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Abstract

New low-cost photoactive hybrid materials based on organic luminescent molecules inserted into
hydrotalcite (layered double hydroxides; LDH) were produced, which exploit the high-throughput liquid-
assisted grinding (LAG) method. These materials are conceived for applications in dye-sensitized solar cells
(DSSCs) as a co-absorbers and in silicon photovoltaic (PV) panels to improve their efficiency as they are able
to emit where PV modules show the maximum efficiency. A molecule that shows a large Stokes’ shift was
designed, synthesized, and intercalated into LDH. Two dyes already used in DSSCs were also intercalated to
produce two new nanocomposites. LDH in- tercalation allows the stability of organic dyes to be improved
and their direct use in polymer melt blending. The prepared nanocomposites absorb sunlight from UV to
visible and emit from blue to near-IR and thus can be exploited for light- energy management. Finally one
nanocomposite was dis- persed by melt blending into a poly(methyl methacrylate)- block-poly(n-butyl
acrylate) copolymer to obtain a photoactive film.

Introduction

Anionic clays are natural or synthetic layered mixed hydroxides with interlayer spaces that contain
exchangeable anions.[1] Hy- drotalcite-like anionic clays, also known as layered double hy- droxides (LDHs),
are the most representative examples of this family. LDHs are inorganic anionic layered solids of general
formula [M"; ,M", (OH), *(A™),/nem H,0, the layer plane of which is constituted by bivalent and trivalent
metals, usually in a M"/ M" ratio of 2, coordinated octahedrally to six hydroxyl groups. The trivalent cations
introduce a positive charge compensated by the presence of anions in the interlayer region.[1] Clay min-
erals have attracted much interest thanks to their ability to intercalate a variety of ions, both inorganic and
organic, which makes them useful materials in many fields, such as catalysis,[2] preparation of pigments,[3]
removal of waste agents from water,[4—8] pharmaceutical and cosmetic formulations,[9—-13] stabil- izers,
photocatalytic materials for CO2 conversion,[14] rheology modifiers,[15] and luminescent
compounds.[16] More specifically, hybrid organic—inorganic materials that involve the intercala- tion of
dyes or photoactive compounds that include some out- standing materials, such as the Maya Blue[17]
pigment, have been widely studied. Intercalation into LDH layers, besides sta- bilizing the organic molecules
and protecting them from pho- tothermal degradation, is particularly useful in the case of pho- toactive
materials, as it reduces intermolecular quenching and allows the tuning of their photoluminescence
properties by modifying the interlayer environment through the modulation of the loading or the co-
intercalation of surfactants.[18] Given the high density of positive charges in LDHs, the inorganic part
contributes to the arrangement and structural orientation of the guest species. Moreover, the photoactive
compound after the intercalation can be directly used in polymer melt blending.[19]



With particular regard to the photovoltaic (PV) field, photo- active materials can be exploited either
directly, as solar light harvesters in dye-sensitized solar cells (DSSC)[20] and in poly- meric or small molecule
organic photovoltaic (OPV) devices,[21] or indirectly, to obtain so-called “light management”.[22]

One of the main limitations to the efficiency of a PV cell is its inability to harvest all the wavelengths of the
solar spec- trum with equal efficiency. In fact, rather different conversion efficiencies are observed at
different wavelengths. Si-based solar cells, for instance, show the highest light conversion effi ciency at 8
600 nm that decreases to zero toward the near-IR (I § 1100 nm) and UV regions (I 8 350 nm).[23] High-
energy UV photons that are not converted may also cause degradation from the heating of the whole
module and radical formation in the polymer envelope of the PV device. To overcome both problems a
down-shifting technique can be applied by exploit- ing luminescent molecules that are able to tune the
band- width of the light that reaches the PV cell. These molecules are able to shift higher-energy photons to
wavelengths at which the absorption efficiency of the cell reaches its maximum.[24] Light management can
be applied even more efficiently to DSSCs because of the sharper absorption of the organic dyes.[25, 26]
Complementary dyes can be used in DSSCs to improve effi- ciency, the first one bound to titania, and the
second one dis- persed in the electrolyte to act as a complementary pigment (energy relay dyes),[27] which
mimics the photosynthetic pro- cess. The dispersion of DSSC dyes in LDHs allows their facile use in the melt
blending extrusion of polymers.

The aim of this study is to develop low-cost, stable, and effi- cient materials based on photoactive
molecules inserted into hydrotalcite that show significant capability for energy relay or down-shifting
effects.

