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Three poly(dendrimer)s and their corresponding monomers have been studied for the detection of trace
quantities of nitro-based explosives. The poly(dendrimer) structures consist of side-chain conjugated
triphenylamine-based chromophores attached to a non-conjugated norbornenyl-derived polymer
backbone, with the polymers prepared using a ring opening metathesis polymerisation. The conjugation
length, steric bulk, and surface groups of the chromophores were varied to explore their effects on
sensing performance. Solution-based Stern—Volmer (SV) measurements were conducted on the materials to
investigate the guenching responses to the nitro-aliphatic taggant, 2,3-dimethyl-2,3-dinitrobutane (DMNB),
and the nitroaromatic analyte, 2,4-dinitrotoluene (DNT). The SV measurements showed a general trend of
an increase in the solution quenching response (observed for both analytes) when going from the monomer
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to the corresponding poly(dendrimer). Furthermore, the poly(dendrimer) that had the smallest and least
sterically encumbered chromophore was found to have the largest response to both DNT and DMNB.
Combination of time-resolved and steady-state SV measurements revealed that for the poly(dendrimer)s the
quenching by DNT was dominated by a dynamic mechanism, whereas for DMNB it was roughly split
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Introduction

Trace detection of explosives and related compounds is crucial
to countering terrorism and providing homeland security.
In particular, there is demand for in-field methods that can
detect vapours of nitro-based chemicals such as 2,4,6-trinitro-
toluene (TNT) and its by-product 2,4-dinitrotoluene (DNT),
as well as nitrated explosive taggants like 2,3-dimethyl-2,3-
dinitrobutane (DMNB)."™ Detectors based on standard spectro-
scopic methods such as mass spectrometry, infrared spectro-
metry, terahertz spectrometry, and Raman spectroscopy can be
selective and sensitive, but are often expensive, power hungry
and cumbersome, and hence less amenable to field use.”™®
Fluorescence-based detectors can sense trace levels of explo-
sives and taggants and can be incorporated into robust and
compact devices.”* Hence, they are a promising technology
for developing handheld detectors for explosives.

The fluorescent sensing material is the key component in a
vapour detector and largely determines the performance of the
device. In the case of nitro-containing analytes the sensing
mechanism is oxidative fluorescence quenching. Oxidative
fluorescence quenching is achieved by designing the sensing
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between instantaneous and dynamic quenching.

material such that when photoexcited, the excited electron is
transferred to a high electron affinity nitro-based analyte.'*
Previous studies have explored the potential of linear conju-
gated polymers,>'* dendrimers,'* and small molecules,” as
well as aggregate induced emission,® for the detection of nitro-
based explosives and taggants. Small molecule-based sensing
materials have included anthracene, pyrene, carbazole, fluor-
anthene, and triphenylamine moieties within the sensing
chromophore.'"**"'® However, one of the limitations of small
molecule solution-based quenching is that no signal amplifica-
tion is observed as the interaction of one analyte molecule can
only quench the fluorescence of one chromophore due to
localisation of the exciton. In contrast, it has been reported
that conjugated polymers such as poly(phenylethynylene) (PPE)
and poly(1,4-phenylenevinylene) (PPV) can exhibit an amplified
quenching response in solution due to exciton diffusion along
the conjugated polymer backbone.'”° Similar amplification of
the quenching response has been demonstrated for dendri-
meric sensing materials. For example, Cavaye et al. showed
that an adamantyl-centred dendrimer composed of four
phenylbifluorene-based chromophores capped with first gene-
ration biphenyl dendrons containing 2-ethylhexyloxy surface
groups had an amplified quenching response in solution with
one analyte quenching multiple chromophores.?'>?

In this manuscript we introduce a family of poly(dendrimer)s as
a new class of materials to explore the role of exciton diffusion and
analyte-sensor interactions for detection of explosives in solution.
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Fig. 1 Chemical structures for materials P1-3.

