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REFINEMENT OF THE CRYSTAL STRUCTURE
OF APOPHYLLITE

I.  X-RAY DIFFRACTION AND PHYSICAL PROPERTIES

A. A. Cor.vtr.tn, C. P. AuonnsoNl, Department oJ Geology, Cal'iJornia
State College, Los Angeles, Los Angeles, California 90032, tvo

P. M. Br-acr, Geology Deparlment, The Uniaersity oJ Auckland,
Auckland, l{ ew Zealand.

Aesrnlcr

The crystal structure of apophyllite, with o:8.963(2), c:15.804(2), PL/mnc, Z:2,

has been refined (R:0.042) by least squares with 546 independent intensities collected

with a diffractometer. Apophyllite is a sheet structure with the bridging Si-O bond lengths

1 . 6 1 9 ( 3 ) ,  1 . 6 3 1 ( 3 ) , a n d 1 . 6 2 6 ( 3 ) A , w h i l e t h e n o n - b r i d g i n g b o n d l e n g t h S i - O ( 3 t i s 1 . 5 8 9 r 3 ) A .
The two independent Si O-Si angles arc 139.9(2) and 140 6(2) degrees. The mean SiO

bond length is 1.6164. As it was not possible to locate unequivocally the hydrogen ions

with the X-ray data, the interpretation of the role of the water in the structure was based

on the charge balance approach of Donnay and Allman (1970) Assuming that the fluorine

ion is bonded to the calcium ion, the \'!'ater oxygen, O(4), is hydrogen bonded to O(3),

while the second proton appears to form a bifurcated hydrogen bond with O(2) and O(3).

The D.T A. and T.G.A. curves show that the water loss is discontinuous and results in a

weight loss of 16 percent The infrared absorption spectra show O-H stretching vibration

bands at 3560 cm-r and 3070 cm-t; and single crystal infrared data shorv strong absorption

bands using a cleavage flake with (001) oriented 70 and 90 degrees from the infrared beam.

INrnooucrroN

Apophyllite is an unusual sheet structure with space grolp P4f mnc
(Taylor and N6ray-S zab6, I93l). Rings of four silicon-oxygen tetrahedra
surround the {our-fold axes and form parts of rings with eight tetra-
hedra resulting in a layered structure. The unshared oxygens in the
adjacent four-fold rings point approximately along the *c and -c

crystallographic axes respectively. The coordination of the interlayer
ions is also unusual; the potassium ion is surrounded by eight water
molecules, the calcium ion is bonded to two water molecules (shared with
K+) and four oxygen ions, forming a trigonal prism. The fluorine ion
has been considered to be part of the Ca-polyhedron; however, E. Prince,
1970, hereafter referred to as Part II, f inds that f luorine is part of an HF
group. The fluorine ion is surrounded by a planar group of four Ca ions.

A number of interesting aspects of the structure and physical proper-
ties prompted us to embark on a refinement of the crystal structure. We
were curious about the precise average bond length that would be found
in a four-unit sheet structure with pure silicon oxygen tetrahedra.
Gillespite, BaFeSiEOro, (Pabst, 1959) and isostructural compounds such

1 Present address, Geology Department, Pasadena City College, Pasadena, California.
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as "Egyptian blue," CaCuSiaO16, (Pabst, 1959) have a comparable sil icate
sheet. In these structures, there is more overlap in adjacent four-fold
rings resulting in a smaller value for the o cell edge. For example, in
apophyll ite a:8.96 A while in gil lespite a:7.50 A 1ii ttre sheet were
unwr ink led  comp le te l y  t hen  a :10 .+  A ) .

In addition, a recent refinement of a related structure, datolite, (Pant
and Cruickshank, 1967) showed large variations in the sil icon-oxygen
bond distances within a single tetrahedron, with the nonbridging silicon-
oxygen distances significantly shorter than the bridging distances.
Apophyllite has a similar structure and might be expected to show similar
Iarge variations in bond lengths, particularly since the interlayer calcium
ions have Iow electronegativity (this is reflected in the perfect cleavage
on (001)) .

