
i 

Submitted to Inorganic Chemistry 
UCRL-18800 
Preprint 

THE CRYSTAL AND MOLECULAR STRUCTURE OF 
HEXAAQUOALUMINUM HEXACHLORORUTHENATE TETRAHYDRATE 

LIBRARY A!\jD 

noel 1M.£: NiS 6£<.:7Iu ... 

Ted E. Hopkins, Allan Zalkin, David H. Templeton, 
and Martyn G. Adamson 

February 1969 

AEC Contract No. W -7405-eng-48 

"~".<3: 
~ .' 

TWO-WEEK LOAN COpy 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy. call 
Tech. Info. Division, Ext. 5545 

c::: 
() 

::0 
t"' 

LAWRENCE RADIATION LABORATOR~ ~ 
UNIVERSITY of CALIFORNIA BERKELEY'l'f g 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the Unitcd States Government or any agency thereof or the Regents of the 
University of California. 



• 

-1.,.. UCRL-188oo 

CONTRIBUTION FROM THE LAWRENCE RADIATION.LABORATORY AND 

DEPARTMENT OF CHEMISTRY, BERKELEY,.CALIFORNIA 

~ Crystal ~M~l~Cllm pj::JZucture £%. !lexCla£..,uoalu!'!}inllITI 

. 1 
He~achl£f~ruthe~at~ yetrFhy~~ate. 

BY TED E. HOPKINS2 , ALLAN ZALKIN~ DAVID H. TEMPLETON: AND MARTYN 

G. ADAMSON 3 ,~ 

An X-ray diffraction study of a single crystal of M, (H
2

0) 6·R,uC..f..ct4H20 

showed that it is monoclinic with~ = 10.492 A; b = 11.415 A, 

c = 7.069 A, 8 - - -3 = 92.69°, Z = 2, and D = 2.045 g cm 
, J{ 

The space 

group is P2 l /n. The ruthenium and aluminum ions are found to 

lie at the centers of slightly distorted octahedra of chlorines 
.> 

and water molecules,' respectively. The hydrogen bond network 

connecting the octahedra is discussed .. The average Ru-ct and M,-O 

distances are found to be 2. 375a.nd 1.880 i.~ . 
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Introductj.on 
-~--"",--,..--,..,.. 

. The aqueous ruthe~ium species are being studied in this· laboratory by 

Professor R. E. Connick and others, and this research has provided a number of 

interesting ruthenium salts. We have investigated the structures of several 

of these compounds to help in the corrola.tion.of the optical spoctra. of thQ 

~olutions \d th tho environment of tho ruthonium ion. Structures involving tho 
. 4 

aquo-tetrachloro and aquo-pentachloro ruthenium species are reported elsewhere. 

In this paper we describe the structure of At(H20)6RuCt6"4H20, a salt of hexa

chlororuthenium (III). 

A solution of aluminum chloride in hydrochloric acid was prepared by 

dissolving 0.3 g analytical grade anhydrous AtCt3 in 15 ml of con~entrated 

HCt with a minimum of heating; the resulting solution was then filtered and 

allo\oTed to cool. A 0.15 M Ru(III) solution in concentrated HCt was prepared 

by dilution of a pure,Ru(III) stock solution. S Both solutions were deoxygenated 

by bubbling with pure nitrog~n for half an hour. They were then mixed, and the 

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

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

solution were.separ-ated on a Buchner funnel,. quickly washed with a minimum vol

ume of ice-cold ethanol fo11o\oled by ether, and then dried by suction. The cry-

stals are stable in air at room temperature. 

Ana.I. Calcd. ~or A.eRuc.f,6(H20)10: A{" 5.18; Ru~ 19.40; ct, 40.80; H, 3.84. 

Found: At, 5.21; Ru, 19.28; C·t, 40.95; H, 3.82 •. 

, 

.. 

, I .. 
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For taking the X-ray d.iffraction data;l we used a single crystal in tne 

form of a triangular plate 0.17 ~~ on an edge and 0.07 mmthick. A General 

Electric Co,. XRD-5 X-ray diffraction unit equipped wi th a molyi:xiem.nn tube 

(1,,"0 lia1, ~ =.0.70296 A), a scintillation counter, pulse height discriminator, 

and a quarter-circle Eulerian-·cradle-typegoniostat was used. The tube was op

erated at 50 kv and 20 ma, with a Zr filter at 'the receiving slit. 

The crystal was oriented with the h axis coinciding with the¢ axis, the 

polar aXis of the goniometer head. The cell dimensions were obtained by measur

'ing the 28 (8 is the Bragg angle)-values of the hOO, 0tO, andOO~ reflections 

whose 111 and a2 components were resolved. Tne ~~( angle was measured directly 

from the angle between the hOO and 001 sets of reflections. 

A graph of the background was prepared 'for various values of X and,¢ as a, 

function of 28. Typical values were 18, 10 and 3 counts/sec for 2&= 6, 9, and 

-150
• For 28 greater than 280

, the background was constant, at 1 count/sec. 

Individual backgrounds were determined for those reflections-which were higher 

orders o~ strong reflections. 

