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ARTICLE INFO ABSTRACT

New photoactive segmented conjugated polymers with terphenylene chromophores were synthesized, and the
chemosensing abilities to detect nitroaromatics compounds (NACs) of the polymeric thin films were evaluated in
aqueous media. The thin films are strongly fluorescent, amorphous with no aggregation of the chromophores in the
solid state and sensitive towards NACs in water. Though true quenching occurring after diffusion of the NACs into
the amorphous films contributes to the total response of these polymer films, quenching efficiencies of nitroaro-
matics are strongly influenced by additional inner filter effect contributions that could be used to increase the film
response. Thus, to maximize the response of these polymers, it is convenient to use the shortest feasible Aey. for
trinitritoluene (TNT) and the longest feasible Ay for picric acid (PA). In the micromolar concentration region, the
highly absorbing PA frequently has a stronger response than TNT due to the inner filter effects (IFE) contributions.
However, we observed that the properties of the material, such as exciton mobility or quencher-polymer com-
patibilities, become more relevant to define the quenching efficiency at the nanomolar range; though the electron-
donor capabilities of the chromophores have no bearing on quenching efficiency. So, the tuning of morphology and
photophysical properties of the polymer by structural design should be complemented with a rational selection of

Keywords:

Film chemosensor
Terphenylene choromophores
Fluorescence quenching
Nitroaromatic compounds
Aqueous phase

Segmented conjugated polymer

experimental conditions, €.8., Aexc, in order to enhance the response towards the NAC of interest.

1. Introduction

Human activity produces significant amounts of waste that often
end in water bodies of industrial and city areas [1]. Many contaminants
are, with time, mineralized to carbon dioxide and other unharmful
compounds. However, certain organic water pollutants, like nitroaro-
matic compounds (NACs), and in particular, di- and trinitrotoluene are
persistent because they are highly oxidized. Even worse, their partial
degradation frequently leads to aromatic amines [2,3], which are of
higher toxicity than the original pollutant. Fluorescence quenching has
fulfilled a notable role in the efforts to develop chemosensors for the
detection of NACs [4]. Thus, photoactive films of conjugated polymers
have been very successful in the detection of TNT on air above buried
explosives [5]. On the other hand, detection of NACs in water media
has been demanding because of the hydrophobic nature of fluorescent
organic materials [6]. Hence, efforts have been aimed to produce
aqueous probes such as water-stable polymeric nanoaggregates [7-10]
and monomeric [11-14] or polymeric [15,16] water-soluble organic
chromophores. Other sensing configurations tested for detection and
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quantification of NACs in water are monolayers covalently linked to the
substrate [17] and thin films of monomeric or polymeric materials
deposited onto rigid substrates [18] or adsorbed on paper [19].

In our view, hydrophobic photoative polymeric films have distinct
advantages for their incorporation in portable sensing devices of NACs
in aqueous media such as ease of processability, fabrication, storage,
and transportation as well as thermal and chemical stability and re-
cyclability [18]. A caveat in film sensing is that both surface area and
the amount chromophores available for quenching are reduced com-
pared to nanoaggregates or soluble probes. It is necessary, therefore,
that analytes diffuse into the film for achieving better quenching effi-
ciencies; in that way, morphology issues become important in the
considerations of material requirements since diffusion depends on
both morphology and polymer-analyte interactions. A positive aspect is
that the chromophoric array into the film could have amplified re-
sponses if tridimensional migration of excitons among chromophores
takes place by homo resonance energy transfer (RET) [20-22]. It fol-
lows that the increased number of exciton-quencher encounters pro-
duced by migration will enhance the quenching efficiency since the
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P3;X=H,Y=H
P3M; X =H, Y = OMe
P3MF; X =F, Y = OMe

Scheme 1. a) Schematic illustration of the film sensing configuration. b) DFT/PBEh-3c relaxed geometry of a pentamer of P3 showing some of the conformations that
the rigid terphenylene chromophores could adopt. c¢) Sketch of the P3 pentamer. d) Chemical structures of the investigated p-terphenylene polymers.

photoluminescence quenching of fluorescent polymers with electron-
rich s-systems by electron-poor nitroaromatic compounds is usually
caused by photoelectron transfer (PET) from the LUMO of the photo-
excited polymer to the LUMO of the fundamental state of the NAC [4].
Non-radiative depletion of excited states could also occur by radia-
tionless resonance energy transfer (RET) which depends on the extent
of spectral overlap between the quencher absorption spectrum and the
emission spectrum of the sensing material [1,2]. So, the overall
quenching response generally results from either PET [22-24,25] or an
association of PET and RET [11,26]. Besides, inner filter effects (IFE)
could enhance sensing responses though they cannot rigorously be
considered a fluorescence quenching process. This last phenomenon is
gaining much attention for the detection for absorbing analytes and in
our case occurs when the non-fluorescent nitroaromatic quencher ab-
sorbs either the excitation beam (primary IFE, i.e., pIFE) or the fluor-
ophore emission (secondary IFE, i.e., sIFE) as shown in Scheme 1a [27].
Indeed, the selective detection of the strongly absorbing picric acid, PA,
has been occasionally attributed entirely to IFE [28] or more frequently
to IFE coupled with actual quenching mechanisms [15,29-31].

