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Abstract The photo-physical properties of dicyanoanthracene (DCA) molecules adsorbed on the external
surface of ZSM-5 zeolite, forming DCA@ZSM-5 composites, have been investigated by picosecond transient
emission, femtosecond transient absorption infrared vibrational spectroscopy, steady-state UV–vis, and
quantum chemistry calculations. Following the photoexcitation at 420 nm of DCA@ZSM-5, the formation
of the localized, LE, excited S1 state of DCA emitting below 500 nm is observed. LE is rapidly and quasi-
exclusively converted into two distinct exciplex species, EX1 and EX2, detected by their emission above
520 nm, with a lifetime of 5 ns and 20 ns, respectively. The different transient species can be identified
by the frequency of the CN stretching vibration that is a marker of the charge delocalisation and that
is peaking respectively at 2162 (LE), 2174 (EX1) and 2187 (EX2) cm−1. DFT and TD-DFT calculations
further support the assignment. The results show that the external surface of zeolite is an appropriate
playground for the development of novel photoactive host–guest materials.

1 Introduction

Owing to their remarkable architecture, constituting
a regular porous 3D organization of cages and chan-
nels whose dimensions are comparable with the size of
small chemical entities (molecules, metal complexes or
nanoparticles), zeolites constitute a family of micro-
porous materials that are very attractive to design
photoactive supramolecular host–guest assemblies [1–6]
and promising for applications in the fields of photo-
catalysis, non-linear optical and luminescent materials,
solar cell, sensing, photochemistry, and environmental
remediation. Not only the spatial organization in the
void of the zeolite framework but also the effects of
the confinement of guest compounds in the cages and
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channels result in novel photo-physical and photochem-
ical behaviors [7–13] that find their root in the ear-
liest fs-ps processes following the photoexcitation [11,
13–18]. Therefore, elucidating the photo-physical and
photochemical processes governing these applications
by ultrafast time-resolved spectroscopy contributes to
the optimal and original development of these photoac-
tive host–guest materials.

In most of the studies and applications, the guest
chemical species are incorporated into the zeolite by
adsorption onto the large internal surface of the porous
structure. Beside this common approach, chemical
species with dimensions larger than the diameter of
the pores can be adsorbed on the external surface
of the zeolite crystallites to modulate their photo-
activity [19–22]. This alternative strategy for the devel-
opment of photoactive materials is interesting notably
due to the fact that larger molecular compounds
can carry several photoactive groups to design mul-
tifunctional materials. While micro-sized zeolite crys-
tals exhibit a rather small external surface area (10–50
m2/g) in comparison to the internal surface are (ca 500

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjs/s11734-023-00813-9&domain=pdf
http://orcid.org/0000-0002-5707-7303
mailto:vincent.de-waele@univ-lille.fr


2146 Eur. Phys. J. Spec. Top. (2023) 232:2145–2156

m2/g), the emergence of zeolites synthesized in the form
of nano-sized crystallites and films [23, 24] or of 2D-
nanosheets [25] has significantly increased the surface-
to-volume ratio and the transport efficiency of these
materials. This opens novel possibilities for exploiting
the high external surface of the zeolitic materials, also
in synergy with the encapsulation of active guest com-
pounds whose photochemical behavior can potentially
be strongly modified as the dimension of the zeolite
is approaching the unit-cell dimension [26, 27]. Among
other properties, the zeolites are effective in control-
ling the charge separation between electron donor and
acceptor systems [8, 28], in certain cases, the zeolite
framework participates even directly to the process
of charge stabilization [29–32]. The photo-transfer of
electrons between the external surface and the inter-
nal surface of zeolite can also be achieved by adsorb-
ing electrons donating and withdrawing compounds
[33]. The control of the photo-separation of charge by
zeolite is promising in view of photovoltaic, photo-
electrochemical and photocatalytic applications.

In this context, we are interested in the spectroscopic
characterization of the transient species formed in the
fs-ps times scale by charge separation at the surface of
the zeolites. In this work, we investigated the function-
alization of the external surface of ZSM-5 zeolite micro-
crystallites by the adsorption of 9,10-dicyanoanthracene
(DCA) molecules (Scheme 1). The penetration of DCA
in the channel of the MFI structure of ZSM-5 is steri-
cally hindered by the two cyano groups in para posi-
tion of the central benzyl moiety. Nevertheless, the
molecules of DCA can adsorb on the strong binding
sites located at the pore opening which can interact by
hydrogen bonding with the SiOH or by partial interca-
lation inside the channel of ZSM-5, or they can adsorb
on weaker surface sites, by hydrogen bonding or Van
der Waals interaction, and then they adopt different
orientation [22].