The stationary crystal, stationary counter technique was used with 10.second 

counting times for each refle,ction. Of the 1503 independent reflections measured 

(28 10sz than 500
), 154 were recordod as zero intensity. The data were corrected 

for Lorentz-polarization effects, but no correction was made for either absorp-

tion or extinction. The calculated linea~absorption coefficient is ~= 19.3 

cm-1 for molybienum radiation. For the ' crystal used for the structure determi-

nation, ~R = 0.3. The strongest reflection (011 ) gave a counting rate of 9931'1 

<" counts/ sel.:. -
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.Fom'ier, least-squares 'and distance calculatione vere pertormed using Om' own ~ 

unpublished programs. The tull-matrix least squares program, whichia a··modification· .: .. ,.:.', ~l 

ot an early unpublished vera ion of one given us by P. Gantzel, R. Sparks, and K. . t, "' .. . r: .. q 
. ", '.' 'I 

2 2 . " .,:i 
Trueblood, minimizes the function ~(I~I-I~P I~'~I • ~ and !1;. are the observed, ", :,:~ ~.I 

. and calculated structure tactors resPl'ctivelT, and ]tis. tbe veighting tactor. Atomio. ',' .. :.':'<, r' . . . ..... .. ' .> .... t 

.; scattering tactors for RU

6
+S, At+3, ct-1 ~ and neutral oxygen vere taken. trom Cr

7

omer' .... '.",. it 

and Waberts c~mpUation, and neutral hydrogen trom the International Tables.· :~. ". . II 
:".: r·j 

Both the real and the imaginary parts ot the anomalous dispersion tor ruthenium, .. ;:."', It 
aluminum aoi cblorine8 vere included in the least 8CjUar88 calCUlations.,:';';:!) 

l! was set to·1.0/;(lu~. vith the exception that when 0'(1) ,Ibelng the net count,; :'~; '.' . ,1.1 

was leas than I then the reflection vas given zero veight.· The standard deviation " .... ',' 't 
'. . II 

of the observed structure factI)!' vas calculated 'a80'(~) =;~~n~:··.p(I)lLp)Vher. :;':".~"': f'l 

s 1s a scaling factor, 19, = I(SI/Lp)g' andLpis the Lorentz-polarization correction. : .... t·:.::> .. ::t! 
In turn 0'(1) = /'(1 + (E,I)2 + 2B +o}),Vhere p i~ a tractional. uncertainty in I, .' ::." .... ::::::::-::.; . tj 

.' , II ; 
".... 1,'1 , ... (-,.' .' . f! 

. ' ... '.. rl 
B is the background, andq represents an uncerta1ntyin tbebackgrowxl • . R vaa eet 

to.O.06 andi to 12. :, tl 
The primitiVe cell contains .two tormulaunits of At(H20)6RuCt6·4H20.··· It ' ... :< .... :,.,'. fJ 

. .' ;. :.;.t . ~ " . '. :" • r: 

is monoclinic with dimensions 11 = 10.492 ± 0.005, ~::: 11.415 ·f· 0.005, £=:7.069 t-i..::·;·;~·· "".c.>.: II 
,. '" ." I.' 

. 0.005 st, am ! = 92.69 :i: 0.02°. The calCa:iated deDait,' ie 2.045 gjco; i'iuo" \)' ,.: '. It 
. conditions 'limiting possible rerl.ections were hO~a 11 ..,.! = 2n, am 0AO' k ~ 211"':: .\;'./.~: '." I 

These c~nditionscorrespond to space group P2
1
/n. 

~~!!:!!J!B!!2D 2!: J~B1! §g~m:! 
• ",' ... j: 

,':": II 
'.:,~ . . ... : .. .';',:-,. :f 

! f.l . . :. H 
The cell contents and space group P'?-1/nrequ1re .Ru and. At to be at centers' , : ,.'; '-., : :" ','. If 

ot a;pmmotq, aoi onli three disUno": COD!binatiODBot ouoh eites 8xtet. Ybe thr_ '\ :"':,, -J rl 
dilD8nsional Patterson'is consistent with only one ot the.e, which .~. betaken' &e.' .'.. " . .. ,.! 

At in 2(a)& .0,:.0,.0, 1/2, 1/2, 1/2 .. "1 +.'110 .:, .f, ". .~. 

.,,, ..... 

All other atoms are assigned to general positional 
, I I , j' 

4(e)a t(~, l, !I 1/2 - ~, 1/2 + l' 1/2 - I). 
'. , ., ' 

'.' •• • • " l,~ I 

, 
I . . '. ! I 

. Ii 

. II 
Ii '. q 
't }, 
:.I 
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Trial coordinntes for the chlorines and the three water molecules coordinated to 

aluminum.were derived from the Patterson function. Four cycles of leas~ squares 

refinementvlith isotropic temperat~e factors of the ~orm exp(_Bf...-
2
sin2

e) gave 
~ . 

a value of g =.0.18, where·11 = L:\b.Z .1/L:I.r~), and fiE =IEJ~6. The electron density 

function, phased with this structure, shO\Iled'two additional waters ,or 'crystallization. 

Several more cycles of least squares with anisotropic thermal parameters reduced . 

B,to 0.054 •.. The ~isotropic temperaturo factor had the form exp(-~l1h2-Q.22k:-~3~!? 
-2~~hk-2~'3h~2~fJ(t). In reporting the th~rmal parameters below we have converted 

~ . to B .. which·is in units of 22; the relation between these two quantities is 
~ ~. ' 

4~ = .atgl~' where ~ is the'ith recipl"ocal axis.· Possible hydrogen positions 

were deduced from hydrogen bonding and geometrical considerations and confirmed 

by the presence of some electron. density in the difference Fourier at the estinmted 

locations. Since these peaks were poorly resolved and did not refine \.;ell when 

attempted, the calculated positional parameters \1lC1"0 used instead but' not allm.rcd 

to refine; however one isotropic temp~rature fac~or for all ten hydrogens was 

refined. The ten heavy atoms were all included with anisotropic temperature factors. 