We have been interested in developing fluorescent film sensors based
on new segmented conjugated polymers for NACs detection in water
media. Thus, our group has reported on fluorescent segmented conjugated
polymers which present high solubility, amorphous morphologies with no
aggregation of chromophores in the condensed phase due to the contorted
nature of their main chain (see Scheme 1b), excellent film-forming char-
acteristics and good chemosensing abilities [32,33]. In this study, we
synthesized a series of new photoactive amorphous segmented conjugated
polymers bearing terphenylene chromophores; and evaluated how che-
mosensing abilities are dependent on structural modifications and sensing
experimental conditions, in order to contribute to establishing structure-
response relationships. (Scheme 1d). P3 has methoxy-substituted terphe-
nylene chromophores in the main chain and isopropylene spacers as sa-
turated linking groups along the main chain. P3M and P3MF have ter-
phenylene groups with additional methoxy substituents in the central
aromatic ring that could increase their electron donor properties. In P3MF
the substituted terphenylene units are linked by perfluoroisopropylene
groups which are known to decrease crystallinity in condensed phases.
The new polymers were characterized by gel permeation chromatography
(GPQ), differential scanning calorimetry (DSC), NMR spectroscopy, UV-Vis

spectroscopy, fluorescence spectroscopy and cyclic voltammetry (CV).
Finally, we evaluated the chemosensing abilities of the polymeric thin
films to detect nitroaromatics in aqueous media.

2. Experimental part
2.1. Methods and instrumentation

Melting points reported were not corrected. "H NMR (300 MHz) and
13C NMR (75 MHz) spectra were registered with a Bruker AVANCE III
spectrometer at 25 °C. Elemental analyses (C, H) were made on an EXETER
CE-440 instrument. GPC analyses (THF) were carried out using a Waters
600; calibration was done using polystyrene standards. Thermal analysis
was done on a TA Q20 under nitrogen flow. An optical polarizing mi-
croscope (Leitz, Model Ortolux) equipped with a hot stage (Mettler) was
also employed to analyze the thermal behavior. UV-vis spectra were ac-
quired with a Cary 60 spectrometer. The absorption spectra were collected
either on dilute samples (less than 0.01 g/ml) or thin films cast on quartz
plates and placed at a 30° angle to the incident beam. Steady-state fluor-
escence spectra were obtained from dilute samples (less than 0.02 mg/ml)
using an SML AMINCO 4800 spectrofluorimeter keeping the optical den-
sities below 0.1 to minimize aggregation and reduce artifacts introduced
by self-absorption in fluorescence. Fluorescence depolarization in thin
films was measured with the spectrofluorimeter operating in an L-format.
Steady-state fluorescence anisotropy was calculated according to the
equation z.Isquojrz.rsquo; = I, — GLy/(I,, + G2I,), where Ly em is the
emission intensity, v and h are the alignment, vertical or horizontal, of the
excitation and emission polarizers, and the term G = I, /I, adjusts for any
depolarization originated in the optical system. Reported values are an
average of the anisotropy measurements in a range of ca. 60 nm. Cyclic
voltammetry (CV) in solution was performed on a Bas Epsilon instrument
with a three-electrode setup in a solution of Et4,NClO,4 (0.1 M) in CH,Cl, at
a sweep rate of 100 mV/s. Platinum wire was used as working electrode, a
Pt wire as counter electrode and Ag wire on which AgCl had been de-
posited electrolytically as the reference electrode.

2.1.1. Fluorescence Quenching Studies
Thin film spectra were recorded by front-face (30°) detection. Films
were cast onto carefully leveled quartz or glass substrates (2.54x 1.1 cm)
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by spreading 0.1 ml of a chloroform solution over the whole area. The
solution was allowed to evaporate slowly in a nitrogen-filled box, and the
film was kept under reduced pressure for 12 hours at r. t.. The thickness
of the cast films was measured in at least nine different regions using a
UV-visible interferometer (Model F20-UV; Filmetrics, Inc.) with a small
spot fiber optic, spot size =0.2 mm. Quenching experiments were carried
out in films inserted down to two-thirds of the height of the cell; which
was then filled with water (2.4 mL). Spectra were acquired by front-face
detection at 30° after the addition of microliter aliquots of various NACs.
The occurrence of polymer leakage from the film towards the aqueous
media was checked during 24 hours by fluorescence control experiments.
P3, P3M, and P3MF films supported on quartz or glass plates showed no
bleeding.

