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1. Introduction

Hybrid composites constitute a milestone in the development of
functional and structured materials displaying peculiar properties
and improved performances. Typically, these assembled materials
combine the intrinsic features of both organic and inorganic com-
ponents, leading to enhanced mechanical, physical and thermal
properties [1—3]. Among the hybrid composites, those comprising
T-conjugated organic chromophores have gained considerable in-
terest for the possibility of developing materials with specific op-
tical and electronic properties [4—7]. In fact, over the decades
scientists focused their efforts towards the synthesis of hybrid
multifunctional assemblies for different optoelectronic applications
such as waveguide laser cavities [8], optical memory systems [9],
artificial antenna systems [ 10], and for the manufacturing of optical
sensors [11] and light emitting diodes [12]. In these systems, the
inorganic component is arranged into ordered nano-scale archi-
tectures embedding photofunctional organic w-conjugated dyes.
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Among the inorganic nano-structured materials, layered sili-
cates have been widely used as hosts owing to their ion-exchange
capability, large specific surface area, and unique two-
dimensional expandable intra-layer space [13,14]. These specific
features enable the tuning of the interaction between the
embedded organic dyes in a sandwich-type intercalation by surface
chemistry (i.e., ion-exchange and grafting reactions).

Recently, we have synthesized different SOMASIF 100 (SME)
hybrids based on an intercalated organic dye and a polymer matrix
wrapping the inorganic nanostructure, and we have shown that the
SME interlayer spacing can be varied by changing the type of
intercalated dye and its loading [14—17]. The main goals achieved,
besides the enhanced processability imparted by the polymer, are
the improvement of the dye photo-, thermo-, and chemical-
stability, and the control of the accommodation of the guest to
realize efficient dye assemblies, thus allowing the tuning of the
hybrid's photo-functions.

Because of the great interest for the applications of these poly-
mer hybrids in optoelectronic devices [18], a deeper structural
characterization of the crystalline dye-intercalated SME precursors
is desirable. Quite recently three contributions concerning the
complete crystal structure of hybrids constituted by layered silicate
and organic molecules have been reported [19—21]; in these
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studies the molecules taken into consideration were either not
conjugated or small, and no significant optoelectronic properties
could be conceived.

In this work, aiming to gain a deeper insight into the dye
arrangement within the interlayer spacing, the salts of three pro-
totypal m-conjugated dyes appealing for optoelectronic applica-
tions, were studied by means of synchrotron XRD investigations.
The chemical structure of three dyes differing in their size, shape,
and stiffness are all shown in Scheme 1, i.e. oxazine-1 chloride
(0x17), rhodamine 6G chloride (R6G*), and 2,7-bis(9,9-
dioctylfluorene-2-yl)-9,9-bis[ 6-(trimethylammonium)hexyl]fluo-
rene dibromide (TF?T).

Moreover, suitable molecular models compatible with XRD
findings are proposed and the agreement with the optical proper-
ties of the hybrids is discussed.

2. Experimental
2.1. Hybrid preparation

The materials were synthesized following the procedures
developed for each specific case, detailed in Refs. [ 14], [16],and [17],
for Ox1F, TF2* and R6G, respectively. A general procedure how-
ever is reported in Supplementary data.

2.2. X-ray diffraction

Powders loaded into a sealed capillary were examined at 25 °C.
GIWAXS measurements were performed at the X-ray diffraction
beamline 5.2 at the Synchrotron Radiation Facility Elettra in Trieste
(Italy). The X-ray beam emitted by the wiggler source on the Elettra
2 GeV electron storage ring was monochromatized by a Si(111)
double crystal monochromator, focused on the sample and colli-
mated by a double set of slits giving a spot size of 0.2 x 0.2 mm. The
beam was monochromatized at energies from 6.2 keV to 10.34 keV
(1.2 < A <2 nm) both for films and powders. Samples were oriented
by means of a four-circle diffractometer with a motorized gonio-
metric head. The X-ray beam direction was fixed, while the sample
holder could be rotated about the different diffractometer axes, in
order to reach the sample surface alignment in the horizontal plane
containing the X-ray beam by means of laser light reflection. Sub-
sequently it was possible to rotate it around an axis perpendicular
to this plane or, alternatively, vary the angle between beam and
surface (angle of incidence). Bidimensional diffraction patterns
were recorded with a 2M Pilatus silicon pixel X-ray detector
(DECTRIS Ltd., Baden, Switzerland) positioned perpendicularly to
the incident beam, at 200 mm distance from the sample, to record
the diffraction patterns in reflection geometry. Sample and detector
were Kept still during the measurements. The sample inclination to
the beam was changed from w = —0.05° to w = 0.25°, in steps of
0.05° yielding seven diffraction images. The g resolution of the 2D
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Scheme 1. The chemical structure of the organic dyes considered in the study.

collected images was estimated by means of Lanthanum Hex-
aboride powder (NIST standard reference material 660a) and was
evaluated ranging from 0.2 to 0.3 nm~! both for g, and Qxy» N
agreement with other synchrotron measurements [22,23]. The
same calibration standard allowed for the integration of 2D pat-
terns using the software Fit2D [24] yielding powder-like patterns of
intensity vs. diffraction angle, corrected for geometry, Lorentz, and
beam polarization effects. Peaks positions were extracted by means
of the program Winplotr [25]. Powders, when available in sufficient
amount, were also examined using an Anton&Parr Camera under
nitrogen flux and Siemens D-500 diffractometer (Cu Ko radiation,
A = 0.154 nm). The operating voltage and current were 40 kV and
40 mA, respectively. Data were collected from 3° to 33° 26 at 0.05°
20 intervals.

