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Abstract 

Benzi l ,  C14HloO2, Mr = 210"2, Mo Ka, h = 0"7107/~. 
In the high-temperature phase ( T > 83.5 K), trigonal, 
P3121, Z = 3, F(000) = 330,/x = 0.90 cm -~. At 294 K, 
a=8.402(4),  c=  13.655(9) A, V=835(2) A 3, Dx = 
1.253 g cm -3, R = 0.043 for 390 reflections. At 100 K, 
a=8.356(3),  c=13.375(6) A, V=809(1)A 3, Dx = 
1.294g cm -3, R =0.041 for 443 reflections. In the 
low-temperature phase (T = 70 K), monoclinic, P2~, 
Z = 6 ,  F(000)=660, a =  14.380(7), b=  8.373(4), c=  
13.359(22) A, /3 =88.82(5) °, V= 1608(4) A 3, Dx = 
1.302 gcm -3, R = 0.066 for 1893 reflections. The res- 
olution of the low-temperature phase (T = 70 K) was 
possible owing to a new low-temperature attachment 
for the X-ray four-circle diffractometer. Contrary to 
what has been previously assumed, the transition 
corresponds to a doubling of the unit cell. A dis- 
cussion is developed with these new structural results 
in order to explain published Raman scattering 
experiments. 

Introduction 

In the last few years, considerable efforts have been 
devoted to the study of the crystalline phase transition 
of benzil ( C 6 H 5 - - C O ) 2  which occurs at 83.5 K. The 
room-temperature structure has rhombohedral sym- 
metry (Brown & Sadanaga, 1965; Solin & Ramdas, 
1968). The space group is P3121 (or the enantiomorph 
P3221). The benzil molecule has a permanent dipole 
moment (Higashi, 1938) which coincides with the 
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twofold molecular axis. The hexagonal cell contains 
three molecules related by the 31 screw axis and there 
is no spontaneous polarization in this phase. Optical 
birefringence appears near 84 K (Esherick & Kohler, 
1973), which indicates a lowering of the symmetry. 
The transition is reversible with an extremely low 
latent heat and leads to a twinned crystal (Esherick 
& Kohler, 1973). Calorimetric investigation (Dworkin 
& Fuchs, 1977) shows a peak in the heat capacity at 
84.07 K and the form of the specific-heat anomaly 
suggests the first-order nature of the transition. Elec- 
tron nuclear double resonance (ENDOR) spectros- 
copy (Chan& Heath, 1979) confirms the presence of 
domains separated by angular deviations of the order 
of 1.55 ° at liquid-helium temperature and the disap- 
pearance of the 31 screw axis in the low-temperature 
phase. X-ray studies (Odou, More & Warin, 1978) 
report that symmetry breaking leads to the triclinic 
space group P1 with a fourfold expansion of the 
primitive unit cell corresponding to the doubling of 
the parameters along a and b. Domain arrangement 
occurs in such a way that the crystal acquires a 
pseudo-threefold screw axis and macroscopic polariz- 
ation vanishes. However, Raman scattering experi- 
ments (Sapriel, Boudou & Perigaud, 1979) display a 
soft optical mode of E symmetry in the high- 
temperature phase which splits into two (A and B) 
components in the low-temperature phase, consistent 
with a monoclinic phase without change in the num- 
ber of molecules of the unit cell. According to the 
observation of this optical soft mode and theoretical 
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prediction (Aubry & Pick, t971), transverse acoustic 
modes undergo a softening (Vacher, Boissier & 
Sapriel, 1981) when the temperature is lowered to 
83.5 K. Infrared experiments (Wyncke, Brehat & 
Hadni, 1980) confirm the soft E modes. No con- 
clusions are given about the symmetry of the low- 
temperature phase, while it is shown that the phase 
transition involves an increase in the number of 
molecules in the unit cell. 

So, the X-ray experiments were apparently in 
contradiction with the other results. However, the 
controversy was ended when X-ray data were shown 
to be compatible with monoclinic symmetry 
(Toledano, 1979). In fact, the triclinic unit cell corre- 
sponds to the primitive asymmetric unit of the C- 
faced monoclinic cell. As a consequence, one of the 
three twofold axes of the high-temperature phase is 
preserved at the transition. 

In agreement with the experimental observations, 
i.e. soft optical modes, change of symmetry and break- 
ing of the translational symmetry, a phenomenologi- 
cal model was built (Toledano, 1979). Based on the 
Landau theory of phase transitions, this model intro- 
duces a double order parameter. A first-order param- 
eter related to the centre of the Brillouin zone (q = 0) 
induces the point-symmetry change, while a second- 
order parameter, coupled to the former, is associated 
with the zone-boundary M point (qM = ½, ½, 0) and 
corresponds to the expansion of the primitive cell. 
As expected by this model, two transverse acoustic 
modes have been shown to soften near the phase 
transition (Yoshihara, Wilber, Bernstein & Raich, 
1982) while critical fluctuations for the longitudinal 
acoustic mode governed by the elastic constant C1~ 
appear to be correlated with the zone-boundary mode 
(Yoshihara, Bernstein & Raich, 1982, 1983). New 
Raman scattering experiments (Moore, Tekippe, 
Ramdas & Toledano, 1983) and an X-ray diffuse 
scattering study (Terauchi, Kojima, Sakaue, Tajiri & 
Maeda, 1982) have confirmed the validity of the 
model. The first-order nature of the transition is a 
result of anharmonic coupling between the two order 
parameters, and it has been emphasized that the 'ben- 
zil phase transition is a unique example of a phase 
transition for which large anharmonicity plays a 
dominant role' (Yoshihara et al., 1983). Such a high 
degree of anharmonicity involves large atomic dis- 
placements and justifies structural studies through the 
phase transition. 

