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Abstract

The hydrogen atoms in hemimorphite, Zn4Si207(OH)2' H20, have been
located and its crystal structure refined using 415 three-dimensional single-
crystal neutron-diffraction data. The mineral is orthorhombic, space group
Imm2, with a = 8.367(5), b = 10.730(6), c = 5.115(3) A, and Z = 2. The
structure consists of three-membered rings of corner-sharing Zn(OH)Oa (X 2)
and Si04 tetrahedra arranged in compact sheets parallel to (010). Three oxygen
atoms in each tetrahedron are bonded to two zinc atoms and one silicon atom,
while a fourth oxygen atom forms a bridging bond to an equivalent cation in an
adjacent sheet. The water molecules are oriented parallel to (010) inside large
cavities between the tetrahedral sheets and are held in place by hydrogen bonds
to and from the hydroxyl groups of the Zn - OH - Zn bridging linkages. Mul.
liken population analyses calculated using constant bond lengths and the ob.
served angles within and between the tetrahedra allow a rationalization of the
bond-length variations in the Si04 group, but are less successful in the case of
Zn(OH)Oa. Detailed analysis of observed bond length and calculated overlap-
population variations in a variety of tetrahedral oxyanions suggests that the
poorer agreement in the case of the Zn tetrahedron is more a function of the
larger overall size of the group than of the relative ionic character of the bonds.

Introduction

The crystal structure of hemimorphite has been of interest follow-
ing the discovery by ZAMBONINI(1908), and later confirmed by FAUS'I'
(1951), Roy and MUMPTON(1956) and TAYLOR(1962), that the mineral
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dehydrates in two stages. Crystal-structure analyses by ITo and WEST
(1932), BARCLAYand Cox (1960) and McDoNALD and CRUICKSHANK
(1967) have served to rationalize these dehydration properties by
establishing the presence of hydroxyl groups strongly bonded to two
zinc atoms, and water molecules located in a series of interconnected
cavities parallel to the c axis.

The release of water over the temperature range 400-650°0
(FAUST, 1951), without disruption of the structure, represents the loss
of the H20 molecules, whereas the breakdown of the structure to
fJ Zn2Si04 at about 740°C is a result of the expulsion of the hydroxyl
groups (FAUST, 1951; TAYLOR, 1962).

Although the positions of the non-hydrogen atoms in hemimor-
phite are known with moderate precision (McDoNALD and CRUICK-
SHANK, 1967), the exact location of the hydroxyl and water oxygen
atoms, and of course the protons, remains in some doubt. Indeed,
McDoNALD and CItUICKSHANKhave suggested that the water mole-
cule may be rather free to move inside the cavity and to form hydro-
gen bonds to a variety of neighbouring oxygen atoms. Since the chan-
nels containing the water (and hydroxyl) are parallel to the polar c
axis of the cell, a study of the mechanism of dehydration of this min-
eral is of particular interest. Moreover, TAYLOR (1962) has indicated
that the product of complete dehydration of hemimorphite shows a
marked preferred orientation with preservation of the repeat distance
in the c-axis direction. The present neutron-diffraction study was
initiated in order to locate the protons associated with the water
molecule and hydroxyl group as a preliminary to a detailed x-ray
study of the structure as a function of temperature. We also plan to
undertake an analysis and comparison of the experimental charge-
deformation distribution with theoretical electron-density maps
obtained from accurate molecular-orbital theory.

Experimental

The sample selected for data collection was a 31 mg transparent
fragment of hemimorphite from Chihuahua, Mexico, displaying well.
developed {01O}faces, and having approximate dimensions 1.6 X2.6 X
2.1 mm. The crystal was oriented with the c axis parallel to the IF
axis of a fully automated Electronics and Alloys four-circle diffractom-
eter at the CP-5 reactor at Argonne National Laboratory. The unit-
cell parameters were refined by least-squares methods to give the best



A neutron-diffraction study of hemimorphite 243

fit between calculated and observed angles 20, X and rp (measuredl at
22 ::i::2 °0 with ). = 1.142(1) A) for 29 automatically centered re-

flections in the range 20 = 33-63°. The resulting cell dimensions
(a = 8.367(5), b = 10.730(6), c = 5.115(:~) A) and unit cell volume
[459.2(4)A3] agree well with values reported previously by McDoNALD
and ORUICKSKANK(1967)

Density measurements were made by the volume displacement
method (in toluene) using six crystals in the range 21-58 mg and
yielded a value of ?A15(lG) g cm-3.. the ca\culated density naBed on
the ideal formula Zn4Si207(OHh' H20 and Z = 2 is 3.484 g cm-3.
Several samples ofhemimorphite with weights in the range 158-277mg
were held at a temperature of 800 °0 for several hours and yielded
weight losses between 7.3 and 7.8%, again consistent with the pres-
ence of a single H20 group in the ideal formula (theoretical leight
loss = 7.48%).

Intensity data for the structure analysis were collected at 22 ::i::
2°0 using a neutron wavelength 1.142(1) A produced by diffraction
from the (110) plane of a Be monochromator crysta12. Each reflection
was step-scanned using the 0-20 technique at 20 intervals of 0.1 °
over a scan range of width 4.2-6.4° in 20. Backgrounds were deter-
mined from stationary counts taken at both ends at the scan. A total of
818 reflections of the types hkl and hkl, consistent with a body-cen-
tered lattice, were coUected to a maximum (sin O)j). = 0.72. Two
reflections were measured every 50 regular reflections in order to
monitor crystal and instrument stability: their integrated intensities
were observed to have a maximum random variation of 2.1%. The
intensity of each reflection was corrected for background, Lorentz,
polarization and absorption effects using a f-l value of 0.913 cm-l (the
corresponding transmission factors ranged from 0.83 to 0.88). An data
were placed on an absolute scale by calibration with a wen-characteriz-
ed NaOI crystal using a method described by PETERSEN et al. (1974).
Multiply measured and symmetry-equivalent reflections (consistent
with point group mm2) were averaged (using weights based on count-
ing statistics) to yield a set of 433 unique structure factors, each with a
standard deviation estimated from the equation a = [ar2 + 0.0312]Q.5/

21°.5, where 1 is the corrected raw intensity and ar is derived from
counting and averaging statistics. The "agreement factor" between

1 Parenthesized figures here, and elsewhere in the text, represent the e.s.d.

in terms of the least significant figure quoted.
2 Further details are given by ROZIERE and WILLIAMS (1976).
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Table 1. Observed (Fo) and calculated (F,)

FO FC AC BC Fa FC AC 8C K Fa FC AC 8C K Fa FC AC Be
:~=====:===~=========== ======.======= === ======= =======-================ == == === == ==::==========8

5 109 105 -105 0 H= 7 L= I 5 149 143 -95 106
ft= 0 L= 0 7 6~1 b15- 675 0 7 24Y 243 229 -i!\, 397 407 -407 0 0 4';8 500 -498 49 9 372 JB9 -366