2.3. Optical analysis

Due to the extremely low solubility of the hybrids, the optical
characterization of the composite crystalline powders was per-
formed on ground samples in KBr pressed pellets.

UV—visible absorption measurements were carried out via
PerkinElmer Lambda900. The continuous wave photoluminescence
(PL) spectra were recorded by a charge-coupled device cooled with
liquid nitrogen, combined with monochromator. The excitation
source was a monochromated xenon lamp. The spectra were cor-
rected for the instruments response [10]. The PL spectra were ac-
quired by exciting with a wavelength slightly shorter than the main
absorption maxima of the compounds.

3. Results and discussion
3.1. General considerations

Depending on the nature of the components used (i.e., layered
silicate and organic cation) and the preparation method, different
types of hybrid can be obtained [7]. Phase-separated micro-
composites (conventional composites) are obtained when the
organic counterpart is unable to intercalate: silicate lamellae
remain stacked in structures often referred to as tactoids as in the
pristine mineral. Otherwise, when the organic cations penetrate in
between the silicate layers, an intercalative system is obtained. In
this case the composite shows, at least in principle, a well ordered
multilayer morphology built up by alternating organic and inor-
ganic layers. The most interesting and technologically promising
materials are those belonging to this latter type, so that the un-
derstanding of the organic guest arrangement in between silicate
lamellae is desirable, and XRD investigation is an irreplaceable
technique to this aim.

In intercalated hybrids, the repetitive multilayer structure is
well preserved, allowing the intra-layer spacing to be determined.
Such an intercalation increases the intra-layer spacing with respect
to the spacing of the pristine silicate, leading to a shift of the cor-
responding diffraction peak towards lower angle values. Moreover,
the m-conjugated organic molecules accommodate within the
lamellae and form peculiar ordered patterns, allowing for inter-
molecular interactions which can provide unique optical properties
to the composites. Hence absorption and photoluminescence
spectroscopy can be exploited as a complementary techniques to
XRD analysis to give, beside the structural details about guest up-
take in fluoromica layers, information on the intra-layer molecular
arrangements as a function of both the dyes molecular species and
their loading level.

The choice of SME fluoromica host, described by the formula
Nag.66Mg2.65(Si3.98Al0.02)010.02F1.96, Stems from its high aspect ratio
(LW = 6000, where L and W are length and thickness of silicate
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platelets, respectively) low charge density, and small amounts of
impurities [26].

Although SME crystal structure is unknown, Cs-fluoro hectorite
[27] seems to be a reasonable approximation to it, even if the
morphologic aspect of the former (large lamella-like) is signifi-
cantly different from that of the latter (lath-like) [3]. To improve the
similarity between Cs-fluoro hectorite and SME, the Cs™ ion was
replaced by Na*, and b-axis of the unit cell was adapted to take into
account the ionic radius contraction. This structure was adopted as
the reference fluoromica for the interpretation of the diffraction
data.

According to previous findings, the dry SME interlayer spacing
[d(oon)] is close to 0.96 nm [28]. Any increase of this distance in a
composite sample, detectable by XRD experiment, is a clear
signature of an organic dye intercalation. However, the knowledge
of the d-spacing in the vertical direction alone is not enough to
completely evaluate the physical space occupied by the intercalated
organic molecules, since it does not provide any insight into the
other two horizontal dimensions. In addition, even if the interca-
lated molecules are packed together to yield ordered groups of
molecules, the range of structural order achievable along the hor-
izontal directions is insufficient to observe significant diffraction
effects in an XRD pattern.

The loss of horizontal coherence in the packing of this kind of
composite materials occurs when a size-mismatch takes place

(a)
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between the distances among the ions of the layered silicate
directly involved in the interactions with the dyes, and the actual
dimensions of the packed groups of intercalated molecules. Such
dimensional mismatch is generally referred to as
incommensurability.

In order to complement the partial information provided by
XRD investigations, calculations in the framework of the well
established space-filling model [29] were performed in order to: (i)
explain the increase of the interplanar distance in the vertical di-
rection, (ii) evaluate the extent of the horizontal occupation be-
tween the fluoromica layers by the packed molecules, and (iii)
qualitatively estimate possible arrangements of the guest dyes.

