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Abstract

The incommensurate structure of vy-bis(n-propyl-
ammonium) tetrachloromanganate(II) (y-PAMC) at
365 K has been determined in the superspace group
Abma(a01)000. Main reflections and satellites up to
second order have been included. Besides the
harmonic model, anharmonic displacive and Debye—
Waller factor modulations have been investigated.
Anharmonicities of the displacive modulation func-
tions are negligible. Global phason-correction terms
significantly improve the agreement of the second-
order satellites. Within the resolution of the experi-
ment, the atomic amplitudon/phason correction
converges to the expected theoretical values for the
Mn and Cl atoms. The final agreement factors for a
phason-corrected displacive harmonic modulation
are R,; = 0.052 (1056 reflections) [Ryain = 0.046 (369
reflections),  Rig orger = 0.057 (627  reflections),
R4 order = 0.137 (60 reflections)].

1. Introduction

[NH;C;H,],[MnCl,] (PAMC) and its Cu homo-
logue PACuC occupy a unique position within the
family of the alkylammonium-metal halogenides
(C,H,, . \NH;),MX, due to their sequence of phase
transitions (Depmeier, 1979; Doudin & Chapuis,
1990a) and their unique incommensurate structures
[&-PAMC, Steurer & Depmeier (1989); y-PAMC,
Depmeier (1981); y-PACuC, Doudin & Chapuis
(1990b), and this work]. In the general formula,
(C.H,,. NH3;)" represents a monovalent alkyl-
ammonium chain where » is up to ten or even higher,
M is a bivalent metal ion (M = Mn?*, Fe**, Cd**,
Cu’?*) and X is a monovalent halogenide ion (X =
Cl~, Br™). In these structures the ammonium ends of
the organic chains are attached via N—H---Cl hydro-
gen bonds from both sides to a chessboard-like layer
of corner-sharing MCl, octahedra. References to
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structural details and a review of the physical proper-
ties of PAMC can be found elsewhere (Depmesier,
1986).

At higher temperatures the so-called monoclinic
hydrogen-bonding scheme (Chapuis, Kind & Arend,
1976) is thermally disordered, inducing a time-
averaged symmetry higher than in the frozen state.
The phase transition phenomena are connected to
changes in the conformation topology.

The incommensurate phase y of PAMC was
studied by Depmeier (1981). The average structure
was refined, the superspace group and a model for
the modulated structure were proposed and tested in
a commensurate approximation. The incommen-
surate phase of the Cu homologue has been recently
determined (Doudin & Chapuis, 1990b). In this work
a refinement of the incommensurate y-PAMC is
presented using the superspace group formalism,
including satellites up to second order.

2. Experimental

Well suited crystals, ie. free of inclusions and
twinning, have been obtained at room temperature
by slow evaporation of a stoichiometric aqueous
solution of n-C;H;NH;Cl (Sigma) and MnCl,
(Merck, >98%). Crystals grown on the surface of
the solution were mounted directly on a glass fibre to
prevent subsequent twinning. A silicone oil film
(Paratone) protected the moderately hygroscopic
crystals from the humidity of ambient air and
delayed thermal decomposition during the experi-
ments.

Two crystals were measured on a Syntex P2, dif-
fractometer with Cu Ka radiation (26-w scans,
graphite monochromator). For the first sample
[referred to as crystal (1)], only main reflections and
first-order satellites were measured up to (Sin0/A) ., =
0.37 A~! using a U-shaped ceramic heating device
(stability =1 K); the data were used to check the
superspace group reflection conditions. The second
sample [referred to as crystal (2)] was heated by a dry
air stream (stability +0.3K). In this phase the
second-order satellites are very weak. Thus, at least
half a sphere of main reflections and first-order
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satellites up to (sin@/A),., = 0.53 A ~! were measured
first. At this stage the crystal had decayed by 10%,
as monitored by the standard reflections. Second-
order satellites up to (sin@/A)ma, = 0.37 A~! were
subsequently measured. Due to technical difficulties,
four different X-ray fluxes had to be used.

The temperature dependence of the lattice param-
eters, the modulation vector g and the satellite inten-
sities were known (Depmeier, 1983). The maximum
satellite intensity is found at approximately
360-370 K. In this experiment, the samples were
heated at a rate of ~5-10 K min~' up to the tem-
peratures of data collection. The absolute values
were estimated from the strongly temperature-
dependent lattice parameter ¢ (Depmeier, 1983):
351 (5) K and 365 (5) K from crystals (1) and (2),
respectively. The lattice parameters were determined
from 18 accurately centred main reflections at
26=50° and the incommensurate component of the
modulation vector, ¢, was found by averaging the
fractional parts of index 4 of 10 accurately centred
first-order satellites in the same 26 range. Profiles
(w260 and w scans) of main and first-order satellite
reflections were measured at various diffraction
angles to estimate the crystal quality. The full width
at half maximum values (FWHM) were very close
for main reflections and first-order satellites (see
Table 1).

Three main reflections and three first-order satell-
ites were chosen as standard reflections. Both catego-
ries exhibited identical decays during the
measurement. The use of satellite reflections as
standards is important for this type of experiment.
Their strongly temperature-dependent intensities
allow easy detection of possible instabilities in the
experiment. The data reduction included scaling on
all six standard reflections, an absorption correction
based on the measured crystal shape and orientation,
merging of equivalent reflections in accordance with
the superspace symmetry and a Lorentz—polarization
correction,

The data from crystal (1) confirmed the superspace
group Abma(a01)000 [64a. 14.1 in de Wolff, Janssen
& Janner (1981), and 64.3 in International Tables for
Crystallography (1992, Vol. C)], as proposed by Dep-
meier (1981). The non-standard setting was chosen in
order to ease the comparison with the other phases
of this compound (Depmeier, 1981). The following
reflection conditions were satisfied: hkim: k + [+ m
=2n, hkOm: h = 2n, 0k/0: k = 2n. For 5333 measured
reflections in the 26 range 3-70°, 45 violations of the
above reflection conditions were found with 3o(J) <
I<70(l). No effort was made to explain the for-
bidden intensities (e.g. Renninger effect, strong
neighbour reflections or diffuse scattering streaks).