The molecules of DCA exhibit an electron acceptor
character in the S1 excited state (E = 1.99 VNHE)
making them a strong photo-oxidizing species [34].
So, cyano-substituted arenes molecules are good model
compounds to investigate the photoinduced charge
separation [35–39] dynamics in solution. So far, the
influence of the zeolite of the ultrafast charge sep-
aration photodynamics is still poorly documented.
We addressed in this work the study of the photo-
physics of DCA molecules absorbed on ZSM-5, here-
after DCA@ZSM-5. We investigated specifically the
nature of the excited states generated upon the pho-
toexcitation of the solid DCA@ZSM-5 by combin-
ing time-resolved emission spectroscopy (TCSPC) mea-
surements and femtosecond transient absorption mea-
surements with an IR probe. The later spectroscopy
allowed us to follow the CN stretching vibration that
is a good marker of the charge localization in cyano-
aromatics molecules [40–45]. To the best of our knowl-
edge, fs IR transient absorption was only applied to
zeolite sample to investigate the OH stretching vibra-
tion of the framework hydroxyl surface group [46] or of
adsorbed water [47] and methanol [48] molecules. With

the advances of this spectroscopy, the sensitivity allows
us to envision more complex guest compound as it will
be illustrated in the following. Quantum chemical cal-
culations are completing the experimental results and
interpretation.

2 Experimental

2.1 Material preparation

DCA@ZSM-5 samples were prepared according a
well-established procedure [31, 32]. NaZSM-5 sam-
ples (Si/Al ∼ 13.5; average particle size 1 μm) were
obtained from VAW aluminum (Schwandorf, Ger-
many). 9,10-dicyanoanthtacene (DCA, C16H12N2 97%
Sigma-Aldrich) was purified by sublimation. Potassium
bromide (KBr ≥ 99% Sigma-Aldrich) was used for pel-
letization. Pure and dry Ar gas was used to keep our
samples under inert atmosphere.

1.2 g of the NaZSM-5 zeolite was weighted and intro-
duced into a long tube-shaped evacuable and heatable
silica cell. The tube was then placed in a vertical oven
connected to a gas piping network and heated step-
wise up to 450 °C under dry argon for at least 12 h.
The sample was then cooled down to room tempera-
ture and kept under dry argon flow. The zeolite was
transferred into a sealed silica cell connected to dry Ar
and vacuum pipes. Weighted amounts of DCA at the
concentration DCA:ZSM-5 20 mg/g (9 × 10–5 mol of
DCA per gram) were added into the cell without any
solvent, the whole set-up being kept under dry Ar. The
powders were shaken until the resulting mixture was
homogeneous and transferred under dry Ar in a sealed
quartz glass Suprasil cell. The sample was placed into
an oven kept at 40 °C for the sorption to take place via
sublimation. For the subsequent analyses, the sample
was kept in the cell or pelletized with KBr.

2.2 Thermogravimetric measurements

The moisture content and the organic compound (9,10-
dicyanoanthtacene, C16H12N2) were investigated using
a SETSYS (SETARAM) analyzer (heating rate of
5 °C min−1 under 40 mL min−1 flow of air).

2.3 Steady-state diffuse reflectance and emission
spectroscopy.

A Cary 6000 spectrophotometer was used to record
the UV–visible absorption spectra between 200 and
1800 nm. An integrating sphere was connected to the
spectrophotometer to measure the diffuse reflectance
from the powdered samples stored under dry argon in
the Suprasil cells; the corresponding dehydrated bare
zeolite was taken as the reference. The Kubelka–Munk
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Scheme 1 Scheme of the MFI framework of the ZSM-5 zeolite along the (010) channel and molecule structure of the
9,10-dicyanoanthracene for comparison. The lengths are given in Angstroms

function was used to plot the DR UV–vis spectra:

F (R) =
(1 − R)2

2R

R is the ratio of the diffuse reflectance of the loaded
zeolite and bare one. F (R) is a function of wavelength.

A Horiba Fluorolog-3 spectrofluorimeter was used to
record the emission spectra between 450 and 800 nm.
The apparatus was set in the front face mode to allow
the measure of the powdered sample sealed in the
quartz cell and in the right-angle mode to measure the
emission from the pelletized samples.

2.4 Steady-state vibrational spectroscopy

An Avatar 360 spectrometer (Thermo Nicolet)
equipped with a DTGS detector (400–4000 cm−1) was
used to record in transmission the infrared spectra with
a resolution of 0.5 cm−1. The Raman spectra were
recorded using a FT Raman spectrometer (Bruker RFS
100/S instrument) with a laser excitation at 1064 nm.

2.5 Time-correlated single-photon counting
measurements

The fluorescence decays were measured using the
TCSPC spectroscopy using the set-up described
here [49]. Briefly, the 420 nm excitation pulses were
generated by a femtosecond Ti:sapphire laser (Coher-
ent Chameleon Ultra II, 80 MHz, 200 fs, 3.8 W) coupled

with a pulse picker (4 MHz) and a harmonic genera-
tor (SHG/THG, APE). The fluorescence lifetime mea-
surements were carried out with the FT200 PicoQuant
spectrometer and the emission signal was collected
with a polarizer set at the magic-angle and a Czerny-
Turner type monochromator connected to a computer
for observation wavelength selection. The photons were
collected with a cooled microchannel plate photomulti-
plier tube R3809U (Hamamatsu) and recorded using a
PicoHarp 300 TCSPC system (PicoQuant). The instru-
mental response function (IRF) was measured using
Ludox, a colloidal silica and the full width at half max-
imum (FWHM) was found to be ∼ 50 ps. For these
experiments, the DCA@ZSM-5 pellets were mounted
on a dedicated home-made support and the emission
was collected at ca. 45 degrees. The excitation was cut
using a color filter. The software used to plot and pro-
cess the decays was FluoFit v.4.6.6 (PicoQuant) and a
home-made Python script.

