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The Crystal Structure and Hydrogen Bonding of
Magnesium Sulfate Hexahydrate " | R

by Allan Zalkin, Helena Iuben and David H. Templeton | ..
Lawrence RadiationlLaﬁoratory‘and Debartment of Chemistry, = .

University of California, Berkeley, California, U. S. A,

Cr&stals of MgSOh.éﬂzo are roroclinic, space group c2/c,
with 8 formula units in the unit cell with dimensions

a = 10,110, b = 7.212, ¢ = 2L.L1 A} B = 98.3C°.
The atomic parameters were refined by least squares using
x-ray counter data for 2576 independent reflections. The
positions of the hydrogen atoms found by least squares
and by Fourier methods confirm the assignment of hydrogen
boﬂds'm;de previouély for the isomorphous CoSOh.éHZO.
Average interatomic distances are: w§ter coordinated to
Mg, Mg-0 = 2.06 A} hydrogen bonds, 0-0 = 2.82 A; sulfate
ion, S-0 = 1.473 A (uncorrected), 1.L86 & (corrected for

thermal motion).

‘ ' *WOI:k done under the auspices of the U. S, Atomic Energy Commission.
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Introduction

‘The crystal structure of-CoSOH.6H2O has been described in a previous

‘paper (Zalkin, Ruben, and Templeton, 1962). Hydrogen bonds were assigned

.on'the basis of the positions of the heavier atoms, but the x-ray diffraction
'. data did not give direct evidence of the hydrogen atom positions. The
: pre#ent paper describes a stﬁdy of the isomorphous substance Mgsoh.éﬂzo
for which we have obtained more accurate diffraction data. These better
data permit a more accurate description of the structure and indicate
hydfogen atom positions in agreement with those deduced in the earlier work.
. Crystals of MgSOh.éﬁzo are known in nature as the mineral hexahydrite
(Dana and;Ford, 1948). Other substances ﬁhich have the same structure are

: MgS?OL.éﬁzQ, Nisoh.éﬂzo, CoSeOh.éHzo, and Znsoh.éﬂzo (Groth, 1908).
Experimental

| -Cryﬁtals of MgSOh.6H20 were grown from saturated aqueous solution at
=- .50“- 5500. 4Once grown and separgted from the mother liquor, the exposed
~ff lcrystals could be.kept at room temperatures for several months with no
 ;visib1e deterioration. A small single brystal with diameter of the order
of 0702-O.08 mm was mounted on a glass fiber and oriented for rotation
about iﬂs E‘axis with the use of a Weissenberg camera. It wés then
transferréd to a goniostat mounted on a General Electric XRD-5 apparatus,v
which was equipped with a molybdenum x-ray tube, a scintillation counter,
‘ - and :a pulse-height discriminator, for further alignment and data taking.
| i-Cellvdimensions and érystal settings were calculated with X(Kal) = 0.70929 A.

Intensities were measured for 2,576 reflections of which 289 were recorded

g
£
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"as zero. 'All of the reciprocal lattice points with positive h and k,
out to a limit of sing/\ = 0,705 (20 = 60°) were measured.. Step scanning
' othhé angle 6 was done for selected reflections to vefify the settings '.
V,Tfof peak'intensity.' For the typical reflection, a single count was made
© for a'fixed_time of 20 seconds.

The absorption coefficient # for this crystal with Mo Ka x-rays is

l. The resalting ;LR is less than 0,02. No correction

' estimated as 5.0 cm
was made for absorption or extinction.
An acpurate trial structure was provided by the structure of CoSOh.6H20

.(Zﬁlkin, Ruben and Templeton, 1961); corresponding coordinates for atoms othe; |
than hydrogen differ b& 0.01 or less in the two structures. Ieast-squares
refinements were started using the programs of Busing and levy (1959) on

the IBM 70L computer. We then used the IBM 709 computer with the programs

of Gaﬁtzel; Sparks, and Trueblood (1961). Each program utilizes the full
matrix, and each minimizes the i‘unctionEw(lFol-chl)2/2w|F°|2, where w

is the weightiﬁg factor and F° and Fc are the observed and calculated structure
factors. - In this calculation,. each independent reflection was assigned unit .
.weight. The atomic scattering factors used in the refinements wére Mg++

"and neutral S (Tomiie and Stam, 1958), neutral O (Hoerni and Ibers, 195L),

and neutral H (Ibers, 1961).
Space Group and Cell Dimensions

The space group is c2/c (Cgh)' Reflections are absent with h+k odd,

and ho¢ reflections are absent with ¢ odd. The cell dimensions are:
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a = 10,110 £ 0.005, b = 7.212 ¢ 0,00k, ¢ = 2L.L1 + 0,01 & .

(0.06) (7.16) o (2L.39)
3'= 98,30 # 0.05° Z=8 . v = 1761.2 1.
(98.57)

The values in parentheses are those reported by Ide (1938), cﬁahged from kX.
-The calculated x-ray density is 1.723 g/cm?.. The a:b:c ratios.found in this
'and in previous work are: | | o
| 1.402 : 1: 3.384, B = 98.30° (this work) ,
1.kok : 1 : 3.hOk, B = 98.57° (Ide, 1938),
1.Lok : 1 : 3,337, B = 98.57° (Marignac, 1855).
The eight Mg atoms occupy two:sets of positions L(a) and L(e) (notation
of International Tgblés, 195?): |
4(a): (o, 0, 0; 0O, 0, 1/2) + C centering,
‘b(e): (0, y, 1/b; 0, -y, 3/L4) + C centering.
The sulfur atoms, ten sets of oxygen atoms, and twelve sets of hydrogen
atoms'occupy general positions: '

8(£): =z2(x, y, 25 =%, ¥, % - z) + C centering.
Refinement Procedure

At first hydrogen was omiﬁted from the calculations. With isotropic
temperature factors of the form exp(-Bsinze/k2) for each atom,
R = Z|[F |-|F, ||/ Z|F,| was reduced to 0.120 by three cycles of least
}squares. After correction of a few blunders in the original measurements,
two more cycles reduced R to 0,118.
A thrge-dimensional Fourier synthesis with (Fo-Fc) as coefficiehts
was-palcﬁlated to seek ouf the hydrogen atoms. The result;ng maps showed

'a peak wherever a hydrogen atom was expected, as well as many others of
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ébout the same size which resulted from the anisotropic motion of oxygen
atoms. A final isotropic refinement which included the hydrogen atoms

~ but did not refine them resulted in R = 0,115.