Table 1 summarizes the data collection conditions
of crystal (2).
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Table 1. Summary of crystal and experimental data
Crystal habit Platelet, {001} pinacoid [0.064 (4) mm thick].
{111} orthorhombic dipyramid [base:
0.618 (4) x 0.612 (4) mm]
Space group of the average Abma (No. 64)
structure
Superspace group
Lattice parameters (A)

Abma(a01)000 (No. 64.3)
a=1414(2), b= 17289 (2), ¢ =26.803(7)

V(AY 1448 (1)

V4 4

M, 316.98

A A 1.54184

D, (Mgm %) 1.462

#(Cu Ka) (mm ") 14.01

F(000) 652

Modulation vector q,=0.176 (1) a*

hkimg,,, 88291 (Im=0.1).55122(m|=2)
(5inB/A)mar (A 1) 0.53 (jm| =0, 1), 0.37 (|m| = 2)

Scan width () 0.80 (above K,,. below K,.)

Scan speed ( min ') 1.04-14.65

FWHM ( . hkim) 0.60(4000),052(0400),0.48 (00 80),

0590413 -1),052(118 -1)

Loss of intensity =30% within 216 h

R, (26: 3-70 , full sphere) |m|=0 |m] =1 |m| =2 Total
with absorption correction 0.063 0.067 0.083 0.064
without absorption 0.137 0.186 0.134 0.144

correction

Number of reflections 1846 3820 897 6563
[>30(])] 1331 2126 127 3584

Independent reflections 524 1072 292 1888
{>30()] 369 627 60 1056

Weights l/a*(F)

Transmission factors 1.567-18.789

3. Structure refinement

Using only Bragg intensities, three different levels of
approximations can be distinguished in incommen-
surate structures. The average structure (valid for
small modulation amplitudes) is obtained by includ-
ing only main reflections to the refinement, i.e. neg-
lecting all satellite intensities. The modulated
structure in harmonic approximation includes
harmonic atomic modulation parameters (displacive
or occupational) in addition to the standard struc-
tural parameters. Finally, the highest level of
approximation is reached by including anharmonic
terms to the modulation functions and/or correction
terms for amplitude/phase fluctuations (global or
atomic). From the formal point of view, Debye-
Waller factors (DWF’s) can also be modulated by
any harmonic (Yamamoto, 1982). A physical inter-
pretation of this modulation has only been developed
for the second harmonic terms of the DWF. These
terms can be interpreted together with the standard
DWF’s (zero-order terms) as a parametrization of
the atomic amplitude/phase fluctuations of the har-
monic displacive modulation functions (see Pérez-
Mato, Madariaga & Elcoro, 1991).

3.1. Average structure

Neglecting satellite intensities which represent, in
this case, about 10% of the total scattered Bragg
intensity, the average structure was refined using the
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programs SHELX (Sheldrick, 1978) and MSR
(Paciorek, 1991). The scattering factors for neutral
atoms were taken from the International Tables for
X-ray Crystallography (1974, Vol. 1V). As starting
parameters, the coordinates of the 6 phase at room
temperature (Peterson & Willet, 1972; adapted to the
space group Abma) were used. In Table 2, the rep-
resentative elements of the space group Abma are
implicitly given. Table 3 lists the symmetry restric-
tions for atoms on special positions.

The model converged rapidly to wR = 0.142 with
isotropic DWF’s and o *(F) weights. Neither
distance nor angle restraints were applied. Anistropic
DWF’s were subsequently refined for non-H atoms
(wR=0.075). Finally, an isotropic extinction
correction was applied

Cc?;{; = Fcalc/(1 + 10_ 5C’extlrczalc/Sin0)”4’ (31)

where C,,, is refined in SHELX/MSR. A good
agreement (WRsyerx = 0.038, wRysr =0.031) was
obtained with C., = 3.1 (3), indicating the occur-
rence of primary extinction.

The calculated wR factors for SHELX and MSR
differ, although the refined parameters were identical
in the two programs. Both use different expressions
for calculating R and wR

Rsuerx = ZlFm - Stil/zFi.o (3.2)
WRsyELx = [ZW(F:o - Sch-)z]l/z/ZWFiz.o (3.3)
Rusr = (Z|Fi0/S; — FPI(ZF;,/S) 34

WRusr = [ZW(F,,/Si = F"212w(F,,/S)’,  (3.5)

where S; is the ith scale factor, F, the calculated
structure factor and F;, the observed structure factor
on the ith scale.

The expressions coincide if a single scale factor is
applied. Differences arise if multiple scale factors are
used (four in the present case). In the current
presentation, the MSR expressions will be used for
the agreement factors.

In this refinement, the structure proposed by
Peterson & Willet (1972) with the propylammonium
chain on the mirror plane [position 8( /)] yielded the
following bond lengths: N—C1 1.44(2), C1—C2
1.30 (2) and C2—C3 1.56 (3) A. Expected C—C and
C—N bond lengths are: 1.54 (1) and 1.48 (1) A,
respectively (International Tables for X-ray Crystal-
lography, 1968). The C1—C2 bond is shorter than
expected, an effect which is frequently observed in
systems with thermal vibration (Willis & Pryor,
1975). This effect has been evidenced in Raman
experiments (Lucken, Hagemann & Bill, 1991). The
hydrogen-bonding scheme aab (axial Cl2, axial CI2,
bridging C11; Depmeier, 1979) has latent monoclinic
symmetry. Exchanges between the two mirror-related
orientations result in an orthorhombic time-averaged
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Table 2. Representative elements of the superspace
group Abma(a01)000

The superspace group as generated from the above symbol con-
tains no inversion centre that coincides with the origin. A trans-
formation with (=¢ —; was therefore performed. The
representative elements of the space group 4bam can be obtained
by disregarding the fourth coordinate. The superscripts enumerate
the symmetry operations to identify the distances and angles given
in Table 6.

Full set 0000)+ 0339+

19E {xyz1} SUXFIT)

Mg, (X+ayz+:i} UG, {x+3 yI+ai)
Mg {(xyz1} M, Xy Zi}

g, Ix+iyi+in SC, (X +iyz+il}

Origin on superspace group inversion centre.

