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Introduction

Semiconductor nanoparticles, or quantum dots (QDs),
are of particular interest in biological and chemical
sensor applications due to their wide absorption and
narrow emission spectra, high quantum efficiency,
photo-bleaching resistance, and high photochemical
stability compared to other fluorophores [1-7], and
they are also increasingly sought after in labeling,
imaging and detection applications [8-11]. In recent
years, fluorescent sensor studies in which QD
nanoparticles were used for different substance
detection have attracted much attention [12-17].
Various techniques such as atomic absorption spec-
trometry, atomic emission spectrometry and induc-
tively coupled plasma mass spectrometry have been
used to detect target materials in the chemical or
biological fields [18]. Although these conventional
techniques have high sensitivity and accuracy, they
require complex operators which limit their applica-
tions especially in terms of bulky instrumentation,
extensive sample preprocessing and in situ analysis
[18]. Electrochemical methods, surface plasmon res-
onance detections, quartz crystal microbalance,
chemiluminescence (CL) and fluorescence methods
are among the newly developed sensing platforms
[19-21]. Among them, fluorescence methods have the
advantages of high sensitivity, high accuracy, and
relative simplicity [22, 23]. The controlled QD fluo-
rescence quenching (decreasing the fluorescence
intensity) phenomenon, which has led to the

development of special fluorescent nanoprobes, has
been particularly exploited in fluorescent sensor
applications [12, 13, 24-26]. In literature studies, the
most effective quenchers of fluorescence of organic
fluorophore were found to be nitroxide radicals
which are also called as profluorescent nitroxides
[12, 13, 16, 17]. Fluorophores join a fluorescent moiety
labeled with a paramagnetic nitroxide, and in these
spin-labeled profluorophores, the paramagnetic
nitroxide radical acts as an effective quencher of the
fluorophore. As a result, fluorophore-nitroxide com-
plex can be an on-off switch when the paramagnetic
nitroxide is transformed to a diamagnetic species
such as  hydroxylamine or  alkoxyamine
[12, 13, 25, 27, 28]. There are many studies in the
literature based on profluorescent nitroxides, espe-
cially nitroxide radical 2,2,6,6-tetramethylpiperidine-
N-oxide (TEMPO) for evaluation of quenching effect
on the emission of different QDs [12, 14-17, 26, 29]. It
was shown that stronger binding can be achieved to
the QD surface with functionalized TEMPO radical
compared to non-functionalized form of TEMPO
[12, 15, 29]. Tansakul et al. [12] studied four different
ligand-bearing TEMPO molecules for quenching of
QDs and compared the radicals with respect to
effectiveness in fluorescence quenching. Quenching
efficiency measurements based on the concentration
of nitroxide required to achieve a 50% reduction in
the emission intensity revealed that 4-Amino TEMPO
(4AT) is three times more effective as a quencher than
carboxylic acid nitroxide, which is an order of mag-
nitude more effective than amino pyrrolidine
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nitroxide and bisamino nitroxide, respectively
(4AT > carboxylic acid nitroxide > amino pyrro-
lidine nitroxide > bisamino nitroxide) [12].

The main purpose of this study is to develop a
polymer-bonded QD-4aminoTEMPO nanoprobe as a
sensor structure based on the fluorescence quench-
ing. In the literature, similar nanoprobe structures
have been demonstrated only in liquid media ren-
dering them single-use, disposable and non-reusable
sensors. The synthesis of a polymer-bonded nanop-
robe structure, its suitability for use in sensor appli-
cations and its fluorescence performance have not
been shown in the literature before. It was shown that
4AT, which is also used as quencher in this study, is
the most effective quencher in the fluorescence
quenching of the QDs [12]. Figure 1 shows non-
functionalized TEMPO radical and 4 different ligand-
bearing TEMPO radicals.

