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The Crystal Structure of 1.3.5-Triphenylbenzene 
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1.3.5-Triphenylbenzene crystals are or thorhombic hemihedral ,  space group Pna2t, 7-47 X 19-66 
X 11"19 h a, M = 306-14, ~ = 1"221 g.cm. -3, N ---- 4. The s tructure was solved by  tr ial-and-error 

methods  and  then  by  two- and  three-dimensional  Fourier  syntheses.  The molecules, which form 
an approximate ly  layer ar rangement ,  are not  planar, the  subs t i tu ted  phenyl  groups being twis ted 
about  the  formal single bonds by  ( + 3 4  ° , --27 ° , +24  ° ) ± 2  ° respectively,  out  of the  plane of the  
central  ring. The average C-C bond  length  in the  rings is 1.39±0.03 /~ and  be tween rings it is 
1.50±0.03 /~. The physical properties of the  crystal may  be explained in terms of the  structure.  

I n t r o d u c t i o n  

1.3.5-Triphenylbenzene crystals, melting at  169 °- 
170 ° C. can be grown to almost any desired size by 
slow evaporation of a solution in ether or e ther+al-  
cohol. Groth (1919) reports Knopp & Arzruni as find- 
ing tha t  the class is orthorhombic holohedral, with 
a: b: c = 0.5662:1 : 07666, and an imperfect (001) cleav- 
age. Orelldn & Lonsdale (1934), however, showed tha t  
the crystals are pyro-electric, the original a axis 
being the polar direction. By X-ray measurements 
they  also showed tha t  the original c axis should be 
halved. They therefore re-orientated the unit  cell to 
make the polar axis the c direction and their measure- 
ments (a = 7.55, b -- 19-76, c -- 11-22 A) gave axial 
ratios a: b: c = 0.382:1 : 0.568. The true class is ortho- 
rhombic hemihedral (ram2) and the space group, as 
determined by  systematic absences, is Pna21. The 
structure is approximately a layer one, with four mole- 
cules lying in or near to the (200) planes. 

Krishnan & Banerjee (1934) found the following 
values for the diamagnetic susceptibilities of the 
crystal:  

Z =  = - 3 1 3  x 10 -6, Z b  = - -  155 x 10 -6, Z'c = - 1 4 0 x  10 -6 
c.g.s.e.m.u., 

using the new axes. I t  was clear from these measure- 
ments tha t  the molecules, if plane, could not be exactly 
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Fig. 1. Formal  method  of numbering the atoms of 1.3.5- 
t r iphenylbenzene used in this paper. 

parallel to the (200) planes, but  Lonsdale (1937), on 
the basis of both X-ray and magnetic measurements, 
suggested tha t  the three phenyl groups must  be 
twisted out of the mean molecular plane by  angles of 
about 25 °, and tha t  the molecules as a whole must  also 
be inclined to the (200) planes, one of the benzene- 
phenyl bonds lying along the [001] direction (Fig. 1). 

P r e s e n t  i n v e s t i g a t i o n  

The preliminary X-ray measurements, using Cu K~ 
radiation and very small undistorted crystals, chosen 
by examination in polarized light and by Laue photo- 
graphs, confirmed Lonsdale's choice of axes and gave 

a = 7.47±0.02, b 

The crystals gave 
effect as well as a 
the spurious effect 

= 19.66±0.05, c = 11.19±0.03 A .  

a small, but  positive, piezo-electric 
pyro-electric effect (about 20 times 
found for NaC1) and the space group 

was confirmed as Pna21. The density was measured 
by suspension in a solution of NaC1 and found to be 
1-221 g.cm. -3, which, with the molecular weight 306.14, 
gives 3"95 (4) molecules per unit  cell. An a t tempt  to 
confirm the hemihedry by statistical intensity- 
distribution tests on various zones failed; probably 
because, although the crystal is non-centrosymmetric, 
the phenyl groups are themselves centrosymmetrical 
and exercise a compensating effect, both individually 
and in their general grouping. 