In previous studies, a liquid-assisted grinding (LAG) method was developed for the fast and clean
preparation of organic- intercalated LDH nanocomposites.[28, 29] This method was used to demonstrate
that the exchange of an inorganic anion (chlo- ride or nitrate) inside the LDH with an organic molecule that
bears at least an acidic group is possible and easy to perform in an almost solvent-free environment. Very
recently, efforts have been made to understand the potential and limitations of the LAG method and to
optimize the intercalation yields on already known LDH-based compounds.[30] LAG is now a mature
method, ready to be applied for the high-throughput produc- tion of new nanocomposites. In this study, we
exploited the in- tercalation of photoactive molecules into LDH for both tradi- tional and innovative PV
applications.

All the selected dyes (Figure 1) are already known for their optical properties (see the Experimental Section
for details): B, D5, and VG1 are DSSC photosensitizers, and A and C present a large Stokes’ shift combined
with interesting quantum yields (QY). Moreover, a carboxylic group is present in each molecule to enable
the intercalation in the LDH structure, proposed here for the first time. After a laboratory scale
intercalation of each molecule in LDH, we then concentrated our attention on the scale-up of the
preparation of the best-performing synthe- sized molecule, dye A, for down-shifting technological applica-
tions. This molecule, based on the dansyl moiety, shows the desired absorption and emission spectra and
offers a good Stokes’ shift for the studied application, with a QY of at least 20 %, acceptable for
technological applications.[31, 32]

The efficacy of the intercalation process and the reaction yield were evaluated by powder XRD, elemental
analysis, and FTIR spectroscopy, and the effect of the intercalation on the thermal stability of the
photoactive material was evaluated by thermogravimetric analysis (TGA). The host—guest interactions,
which affect not only the distribution and orientation of the guests but also the photophysical and
photochemical proper- ties of the material, were studied by evaluating the lumines- cence variations by
liquid UV/Vis, UV/Vis diffuse reflectance, and fluorescence spectroscopy analyses in combination with the
analysis of single-crystal and powder XRD data.

Finally, we produced a photoactive polymer able to absorb in the UV region and to emit in the cyan region
of the optical spectrum at which silicon PV modules show a good conversion efficiency.

Results and Discussion

The preparation of new composite photoactive materials was carried out employing the LAG method
developed by some of us.[28—-30] The dyes tested for intercalation are shown in Figure 1 and are
characterized by the presence of a carboxylic acid moiety to allow the bonding to LDH.

The LAG intercalation was first tested on photoactive com- pounds that were available in large (gram)



amounts thanks to their easy synthesis (B and D5). The method was then used on the double carboxylated
squaraine dyes with different chain lengths (VG1-C2, VG1-C8, VG1-C10) and finally on two down- shifting
compounds (dyes A and C). Of the seven tested dyes, A, B, and VG1-C2 gave promising yields of 66, 87, and
> 80 % respectively, determined by powder XRD (Figures 2 and 3) as detailed in the Experimental Section.
VG1-C10 was intercalated to achieve a yield of 8 7 %, and in the other three cases (C, D5, and VG1-C8) the
yield was too low to be determined. Further- more, the dissolution of dyes demonstrated its key role in the
intercalation process as discussed later. Single-crystal analysis is useful in the investigation of photoactive
materials.[33—35] The single-crystal structures of A and B were solved to evaluate the interactions between
the moieties and to infer a model for the packing of the dye inside the LDH layers and to unravel the
information given by the d-spacing value. A more in-depth study of the partially successful and unsuccessful
cases is needed to determine the reasons for the low yields.[36] The suc- cessful cases are discussed in
more detail.

Dye B

The powder XRD pattern of dye B intercalated into LDH (LDH_ B), obtained by the LAG method, is reported
in Figure 2, in which an arrow marks the basal peaks of the hybrid com- pound. The principal sign of
intercalation is the presence of la- mellar peaks at a d-spacing higher than that of LDH_NO3 (8.80 A). In
the powder XRD pattern of LDH_B, the basal (0 0 1) peak of the LDH_B phase falls at Q = 0.288 A-1, which
corre- sponds to a d-spacing of 22.25 A. The (0 0 3) peak of LDH_NO3 at Q = 0.715 A-1, which corresponds
to a d-spacing of 8.80 A, and the peaks of crystalline B are small but still present (see Figure S8 for
comparison), which indicates that the intercala- tion was not complete. The intercalated material, however,
was formed in an appreciable amount, and the calculated yield is 87 %.

As the intercalation yield appears to be correlated to the sol- ubility of the guest molecule, the solubility of
B was tested in different environments. The dye was more soluble in EtOH than in water. A higher pH
favored the solubility of B in its anionic form. The color of the dye changed from orange (solid form or
suspension in water) to yellow (dye in solution). There- fore, we tried the intercalation of B using different
solutions (Table S3). From these experiments we obtained LDH_B sam- ples of different colors, which
ranged from yellow to orange. As expected from the solubility tests in liquid, a yellow color of the sample
indicates the deprotonation of the dye, which can be intercalated only in its anionic form, and therefore,
corre- sponds to a higher intercalation yield, as observed from powder XRD data (Figure S10 and Table S3).
Moreover, in the samples prepared without the use of NaOH, an intercalated phase with a shorter
interlayer distance and was formed in low yield (Figure $10). The UV/Vis diffuse reflectance spectra of the
samples were measured (Figure S11). However, it is difficult to estimate the intercalation yield from the
UV/Vis spectra as dif- ferent effects influence their features. The correlation between the color of the
sample and the intercalation yield can be seen in the results presented in Table S3.