CdSe and CdTe QDs are the most preferred
quantum dots in visible light applications, immuno-
labeling, in vivo imaging, sensor applications, etc.
CdSe and CdTe QDs with carboxylic acid capping
ligands can be easily attached to amine-functional-
ized surfaces [6, 7, 30-32]. Combining the unique
optical properties of QDs with flexibility of polymers
offers great potential especially for sensing applica-
tions. In particular, the integration of sensor struc-
tures containing QDs into mechanically and chemical
durable polymer films would be useful to make them
reusable as previously demonstrated the sensor
structures are generally disposable and easily
degradable in liquid media [33]. A variety of methods
have been used in the literature for polymer surface
modification and functionalization such as physico-
chemical methods including thin film coating, bulk
phase desorption, etc.,, and mechanical methods
including micromanipulation and roughening. In
addition, biological methods, physical adsorption,

Figure 1 Non-functionalized
TEMPO radical and
commonly used ligand-bearing
nitroxide radicals.
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and chemical conjugation have also been successfully
applied for surface modification of polymers [34-39].
Thin-film coating methods attract attention as a ver-
satile and powerful tool for the modification of sur-
faces due to the ability of immobilization of different
surface functionalities on polymer and better binding
of the film to the substrate compared to other meth-
ods [40]. Thin-film coating methods are generally
classified under wet and dry processes. Wet pro-
cesses have some drawbacks associated with solvent-
substrate interaction, uniformity, temperature con-
trol, impurities, etc. [41, 42].

In recent years, a novel technology, initiated
chemical vapor deposition (iCVD), has become very
popular technique for the deposition of variety of
polymer films due to its low thermal budget and
higher deposition rates [41]. In iCVD method, the
unsaturated bonds of the monomer units adsorbed
on the substrate surface are activated by free radicals
produced during the thermal decomposition of an
initiator molecule (typically at low filament temper-
atures of 200400 °C) to form monomer radicals on
the substrate surface where they polymerize (sub-
strate temperatures of 0—40 °C) [43]. In iCVD process,
the free radical polymerization takes place in solid
phase without any solvent. Substrates with complex
geometries can be coated conformally using iCVD
with high uniformity and without any solvent related
issues that are seen in wet processes [41, 43, 44]. In
addition, low-temperature iCVD process enables
coatings on temperature sensitive materials such as
paper, polymers, membranes, etc., without damaging
functional groups of the monomers with precise
thickness and morphology control [41, 43-45]. It has
been demonstrated that the functional groups of the
monomers are successfully transferred to the poly-
meric films formed by preserving their properties
[41, 43-45]. Different types of surfaces including
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fabric, plastic, silicon, inorganic semiconductor
materials, glass, microporous membranes, carbon
nanotubes, etc., have been found to be successfully
coated via iCVD [46-49]. When compared to other
CVD methods such as plasma enhanced chemical
vapor deposition (PECVD) and hot wire chemical
vapor deposition (HWCVD), iCVD has been the most
preferred CVD method for the fabrication of thin
polymeric films due to fast deposition rates, low
process temperature and acceptable vacuum levels,
ability to coat complex 3D geometries conformally,
and precise film thickness and microstructure control
[50].

Among many other polymeric materials,
poly(glycidyl methacrylate) (pGMA), is one of the
most suited iCVD polymer due to its epoxy group
that can be converted into different kinds of func-
tionalities via ring-opening reactions with several
nucleophiles [41-43, 51-55]. Especially, cross-linked
(either via ring-opening or copolymerization) pPGMA
is both mechanically and chemically highly durable
in harsh environments making it suitable for protec-
tive coating applications. In addition, a variety of
chemical groups such as primary amine, sulthydryl,
or hydroxyl groups can be covalently bonded to
pGMA (with nucleophilic attack) through the ring-
opening reaction leading to further functionalization
and modifications of polymeric or inorganic surfaces.
The rate of ring-opening reaction varies with the type
of nucleophile used [32, 41, 56-64]. In particular,
amine functional surfaces have attracted special
attention for sensor applications since they react with
several groups such as epoxy, aldehyde, carbonyl,
carboxylic acid, and sulfonyl chloride [32, 64]. It has
been shown that using tertiary amines in epoxy ring
opening reactions are preferred since they are con-
sidered as highly reactive catalysts for nucleophilic
ring-opening reactions under appropriate conditions
[1, 41, 65]. Copolymers containing dimethyl amino
ethyl methacrylate (DMAEMA), diethyl amino ethyl
methacrylate (DEAEMA), diisopropyl amino ethyl
methacrylate (DiPAEMA) and morpholinoethyl
methacrylate (MEMA) have been found to be highly
effective in these reactions [2]. In the literature, epoxy
ring opening reaction by DEAEMA that contains
tertiary amine group was proven to be very efficient
[41, 65]. In addition, several studies were performed
by investigating of the role of amine and hydroxyl-
containing compounds (water, alcohols, phenols,
acids) which considerably promote the interaction of
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epoxy compounds with amines and other nucle-
ophilic reagents [14]. In the presence of hydroxyl-
containing compounds, the epoxy ring carbon atom
becomes more sensitive to nucleophilic attack. Etha-
nol was used in reaction medium to catalyze the
epoxy ring opening reaction successfully [60]. How-
ever, it is still difficult to conclude whether copoly-
mers containing tertiary amines or homopolymers to
catalyze the epoxy ring opening reaction in an alco-
hol solution is more effective.

