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For Re:! with site symmetry C3h-', the triangle of K +  
ions a t  the prism faces is not required to be rotated 
exactly 60' with respect to the triangles of the prism 
top and bottom, but, in fact, i t  is only slightly less than 
4' from this position. Furthermore, the averages of 
the nine Re-K distances in the two different prisms, 
3.78 and 3.88 A., respectively, are nearly equal. Thus, 
the nonequivalence of the Re atoms appears to be a 
matter of crystallographic description rather than a 

fundamental physical or chemical difference, in agree- 
ment with previous studies.Is2 

The potassium ions are far enough from the Re for 
there to be plenty of space around the Re to accom- 
modate the hydrogen atoms, even though the latter 
may occupy an appreciable amount of space. 
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X neutron diffraction analysis of K&Hy has established the composition of this unusual potassium rhenium hydride, 
Further chemical analysis has verified the stoichiometry. The hydrogen atom positions have been determined within 
space group P62m as: three H in (3f) (x00, etc.) with x = 0.1789 i 0.0024; six H in 6(i) (xOz, etc.) with x = 0.8789 =t 0.0014, 
z = 0.2171 i 0.0032; six H in 6(k) (xy'l2, etc.) with z = 0.1483 f 0.0018, y = 0.6250 =k 0.0024; and twelve H in 12(1) (xyz ,  
etc.) with x = 0.2240 i 0.0010, y = 0.5254 i 0.0013, z = 0.7125 i 0.0020. The two crystallographically independent 
Re atoms are essentially equivalent. Both are a t  the centers of trigonal prisms of H atoms, with three additional H atoms 
beyond the centers of the prism faces. The average Re-H distance is 1.68 zk 0.01 8 . ;  the average H-Re-H angle between 
hydrogens in the same vertical mirror plane is 93.6 i 0.6". An elementary 1,CAO-MO description of the ReHsp2 ion 
is given. The band observed at 46,080 cm:-' 
is assigned as a transition between bonding and antibonding molecular orbitals. The absorption intensity is related t o  the po- 
larity of the &Io's. I t  is concluded that  the bondirig M 0's involving the Re 5d orbitals are most likely polarized toward the H 
atoms, The n.m.r. and exchange equivalence of all the hydrogens in KeHS-2 is explained by their similar environment 
and by the existence of deformation modes which, with small displacements, can interchange the prism and equatorial 
hydrogens 

The optical spectrum of K2ReHg in alkaline aqueous solution is reported. 

Introduction 

The nature of the reactive rhenium compound ob- 
tained by reduction of perrhenate, in aqueous ethylene- 
diamine solutions, with potassium metal has been the 
subject of some controversy. Bravo, Griswold, and 
Kleinberg,2 the first to study the reaction, obtained a 
product which they believed to be KRe.4H20 in im- 
pure form. They identified this with Lundell and 
Knowles' rhenide,3 prepared by reduction of acid per- 
rhenate solutions with zinc amalgam and known only in 
dilute solution. In 1959 Floss and Grosse4 claimed to 
have isolated the rhenide, KRe '4H20,  in pure form. 
However, in 1960, Ginsberg, et aZ.,5 reported chemical 
and nuclear magnetic resonance evidence showing the 
product described by Bravo, Griswold, and Kleinberg 
to be a potassium rhenium hydride with hydrogen 
directly bonded to the rhenium. Floss and Grosse 
thereupon revised their formula to  KReH4 * 2H20.6 

(1) Guest Scientist; Brookhaven National Laboratory, Upton, N .  Y .  
(2) J. Bravo, E. Griswold, and J. Kleinberg, J .  Phys .  Cheiiz., 58, 18 

(3) G. E. F. Lundell and H. B. Knowles, J .  Res. N u l l .  Buv. Std., 18, 629 

(4 )  J. G Floss and A.  V. Grosse, J. l i z o v g .  Nucl. Chem. ,  9, 318 (1959). 
( 5 )  A.  P. Ginsberg, J. >I, Miller, J. R. Cavanaugh, and B. P. Dailey, 

(6) J. G. Floss and A.  V. Grosse, J .  I z o v g .  S u c l .  Ckewz., 16, 36 (1960). 

(1954). 

(1937). 

Y o t i w e ,  185, 628 (1960). 

This formula is in disagreement with the conclusions of 
Ginsberg, Miller, and Koubek,i who found the hydride 
to have the stoichiometry K:!ReHs. That the two 
hydrides are the same is shown by their identical infra- 
red spectrai and the siniilarity of their methods of prep- 
aration. The relation between the hydride formed 
by reduction of perrhenate with alkali metals and 
Lundell and Knowles' rhenide has also been discussed 
recently.8 I t  was concluded, on the basis of spectro- 
scopic and polarographic evidence, that  these must be 
different species, although rhenide is also probably a 
rhenium hydride. 

The formula K2ReH8 for the hydride gave rise to two 
objections, since the rhenium is formally in the + B  
oxidation state with a 5d1 electron configuration. Such 
a material might be expected to show both color and 
temperature-dependent paramagnetism, neither of which 
is found.7r9 In an effort to find an explanation for 
these facts, X-ray and neutron diffraction investiga- 
tions of the structure of potassium rhenium hydride were 
initiated. The X-ray results have already been re- 

(7)  A. P. Ginsberg, J. M. Miller, and E. Koubek, J .  A m .  C h e w  Soc ,  83, 
4909 (1961). 

(8) A. P. Ginsberg and E. Koubek, Z.  uxovg.  allge?n. Chem. ,  316, 278 
(1962). 

(9) K .  Knox and A.  P. Ginsberg, I n o v g .  Chenz., 1, 946 (1962). 
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ported.gv10 The X-ray work, which was preliminary to 
the neutron diffraction study, located the potassium 
and rhenium atoms and confirmed the ratio K :Re  = 2. 
It also showed that  the Re-Re distances were too 
great to allow the existence of Re-Re bonds, which 
with the chemical evidence demonstrates that the 
solid contains discrete rhenium hydride anions. This 
result eliminated one of the possible explanations for 
the lack of temperature-dependent paramagnetism. 

The present paper reports a neutron diffraction study 
of single crystals of potassium rhenium hydride. This 
completely resolves the problem of its structure and 
composition. The results show unequivocally that 
the compound contains nine hydrogens per rhenium : 
six H a t  the corners of a trigonal prism with the Re a t  
its center and three H beyond the centers of the rec- 
tangular prism faces (point group symmetry D s h ) .  

The revised stoichiometry, K2KeHg, has been confirmed 
by thermal decomposition and combustion analyses. 
The magnetic properties previously reported, as well 
as the optical spectrum of the hydride which we present 
in this paper, are now easily understood since an un- 
paired spin is no longer required by the formula. A 
discussion of the bonding in K2ReH9 is also given from 
the point of view of LCAO-MO theory. 

Experimental 

Potassium rhenium hydride was prepared as described pre- 
viously.7 The single crystals of anhydrous KzReHg were grown 
by slow evaporation of an aqueous KOH solution of the com- 
pound. 