Pat terson projections, based on oscillation and 
Weissenberg photographs, with visual estimation of 
intensities, showed clearly tha t  the structure is of a 
layer type. The (hk0) Pat terson projection showed 
strong peaks which clearly corresponded to intermole- 
cular vectors and which limited the y co-ordinates of 
the 'centres' of the molecules to certain possible values. 
The (Okl) projection, which was the nearest to the mean 
molecular planes, showed tha t  some of the intramole- 
cular bonds are parallel to the polar axis [001] and 
others at  approximately 30 ° and 60 ° to it. There are, 
however, other peaks at  7 °, 18 °, 23° 43 °, 52 °, . . .  
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Table 1. Atomic co-ordinates 
C a r b o n  

a t o m  
n u m b e r  x ( A )  y (/I~) z ( A )  x/a y/b z]c 

1 1 .61  3 . 8 2  1 .22  0 . 2 1 6  0 . 1 6 9  0 . 1 0 9  
2 1 .63  4 . 5 1  0 . 5 2  0 . 2 1 8  0 . 2 2 9  0 . 0 4 6  
3 1 .87  4 . 5 1  - -  0 . 8 5  0 . 2 5 0  0 . 2 2 9  - -  0 . 0 7 6  
4 2 - 1 3  3 . 3 2  - -  1 .51  0 . 2 8 5  0 . 1 6 9  - - 0 . 1 3 5  
5 2 . 0 9  2 . 1 2  - - 0 " 8 0  0 . 2 8 0  0 . 1 0 8  - - 0 . 0 7 1  
6 1 .89  2 . 1 5  0 . 5 6  0 . 2 5 3  0 . 1 0 9  0 . 0 5 0  
7 1 . 3 4  3 . 3 2  2 .71  0 . 1 7 9  0 . 1 6 9  0 . 2 4 2  
8 0 - 6 5  2 . 2 3  3 . 2 9  0 . 0 8 7  0 . 1 1 3  0 . 2 9 4  
9 0"36 2 . 2 3  4 . 6 6  0 . 0 4 8  O. 113  0 . 4 1 6  

10  0 . 8 3  3"32 5"42 O. 111 O. 169  0 . 4 8 4  
11 1-61  4 . 3 5  4 . 8 6  0 . 2 1 6  0 . 2 2 1  0 . 4 3 4  
12 1 . 8 0  4 . 3 5  3 . 4 9  0 . 2 4 1  0 . 2 2 1  0 . 3 1 2  
13 1 .87  5 - 8 0  - -  1 .61  0 - 2 5 0  0 . 2 9 5  - - 0 - 1 4 4  
14  2 . 2 5  6"99 - -  0 . 9 6  0 . 3 0 1  0 . 3 5 6  - -  0 . 0 8 6  
15  2 . 1 9  8 . 1 8  - -  1 . 6 6  0 . 2 9 3  0 . 4 1 6  - - 0 . 1 4 8  
16  1 . 9 0  8 . 1 9  - -  3 -02  0 . 2 5 4  0 . 4 1 7  - -  0 . 2 7 0  
17 1 .62  7 . 0 0  - -  3 . 6 7  0 . 2 1 7  0 - 3 5 6  - -  0 - 3 2 8  
18  1-58  5 -81  - - 2 . 9 6  0 . 2 1 2  0 . 2 9 6  - - 0 - 2 6 5  
19  2 . 3 9  0 . 8 5  - -  1 . 5 0  0 . 3 2 0  0 . 0 4 3  - - 0 . 1 3 4  
2 0  2 . 1 6  0 . 7 5  - -  2 . 8 7  0 . 2 8 9  0 . 0 3 8  - -  0 . 2 5 6  
21  2 . 3 7  - -  0 . 4 5  - -  3"53 0 - 3 1 7  - -  0 . 0 2 3  - -  0 . 3 1 5  
2 2  2 . 8 9  - -  1 . 54  - -  2 . 8 2  O. 387  - -  0 . 0 7 8  - -  0 - 2 5 2  
2 3  3 . 1 0  - -  1 . 4 4  - -  1"43 0 . 4 1 5  - - 0 . 0 7 3  - - 0 . 1 2 8  
2 4  2 . 8 3  - -  0 . 2 4  - -  0 . 7 9  0 . 3 7 9  - -  0 - 0 1 2  - -  0 - 0 7 1  

showing either that  the molecule is not planar or that  
it is tilted to (200) or both. 

Although the Patterson projections did give valuable 
information about the structure, they were not ade- 
quate for the immediate suggestion of a structure 
accurate enough for refinement. A near approximation 
to the atomic positions was therefore obtained by trials 
based on the Patterson projections and on considera- 
tions of packing. 

