Detection of Nitroaromatic Compounds
through Fluorescence Quenching of Pyrene

Labeled Starch Nanoparticles

by

Sanjay Rajnikant Patel

A thesis
presented to the University Of Waterloo
In fulfilment of the
Thesis requirement for the degree of
Master of Science
in

Chemistry

Waterloo, Ontario, Canada 2018

© Sanjay Rajnikant Patel 2018



AUTHOR'S DECLARATION
| hereby declare that | am the sole author of this thesis. This is a true copy of thentleslisg

any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

The aim of this research was to demonstrate the potential application of rsa@barticles
(SNPs) labeled with-pyrenebutyric acid (PBA) as the active component in optical sensors used
for the detection of minute quantities of nitroaromatic compoundk 8as 2,4 4rinitrotoluene
(TNT). Pyrenelabeled SNPsRy-SNP9 with pyrene content ranging from 0.06 to 39 mol% were
prepared. Quenching of the 8\NPs by nitromethane (NM)-#ononitrotoluene (MNT), 24
dinitrotoluene (DNT), and TNT was investigateddimethyl sulfoxide (DMSQO) and water. The
bimolecular quenching rate constant for&\YPs in DMSOMKqsne) remained constant with pyrene
content and was found to equab {+ 0.1), 3.9 (0.2), 2.2 (£ 0.2), and 1.6 (= 0.B) L.ns? for

NM, MNT, DNT, and TNT, respectively, averaged across alSR¥s for a given quencher. These
guenching experiments revealed that the quenching efficiency in DMSO increased according to
the sequence MNT>DNT>TNT=NM, where MNT was the most efficient gouenand TNT and

NM were the worst quenchers. Quenching studies conducted in water-&¥mPs/quenched by

NM showed increased protective quenching with increased pyrene content, sugtjesting
hydrophobic aggregation of the pyrene labels induced a sellapthe PASNPs in water that
hindered the diffusion of NM to access the pyrene labels. Hardly any diffusive quenching was
observed in water for the quenching of theSNPs by MNT, DNT, and TNT. Rather these
guenchers targeted hydrophobic aggregatepyoéne labels, which emitted as excimer. The
binding of the quenchers to the pyrene aggregates of &Py increased with increasing pyrene
content and followed the sequence TNT >> DNT > MNT. In addition to quenching studies
conducted in solution, quehing studies were repeated with MNT, DNT, and TNT on solid films
of Py-SNPscoated filter paper@Py-CFPs). Vapour quenching studies yielded response times of
0.48 (£0.05) and 3.6 (0.3) min for airsaturated with MNT and DNT, respectively. Detection

limits for the quenching of P@FPs by MNT, DNT, and TNT deposited onto the filter paper were



found to equal 30 (8), 11 (#5), and 1.4 (= 0.6) ng per nrrin terms of detection limits, these
results place the P@FPs among the best optical sensors cugreavilable for the detection of

TNT.
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Chapter 1

Introduction



1.0 Introduction

Nitroaromatic compoundédNACs) are well known for theiuse aexplosives'' 2 and pesticide$®
Unfortunately,NACs arealso knowrnto bemutagent to humans and toxic to the environméft.
Furthermore, as most NACs are explosives, they pose significant security risks in public areas.
Consequently, the ability to detect their presehas become an urgent public née@urrent
methods employed fothe detection of NACs include ion mobility spectroscopy, mass
spectroscopy, or canine untts.Although these methods offer high sensitivity, typically on the
order of ppb and ppthey suffer frormat least one or more of the following drawbacks: high cost,
non-portability, and complex instrumentatiéi Owing to these disadvantages, the suitability of
alternate detection methods based on surface enhanced Raman spectroscopy, electronic olfactory
systems, and sensor techniques have been investigaWihin the realm ofsensotbased
techniques, fluorescence has gaimuch popularity due to its lower requirements in terms of
relatively simple instrumentation, portability, low cost, and higmsagity.>° In these
experiments, electrerich dyes are exposed to electjpmor NACs resulting in efficient
guenching of the dyes. The luminophores that have been employed so far in fluorescence sensors
include conjugatedpolymers®3€15 nanodot$:®1%17 metal complexe&® luminophores that
undergo aggregation induced emission (AIEgéns$}? 2% and pyrené®2427 Contrary to AIEgens

whose fluorescence is dramatically enhanced upon aggregation in water, aggregation of pyrene
induces pyrene excimer formation which shifts the purgisie fluorescence of the pyrene
monomer (37G 400 nm) to the green fluorescence of the excimer (4600 nm)?® Beside the
luminophore, the nature of the substrate used in a fluorescence sensor must be carefully considered
as it must ensure that the luminophores be readilsessible upon exposure to NACSs.

