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°  CONTRIBUTION FROM THE LAWRENCE RADIATION LABORATORY AND =

DEPARTMENT OF CHEMISTRY, BERKELEY, CALIFORNIA

he Crystal and Molecular Structure of Hexaaguoaluminum

: 1
Hexachlororuthenate Tetrahydrate.

BY TED E, HOPKINS?, ALLAN ZALKIN, DAVID H. TEMPLETON, AND MARTYN

G. ADAMSON

-

An X—ray'diffraction]stﬁdy of a s;hgle cryStél of.A&kH20)6-RuQ%§4ﬁ20
showed that it is monoclinic witﬁig = 10,492 A, b = 11.415 A,

.g.= 7.669 A, 8 =92.,69°, Z = 2, -and QX = 2.045 g cm’3. The épacé
group is P2i/n. The'ruthenium'aﬁa aluminﬁmmions are‘found.ﬁo
lielat‘the centegs of slighély distorted octahedra of chlorines
ana_water molegules,'feSpectively. Tﬁe hydrogen.bond network
copﬁectiﬁg the 6ctahedra iS'discﬁssed;- The average Ru-C{ and A@-Ovv

distances are found to be 2,375am11.880'ﬁ;.
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Introduction

'-The>aqu¢dus ruthenium species are being‘studied.initﬁié'labofatory oy
Professor R. E. Connick and others, and thiS'research has:pro§ided & number of
interesting ruthenium salts. We have inyestigated the strﬁctﬁres¢o£ séveral
of these compounds to helﬁ in the correlatiqnéf the optical épectra of'the
solutions with tho environmont of the ruthonium ion. Structures iﬂvolving tho
aquo-tetrachlbro and aquo-pentachloro ruthenium species are'reparted eiseWhere.
In this paper we describe the structure of Aﬁ(H 0)6RuC£ 4H20, a salt of hexa=
chlororuthenium (III).

Experimental Section

A solution of aluminum éhloride in'hydrochlorié acid was prepared by .
dissolving 0.3 g analytical grade anhydrous A%Cis in 15 ml of concentrated
HCZ with a minimum of heating; the resulting solution was then filtered and

allowed to cool. A 0.75 M Ru(III) solution in concentrated HCL was prepared

by dilution of a pure,Ru(III) stock solution.5 Both solutiohs were deoxygenated v

by bubbling with pure nitrogen for half an hour. They were then nmixed, and ﬁhe

resulting solution was allowed to stand-under an atmospheré of nitrogen for 48

hours at room temperature. The light red plates which crystallized out of the .

solution were‘sepgrated'on a Buchner funnel;uquickly washed with a miﬁimum'vol- o

ume of ice-cold ethanol followed by ether, and then dried by suction. The cry-

stals are stable in air at room temperaturef

Ansl. Caled. for AiRuCué(H o) : AL, 5. 18 Ru, 19. 40, c& 40.80; H, 3. 84

Found: A% 5.21; Ru, 19.28; c% 40.95; H, 3. 82.~ =

N2
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For iaklng the X-ray q1f¢ractlon data we uued a 51ngle crystal in the
form of a trlangular plate 0.17 mm on an edgo and 0.07 mm thick. . A General
Rlectric Co. XRD-S X-ray dlffractlon unlt equlpped-wlth.a,molybdenum tube

(Mo Ka h = 0,70296 4), a scintillation counter, pulse helght dlscr1m4nator

‘]’

and a quarter-01rCLe Eulerlan—cradle-type goniostat was uscd. The tube was op-

L erated at 50 kv and 20 ma, with a Zr filter at‘@he recelv1ng slit.

.The crystal was ofiented with the b axis_éoinciding with the J axis, the

g polar axis of the goniometer head The cell dimensions were obtained by measur-

'Alng the 26 (G is the Bragg angle) values of the h00, OkO cand OO% reflections

, and a2‘components were resolved.‘ The'B*'angle was measured directly
from the angle between the h0O and 00f sets of reflections.
‘A graph of the background was prepared for various values Of;X and\ﬂ as a -

function of 20. Typical values were 18, 10 and 3 counts/sec for 20 = 6, 9, and

15°,  For 20 greater than 280, the background was constant at 1 count/sec.

Individualrbackgreunds were determined for those refledtions.Whieh were higher :
orders of strong reflections. |

The stationary crystal, stationary counter technique was ﬁsed with 10 second
counting times for each reflection. Of the-i503 independent reflections measured
(28 less than 500), 154 were recorded as zero intensity;"The dat& wera cofrccted
for Lorentz-polarization effects, but no correction kas made for either absorp—

tion or extinction. The calculated linear. absorptlon coeff1c1ent is p'= 19 3

vcm'.1 for molybdenum radiation. For the.crystal used for the strueture determi-

" nation, uR =0.3. The strongest reflection (011) gave & counting rate of 9937

counts/sec. Co -



Four:ler, leaat-squares ‘and distance calculationa vere performed using our own .

unpublished programs. The full-matrix least squares program, which is a-modification i';_f_ o
.of an early unpublished version of one given us by P. Gant_zel » Re Sparks, a-nd K. 4
Trueblood, minimizes the function Xw( |_l:2|-|_l§‘.o|)2/mwg|2. F and F_ are the observed '~ -

'3 e

~ "and calculated structure factors resppctiveiy, and y is. the welighting factor. _Atonio “ L

Lo scattering factors for Ru+8, A£+3, 01'1, ‘and neutral oxygen were taken from Cromer -

1.

. conditions limiting possible reflections were hols b - + & 2n, and 0&0: k = 23.

