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New neutron-diffraction data collected at 200 K with deuterated p-terphenyl, and published X-ray data col- 
lected at room temperature with protonated p-terphenyl, have been used to determine the characteristics of 
the double-well potential for the librations of the central ring about the long molecular axis, in the disordered 
phase. A picture of the double well is obtained simply by halving the atoms outside the molecular axis and im- 
posing constraints on their geometries and thermal parameters. The R values compared with that obtained 
with the simple-well model, are significantly improved. The deuterated benzene rings, compared to the proton- 
ated ones, show a systematic and hard-to-explain distortion: all the internuclear C - C  bond lengths parallel to 
the long axis are shortened and the others lengthened, the mean bond lengths being the same in the two com- 
pounds. The double-well potential-barrier height is found to be about 0.6 kcal mo1-1 at 200 K and at room 
temperature. This value is in good agreement with that given by potential-energy calculations. The rotation 
angle between the two wells is about 26 °. Only for the internal g mode is the thermal energy kT sufficient to 
bring the rings near the top of the barrier. For the central-ring librations the doubly peaked distribution func- 
tion is an argument for an order-disorder regime. However, the smallness of the double-well barrier height 
suggests that the p-terphenyl structural phase transition is near the boundary between the order-disorder and 
displacive regimes. 

Introduction 

The structure of  p-terphenyl in the low-temperature 
ordered phase has recently been solved (Baudour, 
Delugeard & Cailleau, 1976). The ordering results from 
the stabilization of  the central ring of  each molecule in 
one of  the two bottoms o f  a double-well potential, at an 
average angle of  16 ° from the mean planar configur- 
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ation seen by diffraction at room temperature. The ex- 
ternal rings are stabilized at about 5 ° from the mean 
configuration, but in the opposite sense of  the central 
rings. The conformations of  the four independent non- 
planar molecules in the unit cell, given by X-ray dif- 
fraction at 110 K (space group P1), have been con- 
firmed by recent potential energy calculations (Ramdas  
& Thomas,  1976). 

Phase transitions are often referred to as either 
the displacive or order-disorder  type. The borderline 
between the two types is not sharp, however, as they 
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can be described on the same footing by a simple 
change of the input parameters in a classical model of 
linearly coupled anharmonic oscillators (Aubry & Pick, 
1974; Aubry, 1975). In any case the very existence of a 
transition is connected with the fact that each particle 
(or molecule) feels some double-weU potential. 
Molecular-dynamics calculations have revealed some 
differences between the so-called order-disorder and 
displacive regimes. In order-disorder transitions the 
single-particle distribution function is doubly peaked, 
even above Tc (Schneider & Stoll, 1973). In a displacive 
transition the single-particle distribution is singly 
peaked near To. Diffraction data can give some infor- 
mation about this distribution. 

Indeed, in the treatment of these data, the smearing 
function P(O) for the libration 0 of a molecule about an 
axis is generally considered as Gaussian, which corre- 
sponds to the harmonic approximation. With good data, 
deviations from a Gaussian distribution can be detected 
and related to a non-parabolic potential function by 
Boltzmann's formula. For p-terphenyl an evaluation of 
this potential, based on van der Waals interactions and 
orbital alignment energy, has been given (Rietveld, 
Maslen & Clews, 1970). To compare with these cal- 
culations we have tried to specify the potential curve 
for the central-ring librations, directly from diffraction 
data. 

To test the sensitivity of the method we have used 
two independent sets of data: new neutron diffraction 
data collected at 200 K, i.e. 22 K above the transition 
temperature (T~ = 178 K); and published X-ray diffrac- 
tion data (Dejace, 1969) collected at room temperature. 
In this way it was also possible to see if a temperature 
variation had an effect on the depth of the double 
potential well. 