2.1.2. Molecular Modeling

Calculations were made with the ORCA 4.0 program package [34].
Pre- and post-processing operations were done with the graphical in-
terface Gabedit 2.4.8 [35]. Geometries were optimized first with the
AM1 method and then refined with the PBEh-3c method [36]. This DFT
method is based on a modified PBE functional, uses Ahlrichs-DZ basis
sets and the “3c” stands for the use of the dispersion correction D3, a
gCP correction, and modifications of the double zeta basis sets. Single
point energies were calculated using a DFT/PBEh-3c//DFT/PBE0-D3-
gCP/def2-TZVP protocol. The Conductor-like Polarizable Continuum
Model (C-PCM) was used to correct for solvation effects throughout all
calculations [37].

2.2. Materials and synthesis

Bisphenol A, Bisphenol AF, and 1,4-Benzene diboronic acid were
purchased from Aldrich and used as received. THF was purified by
distillation from Na/benzophenone. Pd,(dba); was prepared according
to the literature [38]. TNT was recrystallized from ethanol.

2.2.1. Monomer synthesis

The synthesis of 2,2-bis-(2-bromo-4-methoxyphenyl)propane, 1,
and 2,5-dimethoxyphenyl-1,4-bis(trimethyleneboronate), 6, have been
already reported [39].

2.2.1.1. 2,2-Bis-(2-bromo-4-methoxyphenylperfluoropropane  (2). This
compound was obtained in two steps. First, a well-stirred mixture of 2-
bis-(4-hidroxyphenyl)perfluoropropane (3.36g, 10.0mmol) and K,CO5
(3.50 g, 25.0 mmol) in acetone (12mL) was heated under reflux for 1h.
Then, after cooling to 30-35°C, methyl iodide (4.00g, 28.0 mmol) was
added, and the suspension was maintained at 30-35 °C for 3 days. Water
(20 mL) was then added, the mixture stirred for 10 min at room temperature
and extracted with CHCl; (three times 10 mL). The combined organic layers
were washed with water, aqueous NaOH, aqueous HCl and water, dried
with Na,SO, and the solvent was removed under reduced pressure. 2,2-bis-
(4-methoxyphenyl)perfluoropropane was obtained as a dense liquid after
purification by column chromatography on silica gel using hexane/CH,Cl,
as eluent. Yield: 3.04g (83%). 'H NMR (CDCly): & =7.31 (d, 2H, J,
=9.16Hz), 6.87 (d, 2H, J, =9.16 Hz), 3.81 (s, 3H). 3C NMR (CDCl,):
8 =160.2, 131.8, 124.8 (q, LJer =286.7 Hz), 113.9, 56.1.

Then, Br; (2.74 g, 17.2 mmol) was added drop-wise over a period of
40min to a solution of 2,2-bis-(4-methoxyphenyl)propane (2,84 g,
7.8 mmol) in CH,Cl, at 0 °C (6 mL). The mixture was stirred for 5h fol-
lowed by the addition of a 10% aqueous NaOH solution (15mL). The
mixture was then extracted with CH,Cl, (three times 5mL), the organic
layer was dried with Na,SO,4 and the solvent was removed under reduced
pressure. Compound 2 was obtained as a very dense liquid after pur-
ification by column chromatography on silica gel using hexane/CH,Cl,
as eluent. Yield: 3.66 g (90%). 'H NMR (CDCl,): 8 = 7.54 (s, 2H), 7.30
(d, 2H, "Jcr 8.77), 6.88 (d, 2H, J 8.77), 3.93 (s, 6 H). '3C NMR (CDCly):
§ = 156.8, 135.2, 130.8, 126.6, 111.9, 56.7. (C;7H;2BroFs0,) (522.1):
Calcd. C, 39.11; H, 2.32; Found: C, 38.93; H, 2.24.
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2.2.1.2. 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (5)
was synthesized according to the literature with slight modifications
[40]. A mixture of 1,4-phenylenediboronic acid (8.3 mmol, 1.37 g),
pinacol (20.65 mmol, 2.44 g) methanol (20 mL) and SO,Mg (22.0 mmol,
2.65g), was heated at 30°C for 24 h. After this period, methanol was
evaporated. The resulting solid was dissolved in CHCl; (50 mL), dried with
SO4Mg and the solvent was removed under reduced pressure. The product
was washed with toluene/hexane (2:1) to give white crystals. Yield: 1.71 g
(62%), mp 239°C. NMR characterizations were consistent with those
previously reported in ref. 40. 1H RMN (CDCl,): 8 = 7.79 (s, 1 H), 1.34 (s,
6 H). '*C RMN (CDCl,): § = 134.3, 84.2, 25.3.