Crystal Data.-Potassium rhenium hydride, KzReHg; formula 
weight273.49; dm3.07g. c r n . ~ ~ ;  d, 3.094 g; Hexagonal, 
with a = 9.607 f. 5 and c = 5.508 f 5 A.lO'll Three formula 
weights per unit cell. Most probable space group, D3ah-PG2m.l0 
Absorption coefficient for X = 1.032 A. neutrons, 0.364 em.-'. 
Volume of the unit cell, 440.24 A.3. Nuclear scattering lengths, 
b R e  = 0.92, b~ = 0.35, b~ = -0.378 

Neutron Diffraction.-Two crystals were used in the neutron 
diffraction investigation. Both exhibited irregular hexagonal 
prism development. For measurement of I(hkO), the crystal had 
idealized dimensions 2.9 X 3.4 X 5.7 mm. with a volume of 26.8 
mm.8; for I(hOZ), the crystal had idealized dimensions 2.2 X 
2.4 x 3.4 mm. with a volume of about 10.1 mm.3. The intensi- 
ties of the diffracted neutron beams in both zones were measured 
with our single crystal automatic neutron diffractometer,12 a t  
Brookhaven National Lahoratory. K2ReH9 crystals are un- 
stable in moist air, and they were preserved for the long measure- 
ment times within an evacuated goniometer-mounted ~ r y o s t a t ' ~  
maintained a t  room temperature. 

Each accessible form of every reflection was measured a t  least 
once, many being repeatedly measured, in order to establish good 
mean intensity values and corresponding standard deviations. 
A total of 46 out of 68 possible independent hkO reflections and 47 
out of 111 possible h01 reflections were measured, within 
the limit of (sin 8)/X = 0.84 A.-l for X = 1.032 f i .  The 
integrated intensities were evaluated by stepping along the 
central lattice line through each reciprocal lattice point and 
counting for a predetermined monitor count of the monochroma- 
tized beam a t  each 0.1" 28 interval. The background was deter- 
mined by taking the average neutron count over a 1 ' 28 interval 

cm.). 

(10) K. Knox and A. P. Ginsberg, Inorg. Chcm., S, 555 (1964). 
(11) Throughout this paper, the value of the error corresponds to the 

(12) E. Prince and S. C. Abrahams, Rev. Sci. Instr. ,  SO, 581 (1959). 
(13) S. C. Abrahams, ib id . ,  31, 174 (1960). 

last significant digit in the function value. 

on either side and clear of the "tail" of the peak. Maximum to 
minimum integrated intensities in the two zones were in the ratio 
of 245: 1 for hkO and 136: 1 for hOZ. These relatively small ratios, 
and the large number of unobserved reflections, are caused by the 
large spin-incoherent cross section for hydrogen of 81 barns. 
The bound coherent cross section for hydrogen, by comparison, 
is 1.8 barns. The incoherent scattering results in high back- 
ground counts and hence greatly reduces the usual signal to 
noise ratio. 

The standard deviation in each intensity was obtained from 
the variation within the form of each reflection and the mean 
intensity value. The standard deviation in unobserved intensity 
terms was taken as oneahalf the estimated upper limit of the 
term. The largest differences in absorption correction are 
about 5% and were regarded as sufficiently small to be negligible. 
The mean intensity of each reflection was corrected by the Lor- 
entz factor. The resulting structure factors, scaled to the final 
set of calculated structure factors, are given in Table I under 
Fmeaad. In this table, mean values are given for the conimon 
F( h00) terms. 

The (h01) layer was also carefully examined at 4.2'K. for evi. 
dence of possible magnetic scattering. No magnetic reflections 
were observed. The ratio of I(nuc1ear) a t  4.2'K. to I(nuc1ear) 
a t  298'K. was generally as large as 1.4: 1, with many previously 
unobserved I(h01) clearly measurable above background. 

Chemical.Severa1 single crystals of the hydride were washed 
with methanol and then with ether. After being blown dry 
(N2) they were crushed to a powder in an argon-filled drybox. 
The powder was dried overnight in vacuo a t  82'. All of the 
following experiments were performed on the dried powder. 
Infrared spectra (Nujol mull and KBr disk) showed the presence 
of small amounts of perrhenate. In  order to determine the 
amount of KReOa in the sample a series of KBr disks was pre- 
pared containing known concentrations of KReOa over the range 
0.004 to 0.125%. For each concentration three disks were 
produced using the same weight of KBr-KRe04 mixture and 
applying the same pressure for the same length of time. As a 
check on the reproducibility of the pressing conditions, the 
thickness of each disk was measured with a micrometer, and 
corrections were made for the small variations. The peak 
height of the band a t  915 em.-', characteristic of perrhenate,' 
was determined on a Perkin-Elmer Model 137 Infracord spectro- 
photometer. A plot of mean peak height vs .  concentration of 
KRe04 was linear over the range of 0.004 to 0.030% (4 points); 
a t  the higher concentrations the plot deviated from linearity. 
The perrhenate content of the hydride was now determined by 
preparing KBr disks of the standard thickness containing known 
amounts of KzReHg. They gave a 915 em.-' peak whose height 
fell on the linear portion of the calibration curve. The total 
rhenium content of the hydride was determined as described 
before.' 

To determine the amount of hydrogen in the hydride, -30-mg. 
samples were weighed into a quartz tube (28 cm. long, 12 mm. 
0.d.) whose top was the inner part of a 12/30 ground glass joint. 
The tube was connected by a ground glass cap through a three- 
way stopcock to a closed end manometer reading from 0 to 260 
mm. The entire system was evacuated; then the hydride was 
heated to redness, cooled to room temperature, and the manom- 
eter reading taken. This procedure was repeated until there 
was no change in the final pressure reading. The amount of 
hydrogen evolved was calculated from the previously determined 
volume of the entire system. At the conclusion of the experi- 
ment the gas evolved was transferred to an evacuated sample 
tube and analyzed mass spectrometrically. The volume of the 
system (-44 ml.) with the sample size used resulted in final 
pressure readings of -190 mm. 