Experimental 

The single crystal used for neutron diffraction was 
deuterated (99.2%) and grown from the melt by the 
Bridgman technique. It had dimensions 4.5 x 3 x 1.5 
mm. The experiment was performed on the D10 four- 
circle neutron diffractometer located on the thermal- 
neutron guide H-24 at the Institute Laue Langevin. A 
Cu (111) monochromator was used at an incident 
wavelength/l = 1.445 A. Collimation was provided by 
the guide and diaphragms between sample and mono- 
chromator. Data were collected with the o9 scan mode. 
The intensities of two standard reflexions recorded af- 
ter every 25 measurements remained constant through- 
out the data collection. The sample was mounted in a 
He cryostat and the temperature was controlled to with- 
in 0-1 K. A detailed description of the cryostat and 
the general equipment has already been given (Jost, 
Rees & Yelon, 1975; Claudet, Tippe & Yelon, 1976). 
The cell dimensions for the deuterated p-terphenyl at 

200 K are a = 8.00 (1), b = 5.56 (1), ¢ = 13-55 (2) A, 
fl = 92.3 (0.2) (o): and for the protonated p-terphenyl 
at room temperature, a = 8. 119 (5), b = 5.615 (3), 
e = 13.618 (8) A, fl = 92.07 (3) (o). The space group 
is P2~/a and Z = 2. 

Refinement with the harmonic model (simple well) 

Neutron diffraction data at 200 K (deuterated p- 
terphenvl) 

The refinement has been performed with a data set 
of 653 independent reflexions. The main calculations 
were done with the program WAGG (Baudour, 1972). 
This program allows for the phase shift in the tem- 
perature factor expression, as a result of the curvilinear 
atomic displacements in librations. So no libration cor- 
rection is needed for bond lengths. In addition it direct- 
ly refines the translation and libration molecular ten- 
sors. The function used for minimization was E w(IFol 
- IFcl) 2. During the last stage of the refinement, the 
weighting scheme used was w -~ = 02 = 0,2 + (0.021F,,I) 2, 
where of refers to the counting statistics. 

The neutron scattering lengths were bc = 0.665 and 
bD = 0.667 × 10 -~2 cm. No absorption correction was 
performed. 

Since deuterium atoms are well localized by neutron 
diffraction, it was necessary to include in the model the 
main internal vibrations of these atoms. However, the 
large librational amplitudes of the benzene tings made 
an accurate estimation of the tiding motions of the 
deuterium atoms difficult. Therefore, for each atom 
only the two main vibrations, perpendicular to the bond 
C - D ,  have been considered: the radial vibration along 
C - D  has been neglected. The number of adjustable 
parameters was 74: one scale factor, one isotropic 
secondary-extinction parameter (negligible), 48 atomic 
positional parameters, a translation tensor for the 
whole molecule (6 terms), a libration tensor diagon- 
alized along the axes of inertia, with one additional 
term for the internal degree of freedom about the long 
molecular axis (4 terms), and for each deuterium atom 
two vibrational terms perpendicular to the bond C--D, 
one in the ring plane and the other perpendicular to it 
(14 terms in all). During the refinement three reflexions 
were rejected, one (211) which was expected to be most 
affected by secondary extinction, and two (020 and 
201) because of a possibility of superposition by twin- 
ning of the crystal. 

The following final R values were obtained: R = 
0.132 (R = EI IFo l -  Fcll/ElFol) and R,,. = 0.120 
[R,.= IE w(IFol - IFcl)2/Z wF2ol ' 21. 

X-ray diffraction data at room temperature (protonated 
p-terphenyl) 

The refinement had been performed (Baudour, 1972) 
with a data set of 1145 independent reflexions pub- 
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lished by Dejace (1969) with a weighting scheme essen- 
tially based on unit weights. The parameters adjusted 
were the same as those with neutron data except that 
the extinction was not considered and that the tem- 
perature factors of  the H atoms were isotropic. The 
final value of  R was 0. 103 for all reflexions (0.086 for 
observed only). 