Moreover, a critical examination of the X-ray struc- 
tural report (Odou et al., 1978) should make evident 
experimental difficulties. The three-dimensional 
structure was determined by Weissenberg diagrams 
while the temperature was kept constant at T =  
74K<Tc .  At this temperature, equi-inclination 
diagrams show a systematic splitting of diffraction 
spots arising from the domains and a pseudo-three- 
fold apparent symmetry. As the diffraction patterns 

of the three domains are superimposed with only 0.6 ° 
of angular separation, it is very hazardous to locate 
systematic extinctions in this way. Indeed, it has been 
found that some spots were not split, whereas others 
were split into three parts (Odou, 1976). So the 
authors studied the splitting of the Bragg peaks with 
a better accuracy using a two-circle diffractometer 
and a vertical cryostat. This study concerns the 
equatorial planes hOl, Ok! and hkO from which, 
unfortunately, only a small number of peaks has been 
measured. Then the assertation of the quadrupling of 
the unit cell is to be confirmed since the model is 
based on two statements: (i) the breaking of the 
point-group symmetry and (ii) the fourfold expansion 
of the unit cell. 

The structure of benzil has been solved in the 
high-temperature phase at room temperature (T--  
294 K) and at 100 K, and in the low-temperature 
phase at 70 K. 

Experimental 
We have emphasized above that we need to study the 
three-dimensional diffraction pattern of benzil. This 
can be achieved by using a four-circle diffractometer. 
In order to obtain the structure of the low-temperature 
phase we have to cool the crystal to a temperature 
lower than 80 K and probably less if we want to 
separate the domains. While very-low-temperature 
attachments are usual for neutron diffractometers, 
X-ray four-circle diffractometers until now have 
mainly used nitrogen-gas flow apparatus which work 
at temperatures higher than 77 K (90 K in practice). 
A unique study with a low-temperature cryostat has 
been reported recently in the literature (Samson, 
Goldish & Dick, 1980). In our experiments we have 
used a low-temperature attachment recently built in 
the laboratory and mounted on a four-circle Huber 
diffractometer. Details of the apparatus will be pub- 
lished in the near future. Working temperatures are 
in the range 30-300 K with a precision better than 
0.5 K. Angular limitations due to the windows are: 
-60  < 0 < 60°; - 5  < X < 180°; -180 < ~o < 180 °. The 
four-circle diffractometer has been automated using 
a Mink (PDP 11/03 Digital Equipment) computer 
and original motor interfaces. All the abilities of 
standard diffractometers have been implemented: 
peak searching, centring, automatic zero corrections, 
automatic data collection etc. Special treatments were 
programmed for the weak peaks in order to increase 
the peak/noise ratio. 

A Philips (PW 1730) generator produces the high 
voltage of the X-ray tube and works at 1.5 kW (50 kV, 
30 mA). The wavelength is 0.7107 A (Mo K a )  and 
the incident beam is monochromated with a pyrolitic 
graphite crystal. A collimator of 0.8 mm in diameter 
is used on the incident beam. Diffracted photons are 
measured by a Philips (PW 1390) counting chain and 



400 BENZIL 

an NaI scintillation detector. The absorption vari- 
ation due to the cryostat windows when the to-angle 
varies is negligible. 

For the structure determination in benzil in the two 
phases and for various temperatures (room tem- 
perature, 100 and 70 K), about 10000 reflections 
have been measured during several weeks without 
particular difficulties.* 

Structure of the high-temperature phase 

Single crystals were grown by slow evaporation of a 
saturated solution of benzil in ethyl alcohol and had 
a prismatic shape; approximate size 0 . 3 x 0 . 4 x  
0.5 mm. 

Intensity measurements were made with the auto- 
matic X-ray diffractometer described above at room 
temperature and at 100 K. Lattice parameters were 
determined from Bragg angles of 25 selected reflec- 
tions. To avoid too dissymmetric a background, the 
to-scan technique was used with 2 < to < 30 ° [0.05 < 
(sin to)/A < 0.70 ~-~]. The total scan width for data 
collection at room temperature varied according to 
the relation 1.0°+0.7°sin to, while, at 100 K, it had 
the unvarying width of 1.8 ° . In both cases, the scan 
speed was 0.020 ° s- ' .  The background was counted 
for half the total scan time on each side of the Ka 
position. Three standard reflections (120, 212 and 
210) were monitored every hour for the two measure- 
ment temperatures; no significant change in their 
intensity was observed. 3385 reflections were 
measured at room temperature (-10_<h, k<_ 10, 
-18-<l-<18, Friedel reflections measured) corre- 
sponding to 390 non-equivalent reflections with I > 
3tr(I). At 100 K, 2272 reflections were collected (0<_ 
h, k <- 10, 0 -  l<_ 18, Friedel reflections measured) for 
443 non-equivalent reflections with 1>3o-(1). Data 
were corrected for Lorentz and polarization effects, 
but no absorption corrections were applied: at room 
temperature, /xR-~0.02. Six reflections with high 
intensity and low angle were removed because of the 
possibility of extinction effects. 

