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Abstract: In this work, hemicyanine dye LDS 722, is encapsulated into the 1-D elliptical nano-channels of MgAPO-11
aluminophosphate by crystallization inclusion method. The synthesis of the hybrid material has been optimized through a
systematic variation of the crystallization conditions in order to obtain pure and large crystals (around 20 pm x 30 pm)
suitable for optical applications. The tight fitting between the molecular size of the guest dye and the pore dimensions of
the host has favored a rigid planar conformation of the dye, restricting its inherent flexibility, which is confirmed by
molecular simulations. Consequently, the encapsulation of LDS 722 into MgAPO-11 has led to an astonishing
enhancement of the fluorescence with respect to another analogous nanoporous aluminophosphate, MgAPO-5, with
slightly larger cylindrical channels, and with respect to the dye in solution. Moreover, the perfect alignment of LDS 722
(dye with intrinsic non-linear-optical properties) along the channels of MgAPO-11 has revealed attractive second-order
non-linear properties such as second harmonic generation, proven through microscopy measurements in single crystals.

Introduction

Non-linear optical (NLO) materials are of great interest due to their potential use in numerous disciplines such as
in communication technologies, where many efforts are focused on the shift from electronic processes to an optical
regime in order to transmit information with higher data rates while reducing the size of the devices.%! Indeed,
many useful photonic devices are based on NLO phenomena such as optical modulators, optical amplifiers, ultra-
fast optical switchers, high-density optical data storage media, solid state lasers, etc.[*-8 Moreover, NLO properties
are also widely applied in biomedicine research, particularly in fluorescence-based bioimaging and dynamic
(photo)therapy applications, achieving larger penetration depths, less photo-toxicity and minimum background by
two-photon excitation.[”!

Traditional NLO systems are based on inorganic crystals such as a-quartz, B-barium borate (BBO),
monopotassium phosphate (KDP) or lithium niobiate (LINbO3), and semiconductors such as GaSe, offering the
advantage of good mechanical and chemical stabilities; however, they are very expensive and require time-
consuming fabrication processes.[!! As an alternative, organic NLO materials can reach much larger NLO
efficiencies, faster responses, lower costs and are easy to process and integrate into optical devices.® Generally
speaking, most organic T-conjugated molecules with strong electron donor and acceptor groups at the ends are
promising compounds for NLO.[%11 However, most of them tend to crystallize in centrosymmetric structures. The
typical strategies developed to induce acentric molecular ordering include i) the rational design of molecular
asymmetry for self-assembling in non-centrosymmetric organic crystals,*? ii) orientation controlled by electrical
poling of polymeric materials containing dipolar chromophores*®! or iii) a layer by layer deposition of NLO
chromophores in films.* Nevertheless, these systems usually suffer from poor physicochemical stability and low
hardness.

In recent times, the design and synthesis of a new class of advanced hybrid materials, metal—-organic frameworks
(MOFs), have gained interest in this sense as they are promising candidates for NLO materials, since they have
revealed very high second harmonic generation (SHG) signals.[®516] However, although new MOFs for NLO follow
a synthetic strategy based on the use of chiral ligands, asymmetric ligands or mixed metal-connecting
centers,®1%17 g clear correlation between their structure and the observed SHG efficiencies remain elusive.
Instead, high second-order nonlinear optical activities have recently been demonstrated by the encapsulation of
organic dipolar chromophores into an anionic 1D-MOF.[218 We should note here that the inclusion chemistry was
successfully applied in microporous inorganic-host/organic-guest systems several years ago yielding interesting
optical applications.[*%-21 In this sense, the key for success is the synergy of the confinement effect of the organic
dyes with good lasing and NLO properties (low pump threshold requirement, high efficiency, wavelength tunability)
hosted into rigid inorganic molecular sieves with good intrinsic physical properties (mechanical, thermal, photo and
chemical stabilities and optical transparency in the Vis-NIR radiation). Thus, a new generation of functional
materials such as light-harvesting systems,?-23 microlasers/?*-2% and frequency convertersl?”:2%d pased on the
anisotropic alignment of dyes into zeolitic matrices with one-dimensional channels of molecular dimensions
emerged.



Following this strategy, the inclusion of different non-centrosymmetric organic molecules, such as p-nitroaniline
and analogous compounds, into different nanostructured hosts aimed at their SHG properties has so far mostly
been performed via diffusional processes, i.e. by adsorption from the vapor phase or by cation-exchange from
solution.[24.1828229] |n those studies the authors proposed that the SHG effects are a direct result of the interactions
between guests and hosts with polar properties, such as AIPO-5 and AIPO-11, but also high space restrictions
within the channels will prevent the tendency of the molecular dipoles to dispose in opposite directions.?® In this
sense, the alternative approach, the crystallization inclusion method where the guest dye is occluded in the porous
host during its crystallization, will allow a much tight fit between the molecular and channel dimensions?%.22:2426]
compared to diffusional post-synthesis methodologies. Thus, through a rational choice of the host structure with
pores that perfectly match the size of a desired NLO organic guest, an extraordinary preferential alignment along
the rigid inorganic channels could be achieved through the crystallization inclusion method and, as a consequence,
interesting NLO properties could be envisaged. However, this method requires some particular considerations
related to the organic dye to be used, which has to be soluble in the synthesis gel, stable under the hydrothermal
synthesis conditions, and should not affect the synthesis of the final zeolitic structure.

