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ABSTRACT:  A cyanine dye (PIC) was occluded into two 1D-nanopoporus Mg-

containing aluminophosphates with different pore size (MgAPO-5 and MgAPO-36 with 

AFI and ATS zeolitic structure types, with cylindrical channels of 7.3 Å diameter and 

elliptical channels of 6.7 Å x 7.5 Å, respectively) by crystallization inclusion method. 

Different J-aggregates are photophysically characterized as a consequence of the 

different pore size of the MgAPO frameworks, with emission bands at 565 nm and at 

610 nm in MgAPO-5 and MgAPO-36, respectively. Computational results indicate a 

more linear geometry of the J-aggregates inside the nanochannels of the MgAPO-36 

sample than those in MgAPO-5, which is as a consequence of the more constrained 

environment in the former. For the same reason, the fluorescence of the PIC monomers 

at 550 nm is also activated within the MgAPO-36 channels. Owing to the strategic 

distribution of the fluorescent PIC species in MgAPO-36 crystals (monomers at one 

edge and J-aggregates with intriguing emission properties at the other edge) an efficient 

and one-directional antenna system is obtained. The unidirectional energy transfer 

process from monomers to J-aggregates is demonstrated by remote excitation 

experiments along tens of microns of distance.  

The study and simulation of different natural systems and processes has always 

attracted a great interest to scientists. In this regard, an interesting challenge is the 

design of artificial antenna systems by mimicking the photosynthesis process, in which 



the sunlight is harvested and its energy is efficiently transferred to a specific reaction 

center where the energy conversion takes place.
1,2

 One of the most common 

mechanisms in which the energy is transferred within artificial antenna systems is the 

Excitation Energy Transfer process (EET), known as FRET (Fösters Resonance Energy 

Transfer), which consists on a non-radiative energy transfer from a donor molecule in 

the excited state to an acceptor molecule in the ground state that can take place over 

relatively long distances (Förster distances typically range from 2 to 9 nm).
3
  

In this context, host-guest hybrid materials have shown appealing properties to promote 

FRET processes when different organic chromophores are combined within zeolitic 

matrices, as has been widely reported.
2,4–8

 Zeolitic materials based on one-dimensional 

nanopores are indeed the best choice as host materials to obtain artificial antenna 

systems. In these systems, dyes absorbing and emitting in different ranges of the 

electromagnetic spectrum are inserted sequentially into the channels of the zeolite so 

that the energy can be funneled along the nanopore. In this sense, among the different 

compositions available for zeolitic materials, we have selected to work with 

aluminophosphates (AlPO) because of their ease for being synthesized as very large 

single crystals. However, loading of such long host systems with the photoactive 

species by post-synthesis (adsorption) procedures is strongly hindered by diffusion. 

Moreover, by this method normally the energy is transferred from the center to the 

edges of the channels or conversely from both edges to the center. 

The crystallization occlusion method where the dyes are in-situ occluded during the 

crystallization process represents the most convenient preparation method for a more 

homogeneous filling of large crystals since traffic jam obstacles are avoided. It allows 

also a notable reduction of the sample preparation time since the synthesis takes place in 

a unique step, and a very tight fit between the molecular size of the dyes and the 



dimensions of the cavities of the host material that could not have been achieved 

otherwise can be reached. Such tight fit prevents a posterior leakage of the dye 

molecules, avoiding the need for stopcock molecules.
8–10

 More importantly, this 

encapsulation approach can offer a strategic distribution of the dye-aggregates and 

monomers within the channels of the Mg-containing aluminophosphate MgAPO-36 

(with ATS structure-type), as has been demonstrated in previous works for Pyronine Y 

and Acridine.
11,12

 In this type of framework, the crystals grow in a bouquet arrangement 

from the joined center of the bouquet to the ends, where apparently the dye is 

incorporated in a higher amount at the initial stage of crystallization. As a result, the dye 

is incorporated mainly in a J-type association at the initial stages of crystallization and 

in monomeric units at the last stages of the crystal growth; hence crystallization 

proceeds showing a multicolour emission characteristic of the monomers and J-

aggregates. Thus, the energy transfer could occur only in one-direction, i.e. from 

monomers to J-aggregates, from one end to the other end of the particles. However, the 

FRET process between the different species occluded into the hybrid material that 

would take place along several microns of distance has not been experimentally 

evidenced yet.  