Discussion 

Molecular geometry. The final atomic coordinates 
are given in Table 1. Bond distances and angles are 

compared in Fig. 1. A rather surprising result is that 
with neutron data the endocyclic angles of  the 
deuterated compound, about the long molecular axis, 
are systematically smaller by two or three degrees than 
those of  the protonated compound (X-ray data). In ad- 
dition, in the rings the bond lengths parallel to the long 
axis are systematically shorter when neutron data are 
used, the shortening varying between 0.030 and 0-053 
A. But the other bond lengths, on the other hand, are 
longer; the average C - C  bond lengths are almost iden- 
tical from neutron and X-ray data (respectively 1.396 
and 1.399 A). 

Table 1. Fractional atomic coordinates (x 105, for  H x 104) 

The estimated standard deviations are given in parentheses. The atoms C(i') and C(i") in the double-well model are obtained by 
undoubling the atom C(i) in the simple-well model. 

(a) Deuterated p-terphenyl (200 K) (b) Protonated p-terphenyl (room temperature) 

Harmonic-well model for the central-ring librations Harmonic-well model for the central-ring librations 

x y z x y z 

C(1) -9664 -18428 3410 C(1) -9994 (63)  -18036 (81) 3484 
C(2) -4692 9O 10126 C(2) -4613 (37) 63 (56) 9968 
C(3) 5240 18233 6146 C(3) 5413 (62) 18005 (81) 6376 
C(4) -95 l0 -151 20475 c(4) -959o (40) -94 (60) 20492 
c(5) -19836 -18424 24169 c(5) -19784(49) -17982(72) 23999 
c(6) -24162 -18641 33860 c(6) -24298 (54)  -18147 (80) 33836 
c(7) -18561 -825 40483 c(7) -18439 (5o) -429 (76) 40178 
c(8) -8415 17964 36712 c(8) -8457(53) 17530(78) 36865 
c(9) -4241 182o3 27124 c(9) -3929(49) 17958(72) 26990 
D(10) -17416 -33887 6097 H(10) --1326 (92) -3473 (116) 601 
D(ll) 9921 32655 11191 H(II) 783(93) 3393(117) 1035 
D(12) -24573 -32823 19074 H(12) -2321 (63) -3333 (89) 2000 
D(13) -32832 -32666 36466 H(13) -3118 (67) -3156 (97) 3605 
D(14) -21885 -721 48253 H(14) -2186(58) -31 (88) 4709 
D(15) -3553 31863 42045 H(15) -509 (68) 3328 (97) 4159 
D(16) 4203 32617 24678 H(16) 137(63) 3344(89) 2438 

(28) 
(21) 
(28) 
(22) 
(25) 
(27) 
(26) 
(26) 
(25) 
(38) 
(39) 
(32) 
(33) 
(30) 
(33) 
(32) 

Double-well model for the central ring librations Double-well model for the central-ring librations 

x y z x y 

C(I') 
c(1-) 
c(2) 
C(3') 
C(3") 
C(4) 
c(5) 
C(6) 
C(7) 
c(8) 
c(9) 
D(10') 
D(10") 
D( l l ') 
D( 11") 
D(12) 
D(13) 
D(14) 
D(15) 
D(16) 

-6860 
-12296 

-4651 
2185 
8007 

-9538 
-19853 
-24165 
-18602 
-8435 
-4224 

-12142 
-21995 

3782 
14394 

-24553 
-32791 
-21915 
-3581 

4218 

-20441 3935 C(I') -7060 (77)  -20222 (116) 
-15505 2940 C(I") -12524 (76)  -14930 (116) 

97 10140 C(2) ---4610 (35) 35 (50) 
20483 5645 C(Y) 2600 (77) 20083 (116) 
15170 6711 C(3") 7946(78) 14926(115) 
-135 20478 C(4) -9592 (37) -102 (54) 

-18395 24169 C(5) -19793 (45) -17976 (64) 
-18590 33866 C(6) -24320(51) -18112(71) 

-824 40478 C(7) -18439 (47) -439 (69) 
17909 36704 C(8) -8421 (51) 17539 (71) 
18225 27137 C(9) -3904(46) 17967(64) 

