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There is no significant difference in intermolecular 
hydrogen bonding between m-C1-DPP and p-C1-DPP 
as seen in the previous section. A striking difference 
is, however, found in the 7r-rr overlap along the 
stacking axis of the molecules (Figs. 5a and 5b). The 
overlap is quite insignificant in p-C1-DPP, so that the 
basic molecular absorption characteristics remain 
almost unchanged even in the solid state. By con- 
trast, the molecular nature of m-C1-DPP is appre- 
ciably perturbed by strong 7r-~ interactions in the 
solid state so as to give a different optical absorption 
spectrum. 

Further details on this subject are given in our 
previous report (Mizuguchi & Rihs, 1992). 

The authors would like to express their sincere 
thanks to Messrs E. Baeriswyl, G. Giller, H. Walliser 
and H. R. Walter for experimental assistance. 
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Abstract 

The structure of the incommensurate phase of 4,4'- 
dichlorobiphenyl sulfone, (C1C6H4)2SO2, has been 
determined at 90 K using the superspace formalism. 
Refinement of the atomic modulation, which is of a 
displacive type, with wavevector q = 0.780 (2)b*, has 
been performed in the superspace group P(I2/a): 
( s , -1) ,  using main and first-order satellite reflec- 
tions. A model of the distortion including zero, first- 
and second-order harmonics has been considered in 
the modulation. The final agreement factors are R = 
0.042, R0 = 0.039 and R~ = 0.044 for all, main and 
first-order satellite reflections, respectively. Second- 
order harmonics are critical in the refinement as they 
decrease the Rt factor from 0.12 down to 0.043. The 
primary distortion corresponds to a displacive mode 
of A2 symmetry, with atomic displacements reaching 
up to 0.3 A, It involves intermolecular librational 
and translational motions and a significant intra- 
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molecular twist of the phenyl groups. The secondary 
distortion given by the second harmonic in the 
modulation has a much smaller amplitude and 
includes a slight bending of the molecule. Crystal 
data of the average structure: T = 90 K, Mr = 287.2, 
monoclinic, 12/a, a = 20.20 (2), b = 4.910 (2), c = 
12.054 (9) A, fl = 90.02 (4), V=  1195 (2) A 3, Z = 4, 
Dx= 1 .597Mgm -3, A(MoKa)=0 .7107 /~ ,  / , t= 
0.67 mm-1,  F(000) = 584. 

I. Introduction 

The compound 4,4'-dichlorobiphenyl sulfone, 
(CIC6H4)2SO2 (hereafter DCBPS), is currently 
attracting great interest due to the stability of an 
incommensurate phase at low temperature. Pusiol, 
Wolfenson & Brunetti (1989), on the basis of 35C1 
NQR measurements, proposed for the first time the 
incommensurate nature of this phase, which is stable 
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below 150 K. These authors also refer to the exist- 
ence of a lock-in transition at 115 K. Since the 
publication of that work, other' studies on DCBPS 
have confirmed the phase transition (normal-incom- 
mensurate) at 150 K, but some controversy remains 
about the existence of the lock-in transition. 

At room temperature crystals of DCBPS are 
monoclinic (normal phase), 12/a, a = 20.216, b = 
5.004, c = 12.148 A, fl = 90.57 ° (Sime & Woodhouse, 
1974). The incommensurate phase was confirmed 
and the modulation characterized by means of X-ray 
diffraction measurements by Kasano, Koshiba, 
Kasatani & Terauchi (1990), who found the incom- 
mensurate modulation to be one-dimensional with a 
modulation wavevector q = a* + (½ + 8)b*, 8 varying 
between 0.021 and 0.014 in the temperature range 
150-20 K, and with no lock-in transition detected in 
this temperature interval. 

The results of AC calorimetry (Saito, Kamio, 
Kikuchi & Ikemoto, 1990) and adiabatic calorimetry 
(Tanaka, Saito, Nakayama, Eguchi & Atake, 1991) 
experiments confirmed the transition at 150 K and 
detected an anomaly at 115 K. More recent NQR 
measurements also found additional anomalies at 
123 and 115 K (Nakayama, Eguchi & Kishita, 1992). 
On the other hand, Raman spectroscopy and 
birefringence studies (Ishii, Nakayama, Sakato & 
Kano, 1992) detected the transition at 150 K, but no 
anomaly corresponding to an additional transition at 
lower temperature was found. 

More recently, elastic neutron measurements 
(Etrillard, Even et al., 1993), 35C1 NQR and calori- 
metric measurements (Etrillard, Toudic et al., 1993) 
have indicated that the incommensurate phase is 
stable down to the lowest temperature investigated 
(4.5 K). The temperature behaviour of satellite 
reflections reveals the presence of high-order satellite 
reflections (up to fourth order at 13 K), with inten- 
sities increasing on cooling. These results have been 
interpreted as being due to the evolution from a 
sinusoidal structural modulation, in the high- 
temperature region, towards a strong anharmonic 

• modulation at lower temperatures, always in the 
same incommensurate phase. 