The optical spectrum of solutions of KzReHg in 2 M COa-2-free 
KOH was measured from 1400 to  210 mfi on a Cary Model 14 
spectrophotometer. The final spectra were obtained from a 3.44 
X 10-3 M solution of KzReHs in a I-mm. path length cell with 
pure solvent in the reference beam. To confirm that the absorp- 
tion observed was not due to impurity, the spectra of all impuri- 
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hkl FrLUasd 

100 <0 22 
200 0 28 
300 5 38 
400 <0 63 
500 1 61 
600 <0 54 
700 0 46 
800 0 55 
900 1 ii5 
10,0,0 <0 69 
11,0,0 0 78 
12,0,0 2 36 
13,0,0 (0 76 
110 1 55 
210 1 30 
310 <0 46 
410 3 72 
510 2 15 
610 1 48 
710 1 12 
810 1 15 
910 0 98 
l O , l , n  1 16 
ll,l ,O 0 87 
12,10 <0 77 
13,1,0 1 02 
220 6 42 
320 0 90 
420 3 77 
520 2 31 
620 1 32 
720 <0 57 
820 1 91 
920 <0 70 
10,2,0 <0 77 
11,2,0 1 38 
12,2,0 <0 71 
330 4 47 
430 1 22 
530 1 70 
630 1 76 
730 1 62 

TABLE I 
MEASCRBD A'XJ CALCULATED VALVES O F  THE K2ReHg STRUCTURE FACTORS AT 298°K 

Fcaloda 

0.05 
0 . 2 8  
5.41 

-0.73 
1.54 

-0.12 
0.46 

-0.<55 
1 .58  

-0.37 
-0.41 

2.30 
-0.71 

1 .55  
1 .25  
0 .22  
3.74 
2.11 
1.55 
0 .78  
1.23 
1.26 
1.47 
1 .22  
0 . 4 5  
1.12 
5 37 
0 . 8 1  
3 .90  
2.34 
1 .17  
0 . 5 4  
1 . 9 1  
0 . 6 5  
0 .40  
1 . 4 3  
0 .12  
4.14 
1 . 2 2  
1 .88  
1 . 8 8  
1 . 6 3  

hkl 

83 0 
930 
10,3,0 
11,3,0 
12,3,0 
440 
510 
640 
740 
810 
940 
1 0 , q  
11,4,0 
550 
650 
750 
8<53 
950 
10,5,0 
660 
760 
860 
960 
770 
870 
880 
00 1 
002 
003 
004 
005 
006 
007 
008 
009 
101 
102 
103 
104 
105 
106 

Fmeasd 

<0 71 
1 82 

<0 77 
<0 77 

1 38 
3 42 
1 20 

<0 53 
2 39 
0 80 
1 14 
1 60 

<0 73 
3 13 
0 95 

<0 66 
1 83 
0 92 

<0 74 
1 53 

<0 61 
<0 76 

1 36 
1 91 

<0 7.i 
<0 80 

0 66 
6 35 
1 13 
0 86 

<1 14 
1 96 

<1 25 
1 85 

<1 25 
0 69 
0 94 
1 63 

<O 85 
1 07 

<1 00 

Fozlcd' 

0 72 
2 04 
0 23 
0 23 
1 60 
3 49 
1 0 4  
0 45 
2 08 
0 71 
0 81 
1 61 
0 46 
3 11 
1 01 
0 37 
1 77 
0 51 
0 16 
1 80 
0 51 
0 88 
1 16 
2 18 
0 13 
1 12 
0 79 
6 80 

-0 94 
-0 77 

1 15 
2 03 

-0 04 
1 71 
0 51 

-0 91 
0 38 
1 50 
0 28 

-0 96 
0 68 

hkl 

107 
108 
109 
201 
202 
203 
204 
205 
206 
207 
208 
209 
301 
302 
303 
304 
305 
306 
307 
308 
309 

402 
403 
404 
405 
406 
407 
408 
50 1 
502 
503 
504 
505 
506 
507 
508 
601 
602 
603 
604 
605 

401 

F~~~~ I realc 10 

<l 25 1 17 
< I  31 0 70 
<1 25 0 54 

3 17 2 98 
<0 69 -0 26 

3 66 3 7U 
<0 83 0 18 

1 88 1 85 
<1 09 0 28 

2 04 2 28 
<1 31 0 40 
<1 21 1 38 

1 72 -1 55 
3 75 3 80 
1 10 -0 78 
3 66 3 73 

<? 01 -1 02 
2 94 3 08 

<1 25 -0 22 
<1 30 1 99 
<1 23 0 09 

0 77 0 69 
2 48 2 49 
1 14 -0 98 

<0 94 0 36 
1 66 1 39 

<1 12 1 19 
<1 28 -0 07 
<1 29 1 03 

1 39 1 35 
<0 73 -0 57 

1 87 I 98 
<0 97 1 00 

1 41 1 02 
<1 18 0 10 
<1 31 1 31 
<1 28 0 69 

1 35 -1 06 
1 12 1 15 

<0 95 -1 13 
<1 12 1 09 
<1 16 -0 45 

h 'il 

606 
607 
608 
'70 1 
702 
703 
704 
705 
706 
707 
80 1 
802 
803 
804 
805 
806 
807 
901 
902 
903 
904 
905 
900 
10,0,1 
10,0,2 
10,0,3 
10,0,4 
10,0,5 
10,0,6 
11,0,1 
11,0,2 
11,0,3 
11,0,4 
11,0,5 
12,0,1 
12,0,2 
12,0,3 
12,0,4 
13,0,1 
13,0,2 
13,0,3 

Fn,e,,d F<<a lo , l ' ~  

< t . 2 5  0 . 4 6  
<1.26 -0.01 
<1.26 1 .18  
<1.03 1 .01  

1 .29  1 . 3 5  
2 . 2 8  2 . 3 1  

i l . 1 5  0.61 
<1.20 0.40 
<1.27 1.04 
<1.29 1.30 

1 . 6 1  1.36 
<1.06 0.76 

2 .13  2.06 
< l , l 7  -0.14 
<1.25 0 .77  
<1.31 0.54 
<1.27 1 16 

1 . 2 5  -1 .05  
3.39 3 . 2 1  

(1.17 -0.66 
1 .44  1 .54  

<1.31 -0.59 
L 5 3  1 .86  
1 .50  1 .57  

<1.18 0.96 
<1.25 0 .95  
<1.31 0.34 

1 .30  1 . 2 8  
<1 26 0 . 2 d  
<1.25 0.20 
<1 25 -0 .47  
<1.25 0 . M  
< 1 . 2 5  -0.31 
<1.22 0.14 
<1.31 -0.62 

1 82 1 .92  

1.89 1.82 
<1.38 0 . 7 8  
<1.27 (1.15 
<1.26 0.69 

<1.29 - 0 . 2 4  

Signs are given in this table only for those Fcalcd terms for which B = 0, i e . ,  F(h0l) .  For F(hkO), only .Lhe modulus is given. 

ties which previous experience has shown might be present 
(KReO,, K2C03, KOH, and X H Z C H Z C H ~ S H ~ )  were examined. 
None of these substances absorbed a t  the wave length observed 
for the  K?ReHS solution. 

Results 

Analysis of the Neutron Diffraction Data.-The neu- 
tron diffraction data were analyzed by a combination of 
Fourier series and least-squares techniques. The 
hkO data were analyzed alone because they were meas- 
ured first, and finally a combination of hkO and hOZ 
reflections were used. The hkO neutron scattering 
density projection, using phases calculated for the Re 
and K positions from the X-ray analysis, revealed 
two sets of three negative peaks representing hydrogen 
nuclei. They were arranged around each Re in two 
triangles, as required by the p31m plane symmetry. 
Refinement by least squares, using the full-matrix pro- 
gram of Busing and Levy,I4 with the Re and K in the 

(14) W R Busing and H A. Levy, O R S L  Central Files S o  59-4-37 
(1959,. 