-37237 6965 H(10') -972 (105) -3676 (133) 
-28496 5160 H(10") -1992 (105) -2906 (130) 

36981 9998 H(I I') 268 (107) 3671 (135) 
27439 11941 H(I 1") 1269 (109) 2865 (135) 

-32804 19071 H(12) -2350(65) -3343(92) 
-32607 36474 H(I 3) -3067 (66) -3119 (96) 

-762 48223 H(I 4) -2189 (60) -6  (88) 
31881 42040 H(15) -558(66) 3372(95) 
32644 24661 H(I 6) 80 (63) 3399 (90) 

4038 
3005 
9960 
5829 
6840 

20495 
23990 
33838 
40189 
36874 
26984 

712 
519 
987 

1176 
2008 
3604 
4727 
4170 
2427 

(43) 
(42) 
(20) 
(43) 
(42) 
(21) 
(23) 
(24) 
(23) 
(24) 
(23) 
(45) 
(44) 
(46) 
(45) 
(33) 
(32) 
(31) 
(34) 
(33) 
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Fig. 1. Bond distances (A,) and angles (o) in the p-terphenyl molecule. (a) Neutron data (200 K) with a simple-harmonic-well model for the 
central-ring librations. (b) The same as (a) but with a double-well model. (c) X-ray data (room temperature) with a simple-harmonic-well 
model. (d) The same as (c) but with a double-well model. Mean standard deviations: 0.005 A, 0.3 °. 

These systematic differences cannot be attributed to 
the thermal model since the two refinements were per- 
formed with the same program and almost the same 
adjustable parameters. The R values are similar and 
rather high, as is usual in disordered structures. It is 
also difficult to seek a reason for the present results in 
the disorder, since both compounds are disordered. 
Besides, the seven C - D  bond lengths are quite accept- 
able with a mean value of  1.112 A and a range of  
0.033 A (against 0.076 A for the C - C  bond lengths). 

However, diffuse scattering in the proximity of  the 
phase transition might systematically alter the inten- 
sities and account for the serious distortion of  the 
deuterated benzene rings. Nevertheless, each remains 
planar to within 0.01 A.* 

* A recent neutron-diffraction study o f  the 1 : 1 molecular com- 
plex o f  TCNQ with p-terphenyl (Lisensky, Johnson & Levy, 1976) 
does not yield such a large deformation in the molecular dimensions 
for p-terphenyl. 
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Thermal  motion. The translation tensors are given in 
Table 2. The terms T,, (along the normal to the ben- 
zene rings) and 7"22 (about the long molecular axis) are 
surprisingly smaller at high temperature. This result is 
similar to that obtained in the disordered phase o f  solid 
methane CD 4 (Press, 1973), where a deviation from 

Table 2. Translat ion and libration tensors 

(a) Translation tensors 
O Y about the long OX is perpendicular to the m___~an Ip~ne, is 

molecular axis, OZ = OX x 0---~. 

200 K 200 K 
Harmonic-well model Double-well model 

TII 48 (2.6) x 10 -3 ~2 45 (1-7) x 10-3/~2 
T22 65 (1-3) 65 (1-2) 
T33 33 (1.8) 35 (1.2) 
T~2 -5 (1) --5 (0.9) 
TI3 --8 ( 1 ) --8 (0" 9) 
7'23 4 (0-8) 4 (0-7) 

Room temperature Room temperature 
Harmonic-well model Double-well model 

T~I 33.5 (1-3) x 10 -s/~2 32-3 (1.2) x 10 -s/k 2 
T22 41.6 (0.6) 41-9 (0-6) 
Tss 35.6 (I) 36.1 (0.9) 
Ti2 2 (0.5) 2.1 (0.5) 
T~3 0.8 (0.6) 0.2 (0.5) 
7"23 -1.2 (0-5) -1.2 (0.5) 