The sample obtained with EtOH, which presented the best yield, was characterized by Raman spectroscopy
and TGA. The Raman spectra of B alone, its sodium salt B_Na, and the inter- calated sample LDH_B are
shown in Figures S12 and S13. In the Raman spectra the contribution of the LDH framework is negligible
compared to the strong intensities of the bands owing to the more polarizable organic compound.[37, 38]
This allows the determination of the effects of intercalation by direct comparison of the spectra of the
intercalated molecule and the “free molecule”. Notably, in the low-wavenumber region (Figure S12), the
evident decrease in the intensity of the ring breathing modes in the n™ = 792-907 cm-1 region and of the C-
C stretching modes, especially the C=C stretching band at n™ = 1564 cm-1 in the spectrum of pure B
compared to the spectra of the salt and the intercalated compound. This is determined by a more compact
packing that hampers the vibra- tions of the molecules. Furthermore, the bands related to C-H in-plane
deformation in aromatic rings that occur in the n™ =1283-1171 cm-1 region are weaker and less sharp
in the spectra of the salt and especially the intercalated sample. The most intense peak in the spectrum of
LDH_NO3 at n™ = 1056 cm-1 is related to symmetric NO3 stretching. It is possible to see that the band at
n~ = 2215 cm-1 attributed to CN stretching in B is split in the spectra of the salt and of the intercalated
compound because of the different environments (Figure S13).

To deepen the analysis from a structural viewpoint and get some insight on the possible packing of B
moieties inside the layers, the crystal structure of B was solved by SC-XRD (Figure 4). The compound
crystallizes in the P21/c monoclinic space group. The molecules are flat and interact to form dimers with



hydrogen bonds between the two carboxyl groups and p-stacking of the rings with a distance of 3.93 A
between the centers of the rings. The d-spacing of 22.25 A minus the layer thickness corresponds to an
interlayer space of 17.45 A. As two molecules placed vertically in the dimer occupy & 22.3 A, we can infer
that the molecules are slightly tilted inside the interlayer but are probably not interdigitated.

TGA profiles of LDH_B and B show the increased stability of the intercalated dye with respect to the free
one (Figure S14). Compound B shows a two-step decomposition with a first weight loss of d 20 % around
250 8C, which can be ascribed to the loss of CH3, CN, and COOH, and a second one centered at 300 8C that
can be ascribed to the combustion of the aromatic ring. The intercalated sample shows a first weight loss
below 200 8C, which is ascribed to the loss of interlayer water. The second weight loss centered at 235 8C is
ascribed to the loss of surface adsorbed dye, and the intercalated dye is evolved in a single weight loss
centered at 367 8C.

Squaraine dyes

The intercalation of squaraine dye VG1-C2 was obtained using the standard LAG method with a yield higher
than 80 % (Figure 3). It is difficult to accurately estimate the yield of inter- calation as there is a
superimposition of peaks of the interca- lated phase (marked by an arrow in Figure 3) of LDH_NO3 and of
the possible LDH_CO; contaminant between 0.75 and 0.81 A-1, which hampers a reliable fit of the powder
XRD intensities. Different results among the VG series showed that longer alkyl chains lead to worse
intercalation yields, which suggests that steric hindrance in the structure is a limitation for intercalation.
The peculiarity of the intercalation of VG1-C2, beside the large dimensions of the molecule, is that there are
two COOH groups on the same molecule and to intercalate the two groups must interact at the same time
with both the top and the bottom layer. The d-spacing in LDH_VG1-C2, mea- sured by powder XRD, is 23.98
A (which corresponds to an in- terlayer distance of 19.18 A), and the molecule length was esti- mated for
the isolated molecule ( 8 22 A hydrogen included) as it was not possible to grow single crystals. The powder
XRD pattern of VG1-C2 (Figure 3) was resistant to any attempts of solution. Therefore, the VG1-C2
molecules could be slightly tilted to fit between the layers, given the interlayer distance.

TGA analysis of the sample is shown in Figure 5. The squaraine dye alone decomposes with four distinct
weight losses.

The first weight loss, at 8 260 8C, can be associated with the loss of the aliphatic chains. Then, two distinct
losses are visible between 300 and 400 8C, which are caused by the degradation of the skeleton of the
molecule. Finally, carbonization occurs as indicated by the broad peak between 400 and 600 8C. Upon
intercalation, the dye decomposes at higher temperatures, and two weight losses are attributed to the
organic moieties : the first at 290 8C and the second between 450 and 520 °C.

