View metadata, citation and similar papers at core.ac.uk

brought to you by

provided by ResearchOnline at James Cook University

European Polymer Journal xxx (XXXX) XXX—XXX

Contents lists available at ScienceDirect

POLYMER
JOURNAL

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

The effect of the phenylene linkage in poly(fluorene-alt-phenylene)s on the
thermodynamics and kinetics of nitroaromatic and nitroaliphatic sensing

George Vamvounis™*, Marina Fuhrer®, Kevin Keller”, Lukas Willig®, Ami Koizumi®,
Hsuan-Ming Hu®, Mei Gao”, Toby D.M. Bell®
# College of Science and Engineering, James Cook University, Townsville, Queensland 4811, Australia

Y Flexible Electronics Laboratory, CSIRO Manufacturing, Clayton, Victoria 3168, Australia
©School of Chemistry, Monash University, Victoria 3800 Australia

ARTICLE INFO ABSTRACT

Keywords:

Conjugated polymers
Fluorescence quenching
Nitroaromatic sensing
Nitroaliphatic sensing

The preparation, photophysical characterization and sensing of a series of highly luminescent poly(fluorene-alt-
phenylene)s (PFP) were studied. These PFP polymers varied the phenylene linkage in the 1,4 (PFP-p), 1,3 (PFP-
m) and 1,2 (PFP-o0) positions. The photoluminescence of these polymers ranged from ultraviolet to blue in color
in both solution and film states by simply varying the linkage of the phenylene moiety. Photon Electron
Spectroscopy in Air (PESA) revealed that the change in the emission was primarily attributed to the difference of
the electron affinity of the polymer. Stern-Volmer quenching studies indicated that these poly(fluorene-alt-
phenylene) polymers are highly sensitive towards nitroaromatic materials in solution, particularly in comparison
to the reference poly(9,9-di-n-hexylflourene) (PDHF). These PFP polymers were found to be four to ten times
more sensitive towards dinitrobenzene as compared to PDHF. In addition, PFP-o displayed the highest polymer-
based Stern-Volmer quenching towards the taggant DMNB. The solid-state fluorescence quenching of the PFP-p
and PFP-m films using DMNB was enhanced (up to 71.5%) compared to the reference PDHF (59.6%) and was
attributed to both thermodynamic and diffusion kinetic factors.

1. Introduction

Global security is becoming an ever increasing issue and the dis-
covery of new sensing materials that are highly sensitive and selective
towards nitroaromatic and nitroaliphatic compounds are needed. There
are several sensing strategies that exploit colourimetric [1,2], light
scattering [3], electrochemical [4] and fluorescence detection [5-14]
technology for this purpose. Of these technologies, fluorescence
quenching has been one of the more popular techniques with portable
products like Fido on the market today. The enhancement of the se-
lectivity and sensitivity can be achieved through the precise control of
the electron affinity (controlling the photoinduced electron transfer)
and the molecular free volume (controlling the kinetics of analyte dif-
fusion) of the fluorescent films [6,7,13,15,16]. In this work, the elec-
tron affinity and the porosity of fluorene-alt-phenylene polymers are
controlled using various types of phenylene linkages for the sensing of
nitroaromatic and nitroaliphatic analytes.

Fluorescence quenching can be achieved using fluorescent small
molecules [10,11], dendrimers [9,16-19], quantum dots [20], metal-
organic frameworks [21] and polymers [6-8,12,13]. Polymeric
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materials has driven this area of research because of the amplification
of fluorescence quenching that occurs through the influence of one
quencher within the entire multi-fluorophore polymeric chain [6,7].
Iptycene containing poly(phenylene-ethynylene)s are one of the leading
materials used for explosives detection because of their appropriate
electron affinity, allowing efficient photoinduced electron transfer, and
low packing density, allowing penetration of the analyte [22]. Although
these classes of polymers demonstrate high sensitivity towards ni-
troaromatic compounds, they are limited in terms of nitroaliphatic
analytes which are used as taggants or accelerants [18,23]. To address
this, polymers based on fluorene-alt-phenylene have had promising
quenching properties for nitroaliphatic compounds. In addition, these
polymers are fairly easy to prepare via a typical Suzuki step-growth
polymerization which is tolerant to a wide variety of functional groups,
meaning a plethora of materials can be obtained [23,24]. For instance,
Swagger and coworkers have prepared a dioctylamine- or dioctyloxy-
functionalized poly(fluorene-alt-phenylene)s and have shown the
highest polymer-based DMNB sensitivity [23]. To that end, these
polymers exhibited a Stern-Volmer quenching constant of up to 22 M~ *
and solid state quenching of 20% using a Nemadics Fido sensor device
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[23]. It was found that the dioctyloxy functionalized poly(fluorene-alt-
phenylene) had a good balance of the thermodynamic requirement for
photoinduced electron transfer, diffusion quenching kinetics (governed
by electrostatic attraction and exciton mobility) for DMNB sensing.
However, these polymers showed a higher response to a potential false
positive, benzophenone [23].

