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Abstract

The structure of the incommensurate phase of
bis(tetramethylammonium) tetrabromocuprate(Il),
[N(CH;),;].CuBr,, has been determined at 248 K in
the superspace group P(Pmcn):(s11). Intensities
including main and first-order satellites were used in
the refinement of several models. The best results
were obtained using both displacive and occupa-
tional probability modulations in the harmonic
approximation. Convergence of the refinement pro-
cess was only possible by means of soft restrictions
for the interatomic distances. The corresponding
final agreement factors are R = 0-054, R, = 0-046 and
R, =0-092 for all, main and satellite reflections
respectively. This model suggests the presence of an
important degree of disorder in the incommensurate
phase. The reliability of the model has been con-
firmed by comparison between the extrapolated com-
mensurate distortion and the lock-in structure. A
comparison with the structure of [P(CH;),),CuBr, at
293K is also reported. Crystal data of the average
structure: M, = 531-45, orthorhombic, Pmcn, a=
9-331 (1), b=15708(2), c=12-598(3)A, V=
1846:5(9) A3, Z=4, D, =191 Mgm™?, A(Mo Ka)
=0-7107 A, p =10-31 mm ™", F(000) = 1020, wave-
vector q = 0-604 (3)b*.

Introduction

[N(CH;),],CuBr, is unique compared with the
bis(tetramethylammonium) tetrabromometallates
{{N(CH;),].MBr,, M = Zn, Co and Mn} reported to
date (Gesi, 1982, 1983; Hasebe, Mashiyama &
Tanisaki, 1985; Asahi, Hasebe & Gesi, 1988), mainly
owing to the presence in its phase-transition scheme
of an incommensurate (IC) phase, followed by a
ferroelectric commensurate (lock-in) phase. The
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transition temperatures (on cooling) together with
the space groups for the normal (N) and the lock-in
(F) structures and the modulation wavevectors of the
incommensurate and lock-in phases (Lopez-Echarri,
Ruiz-Larrea & Tello, 1989; Trouelan, Lefebvre &
Derollez, 1984; Hasebe, Mashiyama & Tanisaki,
1985) are indicated below.
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The most important difference between this com-
pound and the majority of tetramethylammonium
tetrahalogenometallate crystals studied up to now is
that the modulation direction is along b* rather than
¢* (in the same setting of reciprocal axes).

The structure of the normal phase shows
unusually large values for the thermal parameters.
This fact suggests the presence of orientational
disorder (Trouelan, Lefebvre & Derollez, 1984).
Consequently, Hasebe, Mashiyama & Tanisaki
(1985) have proposed a structural model in which the
atoms are split with respect to the {c,];00} plane.
Although this model does not produce any improve-
ment in the R-factor value, it can be justified within
the analysis of the atomic mean-square amplitudes of
thermal vibration, performed at several temperatures
for the inorganic tetrahedron.

On the other hand, the twofold (along b) lock-in
structure (Hasebe, Mashiyama & Tanisaki, 1985)
seems to be perfectly ordered. As a second structural
characteristic, common to both structures, it is worth
noting the presence of an important Jahn-Teller
distortion of the [CuBr,]*~ ions (Trouelan, Lefebvre
& Derollez, 1984; Hasebe, Mashiyama & Tanisaki,
1985), which is also present in [N(CHj;),],CuCl,
(Clay, Murray-Rust & Murray-Rust, 1975).

The presence of orientational disorder has also
been pointed out as a result of specific heat measure-
ments (Lopez-Echarri, Ruiz-Larrea & Tello, 1989).
The analysis of thermodynamic functions shows that
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complete ordering should take place in the phase
transition, which relates the lock-in phase te the next
monoclinic ferroelastic structure at lower tempera-
ture. This suggests the existence of a decreasing, but
important, amount of disorder in the incommen-
surate structure.

If these arguments are taken into account, it is
then necessary from a structural point of view to
allow for modulation of the atomic occupational
probability together with the more usual positional
descriptors of incommensurate structures. Such a
mixed model has never been used in incommensurate
structure determinations of A,BX,; compounds
although the order—disorder character of the
normal-incommensurate phase transition has been
claimed for several members of this family.

In this work we present a model for the incom-
mensurate structure of [N(CHj),;]),CuBr, which
includes mixed (positional and occupational) modu-
lation. Its reliability is checked by comparison of the
commensurate distortion of the lock-in phase for this
compound and for the isomorphous [P(CH;),],Cu-
Br, at room temperature (Madariaga, Alberdi &
Zudiga, 1990) with the corresponding extrapolated
distortion from the refined incommensurate
structure.

Experimental

Dark-violet single crystals of [N(CH5),],CuBr, suit-
able for X-ray measurements were obtained by slow
evaporation at 298 K of an aqueous solution of
N(CH;),Br and CuCl, in stoichiometric proportions.

