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A B S T R A C T

Understanding the interactions that govern the photophysical behaviour of Metal-organic frameworks (MOFs)
and their composites is paramount for their photochemical and photonic applications. In this work, we report
on the photobehaviour of Nile Red (NR) adsorbed on the surface of 2D Zr-ITQ-HB (NR@Zr-ITQ-HB) MOF using
ultrafast (fs-ns) and single-molecule fluorescence techniques. The results show the occurrence of energy trans-
fer processes happening in 0.34 ns between neighbouring NR molecules, intramolecular charge transfer reaction
(~ 0.6 ps) and a vibrational cooling (10 ps) of the adsorbed dye. Time-resolved single-composite fluorescence
microscopy experiments on different NR-loaded composites allowed to resolve the emission from adsorbed ag-
gregates (0.9 ns) and from the charge separated state (2.5 ns) of excited NR. The different photobehaviour of NR
adsorbed on ZrO2 nanoparticles indicates the relevance of the Zr-ITQ-HB MOF´s surface to the observed photoin-
duced reactions in the composites. We discuss how the nature of both, the organic linkers and metal clusters in
this kind of MOFs, affects the photodynamics of the composites. These results may help in designing MOFs "on
demand" for their application in photons-based science and technology, like photocatalysis and lighting.

1. Introduction

Metal-organic frameworks (MOFs) are hybrid materials whose rele-
vance for the scientific community has been established thanks to their
wide range of properties and applications, covering so different fields
of science and technology such as gas storage, optoelectronic devices
and homeland security to cite few applications [1–5]. Even though the
interest has been increasing, developing different structures with bet-
ter properties, especially increasing their chemical stability, is still a
challenge [6–8]. Working in this direction, it has been reported that
MOFs formed by the same organic linkers present higher stability when
the metal centres are composed by high-valent metal cations [8–12].
Thus, clusters of transition metals with high oxidation order may help
in the improvement of this desirable property. Specifically, Zr-based
MOFs have shown high chemical and thermal stability, mainly pro-
duced by the high affinity of Zr-cluster to oxygen ligands [11–13].
Furthermore, Zr-MOFs present several additional advantages, such as
structural versatility or high charge density, which favor the interac-
tions with organic molecules that can be hosted in or on their frame-
work [4,8,12,14]. Recently, a new class of 2D-MOFs has been devel-
oped [15]. The morphology of these materials presents advantages over

the 3D-MOFs, that might be beneficial for catalysis purposes. For exam-
ple, the diffusion of guest molecules becomes easier through the lamellar
structures than through the internal pores of the 3D-materials. In addi-
tion, the lack of connection between the sheets implies presence of free
coordinated sites in the metal clusters that can act as active sites for the
catalytic activity [15].

Recently, we have reported on studies of a 2D-MOFs based on Al
clusters (Al-ITQ-HB) [16–18] and their composites when adsorbing Nile
Red (NR) molecules. [19–21] This MOF, which presents high photo-
catalytic activity in water [22], shows promising properties as chem-
ical support, favouring the interactions between neighbouring organic
molecules located on its surface, giving rise to long-photoinduced en-
ergy transfer (ET) processes (0.3 – 2 ns). We have shown also that the
ET event in the composites is affected by the nature of the MOF sur-
face, being faster when the alkyl chain of the organic spacer is shorter
(2 carbons vs 7 carbons) [20]. Furthermore, substituting the alkyl chain
by an amino group (NH2) inhibits the ET reaction due to the pres-
ence of electron transfer from the amino linker to the organic guest
[20]. The possibility of tuning the interactions with the hosted mole-
cules pushes forward the need to further explore the characteristics and
related processes of this material, such as, for example, the effect of
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the metal cluster nature on the photobehaviours of the composite. Thus,
it is of great interest to explore the advantages of Zr-based 2D-MOFs
over 3D-MOFs with other metal clusters, by modification of the former
2D- M-ITQ-HB materials upon replacing the Al-based clusters by the
Zr-ones, forming the Zr-ITQ-HB material [23]. Of relevance to the ap-
plication of this new MOF in photonics and photocatalysis is the under-
standing of the photoinduced properties of the composites when inter-
acting with organic molecules.

Here in, we report on a combination of steady-state observation,
ultrafast dynamics and single-crystal fluorescence microscopy studies
of NR molecules adsorbed on the surface of a 2D Zr-based MOF
(NR@Zr-ITQ-HB). The steady-state experiment shows a broad absorp-
tion band, reflecting the presence of several absorbing NR species, while
the narrow emission band indicates a common deactivation pathway
to the ground state. Time-resolved observation reveals the presence of
an ET event between neighbouring NR molecules (0.34 ns). The value
of this time component is related with the polarity of the environ-
ment in the Zr-based composites. Femtosecond (fs) time-resolved exper-
iments show that the adsorbed NR molecules exhibit an ultrafast in-
tramolecular charge transfer (ICT) reaction in NR in ~ 0.6 ps, and a
~10 ps dynamics, assigned to vibrational cooling (VC) of NR molecules
adsorbed on the MOF surface. Picosecond time-resolved fluorescence
confocal microscopy experiments using composites having different NR
loadings gave the emission of adsorbed NR aggregates (0.9 ns) and of
the charge-separated (CS) state (~2.5 ns). NR supported on the surface
of ZrO2 NPs presents a strong emission quenching, probably due to an
electron injection (EI) from the dye to the metal atoms. Our findings re-
ported here may help in the design of new 2D MOFs for photonic and
photocatalytic applications, and for a better understanding of the related
photochemical reaction or photophysical processes.