In this work, new hybrid systems containing a cyanine dye, in particular 1,1’-diethyl-

2,2’-cyanine, also known as pseudocyanine or PIC (Figure 1a) is described. The choice 

of this particular dye is based on: a) the perfect fit between the molecular dimensions of 

PIC dye and the pore size of MgAPOs structures (Figure 1) and b) the intriguing 

properties of J-aggregates of cyanine-like dyes, i.e. high fluorescence efficiency and 

high exciton mobility,
13–16 

properties of crucial importance for an efficient light 

harvesting, making them very promising for artificial antenna systems. As previously 

studied in solution and in other media such as solution/solid interfaces, the final 



spectroscopic properties of these cyanine-like J-aggregates depend on the aggregation 

number, the degree of packing arrangement and the dye molecular orientation.
16–19

 

Thus, a head-to-tail arrangement is expected to be induced through the encapsulation of 

cyanine dyes into one-dimensional Mg-containing aluminophosphate hosts by the 

crystallization inclusion method, promoting the formation of nearly linear J-aggregates. 

In this line, two frameworks with different channel dimensions and shape were chosen, 

MgAPO-5 (AFI type structure with cylindrical channels of 7.3 Å diameter, Figure 1b) 

and MgAPO-36 (ATS type structure, with elliptical channels of  6.7 Å x 7.5 Å, Figure 

1c), to study the effect of the matrix on the arrangement adopted by the occluded PIC 

molecules and to evaluate the final photophysical properties of the different J-

aggregates formed. Finally, in an attempt to experimentally demonstrate that the energy 

transfer takes place unidirectionally, i.e. one-directionally from cyanine monomers in 

one end of the particles to its J-aggregates in the opposite end, remote excitation 

experiments are performed (Figure 1d). The one directional antenna effect along the 

crystals of the new PIC/MgAPO systems is also compared with previously described 

hybrid materials consisting of other commercial dyes (Acridine, AC, and Pyronin Y, 

PY) occluded within MgAPO-36.
11,12

 
 

 

Figure 1. (a) Molecular structure of the cyanine dye 1,1’-diethyl-2,2’-cyanine, or PIC   

(14.1 Å x 7.3 Å x 4.0 Å). Structures and pore dimensions of the AFI (MgAPO-5) (b) 

and ATS (MgAPO-36) (c) frameworks. (d) Schematic representation of the dye-species 

distribution within MAPO channels and the unidirectional antenna effect mediated by 

energy transfer process from the dye monomers to its J-aggregates  

 



Experimental 

Synthesis of dye-loaded MgAPO materials 

The Mg-containing nanoporous aluminophosphates (MgAPO-5 and MgAPO-36) were 

prepared by hydrothermal synthesis using phosphoric acid (Aldrich, 85 wt%), 

magnesium acetate tetrahydrate (Aldrich, 99 wt%,), aluminium hydroxide (Aldrich), 

triethylamine (TEA, Aldrich) in the case of MgAPO-5 or tripropylamine (TPA, Aldrich) 

in the case of MgAPO-36 as structure-directing agents, and the dye (1,1’-diethyl-2,2’-

cyanine, PIC, Sigma-Aldrich). The gels have the following molar composition: i) 0.2 

MgO: 1 P2O5: 0.9 Al2O3: 0.75 TPA: 0.024 PIC: 300 H2O: 50 EtOH for PIC/MgAPO-5 

sample; ii) 0.2 MgO: 1 P2O5: 0.9 Al2O3: 0.75 TEA: 0.024 PIC: 300 H2O: 50 EtOH for 

PIC/MgAPO-36 sample. Note that 0.024 was set as the maximum dye amount added to 

the gel not to disrupt the required final phase of the crystal. Moreover, ethanol was 

added in order to favor the solubility of PIC in the aqueous synthesis gel. The pH of the 

synthesis gels was between 4 and 5. The gel was heated at 180ºC under autogenous 

pressure and in continuous rotation for 24 hours for MgAPO-5 sample, and statically at 

180ºC under autogenous pressure for 12 hours for MgAPO-36 sample. The solid 

products were recovered by filtration, exhaustively washed alternating water (at least 2 

L) and ethanol (at least 1 L), until a colorless supernatant is recovered and dried at room 

temperature overnight.  