In this context, hemicyanine-type dyes, which are aromatic compounds with a strong electron-donating group
(amine) on one end of the chromophore and a strong electron-withdrawing group (pyridinium) on the other end
connected by methylene groups, represent good candidates to be tightly confined within 1D-nanoporous hosts by
crystallization inclusion. In this type of dyes, the emission takes place from an intramolecular charge transfer state
(ICT),B% and there is a great change in the dipole moment upon excitation, making them excellent candidates for
NLO applications such as second harmonic generation (SHG) or two photon pumping (2PP) for the commonly
used near-IR wavelengths 1064 nm and 800 nm. However, they are very flexible molecules and require very rigid
environments to restrict their molecular motion in order to achieve high fluorescence or lasing efficiency;*! indeed,
rotational motions around the different bonds are responsible for the non-radiative deactivation, such as trans-cis
isomerization, or especially the formation of twisted intra-molecular charge transfer (TICT) states, usually non-
fluorescent.*? In this sense, a tight confinement of these molecules in 1D-nanoporous hosts becomes crucial.
Interestingly, hemicyanine dyes usually exhibit high solubility, and high thermal and chemical stability to withstand
the severe conditions of the hydrothermal crystallization of the zeolitic nanoporous host.

Inspired by our previous studies about “one-pot” encapsulation of dyes with a molecular structure consisting of
three fused aromatic rings, such as pyronine Y and acridine, into different 1-D nanoporous Mg-containing
aluminophosphates (MgAPO),[20,22,33] in this work we report the crystallization inclusion of a hemicyanine dye,
LDS 722 (see Figure 1), into MgAPO-11 (AEL structure-type) aluminophosphate, in an attempt to obtain highly
fluorescent crystals with NLO properties. In this context, the “in situ” encapsulation of LDS 722 dye in a different
framework, AIPO-5 (AFI structure-type), has been already reported demonstrating microlaser action in single
crystals.[26] However although both frameworks are 1D and non-centrosymmetric structures (Figure 1), the
cylindrical channels of AFI-structure are larger (7.3 A in diameter) than the elliptical pores of the AEL-structure (4
x 6.5 A) used in this work, which will lead to materials with strongly improved photophysical properties. Indeed, as
will be shown below, the very tight fitting between the pore dimensions of MgAPO-11 (AEL) and the molecular size
of the LDS 722 dye (2.5 x 4.9 x 18.6 A) will render a hybrid material with a higher emission efficiency and important
NLO properties, such as two-photon induced fluorescence and second harmonic generation, compared to the
analogous 1D-host MgAPO-5 (AFI), which do not provide such a tight confinement of the dye, resulting in a material
with poor fluorescence and NLO properties. A complementary molecular-simulation study will aid in understanding
the experimental observations.
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Figure 1. Structure and dimensions of the 1D-nanochannels of AEL and AFI frameworks compared with the section of LDS 722 (top),
and molecular structure of LDS 722 (bottom).



Results and Discussion

Synthesis of LDS 722/MgAPO-11 hybrid material

As mentioned in the introduction, we followed the crystallization inclusion approach in our work. However, despite
the simplicity of the “one-pot” synthesis previously optimized for MgAPO-11 crystals embedding cationic dyes
structurally analogous to the anthracene ring with different substituted heteroatoms in one of the central CH groups,
such as Pyronine Y and Acridinel?>?233 the encapsulation of LDS 722 into MgAPO-11 through the same
methodology was not such a direct task. In this case, our experimental observations showed that the LDS 722 dye
molecule acts itself as a structure directing agent (SDA) towards the more favored MgAPO-5 (AFI). Indeed, the
addition of LDS 722 into typical gels that would otherwise give pure MgAPO-11, led to the crystallization of MGAPO-
5, and therefore we had to optimize the synthesis conditions in order to obtain pure LDS 722-containing MgAPO-
11.

Table 1. Gel compositions: x MgO: 1 P20s: (1-x/2) Al20s: y EBA: z LDS 722: 300 H20 and synthesis conditions (crystallization temperature,
T) used in this work. The amount of dye loaded in the samples is expressed as grams of dye per 100 grams of solid product, and as
percentage of the dye loaded with respect to the initial amount in the gel.

T mmol Dye

X y z 6C] Phasel! 11009 uptake
[%0]
1 0.2 1 0.024 | 180 AFI+AEL(]) 5.16 35
2@l | 0.2 1 0.024 | 180 AF| 8.70 71
3 02| 1 |oo008]| 180 AEL+AFI(]) 1.32 27
4 0.2 1 0.008 | 195 AEL 0.88 18
5 0.2 0.75 | 0.008 | 180 AEL 0.60 15
6 0.2 0.75 | 0.008 | 195 | AEL+ cristobalite 0.45 11
7 0.2 1.5 0.008 | 180 AFI+AEL(]) 8.15 52
8 0.3 1 0.008 | 180 AEL+AFI 1.11 27
9 0.3 1 0.008 | 195 AEL+AFI 0.87 18
10 0.1 1 0.008 | 180 AEL+AFI(|) 1.16 29
11 0.1 1 0.008 | 195 AEL* 2.20 44
12 0.1 1 0.016 | 180 AEL+AFI(|) 3.60 43
13 0.1 1 0.016 | 195 AEL+AFI(|) 3.60 43
14 0.1 1 0.024 | 180 AEL+AFI(|) 8.47 59

[a] Sample under dynamic regime (agitation of the gel during hydrothermal crystallization); all other samples were prepared under static
heating regime; [b] The main phase is denoted first and the minor phase in a second place; (]) indicates a minor presence, and * indicates
traces. (All XRD patterns of the powder samples are included in Figure S1 in the Supporting Information).