IR spectra of LDH_VG1-C2 are shown in Figure S6.

Dye A

Dye A was chosen after a literature survey on fluorophore structures thanks to its interesting optical
properties and easy synthesis[39] in view of a possible application in low-cost down- shifting polymers or as
a co-absorber.[27] The simplest and cheapest way to obtain this dye is from the reaction between dansyl
chloride and 6-aminohexanoic acid, through a nucleo- philic substitution between the chlorine and amine
(Support- ing Information). The scale-up of the production of A from 1to 10-20g was
straightforward, but the procedure led to a green glue instead of a solid. For this reason, a slightly modi-
fied procedure for the purification of the sample was used (see Supporting Information), especially for the
final drying process, and the characterization of the obtained product demonstrat- ed enough purity for our
purpose. Dye A was then intercalated into LDH by the standard LAG procedure (see Experimental Section),
and the product was characterized by powder XRD, TGA, and diffuse reflectance and emission
spectroscopies. Fi- nally, the preparation of LDH_A was scaled up to 20 g, and LDH_A was used for the
preparation of a photoactive polymer by melt blending.

Structural, thermal, and spectroscopic characterization

The powder XRD patterns of LDH_A, LDH_NO3, and A (Figure 2) indicate that, as a consequence of
intercalation, the d-spacing increased from & 8.80 A in LDH_NO3 to 30.5 A in LDH_A, as demonstrated by
the presence of the (0 0 1) peak at Q = 0.206 A-1 (d-spacing 30.5 A). The (0 0 3) peak of LDH_NO3 is still



present, which indicates that the intercalation was not complete. The yield of intercalation, calculated as
already de- scribed, is 66 %. The single-crystal structure of A was solved to evaluate the interactions
between the moieties and infer a model for the packing of the dye inside the LDH layers to unravel the
information given by the d-spacing value. Com- pound A crystallizes in the P1™ space group, and the
molecules ( 8 17 A long) are arranged in pairs connected by two hydro- gen bonds between the carboxyl
groups (Figure 6). The pack- ing of A is also characterized by a hydrogen bond between the SO2 group and
the hydrogen atom of the NH group and an interaction between the aromatic rings and the methyl group
that points toward them (3.620 A). The calculated dis- tance between one end of the molecule and the
carboxylic oxygen atom of a facing molecule is 18.7 A, which should be approximately the same length of
the molecule plus its dis- tance from the layer when inside the LDH. The length of two molecules that are
stacked with COOH groups pointing in op- posite directions is 25.593 A (Figure 6). The d-spacing mea- sured
by powder XRD in the LDH_A sample is 8 30 A, which corresponds to an interlayer distance of 8 25 A, in
agreement with an arrangement of the molecules similar to that in the crystal of A. The samples prepared
for down-shifting applica- tions were characterized by UV/Vis absorbance and fluores- cence
spectroscopies. The diffuse reflectance spectra of LDH_A and A (Figure 7) are similar, therefore, the
intercalation into LDH does not affect strongly the absorption features of the flu- orophore. Both spectra
show a maximum absorption atl=355nm. Inthe spectrum of the intercalated sample LDH_A [Figure
7A (b)], the band at | =215 nm is caused by the elec- tronic transition of Mg-Al-LDH, the direct process
from oxygen 2p to metal ns or np levels.[40] Moreover, the spectrum of LDH_ A shows a bathochromic shift
and the broadening of the bands with respect to that of A [Figure 7A (a)]. The spectrum of LDH_A also
shows a new band at | = 598 nm and a different absorption profile with respect to that of A. The difference
in the relative intensity is owing to the dilution of A in the layered matrix, and the broad band centered
at 1=625 nm is consistent with the slightly greenish color of the intercalated sample. The profile of the
emission spectrum of LDH_A [Figure 7B (d)], recorded upon excitation at | = 350 nm, exhibits an intense
band that peaks at | =500 nm. The band at | =407 nm suggests the presence of aggregated molecules.
The excitation spectrum of LDH_A [Figure 7B (c)], recorded at | = 500 nm, shows two different absorptions
centered at | = 365 and 420 nm. There is also an overlap between the emission and excitation bands typical
of organic dyes, which contributes to re-absorption losses. From a comparison of the emission spectra of
LDH_A, recorded in the solid state, and A, recorded in different solvents (Figure S3), the LDH environment
was comparable to that of acetonitrile solvent. The Stokes’ shift is equal to 150 nm, which is 88 nm less
than that in water (Fig- ure S3 and Table S1 in the Supporting Information).