‘and Waber's oompilation,6 and neutral hydrogen from the International ‘l‘ablea."
" Both the real and the imaginary parts of the anomalous diaperaion for rutheniun,
- aluminum and chlorin08 were included in .the 1east's(1uore‘a: calculations.

W was set 'I‘.o 1 .0/(:’2(1‘l ) with> the exception thai vhen'o(I); I .‘be'ing the net'count,

was less than I then the reflection was given zero weight. The standard deviation ..

L

of the observed structure faotor wag calculatod as o(zg) = EQ‘ /‘(Fz ~80(1)Ap) vhero L

8 is a scaling fac‘tor, zg, /(aI/Lp), and Lp is the Lorentz-polarization correction. |

In turn o(I) = /(I + (pI)? + 28 4 g2 LymNpisaﬁmumuumuumwinL

B is the backgrouhd, and q ropre_s’enté an uncertainty :ln f.he _hockgrouxrl. P vao set -

t0 0.06 and-q to 12. | | o :

The primitive cell contains two formila units of A%(n o)6nuc£ 48,0, 1t |

is monoclinic with dimensions a= 10.492 + 0,005, h = 11.415 4 0.005, = 7.069 t
0.005 %, and B = 92.69 ¢ 0.02°, The calculatod density is 2,045 g/cc. The

These conditiona correspond to space group P2 oo T L .

| Detarming&igg of -the Sm&}gg | - N

The cell contents and gpace group P2 /n requiro Ru and Al to bo at conters o

of aymmetry, and only three distinct combinations of such aitea oxlst. 'fhe throe—

dimonaional Patterson is consistent with only ons of thoao, _whioh can be t&ken asy -
AL in 2(a)t.0,.0,.05 1/2, 1/2, 1/2 - IR LR

Ruin 2(b)1.1/2, 0, 030, /2, /2o o

All other atoms are aaeigned to goneral poait:lonm )

4(e)s 2(x, y, 53 1/2 - % 1/2 +z, 1/2 g).
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Trial coordinateo for the chlorineg and the three Water moleculeu coord*natcd to

P

alumlnum were derived from the Patterson functlon. Four cycles of least squares
,rcflnemcnt w*th isotroplc tcmperature factora of the form exp(—Bx °1n G) gave

a value of R = 0.18, where .R ZIA" |/2|F ! and AP —lTlJ“ The electron density
function, pha ed w1th thls gtructuLe shoved two add;tlona; waters,of:crystallization‘ '
~ Several mora cycles of least squareg with anis otrqpié thermdl'parameters reduced

R to O 054.. The anlootroplc temperature factor had_the formvexp(mgllx -EZ? £3°£2
-2E42hk QE,nhﬁ-EB kv) In roﬁorting the théfmalipérameters below we have converued _-

to B which-is in unlts of X the relation between these two quantities is

E:

8.
2 , , .
: o 2% 3 3 4 iy hvelig, 3 oo ad 44 ,
4@11 517151 s where ar is @he ith reciprocal axis. Poss;blgvhydrqgen pogltlons;

were deduced from hydrogen bonding and geometrical consideratiohs and confirmed

. by the presence of some electron density in the dlffe;ence Four;er at the estlnated ‘ 
locationq.‘ Since these peeks wore poorly resolved and did not»refine-well when
| aﬁtemptea, the calculated positional paramcters wérd uséd instead but not allowed
to refine; vhowever one.isotropic tempéf%aturo factor fo?'all {ten hydrogens was
‘refined. The #en heavy atons were all inciuded with‘anisotrdpic fempefatufe factcfsa
i The final R'value for 1238 non-zero weighted.détaliﬁ'C.OSG.v.The’R value for>
a1l 1503 data is 0.049. The ueighted R value, /su(aF)*/suF, %), 1s 0.043. The standard
:_dev1ation of an observatlon of wnit weight is 1.09. The ob;;rve& and calcuiated- |
| :structure factors are given in Table I, The final valuésvof the perameters are listed E:
'f  in Table II;. Table III lists the estimated_hydrogeﬁ_parameters.

Discussion of St“ucture'

Figwre 1 shows & ¢linographic projection of tme unit cell. F‘:i.gure'v2'lr>:i.sv a
-stereoaraphic drawzng of the environment around the ruthenlum and aluminum atoms.
In vigualizing the structure it should be reme nbarcd that thcre are lnvorsion centers
et the centers of each octahedron. The elllpso*ds»show the 50% probablility enclosures,‘f"f

and were drdwn:using'the vorsion of OR;TEP9 written for thé IBM 360/67.
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TABLE I