A set of precession photographs were taken at
several temperatures within the incommensurate
phase, in order to determine the best conditions for
data collection. Temperature control was performed
using an open N,-flow cryostat (Cosier & Glazer,
1986). Temperature stability was +0-2 K during the
complete experiment. The photographs showed
orthorhombic symmetry, and a significant number of
first-order satellites could be identified. The
systematic absences detected for the main reflections
were compatible with space group Pmcn. A careful
investigation of the (4,k,0,1) reflections allowed the
determination of the approximate (in the sense that
no higher-order satellites were observed) extinction
rules:

h+k=o0dd
m=odd

hkOm (m=>0)
0kOm (k=o0dd)
the second rule being a special case of the more
general systematic absence:
0kim m=o0dd

which indicates the existence of a {axH,0,0,%} mirror
plane in the superspace group. At this point, given
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Table 1. Summary of crystal data and data-collection

parameters
Crystal form Polyhedral
Crystal size (mm) 0-12 x0-19 x0-18
Temperature 248-0 2) K
Reflections for lattice-parameters 19 (95<6<27°)
refinement
Cell parameters (A) a=9331(1)
b=15708 (2)
¢ =12-598 (3)
(SINB/AYmax (A ™) (hKIO) 0-704
(SIN6/ A )max (A ') (hkirm) 0-364
Check reflections 3 main reflections
hk,1,0 limits (0-13 £22 =17)
hk,Lm limits (£60-100-9 1)
Scan width (%) 065 + 0-34tan6
Scan speed (° min ') 0-72-8-25
Measured reflections
Total 13199
Main 11452
First satellite 1747
Independent reflections
Main (observed 7 > 30) 2827 (571)
Satellite (observed 7 > 3¢0) 654 (270)
Ri without absorption correction 0-147
Ri, with absorption correction 0111
Transmission (max./min.) 0-3510/0-1814
Weights Unit weights and 1/0*(F)
Max. shift/e.s.d. 0-67

the observed wavevector (q = 0-6b*), the superspace
group P(Pmcn):(sT1) (de Wolff, Janssen & Janner,
1981) was assumed.

Crystal data and data-collection parameters are
summarized in Table 1. A more accurate wavevector
value, q = 0-604 (3)b*, was obtained from the profile
of scanned satellite reflections along b*. Intensities
were collected in the following sequence: first, main
reflections and then satellites in the order (h,k,/, = m).
Gaussian absorption correction and internal scaling
were carried out using a local version of the program
system XRAY72 (Stewart, Kruger, Ammon,
Dickinson & Hall, 1972) modified for one-
dimensionally modulated structures. Lorentz and
polarization corrections were performed during
refinement with the program MSR (Paciorek &
Kucharczyk, 1985; Paciorek & Uszynski, 1987) and
will be described in a subsequent section.

Symmetry and description of the incommensurate
phase

As already indicated, the superspace group of the
incommensurate phase of [N(CH,),),CuBr, is
P(Pmcn):(s11). The elements of this group (obviating
superspace translations) are given in Table 2. The
operations are indicated in the form {R|t,7}, where R
is the rotational operation, t the fractional transla-
tion and 7 the shift along the internal space
(Yamamoto, 1982; Pérez-Mato, Madariaga, Zaniga
& Garcia-Arribas, 1987). As can be seen in the table,
the internal translation 7 depends in general on the
value of the modulation wavevector and on the
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Table 2. Representative elements of the superspace
group P(Pmcn):(s11) with q = ab*

{£10,0,0,0} {10,0,0,9/ 7}

{Col3.0.0, 7 + 1} {043.0.0,3}
{C310,2,2,— /2 + 3} {0,10,3,2,— a’2 + Pl + 3}
{Culds —al2 + i} {o.ihii,—al2}

Generators of the superlattice

(E11000}  {E0,1.0,—a}  {E00,1,0}  {£00,0,0,1}

arbitrary choice of origin along the internal space
which is fixed by the value assigned to the global
phase @ in Table 2 (in this work @ was set to zero).

The extinction rules resulting from the elements of
this superspace group can be easily deduced (Janner
& Janssen, 1980) and summarized as follows:

Okim m=o0dd
h0I0 I=o0dd
hkOm h+k=odd.

These extinction rules include as subcases those
resulting from the other operations and are caused
by the symmetry operations {c,|3,0,03},
{Uy|0,§',z',—a/2+§1} and {02[5,%,%,—a/2} respectively.
As can be seen these systematic absences were found
in the precession photographs. The collected reflec-
tions also satisfy these extinction conditions.