2.2.2. Polymer synthesis

2.2.2.1. Poly(2,2”-dimethoxy-p-terphenyl-5,5”-enoisopropylene (P3). The
general procedure used for the synthesis of polymers P3, P3M and
P3MF is described in detail for P3. A 50 mL Schlenk tube was charged
with 2,2-bis(4-methoxy-3-bromophenyl)propane (0.450 g, 1.08 mmol,),
1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (0.357 g
1.08 mmol,), Pd,(dba); (0.040g, 0.044 mmol,), P(o-tolil); (0.081 g,
0.26 mmol,), Na,CO3 (1.41g, 13.26 mmol,) and a magnetic stirring
bar. The tube was sealed with a rubber septum followed by the filling
with Ar atmosphere. Dry THF (11.0 mL) and water (11.0 mL) was added
with a syringe. The mixture was heated at 80 °C for 7 days. The reaction
mixture was poured into methanol (30 mL). The resulting precipitate
was collected by filtration, and dissolved in CHCl3 (4 mL). The solution
was filtered, evaporated and poured into methanol (30 mL). The solid
was then reprecipitated twice from CHCl;/methanol. The precipitate
was collected by filtration, washed with acetone, and dried in vacuo.
Yield =0.27 g (76%). GPC (THF, PS standards): M, =2700Da, M,,
=4100 Da. 'H RMN (CDCl3): 8 7.52 (s, 2H), 7.29 (d, 1H J,, = 2.28 Hz),
7.16 (d, 1H, J, = 8.39Hz), 6.86 (d, 1H, J, = 8.39 Hz), 3.78 (s, 3H),
1.71 (s, 3H). '3C RMN (CDCl;): & 154.8, 143.5, 137.7, 130.2, 129.9,
129.5, 127.1, 111.1, 55.9, 42.2, 31. (C3H,20,), (330.4),: Caled. C,
83.60; H, 6.71; Found: C, 83.29; H, 6.54

2.2.2.2. Poly(2,2',5',2”-tetramethoxy-p-terphenyl-5,5”-ylene)propylene
(P3M). Yield =0.25g (59%). GPC (THF, PS standards): M,, =7080 Da,
M,, =9950 Da. The '*C and 'H NMR spectra have been reported [39].

2.2.2.3. Poly(2,2',5',2”-tetramethoxy-p-terphenyl-5,5”-ylene)
perfluoroisopropylene (P3MF). Yield =0.25g (47%). GPC (THF, PS
standards): M, =5800Da, M,, =7950Da. 'H NMR (CDCly): & = 7.42
(d, J = 8.59Hz, 1 H), 7.20 (s, 1 H), 6.94 (d, J = 8.59 Hz, 1 H), 6.84 (s,
1H), 3.79 (s, 3H), 3.59 (s, 3H). >C NMR (CDCl,): 8§ = 157.1 150.8,
134.0, 130.54, 127.0, 125.0, 124.6 (c, 'Jor =286.2Hz), 115.8, 110.4,
63.8 (m, Jer =25.24 Hz), 56.5, 55.7. (CosHaoFs04)n (498.4),: Calcd.
C, 60.24; H, 4.04; Found: C, 59.81; H, 3.77.

3. Results and discussion
3.1. Synthesis and thermal properties

The synthesis of the dibromides and diboronic esters, as well as the
polymer syntheses, are outlined in Scheme 2. First, dimethylation and
subsequent dibromination of bisphenol derivatives afforded dibromides
1 and 2 in 70% and 75% over the two steps. Pinacol esterification of 3
in methanolic media gave 5 in good yield (60%) while the diboronic
ester 6 was obtained by a reported procedure [39]. The polymers were
synthesized by Suzuki cross-coupling polycondensation in THF-H»O
using a mild base and Pd,(dba)s/tris(o-tolyl)phosphine as the catalyst-
ligand system. The terphenylene-based polymers were obtained in good
yields (50-70%) after two reprecipitations from methanol/CHCl;. GPC
measurements (PS standards, THF) show that they presented reasonable
molecular weights, M,,, good degree of polymerizations, X,, and
narrow molecular-weight dispersities, Dy, that is, P3 (M,, =4100 Da,
X = 12, Py = 1.52), P3M (M,, =9950 Da, X,, = 25, Py, = 1.41) and
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Scheme 2. Synthetic routes of monomers and polymers.

