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At 85 °C triphenylmethyl perchlorate crystallizes in space group F4132 with Z = 16 and a = 18.91 A. 
Most atoms lie on special positions. The structure was refined by three-dimensional :Fourier methods 
and least-squares techniques. 

The carbonium ion is propeller-shaped with three coplanar central bonds (symmetry Da). Adjacent 
aromatic rings are at angles of 54 °. There are two structurally different perchlorate groups; one is 
disordered, the other is not. The refinement was carried out for two models of disorder, leading to 
R values of 9.1 and 8.4 % respectively. Neither model is entirely satisfactory. Bond distances and 
bond angles are reported. It  is shown in an appendix that triphenylmethyl tetrafluoroborate at 
110 °C is isomorphous with the perchlorate. 

Introduction 
Carbonium ions are of considerable interest as inter- 
mediates in numerous organic reactions. Most of these 
ions are unstable and do not lend themselves to 
detailed structure analysis. Triarylcarbonium ions, 
[ArsC] +, however, are stabilized by resonance in the 
conjugated g-electron system and seem to occur in 
reasonably stable solid compounds. To our knowledge 
only two relevant structure determinations have been 
reported in the literature:* Stora (1958) showed from 
single-crystal X-ray diffl'action data that  the crystal- 
violet ion (tri-p-dimethylaminophenylcarbonium ion) 
has threefold symmetry. Sharp & Sheppard (1957) 
examined the infrared absorption spectra of solid 
complex fluorides of the triphenylcarbonium ion (TPC) 
and provided substantial evidence for a propeller-like 
structure (symmetry D3) with three coplanar central 
bonds. The present work is an attempt to solve the 
complete structure of the TPC ion, which was 
supposed to occur in the coloured perchlorate 
C(C6Hs)3CIOa. 

Experimental 
Preparation 

Crystals of octahedral habit were prepared directly 
by the reaction 

HOC(C6Hs)8 + HC104 = C(C6H5)3C104 + H20,  

* A third publication appeared during the preparation of 
this paper (Sundaralingam & Jensen, 1963). It deals with 
the preliminary results of the structure determination of 
sym-triphenyleyclopropeniurn perehlorate. 

which was carried out in acetic anhydride at room 
temperature (Hofmann & Kirmrcuther, 1909). The 
crystals were washed with cold acetic anhydride and 
anhydrous ether and used for X-ray investigations 
without further purification. 

Analyses 
The infrared absorption spectrum of a suspension 

in kerosine was measured; it is virtually identical 
with the spectrum of the corresponding complex 
fluorides (Sharp & Sheppard, 1957), except of course 
for the specific absorption peaks of the respective 
anions. 

By titrimetric analysis the concentration of per- 
chlorate ions was determined to be 102.5%(± 1.5%) 
of the theoretical value (duplicate analysis). This 
indicates at the same time that the crystals do not 
contain solvent molecules. 

Space group and cell dimensions 
For reasons that  will appear in a following section, 

the X-ray data were taken of a crystal at 85 °C. At 
this temperature the Laue symmetry is 2,(4/m)-3(2/m). 
With a (85 °C)=18.91 +_0.02 Jk as determined from 
Weissenberg photographs calibrated with aluminum 
powder lines, and with Dm (20 °C) - 1.37 g.cm -3 
(flotation in a mixture of benzene and carbon tetra- 
chloride) there are 16 formula units in the unit cell. 
Dc (85 °C)=l-346g.cm-3. 2'4132 is the only space 
group compatible with the above data as well as 
with the systematic absence of the reflexions hkl 
with mixed indices and h00 with h:~4n. 



438 T H E  S T R U C T U R E  OF T R I P H E N Y L M E T H Y L  P E R C H L O R A T E  AT 85 °C 

Collection and handling of intensity data 
An almost spherical crystal with a diameter of 

about 0.3 mm was obtained by partial dissolution 
of an octahedral specimen in acetic anhydride. The 
crystal was mounted in a sealed thin-walled glass 
capillary and oriented along [110]. In all manipulations 
care was taken to avoid exposure to air as far as 
possible, since the formation reaction is readily 
reversed, even with traces of water vapour, l~eflexions 
h+n, h - n ,  1 with n=O, 1, 2, 3 were recorded at 85 °C 
on (equi-inelination) Weissenberg photographs with 
unfiltered copper radiation. There are 440 non- 
equivalent reflexions having 2&,~:,<,~(CuKa). Of 
these only 186 were actually observed, 20 were 
experimentally inaccessible, the others (234) were too 
weak. The intensities were estimated visually by use 
of the multiple-film technique and corrected for 
Lorentz, polarization and absorption (Bond, 1959) 
factors. The atomic scattering factors used throughout 
this work are those given by Viervoll & Ogrim (1949) 
for chlorine, and by Berghuis, Haanappel, Potters, 
Loopstra, MacGillavry & Veenendaal (1955) for 
oxygen and carbon. 