With this purpose, we have performed a systematic variation of the synthesis conditions, including the composition
of the synthesis gel (Mg, structure-directing agent, SDA, ethylbutylamine in this case, and dye contents),
crystallization temperature, crystallization time, and even crystallization regime. The most significant experiments
are shown in Table 1. The starting point was the conditions used in our previous works to obtain pure MgAPO-11
loaded with Pyronine Y or Acridinel?>%I (sample 1 in Table 1); however, the addition of LDS 722 directed the
crystallization pathway mainly towards MgAPO-5, evidencing that LDS 722 plays a particular and strong (taking
into account its low concentration in the gel) structure-directing role towards the AFI framework. We attempted to
obtain pure MgAPO-11 phases by using a dynamic crystallization regime, but instead a pure-MgAPO-5 phase was
obtained under the same conditions (sample 2); we also observed that the crystallization time (from a few up to 48
hours) did not promote any effect on the phase selectivity. Hence, hereafter all samples were prepared through
conventional static heating with a constant crystallization time of 24 hours.

We then studied the influence of the gel composition (Mg, ethylbutylamine used as SDA and dye contents) and
the crystallization temperature, trying to find pure-phases of MgAPO-11 while achieving high amounts of
encapsulated LDS 722 and high fluorescence efficiencies, both essential parameters for potential optical
applications of these hybrid materials. Our first attempt was to decrease the dye content added in the gel from
0.024 to 0.008 (sample 3), trying to limit its AFI-structure-directing role; although still not pure, but a solid richer in
MgAPO-11 was obtained, providing further confirmation that LDS 722 acts as a SDA towards MgAPO-5. In the
next step, the temperature was increased from 180°C to 195°C (sample 4). In this case, we succeeded in producing
a pure MgAPO-11 material; however, the amount of dye uptaken by the solid (0.88mmol/100g, only 18% of the
dye added to the gel) was not high enough for optical applications (Figure 2). Such low incorporation of the dye
might be associated to a competition between the SDA and LDS 722 molecules to get occluded within the AEL
channels during the crystallization process.



In an attempt to increase the dye uptake, the SDA content of the gel was reduced (sample 5). However, although
a smaller amount of SDA favored the crystallization of MgAPO-11 at 180°C (compare sample 5 with sample 3 in
Table 1), still only 15% of the dye in the gel was finally occluded in the solid (giving a total dye incorporation of
0.60 mmol/100g); a higher crystallization temperature led also to pure MgAPO-11 materials with low dye contents,
although in this case the dense phase a-cristobalite also appeared in the final product (sample 6). Conversely, an
increase of the SDA content (to 1.5) leads to MgAPO-5 (with a minor amount of MGAPO-11) at 180°C (sample 7);
we should note here that the dye uptake in the AFI phase is in general higher than in AEL (see Table 1).

Our next approach consisted of varying the Mg content in the gel. In principle, one would expect that higher Mg
contents should enhance the incorporation of cationic molecules (being either protonated EBA or LDS 722) by
inducing a higher negative charge population in the framework generated by the isomorphic replacement of Al3+
by Mg2+ in the inorganic host. An increase in the Mg content (to 0.3) (sample 8) rendered a mixture of MgAPO-11
and MgAPO-5, even at the higher temperature (sample 9). In contrast, by reducing the Mg content in the gel to 0.1
(sample 10), a MgAPO-11 material (with a minor amount of MgAPO-5) was obtained which contained almost twice
the amount of dye, with a total dye content of 1.16 mmol/100g (equivalent to 29% of the added dye) (Table 1),
compared to the material obtained with double amount of Mg in the gel (sample 5). Moreover, by increasing the
crystallization temperature from 180°C to 195°C (sample 11), almost-pure MgAPO-11 was obtained (with only very
minor traces of AFI), in which the amount of dye occluded was significantly increased, reaching a dye uptake yield
of 44%, with a total dye amount of 2.2 mmol/100g (Table 1, Figure 2); this sample contains the highest amount of
encapsulated LDS 722 in the AEL phase. This higher dye incorporation upon a decrease of the Mg content, and
hence of the negative charge density in the framework, might be related to the smaller charge-density associated
to LDS 722 compared to protonated EBA due to its larger size (with the same molecular charge).

In an attempt to further increase the dye loading within the MgAPO-11 material, a higher amount of dye (0.016)
was added to the synthesis gel, and the synthesis was carried out both at 180°C and 195°C (samples 12 and 13).
Results showed that the dye uptake did not change with the temperature. Interestingly, the increase in the dye
content in the gel did increase its incorporation in the final solids (with respect to the materials obtained with a dye
content of 0.008 in the gel), rising the dye loading in the AEL framework to 3.60 mmol/100g; it is remarkable that
the dye uptake yield (with respect to the amount added to the gel) remained constant (43 %). We then further
increased the molar concentration of dye in the gel to 0.024 (sample 14), yielding a MgAPO-11 material with the
highest dye content found so far (8.47 mmol/100 gr, Figure 2). However, these samples prepared with higher dye
contents in the gel (Samples 12, 13 y 14) showed a slightly higher presence of the AFI phase, though still in a
minor amount. In conclusion, through this systematic variation of the synthesis conditions, several MgAPO-11
materials with different LDS 722 contents have been obtained.

In summary, in order to reach MgAPO-11 with high dye uptakes, the optimized gel composition should be 0.1 MgO:
1 P,0s: 0.95 Al,O3: 1 EBA: 0.008-0.024 LDS 722: 300 H,O, undergoing the crystallization statically at 195 °C for
24 hours.

General photophysical characterization

In general, hemicyanine dyes and particularly LDS 722 are very flexible molecules and they show very poor
fluorescence emission efficiency in solution due to their free intra-molecular motions (vibrations, rotations and cis-
trans isomerization) which drastically increase non-radiative processes and reduce the fluorescence. For this
reason, one of the goals of this work was to increase significantly the emission capacity of LDS 722 by its
encapsulation within the rigid elliptical nanochannels of AEL (4 A x 6.5 A) with adjusted dimensions with respect
to the dye molecular size (2.5 x 4.9 x 18.6 A).

UV Light

Figure 2. Representative samples (4, 11 and 14) under ambient (top) and UV light (down).