The TGA analysis of A shows a degradation that occurs in two steps demonstrated by two weight losses
between 325 and 425 8C (Figure S14). The first step is the degradation of the aliphatic chain and the
second is the degradation of the aro- matic rings. In the TGA of LDH_A a first loss below 200 8C be- cause of
physisorbed water is visible. At higher temperatures, between 350 and 500 8C, two distinct weight losses
are visible. The degradation of the organic part occurs at slightly higher temperatures with respect to that
of the dye alone, together with the dehydroxylation of the layers and the loss of the re- sidual nitrate.
Above 500 8C, the weight losses are owing to the carbonization of the sample. The FTIR spectrum of LDH_A
is shown in Figure S7.

Scale-up of the nanocomposite production

Aiming towards the prototyping and implementation of a pho- toactive polymer for the encapsulation of PV
modules, LDH_A was produced in larger amounts, as this sample is the most promising for the down-
shifting application. The method opti- mized for the scale of 0.1 g of LDH gave low yields when applied to
the intercalation of A into 8 20g of LDH_NO3 in a single batch with manual grinding. This happened
because the solubility of the dye, swelling of the LDH, and wettability of the physical mixture of dye and
LDH become more relevant with larger amounts of reactants. Although we are aware that evaporation
could be a problem, the comparison of the prod- uct obtained by grinding the same amount of LDH in the
open manual mortar and in the closed electric ball-mill did not show remarkable differences, so we decided
to employ the open mortar, which allowed the processing of larger batches. In the case of the intercalation
of Ain large batches, another approach was anyway necessary, as the main factor that affects the
intercalation success was the dye solubility, which, in turn depends on the crystallinity of the synthesized
dye. To shed light on the effect of the solvent on the intercalation vyields, several LAG preparations with



solvents of different polarity were performed (Figure 8). Repeated intercalation was per- formed to
improve the yield. Diethyl ether (Et20), a nonpolar aprotic solvent, dichloromethane (CH2CI2), a
moderately polar aprotic solvent, and ethanol (EtOH), the polar protic solvent used in the standard
synthesis, were tested. The aprotic sol- vent should be able to dissolve the dye in its neutral form and
“push” the anionic form inside the layers. The calculated pKa of A is 3.28, as estimated by using a Marvin
Calculator Plugin,[41] therefore, it should be already deprotonated in a sufficient amount using water as
solvent. From preliminary tests, howev- er, the use of some NaOH was necessary. If we used CH2Cl2, an
initial intercalation of 50% was achieved. The basal powder XRD peak is large and split (Figure S16 c),
probably because of the co-intercalation of CH2CI2. Anyway, if the sample is dried completely, the
structure collapses and the yield decreases dra- matically (Figure S17) as seen for ibuprofen previously.[29]
Given the lack of reproducibility, the use of CH2Cl2 was abandoned (Figure 8). Notably, repeating the
intercalation on the same sample, without the addition of any dye but with the addition of only the
solution and performing the grinding again (third and fourth columns of Figure 8) led to a significant
increase of the yield, as it behaved as a kind of solid—liquid extraction (i.e., from 50 to 75 % if Et20 was
used and from 30 to 65 % if EtOH was used). From these tests we could conclude that, on a larger
production scale, the best results in terms of yield of intercalation can be obtained using Et20 as solvent
and repeat- ing the intercalation (Figure 8 and Figure S16). Finally, this method was adopted for the
preparation of 20 g of interca- late. The amount was limited by the difficulty to hand-grinding a larger
amount of compound thoroughly by using a large mortar. A large mechanical mill would be required to
prepare larger batches of product. The powder XRD pattern of the ob- tained sample is shown in Figure S16
a.

Compounding of LDH_A-additivated polymer

A poly(methyl methacrylate)-block-poly(n-butyl acrylate) (PMMA-PnBA) block copolymer was employed for
the com- pounding tests as it is characterized by high transparency and UV resistance. Preliminary tests
of compounding were performed using different amounts of LDH_CO3 and LDH_NO3 in 5.0 g of
polymer. The amount, 0.5 PHR (parts per hundred resin; i.e., grams of additive per 100 g of polymer) of
LDH in the polymer, was chosen after preliminary tests to maintain the high transparency of the film and
adequate optical density. These tests allowed us to calibrate the compounder to find the best temperature,
residence time, and velocity of the screws during circulation and extrusion. The temperature was set to 160
8C for the extrusion of PMMA/LDH_A, PMMA/LDH_CO3, and PMMA/LDH_NO3. The screw velocity and
residence time were set as reported in Table S5. After the extrusion, the poly- mer strings were heat-
pressed between two aluminum foils heated at 130 8C to obtain films of thicknesses between 190 and 290
mm (Figure 9). The dispersion of the LDH in the polymer was assessed by shining a UV lamp over the films
(Figure 9) and by visual inspection by using an optical micro- scope (Figure $18). The dispersion of LDH_A
appears to be good under UV light and by visual inspection under an optical microscope. No large
aggregates can be seen. The processing in the laboratory compounder was not adequate to break the
aggregates of LDH_NO3 and LDH_CO3, which had a diameter of 8 100—200 mm and were still visible in the
film samples.

