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Deciphering multiple energy-transfer
photoevents in a 2D-MOF composite: relevance
to multicolor lighting

Samita Mishra, a Jordi Torró-Abril,b Urbano Dı́az, b Boiko Cohen *a and
Abderrazzak Douhal *a

Incorporating different emitters within metal–organic frameworks (MOFs) allows tunable emission colors

via energy transfer (ET) for desired and colorful lighting. Here in, we report on multiple dyes interacting

with 2D hybrid MOF composed of Al clusters and 4-heptylbenzoic acid (HB) linkers (Al-ITQ-HB)

exhibiting efficient ET from Coumarin 153 (C153) to Nile red (NR) and a broad emission spectrum. The

C153@Al-ITQ-HB composites revealed emissions from adsorbed locally excited (0.15–0.25 ns), charge-

separated (1.1–2.4 ns), and J-aggregates (3.4–5.7 ns) of C153 species along with a relatively fast homo-

ET process (0.2–0.4 ns). However, in the C153/NR@Al-ITQ-HB composites, while the dual emission and

time constant of the hetero-ET from C153 to NR weakly depend on C153 concentration, the

photobehaviour strongly depends on the NR one and the hetero-ET times are longer (1.1–2.5 ns).

Fluorescence lifetime imaging microscopy on single crystals shows homogeneous dye distribution within

each crystal but different dye loading across different crystals of the same batch. These results highlight

the impact of the donor–acceptor concentrations on ET within composites of two emitters, enabling

tunable dual emissions for possible applications in lighting and optoelectronic devices.

1. Introduction

Although quantum dots (QDs), perovskites, and other nanoma-
terials have emerged as promising materials in solar cells, light-
emitting diodes (LEDs), and bioimaging, largely due to their
exceptional optical and electronic properties, the organic
chromophores continue to hold a vital place in photonics
applications.1,2 They serve as key building blocks in the develop-
ment of new materials and are fundamental to optoelectronic
systems including displays, sensors, OLEDs, and biomedical
imaging platforms.3–7 Their advantages, including cost-
effectiveness and tunable emission, make them compelling
alternatives to conventional rare-earth-based luminescent
materials and other nano/micro materials.8–11 A main draw-
back in their use is the tendency to form aggregates, a process
that may alter their emission properties. It can lead to either
aggregation-induced emission (AIE) or aggregation-caused
quenching (ACQ). While AIE opens new possibilities for

photonics applications, ACQ limits their practical use in
solid-state optoelectronic devices.12–15 To avoid ACQ, supramo-
lecular encapsulation is a promising strategy that separates the
dye molecules and inhibits self-aggregation or other compar-
able interactions.16–18

Metal organic frameworks (MOFs), a type of porous coordi-
nation polymers made by organic linkers and metal clusters,
have emerged as potential hosts for different types of chromo-
phores due to their structural versatility, high porosity, and
ability to encapsulate guest molecules.19–28 Additionally, they
have high surface area, tunable pore sizes and can be functio-
nalized, allowing for precise control over their luminescent
properties.29,30 MOFs can encapsulate organic dyes, metal
complexes, and other emissive species, providing a versatile
platform for energy transfer (ET) and spectral tuning.31,32 The
ET mechanisms in MOFs are particularly interesting for white
light (WL) generation.33 Energy can be transferred from the
fluorescent MOF to the encapsulated dye or metal complex, or
vice versa, depending on the design of the system.34,35

An alternative approach involves encapsulation of multiple
guest molecules within 3D MOF structures, enabling cascade
ET to generate WL.36,37 However, due to the inherent structural
characteristics of the 3D MOFs, the direct interaction between
the encapsulated dyes and the spatial orientation required for
such interactions are restricted.
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As an alternative to the 3D MOFs, the distinctive features
of 2D MOFs, such as multiple exposed active sites and nano-
scale dimensions, have attracted significant interest. MOF
nanosheets can be used in a variety of fields, including energy
storage, light harvesting, catalysis, and sensing. It has been
demonstrated that 2D MOFs are more effective than their
analogous 3D or 0D materials for dye adsorption and catalytic
applications.38 Compared to the bulk MOFs, the ultrathin MOF
nanosheets may mitigate scattering and nonuniform backlight
absorption.39 A distinct class of 2D MOFs, referred to as Al-ITQ-
R, has been developed using aluminum (Al) as the metal center
and alkyl-substituted benzoic acids as organic spacers. Here,
‘‘R’’ denotes the specific alkyl group attached at the para-
position of the benzoic acid ring, with the following variants:
4-ethylbenzoic acid (EB), 4-heptylbenzoic acid (HB), and
4-dodecylbenzoic acid (DB).40 Al-ITQ-HB is an example of a
2D MOF with a structure formed by aluminum clusters coordi-
nated with HB ligands.41,42 Previous research on Al-ITQ-HB
2D-MOF has explored its interaction with NR and trans-4-
(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM), demonstrating the presence of different emitting popula-
tions and tunable emission behavior.41,43–45 It was shown that
the MOF framework not only provides a protective environment
that reduces ACQ but also influences the emission wavelength
and intensity of the interacting chromophore through environ-
mental effects.46,47 While the photodynamics of single dyes
have been previously reported, study of multiple chromophores
within 2D Al-ITQ-HB remains unexplored. The presence of
different largely emitting guests within this 2D-MOF will allow
getting a broad and intense emission that might be tunable
through a control of the relative concentration of the trapped
guests in the composite.