X-ray determined positions, six H around each of the 
three Re, and isotropic temperature factors, converged 
rapidly to weighted R = 16%. At this stage, on the 
basis of the chemical formula being KzReHg, two addi- 
tional H per Re were included in the calculation, which 
in projection came in pairs a t  0,O; l / s J z / 3 ;  and 2,'3,1/3. 

Refinement of this model by least squares was entirely 
unsatisfactory; oiz., R increased to 26g0, many calculated 
structure factors deviated considerably from the ob- 
served values, and several temperature factors became 
unreasonable (e.g., B for the two H at 0,O increased to 
55 With the phases of the least squares 
for the K2ReHa model, we calculated a Fourier synthesis 
of the projected neutron scattering density. It re- 
vealed again two sets of three negative peaks around 
each Re, with one set closer in and considerably more 
negative (almost twice the depth of the other). These 
larger negative peaks, in the cases of both crystallo- 
graphically different Re, were directed toward the K 
atoms in the plane of the Re. Thus, a t  this stage i t  
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TABLE I1 
FINAL ATOMIC COORDINATES FOR KzReHn 

Atom A' ." 2 811 Pi? 
Re1 0 0 0 0.0061 + 9 b 
R e2 '/8 2 1 8  '/2 0 . 0 0 3 4 2  4 b 
Ki 0.5881 + 14 0 0 0.0035f: 9 0.0050 =k 17 
K2 0.2610 f: 29 0 ' / 2  0.0173 f :37 0.0076 + 2 5  
H I  0 . 1 7 8 9 f 2 4  0 0 0 . 0 1 1 2 f 1 6  0 .0134&40  
Hz 0,8789 f 14 0 0 . 2 1 7 1 5 ~ 3 2  0 . 0 1 9 0 2  19 0 ,0080f :  13 
H3 0,1483 + 18 0.6280 I 24 /e 0 .0187&37  0.0189 + 2 5  
H4 0.2240+10 0 . 5 2 5 4 4 ~ 1 3  0.7125f220 0 .0151+13 0.01452Z15 

Atom Baa P ! 2  Pi3 !3?3 B,a A . 2  

1.44  5C 17 Re1 0.0004 =t 55 b 0 0 
Re2 0.0153 + 43 b 0 0 1 .01  I 9 
KI 0.0207 f 94 C 0 0 0.84 f 19 
Kz 0.0105 2Z 80 C 0 0 3 .55  5C 43 
Hi 0 0260 f 116 c 0 0 2 .47  i 25 

4.21 f: 22 Hz 0.0354 f: 62 0.0081 f 72 0 
H3 0 . 0 1 9 8 2 5 0  0.0120 f 2 7  0 0 3 .46  i 25 
H4 0.0363 + 3 9  0.00802Z 11 0.0120 + 4 8  0.0086 2 4 7  4 .15  i 19 

c 

a These values of B are from the last cycle of leasi-squares refinement with isotropic temperature factors. PI, = pel = 2p12. 
P?I = 2612 

appeared that there should be nine H per Re, six ar- 
ranged in a trigonal prism with three more beyond the 
centers of the three rectangular prism faces. This 
model fits inside the space left by the nine K neighbors 
of each Re most effectively on a stereochemical basis; 
it  is proved by the final result of the refinement of the 
diffraction data. The possibility of eight H per Re, 
arranged six in a trigonal prism with two H beyond 
two of the three rectangular faces in a disordered crystal 
array, was ruled out by allowing the occupancy factor of 
each of the hydrogens to vary. The effective number of 
nuclei a t  each site, after refinement, deviated by less 
than three standard deviations (mostly much less than 
that) from the expected values for KzReHg. Several 
other possible models, including the one in which two 
hydrogen nuclei were placed a t  the smaller rather than 
the larger negative peaks in the hkO projection, were 
also investigated, but none gave nearly as satisfactory 
a fit as the one finally chosen. The chemical formula 
is then KzReHg, as has been verified by subsequent 
chemical analysis; vide infra. 

The trial structure for KzReHg in space group D33h- 

~ 6 2 m  is 
1 Re1 in l(a):  000 
2 Re2 in 2(d):  f:1/82/a1/2 

3 KI in 3(f): x00, etc., with x = 0.6 
3 KP in 3(g): xO'/z, etc., with x = 0.25 
3 H I  in 3(f): x00, etc., with x = 0.2 
6 H P  in 6(i):  xOe, etc , with x = 0.9, z = 0.2 
6 Ha in 6(k): xyl /p ,  etc., with x = 0.15, y = 0.6 

12 Hz in 12(1): xyz, etc., with x = 0.2, y = 0.5, z = 0 7 

These coordinates were refined by least squares, first 
using the hkO and h01 data separately with isotropic 
and then with anisotropic thermal parameters ; finally 
the two zones were refined together with isotropic and 
then anisotropic thermal parameters. Separate scale 
factors were used for each zone. The final positional 
parameters in all of these refinements never varied by 
more than three standard deviations from one set to an- 

other, and most of them agreed within one standard de- 
viation. In the final least squares analysis of the hkO and 
h01 zones together, ,523 of Rel becare negative and con- 
verged to a value less than two standard deviations from 
zero. To get meaningful results for the bond-distance 
calculation given below, this ,5 was given a positive 
value, which in the last least-squares cycle refined to a 
very small positive number. In this cycle none of the 
positional parameters changed by as much as one-half 
of their standard deviations (u)  and none of the other ,5 
values by more than 1 . 5 ~ .  The results of this last 
cycle are given in Table 11, along with the final set of 
isotropic temperature factors (the maximum difference 
in positional coordinate is 2a for xH2 and yH3; all other 
differences are less than U )  . The weighted R after this 
cycle is 7.7%, while the conventional R = 8.6%. The 
calculated structure factors from this final anisotropic 
temperature factor refinement are given in Table I 
under Fcalcd. After complete refinement with isotropic 
temperature factors, the weighted R was 9.1%. The 
positions of the potassium ions from the neutron dif- 
fraction data are within 3u of the positions determined 
by X-ray diffraction.'O The (001) projection of the 
neutron scattering density is shown in Fig. I. 

Chemical Analysis.-On heating the hydride to red 
heat, a bright film of potassium metal formed in the 
cool part of the tube, and a black residue presumably 
(Re metal) remained in the bottom. A thin browli 
film was also observed in the lower part of the tube. 
Mass spectrometric analysis of the evolved gas gave the 
results in Table 111. 

The presence of methane in gas indicates an organic 
impurity in the hydride which, from the method of 
preparation,' could only be ethylenediamine. A C, H 
determination by combustion analysis (Schwarzkopf 
Microanalytical Laboratory) gave : Anal. Found : 
C, 0.48, 0.42; H,  3.18, 3.39. This carbon content cor- 
responds to 1.12% ethylenediamine in the hydride. 
The total rhenium analysis gave 67.44% Re; the 
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0 1 2 
I I I I I I I I  I A  

Fig, l.--;\;eutron scattering density of KIIieHs projected along the c-axis, a t  298°K. Contours are a t  intervals of 10-12 CIII. -4. - 2 ,  

The zero contour is a dot-dash, the negative colltours except for the negative contours where the interval is 0.5 X 
dashed lines. 

cm. f i .?.  

infrared perrhenate determination gave 2.33% Re 
present as Re04- (3.6270 KRe04 contaminant). There 
is then 65.11% Re present as hydride; ix., the hydride 
is 96.570 pure. From the last result and the amount of 
hydrogen in the gas (99.3%), the pressure readings 
give the first two values in Table I V  for the H : R e  
ratio. The second pair of values in Table IV was ob- 
tained from the combustion analysis after correction 
for the hydrogen due to ethylenediamine (0.15~o) .  