2 573 578 -578 0 2 451 455 424 163 11 201 199 -191 58
4 99 141 -141

"
H= 10 L= 0 4 343 337 311 -129 13 232 240 233 -516 lOll "79 C'J79 0 6 370 364 -294 215

8 177 161 -161 0 0 597 608 608 0 R 119 112 106 36 H= 6 L=10 6 41 ..I u 2 170 171 177 0 10 311 307 245 -185
12 349 369 36q (> .. 297 2~9 -2Qq 0 12 281 287 -50 282 0 731 744 190 719
14 43':1 449 ..-.9 C. 6 76" 761 701 0 2 325 ~15 243 -201

"
Z03 197 197 0 H= L= I 4 760 757 72 241

H= L= 6 369 372 172 330
H= 11 L= v I 440 450 -448 -48 8 285 288 260 -125

I 530 505 505 C 3 364 368 -20 -368 10 344 345 -11 345
3 565 532 -532 0 118 123 123 0 5 248 250 -250 3 12 127 119 101 -64
5 472 495 4~5 0 358 355 -35!i 0 7 505 511 -505 -77
7 247 242 242

(j
48 12 72 0 9 260 262 -18 -761 H= 7 L= 7

9 89 115 -115 (\ 11 B 85 -81 26
11 97 60 60

"
H= 12 L= 0 I 2"6 "7 -149 251

13 277 261 261 C H= ~L= 3 463 475 430 -20215 60 .,0 ..0 (, 0 238 233 238 0 5 472 465 -185 421
0 498 50b 323 389 7 31 62 -51 -35

H= 2 L= H= 0 L= 2 388 397 -262 -29~ 9 43~ 430 386 190
4 43 17 17 -~ 11 133 132 -92 95

0 226 213 -213 0 1 141 )42 137 -38 6 211 217 145 162
2 137 136 136 0 3 133 103 -103 -8 8 369 367 -274 -244 H= 8 L= 2
4 107 127 -127 ~7n 284 -24 -288
6 123 101 -liJ1 0 7 543 547 465 287 H= 10 L= I 0 272 779 -272 59
s 103 136 l~b 0 9 598 601 -448 -410 2 128 119 117 -22

10 190 l6R -}6!i 0 11 272 262 260 33 I 252 ~39 201 129 4 103 91 45 -79
12 32 20 -20

(\ 13 36~ 348 334 95 3 436 435 -329 -284 6 287 295 -291 48
14 46 27 -27 (> 15 509 536 -430 -319 5 436 433 348 258 8 137 141 138 32

7 115 109 3 -109 10 14? 143 21 -142
H= 3 L= 0 H= L=

H= 11 L= I H= L=I 67 41 41 0 C 219 21~ -209 -47
3 420 426 426 0 2 31 16 -10 -12 J 209 215 -2D2 73 I 145 142 133 51
5 781 276 -276 0 4 242 26d -143 -227 2 174 11", -105 -138 3 262 266 -196 180
7 5% 58", 58-'t- 0 6 148 1411 -"9 139 4 IC'2 10~ -6 -109 5 165 165 22 -163
9 43 77 27 (> 8 18a 174 -171 -31 7 426 ..23 187 379

11 141 13A 138
(,

10 ::\1:'(-: 3('11-199 -226 H= 0 L= 2 9 159 164 -51 -156
13 313 314 314 C 12 2>1 2bJ 121 2.30

14 3BB 38d -340 -187 ;; 975 1047 ~O4 670 H= 10 L=
H= 4 L= 0 4b8 503 323 -385

H= 2 L= .. 210 19? 31 189 0 4e~ 4e5 485 -90 MC 670 67') ,. 6 771 761 703 290 2 2<.4 2b3 -20 262
2 372 376 3R~ n I 562 560 -553 88 8 395 398 359 -172 4 III 119 -89 -194 134 151 -1 ~1 c 3 378 374- 27 -373 10 404 41> -147 388 6 425 431 376 222
6 173 758 11\8 C 5 301 19'f. -244 163 12 479 47~ 473 -75
8 30~ 315 315 0 7 745 730 -727 -113 14 414 421 309 287 H= 11 L= 2

10 336 320 -320 0 9 215 217 109 -188
12 645 641 641

"
11 1I~ 173 -123 1 H= L= 2 I 98 103 -24 100

14 n n n 0 13 569 57" -572 -85 3 124 131 -22 -12915 101 102 16 -101 1 342 347 -119 326
H= 5 L= 0 3 293 294 -245 -162 H= L= 3

H= 3 L= 1 5 .,7.. 483 -216 432
I 177 167 167 0 7 105 93 93 5 I 223 236 219 -tl83 1207 1147-11~7 0 0 432 432 32 431 9 157 161 -118 109 3 423 429 -250 348
5 114 125 125 [J 2 492_ 49z) 5~ -486 11 210 215 -182 115 5 556 578 534 -223
7 224 220 220 0 ., 5t.t. !>42 540 -4~ 13 138 127 105 72 7 1~3 1~8 -115 162
<> 6ql 6~1J -bf:!f.1 0 243 24t. -211 127 9 173 190 189 24

11 57 42 -~2 ~8 357 355 -~8 -341 H= L= 2 11 205 210 210 3
13 235 227 227 Ie 58(,1 bOt 591 109 13 144 140 126 61

12 36lJ 360 -334 -150 0 369 351 -348 -46
H= L= 0 14 44 58 45 37 2 187 194 183 64 H= L=

4 217 223 154 -162
0 1139 112() 1120 0 H= 4 L= 1 6 432 436 -4123 107 0 413 400 12 -400
2 195 206 -206

f)
8 173 164 141 11 2 63 52 -48 .19

4 174 172 172 ,\ J 179 18~ -31 186 10 221 223 102 -198 4 292 282 252 -121
6 642 625 6ZS r. 3 4:'4 450 -331 -305 12 498 496 -440 229 6 2~6 321 -176 -269
8 89 72 -J2 0 5 36" 374 191 322 14 147 144 127 -67

"
150 153 -149 -3710 240 244 244 ., -f 2C16 213 -200 -72 10 262 283 -m=1l!12 83 75 75 C ~58 84 -83 -13 H= 3 L= 2 12 2"1 243

11 ~o 89 73 50
H= L= 0 13 52 41 -38 16 I 9? 93 18 91 H= 2 L= 3

3 54? 552 469 291
I 233 236 236 ~H= L= 5 212 204 33 -201 I 680 603 -603 -211
3 38 8 8

"
7 556 559 23 559 3 633 058 -m=m5 411 412 412 (I (> 41 47 43 -19 9 6C6 599 572 -181 5 514 4~"7 27 50 -50 0 2 3!'O 3..9 -319 -141 11 179 185 -39 181 7 575 5~6 -434 -348

9 454 459 459 0 4 4bO 464 -400 -236 13 314 318 36 316 9 351 358 352 -68
11 79 72 72 0 b 61 64 63 11 11 221 209 -73 -196