In this work, we report on the adsorption and emission
behavior of C153 and NR adsorbed on Al-ITQ-HB (Scheme 1)
and analyze the impact of their relative concentrations on the
efficiency of the ET process and the photophysical properties of
the formed composites. We first explored the effect of different
initial concentrations of C153 in the C153@Al-ITQ-HB compo-
sites. The steady-state and time-resolved emission experiments
show that the emission arises from adsorbed monomers (locally
excited and charge-separated states), H- and J-aggregates of
adsorbed C153. Homo-ET at higher dye concentrations in the
composites occurs with a time constant of 0.2–0.4 ns. For the
C153/NR@Al-ITQ-HB composites, the ET from C153 to NR and
the resulting emission are mainly affected by the initial concen-
tration of the energy-acceptor dye (NR). We observed both C153–
C153 homo- and C153-NR hereto-ET. At higher initial concen-
tration of NR (10�4 M), the hetero-ET occurs in B1.1 ns and the
resulting emission mainly corresponds to NR. However, at lower
initial concentrations of NR (10�5 M) the hetero-ET occurs in
B2.5 ns, but the resulting emission has the signature of both
adsorbed dyes. Single-crystal emission studies suggest different
dyes content in different crystals of the same synthesized sample,
but a homogeneous dye distribution within each crystal. The
results provide new insights into the dynamics and spectroscopy
of multiple ET processes for efficient and dual emission from 2D

MOF-based composites that adsorb two different emitters for
applications in various optical materials.

2. Experimental section

Detailed information of the synthetic procedure for Al-ITQ-HB
is provided in the SI along with a description of the preparation
of C153@Al-ITQ-HB and C153/NR@Al-ITQ-HB composites.
Further details on the methods and techniques used for
structural and spectroscopic characterization are provided in
the SI. The photophysical properties of the composites were
characterized by a combination of complementary spectro-
scopic techniques, including steady-state absorption and emis-
sion, time-correlated single-photon counting and fluorescence
microscopy systems. We did not observe any effect on the dye
loading preparation method on the photophysical properties of
the studied composites.

3. Results and discussion
3.1. Steady-state spectra of C153@Al-ITQ-HB MOF

To begin with the C153 interacting with Al-ITQ-HB, we recorded
the steady-state behavior of the C153@Al-ITQ-HB composites in
solid state. The absorption spectrum of Al-ITQ-HB in solid state
has been reported previously.44 Fig. 1A shows the normalized
UV-vis absorption and emission spectra of the composites
having five different initial concentrations of C153 ([C153]0:
10�6, 10�5, 10�4, 10�3, and 10�2 M). While the solid amorphous
dye exhibits an absorption maximum at 425 nm with a full-
width at half-maximum (FWHM) intensity of B5140 cm�1,
the absorption band for the C153@Al-ITQ-HB composites is

Scheme 1 Molecular structure of coumarin 153 (C153), Nile red (NR) dyes
and schematic presentation of Al-ITQ-HB 2D MOF. The Al-ITQ-HB is
shown as individual organic–inorganic nanosheet. Individual nanosheets
are formed by 1D chains by consecutive corner-sharing octahedral (AlO6)
units, separated by alkyl benzene monocarboxylate ligands, located on
both sides of metallic nodes.41
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significantly broader and red-shifted (Fig. S2A). The UV-vis
absorption spectrum of the composites made with 10�6 M
[C153]0 shows a broad and structureless band throughout the
visible region, with no prominent peak corresponding to C153.
The 10�5 M [C153]0 composite also exhibits a broad absorption,
but with the maximum intensity at 453 nm and a FWHM
B5590 cm�1. The composites with higher [C153]0: 10�4, 10�3

and 10�2 M, show broad and structureless bands with the
maximum absorption intensity at 448, 446 and 440 nm with
FWHM of B6450, B9210 and 9410 cm�1, respectively. The
spectral behavior of the composites indicates the interaction
between C153 and the Al-ITQ-HB framework, as well as the
presence of several populations arising from different C153–
C153 and C153–MOF interactions. Because of the layered
structure of the 2D Al-ITQ-HB, we suggest that adsorbed C153
molecules adopt various orientations on different sites of the
MOF.44,45

To evaluate the photophysical behavior of the C153@Al-ITQ-
HB composites, we compare their emission spectra with that
of the pure solid C153 dye (Fig. S2B). Upon excitation at
425 nm, the emission spectrum of the solid C153 has the
maximum emission intensity at 520 nm with a FWHM of
B1760 cm�1. These spectra are different from those of a
diluted solution of C153 (10�6 M) in dichloromethane where
the maximum emission intensity is at 500 nm with and the
FWHM is 3040 cm�1 (Fig. S2C). In the diluted solution, C153
exists primarily as monomer and does not form aggregates,
resulting in a blue-shifted emission relative to the one of
the solid C153, which tends to form aggregates, affecting its
emission properties.

Upon excitation of the composites at 425 nm, we observed
a concentration-dependent shift in the emission spectrum
(Fig. 1A). At the lowest [C153]0 (10�6 M), the emission is blue-
shifted to 516 nm relative to the solid C153 dye (520 nm,
Fig. S2B), indicating that the emission predominantly arises
from monomeric C153 species. In contrast, for the higher used
initial concentrations (10�4, 10�3 and 10�2 M), the emission
spectra display red-shifted peaks at 533, 546, and 556 nm,
respectively, compared to the solid dye (520 nm). This red shift
is attributed to increased dye aggregation at higher concen-
trations, which alters the local environment and promotes
intermolecular interactions of the adsorbed C153 species.
Interestingly, the 10�5 M [C153]0 composite shows the highest
emission intensity, with a peak position matching that of the
solid C153 (Fig. S2B). Additionally, the emission band of the
composites becomes significantly broader in comparison with
that of the solid dye. The emission band of the 10�6 M [C153]0

composite has a FWHM of B3640 cm�1 that decreases upon
increasing [C153]0 and reaches 2730 cm�1 for the 10�2 M
[C153]0 composite. The broadening of the emission band of
the C153@Al-ITQ-HB composites compared to the solid C153
indicates emission from different adsorbed populations on the
Al-ITQ-HB surface, in agreement with previous studies on NR@
Al-ITQ-HB composites prepared with different [NR]0.

44,46,47

Table S1 gives a summary of the steady-state absorption and
emission data of the C153 composites.