The modulated structure of [N(CHj;),],CuBr, will
be described, in its most general form, by two
different modulated parameters. On the one hand the
atomic position of atom g in cell I can be written in
the form:

rLu)=1+r% + 32wt exp[2mnq.(+r2)] (1)

where rf, is the position of the atom in the average
structure and the amplitudes u# satisfy u¥ = u*},.

On the other hand when a disordered (or mixed)
model is assumed, it is also necessary to consider the
modulation of the atomic occupation probability in
the form:

PQLp)= P&+, Prexp[2mnq.A+14)],  (2)

P%, being the occupational probability for atom u in
the average structure and P¥ = P*,.

If two atoms u, v are related in the average
structure by the symmetry operation {R|t} ({R]t,7}
being an operation of the superspace group) the
Fourier vectorial amplitudes u%, u, and the scalar
ones P4, P, are related by (Pérez-Mato, Madariaga,
Ziniga & Garcia-Arribas, 1987):

U, =R ufg),eXp(—i2mnto)

3
P, = P¥ ry,exp( —i2mno) 4

where I(R)= =1 if Rg= =q and 7, = 7+ q.t.
In the superspace group P(Pmcn):(s11) there are
symmetry restrictions on the atomic parameters of

[N(CHj;)4),CuBr,

atoms lying on the phase glide plane {¢,|3,0,0,3}. In
this type of compound, such special positions are
normally occupied by the central and two peripheral
atoms of both the inorganic and the organic tetra-
hedra. As will be shown, one of the refined models
corresponds to this atomic configuration. In this case
expression (3) is rewritten in the form:
oo

un.x =\~ 1)”+ lur‘:’.x
U= (- 1)"“5.(”)
which implies that

uy =0 n=even

u,’,‘_(_,_z) = 0 n= Odd.

Obviously for this model P% =1 and P¥ =0 for
every n.

Structure refinement

The average structure was previously refined with the
XRAYT2 system using only the main reflections.
Starting from the atomic positions at room tempera-
ture published by Trouelan, Lefebvre & Derollez
(1984) the refinement process was continuously
divergent after several isotropic cycles. The model
obtained showed an atomic disposition in which
almost all the interatomic distances were physically
unreasonable. In general, this behaviour is associated
with an insufficient number of observations per
refined parameter. This problem was solved when
soft restrictions for the Cu—Br and N—C inter-
atomic distances together with the structure factors
were used as ‘observed’ quantities. After several
anisotropic cycles the refinement converged to an R
value of 0-065.

The analysis of the atomic thermal ellipsoids
suggested the presence of orientational disorder.
Therefore all atoms were split into two symmetric
positions with respect to the o, mirror plane. After
anisotropic refinement of this model the R factor
reached a value of 0-043. In the last cycles an aniso-
tropic extinction correction was included. Any
attempt to reduce the number of positional param-
eters (partially splitting the structure) failed.

Refinement of the incommensurate structure was
carried out with the program MSR (Paciorek &
Kucharczyk, 1985; Paciorek & Uszynski, 1987)
using, as variables for the atomic modulation func-
tions, the moduli and phases of the Fourier ampli-
tudes (Zuniga, Madariaga, Paciorek, Pérez-Mato,
Ezpeleta & Etxebarria, 1989) in the expansion:

U (t) = 2 ps oAl gcos[2m(nt + %)) (a=x, y, 2) (5)

PH(t)= 2., o Pt cos[2m(nt + )] (6)
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where 1 is the internal coordinate, ranging from 0 to
1, which corresponds to the dense set of fractional
values q.(1+r%) in (1) and (2). The parametrization
was chosen because of its flexibility when linear
relationships between phases are required. The
infinite series (5) and (6) were restricted to the first
harmonic as only first-order satellites were observed.

Refinements were based on |F| and performed in
the full-matrix mode, initially with unit weights. In
every cycle a common scale factor for main and
satellite reflections as well as an isotropic extinction
correction, described in Zuiliga, Madariaga,
Paciorek, Pérez-Mato, Ezpeleta & Etxebarria (1989)
were refined. The scattering factors for neutral atoms
and the anomalous-dispersion correction were taken
from International Tables for X-ray Crystallography
(1974). Plots of the structures were prepared using
the programs STRUPLO (Fischer, 1985) and
SCHAKAL88 (Keller, 1989). Two reflections
(11,1,4,0 and 1,3,4,1), with intensities above but
close to the observability threshold, were marked as
unobserved during all refinement processes.

Four models of increasing complexity were tried.
In model I, average positions of Cu and N atoms
together with two Br and two C atoms were fixed in
the {o,]3003} plane. The refined parameters in the last
cycles were the remaining average coordinates, the
moduli and phases of the first harmonic in (5), and
the anisotropic thermal parameters for the Cu and
Br atoms. The interatomic distances calculated as a
function of the internal coordinate z showed quite
reasonable values for the Cu—Br and N—C bonds.
However, considerable distortion of the organic
tetrahedra was evident from analysis of the C—C
distances. It was clearly a Jahn-Teller distortion in
the [CuBr,]?~ ion, also observed in both the normal
and lock-in phases (Trouelan, Lefebvre & Derollez,
1984; Hasebe, Mashiyama & Tanisaki, 1985). The
use of anisotropic thermal parameters for all the
atoms (model II) did not introduce any important
change in the R factors.