Consequently, substrates which offer an open structure are often selected for fluorescence sensors.



These include mesoporous silica fildig¥32 or thin films of microsphere®, nanofibers;*2%27
dendrimers®3®> and hyperbranchét® or linear polymer¥:18:21.22.24.25.27.308%0 gengsited on a
glass, quartz, or paper substrate. However, the preparat these fluorescent substrates is
commonly based omulti-stepsyntheses that usually increase costs during the scale up process,
limiting their potential applicability in an industrial settinig. this work, the fluorescence of
pyrenelabeled starcmanoparticles (R$BNPs) wasemployed to detect minute quantities of
nitroaromatic compounds. Starch nanoparticles (SNPs) offer several advantagéiseother
polymeric scaffolds¢raditionally usedn optical sensors$SNPs are derivefilom food grade starch

As such, SNPsepresent aosteffectiveand nontoximanosized materiakurthermoreSNPs are
alreadybeing employed industriallgsnatural alternatives to styrene butadiene latexes for paper
coating***2 As sud, they strongly interact with cellulose and adsorb tightly onto the surface of
the cellulosic fibers constituting paper. However the development of an optical sensor based on
SNPs requires that they be fluorescently labeled. A wide arfayoobphoreshas been described

in the scientific literaturefor the detection ofNACs with the dye pyrene being one of
themELl,13,14,16,18,20,22,24,26,29,30,37,384@

In this work pyrene was chosen as the fluorescenttdylabel SNPowing to its welt
known photophysical properti@ssuch as high quantum yieldnd large molar extinction
coefficientwhich enable its detection at low concentratjatssability to formexcimes, andits
hydrophobicity(sdubility of pyrene equals 0.#M in water)*° Labelingof SNPs with pyrene
induces the formation diydrophobic pyreneich microdomainsn water thatemit as excimer
upon direct excitationThe hydrophobic microdomaing$ the pyrendabeled SNPs (RgNPs)an
be exploited to drive sparinglyatersolubleNACsto them. Since most nitroaromatic compounds

are well known quenchers of fluorescence, the hydrophobic microdomains geibgratedryl



aggregatewithin Py-SNPsadsorbed onto papeffer an inherent means detect NACs in water

by moritoring their sensitivity to fluorescence quenching.

1.1 Starch

Starch is the second most abundant biopolyawaiable on earthtypically found in many plants

where it mainly serves as energy storaitfg.Starch consists of amylose and amylopectin, where
amylose is a linear polysaccharide composed of anhydroglucose units conneceed aAd) U (1
linkage and amylopectin is a highly branched polysaccharide composed of anhydroglucose units
connect eAdd)vild nkk a(gles wi t h b ®A&)rinkdgésh Theirstoucturer r i n g
is shown in Figure 1. Since starch can be isolfi&d a variety of sources such as peas, wheat,
corn, potatoes, etc., the size and branching level of amylose and amylopectihr¥2tin this

thesis, theeseach grade starch nanoparticles (SNPs) obtained EooBynthetix were derived

from corn starch which is composed mainly of amylopectin. Starch, found as mgirsd
granules in nature, is not typically dispersible in water. By contrast, the Sijipdied by
EcoSynthetix, namely SNP1 and SNP2 with a hydrodynamic diameter of, respectively, 46 (x 3)
and 8.3 (+ 0.7) nm; were water dispersible. In addition to water dispersibility, the SNPs retained
the numerous advantages of starch, such as their innatxioity, environmentally friendly
production free of organic solvents, and facile chemical naaditin and adsorption onto paper.

An important industrial use for SNPs is as coating material to replace styrene butadiene and styrene
acrylate latex in paper coating applicati6h® Consequently, the development of an optical
sensor utilizing SNPs maygpresent a new industrial application for SN#P&l could provide a

cost effective means to detect NACs in settings where NAC detection is of the utmost importance

such as in public spaces.
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Figure 1. Chemical structure of amylose (A) and amylopectin (B).

The development of an optical sensor based on SNPs requires the fluorescent labeling of
their polysaccharide scaffold. Therefore a brief introduction into fluorescence and the
photochemical properties of the chosen fluorophore, pyrene, is provided hereafter.

1.2 Fluorescence
Fluorescence is a welnown photophysical phenomenon where the relaxation of an excited
molecule to its groundtate is associated with the emission ohatpn>® This process can be

easily visualized with the Jablonski diagranewh in Figure 2.

3
2 ——
1
S, 0
= Internal Conversion
Energy 3
1
- + —=F
5 0 —
>— Fluorescence
3
2
1
4 —
§ 0

Figure 2. Jablonski diagram describing the fluorescence phenomenon



Fluorescence begins with the absorption of a photon of enewyywhereni s Pl anc k 0 s
constant and is the frequency of the electromagnetic radiatfoAbsorption of a photoby the

fluorophore at an excitation waveleng#sy, results in its excitation from the lowest vibrational
level of the lowest electronic stat%() to one of the vibrational levels of a higher electronic state.