The final Rvalue for 1238 non-zero weighted data .i5 0.036. The R value for 

all 1503 data is 0.049. The vleighted R value9/(D..:J.(Sff.,)2/D,rFo2)9iS 0.04'8. The standard 
. -

deviation of an observation of unit weight is 10090 The observed and calculated 

structure factors are given in Table I. The final values of the parameters are listed 

in Table II.. Table III lists the estimated hydrogen parameters • 
.... 

Discussion of Structure· 
~~~~~~~~~ ~~ ~~--~~~~~ 

• Figure t shows Ii clinographic projection of the unit cell. Figure.2 is a 

(,)stereographic draYing of the environment around the ruthenium and aluminum atoms. 

In visualizing the structure it should be remembered that there are inversion centers 

at tho centers of each octahedron. Tho ellipsoids show the 50% prob~blility onclosUl'es, 

and wore draWn using tho vorsion of OR'l'EP 9 written for the IBM 360/67. 
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TABLE I 

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR Ai (HZO)6RuCl { 4HZO 

" 
Q8SERVEC AND CAlCULAfEO STRUCTURE FACTORS OF Al (H20) 6RUCl6.4H20 

FCAIO,O,OJ .. Z5'i1Q 

l Foe feA -, •• .0 -I ,. 21 • . , ., H.K" ,. 12 , 7 • 7e 2 732 737 , 31 ,. • ., ., • .c 77 B •• .2 G 130 742 -I 161 162 o 204 1';13 
H"K- O. • -I ,0 12 0 198 211 6 10'il 109 -, 2J , .. • 'B 22 , •• •• It 154 146 B 0 10. H,I(· B. • H,I(,_ 7. , 2 100 105 1 leo 115 1 112 106 

2 40) 346 a "18 "38· I 115 174 7 115 121 -2 138 139 5 193 194 " 233 231 H,I(_ .. 11 H,K • .. 7 .-7 " •• -7 7. 75 " "05 401 :) 288 286 2 let. ~81 
,. .' It 790 191 I 21 ., , 25 'B 8 B' B' -I 0 B' • " " 

, •• ., -. 2J 12' -B ., •• -B " 80 -6 108 I.' • 140 116 5 ue 1'12 , .. 53 
6 118 '" 

, 116 III , •• BI H,,.; .. ,. • o 120 123 7 • 7 •• 6 286 28b -3 126 119 -5 144 144 -, ., .7 -. 87 •• H,te • .. I H,K'" '. I · •• .7 
8 258 259 , .. '0 4 138 12'i1 -7 ,\ 22 \ 0 11. H,It. ,. 7 7 22 \S. -, •• " -4 193 1'88 -4 226 220 -. •• •• -. 0 \ .. -B " ,. H,I(. 10, , 

H,li(,- .. I " 323 321 5 186 184 -b 215 266 2 IClI 105 -7 7\ 7. H, 1( .. .. , -\ ., ., -, " 3\ . -, 0 .. -, •• 52 -5 262 256 -, 22 'B' -5 2b7 265 
I 781 695 5 146 145 B •• •• -, 87 85 , 40 ·35 c B • \B' -7·110 116 • • .. -, •• B' -2 193 195 -2 259 260ft -4 113 111 -4 21'il 204 -4 118 111 , • \ .. 6 21'il 228 H,I(. I. • -4 238 235 H,K_ ,. 13 -. 0 ". -. 7.' ,. \ B • .. -\ 175 175 -1 166 162 -1 158 \6\ -3 199 201 -3 128 122 -3 18~ 185 
3 158 158 7 2\ I.' -B 'B 70 -, BO BO -, 5. 76 -~ 202 204 -5 203 205 , 0 .. a 265 '218 a 351 368 0 17 .. -, •• •• -, 0 19' -2 124 126 
4 119 17. • 73 76 -5 22 2\' -2 613 605 -\ lC;1192 -, a \ .. -. '0 •• 3 123 IH \ 3\ '8 \ " " I •• •• -I 388 ]en -I 27 22 -1 261 268 
, 298 297 H.IC- I. , -.., 161 155 -\ 189 193, 0 8. 80 -, ,. .. -3 323 321 4 0 7' , 

" 34 2 405 ..,18 2 211 211 0 25 12 o 116 It:] o 115 168 

• I. B' -. •• ., -, ,. ,. a 325 3lt3 \ • \6' -\ 5. " -, " 37 Hlle,- " 12 , 0 ". , li9 105 3 163 \B\ 1 236 231 \ 72 B. 1 105 101 
7 •• 95 -7 103 106 -, .0 79 1 133 138 , 75 7B o 280 292 -1 530 531 -3 103 107 4 135 131 • " .. • 7' 7B , 'B " 2 156 159 2 114 116 
8 102 'B -. •• .7 -1 37 " 

, BB 71 Hlle,_ " • .1 190 199 0 " " -2 115 115 5 • .. 5 ,. 2\ 5 101 \0' 3 171 165 , 0 5' 3 176 177 
H.K- .. , -5 180 185 • " .. ) 100 103 -7 0 \3' , 0 .. 1 381 408 -\ •• .. B " 34' 6 203 204 B 39 ., • •• " • 1"9 151 " 10~ 9T 

o 125 641 -4 103 101 \ 'B 
,. 4 311 311 -. ., '0 , .\ ., 2 105 105 • " .\ H,IC- .. • HIIC- B. 5 H,IC_ 7. , 5 191t 192 5 " 25. H,IC_ 10. • 

