. - 1 in compound 17 is 
not accurately known as the NO2 group also ab­
sorbs strongly in this region). Both the rocking 
and symmetrical deformation frequencies increase, 
in general, with increasing positive charge on the 
complex. This increasing positive charge coincides 
with increasing number of ammonia molecules in 
these Co(III) complexes. 

The replacement of the carbonate group in the 
[Co(NHs)6CO3]+ ion (compound 24) by a sulfate 
group (compound 27) has no effect on the rocking 
frequency, and replacement by an oxalate group 
(compound 28) has very little effect on either the 
rocking or the symmetric deformation frequencies. 
In the [Co(NHs)6X]+2 ions (compounds 18 to 21 
and 26), an appreciable lowering of the rocking 
and symmetric deformation frequencies occurs 
only where X is a hydroxyl group. The replace­
ment of an inner chlorine atom by a nitro group in 
the [Cr(NHs)6Cl] + + ion (compounds 10 and 11) 
results in an appreciable increase in the these defor­
mation frequencies. 

The spectra of these metal ammine complexes 
are being determined in the cesium bromide region 
in these laboratories to study the nature of the 
lower frequencies, as reported in a previous paper.23 

(25) D. M. Sweeny, I. Nakagawa, S. Mizushima and J. V. Quagli-
ano, THIS JOURNAL, 78, 889 (1956). 

NOTRE DAME, INDIANA 

hydrazine, dissolved in aqua regia, and determined spectro-
photometrically.3 Halogens were determined as silver 
halide; where halogen was covalently bonded in complexes, 
it was displaced with ethylenediamine prior to precipitation. 

All X-ray diffraction patterns were obtained using a Hayes 
unit, Cu Ka radiation, an Ni filter, a tube voltage of 35 kv. , 
a filament current of 15 ma. and exposure times that varied 
with the nature of the sample. All of the X-ray diffraction 
data reported here are assembled in Table I and include only 
the six most intense lines for each compound for which such 
data are not already available; more nearly complete data 
are tabulated elsewhere.4 

For potentiometric titrations, the potential was meas­
ured with a Leeds and Northrup type K potentiometer, a 
platinum indicator electrode, and a saturated calomel refer­
ence electrode. 

Materials.—Unless otherwise indicated, all chemicals 
employed in this work were reagent grade materials that 
were used without further purification. 

Hexabromoplatinic acid was obtained by dissolving finely 
divided platinum in bromine and concentrated hydrobromic 
acid followed by boiling to remove excess bromine and acid. 
Massive platinum was dissolved in aqua regia and the re-

(3) G. H. Ayres and A. S. Meyer, Jr., Anal. Chem., 23, 299 (1951). 
(4) R. E. McCarley, Dissertation, The University of Texas, 1956. 
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Methods for the synthesis of ethylenediamine coordination compounds of certain halides of platinum(II) and (IV) in high 
yield and high purity are described. I t is shown that [Pt(en)Br2] and its isomer [Pt(en)8] PtBr4 may be separated quantita­
tively owing to the solubility of the former in liquid ammonia at —33.5°. 