Table 2. Dye loading of different samples and their main photophysical parameters together with those for the dye in solution: fluorescence
quantum yield (®r), maximum emission wavelength (Aq) and fluorescence lifetimes (1) after excitation at 530nm.



Sample mmol /100g ol A_[nm] 1[ns]

solution - 0.01 710 0.08

2 (AF)) 8.7 <0.01 ~760 0.38
4 0.88 8?25} 677 268
5 0.60 8%3 675 26?60((271%;3)
10 1.16 8??:1 682 5:2 gg:ﬁg
R
12 3.60 Sjég‘ﬁ 700 (2):23 Eggiﬁ;
13 3.60 8:?3: 700 ii; ggiﬁ;
14 8.47 81% 705 (z):gé Eg;ﬁg

[a] Quantum yields registered under 410 nm excitation; [b] Quantum yields registered under 530 nm excitation.

LDS 722/MgAPO-11 samples show the typical broad red ICT emission band (Figure 3A) with a dramatic
enhancement of the fluorescence efficiency. Fluorescence quantum yields recorded for the powder samples are
two orders of magnitude higher than those in aqueous solution (Table 2). However, the inclusion of LDS 722 into
the AFI structure, as previously reported by others,?8 with slightly larger channels, shows very poor emission
comparable to that of the dye in solution (sample 2, Table 2).
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Figure 3. A) Absorption and emission spectra of the dye in aqueous solution (grey line) and LDS 722/MgAPO-11 powder sample (black
line). B) Fluorescence decay curves registered for LDS 722 in aqueous solution (grey line) and within MgAPO-11 (black line).

Indeed, much longer lifetime values of around 2.5 ns registered for LDS 722/MgAPO-11 samples, compared to
those of the dye confined in MgAPO-5 or in aqueous solution of several picoseconds (Figure 3B, Table 2), are a
direct consequence of the decrease of the non-radiative pathways due to the confinement and rigidity imposed by
the narrow channels of the inorganic AEL host. Moreover, the absorption and emission spectra of LDS
722/MgAPO-11 shows a hypsochromic-shift with respect to the dye in solution (Figure 3A, Table 2), which is also
attributed to the strong confinement. Importantly, in the absorption spectra of LDS 722/MgAPO-11 samples, a new
red-shifted band (highlighted as a grey square in Figure 3A) with respect to the main So-S; “locally-excited” (“LE")
band is observed, which is assigned to the ICT state in the ground state. The planar configuration between D
(donor) and A (acceptor) moieties not only facilitates the radiative emission from ICT state but also increases the
molar extinction coefficient and broadens the ICT absorption spectral’®34, Indeed, higher quantum vyields are
obtained when the ICT excited state is directly populated by the excitation of ground state CT species, under green
light at 530 nm, with respect to those registered upon excitation at the LE band, under UV-blue light at 410 nm
(Table 2). Actually, at 410 nm excitation, a reminiscent emission band at around 450 nm ascribed to the radiative
deactivation of LE is recorded together with the ICT emission band (Figure S2 in the Supporting Information).



These facts indicate that ICT in the excited state is not efficiently populated through relaxation from an excited LE
state (Figure 4). Moreover, the excitation spectra (Figure S2), which differs from the absorption spectra (Figure
3A), showed the ground ICT band as the main responsible of the emission, in agreement with the aforementioned
assumption.

B
TICT S I PICT
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Twisted Planar
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Figure 4. A) Emission images of a LDS 722/MgAPO-11 patrticle upon UV excitation light (with D350/50x band pass filter), blue light (with
D470/40 band pass filter) and green light (with HQ530/30m band pass filter) excitations. B) lllustrative scheme of the electronic energy
levels and the deactivation pathways of LDS 722 confined within the two different aluminophosphate frameworks.

The differences found in the fluorescence quantum yield of the samples (Table 2) recorded at the same excitation
wavelength could be ascribed to the AFI impurities crystallized. The dye occluded in such structure does not
practically show any fluorescence emission (®y < 0.01, Table 2) and consequently will decrease the absolute
guantum yield of the powder sample. Indeed, in those samples with relatively lower quantum yields (i.e. samples
5 and 10 vs 4 and 11), a biexponential behavior is obtained from their respective fluorescence decay curves, 1, of
around 2.5 ns previously attributed to LDS 722 in AEL, and a much shorter lifetime 1, of around 0.6 ns, indicative
of a less rigid environment, probably LDS 722 in the AFI framework. Besides, there is a general drop in the
fluorescence quantum yield as the dye loading in the MgAPO-11 samples increases: sample 4, with a dye content
of 0.88 mmol/100g, shows a quantum yield of 0.55, compared to sample 14 with a dye loading 10 times higher but
a quantum vyield three times lower of 0.15 (Table 2, Figure 2). In optically dense materials, the most common
problem usually arises from the formation of aggregates which usually quench the fluorescent emission of the
monomeric species. However, the particular topology of the narrow channels of the AEL framework prevents any
kind of aggregation. Instead, the red-shift up to 30 nm registered in the fluorescence bands of the more
concentrated powder samples with respect to the diluted ones suggests the presence of reabsorption-reemission
phenomena, that will be also responsible for the decrease of the fluorescence capacity in dye-concentrated
samples (Figure 2). It is worth noting that, although those dyes whose emission takes place from ICT states usually
show large Stokes shifts minimizing inner filters, the very probable ICT absorption band recorded for LDS 722
confined within the AEL framework enhances the possibility of reabsorption-reemission phenomena (Figure 3A).
Taking into account all these results, sample 11, with a considerable dye uptake and high fluorescence efficiency
(P15 = 0.41, nearly 40 times higher than that obtained for LDS 722 in aqueous solution), was selected as the best
system for the characterization of NLO applications, as will be described below.