In this study, two different methods were used for
epoxy ring-opening reaction, one involving
DEAEMA with tertiary amine group to catalyze the
ring opening reaction of pGMA, and the other in
which ethanol was used to catalyze the ring opening
reaction of pGMA homopolymer. The aim of the
study is to develop robust, polymer-bonded QD
nanoprobes as an alternative to the single use and
easily degradable sensor structures.

Here, in the first part of the study we report iCVD
synthesis and functionalization of pGMA and
p(GMA-co-DEAEMA) copolymer thin films via
epoxy ring opening reactions to enable the binding of
CdTe QDs on the functionalized polymeric surfaces.
The effect of different amine functional groups, aro-
matic primary amine (aniline), aliphatic primary
amine (propylamine) and aliphatic tertiary amine
(EtzN) on epoxy ring opening reaction and QD
attachment were also evaluated.

In the second part of the study, we report the
synthesis and attachment of QD-4AT nanoprobes to
functionalized pGMA thin films (selected as the bet-
ter method for epoxy ring opening) and the feasibility
of using QD-4AT nanoprobes as fluorescent sensor
structures for sensor applications. The covalent
attachment of nanoprobes to polymer surface opens
up the possibility of using the sensor multiple times
as opposed to solution-based single use fluorescent
sensors reported in the literature.

Materials and methods

The study consists of two parts in terms of develop-
ment of polymeric sensor nanoprobe complex. In the
first part, functionalization of iCVD deposited poly-
mers with different amine functional groups by
epoxy ring opening reactions to bind CdTe QDs on
the functionalized polymers was carried out. The
effect of different amine groups on functionalization
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was evaluated. In the second part of the study, the
interaction between QDs and 4-Amino TEMPO (4AT)
was examined by electron paramagnetic resonance
spectroscopy (EPR). The effect of reaction time on
binding performance and the type of bonding
between QDs and 4AT molecules were investigated.
In addition, the fluorescence quenching mechanism
was investigated by fluorescence analysis and the
suitability of QD-4AT complex for fluorescent sensor
applications was evaluated by integrating QD-4AT
complex to polymer surface.

Homo- and copolymer deposition in iCVD
system

A custom-built iCVD system was used to fabricate
homo- and copolymer films. The vacuum chamber
had a backside cooled via an external circulator
enabling a substrate temperature between — 20 and
50 °C with 0.1 °C accuracy. Thermal energy for
decomposition of the initiator was supplied by a
heated filament array (Nichrome, 80% Ni/20% Cr)
placed 3 cm above the cooled substrate. GMA
(Sigma-Aldrich, 97%) as epoxy monomer and
DEAEMA (Sigma-Aldrich, 99%) as amine group
monomer were used without further purification.
GMA and DEAEMA monomers were heated to 65 °C
and 80 °C, respectively, in stainless steel containers.
Tert-butyl peroxide (TBPO, Sigma-Aldrich, 98%) was

Figure 2 Synthesis of pPGMA
homopolymer (top) and
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used as initiator at room temperature. All depositions
were performed on crystalline silicon (c-Si)
substrates.

Epoxy ring opening reactions

Procedure 1: p(GMA-co-DEAEMA) amine
functionalization

Copolymer p(GMA-co-DEAEMA) thin films were
fabricated using DEAEMA and GMA monomers via
iCVD. As a low-temperature process, iCVD process
allows retention of functional groups during poly-
merization as shown in Fig. 2. Resulting copolymer
film contains both the epoxy and the amine group,
and surface functionalization can be carried out on
copolymer films. Three different amine functional
groups were used to compare their reactivity in the
epoxy ring opening reaction. 1M aqueous solutions of
aromatic primary amine (Aniline, Sigma-Aldrich,
99.5%), aliphatic primary amine (propylamine,
Sigma-Aldrich, 98%) and aliphatic tertiary amine
(Et;N, Sigma-Aldrich, 99%) were prepared. iCVD
fabricated copolymer films were immersed into
mechanically stirred amine solutions at room tem-
perature for two hours. Copolymer films were then
rinsed with deionized water and dried at 60 °C for
1 h under vacuum.

