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platinum anode disappeared after the electrode
had become oxidized.

If the platinum anode is only partially oxidized
an anodic chronopotentiometric wave is still ob-
served but the transition time is smaller than for
an unoxidized anode. This is demonstrated by
the chronopotentiograms of iodide ion in Fig. 4 ob-
tained with different degrees of prior oxidation of
the anode.
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Fig. 3.—Anodic chrouopotentiograms for 0.094 milli-
formal potassium iodide in phosphate buffer at pH 6.5 at
a current density of 0.8 milliamp./cm.2: (1) with a previ-
ously reduced electrode; (2) resulted when the trial was
repeated.
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Fig. 4.—Aunodic chronopotentiograms for 0.094 1nilli-
formal potassium iodide in borax buffer at pH 8.5 at a cur-
rent density of 0.3 milliamp./cm.2: (1) previously oxidized
electrode; (2) oxidized electrode cathodized for 6 sec. at
0.3 milliamp./em.2; (3) oxidized electrode cathodized for
10 sec. at 0.3 milliamp./cm.2; (4) oxidized electrode totally
reduced by cathodizing for ca. 20 sec. at 0.3 milliamp./cm.2.
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Infrared Spectra of Metallic Complexes.

IV. Comparison of the Infrared Spectra of

Unidentate and Bidentate Metallic Complexes

By Kazvo NARAMOTO, JUNNOSUKE Fujita, SHIZUO TANAKA AND MAsaHISA KOBAYASHI
RECEIVED APRIL 4, 1957

The infrared spectra of sulfato, carbonato, oxalato and acetato metallic complexes in which those ligands coérdinate to

the metal as an unidentate and as a bidentate have been measured in the range between 5000 and 400 cm.~L

From the

compatrison of the spectra of bidentate with that of unidentate complexes of the same ligands, it has been found that lower-
ing of symmetry of the ligand or frequency shifts of the fundamentals due to cosrdination is, in general, more remarkable in

the former than in the latter.

Introduction

Studies of the effect of codrdination on the in-
frared spectra of metallic complexes afford valuable
information on the nature of the metal-ligand bond
and the stability of the complex. Coérdination
usually causes (1) appearance of new bands and
splitting of the degenerate modes due to lowering
of symmetry, (2) frequency shifts of the bands, and
(3) intensification of the spectra. In the previous
works,! our attention was focussed to the frequency
shifts of the ligand fundamentals caused by com-
plex formation. However, a study of the effect of
codrdination on the symmetry of the ligand is also
important. It is well known that the ligands such
as CO;~~ and C;04~~ coérdinate to the metal as an
unidentate and as a bidentate. Therefore, com-
parison of the infrared spectra of unidentate and bi-
dentate metallic complexes of those ligands will be
of considerable interest. The present paper deals
with the infrared spectra of sulfato, carbonato,
oxalato and acetato complexes.

In discussing the symmetry of the ligand from
the spectra obtained in the crystalline state, site

(1) J. Fujita, K. Nakamoto and M. Kobayashi, THis JourNaL, 78,
3293, 3963 (1938); J. Phys. Chem., 61, 1014 (1957).

group or factor group analysis based on the knowl-
edge of crystal structure is desirable. Unfor-
tunately, for most of the compounds discussed
here, crystal structural data are lacking. It is
anticipated, however, that the effect of codrdination
upon the ligand absorption is much stronger than
the effect of the over-all crystal field. Hence,
ignorance of rigorous site group analysis niay be
justified.

By coordination, all the fundamentals are niore
or less shifted according to their modes of vibration.
As the metal-ligand bond becomes stronger, their
shifts to lower or higher frequencies increase. Fur-
thermore, when coérdination lowers the symmetry
of the ligand, forbidden vibrations of the free ion
are permitted, and degenerate vibrations are split.
The stronger the metal-ligand bond, the larger the
splitting of the degenerate mode. Therefore, fre-
quency shifts, the magnitude of the splitting, and
the intensity of newly permitted bands are useful
as a measure of the effect of cosrdination.