8 405 398 -373 -138 H= 4 L= 2 13 453 447 -369 -252
H= L= 0 10 550 545 -475 -267

12 170 Ib~ 151 74 0 312 317 296 113 H= 3 L= 3
0 63 44 -44 n 2 369 372 8 372
2 56 41 -41 0 H= 6 L= 4 55 79 -79 -2 0 778 178 -757 118
4 141 147 -147 (I 6 348 350 165 315 2 828 ,>13 811

-Sf6 105 100 -10'"
p

I 174 184 -166 -79 8 2s-f 264 131 230 4 543 519 472 21
8 6b 57 57 0 3 152 161 153 -51 10 180 173 -142 -100 6 394 405 -404 -210 2'O~ 210-210 C 5 no 312 -189 -249 12 405 407 21 407 8 433 430 426 -56

7 285 281 109 25~ 10 373 369 275 245
H= 9 L= 0 9 310 366 -161 -329 H= L= 2 12 211 206 12 -206

11 106 162 157 40
I 25~ 250 251) 13 114 119 36 114 45 06 66 5 H= 4 L= 3
3 202 1~7 -197 652 631 -522 -355

averaged reflections was 0.021. Of these data only those 415 observa-
tions with I > 2aI were included in the subsequent least-squares re-
finement.
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atrueture factOrB (x 100) for hemimorphite

FO FC AC oC FO FC AC BC K FO FC AC BC--- -------------------- ----------------------- -------------------------- ---- --- -------- ----- ----------------------- -----------------------
I 288 294 -246 -160 H= 4 l= 4
3 239 240 219 -9" ~535 533 ~31 -4<;
5 28~ 287 -286 -33 0 589 57::) 574 -I~ 245 236 -1~9 -127
7 778 278 44 -275 2 34't 34. -B4 100

;;
1I~ 113 -113 -79 lr6 121 -96 74 4 7?7 235 -146 185 6 481 418 467 -104

11 150 138 76 -115 6 272 271 l53 -10~ S 293 282 -224 -171
13 148 147 -11 -147 8 1"1 17. -124 129

10 21.; ~; 198 -123 155 H= 6 L= 5
H= l= 3

H= l= ~137 135 133 26
0 40(} 405

I""
-37fl

5
2?1 228 -148 -173

2 142 142 -12~ -5
"

I lq5 If~l 128 -12<> 411 417 ?29 257
4 125 132 -15 -131 3 ~tt! 51::!.; -502 143 7 2<.J3 3(:4- -66 -297
6 327 JJI 107 -314 ~10-/ 17/ -1(;4- -144-
8 234 219 -2(,0 -9u 7 36? 36C 353 -71 H= 7 l= 5

JO 176 186 -12 -IA ~) 9 ~2-' 51':' -507 109
12 18~ 191 49 -185 II 189 19t. -165 -IO~ 0 231 234 -58 227

2 170 155 123 -95
H= 6 l= 3 H= 6 L= 4 4 423 41P 358 217

I 154 1~7 -34 -154
., 181 IP-t< -132 -1:,5 H= l=3 737 241 59 234 2

]I){;
341 107 285

5 403 391 291 -lb1 ~330 ?3S -307 134 I 201 202 -136 -149
7 389 401 -3q3 8C 6 11° III 107 -43 3 172 183 182 18
9 3~2 336 335 -24 8 294- 2'7L 1"2 229

11 133 119 105 -56 1(; 434 435- -430 69 H= 0 l= 0

H= 7 l= 3 H= 7 l= '+
u 099 -'0,+ 703 -35
? 472 492 -411 270

0 455 448 -3?o -272 1 159 15:) -15'; -7 4 31../4 384 -350 -158
2 196 2()3

1"'(.' 143 3 426 430 313 295 6 483 492 449 201
4 580 581 580 -34-

, 337 331 -329 -72 8 2 ~-9 2~4 -178 HI
6 540 525 -5U8 -13<' 7 178 171 125 117, 46 75 38 f) ~; 9 17b 115 39 17C H=- I L=10 b(}1 605 b,'C -82

H= L= ~1 1('1 105 102 -24
H= l= 3 487 491 -470 -142

0 16& 154 -7. -138 5 164 lor 51 -151
1 405 407 -362 -137 7 l:::St 12~ -81 luO '1 21~ 2Cb 82 189
3 ')03 510 504 -SJ " lOb 103 -85 67
5 274 285 -2~1 -13~ 6 159 178 -12'9 -123 M= l=7 417 413 -353 -215
9 347 3~8 343 -57 M= l= 0 ],,4 334 -160 293

2 173 264 5~ -258
H= l= 1'14 206 200 -52 4 149 1:;)(' -55 -118

bG3 :"92 -">a~ 93 6 20b It;~ -148 133
0 343 344 -344 -4 247 25') 254 -8 8 234- 209 54 -202
2 304 287 242 -1">~
4 77 62 -?4 52 H=- 10 L= '. H= 3 l= 6
6 11(1 16(\ -98 -120
8 I'}/,. lu? 1?7 -144- 70~ 70'" 705 07 1 229 245 -140 201

3 433 ~12 SO -4Qq
y= 10 L= H= L= 5 460 4A9 -;no 383

7 129 137 58 -125
1 ql 51 3B -34 I ~10 ~16 2qA 106
3 178 173 173 -I 3 ~1'1 535 -520 -126 H= 4 L= 6
5 105 88 -57 67 5 560 591 448 385

7 335 307 134- -217 0 488 479 234 418
H= 0 l= 4 ~39L 401 -276 2~1 7 240 2)1.' -93 -2?Q

11 314 319 31:? A5 4 3~1 344 -344 12
0 ?;On "300 ?fjf!

i.~~
b 318 32-2- 262 187

2 505 523 1'12 y= l=4 '351 ')~A -47~ lI.:J3 H= L=6 513 523 515 4(;
c'

401 39'/ 3t:1b 91
8 431 <+16 199 3bb 7 Ib"} 16~ -44 -ltd 1 ?C7 211 ?C4 -561) 711 696 -671 18~ 4 It-.t.... 15-..- 117 9~ 3 b8"i b!Ji:) -651 -214

12 '58_~ 1:»02 535 141 b ::W'1 ?O~ 294- -q4 5 155 152 70 -13?p. 2(10 }C;<1 -135 -146
H= l= 4 10 178 18" 133 129 H= 6,

l= b

I 169 170 -11 -1':>4 H:; 2 L= 0 38) 377 371 -70
3 342 3ltt-. -797 176 2 274 27~ -215 172
5 ~61 :;\4B-2q5 -184 I 274 2n -lbq -220 4 222 229 -1Z7 -190
7 285 279 278 -ld 3 34b 33':) 335 48
9 378 395 -380 108 5 283 272 -35 -270 H= 0 l= 7

11 161 151 -137 -62 7 154 IbG -15b -J7, 243 220 194 -113 1 1 5~, 15? -38 147
H= l= 4 3 178 ]b5 136 -9..

