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Porosity-driven Large Amplitude Dynamics for Nitroaromatics Sensing
with Fluorescent Films of Alternated D-wt-A Molecules

Jean-Pierre Malval*!, Marion Cranney?, Sylvain Achelle *2, Huriye Akdas-Kili¢?, Jean-Luc Fillaut?,
Nolwenn Cabon?, Francoise Robin-le Guen 2, Olivier Soppera?, Yann Molard?.

We report herein the structural properties and nitroaromatics
sensing performances of fluorescent thin films formed by
alternated donor-acceptor m-conjugated chromophores. The
incorporation of a flexible one-dimensional alkyl chain in the
chromophore backbone drastically accelerates by more than
one order of magnitude the real-time dynamics fluorescence
sensing toward 2,4-dinitrotoluene (DNT) vapors.

The detection of nitroaromatic explosives constitutes a
strategic concern in the context of homeland security and
environment protection. A large panel of analytical
techniques going from expensive and sophisticated
instrumentations to low-cost portable detectors is currently
available for this purpose. Of particular interest, fluorescent
vapor-phase sensors have been extensively developed!-® in
concomitance with the emergence of a huge variety of
fluorescent sensing materials such as conjugated
organic/inorganic polymers? 7, dendrimers®19, molecular
imprinted polymers!l, supramolecular 3D-architectures?2.
Small fluorescent molecules?! are also attractive since they
constitute relevant building block motifs for self-assembly
thin-film sensors. In this domain, one challenging issue
relies in controlling at molecular scale the directionality of
structural interactions!3 14 to optimize the macromolecular
film porosity which drives the sensor time response with
the maintain of a reasonable fluorescence emission in solid
state which guarantees the sensor sensitivity.

In line with this objective, we present herein the DNT
sensing performances of fluorescent thin-films made of
alternated triphenylamine-pyrimidine chromophores
(Scheme 1) whose V-shaped m-conjugated structure is
initially configured to promote cofacial self-packing. The
structural introduction of a long flexible alkyl chain into a
judicious position of the chromophore backbone hardly
affects the electronic and the photophysical properties but
drastically impacts the DNT-vapor sensing dynamics.
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Scheme 1. Molecular structures of the chromophores.

The normalized absorption and fluorescence spectra in
toluene and spin-coated films are shown for both
chromophores in Figure 1. The spectroscopic data are
reported in Tables $1-S2. In liquid medium, MON and MOL
both exhibit the same photophysical fingerprint. Their
longest wavelength absorption bands which are located in
the 380-450 nm range have euax of the same magnitude
(~ 48000 M1 cm). This band corresponds to a strongly
allowed So—>S: transition implying a long range charge
delocalization from the external triphenyl amine moieties
(donors) to the pyrimidine core (acceptor)!® 16,
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Fig.1 Normalized absorption and fluorescence spectra of

compounds in toluene and in spin-cast film (absorption: triangles
and fluorescence: circles).
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In liquid medium, these chromophores are strongly
emissive with fluorescence quantum yields (®y) higher than
0.6 whatever the solvent polarity (Table S2). The radiative
rate constant (k;) remains also invariant indicating that the
fluorescence deactivation process occurs via a relaxed S;
state with the same electronic configuration in both cases.
In addition, the fluorescence bands undergo a strong red
shift (Avsuo) by about 4300 cm™ on going from toluene to
acetonitrile. Such solvatochromic effects is in line with the
enhancement of the S; state dipole moment with respect to
that of Sp one. This high emissivity associated with a strong
charge transfer at S; state clearly indicates the occurrence
the radiative deactivation from an intramolecular charge
transfer (1ICT) state with a typical planar geometry. In thin
films, the dense molecular organization in solid state
combined to the inherent heterogeneous environment
around the emitting species open up new radiationless
routes such aggregation-caused quenchingl’” 18 which
competes with the 1CT state radiative deactivation. As a
consequence, the fluorescence time decays of the films
become non exponential as compared to those measured in
liquid solution (see Figure S1). The averaged emission
lifetimes in solid state are divided by a factor ~ 2 for both
compounds with corresponding fluorescence quantum
yields decreasing to values close to 0.2 (Table S1). In
parallel, both absorption and fluorescence spectra are
redshifted on going from toluene to spin-cast film (see
Figure 1). In order to probe the polarity environment
around the emitting species in solid state, the maximum
fluorescence wavenumbers (v/M*X) in thin-films have been
reported on the solvatochromatic plots for each
chromophore as shown in Figure S2. These solvatochromic
plots are obtained by correlating vsu.,M** of the dyes diluted
in various solvents with the corresponding Lippert-Mataga
polarity function® 20 (Af). According to this methodology, it
can be inferred that the emitting species in thin films
experience a surrounding environment with an estimated
Af of about 0.27 and 0.23 for MON and MOL respectively.
Such a significant difference in the polarity function clearly
denotes a more polar environment for MON molecules as
compared to MOL ones which should be ascribed to a more
compact molecular organization for MON film with a
subsequent enhancement of dipolar interactions. Indirectly
this structural effect should preclude a change in film
porosity on going from MON to MOL. It is clear that the
long alkyl side chain of MOL contributes to enlarge the
intermolecular spacing and thereby promotes a larger free
volume within the thin-film. In order to illustrate such a
structural effect, the self-assembly properties of the
chromophores have been investigated by scanning
tunneling microscopy (STM) in 1-phenyloctane on highly
oriented pyrolytic graphite (HOPG) surfaces. Figure 2

depicts STM topographic images of self-assembled layers of
MON and MOL at the solid-liquid interface.