As to the change of relative intensity caused by
complex formation, it is generally expected that
newly developed fundamentals have weak or me-
dium intensity, and other fundamentals active in



Sept. 20, 1957

the free ion increase their intensity. Asis shown
later, this anticipation is correct in the present series
of the compounds.

Since most of the compounds examined here are
Co(III) acido ammine complexes, they exhibit the
bands characteristic of the acido group in question
together with that of ammonia ligands. There-
fore, care was taken not to confuse the former with
the latter bands which are easily identified in the
spectra.

Experimental

Preparation.—The compounds used in this work were
prepared according to the literature which is given in Table
I, III, V and VI. Since most of the compounds studied
here are typical metallic complexes, their purity was
checked by comparing the ultraviolet spectra with the pub-
lished data.? However, the following two sulfato com-
plexes which are comparatively difficult to prepare, were
analyzed to examine their chemical composition.

Anal. Caled. for [Co(NH;)sSOs]Br: Co, 18.41; N,
21.88; Br,24.97. Found: Co, 18.20; N, 21.95; Br, 25.01.

NH,
For (NH3)4C0< 5 >C0(NH3}4 (NO9)s: Co, 21.35; N,
SO,

30.44. Found Co, 21.20; N, 30.23.

Absorption Measurements,—The infrared spectra were
obtained by a Perkin-Elmer Model 21 double beam infra-
red spectrophotometer using NaCl and KBr prisms. The
KBr disk method and Nujol mull technique were employed
for the spectra of the NaCl and KBr regions, respectively.

Results and Discussion
(1) Sulfato Complexes.—Free sulfate ion has
high symmetry of Ta. Of the four fundamentals,
only »; and w4 are infrared active. If the ion is co-
ordinated to the metal, the spectra will undergo
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Fig. l1.—Infrared absorption spectra of: ———, [Co-
(NHs)g]2(804)5°5H,0;  =--mmmm- s [Co(NH;);S04]Br; ,

marked change. Figure 1 and Table I indicate /NHo\ ., . s .
the spectra of 1200 ~ 900 cm.~! region and the lo-  [(NHCo{ " > Co(NHs)] (NOs)s; (KBr disk method).
TaBLE I
THE INFRARED SPECTRA OF SULFATO COMPLEXES (Cm. 7Y
Compound Symmetry ¥y ve n 4

Free SO,~~ ion® T4 L e 1104(VS) 613(S)

[Co(NHj)s|2(S04)s-5H;0° Ta 973(VW) . 1130 ~ 1140(VS) 617(S)

[Co(NH3):80,] Bre Cav 970(M) 438(M) 1032 ~ 1044(8S) 645(S)

1117 ~ 1143(8) 604(S)

NH 1050 ~ 1060(S) 641)'S)

[(NH3)4C0< 2>C0(NH3)4] Cav 995(M) 462(M) 1170(S) {610|;S)

S0, (NO,)s? 1105(S) 571/ M)

¢ G. Herzberg, 'Infrared and Raman Spectra of Polyatoniic Molecules,” D. Van Nostrand Co., New York, N. Y., 1945,

p. 167. °8. M. Joérgensen, Z. anorg. Chem., 17, 457 (1898).
Werner, Ber., 40, 4610 (1907). ¢ Raman, 981 cm. -1,
VW, very weak.

7451 cm. "1,

¢S. M. Jorgensen, J. prakt. Chem., 31, 270 (1885). 4 A.
¢ VS, very strong; S, strong; M, medium; w, weak;

TaBLE I1
CorRELATION TABLE® BETWEEN Ty, Cav aud Cyy

151 1<}

Ty A(R) E(R) F(I,R)
Csv Ai(LR) E(LR)
Cev A(LR) A(LR) + A;R)

@ I, infrared active; R, Rainan active.

cation of those four fundamentals in the free ion,
unidentate complex, and binuclear complex joined
by a sulfate bridge. In [Co(NHy)s]5(SO4)s5H:0,
vs and »4 are strong, but », is very faint and », is not
observed. Therefore, it is concluded that Ty sym-
metry of the ion still holds although » is weakly
allowed by the perturbation of [Co(NHj)s]3+ iom.
(2) Y. Shimura, Bull. Chem. Soc. Japan, 29, 311 (19386).