Anisotropic temperature factors of the form exp(-Bllh2 -322k2 -ﬁ3382

' -2Q12hk =2, Jhe ~2B,ke) were introduced for Mg, S and O. Three cycles with
‘hydrogen atoms included but not refined gave R = 0,056,

A set of (FO-FC) values were calculated with the resulting parameters

- for Mg, S, and O, but omitting hydrogen. Another "difference Fourier" was

célculated using these numbers as coefficients. The twelve largest peaks
-‘in this function (Fig. 1) were near the predicted locations of the twelve

: hydrogen atoms.

| As our least~squares programs at this time could not handle at one time
a refinement of all the atoms including hydrogen with all the anisotropic
thermal parameters, we ran a series of calculations refining parts of the

-~

" structure separately. Temperature factors were isotropic for H and anisotropic

. for the'other atoms. First the H atoms were included but not refined, while

all other parameters were refined. Next H atoms were refined with the other
;'atoms fixed. Then Mg atoms were held fixed while all other atoms were refined;

" in this series only the 923 reflections with sin6/\ less than 0.5 were included. N

' Finally the H atoms were fixed and all other atoms were refined. All this

:. calculation reduced R to 0.053 for the 2576 reflections, including those with

" zero intensity. In the final cycle no coordinate or thermal parameter shiftéd.
more than 0.000001. |

- The rgsulting observed and calculated structure factors are shown in -

- Table 1. The corresponding coordinates are listed in Table 2 and the thermal

. T

parameters in Tables 3 and L. -

o Bj,a special patch, the program was modified to allow simultaneous
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refinement of all 159 variable parameters. Two cycles yielded no significant
improvement in R nor any substantial change in coordinates. The results are
. nét reported because parameters were oscillating} further cycles to attain
1'convergence (at 0.9 hours pef cycle with IBM 7090) seemed unjustifigd.
Standard deviations of coordinates estimated by least squares, with
neglect of the possible error in the hydrogen parameters, are reported in
Table 2. The similar estimates of-standard deviations of the anisotropic
cherm;i parameters range from 2 to L percent of the diagonal elements’éf-.'-
the B matrices. They are not reported in detail because the effects of
,éystematic érrors in the data and of coupling with hydrogen parameters are
. of unknown and possibly considerably larger magnitude. | |
The standard deviaiions of hydrogen coordinates correspond to about 0.05 R. '
l-when estimated by least squares with neglect of errors in heavy atom parameters..
The 1eaét§squares results and the Féurier results (Fig. 1) disagree in several

' cases‘b& about 0.1 A. The best evidence of the acburacy of these coordinates

- . comes from the O-H hond distances which are expected to be somewhere in the

'j‘fange 0.9 to 1.0 ﬁ, depending on the magnitude of the thermal motion effect.

‘:'%k find values 0.7 to 1.1 A for eleven such bonds and 0.5 A for 0(7)-H(6).
- This'scétter suggests 0.2 & as the standard deviation of position of hydrogen,;. 
;finc;uding tﬁe effects of systematic errors in the data.

The standard deviations of isotropic thermal parameters of hydrogen are

. -estimated by least squares to range from 0.7 ﬁa for H(11) to 1.5 A2 for H(6).
»

" The scatter from the average value of 3.4 Rz'borresponds to o = 1.8 A%, This

':latter value may be a better estimate of the true accuracy, since there is no

obvious reason for the thermal motions of the various hydrogen atoms to be

subsiantially different.
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Discussion

The structure of MgSOh.éHZO differs very slightly from that already
“: described for CoSOh.6H20 (zalkin, Ruben and Templeton, 1962).,. The hydrogen

~ "bonds which were assigned in the previous study on the basis of oxygen

"_T positions are fully confirmed by the present results.

" Table 5 lists some interatomic distances and their standard deviations,
'i}with no correction for thermal motion. The S-0 bond distances in'the sulfate -
ion averagé 1.473 & with an average deviation of 0.007 A. Whep a librational
.:f correctionvis made assuming the oxygen atoms to ride on the sulfur atom, the
. average becomes 1.486 R with an a;erage deviation of 0.00L4 A. In the Tutton
salt.Mg(NHh)Z(SOh)z.éﬂzo Margulis and Templeton (1962) also found 1.486 A
for the average S-0 distance when it was corrected in the same way.
Thé average Mg-O distance is 2.06 A without correction for thermal motion.
‘Magnesium is also in water octahedra in Mg(NHh)2(SOh)2'6H20 with average
1 Mg-0 = 2,07 & and in Ce2Mg3(N03)l2.2hH20 (Templeton, Zalkin and Forrester, 1962)
with average Mg~0 = 2.06 A&. In all three crystals the average Mg~0 distance
is 2.07 A with thermal correction assuming in-phase motion. |
The hydrogen bond 0-0 distances average 2.82 A, but scatter over a considerable
"range as is common in complicated hydrate structures. The accuracy of the
.hydroéen'positions, about 0.2 A, does not justify tabulation of the many bond .