In an effort to improve the selectivity and sensitivity of polymer
sensors, fine tuning of both the porosity of the polymer and the ther-
modynamic requirements for photoinduced electron transfer is needed.
One method to vary the molecular free volume in polymers is by
varying the isomer of a di-functional comonomer using step-growth
polymerisation. To that end, poly(fluorene-alt-thiophene)s were pre-
pared that varied the dibromothiphene isomer, which resulted in
“kinked” polymer backbones [25-27]. These polymers may vary the
free molecular volume, but the sulfur in the thiophene units can pro-
mote intersystem crossing via spin-orbit coupling and may limit colli-
sional quenching of the photoluminescence. Here, we present the
synthesis of a series of poly(fluorene-alt-phenylene)s with different
phenylene linkages to determine the role of the phenylene linkage on
the polymer’s electron affinity and analyte diffusion for nitroaromatic
and aliphatic sensing (Fig. 1).

2. Experimental part
2.1. Materials

9,9-Di-n-hexyl-9H-fluorene-2,7-diboronic acid (Boron Molecular),
9,9-di-n-hexyl-2,7-dibromofluorene (Boron Molecular), 1,4-diiodo-
benzene (Matrix Scientific), 1,3-diiodobenzene (Matrix Scientific), 1,2-
diiodobenzene (Matrix Scientific), tetrakis(triphenylphosphine) palla-
dium (0) (Sigma Aldrich), potassium carbonate (Univar), toluene
(Univar), methanol (Univar), tetrahydrofuran (Unichrome), chloroform
(Fisher Scientific), Celite (Sigma), quinine sulfate (Sigma Aldrich) and
0.1 M sulfuric acid (Univol) were used as received.

2.2. Characterization

'H NMR spectra were recorded on a Bruker Ascend™ 400 MHz
spectrometer. Chemical shifts are reported in parts per million (ppm)
and are referenced to the residual solvent peak (chloroform,
'H = 7.26 ppm). Coupling constants (J) are quoted in Hertz (Hz) and
quoted to the nearest 0.5 Hz. Peak multiplicities are described in the
following manner: doublet (d), quintet (quin), doublet of doublets (dd),
multiplet (m). The polymer molecular weights were estimated using gel
permeation chromatography (Agilent Technologies 1260 Infinity
Series) equipped with a UV absorption and refractive index detector.
The PLgel 5 um Mixed-C columns (300 X 7.5mm) X 2 were calibrated
using polystyrene narrow standards in tetrahydrofuran. Infrared spectra
of the neat materials were recorded using a Nicolet 6700 FT-IR spec-
trometer equipped with an attenuated total reflection (ATR) crystal.
Absorption spectra were recorded using a Shimadzu UV1800 spectro-
photometer and emission spectra were measured using a Perkin Elmer
LS50B spectrometer. Solution photoluminescence quantum yields (@)
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were measured by a relative method using quinine sulfate in 0.1 M
sulphuric acid as the standard, which has a photoluminescence
quantum yield of 0.55 [28,29]. The excitation and emission slit widths
were both set to 6 nm. The optical densities of the standard and sample
were between 0.1 and 0.05 at the excitation wavelength. The refractive
indices of the tetrahydrofuran and the sulphuric acid solution were
1.404 and 1.334, respectively. The error of these measurements is es-
timated to be less than + 5% of the reported value. Data corresponding
to these measurements are given in the Supporting Information. Thin
films for measuring UV-Vis absorption and emission spectra were
prepared on glass (Sail Brand) for PDHF, PFP-p and PFP-m, and quartz
(Aireka Scientific) for PFP-o by spin coating 7.5 mg/mL (toluene) so-
lution at 1500 rotations per minute for 60 s using a Chemat KW-4A spin
coater. The emission spectra were recorded at a scan rate of 2 nm/sec
with an incidence angle of 45° and the slit widths were set to 10 nm.