Non-cubic modifications 
In  a previous publication (Gomes de Mesquita, 1962) 

a detailed account was given of the phase-transition 
phenomena in TPC perchlorate, which impose a severe 
limit on the scope of the present structure investiga- 
tion. The conclusions of tha t  paper will therefore be 
summarized here: 

Below 5 °C the substance crystallizes in a non-cubic 
space group. There is strong evidence for tetragonal 
symmetry  (c/a=l.Oll). However, only twinned spec- 
imens of this modification were obtained, unsuitable 
for X-ray structure analysis. 

Slightly above 5 °C single crystals were prepared 
having a complicated modulated structure.* The sub- 
cell is tetragonal with c'/a' =0-997 and c' ~_ a' ~_ 18.8 _~. 
The modulation extends along the c axis; it has a 
period c=(9_+ 1)c'; (a=a'). The crystals whose pre- 
paration was described above are multiple twins of 
this modulated structure. 

Between room temperature and 85 °C a transition 
takes place whereby the space group changes to 
F4132. At least in those crystals which are twinned 
at room temperature (these were examined in par- 
tleular) the transition is a gradual one. In view of 
this gradual phase change, the X-ray photographs 
obtained at  85 °C were scrutinized for effects due to 
possible remnants of a non-cubic structure. The only 
one found concerned those two reflexions of the form 
{511} which appeared on a first level photograph; 

* Mr A. Kreuger  (The Crystal lography Laboratory ,  Univer- 
si ty of Amsterdam)  recently cooled a single crystal  of the  
modula ted  s t ructure  while s tudying  its optical behaviour  
under  the  polarizing microscope. He found a sharp t ransi t ion 
point  at  5 °C. 

in one particular crystal their intensities were twice 
as strong as those of all other reflexions of the same 
form. I t  has not been possible to at tr ibute this effect 
to trivial experimental errors such as inconstancy of 
the temperature. However, since it could not be 
reproduced in a second crystal, the effect was neg- 
lected. 

The X-ray diagrams of twinned modulated crystals 
at  room temperature and those at  85 °C are only 
slightly different. Initially, these differences were 
overlooked and room temperature data were used in 
the earlier stages of the structure investigation. The 
refinement, however, was carried out with high 
temperature data. 

Instability of the crystals 
Crystals of TPC perch]orate decompose slowly at 

room temperature (Dauben, Honnen & Harmon, 1960). 
At 85 °C the decomposition reaction proceeds faster 
(Gomes de Mesquita, 1962). Nevertheless there are 
no indications tha t  the X-ray data are particularly 
unreliable. One crystal specimen was used for recording 
all the intensities listed in Table 2. During the time 
needed to make the various exposures a general 
reduction of all X-ray intensities was noticed. How- 
ever, except for the above-mentioned {511} reflexions, 
no difficulties or inconsistencies were encountered in 
the scaling together of the four layers of observed 
reflexions assuming cubic symmetry.  

D e t e r m i n a t i o n  and  r e f i n e m e n t  of  the  
s t r u c t u r e  

Consideration of the available positions and their 
point symmetry (International Tables for X-ray Crys- 
tallography, 1952) shows tha t  C(c) (Fig. 1) must be 
either in (c) or (d) with point symmetry 32 (D3); 
the former of these two equivalent positions was 

c(3) c(2) / ~  

c ( 4 ) ~  

c(3) c(2) 

]Pig. 1. The t r iphenylcarbonium ion. 

arbitrarily chosen. Then, two positions (g) on twofold 
axes are necessarily occupied by C(1) and C(4) 
respectively, and two general positions (h) by C(2) 
and C(3). The C1 atoms can be located only in (a) 
and (b). Finally it would seem (see, however, below) 
tha t  two positions (e) must be occupied by O atoms. 
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In all, the values of ten positional parameters are to 
be determined. I t  is not difficult to make a reasonable. 
estimate for most of these. However, the twist angle a 
(i.e. the angle between the plane of the three central 
C(c)-C(1) bonds and the plane of any of the attached 
aromatic rings) remains to be found. Furthermore, 
the orientations of the perchlorate tetrahedra have 
to be determined, since the space group provides two 
possibilities for either of the oxygen atoms, O(a)and 
O(b), viz. Xa= +_ [Xa[ and x~_~ ½+_ [Xa[ with [Xal <lS. 