The models of all the composites were built up by the MAT-
STUDIO package [30] and optimized to give the minimum overlap
among atoms belonging to different molecules, compatibly with
the maximum achievable packing, according to the spirit of the
space-filling models.

To highlight the intercalated dye arrangement, the steric
hindrance of the organic molecules has to be taken into account.
While 0x1* molecular cation can be considered a planar rigid
chromophore, and the R6G™ one has only limited internal de-
gree of freedom, the chemical structure of TF?* molecule
(Scheme 1) allows the dye to assume a large variety of confor-
mations, each one implying a different coverage of the SME a—b
plane.
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Fig. 1. a) Synchrotron XRD patterns of hybrids of Ox1*, R6G*, and TF?* derivative, at different loading amounts (blue line for the high-loading sample, azure line for low loading
sample; dashed line for the intermediate loading of R6G*). The vertical bars indicate SME (001) peak. b) Synchrotron XRD patterns of SME (black line) and largely loaded hybrids of
0x17 (green line), R6G* (red line), and TF** (blue line), the (00I) reflections are indicated. Wavelength is 0.12 nm. The intensities are vertically shifted for clarity.
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Table 1
Selected d-spacings (nm) of different samples as powders (see text).
Sample Spacings®
SME" 1.240 0.955" 0.620' 0472" 0.316" 0.309 0.248’
001 001 002 002 003 004 005
0x1+¢ Low loading 1.520¢ 0.955" 0.755° 0.503° 0.376°
001 001 002 003 004
High loading 1.740° 0.868° 0.580° 0.437° 0.350° 0.291°
001 002 003 004 005 006
R6G* Low loading 1.700% 0.955" 0.424R
001 001 002
High loading 2.140R 1.070% 0.705R 0.532R 0.424R 0.360™¢
001 002 003 004 005
TR+ Low loading 1.520" 1.240' 0.955" 0.620/ 05137
001 001 001 002 003
High loading 3.1107 1.5507 1.0357 0.780" 0.514"7
001 002 003 004 006
2 Corresponding (001) is indicated below, bold and italics characters are used for wet and dry SME respectively.
b Spacings related to wet SME are indicated with an apostrophe, while those related to dry SME are quoted in italic with double apostrophe.
¢ Peaks attributed to reflections belonging to the same crystallographic direction are indicated with O for Ox1%, R for R6G*, and T for TF?>* respectively (see text).
d

Beside the already mentioned incommensurability between the
hybrid components, the dye loading achievable is limited by the
silicate maximum cation exchange capacity (CEC) [14—17]. These
two facts impose to assume quite different occupation factors for
the inorganic/organic components in the calculation of the (hkl)
intensity of the hybrids.

In the crystallographic view of intercalated hybrid materials, the
dye aggregation in between the inorganic layers should be
considered together with the effect of c-axis elongation. In this
respect, the structural studies of bare fluoromica by Cattaneo et al.
[31], and the studies about the intercalation of R6G™ in taeniolite
[32] showed the occurrence of a wide variety of peaks attributed to
(001) reflections. Other fine features of the XRD pattern, ascribed to
the dye packing, contribute to shed light on the complexity of
hybrid structure.

As will be detailed in the next section, the XRD patterns of all
considered hybrids show pronounced variability both in spacing
and intensity along with crystallographic direction [00l] as a
function of loading. Contrariwise reflections observed in dry or wet
SME and attributed to different [h k [], Fig. 1b, stay unchanged both
in position and in intensity; this fact confirms that the two com-
ponents of the hybrid contribute independently to the crystal
diffraction.

Given the incommensurability between SME and any organic
dye molecule, the dye aggregation is variable in the hybrid, as
incomplete loading is achievable in all cases [14—17]. This fact
originates an unregistered stacking in the basal clay plane, affecting
also the trend of (00I) reflections and complicating the intensity
calculations. For these reasons a full structural resolution is not
easily achievable.

However, possible models of intercalated dye packing can be
conceived using peaks attributed to [00I]. Besides to check crys-
tallite dimensions and perfection XRD line-profile analysis is useful
to assess the degree of ordered packing. To this end Hosemann
para-crystal approach [33] was chosen dealing with the loss of
long-range order typical of organic materials (see next paragraph
for details).

To enlighten to some deeper extent the structure of these
composites and to form any reliable model, an estimation of the
effectively intercalated dye content is required. Hence we
measured the amount of organic residue by thermogravimetric
analysis and, after appropriate correction of the ratios due to
different molecular weights, we obtained, for maximum loading,
values of 0.18, 0.22, and 0.1 for Ox17, R6G*, and TF?>* respectively

This peak is attributed to R6G™ m-stacking hence not indexed with the unit cell elsewhere considered (see text).