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR At (HZO) 6RuCl 6 4H,0

OBSERVED AND CALCULATED STRUCTURE FACTORS OF AL{H20)6RUCL6.4H20
FCAL0,0,0) = 2590

L FO8 FCA -2 88 80 -1 24 27 5 82 83 H.k= 2, 12 3 78 718 2 732 137 3 31 29 5 42 42 6 8 717 6 84 82 G 130 742 =1 167 162 0 204 193
HeK= 0, O -1 20 12 0 1%8 217 6 109 109 -3 23 28¢ 4 26 22 3 94 94 4 154 146 '] 0 10% HyX* &5 & Heks T, 2 2 100 105 1 180 175 1 112 196
G 418 438° 1 1715 174 7 115 121 -2 138 139 5 193 194 4 233 231 HoKka 4, 11 HeKs Sy T =T 41 44 -7 7% 15 4 405 401 3 288 286 2 184 181
1 21 32 2 25 26 8 62 63 -t 0 60 6 57 53 5 94 92 =4 23 12% -6 B2 45 -6 16 BO -6 108 105 6 140 136 5 138 t42 3 54 83
2 116 11 3 59 61 Hek= 2, & 0 120 123 T 47 45 6 286 286 -3 126 119 -5 146 146 -5 61 871 -5 B7 89 HsKs 8, L Hek= 9, 1 4 85 97
3 &0 50 4 138 129 -7 31 22 1 Q 17% Heks 3, 7 T 22 15% -2 49 58 -4 193 188 -4 226 220 -4 98 94 -6 0 19% -6 33 39 H,Xs 10, 3
HeK= G, 1 4 2323 31 5 186 184 -6 2715 266 2 101 105 =T 71 70 HeKk= 4, 3 -1 %2 99 =3 27 31 9¢ -3 54 52 -5 262 256 =5 22 28% -5 267 265
5 146 145 6 45 48 -5 871 85 3 40 735 b e 16* -7-110 116 o o 5% -2 58 64
6 219 228 MHyk= 1, 9 ~4 236 235 H.,K= 2, 13 -5 7 25 -6 719 T4 1 68 69 -1 175 175
T 21 18% -& 66 10 -3 60 &0 ~2 58 16 -4 202 204 -5 203 205 2 4 & Q9 265 278
8 22 21* -2 613 605 -1 157 192 -1 Q9 14% =4 90 88 3123 114 1 31 38
K 1€1 155 ~1 189 193 0 84 B0 -2 24 16 -3 323 321 4 [ Te 2 26 3%

1 0 16* -1 58 57 =2 32 37 Heka 4, 12 3 0 22¢
1 133 138 2 15 76 0 280 292 -1 530 537 -3 103 107 4 135 131
2 66 71 Hiks 3, 0O 1 190 199 5 0 9e
3 100 103 -7 0 13+ 2 ) 8

26 24 4 377 377 -5 43 40 3 41 43
5 55 50 ~3 218 268 4 205 203
6

T 0
390 379 Q 9 5 5 Q0 .8% Hyks 2, 5 3 25 26 Hyr= 3, 8

1 137 118 8 112 109 -7 92 96 5 124 124 -¢ 56 54 .

T4 69 2 652 627 HyK= L1, 10 -6 41 46 T 223 226 =5 30 32 HeKkz 4, 4 -3 152 158 -1 280 294 ~1 193 201 80 76 <3 43 51 =1 151 149 1 21 20+

0 1s 3 162 154 & 61 =5 173 187 H,Ks 3, 1 -4 117 112 =7 105 113 -1 214 206 0 155 162 0 197 191 0 7 -2 49 38 72 €3 2 105 104

165 173 4 146 147 -4 31 30 -4 153 158 -8 n T2 =3 332 336 ~6 145 149 1173 170 1 63 67 1 295 416 24 3 -1 25 28 1 20 24v 3 82 83
HiKa O, 5 57 45 -3 1£0 158 -3 245 242 =1 21 14 -2 32 27 -5 0 2% 3 6% 6 2 28 32 2 0 10¢ 18 8 0 307 294 2 210 2¢9 4 193 201
345 298 6 175 181 -2 124 134 =2 15 1l4* -6 27 30 -1 105 1902 -4 329 324 5 0 1ile 3 216 217 3129 133 19 24% 2 3 122 125 HeK= 10, 5

9% 89 7 120 t20 =1 19 24 <1 555 555 -5 150 155 € 185 196 =3 137 142 H.Ke 5, 1 4 107 105 4 106 112 115 112 2 33 239 4 107 104 -4 78. 78

3 430 410 77 81 0 39 43 0 243 261 -4 &9 61 1 221 234 =2 453 469 -7 2 S 0 12s 5 93 92 40 3 s9 67 5 =3 96 102

0 699 T4l =5 50 41 -5 0 1% Hok= 89 6 HeKe 7, & 5 62 63 -5 S1 4b =-1171 177
1 35 3% -4 54 58 -4 38 32 1-6 139 140 -6 15 76 6 82 17 -4 53 55 o 111 112
2 284 287 =3 lel 161 =3 21 24% -5 53 49 «5 21 37¢ H)K= 8y 3 -3 &2 51 1 93 9%
29C 284 1 ¢ L1 € 52 S2 3 145 147 -2 362 360 -2 164 173 -4 263 254 ~4 127 126 -6 46 45 -2 192 185 2 0 18¢
4 311 309 -1 16 24% -1 20 15% -3 43 30 -3 2367 238 -5 150 151 -1 71 &4 3 201 204
5
3
7