2. Materials and methods

2.1. Structural characterization of Zr-ITQ-HB

Zr-ITQ-HB XRD analysis was performed with a Philips X’PERT dif-
fractometer equipped with a detector and a secondary graphite mono-
chromator. Data were collected stepwise over the 2º≤2θ≤20º angular
region, with steps of 0.02º 2θ, 20 s/step accumulation time and CuKα
(λ = 1.54178 Å) radiation. Transmission electron microscopy (TEM)
micrographs were acquired with a JEOL JEM2100 F electron micro-
scope operating at 200 keV. The samples were treated through the dis-
persion of the powders onto carbon copper grids. C, N and H con-
tents were estimated with a Carlo Erba 1106 elemental analyzer, while
the metal contents were determined through atomic absorption spec-
troscopy (Spectra AA 10 Plus, Varian).

2.2. Synthesis of NR@Zr-ITQ-HB composites

Nile Red (NR, Sigma-Aldrich, >98.0%) was adsorbed on the surface
of the 2D-materials using a procedure already published [21]. For the
synthesis of the NR/ZrO2 composites, ZrO2 (Sigma-Aldrich, particle size
<50 nm) nanoparticles (NPs) were used. We followed the same proce-
dure as for the MOF composites, by adding 50 mg of the NPs to 1 mL
of the dye solution. The mixture was stirred, and the solvent was evapo-
rated.

2.3. Spectroscopic and dynamic studies

The steady-state UV-visible absorption and fluorescence experiments
were carried out using JASCO V-670 and FluoroMax-4 (Jobin-Yvone)
spectrophotometers, respectively. The JASCO V-670 spectrophotome-
ter is equipped with 60 mm integrating sphere ISN-723 allowing the
studies in solid state (diffuse reflectance spectra). For these measure-
ments, the Kubelka-Munk remittance function is used: F(R)

= (1 - R)2/2R, where R is the diffuse reflectance intensity from the
sample. The picosecond (ps) time-resolved emission experiments have
been performed employing a ps time-correlated single-photon counting
(TSCPC) system. The samples were excited by 40 ps-pulsed (~1 mW,
40 MHz repetition rate) diode-lasers (PicoQuant) centred at 470 nm,
with an instrument response function (IRF) of the apparatus of ~70 ps.
Details on the experimental setup and analysis are described elsewhere
[29]. The decays were deconvoluted and fitted to a multiexponential
function using the FLUOFIT package (PicoQuant), which allows single
and global fits. The quality of the fits as well as the number of expo-
nentials were carefully selected based on the reduced χ2 values (which
were always below <1.2) and the distributions of the residuals. The
femtosecond (fs) time-resolved emission decays of the samples in solid
state were collected using a fluorescence up-conversion technique in
reflection mode [19]. The sample was excited at 470 nm by the sec-
ond harmonic of Ti:Sapphire oscillator (MaiTai SpectroPhysics) output
(940 nm). The IRF of the whole setup (measured as the reflected sig-
nal of the pump signal) was ~300 fs. To analyse the fs-transients, we
convoluted a multiexponential function with the IRF to fit the experi-
mental data. The errors for the calculated time components were smaller
than 15% in all cases. The confocal microscopy measurements were per-
formed on a MicroTime 200 confocal microscope (PicoQuant), details of
which are described elsewhere [30,31]. The excitation was conducted
with the same diode laser used in the TSCPC experiment. The emission
signal was collected using a 520-nm long pass filter (Chroma). The emis-
sion spectra were collected through a Shamrock ST-303i (Andor Tech-
nology) imaging spectrograph and detected by an Andor Newton EM-
CCD camera (Andor Technology). To analyze the data, we used Sym-
PhoTime Analysis software (PicoQuant) and the quality of the fits are
also based on the reduced χ2 values (which were always below <1.2)
and the distributions of the residuals. The samples were measured in the
solid state, which was prepared by dispersing a small amount of the solid
powder over the coverslip and introducing it into the sample holder.