Ionization potentials were determined using photoelectron spec-
troscopy in air (PESA) using a light intensity of 10-20 nW with a Riken
Keiki AC-2 spectrometer. The electron affinity was estimated using the
linear combination of the ionization potential and the lowest energy
maximum absorption. The diameter of the analytes were estimated
using a semi-empirical AM1 calculation (HyperChem 8.0). The surface
morphology and thickness was measured using an NTEGRA TS-150
atomic force microscope.

2.3. Synthesis

PFP-p: A 50 mL Schlenk tube was charged with 1,4-diiodobenzene
(0.113 g, 0.341 mmol), 9,9-di-n-hexyl-9H-fluorene-2,7-diboronic acid
(0.200g, 0.341 mmol), tetrakis(triphenylphosphine) palladium (0)
(0.005 g, 4.3 x 10~ ®mol) in toluene (3.5 mL) and aqueous potassium
carbonate (2M, 2mL). This solution was degassed with three freeze-
pumpthaw cycles and covered with a blanket of argon. This solution
was stirred at 100 °C for 88 h. The reaction was quenched with 25 mL of
water, and the mixture was extracted with chloroform (3 X 50 mL). The
combined layers were washed with water (2 X 50 mL) and brine 25 mL.
The organic layer was dried over anhydrous sodium sulfate, filtered
through Celite and the solvent was removed under reduced pressure to
roughly 2 mL. The polymer was precipitated into methanol (50 mL) to
afford a pale yellow solid (0.068 g, 49%). GPC: M,, = 23, 300, M,, = 87,
400, PDI = 3.75; Amax (toluene)/nm 371; vn., (neat)/cm™! 3019,
2952, 2925, 2855, 1460, 1404, 1376, 1248, 1012, 810, 745, 724; 'H
NMR (400 MHz, CDCls) 8: 0.77-0.81 (10H, m), 1.11-1.16 (12H, m),
2.09 (4H, m), 7.66-7.85 (10H, m).

PFP-m: A 50 mL Schlenk tube was charged with 1,3-diiodobenzene
(0.113 g, 0.341 mmol), 9,9-di-n-hexyl-9H-fluorene-2,7-diboronic acid
(0.200g, 0.341 mmol), tetrakis(triphenylphosphine) palladium (0)
(0.010g, 8.6 x 10~ ®mol) in toluene (3.5 mL) and aqueous potassium
carbonate (2M, 2mL). This solution was degassed with three freeze-
pumpthaw cycles and covered with a blanket of argon. This solution
was stirred at 100 °C for 88 h. The reaction was quenched with 25 mL of
water, and the mixture was extracted with chloroform (3 X 50 mL). The
combined layers were washed with water (2 X 50 mL) and brine 25 mL.
The organic layer was dried over anhydrous sodium sulfate, filtered

Fig. 1. Two-dimensional view of PFP mimics using two repeat units with potential voids where analytes (scaled to a nitroaromatic) could occupy.
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Scheme 1. Synthesis of poly(fluorene-alt-phenylene)s and poly(9,9-di-n-hexylfluorene). Reagents and conditions: 2 M potassium carbonate (aq), Pd(PPh3), 100 °C,

Ar, toluene (i, ii) or tetrahydrofuran (iii, iv), 88 to 144 h.