P3MF (M,, =7950Da, X,, = 16, Py, = 1.37). 'H and '*C NMR spec-
troscopy confirmed the structural regularity of the purified polymers
(see Supporting information, Fig. S1). All three segmented conjugated
polymers were highly soluble in CHCl; and soluble in CH,Cl, and THF.
Films deposited on glass or quartz plates by drop-cast using chloroform
solutions gave transparent films suitable for optical measurements. No
birefringence was observed by POM using cross polarizers in the 50-
300 °C temperature range showing the occurrence of only optically
isotropic phases; besides, DSC analyses confirmed that the polymers
were completely amorphous. Thus, their DSC traces acquired up to
300 °C showed only glass transition temperatures (Tg) in cooling and
heating cycles (Table 1). The high values of the T,’s of the polymers in
the 160 to 180 °C range can be attributed to the absence of flexible
chains in their microstructure as well as to the high content of rigid
terphenylene units compared to that of the conformationally rich sa-
turated isopropylene spacers. In an early study, we reported on the
amorphous nature of the P3M polymer.[39] Thus, regardless the
structural differences, the conformational disorder introduced by the
isopropylene spacer renders completely disordered morphologies of P3
and P3MF as well.

3.2. Electrooptical properties

The optical properties of the segmented conjugated polymers were
measured in both chloroform solutions and as thin films and the cor-
responding photophysical data is summarized in Table 1. The absorp-
tion spectra of the three polymers in dilute chloroform solution and in

the solid state have analogous features. As seen in Fig. 1, the absorption
maxima of P3, P3M, and P3MF appeared in a narrow range (= 300-
310nm) despite their structural differences. Moreover, both solution
and solid-state spectra of each polymer nearly superimpose indicating
that electronic interaction between neighboring chromophores in the
solid state is minimal and resembles, therefore, the isolation of chro-
mophores proper of solution environments. We conclude that the
twisted polymer main chain efficiently prevents the chromophore units
from forming ground-state aggregates. Fig. 1 also shows the fluores-
cence spectra of chloroform solutions and the thin films of the three
polymers. Their emission maxima appeared in a narrow range (= 370-
380nm) but show different patterns in their vibronic structure. All
polymers in solution presented fluorescent spectrum with almost no
vibronic structure. However, in the solid state they differ in the relative
intensities of vibronic bands. Thus, the P3MF emission spectrum shows
the 0-0 transition as a faint vibronic shoulder in the blue flank of the 0-1
peak, and such shoulder is more prominent in the case of P3M. Finally,
P3 presents two well defined vibronic bands corresponding to the 0-0
and 0-1 peaks. The increase in the 0-0O to 0-1 peak intensity ratio has
been attributed to emission from a disordered system with growing
amounts of weakly aggregated species [41,42,43]. Therefore, although
the three polymers are disordered at the macroscopic level as de-
termined by DSC, they present various degrees of local order as it can be
inferred from photoexcitation experiments. Thus, the increasing
amount of locally ordered chromophoric aggregates present in the films
follows the sequence P3 > P3M > P3MF. Table 1 also lists the residual
value of the steady-state anisotropy measured in thin films by

Table 1
Thermal and optoelectronic properties of the terphenylene polymers.
Tg" UV-vis. CHCl; / film Fluorescence CHCl; / film Ccv
A max A max” . s8¢ <r>f Vonsetox Enomo” Ey Eromo’
P3MF 179 310 381 3800 6010 - 1.25 —5.98 3.61 —-2.37
307 363(s), 381 3800 6330 0.088
P3M 165 303 365(s), 378 4040 6550 - 1.15 —5.88 3.63 —-2.25
301 365(s), 381 4240 6980 0.130
P3 167 304 368 3340 5720 - 1.42 —6.15 3.75 —2.40
302 366, 382 4380 5790 0.351
2 Glass transition temperature (°C) determined by DSC at scan rates of 5 °C/min.
b

Absorption maxima measured in dilute CHCl; solutions and on films.

Full width at half-maximum of the fluorescence bands (in cm™).
Stokes shifts (Amax.em - A max,abs; in cm™).

Average anisotropy measured in thin films (Aeye =330 nm).

& Polymer oxidation onset, in eV.

h Enowmo, in eV.

-

Emission maxima measured in dilute CHCl; solutions and on films (Aey. =310 nm).

! The optical HOMO-LUMO energy gap based in the low energy onset in the UV-vis spectra, in eV.

) Erumo, in eV.
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Fig. 1. Normalized absorption (left) and emission (right) spectra P3, P3M and P3MF measured as dilute solutions in CHCl; (solid line) or neat films on quartz

(dashed line).

fluorescence depolarization experiments which are an indication of the
exciton mobility through homo resonance energy transfer [21].