A(LR) + E(LR)
A(LR) + B(I,R) + By(L,R)

» va
F(I,R)
A(LR) + E(LR)

A(ILR) + B,(LR) + By LR)

In [Co(NH;);SO,]Br, however, both » and »,
appear with medium intensity, and moreover, »;
and » split into two bands, respectively. The
correlation diagram of Table II suggests that this
result can be interpreted reasonably only when we
assume that T, symmetry of the ion is lowered to
Cs, by complex formation. Thus we conclude
that one of the oxygens of the ion is different from
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Fig. 2.—Infrared absorption spectra (KBr disk method) of:

[Co(NH;):CO;]Br; ---

others, and codrdination occurs between this oxy-
gen and the metal. The anomaly of the infrared
spectrum of the sulfate ion at 1100 em.™! in [Co-
(NH;)5S504]Cl was reported previously by Mizu-
shima and Quagliano,® who, however, gave no de-
tailed discussion.

NH
In [(Nst1 Co< © 2>C0(NH3)4:| (NOy)s, both » and
4

v; appear with medium intensity, and p; and v, split
into three bands, respectively. Thisresult together
with Table II suggests that the symmetry of the
sulfate ion is once again lowered and probably re-
duced to C,,. Hitherto, the following structure
has been assumed for the sulfate bridge.

Co. .Co
00* O.*.
N
S
VRN
(0] (0]

Our infrared study will present an evidence for the
above structure in which C,, symmetry is given.

(2) Carbonato Complexes.—Using the idea of
site symmetry, Halford* explained the difference
of the spectra between calcite and aragonite which
have the same chemical composition. According
to the site analysis, Dsn symmetry of the free ion is
lowered to D; in calcite and to C, in aragonite.

(3) S. Mizushima and J. V. Quagliano, Tuis JournNaL, 75, 4870

(1953).
(4) R. 8. Halford, J. Chem. Phys., 14, 8 (1946).

...... , [Co(INH;)4|Brs;
=+, [Co(NH;),COs]CL.

» [Co(NHs)s] C1-COs;5

Thus, »4 vibration which appears in calcite at 710
cm, ! splits into two bands in aragonite. More-
over, totally symmetric vibration, », appears
weakly at 1080 cm. ™! in the latter. As is shown
in Table III and IV, these results are in complete
harmony with the prediction of site analysis.

Since the effect of coérdination is much stronger
than the effect of interaction between the ions, more
remarkable change of the spectra is expected when
the ion is coérdinated to the metal. In carbonato
complexes, Raman active vibrations of the free ion
will appear more strongly and the degenerate vibra-
tions will split more markedly.

Figure 2 and Table III show the spectra be-
tween 2000 and 1000 em.~1 and location of the four
fundamentals of the carbonate ion, respectively.
In [Co(NH;)s]Cl-CO;, » does not appear, and »;
and »s do not split. Since the feature of the spec-
trum is very similar to that of calcite, we conclude
that the symmetry of the ion may be Dj;. In
[Co(NH;)sCO;]Br, » appears very weakly and »;
splits into two bands. The correlation diagram of
Table IV suggests that the symmetry of the car-
bonate ion in this complex is Civ at the highest.
This result is consistent with the expectation that
the ion is linked to the metal with one of its oxy-
gens.

Similar trend is seen in the bidentate complexes
of [Co(NH;)4CO;3]Cl and [Co en, CO;]Br. How-
ever, v appears more strongly, and »; splits more
markedly than in the case of the unidentate com-
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TaBLE I1I
THE INFRARED SPECTRA OF CarBONATG COoMPLEXES (CM.™Y)

Compound Symmetry ”
Free COg~~ ion® Dy oo b
Caicite® Di e :
Aragonite’ Cs 1080(W)
[Co(NHj)e] C1-COs* D: e
[Co(INH,)sCO4) Bre® Cov 1070(VW)
[Co(NHy),CO;s) CV Cov 1025(M)
[CoenyCOy] Br? Cav 1015(M)