(b) Libration tensors 

200 K 200 K 
Harmonic-well model Double-well model 

L,, 2.2 (0.3) (0)2 1-9 (0.3) (0)2 
L22 (central ring) 248.0 (I 1.6) 36.2 (4.0) 
L22 (external ring) 55-4 (5.6) 52.4 (4.6) 
L33 0.9 (0.4) 1.2 (0.3) 

Room temperature Room temperature 
Harmonic-well model Double-well model 

L,, 3.6 (0-2) (0)2 3.4 (0-2) (0)2 
L22 (central ring) 260.3 (7-5) 52-5 (7.8) 
L22 (external ring) 68.9 (3.8) 64.4 (3.4) 
Lsj 2.7 (0-3) 2-9 (0.2) 

spherical symmetry for the probability density function 
o f  the deuterium atoms disappears on lowering the tem- 
perature. This is equivalent to an increase o f  thermal 
motion in the disordered phase, when the transition is 
approached. 

Table 2 also gives the libration tensors. The terms 
L~ and L33 decrease normally when the temperature is 
reduced. The r.m.s, libration amplitude r ~/2 of  the outer "'22 
ring, about the long axis, decreases slightly: 7.4 ° at 200 
K (8-3 o at room temperature). For the central ring the 
variation is very weak: 15-7 ° at 200 K (16.1 o at room 
temperature). This can easily be understood since the 
apparent motion corresponds to the distance between 
the two minima of  the double-well potential and not to 
true thermal motion. 

Table 3 gives the r.m.s, vibrational amplitudes of  the 
deuterium atoms. As already mentioned, in a refine- 
ment it seems difficult to separate these internal riding 
vibrations from those arising from the ring librations, 
especially if, as is the case here, the latter have a con- 
siderable amplitude. Therefore the radial displace- 
ments have been neglected. For the six deuterium 
atoms outside the long molecular axis, the r.m.s, in- 
plane displacements vary between 0.1 18 and 0 .175 /~  
(0.12 A in a spectroscopic normal-coordinate analysis 
for benzene, Johnson, 1970). For the same atoms, the 
out-of-plane displacements in the external ring vary 
between 0.134 and 0.168 A (0.15 A in benzene). 
However, in the central ring they reach abnormally 
high values: 0.299 and 0-261 A. This can be con- 
sidered to be a consequence of  the inadequate thermal 
model which thus far has not taken into account the 
double-well potential for the central-ring librations. 

Refinement with the double-well model for the central- 
ring librations 

Choice o f  a model  and  refinement 

The existence of  a double-well potential theoretically 
could be visualized on a difference map, with (Fo - Fc.O 

Central ring 

D(10) 
D(I 1) 

Table 3. R.m.s.  vibration ampli tudes (A) o f  the deuterium atoms 

The radial vibrations, along C-D, are not introduced in the model. 

Harmonic-well model Double-well model 
Vibrations Vibrations 

in plane out of plane in plane out ofplane 

0.144 (0.023) 0.299(0-046) 0-166(0.027) 0.152 (0.036) 
0.118(0.025) 0.261 (0.050) 0.144(0.030) 0.161 (0.037) 

External ring 

D(12) 0-153(0.015) 0.153 (0.033) 0. 148(0.014) 0.183 (0.024) 
D(13) 0-175 (0.017) 0.134 (0.039) 0.186 (0.015) 0.120 (0.036) 
D(14) 0-098(0-030) 0-215 (0.017) 0-110(0.019) 0-209 (0.012) 
D(15) 0.147(0.020) 0-149 (0.035) 0.156 (0.016) 0.152 (0.029) 
D(16) 0.136(0.019) 0.168 (0.031) 0-141 (0.017) 0.167(0-025) 
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as Fourier coefficients. Fo is the observed neutron struc- 
ture factor and Fc.h is the neutron structure factor cal- 
culated with a harmonic simple well. The use of 
neutron data here has the advantage of giving pure prob- 
ability densities, whereas X-ray data give a con- 
volution of a stationary electronic density with the prob- 
ability density function. 