Generators of the superlattice

{E1,0,0,- 8} {E0,1,1,0}
{E|0,~ 13,3} {E]0,0,0,1}
Table 3. Symmetry restrictions on coordinates,

thermal displacement parameters and modulation
paramelers for the atoms on special sites

The parentheses indicate those DWF modulation parameters
which are set to zero according to the phason/amplitudon parame-
trization proposed by Pérez-Mato et al. (1991); the restrictions are
calculated according to expressions (3.9) and (3.10).

Wyckoff notation 4(a); site symmetry (3),/(7),; atom Mn

0 0 x1sl 0 x1s2
0 0 0 0 0
0 0 x3s1 0 x3s2
Bu (Bucl) 0 Buc2 0
B2 (Bac1) 0 (B2:¢2) 0
B33 (Bascl) 0 B2 0
0 0 0 0 0
Bis Busel) 0 Bisc2 0
0 0 0 0 0
Wyckoff notation 8(e); site symmetry (3); atom Cl1
H xlel 0 0 x15s2
H x2cl 0 0 x252
x3 0 x3s1 x3c2 0
Bu 0 (Biis1) Buc2 0
B2 0 (B2251) Bxnc2 0
B 0 (Bs3s1) B2 0
Bz 0 (Bias1) B2 0
0 (Biscl) 0 0 Biss2
0 (B2scl) 0 0 B2ss2
Wyckoff notation 8(f); site symmetry (7),; atoms CI2, N, C
x1 xlcl xlsl x1c2 x1s2
0 0 0 0 0
x3 x3cl x3s1 x3c2 x3s2
B (Bucl) (Bush) anz B2
Bz (B2cl) (B2251) (B2c2) (B252)
B (Bascl) (Bs1) B2 Biys2
0 0 0 0 0
Bis (Biscl) (Byssh) B2 B2
0 0 0 0 0

symmetry (Chapuis et al, 1976). The effect is
reflected in unusually large DWF’s along b if the
chain is constrained on the mirror plane. Depmeier
& Mason (1978) and Depmeier (1981) refined the
chain on the general position 16(a) with half-
population parameters to account for the orienta-
tional disorder. Following their example, a model
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with C1 and C2 on general positions was refined,
thus yielding a significantly better agreement com-
pared with the model of Peterson & Willet (1972).
Further splittings of the remaining atoms (N, C3,
Mn, Cll and CI2) as presented by Depmeier (1981)
did not improve the model significantly (Tests for
Statistical Significance, International Tables for X-ray
Crystallography, 1974). The chain was thus refined
with N and C3 on the mirror plane [8(f)] and Cl
and C2 on the general position 16(a) to wRy sz =
0.029 (4n./0 =0.000025 and A4,,/0 = 0.00002).
Bond lengths approached close to the expected
values: N—Cl1 1.48 (2), C1—C2 1.47 (3) and C2—C3
1.56 3) A.

The difference Fourier map, based on main reflec-
tions only, showed no peaks higher than
+0.4e A3 The H atom positions were therefore
deduced from chemical considerations and from the
neutron refinement results of Depmeier & Mason
(1978). Bond lengths and angles of the chain were
restrained to literature values [C—H 1.04 (2), C—C
1.54 (2), N—H 1.48 (2) A, H—C—H, H—N—H and
C—C—C 109 (2)°; International Tables for X-ray
Crystallography, 1968); an overall isotropic Debye—
Waller factor U, was applied for the H atoms. This
model refined to wR = 0.024.

3.2. Modulated structure from first-order satellites
only

From previous NMR investigations, the modula-
tion is expected to be of the plane-wave type
(Muralt, 1986; Muralt, Caravatti, Kind & Roos,
1986) with a maximum displacement of about 0.3 A
parallel to ¢ in the Abma setting (Depmeier, 1983).
For an atom u, two parametrizations for the modu-
lation function in the direction i are possible

ut(t)y= 2 [c#,cosQmni) + s, sin2Qwnr)]  (3.6)
n>0
W (1) = 2 at,cos[2m(nt + b,)], 3.7
n>0
with
t=q(l + ), (3.8)

where ¢ is the continuous internal coordinate ranging
from O to 1. This expression gives the reference phase
in the modulated structure of the modulation vector
q for the atom u in cell 1 with the basic position ¥,
¢ty stpand a¥, are the amplitudes, ¢, is the phase
of the nth harmonic. Both expressions (3.6) and (3.7)
are equivalent but (3.6) is preferred for its numerical
stability. For convenience the modulation amplitudes
are presented in the form (3.7).

In this refinement, two versions of the program
MSR (Paciorek, 1991) were used: (i) a version using
the analytical structure-factor expression of Paciorek
& Kucharczyk (1985) for the harmonic displacive
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modulation and (ii) a version using the structure-
factor expression proposed by de Wolff (1974) for
the general case. In both versions, the refinement is
based on F and uses the full-matrix mode. As
expected, both versions gave identical results for the
harmonic displacive model.

The average structure with Cl and C2 on the
general position 16(a) was used as a starting model.
The representative elements of the superspace group
Abma(a01)000 and the symmetry restrictions for
atoms on special positions are given in Tables 2 and
3. The restrictions are based on the following rela-
tions

u*(") = Ru*[e” (1 — 7)) 3.9

T*(?) = RT*[e”'(1 — 74)]R’, (3.10)

where u and A denote the properties before and after
the transformation, u is a vector of the displacive
modulation functions [expressions (3.6) or (3.7)], T
the DWF tensor, R and R’ the rotational part and its
transpose of the standard space group operation,
and ¢ and 7, the internal inversion and translation
coordinates.

For harmonic displacive modulation the structure-
factor expression of Paciorek & Kucharczyk (1985)
shows that it is possible to refine the approximate
amplitudes a¥, from the main reflections 4k/0 only.
In this procedure, the phases ¢%, have to be fixed to
arbitrary values. This refinement gave approximate
starting values for the amplitudes of the dis-
placements, 0.4 A along ¢ for all atoms and
0.2-0.4 A along a for CI2 and the propylammonium
chain atoms. The first-order satellites were included,
allowing the refinement of the modulation phases
¢#. This model (1 in Table 4) converged rapidly to
wR,; = 0.038.