06 197 =3 14 23+ -4 134 128 7 183 181 3 121 120 -6 24 21 0 low 0 197 177 0 219 227 -2 248 250 =2 26 220 -4 41 44 A 44 32, HyK= 1C, 6
L 62 60 -2 178 171 ~3°58 56 H,k= 2, & 4 128 130 -5 0 9s 178 175 1 &7 S6 1 28 23 -1 0 6% -1 88 92 -3 168 167 1 28 34 -3
2 250 251 -1 83 77 -2 132 116 ~7 64 &5 5 41 44 =4 251 247 102 101 2 185 189 2 163 164 0 205 213 0 202 209 -2 Q 3 2 &1 60 ~2 111 109
3 184 181 ¢ 83 78 =1 124 123 -6 185 186 6 329 340 ~3 63 55 H.K= 4, 5 3 16 20% 3 21 23 1 2 29 1 40 44 -1 123 121 321 15+ -1 L]
4 230 227 1 ‘68 66 -¢ 185 191 -5 58 53 T 48 43 -2 219 222 -1 63 69 4 43 39 4 151 143 2 213 297 2 &1 &l Qe 26 31 4 0 10 0 185 163
5 18 14¢ 2 235 226 1 62 63 -4 117 116 L] Q108 -} Q 11 -6 37 44 5 82 71 5 o L34 3 81 el 3 88 90 1 213 210 5 o 12¢ 1 32 3%
6 211 298 3 58 6l 2 171 110 =3 69 77 H,K= 3, 2 0 235 247 -5 20T 208 6 42 41 Hek= 5, 10 4 36 28 4 114 118 2 90 98 HeK= 9, & 2 86 94
T 134 126 4 39 42 3 22 23% -2 342 339 -8 79 1 42 49 -4 98 101 T 12¢ -4 0 l6% 5 58 S5 s 87 89 3 184 194 - q 16* 3 4T 47
8 9% 90 5 120 110 4 122 121 - 1s -7 93 99 2 130 125 =3 148 149 H,K= §, -3 31 19 6 162 159 6 51 56 4 BT B9 ~4 147 146 H,¥= 10, 7
K= Oy 6 Q 6% Heykz 1, 12 0 315 333 =6 155 161 3 20 23% -2 32 33 -7 100 103 =2 135 130 HeK= &y T HeK= T4 5 5 199 115 -3 126 127 -2 9 17
1 3¢9 303 T on -3 51 51 1 15 12¢ -5 2¢7 212 4 67 6% =1 413 428 -6 74 75 -1 202 209 -6 41 27 -6 113 116 HeK= 8y 4 -2 ] 7+ -1 107 112
2 58 55 8 sS2 &2 -2 0 1* 2 196 197 -4 125 126 5 32 0 81 65 =5 16 77 0 21 29% -5 233 235 -5 ¢ 1* -6 167 166 -1 167 177 0 133 137
L3 AT3 462 H.K= 1, & -1 114 1¢8 3 92 93 =3 291 294 H,Kes 3, 1C 1.223 235 -4 49 52 1 41 52 -4 118 117 -4 154 15¢ -5 0 as 3 2¢7 206 1 168 173
4 72 69 -8 53 51 o 3 3 4 385 387 -2 514 508 -£ Q Lo 2 586 53 -3 201 204 2 86 g4 =3 215 211 -3 103 103 -4 114 110 1 Qo 19* 2 ¢ 21
5 250 247 -1 196 200 1 156 147 5 59 62 ~1 292 296 -4 Q 5+ 3 124 128 ~2 335 333 3 174 175 -2 38 38 -2 353 367 -3 9% 91 2 62 €5 H,k= 106, 8
6 6 72 -6 40 38 2 22 22+ 6 136 130 0 25 36 -3 229 226 4 32 17 =1 206 205 4 23 17¢ -1 270 275 -1 89 85 =2 157 149 3 eq 83 -1 58 56
7 183 187 -5 a as 3 141 132 T 69 67 1 336 332 -2 58 .59 5 170 168 Q 52 57 Hek= Sy 11 0 213 223 o 54 51 -1 19 171 4 127 128 0 220 217
Hekm 0, & =4 259 254 HuKz 1y 13 Hyk= 2, 7 2 420 412 -1 40 44 6 65 &9 1 322 338 -3 0 35 1 140 139 1 6% 75 0 56 61 O 20% Hek= 11,4
0 427 A0S ~3 72 16 - T 56 -1 157 151 3 14l 145 0 64 48 T 121 119 2 3717 384 -2 50 51 2 35 41 2 231 245 1 19 15« 9 5 =3 169 163
1 218 215 ~2 58 52 -1 23 14% - 4 113 110 1 189 199 HyK= &y & 3 152 157 -1 9 9 3 222 223 3 129 128 2 272 284 Q0 21s -t 65 63
2 126 115 -1 190 187 0 86 82 -5 91 87 5 129 125 2 111 105 -7 L34 4 144 14t ] [] 4 & 112 119 4 21 21* 3 8% 90 Q 17e 1 15 81
3 110 111 G 511 544 1L €9 7 -4 152 150 6 75 74 31 34 -6 31 30 5 227 229 1 31 3 5 98 87 5 22 33 4
4 207 284 1 272 261 97 86 -3 222 214 7 84 88 4 38 36 =5 109 106 6 148 168 2 0 18% HyKs 6, @ 6 175 168 5 0 18% 302 302 HeKk= 11, 1

2 .
5 114 109 2 T2 T& Hyks 24 O -2 S& 57 HiK= 3, 3 5 96 91 -4 193 191 T 60 64 3 Q 20 -5 79 72 H,K= Ty 6 HeKse 8y 5
6 320 316 3 239 235 -8 193 199 -1 180 184 ~8 111 115 Heks 3, 11 -3 94 92 HeKa Sy, 3 HiKa S, 12 -4 115 114 -6 23 19¢ -5 112 112
288 307 -7 81 90 -4 33 232 ~2 Ak 44 -7 0 8% -2 33 S -3 < & -5 117 127 -4 98 101

5 185 180 =7 138 138 4 35 38 6 60 S9
6 23 17¢ -6 T3 73 5 165 193 Hyke 2, 9
HyK= 0, IO -5 G 10e & 182 102 -6 11 Te
0 262 248 -4 44 45 T 238 245 =5 144 144
1 138 121 ~3 248 249 8 0 21* -4 29 20
2 87 74 =2 34 34 HeK= 2, 2 =3 304 290
3 29 25 -1 180 180 -8 157 149 -2 162 170

