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Zhdanov sequence is even) as well as the cubic (c~) 
structure will be generated in this way. The 'parent 
polytype' could thus be formed from the 2H structure. 

All the above considerations deal only with the geo- 
metrical framework of polytypism in ZnS crystals. 
Further experiments are in progress in order to as- 
certain the physical mechanism underlying the slip 
process. 

Actually it seems that all polytypes in vapour-phase 
grown crystals are even*. In this Laboratory, altogether 
about 35 polytypes were found, with 21 different layer 
periodicities, all being even. The literature on polytypes 
in vapour-phase grown ZnS seems also to confirm this 
rule, except for a very early publication (Strock & 
Brophy, 1955) on a single extremely small specimen 
(0.1 ×0.01 mm) which was reported to include alto- 
gether nine structures. 

* Uneven polytypes 9R, 15R and 21R were found in ZnS 
minerals. A 27L polytype reported by two of us (O.B. & I.T.S.) 
was later found to be a 26L (17 4 2 3) polytype. 

Direct observations in this Laboratory (to be pub- 
lished) revealed that the hexagonal 2H structure can 
actually be transformed to polytypes, and that this 
transformation takes place by the periodic slip process. 
The overall route of polytype formation is therefore 
probably the following: hexagonal - parent polytype-  
polytype family. 
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Reinvestigation of the crystal structure of NH4BrIC1 at 140°K shows that the (BrIC1)- ions are sta- 
tistically distributed in the crystal. Owing to this disorder no accurate values could be obtained for the 
bond lengths. The discussion of the observed average structure indicates, however, that for (BrIC1)- 
ions with an orientation as reported earlier by Mooney, the I-CI bond is much longer (ca. 0.5/~) than 
the value which Moo ney observed (2.38/~). The I-Br distance is comparable to Mooney's value, 2-50/~. 

Description of the structure 

As part of a programme to obtain accurate values for 
bond lengths and angles in polyhalide ions consisting 
of different halogen atoms (KIC14. H20, Elema, de Boer 
& Vos, 1963; N(CH3)4IC12, Visser & Vos, 1964), the 
structure of NH4BrIC1 (Mooney, 1937) was reinvesti- 
gated at 140 °K. 

The structure as reported by Mooney is shown in 
Fig. 1. The present refinement shows that accurate 
values for the bond lengths and angles cannot be ob- 
tained because of disorder in the crystals. The discus- 
sion given in the present paper indicates, however, that 
for the (Br-I-CI)- ion shown in Fig. 1, the I-CI bond 
is much longer, approximately 0-5 ,~, than the value 
observed by Mooney, 2.38 A, and considerably longer 
than the sum of the covalent radii, 2.33/~. The I-Br 
distance is comparable to Mooney's value, 2.50/k. 

As in the isomorphous compound CsI2Br (Carpenter, 
1966) there is one short intermolecular distance, 
I (3) . . .  Br(1)2 3.64 A (van der Waals distance 4.10 A). 
This distance is observed in a nearly linear I. • • Br-I-C1 
chain (Fig. 1, Table 3), suggesting that the bonding may 
be described as 4-center, 6-electron bonding (Hach & 
Rundle, 1951; Pimentel, 1951). 

Experimental 

Crystals were prepared according to Mooney's method. 
The halogen composition of the sample found by chem- 
ical analysis (I=46.9, Br=31.1, C1=13"67o) showed 
reasonable agreement with the formula NH4BrICI (I = 
48"7, Br=30.7, CI= 13"67o). 