Fig.2 Topographic STM images at 1-phenyloctane-HOPG interface
of molecular self-assembled layers. MON: A. (89.6 nm x 83.3 nm;
-1.0 V); B. (4 nm x 17.6 nm, -1.0 V); C. Possible self-assembly model
(up: side view, down: front view). MOL: D. (89.6 nm x 83.3 nm; -
1.5V); E. (8.8 nm x 7.6 nm, -1.5 V); F. Possible self-assembly model.

Two distinctive self-organizations are observed. In the case
of MON, the molecules self-assemble in compact domains
composed of parallel rows with an oblique lattice. Using
self-correlation measurements, we identify its mean unit-
cell parameters a =0.42 = 0.02nm, b = 1.77 £ 0.04nm and o
= 88 + 2°, leading to an area of 0.74 nm? per molecule.
These values indicate that MON molecules are in edge-on
conformation with their long axis parallel to the substrate,
probably slightly tilted from the direction perpendicular to
the surface. On the basis of the model shown in Figure 2C,
n-it stacking implying the entire aromatic structure of MON
constitutes the main interaction that governs the observed
self-organization. In the case of MOL, the molecules also
self-assemble in domains composed of parallel lines with an
oblique lattice. By contrast to MON, MOL molecules are
lying flat on the substrate with the pyrimidine cores
completely exposed. The parameters of the unit-cell are c =
1.55 £ 0.02nm, d = 2.95 + 0.02nm and 3 = 83 £ 2° which
leads to an area of 2.27 nm2 per molecule. It is noteworthy
that this area is ~ 3 times larger than that measured for
MON. Based on the model shown in Figure 2F, we may



assume that the intermolecular interactions governing the
self-assembly of MOL molecules result from a combination
of m-m stacking interactions between superimposed
triphenylamine groups as well as Van der Waals
interactions between the partially interdigitated alkyl
chains. These latter intermolecular repulsive interactions
will strongly influence the macromolecular porosity in thin-
film configuration with subsequent effects on the time
detection of DNT vapors as will be developed hereafter. In
liquid medium, the presence of DNT leads to a dynamic
quenching of the chromophores emission. Both
fluorescence intensities and emission lifetimes decrease
upon addition of DNT leading to Stern-Volmer constants of
ca. 48 and 44 M1 for MON and MOL respectively in
acetonitrile (see Figure S3). This quenching process
typically proceeds through a photoinduced electron
transfer (PeT) from the singlet excited state of the
chromophore (donor) to DNT (acceptor). Consecutively, a
back electron (BeT) should regenerate the chromophore to
ground state. However, it is possible to observe an effective
photo oxidation of the dyes in presence of a large excess of
DNT. Figure S4A shows the evolution of the absorption
spectrum of an irradiated ACN solution of MOL in presence
of 100 eq. of DNT. While the absorption spectrum of MOL
without DNT is relatively invariant upon irradiation (Figure
S4B), the presence of DNT clearly triggers important
spectral changes. The main absorption band of MOL
collapses in concomitance with the growth of a new band in
500-650 nm range. This band corresponds to the pyrimidine
protonated form of MOL since it can be neutralized by
addition of a potassium hydroxide ACN solution. This acid
form corresponds in fact to a by-product consecutive to the
production of protons due to the dimerization of MOL
radical cations (MOL**). Indeed, it is well established that
the one-electron oxidation of partially substituted
triphenylamine derivatives generates unstable radical
cations which undergo dimerization in the para position to
the nitrogen centers2-23, In order to confirm the occurrence
of these sequencing reactions, cyclic voltammetry coupled
with spectroelectrochemical measurements have been
performed. First, it should be noted that both MOL and
MON present similar oxidation potentials whose values are
gathered in Table S3. The cyclic voltammogram of MOL
which is displayed in Figure 3B shows a first oxidation wave
at 0.88 V vs. SCE. This irreversible wave which is only
observed during the first forward scan corresponds to the
oxidation of MOL to MOL"®*. The second oxidation wave at
higher potential (Ex2 ~ 1.09 V vs. SCE) should be ascribed to
the oxidation of the follow-up product (i.e. dimer). Figure
3A depicts the spectroelectrochemical spectrum of MOL in
ACN and its time dependent absorption changes upon
applying a constant potential corresponding to the first
oxidation reaction. Interestingly, the spectral changes are

comparable to those previously observed for the photo
oxidation of MOL in presence of DNT with the difference
that an additional band is growing in the 600-900 nm range.
This band should presumably correspond to the dimer
product which is generated in larger yield as compared to
that of the photo oxidation reaction with DNT.
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Fig.3 A. Time-dependent changes of the absorption spectrum of