141 s 123

879(S) 1415(VS) 680(S)
874(S) 1430(VS) 710(M)
855(S) 1470(VS) 710(M), 6953(W)
868(S) 1390 ~ 1370(VS) 688(M)
848(S) 1450(S), 1370(S) 750(W)
837(S) 1592(9), 1255(S) 752(M)
825(S) 1575(S), 1278(S) 757(M)

s 3. Herzberg, “Infrared and Raman Spectra of Polyatomic Molecules,” D. Van Nostrand Co., New York, N. Y., 1945,

p. 178.
d 1,, Jacobsen, Overs. Danske Selsk. Fork., 595 (1899).
gensen, Z. anorg. Chem., 2, 283 (1892).

cm. "L
TaBLE IV
CORRELATION TABLE BETWEEN Djn, D;, Cav AND C,
1 2 s b2

D AN(R) A7(D) E’(LR) E’(LR)

D;  Ai(R) As(I) E(LR) E(LR)

Cov  A(LR) BJ(ILR) AyLR) + Bx(I,LR) Ai(LLR) + B:(ILR)
Cs A(LR) A"(LR) A/(LR) + A’(LLR) A’(LR) + A’(LLR)
plex. Therefore, we conclude that the symmetry

of the ion does not differ whether it is an uniden-
tate or a bidentate. This is in good accord with
the chemical formula hitherto assumed.

Co
O+ O*
4 coz..o*>c-o
VAN
o ©

However, the effect of coérdination undoubtedly is
stronger in the bidentate than in the unidentate
complex as is shown by the magnitude of the split-
ting of the degenerate mode and the intensities of
the Raman active vibrations.

(3) Ozxalato Complexes.—Free oxalate ion has
high symmetry of Vi and exhibits 12 fundamentals.
Among those, 9 are in-plane and 3 are out-of-plane
vibrations. The number of infrared active in-
plane modes is only 4 in Vi. If the symmetry is
reduced to Cyv by codrdination, all the 9 modes be-
come infrared active.

Three Co(III) oxalato ammine complexes ex-
amined here show more than 9 bands in the region
between 1600 and 400 cm.—!. Therefore, it is
obvious that Vi symmetry is destroyed by complex
formation. In [Co(NH;)sC:04]Br-8/,H.,0, how-
ever, 4 or 5 bands which originate in g-type vibra-
tions of Vn symmetry are very weak or almost van-
ished. Therefore, we suspect that the symmetry
of the jon in the unidentate complex may be ap-
proximated by V3 because of weak interaction.

In [Co(NH;)4C:0,]Cl, all the 9 bands appear
strongly. This result is expected from the follow-
ing structure of the bidentate in which C, sym-

metry is assumed.
O O
*O>C—C<O*

Co-

Since complete assignment is difficult, not all the
observed bands will be discussed. Therefore, we
discuss only the CO stretching bands which can be

b Natural mineral, examined by X-ray powder photograph.
e A. Werner and N. Goslings, Ber., 36, 2381 (1903).
¢ A, Werner and J. Rapiport, Ann., 386, 73 (1912).

¢ Synthesized, examined by X-ray powder photograph.
7S, N. Jor-
& Raman, 1063 cm.~!; * 1087

identified unambiguously. The CO stretching fre-
quencies of the oxalato complexes are listed in
Table V. It should be noted that the separation

TaABLE V

THE CO STRETCHING FREQUENCIES OF OxALATE COM-
PLEXES (CM.™!)

Irred. rep. in Va bie b ag bau
Free C;04~~ ion Lo 1630(8) ... 4 1335, 1316
[Co(NH)sC:O|Br-3 H10® .. 1567(s) 1362(w) 1280(s)
[Co(NH#)«Cs04]CI 1705(s) 1663(s) 1395(s) 1260(s)
[Co(NH)sHC:04]Brs? 1757(s) 1672(s) 1396(s) 1250(s)
Irred. rep. in Cav b a1 ai b