Table 1
Summary of PFP-p, PFP-m, PFP-o and PDHF absorption and emission spectral data (sh represents shoulder).
Polymer Amax Amax TpL/NS Dpy,
Absorbance/nm Emission/nm Solution
Solution film Solution film
PFP-p 371 373 410, 434, 470(sh) 421, 443, 480(sh), 522(sh) 0.4 0.87
PFP-m 339 341 395, 411, 442(sh) 417, 434, 474(sh) 0.6 0.95
PFP-o 298, 323 300, 325 387(sh), 408, 433(sh) 414, 451(sh) 0.8 0.67
PDHF 381 382 415, 439, 470(sh) 426, 448, 482(sh) 0.4 0.74

through Celite and the solvent was removed under reduced pressure to
roughly 2 mL. The polymer was precipitated into methanol (50 mL) to
afford a pale yellow solid (0.055g, 40%). GPC: M, = 6700,
M., = 19,200, PDI = 2.9; Amax (toluene)/nm 339; vm.c (neat)/cm™!
3053, 2926, 2855, 1608, 1458, 1351, 1308, 1144, 963, 850, 826, 792;
'H NMR (400 MHz, CDCl3) &: 0.77 (10H, m), 1.10 (12H, m), 2.08 (4H,
m), 7.56-7.97 (10H, m).

PFP-0: A 50 mL Schlenk tube was charged with 1,2-diiodobenzene
(0.113 g, 0.341 mmol), 9,9-di-n-hexyl-9H-fluorene-2,7-diboronic acid
(0.200g, 0.341 mmol), tetrakis(triphenylphosphine) palladium (0)
(0.009g, 7.7 x 10" ®mol) in tetrahydrofuran (3.5mL) and aqueous
potassium carbonate (2 M, 2 mL). This solution was degassed with three
freeze-pumpthaw cycles and covered with a blanket of argon. This so-
lution was stirred at 85 °C for 144 h. The reaction was quenched with
25mL of water, and the mixture was extracted with chloroform
(83 x 50mL). The combined layers were washed with water
(2 x 50 mL) and brine 25 mL. The organic layer was dried over anhy-
drous sodium sulfate, filtered through Celite and the solvent was re-
moved under reduced pressure to roughly 2mL. The polymer was
precipitated into methanol (50 mL) to afford a white solid (0.120g,
86%). GPC: M, = 1300, M,, = 1800, PDI = 1.4; Ayax (toluene)/nm
298, 323; vmax (neat)/cm™! 2926, 2855, 1598, 1460, 1411, 1354,
1248, 1144, 1028, 892, 822, 725, 696; '"H NMR (400 MHz, CDCl5) &:
0.48-1.40 (22H, m), 1.62-2.03 (4H, m), 7.02-7.99 (10H, m).

PDHF: A 25mL Schlenk tube was charged with 9,9-di-n-hexyl-2,7-
dibromofluorene (0.420 g, 0.8525 mmol), 9,9-di-n-hexyl-9H-fluorene-

2,7-diboronic acid (0.500g, 0.8525mmol), tetrakis(triphenylpho-
sphine) palladium (0) (0.030g, 2.6 x 10" °mol) in tetrahydrofuran
(10 mL) and aqueous potassium carbonate (2 M, 6 mL). This solution
was degassed with three freeze-pumpthaw cycles and covered with a
blanket of argon. This solution was stirred at 85 °C for 72 h. The reac-
tion was quenched with 25 mL of water, and the mixture was extracted
with chloroform (3 X 50 mL). The combined layers were washed with
water (2 x 50mL) and brine 25 mL. The organic layer was dried over
anhydrous sodium sulfate, filtered through Celite and the solvent was
removed under reduced pressure to roughly 4 mL. The polymer was
precipitated into methanol (75mL) to afford a pale yellow solid
(0.480 g, 84%). GPC THF/Da: M, = 6200, M,, = 13,300, PDI = 2.2;
Amax (toluene)/nm 381; vnax (neat)/cm™! 2925, 2854, 1456, 1376,
1250, 1134, 999, 884, 812, 740, 722; 'H NMR (400 MHz, CDCl,) &:
0.76-0.81 (10H, m), 1.09-1.21 (12H, m), 2.12 (4H, m), 7.63-7.71 (4H,
m), 7.80-7.85 (2H, m).