In the systematic trials CH groups were assumed to 
be atoms of atomic number 7 and the atomic scattering 
curve given for anthracene by Robertson, Mathieson 
& Sinclair (1950) was used. When reasonable values of 
the parameters were found, these were used in cal- 
culating the phase angles and the latter were combined 
with the observed IF[ values to obtain Fourier pro- 
jections, which were then refined by repeated approxi- 
mations. 

The trials were carried out mainly on the (Okl) 
projection, but this alone could not fix the x o co- 
ordinate, nor the senses of the angles of twist of the 
phenyl groups. There was a great deal of overlapping 
in the (hkO) and (hO1) projections, but the higher orders 
in these zones and some of the general rdlexions (l~kl) 
were found to be very sensitive to variations in certain 
of the parameters. When a satisfactory agreement had 
been obtained for the two-dimensional projections, 
three-dimensional line syntheses were made through 
1 4  of the carbon atoms to check the x co-ordinates 
of the atoms and, in particular, to confirm the senses 
of the angles of twist, trials having already indicated 
that  packing considerations must rule out a propeller- 
shaped molecule having c~, fl, 7' all in the same sense. 
The co-ordinates of the centre x0, Y0, z0 of one mole- 

cule as determined by trial and after refinement are as 
follows: 

x0 Y0 Zo 
By trial 1.87 A 3 . 2 2  /I~ --0.14 /~ 
After refinement 1.87 A 3 . 3 2  A - - 0 - 1 2  /~ 
In fractional co-ordinates 0 - 2 5 0  0"169 --0.011 

The centres of the remaining three molecules in the 
unit cell are at 

(~0, ~0, ½+z0), (½+x0, ½-y0, z0), (½-x0, ½+y0, t+z0). 
The three-dimensional line syntheses did confirm 

that  the sense of the angle of twist fl was opposite 
to that  of ~ and 7 (Fig. 1). 

The primary error in the three-dimensional syn- 
theses is the finiteness of summation since, owing to 
the laboriousness of the phase calculations, only 4 2  % 
of all observed reflexions were used. The final co- 
ordinates of the atoms of one molecule are given in 
Table 1 and the three axial Fourier projections are 
shown in Fig. 2. The final x co-ordinates are adjusted 
to correspond, as nearly as possible, to plane, hexagonal 
phenyl groups, within the limits of experimental error. 

An estimation of the temperature factor for each 
zone by a comparison of -rlFcl and -rlFol for various 
sin 0 groups showed that  Robertson's experimental 
f curve for anthracene (which already included a 
temperature factor) suited the (Okl) zone reasonably 
well if a small extra temperature correction were made, 
but that  the (hkO) and (hO1) zones needed a larger 
temperature correction. After allowing for this extra 
temperature correction in the (hkO) and (hO1) zones 
the reliability factors were: R(Okl)= 0.20, R(hO1)= 
0.23, R(hkO) = 0.25, R(hkl) = 0.23. 
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Fig. 2. (a) Electron density projected along [100]. The con- 
tours are drawn at equal intervals of 1 e.A -~', the first 
contour being omitted. The molecules shown in full lines 0 
in the key diagram form one layer at x = ¼ and those in 
broken lines form another layer at x----~. (b) Electron 
density projected along [010]. The contours are drawn at 
equal intervals of 3 e./~ -9, the first being omitted. There 
is a separation of ½b between the centres of the molecules 
shown in full and broken lines. (c) Electron density projected ~'-" 
along [001]. The contours in this centrosymmetrical projec- 
tion are drawn at equal intervals of 2 e.A -~', the first two a 
contours being omitted. There is a separation of ½c between 
the centres of the molecules shown in full and broken lines. 
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All reflexions were included in the axial zones, but  
only the strongest 42 % of the hkl reflexions. Accord- 
ing to Wilson (1950) and to Phillips, Rogers & Wilson 
(1950), it is to be expected tha t  the reliability factor 
for the centrosymmetrical (hkO) zone will have a higher 
numerical value. 

Lists of observed and calculated structure factors 
have been given by Farag (1953) or may  be obtained 
on application to the author. 