S, M. Jorgensen, Z. anorg. Chem., 11, 425 (1896).
®W. Schramm, 7bid., 180, 167 (1929). ¢ Raman, 1664

cm.”l. 41485 and 1450 cm.™1,

of the four bands is more remarkable in [Co(NH;)s
HC,0,]Br, than in [Co(NHj)s C:O.]Cl. At first
glance, this result seems contradictory to the gen-
eral rule that the effect of codrdination is stronger
in the bidentate than in the unidentate complex.
However, the oxalate ion in the former can be re-
garded as a bidentate coérdinated by hydrogen
and the metal. Furthermore, since the effect of
O-H bonding on the spectrum of the oxalate ion is
stronger than that of Co~O bonding, the CO
stretching frequencies of [Co(NH;)sHC,0,]Br,
would undergo larger shifts than those of the bi-
dentate complex.

(4) Acetato Complexes.—Free acetate ion has
15 infrared active fundamentals. Among those,
the vibrations due to COO~ group are asym. CO
stretching (1578 cm. 1), sym. CO stretching (1425
cem. 1), CO, bending, CO, out-of-plane bending and
CO, rocking modes.

If the ion codrdinates to the metal, the selection
rule does not differ since all the modes are already
infrared active in the free ion. Therefore, we will
discuss the effect of coérdination from the fre-
quency shifts caused by complex formation. The
X-ray studies® indicate that CH;COO~ ion in Ni-
(CH;CO00):4H:0 is an unidentate whereas it is a
bidentate in Cuy(CH3;COO)4-2H,0 in which the ion
is linked to two copper atoms.

Table VI gives the frequencies of the two CO
stretching modes which can be assigned with cer-
tainty. It is seen that the separation of the two
stretching frequencies is two times larger in the uni-
dentate Co®* complex than in the Ni?**+ complex.
It is expected that, as the metal-oxygen bond be-

(3) J. N. van Niekerk and F. R. L. Schoening, 4cta Cryst., 8, 609,
227 (1953).
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comes stronger, two C-O bonds of the acetate ion
become uneven, and the separation of the two CO
stretching frequencies may increase.

o- oO- Moo o~ 0
A4 NS
T T

CH; CH,

Thus we conclude that the effect of codrdination is
stronger in the Co®* complex than in the Ni**+ com-
plex. This result suggests the importance of the
formal charge of the central metal in discussing the
effect of coérdination from the infrared spectra.
Table VI also indicates that the asymmetric CO
stretching frequency is higher in the bidentate Cu?*
complex than in the unidentate Ni’* complex.

GEORGE W. WATT, D. M. SowarDps AND S. C. MALHOTRA
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TaBLE VI
Tar CO STRETCHING FREQUENCIES OF Aceraro Com-
pLEXES (CM.7Y)

Separa-
Asym. Sym. tion
Free CH;COO~ ion 1578(s) 1425(s) 153
Ni(CH;3;C00),4H,0 1530(s) 1418(s) 112
Cu:(CH;C00),2H:0 1603 (s) 1418(s) 185
[Co(NH;);CH:;COO]J (Cl0y).* 1603(s)  1380(s) 223

@M. Linhard and B. Rau, Z. anorg. Chem., 271, 121
(1953).

This fact may suggest that two Cu—O bondings in
the former are responsible for higher frequency
shift of the asymmetric CO stretching mode.

NaxanosuiMa, Kita, Osaka, JAPAN
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The Iodides of Thorium(III), (II) and (I)!

By GEORGE W. WATT, D. M. SowaRDS AND S. C. MALHOTRA
RECEIVED Mav 20, 1957

The formation of iodides of thorium(III), (II) and (I) by the reduction of thorium(IV) iodide with excess elemental thorium
at 550° is described. Procedures for the separation of the five components of the resulting reaction mixture have been de-
vised; the resulting data confirm the existence of ThI; and provide evidence also for the existence of ThI; and ThI.