Fig. S3 shows the excitation spectra of the composites,
recorded at the emission wavelength of the maximum intensity.
For the 10�6 M [C153]0 composites, the excitation spectrum
exhibits a maximum intensity at 444 nm while for the 10�5 and

Fig. 1 (A) UV-vis absorption (dashed lines) and emission spectra (solid lines, lex = 425 nm) of C153@Al-ITQ-HB composites with different [C153]0:
10�6 M (blue), 10�5 M (green), 10�4 M (orange); 10�3 M (red) and 10�2 M (brown); (B)–(F) Emission decays (solid circles) of C153@Al-ITQ-HB composites
at different wavelengths of observation (490, 500, 510, 520, 530, 560, 590 and 630 nm) upon excitation at 433 nm. The solid lines (black) represent the
multiexponential fit of the decays. The dashed line is the instrument response function (IRFB 70 ps). The used dye concentrations in C153@Al-ITQ-HB
composites for the decays are: (B) 10�6, (C) 10�5, (D) 10�4, (E) 10�3 and (F) 10�2 M.
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10�4 M [C153]0 composites the maxima are at 439 and 435 nm,
respectively, comparable to the respective absorption spectra.
However, for the 10�2 M [C153]0 composite, the maximum
intensity is bathochrome-shifted when compared to the corres-
ponding absorption ones, suggesting the existence of absorb-
ing species that are not- or weakly-emissive, most likely due
to aggregates with efficient ACQ. To explore this behavior, we
recorded the emission decays.

3.2. Picosecond time-resolved behavior of C153@Al-ITQ-HB
MOF

Thus, to elucidate the effect of [C153]0 on the photodynamical
properties of the composites, we conducted time-resolved
studies with picosecond (ps) resolution (time-correlated single
photon counting; TCSPC), exciting at 433 nm. Fig. 1B–F (up to
5 ns) and Fig. S4 (up to 25 ns) show the emission decays of the
composites prepared using 5 different [C153]0 of 10�6, 10�5,
10�4, 10�3 and 10�2 M, recorded at different wavelengths. Fig. 1
(panels 1B and 1C) displays the emission decays of the compo-
sites with [C153]0 = 10�6 and 10�5 M, while Table S2 and
Table 1A, respectively, give the parameters obtained from the multi-
exponential global fits. The decays exhibit a tri-exponential behavior
with time constants of 0.25, 1.9, and 5.5 ns for 10�6 M [C153]0, and
0.3, 2.4, and 5.7 ns for 10�5 M [C153]0. The contributions of the
shortest and intermediate components decrease, while that of
the longest one increases with the observation wavelength.
Upon tenfold increase in [C153]0, the contributions of the short
and intermediate components decrease while that of the long-
est one increases (Table 1A). We assign the shortest component
to the relaxation of the locally excited (LE) state of surface
adsorbed C153 monomers, while the intermediate component
arises from the charge-separated (CS) state due to an intra-
molecular charge transfer (ICT) process in the C153 species.
Finally, the longest component is from an aggregate-like popu-
lation having suffered a fast homo-ET leading to a red-shifted
emission (Scheme 2). The observed three components in the
composites emission, originating from two distinct monomeric
states (LE and CS), as well as from J-aggregates, are likely a
result of C153 interacting with structurally and chemically
diverse domains of Al-ITQ-HB with apolar and polar character
providing distinct environments that influence their photo-
behavior.27,42,44,46,47 We suggest that in the apolar domain,

the C153 emission comes from the LE state, while in the more
polar one it arises from its CS.45–47 Polar environments promote
dyes aggregation, consistent with the behavior of C153.48

J-aggregates of C153 exhibit long lifetimes, and in our compo-
sites, the long emission component (B5.5 ns) is attributed to
these aggregates. The longer component with less contribution
in the blue region and more in the red one, again agrees with
the emission character of J-aggregates.48,49

To gain a deeper insight into the excited-state dynamics of
the composites at higher [C153]0 (10�4, 10�3 and 10�2 M), we
studied their time-resolved emission behavior. The recorded
decays can be grouped into two families: (I) for the bluest
region (490–530 nm) and (II) for the reddest one (560–630 nm).
The decays global fit in region I gives time constants of 0.26,
2.0, and 5.6 ns for the 10�4 M [C153]0 composite; 0.24, 1.5 and
4.5 ns for the 10�3 M [C153]0 composite and 0.15, 1.1 and 3.4 ns
for the 10�2 M [C153]0 composite (Fig. 1, panels D to F and
Table 1B and Table S3). For region II, we obtained time

Table 1 Values of the time constants of the emission lifetimes (ti), normalized (to 100) pre-exponential factors (Ai) and contribution (Ci) obtained from
the multiexponential fit of the emission decays of C153@Al-ITQ-HB with (A) 10�5 M [C153]0 and (B) 10�3 M [C153]0 observed at different emission
wavelengths upon 433 nm excitation

(A) 10�5 M [C153]0 (B) 10�3 M [C153]0

lobs (nm) t1 (ns) A1 (%) C1 (%) t2 (ns) A2 (%) C2 (%) t3 (ns) A3 (%) C3 (%) t1 (ns) A1 (%) C1 (%) t2 (ns) A2 (%) C2 (%) t3 (ns) A3 (%) C3 (%)

490 0.3 14 1 2.4 21 13 5.7 65 86 0.24 42 6 1.5 31 27 4.5 27 65
500 0.3 12 1 2.4 16 9 5.7 72 90 0.24 35 5 1.5 30 20 4.5 35 75
510 0.3 10 0.6 2.4 12 7 5.7 78 92.4 0.24 32 6 1.5 28 27 4.5 40 65
520 0.3 8 0.5 2.4 9 4 5.7 83 95.5 0.24 29 4 1.5 26 21 4.5 45 74
530 0.3 6 0.4 2.4 7 3.7 5.7 87 95.9 0.24 20 2 1.5 24 16 4.5 65 81
560 0.3 3 0.2 2.4 4 1.8 5.7 93 98 0.27 �100 �100 1.5 24 10 4.5 76 90
590 0.3 2 0.1 2.4 1 0.6 5.7 97 99.3 0.27 �100 �100 1.5 5 2 4.5 95 98
630 0.3 2 0.1 2.4 2 0.9 5.7 96 99 0.27 �100 �100 1.5 2 1 4.5 98 99