[14—18]. This result evidences a molar ratio below one between
fluoromica and dye, as largely expected in view of the hindrance of
dye molecule inside the hybrid unit cell; therefore the contribution
of fluoromica to the overall diffraction is prevailing in all cases. In
order to give a reliable vision of aggregation in these complex
systems, we resorted to compare the series of experimental [00I]
peaks with calculated ones taking into account the contribution of
SME only or SME + dye, packed in different situations, depicted by
space filling molecular models. The previously mentioned occu-
pation factors were employed to build up molecular models with
MATERIAL STUDIO package [30]. A unit cell with elongated c-axis
was chosen according to the diffraction data. The composite unit
cell content was considered constituted by dye molecule and SME
chemically unvaried after intercalation, as the substitution involves
only a sodium ion.

In modeling calculations P1 space group was adopted, to ac-
count for the decrease in the hybrid crystal symmetry with respect
to that of pure SME. The contribution of inorganic and organic part
of the crystal to diffraction is however strongly affected by the
mentioned unregistered stacking along a—b plane. The number of
reflections available for structure factor calculations is rather small,
being observable d-spacings below 0.28 nm, peaks which d-spac-
ings are smaller than this value pertain only to the inorganic part.

The last two observations prevent therefore the use of either the
recently appeared approach of Difference Envelope Density [19] or
atomic pair distribution function analysis of X-ray powder diffrac-
tion data [20].

It is worth mentioning that also the combination of XRD data
with '°F NMR studies [21] cannot help because of both incom-
mensurability between clay and dyes and possible multiple
arrangement of the dye intra-layers.

3.2. XRD

The intercalation of the three different dyes inside SME intra-
layer space was monitored by powder XRD analysis. The mea-
surements were performed at different wavelengths (energy
ranged from 10.34 to 6.2 keV, i.e. 1.2 < A < 2 nm) in order to detail
both long and short spacings.

Accurate d-spacing determination of both hybrid materials and
pristine SME is reported in Table 1. Moreover the results of a
complete full profile analysis in the Hosemann approximation
along [00I] [34] calculated by means of the program package
developed by Enzo et al. [35], are listed in Table 2.
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Table 2

Line profile analysis of selected fluoromica hybrids as powders.
Sample Loot)*  ems’  8oo1” ool 8001 &ioo1] 8loo1]

100/200 200/300 300/400 400/500 500/600

SME 41 0.3 0.95 1.7
SME wet 30 0.3 1.2 0.9
ox1™* 18.5 04 1.2 0.9 1.6 0.6 0.4
R6G™ 10 1.6 3.8 2.8 1.5 1.9
TF*+ 115 1.6 5.7 3.8 2.3¢

2 L is the average crystallite dimension (nm) as derived from Ref. [35]. The esti-
mated standard deviation (e.s.d.) is <1 nm.

b ¢ s is the non-uniform strain (%) which e.s.d. is 0.025.

€ gn is the lattice fluctuation factor (%) according to Hosemann paracrystal the-
ory, calculated over closest order.

94 In this case the referred reflections are (300) and (600).

In Fig. 1 XRD patterns of hybrids of SME and the three dyes
0ox1*t, R6Gt, and TF?* as a function of loading level (a) and at
maximum loading achievable (b), together with the reflection
attribution, are shown. We take advantage of SME indexing re-
ported in Refs. [27] and [31], and indicate the relevant (hkl) attri-
bution following the sequence detailed in Table 1.

It should be mentioned that the SME is highly hydrophilic
consequently the XRD spectra of the hybrids consist of peaks
attributed to [00l] of dry fluoromica (indicated with a single
apostrophe in both Table 1 and Fig. 1b), mixed with others per-
taining to wet fluoromica (quoted with double apostrophe in the
table). Other (h k I) reflections are common to both dry and wet
material, so the indexing of relevant peaks is reported in Fig. 1b
without any further distinction.

XRD spectra of bare dyes, reported in Figs. S1-S3 of
Supplementary data, show no common peak with those of high
loading hybrids (Fig. 1b). The largest d-spacings observed in the
former cases are 1.41, 1.10, 4.20 nm for Ox11, R6GT, TF?* respec-
tively, while the largest one of the loaded SME samples is close to
1.24 nm (Table 1). This indicates that in all the samples, the amount
of pristine dye salt external to the clay is lower than the XRD
sensitivity (generally over 2%), and that most of the dye is inter-
calated in between SME lamellae.

Another feature of the XRD profiles of differently loaded hybrid
samples consists in the progressive shift of the peaks — belonging
to [00!] — as a function of the loading level, owing to the arrange-
ment variability of the intercalated dyes. In fact largest d-spacing,
starting from 1.24 nm (wet SME), increases to 1.74 nm, 2.14 nm and
3.11 nm for Ox1F, R6G*, and TF?** respectively (Table 1).

Moreover the peaks pertaining to pristine SME, visible in the
spectra of the less loaded samples (vertical bars on (001)SME in
Fig. 1a), are no longer present in the highly loaded samples as a
consequence of the effective intercalation of all the available fluo-
romica. In the Ox1% case, the peak proper to the pristine SME is
never observed independently of the amount of loading, because of
both the presence of a small water residue, and a partial overlap
with the hybrid (001) tail.

