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The Crystal Structure of Acid Potassium Hydrogen Fumarate: A Re-determination

By M. P. Gurta AND R. G. SAHU
Department of Physics, University of Ranchi, Ranchi-8, India
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The crystal structure of acid potassium hydrogen fumarate (empirical formula 2KC4H304+ C4H4O4
or 2C4H404 + K,CsH,0,) has been redetermined with final R values: R (hk0)=0-084, R (0k/)=0-083,
R (h0)=0-081. It has been shown that the X-ray analysis favours the formula 2KC4H304+ CsH4O4
rather than 2C,H404 + K,C4H,04. Values of inter- and intramolecular distances are given. The fumarate
groups are non-planar with one of the COOH groups twisted by about 8° from the plane of the rest of
the atoms in the molecule. Hydrogen bonds of 2-58 A link the fumarate groups to form extensive chains
along the [010] axis, these chains being cross-linked by hydrogen bonds of 2-57 A from the molecule of
fumaric acid occupying a special position (4 % 4). K+-O distances range from 2-71 to 3-01 A giving a

sevenfold coordination.

Several potassium salts of fumaric acid (KC4H;0Oy,
K2C4H204.2H20, 2KC4H304+C4H404) have been in-
vestigated in the past and their structures reported
(Gupta, 1956; Roy, 1967) the earliest one being what
Gupta & Barnes (1956) called acid potassium hydro-
gen fumarate and whose empirical chemical formula
could be given either as 2KC,H;0,+C,H,O, or

K,C,H,0, +2C4H,0,, both giving the same value of
423-8 atomic mass units for the total unit-cell content
in a triclinic unit cell. Gupta (1956) published a de-
scription of the gross features of this structure but
neither the positions of the atoms nor the inter- or
intramolecular distances were given by him. The un-
usual point of interest remained unsettled, however,
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viz. whether the correct chemical formula was
2KC4H304+C4H404 or KzC4H204+2C4H404 for the
compound.

Gupta (1956) pointed out that ‘considerable interest
lies in the determination of the exact differences be-
tween the molecules in the special and general posi-
tions, especially in respect of the hydrogen bond con-
figuration’. In one case the monopotassium fumarate
‘molecule’ of the acid (two such formula units per cell)
was present in the crystal structure with an extra acid
molecule occupying a special position at the centre of
symmetry and in the other case the dipotassium fuma-
rate ‘molecule’ of the acid occupied a centre of sym-
metry with two formula units of the acid itself in
general positions. In either case, there was the unique
feature of the molecule of the acid crystallizing together
with its own salt in the same compound, this acid
molecule of crystallization being somewhat similar to
water molecules of crystallization.

We present below the results of a redetermination
of this crystal structure with new data and we believe
that the evidence from the X-ray diffraction data
favours the formula 2K C,H;04 + C;H40; for this com-
pound rather than the formula K,C4H,04+2CsH,0,.

Crystal data

The unit-cell dimensions were redetermined from high
sin 0 reflexions on Weissenberg films, with silver lines
as an internal calibration standard; the values ob-
tained are:

a=863 A = 78°20’
b="7-48, p=112° 30’
c=694, y=107° 55’

The unit cell chosen has the same orientation as that
given by Gupta (1956) and is the most convenient one
from the point of view of the crystal structure deter-
mination.

Qobs=1-785 g.cm™3 Qcale=1-787 g.cm™3.

Linear absorption coefficient for X-rays (Cu Ka radia-
tion)=60-8 cm™1. Space group, PI.
Number of molecules in the unit cell, Z=2 (with
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the extra molecule always in the special position of the
centre of symmetry (3 4 %). For the purpose of refine-
ment, two-dimensional data were collected from small
single crystals (0-02 x 0-02 x 0-03 ¢cm) around the a, &
and c crystallographic axes with unfiltered copper
radiation and normal-beam Weissenberg photography.
About 90% of the theoretically possible reflexions
were collected, the balance being too weak to be re-
corded.