Scheme 2 Schematic presentation of the photophysical processes (not
in scale) and the corresponding lifetime values giving information on
spectral and dynamical behavior of the electronically first excited state
of C153@Al-ITQ-HB. LE, ICT, ET, and CS correspond to locally excited
state, intramolecular charge-transfer, energy-transfer and charge-
separated state, respectively. The absorption and emission wavelengths
are estimated from the relative contribution of the different emitting
components in the emission decays of the different composites (Tables
S2 and S3). Because the ICT event is an ultrafast process, the relatively slow
homo-ET process should occur in CS states of neighboring C153
molecules.
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constants of 0.4 (rise), 2.0 and 5.6 ns for the 10�4 M [C153]0

composite; 0.27 (rise), 1.5 and 4.5 ns for the 10�3 M [C153]0

composite and 0.2 (rise), 1.1 and 3.4 ns for the 10�2 M [C153]0

one (Fig. 1D–F and Table 1B, Table S3). It is worth noting that
the shortest component appears as a decay in the bluest region
and as a rise in the reddest one, reflecting a common channel
that we ascribe to the dynamics of a homo-ET process between
neighboring adsorbed C153 molecules. Because the ICT event
is an ultrafast process, we suggest that the slower homo-ET
occurs in aggregated CS molecules that have suffered this
process (Scheme 2). The short time in the bluest region (0.15–
0.26 ns) differs from those found in the reddest one (0.20–0.40 ns)
due to the short emitting LE species in the former region. The
1.1–2.0 ns and 3.4–5.6 ns are assigned to the lifetimes of the CS
species and homo-ET like-aggregate emitters, respectively. At a
high [C153]0, the formation of H-aggregates becomes significant,
due to strong dipole–dipole and p–p stacking interactions among
surface-adsorbed C153. Scheme 2 illustrates the key photophysical
processes involved in the electronically first excited state
of C153@Al-ITQ-HB composites of three emitters, LE, CS and
J-aggregates, connected by ICT and homo-ET events.

3.3. Coumarin 153/Nile Red@Al-ITQ-HB MOF (mixed
composites) steady-state photobehaviour

Next, we studied the spectroscopy and photodynamics of the
different C153/NR@Al-ITQ-HB composites (solid state). To this
end, we synthesized six composites using combinations of three
initial concentrations of [C153]0 (10�3, 10�4 and 10�5 M) and
two initial concentrations of [NR]0 (10�4 and 10�5 M). We
looked for the best dyes combination to get more efficient
hetero-ET process from C153 to NR within the formed

composites. Fig. S5 illustrates the spectral overlap between
the emission spectrum of C153 and the absorption one of NR
in the formed composites. Exploring the possibility of ET from
excited C153 (donor, D) to NR (acceptor, A) adsorbed molecules,
we examined the emission (C153) and absorption (NR) spectral
positions. The composite formed by 10�3 M [C153]0 and 10�4 M
[NR]0, exhibits the highest spectral overlap between the A and D
molecules, while those using 10�5 M for both C153 and NR
exhibit the lowest spectral overlap. To make the discussion
easy, the mixed composites are categorized into two groups:
Group 1 ([NR]0 = 10�4 M) and Group 2 ([NR]0 = 10�5 M) with
[C153]0 of 10�3, 10�4 and 10�5 M.

Fig. 2 shows the normalized absorption and emission spec-
tra of the composites. Panels A, B and C exhibit the spectra of
Group 1, while panels D, E and F illustrate those of Group 2.

The absorption spectra of Group 1 are primarily dominated
by the C153 absorption, whose intensity decreases upon
increasing [C153]0. However, the emission ones are dominated
by the NR band, indicating efficient hetero-ET from C153 to NR.
The absorption of Group 2 shows similar trends as those of
Group 1 upon decreasing [C153]0 from 10�3 to 10�5 M, while
the emission ones display bands from both C153 and NR. Note
that for Group 2, we also observe a relative decrease in NR
emission intensity upon decreasing [C153]0 from 10�3 to 10�5

M. This could be due to less efficient hetero-ET from C153
to NR. Fig. S6 displays the absorption, emission, and excitation
spectra for all the composites, recorded at B 525 nm (emission
maximum of C153), and at B650 nm (emission maximum
intensity of NR). The excitation spectra collected at 525 exhibits
a single band, which aligns with the absorption of C153 in the
composite. However, the excitation spectra recorded at 650 nm,

Fig. 2 UV-Vis diffuse reflectance (blue) and emission (red) spectra of the C153/NR@Al-ITQ-HB composites. The excitation wavelength was 425 nm. First
row, Group 1 composites: (A) [C153/NR: 10�3 M/10�4 M]0; (B) [C153/NR: 10�4 M/10�4 M]0 and (C) [C153/NR: 10�5 M/10�4 M]0. Second row, Group 2
composites, (D) [C153/NR: 10�3 M/10�5 M]0; (E) [C153/NR: 10�4 M/10�5 M]0 and (F) [C153/NR: 10�5 M/10�5 M]0.
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show two bands corresponding to the absorption of both C153
(energy D) and NR (energy A). This clearly confirms the
presence of hetero-ET from C153 to NR in the mixed compo-
sites. To quantify the ET efficiency between Groups 1 and 2, we
calculated its quantum yield (QY) for [C153]/[NR]:10�4 M/10�4 M
of Group 1 and [C153]/[NR]:10�4 M/10�5 M] of Group 2 (see details
in the SI). We obtained an efficiency of 97% for the former and
57% for the latter. The observed difference might be due a change
in the distances of the D and A partners in the two mixed
composites, as supported by the obtained time constants of this
process (vide infra).

3.4. Picosecond time-resolved behavior of coumarin 153/Nile
Red@Al-ITQ-HB MOF composites

To further characterize the ET process in the mixed composites
at different concentrations of both dyes, we conducted TCSPC
experiments. We excited the mixed composites at 433 nm (C153
main absorption, energy D) and monitored the emission decays
at various wavelengths (490 to 680 nm). Fig. 3 shows the
recorded decays. For clarity, the discussion first focuses on
Group 1. The photoluminescence lifetimes were analyzed at two
spectral regions: blue (490–590 nm, energy D emission) and red
(630–680 nm, energy A emission) regions.