-4 0 21

-3 32 31 5 121 113 H,K= 8, 7 3 9 22¢ 3 23 1ae

-2 191 193 HeKa Ty 8 =5 9¢ 100 HyK= 9y B H.Ks 11, &
19 ts¢ -1 38 38 -5 91 98 =4 23 24% -3 134 135 =3 23 33*

0 106 104 -4 81 79 =3 213 214 - -2 19 -2 ] 9%

1 65 68 -3 T2 78 -2 81 83 ~1 32 34 =1 159 lé64

2 139 142 -2 30 24 =1 145 148 Q161 98 -0 95 92

14 2% -7 B7 &9 -1 83 84 by 2 3 ] as -1 134 136 0 21 9* 1 134 124 1126 129

T 23 20% 4 264 257 -6 129 136 [ 41 46 <2 161 153
K= 0 5 79 78 -4 255 264 1 366 387 -6 243 251 -3 22 31 -1 172187 -6 88 87 -1 O Z8s -2 220 228 -6 30 27 -3 279 271 203 206 -1 0
1 314 311 6 118 113 -2 143 §5 2 65 62 -5 127 128 -2 0 13% 0 231 243 -5 38 4¢ Q9 23 22¢ -1 81 B84 -3 224 220 -2 20 12+ 0 9% 90
2 12 718 7109 114 9 611 561 3231 228 -4 321 322 -1 79 &8 1 155 166 -4 230 237 1 23 29¢ 0 90 83 -2 51 48 -1 150 142 19 7 131 32
3 182 1764 HiKe 1, S 2 830 803 4 154 155 -3 93 80 C 0 B* 2 95 94 =3 4T 48 HiK= 6y O 1 77 80 -1 202 207 O 82 B0 H.,K= 9, & 2 204 183
4 32 9 -7 91 a9 4 287 286 5 254 255 -2 253 257 1116 123 3 98 103 -2 127 129 -6 281 261 2163 206 0 50 39 1323325 -4 23 21¢ 3 40 50
5 180 173  ~6 225 226 6 286 291 & 22 24+ -1 101 103 2 12 75 4 191 185 -1 S5 75 -4 323 321 3 21 22¢ 1139 131 2 495 49 -3 159 15T HeK= 11, 2
6 106 104 -5 26 26 8 &7 .86 T 92 89 0 416 439 3 67 66 5 8! 85 0 309 315 -2 429 423 & 165 182 2 0 10 3 246 266 =2 4B 46 -4 67 64
T BT 91 -4 T2 T2 HiK= 2, 1 Heke 2, 8 25 27 4 0 20¢ 6 0 19% [} + 0185 198 S 66 61 3129 136 7T+ -1 118 [21 -3 17C 163
HeK= Oy 8 -3 192 185 -8 O 178 -~6 19G 185 2 365 362 Hek= 3, 12 Hek= 4, 7 2 215 218 2 105 108 HX= 85 9 “ 5 l4é 142 21 6% -2 122 120
0 257 242 -2 485 480 -7 &7 81 -5 92 88 3 21 15 -1 5¢ -5 116 115 0 10% 4 314 308 -5 136 137 5 51 48 H,K= 8; 6 1175 1860 ~1 90 97
1793 78 -1 89 8T -6 105 196 -4 217 217 4 204 202 -2 23 28% -5 199 202 4 306 307 6 68 66 -4 23 30% HK= T, T -5 &5 67 9 22 6
2 191 186 0 166 198 -5 291 295 =3 19 9¢ 5 0 1l*¢ -1 0 108 -4 20 17¢ 5 19 55 Hyks 6y 1 =~3 57 &5 -5 16% -4 156 160 3 129 145 1 150 146
3 0 12¢ 1 79 86 -4 26 32 ~2 170 172 6 83 85 G 0 14 -3 217 213 6 175 171 -7 228 2641 -2 115 120 -4 22 28% -3 &3 &7 2 108 103
4 52 49 2 €18 604 -3 0 21% -1 104 108 T 22 25 1 63 T2 -2 90 94 7 52 47 -6 87 B& -1 232 233 -3 0 I3% -2 354 381 HyK= 9, 7 3 o2
5 55 55 3 151 150 -2 455 445 0 284 308 H,K= 3, & 2 0 15¢ -1 254 263 H.K= 5, & =5 216 225 0 21 29% -2 212 225 ~1 123 119 -4 9 30% HKs 11, 3
6 152 147 4 100 9% -1 521 482 1111 107 -7 96 95 3 102 85 ] -7 9 13% -4 18 Ile 1 21 28 -1 20 27+ 0 204 211 -3 23 16% -3 46 51
K= 0y ¢ S 38 33 o 33 23 2 258 259 =6 105 100 H.ks 3, 12 1195 206 -6 0 169 =3 497 459 2 113 111 6 52 58 1101 97 -2 119 113 -2 235 189
1 258 251 6 139 137 1 513 475 3 33 29 -5 281 288 -1 T4 &9 2 47 53 -5 251 254 -2 29% 293 3 269 265 1138 137 2 407 413 ~1 115 118 -1 4
a 7T 0 76 2 439 431 4159 161 -4 218 218 ¢ ST 56 3 307 310 -4 215 213 -1 261 268 « 23 23s 2 210 220 3N 2 53 35 0 182 167
& 36 26 HeK= 1, & 3 654 632 S 95 91 =3 @ 57T+ 1 0 16 4 20 6 -3 194 189 9 40 5 H.,k= &, 10 321 24 4 149 140 10 13» 1 G 11*
-2 ¢ 277 281 1 92 - 5 47 48 2 134 137 2 163 162
-1
q
1
2
3
4
s
&

