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Figure Z.-Infrared spectra of KBr disks of [Re(CO)rH]a (solid 
line) and [Re(C0)4D]a (dashed line). 

TABLE I11 
INFRARED SPECTRA OF SOLID [Re(C0)4H]a AND [Re( CO)*D]a IN 

CO STRETCHING REGION 
7-- [Re(CO)aHls------ ----[Re(CO)~D]s----- 

Y ,  cm. -1 I n t a  v ,  cm.-1 Int .Q 

2095 m 2093 m 
2045 W 

2030 m, sh 2030 m 
2018 m 

2005 S 2000 S 
1985 w, sh 1982 m 

1970 W 
1962 m 1958 S 

a Intensities are rough estimates: s, strong; m, medium; w, 
weak; sh, shoulder. 

cm. as a rhenium-hydrogen stretching frequency.' 
We believe this to be a vibration involving a hydrogen 
bridge between two rhenium atoms (Re-H-Re), as 
postulated previ~us ly .~  Such an assignment is con- 
sistent with the unusually low value of the hydrogen 
stretching frequency and constitutes the first reported 
observation of a bridging hydrogen between two transi- 
tion metal atoms. 

In  the Raman spectra of the solids, rather striking 
differences appear in the CO stretching region. For 
example, peaks a t  2012 and 1954 cm.-l for the hydride 
are shifted to 2023 and 1962, cm.-' respectively, for the 
deuteride. There are other less dramatic changes also. 
In the infrared spectrum the shifts are somewhat less 
pronounced and more difficult to assign because of the 
number of peaks. The shifts specified above for the 
(7) Unfortunately the infrared spectra showed only very weak and ill- 

defined absorptions in this region, even using saturated solution in 1-mm. 
cells and concentrated KBr pellets. Thus they offered no further support to  
iuch an assignment. 

CO stretching region are too small, and in the wrong 
direction, for a hydrogen vibration. However, we can 
certainly conclude that the substitution of deuterium 
for hydrogen has led to definite changes in the CO 
stretching frequencies. Thus the hydrogen (or deu- 
terium) is part of the molecular entity. 

A reasonable explanation of the shifts in CO stretch- 
ing frequencies can be offered. The Re-H stretching 
vibration at  1100 em.-' may have an overtone, or 
combination with another Re-H frequency, in the 2000- 
2100 cm.-' region. This overtone or combination 
could then interact through Fermi resonance with 
nearby CO stretching vibrations of proper symmetry, 
depressing their frequencies. For the deuteride the 
analogous overtone, or combination, would be out of 
the CO stretching region and thus would not interact. 

It is surprising that the Raman solution spectra of 
the hydride and deuteride do not show the differences 
brought out in the spectra of the solids. Thus from the 
three peaks reported in Table I i t  would be impossible 
to distinguish hydride from deuteride. In the infra- 
red4 the differences are very slight for solutions of the 
hydride and deuteride. Apparently the hydrogen 
stretching frequency interacts with the CO stretching 
frequencies only weakly in solution but quite strongly 
in the solid. This may be because the symmetry is 
lower in the solid than in solution, giving increased 
possibility of Fermi resonance. 

NOTE ADDED IN PRooF.-The highest observed 
Raman frequency (2125 cm.-l, strong) and the highest 
observed infrared frequency (2093, strong) , 4  in aqueous 
solution, can be assigned as the All and El vibrations. 
derived from the axial A1 mode of the hypothetical 
isolated Re(CO), group.8 A fuller analysiss shows that  
the A1 mode is split due to interaction of carbonyl groups 
on different metal atoms. A similar phenomenon is 
found in Mnz(CO)lo,lo but the interaction is stronger 
in these molecules (which contain a direct metal-metal 
bond) than in [Re(C0)4H]s (in which the metal-metal 
bonds are almost certainly hydrogen-bridged) . 

(8) Assignments were made assuming Dah symmetry. 

(9) P. S. Braterman, H. D. Kaesz, and J. M. Smith, to be published. 
(IO) F. A. Cotton and R. Wing, Inovg. Chem., 4, 1328 (1965). 

See ref. 4, Figure 
l b ,  and related discussion in the text. 
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It is known that certain binary compounds exhibit 
the structural characteristics of the elements in their 
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mean periodic group. This trend has been particularly 
well explored for the I/VII,  I I /VIj  and JII /V com- 
pounds which have four-coordinated tetrahedral ar- 
rangements characteristic of the group IV elements. 

It is interesting to inquire to what extent this rela- 
tionship applies to compounds whose elements are less 
symmetrically disposed in the periodic table. This 
note is concerned with a re-examination of the struc- 
ture of the IV/VI compound, GeSe. 