Refinement of the structure

The rough positions of the atoms in the structure as
given by Gupta (unpublished) were used as the trial
coordinates, the R values being R(#k0)=0-212,
R(0k1)=0-228, R(h0I)=0-241 at this stage. At first an
overall isotropic temperature factor was used in the
least-squares refinement but in the later stages aniso-
tropic temperature factors were included for individual
atoms and the calculations were done by means of an
SFLS program written by Milledge & Milledge (1961)
for the Pegasus computer at University College, Lon-
don. Four cycles of least-squares refinement with ex-
tinction corrections for the 200, 120, 012 and 102 re-
flexions finally brought R to the following values:

R(hk0)=0-084, R(0kI)=0-083, R(40I)=0-081 .

No attempt has been made to include the contribu-
tions of the hydrogen atoms although the (F,—Fc)
syntheses (contributions of carbon and oxygen sub-
tracted) indicated possible sites.

Results

The atomic coordinates together with their standard
deviations, from the expression given by Ibers & Cro-
mer (1958), are given in Table 1.

The bond lengths and angles with their estimated
standard deviations are given in Table 2(¢) and (b);
the e.s.d.’s were calculated with the expressions given
by Ahmed & Cruickshank (1953). The dashed symbols
represent the atoms of the molecule derived from the
operation of a centre of symmetry, while a symbol such
as , O(2) represents the oxygen atom O(2) obtained
after a b translation of O(2), and so on.

Table 1. Atomic coordinates

x a(x) y
A A @A
Cc) 0-5368 0-0162 0-2282
C(2 0-2969 0-0158 1-7263
c3) —1-0944 0-0161 1-8603
C@4) —1-2921 0-0145 3-3120
C(5) 41153 0-0146 3-2072
C(6) 4-7358 0-0142 1-9314
o(1) 1-8539 0-0101 0-2222
0(2) —0-5619 00115 —0-7910
0(3) —2:5341 00104 3-5088
o4 —0-0811 0-0110 42638
o(5) 4-5520 0-0107 1-1082
0O(6) 5:4660 0-0103 1-8056
K+ 3-4688 0-0034 1-5078

a(y) z a(z)
(1{) (€] (%)
0-0152 1:9229 0-0162
0:0150 1-7284 00167
0:0154 1-2025 00174
0-0158 1-3588 0-0150
0-0133 3-9494 0-0143
0:0144 4-3988 0-0161
0:0102 2:2557 0-0112
0-0103 1-5957 0-0119
0-0101 0-7718 0-0114
0-0102 1:7541 0-0129
0-0108 5-4326 0-0106
0-0106 3-6208 0-0106
0-0033 0-5009 0-0035
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Table 2(a). Intramolecular distances

Bond Deviation

lengths / a(l)
C(1)-C(2) 1-54 A 0022) A
C(1)-0(1) 1-23 0-019
C(1)-0(2) 1-25 0-019
C(2)-C(3) 1-32 0:023 } Molecule in the
C(3)-C4) 1-56 0-022 | general position
C(4)-0(3) 1-22 0-018
C(4)-0(4) 1-28 0-019
C(6)-C(5) 1-50 0-020
C(6)-0(5) 1-22 0019 | Molecule in the
C(6)-0(6) 1-:30 0-018 [ special position
C(5)-C(5) 1-35 0-051

Table 2(b). Bond angles

O(1)-C(1)-0(2) 126-4° 1-33) °
O(1)-C(1)-C(2) 1133 1-0

0(2)-C(1)-C(2) 119-5 1-2

C(1)-C(2)-C(3) 118-1 1-3 | Molecule in the
C(2)-C(3)-C(4) 116:0 1-2 [ general position
C(3)-C(4)-0(3) 1167 1-0

C(3)-C(4)-0(4) 114-7 1-0

0(3)-C(4)-0(4) 1255 1-2

0O(5)-C(6)-0(6) 124-7 11

O(5)-C(6)-C(5) 120-5 11 Molecule in the
0O(6)-C(6)-C(5) 114-5 1-1 | special position
C(6)-C(5)-C(5%) 123:5 1-2

Significant intermolecular contacts up to 40 A are
listed in Table 3(a), the hydrogen bonds being clearly
indicated. Table 3(b) gives the K+—O distances up to
a distance of 3-0 A there being seven such oxygen
atoms around each K+ ion.