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 Kα 

radiation (Figure S1). 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 (Figure S2). 

Fluorescence images were recorded with an optical upright microscope with epi 

configuration (Olympus BX51) equipped with a color CCD camera (DP72, Olympus). 

Crystals were excited under blue light (λ=470 nm) by D470/40 Chroma equipped with a 

band pass filter and the emission was collected with a E515LPv2 Chroma cut-off filter. 

Fluorescence spectra of single particles were recorded by a fiber coupling from 

Olympus microscope to Edinburgh Instruments spectrofluorimeter (model FLSP920). 

Single particle fluorescence study was conducted on a home-built fluorescence 

microscope equipped with two objective lenses: a sample was placed between top and 

bottom objectives, respectively, for excitation and detection of fluorescence. CW laser 

light (375/473/488 nm) was introduced to the top objective (Nikon, PlanFluor, x20, NA 

0.85) and was focused onto the sample. Fluorescence from the sample was collected by 

the bottom objective (Nikon, PlanApo, x60, NA 0.95) and was guided to a spectrograph 

(Andor, SR303i) equipped with EM-CCD detector (Andor, Newton 970) after passing 

through a pinhole (100 µm), or to EM-CCD detector (Andor iXon 897) for fluorescence 

imaging. A suitable filter (375 excitation: Thorlabs, FEL0400, 473 excitation: Chroma, 

HQ485LP, 488 excitation: Chroma, HQ500LP) was used in front of the 

spectrograph/imaging CCD to further suppress the excitation light.  

Computational details 

The computational methodology employed to study the occlusion of the cyanine dye 

within AFI and ATS frameworks was based on DFT+D plane-wave simulations, as 

implemented in CASTEP in Materials Studio software.
20

 The geometry of the zeolite 



structures were taken from the Material Studio database. Molecular structures and the 

energies of the dye molecules with the framework were obtained using the PBE 

exchange functional, and the Grimme dispersion correction term, and an energy cutoff 

of 489.8 eV. Periodic boundary conditions (PBC) were applied in all the calculations. 

Supercells with 3 (for AFI) and 5 (for ATS) unit cells along the channel direction were 

used as framework models for loadings of 1 molecule per supercell, whilst 6 and 10 

primary unit cells were used for the study of loadings of 2 molecules per supercell. The 

cyanine dye molecules were manually loaded in the required configuration and 

geometry-optimized. Relative energies (per dye molecule) were obtained with respect to 

the most stable case. 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 dye molecule. 

 

Results and Discussion  

As stated before, the PIC dye (Figure 1a) was occluded into two inorganic 1D-

frameworks with different pore size and shape: MgAPO-5 (AFI structure-type), formed 

by 12-ring cylindrical channels of 7.3 Å diameter;
21–23

 and MgAPO-36 (ATS structure-

type), also formed by 12-ring channels but with an elliptical shape and slightly smaller 

pore dimensions of 6.7 Å x 7.5 Å (Figure 1b and c).
11,12,21

  

In the first attempt, PIC was occluded into the larger pores of the AFI structure. Pure 

AFI phase with a dye loading of 2.94 mmol PIC per 100 g sample powder (Figure S2) 

was achieved from the hydrothermal synthesis. The hybrid material is composed of rod-

shaped particles of tens of microns, which show yellow fluorescence only in the central 

part because of the apparent growth of AFI crystals from the center to both edges. This 



fluorescence emission band with maximum at 565 nm (Figure 2) This yellow 

fluorescence was ascribed to PIC J-aggregates, which appears slightly blue-shifted with 

respect to the J-band previously detected in aqueous solution (centered at 572 nm, see 