Group 1 mixed composites. Panels A and B of Fig. 3 show the
emission decays of Group 1 composites, [C153/NR: 10�3 M/10�4 M]0

and [C153/NR: 10�4 M/10�4 M]0, and Table 2 presents the
obtained data from the best multiexponential fits. In the bluest
region, we obtained three time constants: 0.2, 1.1, 3.2 ns, and
0.24, 1.5, 3.7 ns for the [C153/NR: 10�3 M/10�4 M]0 and [C153/
NR: 10�4 M/10�4 M]0 composites, respectively. The contribu-
tions of the three components show similar trends for both
composites. In the bluest region, the contributions of the short
and intermediate components decrease upon increasing
the observation wavelength. The decays in the reddest region
display time constants of 0.25 (rise), 1.1 (rise) 4.6 ns, and
0.3 ns (rise), 1.5 ns (rise), and 4.6 ns for [C153/NR: 10�3 M/
10�4 M]0 composite and [C153/NR: 10�4 M/10�4 M]0 compo-
sites, respectively.

The short and intermediate components are decaying in the
bluest region and rising in the reddest one. The short compo-
nent in the decays of both composites shows a trend like the
one observed for the 10�4 and 10�3 M [C153]0 composites,
respectively (Table S3A and Table 1A). Therefore, we assign
this sub-nanosecond component in the bluest region to the
mixed emission decays from the LE and the homo-ET process
(B0.2 ns) in adsorbed C153. The corresponding rise in the red
region is due to the homo-ET (B0.25 ns) between neighboring
C153 molecules (aggregates). On the other hand, the intermedi-
ate component (1.1 and 1.5 ns) in the decays of the mixed
composites (decay and rise) behaves differently from the one

Fig. 3 Emission decays (solid circles) of NR/C153@Al-ITQ-HB composites (linear plots) collected at discrete wavelengths (490, 500, 510, 520, 530, 560,
590, 630, 650 and 680 nm) upon excitation at 433 nm. The solid lines (black) are the multiexponential fits of the decays. The dotted line is the instrument
response function (IRFB 70 ps; violet). The inset shows the decays plot up to 5 ns. (A) [C153/NR: 10�3 M/10�4 M]0; (B) [C153/NR: 10�4 M/10�4 M]0;
(C) [C153/NR: 10�3 M/10�5 M]0; and (D) [C153/NR: 10�4 M/10�5 M]0.
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found in the single dye composites signals (only decay).
We assign this intermediate component to hetero-ET dynamics
from C153 to NR, both adsorbed on Al-ITQ-HB MOF surface.
Finally, the time constant of the longest ns-component that is
present as a decay through all the spectral range of observation
increases its value with the monitored wavelength, being
3.3–3.7 ns at the bluest region, and 4.6 ns at the reddest one.
This behavior suggests different species that emit in these
regions, in agreement with the nature of the mixed composites
containing C153 (blue emitter) and NR (red emitter), and their
emission spectra (Fig. 2A and B). Hence, we assign the time
component obtained in the bluest region to a population of
C153 (most probably J-aggregates in combination with emis-
sion from CS state) undergoing an ET process, while the one in
the reddest region corresponds to the emission lifetime of NR
molecules that receives energy from excited C153 ones. The
value of the long-time component (3.2 ns and 3.7 ns) of C153 in
the mixed composites is shorter than the one corresponding to
the emission from the J-aggregates of the 10�3 M (4.5 ns) and
10�4 M (5.6 ns) [C153]0 single-dye composites, reflecting the
occurrence of ET from the population of the C153 to NR. In
these mixed composites, the time constant of homo-ET process
(B 0.25 ns) is shorter than the hetero-ET (1.1–1.5 ns) one.
However, the latter is remarkably slower than the reported one
on C153 and NR encapsulated within PVK polymer nano-
particles (70 ps).50 The difference in the time of the hetero-ET
process in these materials could be attributed to the layered
structure of Al-ITQ-HB, which may result in a greater distance
and less favorable orientation between the D and A dyes
adsorbed on Al-ITQ-HB, and the possibility of confining C153
and NR molecules within the same space of the polymer,
shortening the ET time in the latter. On the other hand, we
have reported that encapsulated C153 and NR molecules within
a 3D Zr-based MOF did not show a hetero-ET and explained it
in terms of their locations in cavities not allowing adequate
orientations for ET or having a longer A–D distance.36 In the
present composites, using a layered 2D-MOF, the hetero-ET
between both dyes is efficient and happens in the ns regime.

To further understand the emission behavior of Group 1, we
selectively excited NR in the mixed composites at 505 nm and
compared the results with those of the single NR composites

prepared with the same initial dye concentration 10�4 M [NR]0.
Fig. S7, panel A and B, and Fig. S8A show the emission decays,
gated at discrete wavelengths (560 to 730 nm). The short and
intermediate components behave as decays in the greenest
region (560 to 610 nm) and rise in the reddest one (630 to
730 nm), while the long-time components behave as decay over
all the monitored wavelengths (Tables S4A, B and S5A). This
behavior is consistent with the decay observed of the 10�4 M
[NR]0 composites excited at 505 nm (Fig. S9A and Table S6A),
confirming that the observed emission upon excitation at
505 nm of the mixed systems originates primarily from NR,
and follows a similar photophysical pathway. In agreement
with previous reports on the interaction of NR with Al-ITQ-
HB, we assign the short and intermediate components to
homo-ET between NR molecules.44,46,47 These fast processes
likely reflect homo-ET among closely packed NR molecules
adsorbed on the polar domains of the MOF, which facilitates
redistribution of the excitation energy before decaying to the
ground state. The rise observed in the red region further
supports this assignment. The long-lived component (B4 ns),
on the other hand, corresponds to emission from a photoin-
duced CT state of NR.44,46,47,51 Thus, Group 1 shows direct
emission from adsorbed NR or through ET from adsorbed C153
molecules.

Group 2 mixed composites. Fig. 3C and D exhibit the decays
of Group 2, [C153/NR: 10�3 M/10�5 M]0 and [C153/NR: 10�4 M/
10�5 M]0 at different wavelengths of observation upon excita-
tion at 433 nm. In the bluest region, the analysis gives: 0.33, 2.2,
and 4.7 ns for [C153/NR: 10�3 M/10�5 M]0; 0.35, 2.5 and 5.3 ns
for [C153/NR: 10�4 M/10�5 M]0 (Table 3). In the reddest region,
we also obtained three time constants: 0.36 ns (rise), 2.2 ns
(rise), and 5.3 ns for [C153/NR:10�3 M/10�5 M]0; 0.40 ns (rise),
2.5 ns (rise), and 6.5 ns for [C153/NR: 10�4 M/10�5 M]0.