The formation of donor-acceptor complex interac-
tions via a polymer with electron donor groups in its

p(GMA-co-DEAEMA) o TH2 Hy
copolymer (bottom) via iCVD. H.C O% TBPO icvD HC— C— X _CH, /\
CH ¢ =* [z > ~o ~CH—O
3 ystem
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ey S0 AN
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CHs Ha CHy
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Figure 3 Epoxy ring opening reaction mechanism in p(GMA-co-
DEAEMA) copolymer.

structure has a complex mechanism [66]. Donor—ac-
ceptor complex interaction between the electron
donor groups in the polymer which is tertiary amine
group in DEAEMA and acceptor group which is
hydroxyl-containing compound (water) enables
epoxy ring opening and attachment of amine groups
in the environment with the formation of both
intramolecular and intermolecular interactions. The
general view of the mechanism is given in Fig. 3.

Procedure 2: pGMA homopolymer amine functionalization

Homopolymer pGMA films fabricated via iCVD
were functionalized using a slightly different process
than copolymer functionalization. Ethanol solution
was used as a catalyst for the epoxy ring opening
reaction in the absence of DEAEMA monomer.
pPGMA homopolymer coatings were immersed into
1 M ethanol solutions of aniline, propylamine and
Et;N separately and stirred at 60 °C for 2 h. After
ring opening reaction, homopolymer films were
rinsed with ethanol and dried at 60 °C for 1 h under
vacuum.

During the reaction, donor-acceptor complex
interactions occur between the amine and the
hydroxyl-containing compound (HOR). The general
mechanism of addition of amines to the epoxy ring of
pGMA is shown in Fig. 4.

The addition of amines proceeds through a pre-
liminary formation of fairly stable donor-acceptor
complexes of the epoxy compound with ethanol, and
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Figure 4 Epoxy ring opening reaction mechanism in pGMA
homopolymer.

then with a subsequent nucleophilic attack of the
amine on this complex [60, 66]. In this way, the
bonding of the amine group to the open epoxy ring
takes place. After the amine group is attached to
opened epoxy ring, other unbound amine molecules
take on the role of forming donor-acceptor com-
plexes with the hydroxyl-containing compound
(HOR) to bind to other opened epoxy rings in the
polymer film.

QD attachment to functionalized thin films

There are many studies in the literature reporting the
binding of QDs to the polymer surface via the amine
groups. Binding of QDs to the polymer surface gen-
erally occurs as a result of amide bond formation
between the -COOH group of QDs and the amine
groups on the polymer surface [32, 67-69]. It is gen-
erally preferred that carbodiimide compound should
be present in the reaction medium because it enables
QD activation [32, 69]. The most commonly used
carbodiimide compounds in literature are N, N'-di-
cyclohexylcarbodiimide (DCC) [32, 67] and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)
[68, 69].

In the first part of this study, DCC was used to
activate QDs in order to bind them on polymer sur-
face by amine groups with formation of amide bond.
One milligram of carboxylic acid functionalized CdTe
QD (Sigma Aldrich, Aey = 520 nm) was dispersed in
20 ml deionized water and was ultrasonicated for
30 min to obtain a uniform dispersion. A small
amount of DCC (Sigma Aldrich, > 99.0%) (< 1 mg)
was added to the dispersion. Functionalized homo-
and copolymers were immersed into QD dispersion
at 60 °C for 2 h. The films then were rinsed with
deionized water to remove unbound QDs from the
surface and dried at 60 °C for 1 h under vacuum.
60 °C was used instead of room temperature to
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Figure 5 Carbodiimide-based OH
coupling reaction. The —
COOH groups on the QD
surface are activated by EDC
and addition of NHS yields a

J Mater Sci (2022) 57:16258-16279

EDC

stable reactive NHS ester CdTe QD
intermediate that reacts with

NH groups on the polymer

film to yield a stable amide

bond. 0]

HO—N NHS

o

enhance DCC solubility in water. However, in the
literature studies, it was observed that the same
process could also be performed using EDC at room
temperature [67, 68]. Due to lower reaction temper-
ature, EDC/N-hydroxysuccinimide (NHS) was used
in the binding of QD to the polymer surface in the
second part of the study which is related with QD-
4AT nanoprobe integration on polymer surface by
interaction of QDs and amine groups of polymer. The
bonding mechanism between QD and amine group
of polymer is shown in Fig. 5. Amide bond formation
can be performed successfully with the presence of
EDC and NHS in reaction medium. As a result, -NH
groups along the polymer chain can easily react with
—-COOH functionalized QDs through EDC/NHS
chemistry.