The unit cell is trigonal with Z =3 and the pa- 
rameters are: a = 8.402(4), e = 13.655(9) A at room 
temperature; a--8.356(3), ¢--13.375(6) A at 100 K. 

The mean linear thermal expansion coefficients 
are aa = 28(4) x 10 -6 and crc = 106(6) x 10 -6 K-' ,  in 
agreement with our previous determination (Odou 
et al., 1978). 

The systematic absence of 001 reflections with 1-- 
3 n ± 1 confirms the existence of a threefold screw axis 
31 o r  32. For light atoms like C, O and H forming the 

* Lists of structure factors, anisotropic thermal parameters and 
H-atom parameters have been deposited with the British Library 
Document Supply Centre as Supplementary Publication No. SUP 
43840 (24 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 5 Abbey 
Square, Chester CH1 2HU, England. 

benzil molecule, X-rays are not able to distinguish 
between a 3, and a 32 screw axis. For this reason, it 
will be assumed in the following that there is a 3, 
screw axis in the space group of the high-temperature 
phase of benzil. A good convergence was obtained 
with P3,21 in agreement with the previous structure 
determination (Brown & Sadanaga, 1965). Crystalline 
twofold axes correspond to molecular twofold axes. 

ai, bi and e coefficients for analytical approxima- 
tion of the scattering factors for C, O and H atoms 
were from International Tables for X-ray Crystal- 
lography (1974). From the atomic positions of Brown 
& Sadanaga (1965), refinements were made on F 
using SHELX76  (Sheldrick, 1976) for the room- 
temperature data collection. Refinement of positional 
coordinates and isotropic temperature factors for C 
and O atoms led the residual R factor to fall to 0.146 
(wR=0.138).  Anisotropic temperature factors for 
non-H atoms and H atoms with isotropic temperature 
factors were introduced and refined. The final R value 
is 0.043 (wR = 0.040, unit weights, S =  0.53) for 93 
parameters. Shifts in atomic parameters in final cycle 
were <0.1 o-. A final difference synthesis showed a 
maximum residual electronic density of +0.09 e/~-3 

The structure refinement at 100 K started from the 
atomic positions found at room temperature. With 
the same conditions as the room-temperature 
refinement, the reliability R factor was 0.041 (wR = 
0.042, S = 0.47). The maximum residual electronic 
density was +0.20 e A-3. 

Structure of the low-temperature phase 

The single crystal was about the same size as that 
used for the high-temperature phase. The experiment 
was performed at 70 K. Crossing of the transition 
results in domains appearing in the low-temperature 
phase (Odou et al., 1978). Experimental prec~tutions 
taken because of the existence of domains are 
explained in the following. 

To determine cell parameters, 25 reflections were 
chosen: these reflections were scanned and the only 
reflections kept were those perfectly centred and with 
one peak (no contributions from other domains 
appear). To be able to distinguish the intensity of the 
selected domain, data collection was made using the 
step-scanning method with 20 fixed [2< to<30° ;  
0 " 0 5 < ( s i n t o ) / A < 0 . 7 0 A - l ] .  The total scan width 
was 1.5 ° with'75 points on each scan. The measure- 
ment time was 1 s per point and the scan was repeated 
no more than six times to a maximum. Counts were 
added until the maximal count of the scan reached 
800. Each reflection profile was plotted on a screen 
terminal in order to determine if contributions of 
other domains occurred. If this was the case and when 
these contributions were sufficiently separated from 
the contribution of the selected domain, a program 
written by the authors was able to suppress them (Fig. 
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1). When it was not possible to separate contributions 
of different domains, an equivalent was measured. 
Three standard reflections were monitored every hour 
(220, 021 and 003) and no significant change was 
observed in their intensities. 4875 reflections were 
measured ( -18-<h<-18;  0<-k<-10; 0-<l<-18) of 
which 1893 non-equivalent reflections are such that 
I > 3tr(l)  and are quasi-certain to correspond to the 
intensity of the selected domain. Intensities were cor- 
rected from Lorentz and polarization effects, but no 
absorption corrections were applied. 

In a previous study (Odou et al., 1978), a triclinic 
unit cell for benzil in its low-temperature phase was 
found from Weissenberg diagrams. In fact, this unit 
cell corresponds to a monoclinic C-face-centred cell 
with 24 molecules per monoclinic cell (Chan& Heath, 
1979). The relationship between this cell (a~,  b~,  

t . era, the twofold axis is along b'~) and the pseudo- 
hexagonal cell (all, bH, ell) is a~ =2(a l l - -bH) ;  b~ = 
2(an +bH);  c'~ =on.  The multiplicity of this cell is 4 
and reflections defined by (h'~, k~, l~) are funda- 
mental reflections when h ~ + k ~  =4n with h~ and 
k"  even. 