The crystallographic data were obtained from Weis- 
senberg photographs taken at 140°K. The crystals are 
orthorhombic; the systematic absences indicate as pos- 
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sible space groups Pnma and Pn21a. Inspection of  the 
hkO and Okl reflexions showed that all reflexions with 
k even (or odd) and common h and /, have the 
same intensity, except for general variations with 
sin 0/2. This strongly suggests a systematic location of  
the four  NH4BrlCI groups on mirror  planes at y = ¼  
and y = - ¼ ,  as required by the special position with 
symmetry m in Pnma. Space group Pnma was therefore 
adopted during the structure determination. Because 
of  the y values being fixed, only the projection along 
y was refined. The difficulties encountered during the 
structure refinement (see below) could not be explained 
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Fig. 1. Structure of NH4BrlC1 as reported by Mooney. The 
heavily outlined atoms lie at y = ¼, the lightly outlined ones 
at y = - ¼. The majority of the (BrlCI)- ions in our disordered 
crystals are oriented as shown in the Figure; a minority of 
these ions have the reverse orientation. 
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Fig. 2. Difference maps for NH4BrlCI (a) after isotropic 
refinement without assuming disorder, (b) after anisotropic 
refinement with coinciding atoms, but with 25 % of the 
(BrICI)- ions in the reverse orientation. The crosses indicate 
the mean atomic positions. Contours are drawn at intervals 
of 2 e.A-2, the zero line is dotted, and negative contours are 
given by broken lines. 

by a wrong choice of  space group, as Pnma and Pn21a 
have the same symmetry in [010] projection (plane 
group pgg). 

The experimental da ta  used during the refinement 
are summarized in Table I. The absorpt ion corrections 
were calculated with a program written according to 
the Busing & Levy (1957) scheme; the dimensions of 
the bounding planes of the crystal were measured as 
accurately as possible. 

Table 1. Observed data for  NH4BrlC1 at 140°K 

Observed data 
Space group Pnma 
Z=4,  at m 
a = 10.280 A 
b =6.075 
c = 8.648 
e.s.d. 0.03 % 

163 reflexions hOl 

Method used 
Weissenberg photographs 
Ni-filtered Cu radiation 
Calibration with NaCI reflexion spots 
2(Cu K~) = 1-5418, 2(Cu K~l) = 1.54051 
2(Cu K~2)= 1.54433 A 
Least-squares adjustment of 80 
reflexions Okl and hkO 
Integrated and ordinary photographs, 
Zr-filtered Mo radiation. 
Corrections for Lp and absorption 
(pd_ ~ 3.4). 

Refinement 

The [010] projection was refined by least-squares 
methods. The calculations were done on a TR4 com- 
puter with a program written by Palm & Peterse ac- 
cording to Cruickshank 's  (1961) scheme; scattering 
curves were taken from Moore  (1963). 

After  the isotropic refinement (R=0.089) ,  disorder 
in the crystals was indicated by a remarkably  high 
electron density at the chlorine position. This is illus- 
trated by the difference map in Fig.2(a), which shows 
a maximum for chlorine in spite of  the low thermal 
parameter ,  B = 0. I A 2, taken into account for this atom. 
The effect was considered significant as similar results 
had been obtained earlier in a refinement with data  
collected at room temperature  for a crystal f rom a 
different sample. The high electron density near chlor- 
ine was tentatively ascribed to a minority of  (BrlC1)- 
ions (ions B) having an orientation the reverse of  that 
of  the trihalide ions (ions A) shown in Fig. 1. A and B 
were assumed to be statistically distributed in the crys- 
tal. Owing to this statistical distribution an average 
structure is obtained consisting of  three sets of  two 
almost  coinciding halogen a toms;  for each of the sets 
only weighted mean positions can be found. The per- 
centage of  B in the average structure was estimated 
by trial and error, making use of  anisotropic least- 

Table 2. Mean atomic parameters after anisotropic refinement (see text)  
The labelling of the atoms corresponds to Fig. 1. The standard deviations as calculated by the least-squares program are given in 

brackets. 