The short time component that is present as a decay in the
bluest region and as a rise in the reddest one for both
composites has similar values and shows comparable beha-
viour as those found for both the single C153 composites (10�3

and 10�4 M [C153]0) and the mixed dye composites in Group 1.
Therefore, we assign it to a combined contribution from the
LE state emission and homo-ET in the bluest region, and to
the homo-ET in the reddest one. The intermediate component

Table 2 Values of the time constants of the emission lifetimes (ti), normalized (to 100) pre-exponential factors (Ai) and contribution (Ci) of the Group 1
mixed composites obtained by multiexponential fit of different emission wavelengths upon 433 nm excitation

[C153/NR: 10�3 M/10�4 M] [C153/NR: 10�4 M/10�4 M]

lobs (nm) t1 (ns) A1 (%) C1 (%) t2 (ns) A2 (%) C2 (%) t3 (ns) A3 (%) C3 (%) t1 (ns) A1 (%) C1 (%) t2 (ns) A2 (%) C2 (%) t3 (ns) A3 (%) C3 (%)

490 0.2 59 16 1.1 31 42 3.2 10 42 0.24 40 9 1.5 36 31 3.7 24 60
500 0.2 55 14 1.1 32 41 3.2 12 45 0.24 39 8 1.5 35 30 3.7 26 66
510 0.2 54 13 1.1 33 40 3.2 13 47 0.24 37 6 1.5 34 29 3.7 29 67
520 0.2 52 12 1.1 34 39 3.2 14 49 0.24 36 5 1.5 33 27 3.7 31 68
530 0.2 50 11 1.1 35 38 3.2 15 51 0.24 35 4 1.5 32 26 3.7 33 70
560 0.2 39 8.2 1.1 41 38 3.2 20 53 0.24 31 3 1.5 30 24 3.7 39 73
590 0.2 8.7 1.3 1.1 50 34 3.2 41 65 0.24 8 1 1.5 28 16 3.7 64 83
630 0.25 �47 �47 1.1 �53 �53 4.6 100 100 0.30 �54 �54 1.5 �46 �46 4.6 100 100
650 0.25 �48 �48 1.1 �52 �52 4.6 100 100 0.30 �36 �36 1.5 �64 �64 4.6 100 100
680 0.25 �52 �52 1.1 �48 �48 4.6 100 100 0.30 �33 �33 1.5 �67 �67 4.6 100 100
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(2.2 and 2.5 ns), present as a decay in the bluest region and as a
rise in the reddest one, is attributed to the hetero-ET from
excited C153 to NR molecules. The time constant is longer than
the one in Group 1 (1.1 ns), which is explained in terms of a
longer distance between D and A dyes due to the tenfold lower
population of NR molecules (10�5 M [NR]0). We assign the long
decay components in the bluest region (4.7 and 5.3 ns) to the
emission from CS and J-aggregates of C153. As discussed for
the Group 1 composites behavior, hetero-ET occurs from a
C153 with mostly J-aggregate character to NR molecules. It is
worth noting that despite Group 2 composites having the same
initial concentrations of C153 as in Group 1, their decays
exhibit longer J-aggregate emission lifetimes (4.7 and 5.3 ns),
when compared to Group 1 (3.2 and 3.7 ns), which suggests a
reduced hetero-ET process from J-aggregates of C53 to NR in
Group 2. Moreover, the J-aggregate lifetimes in this group are
comparable to those in the C153 composites (4.5 ns for
10�3 and 5.6 ns for 10�4 M [C153]0). Therefore, we suggest
that, in the Group 2 composites, the hetero-ET predominantly
occurs from a C153 population with CS character.

Finally, the long-time components in the red-emission
region of Group 2 (5.3 ns for [C153/NR: 10�3 M/10�5 M]0 and
6.5 ns for [C153/NR: 10�4 M/10�5 M]0) are attributed to emis-
sion from NR monomers. These values are larger than the
corresponding ones obtained in Group 1 and the 10�5 M [NR]0

composite.46 We explain the increase in the corresponding
value for the NR monomer in the Group 2 composites in terms
of a reduced NR concentration, which on one hand favours the
monomers population over the aggregates one, and on the
other, the access to the nonpolar environment of Al-ITQ-HB.52

To further understand the emission of Group 2, we also
recorded their decays at different wavelengths (560–730 nm)
upon selective excitation of NR at 505 nm (Fig. S7C, D and S8B).
The best fits give time constants of 0.5, 2.4 and 4.8 ns for [C153/
NR: 10�3 M/10�5 M] composite; 0.45, 2.2 s and 4.8 ns for [C153/
NR: 10�4 M/10�5 M] one; and 0.3, 2.4 and 4.6 ns for [C153/NR:
10�5 M/10�5 M] one (Tables S5B and S7A, B). Due to the nature
of the Group 2 composites, it is expected that they should show
comparable time components as of 10�5 M [NR]0 composites
excited at 505 nm (Fig. S9B and Table S6B). Indeed, the
intermediate and long components show similar relative

contribution trends to those observed for the 10�5 M [NR]0

composites excited at 505 nm. Therefore, we assign the inter-
mediate component to homo-ET between NR molecules and
the long component to emission from the CS state of NR.46,47,51

However, unlike the 10�5 M [NR]0 composite, the Group 2
composites show a short component in both the green (as
decay) and red (as rise) regions. This decay and rise behaviour
indicate a common channel, which we assign to the presence of
homo-ET process between NR molecules. Interestingly, the
presence of C153 in these composites influences the homo-
ET of NR, possibly by altering its spatial organization, distance
or local environment within the composite matrix.

Scheme 3 summarizes the key photophysical processes
occurring in the mixed-dye composites [C153/NR@Al-ITQ-HB].
Upon excitation of C153 to the first electronically excited state,
two ET pathways are possible: homo-ET between C153 mole-
cules and hetero-ET from C153 to NR, resulting in a dual green
and emission. Direct excitation of NR leads to homo-ET process
between NR molecules emitting in the red region. Notably,
depending on the NR initial concentration, the ET from C153
can be more (Group 1) or less (Group 2) efficient.