_distances and angles involving bydrogen atoms.
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Table 1. Observed and calculated structure féctors, each muliiplied
by 10.

' '-(té.ble to be reproduced photographically in two parts) 4

it
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HyKe 05 0 =16 275 268 18 325 -324 =28 o 15 -12 727 7138 -20 0o 5 -8 167 775 8 T28 724 5 ~12 401 410 2 637 655 1 92 100
L FOBS FCAL =-18 394 246 17 432 434 -29 68 86 -13 157 -158 =21 42 -39 =9 796 ~804 7 92 ~86 4 163 166 =13 589 =593 1 332 334 o 109 54
2 50 42 -20 34 49 16 68 -57 -30 99 =92 -14 261 274 -22 43 -4l =10 138 -173 6 790 7198 3 =14 443 =440 0 1087 1093 -1 69 94
4 453 -459 -22 208 -185 15 243 233 -31L 199 188 -13 186 198 -~23 86 97 -11 80b B8O 5 13% -133 2 ATT 476 =15 377 353 -1 975 -98¢ -2 321 318
& 12 62 =24 (21 95 14 659 641 =32 232 235 -16 33 -45 =24 239 245 -12 1079 1106 4 1 113 1 164 -169 -16 30 3 -2 53 43 =3 424 =420
8 525 513 =26 224 218 13 56 =54 -33 0 ~=40 -17 133 127 -25 o 3 -13 124 102 3 391 -390 ] 0 =12 -17 96 -124 =3 183 208 -4 124 1123
10 597 -382 =28 0 -5 12 1348 1396 -34 111 102 -18 285 -292 =14 285 305 2 655 -657 -1 ] 9 =18 ¢ =28 -4 [ 4 -5 396 -393
12 710 =724 -30 157 =123 11 %02 -s511 ~19 84 73 HoK=13, 1 =15 110 -105 1 1200 1200 -2 61 -64 =19 495 497 -5 753 7142 ~6 147 =140
14 48D 423 =32 123 122 10 333 -299 HyKe S, | -20 339 341 L FOBS FCAL -14 413 483 ¢ 957 951 =3 260 270 =20 439 428 -6 201 208 ~7 336 339
16 1161 1159 9 313 326 L FOBS FCAL =21 72 ~93 9 ] 2 =17 7104 =711 =1 =17 -4 608 607 =21 310 -31t =7 448 465 -8 331 328
18 488 495 HiK= 8, O 8 707 667 30 148 -169 -22 237 235 ] 44 68 -18 208 =277 -2 601 s88 -5 71 -89 -22 13¢ 120 -8 426 432 -9 57
20 657 -871 L F0BS FCAL T 54 =71 29 97 5 =23 -5 7 87 -103 =19 135 124 -3 231 =231 -6 269 276 =23 188 -190 =9 701 -703 =-10 371 383
22 0 =27 24 422 6 1285 1292 20 121 119 =24 66 -62 6 238 -240 =20 32 53 -4 270 293 -7 ~10 =24 T3 ~B1 =10 194 -183 ~-1L o
24 522 540 22 4 -87 5 94 -108 27 0 30 -29 0 =45 5 10 =21 126 127 -3 ] 14 -8 62 45 =235 197 08 -1} 268 251 ~-12 322 23\
26 148 1T 20 121 =112 & 1712 1T W 319 326 -26 o =30 4 121 134 -22 255 272 -6 61 -43 -9 201 -204 =28 179 179 -12 29 31 -13 2Bl -293
28 42 18 55 17 3 6 =58 23 -6 =27 40 -15 3 ~8 =23 239 -258 =7 145 157 ~10 251 -24B -27 39 =31 -13 633 635 ~14 122 -133
30 121 -lo7 16 124 92 2 1280-1254 24 58 59 -28 330 1381 2 127 126 ~24 180 190 -8 39 =33 -1l 203 202 -28 130 167 -~14 437 641 -tS 306 288
32 340 338 14 10e 103 1 58 342 23 38 ~54 -29 a4 -76 1 42 =49 =25 149 ~1l46 -9 “0 42 ~12 S13 51T -29 309 -308 ~-15 238 -236 -16 113 115
12 206 196 0 169 128 22 413 =392 -30 86 96 ] 42 21 -26 a3 81 -10 540 544 -13 53 -65 =30 73 =33 -16 329 339 -17 0 -34
HoKe 2, O 10 259 249 -1 428 391 21 o =31 o 5 -1 94 -10% =27 148 158 =il 277 =263 ~-14 195 202 31 o 15 =17 389 -387 -18 o 23
L FOBS FCAL 8 632 600 =2 1246 1249 20 101 " =2 167 -181 -28 103 104 -12 29 13 -15 93 98 =32 44 36 -18 100 =94 =19 117 114
32 0 46 & 24 269 -3 380 285 19 115 =125 HiK= 9, 1 -3 59 49 =29 144 143 -13 52 47 -16 7 =19 131 131 =20 168 166
a0 102 -117 .4 498 =490 -4 2056 2252 18 -19 L FOBS FCAL -4 T2 BT =30 164 187 -14 635 -652 -17 129 =143 Heks 3, 3 -20 69 ~61 =21 279 =259
28 119 131 2 468 =484 -3 15 =79 17 100 11 23 71 =5 144 157 -~31 59 =64 -15 483 4p6 =18 229 -223 L FOBS FCAL =21 200 199 =22 AL -43
2w 229 231 o 872 879 -6 1142-1162 16 Se71 580 22 251 247 -6 236 228 =32 135 122 ~-1&6 32 -11 =19 187 18 3a A4 38 .22 63 59 -23 12 Y
k3 -2 B35 634 - A 13 187 -160 21 -7 42 32 =33 158 -1s1 -17 98 89 =20 180 178 29 61 =63 <23 165 163 -24 73 80