Molecular modeling

Our previous observations showed a much higher fluorescence of LDS 722 confined within the AEL framework
compared to that observed when confined within the AFI framework and in solution. We applied molecular
modeling techniques in order to understand this behavior by looking at the molecular confinement of LDS 722 in
the different nanochannels.

We initially studied the location and stability of the LDS 722 isomers within the different MgAPO frameworks as a
function of their isomerism. The coordinates of the Mg-containing AIPO frameworks were initially refined with
GULP, using the potential by Catlow et al.[35] While there is only one unique T position in the AFI framework where
Mg can replace Al, three possible locations are possible for the AEL framework, with Mg in T1, T2 or T3 (see Figure
S3in the Supporting Information).

Table 3. Interaction energy per molecule, relative energy of the different isomers and total interaction energy.



Framework Mg position Isomer I ER Rel. I. E.!

LDS-trans -151.9 0.0

AFI T1 LDS-cis1 -142.7 9.1
LDS-cis2 -135.8 16.1

LDS-trans -176.4 0.0

T1 LDS-cis1 -149.4 27.0

LDS-cis2 -145.7 30.8

LDS-trans -159.3 0.0

AEL T2 LDS-cis1 -134.0 25.3
LDS-cis2 -129.6 29.8

LDS-trans -179.3 0.0

T3 LDS-cis1 -153.8 255

LDS-cis2 -150.9 28.4

[a] In kcal/mol per molecule; [b] Compared to the most stable case, LDS 722-trans, in kcal/mol per molecule.

Then the different isomers (trans, cisl and cis2, see Figure S4 in the Supporting Information) of the LDS 722
molecules were loaded in the Mg-containing frameworks, and the most stable location and interaction energies
were obtained by simulated annealing (Table 3). We analyze first results for the AFI framework. The incorporation
of the cis isomers (cis1 and cis2) is much less favorable than occlusion of the trans isomer (with relative energies
of 9.1 and 16.1 kcal-mol* per molecule for cis1 and cis2, respectively, with respect to the trans isomer). The low
stability of the cis-isomers within the one-dimensional channels of the AFI framework is due to their molecular
geometry, which deviates from the elongated shape of the trans-isomer that fits better within the cylindrical
channels of the AFI structure (see Figure S5 in the Supporting Information for pictures). These results clearly
suggest that only LDS 722-trans isomers are occluded within the AFI materials.

We then docked the molecules in the one-dimensional channels of the AEL framework, with an elliptical (rather
than cylindrical as in AFI) shape and a slightly smaller aperture. Again energy results (Table 3) indicate that the
cis-isomers do not fit well within these channels (see Figure S6 in the Supporting Information), being in this case
even less favorable than in the AFI framework (with relative energies higher than 25 kcal-mol-1 per molecule);
therefore, the possibility of having cis-isomers in the AEL framework is even smaller than in AFI. Only LDS 722-
trans isomer will incorporate in the AEL materials. We docked this isomer with Mg in the three different positions,
and found that the interaction energies were higher when Mg is located in positions 1 and 3 (Table 3); the
interaction of the LDS 722-trans isomer with the framework when Mg is located in position 2 is much smaller,
possibly due to the longer distance between Mg and the interacting atoms of the molecules (see Figure S7 in the
Supporting Information). These results suggest that the most stable system involves Mg in position T1 or T3,
developing a strong interaction with the LDS 722-trans isomer (Table 3).

Our next step was to analyze the flexibility of the LDS 722-trans isomers occluded within the different nanoporous
frameworks in an attempt to understand the spectroscopic properties of the systems observed experimentally.
Reduction of the fluorescence of LDS 722 can be caused by: i) cis-trans photoisomerization, process that may
compete with fluorescence, which can be excluded since occlusion of cis-isomers is completely hindered,
especially in the case of AEL, ii) deviation from the coplanar configuration between the donor and acceptor rings,
being this coplanar configuration the one that activates the planar ICT (PICT) state, responsible of the fluorescence
emission, and iii) rotation of the aniline group around the single C-N bonds, since these twisting motions allow the
formation of a twisted ICT (TICT) state, a non-radiative state that efficiently quenches the fluorescence. In order to
study both aspects, deviation of coplanarity (ii) as well as the torsion of the C-N bond (iii), 500 ps of NVT Molecular
Dynamics of the LDS 722 molecules confined within both frameworks were run (at 298 K), and the statistical
distribution of selected torsion angles during MD was analyzed (Figure 5-left) (see Figure S8 in the Supporting
Information for definition of the torsion angles used). Deviation from coplanarity between the two rings is
determined by the deviation of the torsion angle 1 (between the two aromatic rings) from 0° (which indicates a
perfect coplanar configuration): large deviations of this angle from 0° involve a high flexibility of the molecule
resulting in a large deviation from coplanarity, and consequently a lower fluorescence. The distribution of this
torsion angle in the different systems (in a vacuum, in AFl and in AEL, Figure 5-top-left for the distribution) indicates
a large deviation from 0° (given by the wide curve with wide tails) when the molecule is in a vacuum (blue line).
Such deviation from 0° is only very slightly reduced when the molecule is occluded in the AFI framework, due to
the large dimension (7.3 A of diameter) and cylindrical nature of the nanochannels (red line) which does not impose
a high constraintment on the molecule (Figure 5-right) (see Figure S9 in the Supporting Information for an example
of deviation from coplanarity in AFI). In contrast, the angle distribution is much narrower, and the intensity around
0° is much higher, when the molecule is occluded within the AEL framework (green lines) for all the different Mg
sites. This clearly indicates that deviation from coplanarity of LDS 722 is strongly prevented in the AEL framework



due to the elliptical shape of the nanochannels that impose a strong constraintment on the molecule (Figure 5-
right), explaining the higher fluorescence observed for this system.
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Figure 5. Left: Smoothed angle distributions between the aromatic rings (top) and of the C-N torsion angle of the aniline ring (bottom) of
LDS 722-trans isomers in a vacuum (blue) or occluded within the Mg-AFI (red) or Mg-AEL (green, with different lines as a function of the
Mg position). Right: Two views of the most stable location of the LDS 722-trans isomers within the one-dimensional (cylindrical or elliptical)
channels of AFI and AEL frameworks.