Figure S3 in ESI).
16

 Note that the displacement of the bands is a typical feature for 

encapsulated dyes into highly constricted environments,
12

 which in this case will affect 

also the stacking. The result is in agreement with previous results of similar hybrid 

systems prepared also through the crystallization inclusion method, with J-aggregates 

located at the crystal growth center.
11,12

 Similarly to former dye/MgAPO systems 

already described with AC and PY dyes,
11,12

 the respective monomers would be likely 

located at the other end of the rods, but unfortunately they are not fluorescent in this 

sample.
16

 This fact is a typical characteristic of dyes as PIC with flexible molecular 

structures, since the molecular motions induce important non-radiative deactivation 

pathways. Thus, this result indicates that the rigidity imposed by the AFI matrix to the 

PIC monomers is not strong enough to switch on its emission.  

 

Figure 2. Transmission (A) and fluorescence under blue excitation light (450-490 nm) 

(B) images of the PIC/AFI particles. C) Fluorescence emission spectrum recorded from 

single particles. 

 

Therefore, we next considered the ATS framework to occlude the PIC cyanine in a 

more constrained environment (because of the smaller channels, Figure 1). The 

synthesis experiments rendered in this case a material composed mainly of the ATS 

phase but with minor impurities of the AFI phase (Figure S1 in ESI), and with a dye-



loading of 1.52 mmol PIC per 100 g of sample. In this case the dye uptake represents 

half of the loading (Figure S2) obtained previously for PIC/AFI sample (2.94 

mmol/100g of sample), which is likely due to the smaller pores with elliptical shape of 

this host.  

Indeed, computational results suggest a slightly better fitting of the dye molecules 

within the AFI channels with respect to ATS due to the larger pores of cylindrical shape 

of the former host (Figure S4). This better fitting in AFI provides an explanation for the 

higher loading of PIC found experimentally in this sample (PIC/AFI). 

Note here that, according to the microscopy images (Figure 3), PIC/ATS sample shows 

needle-shaped PIC/ATS crystals with relatively high probability (55% of the total ATS 

crystals) of finding a dye-species distribution similar to that found in previous 

works,
11,12

 i.e. with dye J-aggregates placed at one edge of the particles and monomers 

in the opposite end, likely as a consequence of ATS crystal growth from end to end of 

the particles. Consequently a darker reddish color is noticed in one edge of the needle in 

the transmission image (Figure 3A), indicative of a higher amount of PIC occluded, 

which corresponds to the orange area in the fluorescence image (Figure 3B), giving an 

emission band centered at 610 nm (Figure 3C). At the opposite end of the particles, 

where a less amount of dye is occluded, a reminiscent green emission is apparent in the 

respective fluorescence image (Figure 3B). Thus, a gradual emission color change from 

orange to green is detected in single particles from edge to edge of the crystals, which is 

attributed to a strategic distribution of J-aggregates at one end and monomers at the 

other end of the needles, respectively. The presence of such gradient in the PIC loading 

is probably due to the variation of the concentration of the dye in the solution as the 

crystallization proceeds. At the beginning of crystallization, the large concentration of 

the dye produces its aggregation, but as it is depleted in the solution due to its 



incorporation into the growing crystals, it is occluded as monomeric form in later stages 

of the crystallization. 

In general terms, the emission intensity in PIC/ATS particles is relatively lower than in 

PIC/AFI sample. However, it is important to note that PIC monomers turn out to be 

fluorescent into the ATS framework, giving green fluorescence (Figure 4B), that can be 

also seen as a shoulder at around 520 nm in the emission spectrum of the bulk powder 

(Figure 4C). This result is attributed to the tight confinement into the ATS matrix that 

reduces the probability of monomers deactivation through non-radiative pathways,
24

 

which represents a novel finding for PIC dye. 

 

Figure 3. Transmission (A) and fluorescence under blue excitation light (450-490 nm) 

(B) images of a PIC/ATS needle-shaped particle (polarization direction of emission 

light was set along to the channels of the longer needle, i.e. parallel to its long axis). C) 

Fluorescence spectrum of the PIC/ATS sample recorded from bulk powder (λexc: 450 

nm). 