153 -187 =10 267 =288 L FOBS FCAL -20 249 247 =23 e ~-19 26 ] 20 <26 147 -143 =27 44 -2

39 36 =12 9% 93 29 61 B4 -22 247 =236 -25 43 -50 24 457 443 -28 92 @9 HoKmll, 3
123 120 -13 0 A4 28 256 268 -23 205 204 -26 16 - 23 125 -116 =29 o 22 L FOBS FCAL
143 162 ~-14 105 104 27 82 -83 =-24 204 289 22 211 218 =30 T4 B3 15 289 -274

38 36 -15 43 -27 26 40 -13 -25 221 -232 Hokm12, 2 21 51 as -3y 0 21 14 44 36
185 195 -16 138 130 25 39 S0 -26 78 B4 L FOBS FCAL 20 149 154 13 97 ~104
148 -138 ~-17 132 ~13L 24 &1 51 =21 O 13 12 187 193 19 174 -172 Hike 7, 3 12 60 =55
316 -313 23 33 ~62 -28 135 144 11 62 ~T1 18 164 =163 L FOBS FCAL 11 158 1&0

71, 74 Hok= 0, 2 22 184 1486 -29 118 -112 10 0 ~44 17 484 AB4 25 233 -241 10 123 138

20
19
18
17
it
12 1930 1964 -14 123 116 =13 296 =274 13
14
13
12
3%
10
9
671 687 8 50 43 L FOBS FCAL 21 254 243 -30 195 -204 43 24 16 185 179 24 173 -1358 AL 33
0 ?
)
3
.
3
2
1
o
-1
-2
-3
-4
-5
-6
-7
-8
-9
=10

9
10 435 =433 -16 562 706 ~-l4 907 -909 8
46 40 -18 293 296 ~-15 83 -18 T
6 2511-2636 ~20 1)1 -140 -1&6 225 227 6
4 1447 1436 =22 274 287 -17 o 6 5 545 531
2 1574 1560 =24 244 247 =18 209 189 4
€ 903 822 -26 135 -133 -19 30 -al 3
=2 1620-1637 =28 42 =37 =20 064G 649 2
=4 1255 1218 -30 o 29 -21 A4 =44 1
-6 1513 1552 L]
-8 2195-2256 HeR=10, O
o

9 9
130 -129 0 1170 1153 20 742 TA3 =31 97 103 8 42 19 15 309 303 23 165 151 8 232 233
7 13 53 14 292 284 22 102 w02 T 163 -8l
L3 6 57 68
156 ~164 HiK= 8, 2 5 ¢ 13 12103 ~143 20 348 2339 5 ° 24
648 ~647 L FOBS FCAL . 4 [}
3 3 12 21
2 2
1 1
] o

-14 6T6 693 1B 225 244 338 336 24 237 141 -151 10 123 124 18 272 274
-16 140 151 16 228 -239 90 -76 23 220 -215 107 106 9 498 464 1T 126 -151 88 86
-18 872 ~657 14 237 -251 90 ~T6 22 T4 <-Bb ST 41 B 8ag bAT 18 159 170 135 13
-20 645 655 12 244 236 147 139 21 42 -18 80 8 1 ©0 S 15 31 -35 210 220
-22 190 205 10 201 163 152 153 20 0 30 -1 69 16 & 498 459 14 51 =53 ~1 129 ~143
~24 505 512 B 344 242 262 -258 19 209 200 -2 ST 15 5 175 -179 13 685 695 -2 55 67
-26 206 -208 & 511 -522 297 -279 18 336 342 -3 250 247 4 158 158 12 392 390 ~3 39 =S4
-28 304 333 4 405 403 239 -239 17 155 143 -4 211 227 3 633 -533 11 305 ~305 <~ 39 A2
=30 193 176 2 436 Aah S8 =38 16 488 494 -5 165 =163 2 326 -294 10 0 ~13 <5 O -48
-32 184 158 0 446 420 0 16 15 252 -264 =& 283 -307 1 759 762 9 260 -210 -6 O 19
=34 187 ~191 -2 419 =409 466 454 14 195 =196 -7 57 0 178 183 8 189 -192 -7 348 331
-% 610 608 581 3584 13 269 244 =8 40 21 -1 492 488 7 185 171 -8 362 361
Hoke &, 0 <& 451 45 1731 1739 12 168 177 -9 0 31 -2 234 230 & 18 -73 -G 268 -289
L FOBS FCAL -8 70 ~86 I35 -135 11 0 =-2 -10 81 100 -3 0 -15 35 948 959 ~-10 9
30 256 278 ~-10 238 -190 219 194 10 0 =29 =11 158 148 -4 387 4 913 920 -11 68 6l
20 180 186 -12 176 177 82 -88 9 208 218 =12 207 281 -5 15451581 3 871 -671 ~-12 40 =4
26 105 -92 -14 510 511 198 186 B8 544 542 -13 210 -202 -6 B18 -808 2 384 319 -13 69 62
28 119 -135 -1& 0 9 -345 7 446 —443 =14 93 -T8 -7 1312 1314 1 347 =351 -14 57 -ap
22 -29 -1a 86 -121 Q74 -351 & 278 -2T6 -3 13 -6 -8 831 6853 0 27 -15 264 297
20 683 699 -20 256 259 650 829 5 32 -39 -16 19 -9 587 -391 -1 265 268 -l6 82 106
18 416 =408 -22 41 43 995 998 4 496 =516 -17 85 83 ~-10 2397 405 -2 -17 59 -S4
16 140 144 -24 0 8 1276-1293 3 439 43¢ -18 121 114 11 78T =773 =3 AT2 471 -18 42 25
409 396 -26 241 -243 3 - 2 243 232 -19 0 31 -12 61 71 -4 236 223 -19 60 ~Bl
12 1197 1182 269 -252 1 208 207 -20 44 42 -13 288 -302 -5 12§ -131 -20 -32
10 1312-1289 HoKe12, O 527 531 0 704 699 21 77 -95 -14 168 163 -6 43 40 -21 O 10
8 199 216 L FOBS FCAL 186 186 -1 277 -213 -15 320 313 -7 315 -303 -22 44 23