H= 3 L=0 137 121 -10 -12G H= l=2 10 I 104 -77 71 0 417 4~5 -258 -313
4 138 124 81 <>4 2 ~l'l 523 325 410 ~J 3(')0 319 -246 203
6 260 270 -210 -170 4 2..8 2~ 1 257 -11 2 2~8 259 257 -378 ID8 91 -58 7Q 6 120 In -112 -11 4 ?7 iii 84 35

10 151 139 125 61 8 26~ 27') 123 241
12 444 440 -404 -17& 10 22~ 241 193 -14~ H= 2 L= 7

H= 3 l= 4 H= 4 L= I 217 209 -209 3
3 422 429 422 -76

I 122 113 -18 III I 17!'1 lBl. 127 -13i
3 341 3~6 -216 no 3 198 284 -t;iO 187 y= 3 l= 7
5 262 260 207 172 5 271 260 136 -229
7 376 377 -370 21 -/ 251 232 200 117 0 163 163 -112 118
9 506 502 323 384 9 lb& 206 -183 -'06 2 133 138 -5 138

11 146 152 -14P 36
H= l= 'i

Loction of hydrogen atoms and refinement

Refinement of the heavy-atom positions and isotropic temperature
factors was initiated in space group Imm2 using the atomic coordinates



Table 2. Fractional atomic coordinates and temperature factor coefficients for
hemimorphite *

Atom x y z flu

Zn 0.2047(1) 0.1613(1) 0 0.0029(1)

Si 0 1465(2) 0.5076(5) 23(2)
0(1) 1602(2) 2055(1) 6362(4) 38(1)

0(2) 0 1669(2) 1938(4) 27(2)
0(3) 3050(2) 0 410(6) 50(2)
0(4) 0 0 5912(6) 54(3)

0(5) 5000 0 5195(13) 164(10)
H(35) 3740(8) 0 190(2) 154(9)
H(53) 4256(14) 0 643(4) 247(21)

Atom fl22 fl33 fl12 fl13 fl23

- 0.0005 -0.0001 (2) 0.0003 (2)
Zn 0.0020(1) 0.0066( 4) 5(1) 0.1(2) 3(2)

Si 13(1) 45(6) 0 0 0(3)

0(1) 26(1) 70(4) -17(1) 9(2) 9(2)

0(2) 33(1) 55(5) 0 0 4(2)
0(3) 18(1) 271(10) 0 -30(4) 0
0(4) 10(2) 124(9) 0 0 0

0(5) 227(12) 221(9) 0 0 0
H(35) 56(4) 692(41) 0 -224(18) 0
H(53) 247(18) 1163(101) 0 102(45) 0

*
Parenthesized figures here and in all subsequent tables represent the e.s.d.

in terms of the least significant figure to the left.
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of MeDoN ALDand CRUICKSHANK(1967). As in the previous study, the
unit-cell origin was defined by fixing the z coordinate of Zn at 0.0.
Minimization of the function ..Ew(Fo-lFc 1)2,where Fo and Fe are the
observed and calculated structure factors and w = 1/a2, resulted in
convergence at a conventional R value of 0.123. The hydrogen atoms
were then located from a Fourier difference map and the refinement
was continued to convergence at R = 0.081. When the isotropic
temperature-factor model was converted to an anisotropic model

3 3
of the form exp [ - ..E ..E (Jijhihj] with the symmetry restrictions of

i~ 1 i~ 1
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Table 3. Magnitudes and orientations of the principal axes of thermal ellipsoids in
hemimorphite

Atom Axis Root. Angle to
mean.
square +a +b +c
displace.
ment

1 0.090(3) A 46(20) ° 52(7)° 112(37) °
Zn 2 0.094(3) 113(28) 97(23) 156(34)

3 0.116(2) 127(4) 39(4) 81(5)

1 0.077(5) 90 89(29) 1(29)

Si 2 0.086(5) 90 179(29) 89(29)

3 0.091(5) 0 90 90

1 0.082(3) 43(5) 48(2) 95(14)
0(1) 2 0.092(3) 103(11) 84(9) 166(6)

3 0.151(2) 130(1) 43(1) 77(2)

1 0.085(4) 90 95(3) 5(3)
0(2) 2 0.098(3) 180 90 90

3 0.139(3) 90 5(3) 85(3)

1 0.104(4) 90 0 90
0(3) 2 0.125(4) 162(2) 90 108(2)

3 0.195(3) 108(2) 90 18(2)

1 0.076(6) 90 0 90
0(4) 2 0.128(5) 90 90 180

3 0.138(4) 0 90 90

1 0.171(7) 90 90 0
0(5) 2 0.241(7) 180 90 90

3 0.364(9) 90 0 90

1 0.146(9) 35(2) 90 55(2)
H(35) 2 0.181 (6) 90 180 90

3 0.354(10) 55(2) 90 145(2)

1 0.285(13) 17(6) 90 107(6)
H(53) 2 0.379(14) 90 180 90

3 0.401(18) 73(6) 90 17(6)

LEVY (1956), the R value dropped to 0.051. Further refinement with

the inclusion of an isotropic extinction parameter (g), as defined and

scaled by COPPENS and HAMILTON (1970), proceeded smoothly to

convergence (parameter shifts in the final cycle were less than one
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tenth of the corresponding e.s.d). The final values of Rand Rw3 were
0.028 and 0.035, respectively (0.031 and 0.035 for the entire data set
of 433 structure factors), with the error in an observation of unit
weight = 1.58. Although nearly one third of the data were affected
more than 10% by extinction [g = 0.61(4)], only 5% of the reflections
needed correction factors between 1.3 and the highest value of 2.2.
The final scale factor was 0.989(7), close to the ideal value of unity
expected for a data set placed on an absolute scale. The major positive
and negative peaks in a Fourier difference synthesis were all located in
the immediate environment of the water molecule but had maximum
magnitudes somewhat less than 13% of the density of peaks corre-
sponding to 0 and H atoms. The residual nuclear density may be a
function of a small quantity of excess water present in a slightly
different orientation within the channels, but could also be indicative
of a minor amount of positional disorder in a single H20 species.

Values for Fa and Fe (x 100) are listed in Table 1. Atomic coordi-
nates and thermal parameters along with their standard deviations
estimated from the variance-covariance matrix are given in Table 2.
The root-mean-square components of thermal displacement, and
thermal-ellipsoid orientations appear in Table 3. The coherent neu-
tron-scattering amplitudes used during least-squares refinement for
Zn, Si, 0 and H were respectively 0.57, 0.42, 0.580 and -0.374, all in
units of 10-12 cm (BACON, 1972). Programs utilized for solution, re-
finement and geometry calculations were local modifications of DA-
TALIB, DATASORT, FOURIER, ORFLS3, ORFFE3 and ORTEP24.