The microscopic mechanism driving the incom- 
mensurate structural instability in DCBPS is particu- 
larly interesting due to the possible similarity to the 
extensively studied compound biphenyl (ClzHl0) 
(Cailleau, 1986). Raman measurements (Ishii, 
Nakayama, Sakato & Kano, 1992) indicate that a 
soft-mode also exists in DCBPS. Despite differences 
in the sequence of transitions in the two compounds, 
it is to be expected that, as in the case of biphenyl, 
competition between intramolecular and inter- 
molecular forces is responsible for the transition. In 
the case of DCBPS, this mechanism has been 
analyzed by studying the lattice dynamics of the 

compound using empirical models (Saito, Kikuchi & 
Ikemoto, 1992). Within a rigid-body approximation 
for DCBPS molecules, the lowest calculated phonon 
branch shows a softening at about 0.8b*, in 
agreement with the modulation wavevector in the 
incommensurate phase (see next section). The mini- 
mum in the phonon branch at about 0.8b* becomes 
much sharper if twisting of the phenyl rings within 
the DCBPS molecule is allowed. Both lattice dyna- 
mics simulations and Raman measurements seem to 
indicate that the soft-mode includes a significant 
intramolecular twisting of the phenyl rings in the 
molecule (Ishii, Nakayama, Sakato & Kano, 1992). 
However, a complete understanding of the nature of 
the incommensurate structural instability in this 
compound is still lacking. 

In this paper, the structure of the incommensurate 
phase of DCBPS at 90 K is determined using the 
superspace-group formalism and the modulation 
obtained is analyzed in terms of frozen intermolecu- 
lar and intramolecular symmetry modes. 

2. Experimental 

Colourless crystals of DCBPS were obtained by slow 
evaporation of an ethanol solution of high-quality 
compound (commercially available). Precession 
photographs of (h,k,O), (h,k,1), (O,k,l) and (1,k,l) 
layers were taken at 100 K using an open-flow gas 
cryostat (Cosier & Glazer, 1986). These photographs 
clearly showed the set of main reflections defining the 
average lattice, a great number of first-order and a 
few second-order satellite reflections; the general 
symmetry observed was monoclinic. Systematic 
absences detected for the main reflections were com- 
patible with the space group 12/a. All satellite reflec- 
tions could be identified as first- (m = 1) or second- 
(m = 2) order satellites with the modulation wave- 
vector a* + 0.22b*, as reported by Kasano, Koshiba, 
Kasatani & Terauchi (1990). However, a more con- 
venient and simpler choice of modulation wavevector 
can be achieved by subtracting the lattice vector (a* 
+ b*). Thus, all scattering vectors were indexed 
according to the expression: 

H = ha* + kb* + le* + mq 

with the modulation wavevector q = 0.78b*. Careful 
examination of the photographed layers showed the 
condition for the presence of satellite reflections: 

(0,k,0,m) k = even and m = even 

which indicates the existence of a {C2yl ~,0,0,½} helical 
axis in the superspace group. At this point, the 
superspace group P(12/a):(s , -  1) (de Wolf, Janssen & 
Janner, 1981) was assumed. This symbol does not 
correspond to the standard one which requires trans- 
formation from an /-centred to a B-centred cell. 
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Table 1. Summary of  crystal data and data-collection 
parameters 

Crystal form Prismatic 
Crystal size (ram) 0.39 × 0.37 x 0.36 
Temperature (K) 90 
Reflections for lattice parameters 22 (l 1 < 0 < 26 °) 
Cell parameters (A.) a = 20.20 (2) 

b = 4.910 (2) 
c = 12.054 (9) 
fl = 90.02 (4) ° 

Modulation wavevector q 0.780 (3)b* 
(sin0/a)~,~ ( A - ' )  for (hklO) 0.8071 
(sin0/a)m~ (A- ') for (hklm) 0.7035 
Check reflections 2 main, I satellite 
h,k,l,O limits (_+ 32, 7, 19) 
h,k,l,m limits (-+.26, 6, 16, -+- 1) 
Scan width (°) 0.65 + 0.34tan0 
Scan speed (° min-1) 0.97--4.12 
Measured reflections 6742 
Independent reflections (I > 3~) 6086 (5050) 
Main 2625 (2192) 
Satellite m = _+ 1 3456 (2855) 
Satellite m = -+ 2 5 (3) 
Rim without absorption corrections 0.0115 
Main 0.008 
Satellite 0.016 
Weights l/cr2(F) 
Max. shift/e.s.d. 0.01 

However, in order to facilitate comparison with the 
room-temperature structure, the non-standard set- 
ting was used. 

The temperature behaviour of the modulation 
wavevector was studied from the profiles of three 
satellite reflections measured at different tempera- 
tures from 145 down to 80 K. The results confirm 
a weakly temperature-dependent wavevector, in 
agreement with the results reported by Kasano, 
Koshiba, Kasatani & Terauchi (1990). A more 
accurate wavevector value q = 0.780 (3)b* at 90 K 
was obtained from the profile of satellite reflections 
scanned along b*. 