Cyclic voltammetry determinations in solution showed that P3M
and P3MF experience chemically reversible oxidations while P3
showed an irreversible oxidative process (Fig. S2). The reducing power
of the polymer excited states was estimated from their LUMO energies
that were calculated from the onset of the oxidation potentials, Eox onsets
obtained in solution. First, the assumption that the energy level of Ag/
Ag + is at 4.73 eV below the vacuum level [44] permitted to calculate
the HOMO energies. Then, the LUMO energies were obtained from the
values of the optical band gaps and the HOMO level energies (Table 1).
Thus, we found that the LUMOs were in the range -2.2 to -2.4 €V,
showing that all these polymers present good reducing power towards
nitroaromatics by photoelectron transfer from the high-energy LUMO of
the polymer to the low-energy LUMO of TNT (-3.7eV) and PA
(-3.89eV) [45]. The DFT results of the calculations performed on tri-
mers follows closely the tendency observed in the experimental de-
terminations (Fig. 2), though discrepancies are observed, as usual, be-
tween the absolute values of both sets [46].

3.3. Photoluminescence quenching

The quenching studies were performed in aqueous media giving the
intended environmental applications. Thus, glass-supported thin films
of the polymer were immersed in water, and then the quenching ex-
periments were carried out by varying the concentration of NACs.

Fig. 3a shows the steady decrease of the fluorescence intensity of a
thin film of P3MF which was irradiated with an excitation wavelength
(Mexc) of 330 nm. The quenching of the fluorescence was achieved by
adding aliquots of an aqueous solution of TNT with concentrations in the
nanomolar and micromolar range. The absorption spectra of TNT and
their overlaps with the absorption and emission spectra of P3MF are
shown in Fig. 3b. It can be appreciated there that the overlap of TNT with
the absorption of P3MF is quite modest at 330 nm but becomes more
prominent at smaller wavelengths. Fig. 3c shows the quenching effi-
ciency plots, QE = 1 - I/10, of PBMF with TNT which were obtained with
three increasingly shorter Mgy, i-e., 330 nm, 300 nm, and 285nm. As
expected, we found that quenching efficiency depends upon the magni-
tude of the molar extinction coefficient € of the quencher TNT at each
excitation wavelength. Fig. 3c shows that the response at Aexc = 330 is
the smaller while the one at Aexc =285nm is the larger. These results
indicate that the polymer sensitivity can be enhanced by the judicious
selection of the excitation wavelength. This higher efficiency would
probably be due to an increase of the IFE contribution to the overall
response since a contribution from RET quenching can be disregarded on
account of the minimal overlap of the absorption spectrum of TNT and
the emission spectrum of P3MF. Similarly, PET quenching cannot be
responsible for enhancing the quenching efficiency because an excitation

0
2 LUMO
~\PET
\ o -—
-4 V am —
s
o
w -6 3 — =
P3MFT P3MT  par
HOMO
_8 7 -———
PA INT

Fig. 2. Frontier molecular orbitals energies of trimers (P3MFT, P3MT and
P3T). Experimental (blue). Calculated by DFT (red). Values for the FMOs of
TNT and PA are also included.

wavelength dependence of the type and amount of the emitting species
responsible for PET quenching cannot be expected in photoluminescence
excitation experiments (Kasha-Vavilov’s rule).

Interestingly, the quenching regime for TNT presents two distinct
regions as we observed previously with a structurally different polymer
[33]. Thus, the Stern-Volmer plots of PBMF and TNT in Fig. 4 display a
rapid increase of the quenching efficiency (see also the inset in Fig. 4a)
followed by an inflection point around 5 puM, and then grow at a slower
pace in a quasi-linear fashion till the end of the studied region (50 nM-
400 pM, Fig. S3). We now tentatively associated the initial steep in-
crease of the quenching efficiency in the nanomolar and low micro-
molar range to quenching interactions either on the film surface [47]
or, more probably, within an ultrathin surface layer of the order of a
few nanometers. Experimental [48] and theoretical [49] studies have
indicated that polymer-supported thin films had a soft interfacial layer
of = 10nm thickness with reduced density and greater mobility of
polymer chains [50,51]. These particular characteristics, in conjunction
with the plasticizing effect of the solvation, which by diffusion of the
solvent molecules into the amorphous material also reduces the glass
transition and increase the chain mobility, could create a soft sensing
region in direct contact with the analyte solution where the diffusional
quencher intake by this softer layer is facilitated thus resulting in an
increase of the interaction between quencher and chromophoric units.