The initial value of a (+ 19 °) was somewhat arbi- 
trarily chosen; later on, all other parameters being 
fairly well determined, a good approximation (+35 °) 
was obtained from a direct plot of Fc(hkl) versus a 
for a small number of low-angle reflexions. Whereas 
the position of O(b), about Cl(b), was easily established 
by means of three-dimensional electron-density sec- 
tions, no ordered model would fit the situation around 
Cl(a). Fair agreement was obtained by assuming a 
statistical distribution of O(a) over the two available 
positions, and much better agreement when com- 
pletely spherical disorder was assumed. 

After introduction of two isotropic temperature 
factors, one for the chlorine atoms, the other one 
for the remainder of the structure, and after applica- 
tion of a few smaller parameter shifts which were 
suggested in the electron-density maps, the reliability 
index defined as R = Z I F o - I F c I I / Z F o  was 19.0%. 
At this stage a complete three-dimensional electron- 
density synthesis showed no other significant devia- 
tions from the assumed structure than a non-uniform 
distribution of O(a) (Fig. 2), for which, however, 
no interpretation was found in terms of a simple model. 

/ \ "-. 

/ \ \ 

1" 

" [100] 

Fig. 2. Sect ion (110) of the  three-dimensional  e lec t ron-dens i ty  
synthesis ,  cu t t ing  th rough  the  cent re  of the  d isordered 
perchlora te  ion. At  this s tage R =  19.0%. Dif f rac t ion  d a t a  
ob t a ined  a t  85 °C. D o t t e d  con tour  a t  1.0 e.A -a, b roken  
con tour  a t  1-5 e .A -3, con t inuous  con tour  a t  2.0 e .A -~. 
Centre  of Cl(a) a t  24 e.A -a. The C1-O dis tance  is t a k e n  as 
1.45 A. 

The refinement was first carried out by means of 
three-dimensional difference syntheses with individual 
isotropic temperature factors for all atoms. The 
Cl(a)-O(a) radius was kept constant at 1.45 A. In 
a few cycles the structure refined to R=13.0%. 
The corresponding difference map showed clear 

indications of anisotropic thermal vibrations and of 
deviations from spherical symmetry of the disordered 
perchlorate group. All unobserved reflexions were now 
calculated; without exception their Fc values were 
at or below the limit of experimental detectability. 

For further refinement use was made of a least- 
squares program written for the computers Swv, w~ 
and PASCAL by Braun & Leenhouts (P. B. Braun & 
J. I. Leenhouts, unpublished). The program minimizes 
the function Xw(Fo-k lFc])  2. I t  assumes no coupling 
between 

(a) the parameters of different atoms, 
(b) temperature and positional parameters, 

and it treats anisotropic temperature factors in the 
form : 

exp { -  ( B n h  2 + B22k ~ + B3312 + B12hk + B23kl + B311h ) }. 

Unobserved reflexions were omitted from the refine- 
ment, and so was the heavily dominant reflexion 422. 
All other reflexions were given equal weight. Hydrogen 
atoms were inserted at 1.084 .~ from the corresponding 
carbon atoms; the vibrational and positional para- 
meters of the former were occasionally adapted by 
hand to those of the latter. The Cl(a)-O(a) distance 
was still being kept constant with O(a) spherically 
distributed around Cl(a), and both these atoms were 
given the same isotropic temperature factor. A number 
of cycles brought the R value down to 9.1%. Despite 
this relatively good result, the difference synthesis 
showed maxima and minima in the region of the 
ordered (+_0-4 e.A -'~) as well as of the disordered 
(+ 0"6 e.A-~) perchlorate group. These had also been 
found in the difference map before the least-squares 
refinement. 

The situation about the disordered group in (a) with 
minima in the difference map on (xxx) and ( ~ )  and 
maxima on (x00) suggested the following model. This 
tetrahedral group rotates around any one of its 4 axes; 
the rotation axes of all these groups in the crystal are 
statistically distributed over the four directions of 
threefold crystal symmetry; the centre of each rotating 
tetrahedron remains in (000). Actually, the minima at 
(xxx) and at ( ~ )  are not equivalent, one being 
about 50% deeper than the other. The new model, 
like the old, takes no account of this difference. 