The poly(dendrimers) are composed of conjugated chromophore
side-chains and a norbornenyl-derived polymer backbone (P1-3,
Fig. 1), which were synthesised using a ring opening metathesis
polymerisation.> The chromophores of the poly(dendrimer)s were
all triphenylamine centred, as this moiety has been previously
used in materials designed to detect nitro-based explosives,*> >
and in some cases selective detection has been demonstrated.””
The poly(dendrimer)s differ with respect to the conjugated unit
attached to the triphenylamine centre. The simplest poly-
(dendrimer), P1, had a fluorenyl moiety connected to two of
the phenyl rings of the triphenylamine. P2 is similar to P1 but
has bifluorenes rather than fluorene units attached, whilst P3
contains first generation biphenyl dendrons with 2-ethylhexyloxy
surface groups in place of the second fluorene units of P2. Thus,
the poly(dendrimer) structures allow comparison of the effect of
chromophore size (P1 versus P2) and steric hindrance (P1 versus P3)
on the photophysical properties of the poly(dendrimer)s and
their solution -based sensing response. We describe the syn-
thesis and characterisation of the poly(dendrimer)s, and the
mechanism and efficiency of the solution quenching response
with two nitro-containing analytes, namely DMNB and DNT.
In particular, we explore whether a non-conjugated polymer
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with conjugated side-chain chromophores can exhibit an
amplified quenching response in solution in a similar manner
to conjugated polymers and multi-chromophoric dendrimers.

Results and discussion
Synthesis and physical characterisation

The synthetic pathways to the three poly(dendrimer)s are illu-
strated in Scheme 1 and all follow the same general strategy
(see ESIt for experimental details). In the first step, the requi-
site boronic acid was coupled under Suzuki conditions with
4-bromo-N-{4-bromophenyl]-N-[4-nitrophenyl]aniline to give the
nitro-focussed dendrons 4-6 in yields of order 90%. The nitro
compounds were then reduced using hydrogen and palladium
on charcoal to give the corresponding amines. However, we
found that the amines were prone to oxidation and decomposi-
tion and hence were used without purification to form their
respective amides by reaction with (1S,4R)-bicyclo[2.2.1]hepta-
2,5-diene-2-carboxylic acid (97% exo) to give M1, M2, and M3
in yields of 27%, 35%, and 35%, respectively. The monomers
(M1-M3) were then polymerised using the Grubbs third

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Reactions and conditions (i) Pd(PPhs),, aq. K,COs, PhMe, Ar, heat; (i) Pd/C (10% w/w), H,, CHCls, EtOH, r.t. then (1S,4R)-bicyclo[2.2.1]hepta-
2,5-diene-2-carboxylic acid (97% exo), DCC, DMAP, DCM, r.t.; (i) Grubbs third generation catalyst (1 mol% or 5 mol%), THF, r.t. R’ = 2-ethylhexyl.

Table 1 Molecular weights and dispersities of P1-3

M, M, b Catalyst ratio (mol%)
P1 1.4 x 10° 1.9 x 10° 1.4 1
P2 1.8 x 10* 2.4 x 10* 1.3 5
P3 2.5 x 10* 3.5 x 10* 1.4 5

generation catalyst to give the polymers in yields by weight of
95%, 68%, and 65% for P1, P2 and P3, respectively. Table 1
summarises the poly(dendrimer) molecular weights and disper-
sities. We found that the more sterically encumbered monomers,
M2 and M3, required a higher catalyst loading (5 mol%) than M1
(1 mol%) and this is reflected in the molecular weights of the
poly(dendrimer)s.

Photophysical and electronic properties

The solution absorption and photoluminescence (PL) spectra of
the monomers and polymers are shown in Fig. 2. It can be seen
that the absorption spectra for each monomer and polymer pair
were essentially the same. It can also be observed that the onset
of the absorption of M2/P2 and M3/P3 were at longer wave-
lengths than M1/P1, which is consistent with extension of the
chromophore conjugation length by the extra fluorene moiety
on each arm for the former and the dendron on the latter. The
red shift in the absorption onset and peak maximum was

This journal is © The Royal Society of Chemistry 2020

mirrored in the PL spectra, with M2/P2 and M3/P3 having
emission at longer wavelengths than M1/P1. An interesting
feature of the PL spectra is that the poly(dendrimer)s all
had a larger Stokes shift compared to their corresponding
monomers, which is advantageous for sensing as it reduces
the inner filter effect and attenuation of the emission. The exact
reason for the larger apparent Stokes shift is unclear but may be
due to stabilisation of the excited state through interaction with
neighbouring ground-state chromophores along the polymer
backbone.