Unfortunately, for p-terphenyl, as for CD 4 and 
generally for disordered systems, large-amplitude ther- 
mal motions strongly reduce the Bragg intensities and 
the refinements give rather high R values. Under these 
conditions, interesting features cannot be extracted 
from background on a difference map. Consequently it 
is necessary to work not in real space, but in reciprocal 
space. The method consists of  taking into account the 
distortion from a given model, generally harmonic or 
spherical, by adapting the structure factor expression 
and examining whether the new model significantly 
improves the R value. A new method of  data analysis, 
based on the application of  cubic harmonics, has been 
proposed (Press & H/iller, 1973) to provide a descrip- 
tion of  the orientational disorder in the high- 
temperature plastic crystalline phases. This method 
seems to be particularly well suited for systems with 
few geometrical parameters (CD4, ND4Br , Press, 
1973), where no well-defined equilibrium positions exist 
for the atoms. This treatment is probably more difficult 
to apply to p-terphenyl, because the minima of the 
double well are rather well localized, as we shall see. 
Besides, the molecule is not very symmetric and each 
deuterium atom moves independently. Thus, the num- 
ber of  adjustable parameters increases considerably in 
a general treatment. 

However, for the p-terphenyl central ring, we can 
give a rather satisfying picture of  the double well by 
placing half atoms outside the long molecular axis on 
either side of the mean plane. The pseudo-atoms thus 
obtained have scattering lengths bc/2 or bD/2 (Levy & 
Peterson, 1952). This somewhat artificial treatment has 
the advantage of  giving no additional parameters in the 
refinement, if at the end of  each cycle we average the 
geometries of the two pseudo-central rings and the vi- 
bration amplitudes of each pair of halved deuterium 
atoms. The libration term L22 about the long molecular 
axis is constrained to be the same for the two pseudo- 
central rings. But now it gives the libration amplitude in 
each well of  the double minimum. In these calculations 
we use the same program adapted to curvilinear dis- 
placements in molecular librations. 

The double-well model significantly improves the R 
values, particularly at low temperature. With neutron 
data at 200 K, the final R was lowered from 0.132 to 
0. 120 and from 0.105 to 0.093 for observed reflexions 
[I > 3at(I), oc(l) from counting statistics], and the 
weighted Rw from 0.120 to 0-108. With X-ray data, at 
room temperature, the final R value is reduced from 
0-103 to 0.095 and from 0.086 to 0.078 for observed 

reflexions. The improvement is, as expected, more sig- 
nificant at low temperature; the central rings are more 
localized in the two bottoms of the double well and the 
corresponding change of the structure factor am- 
plitudes is more important.* 

Positional and thermal parameters 

The use of the double-well model for the central-ring 
librations has little effect upon the overall geometry of  
the molecules, as can be seen in Fig. 1. 

The thermal parameters of  the outer ring are almost 
the same in the two analyses (Table 2). The term t I/2 

~ 2 2  
for the central-ring librations decreases to a normal 
value in each well of  the double minimum: 6 ° at 200 K 
(15.7 ° with the simple-well model), and 7.2 ° at room 
temperature (16-1 ° with the simple-well model). These 
values are now of the same order as that obtained for 
the phenyl isocyanate dimer central ring: 5.6 ° 
(Baudour, Delugeard & Sanquer, 1974). In the latter 
structure, an isotype of  p-terphenyl, there is no disor- 
der, which explains the relatively small value of  L22 ob- 
tained with a simple-well model. 

When the double-well model is used, the out-of-plane 
vibration amplitudes of deuterium atoms in the central 
ring decrease to about 0.15 ,~. Thus they become 
similar in central and outer rings (Table 3), whereas 
they were very different with the simple-well model: 
about 0.30 and 0.15 A respectively. 

An important parameter is the rotation angle be- 
tween the two wells, measured by the angle between the 
mean planes of the undoubled central rings. The values 
obtained from X-ray and neutron data, 26.7 and 26.4 ° 
respectively, are similar. They are compatible with the 
extent of  non-planarity which appears in the ordered 
structure at a lower temperature (Baudour et aL, 1976). 