x y z B Ull U33 2U)3 
Br(1) 0"4242 (4) 0.2500 0.2642 (4) 0.0126 (13) 0-0136 (13) -0-0078 (24) 
I(1) 0-6180 (2) 0.2500 0.4478 (2) 0.0115 (5) 0.0159 (6) 0.0002 (13) 
Cl(1) 0.8371 (5) 0.2500 0.6473 (7) 0.0100 (17) 0.0126 (19) 0.0045 (32) 
N(1) 0"3466 (36) 0"7500 0.0401 (41) 2"07 
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squares refinements; the percentage assumed for B was 
represented by the scattering factors used for the com- 
posite terminal atoms in the trihalide ion. For approx- 
imately 25% of B the best result was obtained, viz. 
a low disagreement index R (0-061), and comparable 
values for the thermal parameters of  the 'chlorine' and 
'bromine' ends of the ion. The thermal parameters and 
weighted mean posit ions of  the composi te  atoms are 
listed in Table 2; the corresponding interatomic dis- 
tances are given in Table 3. The difference map based 
on the results of the above refinement is shown in 
Fig.2(b); the highest maxima (minima) are approx- 
imately 3.5 times the e.s.d. The structure factors in 
Table 4 are based on the parameters listed in Table 2. 

Table 3. lnteratomic distances (smaller than 4 A) 
and angles for the ions shown in Fig. 1 

The values are based on the parameters in Table 2. 

I (1 ) - - -Br(1)  2.55 A Nfl) 
I(1) Cl(l) 2"84 N(1) 
CI(1).''  Br(4) 3.67 N(1) 
Br( 1). .-  I(3) 3.64 N(I ) 
I(1) . . .1(2) 3.99 N(3) 
Br(l ) . . -  1(2) 3.95 N(3) 

N(3) 
Cl(1)-I(1) - -Br (1 )  179 o 
I ( 1 ) - - B r ( 1 ) - l ( 3 )  172 

CI(4) 3.38 A 
Br(l) 3-69 
C1(2) 3"29 
I(3) 3.84 
C1(2) 3"45 
Br(l) 3.67 
Br(3) 3-54 

Table 4. Observed and calculated structure factors 

In order to obtain F on the absolute scale, the values in the 
Table must be divided by 10. 

L ~C ~C 

o -575 -494 
O C 450 459 7 

0 2~3 267 . 

20 0 -~3o -)o7 
22 o -195 -296 15 

1 1~25 11t2 
1 . 1 ) 8 )  -1405 21 
I ~71 674 o 
1 229 2)9 I 
I - 6 2 2  - 5~8  2 
1 1167 1 : )9  

1 1 - 6 ) 6  -b74 4 
11 1 -217 -244 5 
12 I -)16 -27~ 6 

1 1 417 411 
17 • )99 )89 lO 

o 2 )99 447 11 
1 2 -199 -172 14 
2 2 -520 -4~2 15 
3 2 -621 -6~ 16 

2 -94) -957 19 
2 468 )5)  23 
z 905 911 I 
2 1 } )4  1309 5 
2 -)1o -27o 6 

1 2 ~29 ~11 7 
11 2 -792 -798 
12 2 -a6o -oo4 1o 
I )  2 284 256 12 
14 2 -463  -b)O 
15 2 445 421 16 
16 2 267 ~59 o 
18 2 2~0 284 1 

1 3 659 717 2 2 ~ ......... , ~ 
} -951 -973 

Fo r': H ~ r o  i$,c n L FO f',c 

e42 703 025 795 .1 25O 250 
621 £44 7 6 446 457 ~) 9 633 601 
547 ~ )  ~ ~ -521 -~)7 17 9 -)~o -)09 
2)9 ~)6 1 -291 -26!  o 1o -11ao -122~ 

