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Abstract

The hydrogen atoms in hemimorphite, ZnsSi207(OH); - H,O, 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), ¢ — 5.115(3) A, and Z = 2. The
structure consists of three-membered rings of corner-sharing Zn(OH)O; (x 2)
and Si04 tetrahedra arranged in compact sheets parallel to (010). Three oxygen
atoms in each tetrahedron are bonded to two zin¢ 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 SiO4 group, but are less successful in the case of
Zn(OH)O3. 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 Fausr
(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), Barcray and Cox (1960) and McDowALD and CRUICKSHANK
(1967) have served to rationalize these dehydration properties by
establishing the presence of hydroxyl groups strongly bonded to two
zine atoms, and water molecules located in a series of interconnected
cavities parallel to the ¢ axis.

The release of water over the temperature range 400—650°C
(Faust, 1951), without disruption of the structure, represents the loss
of the H2O molecules, whereas the breakdown of the structure to
B ZnzSi04 at about 740°C is a result of the expulsion of the hydroxyl
groups (Fausr, 1951; TavyLoR, 1962).

Although the positions of the non-hydrogen atoms in hemimor-
phite are known with moderate precision (McDoxNaLp and CRUICE-
SHANK, 1967), the exact location of the hydroxyl and water oxygen
atoms, and of course the protons, remains in some doubt. Indeed,
McDo~warp and CrUTckSHANK have 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 ¢
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 {010} faces, and having approximate dimensions 1.6 2.6 x
2.1 mm. The crystal was oriented with the ¢ axis parallel to the ¢
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
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fit between calculated and observed angles 20, y and ¢ (measured! at
92 + 2°C with 2 = 1.142(1) A) for 29 automatically centered re-
flections in the range 20 — 33—63°. The resulting cell dimensions
(o = 8.367(5), b = 10.730(6), ¢ = 5.115(3) A) and unit cell volume
[459.2(4)A3] agree well with values reported previously by McDoNALD
and CRUICKSKANK (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 3.475(10) g em~3: the calculated density based on
the ideal formula Zn;Sis07(OH)s - HoO and Z =2 is 3.484 g cm3.
Several samples of hemimorphite with weights in the range 158—277mg
were held at a temperature of 800°C for several hours and yielded
weight losses between 7.3 and 7.89/p, again consistent with the pres-
ence of a single HyO group in the ideal formula (theoretical leight
loss = 7.489/y).

Intensity data for the structure analysis were collected at 22 4
2°C using a neutron wavelength 1.142(1) A produced by diffraction
from the (110) plane of a Be monochromator crystal2. Each reflection
was step-scanned using the §—20 technique at 26 intervals of 0.1°
over a scan range of width $.2—6.4° in 20. Backgrounds were deter-
mined from stationary counts taken at both ends ot the scan. A total of
818 reflections of the types hkl and hkl, consistent with a body-cen-
tered lattice, were collected to a maximum (sin 6)/A = 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 2.19/,. The
intensity of each reflection was corrected for background, Lorentz,
polarization and absorption effects using a ux value of 0.913 cm—1 (the
corresponding transmission factors ranged from 0.83 to 0.88). All data
were placed on an absolute scale by calibration with a well-characteriz-
ed NaCl 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 ¢ = [o12 -+ 0.0372]0-5/
2105 where I is the corrected raw intensity and o1 is derived from
counting and averaging statistics. The ‘“‘agreement factor” between

L 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).



Table 1. Observed (¥,) and calculated (F.)