3. Results and discussion

3.1. Synthesis and structural characterization of the Zr-ITQ-HB, NR@Zr-
ITQ-HB and NR/ZrO2 composites

Briefly, the Zr-ITQ-HB material was synthesized from equimolar
quantities of ZrCl4 (0.5 mmol) and 4-heptylbenzoic acid (0.5 mmol),
which were dissolved in 4 mL DMF. The solution was introduced into
a stainless-steel autoclave, heated at 120 °C for 24 hours under autoge-
neous pressure and static conditions. Once it was cooled to room tem-
perature, the solution was filtered with distilled water. Then, the sam-
ple was activated in methanol for 24 hours in order to efficiently re-
move the remaining unreacted linker and solvent molecules. Finally, the
material was isolated and dried under vacuum at room temperature. A
mesoscopic phase of Zr-ITQ-HB was obtained when the monoalkylcar-
boxylate linker heptilbenzoic acid was used as structural spacer. The
material showed a XRD pattern with one intense (100) band at low
2θ angles range at 24 Å and even a broad band at 12 Å corresponding
to (200) diffraction order was possible to be identified (Figure S1A).
The micrographs obtained by TEM are shown in Figure S1B, where
low order regularity of the cavities of the mesoscopic phase is ob-
served. Elemental CHNS analysis (Table S1) of the metal-organic ma-
terial Zr-ITQ-HB estimates the organic content of the spacers included
in the final solid. In comparison with Zr-ITQ-HB material, the organic
contribution for the previously published Al-ITQ-HB is lower (~35%
wt) due to minor incorporation of the organic spacer generating a
mesoscopic material with low order structuration.19-21 In the case of
Zr-ITQ-HB, the higher organic content was associated with the major
presence of organic spacers that promoted a mesoscopic material with
higher homogeneity and order. Figures S1C and S1D (thermogravimet
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ric, TG and differential thermal analysis, DTA curves, respectively) show
the weight loss for the corresponding organic content in the hybrid ma-
terials and determine their hydrothermal stability. For all the hybrid ma-
terials, two different weight losses were detected without taking account
the hydration water and residual DMF molecules occluded in the materi-
als (80-150 °C). The first weight loss was observed at 250-400 °C, being
associated to the hydrocarbon tails from monocarboxylate organic spac-
ers used in the mesoscopic materials. This weight loss was also assigned
to AlO4(OH)2 or ZrO4(OH)2 builder units present in the 1D inorganic
chains, being this oxygen contribution the main reason for obtaining the
higher organic content from TGA related to CHNS analysis. The high-
est difference was observed for Al-ITQ-HB samples, comparing organic
content from TGA and elemental analysis, indicating probably that alu-
minium nodes were coordinated to more elevated number of hydroxy-
lated species than Zr-ITQ-HB. The final weight loss was clearly observed
from 450 to 600 °C range corresponding to aromatic fragments from the
organic spacers present in the final hybrid materials.

3.2. Steady-state observations of NR@Zr-ITQ-HB and NR/ZrO2

To begin with, we consider the steady-state UV-visible absorption of
the Zr-ITQ-HB material (Figure S2). It shows only a narrow band be-
low 300 nm which will not interfere with the absorption spectrum of
NR. The absorption and emission spectra of the NR@Zr-ITQ-HB com-
posites in solid state are shown in Fig. 1A. Scheme I shows the chem-
ical structure of NR and the Zr-ITQ-HB materials. The absorption spec-
trum exhibits a single band with maximum of intensity at 566 nm (Fig.
1A). The broadness of the band (Full Width at Half Maximum, FWHM,
~ 5970 cm-1) suggests the presence of several co-existing species at S0.
In comparison with the spectrum of NR@Al-ITQ-HB composites (Figure
S3), the absorption band of the former is broader. Here, we also observe
a shoulder located at ~ 650 nm, which suggests the presence of addi-
tional NR conformations or aggregation states not present in Al-ITQ-HB.
On the other hand, the NR@Zr-TIQ-HB emission spectrum is composed
by a narrow band (FWHM ~ 1220 cm-1) located at 688

nm. This spectrum has comparable shape to the NR@Al-ITQ-HB one, but
is shifted by ~ 20 nm (~ 400 cm-1) to longer wavelengths. This red-
der emission suggests either a higher aggregation tendency of NR mole-
cules on the Zr-ITQ-HB surface. In similarity to the NR@Al-ITQ-HB com-
posites, the emission spectra show some dependence on the excitation
wavelength (Figure S4A), which indicates different origins of the emit-
ters. The excitation spectra and the absorption one have the intensity
maxima at the same wavelength, while the shape of the former is nar-
rower, suggesting the involvement of non-radiative processes at S1 of
some of the NR species absorbing at the reddest tail of the absorption
spectrum (Figure S4B).

To get more insight on the behaviour of NR molecules absorbed
on the Zr-ITQ-HB surface, we studied NR adsorbed on the surface of
ZrO2 nanoparticles (NPs). Fig. 1A shows the related absorption spec-
trum. Both, the shape and location of the band, are very similar to the
NR@Zr-ITQ-HB ones, which suggests that for the ZrO2 NPs the environ-
ment and the dye distribution are comparable to those of the MOF giv-
ing rise to ground-state species that are similar in both composites. How-
ever, while the absorption spectra are comparable, we were not able to
record an accurate emission spectrum of NR/ZrO2, most probably due to
the limited sensitivity of the equipment to detect a very low emission.
This indicates that the absorbed NR molecules are undergoing a strong
emission quenching. A previous report on the behaviour of NR/Al2O3
NPs revealed a similar absorption spectrum to the NR/ZrO2 one [21].
Nevertheless, NR and alumina-based composites present a strong emis-
sion spectrum analogous to that of the NR interacting with the MOF.
Thus, the ZrO2 NPs affect the NR in a different way than the MOF or
the Al2O3 NPs do. Time-resolved data will provide more information on
the dynamics and keys of the related events in NR@Zr-ITQ-HB and NR/
ZrO2 composites.