Nevertheless, the thermal parameters again
indicated the possibility of disorder in the incom-
mensurate phase. Therefore, after the first refinement
of the average structure, the atoms were split with
respect to the o, plane with a restricted homo-
geneous occupation probability equal to 0-5 (model
III). Anisotropic thermal parameters were allowed
only for the inorganic tetrahedron, in order to keep a
reasonable ratio between the number of observations
and the number of refined parameters. However, to
achieve convergence of this refinement, implementa-
tion of soft restrictions for interatomic distances
(Paciorek, Madariaga & Zbiiga, 1990) and con-
straint of all the possible Cu—Br, Br—Br, N—C and
C—C distances were required. The decrease in the
atomic thermal parameters (by more than 30% for
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Table 3. R factors and goodness of fit (S) for the
analyzed models

R (WR), Ry (wRy), R, (wR)) are the R factors (weighted R factors) for all,
main and satellite reflections, respectively. N is the number of refined
parameters. PF refers to the use of a penalty function for interatomic
distances in the corresponding model. wR/wR'" is the weighted R ratio used
in the Hamilton test (see text).

R R R
Model  PF N wR wRy wR, wRIWRY S

1 No 91 0076 0-065 0135 1-4355 600
0-089 0-081 0148

11 No 119 0-072 0-061 0128 1-3387 573
0083 0-075 0141

11 Yes 177 0-056 0-048 0097 10323 451
0-064 0-058 0107

v Yes 183 0-054 0046 0092 1-0000 438
0-062 0-057 0-100

some atoms) seems to confirm the presence of
orientational disorder.

On the other hand in an incommensurate phase
there is no reason to restrict the atomic occupational
probability to the zeroth-order harmonic. For this
reason the modulus and phase of the first harmonic
component of expansion (6) were included in the
refinement (model IV). From physical considerations
only one complex amplitude per tetrahedron was
considered. Thus, expression (6) was rewritten as
follows:

P*(1) = P“*cos[2m(t + ¥*)]
with
Y= g g - i)

where the index c.a. refers to the parameters of the
central atom of the tetrahedron to which the atom u
belongs. In this way, in each basic cell the occupa-
tional probability is the same for all atomic positions
corresponding to a given tetrahedron.

At this stage of the process, 12 strong main reflec-
tions were found to be inconsistent with any tried
model, showing high AF values, not caused by
extinction. Several of them were axial (4,0,0,0)
reflections. As unit weights tend at most to reduce
the differences between F, and F,, these reflections
strongly conditioned the atomic x coordinates. This
fact could be evidenced when a separate scale factor
was allowed for these reflections. Nevertheless this
artificial scale factor could not be justified when a
check of the peak-profile quality was performed.

For this reason the refinements were repeated but
using 1/0*(F) weighting and, therefore, reducing the
importance of this set of reflections. With respect to
the first weighting scheme, only small variations in R
factors were found, although the goodness of fit
increased to unusually large values (see Table 3).
This fact indicates that standard deviations based on
counting statistics are underestimated and/or the
ratio between the number of observations and the
number of parameters is near the lower limit in a
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statistical sense. However, in spite of its questionable
meaning, the decreasing goodness of fit in successive
models suggests that the parallel reduction of R
values could be significant. This point was checked
by performing a Hamilton test (Hamilton, 1965) in
which model IV was considered as unrestrained. In
all cases this model was supported at a significance
level higher than 99-5%.

Strictly speaking, this test cannot be applied
directly to models which contain slack constraints
(Pawley, 1972) but here the ratio between the
number of observations and the number of slack
constraints is high enough to disregard a more
_sophisticated model.

All refinements were carried out with a very small
damping factor in order to avoid divergence. An
analysis of the correlation matrix for the last model
showed a complicated scheme of parameter interac-
tions. It is remarkable for the strong correlations
(both direct and through the amplitude of the dis-
placement field along the a axis) between the x
coordinates, the temperature-tensor elements 8,, and
the occupational probability amplitude for the atoms
[Cu, Br(1) and Br(3)] lying near the {c,]3,0,0,3} plane.