Crystal data and data-collection parameters are 
summarized in Table 1. Intensities were collected 
with a CAD-4 diffractometer equipped with the 
cryostat described above. Temperature stability was 
maintained within ___0.2 K during the measurement 
time. Collection of the main and associated first- 
order satellite reflections was carried out in sequen- 
tial order, varying the index for satellites m first. 
Given the weakness and scarcity of second-order 
satellites observed on the photographs, no systematic 
collection of these reflections was attempted; only 
five of them, among the strongest ones, were 
included in the data set. Stability of the measure- 
ments and possible X-ray radiation damage to the 
structural modulation in the crystal was checked 
every 2 h by measuring the intensities of two main 
and one satellite reflections. At the end of the 
measurements, the intensity and shape of the check 
satellite reflections did not show significant changes. 
Data reduction and averaging of symmetry- 
equivalent reflections were carried out using a local 
version of the program system XRA Y72 (Stewart, 
Kruger, Ammon, Dickinson & Hall, 1972) modified 

Table 2. Representative elements of  the superspace 
group P:(12/a):(s,- 1) with wavevector q = 8b* 

~,0,0d} {El 1,0,0,0} {C2,.I ' ' 
{11 0,0,0,0} {El 0 , 1 , 0 , - 6 }  
{,~t ½,o,o, l} {Et o,o,l,o} 
{Et L½,½,- o/2} {El o,o,o,!} 

for one-dimensional modulated structures. Lorenz 
and polarization corrections were performed during 
refinement using the program M S R  (Paci0rek & 
Kucharczyk, 1985; Paciorek & Uszynski, 1987). 

3. Symmetry  description and refinement 

Representative elements of the proposed superspace 
group are given in Table 2. In the superspace 
formalism, each symmetry element can be described 
in the form {R[t,z}, where R is a three-dimensional 
rotational operation, t is a fractional three- 
dimensional translation and z a shift along the 
internal space (Janner & Janssen, 1980; P6rez-Mato, 
Madariaga, Zfifiiga & Garcia-Arribas, 1987). 

The modulated structure was assumed to be of a 
displacive type and possible modulation of the ther- 
mal parameters was neglected. Hence, in the refined 
structural model, only the atomic positions were 
considered modulated, so that the general expression 
for the position of an atom # in a cell I is given by: 

r(l,#) = i + ro(/.t) + ~ZUn(/Z) exp {2rrinq.[I + r0(tz)]} 
n 

(1) 

where ro(/.t) is the position of atom tz in the unit cell 
of what we can call an average structure; the sum 
excludes the term n = 0 and un(Iz) are complex vector 
amplitudes satisfying un(#)= u*n(Iz). The last term 
in (1) can be written more explicitly for each com- 
ponent as an atomic modulation function: 

u,(l~,t) = Y An,;(Iz)cos {2zr[nt + ~0..,(#)]} ( i=  x,y,z) 
n > 0  

(2) 

where An.i and ~o,,.,(tz) are the modulus and phase of 
the component u,,i(tz) of Un(#); t is the internal 
coordinate, ranging from 0 to 1, which corresponds 
to the'Ntense set of values q.[! + r0(/.t)] in (1). 

In the refinement with the M S R  program, the 
structure was described in terms of the average co- 
ordinates ro(tZ) and the amplitudes and phases given 
in (2~ . ,  with the series only including first and second 
harrnomcs. In addition, as the sulfur atom S lies on a 
specia, l position (1,y,0) of the average structure, its 
modulation parameters are symmetry restricted. In 
general, if {RIt,r } is a superspace symmetry operation 
and two atoms, Iz and u, are symmetry related by 
the operation {R[t} in the average structure, the 
complex vector amplitudes, defined in (1), that 
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describe their atomic modulation functions are 
related by: 

u,,(u) = RUr~R),,(p,) exp ( -- 2 7rin~-o) (3) 

where F ( R ) =  +_1 if Rq=_+q ,  and ~ 'o=~'+q. t .  
Application of equation (3) to the S atom, invariant 
(in the average structure) for the operation 
{C2yJ½,0,0}, yields the conditions: 

u ..... (S) = ( -  1) "+ lu ..... (S) 

uy,,(S) = ( - 1)'u,,,(S) (4) 

which implies the restriction uy,~(S)= 0 for the first 
harmonic and u .... 2(S) = 0 for the second. 

Refinements were based on IFI and performed in 
the full-matrix mode. Scattering factors for neutral 
atoms and anomalous-dispersion corrections were 
taken from International Tables for X-ray Crystal- 
lography (1974, Vol. IV). 

Before refinement of the incommensurate struc- 
ture, the average structure (without hydrogens) was 
refined with the XRA Y72 system program using only 
the main reflections. Starting with the atomic posi- 
tions of the room-temperature structure (Sime & 
Woodhouse, 1974), refinement with isotropic thermal 
displacements converged to an R value of 0.33. A 
few refinement cycles using anisotropic thermal 
parameters decreased the R factor to 0.087. As 
expected, in this refinement the atoms have anoma- 
lously large thermal displacements as they include 
the static modulation effect of the structure. In the 
next step, starting from the previous model with 
isotropic thermal parameters and taking into account 
only main reflections, the MSR program was used to 
refine the parameters of the average structure 
(without hydrogens) and the amplitudes of the first 
harmonics of the atomic modulations, with all the 
phases in (2), ~o,,~(/z) (n= 1), fixed at zero. During 
this refinement the isotropic thermal displacements 
reduced considerably and, at the end, the refinement 
converged to R = 0.10. At this point, the satellite 
reflections were included in the observations with 
unit weights for all reflections [previously w =  
1/cr2(F)], and the phases ~o,,,~(/.~) (n= 1) of the modu- 
lation functions were allowed to vary freely. The 
refinement converged slowly and in the final cycles 
thermal displacements were replaced by anisotropic 
ones (non-modulated), and weights changed to 
l&r2(F). Finally, H atoms were included in the 
calculations and their atomic modulation functions 
refined; owing to the large correlation, only isotropic 
thermal displacements fixed to 0.011 A 2 were con- 
sidered for the hydrogens. Refinement of this model 
(with one harmonic only), showed rather high R 
factors: 0.088 for all reflections, with 0.060 for 2192 
main reflections, and 0.122 for 2855 first-order 
satellite reflections. At this point, the refinement of a 
second-order harmonic for non-H atoms was 