Data collection was started with this monoclinic 
C-face-centred cell. It appeared, firstly, that the 
superlattice reflections with h"  and k"  odd have 
either their intensity equal to zero, or are strongly 
decentred. Only superlattice reflections with h "  and 
k"  even (h"  + k"  = 4n + 2) have significant intensity 
and their position well centred on the position calcu- 
lated from the UB matrix for the selected domain. 
Taking into account these facts, we think that there 
is a mistake in the previous determination: superlat- 
tice reflections with h"  and k"  odd belong to another 
domain. With these conditions, the monoclinic cell 
(a,,,bm, c,,) is primitive with multiplicity 2 only. 
There are six molecules per unit cell and the relation- 
ship between lattice parameters of this cell and the 

10000- 

400 

5000- 

~ c o u n ~  

15000]  

Fig. 1. An example of the step-scan of a reflection with contribu- 
tions from several domains (full lines; 400 reflection). After 
corrections, spurious contributions are suppressed (broken line) 
and the corresponding counting values are introduced for the 
calculation of the integrated intensity. 

pseudo-hexagonal cell becomes am =aH--bH, bm= 
aH+ bt4; em= ell. 

The measured lattice parameters are am = 
14"380(7), bm= 8"373(4), cm = 13"359(22) A and/3 = 
8 8 . 8 2 ( 5 )  ° . 

Domains come from the choice of the twofold axis 
kept in the low-temperature phase, so that there are 
three possibilities for domains. In Fig. 2, the 
reciprocal plane perpendicular to e* is drawn, with 
the reciprocal cells of the three domains (the small 
deformation occurring when the transition is crossed 
is neglected). As observed experimentally, Fig. 2 
shows there is only one intensity contribution for 
superlattice reflections but a contribution of all 
domains occurs for fundamental reflections. 

Systematic absence of 0k0 reflections with k odd 
allows the unambiguous conclusion that the space 
group is P2~ for benzil in its low-temperature phase. 
Fig. 3 shows the respective positions of the unit cell 
of the high- and low-temperature phases perpen- 
dicular to the e axis. 

For the three independent molecules of the unit 
cell, the starting positional parameters come from 
those obtained at 100 K using the convenient transfor- 
mation. In the first cycles of refinement, only C and 
O atoms were introduced with isotropic temperature 
factors. It appears, rapidly, that reflections like hhl 
have systematically measured intensities about twice 

i 

Fig. 2. Reciprocal-lattice phase perpendicular to c* in the low- 
temperature phase. Full lines, broken lines and dot-dash lines 
represent, respectively, reciprocal lattices of the first, second and 
third domains. O, fundamental peaks; ©, D, A, superlattice 
peaks of the first, second and third domains, respectively. The 
reciprocal cells of the first and third domains are hatched. 
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the calculated ones. This is due to the exact superposi- 
tion of Bragg peaks of the selected domain and 
another domain. For these reflections, equivalent 
reflections hh r are measured and the corresponding 
intensities are introduced in the data collection. As 
a consequence, 001 reflections have been removed 
because of the non-existence of such equivalent 
reflections. 

With these conditions, the R factor is 0.124 (wR = 
0.146 with unit weights) (the y coordinate of the first 
C atom was fixed). Then, H atoms were geometrically 
placed on the benzene ring with a C - - H  bond length 
of 1.01/~ and a common isotropic temperature factor 
of 0.050 A2. Positional parameters and isotropic ther- 
mal parameters were again adjusted and the reliability 
R'factor fell to 0.107 (wR = 0.132). Anisotropic tem- 
perature factors were then introduced for C and O 
atoms, H atoms were again geometrically placed and 
their common isotropic temperature factor was also 
refined [ UH = 0"042(5) A2]. The final R factor is 0.066 
(wR = 0.079, S = 1.64, unit weights). The 1893 reflec- 
tions correspond to 1164 fundamental reflections (h + 
k even) and 729 superlattice reflections (h + k odd). 
The choice of a common temperature factor and 
geometrically determined positions for H atoms was 
influenced by the large number of parameters (433) 
with respect to the number of reflections with sig- 
nificant me~asured intensities. The maximum residual 
electronic density was +0.40 e/~-3. 

The refinement may appear of poor quality, but at 
the end of the refinement some fundamental reflec- 
tions remained where the intensity corrections of the 
non-selected domains were not correctly made. This 
is confirmed by a variance study: the mean deviation 
between calculated and measured structure factors 
for these fundamental reflections is twice that for the 
superlattice reflections where no spurious peaks 
appear. 

Discussion 

The final atomic coordinates are reported in Table 1 
for T - 2 9 4  and 100 K and in Table 3 for T = 70 K. 

\ 
Fig. 3. The unit cell of the high- and low-temperature phases. The 

twofold screw axes common to the two phases are shown. 