395 395 ° -6 250 247 Q0 18 20s 113 103 -7 76 083 H,K= 6, 11 0 135 130 1 228 2286 2 23 27 2 40 44

41 A0 -5 46 50 1 369 380 7 Q 7% HeK= 4y 1 0 260 268 T 41 &7 -6 151 148 -3 108 114 1 59 53 2 21 27% Hyk= 9, 9 N-;' 11, zS
3

o

1

H 1 2
1 251 229 3 283 2715 -4 339 340 2 162 162 Hyk= 3, 5 -8 74. 87 1 71 79 Hek= 5, 5 =% 79 83 -2 40 46 2 21 21 3 77 19 -2 bl 5% - 23 *
2 36 237 4 1B 10% -3 248 245 3 56 59 -7 81 87 =1 266 276 2 217 291 -7 10 70 ~4 225 222 -1 154 161 3 147 149 4 0 o -1 o 4% -1 65 62
3 164 156 5 172 171 -2 437 423 4 36 35 -6 15 81 -t 20 1%* 3 [ 4% -6 22 23¢ -3 200 154 0 .35 3s 4 65 64 Heks 8, 8 9 33 2 0 154 149
o 3s 6 9 13¢ -1 155 154 5 133 127 -5 19 20¢ -5 192 195 4 288 290 -5 20 2% =2 296 289 1 94 98 Hek= T, 9 -4 77 80 1 0 17* 1 33 37
Hek= 0O, 1 7 125 131 Q 4£0 445 6 71 71 -4 138 141 -4 154 1l&6 5 .54 60 -4 317 319 =1 41 41 2 41 S0 -4 T0 66 -3 0. 11*® Hexe 10, 0 2 ] 4

2
0 250 228 H.K= 1, 7 1 218 222 Hek= 2, 10 =3 1€0 157 =3 448 446 6 88 93 -3 138 144 0 308 315 Hsk= 7, 0 -3 32 38 ~2 153 152 =4 111 119 H,Kk= 11, &
159 158 -7 138 137 -2 9 15+ -1 53 57 -2 172 17% ~1 471 54

1 118 105 =T 23 20% 2 3¢4 2390 -5 32 32 -2 225 221 -2 4B 48 H.,K= 4, 9 -2 126 127 1
2 163 157 -6 135 132 3 212 208 -4 170 170 -1 s2 98 -1 181 177 -5 4 122 -1 ¢, 18e 2 289 257 -5 243 244 -1 4 hld c. 91 97 2 251 247 ' - G 41 39
3 121 110 -5 167 182 4 256 253 3 29 27 0 261 256 Q 12 18% -4 21 ae 0 149 167 . 3 112 115 -3 40 137 0 30 27 1 53 53 2 257 264 1 53 53
HeK= 0, 13 -4 5 =2 121 124 1 111 113 1 330 335 =3 253 248 1 61 64 4 279 218 -1 366 360 1 43 8 2 1T 76 4 19 80 H.,K= 12, 0
T 86 8l -1 55 50 6 180 177 -1 5 54 2 5 27+ 2 28 2% -2 0 lée 2 85 8 s 29 2v 1 201 225 2 66 10 3 Q 2% HeXK= 10y 1 =2 167 163
2 ] 8 -2 288 277 17 3 0 194 209 3112 173 3 493 4T6 -1 183 187 3 51 &0 6 168 166 3 237 238 3 G 14 HeK= By 9 -5 134 126 0 33 48
Hek= 1y O -1 214 218 a8 %9 95 1 74 65 4 298 294 4 142 140 0 38 26 4 161 159 T 41 238 § 15 70 Hek= 7. 10 -3 107 107 -4 ] 4% HoK= 12, 1
- 36 42 G 31 235 HeK= 2o 3 2 204 201 5 43 44 5 200 195 1 177 184 S 21 22% HeKe &y 3 HK= T, 1 -3 23 27¢ -2 [ 9% -3 1C3 96 -2 23 31+
=3 474 450 1 63 66 -3 70 63 3 21 1le 6 30 26 L] 0 5% 2 ] L4 6 54 55 -7 106°110 -1 22 1» -2 22 28 -1 116 115 -2 176 1&5 -1 80 7%
=1 343 328 2 279 271 -7 194 197 4 126 122 7T 79 85 7 180 182 3 340 333 H,Ka 5, 6 -6 96 87 ~6 149 154 -1 135 138 o 39 29 -1 229 232 3 a 29
1 342 330 3 25 18 -6 114 11 5 33 34 HKa 3, 6 Heke 4, 2 4 31 29 -6 67 76 -5 20 kid 108 107 0 50 45 1123 124 0 20 Te 1 168 189
3 358 2356 4 59 54 =5 4T2 466 Hik= 2, 1 -1 4s -8 8% 89 5 83 717 =5 229 235 -4 192 191 212 210 1 23 28e 2 4 7* 1 222 216 HeK=s L2y 2
5 359 362 5.29 18 -4 2713 271 - * -6 21 200 -1 22 T4 HeK= 4y 10 -4 39 3% -3 222 221 . 1 2 65 &8 3 24 10¢ 2 155 156 ~2 242 240
T 212 213 6 178 179 -3 413 405 153 147 ~5 65 68 -6 325 336 -5 100 100 =3 45 4% =2 219 219 , 38 42 H,K= Ty 11 H,K= 8¢ 10 . 3 165 162 -1 C 174
Hekm 1o 1 T ST 68 -2 319 324