 

Interestingly, PIC J-aggregates show different emission color in each framework: a 

yellow emission characterized by a fluorescence band at 565 nm in the AFI host, and a 

less intense and red-shifted emission, characterized by an orange fluorescence centered 

at 610 nm in the ATS structure. These differences are ascribed to J-aggregates adopting 

a different geometry in each host, and it can be explained by means of the Exciton 

Theory (Figure S5).
25,26

 According to this theory, the angles between the molecules 

forming the aggregates determine the spectral changes. In this context, the more in-line 



the J-aggregate, the higher energy splitting of the J-band with respect to the monomer 

band is expected, and therefore a higher bathochromic shift will be observed in the 

emission band. Consequently, we can assume that J-aggregates formed in the PIC/ATS 

sample are more linear than those in the PIC/AFI case, and thus, the spectral shift of the 

emission band to the red edge is larger. 

Molecular simulations were performed in order to confirm the above statements about 

the geometry of the J-aggregates inside the nanochannels of the two host structures. To 

simulate the more stable geometry, two PIC molecules were loaded into the frameworks 

forming J-aggregates in two possible geometries (Figure 4), i.e. as perfect in-line head-

to-tail J-dimers (top: A) or as displaced J-dimers in a sandwich-like disposition (bottom: 

B). The calculated relative stabilities and interaction energies clearly show that cyanine 

dimers are more stable in a displaced J-type configuration in the AFI channels, whilst 

the in-line J-geometry is the most stable configuration for PIC J-aggregates confined 

within ATS. Again, this is due to the larger cross-section of the AFI channels, whose 

dimensions are suitable to host the cyanine dyes enabling π-π interactions between the 

aromatic rings that stabilizes the displaced J-type configuration. Note here that 

obviously pure H-aggregates (non-emissive and efficient fluorescence quenchers) 

cannot be formed even in the larger AFI channels, because the presence of the ethyl 

substituents in the dye (Figure 1a) prevents this configuration. The smaller cross-section 

in one dimension of the ATS channels causes a steric hindrance between the aromatic 

rings of the dye molecules, inducing its disposition as pure in-line head-to-tail J-

aggregates. 



 

Figure 4. Different J-aggregate geometries (top: in line; bottom: displaced sandwich-

like) in AFI (left) and ATS (right) frameworks, and the corresponding calculated 

relative stability (R.S.) energies per dye.  

 

Regarding the strategic distribution of the fluorescent species into MgAPO-36 observed 

in Figure 3B, and in order to obtain experimental evidence of the FRET process from 

monomers to aggregates in this PIC/ATS system, further single particle microscopy 

experiments were performed. By exciting at the monomer region (position 1 in Figure 

5a), a fluorescence band centered at 550 nm was observed, while exciting at the J-

aggregate region (position 4 in Figure 5a), the fluorescence peak was shifted to 610 nm 

with an intensity about 3 times higher than that of the monomeric band (Figure 5b). As 

a consequence of the enhanced fluorescence properties of the J-aggregates of the 

cyanine dyes with respect to their monomers in terms of fluorescent emission intensity, 

their emission band appears nearly isolated from that ascribed to monomeric species 

(normalized fluorescence spectra measured at positions 1-4 can be seen in Figure S6). 

This is not the case for the previously characterized samples
11,12 

where the emission of 

the monomers is observed even at much lower concentration in comparison to the J-

aggregates (Figure S7 in ESI) or on the contrary in PIC/AFI crystals where the 



monomer is not fluorescent (Figure S8 in ESI). More importantly, this gradual red-shift 

in the fluorescence peak from 550 to 610 nm measured at positions 1-4 is also 

visualized in the remote excitation experiments (Figure 5d), where the excitation was 

fixed at the monomer region (position 1 in Figure 5a) while the detection point is 

displaced towards the other end of the particle, as illustrated in Figure 5c.  This result 

indicates that the energy transfer from monomers to J-aggregates is actually taking place 

along the crystal. 