2.4. Quenching

The photoluminescence quenching experiments were measured in
toluene and reported as an average of five measurements and each
measurement consisted of five analyte concentrations with an R? value
of 0.99 or greater. The excitation wavelength was 330 nm for PFP-o and
PFP-m and 350 nm for PFP-p and PDHF. The excitation and emission
slit widths were set at 5nm. The emission spectra were corrected for
inner filter and absorbance of the analyte. The solution data were
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Fig. 2. Absorption and emission of PDHF (red, dash + 1 dot), PFP-p (green,
dash + 2 dots), PFP-m (blue, dashed) and PFP-o (black, solid line) in toluene
(a), time resolved measurements in THF (b), and thin film state (c). (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

collected on a Shimadzu UV1800 UV-Vis absorption spectrometer and
a Perkin Elmer LS50B. The films were prepared freshly on a glass
substrate by spin coating a 10 mg/mL polymer solution (chloroform) at
1500 RPM resulting in 105 = 10 nm thick films. The films were dried
under vacuum for 1h before measurement. The cuvette cells were
under a flow of nitrogen at 1 mL/min. The analyte was introduced into
the cell by flowing nitrogen over the analyte at the same rate. The solid-
state fluorescence quenching data was collected at an incidence angle of
90° to avoid reflection. The films were excited at 330 nm and the
emission intensity was measured at 420 nm for all samples. The film
data was collected on a Shimadzu RF6000 spectrofluorimeter.

Time resolved measurements were obtained using a home-built time
correlated single photon counting (TCSPC) setup described previously
[30]. In short, excitation was provided by a 375 nm pulsed diode laser
(Picoquant, LDH-P-C-375), with emission being passed through a %
wave plate set to the magic angle (54.7°) and monochromator (CVI,
dk480) prior to being focused onto a microchannel plate (Hamamatsu
R3809U-50). Time resolved data were recorded and histogrammed by a
photon counting device (Picoquant, PicoHarp 300) with a bin resolu-
tion of 8ps. An instrument response function (IRF, typically
~80-100 ps, FWHM) was obtained by scattering laser light from a di-
lute milk powder solution in water. Fluorescence lifetimes were
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calculated by fitting decay histograms by a convolution of the IRF and
exponential decay components using an iterative least-squares method
based on the Levenberg-Marquardt algorithm using a home-written
routine. The goodness of fit was determined from the > value and by
inspection of the residuals (data minus fitted function). For all poly-
mers, two exponential decay components were required to achieve a
satisfactory fit. Fitted functions comprised a minor short-lived
(< 100 ps) component and a major, longer-lived component of 100 s of
ps with this latter component contributing > 80% of the initial decay
amplitude in all cases. Similar behaviour was observed for polyfluorene
based polymers which are structurally closely related [31]. Longer
components are reported and discussed herein with full fitting details in
the SI.

3. Results and discussion
3.1. Synthesis

The synthesis of fluorene-alt-phenylene copolymers were prepared
using a Suzuki step-growth polymerization with a diiodobenzene and
9,9-di-n-hexyl-9H-fluorene-2,7-diboronic acid, pinacol ester (Scheme
1). In addition to the PFP copolymers, poly(9, 9-dihexyl fluorenyl-2, 7-
diyl) (PDHF) was prepared to benchmark our results with a standard
phenylene based polymer. The synthetic yields of the polymers ranged
from 40 to 86% and the resultant polymers were soluble in chloroform,
tetrahydrofuran and toluene. The molecular weight of PFT-o was low
and resembled more of an oligomer however it formed fluorescent
uniform films required for this study.