1
%0 9 2 307 311
=4 515 512 -3 320 310 3 322 219
4

-5
-4
-3
-2
70 65 -4 18 17¢ -5 80 83 -4 136 138 -2 50 S4 -1 104 107 -1 16 19¢ -1 41 57 -2 82 80 4 [} 2 0 139 139
[
1
2
3
4
268 284 s

308 316 -4 508 498 -5 199 205 -2 213-210 1 169 166
. -

29 2 [ T 1 13 L1 248 259 273 263 47 AT -2 2310 248 , -3 57 49 -1 [

E:3 R
Zero-weighted data. XBL 692-218
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‘Ru

cd(1)

ci(2)
ci(3)
0(1)
0(2)
0(3)
0(4)
0(5)

0,08

i POSITIONAL AND THERMAL PARAMbTLRS N A&(H 0)6-4H o—’

x

(

0,58

;mmsﬁ)
«3649(1)
«3732(1)
-0980(3)
+1091(3)
.0980(3)
«1113(4)

o .3732(4)

b4
}.

0:0%

“01037(1)

’-.0675(1)‘
«717(1)

L 01182(3)
-,0023(3)

~.1152(3)

Ceo1447(3)

.1726(4)

z
0.0%
0.0%

.2176(2)
-.2551(2)
Aj00301(2)‘

e2194(5)

-1136(5)

.5164(5)
.4869(5)

- 7--' A

”11

_ ..T'oéé(sj )

1.50(2)

2.12(5) -
2.15(5)
'f2,03(5)
=.1090(5)

2.3(2};

" TABLE pad o

, _22‘”ﬂ
2.38(9)

2.33(3) "

3,15(6)

-3.42(6):f
1 2:65(6)
3.1(2)
2.4(1)
2.1(25.J
het(2)
3.8(2)

393(2).'

3.1(2)
3. 1(2),7

—-.-33_ :

2;16(8)

1075(2)

2.37(5)
2.11(5)
- 3.11(6)
2.7(2)
2.4(2)
2.7(2)  3.2(2

3.2(2),

2.9(2) 1 ~
3.1(2) :
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B Hs

=e04(8)  +12(7)
;.01(2) '013(2) 

=07(5) A4(4)

~29(5)  .00(4)

A7) 7W)

S =6(1)e2(1)

o3(1)  w=e2(1)

=e1(1) < 1e6(7)
4 .a()
.6(2)

09(1)  

ETe standard deviatlon of the leas» 31gn1flcanu flgnre is glvcn in paronthe31s.

~$he thermal. parameiers: arevln unlts of Az

—Papameter fixed by symmetry.
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—.o7(2)

42(5) -
;;29<5)' 
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Atom x
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 ESTIMATED HYDROCEN PARAMETERS®

S H(3) 198 (;,037{{Tn‘- B

H(4) 109 046 .31
5(8) 4186 =u099 =41

"iT'H(é)f 07 f—;786 ;'~i o

KO um w05 2

v

RN

-These atoms were included in

H(10) 2383 T4 ;,;346j-,-,]

the 1eagu-‘ ”

_squnres calcuiatlon but uhelr positional

- parameters were not refined. |

One lsotropxc.

température'facto* was used'fof a1l ten-

~atoms, gnd it is B WACR

0.7 32
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Interatomlc dlstuncee and angles are reoorted in Tables IV and Voi The: chlorine
and oxygen~octahedra are nearly regular, There is no 31vn1f1cant dllference
among the Ru - cd dlstances or the 44 - 0 dlstances.‘ The anlon—anlon~dlstancesv;
‘and the corrcsoondlnn angle0 at the central atom dlffer by as much’as: 1) eut¢matcd
standard deviations and are llkcly to be significant in terma of the accuracy
of the expcrlment. " These dis uortlona are tr1v1al for most chemical purposes
and probably reflect the unsymmetrical arrangcmeﬁt of thc hydrogen cqnds which -
tie the structure together. | | |

Bocd distances énd angles permit assiénmenthof'severgl hydrogen atoms to
hydrqgeﬁ bonds. In each of ﬁhe»water molecuies codrdinatcd to A&,vthese.bondsA
are to ':ahcther | c water molecule and %o a‘chlorice}atom. ‘The
~coordinates in Table,IiI are caloulated frcm.thé heavy atom pdéitions; for
these atoms they are confirmed approximately by peaks_ofvélectron:density of_froﬁ”:
0.6 to 0;9 electrons/A3.invthe difference functionJ‘vFof fhe'nncodrdinatﬁdxwﬁié?
 molecules, the hydrogen poé*tionsrcre less obvious. 'The short diétance»between b
these two molecules  corresponds to a hydroaen bond, and the anvles at 0(4) imply
that one of 1ts hydrogen atoms is in uhls bond. If 1ts other hydroge;;§3“tnen
,anproxlmately tetrahedral with respect to the other three bonds to this atom
‘it is pointed between two near chlorine atoms of type C£(1) and 03(3). In the .
‘difference function, peaks of about 0.5 eléctroﬁs/ASvccincide approximétely-with
these tvo hjdrogen positions., ‘This suggeéted 1ocation for»the‘sécdnqﬁhydrcgen‘ 
aton corre;pondsrco the geometry which has been refcrréd to in othér crysﬁalsT L
'.as a "oifurcated hydrogen bond". We use the term in the present case tc de;c
scribe the geometrical arrangement, without intending to imply anything about‘

the magnitude of bond energy, if any.