\ \3 \3 -3 254 231 , 19 \4' , 55 •• -3 218 268 " 205 203 3 262 258 1 .8 •• -. .\ •• -. " •• -B 0 8' • • 11. H,IC_ '. , -4 161 152 
2 110 \B. -2 554 515 , •• 47 6 125 125 -\ 121 114 5 154 IS] • 118 "120 , 70 74 -5 14 77 -5111 113 -. 97 100· H,IC_ 8. , --5 149 152 -, 0 ". , •• .7 -\ 195 180 • 0 \ .. 7 0 O' 1 160 161 B " " 5 222 210 H.K- 5. 0 -4 73 .0 -4 122 122 -. •• •• -. 51 " -4 21 2\' -2 183 184 
4 390 379 • • .. 5 0 8. H,K_ '. 5 , 

" 'B H,,· ,. • 6 106 105 -1 223 229 -, '0 '0' -3 263 281 -, ,. 73 -. B\ B' -, 71 ,. -I 118 124 
5 107 '0 \ 131 118 6 112 \0' -7 92 'B 5 124 124 -. " ,. 7 129 133 -5 19 10~ -, 43 ., -, • ,. -, .0 47 -4 264 253 -2 185 U!4 o 14111 140 
B 7 • .. 2 652 627 H,K= \. \0 -. .. .B 7 223 226 -. '0 " H.IC_ '. • -3 152 158 -1 280 294 -1 193 201 -1 8. 7B -, 43 51 -1 151 1"9 \ 2\ '0' 
7 0 \. , 162 154 -, •• .. -5 173 187 H,IC • ,. I -~ 117 112 -7 105 113 -1 214 206 o 155 162 (I 197 191 0 0 7' -, .. " a 72 " 2 105 104 
8 165 \73 " 146 147 -. 3\ '0 -4 153 158 -8 70 72 -3 332 336 -6 146 149 1 173 110 I " 67 1 395 416 I ,. , -I " '8 I ,. ,.. , 

8' ., 
H,K- .. , 5 57 .. -3 HO 158 -3 245 242 -7 21 \ .. -, " 27 -. 0 ,. , B. B' 

, ,. " 
, 0 I.' , \8 .. a 307 294 2 210 2(!9 4 193 201 

1 345 2"8 6 175 181 -2 U4 134 -, 15 \ .. -. 27 30 -\ 105 102 -4 329 324 5 0 11' 3 216 2IT 3 129 113 , .. ,.. \ • ,. 3122125 HIIC. 10 1 • , •• •• 7 120 120 -\ 19 ,.. -1 555 555 -5 150 155· C 185 196 -3 131 142 H,Ie,_ .. \ 4 107 105 4 106 112 • \\5 \12 , H 39 4 107 104 -. 7 •. 7. 
3 430 410 • 77 .\ 0 39 " o 243 2bl -. .. .. 1 221 234 -2 453 469 -7 'B " • 0 \2' • 93 92 • 0 " 

, 59 " 5 0 5' -3 96 102 
4 115 121 H,IC. \. , 1 ISS 152 \ ., ... -, •• .. , 55 " -I .. 53 -6 220 228 H,IC- '. • B .B " • .. 97 • 194 193 H,IC_ " 

, -, 0 \ .. 
.5 ]03 302 -. 14q 152 , eo ., , 

" ". -2 "'33 421 , 
" " o 699 741 -. .0 41 -, 0 1. H,IC" .. B H,K- 7. • • B' " -5 51 " -1171 177 

6 113 lOS -7 • \ .. , 'B " 1 370 365 -\ 72 " • 8\ • 7 I " 'B -. •• " -. ,. " ,-6 139 140 -. 75 7B • .2 77 -. " 55 a III \\2 
7 191 195 -6 152 1.51 • 22 \" 4 1",3 143 0 4\ •• • 10111 101 2 284 287 -3 1U 161 -, 2\ , .. -5 " 49 -5 21 31. H,K- .. , -, " 51 \ 93 •• • 77 77 -5 ,. ,. 5 151 15Q 5 29C 281t \ • .. • 52 52 3 145 147 -2 362 360 -2 164 173 -4 263 254 -It 127 126 -. ,B .5 -2 1'i2 185 , • I.' 

H,K- O. • -. 72 75 H,K" I. 11 · 51 51 2 356 364 HIIC- '. • 4 311 309 -I 14 ,.. -I '0 ". -, ., '0 -3 236· 238 -5 150 151 -\ 71 B' 3 201 204 
o 206 \97 -, \4 ". -4 134 128 1 183 181 3 121 120 -. ,. '" • 0 \" o 191 177 o 219 227 -2 248 250 -, 'B 22' -. 41 .. , •• " H,K" te. • 
\ B' B. -, 17. 17\ -3 ·58 " Hlk- ,. · 4 128 130 -. • .. 6 178 175 \ ., 

" \ ,. " -\ • .. -\ •• 92 -3 168 167 \ ,. ,. -, 0 .. 
2 250 251 -\ ., 77 -2 132 116 -7 B' " 5 47 .. -4 251 241 7 102 101 2 185 te9 2 163 164 a 205 213 o 202 209 -, 0 ,. , .. '0 -2 III 109 
3 ·184 \8\ • 8' 78 -\ 124 123 -6 185 186 6 329 HO -, " " H.K- .. 5 , \B '0' 

, 21 ". I " 29 \ '0 •• -\ 123 121 , 2\ 15' -\ 0 B' 
4 230 227 \ ... 'B o U!5 \91 -, •• " 7 •• ., -2 219 223 -7 .. .. • ., " 4 151 \43 2 273 297 , .. .. 0 2. 37 • 0 \0' a 185 183 

• \8 \ .. 2 235 226 I B' " -4 117 116 • • \0' -\ 0 11' -B 37 .. 5 8' " • • .. , .. .\ , •• •• 1 213 210 5 • \2' \ " ,. 
6 211 208 , 5 • .. 2 171 1713 -, .. 77 H,IC= '. , 023521111 -5 201 208 B ., 41 H,IC- 5, 10 • 36 ,. It 114 11 • , •• .. H,IC_ .. • , •• •• 
7 134 126 • " 42 , 22 ". -2 342 339 -e 77 79 \ 42 •• -. q8 101 7 0 \2' -. 0 lO' 5 5. " 5 .7 •• , 18", 194 -. • \B' , 47 47 

• .. '0 5 120 110 4 122 121 -\ • " -7 93 .. 2 130 125 -3 148 149 HIIC_ 5. , -, " " 6 162 159 B " " 4 .7 .. -4 147 1",6 H,IC= 10, 7 