Finally, a separate scale factor for satellites was
refined, since a different behaviour for their
intensities during the data collection could be
expected as they had been measured after the main
reflections (Zuniga, Madariaga, Paciorek, Pérez-
Mato, Ezpeleta & Etxebarria, 1989). Although the
refinement showed a remarkable decrease in R
factors for satellites, the values for both the second
scale factor and the amplitudes of the displacive
modulation (doubled for some atoms) were physi-
cally unreasonable. Probably, these meaningless
values cover systematic errors caused either by
uncorrected absorption or deviations in the internal
scaling satellites.

Therefore in the next section we shall discuss
model 1V, which is considered to be the best one. In
Table 3 the final R factors are listed together with the
goodness of fit for each refined model. The average
structure and the modulation parameters of model
IV are presented in Tables 4, 5 and 6.* A projection
along [001] of the average structure is shown in
Fig. 1.

Discussion

As can be seen in Table 5, the rather high values of
the occupational probability amplitudes indicate a

* Lists of structure factors and anisotropic atomic displacement
parameters have been deposited with the British Library Docu-
ment Supply Centre as Supplementary Publication No. SUP
53129 (8 pp.). Copies may be obtained through The Technical
Editor, International Union of Crystallography, 5 Abbey Square,
Chester CH1 2HU, England.

[N(CH3),],CuBr,

Table 4. Average coordinates and equivalent atomic
displacement parameters (A?x 10%) of the incommen-
surate phase of [N(CH;),],CuBr,

Estimated standard deviations of the last significant digits are
given in parentheses. U, = 12,5, U, ,a*a*a, .a,.

x y z U (or Uy)
Cu 0-2559 (8) 0-4060 (2) 0-2377 (3) 62 (1)
Br(1) 0-2682 (9) 0-3755 (3) 0-0540 (3) 8-8 (1)
Br(2) 0-0190 (6) 0-3616 (5) 0-2804 (5) 11-8 (2)
Br(3) 0-2719 (9) 0-5409 (2) 0-3216 (3) 10-0 (2)
Br(4) 0-4690 (6) 0-3419 (4) 0-2976 (5) 10-0 (2)
N(1) 0-237 (4) 0-098 (1) 0-135 (1) 64 (5)
C(11) 0-291 (4) 0112 (2) 0-243 (2) 9(1)
C(12) 0-115 (4) 0-149 (2) 0-109 (3) 8 (2)
C(13) 0-217 (4) 0-008 (1) 0122 (3) 8 (1)
C(14) 0-357 (4) 0-119 (2) 0-061 (3) 7(1)
N@2) 0-249 (5) 0-667 (1) 0-005 (1) 6:3(5)
c@2n 0279 (4) 0-743 (1) —0-062 (2) 6:5(9)
C(22) 0-147 (3) 0-671 (2) 0-089 (3) 6 (1)
C(23) 0-214 (4) 0-595 (1) —0-063 (2) 7(1)
C(24) 0-390 (4) 0-645 (2) 0-051 (3) 9(1)

Table 5. Moduli (x10%) and phases (/27) of the
displacive modulation functions for each atom

Estimated standard deviations of the last significant digits are given in

parentheses.
A, @, A, @ A. @:

Cu 145 (7) 0-371 (7} 42(5) 091 (4) 89 (7 -0:05(2)
Br(1) 270 (9) 0-285 (5) 16 () 052 (9) 104 (6) -0-02 (1)
Br(2) 127 (7) 0-404 (9) 66 (8) 078(2) 162 (8) 0-875 (9)
Br(3) 160 (10) 0-44 (1) 72(5) =017 30 (13) 004 (4)
Br(4) 112 (8) 0-43 (1) 86 (6) 0-01 (1) 143 (8) 0-100 (9)
N(1) 35(35) 0-2(2) 51 (40) —-0-3 (1) 47 (46) 0-0(2)
C(ny 285 (66) 062 (4) 203 (32) 032 (4) 120 (37) 0-00 (5)
C(12) 228 (49) 044 (3) 245(30) 054 (3) 234 (48)  075(3)
C(13) 443 (60) 0-05 (2) 83 (29) 070 (6) 323 (38) 0-35(3)
C(14) 202 (48)  0-19 (4) 294 (29)  0:861(2) 238 (40) 004 (3)
N(2) 65 (37) 007 (9) 72(34) -007(9) 68 (47) 03 (1)
C@2n 55(50) -0-1(2) 89 (25) 0-32 (6} 303 (32) 033 (3)
C(22) 346 (50) 0-10 (2) 321 (28) 094 (2) 214 (37) 0:16 (3)
C(23) 368 (65) 066 (3) 122 (28) 032 (4) 236 (36) 0-98 (3)
C(24) 172 (47) 012 (4) 195 (36) 076 (3) 236 (45) 0-62 (3)

Table 6. Moduli (% 10%) and phases (/27) of the
occupational modulation functions for each
tetrahedron

Estimated standard deviations of the last significant digits are
given in parentheses.