As previously mentioned, when the dye loading tends towards
the maximum charge allowed by the CEC, no residual of SME [00I]
can be measured, indicating that also in the condition of dye-SME
ratio well below one, noticeable intra-layer size increment is ach-
ieved in SME lamellae, irrespectively of the residual water content.
This shows that in these materials, considerable voids are present
within the intercalated lamellae, as a consequence of the inability
of the dyes to give rise to ordered groups of molecule on a very long
range scale.

In all cases several orders of the same crystallographic direction,
[001], are detected, indicating a pronounced coherence inside the
intra-layer channels at high loading. In this respect profile analysis

carried out along this direction (see Table 2) supplied significant
parameters describing the order degree achieved in the hybrids: i)
crystallite size Lpy, ii) non-uniform strain ey, (iii) lattice fluctua-
tion factor gpy [34]. Specifically, the first maps the diffraction
coherence, while the second and third ones describe the internal
perfection, i.e. lower values indicate larger diffraction coherence
inside a crystallite.

In Table 2 the & and gy parameters of wet SME are found to
be comparable in value to the corresponding ones of the hybrids,
especially in the case of Ox1™. This shows that the intercalated
systems are characterized by well-formed and dimensionally reg-
ular crystallites, as in the case of pristine SME. Conversely the
values appropriate to TF** indicate more dimensional heteroge-
neity of the crystallites in the samples, possibly as a consequence of
the greater internal flexibility of these intercalating molecules,
which allows them to arrange in different ways in between the
silicate layer.

Aside from wide elongation of c-axis, irrespectively of both the
dye type and the loading level, a double peak at ~15.5° (26)
attributable to (020) + (110) reflections of SME, is present in all the
spectra. This is an indication that the dye intercalation does not
appreciably perturb the periodicity along the horizontal di-
mensions, parallel to the a—b planes. This observation confirms that
the SME and the dyes contribute quite independently to the
diffraction, at least in the directions parallel to the lamella plane.

The values of the effective intra-layer size obtained from the d-
spacings reported in Table 1 and derived by means of space-filling
models are listed in Table 3. As expected in the cases of Ox1" and
R6G™ the c-axis elongation is coherently related to the loading: at
low loading regimes the intercalated molecules can accommodate
in a substantially flat way, while at high loadings the progressive
standing up of the molecules related to the formation of packed
groups of dyes, becomes evident from the extent of the c-axis
elongation, which becomes more and more relevant.

A different situation is observed in TF*t case, where wide
variability in d-spacings is observed as a function of loading level,
since the octyl side-chains can assume quite various conformations,
as detailed in the next section.

The tilt angle between the dye mean molecular axis and the
fluoromica layer, indicated in column 4 of Table 3, has been
calculated by using space-filling model with the aid of MATERIALS
STUDIO package [30]. The maximum space effectively accessible to
the molecules assumed in linear backbone conformation inside the
SME intra-layer space was evaluated. Specifically, for TF>* case
(Table 3) a range of values of tilt angle are reported, as a function of
molecular conformations adopted by the intercalated dye.

In order to build up appropriate models of intra-layer arrange-
ments of the dyes, we calculated the integrated intensity of [00I]
reflections considering unit cell with expanded c-axis derived from
modified F-hectorite [27] in the P1 approximation, as no higher
symmetry can be conceived from XRD data. The intercalation of the
dyes within the SME layers, taken in the conformation optimized
by the COMPASS program of MATERIAL STUDIO package [30], was
carried out adopting suitable orientations among those allowed by
space-filling hindrance. The molecule position was finally varied by
the rotation around the c-axis. The major constraint to be fulfilled
was the experimental occupation factor of organic molecule which
can vary upon the loading level.

As mentioned before, a P1 triclinic unit cell was adopted dis-
playing following parameters: a = 0.520, b = 0909 and
¢=0.960 nm and « = y = 90° and ¢ = 99.2°. For any specific case c-
axis was given the appropriate length (see Table 3).

A series of calculations have been performed to obtain the most
favorable closest aggregations of the molecules into the intra-layer
space and the most encouraging results are reported in Table 4. Of
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Table 3
Evaluation of intra-layer space from d-spacings in different composites.

SAMPLE doo1) Intra silicate layer space® Dye/layer tilt angle (°)
SME 0.96 0.26° —

0x1™" (low loading) 1.51 0.40 0

0x17" (high loading) 1.74 0.62 20

R6G™ (low loading) 1.50 0.38 0

R6G™ (high loading) 2.12 1.01 50

TF?* (low loading) 1.52 0.41 0

TF* (high loading) 3.1 1.98 10—40°

@ Values are derived from CPK model optimized by MATERIALS STUDIO package (see text). For SME Na ionic radius is considered.
b In view of several conformations achievable by the molecule, a range of calculated angles is indicated (see text).