3.3. Second-order satellites

The structure-factor expressions of Paciorek &
Kucharczyk (1985) show that satellites of order =2
may originate from a harmonic displacive wave. This
suggests a comparison of the harmonic with the
anharmonic displacive model, including the 60
observed second-order satellites (models 2 and 3 in
Table 4). Both models yielded partial agreement
factors for main reflections and first-order satellites
worse than model 1. Unexpectedly, the partial R
values for second-order satellites were rather high
(wR,=0.19), indicating that neither model is appro-
priate. This is remarkable, since the anharmonic
displacive model (3) has 29 additional parameters
contributing mainly to the second-order satellites.

The partial overall scaling ratio

OSR = SF./SF, 3.11)

for second-order satellites in both models yielded
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values which were systematically too high [OSR,(2)
=1.07 and OSR,(3) = 1.10]. A similar observation
has been reported for vy-Na,CO; (Holgervorst,
Peterse & de Wolff, 1979), where the authors attri-
buted this behaviour to amplitude/phase fluctuations
of the modulation wave. The parametrization of
these effects has been extensively discussed in the
literature (Overhauser, 1971; Axe, 1980; Paciorek &
Kucharczyk, 1985; Pérez-Mato et al., 1991, and
references therein) and continues to be controversial.

Three different parametrizations of phase/
amplitude fluctuations have been applied to the har-
monic displacive model: (@) Overhauser correction
(Overhauser, 1971), model 4, (b) Axe correction
(Axe, 1980), model 5 and (¢) atomic phason/
amplitudon correction (Pérez-Mato et al., 1991),
model 6.

3.4. Overhauser correction

This correction rescales all satellites with the fol-
lowing expression

Fom = Foexp (= m*Coue), (3.12)

where Cq.. is the refined quantity and m is the
satellite order. Overhauser (1971) derived this expres-
sion for a single-atom unit cell in terms of ‘static’
and ‘dynamic’ contributions under the assumption of
global phase fluctuations, i.e. one overall term taking
into account the possible fluctuations of the phases
¢*, of the atomic modulation functions.

3.5. Axe correction

The correction proposed by Axe (1980) postulates
a global phase fluctuation of the modulation func-
tion, like in the Overhauser correction. However, the
structure factor for a single-atom unit cell is evalu-
ated in terms of ‘time-average’ and ‘disorder’ contri-
butions, resulting in the following correction term

Fom = Feexp[—m(m — 1)Caxl (3.13)

where Cyu,.is the refined quantity and m the satellite
order. Both corrections rescale the satellite reflec-
tions. The Overhauser correction applies for m = 1
and the Axe correction for m = 2.

3.6. Amplitudon/phason correction

The amplitudon/phason correction is illustated in
Fig. 1. The electron density of a hypothetical
modulated structure is represented for three types of
displacive modulation: (i) Static modulation — in a
first approximation, the fluctuations of amplitudes
and phases of the atomic modulation functions are
neglected. As seen from Fig. 1, the smeared electron
density of the so-called string atom shows a constant
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width parallel to the ordinate as a function of the
internal coordinate 7. The usual DWF representing
the width of the smeared electron density and the
atomic modulation function are sufficient to parame-
trize this model.

(i) Amplitude (amplitudon) and (iii) phase fluc-
tuations (phason) of the atomic modulation func-
tions — in the general case, the atomic modulation
functions are dynamic and may fluctuate in ampli-
tude and phase. The magnitude of the fluctuations is
determined by a structure-specific parameter (§¢>)
— (8p?) explained below. This term influences all the
individual DWF’s. In this model, the electron density
varies in width as a function of the internal coordi-
nate 7 (see Fig. 1). The DWF expressing the width of
the smeared electron density has to be modulated.

Pérez-Mato et al. (1991) derived a modulated
DWEF for the general case of mixed amplitude and
phase fluctuations of a harmonic atomic modulation
function. This parametrization will be called APC
(amplitudon/phason correction) hereafter. Expressed
with B the modulated DWF takes the following form
[the expressions (3.14)—3.18) are taken from Mada-
riaga, Pérez-Mato & Aramburu (1993)]

Bi(1) = Blo + Bfacos(dmt + x%2).  (3.14)

This expression contains two parts: B4, is con-
stant and independent of the internal coordinate ¢
and satisfies the relation

Blo=Blhst+ B3 cos(eh + ¢4)) (3.15)

with
B4 = matiali[(8¢%) +(8p?), (3.16)

where 8%, is the DWF term due to the excitations of
the basic periodic structure and B4%’ the term due to
amplitude and phase fluctuations of the atomic
modulation function in the directions i/ and j. Their
amplitudes (a%, and a¥,) and phases (¢, and ¢#,)
are given in the form of expression (3.7). (6¢%) and

Lo < ———[---- amplttudon

Arbitrary units

— =
~—— static modulation

T Leaettg
00 0‘2 04 . 0'6 08 10

Fig. 1. Schematic representation of the effect of second-harmonic
Debye-Waller factor modulation [parametrization after Pérez-
Mato e al. (1991) and representation modified after de Wolff
(1974)). See text for expression (3.6).
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Table 4. R factors for the modulated structure (various
models)

Model 1, harmonic displacive, only satellites with |m|=1; 2,

harmonic displacive; 3, anharmonic displacive; 4, harmonic displa-
cive, Overhauser correction (global phason); 5a, harmonic displa-
cive, Axe correction (global phason), /> 3¢(J); Sb, harmonic
displacive, Axe correction (global phason), all observed reflec-
tions; 6, harmonic displacive, second harmonic for DWF’s (atomic
phason/amplitudon); 7, harmonic displacive, first harmonic for
DWF’s; 8, harmonic displacive, H atoms included, Axe correction
(global phason). For all models: 4,,,,/c < 0.001, the goodness-of-
fit=2, OSR,,=0.99, weights = 1/6%(F), R values are multiplied by
100. Expressions: R,; (3.4); wR (3.5); OSR (3.11); N,, number of
parameters.