2.6 IR femtosecond transient absorption
measurements

The pump-probe femtosecond transient absorption set-
up is based on Ti:Sa CPA laser (Coherent Libra HE 4
W) delivering at 1 kHz, short pulses with a duration of
100 fs and a wavelength centered at 800 nm. 1.4 mW
is used to generate the pump beam by SHG, FHG, or
SFG in a UV–vis OPA (Coherent OPERA). 2.4 mW is
seeded in a second Mid-IR OPA equipped with a NDFG
stage to generate the probe beam in the Mid-IR spec-
tral range (3–20 μm). For these experiments, the pump
laser beam was set at 420 nm. After the OPA stage,
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the pump beam is stirred using high reflective dielec-
tric mirrors to the entrance of an optical delay line,
passing through a Berek waveplate (New Focus) and
neutral density filters to adjust the polarization and
the intensity of the pump excitation. The optical delay
line consists of an aluminum retroreflector mounted on
a motorized translation stage (Newport Delay line +
controller). After the delay line, the pump beam is prop-
agated and slightly focused several millimeters in front
of the surface of the sample by mean of a CaF2 lens
(typically f = + 300 mm). The wavelength of the probe
beam was centered at 4.65 μm, which allow us to record
the IR spectra between 2250–2050 cm−1. After gener-
ation, the probe beam is propagated through a fixed
optical delay line made of gold stirring planar mirrors
and 2 off-axis (15°, f = + 600 mm) parabolic mirrors
that have been aligned to collimate the beam with a ca.
1 magnification. This optical path is compensating the
time delay between the output of the pump and probe
OPAs. Then the probe beam is focused into the sample
by an off-axis parabolic mirror (30°, f = + 450 mm).
The reference (REF) and signal (SIG) beam are gener-
ated by inserting a 4 mm thick BaF2 window (Thuet)
on the optical path of the IR probe beam, between the
focusing parabolic mirror and the sample. The sample
is placed at the foci of REF and SIG that are verti-
cally distant by 3–4 mm. After the sample, SIG and
REF are imaged on the entrance slit of a spectrograph
(Horiba iHr320) and detected by a LN2-cooled MCT
2*32 pixels arrays detector (IR-3216, Infrared Systems
development). The intensity of each individual SIG and
REF pulse is recorded and stored. An optical chopper
at 500 Hz synchronous of the laser pulse is placed on
the pump beam and its state is recorded by the IR-3216
simultaneously to the SIG and REF signal.

For this study, the transient spectra have been typi-
cally recorded by carrying out 3–4 scans of the pump-
probe delays, with an average of 3000–5000 pulses per
step. REF and SIG beam were dispersed using a 300
gr/mm grating (λblaze = 6 μm), resulting in a spectral
resolution of 1–2 cm−1/px. Under these conditions, we
reconstructed the transient spectra covering the spec-
tral range 2240–2120 cm−1 by the concatenation of
three or four independent spectral acquisitions. The
transient IR response of the DCA is superposed to a
broad and featureless component that was subtracted
from each spectrum (see SI).

The femtosecond transient absorption spectra are
recorded in transmission by dispersing the sample
(DCA@ZSM-5) in a 100 mg KBR pellet. The amount
of DCA@ZSM-5 was adjusted to limit the scattering
and absorption of the IR probe radiation by the zeo-
lite in the 2000–2500 cm−1 spectral window. For the fs
IR measurements, the samples are placed in a home-
made optical cell composed by a LN2-colled cryostat
mounted on a XYZ translation stage and a vacuum
chamber coupled to a turbo pump and a gas deliver-
ing systems. The pellet is located in the middle of the
chamber, about 5 cm away from the two 1 mm thick
BaF2 windows of the cell. Two samples can be hold in

the compartment for a better control and reproducibil-
ity of the pump-probe measurements under the in situ
conditions. In this study, all the measurements were
performed at room temperature under vacuum. The
pellets were dehydrated in the cell at 10–6 mbar for
several hours before each experiment.

2.7 Quantum chemistry calculations

All the computations were carried out using the Gaus-
sian 16 suite of programs. [50] Energies were com-
puted in the framework of Density Functional The-
ory (DFT). The PBE0 global hybrid functional [51, 52]
was used throughout with an empirical dispersion cor-
rection (GD3). [53] The underlying wave function was
developed on the aug-CC-PVTZ basis set [54] on all
atoms. Geometries were fully optimized in the vacuum
using standard algorithms. The nature of the station-
ary points was checked by vibrational analysis that also
yields the harmonic frequencies that are reported with-
out any scaling in this publication.

