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vided that subsequent rapid reactions are such as to
satisfy the stoichiometry of the over-all reaction, which
requires the formation of one sulfate for every Ag(II)
consumed. Perhaps the simplest mechanism that
is consistent with the results is

K
Ht + $0% = HS;05~ (rapid)

kl
Ag?t 4+ HS:04~ + H;0 —> Agt + HSO; + HSO,~ + HT
Ag?+t 4+ HSO; + HO = Ag™ + HSO4~ + 2H* (rapid)

Then the observed rate constant k is given by k& =
2KE'. Another conceivable set of products in the
rate-determining step could be Ag + 2HSO;~ 4 3H™,
provided a rapid completing reaction between Ag and
Ag(II) follows. These two mechanistic possibilities
differ in utilizing a one- or a two-electron change for
silver, respectively. Other mechanisms arise as pos-
sibilities if one assumes that the predominant Ag(IT)
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species in solution is not the free aquo ion Ag?*, but
rather a complex such as Ag(8:0q),2~?". Under this
assumgption, the composition of the activated complex
would be {Ag(S:06),uH!"2"}¥. The present data
do not establish clearly which of these mechanisms is
correct, since dithionate was usually present in excess
over silver(II).

Within the concentration range for which the most
reliable data are available ([H*] = 2.0-3.0 M, [Ag*] =
0.16-0.32 M, [S:06*~] = 0.025-0.050 M, and I = 3.4~
3.5 M), it appears that participation of silver(III) in
the mecharnism is not required. However, this does
not preclude the possibility that under different condi-
tions of concentrations or temperature, a path in-
volving silver(IIT) might become important. In any
case the data establish the participation of the oxidizing
agent, silver(II), in the rate-determining step, in con-
trast to previously known reactions of dithionate with
other oxidizing agents.
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The crystal structure of LiAlH; has been determined by single-crystal X-ray diffraction methods using counter detectors

and filtered Cu K« radiation.

group is P2:1/c and there are four formula weights per unit cell.
of 1.55 A by four hydrogen atoms at the vertices of an almost regular tetrahedron.

The unit cell is monoclinic, @ = 4.845,b = 7.826, and ¢ = 7.917 A (all £0.004 A).

The space
Each aluminum atom is surrounded at an average distance
The lithium ions act as “bridges” be-

tween the tetrahydroaluminate ions; five hydrogen atoms surround the lithium ions, four at distances ranging from 1.88 to

2.00 A and one at 2,16 A.

Introduction

Large numbers of crystalline phases containing AlH,~
and BH,~ groups have been synthesized and studied in
recent years; these compounds are widely used, par-
ticularly in preparative organic chemistry, and are of
considerable theoretical interest. The literature con-
tains many references to the tetrahedral configuration
of the aluminohydride and borohydride groups in these
phases,! but only one serious X-ray diffraction struc-
ture analysis of any of these materials appears to have
been attempted prior to the present investigation: a
powder diffraction study of alkali borohydrides.? In
that work, which is sometimes cited as having estab-
lished the tetrahedral configuration of both groups in
the solid state, no effort was made to locate the hydro-
gen atoms directly from the experimental data. Our
survey of the literature of this subject revealed no other
experimental basis for that admittedly reasonable ex-

(1) (a) F. A, Cotton and G. Wilkinson, ‘Advanced Inorganic Chemistry,"”
Interscience Publishers, Inc,, New York, N. Y., 1962, p 118; (b) W. H.
Stockmayer and C. C. Stephenson, J. Chem. Phys., 21, 1311 (1953); (c)
P. T. Ford and R. E. Richards, Discussions Faraday Soc., 19, 239 (1955).

(2) A. M. Soldate, J. Am. Chem. Soc., 69, 987 (19471,

pectation. This work was therefore undertaken to in-
vestigate the configuration and the dimensions of the
tetrahydroaluminate ion by a single-crystal X-ray
diffraction study of lithium alumiinum hydride.