Table 3. Average coordinates and equivalent thermal 
displacements ()k2× 102) of the incommensurate phase 
of DCBPS together with moduli (in relative units) and 

phases (/277") of the displacive modulation functions 

F o r  n o n - H  a toms ,  first and  second  l ines give first- and  s e c o n d - o r d e r  
h a r m o n i c s  respect ively .  S ta r red  p a r a m e t e r s  a re  s y m m e t r y  res t r ic ted.  
M o d u l a t i n g  func t ions  are:  u,(t)  = Z , =  ~.2A,., cos  [2rr(nt + ~0,.,)], i = x , y , z .  
S t a n d a r d  dev ia t i ons  are  g iven in paren theses .  

x y z U (or  U~q ) 
S 0.2500 0.1380 (1) 0.0000 0.015 (1) 
CI 0.03032 (2) 0.9377 (1) 0.15944 (3) 0.028 (I) 
O 0.22528 (4) -0.0080 (2) -0.0951 (1) 0.020 (1) 
C(I) 0.18652 (4) 0.3583 (2) 0.0448 (I) 0.015 (I) 
C(2) 0.1345 (I) 0.4210 (2) - 0.0269 (1) 0.019 (1) 
C(3) 0.0861 (I) 0.6010 (3) 0.0079 (1) 0.021 (1) 
C(4) 0.0902 (I) 0.7107 (2) 0.1143 (1) 0.020 (1) 
C(5) 0.1414 (1) 0.6460 (2) 0.1861 (1) 0.020 (1) 
C(6) 0.1901 (1) 0.4686 (2) 0.1509 (1) 0.018 (1) 
H(2) 0.1330 (8) 0.338 (4) - 0.099 (1) 0.011 (1) 
H(3) 0.0484 (8) 0.651 (3) -0.036 (1) 0.011 (1) 
H(5) 0.1419 (8) 0.711 (4) 0.257 (1) 0.011 (1) 
H(6) 0.2273 (8) 0.421 (3) 0.201 (1) 0.011 (1) 

An.x ~Pn.x A,.y ~P,a. A,.~ ~o,.z 
S -0.00453 (2) 0.388 (1) 0.0000" 0.000" 0.02053 (4) 0.3190 (3) 

0.0000" 0.0000" 0.0015 (3) 0.23 (3) 0.0000" 0.0000" 
C1 0.01112 (2) -0.0583 (3) 0.0582 (1) -0.1424 (3) 0.01571 (4) -0.1787 (4) 

-0.0036 (4) 0.00 (2) -0.011 (1) -0 .06 (2) -0.0029 (7) -0 .07 (4) 
O -0.0065 (I) -0.438 (I) -0.0145 (2) 0.226 (2) 0.0220 (1) -0.580 (1) 

-0.0007 (I) -0 .04 (2) -0.0025 (5) -0.004 (3) 0.0004 (2) 0.01 (8) 
C(I) -0.0042 (I) 0.067 (2) 0.0169 (3) 0.355 (3) 0.0188 (I) 0.170 (1) 

-0.0003 (1) -0 .04 (9) 0.0008 (7) 0.8 (1) -0.0008 (2) -0 .17 (4) 
C(2) -0.0030 (1) -0.083 (4) -0.0370 (3) 0.785 (I) 0.0163 (I) 0.138 (1) 

-0.0006 (2) -0 .04 (4) -0.0039 (6) -0 .07 (3) 0.0018 (3) -0 .75 (2) 
C(3) -0.0057 (1) -0.282 (2) 0.0498 (3) 0.137 (I) 0.0152 (1) 0.030 (I) 

0.0010 (2) 0.00 (2) 0.0069 (6) 0.06 (2) 0.0020 (3) -0 .08 (2) 
C(4) 0.0078 (I) 0.155 (1) 0.0415 (3) 0.048 (I) 0.0166 (1) -0.048 (1) 

0.0019 (1) -0 .14 (1) 0.0065 (6) -0.13 (2) 0.0023 (3) -0.21 (2) 
C(5) -0.0080 (1) -0.244 (1) 0.0210 (3) 0.120 (2) 0.0187 (I) -0.021 (1) 

0.0015 (2) -0 .02 (2) 0.0046 (7) -0 .12 (3) 0.0017 (2) -0 .06 (2) 
C(6) -0.0066 (1) -0.051 (2) -0.0097 (3) -0.182 (5) 0.0200 (1) 0.091 (I) 