3 Results and Discussion

3.1 Absorption of DCA at the surface of the ZSM-5
crystals

The structures of the ZSM-5 zeolite and of the DCA
molecule are illustrated in Scheme 2. From the char-
acteristic length of the DCA molecule in comparison
with the pore diameter of the ZSM-5 zeolite, it is quite
obvious that DCA cannot freely enter and diffuse into
the zeolitic channel. Therefore, the molecules of DCA
are exclusively adsorbed on the external surface of the
ZSM-5 crystals and at the mouth of the pores. This
does not mean that there is no specific interaction with
the zeolite surface and notably a partial inclusion of
the molecule at the entrance of the channel, eventually
facilitated by an expected vibrational bending of the
CCN angle [22].

Figure 1 shows the TG and dTG curves obtained
for ZSM-5 and DCA@ZSM-5 samples. For ZSM-5,
the total weight lost is 5.1% and corresponds to the
loss of the surface and occluded water molecules that
occur below 400 °C. For DCA@ZSM-5, we notice two
clear effects. First, a net increase of the percentage
weight loss (+ 2%) in agreement with the amount of
DCA deposited in the zeolite. Second, a net shift of
the desorption temperature to a lower value indicat-
ing that the distribution of the water molecule is also
perturbed in presence of DCA. This point is in good
agreement with the fact that the aromatic compounds
interact preferentially with the hydrophilic sites of the
zeolite surface [22]. Therefore, we can conclude based on
the thermogravimetric measurement that the crystals
of ZSM-5 are in interaction with the DCA molecules
predominantly on their external surface but also at
the mouth of the pores. For a better understanding
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Scheme 2 Photo-physical processes involved following the photoexcitation of DCA@ZSM-5 at 420 nm

of DCA at the surface of ZSM-5, Table 1 provides
an estimation of the relevant parameters characteriz-
ing the DCA@ZSM-5 composites. The pores at the
entrance of the channels of the zeolite crystals consti-
tute a favorable site of adsorption of DCA. From our
assessment of the number of pore entrances at the sur-
face of the crystallites, we estimated that ca. 25% of
the DCA molecules can be accommodated, for exam-
ple, in a configuration with one of the terminal benzene
ring pointing inside the channel that represents a sig-
nificant amount of the total of the DCA molecules. The
rest of the DCA molecules will be spatially arranged on
the external surface according to the specific interaction
with zeolite surface and with the DCA molecules that
are partially adsorbed in the pores. Advanced struc-
tural and textural analysis would be necessary to under-
stand precisely the microscopic interaction of DCA with
the MFI porous structure. Nevertheless, the character-
ization of the adsorption of DCA using the thermo-
gravimetric analysis has provided the evidence of the
interaction of the DCA molecules and the zeolite crys-
tals. In the rest of the manuscript, we will focus on the
photo-physical properties of DCA@ZSM-5, without
any assumption regarding the hypothetic microscopic
organization of the molecules at the surface of the zeo-
lite.

3.2 UV–vis absorption and emission spectroscopy

The absorption and emission spectra (λexc = 420 nm)
of DCA@ZSM-5 are depicted in Fig. 2. The absorp-
tion spectrum of DCA@ZSM-5 exhibits the typical
vibronic progression of anthracene-like molecules which
is composed of 3 peaks (marked 0-n, n = 1–3, on the
graph) at 22,083 cm−1, 23,535 cm−1, and 25,308 cm−1).
Compared with the free molecule of DCA in solution
[55], the 0–1 band is found at a lower energy. A simi-
lar effect, assigned to dipolar interactions in molecular
crystal, was also reported for anthracene crystals and
nanoaggregates [56]. The emission is also structured
and exhibits three maxima observed at 20,033 cm−1,
peak a (499 nm), 18,333 cm−1, peak b (546 nm), and
17,567 cm−1, peak c (570 nm). In comparison with the
free DCA molecules in solution [57, 58], we can notice

Fig. 1 TG (full line) and dTG (dash line) curved of ZSM-
5 (blue) and DCA@ZSM-5 (black)

Table 1 Main properties of the DCA@ZSM-5 composite

ZSM-5

Dimensions of the crystals (μm) 2.2 × 0.6 × 0.5

External surface, Sext (m2/g)a 10

Pores density, Npores (/g)b 15 × 1018

Pores surface, Spores (m2/g)c 3.75

DCA

Concentration (molecules/g) 54 × 1018

Surface equivalent SDCA (m2/g)d 54
aassuming the ZSM-5 density of 720 g/L,
b with 5 pores per 330 Å2

c with a pore section of ca. 25 Å 2

d molecular surface of ca. 100 Å2

in Fig. 2 that the emission spectrum is not the mir-
ror of the absorption spectrum. Thus, the absorption
and emission in Fig. 2 show that the DCA molecules in
DCA@ZSM-5 are in interaction with their neighbors
in the solid state [56].
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Fig. 2 Absorption in Kubelka–Munk unit, and emission
spectra (λexc = 420 nm) and DCA@ZSM-5