; o
M - 20(1)
AL - 20(2)

s -20(3)

Ru = 2 C4(1)

Ru = 2 C{(2) N

Ru - 2 C4(3)
o(1) -0(2)
0(1) - 0(2)
0(1) = o0(2)
- 0(1) - 0(3)

0 e e

© - PABLE v

PRINCIPAL INTERATOMIC DISTANCES IN A%(H o)énuc% ‘4H2

Dist(R)

1.883(3)
Cressi)
1.873(4)

«372(2)

2.570(2) .

- 2,631(5)2
.,2'697(5)‘ o

C2.6700F

2.665(6)2

- Z34gerin 4L octahedron

'ﬁydrogen bond. |
& Zfurcated hydrogen bond, '.'
g'Edge in Ru qétahedron.' : ’”

| Atoms

0(1) = o)
0(1) - c(s)
o(2) - 0@
Lo —ol)
 _QQ);_0“):<f
2.084(2) ,5f:_; c(2);._ ct(1)
Soa(s) = o(s)
©0(8) - c%(z)g;f
. 'O(A)fﬁévo(s) i;
0(4) = cb(1)

Dist(A)

- 2.676(5)§_1,3;
s
e
26810502
,2-687(5)§2ﬁ;i1;

2.596(6)2
50660402 .
2.8
i 3.31§(4)9 i;ﬁﬁ;f

f 5;vAtQms o
o) - ok(s)

l}:?o(s) - c(1) -
) s k@)
~0(5) - C4(3)
62(1) - ci(2)
_3;038(4)é;£;;;{ﬂ¢c£<1),--ca<z)i

- v;’Cf(1);? oU3)
' 309(1) - C4(3)
cl(2) - 6L(3)
t(2) = ok(a)

UCRL~18800

3lDi§t(2) \i '
3>26€(4)° ;‘

B9
3.¢95(4)a{7

&)

a9 |
3.342(2)d‘-- ;
3.363(2)%

st
3.411(2)Qv B
a9t
j 3.393(2)4_? -
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ABLE '

PRINCIPAL ANGLES IN A%(H o)énuce .43 o

Atoms 7" ' An”le(o) o AuOmu #%5wn : Angle(o)niﬁf?

Octshedrel gngles . Angles 1nVO1vﬁng ‘hydrogen bOﬂdo'i.v. '

0(1) - 42 = o0(2) - '91.4(2) - | 0(4) = 0(1) -,cﬁ(s) 101.7(2):f'
0(1) sl -0(3)  u4(z) . O) Zo(@)-ok1)  105.5(2)
02) -4 -0(3) - 912 - o)
oL(1) - Ru - CL(2) -99.4(1)' '.4 7‘l;,o(5) 
ci(1) = Ru = Ci(3) 91.7(1) f *5_ ,_0(5)5?;.0(4) - c£(3) ; 133.5(2)8
ol2) - Rn - Ch(3)  gna(1) 9&{1)‘- 0(5) = cA(a) 125.7(1)2
B O ok2) ai§(5)'¢ c4(3) 12850108

g:Angles‘iﬁvolving bifurcgtéd'hydrogén bonds,

os) - CP(2>:.;;100.7(2) o |
oU) - ckn) TR
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CIf its hyarogen atoms are approx1matcly tetrahcdral wlth respect to the two ext rnel_ggv“
) hydrogen bonds  then - one~»i in. the geometry OI tne 0 1furcated-bovd" wi‘h

N respect to the . pair:. of chlorlne atoms, 08(1) and 03(2) and one. p01nts o

BEL R I S UCRL-18800

The othorumamrdxnatcd water molecule is an &ccepton for two nydrovcn bonds. Ti-TL=

It has no other nelghbors at‘dlstancee apﬂroprlate for ordlnary hydroben bonds.».A

the C2(3). The dlfference funculon shows pe aks o: about O 25 electrons/A at’

~ dicted ones, but ‘the low densmtj implies tha* these atore have con31derable free- L

_Theyhfoundlan”averageAO- 0 distance of 2.669 A,Vcompareg to4our 2;ob9fﬁ,randi;"f

(0.41, 0. 16 0.60) and-(O 42, 0.17, 0. 40) These locat*ons are near the pre~

dom of motion’ or, alternately, have a dlsordere’i structure.- . _ |
In summary, the structure consists of A%(h 0)6 ana Ru(C%)é octahedra

tled together w1th hydrogen bonds to each other or to theumunru natgw.water‘

molecules. of the ten independent hydrogen»atems, four_are 1n,bonds of typeea,f

0~-H .'; . 0, three in bonds of type 0_-‘H . .:;'Ca,ﬁand;three'a:e not ‘in

simple hydrogen bénds.

"._r.';?
o

The Ru - C{ distance: reported here ievslightly larger, by about, 0.03 K;ig;]",;?,x'”

than the distances that were found for the.tetra and'pentefchleridee'involving}iiff”

Rq(III)J‘f'o;The octahedren of‘Water moleeuleé'around théﬁeluminum'is leésfleAL~ffe:f:'f'

symmetrical than the octahedron found by OLaya et al., in: monomeuhylammo-'iffr

niun alumlnum sulfate alum.ll In that compound the: alumlnum isat a s;te of ;3;,; ;-.f

point Jmmetry d and there is less than 0. 0‘ A spread 1n the O -0 dlstances.i,éefn'

reported an A2 - O distance of 1.886 & compafedftof1.830253{theucdhpound_weii:

have studied.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or ‘

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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