244 R.J.Hiw, G. V. Gisss, J. R. Craia, F. K. Ross and J. M. WiLLiaMS

$2REAmT

=35
190
95
51
180

TS ezt ¥ pritomd SN 8 = 3
SRIANTAT N - e ~i~N —~— e IO ey Nreetn T e e s
) 1 | (0 v 1 1 LN I e .
CONNG =t CON—ON NP DD QDN “wooo Ty PO OB NDOC OO OOF NNO Pemiogd O
O\ FPerD i O LN o mN MO~ oo NN O 00 N Ot © ~
e I LY 4.44.. [l ~_1.1 4.1 lﬂ - AN L) 2.%51.‘121 I ?._A.ﬂz.ﬂ ..bbz.*:ﬂ?. 1 ﬂ -_184%42
FARNDAR N SANNON N O OENeEm N NG N AR N M W 000RCO0 M ONN=MMM M METIVRS 1 DMENINE M
D F b I GOME ot 0 OND @0 Tm AN R G 4 d SonDdaINGE VNP ANSE MmO oD
FOAENMA N e e N SNSES GNey e SRS NN QOIOONT | FDAEION
| " " [ i [
=) -1 -t -1 =] - -t - -t -t
—~nooung OEONRNND NP nenn oo P f i O mommind NN OON- O i) BOOG OO
MDD 0D+ SOrmen ~NCongt T 00NN @Ot ey NONAROF O CnNOT DR I NN AT OO
FONMNGS ~ Nfg FH @ NSO & SN O SN = O NRENA o ¢ GNSNN N 00ARANY ™ onmEnN
= .
ONNOXTON i o || ONEDIVO || mOnMe | ONGO | =M I AR § ONGOLON i it amn | OatOoonN i
~ T -~ T ~ X x T x -~ T —— T et T . 4
S MRIN DN @ QEmNg oror Moo Ow.rONDNS DN TN o ~ o OO [
T OO + o0 1O NENO ~mo P~ O@mO\ L0 NOM O~ &+ O0OMOND G0N0~ it~ OO o
-y 42 ) 3Q 14 142% lﬂ 641243_2 344 - t 41 42_ 2%5413 —~m 324k 4
'
wo ® oarn 3 ] N FOmmatmo FU oM@ D O e i 0O MMNCC DDPDmAN o
$8 <+ It ong coi ONMONI-O OO ToNNTOTN DN O ROoMEN oan
N < N ey Nmea - wm et NN Dt 3 oot ot Tt 3 Y| N w
] 1 ! [} () 1 tre o t 1 ] ) '
DO - QP e NN e DR A SORESORN N SEOnen N SO Em O N NS RONE N SN OEM N Oe
SN D~ OX n C O im0 nand —-—0 FOF VO ety $ L PO WONMONC PNO NN D =0 OO o0y
RERLITASIINY W Y AL N Nt el R R e e PV N AN - M M-S " ©°
N " " 0w o~ a " "
- o - - - ol - - - -
B OO Ot -3 DOy OO PEN VDO mnd P N FinN D g tateey & , 0w ey
LTy K WD e O~O ~Oomg O R LEDRGY DONMMNC OO MOnTF OO ")
FEmE-mMN © P FM NM Q NTE e Neded O CFARNME ST - NI ANA N O NS - ANE O~ ¢ MO AN N 0
- -
ONFOXTN (I AMINNC— | ONTOD § ~Ent I SNE 1 ONSCDONT | m@Bse 0 ) CNTIDONT | = 0 I ONGODON T .
X - I x T x e T - T il T -t T e T