To further probe the photophysical properties of the materials
we measured their PL quantum yields (PLQYs) and lifetimes, with
the results summarised in Table 2. The first point to note is
that the PLQY values of the monomers and poly(dendrimer)s
are all high and suitable for use as materials for oxidative
fluorescence-based quenching measurements. The monomers
all have similar PLQY values with the poly(dendrimer)s on
average having slightly lower values than their corresponding
monomers. The fact that the PLQY values of the poly-
(dendrimer)s are slightly lower than those of the monomers
is consistent with there being weak intra-polymer inter-
chromophore interactions. This analysis is supported by the
fact that the PL lifetimes of the poly(dendrimer)s are longer
than those of the corresponding monomers with their radiative
rates being slightly decreased.

Mater. Adv., 2020, 1, 837-844 | 839
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Fig. 2 Solution (toluene) absorption (dashed lines) and emission (solid
lines) spectra of monomers M1-3 (grey) and poly(dendrimers) P1-3 (black).

Table 2 Solution PLQYs, lifetimes, and decay rates for M1-3 and P1-3

PLQY (%)  to° (ns) Kg (x10%s571)  Kygr (x10°s7Y)
M1 6647 117 £ 0.04 57+ 0.6 2.9+ 0.8
P1 59+ 6 1.34 £ 0.02 45405 31405
M2 7147 0.90 +£0.01 7.9+ 0.8 33408
P2 66 + 7 1324+ 0.01 50405 2.6 + 0.5
M3 7047 0.97 £ 0.01 7.3 +0.7 31407
P3 57+6 1.03 £ 0.04 55406 42408

“ The error on the lifetime measurement is the standard deviation from
multiple independent measurements.

To determine whether a material is suitable for detecting
nitro-based materials by oxidative fluorescence quenching it is
important to know the relative electron affinities. We have used
cyclic voltammetry to determine the solution oxidation potentials
of the materials. All the materials were found to undergo chemi-
cally reversible oxidations with the E;,,s summarised in Table 3.
Within experimental error the oxidation potentials of the materials
were the same at around 0.2-0.3 V. Chemically reversible reduc-
tions for all the materials could not be observed and so the electron
affinities of the monomers and poly(dendrimers)s were estimated

Table 3 Summary of the first oxidation potential relative to the ferrocene/
ferrocenium couple, and calculated optical gap, ionisation potential and
electron affinity for M1-3 and P1-3

Ionisation Optical Electron
E130x (V) potential (eV) gap (eV) affinity (eV)
DMNB 2.6
DNT 3.1
M1 0.2 5.0 3.2 1.8
P1 0.3 5.1 3.2 1.9
M2 0.2 5.0 3.1 1.9
P2 0.2 5.1 3.1 2.0
M3 0.2 5.0 3.1 1.9
P3 0.3 5.1 3.1 2.0

Reference values are used for the electron affinities of DMNB?’ and

DNT.*°

840 | Mater. Adv., 2020, 1, 837-844
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from the oxidation potential and optical gap in the following
manner. The ionisation potentials were calculated from the E; ,s
of the first oxidation relative to the ionisation potential of
ferrocene. The optical gap was estimated from the absorption
and PL spectra using a previously reported method.*® Finally, the
electron affinity was calculated by subtracting the optical gap
from the ionisation potential. The key point from these calcula-
tions was that the electron affinities of all the materials were
sufficiently smaller than those reported for DMNB and DNT
(see Table 3) by more than the ~0.3-0.5 eV typically reported for
exciton binding energies,” and hence the materials would
be expected to detect the analytes by oxidative fluorescence
quenching.

Characterisation of the quenching response

To characterise and quantify the quenching efficiencies of the
materials in solution, Stern-Volmer measurements were per-
formed. The nitro-containing analytes chosen for this study
were DNT and DMNB, which are both real-world targets for
detection. DNT is a nitroaromatic by-product of TNT synthesis,
which is more volatile and, thus, easier to detect than TNT.*!
DMNB is a widely used nitro-aliphatic taggant that is added to
most commercially available plastic explosives. Therefore,
these analytes provide insight into whether the polymers inter-
act with aliphatic and aromatic analytes.
For steady-state measurements, the Stern-Volmer equation
is given by
F

— =1+ Ksw[Q],

- (1)

where F, is the initial fluorescence of the material in solution
prior to analyte addition, F is the fluorescence of the solution
for a given analyte concentration Q and Kgy is the Stern-Volmer

- F L
constant. Providing the plot of fO versus [Q] is linear, the value

of Kgy can be determined from fitting to the data. However, the
details of the quenching mechanism, cannot be determined
from steady-state measurements alone.