H,K- O. 5 • • 6* H,K" 1. \2 o 315 333 -6 155 161 , 

" ". -2 " " -1 100 103 -2 135 HO H,K- .. 7 H,K- 7. 5 • 109 115 -3 126 127 -, 0 17' 
1 309 303 7 77 77 -, 51 51 \ " \2' -5 2C1 212 • B7 B' -1 413 428 -B 74 75 -1 202 2(l9 -. 41 Z7 -6 113 11B HIIC- .. • -, 0 7' -1 107 112 , 58 55 • 52 B' -, 0 \. 2 196 191 -. 125 12& 5 " 3\ 0 ., B5 -. " 77 0 2\ 29' -5 233 235 -5 • \. -. 167 166 -\ 161 177 o 133 137 
3 413 462 H,K'"' \. • -1 11", lC8 , 92 93 -] 291 294 H,IC. ,. \C 1 223 235 -. •• 52 \ '7 52 -4 118 117 -4 154 "B -. 0 e· o 2C7 206 \ 1&8 173 
4 72 B. -. " 51 0 3\ , '+ 3A5 387 -251" 508 -, 0 .. , 'B " -3 201 204 , •• e. -3 215 211 -, \0' \0' -. 114 110 \ 0 \ .. , 0 21' 
5 250 247 -7 196 200 I 156 147 • " " -1 292 2q6 -. 0 .. 3 124 128 -2 335 333 3 114 175 -, ,. '8 -2 353 361 -, .. " 

, 
" .. H,k: la, • B 76 72 -. 40 ,. , 22 22' 6 136 130 0 " " -3 229 226 • " 17 -1 206 205 • " 17' -1 270 215 -I 8' •• -, 157 llt9 , eo ., -\ ,. 

" 1 183 ,.7 -. 0 .. 3141 \32 7 B' " 1 336 332 -, SA ,. 5 170 168 0 52 " H,IC- 5. 11 o 213 223 • 5. 51 -\ .. 17' 4 127 128 o 220 217 
H,KII O. B -", 259 25111 Hlle,a \. \3 H,IC_ 2. 7 2 ~20 412 -\ '0 •• • B5 B. 1322338 -, '0 " I 140 139 \ B. 75 0 " .. 5 • 20. H,K_ ll, 0 

o 427 "05 -, 72 7. -, " 'B -1 151 151 , 141 145 0 .. .e 7 121 119 2 377 38111 -, .0 51 , 
" .\ 2 231 245 \ 19 15. H,K_ .. , -) 169 163 

1 218 215 -, •• 52 -\ " 14' -. 0 '" 4 113 110 \ 189 IIJ9 H,IC,- " • 3 152 157 -I 'B .. 3 222 223 , \29 \2. , 212 284 -. 0 2\' -\ " B' 
2 126 715 -I 190 181 0 eB ., -, 91 .7 5 12IJ 125 2 111 105 -7 " B' 4 144 141 0 0 .. 4 113 IHI • 2\ 2\' , •• '0 -4 • \7' \ " 81 
3 110 11\ o 511 5"" \ .. 70 -", 152 150 B 75 74 , 

" 
,. -B 31 '0 5 227 229 \ 3\ " 5 'B 87 5 22 ". · ., '0 -, •• •• , 

" 
., 

4 ·281 284 1 212 261 , 97 .B -) 222 214 7 •• 8e • " " -5 10IJ 106 6 148 148 , • 18. HIKa B. • 6 115 \68 • 0 I.' -2 302 302 H,IC_ II, \ 
5 114 10' , 72 74 H,K'"' ,. • -, 56 " H,lCe '. , , 'B 91 -4 len IIJI 7 BO B. , • '0' -5 79 72 H,"_ 7. B H,K_ .. • -\ 20 2\' -. 52 .\ 
6 120 316 3 239 235 -8 193 199 -1 180 184 -8 III 115 H,IC_ " 11 -, .. 92 Hilt- .. , H,K'"' 5. 12 -4 115 114 -6 " \ .. -5 112 112 0 •• 93 -, 0 .,. 
7 " 20' 4 2M 257 -6 129 136 a 288 307 -7 87 '0 -. " " -, •• •• -7 • .. -, " 5 -, 0 .. -. \17 \27 -. 98 101 \ .. 'B -2 161 1S3 

H,It- O. 7 • TO 7. -4 255 264 1 366 387 -6 243 251 -, 22 3\' -1 172 187 -B •• .7 -\ 0 28· -2 220 228 -. '0 27 -3 279 271 2 2e3 204 -\ 0 \. 

1 314 311 6 118 113 -2 1(l3 95 , 
" " -5 127 128 -, 0 \" a 231 243 -5 ,. '0 • " ". -\ .\ •• -3 224 220 -, ,. \" , 0 ,. • .. •• , 72 75 1 109 114 o 611 561 3 231 228 -4 321 322 -\ 70 .. 1 15' 166 -oft 230 237 I " , .. • '0 8' -, 51 •• -I 150 142 4 79 77 \ 3\ " 3 182 \7' H,K- \. 5 2 830 803 10 154 155 -, 93 .0 0 • e· , 95 •• -, 47 •• H,K" B. 0 \ 77 .0 -1 202 201 • ., .0 H,IC" 9. B 2 20" 183 

• " • -7 9\ .. 4 287 286 5 254 255 -2 253 251 \ 116 123 ] 98 103 -2 127 129 -6 281 281 2 193 204 • 5. 39 1323325 -. " 27' , 
'0 •• 

5 180 173 -6 225 226 6 le6 2"a • 22 , .. -\ 1(:1 103 , 72 75 4 IIJI 185 -\ 55 75 -4 323 321 , 2\ 22' 1 l31J 13\ , 49 49 -3 159 157 H,IC_ II, , 
6 106 \0' -5 " 'B • " e. T" 92 8. o 416 439 , 

" .. , .7 •• a 309 315 -2 429 423 " 165 162 
, 0 \ .. 1 246 246 -, •• .B -. 67 .. 
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H,K- .. • -3 190 185 -8 • \7' -6 19G 185 2 365 362 H,!!:_ ,. 12 H

,
"'- " 7 2 215 218 2 105 108 H,IC- B. • • 0 ,. 5 140ft 142 0 2\ .. -2 122 121l 