The luminescence of DCA@ZSM-5 was character-
ized by time-resolved emission spectroscopy. The tran-
sient emission spectra reconstructed from the TCSPC
emission decays are reported in Fig. 3. The temporal
evolution of the emission of DCA@ZSM-5 consists in
two main contributions. First, a broad emission band,
with a maximum located at 480–500 nm and a second
maximum around 540 nm, is formed within the IRF
of the set-up. During the first hundred of picosecond,
the blue part of the emission is decreasing while a new

Fig. 3 (top) Transient emission spectra of DCA@ZSM-5
reconstructed from the emission decays recorded by TCSPC
upon photoexcitation at 420 nm, and (bottom) emission
decay traces and their corresponding fit at 480 nm (violet)
and 580 nm (orange). (–) is the IRF trace

broad contribution is growing above 550 nm. We notice
the presence of a quasi-isosbestic point at 540 nm. After
500 ps, the emission spectrum is dominated by that sec-
ond broad contribution which decays from 500 ps to
50 ns. For anthracene-like molecule, the emission in the
blue part (< 500 nm) is associated with a localized S1

state (LE), while the red-shifted contribution usually
corresponds to the emission from exciplex species (EX).
So, the temporal evolution of the emission spectra of
DCA@ZSM-5 can be described as (i) below 500 ps,
the conversion between the locally excited state (LE)
of the DCA molecules (λem = 500 nm) into an excimer
species (EX) responsible for the long-lived emission
above 540 nm, respectively, and (ii) the decay of the
EX band in the ns time, whose maximum is shifting
from ca 550 nm to 570 nm, suggesting the formation
of different EX species, with different degrees of charge
delocalization [55, 59, 60].

The decay of fluorescence recorded at 480 nm and
580 nm for DCA@ZSM-5 are depicted in Fig. 3
(between 0 and 2 ns), and as supplementary informa-
tion (full decay between 0 and 50 ns). The traces were
fitted using a sum of four exponential decays functions
(Table 2). At 480 nm, the signal appears within the
IRF and the kinetic trace is well reproduced by a sum
of two decays in the sub-ns regime (50 ps and 618 ps)
totalizing 72% of the contribution and two decays in
the ns timescale: 2.5 ns contributing to 22–24% of the
decay, and a less important contribution (5–6%) equal
to 13 ns. At 580 ns, about 65% of the signal appears
within the IRF and this initial step is followed by ris-
ing component (t ’2 = 567 ps) that accounts for 33% of
the total of the decay components. The time constants
t ’1 = 14 ps and t’2 = 567 ps for λem = 580 nm in
Table 2 are in a reasonable agreement with their cor-
responding decays times at λem = 480 nm (t1 = 50 ps
and t2 = 618 ps), and notably t2 and t’2 which are
associated with a decreasing and increasing contribu-
tion, at λem = 480 nm and λem = 580 nm, respectively.
We can also notice that the amplitude of the growth of
the emission at 580 nm, associated with the time t’2,
only accounts for 33% of the total emission decay at
this wavelength. Therefore, a fraction of the emitting
state at λem = 580 nm is generated within the dura-
tion of the IRF. It corresponds therefore either to the
excited state emitting at 480 nm or to a second EX
species with a maximum around 540–550 nm. This sec-
ond hypothesis is more convincing as it is also suggested
by the shape of the spectra in Fig. 3. After the grow-
ing stage, the emission detected at 580 nm exhibits a
main contribution with a lifetime of t’3 = 5.7–5.9 ns
and an additional longer decay time (t’4 = 21–23 ns)
accounting for 17–20% of the emission decay amplitude.
These values are quite different from those measured at
480 nm so we ruled out the contribution of the LE state
above 540 nm, and assume instead the formation of two
distinct EX species.

In the following, the decay times (t1, t2, t3, t4) and
(t’1, t’2, t’3, t’4), refer to the fit values at λem = 480 nm
and λem = 580 nm, respectively. As the decay time t4
= 13 ns is close to the emission lifetime of the molecule
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Table 2 Fit parameters of
the emission decays of
DCA@ZSM-5 recording
upon photo-excitation at
420 nm

λem t1
a(a1)b t2 (a2) t3 (a3) t4 (a4)

480 nm 50 (34%) 618 (38%) 2.50 (22%) 13.1 (6%)

580 nm 14 (14%) 567 (– 33%) 5.75 (66%) 21.4 (20%)
a t1, t2, t3,t4 decay time obtained using a 4-exp model convolved by the IRF signal
b amplitude of the component of the fit given in percentage relatively to the total of the
decaying components (i.e., positive amplitude). With this convention, the growth contribu-
tions appear with a negative percentage