MOL upon the first oxidation reaction at constant potential of 0.85

V / SCE. B. CVs of MOL oxidation in ACN (0.18 mM MOL, 0.1 M

TBAPFs, 100 mV s). C. Log-log plots of AAs20 nm VS. AAsz nm and

AA420nm VS. AA700nm (AAy; are in absolute values).

In Figure 3C, the time-dependent absorption changes of
MOL at 420 nm have been correlated to those of the
products absorbing at 520 nm and 700 nm respectively.
Whereas a first-order kinetics reaction is derived for the
production reaction of the acid form at 520 nm, a second-
order kinetics is clearly observed for the long-wavelength
absorbing product which is consistent with a dimer
production. Hence in liquid medium, the presence of DNT
promotes a dynamic fluorescence quenching and, in a less
extent, a photoinduced oxidation of the chromophores. In
solid-state, the response of the molecule films exposed to
DNT vapors mainly corresponds to an oxidative
fluorescence quenching. To illustrate this effect Figure S5
displays several epifluorescence images of MOL thin-film
before and after exposure to DNT vapors. As a reference
experiment, the image (a) shows the fluorescence of a film
which was excited at 365 nm during 5 min under N, stream.
No photobleaching was observed demonstrating the film
photostability. However, when the same film is irradiated
with introduction of DNT vapors, a strong decrease of the
film epifluorescence is observed after 15 s excitation as
shown in image (b). The corresponding absorption band of
MOL (see Figure S5C) clearly collapses which confirms the
photo oxidation process. In this latter case, it should be
emphasized that we did not detect the absorption bands of
the by-products presumably because their subsequent
generation which is diffusion-controlled is strongly
hampered in solid state. Hence, it is clear that the analyte
detection for both chromophores occurs through a DNT-



triggered oxidative fluorescence sensing. However,
depending on the nature of the chromophore, the real-time
sensing dynamics are strikingly different. Figure 4 displays
the kinetics for fluorescence quenching of MON and MOL
films exposed to low vapor pressure of DNT (~ 60 ppb).
Both films have similar thicknesses of about 40 + 5 A.
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Fig.4 Time-dependent fluorescence intensity changes of MON and
MOL films with similar thicknesses (i.e. 40 + 5 A) exposed to a 300

mL mint N2 flow with DNT at a vapor pressure of ~ 60 ppb. Half-
time for fluorescence quenching is also indicated for each film.

Whereas the fluorescence signal of MOL film decreases
rapidly with a short quenching half-time of 13 s (see also
Figure S6), the time-dependence for the fluorescence
quenching of MON film is much more slower with a half-
time (t1/2 ~ 430 s) more than one order of magnitude longer
than that measured for MOL. In addition, the quenching
efficiency after 30s DNT exposure is about 75 % for MOL
whereas it hardly reaches a value of 10 % for MON film.
Such a striking difference in the sensing time response
should be confidently ascribed to the distinctive porosities
within each film. Moreover, increasing the thickness of
MOL film does not drastically affect its DNT sensing
dynamics as compared to that observed for MON (see
Figure S7). We clearly evidence the porogen role of the long
alkyl side chain of MOL which appears as an efficient
intermolecular spacer in solid state. This alkyl chain is
thereby responsible for a lower density film which
facilitates DNT diffusion as well as the analyte mass uptake.
Reciprocally, it is worth stressing that the very slow sensing
dynamics observed for MON film in presence of DNT vapors
illustrates the fact that this m-conjugated material is
perfectly configured to promote very dense sandwich-type
supramolecular assemblies. Here, we show that a relatively
simple structural change at the molecular scale which
leaves invariant the electronic properties of the m-
conjugated chromophore has a drastically impact on the
sensing time response performances in thin solid film. In
addition, similar sensing effects can be observed for other

nitroaromatic analytes such 2,6 dinitrotoluene (2,6-DNT) as
shown in Figure S8. Similar time-sensing responses as those
measured for DNT can be derived which nicely generalizes
our approach. In summary, we have developed a strategy
to drastically accelerate the sensing dynamics for the
detection of nitroaromatics on the basis of light-emitting
molecule films. The key feature consists in incorporating a
long flexible alkyl chain in the backbone of a D-m-A
alternated chromophore which is intrinsically configured to
promote cofacial sandwich-type self-packing. The resulting
antagonistic intermolecular interactions lead to a significant
change of the film porosity with a subsequent faster DNT
sensing whose detection dynamics is enhanced by more
than one order of magnitude.
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