Preparation of CdTe QD-4AT nanoprobe

CdTe QD-4AT nanoprobe was synthesized by bind-
ing 4-Amino TEMPO (4AT) molecules (as shown in
Fig. 1) to CdTe QDs. Two procedures with different
QD activation and binding process times were fol-
lowed to investigate the effect of QDs and 4AT
interaction time on binding to the QD surface. All
other conditions were kept the same. CdTe QD dis-
persion was prepared using deionized water with

@ Springer
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ultrasonication for 30 min at 25 °C. A solution con-
taining excess amount of EDC and NHS was pre-
pared with phosphate buffered saline (PBS) (10 mM
and pH: 7.4) and added to QDs dispersion to activate
-COOH groups on QDs in PBS buffer (pH: 7.4).
Continuous gentle stirring was applied to the mixture
for 30 min (for procedure A) and 2 h (for procedure
B) at 25 °C. Next, 4AT solution was prepared using
PBS buffer (pH: 7.4) and then added to activated QDs
mixture. Continuous gentle stirring for 4 h (for pro-
cedure A) and for ~ 24 h (for procedure B) at 25 °C
was applied. Figure 6 describes the preparation of -
COOH functionalized CdTe QD-4AT nanoprobe.
Figure 7 shows experimental steps for CdTe QD-4AT
complex preparation procedure and EPR analysis of
the complex.

Attachment of QD-4AT nanoprobes
to polymer surface

To attach QD-4AT nanoprobes to the surface of iCVD
polymers, thin-film polymer was immersed into the
solution for 2 h, while QD-4AT nanoprobe formation
procedure, as shown in Fig. 7a, was being carried
out. In addition, a reference solution was also pre-
pared containing only 4AT without QDs by using the
same procedure and iCVD polymers were dipped
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Figure 6 COOH functionalized CdTe QD-4AT nanoprobe.

(@
.
EDC and NHS in 4-Amino TEMPO in
PBS buffer (pH: 7.4) PBS buffer (pH: 7.4)
30 min, 25°C  for procedure A 4 h, 25°C  for procedure A
2 h, 25°C for procedure B ~24 h, 25°C  for procedure B
CdTe QDs Activated
in water CdTe QDs
[ J 1 J
Activation step of Preparation step of
CdTe QDs CdTe QDs-4AT complex
(b)
N ) )
— Ethanol
= 12000 rpm
g 10 min /

)
S

EPR Analysis for detection
of QDs-4AT complex

Figure 7 a CdTe QD-4AT complex preparation procedure and b EPR analysis for the detection of QD-4AT complex.
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into this reference solution for comparison. EPR
spectroscopy was used to confirm binding of QDs to
the polymer surface.

Characterization

Thickness measurements of iCVD polymer films
were performed using a Mprobe-Vis20 reflectometer
with a spectral range between 400 and 1100 nm. FTIR
analysis was used to investigate chemical composi-
tion and quality of polymer films. FTIR spectra of
samples were taken using a PerkinElmer-UATR Two
Spectrometer between 450 and 4000 cm™' with
4 cm™' resolution. In addition to FTIR analysis,
energy-dispersive X-ray spectroscopy (EDX) (FEI
QUANTA 250 FEG:EDX) was used to investigate
chemical composition of the polymer films before
and after epoxy ring opening reactions. Water contact
angle (WCA) measurements were performed using a
Theta Optical Tensiometer. Static contact angle mea-
surements were performed for 1 min by dropping
5 pl water on sample surface. To examine QD and
4AT nitroxide radical interaction both in solution and
on the polymer surface, electron paramagnetic reso-
nance spectroscopy (EPR) analysis was performed
using a CMS 8400 EPR Spectrometer. Fluorescence
spectroscopy (Zeiss-Observer Z1 fluorescence micro-
scope and PerkinElmer LS 55) was used to confirm
the attachment of quantum dots onto the film surface
and for fluorescence quenching measurements.
Excitation and emission wavelength ranges of
300-350 nm and 500-550 nm, respectively, were used
for CdTe QDs.

| ] Mater Sci (2022) 57:16258-16279

Results and discussion

Polymer synthesis and amine
functionalization

In order to find optimum process conditions, initial
experiments were carried out for homopolymers by
varying monomer/initiator flow rate ratio, reactor
pressure, filament and substrate temperatures. Simi-
larly, copolymer films with various composition were
fabricated wusing different monomer flow rates
(Fpeaema:Foma ranging from 0.12 to 1), reactor
pressures and substrate temperatures. Table 1 shows
optimized iCVD process conditions, thicknesses and
deposition rates for pGMA and pDEAEMA
homopolymers, and p(GMA-co-DEAEMA) copoly-
mer used in this study. For all depositions, substrate
temperature, T,, and reactor pressure, P, were kept
constant at 35°C and 250 mTorr, respectively.
Resulting film deposition rates varied between 10
and 13 nm/min.