Discussion of the structure

Hemimorphite crystallizes with the topology displayed in Fig. 1
and the bonding dimensions summarized in Table 4. The framework
consists of an assembly of three-membered rings of corner-sharing
Zn(OH)03 (X 2) and Si04 tetrahedra arranged in compact sheets
parallel to (010). Three of the oxygen atoms in each tetrahedron are
bonded to one silicon and two zinc atoms, while the fourth oxygen
(or, in the case of the zinc polyhedron, the hydroxyl group) forms a
bridging bond to an equivalent cation in an adjacent sheet. The cross-
linking of the sheets produces additional rings of four, six and eight
tetrahedra and forms a series of large cavities connected along the

3 Rw = [Ew(FoIFcl)2jEwFo2JO.5.
4 All programs are listed in the World list of crystallographic computer pro-

grams (3rd ed. and supplements).
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i
E. Si04 tetrahedron:
0-
~
tI:I
P

Table 4. Interatomic distances and angles in hemimorphite*

1.620(3) A
1.622(2)
1.629(2)
1.623(2)

....

....
.a>
....
I

a>

Si-0(2)
0(1)( X 2)
0(4)

< Si - 0 >

Zn04 tetrahedron:

Zn-0(3)
O(l)ii
O(l)iii

0(2)

<Zn-O>

1.935(2) A
1.951(2)
1.956(2)
1.980(2)
1.956(1)

0(2) . . . 0(1) (X 2)
0(4)

O(l)'..O(l)i
0(4)( X 2)

<0" .0>

0(3)...0(1)ii
O(l)iii

0(2)
O(l)ii. . . O(l)iii

0(2)
O(l)iii... 0(2)

<0",0>

2.662(2) A
2.709(3)
2.681(3)
2.591(2)
2.649(2)

3.211(2) A
3.259(3)
3.214(3)
3.116(2)
3.169(2)
3.179(3)
3.191(2)

LO(2)-Si-0(1)( X 2)
0(4)

O(l)-Si-O(l)i
0(4) (x2)

<LO-Si-O>

LO(3)-Zn-0(1)ii
O(l)iii

0(2)

O(l)ii_Zn_O(l)iii

0(2)

0(1 )iii_Zn-0(2)

< LO-Zn-O>

110.4(1)°
113.0(2)
111.5(2)
105.7(1)
109.5(1)

111.4(1)°
113.7(1)
110.4(1)
105.82(7)
107.47(9)
107.71(8)
109.4(1)

Framework anions:

LZniV-O(l)-Zn" 114.01(7) A LZn-0(2)-Zni 119.8(1)° LZn-0(3)-Zn"i 126.9(1)° LSi-0(4)-Si"ii 149.5(2)
ZniLO(l)-Si 116.7(1) Zn-0(2)-Si( X 2) 119.47(6) Zn-0(3)-H(35) (x2) 110.4(2)

Zn"-0(1)-Si 128.3(1)

Water molecule and hydroxyl group:

Od H Oa
0(3) H(35) 0(5)
0(5) H(35) X 2 0(3)iV

Od-H
0.957(7)
0.888(17)

H...Oa

1.986(8)
2.271(19)

Od...Oa

2.941(6)
3.127(6)

LOd-H...Oa H... H
175.0(8)
161.8(15) 1.25(2)

LH-Od-H

89(2)

* Symmetry transformations for atoms outside the asymmetric unit:

:; i. -x, y, z ii. 0.5-x, 0.5-y, -0.5 + z iii. x, y, z-1.0 iv. x, y, 1.0 + z v. 0.5-x, 0.5-y, 0.5 + z vi. x, -y, z vii. -x, -y, z
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Fig. 1. Unit-cell diagram of the hemimorphite crystal structure. Thermal el.
lipsoids for all atoms represent 500/0 probability surfaces. Atoms outside the

asymmetric unit are labelled with superscript primes

c axis. The water molecules near the centers of these cavities (in the
plane of the eight fold rings), are orientented parallel to (010), and are
held in place by hydrogen bonds to the hydroxyl groups (Fig. 2). On
heating, it is apparent that the H20 molecule is able to pass through
the 6-membered ring (possibly by a process of proton exchange with
the hydroxyl group) into an anjacent (vacated) cavity above or belong
it in the c-axis direction without disruption of the structure.

Although the nuclear coordinates determined in the present study
(Table 2) for the atoms not involved in bonds to hydrogen are similar
to the values derived by x-ray diffraction as reported by McDoNALD
and CRUICKSHANK(1967), the positions of the oxygen atoms of the
hydroxyl group, 0(3), and water molecule, 0(5), differ by 0.03 and
0.07 A, respectively. The significance of these differences is, of course,
markedly reduced by the large e.s.d.'s associated with the atomic
coordinates in the earlier study, but it is interesting to note that in the
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0(3)~ ~(3)

~
\ I

~\ I
\ 227(2} I

0«) H(53:'m\~) /~(53) 0(4)

EB EB
O.89I2J 0(5)

/
\

\

I' A
175.0(8)' /

64.1(5}'\

~
/1.986(8}

~
H(35)

O.957(7)
H(35)

0(3) 0(3)

c

a

Fig. 2. Section through the cavity at y = 0 in the hemimorphite unit cell.
Thermal ellipses for all atoms represent 500/0 probability surfaces. Hydrogen

bonds are indicated by dashed lines

case of 0(3) and 0(5) the oxygen position in the x-ray study is dis-
placed, relative to the neutron diffraction position, toward the region
of space expected to be occupied by the oxygen lone pair electrons.
Similar shifts due to asphericity of the electron distribution, as deter-
mined in the x-ray study, have been reported in a number of other
structures containing terminal 0, Nand H atoms (see, for example,
COPPENS, 1977), but the magnitudes of the nonhydrogen-atom dis-
placements in these instances are only about 0.01 A. We are at present
collecting a set of room-temperature x-ray data in an attempt to
verify the apparently larger shift observed for the more isolated water-
molecule oxygen atom in hemimorphite.