3.3. Picosecond time-resolved fluorescence experiments

3.3.1. NR@Zr-ITQ-HB ps-time-resolved measurements
In order to determine how the nature of the metal cluster affects

(Zr vs Al) the photodynamics of the adsorbed NR molecules, we carried

Fig. 1. (A) Steady-state UV-visible absorption and emission spectra of NR@Zr-ITQ-HB (green circles) and NR/ZrO2 (blue triangles) in solid state (the emission spectrum intensity of NR/
ZrO2 sample was multiplied by 10). The inserts show an image of the sample and of the sample under the UV-lamp (360 nm). (B and C) Normalized magic-angle emission decays and
Time-Resolved Emission Spectra of NR@Zr-ITQ-HB upon excitation at 470 nm. (D) Normalized magic-angle emission decays of NR/ZrO2 upon excitation at 470 nm.
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out ps time-resolved emission experiments on NR@Zr-ITQ-HB compos-
ites in solid state. Fig. 1B shows the recorded emission decays at differ-
ent observation wavelengths upon excitation at 470 nm. Table 1 gives
the values of the lifetimes, the pre-exponential factors and relative con-
tributions (normalized to 100) obtained from accurate multiexponential
fits of the recorded emission decays. We got four components of 0.15,
0.34, 1.18 and 3.31 ns. The shortest one (0.15 ns) has its highest contri-
bution at the bluest part of the emission spectrum and decreases until it
disappears at 675 nm. This component is assigned to the emission from
the locally excited (LE) state of the NR molecules. This emission was pre-
viously characterized in NR@Al-ITQ-HB composites (~ 0.22 ns), having
comparable emission behaviour [19,21]. The intermediate component
(0.34 ns) decays at the blue side of the emission spectrum and becomes
a rising one between 675 nm to 775 nm. We attribute this component to
homo energy transfer (ET) process between neighbouring NR molecules
adsorbed on the MOF surface. This time in the NR@Zr-ITQ-HB compos-
ites is slightly longer than the one observed in the NR@Al-ITQ-HB for
the same concentration of NR at the 2D-MOF surface for the same photo-
event (~ 0.22 ns) [21]. The difference is explained in terms of a change
in the polarity of the environment due to the differences in the 2D-MOFs
compositions. In addition to the metal clusters difference (Zr vs Al), the
elemental C,H,N and S analysis (Table S1) of both metal-organic mate-
rials shows that the organic linkers contribution in Al-ITQ-HB is lower
(~35% wt) than in the Zr-based material (~ 48% wt). This is due to a
weaker incorporation of the organic spacer in the former. In the case of
Zr-ITQ-HB, the larger organic content promotes the mesoscopic mater-
ial with a higher homogeneity and ordered structure. The emission life-
time of 1.18 ns is attributed to a combination of those of NR aggregates
and species having suffered an ICT reaction, while the longest one (~
3.3 ns) is due to species as a result of ET reaction. For NR@Al-ITQ-HB,
these two lifetimes were 1.33 and 3.61 ns, respectively. The changes in
their values are within the experimental error, suggesting that the or-
ganic content in this case does not affect significantly the related relax-
ation pathways of the involved species.

In order to further elucidate the photobehaviour of the
NR@Zr-ITQ-HB composites, we recorded the ps Time-Resolved Emission
Spectra (TRES). Fig. 1C shows the normalized to the maximum of in-
tensity TRES, and Figure S5 exhibits the not-normalized ones. At short
times (< 200 ps) a band between 600 and 650 nm appears, and its in-
tensity decreases until it disappears at ~ 1 ns delay. Thus, this band cor-
responds to the recorded shortest lifetime (0.15 ns) in the emission sig-
nal, and it is assigned to the LE state of adsorbed NR molecules. The
TRES gated at shorter times present a second band at 650 nm, which
losses its emission intensity while a second one located at 700 nm raises
concomitantly. The time evolution of these bands corresponds to the ET
process, resulting in the long emitting species (3.31 ns). To get more
information on the spectral evolution, we deconvoluted the TRES col-
lected at short (< 0.1 ps) and at long (10 ns) times. Fig. 2 and Table
S2 show the spectral characteristics of the resulting bands. The < 0.1-ps
spectrum reveals the presence of three emitting species having inten-
sity maxima at ~ 625, ~ 650 and ~ 700 nm, and with contributions of
37, 11 and 52 %, respectively (Table 2). The 10-ns spectrum is com-
pletely shaped by a band located at ~700 nm, which is very similar
to the band, located at 700 nm and observed at the early-time spec-
trum. Thus, both bands arise from the same emitters and correspond
to the species resulting from the ET process. The band at ~ 650 nm
that is present at short times is assigned to the emission from aggre-
gates population. Similar tendency to aggregates formation for NR in-
teracting with heterogenous supports, such as 3D- and 2D-MOFs, has
been reported [19–21,24]. Finally, the band at ~ 625 nm that van-
ishes at times longer than 0.5 ns is assigned to the emission from the
LE state. The analysis and deconvolution of the TRES allow us to dis-
tinguish the emissive species not observed in the steady-state spectrum,
where we recoded a single band located at 688 nm. The steady-state
spectrum is comparable to the one of the ET species emission (TRES
collected at 10 ns), which suggests that the most efficient deactiva-
tion pathway of adsorbed NR molecules is the subsequent of the ET
reaction. The small spectral position shift between both spectra sug