This model, with fixed Cl(a)-O(a) distance, when 
fed into the least-squares program, resulted in R =  
8-4% (8.6% including reflexion 422). The quantity 
to be minimized, Xw(Fo-k[Fc[)  ~, decreased by about 
25% owing to the change of model. Nevertheless, 
the difference map still showed maxima and minima 
about (a) (+0.5 e.A -3) and (b) (+_0.3 e.£-3). At the 
same time it was found that  strong coupling exists 
between the model used for the disorder of O(a) and 
the temperature parameters of O(b); the calculated 
values of these parameters have therefore little 
physical significance. The temperature factors of 
other atoms are also coupled to the model of disorder, 
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Table  1. The final parameters after least-squares refinement based on axially disordered Cl04(a ), uncorrected 
for oscillational vibrations 

Estimated standard deviations appear in parentheses. 
The values of all temperature parameters have been multiplied by 104 

x y 
C(c) 0-1250(0.0000) 0.1250(0-0000) 
C(1) 0.1791(0.0007) 0.1250(0.0000) 
C(2) 0.2482(0.0006) 0.1012(0.0006) 
C(3) 0.2997(0.0006) 0.0993(0.0007) 
C(4) 0.2816(0.0019) 0.1250(0.0000) 
H(2)* 0.263 0.082 
]~(3)* 0.353 0.080 
H(4)* 0-322 0-125 
ClO4(a)t 0-0000(0-0000) 0.0000(0.0000) 
C l (b )  0.5000(0.0000) 0.5000(0.0000) 
O ( b )  0.5419(0.0009) 0.5419(0.0009) 

z B n B~e Baa 
0.1250(0.0000) 33 33 33 
0-0709(0-0007) 35 42 35 
0.0838(0.0006) 30 56 57 
0.0335(0.0006) 31 80 71 
0.9684(0.0019) 48 94 48 
0.136 30 61 59 
0.043 36 74 69 
0.928 48 88 48 
0.0000(0.0000) 37 37 37 
0"5000(0"0000) 28 28 28 
0"5419(0"0009) 76 76 76 

* All hydrogen parameters have assumed values. 
t d(C1-O) = 1.45 h.  

B 1 ,  B 1 3  B ~ 3  

- - 12  - - 12  - - 12  
- - 2 7  45 --27 

06 01 -- 13 
00 23 --23 

--27 30 --27 
08 -- 05 --21 

- -  03 24 - -  21 
- -  30 20 - -  30 

00 00 00 
00 00 00 

- -  3 4  - -  34 --34 

Table  2. List of observed and calculated structure factors on an arbitrary scale 
Fca corresponds to axial disorder, Fcs to spherical disorder 

h k 1 F o Foa Fos 

4 0 0 188 185 18~ 
8 0 0 109 117 115 

12 0 0 43 36 28 
16 0 0 6~ 61 61 
20 0 0 ~2 27 27 
24 0 0 21 24 24 

2 2 0 178 184 185 
4 2 0 278 270 270 
6 2 0 197 192 187 
8 2 0 121 117 11] 

10 2 0 52 55 42 
~4 2 o 54 50 45 
18 2 0 ~6 24 29 
22 2 0 15 11 14 

4 4 0 80 78 05 
6 4 0 29 30 27 
8 4 0 47 58 57 

lO 4 0 55 54 50 
1~, 4 0 49 52 4~ 
20 4 0 28 27 ~0 

6 6 0 164 17~ 173 
8 6 0 25 16 13 
~0 6 o 55 56 55 
12 6 0 28 28 28 
14 6 0 8~ 94 90 
18 6 0 44 52 52 
8 8 0 6~ 60 62 

12 8 0 68 71 67 
lO lo  0 55 65 6~ 
14 1o o 30 ~3 25 

12 12 0 74 76 72 
16 12 0 20 ]1 29 
14 14 0 2O 16 16 
18 14 0 15 23 2~ 
16 16 O 19 20 21 

1 1 1 110 t10 110 
1 1 1~5 124 124 

5 1 1 27 21 25 
7 1 1 147 14~ 1~4 

1 1 21 25 ~8 

11 1 1 ~8 .~4 24 
1~ 1 1 4~ 42 35 
17 1 1 29 30 ~0 
19 1 1 21 16 1~ 

~ t 89 88 89 
5 3 I 51 51 55 
7 3 1 55 54 57 
9 3 1 ~9 ~6 13 
~ ~ ~ 52 .52 50 

15 .~ 1 ~3 54 33 

h k 1 F O Yoa Foe 

17 ~ 1 26 29 26 
5 5 1 16 15 14 
7 5 1 90 98 98 
9 5 ~ 50 5~ 55 

11 5 1 18 16 16 
15 5 1 27 ~4 ~1 
15 5 1 18 26 24 
17 5 1 18 1~ 12 
7 7 1 ~6 .%4 ~4 
9 7 ~ 2s 2~ 2~ 

9 9 I 48 40 44 
11 11 1 20 10 1~ 
2 2 2 1~5 129 1~1 

2 2 402 454 459 
2 2 57 51 5~ 

8 2 2 17 16 7 
10 2 2 15 15 10 
12 2 2 54 51 44 
14 2 2 14 11 12 
~6 2 2 56 5~ 54 