MOdel Rall wRaII wIzmam WRsal WRI WRZ OSRZ Np CAW/OVC
1 507 382 31 65 65 - - 9 -
2 5.59 4.66 3.5 82 71 195 1.07 79 -
3 5.46 4.48 34 77 67 181 1.10 108 -
4 498 3.89 31 6.7 64 12.1 093 80 0.13(1)
Sa 522 3.93 3.1 68 65 119 091 80 0.17(1)
5b 9.81 6.82 6.2 9.1 6.6 189 0.72 80 0.17(1)
6 489 367 29 63 60 1.1 093 130 -
7 5.18 427 34 70 59 184 106 137 -
8 530 411 29 78 68 188 1.07 102 -

(8p?) are the mean-square phase and amplitude fluc-
tuations, respectively.

The second part B4 ,cos (4wt + x%,) accounts for
the fluctuations depending on the internal coordinate
t. B4, 1s given as

b2 = mathat[(8¢°) — (8p?), (3.17)
which contains the same terms as in (3.16). The
phase y%, of the modulated DWF is determined by

the phases ¢#, and ¢*, of the harmonic modulation
wave in the directions / and j

Xh2= @+ i+ (3.18)

It is thus possible to check the APC parametrization
of Pérez-Mato ef al. (1991) by comparing the refined
phases ¢#; and ¢*#, of the atomic modulation func-
tion with x%,.

The site symmetry induces restrictions on the posi-
tional, DWF and modulation parameters for atoms
on special positions [see Table 3 and expressions
(3.9) and (3.10)}. Considering expression (3.15),
further restrictions may arise for the APC, because

%2 1s zero if one or both of the displacive modula-
tion amplitudes in the directions / and ; are zero.
These additional restrictions are presented in Table 3
as well.

The three models 4, 5 and 6. corrected for the
phase/amplitude fluctuations, improved the agree-
ment when compared with model 2. The final R
values are presented in Table 4. Note that their OSR,
values are smaller than 1.0 and that their partial R
values for main reflections and first-order satellites
are comparable to the corresponding values of
model 1.
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From the formal point of view, the DWF’s can be
modulated using the first harmonic (Yamamoto,
1982). No physical justification of this procedure has
been given up to now. This parametrization is
included here for the sake of completeness in model 7
(Table 4).

3.7. H atoms in the modulated structure

H atoms have been tentatively included in the
harmonic displacive model starting from the coordi-
nates of the average structure (model 8 in Table 4).
The modulation parameters of the H atoms were
approximately constrained to the values of the

. adjacent chain atoms. [An exact coupled movement

of the chain atoms and their H atoms can only be
simulated if the reference phase of the constrained H
atoms 1S q°Tcpnain, Se€ expression (3.8), and not q'ry as
supported by MSR.] This approximation is justified
SINCE Xcpain==Xy. Restraints on distances and angles
were applied as in the average structure.

4. Results and discussion
4.1. Displacive modulation

The refined average structure agrees well with the
result of Depmeier (1981) for y-PAMC at 360 K.
The coordinates correspond to the medium positions
of the previous study with various split atoms.
Higher DWF’s for the Mn and Cl atoms can be
attributed to a lower resolution [(Sin6/A)y., =
0.53 A~ versus 0.71 A~' Depmeier, 1981).

The structure of PAMC consists of two-
dimensional layers of corner-sharing MnClg octa-
hedra to which propylammonium chains are
attached from both sides via N—H--Cl hydrogen
bonds. These structural units are stacked on top of
each other. Van der Waals forces between methyl
groups hold the neighbouring layers together.

In Table 5* the parameters of the harmonic displa-
cive model with Axe correction (model 5) are pre-
sented. The errors are calculated according to Rollet
(1965). The positional parameters of the average and
the basic structure are practically identical. Fig. 2
illustrates how enlarged DWF’s partially cover the
effect of a displacive modulation with small
amplitude.

The harmonic displacive modulation has its
dominant amplitudes in the ac plane. Along a, the
amplitudes are important for the chain atoms and
CI2 and range from 0.122 (8) to 0.49 (2) A. Along c,

* A list of the structure factors of model 5 have been deposited
with the British Library Document Supply Centre as Supplemen-
tary Publication No. SUP 71638 (5 pp.). Copies may be obtained
through The Technical Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CH1 2HU, England. [CIF refer-
ence: DU0377]
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Table 5. Refined parameters of model 5

The positional coordinates of the average and modulated structure coincide. The DWF’s are refined as 8%. U, of the modulated and the
average structure are given for comparison. The coordinates (x, y, z) and modulation amplitudes (a., a,, a.) are multiplied by 10°, the
DWF's by 10° and the modulation phases (¢,, ¢,, ¢.) are given as multiples of 2.

[sotropic exinction 2.6 (2), formula (1), Axe parameter 0.17 (1), formula (5)

X Y z Bu B2
a. a, a. Ull UZZ
P P, (= Uiy av Upzan
Mn o* o* 0* 12.2 (4) 12.5 (4)
8(2) - 139.5(8) 34 (1) 34 (1)
0.25* - 0.75* 35(2) 35(2)
(&))] 7500* 7500* 5087.0 (S5) 14.5 (4) 15.0 (4)
13(2) 3(3) 136.1 (8) 40 (1) 40 (1)
0.00* 0.50* 0.25* 41 (2) 42 (2)
CI2 419 (3) o* 910 (1) 20.8 (4) 30.0 (5)
174 (2) - 137.9 (9) 58 (1) 81 (1)
0.520 (2) - 0.750 (1) 69 (2) 82 (2)
N —240 (10) 0* 4169 (4) 28 (1) 30 (1)
164 (8) - 122 (2) 79 (3) 80 (4)
0.450 (7) - 0.254 (4) 90 (5) 83 (5)
Cl 720 (20) 400 (30) 3699 (6) 53 (3) 24 (5)
240 (10) 50 (20) 108 (5) 147 (8) 60 (10)
0.528 (9) 0.37(7) 0.268 (8) 170 (10) 70 (20)
C2 =190 (30) —490 (30) 3272(7) 105 (5) 32(5)
560 (20) 100 (200) 124 (5) 290 (20) 90 (10)
0.553 (6) 0.74 (4) 0.258 (8) 290 (30) 90 (20)
C3 940 (30) o* 2800 (5) 93 (4) 86 (5)
660 (20) - 132 (5) 260 (10) 230 (10)
0.561 (5) - 0.241 (7) 360 (30) 240 (20)

all atoms show modulations ranging from 0.29 (1) to
0.374 (1) A. Owing to their site symmetry, additional
modulations along b are possible for Cl1, Cl and C2.
None exceed 0.07 (1) A. These modulations may
therefore be considered as plane-wave type in
accordance with the results obtained from NMR
(Muralt, 1986).