D i s c u s s i o n  of  the  s t r u c t u r e  

Fedorov (1920) pointed out tha t  1.3.5-triphenyl- 
benzene, although orthorhombic, is pseudo-hexagonal 
or pseudo-trigonal, with the present a axis as the 
unique direction, and with b : c -  V3:1. In fact the 
(200) layers are indeed nearly trigonal, the molecules 
themselves being pseudo-trigonal and the co-ordinates 
of the centres of the molecules in one layer (at x = ¼) 
being 

¼,.~,o; ~,~,½; ~ , ~ , 1 .  

The next  layer, however, is displaced by (½, ~, O), 

which destroys the trigonal symmetry  of the whole 
structure. The thermal diffuse scattering does show 
pseudo-trigonal symmetry,  although the ordinary Laue 
photograph with the X-rays along [100] does not 
(Fig. 3(a)). I t  is of particular interest, however, tha t  
the strong diffuse spots corresponding to thermal 
reflexion from the (002) plane, which is parallel to tl=e 
X-ray  beam in Fig. 3(a), disappear completely when 
the crystal is rotated so tha t  the X-rays lie along [010] 
(Fig. 3(b)), even though the (002) plane is still parallel 
to the X-ray  beam. This indicates tha t  the thermal 
waves affecting the (002) planes are strongly uni- 
directional; their wave-fronts are parallel to [010] and 
perpendicular to [100], indicating tha t  the intermole- 
cular bonds parallel to [010] are stronger than those 
parallel to [100] ; this is reasonable, for the lat ter  bridge 
the layers and are relatively easily broken. (It will be 
remembered tha t  the imperfect cleavage is normal to 
[100] in the present unit-cell orientation.) 

The diffuse spots corresponding to thermal vibra- 
tions affecting the (200) planes are very large and 
intense in all orientations of those planes, which 
signifies tha t  all the bonds in the (200) planes are 
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Fig. 3. (a) Laue photograph. X-ray beam along [100]; [010] vertical Note the strong (002) diffuse reflexions on the equatorial 
layer line. (b) Laue photograph. X-ray beam along [010]; [100] vertical. Note that  the strong (002) diffuse reflexions 
have completely vaniAhed. 

stronger than those normal to the (200), and transverse 
and longitudinal waves are both possible. 

The average C-C distance in the rings is 1.39±0.03 -~, 
and the benzene rings themselves are planar to within 
±0.08 )i; the average value for the valency angle is 
120±5 ° . 
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Fig. 4. Intramolecular distances (,~) and valency angles (deg.). 

The C-C bonds between rings in the molecule are of 
lengths 1.51, 1.50, 1.48 A respectively for Cx-C~, 
Cs-Cls, C5-C19. The corresponding angles of twist are 
(34 ° , - 2 7  ° , +24 ° ) ±2 ° respectively. I t  is tempting to 
relate the lengthening of the benzene-phenyl bonds 
with the increasing angle of twist, but in fact the 
differences in bond length are within the limits of 
experimental error and cannot be regarded as truly 
significant. The shortening of these bonds from the 
single-bond length of 1.54 )k is significant, however, 
for there are well-resolved carbon atoms limiting the 
over-all length of the molecule and it would not be 
possible to lengthen the benzene-phenyl bonds without 
unduly shortening the C-C bond lengths within the 
rings. Fig. 4 shows the intramoleeular bond lengths and 
angles as found. The minimdm intermolecular C-C 
distance is 3.58 A, nearly along [100]. I t  will be noted 
that  ~a -- 3-74 .~. 

C o m p a r i s o n  w i t h  e l e c t r o n - d i f f r a c t i o n  data  

Bastiansen & Hassel (1952) have recently examined the 
vapour of 1.3.5-triphenylbenzene by electron-diffrac- 
tion methods. They find that  the average C-C distance 
in the ring is 1.42 ~k (cf. 1.39 .~ in the solid); between 
rings the C-C length is 1-54 2k (cf. 1.50 .~), and the 
twist of the phenyl groups about the formal single 
bonds is 460±5 ° , the sense of the twists being most 
probably statistically + or - .  The diminution of 
lengths and angles observed in the solid state must 
be related to an increase in the intramolecular forces. 

P h y s i c a l  p r o p e r t i e s  of  the  c r y s t a l  

The imperfection of the cleavage is probably related to 
the non-planarity of the molecule and its tilt out of the 
layer plane• Had the molecules been planar and exactly 
parallel to the (200) planes, a perfect cleavage would 
have been expected. 