This process typically occurs within 79 s>° Depending on the energy havingebeabsorbed by
the fluorophore, the excited molecule will reach one of the vibrational energy levels of a higher
electronicstateq;, ¢ . ) . The excited fluorophore wildl un

process whereby the excited molectidiaxes down to the lowest vibrational energy level of the

S; electronic stateﬁ). Internal conversion typically occurs within-30s. The molecule will then

relax from $ back to one of the vibrational ergy levels of the lowest electronic state, 3/

emitting a photon at a wavelengts;, The energy of a photon <can

h3 c

eguation given ag = , WhereE and/ are, respectively, the energy and wavelength of the

photonandc is the speed of ligh€ E and/ being inversely proportional, a higher wavelength
corresponds therefore to a lower energy. Since energy is lost via internal conversion (as seen in
the Jablonski diagram), solvent relaxation, and variousradiative processes, an energy larger

than thatcorresponding to fluorescence is required to excite the fluorophore. The energy loss
between the absorption and emissi chntarfthim f | uo
energy loss can be amplified or reduced depending on the ability of the local environment of the
fluorophore to undergo molecular rearrangemémds stabilize (or not) the dipole moment of the
fluorophore as it transitions between its excited and ground states. Thus, the fluorescence signal is

often found to respond to the polarity of the local environment experienced at the molecular level



by afluorophore which makes fluorescence an excellent analytical tool to probe the behavior of

fluorescently labeled macromolecules in solution and the solid state.

1.2.1 Pyrene

Numerous fluorophores are commercially available for fluorescence quenchiregstiokivever,
considering that this project was to develop a-uffroptical sensor for the detection of NACs,

the dye to be employed in these studies needed to be carefully selected. Pyrene has many
advantageous photophysical properties such as a largd$icence lifetime (~400 ns in unaerated
cyclohexane¥ and a high quantum vyield (0.31 in cyclohex&h@nd large molar extinction
coefficient (54,000 Mt.cnt! in cyclohexane at 335.2 nfi)that enable its easgetection at
micromolar concentrations due to its strong fluorescence signal. In addition to thekaomail
properties, pyrene can also foamexcimer. An excimer is an excited complex between an excited
and a groundtate fluorophoré® Many aromatic fluorophores, such as naphthalene or perylene,
are known to form excimer, but their excimer fluorescence is either weak or overlaps the monomer
fluorescence. Pyrene stands aampared to other fluorophores because it forms excimer
efficiently and the fluorescence of the pyrene monomer and excimer do not ¢@itiépenables

one to monitor theldiorescence signal of the monomer and excimer independently providing two
optical channels to probe the kinetics of pyrene excimer formation (PEF). Many of the special
photophysical properties of pyrene are due to the fact thaditsahsition is symmey forbidden.

The symmetry forbidden-0 transition of pyrene results in the absence of overlap between the
absorption and fluorescence spectra of pyrene which minimizes the inner filter effect when
working at high pyrene concentration, the ability of pyéo respond to the polarity of its local

environment, and its long lifetinfé. Furthermore, the quasbsence of overlap between the



absorption and fluorescence spectraysepe implies that the energy of an excited pyrene cannot

hop between different pyrene labels contrary to other dyes like naphthalene or perylene, even when
the average distance between pyrene labels decreases as they approach each other during excimer
formation?® In this work, kpyrenebutyric acid (Figure 3) was selected to fluorescently label the

SNPs06!

OH

Figure 3. Chemical structure of-pyrenebutyric acid (PBA).

1.3 Quenching

This project was to assess the potential eSRWR-coated filter papers (P@FPs) as optical sensors

for the detection of nitroaromatic compounds @& by monitoring a decrease in fluorescence
intensity of the PYCFPs upon contact with NACs. As such, quenching played a key role in the
design of the PYCFP optical sensor. Quenching refers to any photophysical process leading to a
decrease in the oveldluorescence intensity of a dye. The processes include fluorescence
resonance energy transfer (FRET), electron transfer, or excimer formation, to name but a few.
Quenching can occur in a dynamic manner by diffusive encounters between an excited dye and a
guencher or in a static manner through the formation of a gretael complex between a dye and

a quencher. The former and latter processes are referred to as, respectively, dynamic and static

guenching and are described in more details in the nexbsecti



1.3.1 Dynamic Quenching

Dynamic quenching, also called collisional quenching, is a process whereby the quencher will
diffuse through the solution and encounter an excited fluorophore. Upon contact between the
guencher and the excited fluorophore, thecited fluorophore will undergo a neadiative
transition to the ground state without the emission of a photon. The\&téner (SV) equation

given in Equation 1 describes quantitatively the decrease in fluorescence intensity and lifetime due

to collisional quenching.
%=%=1+kq®o®] (1)