Steady-state quenching experiments were performed on
optically dilute (absorbance of ~0.1 at the excitation wave-
length) toluene solutions of M1-3 and the corresponding
poly(dendrimer)s P1-3. Given that the chromophores in the
poly(dendrimer) were not in conjugation, the concentration of
the chromophores in solution was essentially the same between
each monomer and poly(dendrimer) pair. Hence, the stoi-
chiometric ratio of analyte to chromophore was to first order
the same for monomer and poly(dendrimer) solutions at
each analyte concentration. The excitation wavelength selected
for each sensor material and analyte combination was chosen
to enable photo-excitation of the sensing material while
minimising parasitic absorption by the analyte. While the
molar extinction coefficient of the analyte was relatively low
at the excitation wavelength the fact that it was present at
relatively high concentrations led to attenuation of the excitation.
Furthermore, the sensing material and analyte absorb a fraction
of the emission from the sensing material, resulting in a greater

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Representative steady-state Stern—Volmer plots for poly(dendrimer)s P1-3 (red diamonds) and corresponding monomer M1-3 (blue triangles)

with DNT (left) and DMNB (right).

than expected reduction in PL intensity with analyte concen-
tration than would be expected from quenching alone. We have
corrected the data for both of these effects following a pre-
viously reported method?” to avoid the resulting overestimation
of Kgy.

Representative plots for the steady-state Stern-Volmer mea-
surements of the monomers and poly(dendrimer)s with
DNT and DMNB are shown in Fig. 3 and the values of the
Stern-Volmer constants are summarised in Table 4. The Stern-
Volmer constants were of similar magnitude to those previously
reported for sensing materials containing triarylamine
moieties.””*> DMNB has a lower electron affinity than DNT
(see Table 3) and being a nitro-aliphatic compound does not
have the same capability as DNT for n-n interactions. These
characteristics typically result in reduced quenching efficiency
and lower Kgy values for DMNB. All the materials except for

F
P2 showed a linear relationship between FO and [Q] at the

concentrations used. The plot for P2 and DMNB showed a

Table 4 Steady-state Stern—Volmer constants for the monomers M1-3
and polymers P1-3 measured in toluene

DNT DMNB
Ky M7H Kp (M) Ky M7H Kp (M)
M1 50 + 3 27 +3 24 +1 14 +1
M2 2743 274+ 3 1341 10+ 1
M3 27+ 6 2142 17 +£1 10+ 1
P1 62+6 45+ 5 32+1 19 +2
P2 49+ 5 354+ 4 23+ 1 1241
P3 43 £ 2 29 + 3 20+ 1 11+1

This journal is © The Royal Society of Chemistry 2020

slight downward curvature, which is indicative of a saturation
of the response. Saturation can occur when if some of the
chromophores in the system are in accessible to the analyte, for
example, if some of the chromophores are buried due to the
conformation of the polymer backbone.?®

At first glance it can be seen in Table 4 that the Stern-
Volmer constants for the poly(dendrimer)s are all higher than
their respective monomers for each of the analytes. However, to
gain deeper insight into the quenching mechanisms of the
materials, time-resolved Stern-Volmer measurements were also
performed with the results shown Fig. 4. The PL lifetime of a
material is affected by processes that result in quenching of the
singlet exciton following photoexcitation. If the quenching is
instantaneous, perhaps due to the binding of an analyte to the
photoexcited chromophore, then the PL intensity is reduced
with no change in the PL lifetime. In solution-based measure-
ments on single chromophore systems, a change in the PL
lifetime corresponds to quenching of the excited state as a
result of a collisional interactions with the analyte. In polymeric
systems, there are two mechanisms that can change the life-
time. A collisional interaction, as observed in single chromo-
phore systems, could lead to quenching of the singlet exciton or
the exciton could migrate between adjacent chromophores
until it reaches a chromophore to which an analyte is bound
and is quenched. Since there are multiple processes that can
lead to the decrease in the PL lifetime of the singlet exciton for
the poly(dendrimer)s we define these effects as ‘“‘dynamic
quenching” rather than “collisional quenching”. Given that
dynamic quenching encompasses processes that depopulate
the excited state, the lifetime in the absence (7,) and presence () of