The position of the protons belonging to the water molecule and their
efiect on the physical properties have been a problem for some time. In
the original determination of the structure (Taylor and N6ray-Szab6,
1931), the data were adequate to note one short interatomic distance be-
tween the oxygen of the water molecule and another oxygen (the active
oxvgen, O(3)) in the sil icon tetrahedron. A consideration of bond
strengths led them to the conclusion that the oxygen (water) position is
occupied by an OH- which is l inked to O(3) by a proton. Recent differ-
ential thermal analysis curves reported for apophyllite generally agree
that the water loss is discontinuous. For example, Kostov (1962) noted
two distinct endotermic peaks at 300 and 390"C.

In order to augment the structure determination, we have included
data from infrared absorotion. differential thermal analvsis. and thermo-
gravimetric analysis.

Expnnrutnte,r,

The material selected for this study is from the Phoenix Mine, Keweenaw Peninsula,
Michigan, where it occurs in fractures in basalt flows. The microprobe and chemical

analyses are compared in Table 1 A microprobe scan indicated that no other elements are
present besides those reported here. Some minor difierences are apparent between the two

analyses, with the microprobe analysis, in general, giving relatively lower percentages of

the major elements; however, both of them show that the deviation from ideal composition

onl-v involves sodium replacing potassium. The formula used in the refinement was

(Nao roKo E4)Car(SiSOs)F' 8HrO.

Thc cell constants and the calculated density at 20'C are:

a :  3.96.5(2)A c :  15.768(2)A calculated densi ty :  2.370gm.cm. 3

Z  : 2  Vo lume  :  1268  8 (6 )43

The error in brackets refers to the last digit. These parameters were computed frorn a least-

squares treatment of observed 20; values obtained from a powder diffractometer chart' The
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Tab le  l .  l l i c roprcbe and Chemica l  Ana lyses  o f  Phoen ix  Mine  Apophy l l i te

Mi croprcbe

0xi de l , , | t .  percenta Fomu' lac

C h e m i  c a l

l l t , percentb Formul ac

s i02

Al ̂ 0^

K-0

NaZ0

Ca0

F

Hzo

0 f o r F

50 .60

0 .30

4 . 2 0

0 .50

23 .80

2 .30

( r 6 . 2 s )
iT35-

-r  .00
96.95

7.841
I  7 . 8 9

o. osJ

0.831
l  0 .e8

0.  r5J

S i :

A1 : 0 .36

4 .45

7 . 9 0

1 . 0 2

7 .831
o.07l

0.851
o. ' t7 l

s i :

( .

F :

K :

N a :

2 5 . 1 0

2 .20

't6.25
t0035

-0.92
1-tt0:-05

4 . 0 5

H:  16 .2

I llllilll li i, I llli;
c.  Atoms per formula '  based on 29 (0,0H,F)

radiation was nickel-filtered Cu, the scanning rate was l/2 degree/min, and the internal
standard was synthetic quartz. 'l'he 

computer program used is a self-indexing least-squares
program (Evans, Appleman, and Handwerker, 1963). A total of 12 reflections were used in
the refinement.

In order to corroborate the space group determination ('faylor and N6ray,Szab6, 1931),
levels of (001)x with (0-z-4) precession photographs were taken. The observed reflections
were in agreement with Laue group 4fmmm. In a complex-twinned yellow apophyllite
from Korsnas, Finland, Th. G. Sahama (1965) describes optical properties which are not
consistent with tetragonal symmetry. In addition, he noted the existence of reflections /z/rl
withl+2n As a result of this investigation, Sahama concludes that the apophyllite from
Korsnas is pseudotetragonal, possibly belonging to space grotp Pnna or Pnnm. In view of
this, the precession photographs were searched for evidence of these reflections, but none
were found for the Phoenix Mine apophyllite. Later during the refinemenL, as an additional
check on the symmetry, 51 pairs of reflections (Fr,*z vs Fu,D from three levels were measured.
'fhe agreement between these reflections

was 0.049, which is comparable to the agreement factor (R:0.042) of the subsequent re-
finement of the structure. The possibility still exists that this apophyllite is pseudotetra-
gonal; however, we believe the ultimate precision of the tefinement justifies the use oi
spacegroup P4ftnnc.