Table 1
Values of the lifetimes, their pre-exponential factors (ai) and contributions (ci) normalized to 100 of NR@Zr-ITQ-HB upon excitation at 470 nm in solid state. The negative sing for ai
indicates a rising component in the emission signal.

λObs/nm τ1/ns (±0.05) a1 c1

τ2/ns
(±0.05) a2 c2

τ3/ns
(±0.20) a3 c3

τ4/ns
(±0.20) a4 c4

600 0.15 87 54 0.34 11 32 1.18 - - 3.31 2 14
625 60 21 27 20 7 18 6 41
650 3 1 34 7 37 34 26 58
675 - - -100 -100 40 22 60 78
700 - - -100 -100 35 15 65 85
725 - - -100 -100 12 7 88 93
750 - - -100 -100 - - 100 100
775 - - -100 -100 - - 100 100

Fig. 2. Deconvoluted spectra of NR@Zr-ITQ-HB at different gating times: (A) 0 ps, and (B) 10 ns.
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Table 2
Location, broadness (FWHM) and area of the resulting bands after the deconvolution of the emission spectra of NR@Zr-ITQ-HB at different gating times.

Gating time/ ns Band 1 Band 2 Band 3

Max / nm FWHM / nm A Max / nm FWHM / nm A Max / nm FWHM / nm A

0 622 63 37 653 26 11 695 72 52
10 - - 696 69 100

gests that although the most relevant photoinduced process is the ET re-
action, we cannot neglect the presence of other processes that contribute
to the total emission of the composites. The TRES of NR@Zr-ITQ-HB
and NR@Al-ITQ-HB composites at both, short and long gating times,
show interesting spectral and dynamical differences (Figure S6). At short
times, the Al-based composite presents a single broad band with maxi-
mum of intensity at ~ 675 nm, while for the Zr-one even at the earliest
times at least two different bands can be observed already. This suggests
that the reddest band arises from species resulting from the ET event.
This band is better separated from the one assigned to the LE in com-
parison with the NR@Al-ITQ-HB spectrum. We explain it in terms of a
stronger interaction between NR molecules and the Zr-clusters, leading
to NR species of lower energies favouring the intermolecular interac-
tions.

3.3.2. NR/ZrO2 ps-time-resolved measurements
The ps-time evolution of the NR/ZrO2 NPs composites emission was

recorded as a reference material. Fig. 1D shows the emission decays
upon excitation at 470 nm, and the fitting data using triexponential
functions are posted in Table S2. The emission decays for this composite
reveal much faster deactivation processes than in NR@Zr-ITQ-HB. The
observed components, of time constants of 0.13, 0.67 and 2.05 ns, de-
cay along the whole emission spectrum. Previously, we showed that NR/
Al2O3 NPs composites exhibit three emission lifetimes (0.17, 0.72 and
1.59 ns), which are like those of NR/ZrO2 [21]. The two shortest compo-
nents were assigned to aggregates emission, while the longest one to the
emission of NR monomers. In the present composites, while the relative
contribution of the two longer components (0.67 and 2.05 ns) decreases
at longer wavelengths, the contribution of the shortest one increases. Al-
though the time values are not very different, the spectral evolution is
opposite to the one observed for the NR/Al2O3 NPs. This suggests pres-
ence of additional or different photoinduced processes that condition
the NR photobehaviour when adsorbed on ZrO2 NPs. Previous studies
of NR interacting with Zr-doped mesoporous materials (MCM41) have
reported on an electron injection (EI) from NR to trap states formed by
the Zr d-orbitals that have lower energy than the ones of the excited dye
[25,26]. This may explain the decrease in the lifetimes observed here
in comparison with the NR@Zr-ITQ-HB ones and the different spectral
evolution in comparison with the Al-based NPs. For the NR@Zr-ITQ-HB
composites, due to the high concentration of the dye, most likely a mul-
tilayer distribution is achieved on the MOF surface. This, in combination
with the low proportion of the inorganic part of this material (Table S1)
results in an environment where the NR molecules are not directly af-
fected by the Zr-clusters. This deactivates the processes associated with
interaction with the Zr-ITQ-HB surface trap states. Moreover, contrary to
the behaviour observed in NR@Zr-ITQ-HB, no rising component is ob-
served in the emission decays of the NR/ZrO2 composite. This indicates
that the ET process is not present in this composite due to competition
with other more efficient relaxation pathways. The large difference be-
tween the dynamics of NR when located on the Zr-ITQ-HB surface and
on the ZrO2 NPs establishes the relevance of the material properties to
the adsorbed dye photobehaviour.