[I=leTe1u] =111 o PO U0 Peding 0, [l g QPP =P OM DN OL Qg b3 I PR O
™| B I 4 O oM@ 00 e $OnMm € C NP N~ 3O~ TN T~
[T [N RN AT e S | A el (N [ ENI
[ 1 I [ [ i | [} 1 [ [
~ PGt P Qe @® ~OFnOO3o COMO—E mO R G mNe BIQO MDA e —O e NOOMOU — OV G i O
53 ch0 00 NI~ “ MONOEOMM St $hO T NNT NONN - FNF RO O nerCDMMm +rQONPin JUrROLNM
<+ O NI~ —e ~N 11.4%234 N e [ e BN - nestnm Tme=eay LT ] ool e
' 1 I [l L B B R § [ R R | r 1 [ e [ B |
‘O DA Fes D ORA D g et NP NDD m ALLTFT o DFFORODN = ATSALAED o FCFALOm . MO FFOUNDR Pt LND
=3 O~Fo0 S~ © +OOLOOFM O3 QX O PO ORLFNC N TN 0 D¢ <+ 3L003 0 G0 Gt
R R L AnARNSaS I EaneEm ] —_na A e
. W ! [
) - - ] - o - - - ]
~oixm BDG o S VEARS TN DO G 29 DN Rt NNOMMT P IEOLON HOG NGO $NONO O
3N o C it “ ITNTFOMOO Ot FOL AT OO 00 MRTSLNDOT OO Ful oS~ AR DR Ot
S NSNS - o0 NN C mmNOONMIN - N NeEm & QMO N 0 SFInamanm e n M Fih O N~
- - -
U TNELD H mmn O I O =N 1 DN OOCNS L mmns o arn ) CAEI0CNT | mian T L SNG 0XON B o i
T T T T - T -~ T el T ——— T o—- T el T -
Quocoow DVUOCCOOT CLontoTD [FISE I T LETLIUCO coTen D [ tatol e coooco cCcoeow oo
DA i OANNND O MO QOO ~00 thm 00O ND i SO P AOONN A LoNCoN o sy
7476«6W OMPT GO+ TRRERERN 4%7%?3% RRREANTS o 3NN £ I D=t ol o Hint %MAOSI o
Wil VT B PN N Nttt || BT Y O N D N 0N D} 03 N oty Flmem N N
[N 1 | U ) ] | 7 i ~ (- t
WG metT O © DANMACAHD C MOM—OEXCh & HOOINET O COmDBCME © MNNCINM & J9NANGA O DDNCEN © $mhOrO O OM
N3~ OdSY DNP OO F ~MONCEONN NS DN - enn Nt~ O NN F N [ =L o A einns~ IS "o
W M BN~ o At e - Y e - ANmS N N o —— N N
" H u " N [ n [ "
- =] -t -4 -1 -t — -4 -
OO - OO O QNN -~ LI C NN PO Ommm Qg N OiInN N i Qe NG O 0=t F O Me~no ¢ aed
PO M MO T T MO NONONCOMS DN Bt = OO0 G~ O—NS e ] O MmN~ G000 "o
nToH O e ande N N e € NN SN ¢ OO0 N ~NEHND N 0 e N e N - N NN
- -
NTOOONE I AMEReDmn I ONSSOONE | AMIAREAM I ONSOOOHE I NG mm 1 ONEOCON I Ao e I ONYoog 4 ~m
- e -t T et I et T et T et T - - I