6 221 208 14 147 159 263 236 -2 103 -110 Hek= 1y, 3 -16 548 540 -8 313 -324
4 13 28 12 401 423 589 600 -3 152 151 L FOBS FCAL -17 69 -86 -9 398 410 HeKeld, 3
2 683 -668 10 244 -281 1042 1067 -4 170 =181 32 44 <-40 -18 470 473 -10 7L I% L FQBS FCAL
0 T6-741 8 Q 13 15 S50 -38 -33 ¢ ~30 -2 23 13 313 -311 -5 168 160 31 106 98 -19 211 -208 -11 440 44T 4 84
-2 1841 1853 & 200 174 14 549 %62 -28 15 122 MKe 2, 2 -14 S33 543 -6 504 498 30 85 7O -20 133 124 -12 467 483 3 O 20
~4 862 687 & 497 516 13 101 114 HK= 7, 1 =29 44 -44 L FOBS FCAL ~15 175 <170 -7 339 -249 20 72 68 =21 59 -61 -13 314 =33%1 2 O 35
-6 832 813 2 98 =97 12 98 -85 L FOBS FCAL 32 84 -16 310 -309 -8 401 401 28 163 151 -22 O ~47 -l4 180 177 197 123
-8 1000 979 0 158 =120 11 206 119 27 0 =18 HoeKall, 1 31 43 13 17 543 548 -9 298 -304 27 264 -230 -23 345 356 -15 256 =260 O 8T 95

.
=10 616 598 -2 286 2304 10 193 -211 20 44 =22 L FOBS FCAL 30 84 -82 ~18 164 176 -10 121 -134 26 95 =79 =24 142 143 -16 34 -2 =1 1% -15%

12 1284 1203 -4 245 252 9 384 3I& 25 0 =29 17 123 133 29 131 127 ~-19 64 62 -11 46 -44 25 228 223 -25 92 83 -17 218 -222 -2 86 -89
-14 571 -S4l -6 142 -138 8 1872 1665 24 119 -120 16 295 308 28 171 170 =20 421 412 -12 216 -218 24 18t 167 -26 145 148 <18 150 -165 -3 122 144
-16 188 186 =-B 295 -268 T 427 -410 23 O =2 15 0 -6 27 142 -153 -21 337 -322 -13 75 -81 23 51 48 -27 162 -168 -19 260 266 -4 43 66
-13 156 200 -10 143 151 6 1352-1308 22 81 58 14 42 13 26 159 152 -22 182 117 -14 O 22 259 265 -20 40 =20 -20 288 297 -5 O -5
-20 863 854 -12 284 273 S 234 219 21 56 56 13 25 0 -8 -23 =5 =15 243 235 21 34 20 -29 41 -29 -21 286 -291 ~-& @6 Bl
-22 203 -194 ~-14 223 -209 4 1073-1062 20 359 35L 12 149 =173 24 426 421 -24 Bl 63 -1b 74b 734 20 342 320 -30 59 60 -22 16 10 -1 61 -5&
-24 157 164 -16 -14 3 375 313 19 0 -18 11 31 23 344 =353 -25 111 110 =17 262 ~257 19 350 -558 -31 196 218 <-23 78 -56 -8 o7 85
-26 0 9 =18 42 =1 2 366-378 18 O 15 10 TO 47 22 413 -416 -26 53 -T0 =18 88 -80 16 335 -34T -32 180 169 -24 125 102 -9 260 ~259
-28 237 253 -20 212 25¢ L 92 87 17 19 9 69 S8 21 342 334 -27 164 148 -19 137 133 17 189 196 -25 90 -71 -10 87 =90
-30 81 72 -22 140 -150 O 352 326 16 253 234 8 596 604 20 322 315 -28 194 214 -20 T4 &2 6 0 1 MK= 5, 3 -26 71 42 -11 62 84
~32 204 -190 ~1 433 -432 15 86 -103 7 203 -190 19 Q@ 12 ~-29 5L -152 -21 &5 -64 15 39D -392 | FOBS FCAL -27 229 223 -12 0 29
-3 o 1 Hekelé, 0 =2 1042 1030 14 0 =21 6 67 B3 18 590 598 =30 41 -46 -22 94 100 14 103 =99 28 44 4T -28 229 246 -13 76 83
L FOBS FCAL =3 1074-1091 13 75 80 5 120 -135 17 68 =66 =31 60 53 -23 78 90 13 238 251 27 106 120 -28 87 -95

Heke &, O 0 193 182 -4 465 429 12 602 605 4 O 36 16 243 258 ~32 43 -T0 -24 380 371 12 60T 610 26 153 158 -30 44 61 HeKe 04 4

L FOBS FCAL =2 88 107 =-S5 609 -6186 11 126 -107 3 137 -158 15 29 =17 =33 0 34 -25 152 -136 11 292 -282 25 59 -49 L FOBS FCAL