of DCA in solution [38, 57], it is therefore assigned to
decay of the S1 (LE) state of DCA molecules in weak
interaction with their surroundings, either spatially iso-
lated or in a geometrical configuration unfavorable to
the interaction with the surrounding molecules. This
contribution has a small weight (6%), but it counts
for more than 50% of the steady-state emission at this
wavelength. The decays time t2 ≈ t’2 ≈ 600 ps is
observed at both wavelength with an inverted ampli-
tude sign and it corresponds to a conversion of the
LE state of DCA into an excimer (EX) species. If
we further assume that for these molecules of DCA in
DCA@ZSM-5, the LE to EX conversion is in compe-
tition with the internal conversion by emission that is
characterized by t = 13 ns for the non-interacting DCA,
it comes out that 95% of the LE state is quenched to
form the EX species. Therefore, we deduce from the
amplitude of the different emission components that
the number of photoexcited DCA that is converted
into EX species is ca. 4 times more important than
the ones decaying mainly by emission. Concerning the
slow decaying processes at 580 nm, t’3 and t’4 are in
good agreement with the reported lifetime for DCA
or anthracene exciplexes, and the difference between
the two values is assigned to different degrees of charge
transfer [61]. The remaining short decays t1, t’1 and t2
are similar to those reported for anthracene nanoaggre-
gates [56] and they are assigned to the dynamics of the
LE state whose lifetime is shortened by trapping at the
surface and defect of the crystals. In DCA@ZSM-5,
the adsorption of DCA molecules at the surface of zeo-
lite favors the formation of defect and so, it supports
this interpretation. Alternatively, the shortest t1 and
t’1 components might also correspond to an ultrafast
internal relaxation of LE.

3.3 Steady-state and transient vibrational
properties of DCA@ZSM-5

In order to get a better insight of the nature of the
LE and EX molecular configurations in DCA@ZSM-
5 we carried out femtosecond pump-probe MidIR spec-
troscopy and we focused on the CN stretching modes
which is a good probe of the charge distribution in the
cyano-molecular compounds. Complementary, quan-
tum chemistry modeling of DCA ground state (S0),
lowest excited states (S1, T1) and DCA anion (DCA−)
have been performed to support the vibrational assign-
ment.

3.3.1 Quantum chemical calculations

The electronic and vibrational properties of the
molecule of DCA in the ground state (S0), lowest
excited singlet (S1) and Triplet (T1) state, and in
the anionic form (DCA−) have been calculated using
the DFT and TD-DFT method, for the ground and
excited state respectively. The corresponding HOMO
and LUMO orbitals for the DCA in its ground state
are reported in the Table 3. The lowest S1 ← S0 elec-
tronic transition is described at 98% by the HOMO and
LUMO orbitals. From the representation of the orbitals
in Table 3, we can clearly deduce the ππ* nature of this
electronic transition without a significant perturbation
of CN bonds. So, in DCA, the electronic density on the
CN bonds is only perturbed indirectly via the quinöıdal
distortion of the central aromatic ring and the subse-
quent polarization of the carbon atoms in positions 9
and 10.

The vibrational normal modes and the corresponding
wavenumbers and IR intensities were computed at the
optimized geometry for the different species of DCA.
The values for the symmetric and anti-symmetric CN
elongation mode are reported in Table 4. From the the-
oretical modeling, for all the DCA species, only two nor-
mal modes are calculated with a frequency in the range
2000 -2400 cm−1 and they correspond to the symmetric
and anti-symmetric combination of the CN stretching
elongation, hereafter ν(CN). As expected, only the anti-
symmetric mode is IR active, but the calculation also
revealed the strong variation of the IR dipole moment,
i.e., of the intensity of the IR band, between these dif-
ferent chemical species, in good agreement with experi-
mental investigations of nitriles anions [43]. The calcu-
lated value for ν(CN) also varies significantly with the
nature of the DCA species and it is decreasing on going

Table 3 HOMO–LUMO DCA molecular orbitals
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Table 4 Computed and
observed values of the CN
stretching vibration of DCA
species

S0 S1 T1 Anion

Calca Obs Calc Obs Calc Calc Obs

ν(CN)asym 2347 2213/2222b 2301 2160d 2257 2262 2216e

Δνc − 46 − 57 − 90 − 85 − 99

Calc. μIR 79.2 146.0 30.0 721.9

ν(CN)sym 2348 2217b 2301 2258
a The calculated frequencies are unscaled.
b IR and Raman spectra (Fig. 4).
c observed and calculated shift relative to the value in S0
d this work.
e Frequency for 9-cyanoanthracene from ref [43]

Fig. 4 a FTIR b Raman
and c time-resolved IR
spectra (λpump = 420 nm)
of DCA@ZSM-5 recorded
in the region of the CN
stretching mode

from the ground to the excited and then anionic states.
The calculated variation of ν(CN) relative to the value
in the ground S0 are – 46 cm−1 (S1), – 90 cm−1 (T1)
and – 99 cm−1 (DCA−), respectively. As expected, the
uncorrected harmonic DFT calculation overestimates
the experimental frequencies but for a better agree-
ment not only a scaling factor but also the anharmonic-
ity must be included in the model [62]. This is out of
the scope of the work. However, we can notice that the
experimental shift of the CN frequency on going from
the ground to the S1 and to the anion species of DCA
are well reproduced by the calculations (Table 4).

