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Infrared Spectra of Metallic Complexes.

II. The Absorption Bands of Cooérdinated

Water in Aquo Complexes

By JunNOsUKE Fujita, Kazuo NARKAMOTO AND MAsaHISA KOBAYASHI
RECEIVED MARCH 26, 1956

The characteristic bands of coérdinated water molecules in Ni2+, Cu?*, Cré+aquo complexes have been found in the Na(!

region.
and hydrogen bonding.

Introduction

It is well known! that water vapor exhibits three
fundamental bands, e.g., asymmetric and symme-
tric stretching and bending vibrations at 3756,
3652 and 1595 em. ™3, respectively. The absorption
of water in aquo complexes will not differ greatly
from the spectrum of the vapor state if the metal-
oxygen bond is purely ionic. However, if the bond
is covalent, we may expect new modes of vibrations
such as wagging, twisting and rocking modes
characteristic of coodrdinated water molecules.
Therefore, an investigation of these bands in typi-
cal aquo complexes is of considerable interest be-
cause it provides much information on the nature of
the metal-oxygen bond.

However, so far no attempt has been made to
study the characteristic absorptions of coordi-
nated water. This is partly due to their relative
weakness and overlapping of other bands on these
absorptions In the present paper, the infrared
spectra of a number of aquo complexes have been
examined, and the characteristic bands of coordi-
nated water molecules found in the NaCl region.

Experimental

Preparation.—The compounds used in this study were
prepared by the usual methods. CuS0,;-5D,0 was prepared
by recrystallization of CuSO, from 99.98% D.O.

Absorption Measurements.—The infrared spectra were
obtained by a Perkin—E!mer Model 21 double beam infrared
spectrophotometer using a NaCl prism. The Nujol mull
technique was employved.

Results and Discussion

(1) Ni Aquo Complexes..—The infrared spectra
of Ni(glycine),-2H,O and Ni(glycine), are shown in
Fig. 1. Sincea strong band at 795 cm. ~! disappears
upon dehydration, it is undoubtedly the absorption
characteristic of the codrdinated water molecules.
A similar band was found at 730 cm.—! in Ni(ala-
nine),-4H,0, but not in Cu(glycine).-H,0.

The X-ray analysis of Ni(glycine),-2H,0? defi-
nitely indicates that the two water molecules are co-
ordinated to the Ni atom (the Ni—OH, distance,
2.12 A)) and, moreover, that they form hydrogen
bonds to oxygen atoms of neighboring complexes
(the OH-O distance, 2.72 A.). Although the struc-
ture of Cu(glycine).-H,O is not known, the absence
of the band seems to suggest that, in accord with
the prediction of the crystal field theory of metallic
complexes,® the water molecule of the Cu complex is
not so strongly bound to the metal as in the Ni
complexes. In other words, the metal-oxygen

(1) For example, see G. Herzberg, ‘‘Infrared and Raman Spectra of
Polyatomic Molecules,” D. Van Nostrand Co., New York, N, Y.,
1945.

(2) A.J. Stosick, THis JoUrNaL, 67, 365 (1945).

(3) J. Bjerrum, C. J. Ballhausen and C. K. Jdrgensen, Acig Chem.
Scand., 8, 1275 (1954).

The presence and the absence of the bands in various compounds are discussed, based on the effects of coérdination

bond is rather ionic in the former whereas it is fairly
covalent in the latter. The spectra of Ni(glycine).
2H,0 and Cu(glycine)s-H,0 have already been ob-
tained by Sen, ef al.,* but no argument has been
given for this band.

The weak band at 2270 cm.™! in Ni(glvcine),:
2H,0 disappears by dehydration and, therefore, is
reasonably assigned to the O-H stretching band. If
we plot this frequency, together with the hydrogen
bond distance on the “O-H stretching frequency
versus bond distance diagram’’ obtained by Naka-
moto, ef al.,’ it is found that this compound gives a
large deviation from the straight line toward lower
frequencies. It is apparent that this deviation is
due to a superposition of the effects of codrdination
and hydrogen bonding, as suggested by the result of
X-ray analysis. Using the above mentioned dia-
gram, the contribution of codrdination effect to the
shift of the O-H stretching frequency is estimated to
be Av = 3030-2270 = 760 cm.~%. It is interesting
to note that the relation found by Nakamoto, et al.,
is not valid if the effect of hydrogen bonding codper-
ates with the effect of codrdination.