In Equation 1F and¢ andF, and¢, are the fluorescence intensity and lifetime of the dye with and
without quencher, respectivelyQ] is the concentration of quencher added, &pds the
bimolecular quenching rate constant. The bimolecular quenching rate constant reflects the
efficiency of quenching. If quenching occurs in a purely dynamic marfgF, plotted as a
function of quencher concentration should yield a linear relationship. Furthefa®rshould be
equivalent tato/f and therefore, both plots should overlap.

1.4.1 Static Quenching

In contrast to dynamic quenching, static quenching occurs via the formation offlacr@scent
complex between a fluorophore and the quencher. Excitation of this complex results in
instartaneous quenching of the fluorophore. As such, fluorescence lifetime measurements report
only on the norcomplexed fluorophores and they are unaffected by the presence of the non
fluorescent complexes. Consequently tfié ratio should equal unity and ram unchanged with
guencher concentration. However, an overall decrease in the fluorescence intensity should be

9



observed with increasing quencher concentraitiothe steadystate fluorescence spectra, since
more nonrfluorescent complexes are generateth increasing quencher concentration, while the
number of uncomplexed fluorescent species decreases. The SV equation given in Equation 1 can
be modified according to Equation 2 to account for static quenching. If quenching occurs
predominantly in a static amner kg approaches zero and a plotFefF as a function of quencher

concentration yieldKs, the equilibrium constant for the formation of the grogitate complex.

n

e=(1 &, rOQP 1 K [@) (2)

|

1.4 Thesis Outline

This thesis aims tdemonstrate that P§NP-coated filter papers (P@FPs) can be employed as
optical sensors. The research that was conducted to achieve this goal is presented in the following
manner. This first chapter provided a brief introduction on NAC detection, SNBsgdcence,

and quenching mechanisms. The experimental procedures and instrumentation used in this thesis
are presented in Chapter 2. Chapter 3 reports the quenching experiments carried éaN&s Py

in DMSO and water to assess the mode of quenching&adoy different NACs in these solvents.
Included in Chapter 3 are experiments where the fluorescence@FPy is quenched either by
exposure to MNT, DNT, and naphthalene vapours or by MNT, DNT, TNT, and naphthalene
adsorbed directly onto the fFPs. Tle advantages and disadvantages of th€Pys were then
compared to those of other optical sensors described in the scientific literature. Chapter 4 reports
on the attempts that were made to lower the detection limits achieved with@€PRyin Chapter

3. Chapter 5 summarizes the key findings of this thesis and makes suggestions for future work.

10
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2.0Experimental Procedures

Materials Two research grad8NPs, namelysNPL and SNP2 with hydrodynamic diameters of
respectively, 46 (+ 3Jand 8.3 (20.7 nm)>® were supplied by EcoSynthetikhey were dispersed
by stirring the dry SNP powddn warm DMSO for 30 minutes to obtain a homogeneous
dispersion. The SRs in the DMSO dispersion wepeecipitated once in HPLC grade acetone to
remove any remaining bgroducts resulting from their production. All chemicalsre purchased
directly from SigmaAldrich and used without further purificatioB8pecial care was ajigd when
handling2,4,6trinitrotoluene (TNT) as it is an explosiv@nly minuscule quantities of TNT were
used in the dry state to conduct the quenching study on t#-Pg. After the quenching studies
were conducted, the RyFPs were rinsed with orgarsolvents to remove traces of TNT. All other
experiments used dilute solutions of TNT (< 1 g/L).

2.1 Synthesis of Pyrene Labeled Starch Nanopatrticles

The pyrendabeled starch nanoparticlesd amylopectifPy-SNPsand PyAmy respectively
used in thisesearch were synthesized according to the reaction scheme shown iMkitpick
had been reported earlier the pyrendabeling of amylosé! The synthesis of Py(8NPL where

8 mol% of the anhydroglucose unitsthe SNP1 samplieore a pyrene label gescribed in more
details hereafterSNPL (1.0 g, 6.2 mmolof anhydroglucose unitsvasdispersed in DMSO (30
mL) by stirringat 60°C for 30 mn. The dispersion was brought to room temperature and DMF
(10 mL) was added.-Pyrenebutyric acid (PBA, 3.65 mmol) and(dimethylamino)pyridine
(DMAP, 0.88 mmol) were dissolved in the SN&ispersion. The mixture was placed in an ice
bath whileN,N&diisopropylcarbodiimide (DIC, 0.848 mL, 5.4 mmol) was added dropwise under