0.0009 (2) 0.15 (3) -0.0009 (7) -0 .4  (1) -0.0010 (2) 0.75 (4) 
H(2) -0.0010 (9) -0 .0  (1) -0.042 (4) 0.85 (2) 0.019 (2) 0.20 (1) 
H(3) -0.0071 (9) -0 .37 (2) 0.077 (5) 0.10 (1) 0.017 (2) -0.01 (2) 
H(5) -0.0120 (9) -0 .28 (1) 0.022 (4) 0.15 (3) 0.025 (2) -0 .10 (1) 
H(6) -0.0091 (9) 0.04 (2) -0.013 (4) 0.13 (5) 0.024 (2) 0.13 (1) 

attempted, first keeping all phases ~o,,,,~(/z) = 0 (n = 2), 
and then releasing all of the parameters. The intro- 
duction of the second harmonic in the refinement did 
not significantly change the amplitude or the phases 
of the first-order harmonic obtained from the pre- 
vious refinement, but the R factors of all classes of 
reflections reduced to much lower values. The final 
agreement factors R (wR) were 0.042 (0.061) for all 
5050 observed reflections, 0.039 (0.064) for 2192 
main reflections, 0.044 (0.056) for 2855 first-order 
satellite reflections and 0.19 for three second-order 
satellite reflections; the global g.o.f, was 2.52 with 
216 parameters varied in the refinement. The final 
atomic parameters including average coordinates, 
amplitudes and phases of the atomic modulations 
and equivalent isotropic thermal displacements are 
given in Table 3.* The interatomic distances and 
bond angles are listed in Tables 4 and 5. 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 71316 (33 pp.). 
Copies may be obtained through The Technical Editor, Inter- 
national Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England. [CIF reference: AL0558] 
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Table 4. lnteratomic distances (A) in the incom- 
mensurate phase of  DCBPS 

a~,,,, da~, and day and the minimum, maximum and average values of the 
modulated distances, respectively. A is the difference between the extremal 
distances. E.s.d.'s are given in parentheses. 

S-----O 1.438 (2) 1.446 (2) 0.009 1.443 (2) 
S--C0)  1.762 (1) 1.766 (3) 0.003 1.764 (3) 
C1--C(4) 1.717 (3) 1.755 (3) 0.038 1.735 (3) 
C(1)---C(2) 1.389 (4) 1.403 (4) 0.014 1.397 (4) 
C(2)--C(3) 1.369 (4) 1.403 (4) 0.034 1.386 (4) 
C(3)----C(4) 1.388 (4) 1.405 (4) 0.017 1.395 (4) 
C(4)---C(5) 1.374 (4) 1.403 (4) 0.030 1.387 (4) 
C(5)---C(6) 1.367 (4) 1.398 (4) 0.031 1.383 (4) 
C(I)--C(6) 1.385 (3) 1.400 (3) 0.015 1.392 (3) 
C(2)---H(2) 0.922 (19) 1.022 (18) 0.100 0.958 (19) 
C(3)--H(3) 0.932 (18) 1.005 (18) 0.073 0.968 (18) 
C(5)--H(5) 0.831 (19) 0.991 (19) 0.159 0.916 (19) 
C(6)---H(6) 0.973 (18) 1.019 (18) 0.046 0.993 (18) 

Table 5. Bond angles (o) in the incommensurate phase 
of  DCBPS 

amin amax A aav 
C(2)--C(1)---C(6) 120.9 (4) 122.3 (4) 1.34 121.6 (4) 
C(1)---C(2)---C(3) 118.4 (4) 119.8 (4) 1.45 119.1 (4) 
C(2)IC(3)---C(4) 117.8 (4) 120.1 (4) 2.26 118.9 (4) 
C(3)--C(4)---C(5) 121.1 (4) 123.2 (4) 2.10 122.1 (4) 
C(4)---C(5)----C(6) 118.8 (4) 119.5 (4) 0.77 119.1 (4) 
C(5)IC(6)---C(1) 118.7 (4) 119.8 (4) 1.05 119.3 (4) 
O - - S I C ( I )  107.1 (2) 107.4 (2) 0.26 107.3 (2) 
C(3)---C(4)--C1 119.2 (3) 120.1 (3) 0.96 119.6 (3) 

4. Discussion 

A single DCBPS molecule and a projection along the 
b axis showing the packing in the average structure 
are shown in Fig. 1. Apart from the thermal param- 
eters, the average structure does not show any sig- 
nificant differences from the room-temperature 
structure (Sime & Woodhouse, 1974). The phenyl 
groups retain their planarity. The largest differences 
appear in the relative orientation of the phenyl 
groups, described by the dihedral angle, q~r, between 
the plane of the aromatic ring and the plane 
defined (see Fig. l a) by the least-squares axes 
S--C(1)--C(4)--C1 and S---C(1) '--C(4) '--CI '  [CI', 
C(4)' and C(1)' are related to C1, C(4) and C(1) by 
the twofold axis of the molecule]. Also, the 'bending' 
angle of the molecule, ~B, between these two latter 
axes shows a significant change. In the average struc- 
ture these angles are qbr = 83 and qb B = 101.7 °, while 
at room temperature the values are ~ r =  84.6 and 
¢,B= 104.6 °. 

