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There has been considerable research over recent
decades into organic materials displaying large second-
order optical nonlinearities (NLO behavior).1,2 Such
materials are of potential use in second harmonic
generation (SHG) and electrooptic3 (EO) devices, which
are of potential importance in areas such as optical
communications and data storage. The area has been
extensively reviewed.4,5 Particular interest has been
applied to stilbazolium-type chromophores, which have
significant molecular hyperpolarizability (Figure 1). A
prerequisite for bulk NLO activity is that the chro-
mophores are arranged in a noncentrosymmetric fash-
ion. The majority of chromophores of potential interest
are, however, found to crystallize in centrosymmetric
space groups. Considerable effort has therefore been
applied to produce acentric chromophore arrangements
using both chemical and physical control. Chemical
techniques include the use of chiral species,6 which by
definition must adopt a noncentrosymmetric space
group, the use of asymmetric hydrogen-bonding interac-
tions,7 the use of a variety of counterions in salts of
chromophores,8 the inclusion of chromophores in mi-
croporous materials such as zeolites,9-14 and recently
novel molecular self-assembly approaches for producing
polar multilayered materials.15-19 Physical techniques
used have included cooling chromophores in a glassy
matrix and applied field from above the glass transition
temperature and incorporation of chromophores into
Langmuir-Blodgett films.20

One of us has previously shown that an alternative
method of aligning chromophores is to include them in
a suitable layered inorganic matrix. In this manner it
may prove possible to prepare so-called “multifunctional
materials” where the NLO properties of the chromo-
phores coexist with, for example, conduction or magnetic
properties of the host lattice. For example, the DAMS
(see Figure 1) intercalate of the layered solid MnPS3,
(DAMS)2x[Mn1-xPS3], showed a second harmonic gen-
eration (SHG) efficiency at 1.34 µm, some 750 times that
of urea combined with a spontaneous magnetization
below 40 K.21-24 In this material it appears that, despite
the centric nature of the host lattice, the intercalated
chromophores pack in a noncentrosymmetric fashion
forming so-called J-type aggregates with a significant
hyperpolarizability. It has also been reported recently
that various stilbazolium chromophores can be included
between metal-oxalate slabs of general formula [M(II)-
M′(III)(ox)3]- (ox ) C2O4

2-) to produce NLO active
materials.25 In addition to allowing influence over
chromophore alignment, these inorganic:organic hybrids
offer a second possibility for combining NLO properties
and ferromagnetism in a single material. A number of
other interesting materials based on layered oxalates
have been described in the literature.26-30
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Figure 1. Cationic chromophores mentioned in the text. 1 )
DAZOP, 2 ) DAMS (R1 ) Me, R2 ) NMe2); DAPS (R1 )
isopropyl, R2 ) NMe2); MIPS (R1 ) isopentyl, R2 ) OMe).
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In an initial study, some 35 phases of general formula
A[M(II)M′(III)(C2O4)3]‚n(solvent) were prepared for a
variety of M(II) [M ) Mn, Fe, Co, Ni, Cu] cations with
7 different A chromophores (Figure 1).25 Of these around
two-thirds of the compounds showed NLO activity.
Despite extensive efforts, however, it was only possible
to grow single crystals, and therefore structurally
characterize, two NLO inactive members of the family.
Both these phases crystallized in the centrosymmetric
space group P21/c, where the second-order susceptibility
is necessarily zero. These materials thus present a
frustrating dichotomy: the phases of least interest can
be readily structurally characterized; those of most
interest cannot.

There are clearly important factors controlling both
the chromophore alignment in these materials and the
ability to grow single crystals of sufficient size for
structural characterization. To understand the origins
of this control and to develop new or optimized materi-
als, it is essential to have structural information for both
the NLO active and inactive materials. In this com-
munication we describe how this information has been
obtained directly from powder diffraction data of an
NLO active phase.

The synthesis of DAZOP[MnCr(ox)3]‚0.5CH3CN has
been reported previously.25 The material exhibits NLO
activity ≈100 times that of urea at 1.9 µm and orders
ferromagnetically at 6 K. Powder diffraction data were
recorded on a sample of the material loaded in a 0.5-
mm glass capillary on a Bruker d8 diffractometer.31 The
data could be indexed on a monoclinic cell of a ) 9.3251-
(4) Å, b ) 16.2931(9) Å, c ) 8.7103(3) Å, and â ) 82.893-
(3)°. Systematic absences and a subsequent Pawley32

model-independent fit to the diffraction data suggested
the noncentrosymmetric space group P21.

For structure solution, a novel real-space simulated
annealing33 approach was used within the Topas suite
of software.34 The known layered metal-oxalates have
structures based on octahedrally coordinated M(II) and
M(III) ions held together by bridging oxalate groups in
such a way as to produce a two-dimensional honeycomb
layer. The scattering from the layers was therefore
initially approximated by two rigid octahedral MO6
groups, which were free to translate and rotate in two
dimensions within the unit cell, but restricted to lie
approximately coplanar (( 0.9 Å) and with their 3-fold
axes approximately ((20°) parallel to the crystal-
lographic c axis. The DAZOP molecule was included as
a planar, rigid species allowed to rotate and translate

in three dimensions, but constrained to lie approxi-
mately ((0.9 Å) midway between the inorganic layers.
These groups model some 79% of the total scattering
power. Simulated annealing cycles were then performed
in which these three species were translated/rotated at
random and their positions subsequently refined by the
Rietveld method. An annealing protocol was adopted in
which random shifts in group coordinates/rotations were
scaled according to a specified “temperature” regime.
This temperature was systematically varied during the
solution cycles until the global minimum was located.