18 2 2 29 27 27 
20 2 2 31 27 29 
24 2 2 11 1~ 1~ 

4 4 2 17 23 22 
6 4 2 48 .56 68 
8 4 2 47 51 48 

1o 4 2 08 87 0.5 
~4 4 2 50 57 55 
16 4 2 25 19 18 

22 4 2 18 17 18 
6 6 2 ~7 56 ~6 
8 6 2 71 72 77 

~2 6 2 60 59 56 
16 6 2 ~7 ~8 ~6 
8 8 2 29 52 ~0 

10 8 2 84 84 82 
14 8 2 45 52 49 
18 8 2 29 50 ~0 
12 10 2 54 5~ 50 

16 10 2 42 42 41 
14 12 2 }8 4} 41 
16 14 2 1.~ 16 15 

~ ~ 186 204 201 
5 ~ ~ 118 11.% 112 
7 ~ 5 6~ 68 69 
9 ~ 5 85 85 8~ 

1~ 3 5 40 58 34 
15 5 ~ ~8 44 41 
"~7 3 ~ 2~ 25 25 

h k 1 F o Foa Foe 

5 5 ~ ~5 54 37 
? 5 5 7~ 72 68 
9 5 ~ 77 7~ 7~ 

11 5 ~ 20 18 20 
1~ 5 5 40 41 40 
15 5 ~ 28 28 27 
7 7 ~ 26 2.5 2~ 
9 7 ~ 41 ~9 ~7 

~ 7 ~ 28 24 25 
15 7 5 20 20 21 

11 11 5 25 27 2 7 
4 4 4 96 107 114 
6 4 4 92 t04 10~ 
8 4  4 1 4 2  141 148 

~2 6~ 59 57 
~4 4 4 19 ~9 ~9 
16 4 4 81 78 79 
20 4 4 16 16 18 

6 6 4 4'~ 45 59 

8 6 4 14 12 15 
lO 6 4 ~5 ~2 ~5 
14 6 4 28 26 25 
18 6 4 22 2~ 24 
22 6 4 1~ 18 18 

8 8 4 ~1 52 40 
• 12 O 4 64 66 65 
~6 8 4 ~o ~2 ~ 
10 10 4 10~ 98 105 
14 10 4 4~ 46 ~,6 

12 12 4 28 19 19 
16 12 4 19 20 21 
14 14 4 28 ~5 ~1 
18 14 4 12 1~ 15 

.5 5 5 44 4.5 57 
7 5 5 ~o 2~ ~ 
9 5 5 40 44 55 

11 5 5 29 ~1 ~0 
1~ 5 .5 19 2~ 20 
15 5 5 22 10 10 

17 5 5 ~5 ~5 11 
7 7 5 71 68 50 
9 7 5 27 20 2'1 

15 7 5 24 2~ 24 
9 9 5 25 25 ~8 

,~ 69 6 5 , 6  ,5 ~6 
18 27 24 

8 6 6 8 7  77 90 
10 45 4~ 44 
12 6 6 106 102 107 

h k 1 F o Foa Foe 

~4 6 6 ~5 38 35 
16 6 6 ~2 33 ~5 
2o 6 6 26 27 29 

8 8 6 ~ 54 35 
0 8 6 49 40 47 

12 8 6 16 15 16 
14 8 6 48 43 46 
18 8 6 22 21 2~ 
10 10 6 30 28 27 
12 10 6 36 ~4 ~6 

16 10 6 18 17 19 
14 12 6 ~1 29 30 
16 14 6 16 20 21 
7 7 7 74 64 74 

1~, 7 7 27 15 13 
11 9 7 28 33 29 
13 9 7 20 2~ 21 
11 11 7 15 7 8 
8 8 8 86 75 8 6 

12 6 8 2~ 11 16 

16 8 8 29 27 28 
20 8 8 13 13 14 
Io Io 8 63 5~ 56 
14 10 8 30 3~ 34 
18 10 8 15 14 16 
12 12 8 54 55 54 
~6 76 8 ~3 14 15 
9 9 9 43 40 41 