N2 atmosphere. The reaction was allowed to proceed at room temperature for 48 hours under

12



nitrogen atmosphere. The BNPL samplevaspurified via 34 precipitations in tetrahydrofuran
or methanal

Fluorescence spectra of dilute-B)XP dispersions in DMSO of the precipitatedSYPs
([Py] = 2.5x10° M) were acquired and the fluorescence intensity rétitm) of the excimer over
that of the monomer was determined after each precipitation. Since unattached PBA would emit
as monomer, a constdatlwv ratio after two successive precipitations indicated that all unattached
PBA had been removed and that the flgomnce signal was solely due to PBA molecules
covalently attached to the SNA%e degree of substitution (DS) of the ®MPs was determined
with Equations3 and4. In brief, the absorbanc@lfg at 346 nm of a dispersion prepared with a
known massic concgration M in g.L ') of PySNP in DMSO was measured. The number of
moles of pyrene per gram of 8NP ( ry) was determined using Equati8nwhereg the molar
extinction coefficient of PBA in DMSO at 346 nm, equaled 41,400.dvfiv * andl, the cuvette
pat length, was 1 cm. The molar fractiof) 6f anhydroglucose units labeled with pyrene could
then be calculated by applying EquatrwhereMgiy andMpy represented the molar mass of an
unl abel ed|l amell pgr@amleydr ogl ucose ‘unirespgual veb)

met hod described above has been previ®oUsly em

DIC, DMAP
Q —-
o DMSO, DMF

Figure 4. Labelingscheme of SNPs with-dyrenebutyric acid (PBA).
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2.2 QuenchingStudies

Quenching studies conducted in DMSO with nitromethane (l¥)ononitrotoluen¢MNT), and
2,4-dinitrotoluene (DNT) were carried out with a pyrene concentration4&®8M while those
conducted with TNT used @M, pwimgdontee molar extinetion r at i ¢
coefficient of TNTwhich wassignificantly higherthan hat ofNM, MNT, and DNT at 346 nm,

the excitation wavelength fordyrenebutyric acid. These pyrene concentrations were low enough
to prevent any interaction between-8MPs. In each case, a-B)XP dispersion was preparald

split in two halvesThe desied volume of quencher solution in DMSO was added to one half and

a same volume of DMSO without quencher was added to the other half. In so doiwg, tlaéves

of the Py-SNP dispersion in DMS®@adthe same PENP concentration, but omeas without
guenche and the othervas with quencher Mixing different volumes of the two dispersions
yielded the desired range of quencher concentration for the quenching study. This procedure
ensured that increasing quencher concentrations did not dilute {8b8IPylisperi®n so that a
reduction in fluorescence intensity could be assigned to quenching only.

The quenching studies in water were conducted in the same manner. They were
complicated by the fact that pyrene, MNT, DNT, and TNT were sparingly soluble in water. To
circumvent this issue, a FSNP stock solution was prepared in DMSO with a pyrene concentration
of 44M Fhe BySNP stock solution was then diluted with milliQ water to yield an aqueous
Py SNP di sper si on ®MWpyrere coacertrationaAhqu@ous@BNPOdispersions
contained less than 1 wt% of DMSO. The$N\P aqueous dispersions were split into two halves,
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and the quencher was added to only one half at a concentration that was lovitsrstiamation
limit in water equal to 361 at 2€ %2204 at 2£C %2 and 115 mg/L at 23C,%3 alsoequivalent to
molar concentrations of 2.6, 1.1, and 0.51 irfisk MNT, DNT, and TNT, respectively. The two
agueouslispersiongontainng the same PBNP concentration were mixed to adjust the quencher
concentrabn for the quenching studies without affecting theSNP concentration.

The fluorescence spectra and decays acquired with tH&NPy dispersions without
guencher were used to determine the fluorescence intdrgignd lifetime ¢.). The fluorescence
intensity and decay of the B8NP dispersions with quencher were referred td-amnd ¢,
respectively. Quenching studies with MNT, DNT, and TNT in DMSO were conducted with a
triangular cell from Hellma in the front face geometry due to the strong absodidheesolutions
prepared with the nitroaromatic quenchers. All quenching studies in water were conducted using
a normal geometry, since the NM, MNT, DNT, and TNT concentrations in water were sufficiently
low that quencher absorption would not affectstemadystate fluorescence measurements.