Experimental Section

Lithium aluminum hydride crystallizes in the monoclinic sys-
tem with a = 4.845,b = 7.826,and ¢ = 7.917 A (all =0.004 A)
and 8 = 112.5 &= 0.2°. The space group is P2;/c and there are
four formula weights per unit cell: deatea = 0.904 g/cc and dmeasd
= 0.92 g/cc. The crystals grow in the form of rectangular parallel-
epipeds elongated along the ¢ axis when solutions in diethyl ether
are evaporated slowly. " Because the crystals are highly hygro-
scopic, the specimens used for intensity measurements were
sealed into thin-walled glass capillary tubes. Intensity data were
collected with a scintillationi counter -and filtered copper Ke
radiation, using the #—26 scan technique. The usual Lorentz and
polarization corrections were applied to the data; absorption
corrections were considered unnecessary since the maximum
dimension of the crystal was 0.2 mm. The intensities of 507
reflections were measured and used in the structure analysis.

Structure Determination

Approximate positions of the aluminum atoms were
obtained readily from the maxima on Patterson maps.
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Two-dimensional electron density syntheses (A0/,
0kl, and %k0) yielded the positions of the lithium ions
and verified the assumed positions of the aluminum
atoms.

The crystal structure was refined by the least-
squares method using the Brookhaven National Labo-
ratory version of the Busing-Martin-Levy program.?
The refinement proceeded smoothly. The discrepancy
coefficient, R, decreased rapidly to 10.4% when only
aluminum and lithium ions were included in the calcu-
lations of structure factors. At this stage isotropic
temperature factors were used. The positions of the
hydrogen atoms were then obtained from a three-di-
mensional difference electron density map and the
structure was further refined by least squares. All
atoms were included in the calculations; anisotropic
thermal parameters were assigned to aluminum and
lithium, and isotropic thermal parameters to hydrogen.
Initially all 507 observed reflections were assigned unit
weights. After the calculations converged to stationary
values, the weighting scheme was changed to

o(F) = <(/£Z> = 0.8 4 0.03F

and three additional least-squares cycles were com-
puted.

Although the indicated parameter errors obtained
with the latter scheme were consistently slightly smaller
than those obtained when unit weights were used, the
differences were never significant. In the final refine-
ment cycle the changes in the position parameters of the
aluminum and lithium atoms were all less than 19, of
the coordinate errors indicated by the matrix inver-
sion; changes in the hydrogen atom positions were less
than 29, of the indicated errors. The final value of R

R — |F

was 3.2%
(== )

Observed and calculated structure factors, based on
the least-squares refinements, are listed in Table I;
the final atomic and thermal parameters are given in
Tables IT and III. Interatomic distances and bond
angles are listed in Tables IV and V.

Discussion

Anisotropic temperatlire factors of the aluminum
and lithium ions and related data are listed in Table III.
The aluminum- thermal- ellipsoid is almost spherical;
the lithium ellipsoid is only slightly more anisotropic.
The isotropic temperature factors of the four hydrogen
atoms in the AIH;~ group range from 1.76 to 2.04 =+
0.56 A.2 The average is 1.93 A,? corresponding to an
rms thermal radial displacement of 0.28 A.

The hydrogen atoms are arranged about the alumi-
num at the vertices of a regular or almost regular tetra-
hedron. The average of the four aluminum-hydrogen
distances is 1.547 A, and the average of the six hydro-

(3) W. R, Busing, K. Martin, and H. A, Levy, ORNL-TM-305, Oak
Ridge National Laboratory, 1962.
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TapLE I
OBSERVED AND CALCULATED STRUCTURE FacTORrs (X100)