TABLE 111 

DECOMPOSITIOS OF KzReH9 
MASS SPECTROMETRIC XSALYSIS O F  GAS EVOLVED O U  THERMAL 

70 by 

co* 0 001 
Xr 0 011 
0 2  0 0003 
co 0 036 

Substance volume 

0.304 
0.043 
0,239 

99.27 
99.91 

TABLE IV 

ANALYSIS 
H : Re KATIO BY THERMAL DECOMPOSITIOX A S D  COMBUSTION 

Moles H per 
Method mole Re 

Thermal decomposition 
Thermal decomposition 
Combustion 
Combustion 

8.70 
8.67 
8.60 
9 .20  

In view of the presence of small amounts of impurities 
and the difficulty of the analysis (one H corresponds to 
0.37'%) these results are in satisfactory agreement with 
the H :Re ratio of 9 required by the neutron diffraction 
analysis. 

Optical Spectrum.-The optical spectrum of K21ieEg 
in aqueous KOH showed only a single absorption with 
a maximum a t  46,080 cm.-l and a molar extinction 
coefficient emax 1.8 X lo3.  The slit of the spectro- 
photometer was wide open a t  47,600 crn.-' so that only 
part of the high energy side of the band could be re- 
corded. The band appeared to be gaussian in shape 
and had a half-width 6 = 3590 c1n-l. The oscillator 
strength is thereforef = 4.60 X X E,,, ,  X 6 = 
2.9s x 

Discussion 

Internuclear Distances and Angles at 298'K.--The 
positional coordinates from the final least-squares 
refinement cycle, given in Table 11, together with the 
lattice constants in the Crystal Data section, lead to 
the distances and angles in Table V. These values, 
with their standard deviaitons, were computed using 
the Busing and Levy ORFFE program'j for the IBM 
7090 computer. The correlation matrix from the final 
least-squares cycle was used in the error calculation. 
In this table, no allowance has been made for thermal 
vibrations. 

(1989) 
(15) \V K Busmg and H. A Levy, ORNL Central File> No 59.12-3 
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TABLE \’ 
HYDROGEN DISTANCES LESS THAN 4 -ka AND ANGLES IN K2ReHg 

Distance, Distance, 

Rel-H1 (3) 1.72 f 2 ReZ-Ha (3) 1 .61  f 2 
Rel-H2 (6) 1.67 f 2 Rez-Hd (6) 1.70 f 1 

A. A. 

Hi-Hi (2)  2.98 f 4  H r H s ( 2 )  2 .80  f 3 
H1-H2 (4) 1 .93  f 2 HrH4  ( 2 )  1.874 f 15 
Hi-Ki (2) 3.44 f 1 H34H4 (2) 1.872 f 16 
Hi-Ki (1) 3.93 h 3  H r K 1  (2) 3.04 f 1 
Hi-K2 ( 2 )  2.86 f 1 H r K z ( 1 )  3 .05  f 3  

Hs-K2(1) 3.20 f 2  
H2-H2(2) 2.02 f 2 H4-H4 ( 2 )  2.15 f 2 
Hz-H2(1) 2.39 f 2 H4-H4 (1) 2.75 f 3 

H r K 1  (1) 2.97 f 1 
Hz-Kl (1) 3.04 f 2 H r K 1  (1) 2.99 f 1 
Hz-Kz(2) 2 . 6 7 f 2  H4-K2(1) 2 .64  f 2  

Angles 

H2-Rel-H2 91.6 f 1.1” 
H4-Re2-H4 95.6 f 0.5’ 
H3-Re2-H4 projected along trigonal axis onto (001) = 

59.1  f 1.0’ 
With no allowance for thermal motions. Parenthetical 

values are the number of contacts. 

Since the Rel-6Hz-3H1 ion is crystallographically 
independent of Re2-6Hd-3H3, the distances correspond- 
ing to each ion are listed in separate columns in Table 
V. The crystallographically nonequivalent ReHS-2 
ions, based on Re, and Rez, not only possess essentially 
the same dimensions, but also very nearly the same 
environment. The site symmetry of Rez is G h - 8 ,  but 
within experimental error it is D3h-6m2 as can be 
seen from the projected Ha-Rez-Hd angle in Table V, 
which is not significantly different from 60’. It is to be 
noted that the steric arrangement of the ReHSY2 ion is 
such as to fill the interstices in the Re and K atom 
structure with maximum packing efficiency (see Fig. 

The large thermal nuclear vibrations, shown in 
Table VII, may also be considered in computing the 
internuclear distances. This has been done using two 
assumptions: (a) that  the H atom “rides” on the Re 
nuclear motion, and (b) that the motion of the H atom 
is independent of the Re atom motion. The Re-H dis- 
tances, based on each of these two assumptions, are 
given in Table VI, together with those assuming sta- 
tionary atoms for comparison. It is seen that these 
assumptions lead to greater Re-H distances, as ex- 
pected, but the doubtful validity of the assumptions 
leads us to use the values in the first column. 

Amplitudes of Thermal Vibration.-The amplitudes 
of thermal vibration can readily be computed from 
the Pi3 values in Table 11, using Busing and Levy’s 
program ORFFE.I5 The amplitudes along the princi- 

2). 

Ke-HI 
R e H 2  
Re-HS 
Re-Ha 
Av. Re-H 

TABLE VI  
Re-H DISTANCES (A,)  IN ReH9 

Stationary H riding 
atoms on Re 

1 72 1.74 
1 .67  1.69 
1 .61  1 63 
1.70 1.73 
1 68 1.70 

-2  

Independent 
motions 

1.75 
1 .71  
1 .65  
1 .75  
1.72 

O H  

Fig. 2.-Arrangement of atoms in the unit cell of K2KeHD. 

pal axes of the ellipsoid of thermal vibration are not 
reproduced in this paper, but the root mean square 
radial thermal displacement of each nucleus is given in 
Table VII. 

TABLE VI1 
ROOT MEAN SQUARE RADIAL THERMAL DISPLACEMENTS 

Radial 
displacement, 

Atom A. 
Re1 0.21 f 2 
Re2 0.22 f 2 
KI 0.24 f 3 
Kz 0.34 f 3 
Hi 0 .35  f 4 

0 4 0 5 2  H1 
H3 0.39 f 2 ’ 

0.40 f 1 H4 

These values may be compared with the nuclear radial 
displacements’6 in CuF~*2Hz0  a t  298’K. of 0.20 
f 1 A. for Cu2+ (atomic number 29 vs.  19 for K and 75 
for Re) and 0.26 f 2 A. for H.  