luded in the subsequent least-squares re-

me

th I > 201 were

finement.

ions wi

averaged reflections was 0.021. Of these data only those 415 observa-

t



245

-5

A neutron-diffraction study of hemimorphite

structure factors ( x 100) for hemimorphite
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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
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Table 2. Fractional atomic coordinates and temperature factor coefficients for

hemimorphite*

Atom x y 2z pu1
Zn 0.2047(1) 0.1613(1) 0 0.0029(1)
Si 0 1465(2) 0.5076(5) 23(2)
o(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 P2 Bas Bz P13 Bas

—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)
O(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.

of McDo~NaALD and 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 Zw(¥,— |F.|)2, where F, and F. are the
observed and ecalculated structure factors and w = 1/02, 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 [— 2 2 Bishihy] with the symmetry restrictions of

=1 j=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 “+ec
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
O(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(8)

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 CorpEns and HamirTon (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 B and R, 3 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 109/, by extinction [g = 0.61(4)], only 59/, 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%/y of the density of peaks corre-
sponding to O 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 H>O species.
Values for F, and F, (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, O and H were respectively 0.57, 0.42, 0.580 and —0.374, all in
units of 1012 em (Baconw, 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)O03 (Xx2) and SiQ4 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

8 Ry = [Zw(Fo|Fe|)?/ 2wk,

4 All programs are listed in the World list of crystallographic computer pro-
grams (3rd ed. and supplements).
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Table 4. Interatomic distances and angles in hemimorphite*

Si0;4 tetrahedron:

Si—0(2) 1.620(3) A 0(2)---0(1) (x2) 2.662(2) & /0(2)—8i—O0(1)( X 2) 110.4(1)°
O(1) (x 2) 1.622(2) 0(4) 2.709(3) 0(4) 113.0(2)
0(4) 1.629(2) o) - - - O(1) 2.681(3) O(1)—Si—O(1)¢ 111.5(2)
<Si—0> 1.623(2) 0O(4) (X2) 2.591(2) 0(4) (x 2) 105.7(1)
<0+ 0> 2.649(2) </0—8i—0> 109.5(1)
ZnQ, tetrahedron:
Zn—0(3) 1.935(2) A 0(3) - - - O(1)# 3.211(2) A /0(8)—Zn—0(1)i 111.4(1)°
O(1)# 1.951(2) Of(1)ie 3.259(3) O(1) 113.7(1)
O(1)i# 1.956(2) 0(2) 3.214(3) 0(2) 110.4(1)
0(2) 1.980(2) O(1)é - - - O(1)% 3.116(2) O(1)¥#-Zn—O(1)5# 105.82(7)
<Zn—0> 1.956(1) 0(2) 3.169(2) 0(2) 107.47(9)
O(1)## - - - 0(2) 3.179(3) O(1)¥-Zn—0(2) 107.71(8)
<0---0> 3.191(2) < /0—Zn—0> 109.4(1)
Framework anions:
[Znv—0(1)—Zn® 114.01(7) A /Zn—0(2)—Zn' 119.8(1)° /Zn—O0(3)—Zn®! 126.9(1)° Si—0(4)—Sivit 149.5(2)
Znv—O(1)-Si 116.7(1) In—0(2)—Si(x 2) 119.47(6) Zn—O(3)—H(35) ( X2) 110.4(2)
Zn*—O(1)—Si 128.3(1)
Water molecule and hydroxyl group:
(0] H O, 0s—H H---0, Og---0, [Od—H"'Oa H---H [H—Od—H
0(3) H(35) 0(5) 0.957(7) 1.986(8) 2.941(6) 175.0(8) - -
0(5) H(35) x 2 0(3)® 0.888(17)  2.271(19)  3.127(6) 161.8(15)  1.25(2) 89(2)
* Symmetry transformations for atoms outside the asymmetric unit:
b —2, Y, 2 . 0.5—x, 0.5—y, —0.5 + z .z, y,2—1.0 w.x,9,1.0+ 2 v 05—, 05—y, 05+ 2z vi.x,—y,z vii.—x, —y, 2
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G2 0(7') m‘ / \
& S/ {

RED

Fig. 1. Unit-cell diagram of the hemimorphite crystal structure. Thermal el-
lipsoids for all atoms represent 500/, probability surfaces. Atoms outside the
asymmetric unit are labelled with superscript primes

¢ 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 HoO 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 McDoxaLD
and CRUICKSHANK (1967), the positions of the oxygen atoms of the
hydroxyl group, O(3), and water molecule, O(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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s 64. 1(5) \

iy —\,\1/ 986(8) N\ H(35)
¢ 0957(7)
H(35)
a 0(3) 0(3)

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

case of O(3) and O(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 O, N and 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 O(5) atom les slightly below the center of a rectangle of
nearest-neighbor O(3) atoms in the plane at y = 0 (Fig. 2). Based on
the relative sizes of the angles subtended by the O(3) atom pairs above
and below O(5), McDoxaLD and CRUICKSHANK (1967) inferred that
the water-molecule protons are directed towards the O(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 HyO
group is oriented in the reverse direction, and although the O(5)—
H(53) - - - O(3) angle does deviate significantly from 180° (Table 4),
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