Tetrahedron P o
CuBr, 397 (11) 0-392 (6)
(NCy), 216 (42) - 0047 (33)
(NC.), 208 (48) 0-132 (27)
Br2 _ B4 _Br2 b
N, Brd:
a \S |
Br3 o X B :
,;_l L Brl\.’!@— B3y, N2 i
b s =l s
§?3 N1‘§'\B"\1 B/yj/,m u \B/’3 N2 N2 ‘
X Bra A Bri. gra <92 !
- A 1 < .
Br r4 Br4 \JBVZ .\'1\\314 -
v Nt
o PR MR g N el
— — —_— |
N2 ¥ [N o CU
N2 N2 gy ”Nﬁ;\“ BrAZANT “373
\ ¢
a S B4 D w
Br2 Br4 ._évz

Fig. 1. Projection of the average structure of [N(CH,),],CuBr, on
to the ab plane. C atoms have been omitted for clarity.
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progressive ordering from the basic structure to the
lock-in phase. The amplitudes of the inorganic group
are twice as large as those corresponding to the
tetramethylammonium tetrahedra, which are equal
within their standard deviations. This result suggests,
as can be expected in this kind of compound, a
higher degree of ordering for the inorganic groups.
On the other hand (see Fig. 2) the occupational
probability wave, corresponding to the organic tetra-
hedron labelled N,C, is in antiphase (for this choice
of the asymmetric unit) with the probability waves of
the other two groups.

Interatomic distances and bond angles are listed in
Tables 7 and 8. The distance variation in the incom-
mensurate structure is (for distances involving the
central atomic site and the corners of each tetra-
hedron), less than 0-1 A. Of course this is, in part, a
consequence of the refinement strategy. More impor-
tant distance variations appear in C—C bonds (see
Table 8) but in any case these are higher than 0-23 A
[C(11)—C(14) interatomic distance]. Table 8 also
shows the Jahn-Teller distortion of the CuBr, tetra-
hedron.

Recently, Puget, Jannin, Perret, Godefroy &
Godefroy (1989) have examined systematically the
distortion of the inorganic tetrahedra within the
A,BX, family. The deformation has been charac-
terized by means of two angles, § and 2¢. For
compounds with Cu ions, the mean values of 6 and
2¢ are 91-41 and 69-80° respectively. In the present
case 6 is the angle between the plane Br(2)Br(4)Br(1)
and the plane Br(2)Br(4)Br(3), 2¢ being the angle
between the Br(1)Br(2) and Br(1)Br(4) lines. In the
incommensurate phase both angles are periodic func-
tions of the internal coordinate ¢, and their values
oscillate (see Fig. 3) around an average value of 6 =
90-33 and 2¢ = 69-99°. This result reinforces in part
the validity of the model since it could not be forced
by the soft constraints of interatomic distances.
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Fig. 2. Occupational probability for each tetrahedron, as a
function of internal coordinate.
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Table 7. Interatomic distances (A) in the

incommensurate phase of [N(CH,),],CuBr,

Driny Diax and D,, are the minimum, maximum and average
values of the modulated distances, respectively. 4 is the difference
between the extremal distances. Estimated standard deviations of
the last significant digits are given in parentheses.

Dmm Dmax A DHV
Cu—Br(1) 2367(4) 238 (1) 0013 2:37(1)
Cu—Br(2) 2369 (9)  239(1) 0-021 238 (1)
Cu—Br(3) 237 (1) 238 (1) 001 238 (1)
Cu—Br(4) 2:35 (1) 2:36 (1) 001 236 (1)
N()—C(11) 1-47 (2) 1-52 (6) 0-05 1-50 (6)
N(1)—C(12) 1-43 (3) 1-49 (6) 006 1-47 (6)
N(1)—C(13) 143 (2) 1:53 (6) 01 149 (6)
N(1)—C(14) 1-49 (6) 1-57 (6) 008 1-54 (6)
N@)—C21) 1-48 (6) 1:55 (5) 007 1:51 (6)
N)—C(22) 1-42 (3) 1-49 (6) 007 1-47 (6)
N@2)—C(23) 1-46 (2) 1-53 (6) 007 1-52 (6)
N(@2)}—C(24) 1-47 (6) 1-57 (6) 01 1-52 (6)

Table 8. Bond angles (°) in the incommensurate phase
of [N(CH,),],CuBr,

@miny ®max and a,, are the minimum, maximum and average
values of the modulated bond angles, respectively. 4 is the
difference between the extremal values. Estimated standard
deviations of the last significant digits are given in parentheses.