3.4. Femtosecond time-resolved fluorescence experiments

To decipher the photobehaviour of NR interacting with Zr-ITQ-HB
material at a very short scale, we carried out femtosecond (fs) emission
experiments on NR@Zr-ITQ-HB composites upon excitation at 470 nm
in the solid state. Fig. 3A shows the obtained emission transients, and
Table 3 gives the data from multiexponential fits. The transients are fit-
ted using four components giving times of: ~ 0.60, ~ 10, ~ 150 and
300 ps, in addition to a ns-one fixed in the fit. In the previous para-
graph, we already discussed the origin of the ns-fluorescence lifetime.
The 300-ps component decays at the green region of the emission spec-
trum and rises at the red one (Fig. 3B), while the 150-ps one behaves
as a decay along the whole emission spectrum. Both time constants have
comparable values to those observed in the ps-experiments. Thus, we
assign them to the emission of NR from its LE state, the ET process
and aggregates emission, respectively (Scheme 1). The sub-ps compo-
nent (0.6 ps), which decays at the shortest wavelengths of the emis-
sion spectrum, and rises at the longest one, is assigned to the ICT re-
action of adsorbed NR (Scheme 1). This agrees with previous fs-stud-
ies of NR interacting with MOFs and other materials, where compara-
ble time constants of hunreds of fs have been reported for the ICT event
[19,20,27,28]. Figure S7 displays a comparison of the emission tran-
sients of NR when interacting with Zr-ITQ-HB and Al-ITQ-HB. The com-
ponent of ICT in NR@Zr-ITQ-HB is slightly longer (~ 0.6 ps) than the
one observed in NR@Al-ITQ-HB (~ 0.45 ps). The small difference might
reflect the difference in the polarity of the environment of the surface
(Zr vs Al clusters) in agreement with the steady-state emission behaviour
of these composites. Finally, the ~ 10 ps component is assigned to the
vibrational cooling (VC) of NR adsorbed in the MOF surface. This value
is comparable to the one observed for the NR@Al-ITQ-HB (9 ps), and
for NR when located within the Al-ITQ-HB framework [19]. However,
this time is longer than those observed using other hosts, such as sil-
ica-based materials: MCM41 (3 ps) and zeolites (~ 1.5 ps). [27,28]. The
difference could be explained in terms of a weaker NR@M − ITQ-HB
complexes that are formed through nonspecific interactions, which is
translated to a slower dissipation process of the excess energy (heat)
to the MOFs when NR molecules are excited as considered here. Our
explanation is supported by the fact that NR is quickly liberated in
dichloromethane suspensions of NR@Zr-ITQ-HB and NR@Al-ITQ-HB,
while NR@silica-based composites are robust [27,28].

3.5. Fluorescence lifetime imaging microscopy of NR@Zr-ITQ-HB

The NR@Zr-ITQ-HB composites were also studied by time-resolved
fluorescence lifetime imaging microscopy (FLIM). Several single crys-
tals were selected for analysis of their photobehaviours. No significant
differences were found between the interrogated crystals, so Fig. 4 A
and B shows representative decays and spectra in comparison with the
ones obtained for the ensemble sample, respectively. The inset of Fig.
4B exhibits the image of the fluorescence lifetime distribution of a sin-
gle crystal and at the bottom a picture of the solid. Table 4 gives
the time constants and relative contributions (normalized to 100) ob
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Fig. 3. (A) Femtosecond emission transients and (B) a zoom of the transients of NR@Zr-ITQ-HB in solid state upon excitation at 470 nm and observation at different wavelengths. The
solid lines are from the best fits using a multiexponential function.

Table 3
Values of the time constants and normalized (to 100) pre-exponential factors (ai) obtained from a multiexponential fit of the femtosecond emission transients of NR@Zr-ITQ-HB upon
excitation at 470 nm. The negative sing for ai indicates a rising component in the emission signal.

λObs/nm
τ1/ps
(±0.2) a1

τ2/ps
(±2) a2

τ3/ps
(±15) a3

τ4/ps
(±15) a4 τ5/ns a5

575 10 37 150 25 299 38
595 10 23 143 20 310 57
615 0.65 -100 11 18 136 10 300 82
635 0.61 -100 141 15 315 85
655 0.59 -45 300 -55 1.18 100
675 - - 325 -100 100
695 - - 323 -100 100