Table 3(a). Intermolecular distances less than 4-0 A
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Table 3(a) (cont.)

Carbon  Carbon
C) -a,-b,-¢C(1") 3:66
C(1) -a,-6C(1") 356
C(1) -a,-6C(2") 3-66
C(2) -a,-cc(4/) 3-79

Carbon  Oxygen
C(1) -a,b,-¢0(2) 3-46
C2) 2,-<0(4) 3-45
C(3) -a,-¢0(4") 3:48
C(3) -a0(6) 373
C(4) 20(6) 3-33
C(4) a0(4") 3-58
C4) a,-c0(4") 3-87

Table 3(b). Metal-oxygen contact distances
less than 3-0 A

Atoms Distance
K+ o) 271 A
20(3) 2:74
0(6) 3-01
-0(5) 2:77
a,b,-¢0(2) 2-84
a,-¢0(3") 2-79
pO(5) 277
Average value 2-80

The thermal parameters obtained after the last cycle
of least-squares refinement are given in Table 4.

The equations to the best planes passing through the
atoms of the molecules in the general position are as
follows:

X;—0:0328 Y;—2:0247 Z; +5-4269=0

Distance
Oxygen Oxygen A. For atoms O(3), C(4), O(4) of the molecule in the
o4) bO(2) 2-58 A Hydrogen general position.
(0] K g 2
o9 i 257 bonds X;+0-0809 Y;—3-0228 Z;+54326=0
388; "8{3 iifg B. For rest of the atoms of the molecule in the
0o(4) -20(4") 3-34 general position.
(91C)) »O(1) 3-44 The planes A and B make an angle of 8° 18" with
() 50(1") 327 each other indicating that one of the COOH groups
a0(3) -2,-c0(3") 3:97 : - ° ’ 1 .
,0(2) -ac0(2) 3.69 is twisted by 8° 18’ from the plane passing through the
04) -a,-c0(4) 392 atoms of the rest of the molecule.
Table 4. Thermal parameters
T=exp [— (b11h2 + baok2 + b3312+ boskl+ b1hl + bi2hk)] .
bu b2 b33 b3 b3 b1z
C(1) 0:01041 0-00958 0:01267 0-01093 0-00289 0:00618
C(2) 0-00858 0-00979 0-01473 —0-00598 0-:00610 0-00562
C(3) 0-00865 0-00926 0-01622 0-00285 0-00347 0-00011
C(4) 0-00755 0:01304 0-01141 0-00278 0-01070 —0-00703
C(5) 0-00773 0-:00809 0-00880 —0-00097 0-00401 0:00789
C(6) 0-00624 0-:00949 0:01476 —0-00118 0:00456 0-00640
o(1) 0:00763 0-00994 0-01631 0-:00730 0-00978 0-00545
0(2) 0-01003 0-00917 0-01734 —0-00001 0-:00297 0-00507
0(3) 0-00768 0-00938 0:01639 0-00101 0-00638 0-00548
04) 0:00991 0-01033 0-:02294 0-00684 0-00598 0-00580
O(5) 0-01086 0-01188 0-01344 0-00565 0-01308 0-00554
O(6) 0-00807 0-01186 0-01284 0-00725 0-00879 0-00685
K+ 0:00732 0-00896 0-01243 0-00339 0-00720 0-00396
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The deviations from these planes and their e.s.d.’s
are given in Table 5(a).
The equation of the best plane (C) passing through
the four atoms of the molecule in the special position

(313 is as follows:
X:+0-9972 Y;+1-1670 Z;=0 .

The deviations of the atoms from this plané together
with their e.s.d.’s are given in Table 5(b).