In the harmonic model, the modulation phases of
the dominant amplitudes are all in phase (Fig. 3).
This can be interpreted as a cooperative movement
of the octahedra and the chains. This behaviour is
also reflected in the bond length variations as a
function of 7. Within the octahedron, the bond
lengths vary by 0.01 A [Table 6, (1)}, and by 0.03-
0.08 A within the chain [Table 6, (II)]. The positional
uncertainty as estimated from the DWF’s is approxi-
mately 0.2-0.5 A. It can be concluded that the octa-
hedra and the chains are essentially rigid in the
structure. Both are linked by rigid N—H---Cl hydro-
gen bonds as reflected by the neglegible variation in
the N---Cl contact length [Table 6, (III)]. The modu-
lation thus affects the whole ensemble.

The distances between the terminal methyl groups
of adjacent layers show a wider variation than the
distances affecting the octahedron and the chain:
0.21 (4)-0.26 (2) A [Table 6, (IV)]. This can be
viewed in the context of the origin of the incommen-
surate phase as proposed by Muralt (1986): This
author ascribes the apparition of the incommen-

BJ} BIZ BIS ﬁ?}
U33 U|2 U13 U23 ch

U33,av UlZ.av Ul}.av UZJ.av ch‘av
2.46 (4) - ~0.10 (6) -

9.0 (1) - ~1.0 (1) - 53
17.9 (3) - -3.6(9 - 8.3
3.19 (4) 3.4(2) - -

1.6 (2) 9 (5) - 6.5
20.3 (3) 9(5) - 9.5
2.53 (4) - —-0.08 (8)

92 (1) - -0.07 (7) 7.7
185 (3) - =31 - 11.2
2.1(1) - 0(3) -

75 (4) - 0(3) 7.8
132 (8) - 7(5) - 10.2
32(2) 3(3) =1(1) -0.001 (1)

118 (8) 9(9) -10(10) -0.01 (1) 10.8
190 (20) 0.01 (1) -20(10) -0.02 (1) 14.4
32(3) - 18 (4) 2 -0.0005 (8)

120 (10) -50(10) 20 (10) ~0.005 (7) 16.7
190 (20) —40 (20) 20 (10) -0.01 (2) 19.0
3.0(2) - 4.0 (8) -

108 (8) - 4.0 (8) - 19.9
220 (20) - 10 (20) - 27.0

surate phase to the coupling of the interlayer methyl
distance with the tilting angle of the organic N—Cl
bond as observed by NMR. From his measurements,
an angle of 4° was deduced for the modulation
amplitude, which agrees with the value of 4 (2)” in
this analysis. The high standard deviation originates
in the error contribution of several atomic modula-
tion functions.

A number of tests were performed to check the
occurence of systematic errors in the data set: normal
probability plot (International Tables for X-ray
Crystallography, 1974), F. vs F,, (F,— F)/F, vs F,
sinf/ A, reflection number. The first two are shown in
Fig. 4. No anomalous behaviour can be detected.

4.2. Second-order satellites: Overhauser, Axe correc-
tion and amplitudon/phason correction

Based on the refinement of model 1, additional
models have been tested including the 60 second-
order satellites. Without phason correction, the
harmonic (2), anharmonic (3) or first-harmonic
DWF modulation (7) models yielded unsatisfactory
results for all reflection categories. This is mainly due
to the incapability of these models to accommodate
main reflections and first-order with the second-order
satellites. Only models including an overall or atomic
phason correction (APC) yielded satisfactory results
(models 4, S and 6).
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Table 6. Bond lengths and angles (A, °)

Bond distances and angles of model 5. The superscript in front of
the atom identifier refers to the symmetry operations in Table 2;
d,, average distance (A); a,, average angle (°); for d,. and a,., the
average standard deviations are given in parentheses; d/a.,, mini-
mal distance/angle; d/a,,,, maximum distance/angle; A difference
between max and min.

dla,, dlagn Al Aoy i)
(I) Octahedron
Mn—"Cl1 2.610 (1) 2.606 2.614 0.008
Mn—*Cll1 2.610 (1) 2.606 2.614 0.008
Mn—°Cl| 2610 (1)  2.606 2.614 0.008
Mn—CI2 2.460 (3) 2457 2.463 0.006
*Cl1—Mn—CI2 89.92 (7) 89.86 89.98 0.12
*Cl11—Mn—°Cl1 91.46 (4) 91.33 91.68 0.35
"Cll—Mn—°Cl1 88.53 (4) 88.24 88.82 0.58
¢Cl1l-—Mn—""Cl1 179.0 (2) 179.0 179.0 0.9
(II) Chain
N—C1 1.48 (2) 1.47 1.50 0.03
Cl—C2 1.45 (3) 1.39 1.52 0.13
C2—C3 1.52 (3) 1.47 1.58 0.11
N—CI1—C2 113 (2) 109 118 9
C1—C2—C3 109 (2) 102 117 15
(ITT) Hydrogen bonds
BN—CI2 3.6537 (7) 3.6520 3.6556 0.0036
ISN—16CI2 3226 (8)  3.217 3.236 0.019
SN—°Ci1 3.378 (7) 3.363 3.391 0.028

(IV) Interlayer C3—C3 distances [corresponding to those given in
Doudin & Chapuis (1990a) and Doudin & Chapuis (1990b) for the
Cu homologue of PAMC]

'°C3—*C3 4.20 (1) 4.11 4.37 0.26
1C3—C3 4.41 (2) 4.31 4.52 0.21
'*C3—"*C3 4.07 (3) 3.93 4.16 0.23

cn

Fig. 2. ORTEP (Johnson, 1965) plot showing a projection abong b
of one octahedron and one corresponding propylammonium
chain. The heavy lines show the outline of the Debye-Waller
factors of the average structure, the fine lines show the basic
structure for two extreme modulation displacements (1=2/6 and
4/6).