Table 1. Positional parameters (×10 4) and equivalent 
isotropic Debye- Waller factors (,~2 x 103) for benzil 

Ueq = ~ trace (U). 

x y z Ueq 
T = 294 K 

c(o) 2262 (6) 1892 (7) 521 (3) 88 (7) 
c ( I )  2308 (6) 233 (6) 756 (3) 86 (6) 
c(2) 2845 (7) -2  (8) 1695 (4) 105 (8) 
c(3) 2862 (8) -1570 (9) 1932 (5) 152 (10) 
c(4) 2346 (10) - 2942 (9) 1242 (6) 173 ( ! 2) 
c(5) 1778 (8) -2770 (8) 315 (5) 141 (10) 
c(6) 1785 (7) -1155 (7) 67 (4) 99 (8) 
0 2577 (6) 3094 (5) 1114 (2) 132 (7) 

T = 100 K 

c(o) 2305 (6) 1970 (6) 542 (3) 42 (5) 
c(1) 2355 (5) 283 (5) 785 (3) 38 (4) 
c(2) 2884 (6) 42 (7) 1743 (3) 49 (5) 
c(3) 2903 (7) -1549 (7) 1992 (4) 78 (7) 
c(4) 2357 (7) -2938 (7) 1284 (4) 80 (7) 
c(5) 1814 (7) -2738 (7) 335 (4) 63 (6) 
c(6) 1832 (6) -1132 (6) 84 (3) 43 (5) 
0 2624 (5) 3181 (4) 1147 (2) 60 (4) 

Table 2. Bond lengths (t~ ) and bond angles (o) for 
benzil in the high-temperature phase 

C'(0)  is g e n e r a t e d  f rom C(0)  by the twofo ld  mo lecu l a r  axis. 

T = 294 K T = 100 K 

C(0)-C(I) 1.449 (7) 1.467 (6) 
C(0)-O 1-215 (6) 1.217 (5) 
C(0)-C'(0) 1-523 (6) 1.529(6) 
C( 1 )-C(2) 1.407 (7) 1-403 (6) 
C(!)-C(6) !.387 (7) 1.397 (6) 

C(I)-C(0)-O 123.6(5) 123.5 (4) 
C(1)-C(0)-C'(0) 120.6(4) 118.8 (4) 
O--C(0)-C'(0) 115-8(5) 117.6(4) 
C(0)-C(I)-C(2) 120.1 (5) 120.2 (4) 
C(0)-C(I)-C(6) 120.6(5) 121.2(4) 
C(2)-C(1)-C(6) 119.2(5) 118.6(4) 

T = 294 K T = I00 K 

C(2)--C(3) 1.363 (9) 1-379 (8) 
C(3)-C(4) 1.381 (10) 1.386(7) 
C(4)-C(5) 1.385(11) 1.386(8) 
C(5)-C(6) 1-396(8) 1.376(7) 

C(1)-C(2)---C(3) 120.8 (6) 121.1 (5) 
C(2)-C(3)-C(4) 119.6(7) 119.0(5) 
C(3)-C(4)-C(5) 121.1(7) 121.0(5) 
C(4)-C(5)-C(6) 119.3 (6) 119.8 (5) 
C(1)-C(6)-C(5) 119.9(5) 120.5(4) 

Bond lengths and bond angles are given in Table 2 
for T =  294 and 100 K and in Table 4 for T- -70  K. 
An ORTEPII drawing (Johnson, 1976) of the con- 
tents of the unit cell of benzil at T = 294 K is given 
in Fig. 4. 

Results at room temperature agree well with those 
of Brown & Sadanaga (1965). For the two studied 
temperatures of the high-temperature phase, high 
values of thermal coefficients are observed, par- 
ticularly for atoms at the end of the benzene rings. 
At 70 K, a large decrease in these thermal coefficients 
was noticed. Attempts were made to express these 
thermal coefficients in terms of rigid-body-analysis 
coefficients (Schomaker & Trueblood, 1968) but the 
results were not decisive. This can be explained 
simply by the possibility of quasi-independent vibra- 
tions by each of the two parts of each molecule. 
Nevertheless, such calculations have been performed 
for a half molecule with the thermal coefficients of 
the high-temperature phase. There are large transla- 
tional thermal vibrations along the threefold axis: 
0.090 A2 at room temperature and 0.044 A2 at 100 K. 
Important rotational thermal vibrations are also 
observed around a direction approximately corre- 
sponding to the benzene-ring axis, their values are 
58.5 °2 at room temperature and 26-6 °2 at 100 K. 
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Table 3. Positional parameters (x 10 4) and equivalent 
isotropic Debye- Waller factors (A2 x 10 3) for benzil 

in the low-temperature phase (T = 70 K) 

Ue q =. 1 trace (U).  