3.5. Single crystal photobehavior of mixed composites and
their CIE chromaticity

To further characterize the distributions of the D and A and
their effects on the ET process in the mixed composites, we
performed fluorescence lifetime imaging (FLIM) of C153/
NR@Al-ITQ-HB ([C153/NR: 10�4 M/10�4 M]0) crystals (C1–C3)
under the microscope. The single crystals were excited at
390 nm and the FLIM images were collected in two spectral
regions corresponding to the donor (C153, 475–525 nm) and to
the acceptor (NR, 650–740 nm) emissions. Fig. 4 (panels A to D)
shows representative FLIM images of 3 crystals and the corres-
ponding emission decays. On one hand, the FLIM images show
homogeneous distribution of the emitting species both in the D
(Detector 1, C153) and A (Detector 2, NR) spectral regions
within each crystal and on the other, they present different
loading ratios of the D and A molecules. The difference in the
loading is reflected also in the average dynamical behaviour of
each of the crystals (Table 4). The average emission decay for
crystal 1 (C1) presents a profile comparable to the ensemble

Table 3 Values of the emission lifetimes (ti) normalized (to 100) pre-exponential factors (Ai) and contribution (Ci) of the Group 2 mixed composites
obtained by multiexponential fit of different emission wavelengths upon 433 nm excitation

[C153/NR: 10�3 M/10�5 M] [C153/NR: 10�4 M/10�5 M]

lobs (nm) t1 (ns) A1 (%) C1 (%) t2 (ns) A2 (%) C2 (%) t3 (ns) A3 (%) C3 (%) t1 (ns) A1 (%) C1 (%) t2 (ns) A2 (%) C2 (%) t3 (ns) A3 (%) C3 (%)

490 0.33 39 11 2.2 35 34 4.7 24 55 0.35 17 10 2.5 35 23 5.3 48 67
500 0.33 29 10 2.2 33 25 4.7 37 65 0.35 14 9 2.5 25 15 5.3 61 76
510 0.33 21 7 2.2 27 17 4.7 52 76 0.35 10 8 2.5 13 12 5.3 77 80
520 0.33 12 6 2.2 20 11 4.7 66 83 0.35 8 7 2.5 11 10 5.3 81 83
530 0.33 6 4 2.2 15 7 4.7 78 89 0.35 6 5 2.5 9 8 5.3 85 87
560 0.33 4 2 2.2 5 3 4.7 91 95 0.35 5 3 2.5 8 7 5.3 87 90
590 0.33 2 1 2.2 3 2 4.7 95 97 0.35 2 1 2.5 4 3 5.3 94 96
630 0.36 �27 �27 2.2 �63 �63 5.3 100 100 0.40 �12 �12 2.5 �88 �88 6.5 100 100
650 0.36 �20 �20 2.2 �80 �80 5.3 100 100 0.40 �10 �10 2.5 �90 �90 6.5 100 100
680 0.36 �18 �18 2.2 �88 �88 5.3 100 100 0.40 �10 �10 2.5 �90 �90 6.5 100 100
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average ones for the same composite. The multiexponential fit
of the decay collected at the donor channel gives three-time
components of 0.32 ns (20%), 1.4 ns (50%) and 3.5 ns (30%),
while that at the acceptor one we obtained only two compo-
nents with times of 1.5 and 4.6 ns. The 1.5-ns component is
present as a rise. These values are comparable to those
observed for the ensemble average mixed composites. Hence,
we interpret the observed photodynamical behaviour analo-
gously – the 0.32 decay component observed only in the decay
at Detector 1 corresponds to the LE/H-aggregate/homo-ET of the
excited C153, while the 1.4–1.5 ns decay and rise component
corresponds to the hetero-ET from C153 to NR. The long-time

components, 3.5 ns (D1) and 4.6 ns (D2), correspond to the
emission lifetimes of the CS/J-aggregate populations of C153 and
ET-excited NR, respectively.

It should be noted that contrary to the ensemble average
results, we did not observe the rising component associated
with the homo-ET of C153 (0.32 ns) in the decay collected at
Detector 2 most probably due to the longer time-resolution of
the microscope (B0.26 ns). The behaviour of the emission
transients of C2 collected at both detectors follows a similar
trend to that of C1, with the notable exception of the compo-
nent assigned to the ET process, which has a lower value for
the case of C2 (1.2 ns). Since at 390 nm we are exciting

Fig. 4 FLIM images for representative crystals (C1, C2 and C3) of the [C153/NR: 10�4 M/10�4 M] mixed composite collected at (A) Detector 1 (C153
emission, 475–525 nm) and (B) Detector 2 (NR emission, 650–740 nm). Representative average emission transient for the crystals (C1, C2 and C3) in (A)
and (B), collected at (C) Detector 1 (C153 emission, 475–525 nm) and (D) Detector 2 (NR emission, 650–740 nm). The excitation wavelength was 390 nm;
(E) The CIE chromaticity coordinates of the C153@Al-ITQ-HB, [C153/NR@Al-ITQ-HB] and NR@Al-ITQ-HB. ((1) 10�6 M [C153]0, (2) 10�5 M [C153]0,
(3) 10�4 M [C153]0, (4) 10�3 M [C153]0, (5) 10�2 M [C153]0, (6) [C153/NR: 10�3 M/10�5 M]0, (7) [C153/NR: 10�4 M/10�5 M]0, (8) [C153/NR: 10�5 M/10�5 M]0,
(9) [C153/NR: 10�3 M/10�4 M]0, (10) [C153/NR: 10�4 M/10�4 M]0, (11) [C153/NR: 10�5 M/10�4 M]0, (12) 10�5 M [NR]0, (13) 10�4 M [NR]0).