11 11 9 20 1~ 13 
10 10 10 37 42 44 

12 10 10 26 19 21 
16 10 10 24 21 22 
14 12 10 17 16 16 
16 14 10 1.~ 18 17 
12 12 12 16 19 16 
14 14 12 15 22 21 

b u t  to  a m u c h  lesser ex ten t .  The  shif ts  of t he  pos i t iona l  I t  includes  t he  f ina l  v~lues computed both for 
p a r a m e t e r s  - -  in  going f rom one model  to  the  o ther  - -  spher ical  and  for ax ia l  disorder .  
were v e r y  smal l  a n d  in  mos t  cases m u c h  smal ler  t h a n  
the  e s t ima ted  s t a n d a r d  dev ia t ions ;  on ly  the  z para-  
mete r s  of C(2) a n d  C(3) sh i f ted  b y  a b o u t  1.5 t imes  D i s c u s s i o n  

the  e.s.d. The  t e m p e r a t u r e  p a r a m e t e r s  of t he  ca rbon  a t o m s  
Table  1 con ta ins  the  f inal  p a r a m e t e r s  a f te r  the  las t  have  been  i n t e rp r e t ed  in  t e rms  of r ig id -body  move-  

re f inement .  S t a n d a r d  dev ia t ions  of pos i t iona l  pa r s -  m e n t s  (Cru ickshank ,  1956a). The  d isplac ive  v i b r a t i o n  
me te r s  were e s t ima ted  f rom the  inverses  of the  normal -  is a lmos t  isotropic,  h a v i n g  an  r .m.s,  a m p l i t u d e  of 
equa t ion  matr ices .  S t a n d a r d  dev ia t ions  of t e m p e r a t u r e  0.26 +_ 0.03 A a long the  threefo ld  axis  a n d  of 0.24 +_ 
p a r a m e t e r s  were no t  c o m p u t e d  a t  all. A list  of observed  0.02 A a long di rec t ions  pe rpend icu la r  to  it.  A t  t h e  
a n d  ca lcu la ted  s t ruc tu re  fac tors  is g iven  in  Table  2. same t ime  the  r .m.s,  l ib ra t iona l  a m p l i t u d e  is 5.3 ° _+ 0.6 ° 
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about  the threefold axis, and  2.8 ° -+0.9 ° about  a n y  
axis perpendicular  to it. Following common practice, 
the bond distances and  bond angles shown in Tables 
3 and 4 are corrected accordingly (Cruickshank, 1956b), 
a l though the  meaning of such corrections is somewhat  
obscure (Kay  & Behrendt ,  1963). 

Table 3. Bond distances in the carbonium ion corrected 
for oscillational vibrations (deduced from the parameters 

of Table 1) 

Bond Length e.s.d. 

C(c)-C(1) 1.454 /k 0.018 /k 
C(1)-C(2) 1.408 0.014 
C(2)-C(3) 1.364 0.016 
C(3)-C(4) 1.372 0-028 

Table 4. Bond angles in the carbonium ion corrected 
for oscillational vibrations (deduced from the parameters 

of Table 1) 
e.s.d, in parentheses 

C(2)-C(1)-C(2) 115"3 ° (1"6 °) 
C(1)-C(2)-C(3) 123.5 (1.1) 
C(2)-C(3)-C(4) 116.1 (2.0) 
C(3)-C(4)-C(3) 125.3 (3.7) 

Most distances agree fair ly  well wi th  previously 
publ ished results (Gomes de Mesquita,  1962), bu t  
d(C(2)-C(3)) is s ignif icant ly shorter. The aromat ic  
ring shows no significant  deviat ions  from p lanar i ty :  
C(2) and  C(3) are a t  a dis tance of 0-013 J~ from the 
best plane through the ring, one at  either side. The 
angle between the  plane of the three central  C(c)-C(1) 
bonds and  the  plane of C(2)-C(1)-C(2) is 32-4°; this  
last  plane and  the plane of C(3)-C(4)-C(3) are a t  an 
angle of 1.2 °. The twist  angle ~ m a y  therefore be 
taken as 31-8°_+ 0-6°; this  corresponds to an  angle of 
54-3 ° between adjacent  aromat ic  rings. A value  of 
470-54 ° was es t imated on the  basis of steric con- 
siderations (Deno, Jaruzelski  & Schriesheim, 1954). 
The shortest distance between hydrogen a toms of 
neighbouring rings is 2.6 A;  this  mus t  be twice the  
van  der Waals  radius of the  hydrogen atom. There 
is no evidence tha t  the carbonium ion would ra ther  
have  a pyramida l  configuration: from the values of 
the tempera ture  parameters  i t  is computed tha t  
C(c) and  C(4) are not smeared out along the direction 
parallel  to the threefold axis. 

In  the ordered perchlorate group the Cl(b)-O(b) 
bond distance, as found from the least-squares refine- 
ment ,  is 1-37 _+ 0.03/~.  The correction for oscillational 
vibrat ions is easily computed (0.05 .~), bu t  in view of 
the coupling tha t  exists between the parameters  of 
the ordered and the disordered group, i t  has no real 
significance. I t  mus t  be noted tha t  the least-squares 
technique does not  yield the same Cl(b)-O(b) dis tance 
as the ref inement  by  means  of difference syntheses:  
the la t ter  method  leads to a bond length which is 
longer by  as much  as 0.08 A. This effect was not  
found in the de terminat ion  of the  carbon positions. 