Similar bands have been found near 810 cm.™!
in NiCl,-6H.0, NiSO,7H.0 and [Ni en (H:0),]SO,,
but not in Ni(ClOy)»6H,O and [Ni en.(H.0).]
(Cl0y4)s. Asstated in the previous paper,® formation
of hydrogen bonds between theligand and the outer-
ion causes shifts of all the bending modes to higher
frequency. Therefore the absence of absorption
in the latter two compounds may imply that the
lack of hydrogen bonding in the perchlorate salts
retains the band in the lower frequency region.

(2) Cu Aquo Complexes.—In Fig. 2, the infra-
red spectra of [Cu(H20)4]SO4'H20, [CU(DQO)4]-
S04+ D20 and CuSO, are given in the region between
925 and 800 cm.—'. It is obvious that the strong
band at 875 cm.™! is due to the codrdinated water
molecules, since it disappears upon deuteration and
also dehydration. According to the X-ray analysis
of CuSO45H,0,” four water molecules which are
linked to the central Cu by fairly covalent bonds
(the Cu—~OH, distance, 1.98 A.) also form strong
hydrogen bonds of 2.75 A. with the oxygens of the
sulfate ions.

However, similar bands were not observed in
CUSO4'EI’1'3H20, CUSO4'EH2'2H20, CU(CIO4)2'6H20
and Cux(CH;COO)42H,0. The absence of the
bands in these compounds may be attributed to the

(4) D. N. Sen, S. Mizushima, C. Curran and J. V. Quagliano, TrIS
JourNaL, 77, 211 (1955).

(3) K. Nakamoto, M. Margoshes and R. E, Rundle, tbid., 77, 6480
(1955).

(6) J. Fujita, K. Nakamoto and M. Kobayashi, ibid., 78, 3295
(1956).

(7) C. A. Beevers and H. Lipson, Proc Roy. Soc. (London), Al46,
570 (1934).
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Fig. l.—Infrared absorption spectra of: ——, Ni(gly-
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Fig. 2.—Infrared absorption spectra of: —,
(H:0)4)80,-H:0;  —-—-- ,  [Cu(Dy0%]804-D,0;  —rr— )
CuSO..

It is interesting to note that Ni{CH;COO),-4H,0
shows bands at 963 and 910 cm.—!, whereas Cu,-
(CH5CO0)4+2H,0 has no absorption in this region.
The X-ray data for these two compounds are as
follows

O-H---0

M-OH: distance (A.) distance (A.)

Ni(CH;COO0),-4H,0® 2.06,2.11 2.59,2.65
Cuy(CH;C00),-2H,0° 2.20 2.82,2.80

(8) J. N. van Niekerk and F. R. L. Schoening, Acta Cryst., 6, 609
(1953).
(9) J. N. van Niekerk and F, R. L. Schoening, ¢bid., 6, 227 (1953).
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Thus these structural data seem to suggest the im-
portance of both the effects of coérdination and hy-
drogen bonding.

(3) Cr Aquo Complexes.—Figure 3 compares
the spectra of frans-[Cr(ox)(H,0):]K-3H,0 and
[Cr(ox)3]K33H:0. The former compound shows
two bands at 1012 and 965 cm.—}, but the latter
does not. Therefore it is expected that these bands
are due to the absorption characteristic of the co-
ordinated water molecules in the former compound.
It is noteworthy that infrared spectra in this re-
gion can discriminate between coérdinated water
and crystal water.
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Fig. 3.—Infrared absorption spectra of: , trans-[Cr-
(0x)2(H,0),]K-3H,0; ———-m , [Cr(ox);]K;-3H:0.

According to the X-ray analysis of [Cr{ox),
(H,0),]K:3H,0, the Cr-O (coérdinated water)
distance is 2.02 A., and these two molecules of co-
ordinated water form strong hydrogen bonds (2.66
and 2.72 A.) with the crystal water. Similar bands
to the above exist at 910 ecm.~! in KCr(S0,)»12H,0
and KAI(SO,)»12H:0, but not in [Cr(NH;):H,0]
{Cl04)s. The absence of the absorption in the lat-
ter compound may be due to the lack of strong hy-
drogen bonding or the overlapping of NH; rocking
band.

Summary

From the foregoing discussion, it is concluded
that the characteristic bands of coérdinated water
in the NaCl region are observable only when the
water molecules are linked to the metal by fairly
covalent bonds, and also to the outer-ion or the
ligand of the neighboring complex by strong hy-
drogen bonds. If either of these two conditions is
absent, the absorption does not appear in the NaCl
region.