LCAO-MO Description.-The reducible representa- 
tion for the Re-H bonds in the ReHg-2 ion may be de- 
composed as follows into irreducible representations 

r(Re-H) = 2A1‘ + 2E’ + Ap” + E’’ 

This is precisely the sum of the irreducible repreEenta- 
tions of the 5d, 6s, and 6p orbitals in the point group 
Dah; hence all of these orbitals are used in forming 
bonds with hydrogen. From the point of view of Paul- 
ing’s theory the bonding scheme can therefore be de- 
scribed as resulting from d5sp3 hybridization. 

The normalized linear combinations of ligand hydro- 
gen Is orbitals which have the proper transformation 
properties to combine with the rhenium atomic orbitals 
are given in Table VIII, which also lists the transfor- 
mation properties of the rhenium AO’s in D3h sym- 
metry. The numbering scheme for the hydrogens is 
shown in Fig. 3. A right-handed coordinate system is 
used with the origin a t  the Re, the z-axis vertical, and 

(16) S. C. Abraham3 and E. Prince, J .  Chem Phys. ,  36, 50 (1962). 
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TABLE IX 
GROCP OVERLAP INTEGRALS FOR Ke 5d ORBITALS WITH H 1s 

ORBITALS 
--Group overlap integral-- 

Ligand symmetry Xeta! pa = 0 . i  pa = 0.933 
orbital A 0  &h = 1.73 &,, = 1.40 

a1 5d,? 0.1851 0,2694 
@2 5d,? --0,2618 -0.3811 
a4 5d,ZLyl -0.2267 -0.3300 
+ G .5dI?La/2 -0 3205 -0.4665 
@: 5d,, 0.2267 0,3300 
@i 5d,, 0.3205 0 ,4665 

@9 5du2 0,4534 0.6120 
@- ,id,, -0.4534 -0,6420 

- - - - -  - _ _ _ _ _ _ _  

- - - - _ _ _ _  

Fig. 3 -Perspective arrangement of h i  drogen atoms in 
Atoms 1-6 are the prism, atoms T-9 the  equatorial ReHq2-. 

hydrogens 

the -y-axis passing through Hs xz is the Is AO of 
hydrogen atom H,. Since there is no symmetry opera- 
tion in Dah which transforms an equatorial H into a 
prism H, certain of the irreducible representations are 
spanned by two linearly independent combinations of 
H Is orbitals: one combination is composed entirely 
of prism hydrogens, the other entirely of equatorial 
hydrogens. In obtaining the normalization constants 
for the ligand symmetry orbitals, H-H overlap was 
neglected 

TABLE 1'111 
LIGAYD SYMMETRY ORBITALS AYD hIETAL .io T R A ~ S F ~ R ~ ~ A T I O U  

PROPFRTIES IY uii, S I ' M M E l R Y  

Repre- 
senta- 
tion Re A 0  

ai' 5dzz,6s 

az" ~ P Z  

Ligand orbitals 
1 

Q. I = -  Jsixi + xp + xa f x1 + xj + XJ 

m I = -  j & X '  + Xs + x , i  

ea = L i x ,  + xs + x3 - x4 - x; - x s i  

+4 = - Ix, t x3 + xj + XE - 2x, - 2xq/ 

dB 

1 
2 4 3  

1 
0, = ; jx3  + X6 - xz - Xi] 

= 2.\/3 2 [ 2  x4 + X? - xa - 2x1 - X I  - x,i 

1 
+, = 2ix, t x; - x 3  - x:i 

To go further with the IUO description i t  is necessary 
to choose explicit basis functions for the rhenium and 
hydrogen orbitals. The simplest orbitals to use are 
Slater's with the effective nuclear charge given by 
Slater's rules.17 Although this procedure is, of course, 

(17) See, for example, H. Eyring, J. Walter, and G.  E. Kimball, "Quan- 
tum Chemistry," John Wiley and Sons, New York, S. Y., 1954, p. 162.  

very crude i t  leads to results which are a t  least of quali- 
tative significance. Let pa and p h  be the Slater orbital 
exponents for hydrogen and rhenium, respectively. 
Consider the rhenium hydride anion from two extreme 
points of view. Suppose i t  to be made up of 
Re+' plus nine H-. Then Slater's rules give p!, = 

Z,ff(H-) = 0.7; pb = Z,ff(Re+7)/4.00 = 1.75. (2) 
Suppose i t  to consist of Reo plus nine H-z'Q. Slater's 
rules then give p a  = ZefE(H-'") = 0.933 and pb = 

Z,if(Reo (5d))/3.00 = 1.40. Using the procedure de- 
scribed by Mulliken, el a1.,I8 and the tables of A and B 
integrals given by Miller, Gerhauser, and Matsen, l9 the 
values of the group overlap integrals obtained are listed 
in Table IX. In making the calculation all Re-H 
distances were taken to be 1.Gi  A. and the acute angle 
between the z-axis and a Re-H prism direction to be 
45' (cf. Fig. 3). 

To  find the total overlap for the jd,,, 5d+,,, and 
5d,, orbitals it is necessary to know the relative weights 
with which the two linearly independent symmetry 
orbitals enter the molecular orbital. Ll'e will assume 
that the ratio of the mixing coefficients for the equa- 
torial hydrogen symmetry orbital to the prism hydro- 
gen symmetry orbital is given by the ratio of the cor- 
responding group overlap integrals. From Table IX, 
this ratio is - .\/s for overlap with the 5dZ9, +Q'$ for 
overlap with the 3d,,-,,, and +.\/2 for overlap with 
the 5d,, orbital (independent of the effective nuclear 
charge). The complete normalized ligand MO's for 
overlap with Sd,,, 5d,,-,,z, and 5d, are therefore, respec- 
tively 

-(@I - ,a%) d5. 

(1) 

1 

-+ + dZ%) 
% <  

_____ 
(18) R. S. LIulliken, C. A. Riekc, D. Orlaff, and H. Orlaff, J .  Cheni.  P h y s . ,  

(19) J. Miller, J .  Gerhausrr, and F. A.  Matsen, "Quantum Chemistry 
17, 1248 (1949). 

Integrals and Tables," Unirersity of Texas Press, Austin, Texas, 1938. 
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LIGAND 
SYMMETRY 
OR 81 TALS 

METAL MOLECULAR 
O R 6  1 TA LS ORBITALS 

Fig. 4.-Molecular orbital energy level scheme for ReHS-2 based 
on overlap considerations. 

The group overlap integrals for these MO’s are listed 
in the last three lines of Table IX. The group overlap 
integrals with the 6s and 6p orbitals cannot be evalu- 
ated by the procedure of ref. 18. We assume that they 
are greater in magnitude than any of the integrals in 
Table IX and that the resulting bonding MO’s are 
lower in energy than any of those involving the 6d 
orbitals.20 The correlation diagram in Fig. 4 portrays 
the relative ordering of the MO energies for ReHQ+ 
assuming the relative energies of the bonding orbitals 
and the relative energies of the antibonding orbitals 
are proportional to the magnitude of the group overlap 
integral. The relative positions of the free atom metal 
and ligand orbitals in Fig. 4 are completely arbitrary 
and without significance. 