Experimental 
The crystal structure of germanium selenide has becn refined 

using 170 observed structure amplitudes obtained photographi- 
cally from single crystals with Cu K a  radiation. The diffraction 
intensities were corrected for angle factors and absorption and 
the scattering factors were corrected for dispersion. Starting 
with the positional parameters given by Kannewurf, Kelly, and 
Cashman,’ three cycles of anisotropic refinement using the full- 
matrix IBM 7090 program of Busing, Martin, and Levy2 con- 
verged with significant changes only in the temperature factors. 
The weighting scheme used in the refinement was w = ( a  + + 
C(F,/~)-’ where a = 2F,,,, and b = 2/F,,,ax. Our structural data 
given in Table I therefore agree with the earlier results’ within 
the limits of error, except for the thermal parameters. The final 
agreement index, excluding unobserved reflections, was R = 0.11. 
An estimate of the accuracy of the experimental intensities based 
on the consistency of values obtained from two different crystals 
mas about 9yc. The plastic nature of the crystal determined this 
limitation on the experimental data. The heights and curvatures 
of the electron density peaks of the atoms were esamined by 
differential and difference Fourier syntheses. The germanium 
and selenium atoms were clearly- distinguished and there was no 
evidence of disorder or nonstoichiometry within the limits of 
error of the experimental observations. 

TABLE I 
THE STRUCTURAL DATA FOR GeSe 

Orthorhombic, n = 4.403 + 0.005 A,, b = 3.852 i 0.005 A., 

Space group Pcmn, from extinctions and statistical intensity 
distributions 

4 Ge in 4( c) 0,1097 0,8787 0.003 
4 Se in 4(c) 0,5020 0.1467 0.003 

c = 10.82 rf 0.01 A. 2 = 4, u, = 5.49, D, = 5.49 g./cc. 

X 2 e.s.d., A. 

811Q 6120 Bas5 013“ Pobad. &badl 
e/b.s e/A.3 

Ge 0.034 0.051 0.0055 0.0016 70.1 69 .5  
Se 0.029 0.037 0.0051 0.0004 82.4 81.8 

The Thermal Ellipsoidsb 

Ge 0.171 1 133.6 90.0 43.6 
0.192 2 136.4 90 .0  133.6 
0,196 3 90.0 0 . 0  90.0 

Se 0.166 1 20.4 90.0 110.4 
0.166 2 90 .0  180.0 90.0 
0,176 3 69 .6  90.0 20 .4  

iG%,l/% i gio gib gic 

& is consistent with temperature factor exponents of the 
form exp -(h2Bl1 + kZ& + H2,b’33 + 2 h k h  + 2 k B ~ .  Root- 
mean-square displacements in A. and directions of principal axes 
in degrees. 

Discussion 
The structure of germanium selenide can be de- 

scribed as a distorted NaCl structure inasmuch as each 
atom has six unlike atoms as its first nearest neighbors. 

(1) C. R. Kannewurf, A. Kelly, and R .  J. Cashman, A d a  Cvysl . ,  13, 449 
(1960). 

(2) W. R. Busing, K. 0. Martin, and H. A. Levy, Report 0Rh-L T&1-305, 
Oak Ridge National Laboratory, 1962. 

However, the interatomic vectors do not lie on spherical 
shells but are so spread that the longest Ge-Se first 
neighbor distance is only 0.03 -4. shorter than the 
shortest Ge-Ge distance. These distances are given 
in Table 11, together with the angles which correspond 
to a very distorted octahedral coordination around the 
atoms. 

TABLE I1 
FIRST AKD SECOSD NEAREST SEIGHBOR ISTERATOXIC DISTANCES 

IN GeSea 

First Xeighbor Distances, A. 
Ge I-Se I 3 .37 Se I-Ge I 3 .37  
Ge I-Se I1 2 . 5 6  Se I-Ge I1 2.66 
Ge I-Se 111 3 .32  Se I-Ge 111 3.32 
Ge I-Se, 111’ 2 . 5 9  Se I-Ge, 111’ 2 .  39 
Ge I-Se,.U 111” 2 . 5 9  Se I-Ge,,, 111” 2 . 5 0  
Ge I-Se, 111’ 3 .32 Se  I-Ge, 111’ 3 . 3 1  

Ge I-Ge, I’ 
Ge I-Ge, I’ 
Ge I-Ge, I’ 
Ge I-Ge, I‘ 
Ge I-Ge 111 
Ge I-Ge, 111’ 
Ge I-Ge,,# 111” 
Ge I-Ge, 111’ 
Ge I-Ge I\’ 
Ge I-Ge, IT“ 
Ge I-Ge,,y IT” 
Ge I-Ge, IV’ 