2 0 16 ~4 44 -T8 -6 SOl -532 10 448 AL 2 53 -49 14 405 -284 -26 41 -T4 10 S42 382 ZA 115 137 HoK= 9, 3 0 1211 1207
26 111 -128 -6 62 -b6 -7 542 532 9 19 -214 1 135 133 13 415 A17 MeK= 6, 2 =27 O 17 9 25 -24 23 191 -208 L FOBS FCAL ~-1 1170-1208
26 339 331 -8 265 298 -8 1186 1230 B 161 -136 O ABT 493 12 418 426 L FOBS FCAL =28 O =35 8 939 969 22 O -21 21 133 -137 -2 596 $89
22 71 =65 -10 99 125 -9 194 -166 T 30 24 -1 112 119 11 186 -187 27 43 -49 <-29 O 10 7 175 152 2L Sa4 I7 20 144 152 -3 350 340
20 o 9 -10 0 4 6 0 -30 -2 203 199 10 548 563 26 135 -150 -30 99 76 & 1205 1218 20 &5 68 19 227 -217 -4 178 201
18 479 -468 Wike 1, 1 -11 159 -144 S 275 256 -3 37 43 9 S8 80 25 84 93 S 198 200 19 251 2% 18 &0 -35 -5 207 188
16 473 471 L FOBS FCAL -12 502 -4TL 4 865 851 -4 139 -13¢ B 0656 686 24 217 224 H,K=10, 2 4 S50 S6B 18 237 238 17 330 339 ~8 O -l0
14 204 176 33 68 95 ~-13 857 571 3 76 62 -5 S3 50 7 36l 340 23 57 53 L FOBS FCAL 3 4896 861 17 198 204 16 235 243 -7 210 228
12 537 543 32 61 -41 -1 283 277 2 183 193 -6 37 43 6 1093 1041 22 411 412 19 @8 -71 2 37 -10 16 303 307 15 57 13 -8 180 175
10 549 569 31 59 64 =15 515 520 1 4l5 426 -7 186 187 5 204 -179 21 185 -188 18 130 130 1 303 -259 15 517 -518 14 184 176 -9 130 -1el
8 638 835 30 4L 25 -16 1066 1088 O 157 163 -8 597 04 4 11l 103 20 75 90 17 95 -101 O @60 -850 14 181 =162 13 39 -55 =10 117 119

6 953 944 29 98 -T1 ~-17 349 -335 -1 257 263 -9 Q@ -2 31301 1308 19 165 ~179 16 O =28 -1 54D 34l 13 174 -183 12 86 76 -11 113 129

4 294 =245 28 368 343 -18 223 241 -2 453 -453 -10 O @ 2 1350 1339 18 130 -145 15 O 52 -z 303 -265 12 319 =325 11 244 -260 -12 0 ~-29

2 227 -23¢ 27 239 -230 -19 322 -317 -3 97 104 -11 93 =103 1 171 165 1T 154 191 14 41 -28 -3 11gs 1184 11 &34 36 10 322 =320 -13 59 -6l

O 434 447 26 296 -296 =20 510 542 -4 443 424 <-12 248 -252 O 317 2IT 16 278 279 13 235 244 -4 GB57 6T 10 304 317 9 4T4 &74 ~-1&4 0 -15
2 36 49 25 63 35 <21 191 ~i86 -5 366 =369 ~13 -91 -1 1210-1170 15 76 78 12 381 393 -5 580 -596 9 115 ~111 & 64 45 ~-15 658 662
-4 650 64l 24 35 A4 -22 227 ~241 -6 40 -7l -1 8T -71 -2 2079-2246 14 223 236 11 162 -160 -6 209 212 B 446 434 7 193 189 -1s 384 392
-6 230 209 23 Q@ 2 -23 152 148 -7 11l =116 -15 56 61 =3 IS TAS 13 133 -163 10 T8 99 =7 172 203 7 1433-1427 & 279 266 -17 0 ~17
-8 883 885 22 455 463 -26 312 328 -8 b4 -70 -16 245 255 -4 324 -300 12 55 66 9 148 -151 -8 645 65¢ 6 441 =402 5 250 -247 -18 315 310
-10 351 -340 21 203 -187 -25 9% =107 -9 175 -382 ~17 O 12 =5 256 -271 11 469 -479 8 120 -128 -9 249 -237 5 531 534 4 170 1764 -19 233 -232
-1z 729 749 20 3524 S19 -26 176 178 ~-10 All -436 -18 40 =-38 ~6 856 ~B825 10 562 -550 T 163 -154 -10 303 314 4 629 &A1 3 320 298 -20 60 -53
-14 1054-1057 19 118 -100 =27 84 -80 =-il 73 =65 -19 0 -26 -7 248 218 O 441 441 & 21T -212 -11 418 416 3 6l -BO 2 60 -53 =21 2t3 207




-3

~54

Hike 4, &
L FOBS FCAL
a 4 1

2 .
27 106 -108

26

-1
24
68

154
43
108

HeK=

~10s

b6y 4

L FOBS FCAL

25
24
23
22
21
20
19
18
17

15

240
43

158

HiKe10, 4

L FOBS FCAL
-1

15 ] 13
14 0 -15
13 175 203
12 94 a9
11 223 -223
4l 58
o -29
57 53
98 -100
] 14
366 366
160 139