x y z Ueq 
C(O0) 2647 (6) 2015 449 (9) 24 (I 1 ) 
C(OI) 3494 (7) 1111 (11) 700 (7) 21 (11) 
C(02) 3862 (7) 1246 (11) 1672 (7) 21 (11) 
C(03) 4654 (7) 378 (12) 1877 (8) 29 (12) 
C(04) 5080 (7) -608 (13) 1163 (9) 36 (13) 
C(05) 4727 (7) -690 (13) 180 (9) 39 (13) 
C(06) 3926 (6) 156 (11) -57 (8) 27 (11) 
C(10) 2307 (7) 2057 (11) -643 (8) 29 (11) 
C(I1) 1404 (7) 1315 (11) -866 (7) 21 (10) 
C(12) 1039 (7) 1578 (12) -1816 (7) 27 (11) 
C(13) 201 (7) 868 (13) -2063 (7) 27 (11) 
C(14) -249 (7) -134 (13) -1371 (9) 28 (13) 
C(15) 114(7) -387(11) -426(8) 30(11) 
C(16) 948 (7) 314 (11) -175 (7) 27 (10) 
C(20) 1379 (6) -589 (11) 3892 (7) 20 (10) 
C(21) 1336 (7) 1126 (11) 4153 (7) 22 (10) 
C(22) 1061 (7) 1617 (12) 5137 (7) 31 (! 1) 
C(23) 1048 (8) 3238 (13) 5361 (8) 30 (13) 
C(24) 1308 (7) 4355 (11) 4657 (8) 28 (11) 
C(25) 1585 (7) 3895 (12)" 3698 (7) 26 (12) 
C(26) 1594 (6) 2276 (11 ) 3440 (8) 27 (11) 
C(30) 1542 (7) -1104 (12) 2807 (7) 24 (10) 
C(31) 2352 (6) -2105 (11) 2554 (7) 22 (10) 
C(32) 2439 (7) -2771 (11) 1604 (7) 24 (11) 
C(33) 3201 (8) -3704 (! 1) 1357 (8) 38 (12) 
C(34) 3879(6) -3980(10) 2060(7) 31 (11) 
C(35) 3816 (7) -3322 (12) 3029 (7) 35 (11) 
C(36) 3037 (6) -2378 (I 1) 3271 (7) 23 (10) 
C(40) 3588 (6) -1534 (11) -2835 (8) 23 (11) 
C(41) 2710 (6) -2331 (11) -2542 (7) 17 (9) 
C(42) 2633 (6) -2998 (11) -1606 (8) 25 (11) 
C(43) 1787 (7) -3722 (12) -1291 (8) 28 (12) 
C(44) 1043 (7) -3775 (12) -1952 (9) 35 (13) 
C(45) 1137 (7) -3097 (13) -2904 (8) 29 (12) 
C(46) 1959 (7) -2381 (12) -3196 (8) 27 (12) 
C(50) 3723 (6) -998 (11) -3925 (7) 19 (10) 
C(51) 3715 (6) 732 (11) -4166 (7) 19 (10) 
C(52) 3942 (6) 1221 (12) -5135 (7) 17 (10) 
C(53) 3923 (7) 2836 (13) -5380 (8) 28 (12) 
C(54) 3670 (7) 3958 (11) -4637 (9) 26 (12) 
C(55) 3438 (7) 3460 (ll) -3671 (8) 26 (ll) 
C(56) 3488 (7) 1824 (1 I) -3443 (6) 17 (10) 
O(0) 2200 (5) 2786 (9) 1074 (6) 35 (9) 
O(1) 2775 (5) 2811 (8) -1233 (5) 31 (8) 
0(2) 1229 (5) -1642 (8) 4508 (5) 31 (8) 
0(3) 968 (5) -720 (8) 2187 (5) 28 (8) 
0(4) 4241 (4) -1350 (7) -2291 (5) 27 (7) 
0(5) 3862 (5) -2058 (8) -4558 (5) 29 (8) 

To characterize the molecule deformations when 
the crystal crosses the transition, angles between the 
two equivalent parts of the molecule are calculated. 
These are the angles between the normals of the mean 
planes of the two benzene rings and the angle between 
the two C( i l ) -C( i4)  lines of the molecule, these being 
the mean directions of the benzene rings. The results 
of the calculations are reported in Table 5. No sig- 
nificant deformation of the molecule is observed 
between the two studied temperatures of the high- 
temperature phase. For the low-temperature phase, 
one of the three independent molecules is not distor- 
ted with respect to the high-temperature phase. For 
the two others, there are shifts of the order of +5 ° 
for the two angles. So, large deformations of the 
molecules appear when the transition is crossed. Fig. 
5 shows ORTEPII (Johnson, 1976) drawings in the 
two phases projected along the c* axis (common to 
the two phases). The three molecules of the primitive 
unit cell of the low-temperature phase are presented 

Table 4. Bond lengths (~,) and bond angles (o) for 
benzil in the low-temperature phase ( T = 70 K) 

C(O0)-C(OI) 1.477 ( 1 2 )  C(30)-C(31) 1.469 (13) 
C(O0)-C(IO) 1.549 ( 1 6 )  C(30)-0(3) 1.224 (12) 
C(O0)-O(O) 1.227 (12) C(31 )--C(32) 1.390 (13) 
C(01)-C(02) 1.416 ( 1 3 )  C(31)-C(36) 1.408 (13) 
C(01)-C(06) 1.423 ( 1 4 )  C(32)-C(33) 1-381 (15) 
C(02)-C(03) 1.383 ( 1 4 )  C(33)-C(34) 1.388 (14) 
C(03)-C(04) 1.394 ( 1 5 )  C(34)-C(35) 1.408 (13) 
C(04)-C(05) 1.420 ( 1 7 )  C(35)-C(36) 1.403 (13) 
C(05)-C(06) 1.395 ( 1 4 )  C(40)-C(41) 1.474 (13) 
C(10)-C(I 1) 1.475 ( 1 4 )  C(40)-C(50) 1.532 (14) 
C(10)-O(1) 1.204(12) C(40)-O(4) 1.209 (ll) 
C(I 1)-C(12) 1.401 ( 1 3 )  C(41)--C(42) 1.373 (14) 
C(11)-C(16) 1.400 ( 1 3 )  C(41)-C(46) 1.402 (14) 
C(12)-C(13) 1.390 ( 1 4 )  C(42)-C(43) 1.415 (14) 
C(13)-C(14) 1.398 ( 1 5 )  C(43)-C(44) 1.403 (15) 
C(14)-C(15) 1.392 ( 1 6 )  C(44)-C(45) 1.397 (16) 
C(15)-C(16) 1.383 ( 1 4 )  C(45)-C(46) !.375 (14) 
C(20)-C(21) 1.479 ( 1 3 )  C(50)-C(51 ) 1.484 (13) 
C(20)-C(30) 1-526 ( 1 3 )  C(50)-O(5) 1.240 (11) 
C(20)-O(2) 1.222(11) C(51)-C(52) 1.390(13) 
C(21).-C(22) 1.425 ( 1 3 )  C(51)-C(56) 1.365 (13) 
C(21)-C(26) 1.399 ( 1 4 )  C(52)-C(53) 1.392 (15) 
C(22)-C(23) 1.390 ( 1 5 )  C(53)-C(54) 1.408 (15) 
C(23)-C(24) 1.374 ( 1 5 )  C(54)-C(55) 1.391 (16) 
C(24)-C(25) !.388 ( 1 4 )  C(55)-C(56) 1.406 (13) 
C(25)-C(26) 1.398 (14) 