We then studied the other possible source of fluorescence deactivation, the rotation of the C-N bond of the aniline
ring; the distribution of the C-N torsion angle is plotted in Figure 5 (bottom-left). Again we observe that the torsion
distribution is broad for the LDS 722 molecule in a vacuum (blue line), suggesting that this bond is able to rotate.
Such C-N rotation is slightly prevented when the molecule is hosted in the AFI framework (red line), and is strongly
impeded when the host is the AEL framework (especially in the most stable 1 and 3 Mg positions), again a
consequence of the more tight confinement provided by the smaller elliptical channels of this structure. Our
simulations thus clearly explain the better fluorescence properties of LDS 722 occluded within the AEL framework
in terms of a prevention of the cis-photoisomerization, deviation from coplanarity and C-N bond rotation because
of the tight confinement provided by the AEL host.

Non-linear Optical Applications

As previously mentioned, sample 11 was selected for the further study of NLO properties. As has been
demonstrated above, the tight encapsulation of LDS 722 into the 1D-rigid nanopores of the AEL structure has led
to an extraordinary enhancement of the fluorescence. On the other hand, with the aim of achieving a material with
Non-Linear Optical properties, a non-centrosymmetric disposition of the molecules with the molecular dipoles
pointing in the same direction within the AEL channels is required.

The alignment of the dye along the channels is qualitatively provided by the fluorescence dichroic ratio, ‘D’. Large
D values indicate a high degree of dye molecules in a preferential order®®, Indeed, a huge anisotropic response
to the linear polarized light is derived in this material (see Figure 6), providing dichroic ratios higher than 50 which
represent, to our knowledge, the highest value found so farl?:3338_This feature, together with the fact that the LDS
722 dye shows intrinsic NLO properties, makes our hybrid material potential for Second-Order Non-Linear Optical
properties such as Second Harmonic Generation and two photon induced fluorescence.
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Figure 6. Polarized fluorescence images of LDS 722/MgAPO-11 patrticles under green excitation light. Arrows indicate the direction of the
polarized light.

To study non-linear optical properties, polarized-fs laser light is focused to single crystals of sample 11. Figure 7A
shows the emission spectrum recorded when focusing the incident laser light (excitation wavelength: 1024 nm,
power: 0.1 mW) to the center of a sample 11 crystal (black curve) and of a blank crystal without dyes (green curve),
deposited on a cleaned cover slip. The spectrum shows a sharp peak at 512 nm and a broad band centered at
around 650 nm; note here that the polarization angle of incident light in all the experiments was set parallel to the
transition dipole moments aligned along the AEL nanopores. This polarization orientation was confirmed by
systematically rotating light polarization of the incident light and was set to the angle giving maximum fluorescence
intensity (see Figure S10 in the Supporting Information for a detailed procedure). Furthermore, both the sharp and
broad peaks show a quadratic power dependence (as shown in Figure S11 in the Supporting Information). Given



the strong polarization effect and the quadratic power dependence, we assigned the sharp and the broad peaks
to be SHG and 2-photon excited fluorescence. Note also that immersion oil was dropped on the cover slip, in order
to reduce ‘undesirable’ SHG contribution from crystal-glass or crystal-air interface as much as possible. Indeed,
no peak was observed when the laser is focused on the cover slip, indicating that SHG contribution from glass-oil
interface itself can be neglected. The spectrum of the sample 11 crystal shows a clear SHG peak with respect to
the blank crystal that did not show any significant contribution at this excitation power (Figure 7B). This result likely
indicates that the SHG signal is generated not from the framework itself but from the dyes distributed inside the
crystal. In order to confirm this, the intensity of the laser light was significantly increased to induce photobleaching
of the dyes, and the spectrum was continuously recorded over time during the laser irradiation (Figure 7C). Both
SHG and 2-photon fluorescence intensities decreased significantly over laser irradiation due to a photobleaching
of the dyes, whereas SHG intensity of the blank crystal did not show any notable decrease (Figure 7D) even at a
higher laser power (> 10 mW). Note here that although blank crystals start showing SHG contribution above the
excitation power around 1 mW (Figure S12 in the Supporting Information), its intensity is more than 100 times
weaker than that on the sample 11 crystal.
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Figure 7. A) SHG/2-photon fluorescence spectrum recorded for sample 11 and SHG spectrum for blank crystals observed at 1024 nm
excitation wavelength with 0.1 mW excitation power. B) Enlarged image of the SHG signal centered at 512 nm. C) Time dependence of
SHG and fluorescence signals (normalized at 0 s exposure) of sample 11 excited at 812 nm with 2.4 mW excitation power. D) Time
dependence of SHG intensity (normalized at 0 s exposure time) of the blank crystal excited at 1024 nm with 12 mW power.

In this regard, it is important to note here that in order to achieve a hybrid material with SHG properties, the guest
dye, LDS 722 in the present case, should have intrinsic Non-Linear Optical properties (1-conjugated molecules
with strong electron donor and acceptor groups) because our previous materials reported in earlier works based
on the encapsulation of other dyes such as acridine (AC) and pyronine Y (PY) into MgAPO-112°33 also provided
highly fluorescent hybrid systems with an extraordinarily-preferential alignment of the chromophores, but did not
give almost any second harmonic generation response (Figure S13 in the Supporting Information).