After several thousand cycles of model refinement/
perturbation, a reasonable agreement to the experimen-
tal data was achieved. From the relative orientations
of MO6 octahedra in the inorganic layer it was possible
to infer likely positions of the carbon atoms of the
oxalate ions. A second model was then developed in
which oxalate ions were treated as three independent
rigid groups with internal bond distances and angles
derived from the Cambridge structural database.35 A
more flexible definition of the DAZOP molecule was
developed in which torsion angles between the two rings
and the central diazo NdN unit and between the NMe2
group and the C6H4 ring were allowed to vary. A CH3-
CN solvent molecule was also introduced as a rigid body
with a variable occupancy. Several tens of thousands
of cycles of model perturbation/Rietveld refinement were
then performed during which the various rigid groups
(DAZOP molecule, oxalate anions, and solvent) were
allowed to vary their positions and orientations within
the unit cell at random, subject to the restraints that
the metal-oxalate layer network remained intact (M-O
bonds forced to remain <2.3 Å), the DAZOP molecule
remained approximately halfway between the metal-
oxalate layers and the solvent remained at a nonbonded
distance from other atoms.

In this manner a structural model that displayed
excellent agreement with experimental data was
achieved. Subsequent Rietveld refinement in which
coordinates and angles of the various atoms and rigid
groups, along with internal degrees of freedom of the
DAZOP molecule and the solvent occupancy, were
refined (62 variable parameters total36) gave the fit of
Figure 2. Final agreement figures of wRp ) 1.45% (8.4%
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Figure 2. Final Rietveld plot for DAZOP[MnCr(ox)3]‚0.6CH3-
CN. Observed data (small crosses), calculated curve (solid line),
and difference curve (lower solid line) are shown. Small vertical
tick marks show reflection positions allowed by symmetry.
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with background subtracted) and RBragg ) 2.74% were
achieved. This represents a structure solution of a
material containing 61 atoms in the asymmetric unit
(44 non-H) from laboratory powder X-ray data.37

Views of the three-dimensional structure of DAZOP-
[MnCr(ox)3] are shown in Figure 3. The metal-oxalate

layers form a honeycomb arrangement as expected
(Figure 3b) with average metal-oxygen distances of
2.15 Å for the two metal sites. One would clearly expect
Cr(III)-O distances to be considerably shorter than Mn-
(II)-O distances. This suggests the metal atoms (which
cannot otherwise be readily distinguished by X-ray
measurements) are disordered over the two sites avail-
able. We presume that this disorder occurs along the
stacking axis: Mn(II)/Cr(III) being ordered within in-
dividual two-dimensional sheets, but this order being
lost between subsequent layers. Analogous disorder is
found in MIPS[MnCr(ox)3], though in DAPS[MnCr(ox)3]
ordered metal sites are found.25 Individual oxalate
layers are essentially planar, with none of the “wavi-
ness” exhibited by the DAPS/MIPS- containing materi-
als.25 Solvent molecules are located in the intralayer
cavities, in positions similar to those of solvent mol-
ecules in related materials.

The polar alignment of DAZOP chromophores is
emphasized in Figure 3c. Individual DAZOP molecules
lie with their long axis approximately parallel to the
crystallographic b axis and their molecular plane at
≈48° to the layers. The molecules are uniformly packed
within the layers with distances between the mean
molecular planes of 3.42 and 3.11 Å. The sensitivity of
the diffraction data to internal torsion angles of the
guest aromatic rings relative to the central NdN unit

(36) For final cycles of refinement a total of 62 parameters were
refined: scale factor, 3 peak shape parameters, 10 background
parameters, zero point, 4 cell parameters, 30 fractional coordinates
and rotation angles for the 5 rigid groups, 3 internal torsion angles of
the DAZOP molecule, 6 metal fractional coordinates, and a solvent
occupancy. Three unique temperature factors were refined: one
temperature factor for Cr/Mn sites, a second for atoms of oxalate
groups, and a third for C/N atoms of the DAZOP molecule. Ring
hydrogens were set to a value 20% higher than DAZOP C/N atoms
and methyl hydrogens 50% higher. Data were refined over a 2θ range
of 9°-55°; no significant features were discernible beyond this range.