The IR and Raman vibrational spectra of
DCA@ZSM-5 in the spectra range of the CN
stretch mode are depicted in Fig. 4. The frequencies
are close to that measured for the molecule of DCA
(see SI) showing that the structure of the DCA
molecules is preserved in DCA@ZSM-5 and that
in the ground state no charge delocalization between
the molecules or between the DCA and the zeolite
surface occurs. The Raman spectrum exhibits a single
vibrational band peaking at 2217 cm−1, corresponding
to the symmetric CN stretching mode that is Raman
active by symmetry. The IR spectrum shows a doublet
of vibrational bands instead of the single IR allowed
transition of the anti-symmetric CN stretching modes.
This feature is explained by a Fermi resonance the CN
stretching mode with a combination of lower frequency
vibration of DCA [63].

3.3.2 Time-resolved MidIR absorption spectroscopy

A set of transient spectra recorded for pump-probe
delays up to 750 ps is depicted in Fig. 4. The tran-
sient IR spectrum recorded at 5 ps exhibits between
2120 and 2240 cm−1 two negative contributions (peak-
ing at 2217 and 2225 cm−1) and corresponding to the
expected bleach signal of the ground state S0 of DCA.
A large and structured positive contribution extend-
ing from 2220 cm− 1 to roughly 2120 cm−1 dominates
the transient spectrum on which we can clearly iden-
tify two vibrational bands peaking at 2162 cm−1 and
2187 cm−1, respectively, and a shoulder at 2174 cm−1.
The broad and intense band at 2162 cm−1 is assigned
to the anti-symmetric stretching mode of the CN elon-
gations of the S1 state of DCA, hereafter ν1(CN).
This assignment is based on the CN stretching mode
reported for the S1 state of cyanoanthracene (CNA) [42]
and it is also supported by the DFT and TDDFT calcu-
lations in Table 1 predicting a decrease of the wavenum-
ber of νas(CN) of Δν = 47 cm−1, in good agreement
with the experimental data (Δν = −57 cm−1) on going
from the ground (S0) and to lowest (S1) excited state
of DCA. We also point out that the calculations reveal
the increase of the IR intensity of νas(CN) that is
in good agreement with the experimental observation
that the amplitude of the absorption band peaking at
2162 cm−1 is much higher than the negative contri-
bution (bleach of the S0 IR bands) in the transient
spectra (Fig. 4). In addition to the band ν1(CN) at
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2162 cm−1 of the S1 state of DCA, two additional vibra-
tional bands are observed at 2174 cm−1 (ν2(CN)) and
at 2188 cm−1 (ν3(CN)) suggesting the formation of two
additional species exhibiting different electron distribu-
tions on the CN bonds. According to the calculations
(Table 4) these bands cannot be associated with the
T1 state or with the anion of DCA. The frequency of
these two bands is moreover not compatible with the
hypothesis of hot vibrational states of the ground state
of DCA [64]. Therefore, we assigned these two contri-
butions to the formation of bound ion pair (IP) or
exciplexes (EX) species of DCA molecules. Formally
the difference between IP and EX resides only in the
degree of charge delocalization. For CNA and tetra-
cyanoethylene in solution, EX/IP states have been
identified by their vibrational spectral signature in the
2150–220 cm−1 range [41, 42], that is between the S0

and S1 CN stretching frequency. In solution, the EX
contribution is usually broad and featureless due to the
delocalization of the electronic cloud over the two part-
ner molecules and to the loose dynamical configuration
in solution. IP pair gives rise to more defined bands.

For DCA@ZSM-5, between 5 and 500 ps the rel-
ative intensity of the three IR bands is evolving sig-
nificantly (Fig. 4). The band ν1(CN) = 2162 cm−1 is
the most intense at short time but has nearly com-
pletely vanished after 250 ps. The intensity of ν3(CN)
= 2187 cm−1 is also decreasing but in much less propor-
tion in comparison with ν1(CN). In opposite, from 5 to
750 ps, the third band ν2(CN) = 2174 cm−1 is becom-
ing the most intense of the spectra, without signifi-
cantly diminishing its amplitude. These different evolu-
tions confirm the formation of three different transient
chemical species. Figure 5 shows kinetic traces record-
ing around Δt = 0. At negative delay, we can recog-
nize the perturbed free induction decay contribution
that was first described by P. Hamm [65] predicting
the oscillatory component and the signal growth at the
bleach wavenumber (2224 cm−1). Besides, we can notice
that the species associated with ν3(CN) = 2187 cm−1 is
formed within the pump-probe cross-correlation, while
for ν1(CN) = 2162 cm−1 the rise time is followed by
a second step of growth up to 3 ps. The ground state
bleach contribution (2224 cm−1) does not evolve sig-
nificantly, nor at short time or at long time (Fig. 4)
showing that the internal conversion to the ground S0