In order to study the wavelength tunability of our hybrid material and identify the most efficient excitation wavelength
to generate/excite SHG/fluorescence, the excitation wavelength of the laser light was tuned from 812 to 1222 nm
(Figure 8A) at the same laser power (variations of laser power between wavelengths are corrected within 6 %) set
at 0.1 mW in order to minimize photobleaching of the dye and to avoid any SHG contribution from the framework
itself. Figures 8B and 8C, respectively, show intensity plots of SHG and 2-photon fluorescence as a function of the
excitation wavelength. We found that, although SHG and 2-photon fluorescence peaks are observed for all
excitation wavelengths, maximum intensities of both SHG and 2-photon fluorescence were found at excitation
wavelengths in the region 1000-1020 nm. In this regard, we can conclude that both SHG and 2-photon processes
occur with the highest efficiencies upon excitation with fs pulses in the range of 1000-1020 nm.
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Figure 8. A) SHG/fluorescence spectra B) SHG intensity and C) 2-photon fluorescence intensity at different excitation wavelengths from
812-1222 nm with 0.1 mW excitation power. The measurements were carried out exciting a sample 11 crystal.



Conclusions

The encapsulation of the very flexible hemicyanine dye LDS 722 within the rigid elliptical nanochannels of AEL (4
A x 6.5 A), with adjusted dimensions with respect to the dye molecular size (2.5 x 4.9 x 18.6 A), has significantly
increased the emission capacity of LDS 722 at least by two orders of magnitude (®5 > 0.40) with respect to the
analogous 1D-host MgAPO-5 (AFI), with slightly larger cylindrical channels with a diameter of 7.3 A, or with respect
to the dye in solution (5 < 0.01). The high constraintment imposed by the AEL framework to LDS 722 has greatly
restricted its molecular motion (free rotation of the C-N bond of the aniline ring) and prevented a deviation from
coplanarity, both effective quenching paths of the fluorescence.

Due to the intrinsic NLO properties LDS 722 dye disposed in an extraordinary non-centrosymmetric alignment
along MgAPO-11 channels, the final hybrid material has rendered SHG and 2-photon fluorescence signals under
excitation wavelengths in the 812-1222 nm, being the most efficient excitation wavelength between 1000-1020 nm.
Our work represents a clear proof of how fundamental is a perfect matching between the molecular size of a NLO
dye guest and the pore dimensions of a rigid 1D-framework host in order to impose a collective alignment of the
dye molecules with its molecular dipoles pointing in a preferred direction along the macroscopic crystal that can
only be achieved via the crystallization inclusion approach.

Experimental Section

Synthesis of MgAPO materials. Mg-containing aluminophosphates (MgAPO-5 and MgAPO-11) were prepared using phosphoric
acid (Aldrich, 85 wt%), magnesium acetate tetrahydrate (Aldrich, 99 wt%,), aluminium hydroxide (Aldrich), ethylbutylamine (EBA,
Aldrich) and LDS 722 dye (Exciton, laser grade, used as received with a purity > 99%, checked by spectroscopic and
chromatographic methods). The gels have a general molar composition of: x MgO: 1 P20Os: (1-x/2) Al20s: y EBA: z LDS 722: 300
H20, where ‘X’ was varied between 0.1 and 0.3, 'y’ between 0.75 and 1.5 and ‘z’ between 0.008 and 0.024; pH of the synthesis
gels was between 4 and 5. The gels were heated under autogenous pressure. The solid products were recovered by filtration,
exhaustively washed with ethanol and water and dried at room temperature overnight. In this work, the synthesis conditions,
including the composition of the synthesis gels, as well as the crystallization time and temperature, were optimized in order to get
pure samples of LDS 722-containing MgAPO-5 and MgAPO-11 materials.

Characterization. X-ray powder diffraction (XRD) was used to determine the crystalline phase obtained; XRD patterns were
collected with a Panalytical X'Pro diffractometer using Cu Ka radiation. The dye content within the solid products was determined
photometrically using a double beam Varian spectrophotometer (Cary 7000), after dissolving the solid material in 5 M hydrochloric
acid and comparing the resulting solutions with standard solutions prepared from known concentrations of the dyes at the same
pH value of the sample solutions (more details in the Supporting Information, Figure S14).

The absorption spectra of the LDS 722/MgAPO powder samples were recorded with a Varian spectrophotometer (model Cary
7000) detecting the reflected light by means of integrating sphere. The respective spectra of the MgAPO powders synthesized
under identical conditions but without dyes were recorded and subtracted from the sample signal to eliminate the scattering
contribution to the absorption spectra. Emission spectra of the powder were recorded in an Edinburgh Instruments
spectrofluorimeter (FLSP920 model) in front-face configuration (40° and 50° to the excitation and emission beams, respectively)
and leaned 30° to the plane formed by the direction of incidence and detection. The fluorescence lifetime decay curves of the bulk
powder were measured with the time correlated single-photon counting technique in the same spectrofluorimeter using a
multichannel plate detector (Hamamatsu R38094-50) with picosecond time-resolution (~20 ps). Fluorescence decay curves were
monitored at the maximum emission wavelength after excitation by means of a Fianium Supercontinuum laser at 530nm with 150
ps full width at half maximum (FWHM) pulses. The fluorescence lifetime (1) was obtained after deconvolution of the instrumental
response signal from the recorded decay curves by means of an iterative method. The goodness of the exponential fit was
controlled by statistical parameters (chi-square, x?, and analysis of the residuals). Absolute photoluminescence quantum yield of
the LDS 722/MgAPO powders were measured in an integrated sphere coupled to this spectrofluorimeter. The absorbance at the
excitation wavelength was obtained by comparing the scatter signal of the dye-loaded hybrid material and a Teflon disk used as
a reference (with a diffuse reflectance of 100%).