The 0(5) atom lies slightly below the center of a rectangle of
nearest-neighbor 0(3) atoms in the plane at y = 0 (Fig. 2). Based on

the relative sizes of the angles sub tended by the 0(3) atom pairs above
and below 0(5), McDoNALD and CRUICKSHANK(1967) inferred that
the water-molecule protons are directed towards the 0(3) atoms below
0(5) in the unit cell but in positions considerably displaced from the
0(5)-0(3) lines. In fact, the present study indicates that the H20
group is oriented in the reverse direction, and although the 0(5)-
H(53) . . . 0(3) angle does deviate significantly from 1800 (Table 4),

17*
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the value is only slightly smaller than the mean angle (164°) docu-
mented for hydrogen bonds in other structures (BAUR, 1970a). The
0(3)-H(35) . . . 0(5) angle, on the other hand, is much wider (175°).
Indeed, the orientation of the water molecule appears to be controlled
by the arrangement of the Zn-0(3)-Zn linkage which dictates that
the H(35) atom is directed in the positive z-axis direction in an at-
tempt to fulfiJI the requirements of sp2 hybridization on 0(3). The
H(53) atoms respond to this situation by positioning themselves on the
opposite side of 0(5), in which arrangement they are able to form hy-
drogen bonds to 0(3) from below. Since H(35) is bonded to the bridging
0(3) atom in a Zn-O-Zn linkage, it is not surprising that its thermal
vibration parameters are lower and its hydrogen bonds to 0(5) there-
fore stronger than those involving the H(53) atom. Under these cir-
cumstances the observed location of the O(5) atom in a site closer to the
0(3) atoms below it in the unit cell is to be anticipated. However,
both sets of hydrogen bonds are relatively long (Table 4) and would
not be expected to anchor the H20 group firmly in one place. Never-
theless, the absence of any significant peaks of residual nuclear density
suggests that the H20 group is not disordered over a number of mar-
kedly different sites within the cavity as suggested by McDoNALD and
CRUICKSHANK(1967). Instead, the rather narrow H(53)--0(5)-H(53)
valence angle, together with the large thermal parameters for H(53),
indicates that the protons are disordered over a few closely spaced
sites, each of which violates the overall mm2 symmetry of the cavity
but lies within the observed "thermal" ellipsoid of vibration. With this
in mind it is interesting to note that the 0(3)-H(35) bond distance
of 0.957(7) A is close to the mean value (0.96 A) in other structures
(BAUR, 1970a), whereas the 0(5)-H(53) distance of 0.888(17) A is at
the lower limit of the observed range. When these bond lengths are
corrected for thermal motion under the "riding" approximation of
BUSING and LEVY (1964), the values increase to 1.103(7) and 0.95(2) A,
respectively.

Molecular-orbital study

McDoNALD and CRUICKSHANK (1967) were able to justify the
classification of hemimorphite as a framework structure rather than
as a pyrosilicate (first proposed by ZOLTAI, 1960) by drawing attention
to the approximate equality of the Si - 0 bond lengths in the pyrosili-
cate ion, and to the likelihood of Sp2 hybridization of the orbitals on
0(1) and 0(2) due to the close proximity of their valence angles to



Table 5. Valence orbital ionization potential8 (VOIP) and Slater exponent8 (;)

Atom Orbital VOIP
* ;**

Si 38 14.83 eV 1.634
3p 7.75 1.428

Zn 48 8.41 1.491
4p 3.58 1. 445

0 28 32.33 2.246
2p 15.79 2.227

H 18 13.60 1.200
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1200 (Table 4). Of course, the small range in Si-O bond lengths may
also be rationalized in terms of an electrostatic model since all the
oxygen atoms are completely charge balanced (BAUR, 1970 b). However
neither of these models is able to account for the re~atively large range
in Zn-O bond lengths from 1.935 to 1.980 A. Therefore, in view ofthe
apparent success of extended Huckel theory (EHT) in accounting for
structural trends in a number of moderately complex systems (GIBBS
et al., 1972; TOSSELLand GIBBS, 1977) we were tempted to apply these
concepts to the Si and Zn tetrahedral oxyanions in hemimorphite.

All calculations were performed with the program originally
written by HOFFMANN (1963) assuming a minimum-valence 8P basis
for Si, Zn and 0, and an 8 basis for H, with the corresponding valence-
orbital ionization energies and Slater orbital exponents listed in
Table 5. In an attempt to account for the influence of the surrounding
framework on the individual T-O bond lengths within each tetra-
hedron, the "first coordination sphere" of tetrahedral groups was in-
cluded in the calculations in both instances: the theoretical basis for
the neglect of more distant atoms has been discussed by KIER (1968)
In addition, since shorter bonds necessarily tend to produce larger
overlap populations, we have removed this induced correlation from
consideration by fixing all Si-O and Zn-O bond lengths within each
oxyanion cluster to values of 1.623 and 1.956 A, respectively (the
O-H bond was left at 0.957 A), while maintaining the O-T-O and

T-O-T angles at their observed values. During the calculations, the

*
VOIP's for Si, 0 and H are from BASCH et al. (1965); for Zn, from CUSACHS

and CORRINGTON (1970).

**
Slater exponents for Si, Zn and 0 are from CLEMENTI and RAIMONDI

(1963); for H, from BARTELL, Su and Yow (1970).
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Fig. 3. (a) Observed bond length, d (Si-O), for the central Si04 tetrahedron of

the Si2Zn602224- cluster in hemimorphite, plotted against the corresponding
Mulliken bond. overlap population, n (Si-O). (b) Observed bond length, d(Zn-O
for the central Zn04 tetrahedron of the SiaZns022H21- cluster in hemimorphite,
plotted against the corresponding Mulliken bond-overlap population, n(Zn-O).
In both (a) and (b) the overlap population was calculated assuming observed
valence angles, and constant bond lengths of 1.623 and 1.956 A for Si-O and

Zn-O respectively

energy and shape of the molecular-orbital wave functions respond to
the angular distortions by establishing different overlap populations
for the inidividual bonds.

Figure 3(a) is a plot of the observed bond length, d(Si-O) va
n (Si-O), the calculated bond overlap population, for the four bonds in
the central Si04 tetrahedron of the Si2Zn602224~ cluster. Despite the
very small range in Si-O bond lengths, it is clear that n(Si-O) cor-
relates very well with d(Si-O), shorter bonds tending to involve larger
overlap populations. Although the calculated value of n(T-O) cannot
be regarded as the actual number of electrons localized in the inter-
nuclear region, the general belief that they are closely related (COUL-
SON, 1970) is consistent with the above results. Encouraged by the
discovery that the correlation between d(Si-O) and n(Si-O) was not
as well developed when the calculation was repeated without the
influence of the zinc tetrahedra (i.e., on the Si2076- group alone), we
were surprised to find that EHT was not able to rationalize the bond-
length variations within the Zn04 group at the center of the SbZnsH21-
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cluster (Fig. 3b). With the removal of the proton from consideration,
EHT successfully predicts that the Zn-0(3) bond should be the
shortest, and also that 0(3) is the point of attachment of the proton
(by assigning a significantly larger value of calculated electrical charge
to that atom), but the lengths of the other bonds remain essentially
independent of overlap population (Fig. 3b). In both cases the results
were unaffected by the inclusion of the completely filled 3d orbitals on
the zinc atoms.

Earlier studies of the isolated tetrahedral oxyanions of a large
number of second-, third- and fourth-row elements have indicated that
a moderate to very strong correlation exists between n(T-O) and
<O-T-O>a, the mean of the three O-T-O angles common to the
bond (LOUISNATHAN and GIBBS, 1972; TOSSELLand GIBBS, 1977). The
results of these calculations have been used to rationalize similar
correlations observed between d(T-O) and <,O-T-O>a in more
than 100 precisely determined crystal structures containing the cor-
responding T04n- groups. In both cases the correlation is observed
to increase from left to right along each row of the periodic table. In
other words, for a given range of <O-T-O>a the range of observed
bond lengths, Lld(T-O), and of calculated bond-overlap populations,
Lln(T-O), is greater for B, Sand Se than for T atoms of lower electro-
negativity in the same period (TOSSELLand GIBBS, 1977).