The highest pyrene content for quenching studies with NM, MNT, and DNT in DMSO and
water was 10 mol%. Owing to the limited stock of Py{$0)P1 sample, a new SNP1 sample was
synthesized and its content was determined to bed%. Py(11)SNP1 was used fauenching
studies with TNT in DMSO and water. Additionally, this sample was used for subsequeRPRy
studies.
2.3Py-SNP coated filter papers (PyCFPs)

The filter papers were coated with-BWPs according to the drop method. In brieByaSNP
stockdispersionwas prepareth DMSOwi t h a pyr ene c oN.cleerPySNRt i on
stock dispersion in DMSO (0.06 g) was then diluted with milliQ wéleg), to make a R$SNP

stock dispersiomn waterthat contained.7 wt% DMSO. TheaqueousPy-SNP stock dispersion
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was directly deposited onto a piece of filter paper resulting in a filter paper coated with
appr oxi matmdl of pylenegdr inbr The filter paper was drieid the darkunder N

until constant mass (typically within an hour) was reaclketmit stock of Py(10)SNP1 was
available afteconducting thesolutionbased quenching studies. As such a nevsRi?1sampe,

namely Py11)-SNPL, was synthesized and used for a majoritthefPy-CFP studies.

2.4 Quenching of PyCFPs by NAC vapors

A given quantity of NAC, typically 10 (+ 2) mg, wdsposited at the bottoaf a 20 mL disposable

vial. TheNAC at the bottom ofhe vialwas covered by a cotton ball befaapping thevial. The
chemical was allowed to equilibrate at room temperature for 24 hours. The initial fluorescence
intensity Eo) of a 0.5 cmx 0.5 cm Py-CFP humidified with 5 p of water was measured in the
absence of chemical vapour. The-®Ps strip was quickly introduced to the 20 mL vial for a
predetermined time and the fluorescence intensity after exposure to the chdwioahs(
measured. Equation 5 provided a measuréefquenching efficiencyeg). Eq was determined

and plotted as function of exposure tim&he experimental data for MNT and DNT were well
described by a hyperbola and were parameterized with a Michéatiten like equation, namely
Equation 6 wheréwasthe exposurdime in minutes an#ém was the time where 50% quenching
occured A more detailed description of Equation 6 and the determination of the error biass for
can be found in the appendix along with the fitted parameters for the response ¢en€al{le

58A). The response time of MNT and DNT, and the error, were determined when 90% quenching

had occurred.

Eo= (17 F/Fo)x100% (5)

__t ]
k +t ©)

m
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2.5 Quenching of Py-CFPsby NAC deposition

The PyCFPs prepared by the drop method were humidified wéter The protocol described
hereafter was for & 1 cn? filter paperscoated with Py(1)-SNP1. The PACFPswere humidified

with water (10 nL). The humidified PyCFPs were placed between two quartz plates dhelir
fluorescence spectrum was acquired to obtain the fluorescence intensity without qué&Regher (
The PyCFRsweredried.An organic solvent (OS)jtaer pure HPLC grade ethanol or acetonitrile
(20mL), or 10 of a solution ofMNT, DNT, TNT, or naphthalen& the same organic solvent,
was deposited on the f§FPs. The organic solvent was evaporated under a gentle flow of nitrogen
and a drop of water (10 yL) was added to drive the binding of the quencher to éme pyr
aggregates. The humidified f3FPs wereplaced between two quartz plates and the fluorescence
spectra of the REFPswithout CSF,) and with PSF) quencher were acquired. In order to duplicate
the same experimental protocol, a single application @racgsolvent was applied to all f8FPs.

For each quenching study, th&, and°SF, intensities were recorded for four FPs prepared
without quencher and their ratios were averaged to yi¥lE./25F.>. The averaged ratio was
found to equal 1.25 + 0.0kefleding enhanced excimer emission from theGBPs before
application of the organic solvent. The ratfF¢/°SF) obtained for each P@FP with quencher
was compared t0"4o/°SFo> by plotting the quatity <WFo/°SFo>/(WFo/°SF) as a function of the
amount of quencher added to the®yP expressed in ng of quencher per?mail Py-CFP
studies unless otherwise specifiediere conducted with Py(1-§NPL (SNPL labeled with 11
mol% of ZXpyrenebutyric acid) @ Whatman filter paper No. 1.The trend of
<WVEJOSF>/(WF/OSF)-vsmass of quencher added were fitted to the Hill equation (Equation 7),
wherex represents the mass of quencher expressed in mgrpeih reflects the steepness of the

drop where quenching occurand k is the mass of quencher where 50% of theCPF{y
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fluorescence is quenched. A more detailed des

is provided in the Appendix (pag&41-142). All detection limits and fitted parameters of the Hill
equation can be found in Table A59. All detection limits reported corresponded to the amount of

guencher that was required to quench 90% of the fluorescence intensity ofGié Ry

h
<WE JEE H("E./F) E > 7
0 0 ( 0 ) Xh+kh ()

2.6 UV-Vis Absorption

A Varian Cary 100 Bio spectrophotometer was employed to acquire the absorption spectra of the
Py-SNP dispersions and the quencher solutions. It was usiedeioninghe pyrene concentration

of the PySNP dispesionsin DMSO from theabsorbance at 346 nusing the molar extinction
coefficient of 41,400 M.cnt! for 1-pyrenebutyric acid in DMSO. Knowledge of the
concentration of the pyrene labels was necessary to measyrgréhne content/{y) of the Py
SNPsand ensure that the FSNP dispersions contained 2.4x348 pyrene for most fluorescence
guenching studis or 1.2x10 M pyrene for the TNT quenching study in DMSO.