Fluorescence images were recorded with an optical inverted microscope with epi configuration (Olympus BX51) equipped with a
color CCD camera (DP72, Olympus). Crystals were excited under UV light, blue light and green light by respective Chroma band
pass filters (D350/50x, D470/40 and HQ530/30m, respectively) and the emission was collected with Chroma cut-off filters
(E400LPv2, E515LPv2 and E580Ip, respectively). For polarized emission images, a polarizer (U-AN-360-3) was inserted before
the detection of the image on the CCD camera. Fluorescence spectra of particles were recorded using an Edimburgh Instruments
spectrofluorimeter (model FLSP920) coupled to the Olympus microscope via an optical fiber.

Fluorescence single-particle measurements were performed in a time-resolved fluorescence confocal microscope (model Micro
Time 200, PicoQuant). The excitation was performed at 470 nm with picosecond pulsed diode lasers (PicoQuant, LHD 470 model)
with 100 ps pulses at 5 MHz repetition rate. The fluorescence signal was collected by the same objective and focused (via a 50
um pinhole) onto avalanche photodiode detectors (Micro-Photon-Devices MPD-APD). Polarization measurements were
performed with unpolarized excitation light and the emission was collected by a polarizer beam splitter that divides the signal into
two mutually perpendicular polarization orientation beams that were simultaneously detected by two detector channels. We



analyzed the dichroic ratio (‘D’), defined as the relation between the emission-intensity counts collected for two perpendicularly
polarized radiations.

NLO measurements. An ultrafast Ti:sapphire laser (Maitai-SP, SpectraPhysics) was used to generate the 820 nm pulses, 120 fs
pulse duration (repetition rate 80 MHz). The laser beam was split into two paths with ratio of 9:1. The stronger beam was guided
to an optical parametric oscillator (OPO) (Inspire HF200, SpectraPhysics) and used to generate the 940-1222 nm pulses. The
polarization of the 820 nm pulses was controlled by a half-wave plate. Each beam was reflected by dichroic mirror (z750spxrxt,
Chroma) after passing through a longpass filter (HQ800LP, Chroma) in order to reflect stray light generated from OPO, and then
was focused to samples using an objective (PlanApo N.A. 0.95, x60, Nikon). With this configuration, a wide range of photon flux
was available at the sample position. Considering a pulse average power of 0.5 mW at 1180 nm, a minimum nr of 1.88 x 1015
photons/(pulse x cm?) is obtained while for a pulse with an average power of 10 mW at 820 nm a nr of 6.41 x1016 photons/(pulse
x cm?) could be achieved. The availability of such a wide range is important for the laser power dependent experiments (vide infra)
where the probability of having one or two photons arriving at the sample at the same time is of key importance in investigating
nonlinear processes. Substrates were mounted on a three-axis piezoelectric stage (P-517.3CL, Physik Instrumente, PI) equipped
on an inverted microscope (TiU, Nikon). SHG and fluorescence signals from crystals were collected by the same objective, and
then transmitted through a short-pass filter (ET750SP-2P, Chroma) to remove the excitation light. The light was focused onto the
entrance slit of a spectrograph (iHR320, Horiba), and detected by a cooled-charge coupled device (CCD) (Newton 920, Andor).
Computational details. The computational methodology employed to study the occlusion of LDS 722 within the AFI and AEL
frameworks was based on molecular mechanics simulations, as implemented in Forcite module in Materials Studio softwarel®"l,
The geometry of the zeolite structures were taken from the Material Studio database. Molecular structures and the interaction
energies of the LDS 722 molecules with the framework are described with the CVFF forcefield[38. A careful selection of the atom-
types in this force-field ensures a proper model of the molecule, giving molecular structures of LDS 722 in a vacuum very similar
to those found by DFT-B3LYP ab-initio methods. The atomic charge distribution of the dye molecule was obtained from DFT
calculations, using the B3LYP hybrid functional and the ESP charge calculation method, setting the total net charge to +1. The
positive charge of the LDS 722 molecules was compensated by the incorporation of one Mg*? ion in isomorphic substitution of
Al*3. Framework charges were kept fixed to —1.2, 3.4, 1.4 and 0.4 for O, P, Al and Mg, respectively. Supercells consisting in 1x1x4
primary unit cells systems for both AFl and AEL (with primary unit cells of Ali12P1204s and Al20P200s0, respectively) frameworks
were used for the calculations; both supercells were large enough as to host the isolated LDS 722 molecules while preventing
computational artefacts.

The 1x1x4 supercells were initially optimized with the GULP codel®. In the AFI framework, there is only one unique
crystallographic position where Mg can replace Al. In contrast, three different T positions are available in the AEL framework, and
the three of them were geometry-optimized (Figure S3 in the Supporting Information). Once obtained these frameworks, their
coordinates were kept fixed in the calculations involving the LDS 722 molecules and the CVFF forcefield.

LDS 722 molecules were manually docked within the nanoporous structures; not only the trans-trans LDS 722 isomer was studied,
but also isomers where some of the double-bonds were in cis configuration (cisl and cis2) (see Figure S4 in the Supporting
Information). The most stable location for the LDS 722 molecules was obtained by simulated annealing.

Interaction energies were calculated by subtracting the energy of the molecules in vacuo to the total energy of the system; all the
energy values are given in kcal/mol per LDS 722 molecule.

Once obtained the most stable location of the LDS 722 molecules, the conformational flexibility in a vacuum or inside the different
MgAPO frameworks was studied by NVT Molecular Dynamics (MD) simulations (at 298 K). Deviation of the planarity of the two
aromatic rings was analyzed by calculating ‘torsion’ angle distributions between two atoms of one ring and two of the other ring,
while rotation of the C-N bond in the aniline ring was analyzed by calculating the torsion angle distribution of the corresponding
bond during the MD simulations.
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