In the past it has been suggested that these trends are a reflection
of a general increase in the directional properties of the bond as the
electronegativity difference between the bonded atoms decreases along
each period (TOSSELL and GIBBS, 1977). The poor correlations ob-
tained above for the zinc cluster in hemimorphite, and also from an
analysis of the relationship between n(Zn-O), d(Zn-O) and
<O-Zn-O>a in a number of other precisely determined crystal
structures (HILL and GIBBS, in preparation) are, therefore, consistent
with the overall trend observed for the fourth-row elements. However,
in spite of the fact that the electronegativity of Si is only slightly larger
than that of Zn, EHT was clearly far more successful in rationalizing
in spite of the fact that the electronegativity of Si is only slightly larger
than that of Zn, EHT was clearly far more successful in rationalizing
the bond-length variations for the silicate cluster. Indeed, the intra-
period relationship for Lln(T-O) and Lld(T-O) with electronegativity
consistently breaks down for elements in different periods, even though
the bonds may be predicted (PAULING, 1960) to have the same degree
of covalent character. For example, small changes in <O-T-O>a
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Fig. 4. (a) Variation of L1d(T-O) as a function of d(T-O) for secondo, third,
and fourth-row T04n- tetrahedral oxyanions. L1d(T-O) is defined as d(T-O)-

<d(T-O», where <d(T-O»> is the mean d(T-O) value calculated at
valence angles of 1000 and 1200 from published value calculated at valence an.
gles of 1000 and 1200 from published linear regression equations relating d(T -0)

and <O-T-O>a (TassELL and GIBBS, 1977). (b) Variation of L1n(T-O) as a
function of d(T-O) for the same oxyanions as in (a). L1n(T-O) is defined as
n(T-O) - <n(T-O», where <n(T-O» is the mean n(T-O) value
calculated at valence angles of 1000 and 1200 assuming a constant d(T-O)
value and Oav point symmetry for each ion. The lower curve represents the
relationship between L1n(Zn-O) and d(Zn-O) for the bond lengths in the
range 1.4-2.0 A; the upper curve gives the equivalent relationship for the

Si04 group

within the borate group are observed to produce a greater change in the
length of the common bond than the same angular changes occurring
in the somewhat larger arsenate group, even though B and As have the
same electronegativity. On the other hand, tetrahedral oxyanions
about As and Be have approximately the same mean bond length and
display very similar bond -length changes as a function of < 0 - T - 0 >3,
despite the fact that the cations have significantly different electro-
negativities. From a detailed analysis of bond-length and valence-angle
variations in a wide variety of tetrahedral oxyanions it is now clear
that the dependence of bond length on the average of the three valence
angles common to the bond is more a function of the mean T - 0 bond
length itself than of the electronegativity difference between the
bonded atoms (Fig. 4a).

Despite the fact that EHT is based on a totally covalent-bonding
model and would therefore be expected to be strongly influenced by
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the electronegativities of the atoms incorporated into the calculations,
values of Lln(T-O) far all tetrahedral oxyanions studied show a
monotonic dependence on d(T-O) which is very similar to the re-
lationship between Lld(T-O) and d(T-O) (Fig. 4b). Indeed, this same
relationship may be replicated by artificially changing the bond length
over the range 1.4 to 2.0 A for any of the T04n- group considered. In
Fig. 4b the relationship between Lln(T-O) and d(T-O) for T = Zn
and Si have been plotted over the entire range of d(T-O) values. The
displacement of the two curves is a reflection of the different VOIP's
and Slater exponents used to characterize the orbitals in the EHT
calculations, but their overall shapes are remarkably similar. There-
fore, although the observed changes in bond length may indeed be
rationalized in terms of changes in bond-overlap population [Lld(T-O)
and Lln(T-O) are linearly related with a correlation coefficient of
0.86], the fact that Lln(T-O) is essentially independent of the exact
EHT parameterization suggests that these changes are really a geo-
metric function of orbital overlap.

Under these circumstances, the success with which EHT is able to
simulate changes in bond length within tetrahedral oxyanions is not so
much a function of the classical (Pauling) covalent character of the
bond, but of the overall size of the tetrahedral oxyanion itself. For
large T04n- groups, like the zinc tetrahedron in hemimorphite, orbital
overlap is little affected by changes in O-T-O angle, and in these
cases the observed bond-length distortions probably reflect the in-
fluence of other factors, perhaps electrostatic in nature, not modelled
in the EHT calculation.

Acknowledgements

It is a pleasure to acknowledge the Earth Sciences Section and the
Materials Research Division of the National Science Foundation for
supporting this study with grants DES75-14912 and DMR75-03879
and the Research Division at VPI & SU for defraying the computer
costs. Neutron-diffraction research at Argonne National Laboratory
is performed under the auspices of the Division of Physical Research
of the U.S Energy Research and Development Administration. Ac-
knowledgements are also gratefully made for partial support of the
neutron-diffraction research by J.M.W. and F.K.R. to the National
Science Foundation (Grant No. CHE76-07409). We are indebted to
Dr. P. L. JOHNSON for his assistance during data collection and pro-
cessing, and to Professor D. W. J. CRUICKSHANKfor originally draw-



258 R. J. HILL, G. V. GIBBS, J. R. CRAIG,F. K. Ross and J. M. WILLIAMS

ing our attention to the possible influence of tetrahedral oxyanion size
on the sensitivity of overlap population to valence angle changes. We
also thank Mrs. RAMONDAHAYCOCKSfor typing the manuscript and
Mrs. SHARONCHIANGfor drafting the figures.

References

G. E. BACON (1972), Coherent neutron scattering amplitudes. Acta Crystallogr.
A 28, 357 - 358.

G. A. BARCLAY and E. G. Cox (1960), The structure ofhemimorphite. Z. Kristal.
logr. 113, 23-29.

L. S. BARTELL, L. S. Su and H. Yow (1970). Lengths of phosphorus-oxygen and
sulfur.oxygen bonds. An extended Huckel molecular orbital examination of

Cruickshank's d"-p,, picture. Inorg. Chern. 9, 1903-1912.
H. BASCH, A. VISTE and H. B. GRAY (1965), Valence orbital ionization potentials

from atomic spectral data. Theoret. chim. Acta (Berl.) 3, 458-464.
W. H. BAUR (1970a), Hydrogen. In: Handbook of Geochemistry, Vol. II/S. lA,

1- 5. Springer-Verlag, Berlin.
W. H. BAUR (1970b), Bond length variation and distorted coordination poly-

hedra in inorganic crystals. Trans. Amer. Crystallogr. Assoc. 6, 129-155.
W. R. BUSING and H. A. LEVY (1964), The effect of thermal motion on the

estimation of bond lengths from diffraction measurements. Acta Crystallogr.
17,142-146.