We assign the band observed in the optical spectrum 
to the energetically lowest symmetry allowed electric 
dipole transition.21 Then, with the ordering of the MO 
energies depicted in Fig. 4, it  corresponds to the transi- 
tion e’(1) +- (a1’(l))* indicated in the figure. (The 
al’(l) += (e’(1))* transition is rrore energetic because the 
(e’(]))* orbital is more strongly antibonding than the 
e’(1) orbital is bonding.) The assignment of the observed 
46,080 cm.-l band to a transition between bonding and 
antibonding orbitals shows that the splitting between 
these orbitals is quite large. This is in agreement with 
the finding of Chatt and HayterZ2 that hydrogen in 
transition metal complexes has a large ligand field 
strength. 

(20) This appears t o  be the usual situation: cf. C. K. J@rgensen, “Ab- 
sorption Spectra and  Chemical Bonding in Complexes,” Pergamon Press, 
London, 1962, pp. 61-62; A. D. Liehr, J. Chem. Educ., 89, 135 (1962). 

(21) We assume the same structure for ReHs-2 in solution as has been 
found by neutron diffraction in the solid. 

(22) J. Chat t  and R.  G. Hayter,  J .  Chem. SOL, 772 (1961). 

0.9 c 

1.0 , 

0 
a 

Fig. 5.-Plot of theoretical equation relating jP,j to the MO 
mixing coefficient 01. 

The intensity of the ultraviolet absorption may be 
used to obtain a rough idea of the polarity of some of 
the rhenium-hydrogen molecular orbitals.23 With the 
assumption that  the ligand-metal mixing coefficient 
for the a1’(I) M O  is the same as for the two e’(1) orbitals, 
the MO’s between which the observed transition takes 
place may be written as given below 

where the contribution of the metal-ligand overlap to 
the normalization constant has been neglected. The 
components of the transition moment integral are 
given by 

P ,  = 4 2 ( q ( e & ’ ( l ) )  i;l *(al’(l))*).i 

P, = z/Z(q(eb’(l)) i;/ *(al/(l))*).j 
P, = 0 

(23) C. J. Ballhausen and  A. D. Liehr, J .  Mol. S p e c l r y . ,  2, 342 (19.58); 
C. J. Ballhausen, “Introduction to Ligand Field Theory,” 4, 190 (1960); 

McGraw-Hill Book Co., New York, N. Y., 1962, p. 170. 
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Noting that S\k(Sd,2_,,)\k(5d,,)rdr = J\k(5d,,)P(5dzJ. - 4  

rdr = 0, and making the approximation f XtXjrdT, i = 

B ~ ~ x R ~ - - H  and f Xzxjrdrj = 6 i j y ~ e - ~ ,  where XR+H and 
YR~--H are the x and y components of the Re-H dis- 
tance, we get by straightforward calculation that: 
For pa = 0.7! PI, = 1.75 

- 
3 -  

- 0  

P z  = -Pv = (0.3110 - 0.611201~ - 1.507001dl - @')A.  

For pn = 0.933, p b  = 1.40 

P, = -P, = (0.5166 - 1.059501' - 1.507001Jl - ce2)A. 

The relation 
.f = 1.085 X ~ O - ~ V ~ , , [ P , ~ '  + P,' + Pz'] 

together with the experimental value of the oscillator 
strength, leads to IP,; = P,' = 0.173 A. Figure 5 
shows a plot of IP,l vs.  a as given by the theoretical 
equations ; the horizontal line represents the value of 
!Pz: calculated from the experimental oscillator strength, 
while the vertical line marks a = 1/45, ;.e., the value 
for a nonpolar MO.  From Fig. 5 we can draw the 
qualitative conclusion that the aI'c1)! ea'(1), and eh'(') 
orbitals are polarized toward the hydrogen since all 
possible values of a are much less than 1,l'di. This 
indicates that the description of some transition metal 
hydrides as having protons buried in the metal d-elec- 
tron densityz4 (to explain the high-field proton resonance 
shift) is not applicable to KzReHs. Recent theoretical 
work?: also shou-s that this description is really not 
necessary to account for the large n.m.r. shift of HCo- 
(CO)* and analogous compounds. 

In this connection we note that the Re-H distance in 
KzReHg is considerably greater than Pauling's single 
bond metallic radius (1.28 A,) of the rhenium atom and 
is consistent with the ordinary radii sum rules. On the 
other hand, in H2Fe(CO)4 the Fe-H distance of 1.1 A., 
estimated from the broad line n.m.r. spectrum,2G is 
slightly less than Pauling's metallic radius of Fe (1.16 
A.) and is in disagreement with any normal radius 
sum. A similar Mo-H distance of 1.1 K. has been 
inferred in (C5H5)2M~H2, on the basis of a two-dimen- 
sional X-ray study.27 This distance is less than the 
metallic radius of Mo and is considerably less than a 
normal radius sum. In contrast, a preliminary report 
of a three-dimensional X-ray analysis of HRh(C0) (P- 
(C6H5)3)3 claims28 to have located the hydridic hydrogen 
a t  a normal Rh-H distance of 1.72 =t 0.15 A. In com- 
paring these various results it should be recalled that 
the neutron diffraction method is intrinsically superior 
to the X-ray method in determination of hydrogen 
atom positions in the presence of high atomic number 
elements. 

Within the framework of the LCAO-MO theory 
neglecting configuration interaction, the principal 

(24) T. S .  Piper and G. Wilkinson, J. Inorg. W u c i .  C h e m ,  3 ,  104 (1956); 

(25) R. M. Stevens, C W. Kern, and W. N. Lipscomb, J .  Chem Phrs . ,  

(26) E. 0. Bishop, J. L Down, P. Ii. Emtage, R.  E. Richards, and G. 

(27) M. J. Bennett, ILI. Gerloch, J. A.  McCleverty, and R. Mason, 

(28) S .  J. LaPlaca and J.  A. Ibers, 3.  An?.  Chem.  Soc., 86, 3301 (1963). 

F. A.  Cotton, J .  A m .  Chem. Soc.,  80, 4425 (1958). 

37, 279 (1962) .  

Wilkinson, J .  Chem. Soc., 2484 (19.54). 

Pvoc. Them. Soc., 357 (1962). 
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A X  

Fig 6 -One component of a deformation mode of symmetry E' 
11 hich can interchange prisni and equatorial hydrogens. 

source of error in the M O  calculation is the use of 
Slater orbitals for the rhenium. The sensitivity of the 
conclusion about the direction of polarity of the MO's, 
based on the value of a,  to the evaluation of the inte- 
grals involving the rhenium orbitals can be tested by 
choosing different values for those integrals. Doubling 
the integrals shifts the intersections of the curves of 
Fig. 5 with the line representing the experimental value 
of IP,' by -0 1 to higher values of a .  The qualitative 
conclusion about the polarity of the orbitals would 
therefore remain unchanged. Halving the integrals 
shifts both curves in Fig. 5 so that their intersections 
with the line of experimental lP,I occur a t  values of CY 

lower by -0.1, again leaving the conclusion unchanged. 
However, for the case pa = 0.7, ,% = 1.75> the value a 
= 0.9999 (the curve is practically vertical in this re- 
gion) also gives P,] in agreement with experiment. 
Hence if the integrals were halved we could in this case 
only say that the orbitals were polar, but the intensity 
argument would no longer predict the direction of the 
polarity. We consider, however, an a of 0.9999 
to be unreasonable, so the conclusion that the MO's are 
polarized toward the H remains more plausible. 