Table 5(a). Deviations of atoms from the planes A and B

E.s.d.
0-0158 A

(1)
C2)
C(3)
O(1)
0(2)

o
-~
—
o")

1.6%
1.3
32,30
15.9%
1.0¢
9.98
3.80
3.80
2.1C
2.29
1.¢0
10.27
2.59
.59
£.72
$.77
1l.49
7.99
4.69
4.89
1.29
5.99
1.00
2.5C
1.19
3.78
4.19
2.29
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141 °Of X 30 00 0N &4 GH I A 01 31 O N ALY 1 ©O) DINCE U MMM MO O QOO0 OO0V DRAMAUNHNIOCOOOOD
00 0000NOTLOO0DO0DNONDONNDOODOOOOODIRPEUNHOOOO0O0OO0ONOCODOND

Deviation
—00419 A
—0-0289
0-0289
0-0364
0-0076

-4

—
MR MO0 D OOV DDO DD IIIIIOOOROPARARRAC P LD rmrs s

X

B D OV O B G N 2 G OM LA eI Ot T 30 VLG GIE it DI <31 OM ) et Gl AN

OMDDOOOO00VNOO0O00O0OCCONODONADIAOON -
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0-0158
0-0164
0-0105
0-0110
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Table 5(b). Deviations of atoms from plane C

Deviation E.s.d.
C(5) —00975 A 0-0141 A
C(6) —0-0213 0-0148
o(5) 0-0227 0-0105
0(6) —00030 0-0105

Considering that C(5) is related to C(5') by a centre
of symmetry and that a slight uncertainty in the posi-
tion of C(5) doubles the deviation from the best plane,
one may regard the molecule in the special position
as being nearly planar compared with the molecule in
the general position where one of the COOH groups
is definitely twisted. This kind of lack of planarity in
the fumarate groups has been reported elsewhere
(Gupta & Sahu, 1968; Gupta & Roy, 1967; Pedone
& Sirigu, 1967). :