o .257 242 -2 485 480 -7 .7 81 -.. 92 •• , 21 ., -, • 5' -6 116 115 , 0 \0' 4 314 308 -5 136 131 5 51 .. H.IC" e. • I 115 180 -\ '0 97 
\ 93 78 -\ •• .7 ·6 105 1':16 -4 217 211 4 20lt 202 -, " ,8' -5 19IJ 202 ,. 306 307 B .8 .. -. 23 30. H.It- 7. 7 -. " B7 2 0 ,. 0 22 B' , 19\ \.B 0 166 198 -5 291 2IJ5 c, .. .. 5 • ll' -\ 0 \ .. -. '0 \7' 5 79 " H,IC" B. I -, " B5 -5 • \ .. -", 156 \BO 3 139 145 1 150 146 , 0 \2' \ 79 •• -4 ,. ". -2 170 172 B " •• 0 0 \ .. -3 217 213 6 115 171 -7 228 241 -2 115 120 -< " , .. -, " " · 0 B' 2 108 103 
4 " •• 2 (:18 604 -, • 2\' -1 104 108 7 22 ". \ " 72 -, '0 .. 7 52 .7 -B .7 •• -1 232 233 -, 0 \3' -2 384 381 H,K" '. 7 , 74 72 
5 55 55 , 151 150 -2 455 445 l) Z8lj 308 Hlte .. ,. • , • \" -1 254 2b3 H,Ie, .. 5. • -5 216 225 0 21 ,.. -2 212 225 -\ 123 119 -4 a 30. H, .... 111 , 
6 152 147 4 100 99 -1 521 482 I 111 101 -7 'B 95 3 102 •• 0 24 B -7 0 13' -. \8 "' \ 2\ , .. -I ,. 27' a 204 211 -, 23 \6' -, .. 51 

H,K- O. '. 5 ,. " 0 " 23 2 258 259 -6 105 100 H, ~. ,. 13 1 195 204 -. 0 16' -3 "'91 4li9 2 113 111 0 " •• I \.\ 97 -, 119 113 -2 235 18IJ 

1 258 251 • 139 137 1 513 475 , 
" 29 -5 281 288 -\ 74 .. , .7 " -5 251 2'14 -2 294 293 3 269 265 I 118 137 2 401 413 -\ liS 118 -I ,. •• , • .. 7 70 7B 2 439 431 4 159 161 -4 218 218 C " " 3 307 310 -4 215 213 -1 261 266 · 23 ". 2 210 220 , 71 " 0 " " o 182 187 

• 'B ,B H,IC- I. B 3 654 632 • 95 9\ -, • '" \ 0 ". • '0 B' -3 194 189 0 '0 • H,IC· B. 10 , 2\ ". 4 149 14(l I • 13' \ • 11' 

• \85 \.0 -7 138 138 • " 36 • '0 59 -, '0 .0 H,K· " 0 5 130 134 -, • '! I 217 281 -. 9\ 92 · • 2\' • 47 .. , 134 137 2 tb3 162 

B 2' \ " -. 73 73 5 1'f5 193 H,IC_ ,. • ··1 186 196- -e 4\ •• • ., 8 • -1 III 113 2 269 215 -, " " 5 \21 \13 HIIC .. .. 7 , 0 22' , 2' \ .. 
H,It • .. \. -. • \0' 6 le2 102 -B 71 " a 4CO "12 -6 330 336 H,IC· 4. • o 349 358 3 191 191 -2 191 193 H,It. 7. • -5 94 lOCi H,K. '. , U,K_ 11, • 

o 262 248 -. .. .. 1 238 245 -5 144 144 1 339 344 -. 131 129 -6 135 142 1 229 24" • \9 \5' -I ,. ,. -5 .. '8 -. " ". -3 134 135 -, 23 H' 
I 138 12\ -, 248 24IJ 8 0 2\' -. ,. ,. , ez 7B -2 372 315 -5 •• 51 2 " ., 5 241 235 o 106 104 -. et 7. -3 21) 214 -, ., \9' -, 0 .. 
2 87 ,. -, ,. ,. H,It- ,. , -3 30-4 290 3 267 266 C 780 785 -4 265 281 3 163 162 • B' 74 I .. B. -, 72 " -, .7 ., -\ " 34 -1 15" 164 , 29 25 -\ 180 1"ao -8 157 165 -2 162 110 4 2e4 201 2 545 545 -, 0 13' 4 206 20" 7 7. 7. 2 l31J 142 -, '0 ,. -\ 145 148 :) Itl •• 0 95 92 

4 138 130 • \4 ,. -7 " eo -\ ., •• 5 1"9 195 • '0 .. -2 228 225 5 287 287 H,Ie,- B. , , 0 .. -I 134 136 • 21 .. 1 134 IH 1 126 129 

• 11. 11. 1 395 395 -6 250 241 0 \. , .. B 51 " f: 225 223 -\ 73 ,. 6 113 103 -7 7B " H,IC· .. II a 135 13. 1 228 226 , 23 ". , 4. .. 
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Zero-weighted data. XBL 692-218 
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TABLE II '. 

POSITIONAL' AND TH~ P JuttAMETERS !NAt (H20 }6· 4JI2rfl.'~ 

Atom ~. "'.:l. & Il11 1122 . 1133 ·B 2 .ow; '~3 . ;"]23 

0 At 0.011 O.eP 0.00- . .h66(8) 2.38(9) 2:.16(8) '-.04(8) .12(7) "-.10 (7) . 

'tI 
.Ru 0 .. 512 o:oh 0.0£ 1.50(2) 2 .. 33(3).' 1 .. 75(2) .01(2) .. 18(2) -.07(2) 

,ct'1 ) ~3768( 1) -.1037(1) .2176(2) 2.12(5) 3.15(6) 2037(5)' -.07(5) . .44(4) .42(5) 

ct(2) .3649 (1 i ) -.0675(1) . -.2551 (2) . 2~15(5) '3.42(6) 2.11(5) . -.21(5) .. 00(4) -.29(5) 

Ct(3) • 3732 { 1 ) .1717( 1)' .0301.(2) .2,,03(5) . 2 .. 65(6) 3 .. 11(6) .. 17(4) .17(4) -.22(5) 

O{ 1) .0980(3) ... 1182(3) -.1090(5) 2.3(2), 3.1.(2) . 2.7(2) -.6{t) .2(1 ) .• ~3(1l) 

0(2) .1091(3) .-.0023(3) .2194(5 ) 2.4{ 1) . 3, .. 3(2) . '2,.4(2) .3( 1) ·.-.2(1 >. -.4(1) 