Table 4
Comparison of intensities of (00!) reflections of three cases differing in a axis length according to specific intercalated dye.”
(oorn) Dyes
ox1+ R6G* TF*
Iobs Icalc CSME Iobs Icalc CSME lobs Icalc CSME
(001) 100 100 100 100 100 100 100 100 100
(002) 1.60 2.07 2.31 5.50 4.50 1.50 26.60 22.20 9.19
(003) 0.33 0.66 0.61 0.49 0.55 0.40 0.90 0.50 0.34
(004) 1.60 0.80 0.70 0.20 0.03 0.01 0.14 0.15 0.07
(005) 2.68 2.61 0.90 0.12 0.20 0.19
(006) 0.12 0.11 0.05 0.25 0.07 0.06

2 Values are normalized to (001) and are multiplied by 107 to facilitate the comparison. The contribution to structure factors of dye intercalated in the SME intra-layer space
is calculated using various occupation factors, whose values are derived from initial loading amount, TGA analysis, and molecular hindrance: 0.18, 0.22, and 0.10 for Ox1™,
R6G*, and T?* respectively. Csy indicates the contribution of SME only to the diffraction in the expanded unit cell (see text).

course taking into account the quite unfavorable ratio between
experimental data and structural parameters to be determined, as
well as to the difficulty in assessing water contribution to the
diffraction, such a method must be considered a qualitative means
to provide reasonable descriptions of these complex materials.

Nonetheless, some agreement in both the absolute values and
trends between observed (Iops) and calculated (Ica)c) intensities can
be recognized by comparing columns 1 and 2 for each dye in
Table 4.

Even though the strong reduction of peak intensity after second
order reflections implies an increasing uncertainty in the inte-
grated intensity evaluation, the trends are still preserved. Moreover
the agreement between the I,,s with those calculated as the
contribution of the SME alone in the expanded unit cell (Csymg) is
worse than those calculated accounting for both the contribution of
SME and dye. These evidences constitute a clear indication that the
approach supplies models capable to capture the general structural
features of these complex systems, at least at a coarse grain level.

The different dye arrangements in between SME layers are
described in the next section separately, and the CPK models are
commented.

3.3. Packing models

In view of the lack of information on a—b plane packing ar-
rangements and also of the values of dye occupation factors — less
than unity as specified Section 3.1 — some stakes must be fixed in
order to supply a reliable vision of the dye organization inside the
enlarged SME layers.

Specifically the area of the closest achievable packing of the dye
molecules should not exceed the maximum layer charge area value
of SME (0.77 nm?) [36], to preserve charge equilibrium. At the same
time, the ratio between the area occupied by the dye, properly
scaled by the real occupation factor, and the area of SME a—b plane
— in the following indicated as filling ratio (FR) — has to model

spatially heterogeneous samples, containing both closely packed
molecules and void areas.

As mentioned above, the lack of (00l) SME peaks and the
appearance of corresponding peaks at lower diffraction angles —i.e.
larger d-spacings — in XRD spectrum of highly intercalated hybrids
indicate the ubiquitous presence of intra-layer space expansion.

As a counter check, the comparison of the number of non-
substituted unit cells versus that of the intercalated ones, coming
from the model, was performed by selecting the most promising
models in terms of both available interlayer space and intensity
trend of [00I] calculated intensities. Reliable arrangements,
assuming closest packing, are proposed in the following for each
specific case.

1.73

(8, n (8%
'o. .07, 0. oY
Y Y Y Y 5

Fig. 2. Space-filling model of a composite of SME and Ox1* at high loading, as viewed
along the channels. The distance between adjacent silicate layers and between close
dye molecules is in nm. Different elements are indicated by yellow (Si), red (O), green
(Mg), azure (F), gray (C), blue (N), and white (H) respectively.
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3.3.1. ox1t

The oxazine-1 is a conjugated dye with a planar conformation
readily intercalated into SME layers [8], in fact highly loaded hy-
brids display (001) spacing close to 1.74 nm along with five higher
orders; the corresponding space filling model is shown in Fig. 2,
where the oxygen atoms of two 0x1" molecules are separated by
~1 nm. In the spectrum region typical of dye molecule 7-stacking
(0.4 nm) no diffraction effect over background is observed. More-
over the calculated occupation factor, close to 0.18, is the maximum
loading with respect to the CEC in spite of the large amount of not
substituted SME regions. Molecular models with paired molecules
at ~0.65 nm allow for two different dimer aggregation, namely with
either faced or opposite diethyl amine groups. The bent shape of
0x1" molecule makes the opposite situation largely preferred to
ensure the closest packing, as shown in Fig. 3, where an ordered 2D
packing inside the silicate intra-layer space is depicted. Such an
arrangement is constituted by four molecules, forming a quasi
rectangular ensemble, realizing the closest packing, as viewed
normally to the a—b SME plane in Fig. 3. This model yields an area
value of about 0.8 nm?, comparable with the average layer charge
area (0.77 nm?) [36].