. }12  -e92  11 ~ -552 -52B 1 10 195 229 
265 2)I  15 44~ 45)  ~ lO 3o0 353 

-225 -15) 16 6 -270 -25~ 10 B22 847 
~7, =72 1~ ~ -192 -2B1 ~1o 1 .  113 

-276 - ) , '2  - i o o i  -990  10 -279 -36a  

4 a~o / 9 )  7)9 712 11 -479 -5 )4  
_1~22 -14.4  ~ ~ -5~9 -52a 2 11 2)3 ~6~ 

69o ,,6~ 6 .  611 ~ 11 -21o -24~ 
-14~4 - ' 4 0 0  ~ ~ 499 494 11 575 664 

4 -4?5 -)uS -180 -173 6 11 -299 -)2~ 
76e - :~  e ~ )20 36s ~ I~ -~5 -427 

4 -9 (7  -956 14 )05 201 1 11 212 212 
~:4 co2 o 8 -220 -271 I $ 11 23B 2CI 

4 - ; ~ o  - ~ 7  ~ a -209 -2~) 0 12 .201 -219 
2 :97 2~2 8 107 99 ~ 12 280 301 

-~'6 -41T ~ O - 6 ) 9  -652 12 -)26 -))5 
, . - .e  2o~ 8 599 5~9 8 12 - 3 5 )  -)54 

2 ~  2~5 o 555 ~70 1 12 424 455 
4 -?v7 -~) 8 8 -8}$ -845 12 12 234 225 

I~1O 224 9 8 18) 1 ) )  15 12 -272 -272  
5 220 J14 10 8 -308 -277 2 1~ 513 519 

-160 - ! 2 6  11 8 -272 -270 ~ 1 287 2~5 
1071 10q0 12 8 668 ~9~ 6 1)  -317 -274 
-259 -2~9 14 o )17 32) ~ 13 - ) 2 6  -313 

~ 2  406 16 8 -229 -192 14 375 )75 
-~26) -~209 1 ~ -170 -190 ~ 14 4a~ 46) 

5 -49) -506 2 -129 -104 14 -263 -271 
660 701 3 9 297 )29 2 I~ 212 149 

-764 -702 )71 407 1 15 257 271 
6 -~79 -oe6 ~ ~ 229 237 ~ ~6 ~s I~2 

-527 -5 o~ -428 --4~5 5 16 -221 -257 
6 - 5 ) 3  -5~2 a ~ -242 -251 I 17 225 256 

421 ~a6 9 -664 -676 

Discussion of the average structure 

From the average structure a great number of models 
for the ions A and B may be deduced depending on 
the amount of splitting assumed for the three com- 
posite atoms. If all pairs of fractional atoms are sup- 
posed to coincide with their weighted mean position, 
the bond lengths in A and B are as follows" 

A Br 2.55 1 2 8 3  C1 

B Cli35 12.84 Br 

The differences between the lengths of  corresponding 
bonds for the two orientations of the ion may be as- 
cribed to the crystal field. The value of  the difference, 
0.29 A, is, however, rather high in comparison with 
that observed for the I~- ion in the i somorphous  com- 
pound CsI3, 0-20 A (Tasman & Boswijk, 1955). A mod- 
el for which the bond length differences between A and 
B are 0 . 2 0 / ~  can be obtained by assuming small sepa- 
rations of the fractional atomic parts, for instance 
0"10 A in the bond direction for all three composi te  
atoms. The atomic positions of this model are schema- 
tically shown in Fig.3(a);  the vibration ellipsoids of  
the split atoms are given in Fig. 3(b) and in Table 5. 
The assumed structure model  seems reasonable in view 
of (1) the vibration ellipsoids (the values for chlorine 
are inaccurate; for errors see Table 2) and (2) the fact 
that the van der Waals radius of bromine is larger than 

Br I 
2 ' 5 1  2"91 

I Br  
2 ' 7 1  2"71 

Ca) 

(b) 

Fig. 3. Possible model for ions A and B. (a) Positions of the 
fractional atoms. Dashed lines indicate weighted mean 
atomic positions, for clarity of the figure the splitting of the 
fractional atoms is on an enlarged scale. (b) r.m.s, displace- 
ments due to thermal motion of the fractional atoms. 