The crystal used was roughly cylindrical in shape with mean radius 0.14 mm. and length
0'25 mm. A total of 546 intensities were collected from six levels about a using MoKa

lie";!ol
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radiation, an equi-inclination weissenberg single-crystal goniometer, a scintillation de-

tector, and strip chart recording. Each curve was integrated twice with a disc-type polar

planimeter and the values averaged. The precision of measurement averaged about one

percent. 'fhe intensities were corrected for Lorentz and polarization factors. Absorption

corrections were not significant since mtr:0.10. The refinement rvas carried out with a

least-squares program (Busing, X{artin, and Levy (1962)) on the IBM 360/91. During the

first cycle of refinement, the atomic positions of Taylor and N6ray-Szab6 were used. Form

factors were taken from International Tables Vol. III (Ibers, 1962).T}re temperature fac-

tor for the silicon ions was set at 0.5 A, while 1.0 A2 was used for the other ions. Varying

the atomic paramel"ers and one scale factor and holding the isotropic temperature factors

constant led to a residual.R of 0.15. In the second cycle of refinement, all the parameters

q.ere varied and the Z-value was 0.054. A subsequent anisotropic refinement gave R:0.042.

AII of the measured intensities were included in the final refinement and are given in Table

2.r Table 3 shows the final atomic positions and the anisotropic temperature factors.

In an attempt to find the positions of the protons in the v'ater molecule, F"t.. and AF

l'ourier maps were calculated. The resolution was insufficient to locate hydrogen ions with

certainty. The area of highest electron density was in a reasonable position, between the

oxygen of the water molecule and o(3), halfway along the shortest oxygen distance of 2.75

A This position was tested by including this hydrogen ion position in the least-squares re-

finement, but the large shifts in the atomic parameters of the h1'drogen ion indicated that

the least-squares treatment was not able to verify this position.

The important bond distances and angles are presented in Table 4 l'hese were cal-

culated with the function aDd error program (ORFFE) (Busing, Martin, and Levy (1964)).

The errors were calculated using the errors in the cell paramelers and the correlation matrix

from the least-squares refinement.

DrscussroN oF l'HE S'r'nucrune

The structure of apophyll ite is shown in Figure 1. In the tetrahedral

layers, only the unshared oxygen, O(3), is bonded to the interlayer cal-

cium ions. (Table 5). It can be seen that the oxygen, O(4), of the water

molecule occupies a strategic position in the structure. The potassium ion

is coordinated by eight O(4) ions in the form of a squat tetragonal prism.

Each O(4) is shared with a Ca ionwhich,in turn, includes two O(4) ions

among its six nearest neighbors forming a trigonal prism.

Theoretical studies of bond length and bond angle variations in sil i-

cates (Pant and Cruicksh ank, 1967 ; Brown and Gibbs, 1969) can be tested

against apophyll ite data. As predicted by Pauling (1929) and later

authors, the bridging Si-O bonds (mean length:1.625 A) should be, and

are, longer than the nonbridging Si-O(3) bonds of 1'589 A. If appreciable

zr bonding is responsible for the short bond, the bond angles subtended at

sil icon by the tetrahedral edges and involving O(3) should be affected'

They are indeed, with angles l l2 to 113o, whereas the angles subtended

1 Io obtain a copy of l'able 2, order NAPS Document fi01482 from National Auxiliary

Publications service of the A.s.I s , c/o ccM Information corporation, 909 Third Avenue,