Table 6. Observed and calculated structure factors

11.97

D O0O0O0COOO OO0DOODOMDDOVDDD Dy NROONPATONAALELEANANRHEUUGIN DN

DR RON O D AR H A MO GG AAUNHIO AR D3Ot d WS 9O w

H 3OO0 e U~ Q00 e N~ 0000 DOONDOONODINDOIDHINOOODONNOODIONOOOO

3.99

NDDOODOOODO0OO0O0ONDOOOOON ODONODONOONONONOOOO0D0000ONCOHOOOO0ONOTO D T

k 1 R Fe h k Fe R h k 1 Fe
3T 2 4.4C 5.85 C ¢ 2 €.7 8,29 5 C 1 3.0C
3 3 2.8 3.80 O 4 7.2 7,7 5 ¢ i 1¢.C
3 5 7.61 8,05 ¢ 4 7.80 7.82 5 O & 1.0%
3 6 5.96 7.43 ¢ 4 6,63 6.65 5 C 37 4.8C
3 7 2.5 2,28 ( 4 3.2 2,2 B 0 & 2,35
¢ 2 16.89 17.47 0 4 0.77 G.1e 6 0 ¥ 2.22
¢ 2 9.77 9.0 0 5 10.84 11,07 6 C 4 7,3%
4 4 1.9 1. 0 5 947 9.73 6 ¢ § 7.39
4 5 283 3.21 C 5 196 1,39 6 ¢ 7 5.26
4 6 3.13 3.92 0 5 C.97 1,12 6 C 3 1.26
4 7 146 1.43 0 5 468 5.29 7 O 6.36
5 1 4.2 4,43 0 5 2,72 2,55 7 0 3.88
5 2 2.63 2.79 O € 12.4C 12,76 7 0 1C .25
5 3 6.74 17.17 © 6 245 2,12 7 C 9.32
5 4 1.65 0.13 C 6 132 348 7 0 3.7%
5 5 2,7 2,62 0 6 371 354 7 0 1.42
5 6 4,20 3.9 0 6 5 31 2.8 7 0 2.42
5 7 146 1.4 © 7 4.19 4,75 8 0 1,91
6 1 3.51 3.6C U 7 2.5 183 & 0 5.52
6 2 1.3 0.97 0 7 & 8547 545 8 0 2.6C
6 3 3.22 2.21 C 8 5.27 4.77 & © €.07
6 4 6,05 6,38 0 8 5.8 6,05 & C 5.79
6 5 7.21 7.08 0 A $.17 481 8 O 2.39
6 6 1,75 182 1 © 41.70 43.70 9 ¢ ] 4.82
7 1 9,76 9.65 1 G .08 5,06 © C 2 2.99
7 2 548 4.86 1 0 18,12 18,93 9 ¢ 1.12
? 3 3.70 3.80 1 0 7715 %0 1.53
7 ¢ 1,07 2,131 0 2,88 2.61 9 C £ 1.1
7 5 264 217 1 C 4.68 594 9 ¢ & 31s
& 1 1.7 1l.26 1 0 1,08 1.71 10 ¢ 4.4¢
8 2 1.47 1,26 2 U 15.92 16,68 10 0 2 .34
8 3 2.65 2,24 2 U 27.97 2745 10 ¢ 3w
8 4 1.96 145 2 C 8.16 8.96 1U C 5 4.21
9 1 1.7 0.3 2 0 11.05 114 1 0 1 2,25
9 § 1.¢7 1c2 2 © M 123 1 0 2 18,08
1 2.45 1.4C 2 C 12,74 13.6F 1 0 3 4.22
1 2 1.5 10,75 2 O 3.7 4.3 1 C 4 C.%
1 3 1°.57 17,19 2 © 3.38 3.61 1 v 6 2,17
1§ 1563 14,79 3 0 1 9.7 9,51 1 ¢ 7 2.5¢
1 8 1.26 C.64 3 C 3 16.83 15,47 2 u 1 11.20
1 5 2.24 202 2 ¢ % 135 1286 2 0 2 1.95
2 i .88 5.3 3 ¢ I 14.5¢ 15.19 2 0 3 5.06
2 3 19,52 1a.5¢ 3 0 5 1,39 2,03 2 ¢ 4 6.97
2 3 12.1 12,49 3 C & 3.68 3.72 2 0 8 7.35
2 4 752 8.33 3 C 7 289 2% 3 01 c.1
2 5 391 3.68 4 0 I 26,11 1°92 = ¢ 2 4.73
2 8 1.26 0.63 ¢ © 2 21,01 2131 3 ¢ 3 .12
2 % 59 5634 03 17 c.aa7 30 4 .67
3 1 24.41 23.%¢ 4 0 3 607 575 3 ¢ & 9.88
3 2 12,20 1165 4 0 ¥ 3,20 3.228 3 ¢ 6 2.4
38 947 937 ¢ 0 % 467 464 3 ¢ 1.14
31 06 .3 4 C % 499 5.61 4 ¢ 1 2.89
3 8 712 200 ¢ 0 8 6.47 6.9C 4 O 2 n
3 8 264 3005 0 1 11.05 238 4 0 7,28
3% 9203 6,71 8 0 2 7 .47 4 0 4 8,523
4 1 107 1.6 5 0 § 2,98 2.8¢ 4 ¢ 5 2.0¢
4 16 1.74
> ¢ 1 2,08
5 ¢ 2 3.1
S ¢ 3 6,77
5 0 5 1.96
6 ¢ 1 10018
6 ¢ 2 6.C5
6 ¢ 3 6.84
7 C 1 8.94
7 0 2 3.87
703 4.50
a ¢ 2 CoX9
8 0 3 £.17
¢ c 1 2.41
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Table 6 gives the list of observed and calculated
structure factors.

Discussion of the structure

Fig. 1 gives a three-dimensional view of the structure
while Fig. 2 gives the structure as seen down the [001]
axis. Distinct chains of fumarate groups are aligned
approximately parallel to the [010] axis at heights of
nearly £ ¢ and # ¢, each fumarate group being linked
with the adjacent one at the same height through hy-
drogen bonds of length 2:58 A between two oxygen
atoms [O(4) and ,O(2)]. The two distinct chains at
1 ¢ and 3 ¢ are cross-linked by the extra molecule of
fumaric acid at the special position (3 4 %), again
through a hydrogen bond of length 2-57 A, between
oxygen atoms [O(6) and —,O(1)]. The distances
2-58 and 2-57 A correspond to real hydrogen bonds
as they satisfy the coplanarity criterion as well as the
tetrahedral-angle criterion [angles C(6')---O(6')- - -
»O(D]and C(4)---0O4)- - - ,O(2) are all 112°] for the
formation of a hydrogen bond.