Potential curve from diffraction data 

It is now possible to calculate a potential-energy 
curve for the librations of the central benzene ring. At 
the end of  the refinement, we have obtained the rotation 
angle designated by 200, between the two bottoms of 
the double well (Fig. 2). We have also determined the 
libration tensor term L22 for each half-central ring, with 
a temperature factor expression assuming the harmonic 
approximation for each well. To have the total smear- 
ing function P(O) for the central ring, we must add two 
functions, each corresponding to one particular well. 

* Lists of structure factors (X-ray and neutron) have been 
deposited with the British Library Lending Division as Supplemen- 
tary Publication No. SUP 32330 (9 pp.). Copies may be obtained 
though The Executive Secretary, International Union of Crystal- 
lography, 13 White Friars, Chester CHI 1NZ, England. 
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With a well-known relation from statistical mechanics, 
with a 2 equal to L22: 

P(O) = ~(2Jr) -t/2 a- l l  exp [ - (0  - 00)2/2 a 2] 
+ exp [--(0 + 00)2/2a211, (1) 

where the coefficient 1/2 results from the condition 

[+oo P(O) dO = 1. 
.J -oo 

Thus the probability density function P(O) is cal- 
f,/2 obtained culated with the parameters 00 and a = --,22, 

from diffraction data. P(O) is plotted in Fig. 3 at 200 K 
and at room temperature. 

No attempt has been made to evaluate an anhar- 
monic distortion of the potential curve for the end-ring 
librations. Such a distortion is, in any case, very weak. 
Indeed, thc probability density at 0 = 0 ° is noticeably 
larger for the outer rings than for the central one. For 
the former, a libration amplitude of  5 ° is needed to 
reach the mean position, 0 = 0 °, from the equilibrium 

kcal mo) l'' 

I 

- - -  200K 
- -  300 K , , j r"  

v"  \ , I  

4kt (200 K ) /  \,,, , j /  
x.~. j .  

IO 20 3'0( ° ) 

Fig. 2. Potential-energy curves for the p-terphenyl central-ring li- 
brations from neutron data (200 K) and X-ray data (room tem- 
perature). 

position. This can be realized with a not-negligible prob- 
ability in any mode: the external mode ((02> = 11.1 
(o)2, Baudour et al., 1974), the internal g mode 1<02~ ~- 
9 (0)2] or internal u mode [(02> -~ 16.6 (°)21. On the 
other hand, for the central ring the probability at 0 = 0 ° 
is nil in the internal u mode, and very weak in the exter- 
nal mode since 00 = 13 ° and<02> -~ 11.1 (0)2. It de- 
pends essentially on the internal g mode in which <02> 
~- 36 (o)2 for the central ring. So we can consider that 
for the central ring the probability density at 0 = 0 ° 
corresponds to the meeting of the central and external 
rings in the g mode, and therefore to the passage of the 
double-well barrier. 

With Boltzmann's probability density function, we 
write: 

P(O) = C e x p l -  V(O)/kT[, (2) 

where C is a constant determined by arbitrarily putting 
V = 0 at 0 = 00, V(O) is the average potential experi- 
enced by the ring as it executes librations about the long 
molecular axis, k is Boltzmann's constant, and T the 
absolute temperature. 

Knowing P(O) from equation (1), V(O) is easily cal- 
culated from equation (2). Fig. 2 gives the potential- 
energy curves obtained from neutron (200 K) and X- 
ray (room-temperature) data. The agreement between 
the two is good. The potential-barrier height is about 
0-6 kcal mol -~. This value agrees well with that ob- 
tained from the potential-energy curves given by Riet- 
veld et al. (1970) by distorting the molecule from its 
mean planar conformation to its equilibrium position in 
the crystal, the rotation angles being - 5 ,  +15 and 
- 5  o respectively for the three rings. 