2.7 Steady-State Fluorescence

A Photon Technologylnternationalspectrofluorometer equipped with a xenon arc lamp was
employed to acquire the fluorescence spectra by exciting the dispersions or films at 346 nm and
scanning the emission from 350 to 600 nm. Front face measurements were carried out with a quartz
triangular cell from Hellma for the RENP dispersions in DMSQuenched by the NAGuenchers

and with a soliestate sample holder for the®FPs. The excitation and emission-glitiths were

set at 2 and 1 nm, respectively. TheFYP dispersions in water and DKSvere not degassed.

The fluorescence intensity of the monomigr) @nd excimerlg) were calculated using the area

under the SSF spectrum from 373 to 379 nm and from 500 to 530 nm, respectively.
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2.7 Time-Resolved Fluorescence

The monomer and excimer fluorescence decays of tHeN®y dispersions in water and DMSO
were acquired at an eéssion wavelength of, respectively, 375 and 510 nm using an IBISHC
fluorometer in conjunction with a NanoLEBX0 laseland an excitation monochromator to excite

the dispersions at 346 nrAdditionally a cutoff filter at 370 and 495 nm was used durihg
acquisition of, respectively, the monomer and excimer fluorescence decays to prevent scattered
light from reaching the detector. The deaafya LUDOX dispersion obtainelly setting the
excitation and emission wavelengtis346 nm was employesthe nstrument response function

(IRF) in the decay analysis. All fluorescence decays had 15,000 counts at the decay maximum to
ensure a satisfying signtd-noise ratioThe fluorescence decays were analyzed with sums ef two
to-three exponentials which werersmluted with the IRF. Prexponential factors and decay
times were optimized with the Marquaiddévenberg algorithri* The fits were deemed
satisfactory when the? parameter was smaller than 1.3 and the residuals and autocorrelation of
the residuals were randomly distributed around zeroefpenential factors and decay times

retrieved from these analyses are listed in Tahled9in the Appendix

19



Chapter 3
Solution Quenching

Studies



3.0 Solution Quenching Studies

The goal of thigroject was to develop P¥NP-coated filter papers (P@FPs) and demonstrate

their potential application as optical sensors for the detectiaitrohromaticexplosives sich as

TNT. The implementation of an optical sensor whose operation would be bas#te on
fluorescence quenching in the solid state ofSRPs by NACs required that the actual
fluorescence quenching mechanism be first investigated in solution. DMSO and water were
selected to conduct these solution quenching studies. DMSO constitutealasoldent where

the pyrenyl labels and all quenchers (NM, MNT, DNT, and TNT) were soluble and the SNPs could
be easily dispersed. Quenching studies in DMSO vyielded the bimolecular quenching rate constant
for the PySNPs by the quenchers which providedemsure of their relative quenching efficiency.

By contrast, only the SNPs were dispersible in water while the pyrene labels and the NACs were
sparingly soluble. Consequently hydrophobic interactions between the pyrene labels and the NACs
took place in wate and this interactioncould be probed through fluorescence quenching
experiments. These different quenching mechanisms were carefully characterized for all the
guenchers to prepare ¥8FPs that could be employed as optical sensors by taking advantage of
the quenching of excited pyrene aggregates by NACs. But before conducting the fluorescence
guenching experiments, the effect that the absorption of the quenchers might have on the
fluorescence of the P§NP dispersions needed to be investigated.

3.1 Comparison of the photophysical properties of the quenchers andgdyrenebutyric acid

Since the purpose of this study was to develop a fluorescentipagednl sensor for the detection

of nitrated compounds through a decrease in fluorescence intensity inducednghigg, the
photophysical properties of the different quenchers needed to be carefully examined. Indeed, a

decrease in fluorescence intensity is not always the result of quenching. For instance, introduction
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of a chemical that absorbs where the fluorophadysorbs and/or emits can also lead to a decrease

in fluorescence intensity. In order to assess the importance of reabsorption by the quenchers on the
fluorescence of the P§NP dispersions, the extent of overlap between the absorption spectra of
the querhers and the absorption and emission spectra of the pyrene derivative used to prepare the
Py-SNPs was determined. The molar extinction coefficient spectrum of each quencher in DMSO
and water was obtained by dividing the absorbance in the absorptioradpettie concentration

of the quenchers since the pathlength of the cell equaled 1 cm. To illustrate the extent of overlap
between spectra, the molar extinction coefficient spectra of the quenchers in DMSO and water
were plotted in, respectively, Figured and B together with the spectra of the molar extinction
coefficient and the normalized fluorescence -plytenebutyric acid used to prepare theINPs.