UV/Vis spectra were collected on the polymer films (Figure 10). The absorption of A centered at | =336
nm is visi- ble, which proves that intercalation and compounding do not cause a significant shift in the
absorption of the dye (see the UV/Vis spectra of A in different solvents in Figure S3). All spec- tra were
scaled taking into account the effective thickness of the sample as an ideal thickness of 250 mm. Given the
measured film absorption at | = 336 nm, the absorbance of 1.40 for a 250 mm thick film with 0.5 PHR of
LDH_A can be estimat- ed. From this measurement it was possible to determine that the loading can be
reduced to 0.35 PHR of LDH_A to maintain the desired optical density. A fluorescence emission spectrum
was also recorded for the PMMA/LDH_A sample with excita- tion at | = 336 nm (Figure 10 b). The emission
maximum is at | =463 nm, close to the maximum efficiency region of silicon PV modules. The Stokes’ shift is
equal to |1 =127 nm in this case, as the matrix effect shifts the emission toward the blue with respect to A in
solution. This loading is the best compro- mise between absorbance in the down-shifting region and
transparency. An amount of 100 g of compound would allow the preparation of 50 kg of photoactive
polymer. As the typical thickness of the polymer film in a PV module is 250 mm, such an amount of
photoactive polymer would lead to 212 m2 of photoactive polymer film.



The relationship between the optical properties and PV yield improvement is influenced by correlated
parameters, as dis- cussed from an experimental and theoretical viewpoint by Alonso-Alvarez et al.[42] This
model is based on the calculation of figures of merit, related to the absorption and emission properties, in
relation to PV cell features, and allows the prediction of cell performance. If we consider the down-shifting
properties of our photoactive film (high absorbance below | =400 nm and transparency in the optical
range, Stokes’ shift of | =127 nm, and QY of 40 %), an increase of the yield might be inferred. According to
the parameters of Alonso-Alvarez et al., PMMA/LDH_A has an innovative approach with respect to the
standard Lumogen family of compounds, which show a higher QY (50-100 %) but a much smaller Stokes’s
shift (I = 40— 50 nm). Of course, a deeper experimental and theoretical investigation is needed to assess
the best technological path toward a successful application in real devices. The analysis of the fluorescence
lifetime of PMMA/LDH_A showed the pres- ence of two populations. The first one, with a lifetime of
8.0 ns, represents 9% of the total and is comparable with the lifetime of dye A alone in solution (12.2 ns).
The second one has a longer lifetime of 31.8 ns and represents 91 % of the total. Hence, the presence of
these two populations can be as- cribed to the incomplete intercalation of A inside the LDH.

General LAG approach for the high-throughput production of nanomaterials

After the successful preparation of new nanomaterials, we can propose a detailed flowchart (Figure 11)
that can be followed for the general application and optimization of the LAG method to the intercalation of
new guest compounds, which exploits information obtained in the current and in previous studies.[29, 30]
In detail, the procedure starts with a fast feasibility check using the standard recipe,[29] followed by the
optimiza- tion of the recipe that exploits the Simplex chemometric method, which is able to explore
efficiently, step-by-step, the space of chemical parameters that influence the reaction yield.[30] Finally, if
the yield is too low, a second intercalation can be used to further improve it. This approach can be ex-
tended to every material suitable for solid-state preparation.

Conclusions

The high-throughput screening of photoactive molecules inter- calated in layered double hydroxides (LDHs)
was performed. Seven compounds (Figure 1) were tested, and three new hybrid nanocomposites were
produced with yields above 60 %. Two nanocomposites, LDH_B and LDH_VG1-C2, represent the first
successful intercalation of dyes designed for dye-sensitized solar cells into LDH. LDH_A is a new photoactive
nanocompo- site with optical properties suitable for down-shifting applica- tions in silicon-based solar cells
that is easily dispersible in photovoltaic polymers by melt blending. Therefore, in view of these
technological applications and extended testing, the scale-up of the preparation of LDH_A was investigated
to ex- ploit the mild, almost solvent-free, and facile liquid-assisted grinding (LAG) method. The new LDH_A
nanocomposite was characterized from a physicochemical viewpoint by thermogra- vimetric analysis to
assess its thermostability and by spectro- scopic methods to confirm that its photoactivity is suitable for
down-shifting applications. Dye A absorbs at approximately | = 327 nm and emits at | = 490 nm, at which
the PV light conversion efficiency of silicon is high. The solution of the single- crystal structure of A allowed
us to infer that the deposition of A into the LDH layers is driven by the same forces as in the solid state
(Figure 6). The p-stacking of the aromatic moieties and hydrogen bonds between hydroxyl and amino
groups induce an interdigitated double layer (of 8 25 nm) that fits the experimental interlayer spacing of
LDH_A perfectly if we con- sider the thickness of the layer and the hydrogen bond dis- tance between A and
the layer.