55 -67

196 187

-22 ] 22

=23 0 -80
HyKel2, &

L FOBS FCAL

8 44 -8

T 139 124

& o 59

5 179 191

4 181 170

3 96 =105

2 128 3

1 60 75

] a2 52
=1 127 124
-2 60 47

-3 “2 38
-4 111 94
-5 206 -227

-6 42 34
-7 60 -27

-8 85 ~88
=9 175 174
=10 0 12
=il 121 130
=12 167 158
=13 216 -201
-4 62 80

4 113 -1le

3 12
2 3

L FOBS

7
368

87-1309
403

41
~3n

HyK= 3, §

21 98

26

25
24
23
22

21

105
158
o

FCAL

18 72 10
17 41 =55
16 o 20

-4 0
-5 365 -387
-6 0 13
-7 130 146
-8 93 76
-9 V75 -188
-10 375 374
~11 379 398

133

-1

17

-11-

=111

HeK= 0, &
L FOBS FCAL

o
-1
-2
-3
-4
=5
-6
-7
-8
-9

-10
=11
-12
=13
~l4

372
894
51
224
420
515
105
449
388
212
188

58
3406
186

~353
-88as

=211
442
539
=-108
457
~380
-242
177
=33

12 34 38
-13 0 22
-14 202 209
=15 250 -266
-16 189 174
-17 433 -419
-18 293 286
-19 241 250
-20 55 -S2
=21 Se -6l
-22 0 21
-23 108 -106
-26 42 Al
-25 115 -176
-26 136 138
-27 156 t$9
Hike 4, &

L FOBS FCAL
24 63 712
23 130 129
2 & T2
21 188 183
20 41 -7
19 307 -320
18 233 230
17 86 -49
16 155 160
15 287 269
4 0 -18
13 153 168
12 -26
1l 461 -488
10 409 421
9 23t 228

8 70 67

T 236 250

5 34 56

5 148 140

4 106 95

3 532 -545

2 408 415
1120 =113

0 93 96
-1 104 Se
-2 41 39
-3 0 =9
-4 a7 56
-5 491 -436
-6 349 355
-7 0 -2¢
-8 76 T1
-9 16 92
-10 134 129
=11 342 333
-1z 81 -1
=13 335 ~338
-14 173 174
-15 52 71
16 T4 63
-7 262 202
-18 17 15
-19 233 223
-20 39 -21
-21 238 -243
-22 141 155
-~23 0 -3
-~24 0 T8
~25 4 18
~26 62 80
-2 17 83
Hik= 8, &

L FOBS FCAL
21 117 -106
20 0 43
19 149 -15%
18 120 58
17 206 200
16 1 -7
15 122 -131
14 120 130
13 142 -139
12 18 8
11 178 ~180
10 147 173
9 238 252

8 53 10

T 0 a3

6 172 181

5 186 -187
¢ o 7
3 95 -95

2 81 9

1 507 507

o TL -58
-1 0 13
-2 271 207
~3 11
-4 182 170
=5 133 -121
-6 262 247
-7 160 168
-8 83 103
-9 89 ~Ts
-0 13 85
=11 31T -2s
-12 149 <129
-13 271 -258
-14 157 165
-15 378 374
-16 0 15
-17 197 191
-18 105 57
-19 1le -125
-20 164 147

=21
-2
~23
-24
-25

L

138 -133
227 211
86 T4

[ 16
62 -63

H,K= B, &

FOBS FCAL

3 =38
129 13}
131 123

44 22

HyKw10, &

-18

N

FOBS FCAL
146 =149

Ko 1y 7

L FO8S FCAl

24

L

63 82
5 8
0o -1
a2 59
200 -204
340 =333
214 282
89 89
8 -7
102 118
38 =55

=16 o -5
=17 40 -35
-18 107 119
=19 116 -120
=20 117 125
=21 73 -88

~23 83 60

Heke T, 7
L FaBS FCaAL
15 o =
14 222 231
13 280 23
12 171 =160

-21

164

L}

KoK=

UCRL-10832

=160

57

2, 8

L FOBS FCAL

19

98

112

-1 97 89
=12 89 T4
=13 40 -56

=19 [} 27
=20 0 -14
~21 7 o7
HiKe 4, 8

L FOBS FCAL
17 0 —46
16 287 278

15 189 194
18 43 -4b
13 42 51
12 237 -221
11 161 =181
10 138 136

-4 434 -A35

=13 T =77
-4 A2 a5
=15 94 -160
-6 220 229
=17 A3 51

-3 -22
-4 82 82
-5 41 -32
-b 263 206
-7 92 93
-8 83 712
-9 177 164

HeKw By 8
L FOBS FCAL
5 88 -78
4 275 219

124 130

YAy g
CPUCRPWN O~ W

2

'3

»

~

]

~

-10 132 129
-1 =37

HoKe 1y 9
L FOBS FCAL

=15 ° 29
HiK= 3, 9
L FOBS FCAL
12 153
11 99 98
10 363 369
9 T4 30
B 234 -234
7 a5 -89
[ 42 30
5 73 =92
A a2 32
3 T2 102
2 256 251
1 72 82
° ] -5
-1 Al -43
-2 138 -133
-3 T2 -48
-4 239 2
=5 42 4L
-6 490 e88
-7 0o -1
-8 119 -1l16
-9 13 ~83
=10 135 -143