K 1 ARS ca K ) aRs oAl X L aBS CAL % L Aas CAL w U RS €A K L Aas cAL
37 638 A% b -6 209 Ra 3 -3 2371 2220t =6 117 1562 2 =7 216 321
H= 0 2 R 47 ka8 6 =7 &87 8§35 A -4 308 295 1 =7 142 1A ? =R 737 790
3 01074 1186 7 -1 343 151 3 -5 992 980 1 =R 1R& JR& 7 =9 437 467
0 2 2206 2186 A 1 19GA 1923 7 -2 746 770 3 -6 1156 1073 1 -6 237 3% 3 -1 1033 1077
n 4 61s RAR 3 7 298 292 7 =3 TrR Tpk % =R K04 589 2 -1 103 11f %2 ARk AGR
A 41790 1330 3 12036 20T 7 -5 1071 N2 % =9 845 567 2 -2 2315 2278 1 -3 719 277
A R 12R9 1ten 3 4 769 Ya» 7 -6 247 238 4 -1 2181 2200 2 =3 D115 40T 3 -4 A70 RRT
1 1 &3 RER 3 S5 18R AN« A -1 703 701 4 -2 954 957 2 -4 279 260 3 -5 1112 {171
Y1 81 6% 3 & 78S 787 A -2 143 152 4 =3 T4 100 2 =6 11211213 -h 256 288
14 2821 2484 3 T 493 4AR R <3 780 TR 4 =5 1224 1202 7 -f ATE 4T3 3 =T A2a Ane
Vo€ 119 (Tnm 3 R 27A 330 A w4 T3 N6 4 -k 183 TAA 2 =7 460 LAY 3 -R bl 4T
1 40810 a7 & 0 392 ART & w8 82 76 4 =7 1148 112a 2 =R A24 AS3 4 -1 959 013
Y7 487 481 4 1 1251 1247 9 -1 5T 107 5 =1 1178 11as 3 =1 1641 1627 4 -7 2R3 204
1 8 A5 A7 4 2 918 anT g -2 9At 948 K =» A8 70 3 -3 1221 1275 4 -3 1543 1AD9
5 n 70 2757 4 3 Ti2 126§ -3 178 177 8 -3 1998 2hae 3 =4 1367 1383 4 =k L1l a7
71 BRA 700 4 4 456 SNA 3 S -4 180 18D 3 -5 118 95 4 -5 04 47
2 222313 2386 4 5 1462 15a1 PN 5 25 1205 1792 3 -4 126 IO 4 s8 385 A2
24 13408 147 4k 1R? 198 = 5 -6 127 133 3 -7 1009 1145 4 -1 2647 279
7 4 3t A7 & T KAT 892 5.7 137 137 3 -R 180 1e0 5 -R 211 3%
5 51179 t1es % 1 2138 2196 A 0 B9 vl S -R 69 K3 3 =8 alp AbL 6 -1 AR AAA
5 6 1466 1446 % 7 204 220 0 2 1el7 1aed A =1 1273 1207 4 -7 533 § -7 179 178
2 7 4R 24 5 31872 1673 0 4 1531 1A31 6 -2 509 &18 A 3 1180 1159 & -3 952 9
5 & & k37 % 4 213 221 0 & 1018 SAS 6 =3 339 313 4 -4 365 51 & -4 TR AR
37 2350 2831 5 R 445 481 1 0 311] 2979 & -4 3RS A7 4 =5 4T3 1709 5 -5 a9r oA
13 135 156 8 7 44k 4k5 1 1 267 pas & =5 1053 939 4 -6 238 26R 5 -6 96 A3
3 6 1669 1771 A B 215 277 1 D 1818 1a82 & =6 126 1> 4 =7 752 741 5 -7 als 97
3 5 wge ka6 & 1 691 R4 1 3 @18 913 & -7 1179 1has 4 -R 405 3R A =) RER A7)
4 7 97A 1833 K 2 K37 SAk 1 4 8 98 7 -1 745 TSI 5 =1 17A3 LAIR 6 -2 10X 109