The modulation amplitudes of the non-H atoms 
are about 0.1 A with the largest values 0.29 A along 
the y direction for the CI atom and 0.27 A along the 
z direction for the O atom. For the H atoms, the 
refined modulation parameters indicate that the 
modulations of these atoms are in phase with those 
of the C atoms to which they are bonded. However, 
this result and the modulation amplitudes must be 
treated with caution as the contribution of these 
atoms to the diffraction pattern is very small. 

The contribution of the second harmonic to the 
atomic modulation depends on the atom, being 
larger for the C1 atom and smaller for the C(1) atom; 
plots of the modulation of both atoms are given in 
Fig. 2. The plotted functions are: 

u,(tz,v) = al,,(#) cos {2rr[q.ro(#) + @l,,(Iz) + v]} 

+ a2.i(/x)cos {27r[2q.r0(~) + q~z.,Oz) + 2v]} 
(5) 

where v is the continuous variable q.l, i = x, y, z and 
a,,;(#), q~,,,(/z) and ro(/Z) are the refned amplitudes, 
phases and average positions given in Table 3. The 
continuous variable v = q.! (mod. 1) takes all values 
from 0 to 1 when ! runs over all cells in the crystal 
and so the functions represented in Fig. 2 give all the 
possible atomic displacements in the crystal resulting 
from the modulation. Similarly, the modulated func- 
tions of the interatomic distances and bond angles 
can be obtained by calculating these magnitudes for 

C L ~ c  s 

C 2~C ~% ~ 

(a) 

y 

2 

(b) 
Fig. 1. (a) Scheme of the DCBPS (C12H8C12025) molecule (H 

atoms excluded). (b) a c  projection of  the average structure at 
90 K. Axes labelled 1, 2 and 3 are used in the description of  the 
structural modulation in terms of  rotations and translations of  
the chlorophenyl groups in ~4. 
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different values of v, that is, in different cells; the 
results are summarized in Tables 4 and 5. 

Similar plots for all the C atoms to those given in 
Fig. 2 show clearly that their modulations for each 
direction are approximately in phase. In addition, 
from Tables 4 and 5, it can be seen that variations of 
interatomic distances and intramolecular angles of 
the chlorophenyl group in the incommensurate struc- 
ture are very small. It can also be shown that the 
aromatic ring retains its planarity in the modulation. 
This suggests that the atoms within the chlorophenyl 
groups behave as approximately rigid units. If this is 
the case, then the structural modulation can be 
interpreted in terms of rigid-body motions (rotations 
plus translations) of the DCBPS molecule as a 
whole, and additional intramolecular twists and rela- 
tive rotations of the two chlorophenyl groups so as 
to keep the bonded structure of the whole molecule 
essentially undistorted. The intramolecular distortion 
can be described by variations along the modulation 
of the angles qOr and qb~, defined above. Both angles 
have been calculated for different values of the co- 
ordinate v = q.l, using the atomic coordinates given 
by (1) and (2) and the parameters of Table 3. The 
results, which are plotted in Fig. 3, show that the 
structural modulation involves an anharmonic 
modulation of the dihedral angle q0r of the molecule 

• . . , • . . , . . . , • . . , • . . 

Dihedral angle 
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0.0 

- 0 . 2  

-0.4i 
0.0 

Cl 
oO°°Oo 
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o~ + o~ 
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0.4 

0.4 
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. O o~ - + ~  ~o o ~ 

o o ~ + + ÷  o o ~ +  ÷ + - 
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Ux__~ U y - - o  Uz__~ 
- - U . 4  , , , f , , , r , , , i , , , f , . , 

0.0  0 .2  0.4 0.6 0.8 1.0 
' u  

(o) 
Fig. 2. Atomic modulation functions of the atoms C1 (a) and C(1) 

(b). The displacements are given in •. 

with a maximum amplitude of 3.3 ° and, a double 
harmonic modulation of the bending angle ~s  with 
an amplitude of 1.5 ° . 

A full description of the structural modulation 
within a rigid-body approximation for the chloro- 
phenyl groups was carried out by means of the 
following fitting process: for a set of basic cells 
consecutive along the b axis, the individual atomic 
displacements of the S, C and C1 atoms in the 
asymmetric unit were fitted to a rigid-body motion 
consisting of three rotations plus three translations 
of the average configuration, around and parallel to 
the crystallographic axis, respectively. The centre of 
the rotations was fixed on the centre of mass of the 
average configuration of the whole DCBPS molecule 
and the rotations were treated according to the 
small-angle approximation. Agreement between the 
observed individual atomic displacements and the 
hypothetical rigid-body motions was expressed by 
the index D=(Z]dcal-do, , , , , l" /Zldo,osl : ' ) ' ; : '  where dobs 
and dcax are the observed and calculated atomic 
displacements, respectively, relative to the average 
configuration of the molecular group. The D value 
obtained from the fitting at each consecutive cell is 
always rather small; it ranges between 3 and 12%, 

8 8  

86 

84 

8 2  

8 0  

78 , , , I , , , I , , , I , , , I , , ,  

0 .0  0 .2  0 .4  0.6 0 .8  1.0 

(a) 

'°'f t 102 ~ 

'°°F . . . . . .  t 
::F . . . . . . . . . . . . . . . . . . .  l 

0 .0  0 .2  0.4 0.6 0 .8  1.0 
V 

(b) 
Fig. 3. Plot of the modulation of the dihedral and bending angles, 

~ r  (a) and ~B (b), of the DCBPS molecule. Experimental values 
are represented by asterisks and the solid curve shows the 
results obtained from the rigid-body fitting shown in Table 6(b). 
Definitions of angles are given in the text. 
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the larger values being associated with those cells 
having smaller atomic displacements. This result 
confirms that the assumption of essentially rigid 
chlorophenyl groups is correct. 