As shown in Figure 5, NM had a low absorbance in DMSO and water at both 346 nm and 375 nm
which werethe wavelengths for, respectively, the excitatiag) @nd emissiongnm) of the pyrene
monomer. At the highest NM concentration of 20 mM used in the quenching experiments, the
absorbance a#x and am would equal 0.05 and 0.004, respectively in DMSO. Such a low
absobance suggested that an NM concentration of 20 mM and lower would not induce re
absorption. However this was not the case for MNT, DNT, and TNT which, at their highest
concentrations 06.0, 5.0, and 4.5mM used for the quenching experimeimsDMSO, had
absorptions of 1.7 and 0.8, 3.5 and 1.4, 4.3 and 1&yand am, respectively. Such high
absorptions are known to result in substantiedbrgorption effects in fluorescence studies. To
mitigate this issue, front face geometry was employed. Since similar molar extinction coefficients
were found in water and DMSO for all quenchersalsorption would also be a problem for Py

SNP dispersions in water, if a same quencher concentration wds kmrtunately, the limited

solubility of MNT, DNT, and TNT in water resulted in maximum concentrations of 0.3, 0.1, and
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0.01 mM, respectively. Such low concentrations ensured thatalosaption would induce any
artefact in the fluorescence experimeet®n at the highest quencher concentration used in the

guenching studies for the aqueousINP dispersions.
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Figure 5. Spectra of the molar extinction coefficient of NM=< , low value along the-axis),
MNT ( = ), DNT ( =), andTNT ( ), andthenormalizedabsorption( = ) and fuorescence

( == ) spectraof 1-pyrenebutyric acid in A) DMSO and B) water.

3.2 Quenching Studies in DMSO

As mentioned earlier, DMSO is a good solvent for theSR¥s and all quenchers. Thus dynamic
guenching between the pyrene labels was expected to occur in this solvent. This was indeed
observed as described hereafter.

3.2.1 Quenching of pyrene and PENPL by nitromethane in DMSO

Figures 6A and B illustrate the effect that an increase in NM caratiem had on the fluorescence
spectra and decays of pyrene, respectively. The fluorescence intensity decreased, and the
fluorescence decays shortened with an increase in quencher concentration. The fluorescence
decays of pyrene in DMSO were quasi mono@gutial, exhibiting a 95% prexponential

contribution with a long decay time that was attributed to the lifetime of molecular pyrene (see
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Table Al). The fluorescence intensity with) @nd without Eo) quencher as well as the number
average decay time dhe pyrene solution with &=N) and without (€>no) quencher were
calculated from the fluorescence spectra and destaysn in Figures 6A and B, respectivety,

F <t>no, and <>y were used to calculate the ratieégF and <>no/<f>n which were plotted in
Figure 6C as a function of NM concentration. The plots shown in Figure 6C were linear as expected
for a SterrVolmer plot. These trends were fitted to Equation 6 wikgis the rate constant for

the quenching of pyrene by NM and>, is the weight average lifetime of pyrene without
guencher. A derivation of Equation 8 is provided in Sl. According to Equation 8 which was derived
for perfectly dynamic quenchingo/F should equal &no/<t>n. However, €>no/<f>n was found

to be slighty smaller thanFo/F in Figure 6C, probably because of residual static quenching.
Fortunately, lifetime measurements are unaffected by static queffchimd) the slope of the
<t>no/<t>n-vS[Q] plot was used to determin, found to be 2.9 (+ 0.03)xiM-1s? for

molecular pyrene in DMSO.

<t X%_F
<tz F 1l 1<y, @l (8)
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Figure 6. Fluorescence spectra of A) pyrerexE= 338 nm) and D) Py(183NP1 ( ex= 346 nm)
with increasing NM concentration. Timresolved fluorescence decays of the monomer of B)
pyrene (ex= 338 nm,/em= 375 nm) and E) Py(L@BNP1 (ex= 346 nm,/em = 375 nm) with
increasing concentration of NM. Steviolmer plots for @) steadystate and Q) time-resolved

fluorescence for C) pyrene and F) Py¢BNP1. Solvent = DMSOP}] = 2.4x10° M.

These quenching experiments were repeated for aBNB1 samm@s, and the results

obtained for Py(10BNP1 are shown in Figure 6B The main differences were that the
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