38 p2m c4n A 1 F3 ARY 1 5 434 agh 7 =P A19 423 % =3 1203 1200 6 -3 1043 1003
4 01175 1187 & 4 276 223 1 A AS1 AAS 7 =3 1276 1195 5 =5 236 A & -4 205 212
4 11413 16k A& & 971 933 2 0 f&0 AR3 T =& 394 3R3 5 =6 215 1R & -5 A3 6AR
4 2 3kR AT A & wB S5 2 1 1Té5 1A75 T =B 725 wAs 5T AGL 819 s ~p 730 210
4 %2176 2366 T N 563 SAY 2 2 1170 1149 7 -6 412 379 B -1 215 228 7 -1 637 52
4 4 20A 234 7 11187 1216 2 3 477 &n> A -1 TR 750 & =2 24T 291 7 o) 830 SA7
4 512371261 T 2 221 228 5> 4 1678 1498 8 -7 R4a B>1 6 -3 2137713 7 -3 T4 AT
4 & 3N 3N 7 31049 1032 2 5 178 A7 A =4 781 7es & =& 155 158 7 -4 407 425
4 71 27 287 7 & RE% Bee > & 536 K0s A =5 435 411 & -5 1142 1170
4 R 35 a8n T 5 211 205 > 7 467 44R % =1 218 P97 & = 145 123 . He s«
S 12106 21A1 A 0 KIS B35 3 0 1158 {130 9 -2 426 ket & =T 50s 497
5 2 ass aka A 1 486 4A> 1 1 866 A4T 9 -3 340 367 7 -1 1042 1040
5 4 788 AI3 B 7 812 9% 1 31276 120 7.5 160 1aA 0 0 303 271
& 4 1% A3 B 3 28R 277 3 5 1041 1791 PRI 7.1 776 WA 6 7 97 a%a
5 5 93 453 A 4 508 SI1 3 & 5RO 54A 7 -4 505 533 1 N 11449118
5 & % 409 0 A0 809 4 0 119 114 7e5 % 79 1 1 116 180
€ 71067 947 9 1 314 3% 4 12027 203 £ 0§ 2574 23A3 T =h B33 5431 2 316 Ae?
& 0 5318 S4e 9 2 44 6% 4 2 456 45h 0 2 504 513 R -2 102 TR p £ 237 69
6 L 548 BAY 0 =4 7729 2681 4 3 660 64T N & 10es 1055 R =3 367 33 2 1 798 397
& 2 304 AR N -k 3R] 233 4 4 42k 4% D & ROA PR3 R =4 D54 263 1 0 545 577
5 31709 17% A -f 203 299 4 § s A& | C 1061 5 11 539 s
& s 1222 1186 1 -5 316 WA 4 & 238 A8 1 1 11A 1as e “ 0 ar o An
A A 227 187 1 =6 TAQ ASC 5 H 324 307 1 2 1970 180] 6 -> Am 790
711299 1365 1-7 509 471 & ) 350 14p 1 4 1065 10% o6 1275 1218
T 2 796 818 1 -8 1184 113 5 2 138 154 2 0 1661 16n5 0 8 1731 1aTs N -6 1ARE 1049
73 364 33 2 <1 2468 2419 & 3 1413 1667 2 11072 1676 N 2 1048 1676 1 =1 A% an
7 4 544 550 2 -p R3IT ARD & 81025 9 5 > 505 175 A .6 327 A 1 =2 1CT1 10
7 5 %18 498 2 -3 1015 1673 & 1 1552 1595 5 3 w4 835 1 0 %77 60 1 =1 4kR 4G
7 4 320 A1 2 -4 7035 1913 & 2 217 200 2 & §32 528 1 1 651 651 1 =4 240 5]
R § 16A> 10k8 2 w5 94 Al A& 3 701 6R4 2 5 AP 155 1 2 K17 12 1 -6 175 N5
8 1 628 R1a 7 -6 1380 1336 A & 2A2 268 3 | 170 1217 1 4 2l 212 7 -1 T35 15