The correct chemical composition of the compounds

The authors believe that the present analysis of this
structure gives clear evidence that the correct com-
position of the salt is in fact 2KC,H;0,+C,H,0,, for
the following reasons:

(1) Gupta & Barnes (1956) have pointed out in their
paper on the preparation of the potassium salts of

fumaric acid [(1) 2KC4H304+C4H404, (il) KC4H304
and (iii) K,C4H,0,] that an increasing amount of al-
kali, KOH or K,COs, (far in excess of that which
simple chemical calculations of stoichiometric propor-
tions would indicate) is required to produce the three
salts in stages, the pH values of the solution being 3-3
for 2KC,H;0,+C,H40,4, 4 for KC,;H;0, and 8 for
K,C4H,0,, 2H,0. This is a clear indication that the
first stage in the salt formation and crystallization is
in fact KC,H;0, with molecules of C4H,O,4 being in-
cluded as‘acid molecules of crystallization’. As Gupta &
Barnes (1961) point out, there is a great difference in
the solubilities of 2KCsH;0,+C,H,O, and
K,C,;H,0,.2H,0 which further indicates that in the
initial stages K,C,H,O, could not have been formed.

(2) Table 7 gives the dimensions of the ‘molecules’
in the special and general positions and also the dimen-
sions of the fumaric acid molecule (determined by
means of three-dimensional data) as reported by Brown
(1966) and Post & Bednowitz (1966) with R values of
59% and 6:2% respectively. The accuracy of bond
lengths in this structure is +0-02 A and of bond angles
+ 1°. Bearing this in mind, if one compares the dimen-
sions of the molecules in the special and general posi-
tions in this structure with those reported by Brown
(1966) and Post & Bednowitz (1966) the evidence for
the molecule in the special position in this structure
being a molecule of fumaric acid is overwhelming, thus
leading to the formula 2KC4H;0,+C,H,O,4. The di-
mensions, particularly the bond angles, of the molecule
in the general position in this structure are significantly

Fig.1. A three-dimensional view of the structure.

AC2B=-5
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| Table 7. ‘Molecular’ dimensions

Fumaric acid molecule 2KC4H304+ C4H404
I I . molecule
Special General (Post & Average Special General
position position Bednowitz, of position position
Bond (Brown, 1966) 1966) Tand II (This work)
c-C 146 A 146 A 1449 A 147 A 150 A 1:54
147 1-56
C=C 1-36 1-33 1-32 1-34 1-35 1-32
C-0---H 1-29 1-30 1-29 1-29 . 1-30 1-28
1-29 1-25
C=0 1:23 1-21 1-23 1-22 1-22 1-23
1-22 1-22
C---H-O 2:68 2:68 2:67 268 2:57 2-58
0-C-0 124-3° 124-3° 124-4° 124-3° 124-7° 126-4°
125-5
0O-C-C 116-7 114-2 1160 1156 . 114-5 119-5
1147
0=C-C 119-0 121-5 119-5 120-0 120-5 113-3
1167
C-C=C 122-8 1254 122-5 123-6 123-5 118-1
116:1

~6Ci6)  _p0(5)

Fig.2. The structure viewed down [001].
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different from the values reported for the acid molecule
C;H,0, by the above workers.

(3) Brown (1966) and Post & Bednowitz (1966) have
shown the fumaric acid to be planar (the greatest devia-
tions being 0-002 and 0-01 A in the two structures). As
Table 5(b) shows, the molecule in the special position
is far more planar than the one in the general position.
This is additional evidence for the molecule in the
special position being the fumaric acid molecule. The
slight lack of planarity is probably the result of pack-
ing of the molecules in the structure, including the
balancing of charges locally around the metal ions
(K*).