Table 5. Thermal parameters of  ion A 

Before splitting After splitting* 
U 1 1  U 3 3  2 U 1 3  U11 U 3 3  2 U ]  3 

Br 0.0126 (13) 0.0136 (13) --0.0078 (24) 0.0119 0.0131 -0.0090 
I 0.0115 (5) 0.0159 (6) 0-0002 (13) 0-0104 0.0151 -0-0016 
CI 0-0100 (17) 0.0126 (19) 0.0045 (32) 0.0085 0.0117 0.0021 

* See Fig. 3(a). The reduction of the thermal parameters in the bond direction was calculated with the formula 

~ u = 'W1÷-~2 C ~ ( 4 w 2  + Wi + w2 ~ - ~ +  w2 ' 

where Al is the splitting in A, and w~ and w2 are the weights of the fractional atoms. 
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Table 6. Comparison o f  trihaMe ions 
Compound Ion Bond lengths Elongation* Sum 

(A) (A) (A) 
See footnotet  1-I-I 2.92 2.92 0-26 0.26 0.52 
CsI3 1-I-1 2.83 3.03 0.17 0.37 0.54 
CsI2Br I-I-Br 2.78 2.91 0.12 0.43 0.55 
N H4BrlC1 Br- l -  C1 2-51 2-91 0-03 0.59 0.62~. 

* Relative to the bond lengths of gaseous molecules 12, IBr and ICI. 
"~ Average values from As(C6Hs)413, N(C2Hs)417 and N(C2H5)413 (Rundle, 1961 ; Migchelsen & Vos, 1967). 

Values are approximate because of disorder. 

that of chlorine. The bond lengths listed for ion A in 
Fig.3(a) are compared with those of other trihalide 
ions in Table 6. The (BrIC1)- ion in NH4BrICI fits well 
in the series. The present results suggest that the I-CI 
bond in NH4BrICI (A) has a smaller bond order than 
the I-Br bond in the isomorphous compound CsI2Br 
(Carpenter, 1966). 
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The Crystal Structure of Sodium Tetraborate 
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Single crystals of the high-temperature form of sodium tetraborate, N a 2 0 . 4 B 2 0 3 ,  have been synthesized 
and studied. The structure has been determined by the method of symbolic addition. The space group 
is P21/a with unit-cell dimensions a = 6.507 + 0-001,t b = 17.796 + 0.002, c = 8.377 + 0.001 A, ; B= 96 ° 34' +_ 
2'; Z= 4. The structure consists of two infinite, independent, and interlinking boron-oxygen networks, 
each containing alternating single and double rings. The sodium atoms serve to hold the networks 
together through coordination with oxygen atoms. 

Introduction 

This study has been made as part of a program de- 
signed for a better understanding of the structural prin- 
ciples underlying borate chemistry. There is additional 
interest in anhydrous borates with greater than 50 
mole % B203 since these compounds readily form 
glasses. Several laboratories have been investigating 
these structures. Krogh-Moe (1959, 1960, 1962, 1965) 

* Present address: University of Maryland, B.C., Baltimore, 
Maryland. 

t Estimated uncertainty. 

has reported structures of anhydrous borates of K and 
Rb, Cs, Li, and Ag. The structures of strontium 1:2 
borate (Krogh-Moe, 1964; Perloff & Block, 1966), lead 
1:2 borate (Perloff & Block, 1966), barium 1:2 borate 
(Block & Perloff, 1965) and cadmium 1:2 borate (Ihara 
& Krogh-Moe, 1966) have also been determined. The 
structure of Na20.4B203 and its relation to several 
other borates are discussed here. 

NaaO.4B203 has been reported (Morey & Merwin, 
1936) to exist in two forms. The present work refers 
to the high-temperature stable form which is usually 
obtained by crystallization from a melt. 

A C 2 2 - 5  