Qrmin rnax 4 Ay

Br(1)—Cu—Br(2) 101-1 (6) 102+6 (6) 1-5 1019 (6)
Br(1)—Cu—Br(3) 127-3 (8) 1285 (9) 12 1279 (8)
Br(1)—Cu—Br(4) 100-1 (6) 101-3 (6) 12 100-7 (6)
Br(2)—Cu—Br(3) 102-2 (6) 103-3 (6) 11 1027 (6)
Br(2)—Cu—Br(4) 1252 (6) 126:9 (7) 17 126:0 (6)
Br(3)—Cu—Br(4) 100-2 (6) 101-0 (5) 0-8 100-7 (6)
C(11)—N1)—C(12) 107 (5) 118 (6) 11 112 (6)
C(11)—N(1)—C(13) 103 (5) 114 (6) 11 107 (5)
C(11)—N(1)—C(14) 104 (5) 111 (5) 7 108 (5)
C(12)—N(1)—C(13) 113 (5) 118 (6) 5 116 (6)
C(12)—N(1)—C(14) 103 (5) 118 (5) 15 110 (5)
C(13)—N(1)—C(14) 99 (5) 107 (5) 8 103 (5)
C(21Y—N(2)—C(22) 118 (6) 124 (6) 6 121 (6)
CQ21y—N@2)—C(23) 106 (5) 111 (5) 5 109 (5)
C(21y—N(2)—C(24) 100 (5) 107 (5) 7 103 (5)
C(22)—N(2)—C(23) 108 (5) 111 (5) 3 110 (5)
C(22)—N(2)—C(24) 105 (5) 111 (5) 6 108 (5)
C(23y—N(2)—C(24) 102 (5) 108 (5) 6 105 (5)

@ Br2 "

Br

i
L
[} 02 04 06 08 1

Fig. 3. Plot of # and 2¢ angles (°) along the internal coordinate.
The tetrahedron indicates the labelling of the atoms used in the
definition (see text) of such angles.
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Table 9. Amplitudes and phases (/27) of the

modulation functions corresponding to the fitted

rigid-body model of the modulated structure of
[N(CH,),].CuBr,

The rotational (R) and translational (7) amplitudes are given in
sexagesimal degrees and relative units. D is the agreement factor, described
in the text.

R(I)

Group Direction R® T® Xan ™™ X
CuBr x 0 0-0068 -—2-387 -0-078 -0-0138 -0132
y -3-169 0 -3-512 0-215 0-0043 =-0111
z —4-685 0 1976 0-109 0-0089 -0-037
DW=0-12 D™M=007
(NC), X 0 -00067 16751 -0-174 0-0020 0-0794
y 15-897 0 -10208 0137 —00061 0-140
z - 10-395 0 15-425 —-0-007 0-0075 0-070
DW=012 D =012
(NC), x 0 00014 —16364 ~0-134 0-0051 0-040
y 10-096 0 14-450 0-109 0-0064 —-0-083
z —12:815 0 -9-940 0090 -0-0048 -0-188
D®=022 D"=009

The small variations of interatomic distances and
bond angles in the incommensurate structure, at least
for the inorganic tetrahedron, permit the fitting of
the incommensurate displacive distortion to rigid-
body rotations and translations, which can be
expressed in the form:

R.()=RY+ Ry cos[2m(1 + x%))] (a=x, y, 2)

and similarly for rigid translations. The zeroth-order
harmonic corresponds to movement from an ideal
average structure, in which three atoms of each
tetrahedra lie in the o, mirror plane, to the refined
average positions. First-order harmonics have been
calculated from atomic displacive amplitudes.
Results of the fitting to rigid displacements are given
in Table 9. The agreement between the observed
atomic displacements (d,) and those obtained from
the rigid-body model (d_,) is measured by the index
D =[3(d.a; — dops)?/ > d%,s]"2. These agreement factors
have rather good values even for the organic tctra-
hedra (with the exception of the homogeneous dis-
placement in the N,C group). Rotational and
translational modulation functions are presented in
Figs. 4 and 5. These show the antiphase relationships
present in the rigid rotations corresponding to the
organic tetrahedra, whereas the CuBr, rotations are
in phase with one of the NC, groups. For rigid
translations this type of phase relationship remains
but the comparison is less clear.

A very good test of the reliability of the refined
model consists of calculation of the lock-in distortion
and a further comparison with the structure, if it is
known. This is possible because for at least some of
the A,BX, compounds (Pérez-Mato, Gaztelua,
Madariaga & Tello, 1986, Madariaga, Zuiiga, Pérez-
Mato & Tello, 1987) the wavevector becomes com-

[N(CH3),],CuBr,

mensurate at the lock-in transition point and the
global phase of the modulation @ is restricted to
definite values, whereas the complex amplitudes of
the modulation remain unchanged, excluding their
normal temperature dependence.