(37) The sensitivity of powder X-ray data to the various parameters
of this model was verified by Rietveld refinement of powder data
collected on the centrosymmetric DAPS[MnCr(ox)3], whose structure
has been determined by single-crystal measurements.25 These studies
indicated that powder data are sufficiently sensitive to factors such
as hydrogen atoms and solvent occupancy to warrant their inclusion
in the final model. The solvent occupancy refined to 0.59(2), in good
agreement with the experimental value of 0.5. The absence of
significant preferred orientation effects for DAZOP[MnCr(ox)3] was
examined by also recording data in Bragg-Brentano (reflection)
geometry; an excellent Rietveld fit was obtained to the data using the
same structural model. To ensure that the model reported represents
a global minimum, several hundred thousand cycles of model pertur-
bation were performed in which the DAZOP molecule location and
torsion angles were set to random values and allowed to undergo cycles
of refinement/simulated annealing. In all cases the model presented
here was the lowest R-factor solution obtained.

Figure 3. Structure of DAZOP[MnCr(ox)3]‚0.6CH3CN. (a) A perspective view of the structure, (b) the metal-oxalate layers, and
(c) the polar alignment of DAZOP chromophores within a single layer. In (b) the polar arrangement of guest molecules is emphasized
by arrows. Carbon atoms, gray spheres; nitrogen, blue; hydrogen, white. MO6 groups in (a) and (b) shown as solid octahedra.
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was investigated by systematically stepping torsion
angles over a 0°-180° range and performing a full
Rietveld refinement at each step (361 refinements total)
and also to the torsion angle of the NMe2 group. These
refinements suggested the molecule is essentially planar
with torsion angles of 5° ( 5° (C6H5NMe ring), 12° ( 5°
(C6H4 ring), and 5° ( 6° (NMe2 to C6H4 ring). Torsion
angles of the seven compounds with central diazo units
in the Cambridge structural database showed an rms
deviation from planarity of 3°. In contrast, ring-ring
dihedral angles of 13.3° and 30.8° are found for the
centric DAPS and MIPS compounds, respectively.

The packing arrangement of DAZOP chromophores
between individual oxalate layers will be determined
by a number of factors. First, there is the need to
maintain charge balance between the negatively charged
layers and the positively charged chromophore mol-
ecules. This will determine the overall chromophore
packing density. For a relatively high packing density,
as necessitated by the layer charge, the rodlike shape
of these chromophores will make a parallel arrangement
extremely likely. Second, the tilting of the molecular
plane of DAZOP will reduce the mean DAZOP-layer
separation, increasing DAZOP-layer electrostatic con-
tributions. The tilting level adopted leads to a relatively
uniform packing in two dimensions. Finally, DAZOP
molecules are shifted relative to one another in such a
way that the donor moieties of one chromophore lie next
to acceptor moieties of that adjacent, maximizing DA-
ZOP-DAZOP electrostatic attractions. This combina-
tion of factors combines to produce polar individual
chromophore layers. Very similar arrangements have
been observed in related materials where cationic
chromophores and anions segregate into “pseudo-layers”
in the structure.38,39

The parallel alignment of each subsequent chro-
mophore layer in the structure presumably arises from
specific DAZOP-layer interactions dominating other
factors, which might tend to align subsequent layers in
a nonparallel or even antiparallel (resulting in an
overall zero second-order susceptibility) fashion. These
will be mediated by the structural rigidity of the oxalate

layers. If one represents the structure schematically as
AB(DAZOP)AB(DAZOP)..., where A and B refer to the
surfaces of the oxalate layers, then factors favoring a
specific chromophore arrangement within one layer will
be naturally propagated through the material. However,
given the pseudo 3-fold symmetry of the layers, one
might expect that subsequent DAZOP layers could
adopt any one of three orientations at 120° to an initial
layer. For an ideal trigonal system one would expect a
b/a ratio of x3 or 1.732. For DAZOP[MnCr(ox)3] the b/a
ratio is 1.746, which represents an ≈0.8% distortion
from trigonal symmetry. This distortion is presumably
sufficient to energetically discriminate one of these three
orientations relative to the others, resulting in the
collinear polar chromophore arrangement observed and
bulk NLO activity.

The question then remains as to why the DAZOP
chromophore adopts a noncentrosymmetric packing
arrangement within the oxalate layers whereas others
do not. Of the various A[M(II)M′(III)(ox)3] phases pre-
pared to date it is those with the smallest mean
interlayer separation that exhibit the highest NLO
activity. These are the materials in which the chro-
mophore size and shape presumably match the layer
size and charge density most closely. In fact, for the
DAZOP case there is a natural registry between the
chromophore length (≈15.9 Å) and the crystallographic
b axis (16.3 Å). This leads to a densely packed arrange-
ment (Figure 3c) in which each DAZOP molecule can
adopt an essentially identical position with respect to
the host layers, favoring the formation of a highly
crystalline, ordered material. In the case of DAZOP
these factors lead to the close interaction between
adjacent chromophores, essentially planar chromophore
molecules,andlargespecificlayer-chromophoreinteractionss
the factors which will favor a bulk polar structure.
Preliminary evidence suggests that DAZOP[FeCr(ox)3]
and DAMS[MnCr(ox)3] have closely related structures.
Further work on these and related materials is in
progress.

Supporting Information Available: A table of fractional
atomic coordinates (PDF) and an X-ray crystallographic file
(CIF) have been deposited. This material is available free of
charge via the Internet at http://pubs.acs.org.
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