Earlier efforts to provide evidence for the exist-
ence of Th<‘* as the fluoride,? chloride,® bromide?
and iodide?~® lead to the conclusions that (a)
thorium(IV) fluoride is not reduced by thorium be-
tween 1175 and 1600°, (b) thorium(III) chloride,
bromide and iodide are formed by direct union, and
(c) the iodide of thorium(III) also results from the
reduction of thorium(IV) iodide with either tho-
rium or aluminum and probably from tlie thermal
decomposition of thorium(IV) iodide. Most of
the evidence for halides of Th<3+ arises from the
study of disproportionation of thorium(III) halides
or reactions involving direct union at low halogen—
thorium ratios and consists of marginal analytical
data on unresolved mixtures of products that have
not been characterized on the basis of either physi-
cal properties or selectivity of chemical reactions.

The experiments described below are concerned
with the formation of at least four different iodides
of thorium and with procedures for their separa-
tion.

Experimental

Materials.—Unless otherwise indicated, all materials ein-
ployed in this work were reagent grade chemicals.

Elemental reagent grade thorium metal powder gave an
X-ray pattern that was characteristic of the pure metal
and did not include any lines attributable to oxide and/or
other impurities. Furthermore, oxide contamination was
not detectable in thorium residues from reactions in which
thorium(IV) oxide does not participate (e.g., with iodine)
and therefore would be expected to concentrate if present.
Iodine was resublimed, dried and stored over calcium chlo-

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

(2) J. C. Warf, THIS JOoURNAL, T4, 1864 (1952).

(3) E. Hayek, T. Rehner and A. Frank, Monatsh., 82, 575 (1951).

(4) J. S. Anderson and R. W. M. D’Eye, J. Chem. Soc., $244 (1949).

(3) E. Hayek and T. Rehner, Experientia, 5, 114 (1949).

(6) G. Jantsch, T. Homayt and F, Zemek, Monatsh,, 88; 526 (1954).

ride. Ammonia was dried and stored over sodiwm a:midg;
that the gas was oxygen-free was ensured by passing it
through a solution of potassium in ammonia priotr to coi-
densation in reaction vessels. Commercial N,N-dimmethyl-
formamide was successively dried over P,Os, KOH and CaO,
and finally distilled; only the fraction boiling at 150-151°
at 750 mm. was used. .
Methods.—X-Ray diffraction patterns were obtained with
a Hayes unit, Cu K« radiation, a Ni filter, a tube voltage
of 35 kv., and a filament current of 15 ma. Samples were
diluted with starch, and the exposure time was 6 hr. Rela-
tive intensities were estimated visually. .
Magnetic susceptibility measurements were made with a
modified Curie-Cheneveau balance™; Mohr salt was used
for calibration. For samples of iodides that contained
elemental thorium, susceptibilities were assumed to be addi-
tive and the susceptibility of the iodide(s) was obtained by
subtracting the contribution of known thorium content from
the total measured susceptibility. o
Reactions between thorium or thorium iodides and iodine
were carried out in Vycor tubes of 20 mm. i.d. that were de-
gassed at 600°. After introduction of the reactants, the
pressure was reduced to 1078 mm. and the tubes were sealed.
Reactions in liquid ammonia were carried out in appro-
priate modifications of the equipment described elsewhere.®
Thorium was determined gravimetrically as ThQ? (after
complete removal of iodine), and iodine as Agl. Nitrogen
was determined by the semimicro-Kjeldahl method. .
Formation of Thorium Iodides.-——Known weights of iodine
and thorium corresponding to different reaction ratios were
intimately mixed and heated at 100° for ¢a. 50 min. (i.e.,
until the color of iodine vapor was no longer evident).
The resulting mixtures (Thl, and Th) were then heated
at 550° for 3 days. Over this period, ThI; that sub-
limed into the cool end of the tubes was returned to the mnain
body of the reaction mixtures at regular intervals. Tinally,
the small quantities of ThI, that remained were separated
from the non-volatile fraction by sublimation. The tubes
were cooled, transferred to a dry-box and opened in an oxy-
gen-free heliumn atmosphere.
The ends of the tubes containing Thl, were removed
(7) F. W. Gray and J. Farquharson, J. Sci. Instr., 9, 1 (1932).
(8) W. K. Witherspooti, Thesis, Tulane University, New Orlcans,
Ta., 1949.
(9) G. W, Watt and C. W. Keenan, Truls JoUurnar, 71, 3833 (1949).