FTIR analysis is a useful tool for evaluation of the
quality and chemical composition of polymer films
and also confirming complete polymerization that is
no monomer is present on the surface of the substrate
after deposition in iCVD. FTIR spectra of iCVD
deposited pGMA, pDEAEMA homopolymers and
p(GMA-co-DEAEMA) copolymer films are given in
Fig. 8.

The characteristic absorbance peaks that belong to
methacrylates are clearly observed in FTIR spectra of
all samples [41, 65, 70-75]. Prominent characteristic
peaks between 3000 and 2800 cm ™" are assigned to
C-H symmetry and asymmetry stretching caused by
CH; and CH, groups; the peak at 1730 cm ™" is rela-
ted to carbonyl group (C=O) stretching vibration.
Peaks related to C=C bonds belonging to monomers,
like significant peak is at 1640 cm ™, are not observed
in iCVD deposited polymers’ spectra indicating

Table 1 iCVD process

conditions for pGMA and Process conditions pGMA pDEAEMA p(GMA-co-DEAEMA)
pDEAEMA homopolymers,
and p(GMA-co-DEAEMA) Fama (scem) - 1
copolymer thin films Forapma (scem) 1.2 0.5
Frepo (sccm) 0.8 0.65
T (°C) 300 300
Taun(°C) 35 35
Pgep (mTorr) 250 250
Thickness (nm) 378 £ 4 312 £1 390 £+ 4
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Figure 8 FTIR spectra of

a pGMA, b pDEAEMA,

¢ p(GMA-co-DEAEMA) thin
films. (*) represent epoxy
group peaks.
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Table 2 EDX analysis of

T T T T T T T T
2500 2000 1500 1000 500
Wavenumbers (cm™)

— 71—
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T T T T T T T
1000 900 800 700 600 500
Wavenumbers (cm™)

iCVD deposited pGMA, Element pGMA pDEAEMA p(GMA-co-DEAEMA)
pDEAEMA homopolymers Wt Atomic % Wt Atomic % Wt% Atomic %
and p(GMA-co-DEAEMA)
copolymer films C 60.0 66.7 62.2 67.7 51.8 58.7
0] 40.0 333 26.2 21.4 46.0 39.1
N 11.6 10.9 22 22
Total 100.0 100.0 100.0 100.0 100.0 100.0

complete consumption of adsorbed monomers
[41, 72, 73]. The characteristic peaks at 906, 846 and
760 cm™! which are belong to epoxy group stretch-
ing, are clearly seen in pGMA FTIR spectrum
[71,72, 74, 75]. The peaks at 2967, 2949 and 2807 cm ™'
are attributed to different C-H vibrations, and -
N(C;Hs), functional group [41, 65, 73]. The charac-
teristic peaks of both epoxy and tertiary amine
groups are observed in copolymer spectrum con-
firming successful deposition of p(GMA-co-
DEAEMA).

In addition to FTIR analysis, chemical composition
of iCVD fabricated films was also investigated before
and after epoxy ring opening reactions via EDX
analysis. Table 2 shows elemental composition of as
deposited iCVD polymer films.

EDX analysis can detect elements with concentra-
tions between 1 and 10 wt% but cannot be used for
detection of trace elements. Therefore, it is a useful
tool for quick elemental analysis of polymer films

before and after ring opening reactions but not for
detection of CdTe QDs. For EDX analysis, the signal
coming from c-Si substrate was removed and the
composition was calculated based on carbon, nitro-
gen and oxygen elements. In Table 2, the presence of
amine groups belonging to DEAEMA in copolymer
films was confirmed via EDX analysis.

Table 3 shows elemental composition of pGMA
and p(GMA-co-DEAEMA) films after ring opening
reactions with aniline, propylamine and Et;N. The
highest nitrogen content was found in propylamine-
functionalized copolymers (12.10%) when compared
with aniline (6.12%) and EtsN (4.20%) functionalized
copolymers. Similarly, propylamine-functionalized
pPGMA homopolymer showed higher nitrogen con-
centration (9.08%) than aniline (6.25%) and Et;N
(2.60%) functionalized pGMA.