 

Figure 5. (a) Transmission image of a PIC/ATS crystal. (b) Fluorescence spectra 

obtained at positions 1 and 4. (c) Schematic illustration of remote excitation 

spectroscopy. (d) Normalized fluorescence spectra at positions 1-4 obtained with the 

remote excitation spectroscopy by focusing continuous laser light (473 nm) with 120 

kW/cm2 power density at position 1.  

 



 

Figure 6. Transmission and fluorescence images collected from 3 different excitation 

positions on PIC/ATS (a and b), AC/ATS (c and d), 1AC:1PY/ATS (e and f), 

1AC:3PY/ATS (g and h), and PY/ATS (I and j) crystals. Excitation laser 

wavelength/positions are indicated in each image.  

 



Indeed, the energy transfer process in the PIC/ATS system, i.e. the antenna effect, is 

further experimentally demonstrated by measuring fluorescence images (Figure 6b); 

these are compared with our previously reported crystals (Figure 6d, 6f, 6h and 6j). 

Figure 6b shows fluorescence images under excitation with continuous wave 488 nm 

laser light at different positions from monomers to J-aggregates (indicated by an arrow 

in each image) from the bottom to the top of another PIC/ATS crystal, as shown in 

Figure 6a. At excitation position 1, the laser was focused on the region where 

monomeric species are found and, as can be seen, fluorescence emission is detected in 

the whole particle. On the other hand, by moving the laser focus towards the J-aggregate 

region (top region), the intense fluorescence in the monomer region is no longer seen, 

while the J-aggregate region always shows bright fluorescence (Figure 6b position 2). 

These results indicate that energy migration is in fact one-directional in the PIC/ATS 

system, taking place from monomers at one end of the particles to J-aggregates at the 

opposite end, along tens of microns. Moreover, when the laser is focused at the top end 

(Figure 7b position 3), there is no fluorescence detected at the bottom end, indicating 

that a dielectric wave-guiding effect of the crystal itself does not play a dominant role.  

Besides, by comparing the fluorescence images with the newly synthetized PIC/AFI 

crystals (Figure S8) or our previously reported crystals (crystals containing pyronin Y 

(PY) and/or acridine (AC) into the ATS framework),
11,12

 the newly synthesized 

PIC/ATS system gives much more efficient antenna effect (Figure 6 and Figure S9). 

Indeed, there is not antenna effect along PIC/AFI crystals (Figure S8) when the crystals 

are excited at the monomeric region (excitation position 1) and in the previous AC 

and/or PY containing ATS samples, the energy transfer does not reach the opposite end 

in any of the samples. In the best case, for AC-PY/ATS samples, the antenna effect 

reaches just over 5 microns (i.e. Figure 6f position 1 and Figure 6h position 2). 



Considering these results, we conclude that our newly synthesized PIC/ATS host-guest 

system yields a very efficient and long-range one-directional artificial antenna system 

through successive FRET processes taking place over tens of microns, mainly as a 

consequence of the interesting properties of the J- aggregates of PIC dye.  

 

Conclusions 

MgAPO-5 (AFI) and MgAPO-36 (ATS) host structures have demonstrated to induce 

two geometrically different J-aggregate species of the 1,1’-diethyl-2,2’-cyanine (PIC) 

dye, occluded within the frameworks through the crystallization inclusion method. In 

the ATS structure-type, the narrower size and elliptical shape of the nanopores promotes 

the formation of more linear J-aggregates with a band centered at 610 nm. Moreover, 

the fluorescence from PIC monomers at around 520 nm is also observed in the ATS 

framework (but not in AFI), as a consequence of the more constrained environment of 

the ATS nanochannels, which limits the flexibility of the molecules, and consequently 

reduces the probability of non-radiative deactivation. Interestingly, owing to the 

strategic distribution of the different species (monomers at one edge and J-aggregates at 

the other end with crucial photophysical properties) achieved with this synthetic 

procedure, an efficient antenna system has been obtained were the energy transfer takes 

place exclusively along one direction, i.e. from end to end of the micrometer-sized 

crystals, a fact that is experimentally evidenced through remote excitation experiments. 
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