The diamagnetic auaceptibilitie~ of the crystal may 
be calculated from the structure on the assumption 
tha t  those of the benzene ring are known. Krishnan & 
Banerjee (1934) give 

K± -- -37-3 x 10 -6, Kll = -91 .8  x 10 -6 c.g.s.e.m.u., 
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and  x, the  lowering of d iamagne t i sm due to the  re- 
p lacement  of one hydrogen  a tom by  hal f  a pheny l  
bond, m a y  be t aken  as 2-9 × 10 -s (Pascal;  cf. Bhatna-  
gar & Mathur,  1936). Then  we have  

ga = Z K x  cos20~l-}-~K2 cos2 o~9.A-~K8 c0s2 0~3 , 

Zb = ZKx c°s2 f l l+XK2 c°s2 ~2-}-~K3 c°$2 ~3, 
g¢ = ZKx c°s2 7x+-~'K9 c°s2 ~ + Z K 3  c°s2 73,  

where K1, K~ ,Ka  are the  pr incipal  d iamagnet ic  
susceptibil i t ies of a n y  single benzene nucleus having  
direction cosines cos ~I, cos fix, cos 71, for Kx relat ive 
to a, b, c, etc. Kx is t aken  normal  to the plane of each 
nucleus, K~ is t aken  along the  direction Cx-C4, C7-C~0, 
Cla-Cle, Cxg-C~ respect ively and K3 is normal  to K x 
and  K~ in each case. 

For  the  central  nucleus 

K x = K i - 3 x  = - 8 3 . 1  × 10 -6 , 
K~ = K a = K l l - 3 x  = -28 -6  × 10 -e . 

For  the  three subs t i tu ted  phenyls  

K 1 = K ± - x  = -88 -9  × 10 -e , 
K~ = K 3 = K i l - x  = - 3 4 . 4  × 10 -e , 

and  the  appropr ia te  direct ion cosines are given by  
Farag  (1953) or m a y  be calculated from the  atomic 
co-ordinates. 

Table  2 shows the  agreement  between the  calculated 
and  observed crystal  susceptibilit ies.  

Za 

Table 2. Crystal susceptibilities 

Calculated Observed 

--322.9 × 10 -e --313 × 10 -e e.g.s.e.m.u. 
--151.8 --155 
- -  1 3 8 . 5  - -  1 4 0  

- -  2 0 4 . 4  - -  2 0 3  

B y  consideration of the  molecular refractivities de- 
duced from the dens i ty  and  the  refraction indices of the 
crystal,  Prof. E. G. Cox (private communicat ion)  de- 
duced tha t  the three pheny l  groups mus t  be rota ted 
about  the  formal  single bonds b y  about  +30 ° out of the  
plane of the  central  nucleus. Given the structure,  the 
molecular  refract ivi t ies  m a y  be calculated from the 
known refractivi t ies of the  benzene molecule (Hart- 
shorne & Stuart ,  1950), if interact ion is neglected. 
Cox has  given r I = 15-7 cm. 3, rll = 31-4 cm. 3. Using 
a s imilar  procedure as for the  diamagnet ic  suscepti- 
bilities, we f ind:  

Calc. Obs. 
Ra 71"0 77"6 
Rb 119.7 115-0 
/ ~ c  123.5 115.5 

The 'observed'  molecular  refractivi t ies are obtained 
from the  refract ive indices by  the  formula  

n g - 1  M 
R 

n9+2  Q 
where 

and  
M = 306.14, ~calc. = 1-205 g.cm. -3 

na = 1.5241, nb = 1.8670, nc = 1.8725 

for the  sodium D line (Groth (1919} but  referred to  the  
new axes). I t  will be seen tha t  the  optics are consistent 
not  only with the  layer  na ture  of the structure,  bu t  also 
with the  deviat ions of the  molecule f rom planar i ty .  

The author  wishes to express his gra t i tude  to Prof. 
Ka th leen  Lonsdale for advice and  criticism. Thanks  
are also due to Prof. E. G. Cox of Leeds Univers i ty  
for giving facilities for u s ing  the  Holler i th  equ ipment  
in the  three-dimensional  summat ion ,  and  for per- 
mission to quote from a pr iva te  communicat ion.  
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