tained from multiexponential fits of the emission decays of the single
crystal collected at two representative spectral ranges (590 - 640 nm and
645 - 800 nm), as well as the values obtained for the ensemble solid in
the ps experiments at the corresponding wavelengths. To make an ac-
curate fit, we needed four components having time constants of 0.43,
0.91, 2.50 and 4.20 ns. The shortest one (0.43 ns), which decays at the
greenest region and rises at the reddest one, is assigned to the ET process
between the adsorbed neighbouring NR molecules, while the longest
component (4.20 ns) is attributed to the emission of species having suf-
fered an ET event. In comparison with the times observed for the ensem-
ble solid (0.34 and 3.3 ns, respectively), the ones for the single crystals
(0.43 and 4.20 ns, respectively) are slightly longer (Fig. 4A). We explain
the decrease in the values for the ensemble solid in terms of quench-
ing processes between neighbouring crystals. The two intermediate life-
times, 0.9 and 2.5 ns, are attributed to the emission decays of aggregates
and the charge separated (CS) state, respectively. Note that these com-
ponents, considering their contributions in the signal, can be averaged
and give 1.2 ns lifetime, a comparable value to the observed in the en-
semble solid, and which we assigned to a combination of lifetimes of NR
emitting from the CS state and of the aggregates. Under the microscope,
we can interrogate single crystals and thus eliminate the inter-crystal in-
teractions not avoidable in the ensemble sample, which allows us to dis-
tinguish better both species. Fig. 4

B shows a comparison of the emission spectra of the single crystals
and the ensemble ones. The single crystals emission spectrum has its
maximum of emission intensity at ~ 665 nm. This is about 20 nm blue
shifted in comparison with the ensemble solid emission band. We ex-
plain this difference in terms of the interactions between the crystals in
the ensemble solid samples, giving rise to the redder emission in the en-
semble solid. Analysing several crystals and at different points within
the same crystal gives comparable emission spectra, which indicates that
the NR species are homogenously distributed along the framework, in
agreement with the FLIM image of the single crystals (inset of Fig. 4B).

4. Comparison between All the ITQ MOFs

In this section, we compare and discuss the new obtained results
analysed above and those already reported by this research group study-
ing NR interacting with the different MOFs of the ITQ family:
Al-ITQ-HB, Al-ITQ-EB, Al-ITQ-AB and Zr-ITQ-HB, where HB = heptyl-
benzoate, EB = ethylbenzoate and AB = aminobenzoate (Scheme 2)
[19–21]. Table 5 displays the values of the time constants obtained for
the related photoprocesses and the fluorescence lifetimes recorded for
the four different composites.

To start with, in solution (dichloromethane, DCM) the photodynam-
ics of NR is characterized by an ultrafast ICT/VC process (~ 1 ps)
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Scheme 1. Photodynamic schemes of NR@Zr-ITQ-HB composite. LE, ICT, CS and ET mean
local excited state, intramolecular charge transfer, charge separated state and energy trans-
fer, respectively. See text for more details. The under part reflects a scheme of the struc-
ture of the Zr-ITQ-HB, an image of the emission of the NR@Zr-ITQ-HB under the UV-lamp
(360 nm) and the molecular structure of Nile Red.

and the emission from the CS state (~ 4.4 ns) [25]. The ultrafast ICT
reaction of NR when interacting with the different MOFs is conditioned
by the environment created by the inorganic part of the materials. When
the presence of polar metal centres is higher (because the organic con-
tent is lower, as for Al-ITQ-EB and Al-ITQ-AB) the interaction between
NR and the metal cluster stabilizes the excited NR molecules and this in-
creases the barrier for the ICT, thus increasing the related time constant
[20]. When the length of the alkyl chain of the linkers in the MOFs is
comparable, but the metal cluster and the proportion with the organic
linker are different (for example in NR@Al-ITQ-HB and NR@Zr-ITQ-HB
composites), we observed that a larger fraction of organic content in
Zr-MOF creates a less polar environment, slowing down the ICT reac-
tion (0.6 vs 0.45 ps for Zr- and Al-ITQ-HB, respectively). Next, the VC
process of the excited NR are not significantly affected by the nature of
the material. The time for the process is ~ 10 ps in both NR@Al-ITQ-HB
and NR@Zr-ITQ-HB. This process is much slower in comparison with
the one for NR in DCM solution, where it occurs in ~ 1 ps (coupled with
the ICT). This slowing down is explained in terms of less efficient heat
dissipation in the composites due to weaker interaction of NR molecules
with the surface of the studied MOFs. This explanation fits well with the
fast liberation of NR molecules from these composites in a solvent sus-
pension (about 1 ps), and contrary to what happens when NR is hosted
by MCM41 and NaX/NaY zeolites [27,28]. In these later composites,
the VC process of adsorbed NR is much faster: NR@MCM41 (3 ps) and
NR@zeolites (~ 1.5 ps).

Interestingly, the distribution of the NR molecules on the surfaces
of these 2D-MOFs favours the intermolecular interactions, leading to
ET between neighbouring NR molecules. This photoinduced process is
conditioned by the environment created by the organic linkers of the
frameworks. The higher the organic linker proportion is, the slower the
process becomes (Zr-ITQ-HB > Al-ITQ-HB > Al-IT Q-EB). Remarkably,
for the amino derivative this reaction is completely inhibited by the
transfer of an electron from the amino moiety of the linkers to the NR
molecules [20]. The dependence of the ET on the dye concentration
as observed in the NR@Al-ITQ-HB composites suggests that the process

Fig. 4. (A) Comparison of the emission decays of NR@Zr-ITQ-HB recorded (1) under the fluorescence microscopy and (2) with the TCSPC technique. The insert shows an image of the
emission of a single crystal and the ensemble solid under the UV-lamp (360 nm). The excitation wavelength was 470 nm and the decays were recorded at different observation wavelength
regions as indicated in the figure. The solid line are from the best fit using a multiexponential function. (B) Emission spectra of NR@Zr-ITQ-HB of the (1) ensemble solid and of the (2)
single crystal upon excitation at 470 nm.