The LAG method was adapted to the scale-up. When we in- crease the amounts of reactants, the system
becomes more af- fected by dye solubility, which in turn depends on the crystal- linity of the synthesized
dye, the swelling of the LDH, and the wettability of the physical mixture of the dye and LDH. The synthesis
was scaled up successfully to prepare 8 20 g of prod- uct, and we obtained a yield of 75 % by manual
grinding in a mortar. The resulting photoactive polymer can be employed directly to cover photovoltaic
modules to improve their yields and stability.

The intercalation of the organic down-shifting dyes into hy- drotalcites by the optimized LAG approach
(Figure 11) is un- precedented and it was exploited to improve dye stability and the ease of dispersion into
polymers.[43] The proposed ap- proach to obtain an easy scale-up of the production of low- cost
photoactive nanomaterials can be extended to many other classes of compounds and applications.



Experimental Section

The chemicals were purchased from Sigma—Aldrich or Alfa Aesar and used without further purification,
except for carbonate hydrotalcite PURAL® MG 63 HT from SASOL, which was used after the substitution of
the carbonate anion with nitrate following the pro- cedure described by lyi et al.[44] The resulting
material (LDH_NO3) has the formula [Mg0.68A10.32(0H)2](N03)0.32¢0.37 H20. The PMMA- PnBA block
copolymer specifically designed for PV applications by Kuraray Co. (Japan) was chosen for the
compounding tests be- cause of its high transparency and UV resistance.

Synthesis of dyes

Dyes were synthesized following procedures described by: Kong et al.[45] for dye A; Katz and Schilling[46]
for dye B ; Barbero et al.[47, 48] for VG1-C2 and VG1-C8 ;[48] Etgar et al.[49] and Venditti et al.[50] for VG1-
C10; and Gianotti et al.[51] for D5. Dye C was synthesized by the reaction of an amino intermediate
prepared following the pro- cedure of Oliveira et al.[52] with succinic anhydride (see complete synthesis
and characterization in the Supporting Information).

Preparation of intercalated compounds

The LAG method[28, 29] was adopted for the intercalation of anionic molecules into LDH and optimized for
the larger scales of produc- tion. For these intercalations, a solution of 0.5 m NaOH in water and ethanol in
a 2:1 ratio was prepared.[29] The guest molecule was first mixed and grinded in a mortar with LDH (0.1 g)
in a 1:1 ratio with the exchange sites inside the LDH (i.e., the NO* ions), then 1 mL of the prepared solution
was added with continuous grinding. The amount of liquid used for the intercalation was increased from
the 0.5 mL of the preliminary tests to a final 1 mL for every0.1 g of LDH for solubility reasons. The dyes
change their color upon intercalation, which depends on the pH of the system. After preparation, the
samples were dried in an oven at 50 8C for 30 min or until complete dryness, which depended on the
amount of product. These conditions are referred to as the “standard proce- dure”.

Characterization techniques
Relevant information on the characterization techniques is report- ed hereafter, and full details are
available in the Supporting Infor- mation.

Characterization of dyes, intercalated compounds, and poly- mer films

The synthesized dyes were characterized by 1H (200 MHz) and 13C NMR spectroscopy (50 MHz) by using a
Bruker Avance 200 NMR. ESI-MS experiments were conducted by using a Thermo Fin- nigan Advantage Max
lon trap spectrometer. UV/Vis spectra were recorded by using a Shimadzu UV-1700 spectrophotometer,
and solid-state UV/Vis diffuse reflectance spectra were recorded by using a PerkinElmer Lambda 900. CHNS
elemental analysis was per- formed by using a EuroVector CHN analyzer “EA3000”. TGA was performed by
using a Setaram SETSYS Evolution instrument. FT- Raman spectra were measured by using a RFS-100 Bruker
instru- ment. IR analyses were performed by using a FTIR Nicolet 5700 spectrometer (Thermo Optics).
Optical properties were evaluated by using a DR UV-Vis (PerkinEImer Lambda 900) and by steady- state
emission (Horiba Jobin—-Yvon Model IBH FL-322 Fluorolog 2).

Diffraction techniques

Single-crystal diffraction data were collected by using an Oxford Xcalibur CCD area detector diffractometer.
Structure solution was performed by using SIR2011,[53] and refinement with full-matrix least-squares was
performed by using SHELXL-2013.[54] Marvin and Calculator Plugins[41] were used to draw chemical
structures, prop- erty predictions, and calculations. powder XRD patterns were mea- sured by using a
ThermoARL XTRA equipped with a solid-state Peltier-cooled detector and using CuKa radiation (I = 1.54062
A).