Mater. Adv., 2020, 1,837-844 | 841
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Fig. 4 Representative PL lifetime Stern—Volmer plots for M1-3 (blue triangles) and corresponding poly(dendrimer)s P1-3 (red diamonds) for DNT (left)

and DMNB (right).

the quencher leads to the following Stern-Volmer relation

7 =1+Ko[Q] ©)

A plot of T?O versus [Q] that is a straight line has the slope equal to

the dynamic quenching constant Kp,. At low analyte concentrations
the contribution from instantaneous quenching, K;, can be esti-
mated from Kgy = K; + Kp.

The measured steady-state Stern-Volmer constant and the
dynamic quenching constants (from the time-resolved PL mea-
surements) for the monomers and poly(dendrimer)s with DNT
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and DMNB are summarised in Table 4. Fig. 5 shows the relative
proportions of dynamic and instantaneous quenching for each
monomer and poly(dendrimer) with DNT and DMNB. The Kgy
values show that for the monomers there is an overall decrease
in the quenching response to DNT when going from M1 to M3,
which is driven by a reduction in the instantaneous quenching
component. This suggests that there is stronger binding of DNT
with M1 than M2 and M3. When going from a monomer to the
corresponding poly(dendrimer) there was an increase in the Kgy
value with DNT, which is similar to the behaviour reported for
linear conjugated polymers, where large enhancements in
Stern-Volmer constants were observed in the polymer relative

DMNB
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Fig. 5 Summary of the Stern—Volmer constants for M1-3 (in blue) and P1-3 (in red) with DNT (left) and DMNB (right). On each plot there are three pairs
of bars corresponding to each monomer/polymer pair. The solid-fill corresponds to the dynamic component of quenching (Kp) with the hatched part
corresponding to the instantaneous quenching contribution (K)). The total height of the bar is the measured Stern—Volmer constant (Ksy).
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to a monomeric chemosensor."® From the time-resolved PL
measurements the contribution from dynamic quenching
was found to increase in going from the monomers to the
poly(dendrimer)s, which was also accompanied with an
increase in the instantaneous quenching contribution in going
from M2 to P2 and M3 to P3. The lower Kgy values of P2 and P3
than P1 are primarily due to the lower dynamic quenching
constants and suggests that intra-polymer exciton transfer for
P2 and P3 is less efficient. This could be due to differences in
polymer conformation with the latter materials having bulkier
side-chains. Alternatively, it could be due to a reduction in
collisional interactions due to the lower molecular weights of
P2 and P3 relative to P1.

The monomer responses to DMNB were found to be gen-
erally smaller than that of the corresponding poly(dendrimer)s.
Furthermore, the Kgys for the monomers and poly(dendrimer)s
for DMNB were all lower than DNT, which is consistent with its
smaller electron affinity and the lack of an aromatic unit that
encourages n-7n interactions. Interestingly, the poly(dendrimer)s
all exhibited significant instantaneous quenching, particularly P2
and P3 when compared to their monomers and previously
reported triphenylamine-centred dendrimers. That is, the DMNB
is binding more strongly with the poly(dendrimer)s, which could
be due to adjacent dendritic side-chains along the polymer back-
bone acting in concert to bind the DMNB.

Conclusions

Three dendritic monomers and their corresponding poly-
(dendrimer)s with variations within the triphenylamine-based
sensing chromophore were synthesised and their sensing ability
for nitro-based analytes determined. Of particular interest was the
effect of varying the chromophores on sensing performance in
solution, as well as the effect of going from the monomer (single
chromophore) to poly(dendrimer) (multiple chromophores).
Stern-Volmer measurements confirmed that the fluorescence of
the monomer/polymer pairs was quenched by DNT and DMNB,
indicating that these are candidate sensing materials for the
detection of nitro-based explosives and taggants. It was found that
the bulkier monomers (M2 and M3) had smaller quenching
responses than M1 for both analytes. The Stern-Volmer constants
of the poly(dendrimer)s were roughly 50% larger than their
corresponding monomers. This enhancement is consistent with
an amplification effect in solution and was attributed to a combi-
nation of increased binding of the analyte to the poly(dendrimer)s
and/or intramolecular exciton diffusion.
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