N.m.r. and Exchange Equivalence of the Hydrogens 
in ReHg-2.-High resolution proton resonance spectra 
of solutions of KzReHg show only a single indi- 
cating that all the hydrogens are closely equivalent in 
regard to their electronic environment. The hydro- 
gens have also been found to be equivalent in their 
rate of exchange with alkaline7 D2O. These results 
are made understandable by the fact that all the Re-H 
distances are nearly the same and that the hydrogen 
environment of both prism (H atoms 1-6 in Fig. 3) 
and equatorial hydrogens (7-9, Fig. 3) is quite similar. 
Thus, in the idealized model used for the XI0 calcula- 
tion, an equatorial H (e g., 9) has four nearest neigh- 
bors (1, 3, 4, 6) distant 1.90 A, ,  while a prism H (e.g., 
1) also has four neighbors (2, 3, 7, 9) a t  about the same 
distance: two H (7 and 9) a t  1.90 A. and two H (2 
and 3) a t  2.04 A. Furthermore, there exist deforma- 
tion modes which, if they take place with sufficient 
amplitude, interchange the prism and equatorial hy- 
drogens. One component of a symmetry mode (species 
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may be expected to take place, so that  all nine H appear 
equivalent in the n.m.r. and exchange experiments. 
A similar explanation has been given for the n.m.r. 
equivalence of the fluorines in PF6.Z9 

Acknowledgments.-We thank Dr. J. M. Reddy for 
assistance with the refinement of the structure, C. R. 
Sprinkle for assistance with the chemical work, E. J. 
Loeser for operating SCAND, and R.  Sakowsky and 
R. Hanson for processing the intensity data. We are 
indebted to Dr. Andrew D. Liehr for helpful comments 
on the molecular orbital calculation. 

(29) R .  S. Berry, Rev. Mod Phys., 32, 447 (1960). 

E') which has this property is illustrated in Fig. 6. 
For the prism and equatorial hydrogens to interchange 
their positions, HI, Hq, H7, and H9 must undergo a 
motion of 0.44 A. while Hz, Ha, Hg, and Hs must be 
displaced 0.23 A. Such displacements do not take 
place in the solid despite amplitudes of thermal motion 
comparable with those required for interchange (cf ., 
Table VII). The absence of interchange between 
prism and equatorial hydrogen atoms in the crystal 
leads to the inference of a large potential barrier to the 
deformation modes required for such a transformation. 
However, for the unconstrained ReHg-2 ion in solution, 
the required displacements are quite reasonable and 
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Reduction of ammonium pertechnate with potassium metal in ethylenediamine-ethanol medium yields KZTcHg. 
der patterns show this compound to be isostructural with KzReHs. 
a = 9.64 and c = 5.56 A. 
18.4 p.p.m. 
K2ReH9, shows a triplet in the M-N stretching region and a singlet in the M-N bending region. 
of the technetium and rhenium hydrides is similar, but the technetium compound is more reactive. 

Pow- 
The lattice constants of the hexagonal unit cell are 

The high resolution proton n.m.r. spectrum of a solution of KsTcHg has a broad line a t  T 

The infrared spectrum of solid KnTcHg, like tha t  of 
The chemical behavior 

This is attributed to  the metal-bonded hydrogens. 

The existence of a water-soluble potassium rhenium 
hydride'l2 having the composition KzReHg3 suggested a 
search for similar complexes of other transition metals. 
An obvious possibility is technetium, which in most of 
its chemical properties is like rhenium. Indeed, tracer 
experiments4 have shown that under conditions where 
rhenium forms a hydride, technetium yields a com- 
pound with apparently similar solubility characteris- 
tics and similar behavior toward acid. The present 
paper describes the preparation, characterization, and 
some properties of the technetium analog of K2ReHP. 

Experimental 

Preparation.-NH4Tc04 (50-100 mg., spectroscopically pure, 
prepared via the heptoxide from metallic Tc99 obtained from the 
Oak Ridge National Laboratory) was dissolved in 100 ml. of 4 :  1 
anhydrous ethylenediamine-absolute ethanol containing 2qb 
CsH,OK. Under a nitrogen atmosphere, and with vigorous 
stirring, 5 g. of clean potassium metal was added a t  such a rate 
that the temperature rise was just sufficient to melt the metal. 
The light brown solid which formed was washed, successively, 
with the reaction solvent, anhydrous ethylenediamine, 1,2- 
dimethoxyethane, and ether. Exclusion of moisture is essential 
during the above operations, and the dimethoxyethane and 
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ether should be freshly distilled from LiAlH4. Microscopic 
examination of the product shows it  to consist of a white solid 
admixed with small amounts of a brown solid, presumably metal- 
lic technetium or a lower oxide. Infrared spectra indicate the 
presence of small amounts of carbonate, pertechnate, and ethyl- 
enediamine. Because of the presence of these impurities, and 
the great sensitivity of the product to moisture, an attempt to 
establish the composition by analysis has not been made. How- 
ever, as will be seen below, the results of several chemical and 
physical studies demonstrate conclusively the hydridic nature of 
the product and the fact that the hydrogens are directly bonded 
to the technetium. Furthermore, comparison with the cor- 
responding results for K?ReHg, especially the X-ray diffraction 
patterns and infrared spectra, make it quite certain that  the 
technetium and rhenium compounds have the same stoichiom- 
etry and structure. 

Chemical Properties.-On adding the solid to water hydrogen 
is evolved and a brown-black precipitate forms. With dilute 
acids the hydrogen evolution is very vigorous, and the precipitate 
(Tc metal or a lower oxide) is black and so finely divided that an 
identifiable X-ray diffraction pattern could not be obtained. 
Small quantities of the hydride are soluble in strong aqueous 
alkali (20-50% KOH) with only slight decomposition, and the 
resulting solutions appear to be unchanged on standing overnight, 
as shown by their reduction of TlNOg to the metal and their 
behavior on acidification. However, alkaline solutions contain- 
ing > -0.05% of the hydride decompose rapidly a t  room tempera- 
ture. With alkaline NaOCl there is vigorous evolution of hydro- 
gen and the technetium is oxidized to TcOd-. The behavior of 
KzReHs is quite similar.' 2 Noteworthy differences are that even 
relatively concentrated solutions of KiReHg in strong aqueous 
alkali are stable a t  room temperature, and that with TINO8 
the rhenium compound gives an intermediate white solid (pre- 