Second Seighbor Distances, 
4 . 4 0  Se I-Se, I’ 
4 . 4 0  Se I-Se, I’ 
3 .83  Se I-Se, I’ 
3 .83  Se I-Sea 1’ 
3.40 Se I-Se 111 
4.73 Se I-Se, 111’ 
4 .73  Se  I-Se,,y 111’’ 
3.40  Se I-Se, 111’ 
4.04 Se  I-Se I V  
4.04 Se  I-Se, I\’‘ 
4.04 Se I-Se5 IV”  
4.04 Se I-Se, IV’ 

4.40 
4 .  40 
3.85 
3.83  
6.74 
3 .71  
3 .71  
6 .74  
3 .68  
3.68 
3.68 
3 68 

Angles between Primary Bonds in GeXs, deg. 
Se 11-Ge I-Se, 111’ 91.3 Ge 11-Se I-Ge, 111’ 103.3 
Se 11-Ge I-Se,,, 111” 91.3 Ge 11-Se I-Ge,,y 111” 103.3 
Se, 111’-Ge I-Se,,v 111”‘ 96 .1  Ge, 111’-Se I-Gez.u 111” 9 6 . 1  

a The estimated standard deviations are 0.005 The syni- 
metry related positions are given by: I (x,  y ,  2); I1 ( I / z  - x, 

2). 
tions denoted by the subscripts. 

- y ,  I/* + 2); I11 ( - x ,  1;2 + y ,  - z ) ;  IV (I/* + x ,  - y ,  ’ 1 2  - 
Primes indicate a single or a double unit translation in direc- 

The structure is, in fact, much closer l o  a 3/3 ar- 
rangement with three nearly equidistant selenium atoms 
bonded pyramidally a t  2.56-2.59 A. to each germanium 
atom with Se-Ge-Se angles of 91 to 96”. The selenium 
environment is similar except that  the Ge-Se-Ge angles 
are larger, 96 to 103”. This gives rise to the double- 
layer structure shown in Figures 1 and 2 which is iso- 
structural with that of black phosphorus, cf. Figures 11. 
16a and 11. 16b of W y ~ k o f f . ~  The weak bonding be- 
tween adjacent double layers corresponds with the 
marked (001) cleavage. The extent to which certain 
IV/VI binary compounds have the group V stereo- 
chemistry is shown in Table 111. 

TABLE I11 
S Se ’re 

Ge Black 1’ Black I’ A S  

YAClU 
Sn Black P Black I’ NaCl 
P b  KaC1 NaCl XaC1 

Above 400”. 

In  both the arsenic and black phosphorus structures 
the formation of three strong primary bonds leads to 

(3) TV. G. U‘yckoff, “Crystal Structure.,” Vol. 1, 2nd Ed., Interscience 
Publishers, S e w  York, h-. Y., 1963. 
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Figure 1.-Crystal structure of GeSe; view down [b]  : -, 
primary bonding; ---------, secondary bonding; . . , . . . , unit cell; 
e-, cleavage plane. 

0 
Figure 2.-Crystal structure of GeSe; view down the [c] axis 

showing two layers in the unit cell. The broken lines cor- 
respond t o  the lower layer. The dotted line is the unit cell. 

structures which are different in a way which is illus- 
trated in Figure 3. Clearly these two structures corre- 
spond to two possible ways of forming a puckered-layer 
giant molecule infinitely extending in two dimensions 
using a pyramidal primary-bond arrangement. I n  the 
arsenic and the low-temperature phase of GeTe4 struc- 

(4) K. Schubei t and H. Fricke, Z Metallkunde, 44, 45.7 (1963). 

tures, each atom has its three bonded neighbors in the 
adjacent layer of the double layer, and hence each layer 
is based on a hexagonal array as shown in Figure 4a. 
The stacking sequence of the layers is BA-CB-AC as 
also shown in Figure 4a. In the GeSe and black P 
structure, each atom has two bonded neighbors in the 
same layer and one in the adjacent layer. Because of 
the nearly 91" valence angles, this leads to a pseudo- 
orthogonal array in each layer. The idealized orthog- 
onal array and the stacking sequence, which is AB- 
CD-AB, is shown in Figure 4b. This stacking arrange- 
ment is significantly less dense than that based on the 
hexagonal layers, cf. d = 5.49 g./cc. for GeSe us. 5.73 
g./cc. for As. But the most marked distinction is in 
the bonded and nonbonded layer separations. In  GeSe, 
the mean separations A..,B and B...C are 2.50 and 2.92 
A. In As, the corresponding layer separations A*..C 
and A...B are 1.26 and 2.26 A. In  both structures the 
displacement of the adjacent layers is such as to mini- 
mize the nonbonding interaction of the lone pairs in the 
sp3-type orbitals. In  As these orbitals will extend 
normal to the layers and form an interleaving hexag- 
onal array with those from adjacent nonbonding 
layers. The same is true in GeSe, except that  the 
axes of the nonbonding orbitals will be inclined at  an 
angle of approximately 45" to the mean plane of the 
layers. 