Furthermore, to evaluate the relative influence of the IFE in the
P3MF response the fluorescence intensities were registered at 1, 10, 20
and 30 min after the addition of each aliquot of the quencher solution.
The S-V plot showed in Fig. 4a indicates that the response of a P3MF
film towards TNT when it is irradiated at Ao =285nm increases
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Fig. 3. (a) Fluorescence spectra change (Ax =330nm) of P3MF films (thickness = 35nm) as a function of added TNT in water; [TNT] = 0.05 — 279 pM (top to
bottom). b) Absorption spectrum of the TNT in water (red dashed line). Absorption spectrum of a P3MF film (solid line) and fluorescence spectra (Aexc =330 nm).
Down arrows indicate the A used to gather data presented in (c) while the up arrow indicates the A, used to observe the fluorescence decrease. ¢) The quenching
efficiencies for a P3MF film (A,ps =382 nm) and TNT obtained with Aeycitation = 285, 300 and 330 nm.

gradually after each aliquot addition, implying that the quencher pe-
netrates slowly into the film to produce a diffusion-controlled
quenching phenomenon. The decay of the fluorescence intensity slowed
down with time so the quenching efficiency values at 20 min and
30 min were rather close. Notably, there were appreciable jumps in
quenching efficiency immediately after the addition of the next TNT
aliquot, which are more evident at higher concentrations and do not
occur in the nanomolar range (see inset in Fig. 2a); so these sudden
increases could be attributed to IFE. Thus, for a quenching of 53% of the
initial fluorescence, I,, diffusion-controlled quenching contributions
sum up to = 37% (Fig. S4a), leaving then an IFE contribution of =
16%. Therefore the overall quenching efficiency results from initial
excitation beam attenuation due to TNT absorption (i.e., pIFE) which is
followed by gradual photoluminescence quenching by PET as the
quencher diffuses into the film. These results are confirmed by the ex-
periment using a Ay, of 330 nm where the molar extinction coefficient
¢ of TNT is smaller then the one at A =330 nm (Fig. 3b). In this case,
the fluorescence values recorded 30 min after the quencher addition at
a given concentration are rather similar to the values recorded 1 min
after the addition of the next quencher aliquot. Indeed, for a quenching
of 48% of the initial fluorescence, I,, diffusion-controlled quenching
contributions sum up to = 42% (Fig. S4b), leaving then a small IFE
contribution of = 6% (Fig. S4b).

The S-V relationship was also employed to evaluate the effect of
structural modifications on the sensing properties of the polymers.
Fig. 5 shows the S-V plots obtained for the TNT quencher with poly-
meric films excited at two wavelengths. Both PM3 and P3 display the
nonlinear pattern with an inflection point already observed with P3MF.
As expected from the fact that the absorption and emission maxima of
P3, P3M, and P3MF appeared in a narrow range, the comparison of the

Fig. 5a and b indicated that the polymers showed a similar increase in
sensitivity due to IFE. P3MF showed the larger initial response at na-
nomolar concentrations. Besides, the quenching response order ob-
served for TNT was P3MF > P3M > P3. Thus, the quenching efficiency
order found does not follow the electron donor capability order ob-
tained by cyclic voltammetry, i.e., P3M > P3MF = P3. Then, the
Hansen’s solubility parameter distances, Ra, [52] of TNT with P3MF
(Ra =8.2), PBM (Ra =7.5) and P3 (Ra = 11.2) were calculated
[53,54] in an attempt to relate the observed quenching order to the
TNT solubility into the polymers that could facilitate the quencher
diffusion into the film. Keeping in mind that the smaller the Ra, the
higher the analyte-polymer compatibility, the calculated order of TNT-
polymer cohesive energies (P3 < P3MF < P3M) does not follow the
polymer quenching order. On the other hand, the residual values of the
steady-state anisotropy, < r >, obtained by fluorescence depolariza-
tion experiments (Table 1) indicate that P3MF (< r > = 0.088) dis-
plays the larger mobility of the excitons into the polymer film, while
energy migration from chromophore to chromophore is somewhat re-
duced in P3M (z.Isquo;rz.rsquo; = 0.130) and movement of excited
states virtually disappeared in P3 (z.Isquo;rz.rsquo; = 0.351); con-
sidering that z.lsquo;rz.rsquo;thinsp; = 0.4 corresponds to a scenario
devoid of depolarization [27]. Such results have particular significance
considering that polymer sensitivity to analytes is enhanced as mobility
of excited states towards quenching sites increase. So, the residual va-
lues of the steady-state anisotropy of P3MF, P3M, and P3 suggest that
the initial quenching response in these polymer series is primarily de-
pendent on the mobility of the excited states within the film.

We also investigate P3MF luminescence response to PA, whose
absorbance is significantly higher than that of TNT, at Aex. =330nm,
300 nm, and 285 nm as shown in Fig. 6a. A general analysis indicates

Fig. 4. The Stern-Volmer plots for P3MF films
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Fig. 5. The Stern-Volmer plots for P3, P3M, and P3MF films (thickness = 33 nm) with TNT, (@) Aexe =285nm and (b) Aexe =330 nm.

firstly that the significant spectral overlap between the absorption
spectra of PA and P3MF will produce a primary IFE response dependent
upon the absorbance of PA at each excitation wavelength. Secondly, the
complete overlap of the absorption spectrum of PA and the emission
spectrum of P3MF will generate a strong secondary IFE response whose
magnitude will be independent of Acyc.