INCOMMENSURATELY MODULATED STRUCTURE OF y-PAMC

In order to evaluate the impact of the phason
corrections on the models, the structure-factor
expressions of a single-atom structure will be dis-
cussed for a harmonic and an APC corrected model.
The following structure-factor expressions are
derived for the reflections (00/m) using the results of
Paciorek & Kucharczyk (1985), Pérez-Mato er al.
(1991) and Paciorek & Chapuis (1994): (a) harmonic
displacive modulation

|F§6im| = T A% = exp(— B33 4l - (27la3), (4.1)
(b) harmonic displacive modulation APC

|F48(§’[C — TAPCAAPC
= exp(— Bisol?) I_ . Q2mlay;— Bss,olz) 4.2)
with
i—m(277'[¢13;_333,012) = Z J - 2a(27rlas)

n=— o

X L(— B33ol?)
4.3)

27 . e
= fo de exp [27ri sin (¢)

= Bispl? cos 2¢) + mo)

o
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Fig. 3. Atomic modulation functions of model No. 5 in x, y and
directions. The numbers given on the right-hand side of the
graphs refer to the following atoms: 1 Mn; 2 Cll; 3 Cl2; 4 N;
5CI1:6C2; 7C3.
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where T is the thermal and A4 the positional part of
the structure factor. The atom is placed at (0,0,0), the
modulation phases are ¢;;=0.75 and y;;, =0.00
using expressions (3.7), (3.14) and (3.18). The reflec-
tions are limited to (00/m). These assumptions con-
siderably simplify the structure factor as compared
to the general expressions of Paciorek & Kucharczyk
(1985). Expression (4.1) used the standard DWF for
non-modulated structures while expression (4.2)
employs the DWF of the APC theory as described by
expressions (3.14)«3.18). The phason contribution

N
w 0
|
LLO
_24 L
-4 H -
6 L
T 7
-3 -2-1 0 1 2 3
SR
(a)
2 e | 1
100 -
8] s
71 N
6- C
5 +
44 -
31 L
2 b
w
10 C
8] C
71 -
6 b
5 L
44
34
24
1 T T T TTITT
2 3 45678 2 3 45678
1 1 100
Fo
(b)

Fig. 4. (a) Normal probability plot and (b) F. vs F, plot for the
reflection data of model No. 5.
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changes B, to B0 [see (3.15)] in T and the cylin-
drical Bessel function J_,, to the Generalized Bessel
function 7_,, in A. The relation (4.3) is taken from
Paciorek & Chapuis (1994).

The expressions (4.1) and (4.2) are plotted in Fig.
S using the modulation proportions of this structure.
Each category of reflections shows it proper intensity
enhancement and depletion behaviour. The intuitive
guess that phasons/amplitudons decrease the inten-
sity of all reflection categories is not necessarily true.
As seen from (3.12) and (3.13), the Axe and Over-
hauser corrections play the role of additional scale
factors for the satellite reflections. In favourable
cases, these expressions can be sufficient to approxi-
mate case (b), especially since the interplay of scale
factors, DWF and modulation amplitudes in the
actual refinement could improve the fit. Obviously, a
limited resolution both in sin@/A and in satellite
order reduces the chances of obtaining physically
significant parameters from the refinement. This
example illustrates the subtlety of the influence of the
phasons on diffraction intensities.

F**'(00/0)

Doy
02+ ~
S

F*(00/0) and FAPS(00/0)
& -]
i

0.0 s
=0 FA*S(00/0)
0.2 *
T T T T T .I
o0 01 .03 05 06
sin(e/i)
=90 f# ...........
S FAPE(00/1) |
S5 (oon)
g P
e
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A 0 m=1
T T T T T T T
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go‘_ _F”C(OOIZ)
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Fig. 5. Structure factors |F **(00/m)| and |FAP<(00/m)| of a mono-
atomic modulated Bravais lattice [parity 00/m with / continuous
and |m} < 2; expressions (4.1) and (4.2)]. It should be noted that
phasons (as parametrized by Pérez-Mato et al., 1991) may
deplete or enhance reflection intensities. Parameters used: a;, =
0.0135, B33, =0.0003.
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INCOMMENSURATELY MODULATED STRUCTURE OF y-PAMC

Table 7. The modulated atomic Debye—Waller factors (model 6)

Comparison of the refined values of positional modulation functions u* [see expression (3.7)] and the modulated atomic DWF B* [see
expression (3.14)] with the expected values &, , (Pérez-Mato er al., 1991) calculated in the following way

6:}.2 = @i + ‘P/.I + .

In the expression below, +/— means phason/amplitudon dominance (see Fig. 1), symmetry constraints are indicated by * and arrows
(<) pointing to values that deviate significantly from the predicted value ¢,,u% are multiplied by 10°, and the DWF's by 10°. The

coordinates x; of this model agree with those given in Table 5.

a a as Buo Bo
P P21 [ZN] Buzs xnaz B2225 X222
£n2 €222
Mn 7(1) - 134.4 (8) 12.6 (4) 13.0 (3)
0.25* 0.75* 1 (1); 0.00* -
0.00 -
Cll 12 (2) 2(3) 130.7(9) 14.8 (4) 15.5 (5)
0.00* 0.50* 0.25* 1 (1); 0.50* —=2(1); 0.50*
0.50 0.50
Cl2 167 (3) - 1323 (9) 21.6 (4) 30.4 (4)
0.516 (3) - 0.751 (1) 2 (1); 0.58 (8) -
0.532 (6) -
N 166 (9) - 116 (3) 30 (1) 31 (2)
0.461 (8) - 0.253 (5) —11(5); 0.59 (6) -
042 (2) -
Cl1 260 (20) 130 (30) 112(5) 61 (4) 30 ()
0.488 (9) 0.41 (3) 0.279(8) —37(8);0.29(3) -20(11); 0.4 (1)
0.48 (2)« 0.32 (6)
C2 640 (30) 130 (30) 130 (6) 109 (6) 39 (7)
0.571 (5) 0.64 (4) 0.272 (%) —60 (10); 0.68 (2) —20(10); 0.6 (1)
0.61 (1) 0.8 (1)~
C3 590 (20) - 130 (6) 101 (5) 86 (5)
0.566 (6) 0.224 (8) 20 (10); 0.51 (7) -
0.63 (1) -

Table 4 gives the agreement factors of the three
phason-corrected harmonic models (4-6). The APC
model (6) shows the best agreement on all reflection
categories. The question arises whether the improve-
ment of this elaborate model is significant in view of
the 50 additional parameters when compared with
the Axe or Overhauser correction. The Hamilton test
(International Tables for X-ray Crystallography,
1974) indicates a significant improvement in applying
the APC compared with the Overhauser and Axe
correction at a 0.005 significance level.