The interatomic distances shown in Table IV for 
these IV/VI structures show some interesting trends 
in A, which is zero for the NaC1-type structure. In  

TABLE I V  

COMPARISON OF FIRST NEIGHBOR DISTANCES ( k )  IN GERMANIUM 
AND TIN SULFIDES AND SELENIDES~ 

Ge 1s 2.47  Ge 1 S e  2.56 P-P = 2 . 1 8  
2s 2.64 2 %  2 .59  A = 1.69  
1 S 2 .91  2 Se 3 .32  A-As = 2.51 
2 s  3.00 1 S e  3.37 A = 0.64  

A = 0.39  A = 0.77  

Sn 1s 2.62 Sn 1 Se 2.77 Sb-Sb = 2.87 
2 s  2.68  2 S e  2.82 A = 0.46 
2 s  3 .27  2 Se 3 .35  Bi-Bi = 3.10 
1 s 3.39 1Se  3 .47  A = 0.36 

A = 0 . 6 5  A = 0.59 

a A is difference in A. between the average of the three closest 
and the three second closest distances. 

black phosphorus, where A = 1.69, there are three 
primary localized-pair bonds and very weak secondary 
bonding, whereas in As, Sb, and Bi the values of 0.64, 
0.46, and 0.36 correspond to an increasing trend to six 
resonating or partly delocalized bonds which are associ- 
ated with semiconducting and eventually metallic 
properties6 From the A values, i t  is obvious that 
although the atomic arrangement of the sulfides and 
selenides of germanium and tin more closely resembles 
that of black phosphorus, the atomic bonding is closer 

(5 . )  E. Mooser, and W. B. Pearson, "Progress in Semiconductors. V," 
Butterworth and Co. (Publishers) Ltd. ,  London, 1YGO. 
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Figure 3.-(a) The double layer of primary bonded atoms in the As structure. (b)  The corresponding double layer of primary bonded 
atoms in the black phosphorus and GeSe structures. 
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Figure 4 .-Layer stacking sequences : a, arsenic structure; 
b, GeSe structure. 

to that of arsenic and bismuth. The interatomic dis- 
tances are very similar, both with respect to first neigh- 
bor coordination and the difference betn-een first and 
second neighbor distances, and this is in agreement 
with the semimetallic character of these riiaterials It is 
not at all obvious, however, why these binary com- 
pounds have the black phosphorus rather than the ar- 
senic structure, which is equally compatible with these 
first and second neighbor interactions and would per- 
mit a higher density of atomic packing. 
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Substitution Reactions of cis-Dichloro(p,p’,p”- 
triaminotriethylamine)cobalt(III) Complex 
Ion. 
(triaminotriethylamine)cobalt(III) Ion1 

Kinetics of Aquation of cis-Dichloro- 

BY STANLEY K. MAD AN,^ WILLIAM M. KEIFF, 
AND JOHN C.  BAILAR, JR. 

Recehed Octobev 2,  1964 

The object of this study was to gain information 
regarding the kinetics of the aquation of cis-dichloro 
(triaminotriethy1amine)cobalt (111) chloride, in which 
the steric property of the molecule is fixed, since the 
tertiary nitrogen atom must be t ram to a chloro group. 
It has been found that the controlled configuration 
has a striking effect on the reaction rate under various 
conditions. 

The aquation reaction, which has been conducted 
in 0.1 21 acid solution, takes place in two steps, which 
may be written as 

cis-[Co(tren)Clp] + + H20 --+ ki 

cis-[Co(tren)ClH20] + 2  (A;) + C1- (1) 
125 

k- P 

cis-  [ Co( tren!ClH?O] ~r + H 2 0  I- 
cis-[Co(tren)(H20)2j I s  (Bj + Cl - (2)  

The kinetic measurements made in this study may 
also be cited as support for the stepwise aquation, 
even though salts containing ion X have never been 
isolated. Reaction 1 proceeds a t  a much greater rate 
than reaction 2,  so that no serious interference is caused 

(1) This article is based upon part  of a dissertation submitted by S. K. 
Madan in partial fulfillment of the requirements fpr the  Ph.11. degree a t  the 
I.niversity of Illinois, 1960. 

( 2 )  Socnny-hlohil lieheill-rh Asiistnnt, In ivcrs i ty  i l f  Illinois, l$I>f+  1 C l . i i .  