The quenching pattern with PA, Fig. 6b-d, conforms to the preceding
analysis. First, we observe larger responses with increasing A.cy.. Thus, we
obtain 48%, 53% and 65% of the total quenching with a PA solution of
60 pM that have absorbancies of 0.174, 0.283 and 0.772 at 330 nm,
300 nm, and 285 nm, respectively. So, primary IFE is probably the factor
behind this quasi-linear character of the relationship between response
and absorbance (Fig. S5). Indeed, while for TNT the response at Aexc

=285 nm is larger than the one at Ay, =330nm, we observed that the
PA response at Ay =285 nm is smaller than that at Aexe =330 nm, all
this as a result of the fact that the larger absorptivities of TNT and PA
occur at 285 nm and 330 nm respectively. Secondly, in addition to the
diffusion-controlled quenching contributions, we see noticeable in-
stantaneous drops in fluorescence intensity in the pM range at all Agyc
after PA addition. Thus, for a quenching of 48% of the initial fluores-
cence, L,, we estimated a diffusion-controlled quenching contribution of
=~ 32% and an IFE contribution of = 16% when a Ae. =285nm was
used (Fig. S4c) while for the experiment using Aex. =330 nm (Fig. S4d)
the estimated values are = 28 % and = 20%, respectively. These large
IFE contributions (= 16% at Aexe =285nm and = 20% Aexe =330 1nm)
are due to the combination of a pIFE component and a large sIFE
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Fig. 6. a) Absorption spectra of PA and TNT in water (equal concentrations). Absorption and fluorescence spectra of a P3MF film. Down arrows indicate the Aeyc
while the up arrow indicates the A, used to observe the fluorescence decrease. The Stern-Volmer plots for P3MF films (thickness = 33 nm) with PA irradiated at (b)
Nexe =285 nm, (€) Aeyxe =300 nm and (d) Aexe =330 nm. Dotted lines link the last measurement (after 30 min) at a given concentration and the first (after 1 min) at

the next concentration. Inset show an expansion of the scale close to the origin.
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component, and are rooted in the high absorbance of PA and the overlap
of the absorption band of PA and the emission band of P3MF. Therefore
the overall quenching efficiency of PA results from excitation and
emission beam attenuation due to PA absorption (i.e., pIFE and sIFE) and
photoluminescence quenching by PET, and possibly by RET, as the
quencher interacts with the polymer film.

In the nanomolar range, only diffusion-controlled quenching is op-
erative because the low absorbance of quencher solutions precludes IFE.
Thus, no instantaneous drops in fluorescence intensity after quencher
addition can be seen in the insets in Fig. 4a, and Fig. 6d. Notably, the
quenching efficiency of PA is lower than that of TNT. We noted that the
calculated order of quencher-P3MF compatibility is TNT (Ra = 8.2) >
PA (Ra = 12.2), thus the observed quenching order (TNT > PA) could
be related to the ability of the quencher to diffuse into the film.

4. Conclusions

Three new photoactive segmented conjugated polymers with ter-
phenylene chromophores were synthesized and the chemosensing
abilities to detect nitroaromatics (NACs) of the thin films were eval-
uated in aqueous media. Their polymeric films are strongly fluorescent,
amorphous with no aggregation of the chromophores in the solid state
and sensitive towards NACs in water.

Though true quenching, i.e. the depletion of the excited state po-
pulation of chromophoric units occurring after diffusion of the NACs
into the film, contributes to the total response of these polymeric films,
the apparent quenching efficiencies of NACs are also influenced by the
quencher partial absorption of the excitation beam and/or emission
beam. These inner filter effect contributions could be used to increase
the film response to the quencher. That is, to maximize the response of
these polymer films, it is convenient to use the shortest feasible Aoy for
TNT and the longest feasible Aoy for PA. In the micromolar con-
centration region, the highly absorbing PA frequently has a stronger
response than TNT due to the IFE factors. However, we observed that at
the nanomolar range where IFE effects are greatly diminished, the
properties of the material become more relevant to define quenching
efficiencies. Thus, P3MF, which has higher exciton mobility, was more
sensitive towards TNT; though the electron-donor capabilities of the
chromophores have not bearing on quenching efficiency. Moreover, the
TNT > PA quenching order can be attributed to the higher solubility of
the TNT quencher into P3MF. So, the tuning of morphology and pho-
tophysical properties of the polymer by structural design can be com-
plemented with a rational selection of experimental conditions, e.g.,
Aexe, in order to enhance responses towards the NAC of interest.
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