C(01)-C(00)-C(10) 120.2 (8) C(20)-C(30)-C(31) 119.0 (8) 
C(01)-C(00)-O(0) 122.5 (8) C(20)-C(30)-O(3) 118.4 (9) 
C(10)-C(00)-O(0) 117-3 (8) C(31)-C(30)-O(3) 122.5 (9) 
C(00)-.C(01)-C(02) 119.5 (8) C(30)-C(31)-C(32) 119.7 (8) 
C(00)-C(01)-C(06) 118.4(8) C(30)-C(31)-C(36) 119.9(8) 
C(02)-C(01)-C(06) 1 2 2 - 0 ( 9 )  C(32)-C(31)-C(36) 120-4(8) 
C(01)-C(02)-C(03) 117.7 (9) C(31)-C(32)-C(33) 120.1 (9) 
C(02)-C(03)-C(04) 121.9 ( 1 0 )  C(32)-C(33)-C(34) 119.9 (9) 
C(03)-C(04)-C(05) 120.1 ( 1 0 )  C(33)-C(34)-C(35) 121.6 (9) 
C(04)-C(05)-C(06) 119.9 ( 1 0 )  C(34)-C(35)-C(36) 118.0 (9) 
C(01)-C(06)-C(05) 118.4(9) C(31)-C(36)-C(35) 120.1 (8) 
C(00)-C(10)-C(I I) 118.5(8) C(41 )-C(40)-C(50) 118.4(8) 
C(00)-C(10)-O(I) 116.4(9) C(41)--C(40)-O(4) 124.8(9) 
C(I 1)-C(10)-O(1) 124.8 (9) C(50)-C(40)-O(4) 116-7 (8) 
C(10)-C(11)--C(12) 117.7 (9) C(40)-C(41)-C(42) 118.5 (8) 
C(10)-C(I 1)-C(16) 121.5(9) C(40)--C(41)-C(46) 121.0(8) 
C(12)-C(11)-C(16) 120-8 (9) C(42)-C(41)-C(46) 120.5 (9) 
C(11)-C(12)-C(13) 1 1 9 - 4 ( 9 )  C(41)-C(42)-C(43) 119.9 (9) 
C(12)-C(13)-C(14) 119.4(9) C(42)-C(43)-C(44) 119-2(9) 
C(13)-C(14)-C(15) 1 2 1 . 0 ( 1 0 )  C(43)-C(44)-C(45) 120.0(10) 
C(14)-C(15).--C(16) 119.9 (9) C(44)-C(45)-C(46) 120.1 (10) 
C(11)-C(16)-C(15) 119.5 (9) C(41)-C(46)-C(45) 120.3 (9) 
C(21)-C(20)-C(30) 120.2 (8) C(40)-C(50)-C(51) 119-4 (8) 
C(21)-C(20)-O(2) 122.4(8) C(40)-C(50)-O(5) 117.1 (8) 
C(30)-C(20)-O(2) 117-2 (8) C(51)-C(50)-O(5) 123.5 (8) 
C(20)-C(21)-C(22) 120.5 (8) C(50)-C(51)-C(52) 119-2 (8) 
C(20).-C(21)-C(26) 119.9 (8) C(50)-C(51)-C(56) 120.2 (8) 
C(22)-C(21)-C(26) 119.6 (9) C(52)-C(51)-C(56) 120.6 (9) 
C(21)-C(22)-C(23) 118.9 (9) C(51)-C(52)-C(53) 120.0 (9) 
C(22)--C(23)-C(24) 121.0 ( 1 0 )  C(52)-C(53)-C(54) 119.2 (9) 
C(23)-C(24)-C(25) 120-8 (9) C(53)-C(54)-C(55) 120-5 (10) 
C(24)-C(25)-C(26) 119.9 (9) C(54)-C(55)-C(56) 118-8 (9) 
C(21)-C(26)-C(25) 119.9 (9) C(51)-C(56)-C(55) 120.8 (9) 

with the corresponding ones of the high-temperature 
phase. The loss of the screw threefold axis is easily 
seen. 