3.2. Photophysical properties

The absorbance and photoluminescence properties are summarized
in Table 1. The absorption maxima of the polymers in THF are blue
shifted from PDHF, PFP-p, PFP-m to PFP-o (Fig. 2a). This trend ratio-
nalized by the different effective conjugation length of the various
phenyl-fluorenyl linkages. The emission spectra of the polymers in THF
were structured and followed the same trend. Quantum yields of pho-
toluminescence (®p;) were measured using secondary standard
methods, with quinine sulfate in 0.1M H,SO, as the standard
(®pr, = 0.54) [28,29]. The photoluminescence intensities directly cor-
related with optical densities of the fluorophores and crossed the origin
(see Supporting Information). The ®p; of PDHF was determined to be
0.74, which is consistent with an absolute method [27]. The ®p; of PFP-
p and PFP-m increased to 0.87 and 0.95, respectively. However, the ®p,
of PFP-o was lower at 0.67. This trend implies that non-radiative
pathways due to variations in structural rigidity govern the quantum
yield of photoluminescence. The time-resolved photoluminescent data
for the polymers range from 0.4 to 0.8 ns (Fig. 2b), which required
fitting with two exponential decay components. This data is consistent
to that previously reported on fluorene-based polymers [31]. Fig. 2c
depicts the thin film absorption and emission traces of the polymers.
The polymers’ absorption and emission data follow the same trend as in
solution. In comparison to the solution, the spectra are broader and the
emission traces are structured. The emission of these polymers was
found to be stable over time, with little to no decrease in the intensity of
the emission over 30 min at constant irradiation with 330 nm light.

3.3. Sensing

The fluorescence quenching of three nitroaromatics, namely 4-ni-
trotoluene (pNT), 2,4-dinitrotoluene (DNT) and 1,4-dinitrobenzene
(DNB) were analysed. In addition, explosives taggant 2,3-dimethyl-2,3-
dinitrobutane (DMNB) and a potential false positive benzophenone (BP)
were analysed. The quenching efficiency of PFP-p, PFP-m, PFP-o and
PDHF were compared under steady-state conditions by determining the
Stern-Volmer quenching constant (Ksy). The Stern-Volmer relationship
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Fig. 3. Stern-Volmer Quenching of PFP-p, PFP-m, PFP-o and PDHF reference material with DNB (>k), DNT (a), pNT (%), BP (#) and DMNB (O).

Table 2

Summary of the Stern-Volmer constants of the polymers with DNB, DNT, pNT,
DMNB and BP. K, and K; represents the collisional and static quenching con-
stant, respectively.

Polymer DNB DNT pNT DMNB BP
Ky, M7 Ky M7 Ky M7 Ko, M7 Ky, M7!
(K., Ky) (K., Ky) (K., Ky) (K., K5) (K., Ky)
PFP-p 824 = 8 427 + 40 272 + 7 12 = 0.5 109 = 4
(30, 794) (26, 401) (19, 253) (7, 5) (0, 109)
PFP-m 1586 + 29 660 + 29 397 £ 6 16 = 1 108 = 7
(17, 1569) (14, 646) (12, 385) (4,12) (1, 107)
PFP-o 2012 + 128 759 = 30 457 = 11 28 + 1 136 = 3
PDHF 214 = 10 120 = 2 78 = 12 8 + 0.5 14 = 2
(18, 196) (14, 106) (13, 65) 5, 3) 0, 14)
Table 3
Ionization potential (I.P.) and electron affinity (E.A.) of the polymers.
Polymer LP. (eV) E.A. (eV)
PFP-p —5.84 —2.52
PFP-m —-5.82 —-2.18
PFP-o —-5.81 -1.97
PDHF —-5.76 —2.51
is given by Eq. (1)
K
— =1+ Kg [Q
F SV[ ] (1)

where Fj is the integrated PL intensity in the absence of an analyte, F is

the integrated fluorescence intensity in the presence of an analyte, and
[Q] is the concentration of the analyte (dilute) [32].