New York, New York 10022; remitting $2.00 for microfiche or $5 40 for photocopies, in

advance payable to CCMIC-NAPS.
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Tab le  4 .  Bond Lengths  and Ang les  fo r  Apophy l l i te

t227

Bond Lengths (Angstroms)

te I raneoron (51  -u ,

s i -
s i -
s i -
s i -

mean

0 ( t  )
0 ( 2 )
0 ( 2 ) 1 c
0 ( 3  )

Tetrahedron (0-Si -0)

o ( r )  -  s i  -  o ( 2 )  t 0 6 . l ( 2 )
0 ( r )  -  s i  -  o ( 2 ) r  1 0 4 . 7 ( 2 )
o ( 2 )  -  s i  -  o ( 2 ) t  1 0 7 . e ( 2 )
o ( r )  -  s i  -  o ( 3 )  1 1 2 . 4 ( 3 )
o ( 2 )  -  s i  -  o ( 3 )  1 1 2 . 3 ( 2 )
0 ( 2 ) l -  s i  -  o ( 3 )  1 1 2 . s ( 2 )

1 . 6 1 e ( 3 ) a
r . o J r \ J /
r . 6 2 6 ( 3 )' 1 .58e (3 )

1  . 6 1 6

5 r  - 5 1

s i  -  s i ( l )
s i  -  s i ( 2 )

Bond Ang les  (degrees)

5 r - u - ) r

, -  * ,
s i  -  o ( 2 )

Tetrahedron (0-0)

mean 2 '636

Ca-Po lyhedron (0 -0)

3 .s88 (4
J . r J r t 3
3 . 2 8 3 ( 5
2 .848 (8
2.916(7

3 . 0 6 5 ( 2 )
3 . 0 4 3 ( 3 )

- s i
- s i

t 3e .e ( r  )
1 4 0  . 6  ( 3 )

Ca-Polyhedron (Ca-0)

C a  -  0 ( 3 )  2 . 3 8 7 ( 3 )
Ca  -  0 (3 ) l  2 .404 (3 )
ca  -  0 (a )  2 .4e1 (3 )

mean 2.427

K-Po lyhedron

K  -  0 ( 4 )  2 . e 7 2 ( 3 )
o ( 4 )  -  o ( 4 ) r  3 . 6 e 0 ( s )

o ( 4 ) D  -  o

0 (4 )  -  0 (3 ) r  2 .750 (5 )
o ( 4 )  -  o ( 2 )  3 . r 7 3 ( 5 )

o ( 3 )  -  o ( 3 ) t
o ( 3 )  -  o ( 4 )
o ( 3 ) 1  -  o ( 4 )
0 ( 4 )  -  0 ( 4 ) 2
0 ( 3 )  -  0 ( 3 ) 2

a.  S tandard  er ro r  in  b rackets  re fe rs  to  the  las t  d ig i t

b .  0 ( 4 )  b e l o n g s  t o  H r O

c. The synmetry^transforms are numbered as fol lows:
I  .  !  , x , z i  2 .  x , y  , 2 .

by the edges made of the bridging oxygens range from 105 to 108'

(Table 4).

Table 5 shows the bond leneths and the estimated bond valences using
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Frc 1. Structure of apophyllite viewed along [001].

the method of Donnay and Allman (1970). rt is instructive to carculate
the valences using the model that wo'ld have been assumed from X-ray
diffraction data alone, namely, that the fluorine ion is part of the cal-
cium polyhedron. Table 5 also includes values for the maximum bond
length, Z-",., the mean bond length, L, and, p used in the calculations.
The only complication is the assignment of an ,, ideal value', for u for
the calcium ion. The regular square of calcium ions surrounding the
fluorine ion at the origin s'ggests an approach analogous to the one taken
for bultfonteinite (Donnay and, Allman, 1970). we consid.er the cation
polyhedron about rvF- and assign bond valence I to each Ca-F bond.
The oi value for calcium then becomes (Z-fl/6 or 7 f 24, so that the ideal
valence sum will equa"l:6X7/24++:2. When this is done, the valence
strms over the anions for the given cations, )4?r, are close to the ideal
values' The deviations 2"0 from their ideal values indicate the presence

o ( 3 )
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I
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ENDOTHERMIC