(4) Fig. 2 gives the scheme of hydrogen bonds of
2-57 and 2-58 A in the crystal structure as seen down
the [001] axis, together with the carbon-oxygen bond
lengths in the COOH groups which are involved in the
hydrogen bonding and the K+-O contacts. The fumaric
acid molecule must be regarded as centrosymmetric as
revealed by the work of Brown and Post & Bednowitz.
If this assumption is correct, the following reasoning
leads to the conclusion that the molecule in the special
position cannot be the dipotassium fumarate K,C,H,0,
‘molecule’ but that it must be the acid molecule itself,
i.e. C4H4O,. For the sake of argument, let us assume
that the molecule in the special position is the dipotas-
sium fumarate ‘molecule’, K,C4;H,0,, i.e. it has no
hydrogen atoms in its two COOH groups, both having
been replaced by the K+ ions. However, this molecule
is involved in the hydrogen bond formation with a
hydrogen bond of 2-57 A and must be, therefore, at
the receiving end of the hydrogen bond, i.e. an accep-
tor and not a donor. Apart from the difficulty that at
the ‘receiving’ end this C-O bond is the longer of the
two C-O bonds in a COOH group and hence of the
type C-O(H), contradicting the earlier assumption that
both the hydrogen atoms in this molecule are replaced
by K+ ions, there is another serious difficulty. The
hydrogen atom attached to the oxygen atom O(l) of
the molecule in the general position must therefore,
in that case, be considered to be involved in the hydro-
gen bond formation, the ‘donor’ being the molecule
in the general position and the C(1)-O(1) bond being
regarded as C(1)-O(1)(H). As the molecules must be
assumed to be centrosymmetric, the C(4)-O(3) bond
in the same molecule must be regarded as C(4)-O(3)(H)
and as a logical corollary C(4)-O(4) and C(1)-0(2)
must be regarded as C(4)=0(4) and C(1)=0(2) respec-
tively. However, oxygen atoms O(4) and O(2) are
definitely hydrogen bonded (2:58 A) and we cannot
regard these bonds as C=O bonds. The bond lengths
themselves [1-28 A for C(4)-O(4) and 125 A for
C(1)-0O(2)] indicate that these bonds are the longer of
the two C-O bonds in a COOH group, i.e. of the type
C-O(H). Thus we cannot regard the molecule in the
special position as a molecule of K,C4H,0,: it must
be regarded as a molecule of C4H4O,.

Precisely similar arguments to those presented above
apply, however, and also successfully explain the

A C 26B - 5*

scheme of hydrogen bond formation and the C-O
bonds, if one assumes the molecule in the special posi-
tion to be an acid molecule. Thus C(6')-O(6") (1:30 A)
is of the type C~O(H) and at the donor’s end, C(1)-O(])
(1-23 A) being of the type C=O and at the receiving cnd.
As a consequence, the C(1)-O(2) (1-25 A) and
C(4)-0(4) (1-28 A) bonds of the molecule in the gen-
eral position are both of the type C-O(H) and hydro-
gen bonded (2:58 A), presumably with the hydrogen
atom ‘attached’ to the oxygen atom O(2) replaced by
a K+ ion [K+-O(2) distance 2-84 A]. This bond
C(1)-0(2) (1-25 A) is shorter than the C(4)-O(4)
(1-28 A) bond and the carboxyl group C( DO(1)O2)(H)
is ionized as indicated by the near equality of its C-O
bonds (1-23, 1-25 A).

It is worth while here to mention that in several struc
tures (Roy, 1967; Bacon & Curry, 1957) it has been
observed that there is hydrogen bonding between the
oxygen atoms of COOH groups, both of which are of
the type O(H)- - - O(H) (i.e. the longer of the two C-O
bonds in a COOH group), one of the hydrogen atoms
of the group being replaced in that case by a metal
ion. Thus the above feature observed in this structure
is not new but already reported for a number of other
structures.

(5) The angles C(6")---0(6")---,0(1) and C4)---
O(@4)- - -, O(2) are all 112° i.e. near to the tetrahedral
value expected for hydrogen bond formation. On this
basis also, the molecule in the special position should
be regarded as the acid molecule and not the dipotas-
sium fumarate ‘molecule’.

(6) There is no evidence from the X-ray photographs
or structure factor calculations that there is a statistical
distribution, i.e. random distribution of KC,H;O0,,
CsH, 04 and K,C4H,0, molecules, in the structure.
Had this been so, it would have become apparent in
some of the reflexions in which the hydrogen atom
contributions were likely to be large.

(7) Finally, neutron diffraction work on the crystal
(Gupta & Prasad, unpublished) has shown the posi-
tions of the hydrogen atoms quite clearly in the [001]
projection and the molecule at $ 3 is definitely shown
to be the fumaric acid molecule. The constitution of
the salt is, therefore, firmly established as being
2KC,H;0,+C,H,0,.