H,K= 0,10
L FOBS FCAL
0 234 -33
-1 76 66
-2 271 268
=3 76 =81
-4 159 154
-5 125 b6

HoR® 2,10
L FOBS FCAL
2 44 ~40
1 A7 ~1a1
0 46 -10
-1 a3 28
-2 388 408
-3 0 -1s




o—

SR

'Table“2. AtomigAcoordinétes ip MgSO&LéHzo;tlf.‘“ L
Atom - X T y- | z
| Mg(l) - o .0 Tf7A 0.
Mg(2) 0 - . o.9u25 . . 111 ,
S x 0.8659 0.Lh%o S 0.12L1
0(1)  0.7747 0.5986 - 0.1361.
0@) . 0.8 o2 - 0,265 |

o 'Suli.‘at‘ev;l :
0(3) 7 0,569  0.485k . 0.0692

R .',Jo(u) 0,796 ~0.2688 - 0.1211

S ater (o) o8z o.mes 0.8

ii171}£f€5aboﬁ; Mg(1) o6y 0.5393   {0.3162' . 0.06k0
e o oser oo

Coiioivaer o Coe) o887 0.8 - 0,262

r.ﬁadf;;?}ébcﬁt:Mg(2) < 0(9) . 0.888k  0.7M05 .  0.2811

i iLo(lo).  0.859% 0,935 - 'b,i799

U ater (5) Q) 0.613  0.6% . " 0.0%
T 7{-H(2), o 0.539 7 0.806 ‘,5;'36,oh5°f3jf

T ater (6) {HQ) -~ o5 . 0.232°° " 0.060

L EW) 0.6 0.3L0° .. 0,093

Water ;(7):"” [ 0.30L°  0.650 {:.9_.055 K

e E '_ . LHG) 0.271 - - ) \:_:0.51411_"""'vt:"‘;'0.011:‘."5'4-5‘ -
*{f._[,‘wager’.<e‘> - .' (D - 0.8l  0.092 °~312' '

| _' o 1 u@) o o 0.937 0.2‘35':.7 0,29

© vater (9) FHO) o5k 0.5 0.1

(6 10)) 0.820 " 0.733 0.275

tos 'S e

o water (100 {HQ)  0.849 - 0.831  0.16k
e (BQ2)  0.847 ©  0.033 0.16L
.. Estimated standard deviations are: for Mg(é), o(y) = 0.0002;

- for's, ox) = 0.00006, o(y) = 0.00008, o(s) = 0.00002; - for
. oxyren, o(x) = 0.0002, o(y) = 0.0003, o(z) = 0.0001,
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Table 3. Anisotropic thermal parameters {each multiplied by 10h)

‘and root mean square amplitudes of vibration in MgSOh.6H2O.

Aton Pi Bz B3y Bl B3 By 0 w A
‘Mg(1) L5 86 8.7 2 -1 =3 0.6
CMg(2) U6 72 7.8 (% 2 ()% 0.15

s L6 72 9.8 0 -1 -1 0.16

o(1) 6l 103 124 23 b -1 0.18

o0(2) 79 107 17.6 10 -17 -5 0.21

o3) - 8 120 13.2 . 0 ° 10 -1 0.19

o) 68 85 154k -19 -l 6 0.19

o(s) - 67 129 13.6 17 -5 -12 0.19
0(6) " 87 175  19.0 . ~51  -1§ 26  0.23

0(7) Sk 216 16.7 7 3 -21 0.21

0(8) 67 ok - 12.6 -2 6 | -7 0.18

0(9) 61 113 16.0 -5 5 12 0.19

0(10) 103 103 10.7 -8 -8 2 0.20

8Zero because of 2-fold axis.
Table L. Isotropic thermal parameters for H in MgSOh.éHQO.

2

Atom B, A% Atom B, A Atom B, A°
H(1) 1.9 H(5) 5.6 CH(9) 5.9
H(2) 5.2 H(6) 1.9 H(10) 3.1

+ T H(3) 1.9 H(7) . L.3 H(11) 2.6

("' H(L) 5.7 H(8) 1.3 H(12) 2.0
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Table 5. Interatomic distances and standard deviations in MgSOh,éHzo.
Atoms Distance g

Water octahedron about Mg(l)

Mg(1) - 2 0(5) . 2.0L6 R 0.002 &
- 2 0(6) 2.0lbL : 0.003
-2 0(7) -~ 2,080 0.002
o(s5) - 0(6) . 2.930 0,004
- 0(6) 2.85L . 0.004
- 0o(7) 2.986 0.003
- o(7) . 2.8L7 0.003
o(6) - o(7) 2.889 0.00L
- o(7) 2.943  0.003
Water octahedron about Mg(2)
Mg(2) - 2 0(8) 2.083 0.002
- 20(9) 2.05k 0.002
- 2 0(10) 2.059 0.003
0(8) - 0(8) 2,917 0.004
- 0(9) 2.943 0.003
- 0(10) 2,87 0.003
-o0@0) T 2.9m 0.003
0(9) =~ 0(9) 2.896 0.003
- 0(10) 2.850 0.003

- 0(10) 2.972 0.003



. 0(9)

o(5) -
0(5)
0(6)
0(6)
0(7)
0(7) -
0(8)
0(8)

o(9) -

0(10) - H(11) -~ 0(1)
0(10) - H(12) -- o(k)

]

[
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Table 5 (cont.)

Sulfate ion

1.L76
1.L60
1.L82
1.475

Hydrogen bonds

o(1)
0(2)
0(3)
o(L)
H(1) -- 0(1)
H(2) -- 0(3)
H(3) -~ 0(3)
H() - o(L)
H(5) -- o(bL)
H(6) -- 0(3)
H(7) -- o(1)
H(8) -- 0(2)
H(9) -~ 0(2)

H(20) -~ 0(8)

2.785

2.747
2.785
2.906
2.934
2.796
2.707
2.721
3.068
2.794
2.777

0.002
0.003
0.002

0.002

0.003
0.003
0.003
0.00L
0.003
0.00L

0.003

.0.,003

0.003
0.003
0,003
0.003

. UCRL-10832
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’ '}j: fli"v;t.’ o (Figure caption) .

'?';Fig;;i.'bElectron density sections through hydrogen atoms, with<othef3”
 7atoms_$ﬁbtracted out. Contour interval approx. 0.1 e/ﬁB; zero ';:
::And‘negative contours omitted. Grid lines and contours were re- a

'-'prodnbed?photographically from cathode ray tube‘of computer. -

B
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