EXOTHERMIC

7 6 5
TEMPERATURE oc (rloo)

Frc. 2. Difierential thermal analysis curve for apophyllite.

of hydrogen bonding. The columns on the far right of Table 5 show the
oxygen-oxygen approaches that bear on hydrogen bonding together with
the estimated hydrogen bond valence strengths. When these latter
values are added to the previous 2"a data, the sums are near the ideal
values. The interpretation follows that O(4) is hydrogen bonded to O(3)
and is also bonded to O(2) and O(3) with a weak bifurcated hvdrogen
bond. These results should be compared to those of Table 4, Part II,
in which the hydrogen positions are known and the hydrogen bond
strengths can be determined accurately. Also see Figure 1, Part II, for
the detailed geometry of the hydrogen bonding around O(4). D.T.A.
and T.G.A. curves (Figs. 2 and 3) were run for apophyll ite. The D.T.A.
curve shows two distinct endothermic peaks roughly centered at 325 and
450"C with the lower temperature peak quite broad and the higher

TEMPERATURE 'C

Ftc. 3. Thermogravimetric analysis curve for apophyllite.
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4000  3500  3000  2500  2000  1500

F requency  (  cm  - r  )

Frc. 4. Infrared absorption spectra for apophyllite,

(1) Apophyllite, KBr disc, dilution 0.001 gm. in 0.20 gm. KBr.
(2) Apophyllite-partially deuterated, KBr disc, dilution 0.001 gm. in 0.20 gm. KBr-

(3) Apophyllite (001) cleavage {lake oriented at 90' to beam and
(4) Same sample oriented at 70" to infrared beam.

temperature peak relatively sharp. The T.G.A. curve corroborates this

and shows that water loss starts at about 225"C and continues to a dis-
continuitv between about 375 and 400oC; then dehydration is more rapid

until 16 percent total weight loss has been reached at 600oC. The first

broad peak can be attributed to loss of H:O while the second may be

due to loss of HF (see Part II for details).
The O-H stretching vibration region of the infrared spectra of apophyl-

l i te is shown in Figure 4-1. The spectra shows a sharp absorption band at

3560 cm-1 and a broad band at 3070 cm-1. Examination of the infrared

absorption spectra of some thirty different apophyllite specimens showed

identical spectra with two O-H stretching bands similar in position and

in their ratios of absorbence tg those figured. To sharpen the absorption
bands and to eliminate the possibility of there being more than two O-H

bands present, the specimen was partially deuterated. Figure 4-2 shows

the positions of the two pairs of O-H and O-D bands. Work on hydrogen-

bonded compounds has shown that the O-H stretching frequency is an

almost l inear function of the O-H. . .O bond distance (Nakamoto,

et ol., 1955). The sharp 3560 cm-r absorption band is slightly less ener-

t23 l
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getic than the characteristic free O-H frequency at c. 3700 cm-l and indi-
cates a weak hydrogen bond while the 3070 cm-1 band indicates a
stronger hydrogen bond and a shorter O-H. . .O bond distance. A 0.005
mm. thick (001) cleavage flake of apophyllite was oriented at 90o and
70" to the infrared beam (Figur e 4-3, 4). Both O-H absorption bands ap-
peared with considerable intensity in the spectra. Because of the perfect
(001) cleavage, it was not possible to study the absorption spectra of a
slice parallel to c.

Suulranv

A refinement of the structure of apophyll ite has given precise values for
the variation of Si-O bond lengths and for the mean Si-O distance in this
sheet structure. It has also provided data on the coordination geometry
of Ca2+ and K+. O(a) is found to belong to a water moleculel the positions
of hydrogen bonds between oxygen ions have been determined by apply-
ing the principle of local charge neutralization in a quantitative way.
D.T.A., T.G.A., and infrared data can be explained on the basis of the
refined structure.
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