The authors wish to express their gratitude to Pro-
fessor Dame Kathleen Lonsdale, and Dr H. J. Mill-
edge, University College, London, for the SFLS
calculations on the Pegasus computer.
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Electrostatic Charge Distributions in the Structure of Low Albite, NaAlSi;Os

By R. I. GaiT* AND R. B. FERGUSON
Department of Geology, University of Manitoba, Winnipeg 19, Canada

WITH AN APPENDIX BY H. R. Coisn
Department of Physics, University of Manitoba, Winnipeg 19, Canada

(Received 15 August 1968 and in revised form 28 October 1968)

Computer programs are described which calculate the positive charges contributed by the metallic
cations to the surrounding oxygen anions in the low albite, NaAlSi;Os, structure. The unknown variables
are taken to be the assumed pure Si—O and Al-O distances, and the coordination number of the sodium
ion. The charges are distributed in amounts that are inversely proportional to the cation—anion distances.
The most satisfactory charge distribution occurs when Si-O=1-602( £0-002), A1-O=1-777(+0-003) A
and C.N.=6 for Na (single atom); the total charges on the four tetrahedral groups of oxygen ions are
then: 8:007, 7-999, 8:001 and 7-995 e.s.u. (¢=0-01, e.s.u.) giving a total ‘charge unbalance’ of 0-014
e.s.u. (6=0024 e.s.u.) and a total Al content of 1-000 atoms (¢ =0-005). It is concluded that the crystal
is ideally ionic and that the structure is ‘largely ordered’ with 82% Al in one site. It is thought that the
small integral C.N. for the Na ion may have important implications for the nature of ionic bonding.
An Appendix gives the derivation of relationships for determining the proportion of an oxygen atom

shielded by closer atoms from a Na ion.

L. THEORETICAL CONSIDERATIONS AND
METHOD

Introduction

The feldspar minerals which are mainly KAISi;Og—
NaAlSi;04—-CaAl,Si,O3 are characterized by poly-
morphism which is now known to be due to silicon-alu-
minum (Si-Al) ‘order-disorder’. High-temperature
forms such as high albite (NaAlSi;Og) and sanidine
(K AIlSi;0g), analysed by three-dimensional methods in
the ‘quenched’ state at room temperature, have dis-
ordered structures with the Si-Al atoms distributed
randomly among the tetrahedral sites. In contrast, feld-
spars that are generally accepted from geological evi-
dence to be low-temperature forms (cooled slowly to
ordinary temperatures) such as low albite (NaAlSi;Og)
and microcline (KAlSi;Og), also analysed by three-
dimensional methods, are known to have structures in
which the Si and Al atoms are segregated into structur-
ally different tetrahedral sites.

The generally accepted view is that in low-tempera-
ture feldspars such as low albite and (maximum) micro-

* Present address: Department of Mineralogy, Royal On-
tario Museum, 100 Queen’s Park, Toronto, Ontario, Canada.

cline, the Si and Al atoms are completely segregated,
that is, the structures are fully ordered with respect to
Si-Al. A dissenting view was put forth by Ferguson,
Traill & Taylor (1958), who proposed that in such
low-temperature feldspars the Si and Al atoms may not
be completely segregated; in this case these structures
would be only largely and not fully ordered with re-
spect to Si—Al. The basis for this view was an interpre-
tation of the structures as ionic, that is, that the atoms
behave as ions and that therefore the most likely low-
temperature feldspar would be, in general, the one with
the most satisfactory electrostatic charge distribution.
It can be shown that such a structure cannot have the
Si and Al atoms fully ordered; in the case of low albite,
for example, Ferguson ef al. showed in 1958 that the
ideal ionic structure has the Al atoms segregated to only
about 75% into one site.

This ionic interpretation appeared to the authors
(Ferguson, Traill & Taylor, 1958) to explain a number
of the structural features of the feldspars, and in a later
paper Ferguson (1960) extended these ideas particu-
larly with reference to the alkali feldspar phase relation-
ships implied by the ionic interpretation of the struc-
tures. However, exception to these views was taken by a
number of authors, for example, MacKenzie & Smith