0(3) .0980(3) -.1152(3) -.11:36(5) 2.1(2) .2.7(2) 3.2(2). -.1 (1) .. 6 I ) 
c" i .•. ~ 11 -.2(1 ) 

) 

0(4) .1113(4) ~.1447(3) .5164(5) 4.4(2) 3.11(2) 2.9(2) ".1(2) .3(2) -.2(1) 
. . 

0(5) • 3732(4) • 1726(4) .4869(5) 3.8(2) . 3.~:(2) . 3.1(2) .6(2) .S( 1) .1 (1) 

~a standard deviation of the least; significant figure is given in parenthesis. 

h~ th' 1 . t .. . .. t .p 02 -).04e'" orma :.p~ame .. erf3'ar,I;Yf;:;LU,',unJ, . S 0",' ~ • 

c 
-?~ameter fixed by symmetry. 

'. ,', 

.' :" 

o 
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, TABLEIlI 

ESTHIATED HYDROGEN P PJUr.1ETERSf!. 

,',ill. ',", ,', ' 

, ~eso atoms uoreinoluded. in the least-

squa.res calculationbtit',their positional. 

paramet~rs were not refined. One isotropic 

tompera~liure faotor was used for all ten" 

atoms, and it is B= 4.9,±O.7 ~2. 
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Intera:tomic ~istances and angles are reported in Tables·'-IVarid.V .. '>" The"chlorine 

and oxygen octahedra are nearly regular. There is no significant difference 

among the Ru- ct'distances or the At - 0 distances. The anion-aniondiGtancen . . 

and the corresponding angles at the central atom differ by as much'·aS.;;15 estimated 

standard deviations and are likely to be significant in terms of tho accuracy 

of the e)"'UGriment. These distortions are trivial for most chemical pu:-poses 
, . .. ". 

and probably reflect the unsymmetrical arrangement of the hydrogen bonds which 

tie the structure together. 

Bond distances and angles permit assignment. of several hydrogen atoms to 

hydrogen bonds. In each of the water molecules coordinated to A.t., these bonds· 

are to :another water molecul~ and to a .chlorine atom. The 

coordinates in Table.III are calculated from the heavy atom positions; for 

these atoms they are confirmed approximately by peaks of electron density of from 

0.6 to 0.9 electrons/ A 3" in the difference function. For thellncQo.rdin~~".ed!,wa.t.~r 
, 

molecules, the hydrogen positions are less obvious. The short distance bet',.,een 

these two molecules corresponds to a hydrogen bond, and the angles at 0(4) imply 
. atom 

that one of its hydrogen a.toms is in this bond. If its other hydroger/is then 

approximately tetrahedral with respect to the other three bonds to this atom, 

it is pointed between tvlO near chlorine a t'oms of type C.t. ( 1) and ct (3) . In the 

difference function, peaks of about 0.5 electrons/A3 c~incide apprOximately \-lith 

these tvlO hydrogen positions. . This suggested location for the second hydrogen 

J . atom corresponds to the geometry which has been referred to in other crystals . . 

as a "bifurcated hydrogen bond". vIe use the term in the present case to de:" 

scribe the geometrical arrangement, without intending to imply anything about 

the mag-ai tude' of bond energy, if any. 



Atoms 

At - 20C1} 

At - 2 0(2} 

At - 2 O(s) 

Ru - 2 'Ct(1) 

Ru - 2 C,f,(2) 

Ru - 2 CJ..(S) 

0(1 ) -0(2) 

·0(1 ) - 0(2) 

O( 1) - O(S)· 

0(1 ) - 0'(3) 

2.384(2) 

.2.631 (5)! 

2.697(5)! 

'. 2.647(5)~ 

2.665(6); 

£!,Edge;"in .At 'oc~edron. 
b . 
-Hydrogen bond. . 

£Bifurcated hydrogen bond. 

!lEdge in Ru octahEXlron. 

.",' 

.. 

- 10 .. ' UCRL .. 18800 
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TABLE IY. ! 

3.369(4)9 . 

0(2) 
'rI 

3:295(4)~'" .' 

0(2) 

0(2) 

.. 0(2) 

O(S) 

.O(S) 

b '. 
3.229(5)~ 

3.342(2)g . 

_ Ct(1):: 3.038(4)3 .. '>,.···Gt(1) -C.f.(2)· 3.S63(3)sl 