Table 4
Comparison of the ensemble solid and the single crystals fluorescence emission lifetimes (τi) and normalized (to 100) pre-exponential factors (ai) obtained from a multi-exponential fit of
the emission decays of NR@Zr-ITQ-HB upon excitation at 470 nm.

λObs/nm τ1/ns (±0.05) a1

τ2/ns
(±0.20) a2

τ3/ns
(±0.20) a3

τ4/ns
(±0.20) a4

550 -
650

0.43 30 0.91 43 2.50 18 4.20 8

650 -
800

-100 - 37 63
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Scheme 2. Chemical structures of the organic linkers and metal clusters that compose the different studied MOFs.

Table 5
Comparison of the time values of the photoprocesses and the fluorescent lifetimes obtained
for the composites NR@Al-ITQ-HB and NR@Zr-ITQ-HB.

Photoprocesses Fluorescence Lifetimes

Composite ICT
/ ps

VC /
ps

ET /
ns

eT /
ps

CSS
/ ns

ETS
/ ns

Aggregates
/ ns

NR /
DCM (a)

1.0 1.0 - - 4.4 - -

NR@Al-ITQ-
HB (b)

0.42 9.0 0.22 - 0.22 3.61 1.33

NR@Al-ITQ-
EB (c)

1.2 - 0.09 - 0.09 2.60 0.93

NR@Al-ITQ-
AB (c)

1.0 - - 17 0.13 - 0.54

NR@Zr-ITQ-
HB

0.60 10.0 0.34 - 0.34 3.31 1.18

(a) From reference 25; (b) From reference 21; (c) From reference 20; ICT, VC, ET, eT, CSS
and ETS means intramolecular charge transfer, vibrational cooling, energy transfer, elec-
tron transfer, electron injection, charge separated state and energy transfer state, respec-
tively.

is mainly governed by Föster type of ET, although we cannot discard the
presence of Dexter type ET due to the short distances between NR mole-
cules distributed along the surfaces of the MOFs.

On the other hand, the length and nature of the linker chain in
the MOF dictates the photoinduced processes of adsorbed NR molecules
generating different emissive lifetimes. For example, a shortening in the
alkyl chain (NR@Al-ITQ-EB) produces faster NR dynamics as the polar-
ity of the medium is higher [20]. As a result, all the emissive species
decay to the ground state in shorter times than in the NR@Al-ITQ-HB
when the linker is longer having a 7 carbon atoms. When the alkyl
chain of the MOF is replaced by an amino group (NR@Al-ITQ-AB),
the photobehavior of the composite is remarkably different [20]. Fem-
tosecond emission experiment shows a 17 ps component in the tran-
sients of NR@Al-ITQ-AB not present in the other composites. This very
fast deactivation pathway is assigned to an electron transfer (eT) re-
action from the amino phenyl group to the adsorbed NR molecules
that efficiently deactivates the ET reaction [20]. Finally, the exchange

of the Al-clusters by the Zr-ones affects the percent of the organic link-
ers. The dynamics of the former composites are slightly slower than the
Al-based ones. In conclusion, we observe that the fluorescence lifetimes
of the NR are clearly affected by both, the nature and length of the or-
ganic linker and of the metal clusters.

5. Conclusions

In this work, we reported on the effect of metal cluster of a 2D-MOF
in the photobehavior of an organic dye supported on its surface. The
change of the Al atoms by Zr ones in the ITQ-HB 2D-MOF generates a
framework with a higher percent of the organic linker. This difference
conditions the dynamics of the NR molecules located on the surfaces
of the Zr-ITQ-HB. This MOF favours a distribution of the dye that re-
sults in ET reaction between neighbouring NR molecules. Nevertheless,
the higher organic content of this material slows the ET, 0.34 ns, and
the lifetime of the generated species, 3.6 ns. We also observed an ICT
reaction in NR taking place in ~ 0.6 ps. This time component is also
sensitive to the changes in the environment created by the MOF, as it
increases in comparison with the one observed for the NR@Al-ITQ-HB.
The ICT is followed by VC, which occurs in ~ 10 ps and is mostly inde-
pendent of the metal cluster type or the organic linker content. Armed
with FLIM technique, we studied the photobehaviour of single crystals,
where the inter-crystal interactions are not present, and identified the
emission decays associated with the aggregates (0.9 ns) and from the CS
state (2.5 ns). Finally, we discuss how the nature of the metal cluster,
the type of the organic linker and/or its relative content, affect the dy-
namics of the photoinduced processes in the adsorbed NR. Our findings
may help in the design of new 2D-MOFs targeting the improvement of
their applications in important fields of science and technology like pho-
tocatalysis and photonics.
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