According to the EDX results, propylamine reac-
tivity in the epoxy ring opening reaction is higher
than aniline and Et;N. For p(GMA-co-DEAEMA),
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Table 3 EDX analysis after
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p(GMA-co-DEAEMA) Element Aniline Propylamine Et;N

copolymer and pGMA Wt % Atomic % Wt % Atomic % Wt % Atomic %

homopolymer

functionalization with aniline, p(GMA-co-DEAEMA) functionalization

propylamine and Et;N C 53.2 59.8 50.6 56.9 65.8 71.6
0 40.4 34.1 36.8 31.0 29.7 242
N 6.4 6.1 12.6 12.1 4.5 4.2
Total 100.0 100.0 100.0 100.0 100.0 100.0

pGMA functionalization

C 54.0 60.5 52.8 59.1 54.0 60.8
0 395 332 37.8 31.8 433 36.6
N 6.5 6.3 9.4 9.1 2.7 2.6
Total 100.0 100.0 100.0 100.0 100.0 100.0

amine containing DEAEMA monomer and for 90

pGMA, ethanol act as catalyst during epoxy ring

opening reaction. As expected, the reactions were 85 -

successfully catalyzed by both routes [2, 41]. 'S

The purpose of using amine groups in this study is 2 80 — il E oL

to ensure bonding of QD nanoparticles onto pGMA ?CE aa g _.__:: :‘ '

polymer via epoxy ring opening reaction. CdTe QDs é 75+ &) Al | PRERLE % .

can be attached to polymer surface over amine 3 oy

groups via formation of bond between amine groups % 70 s -

and QDs” -COOH groups [32, 41]. WCA measure- = e

ments were performed to investigate whether the 65- == ===

polymer surfaces are successfully functionalized with

amine groups in the epoxy ring opening reaction and 60 ——F—"—"T—"T—"—1— —— —

to confirm the previous EDX and FTIR analysis @vﬁ @vl 052 . ;\\& @QQ' &% ~<\\(\@ &\Q@ ébé

results. It is well known that both pGMA and Q\C’ Q/‘é" QYQ Q*\’o OOQ' \YQ Q*\’b @vh'

pDEAEMA homopolymers are hydrophilic in nature ® < QQ‘O @Q\? \9‘0 &

[41, 60]. For this purpose, in the analysis, the change <® < @é\?

Q

in hydrophilicity of polymer surfaces after ring
opening reactions with different amine groups was
examined. WCA values and changes in the water
droplets after 1 min are shown in Fig. 9.

WCAs of iCVD deposited pGMA and pDEAEMA
homopolymers were measured as 71.6 +4° and
81.7 & 1°, respectively. These results are in good
agreement with studies in the literature as pGMA is
more hydrophilic than amine group polymers
[41, 60]. As expected, p(GMA-co-DEAEMA) copoly-
mer was found to have a WCA of 77.1 £ 0.7°. WCA
measurements of pPGMA homopolymer and p(GMA-
co-DEAEMA) copolymer were also taken after epoxy
ring opening reactions. Homo- and copolymer films
exhibited different WCAs depending on the presence
of functional groups. For ring opening reactions, very
reactive primary aliphatic amine (propylamine) and
tertiary aliphatic amine (triethylamine (Et;N)), and

@ Springer

Figure 9 Water contact angle measurements for pGMA,
pDEAEMA, their copolymer (CoP), functionalized CoP and
pGMA epoxy
propylamine and Et;N, respectively.