Scheme 3 Photophysical processes (not to scale) and the corresponding lifetime values giving information of spectral and dynamical behavior upon
excitation of C153 in C153/NR@Al-ITQ-HB composites. LE, ICT, CS and ET stand for locally excited state, intramolecular charge transfer, charge-
separated state and energy transfer, respectively. Spectral ranges are estimated from the relative contribution of the different emitting components in the
decays of the different composites (Tables 1, 2 and Tables S2, S3). Note that the hetero-ET can occur from either CS or J-aggregates or a combination of
both depending on the acceptor (NR) concentration.
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predominantly C153, this decrease can be explained with the
possible higher loading of C153 in C2 that can give rise to faster
ET due to a shortening in the distance between the D and A
molecules in the composites.

This interpretation is further supported by the average
emission decays of C3. While we still see the decay of the ET-
produced NR emission, no indication of rising component is
observed, and the emission transient decays monoexponen-
tially with a time constant of 4.2 ns. On the other hand, the
emission signal of C3 at Detector 1 decays biexponentially with
time constant of 0.3 and 3.2 ns corresponding the emission of
C153. These results indicate that while the ensemble average
studies present a global vision for the behaviour of each
composite, for these samples, one needs to consider both the
individual loadings of the D and A dyes in the crystals, as well
as the inter-crystal interactions.

To finalize this subsection, Fig. 4E shows, through the CIE
coordinates chromaticity diagram, the tunable emission colors
achieved by varying the concentrations of C153 and NR in the
studied composites. Each point on the diagram corresponds to
the chromaticity coordinates of a specific dye mixture at Al-ITQ-
HB, with pure C153 samples clustering in the blue-green region
and mixtures with increasing NR content shifting toward
yellow, orange, and red emissions. This progression visually
demonstrates efficient ET from C153 to NR, allowing gradual
control over the emission of the composite across the visible
spectrum, a feature valuable for applications in optoelectronics
and color-tunable devices. The emission closest to WL was
obtained from [C153/NR: 10�4 M/10�5 M]0, and the coordinates
of this point in the CIE plot are x = 0.41 and y = 0.51.

4. Conclusion

To develop an efficient ET system for dual emission, we inves-
tigated the photophysical behavior of individual and mixed dye
composites interacting with Al-ITQ-HB 2D MOF. First, we
studied the effect of the initial concentration of C153 on the
photophysical properties of the formed single dye-MOF matrix
composites. The C153@Al-ITQ-HB composite exhibits two dis-
tinct monomer emission states linked to its interaction with
different domains of Al-ITQ-HB: a locally excited (LE) state
(B0.3 ns) and a charge-separated (B2.4 ns) one, along
with emission from J-aggregates (B5.7 ns). Increasing C153
concentration promotes H-aggregates formation, leading to

pronounced emission quenching caused by strong dipole–
dipole interactions.

Next, we studied binary C153/NR@Al-ITQ-HB mixed compo-
sites varying the initial concentration of the two dyes to
characterize the hetero-ET efficiency and donor–acceptor inter-
play, identifying optimal conditions for either dominant ET or
balanced dual emission. For these composites, changes in NR
concentration give rise to markedly different photophysical
behaviors. Group 1 composites (with 10�4 M [NR]0) exhibit a
dominant emission peak corresponding to NR and highly
efficient hetero-energy transfer (ET), mainly originating from
a C153 J-aggregates population to NR adsorbed molecules on
the MOF. The Group 2 composites (with 10�5 M [NR]0) exhibit
emission from both dyes, but with reduced ET efficiency due
to a lower acceptor population, with ET mainly occurring from
a C153 population with predominantly CS character. The
observed hetero-ET time constant for Group 1 composites is
1.1 ns, while for those in Group 2 it is 2.5 ns. Fluorescence
lifetime imaging microscopy (FLIM) further elucidated that
spatial heterogeneity of donor and acceptor molecules between
crystals of the same sample also affects the ET kinetics.
We conclude that Group 1 composites are best suited for
efficient ET, whereas Group 2 composites hold greater potential
for potential white light generation in combination with blue
emitters.

These findings highlight the critical influence of dye concen-
tration, aggregation behavior, inter-crystal dye loading, and
MOF structure on ET efficiency and emission performance.
The strategic integration of donor–acceptor pairs within the A
l-ITQ-HB scaffold provides a robust and modular platform for
the rational design of luminescent composites for possible
optoelectronic applications.
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Table 4 Values of the time constants (ti) and normalized (to 100) pre-
exponential factors (ai) obtained from the fit of the emission decays for
three different crystals (C1, C2 and C3) of the [C153/NR: 10�4 M/10�4 M]0
mixed composite shown in Fig. 4(A–D). The negative sign (�) indicates
rising component

Sample

Detector 1 (C153, 475–525 nm) Detector 2 (NR, 650–740 nm)

t1/ns a1 t2/ns a2 t3/ns a3 t1/ns a1 t2/ns a2

C1 0.32 20 1.4 50 3.5 30 1.5 (�)100 4.6 100
C2 0.34 30 1.2 40 3.2 30 1.2 (�)100 4.5 100
C3 0.30 70 — — 3.2 30 — — 4.2 100
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analysis. Images of C153 composites and mixed composites
under day light and UV light. Comparative UV-vis absorption,
emission spectra of C153 composites of different initial con-
centrations and C153 dye in solid states. UV-vis absorption,
emission, and excitation spectra of each C153 composite.
TCSPC decay plots (10�6 M-10�2 M) (up to 20 ns) and Table
for time components with their contribution (10�4, 10�5 and
10�6 M), upon excitation at 433 nm and monitored at different
wavelengths of C153 composites. Compared absorption, emission
spectra of C153 and NR composites for different initial concen-
tration. Absorption, emission, and excitation spectra of mixed
composites. Calculation of energy transfer efficiency from C153
to NR. Decay plot of NR composites after excitation at 505 nm.
Time components with their contribution of NR composites
and mixed composites after excitation at 505 nm and moni-
tored at different wavelengths. See DOI: https://doi.org/10.1039/
d5tc04261e.
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Opt. Mater., 2022, 10(14), 2102566.

3 E. F. Schubert and J. K. Kim, Science, 2005, 308(5726), 1274.
4 S. V. Eliseeva and J.-C. G. Bünzli, Chem. Soc. Rev., 2010,

39(1), 189.
5 B. Fitzhenry, Appl. Opt., 1979, 18(19), 3332.
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