The steady-state quenching data and a summary of the polymers
with pNT, DNT, DNB, DMNB and BP are given in Fig. 3 and Table 2. The
Ksys measured for PDHF were similar to those reported for PDHF, va-
lidating our methodology.[33] The Kgys followed the general trend of
DNB > DNT > pNT > BP > DMNB. These data correlate well with
the electron affinities (EA) of the analytes, where lower EA led to higher
Ksys. In addition, the Kgys of the PFP polymers followed the trend: PFP-
o > PFP-m > PFP-p. The electronic structure of the polymers was
studied using photoelectron spectroscopy in air (PESA) and the UV-Vis
absorption spectrum (Table 3). It was found that the ionization po-
tential of the PFP polymers were similar (—5.81 to —5.84 V), while
the EA was —2.52eV (PFP-p), —2.18 eV (PFP-m) and —1.97 eV (PFP-
0). The overall free energy change (AG) for electron transfer of the PFP
polymers correlate with the quenching trend of the PFP polymers. To
that end, the larger energy difference between the analyte and polymer
resulted in larger Stern-Volmer quenching constants. This trend does
not follow that of the PDHF, where the electron affinity of PFP-p and
PDHF are similar, while the Stern-Volmer quenching of PFP-p is
roughly four times greater than that of PDHF. The Stern-Volmer
quenching of DMNB was 28 + 1M ™!, which is the highest recorded
polymer based sensor for DMNB. The main-stream explosive fluores-
cence quenching sensing optical probes, based on poly(phenyle-
neethynylene), do not detect DMNB because of the lower electron af-
finities that limit thermodynamic requirements for photoinduced
electron transfer [6,7]. The closest DMNB quenching was based on a
substituted PFP polymer with 22M ™! [23]. The record quenching of
PFP-o is likely due to the higher electron affinity of the polymer [5].
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Although this study demonstrated high sensitivity towards DMNB, the
selectivity still needs to be improved.

Although steady-state measurements provide information regarding
the quenching ability of the polymer, they do not reveal the mechanism
of fluorescence quenching [32]. To that end, the steady-state Stern—
Volmer constant at low analyte concentrations is the sum of the static
(Ks) (the analyte forms a ground state complex with the fluorophore)
and collisional (K.) (the analyte interacts with the photoexcited fluor-
ophore) constants. The collisional quenching constant can therefore be
determined using time-resolved measurements, by Eq. (2)
To
? =1+ Kc [Q] (2)
where 1, is the fluorescence lifetime without a quencher, t is the
fluorescence lifetime with a quencher. The K, and [Q] are the same as
defined previously. The static component can therefore be determined
by Eq. (3)

Ksv = K. + K; 3

Fig. 4 depicts the time-resolved stern-volmer measurements and
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Table 2 summarizes the stern-volmer collisional and static quenching
constants for the polymers and analytes. In general, the quenching of
the polymers by the nitroaromatic analytes was dominated by a static
mechanism, while the quenching using DMNB was primarily colli-
sional in nature. This general trend is likely due to differences in in-
termolecular interactions, where the nitroaromatic analytes are driven
by m-;t interactions. Interestingly, this time resolved data suggests that
the stronger fluorescence quenching of the PFP polymers over the
PDHF is driven by the static interactions between the fluorophore and
the quencher. That is, the collisional quenching in all of the polymers
is roughly the same (given the same analyte) and the static quenching
was the main point of difference, of which the PFP polymers domi-
nated.

To further explore the efficacy of these polymers as sensors, the
solid state quenching and recovery of the polymers was investigated
(Fig. 5), where the initial intensity was normalised to delineate the
effect of interchain interactions. These data were collected from the
emission of a polymer thin film to mimic a Nomadics Fido sensing
device [34], and described in the supporting information. It was found
that all of the films showed photoluminescence quenching after ex-
posing it to PNT, DMNB and BP and the emission intensity recovered
after blowing nitrogen over the sample. Upon exposure of the films to
an analyte, the photoluminescence of the films rapidly quenched fol-
lowed by a plateau into steady-state of quenching. The general trend for
quenching was PFP-p > PFP-m > PDHF > PFP-o (Table 4), where
PFP-p is amongst the most sensitive materials towards PNT. The PDHF
films quenched to 80.4%, which is similar to that previously observed
for poly(9,9-dioctylfluorene), which benchmarks these results [35]. The
trend in the film data can be attributed to a combination of the ex-
ergonicity of electron transfer (driven by LUMO-LUMO offsets) and the
kinetics of analyte diffusion (driven by the porosity of the polymer film)
[22]. These results indicate that the PFP-p is the most porous and the
PFP-o is the least porous PFP. To support this theory, AM1 geometry
optimization calculations were performed on PFP mimics (Fig. 1) and
the estimated free volumes were 14A3 (PFP-0), 139A3 (PFP-m)
and > 150 A® (PFP-p). The porosity of the films was previously corre-
lated with the stokes shift of the polymers, which is consistent with this
data, because it results in “viscous drag” [23]. The recovery of the
photoluminescence by blowing nitrogen on the sample was studied
(Table 5) and it was found that the PFP-p, which is best quencher in the
thin film, required the longest time to recover to steady-state. This
longer recovery time suggests that the analyte is trapped in the polymer
film [22].