In this study, the space group of the low- 
temperature phase of benzil is assumed to be P21 
with a twofold unit-cell expansion. But some experi- 
mental results have been explained in the framework 
of a fourfold unit-cell expansion, with space group 
C2. In particular, this is the case for the Raman 
scattering study of Moore et al. (1983). The fourfold 
unit-cell expansion, corresponding to 12 molecules 
per unit cell, leads to 69 external modes, all Raman 
active, 33 having the A symmetry and 36 the B sym- 
metry. With a twofold unit-cell expansion (with six 
molecules per unit cell), there are 33 external modes 
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Table 5. Characteristic angles (°) between the two parts of the molecule of benzil 

T=70K 

Room Molecule 1 Molecule 2 Molecule 3 
temperature T = 100 K i = 0, i' = 1 i = 2, i' = 3 i = 4, i' = 5 

Angles between normals of benzene rings 103-2 102.9 103.1 108.7 98.3 
Angles C(il)-C(i4)/C(i'l)-C(i'4) 123.0 122.0 122.6 128.0 117.9 

with 15 in the A symmetry and 18 in the B symmetry.  
The authors,  quoted above, find exper imenta l ly  at 
low temperature  17 A modes  and 19 B modes  which 
agree with a fourfold expans ion  of  the unit  cell. In 
fact, with the existence of  domains,  polar izat ion 
directions change with them. If, for a selected domain ,  
the polar izat ion state is ( X Y +  XZ)  to obtain only B 
modes,  for the two other domains ,  there are com- 
ponents  where A modes  are active. The existence of 
domains  leads to the s imul taneous  existence of  A and 
B modes in this polarizat ion state. From the Raman  
results of  Moore et al. (1983), this fact is confirmed 
by the near  f requency values and the same tem- 
perature dependence  of  modes obtained with the 
( X Y + X Z )  and (ZZ) polarizat ion states. For the 
(ZZ) polarizat ion,  the high- temperature-phase  (T  = 
173 K) E modes,  normal ly  inactive, appear.  The cor- 
responding modes  must  also appear  in the low- 
temperature phase.  Taking into account all these 
reasons, we find that the number  of  the true modes 
with A and  B symmetries  can be lower than 15 and 
18 and so can correspond to a twofold unit-cell 
expansion.  

In the light of  these new structural results, a model  
of  1he mechan i sm of  the transit ion is in progress. 

The authors thank F. Baert, R. Fouret  and P. 
Zielinski  for helpful  discussions. The bui ld ing of  the 
four-circle spectrometer was supported by a grant 
from ANVAR.  

(a) 

Fig. 4. The unit-cell contents of benzil in the high-temperature 
phase at room temperature. 

(b) 

Fig. 5. ORTEPII projections along the ¢* axis (a) at 100 K, in the 
high-temperature phase; (b) at 70 K, in the low-temperature 
phase. 
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Abstract 

Recently Nyburg & Faerman [Acta Cryst. (1985), B41, 
274-279] made a revision of non-bonding (van der Waals) 
radii of atoms in molecular crystals. It was shown that the 
effective shape of atoms in crystals is spheroidal (elliptical) 
with two radii, major r,, and minor lb. In the present paper 
an alternative approach to the interpretation of their data 
is proposed. As a result, atoms in crystals still have spherical 
shape but the centre of the sphere is displaced from the 
nuclear site along the chemical bond. The implications of 
the model for the formulation of empirical a tom-atom 
intermolecular potentials are briefly discussed. 

Recently Nyburg & Faerman (1985; henceforth NF) pub- 
lished an extensive study of the non-bonded contacts in 
molecular crystals with N, O, F, S, Se, CI, Br and I atoms 
attached to a carbon atom. The study, based on the Cam- 
bridge Structural Database, enabled them to conclude that 
the effective shape of atoms (as described by the van der 
Waals radius) in molecular crystals is not spherical but 
spheroidal (elliptical), with shorter radius along the atom- 
to-carbon vector ( 'polar flattening'). 

This conclusion was derived from the analysis of a large 
number of intermolecular distances dxx (X  being one of 

the previously mentioned atoms). The analysis of the con- 
tact scatterplots (polar diagram of dxx distances versus 
angle /z between dxx and the C - X  bond) led to the 
definition of a boundary for the region where there are 
intermolecular contacts (Fig. 1 in NF). The authors con- 
cluded that this boundary is generally ellipsoidal with two 
radii, major r,, and minor rb. The exact placing of the 
boundary was subjective and was not obtained from some 
fitting procedure. Thus, while some atoms are spherical (N 
and O) with both radii equal, some others are spheroidal 
with a significant difference between the two radii ra and 
rb (Table 1 in NF). 

The purpose of the present note is to propose an alterna- 
tive model for the description of the data presented by NF. 
The boundary line could equally well be a circle, whose 
centre is displaced from the atom position along the C - X  
bond toward the carbon atom. The value of the shift, A, is 
related to the difference between the NF major and minor 
radii, ra and rb. The proposed model is illustrated in Fig. 
1 where the data for iodine are plotted (taken from NF). 
The full line is the NF ellipse with major radius 2ra = 4"26/~ 
and minor radius 2rb = 3"52 ,~,. The dashed circle is our 
proposed boundary with R = 2ra. In order to get a satisfac- 
tory agreement with the scatterplot, the centre was shifted 
by 0.6/~ from the origin. It can be seen that such a boundary 
fits the data equally well. A similar analysis could be per- 
formed for other atoms (CI, Br, S, Se). 
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