E. CLEMENTI and D. L. RAIMONDI (1973), Atomic screening constants from SCF
functions. J. Chern. Physics. 38, 2686-2689.

P. COPPENS (1977), Experimental electron densities and chemical bonding.
Angew. Chern. Int. Ed. Engl. 16, 32-40.

P. COPPENS and W. C. HAMILTON (1970), Anisotropic extinction corrections
in the Zachariasen approximation. Acta Crystallogr. A 26, 71-83.

C. A. COULSON (1970), a-bonds; n-bonds. In: H. EYRING, Ed., Physical Chem.
istry, An Advanced Treatise. Academic Press, New York.

G. T. FAUST (1951), Thermal analysis and x-ray studies of sauconite and of
some zinc minerals of the same paragenetic association. Amer. Mineral. 36,
795-822.

G. V. GIBBS, S. J. LOUISNATHAN, P. H. RIEBE and M. W. PHILLIPS (1974),
Semiempirical molecular orbital calculations for the atoms of the tetra.
hedral framework in anorthite, low albite, maximum micro cline and reed.
mergnerite. In: W. S. MACKENZIE and J. ZUSSMAN, Eds., The Feldspars,

Manchester Univ. Press, Manchester.
.

R. HOFFMAN (1963), An extended Huckel theory.!. Hydrocarbons. J. Chern.
Physics 39, 1397 -1412.

T. ITO and J. WEST (1932), The structure of hemimorphite (H2Zn2Si05). Z.
Kristallogr. 83, 1- 8.

L. B. KIER (1968), The conformation of 20-oxopregnane hormones from mo.
lecular orbital calculations and a consideration of the cortisol receptor. J.
Medicinal Chern. 11, 915-919.

H. A. LEVY (1956), Symmetry relations among coefficients of the anisotropic
temperature factor. Acta Crystallogr. 9, 679.



A neutron-diffraction study of hemimorphite 259

S. J. LOUISNATHAN and G. V. GIBBS (1972), Bond lengths variation in TO~-
tetrahedral oxyanions of the third row elements: T = AI, Si, P, Sand Cl.
Mater. Res. Bull. 7,1281-1292.

W. S. McDoNALD and D. W. J. CRUICKSHANK (1967), Refinement of the struc-
ture of hemimorphite. Z. Kristallogr. 124, 180-191.

L. PAULING (1960) The Nature of the Chemical Bond, 3rd edition. Cornell Univ.
Press, Ithaca, New York.

J. L. PETERSEN, L. F. DAHL and .J. M. WILLIAMS (1974), Neutron diffraction
studies of the metal-hydrogen-metal bond. 1. The symmetric, bent, three-
center, two-electron molybdenum-hydrogen-molybdenum bond in ,u-hydri-
do-,u-dimethylphosphido- bis (n5-cyclopentadienyldi-carbonyl-molybdenum),
M02(n5-C5H5h(CO)4(,u2-H) (,u2-P(CHah). J. Amer. Chern. Soc. 96, 6610- 6620.

D. M. Roy and F. A. MUMPTON (1956), Stability of minerals in the system
ZnO-Si02-H20. Econ. Geol. 51, 432-443.

J. ROZIERE and J. M. WILLIAMS (1976), The hydrated proton H+(H20)n. IV. A
high-precision neutron diffraction study of the diaquohydrogen ion, (H20
. H . OH2)+ in tran8-dichlorobis(ethylenediamine)-cobalt(III) chloride hy-

drochloride dihydrate. Inorg. Chern. 15, 1174-1178.
H. F. W. TAYLOR (1962), The dehydration of hemimorphite. Amer. Mineral. 47,

932-944.
J. A. TOSSELL and G. V. GIBBS (1977), Molecular orbital studies of spectra and

geometries of minerals and inorganic compounds. Physics Chern. Minerals,
2,21-57.

F. ZAMBONINI (1908), Contributo allo studio dei silicati idrati. Atti Real Accad.
Scienze fis. math. Napoli, [2J 14, No. 1.

T. ZOLTAI (1960), Classification of silicates and other minerals with tetrahedral
structures. Amer. Mineral. 45, 960-973.


	page 1
	Titles
	A neutron-diffraction study of hemimorphite 
	By ROIJERICK J. HILL, GERALD V. GIBIIS, JAMES R. CRAIG 
	and State University, Blacksburg, Virginia 
	FRED K. Ross 
	and JACI{ M. WILLIAMS 
	Chemistry Division, Argonne National Laboratory, Argonne, Illinois 
	(Received 6 July 1977) 
	Abstract 
	Introduction 


	page 2
	Titles
	242 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 
	Experimental 


	page 3
	Titles
	A neutron-diffraction study of hemimorphite 
	243 
	1 Parenthesized figures here, and elsewhere in the text, represent the e.s.d. 


	page 4
	Tables
	Table 1


	page 5
	Tables
	Table 1


	page 6
	Titles
	246 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 
	3 3 

	Tables
	Table 1


	page 7
	Tables
	Table 1


	page 8
	Titles
	248 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 
	Discussion of the structure 
	3 Rw = [Ew(FoIFcl)2jEwFo2JO.5. 


	page 9
	Images
	Image 1

	Titles
	~ 
	Table 4. Interatomic distances and angles in hemimorphite* 
	1.620(3) A 
	Zn04 tetrahedron: 
	1.935(2) A 
	3.211(2) A 
	110.4(1)° 
	Water molecule and hydroxyl group: 
	LH-Od-H 
	89(2) 


	page 10
	Images
	Image 1

	Titles
	250 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 


	page 11
	Titles
	A neutron-diffraction study of hemimorphite 
	251 
	0(3)~ ~(3) 
	\ I 
	0«) H(53:' 
	O.89I2J 0(5) 
	I' A 
	/1.986(8} 
	H(35) 
	H(35) 


	page 12
	Titles
	252 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 
	Molecular-orbital study 


	page 13
	Titles
	A neutron-diffraction study of hemimorphite 
	253 
	* VOIP's for Si, 0 and H are from BASCH et al. (1965); for Zn, from CUSACHS 

	Tables
	Table 1


	page 14
	Titles
	254 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 
	1.620 
	1.629 
	t 1.626 
	-.. 

	Tables
	Table 1


	page 15
	Titles
	A neutron-diffraction study of hemimorphite 
	255 


	page 16
	Images
	Image 1

	Titles
	256 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 

	Tables
	Table 1


	page 17
	Titles
	A neutron-diffraction study of hemimorphite 
	257 
	Acknowledgements 


	page 18
	Titles
	258 R. J. HILL, G. V. GIBBS, J. R. CRAIG, F. K. Ross and J. M. WILLIAMS 


	page 19
	Titles
	A neutron-diffraction study of hemimorphite 
	259 