B 2 653 A48 2 -7 s2% 572 6 8 48R 44l 3 1 IR 329 1 4 Ase ART 2 -2 €30 627
A 1 773 A8 7 -8 515 526 T 0 927 9 3 4 5A3 574 2 01301 1270 7 =3 46 42
B 4 181 13 2 =9 519 ses 7 1 287 277 A s 7TPR TIT 2 7 4161 1877 9 =4 1724 1275
B 8 407 421 4=1 789 K75 7 2 41B RS 4 N 667 667 2 A 560 A0 7 -5 2R3 oM
6 1 408 190 3 -3 A37 ARG T 3 ASs A02 & | 12521237 2 & R9 Al 2 -k 36 420
o 2 8a& &5 % -4 A4R Al5 T & TR RT & 2 145 1An 3 0 4Re 439 2 =T 920 505
o A 44 45 1 -5 1964 1957 A O 185 167 4 3 133 1356 3 11012 1008 3 =1 239 243
726 732 227 B 1 6A6 659 4 & 341 4% 3 2 357 a0 A -2 45 TIA
He 1k 1.7 768 745 A 2 509 KA1 4 & 31A 333 3 3 537 €3 3 -3 TS TAs
4 -8 670 635 A 3 150 175 5 & 130 179 4 0 43 470 3 -4 P4 54
2.9 45 A> 9 D 763 79N A 1 793 Ak 4 1 153 12> 3 <5 RAA R0R
N0 2709 2071 4 -1 2047 2130 A4 -3 3651 339 5 2 1R6 193 & 2 D8R D87 % -6 450 4ad
N2 755 3174 & =» 261 250 0 -6 2332 p173 S 3 196 142 4 3 604 s03 3 -7 AE0 94
0 & 1765 1805 4 =1 214R P19A 6 -6 659 656 A O 150 s 8 A 149 124 & -l 071 9
N 6 ABe 372 4.4 TSR 751 AR 410 438 A 11070 1045 5 1 1183 1190 4 =2 233 231
N R £91 67A 4 =% 267 778 1221316 1312 & 2 107 149 A O 250 251 4 -3 16 514
10 3238 N7 4 -4 557 567 1 =3 514 a8 & 1 AR R4A A <7 914 RSS 4 =4 269 284
11 1631 1628 4 =7 944 954 1 =4 906 911 7T 0 188 173 n -4 1237 1188 4 =5 19n 1492
1oz 1RA A 5 -1 413 415 1 -5 955 931 7T 1 RSA s8n € -6 1465 4us 4 -6 320 318
V3 170 16t 53 AL &A1 -6 1907 1780 T 2 579 485 N -8 785 g4 5 -1 75 A0
1 4 Yhl6 184§ o3 1428 1484 1 =T 287 23 A 0 625 Aeh 1 -2 1A%R 1ACS A -3 859 AT
15 312 313 § -4 28R 299 1 -9 169 2% 0 -2 7077 2034 1 -6 201 19 5 -5 91A a0k
T 6 1421 1462 5 -5 1577 1881 » -4 3361 2237 0 -4 1196 11an 1 =T 590 SAA
1 & 395 446 5 -5 159 170 2 -5 91C 991 M -6 1769 11na 1 = 835 647
7 02578 2518 5 -7 BAO ATl 2 -6 70 44T 0 -A 1367 1383 2 -1 Réa R37 M
7 1 487 486§ =R 66 6 7 -T 997 1000 111251 1164 2 =2 356 359
? 277032110 4 -1 2738 2219 7 -8 SRS 437 1 -7 965 908 7 =3 947 1N14
203 793 795 4 -3 1318 1349 2 -9 257 271 13 8 662 2 ~4 523 520 0 -4 T4l AP
7 61019 1026 & -4 452 420, 3 =] 1655 1455 1 =4 2134 20741 7 -5 44l &S2 ) =3 176 1As
2 5 926 935 4 -5 A3 Sh A -2 88 795 1 -5 32 310 2 -6 1316 1338 1 =4 6CA &M
I
TaBLE II