An approximate calculation of the above defined FR gives a
values close to 0.31, meaning that on 100 SME unit cells about 67
are not intercalated.

3.3.2. R6G*

Rhodamine 6G is widely used for its relevant emitting proper-
ties and has been successfully intercalated in SME [17]. From XRD
data four orders of [001] direction, d = 2.14 nm, are visible; more
interestingly a new peak (0.36 nm) appears, attributable to the -
stacking of adjacent molecules, whose extension approaches 7
molecules, evaluated by using line profile analysis [35]. Noticeably,
in the XRD spectrum of pure R6G™ reported in Fig. S2 of
Supplementary data, no spacing at 0.36 nm is registered, indi-
cating that a peculiar close arrangement of the molecules in be-
tween the SME layers takes place when R6G™ is intercalated. This
crystallographic evidence readily accounts for a possible aggrega-
tion of the intercalated dye as coming out from PL experiments [17]
(Section 3.4), in contrast with J-aggregate formation recently
observed in 9-phenylanthracenyl rhodamine derivative [37].

In the case of high loading reliable space-filling models evidence
SME intra-layer arrangement, constituted by a sequence of inter-
calated molecules, shown in Fig. 4. As proposed for Ox1* hybrids,
also in this case the intra-layer molecular organization can be
represented as a close packing of R6G™, along the basal fluoromica
plane, coherently with XRD outputs. The minimum distance

Fig. 3. Space-filling model of the closest packing of four Ox1" molecules, as viewed
normally to the clay plane. The aggregate is placed inside the highly loaded SME
composite. The atoms belonging to the silicate are omitted for the sake of clarity.

Fig. 4. Space-filling model of hybrid of SME and R6G™ at high loading level, as viewed
laterally to evidence m-stacking of the dye molecules. The distance between adjacent
silicate layers and between close dye molecules is in nm.

achievable between two close sequences of adjacent m-stacked
R6G™ molecules, evaluated near to 1.4 nm, and the angle formed by
mean molecular axis and silicate layer, calculated near to 50°, were
considered. From these molecular arrangements, the closest pack-
ing achievable in case of high loading can be derived, namely a

Fig. 5. Space-filling model of two antiparallel stacks of R6G", each formed by four
molecules, closely packed inside the highly loaded composite. The arrangement is
viewed along c-axis. The atoms belonging to the silicate are omitted for the sake of
clarity.
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model of antiparallel strips of m-stacked molecules can be
conceived.

As exemplified in Fig. 5, the smallest area occupied by two strips,
each one constituted by 4 molecules (the minimum number to
guarantee a coherent packing) is close to 0.71 nm? a value
compatible with the average layer charge area of SME (0.77 nm?)
[36]. It is worth mentioning that even considering parallel strips of
m-stacked molecules, the derived area is about 0.8 nm? which
supports the model credibility.

In this case FR ratio (0.33) is quite comparable to the Ox17" value
in spite of the observed m-stacking of adjacent molecules; this
observation can be justified by molecular size increase. Corre-
spondingly, on 100 SME unit cells about 65 should be not
intercalated.

33.3. TF**

Dialkyl-fluorene trimer with tethered quaternary ammonium
groups was successfully intercalated in SME [16], and according to
an increasing dye loading, different arrangements of the molecules
could be inferred: at low CEC ratio, a flat molecular conformation
was conceived in order to account for the experimental inter-layer
spacing. At high loadings, where quite large spacings were found
from XRD spectra, expanded molecular arrangements were more
appropriate to explain the experimental data.

The molecule length in extended conformation (2.75 nm)
matches the long spacing exceeding 3.1 nm in films and powders
[14], while the dimension of the lateral chains only allows for
molecular aggregation that exceeds 1 nm, due to the pendent
octylic ammonium chains. These dimensional features explain the
absence of a peak attributable to the -stacking (0.4 nm) in the XRD
spectra, instead observed in the case of R6G™.

The feasibility of such different molecular arrangements within
the silicate are granted by the great flexibility that the octyl side
chains provide to this particular dye, as already observed in
poly(9,9-(di-n,n-octyl)fluorene)s with different molecular weights
[38,39]. Moreover such conformational changes require an energy
cost [40] quite comparable with that calculated for clay layer
expansion [41]. The complexity of the present system allows the
octyl ammonium chains to accommodate either in flat conforma-
tion (0.41 nm channel thickness) at low loading or in an extended
conformation (about 2 nm channel thickness) at high loading, as
shown in Table 3.

Also in this case more than four orders of [001] direction are
expressed in the spectrum. In this context the proposal of a unique
model is clearly unfeasible, hence in Fig. S4 of Supplementary data
just one possible model, supplying the intensity calculations re-
ported in Table 4 — as viewed along [110] — is proposed. Among the
calculated models compatible with both d-spacing and observed
peaks attributed to [001] direction (see Table 3), the one displayed
in Fig. S4 exhibits a small angle between mean molecular axis of
TF** and SME a—b plane. However in Table 3 a range of angles
derived from different likely models is indicated.