None of the disorder models described in this paper  
is ent i re ly  satisfactory. I t  seems possible tha t  the 
C10 , ( a )  groups in the crystal  are s tat is t ical ly 
dis t r ibuted over 12 general  positions, or even tha t  
exper imenta l ly  unobserved deviat ions from space- 
group s y m m e t r y  occur. However, the difference maps  
do not  seem to give a clue to a bet ter  in terpreta t ion 
of the in tens i ty  data.  

Fig. 3. Simplified model of one quarter of the unit cell. The 
complete cell is obtained by application of the face-centring 
operation. Disordered perchlorate groups are represented 
by a single central atom. The size of the hexagons corre- 
sponds to the carbon positions. For clarity, hydrogen atoms 
are attached to one aromatic ring only. The 'empty' upper 
half is actually filled with carbon and hydrogen atoms 
belonging to twelve propeller blades, only two of which 
are shown. The numbers I and II refer to Table 5. 

A much  simplif ied model  of the structure is shown 
in Fig. 3, where the face-centring operat ion is left out;  
moreover,  the disordered group is represented by  a 
single a tom at  its centre, and  hydrogen atom's are 
a t tached  to one aromat ic  ring only. As to the stacking 
of the ions the s tructure is analogous to KAI02 and  
K F e 0 2 :  Cl04(a) corresponds to A1 or Fe, the  car- 
bonium ion to O, and  Cl04(b) to K. 

The central  par t  of the carbonium ion is ' sandwiched '  
between two equidis tant  disordered perchlorate 
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groups; the peripheral parts are nearer to the ordered 
perchlorate ions. The disordered group is tetrahedrally 
surrounded by four carbonium ions, whereas the 
ordered perchlorate group is enclosed by twelve 
'propeller-blades', only two of which are shown in 
the figure. Some short non-bonding distances are 
given in Table 5. 

Table 5. Some short non-bonding distances 

A t o m s  Separation 
H(2)-H(2')* 2.6 
H(4)-O(bI) 3-1 
H(3)-O(bII) 3.0 
H(3)-O(bI) 2.7 
H(3)-Cl(b) 3.3 
H(2)-CI(a) 3.9 
C(c)-Cl(a) 4-1 

* Corresponding hydrogen and carbon atoms are denoted 
by the same number in brackets. 

A P P E N D I X  

The s tructure  of t r ipheny lmethy l  
te traf luoroborate  

The idea that  crystals of C(CoHs)sBF4 might not be 
disordered, and would therefore give more reliable 
structural information, led us to carry out their 
preparation and analysis in much the same way as 
described for the perchlorate crystals. At room tem- 
perature, however, the disorder phenomena were even 
more serious, and only at 110 °C, again after a gradual 
phase transition, were apparently single crystals ob- 
tained having the same Laue symmetry and systematic 
absences as the perchlorate crystals at 85 °C; a = 
18.87_+0.03 /~ at 110 °C. 

The atomic scattering factors of oxygen and fluorine 
are almost equal, so that  - -  in case of isomorphism - -  
the difference between the diffraction data of the two 
compounds would be mainly due to the difference 
between the chlorine and boron scattering factors. 
:Because of their special positions in the unit cell, 
the C1 atoms contribute fully to reflexions h]cl with 
h + k + 1 = 4n, and hardly at all to any other reflexion. 
(If the temperature factors of Cl(a) and Cl(b) were 
equal, their contribution to reflexions having h + k + 1 
4=4n would even be strictly zero.) 

A comparison of Fo(hhl) values (/=~4n) of the two 
compounds (Table 6) already provides convincing 
evidence for isomorphism. Moreover, the signs of the 
structure factors F(hhl) with l=4n  were determined 
according to the isomorphous replacement method: 
the results were in complete agreement with those 
of the perchlorate structure determination. 