The fitted rigid-body motions of the asymmetric 
sulfur + chlorophenyl group, obtained for each con- 
secutive cell can be considered along the continuous 
variable v = q.! (mod. 1) as individual points of the 
associated rotational and translational modulation 
functions. Hence, these values can be fitted to the 
functions: 

R,~ = R~ cos [27r(q.ro + v + q~)] 

+ RE COS [2rr(2q.r0 + 2v + ~o2)] 

T,~ = T~ cos [27r(q.ro + v + r/~)] 

+ T] cos [2rr(2q.ro + 2v + r/Z)] (6) 

with a = x, y, z, and r0 being the centre of mass of 
the complete (average) DCBPS molecule. (R]/T~) 
and (q~/r/~,), n = 1, 2, are then the first- and second- 
harmonic amplitudes and phases, respectively, of the 
rotational and translational modulation functions 
that describe the motion of the symmetry-indepen- 
dent chlorophenyl group. The results of the fitting 
process are summarized in Table 6(a) and Fig. 4. 

As the first harmonic of the sulfur displacement 
along the b axis is forced to be zero by the super- 
space symmetry [see (4)], a non-zero amplitude of 
the modulation Ty in the fitting process would imply 
deformation of the bonded structure of the molecule. 
The value obtained for the amplitude of Ty is indeed 
very small (see Table 6a) and confirms the validity of 
the present semi-rigid model of the DCBPS molecule; 
its value of 0.02 ,~ can be considered an estimation 
of the magnitude of the error and noise in the fitting 
process. 

A more physical picture of structural distortion in 
the modulated phase can be obtained if the global 
rotation-translation, given by the modulation func- 
tions R~(v), Ry(v) and R~(v), Tx(v) and T~(v), is 
described in terms of its components along the 
natural axes of the molecule indicated in Fig. l(a). 
These are labelled in the following way: 1 for the line 
through atoms S--C(1)--C(4)--C1, 2 for the axis 
perpendicular to the C(1)--S--C'(1)  plane, 3 for the 
line perpendicular to 2 and the y axis (see Fig. 1). 

Transformation of the rotational-translational 
modulation to the new axes is summarized in Table 
6(b). Rotational modulation around axis 1 corre- 
sponds to modulation of the dihedral angle ~r, 
already calculated by other means and plotted in Fig. 
3(a). In this same figure, the modulation as given by 
the results of Table 6(b) is also plotted in order to 
show the agreement between the two methods. 

The structural modulation can be further analyzed 
in terms of frozen phonon modes. From the detected 

Table 6. Amplitudes and phases of the rotational and 
translational modulation functions of the C6C1S group 
describing the structural modulation in DCBPS, for 

two different reference systems 

In (a) subscripts a = x, y, z refer to crystallographic axes. Second harmonics 
for Tx and Tz are negligible. In (b) the components refer to the axes defined 
in the text and shown in Fig. 1. The values given in (b) represent the 
complex amplitudes of the nine symmetry modes described in Fig. 5, 
observed in the incommensurate structure of DCBPS. Rotations are given 
in °, translations in A and phases in 2rr units. 

(a) 
Rx 1.6 0.t9 0.4 0.40 
Ry 2.2 0.48 0.6 0.99 
Rz 4.3 0.68 0.8 0.65 
Tx 0.09 0.30 - 

Ty 0.02 0.44 0.01 0.62 
T, 0.28 0.05 - - 

(b) 
R~ 3.5 0.48 
R2 3.3 0.68 
R3 3.5 0.32 
R, 
T~ 0.14 0.95 
T2 0.26 0.07 
r ,  

0.6 0.78 
0.7 0.62 

_ 

0.7 0.10 

0.01 0.62 

extinction rule, or the corresponding superspace 
group, the symmetry of the order parameter of the 
phase transition can be identified (P~rez-Mato, 
Madariaga & Tello, 1984) as the irreducible rep- 
resentation A2 (antisymmetric for C2:.) of the space 
group I2/a, along the line A of the Brillouin zone 

- - ~ - ,  l • - . , • - - l • • . , • • - 
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2 R z  _ 
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~ - 2  
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- 4  

- 6  
0 . 0  0 . 2  0 .4  0 .6  0 .6  .0 

v 
(a) 

O 4  . . . . . .  ! 