Fig. 6 depicts the rate of quenching of PFP-m as a function of the
analytes. For a given polymer, the general trend of the analyte
quenching rate is: PNT > DMNB > BP. The PNT displays the highest
quenching rate, which is reasonable since it has the highest vapour
pressure (4.89 x 10~ 2torr) and the free energy of electron transfer is
the highest of the three analytes. DMNB and BP have a similar vapor
pressure (~1.9 x 10~ 3torr), yet the DMNB quenches the photo-
luminescence to a greater extent. From an energetic perspective, the BP
should have a larger quenching rate, however it was observed that the
DMNB has the highest quenching rate. This difference may be due to
stronger electrostatic interactions that limit the speed of analyte dif-
fusion into the polymer film [23]. This is supported by the higher re-
covery of the original photoluminescence intensity with BP (88.0% of
the original signal) over the DMNB (72.3% of the original signal), upon
exposing the film to pure nitrogen. In addition, semiempirical (AM1)
calculations show that diameter of DMNB is 5.66 A while the diameter
BP is 6.76A. Therefore, an additional contributor to the DMNB
quenching rate may be because the analyte is smaller allowing it to
penetrate the polymer film faster.

4. Conclusion

Highly luminescent PFP based polymers were prepared and are
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figure legend, the reader is referred to the web version of this article.)

Table 4

Solid state quenching using PNT and DMNB. Values and errors are calculated based on an average of 5 measurements.

Analyte

Pyap, 298.17 K (torr) [8,23] PFP-p PFP-m PFP-0 PDHF
Quenching [%] Quenching [%] Quenching [%] Quenching [%]
PNT 4.89 x 1072 914 = 1.1 83.1 = 0.8 76.8 = 2.0 80.4 = 1.4
DMNB 1.88 x 1072 71.5 = 0.6 63.6 = 1.7 53.3 = 31 59.6 = 1.4
BP 1.93x 1072 63.9 + 5.0 49.1 + 1.8 50.8 + 0.2 39.5 + 1.5
Table 5 50 « PNT .
Solid state emission intensity recovery to steady-state with pure nitrogen for DMNB
.
180 sec (%), 120 sec (%), 90 sec (), 60 sec (%) after exposure to PNT, DMNB and .
BP. X 40 { BP
g
Analyte PFP-p PFP-m PFP-o PDHF 5
Recovery [%] Recovery [%] Recovery [%] Recovery [%] E 30 A
w
PNT 82.6 * 1.9% 64.5 * 4.9° 60.6 + 2.51¢ 85.3 * 0.6¢ @ 50
(55.3 = 3.4 (60.0 = 5.9)¢ =
DMNB 93.4 + 1.9° 72.3 * 1.7¢ 73.0 + 4.51¢ 81.1 + 1.2¢ §
(84.5 + 3.5)¢ g 10 A
BP 95.6 + 2.2° 88.0 + 1.14 73.6 = 0214 945 + 1.5¢
89.2 + 4.7)¢
¢ ) 0 T T T
29 30 31 32 33

amongst the highest photoluminescence solution and thin film
quenchers reported for nitro-aromatic and -aliphatic materials. In so-
lution, it was determined that the driving factors for photoluminescence
quenching are the exergonicity of electron transfer and the mechanism
of quenching, where the PFP-o had optimal characteristics. In the thin
film state, the combined factors of exergonicity of electron transfer and
the kinetics of diffusion of the analytes are crucial for the sensing. Our

Time (seconds)

Fig. 6. The quenching rate of PFP-m as a function of PNT (4), DMNB (M) and
BP (a) analytes.

thin film data suggests that PFP-p had the best compromise between the
thermodynamics of quenching and the free molecular volume for high
performance sensing.
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