The powder XRD patterns of the squaraine dyes and of LDH_VG1- C2, were measured at the European
Synchrotron Radiation Facility (ESRF) in Grenoble because they were available in amounts too scarce (0.1 g)
to be measured by using a laboratory diffractometer because of the cost and complexity of the synthesis.
These meas- urements were performed at the SNBL BMO01B Beamline using the standard Hi-Res powder



XRD setup and a wavelength of 0.50114 A.[55, 56]

Intercalation yield calculations

In the powder XRD patterns of the intercalated samples the first peak (basal peak) is related directly to the
interlayer spacing, thus the intercalation of large organic anions, compared to NO3, leads to the
appearance of basal peaks at lower angles. For this reason, the success of the intercalation reaction is
indicated by the pres- ence of the (00 1), (00 2), and (0 0 3) reflections of the intercalated compounds at
lower angles compared to those of the starting LDH_NO3 (Figures 2 and 3). The integrated intensities of the
Bragg peaks in the powder XRD patterns were used to estimate the yield of intercalation. TOPAS
Academic[57] software was used to perform a single-peak fit to measure the area of the residual (00 3)
peak of LDH_NO3 and of the (0 0 1) peak of the intercalated compound LDH_GUEST. The percent yield was
then calculated as follows [Eq. (1)]:

Yield % % %LDH GUEST=6LDH GUESTpPLDH NO3 P]* 100

The accuracy of the method to estimate the yields from powder XRD was verified by spectrophotometry.
The sample was washed repeatedly with a known amount of solvent to remove the organic compound that
did not enter the layers, then the solution was an- alyzed by using UV/Vis spectrophotometry, and the
concentration was calculated using the Lambert—Beer law.[51] Knowledge of the amount of released
organic compound with respect to the amount used to perform the intercalation allowed us to
determine the yield of intercalation by difference (Figure S9). The yield deter- mined by using UV/Vis
spectroscopy was similar to that estimated by using powder XRD, which confirms the reliability of the
powder XRD refinements.

Compounding

Compounding tests were performed by using a laboratory Thermo HAAKE™ MinilLab Il Micro Compounder.
The system is based on a conical, twin-screw compounder with an integrated backflow channel. As a result
of the channel and a bypass valve, the resi- dence time can be finely controlled.

CCDC 1443531 (A) and 1443532 (B) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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Figure 1. Molecular structures of the employed dyes.

T T T T T T T T T T T
02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34

*

T T T T T T T T T T T
02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34
4000 1 LDH_B

Intensity
N
o
o
o o
L1
-
-
L

02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34
1500 ¥ LDH_A

1000—- Vot

500 +

T T T T T T T T T T T T T
02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34

6000 LDH_NO
4000 -
2000 -]

0

02 04 06 08 10 12 14 16 1.8 20 22 24 26 28 30 32 34
QA1

Figure 2. Powder XRD patterns of the intercalated dyes. The arrows mark the positions of the basal peaks of
the intercalated phase, if present. The stars mark the position of the main peaks of the residual crystalline
dye.
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Figure 3. Powder XRD patterns of squaraine dyes A) VG1-C2, B) VG1-C8, and C) VG1-C10 intercalated in
LDH_NO3 (black) and alone (red). The line marks the position of the (0 03) peak of LDH_NO3 that could be
present as a residue.

Figure 4. Crystal structure packing of B that shows the interactions between the molecules and related
distances.
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Figure 5. TGA analysis of VG1-C2 and LDH_VG1-C2.

Figure 6. Detail of the crystal structure of A that shows the interactions between the molecules and related
distances.
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Figure 7. A) Diffuse reflectance spectra of a) A and b) LDH_A dispersed in BaS04 and normalized to 1 in the
inset; B) Overlap of c) excitation (at | = 500 nm) and d) emission (excited at | = 350 nm) spectra of LDH_ A
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Figure 8. Summary of the tests with different solvents and repeated intercalation. The powder XRD
patterns of the samples indicated by the letters in paren- thesis are shown in Figure S16.

Figure 9. Pictures of the films obtained by pressing the polymer after extru- sion in the laboratory
compounder under visible light (top) and UV light (bottom): A) polymer compounded with LDH_NO3 ; B)
polymer compounded with 0.5 PHR of LDH_A.
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Figure 10. UV/Vis spectra of polymer films of a) PMMA compounded with LDH_A, c) PMMA compounded
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Figure 11. Flowchart for the testing and optimization of LAG intercalation of new guest molecules. *details
in Ref. [29] Sdetails in Ref. [30].