Artomic CoorpinaTEs® IN LiAlH,
x ¥ %

Aluminum 0.14033 (10) 0.20131(6) 0.93151(6)
Lithium 0.56896 (82) 0.46604(44) 0.82164(46)
Hydrogen (1) 0.2005(63) 0.1020(33) 0.7816(36)
Hydrogen (2) 0.3120(60) 0.3682(34) 0.9709 (34)
Hydrogen (3) 0.2382(60) 0.0911(31) 0.1087(33)
Hydrogen(4) 0.8032(59) 0.2552(36) 0.8760(35)
Estimated standard errors in parentheses.

a

Figure 1.——Stereo pair view (ca. along e) of unit cell of LiAlHy;
b axis vertical and ¢ axis horizontal.

gen—aluminum-hydrogen angles in the tetrahedron is
109.5° (Table V). The variation of individual hydro-
gen-aluminum-hydrogen angles and of the intratetra-
hedral hydrogen-hydrogen distances indicates a pos-
sible slight distortion of the tetrahedron from the ideal
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TaBLE III
ATOMIC THERMAL PARAMETERS?

A. Anisotropic Thermal Factors

bu bo bog . b1z bis bas
Aluminum 0.0204 (4) 0.0073 (1) 0.0097 (1) —0.0004 (1) 0.0057 (1) —0.0003 (1)
Lithium 0.0387 (18) 0.0144 (g) 0.0139 (p) 0.0036 (8) 0.0098 (8) —0.0027 (5)
B. Rms Displacements along Principal Axes of Thermal Ellipsoids, A
1 2 3
Aluminum 0.163(1) 0.150(1) 0.142(31)
Lithium 0.226 (4) 0.191(4) 0.180(5)
C. Rms Radial Thermal Atomic Displacement, A
Aluminum 0.263 (3)
Lithium 0.347(7)
Hydrogen 0.28 (7)
(av)
@ Estimated standard errors in parentheses.
TABLE IV TABLE V
A. Intermetallic Distances (A) in LiAlHs (Less than 5.0 A) DIMENSIONS OF THE TETRAHYDROALUMINATE ION
Al-Al ALL Li-Al
. Bond Lengt
3.753 % 0.001 3.236 = 0.004 3.186 = 0.004 AIAH _OI; ;s ;nilgs’o‘;‘
4.031 == 0,002 3.265 = 0.004 4.058 % 0.004 0 1-5‘:’6 : 26
4.512 =% 0.001 3.278 & 0.004 4.084 = 0.004 Al-H, = 1-558i0'027
4.736 = 0.002 3.297 & 0.004 4.845 & 0.004 A}‘Hﬁ et 8:!:0.0 5
4.845 2 0.002 3.399 % 0.004 4.905 = 0.004 AI“H4 = 1~5Z7i0-026
3.784 £ 0.004 Al-H - = 1.547 A.
4.739 &= 0.004 B. Bond Angles and Nonbonded Distances
B. Shortest Li-H Distances (A) (Less Than 3.0 A) A-Al-B - Angle, deg Distance A-B, A
1.883 ='0.027 1.955 = 0.028 2.158 = 0.028 g“ﬁ'? }égéii': , gggi:—;g'gg;‘“'
1.935 £ 0.027 1.997 &+ 0.027 2.943 £+ 0.028 AT o : o : :
0 H,~-Al-H, 113.7+1.4 2.608 &= 0.038
o . . o, Hy-Al-Hy - 109.8+=1.0 2.514 4 0.036
configuration but neutron diffraction studies will prob- H,-Al-H, . 104.841.4 2 451 £ 0037
ably be needed to settle that point. Hy-Al-H, 108.9+ 1.4 2,552 & 0.037
The 12 shortest intertetrahedral hydrogen-hydrogen Av , 109.5

distances range from 2.67 to 2.99 A; ‘these are sig-
nificantly longer than the corresponding iniratetra-
hedral distances whose average is 2.53'A (Table V).
The lithium ions are surrounded by four hydrogen
atoms at distances ranging from 1.88 to 2.00 A; an-
other hydrogen is at 2.16 A, and the next nearest is

2.526

2.94 A from the lithium ion (Figure 1). The closest
approaches are substantially smaller than the 2.04-A
lithium~hydrogen distance in the highly ionic lithium
hydride 4

(4) E.Zintland A. Harder, Z. Physik. Chem., 28B, 478 (1935).