The authors are greatly indebted to Mr A. Kreuger 
of the University of Amsterdam for his skilful 
assistance in the experimental work and to Mr J. I. 
Leenhouts of the Philips Research Laboratories, who 

Table 6. List of observed structure factors hhl(2h + 1 =~ 4n) 
of triphenylme~hyl perchlorate (85 °C) and tetrafluoro- 

borate (110 °C) on the same arbitrary scale 

h 1 Fo(BF4) Fo(Cl04) 

1 I 12o 11o 

3 13o 135 
5 25 27 
7 147 147 
9 13 21 
11 39 38 

13 45 45 
17 29 29 

2 2 128 135 
6 62 57 

I0 15 15 
18 26 29 

3 1 94 89 
3 194 186 
5 116 118 
7 66 63 
9 92 83 

11 43 40 
15 37 38 
17 23 21 

4 2 15 17 
6 95 92 

5 I 20 16 
3 35 35 
5 51 44 
7 50 30 
9 41 40 

11 24 29 
13 17 19 

6 2 37 37 
6 15 18 

10 50 45 
14 30 35 

7 1 42 56 
3 25 26 
5 70 71 
7 73 74 

13 24 27 
8 2 27 29 

6 32 31 
9 1 41 48 

5 24 23 
9 38 43 

lO 6 27 30 
1o 33 37 

11 3 21 25 

expertly carried out the computational part of this 
structure analysis. 
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Electron diffraction is used to examine the surface re-orientation produced on a polycrystalline 
antimony surface by unidirectional abrasion. The immediate surface region is randomly disoriented, 
but  at  a few hundred to ~-, 10,000 A depth the main feature of the re-orientation is a large azimuthal 
spread about a [111] trigonal axis which is forwardly inclined from the outward specimen normal 
towards the direction in which the abrasive particles travel. This azimuthal range extends to at  least 
± 30 ° from the mean, which is such tha t  a [110] or [110] direction is normal to the abrasion direc- 

tion; and it may  possibly be up to ± 60 °, although it is suggested tha t  the latter may  be due to 
pseudo-octahedral twinning (relative to the f.c. rhombohedral pseudo-cubic cell). This abrasion 
texture is completely analogous, in respect of type of orientation axis and sense of its inclination, 
to tha t  produced by abrasion on zinc and cadmium. However, additional evidence leads to the 
conclusion that  the above structure is a secondary, though prominent, modification of an initially 
produced, backwardly inclined (110) (f.c. rhombohedral axes) orientation, analogous to tha t  observed 
in the case of the f.c. cubic metals. 

1. Introduction 

Recent  results f rom this labora tory  (see Goddard,  
Ha rke r  & Wilman,  1962; King & Wilman,  1961, 1962; 
Dobson & Wilman,  1962a, b) have  shown the na ture  
of the  preferred orientat ion of the surface regions 
of metals  and inorganic non-metallic materials  
abraded  unidirectionally on emery papers.  In  general, 
materials  of the  same s t ructure  type  show the same 
type  of orientation, and  this is closely similar in type  
and az imuthal  preference to the  rolling texture .  

In  all the  materials  examined,  except zinc and  
cadmium, the orientat ion axis is inclined backward  
from the ou tward  specimen normal,  towards  the  
direction from which the abrasive particles come; 
and  the  angle of tilt  can be accounted for in relation 
to the  coefficient of friction for the  ploughing abrasive 
particles. However,  in zinc and cadmium the orienta- 
t ion axis, [0001], is inclined forwards by  10 to 15 ° 
(Avient, 1961), in contras t  to the  backward ly  t i l ted 
[0001] orientat ion observed for the hexagonal  metals  
beryll ium and  magnesium (Scott & Wilman,  1958; 
Levin, 1960), but  agreeing with the  known rolling 
tex ture  of zinc and cadmium (cf. Barre t t ,  1953). 

I n  connection with our experiments  on friction 
and wear during abrasion of an t imony  and  bismuth 
(Stroud & Wilman,  1963), we have invest igated by  
electron diffraction the  surface s t ructure  (down to 
2 microns depth) of an t imony  af ter  unidirectional 
abrasion on 0000 emery paper  wet with propyl  alcohol, 
a t  a load of 1 kg. Our wear  and friction results, and 
optical microscopy, showed t h a t  bri t t le f racture  
(cleavage) of the an t imony  surface regions occurs 
prominent ly  during abrasion, and contr ibutes much 
to the  wear. :Notwithstanding this, however,  the 
results presented below show t h a t  much plastic flow 
also occurs and leads to a well-defined re-orientat ion 
of a t  least much of the surface region. The orientat ion 
developed is [0001] as for all the hexagonal  metals,  
bu t  this axis is t i l ted slightly forward,  like t h a t  in 
zinc and cadmium. There is in addit ion marked  
az imuthal  preference of the orientation, about  this 
axis. 

The crystal lattice of antimony is most simply 
described as rhombohedral with axial length 
ar--4"9762 ~ (at 25 °C), and rhombohedral angle 
~--57 ° 6.6' (Wyckoff, 1948), with two atoms per 
unit cell, in the positions uuu, ~(e, where u--0.233 