Table I summarizes the results obtained above.
It is seen that the band of cotrdinated water goes to
higher frequency in the order of Ni%?*, Cu®* and
Cr3+ complexes. At the same time, the critical
temperature of dehydration of these compounds

(10) J. N. van Niekerk and F. R. L, Schoening, ibid., 4, 35 (1951).
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TABLE 1

CHARACTERISTIC BAnDS oF COORDINATED WATER IN Ni?¥,
Cu?+ AnND Cr?* Aguo COMPLEXES

Temp. for
vH:O0 M-OH: OH-O dehydra-
Metal Compound (em, 1) (A) (A tion, °C.
Ni?*  Ni(glycine),-2H.O 795 2.12 2.72 135~ 140
Cu?+ CuS0,-5H,0 875 1.98 2.75 220
Cr3*  [Cr(ox).(H,0),]K-3 965 2.02 2.66 High
H,0 1012 2.72

increases in the same order. As is shown by the
M-OH; and O-H----O distances, the effects of co-
ordination and hydrogen bonding are also increas-
ing in the same order. Therefore we conclude that
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a codperative effect of codrdination and hydrogen
bonding is responsible for the shift of the band and
the rise of temperature of dehydration.

Although the vibrational mode of the band is not
vet determined, it is attributable to either one of
the modes among wagging, twisting and rocking
vibrations. A detailed study of the nature of this
band is now in progress and will be reported later
together with the measurements in the KBr region.

Acknowledgment..—The authors wish to express
their sincere thanks to Mr. N. Ooi of the Sumitomo
Chemical Company for aid in obtaining the spec-
tra.

NAKANOSHIMA, K1TA, OSAKA, JAPAN

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, TULANE UNIVERSITY]

Platinum Olefin Coordination Compounds.

I. The Structure of

Dicyclopentadienedichloroplatinum (IT)

By JouN R. DovLE! AND HaNs B. JONASSEN
RECEIVED FEBRUARY 4, 1956

The previously proposed structure of dicyclopentadiene platinous chloride has been re-examined and shown to be incon-

sistent with newly determined data.

A new structure is proposed in which the dicyclopentadiene acts as a bidentate ligand

with both double bonds codérdinated to the platinum in the cis-positions of the coérdination sphere.

Introduction

Recent interest in the olefin cobrdination com-
pounds of platinum has prompted a re-examination
of the structure of the compound formed by the
reaction of dicyclopentadiene and potassium chloro-
platinite as reported by Hofmann and Narbutt.?
They believed that platinous chloride added across
one of the double bonds of dicyclopentadiene in a
manner similar to the reaction of mercuric chloride
and olefins. This type of addition would yield
compounds having a structure similar to the pos-
sibilities shown in Ia or Ib.

Cl—pt—" >
]

1 H/ V{—'—Pt—m
= A/>< ~

p‘><——01

Jensen®* has prepared a series of compounds in
which cyclodctatetraene and 1,6-hexadiene act as
bidentate ligands. The double bonds of the diole-
fin occupy adjacent positions in the codrdination
sphere of the platinum, giving a cis-configuration
to the molecules as shown in II.

Ia

Cl

-

el
II

Chatt’ has recently reported a rather unstable bis-

ethylene platinous chloride, III, in which he pro-

(1) Abstracted in part from the doctoral dissertation presented to
the Graduate School of Tulane University, 1955.

(2) K. A. Hofmann and J. V. Narbutt, Ber., 41, 1625 (1908).

(3) XK. A. Jensen, Acta Chim, Scand., T, 866 (1953).

(4) K. A. Jensen, ¢bid., T, 868 (1953).

(5) J. Chatt and R. G. Wilkins, J. Chem. Soc., 2622 (1952).

poses that the molecules of ethylene occupy cis-
positions
HCH

HTr Cl

III
Chatt and Duncanson have reported the prepara-
tion of a platinum-olefin compound containing
1,4-butadiene in which this diolefin acts as the bridg-
ing group as in IV,

C
Cl \} 216 7 Cl

2
cl e a (

v
In determining the structure of dicyclopentadiene-
dichloroplatinum(II) all of the various types dis-
cussed above have been considered and in addition
the possibility of a bis-cyclopentadienyl derivative

of platinum was examined.

Experimental

Dicyclopentadienedichloroplatinum(Il).—Five grams of
potassium chloroplatinite was dissolved in a mixture of 60
ml. of water and 15 ml. of n-propyl alcohol. Eight ml. of
dicyclopentadiene dissolved in 25 ml. of ethyl ether was
added to this clear red solution. The solutions were mixed
in a 250-ml. flask and allowed to react at room temperature
for three days. The dark brown precipitate which formed
was removed by filtering and washed with two 10-ml. por~
tions of ethyl ether. The crude product was redissolved in
hot chloroform, clarified with decolorizing carbon and the
solution evaporated to 25 ml. Ethyl alcohol was then added
to the hot chloroform solution until the mixture began to
cloud, and upon cooling to room temperature small needle
shaped ivory colored crystals separated. The crystals