It is observed that temperature has little effect on the 
depth of the potential wells since the difference between 
the two values (0-65 kcal mol -~ at 200 K and 0.54 kcal 
moi -~ at room temperature) is of the same order as the 
estimated uncertainty. 
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I0 20 30 6~ °) 

Fig. 3. Probability density function P(O) for the p-terphenyl 
central-ring librations from neutron data (200 K) and X-ray data 
(room temperature). 

C o n c l u s i o n  

Our analysis of  neutron (200 K) and X-ray diffraction 
(room-temperature) data of  p-terphenyl has allowed us 
to evaluate the characteristics of  the double-well poten- 
tial seen by the central ring when it librates about the 
long molecular axis, in the disordered phase. This is a 
particularly favourable case where the description is 
obtained simply by halving the atoms outside the li- 
bration axis and averaging the geometries and thermal 
parameters of the two rings obtained from the original 
one. These constraints have the advantage of  introduc- 
ing no additional parameters in the model and the treat- 
ment gives immediately interpretable results for the 
rotation angle between the two wells and the libration 
amplitude in each well. Although the method employed 
is somewhat artificial, it is encouraging to obtain a 
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significant improvement in the R values, to suppress the 
anomalies concerning the out-of-plane vibrations of  the 
deuterium atoms in the central ring and to find consis- 
tent potentials from neutron and X-ray diffraction 
data. The barrier height, found to be about 0.6 kcal 
mo1-1, is in good agreement with that given by 
potential-energy calculations. This barrier energy is of  
the same order as the thermal energy kT  of  any mode 
at room temperature, or even at 200 K. But it is only 
for the internal g mode that this energy is sufficient to 
bring the rings near the barrier top. For the central ring 
the doubly peaked distribution function is an argument 
for an order-disorder type of  transition. However, the 
smallness of  the double-well barrier height suggests that 
the p-terphenyl structural phase transition is near the 
boundary between the order-disorder and displacive 
regimes. 
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The Crystal and Molecular Structure of  trans-l,3,5-Trimethyl- 
1,3,5-triphenylcyclotdsilthiane: a Stable Twist-Boat Conformation 
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Ddpartement de Chimie, Universitd de Montrdal, Montrdal, Canada H3C 3 V1 
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The title compound, CziH24Si3S3, crystallizes in the triclinic system, space group P l,with unit-cell dimensions 
a = 10.941 (8), b = 9-423(8), e = 12.252 (8) ,~,, a = 80.02(12),fl = 75.80(12) and ),= 99.40(12) ° . The 
structure was solved by the Patterson method and refined by block-diagonal least squares to a final R of 
0.059 for 2086 observed reflexions. The structure consists of alternating Si and S atoms in a six-membered 
ring. A methyl group and a phenyl group are attached to each Si atom. The novelty of this structure is that 
the Si-S heterocyclic ring is in the twist-boat con formation. 

Introduction 

In chair -chair  equilibrations o f  various six-membered 
rings, the boat and twist-boat conformations are pos- 
tulated as discrete intermediates. The thermodynamic 
calculations of  Beckett, Pitzer & Spitzer (1947) and 
Howlett (1957) indicate that the boat forms of  six- 

* Present address: D6partement de Chimie, Universit6 de Quebec 
fi Trois-Rivi6res, Canada G9A 5H7. 

membered ring carbocycles are o f  higher energy (3-12 
kcal mol -~) than the corresponding chair confor- 
mations. This is confirmed by the direct experimental 
evidence of  Johnson, Margrave, Bauer, Frisch, Dreger 
& Hubbard (1960) and of  Jensen & Bushweller (1969). 
Similarly, reports for other six-membered ring systems 
such as C - O  (Moerman, 1937), C - N  (Gutowsky & 
Temussi, 1967), C - S  (Moerman & Wiebenga, 1937; 
Campaigne, Chamberlain & Edwards, 1962), Si--N 
(Moedritzer & van Wazer, 1966: Yokoi & Yamasaki,  