On the other hand, the commensurate space
groups corresponding to the superspace group
P(Pmcn):(sT1) have been derived for all possible
values of @ and q (Pérez-Mato, 1988). The space

S CuBr _ i
: - NIC . N
. R Nee H
\ . A
N 1
L e — :
IS T \ -
o
F\/ .. ‘\’
o J
- d
14 1
U S _
0 02 04 06 08 1
t
(a)
T ™
r
S L -
&
|
CuBr i
NIC o]
N2C 1
oL J
g* |
1
1
i
ot T |
/ \ ~
. — //
o . . R
‘o 0.2 04 06 08 1
‘
(b)
CuBr ..
NIC oLl N
) e o
Y]
: 4
q
& o 1

. L .-
0 02 04 06 08 1

t

(c)

Fig. 4. Rotational modulation functions (a) R., (b) R, and (c) R.
(°) versus the internal coordinate /.
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groups deduced for a wavevector q = 0-5b* can be
summarized as follows:

D==x7/4  Pbc2,
— q=0-5p*
P(Pmcn):(s11)—————> ®=0 P2,/b11
@d=arbitrary Pbl1
value

Therefore the lock-in distortion of [N(CH,),],Cu-
Br, will be characterized by a wavevector q = 0-5b*
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Fig. 5. Translational modulation functions (a) T, (b) T, and (¢) T,
in relative units, along the internal coordinate 1.
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Table 10. Atomic coordinates of the central atom of

each tetrahedron in the lock-in phase and in phase 11

of [P(CH,),],CuBr, atr 293 K, together with the

corresponding coordinates extrapolated from the

incommensurate distortion with the highest occupa-
tional probability

The atom notation and number of significant digits were chosen according
to the published structures.

(a) Lock-in structure

Hasebe, Mashiyama Extrapolated

& Tanisaki (1985)

structure

X y z X y z
Cu(l) 0-2439 0-2011 0-2378 0-2395 0-2028 0-2395
Cu(2) 0-7297 02978 07692 0-7304 02991 0-7710
N(1) 0244 0-050 0-135 0234 0-050 0-138
N(2) 0-259 0-417 0-509 0-255 0-414 0-506
NQ3) 0755 0-452 0-863 0-739 0-453 0-862
N4) 0-740 0-083 0-496 0-750 0-081 0-488
(b) [P(CH3;),],CuBr, structure

Madariaga, Alberdi Extrapolated
& Zuiiiga (1990) structure

X y z X y z
Cu(l) 0-2156 019563 0-2208 02312 0-20140 0-2329
Cu(2) 0-7702 0-44474 0-2753 0-7624 0-45165 0-2697
P(l) 0-2442 0-2096 0-6162 0-2593 0-2035 0-6348
P(2) 0-2432 0-3264 0-0178 0-2460 0-3337 0-0104
P(3) 02476 0-0425 0-1201 0-2366 0-0483 0-1394
P(4) 0-2457 0-4237 0-5193 0-2525 0-4140 0-5009

and a global phase of — /4 if the same origin as
that used by Hasebe, Mashiyama & Tanisaki (1985)
is desired. Using the incommensurate amplitudes (see
Tables 5 and 6) and always choosing the configura-
tion with the highest occupational probability, it is
possible to extrapolate the lock-in distortion. Partial
results for the central atom of each tetrahedron are
given in Table 10(a).

Although the results are quite good, some discrep-
ancies arise with respect to the peripheral atoms.
However, direct atom-by-atom comparison with the
lock-in structure (Hasebe, Mashiyama & Tanisaki,
1985) is not possible because the refined positions
have not been constrained by any kind of penalty
functions and the tetrahedra appear to be more
distorted than in the present work. Nevertheless the
result is further supported when the refined and the
extrapolated structures are compared globally [see
Figs. 6(a) and 6(b)].

Moreover, the same incommensurate distortion
has been compared with the twofold (along b) struc-
ture of [P(CH;),]);CuBr, at 293 K (Madariaga,
Alberdi & Zuniga, 1990). Following the process
indicated such distortion can be calculated with the
same wavevector used for the lock-in phase extra-
polation but putting @ =0 as a global phase. Results
of this calculation are given in Table 10(b) and
graphic representations of both structures are given
in Figs. 7(a) and 7(b). The results obtained confirm
the validity of the proposed model and support the
hypothesis of a continuous structural ordering
throughout the incommensurate phase.
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Fig. 6. Projection of the extrapolated (a) and refined (b) lock-in
structures of [N(CH,),),CuBr, onto the ab plane. Organic tetra-
hedra have been omitted for clarity. Cu and Br atoms are
represented by small and large circles respectively.

(b)

Fig. 7. Projection of the extrapolated (a) and refined () structures
of [P(CH3),},CuBr; onto the ab plane. Organic tetrahedra have
been omitted for clarity. Cu and Br atoms are represented by
small and large circles respectively.

[N(CH3;)4];CuBr,4
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