.;. 0(5) .. :. 2.596(6)9;. Ct(1) - C.f.(3)3.31S(2)g. 

-c.e(2)· . 3.066(4)£ ....•. C,f,(1)- C.f.(3) 3.411 (2)g 

0(4) -.0(5) .', 2.783(6)B C.f.(2) - ct(S) ·3.S29·(2)i. 

0(4) - et(1)· S.S19(4)5!·,Ct'(2) ~ c.f.(S) . S.393(2)Q. 

: -,', . 
'," ':, ":.,", "', . 

.... ~' ''''. ..., ',' 

.' .. ; ..... 

.:;:': ~ t.· '. ' .. 
, , " 

" ~. 
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I 
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TABLE V 

PRINCIPAL ANGLES IN At(H20)6RuCt6;4H20 

Atoms 
; 

Dcta hedrsJ. ~ngles 

0(1 ) - J..~. - 0(2) 

O( 1) - At - 0(3) , 

0(2) - At - 0(3) 

ct(1) - Ru . -ct(2) 

Ct(1) -Ru - Ct(3) . 

C.f.(2) - Ru - Ct(3) 

... 

Anglo.(o) 

91.4(2) . 

9004(2) 

91~1(2) 

90.4( 1) . 

91. 7( 1 ) 

9'1.1( 1 ) 

. Atoms::,~"': : .. : 

A~,t;1,es in~lo~.y:tn~ hW.ro[!en bond~· 

0(4) ~ 0(1) - Ct(3) 101.7(2) 
.. . ' .. 

C{,( 1 ) 105.5(2) 0(4) - 0(2) -
0(5) .. '- 0(3) - Ct(2) '.;" 100.7 (2) 

. ,0(5) - 0 (4)' - Gt(1 ) 

0(5)· - 0(4) :- Ct(3) . 

C.f,(1) ~ 0(5) - Gt(3) , 
, : . 

Ct(2) - 0(5)- Ct(3) 

78.7(2)!!. 

133.5(2)11": 

1:25.7( 1)~ 

123.5(1)~ 

ll.:Angles involving bifurcated hydrogen borids. ' :," " 

.. -; , 

f . 

... ;. , 
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The othor u."1coordinatcd. water. moloculo is 
.' . , " .' . £1.na1cceptOl' for twohydro[;cn bonds: 

It has no other neighbors at. dist,ancesappropriate for ordinary hydrogen bonds •. 
'" " . . 

" 

" 'If its hydrogen atoms a~e approximately tetrahedral with re~pect to thet'vlO external' • 
• 

hydrogen bonds" then '~(>n~ 'is in the geometry of the IIbifU;-cated. bond" with 
. . : . . ' . ~,: . , 

respect to the pair;. of chlorine atoms, Ct(1),and Ct(2), and one.~points·;~o:) 

the Ct(3). The difference function shows. peaks of about 0.25.electrons/A3 at' 
", '. 

(0.41, 0.10, 0'.60) and (0.42, 0.17, 0.40). These 10catiOrisare near the pre-

dicted ones, but the ,low density implies that these atoms have considerable free-,~ 
- . , 

dom of motion' or, alternately, have a disordere·,::lstructure. 
.. ',: 

In sUIlllnary,the structure consists of At(H
2
0)6 and Ru:(ct)6 octahedra, 

tied together with hydrogen bonds to each ,other or to the~l~iridt0~. water 

molecules. Of the ten independent hydrogen a toms, four are in bonds of typ~ .' ' ' 

o - H ••• 0, three in bonds of type 0 - H ••• Ct,and three are not in 

simple hydrogen bonds. 
, ' (? , , 

The Ru - ct distance:: reported here is slightly larger, by about 0.03 A; " 
" 

. .(', 

than the distances that viera found for the: tetra and penta' chlorides involving ,: .. 

Ru(III) .4i10'; The octahedron of water molecules around .the aluminum is less " 

symmetrical than the octahedron found by OJ;:aya :et 'a:h, :in·,:mono:methylaJi¥r.o~ 
'. l' .. i ~ t 1 11 nJ.UIn a Ul1ll.num S\.L.U.a e a urn. In .that compound" the:'alu:nunumis at a site of " 

. . :' . . '. 

point symmetry '3', and there is less than 0.01 A spread in the 0- 0 distances.'> 

They .. ,fourul. an' 'avarage ::0 - 0 di~tance of 2.669 A,compareci to o~ 2.659;~, L'El.nd 

reported an At - 0. distance of 1.886 ~ compared to".S·80.~ i~ the compound 'We '" 

". -. <~ . ',.-

have studied. 

":. 

" 

i_ " 

. i ~ , ~ . 

" i:: 
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l<'ieu:cc 2. Stcreo[;r['.phic view; of the environment n!."ou!1d the Detal ions. 
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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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