T z  i 

"~ --N~- ~ 

& 
- 0 . 2  

- 0 . 4  ~, 
O.O 0 .2  0 4  0 8  0 8  i 0 

u 

(b) 
Fig.  4. (a) ,  (b) .  R o t a t i o n a l  a n d  t r a n s l a t i o n a l  m o d u l a t i o n s  r e su l t i ng  

f r o m  f i t t ing  o f  the  i n d i v i d u a l  a t o m i c  d i s p l a c e m e n t s  o f  the  
c h l o r o p h e n y l  g r o u p  p lus  S a t o m  to r i g i d - b o d y  m o t i o n s .  
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(Bradley & Cracknell, 1972). Indeed, the symmetry 
restrictions given by (3) between symmetry-related 
modulation functions, imply that the first harmonic 
of the modulation corresponds to a frozen A2 mode, 
while the second harmonic is a frozen mode of A~ 
symmetry. From (3), the structure of the possible 
symmetry modes participating in a mode of A2 or A] 
symmetry can be anticipated. A scheme of their 
polarization vectors is shown in Figs. 5(a) and 5(b). 
The calculated amplitudes and phases listed in Table 
6(b) represent, in fact, the complex amplitudes of 
these five A2 and four A~ symmetry modes, present in 
the first and second harmonic, respectively, of the 
observed modulation. It can be seen in Fig. 5(b) that 
the second-harmonic R2(A~) rotation represents one 
half of the variation of the bending angle @8 (no 

Symmet r y  modes  A 2 (1st  ha rmon i c )  

Translation T 2, T 3 

%,r2- ,,P .J~ 

Twist R 1 (n2) 

Rotations R 2, R 3 

(a) 

Symmetry modes A~ (2nd harmonic) 

Translation Ty Rotation Ry 

Twist R 1 (A1) Bend R 2 (A1) 

(b) 
Fig. 5. Scheme of the allowed A2 (a) and A~ (b) symmetry modes 

for the basic structure of DCBPS, within a rigid approximation 
of the chlorophenyl groups, whose amplitudes in the actual 
incommensurate structure of DCBPS are given in Table 6(b). 
The motion of the two molecules in the primitive unit cell are 
represented in a projection along the axis labelled 2 in Fig. 1. 
The figure indicates the relation between the amplitudes (A and 
B) of the motions in one molecule and its inversion-related one, 
when these are represented in the form Acos{2rr[q.(l+r~)+ ~0]} 
and Bcos{2rr[q.(I + ro 2) - ~o]}, respectively, where r~ and r~ are the 
centres of mass of the two molecules. Therefore, the actual 
phase shift between the motions of the two molecules is not in 
general 0 or 7r, but depends on the value of the phase ~p in one 
of them as given in Table 6(b). 

other mode distorts this angle). This explains the 
wavelength of the @B modulation observed in Fig. 
3(b). Indeed, the second-harmonic RE(AI) rotation 
doubled in amplitude, over the average value of @B, 
has been also drawn in Fig. 3(b), showing the coinci- 
dence between the two independent determinations. 

In the first harmonic, only the mode R](A2) (see 
Fig. 5a) distorts the DCBPS molecule and represents 
an internal molecular degree of freedom, while in the 
second harmonic, in addition to the R2(A]) mode, 
already mentioned above, a second R~(A~) causes a 
molecular distortion and is the origin of the 
anharmonicity of the @r modulation observed in 
Fig. 3(a). It is important to note that the Rl(A2) 
mode is the only one that breaks the local twofold 
symmetry of the molecules and the combination of 
modes RI(A2) and R](A]) means that in general the 
magnitudes of the twisting angles of the two chloro- 
phenyl groups in the same molecule are different. 

In summary, the results of Table 6(b) indicate that 
the structure of the order-parameter distortion is 
quite complex. Although it can be viewed to a good 
approximation as a distortion which keeps the 
bonded distances unchanged, it involves, with similar 
weights, all symmetry-allowed degrees of freedom 
within a semi-rigid representation of the molecule. 
The only intramolecular distortion participating in 
the order parameter represents a ~r out-of-phase 
twist of both chlorophenyl groups around their cor- 
responding S--C1 axes. The angle C(1)--S--C(I ' )  
only varies in the modulation as a consequence of a 
secondary distortion of different symmetry than that 
of the order parameter. 

The lattice-dynamics calculations reported by 
Saito, Kikuchi & Ikemoto (1992) for a simple force 
model seem to be in accordance with the present 
structural analysis. Although not indicated explicitly, 
the soft-phonon branch observed in the model seems 
to have A2 symmetry, consistent with the previous 
order-parameter identification. The eigenvector of 
the soft-mode is reported to have, apart from the 
RI(A2) twist mode, a significant translational and 
rotational component of the whole molecule, as 
observed in the frozen modulation. 

Although experimentally no lock-in phase transi- 
tion seems to occur as temperature is decreased, it 
may be of interest to predict the possible symmetry 
of the commensurate structure resulting from an 
eventual lock-in of the modulation wavevector at q 
= b*. A simple analysis of the irreducible representa- 
tion A 2 reduced at the point q = b* yields as possible 
space groups for the virtual lock-in phase: P2~/a, 
P2~/c or P21 depending on the direction taken by the 
order parameter. According to this analysis it is 
possible that a strong electric field applied along the 
monoclinic axis could be enough to stabilize a polar 
P2] phase at q = b*. 
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