Table 7 shows the refined values of the DWF, the
modulation functions and the expected phase rela-
tion from (3.18). From the APC theory, positive
amplitudes B,, can be expected, together with
phases x;,, satisfying condition (3.18). The ampli-
tudes should be positive since the phason excitation
[as described by (8¢?) in expression (3.17)] requires a
much lower energy than the amplitudon excitation
[(8p%) in (3.17)]. The octahedral atoms Mn, Cl1, CI2
fulfill this expected behaviour. For Mn and ClI
located on the special positions 4(a) and 8(e), the
phases x;, are fixed by symmetry. The refinement of
the B, yields the expected positive values. The
special position of Cl2 allows refinement of the
phases yx,, with ij = (11,33,13). The amplitudes and
phases of the DWF modulation agree perfectly with

Bsso Bio Biso Bao
B2 X332 Bi22s X122 Bz Xis2 B2z X232
€332 €122 €132 €232
2.70 (4) —* 0.12 (6) -*
0.46 (6); 0.00* —* 0.1 (2); 0.50* -*
0.00 - 0.50 -
341 (4) 3.5(2) _* _*
0.55 (7); 0.00* 3 (1); 0.00* 2 (2); 0.75* 3 (3); 0.25*
0.00 0.00 0.75 0.25
2.76 (5) -* 0.05 (9) -*
0.56 (7); 0.99 (2) —* 1.0 (2); 0.79 (4) -*
0.002 (2) - 0.767 (4) _
2.2(1) —* 0.00 (3) -*
0.2 (3).0.1(2) -* 0.5(9); 0.0 (2) *
0.01 () - 0.21 )« -
3.1 (2) 10 (4) -1.2(8) =1(1)
—0.8(4); 0.09 (9) -24(9);0.39(7) 2(1);,0.21 (5) 6 (2); 0.14 (5)
0.06 (1) 0.40 (4) 0.27 (2) 0.19 (4)
3303) - 14 (5) 3(1) —1(1)
—0.9(6);0.08(8) —10(10);0.7(1) -8(2);:0.49(3) —4(2); 0.39 (9)
0.04 (2) 0.71 (5) 0.34 (1)« 0.41 (5)
3.5(3) _* 4(1) —*
1.5 (4); 0.20 (5) —* 7(2); 0.38 (4) -*
0.95(2)« - 0.29 (1) -

the theoretical predictions. However, the atoms
belonging to the propylammonium chain show a
different behaviour. Most of the phases y,, agree
with condition (3.18). The amplitudes B, are, how-
ever, mostly negative, indicating an unexpected
amplitudon dominance. It should be noted that in
the incommensurate phase, the propylammonium
chain has a large degree of orientational disorder
which could explain the unexpected behaviour.

From the refined amplitudes B,,, an estimate of
(8¢?) [see expression (3.17)] can be obtained. Under
the assumption that (§¢”) >> (8p?), its value is about
0.3-0.4, which corresponds to a phase-fluctuation
magnitude of about 30-40°. To the authors knowl-
edge, no neutron data is available for comparison.
However, the magnitude seems reasonable.

An illustration of the DWF modulation is shown
in Fig. 6. Size and orientation of the probability
ellipsoids vary as a function of the internal coordi-
nate 1.

The experimental findings support the APC
theory, in a similar way to thiourea (Madariaga,
Zuhiga, Paciorek, Ezpeleta & Etxebarria, 1990) and
ThBr, (Madariaga er al., 1993). The explicit use of
expression (3.18) as a constraint on the DWF modu-
lation phases x,, would reduce the number of
parameters for the APC (model 6) from 51 to 29.
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4.3. Anharmonicity, first-harmonic DWF, hydrogens

Three additional models were investigated in order
to check if the phason effect might be an artifact due
to the missing H atoms or the missing contributions
to the displacive or DWF modulation wave (models
8, 3 and 7 in Table 4). None of the models were able
to successfully accommodate main reflections, first- or
second-order satellites. The second harmonics of the
displacement amplitudes in model 3 were all negli-
gible compared with the first harmonics. The ampli-
tudes of the first-harmonic DWF modulation never
exceeded one standard deviation and the refined
phases show no correlation with the refined phases of
the displacive modulation functions. The H atoms
improved mainly the agreement of main reflections
but had no influence on the second-order satellites.
For all three models, a phason correction should be
applied.

5. Concluding remarks

The general structural features revealed in this
refinement agree with the description given by
Depmeier (1981) in the commensurate approxi-
mation of the y phase and with the Cd homologue of
PAMC by Doudin & Chapuis (1990a). The modula-
tion is harmonic displacive with amplitudes of about
0.3-0.4 A in the a and c directions. The anharmonic
contributions to the modulation are negligible. The
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Fig. 6. Atomic modulation functions of Cl2 (model No. 6, upper
graph). For this atom the positional parameters x and z are
modulated (first harmonic) as well as the Debye-Waller terms
U,., Ussand U,;(second harmonic). For six values of 7 (internal
coordinate), ORTEP (Johnson, 1965) plots of CI2 are given
(projection parallel 1o b) showing the rotation of the thermal
ellipsoid as a function of 7 under Debye-Waller factor modula-
tion. The lower graph shows the angle variation of one eigen-
vector of the thermal ellipsoid with respect to the ¢ axis.
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refinement of the second harmonic of DWF is con-
clusive. The refined values for the octahedral atoms
agree with the expectation from the amplitudon/
phason correction theory. Inherent disorder and
resolution limited to sinf/A=0.53 A~' might
explain the unexpected DWF modulation parameters
of the propylammonium chain.
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