Unlike the previous cases, no unique model of lateral packing
can be proposed, because of both multiple conformations of octyl
ammonium chains and the consequent orientations inside the large
layers of SME lamellae.

Nevertheless a tentative FR value is derived of about 0.62, the
highest in the series in view of molecule size; in this case the
number of not intercalated unit cells does not exceed 37 on the
average.

3.4. Optical characterization

SME hybrids loaded with the three fluorescent dyes are insol-
uble, hence the optical characterization (UV—vis absorption and PL

spectra) was performed on the crystalline powders ground in KBr
pellets. While absorption spectra are only slightly affected by the
loading levels of the three dyes in the SME, the PL ones show huge
differences with a color tunability upon Ox1* and mainly R6G*
loading ratios. To better display the color changes in hybrid emis-
sion, the Commission Internationale de I'Eclairage (CIE) chroma-
ticity diagram, which represents the mapping of human color
perception in terms of two CIE parameters (x; y), is used (Fig. 6).

The absorption band of high and low loadings Ox1™" hybrids
pellets are broad, centered at 671 nm, slightly red-shifted with
respect to the isolated Ox1" molecule, with a second peak at
613 nm, more intense for high loading, consistent with an excitonic
band formation (H-dimers) [ 14]. In PL spectra, where isolated Ox1"
molecules emission can be discriminated thanks to its higher PL
quantum yield with respect to aggregate form, the peak at 672 nm
indicates the presence of Ox17 isolated molecules in both lowly
and highly loaded hybrids. Besides, a large red-shifted emission
band at about 750—850 nm, dominant in the highly loaded sample,
is present. As reported earlier, grain boundaries emission of large-
size Ox1* aggregates adsorbed on the SME-edge-surface, hence
not affecting interlamellar fluoromica spacing [14], are responsible
of such a near infrared emission and contribute to the high energy
peak observed in absorption spectra. The CIE coordinates of Ox1+
hybrids slightly shift from (0.73; 0.26) to (0.72; 0.28) upon
increasing dye content.

Both absorption spectra of R6G'-based compounds show a
broad band centered at 540 nm and a high energy shoulder at about
500 nm. On the contrary, huge differences in the emission spectra
are observed in different loaded hybrids. Clear peaks at 555, 602,
and 680 nm indicate contemporary contribution of R6G™ isolated
and aggregated phases for low dye loading. The intensity of the
aggregated emission is dominant in the highly loaded compound.
Differently from the Ox1™ hybrids, the reiterated solvent extraction
does not affect low energy emission intensity, thus indicating that
the aggregated R6G™ molecules are most probably confined in
between lamellar planes. These results correlate well to the struc-
tural characterization and the model where a close packing of R6G™
molecules is highlighted. Upon dye packing, the emission color can
be tuned with a large change in CIE coordinated from orange (0.50;
0.48) to red (0.63; 0.35) for the low and high loading hybrids
respectively.

The optical properties of TF*+ hybrids are substantially iden-
tical: no aggregation can be envisaged and a main absorption band
centered at 370 nm and a peak emission at 420 nm are observed.
The lack in both hybrids of the high energy emission peak observed
in the neat TF?' diluted solution [42] might be ascribable an
increased planarity of the fluorene backbone or to inner filter effect
(self-absorption) because of relatively high concentrations of
intercalated fluorophore. No clear changes are observed in the low-
energy tail of the PL hence an isolated phase of TF?* dyes can be
envisaged with CIE coordinates (0.17; 0.09).

4. Conclusions

Hybrid composites constituted by fluoromica (SME) and m-
conjugated molecules were prepared and studied by both XRD
techniques and optical investigations (absorption and lumines-
cence). The combination of the above characterizations with mo-
lecular modeling allowed us to unveil details on different packing
arrangements which in turn affect the optical properties. Specif-
ically, calculated [00l] intensities were compared with experi-
mental ones in all considered cases and a significant trend was
recognized, although a quantitative approach was prevented
because of the unregistered stacking between dye and silicate along
with the lamellae layers.
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Fig. 6. UV—vis absorption and PL spectra of high (dark blue) and low loadings (light blue) hybrids in KBr pellets: Ox1* (a), R6G* (b), TF?>* (c); spectra are vertically shifted for

clarity. The CIE chromaticity diagram for hybrids emissions is reported (d).

Possible packing models were inferred, on this basis, accom-
plishing both SME CEC and occupation factors. According to the
loading level, significant differences in optical features, especially
in PL spectra, were observed.

In particular for R6G* case, which displays an impressive PL
change, the correlation with molecule m-stacking is fully explana-
tory. While in other cases more limited variation occurred consis-
tently with the lack of any m-stacking.

All in all the intra-layer insertion of a different dye at various
loadings determines the packing type, pivoting the optical
properties.
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