state is a minor process in the sub-ns time scale. Tran-
sient spectra recorded before 5 ps are given in Fig. 5.
At this time scale, the slow growth of ν1(CN) and the
quasi-instantaneous formation of ν2(CN) and ν3(CN)
are well resolved. The kinetic of the three CN vibration
bands was fitted using 3 exponential decay times (SI
and Table 5). The decay time t1 = 1.5–1.8 ps is asso-
ciated with the increase of the intensity of the band
ν1(CN). The same time constant t1 and t2 (40 ps) are
obtained for ν1(CN) and ν2(CN), but it is because of
the strong contribution of ν1(CN) that dominates the
fit. The longer decay time t3 is equal to 282 ps and
393 ps, for ν1(CN) and ν2(CN), respectively, and it
allows us to distinguish the two kinetics and to assign
these two bands to two different species. For ν3(CN) the

fit parameters reflect the formation of the band within
the duration of our pulse-probe cross-correlation fol-
lowed by a decay with the kinetic that mimics the decay
of ν1(CN) suggesting a correlation between these two
bands. As at 750 ps the intensity of ν1(CN) is less than
that of ν3(CN). We assume therefore that a partial con-
version of the species associated with ν1(CN), LE, into
the species EX species associated with ν3(CN) takes
place. We notice also that the values of t2 and t3 are
in good agreement with the emission lifetime measured
by TCSPC (Table 1).

a) the amplitudes have been multiplied by 104.
From the analysis of the transient emission and

vibrational spectroscopy data, the following mechanism
(Scheme 2) can therefore be proposed for the photo-
physical behavior of DCA@ZSM-5:

– The first transient species that is formed upon pho-
toexcitation is the localized excited S1 state (LE) of
the DCA molecules. LE can be clearly identified by
its emission band below 500 nm, and the vibrational
CN stretching mode ν1(CN) peaking at 2162 cm−1.
Our data show that the LE state in DCA@ZSM-5
is similar to the S1 state of DCA molecules in solu-
tion. The lifetime of LE is however strongly reduced
in DCA@ZSM-5 and it decays following a bimodal
distribution (t1 = ca. 40 ps, t2 = ca. 300 ps) result-
ing from the heterogeneity of the molecular arrange-
ment and of structural defaults. We proved that LE
is however not decaying by internal conversion to the
ground state (S0 ← S1), but it is converted efficiently
into exciplex EX (or bounded ion-pair IP) species
by the charge delocalization over one or several DCA
entities.

– The formation of EX (IP) species is demonstrated
by the emission spectra and the transient IR data.
The highest time resolution of the latest spectroscopy
allowed us to show that EX species are not only
formed by conversion from the LE, but also directly
(less than 100 fs) by charge transfer excitation. We
clearly identified two EX species emitting above
520 nm and that can be differentiated by the fre-
quency of the CN stretching vibration, respectively
peaking at 2174 and 2188 cm−1. These charge delo-
calized states have a lifetime of several nanosec-
onds that is also probably modulated by the micro-
heterogeneity of the supramolecular organization.

Table 5 Fit parameters of the three main vibrational
absorption bands

ν1(CN),
2162 cm−1

ν2(CN),
2174 cm−1

ν3(CN),
2187 cm−1

t1 (a1) 1.5 ± 0.2 ps
(– 2.9)a)

1.8 ± 1.2 ps
(– 0.45)

0.2 ± 0.5 ps
(0.36)

t2 (a2) 40 ± 10 ps
(1.9)

43 ± 30 ps
(0.48)

36 ± 11 ps
(0.76)

t3 (a3) 282 ± 86 ps
(2.17)

393 ± 97 ps
(0.93)

309 ± 64 ps
(0.94)
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Fig. 5 Kinetic traces
reconstructed from the
transient spectra of
DCA@ZSM-5 and
selected transient spectra
for ·t < 5 ps (λpump =
420 nm)

4 Conclusion

We have characterized by time-resolved spectroscopy
(ps TCSCP emission and fs IR transient absorption) the
transient chemical species that are generated upon the
photoexcitation of DCA molecules adsorbed as dense
layers at the surface of microcrystals of zeolite ZSM-
5. Following the photoexcitation, the main mechanism
is the ultrafast formation of charge delocalized species
directly by resonance with a charge transfer transition,
or within a few hundreds of picoseconds, through the
formation of the localized (LE) S1 state of DCA. Our
results show the potential of DCA@ZSM-5 for sta-
bilizing efficiently and with a high yield of formation
of charge separated states. Further investigations are
necessary by carrying out similar photo-physical mea-
surements at different degrees of dispersion of the DCA
molecules at the surface, by modulating the molecular
concentration but also the zeolite type and composi-
tion, for a more precise identification of the transient
species and the role of the zeolites on their equilibrium
and lifetime. Quantum chemistry could also provide a
microscopic insight of the EX species.

From the spectroscopic point of view, this work has
extended to the case of zeolites the application of the
MidIR transient absorption spectroscopy to charac-
terize photoinduced charge separation processes. We
reported IR transient spectra of good quality and, more
important, obtained at a reasonable guest concentra-
tion of 0.5 molecule/ u.c. So, under these spectroscopic
conditions, it is fully possible to consider the investi-
gation of molecules adsorbed at lower concentration,
notably using zeolitic material exhibiting high external
surface area like nanozeolites or nanosheets.
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