after ring opening reaction with aniline,

less reactive primary aromatic amine (aniline) were
used. It was observed that ring opening reaction with
amines reduces hydrophilicity of pGMA and
p(GMA-co-DEAEMA) copolymer films. This was
expected since amine functional groups are low sur-
face energy components [41, 76, 77]. For p(GMA-co-
DEAEMA) copolymer, the highest WCA was
obtained with propylamine reaction. Triethylamine
and aniline resulted in slightly lower WCAs. For
pGMA homopolymers, the highest WCA was
observed with aniline. Slightly lower WCAs with
aliphatic amine group sources, propylamine and
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Et;N were observed. Similar to aromatic amines,
aliphatic amines directly bond to epoxy ring, but the
presence of unreacted amine tail ends in the aliphatic
amines increases surface wettability. Therefore, lower
WCAs were observed with propylamine and Et;N
compared to aniline in pGMA homopolymer [76-78].
However, this behavior was not observed in
p(GMA-co-DEAEMA) copolymers. To examine
whether the amine groups maintain their reactivity
and to evaluate the effectiveness of CdTe QD
attachment procedure, fluorescence microscopy
analysis was performed as shown in Fig. 10.
Linearly stretched fluorescence microscopy images
showed relatively uniform emission over the entire
sample surface for both pGMA homopolymer and
p(GMA-co-DEAEMA) copolymers regardless of the
amine groups used. The bright spots that exist in
images are either CdTe QD agglomerates or impuri-
ties that scatter the emission from QDs. Some of these
bright spots are distributed randomly over large
areas, but most of them are concentrated on or near
surface defects such as cracks on the film surface or
physical damage seen in Fig. 10b due to mishandling
of the samples and around surface impurities (dust
and other particles) as seen in Fig. 10c and d. How-
ever, fluorescence microscopy images are still useful
to evaluate the effectiveness of QD attachment pro-
cedure and reveal that QD attachment was
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performed successfully for both homo- and copoly-
mer films.

Considering the EDX, WCA and fluorescence
microscopy analysis results, it is reasonable to state
that epoxy ring opening routes where ethanol was
used as catalyst for homopolymer and DEAEMA
monomer was used as catalyst for copolymer coating
are successful and QD attachment procedure was
effective for both homo and copolymer films. The
results obtained in the first part of this study are
consistent with literature studies. It was reported that
aliphatic primary or secondary amines can catalyze
ring opening reactions of epoxides successfully while
primary and secondary aromatic amines are not
capable of catalyzing epoxide polymerization. The
studies also indicated that tertiary amines can be
used by themselves as catalysts of epoxide polymer-
izations and curing agents [79]. Besides, tertiary
amine containing copolymer coatings increase the
reactivity of the epoxide reactions when compared
with amine-free coatings. It was also reported that the
presence of alcohols also leads to high reaction rates
in polymerization of epoxides [41, 65, 79].

Characterizations of QD-4AT nanoprobe

In the second part of the study, the synthesis of QD-
4AT nanoprobe, its attachment to functionalized
polymer thin films and evaluation of the feasibility of

Figure 10 Fluorescence microscopy images of CdTe QD attached
surfaces of (a—c) aniline, propylamine and Et;N functionalized
p(GMA-co-DEAEMA), and (d—f) aniline, propylamine and Et;N

functionalized pGMA, respectively. Excitation and emission
wavelength 300-350 nm and 500-550 nm,
respectively.

ranges were
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polymer-bonded QD-4AT nanoprobe as fluorescent
sensor structure were investigated using pGMA
homopolymer. The nanoprobe was synthesized
either by the formation of a covalent or weak bond
between QD and 4AT. QD-4AT nanoprobe complex
before and after binding to iCVD deposited pPGMA
films was characterized via EPR analysis to investi-
gate the bonding of nanoprobes to the polymer sur-
face by comparing the EPR data.

The effect of QD and 4AT interaction time was
examined by comparing EPR spectrum of the refer-
ence study and EPR spectra after procedures A and B
which have 4- and 24-h interaction times, respec-
tively. In addition, the effect of initial 4AT concen-
tration on QD-4AT complex formation was
investigated. The effect of QD and 4AT interaction
time was evaluated based on the change in the
amount of bound nitroxide to CdTe QDs for proce-
dures A and B with comparison to free 4AT as shown
in EPR spectra of samples in Fig. 11.

In Fig. 11, EPR spectra of free 4AT reference study
illustrates the three characteristic '* N hyperfine
splitting as black line, which is consistent with pre-
viously reported studies in literature [12, 16, 29]. In
both procedures A and B, the same amount of CdTe
QDs was added to 4AT solution. In literature studies,
it has been observed that the ratio [4AT]/([4AT] + [
QD]) affects line broadening. With a ratio greater
than 0.5, sharp peaks are observed as in free 4AT, no
line broadening [29]. In this study, [4AT]/([4AT] +

[QD]) ratio is greater than 0.9, since the 4AT con-
centration was much higher than the concentration of

(a) (b)
Free 4AT Procedure A Procedure B|

332 334 336 338 340
Magnetic Field (mT)

Figure 11 a EPR spectra of procedure A (4 h interaction of QDs
and 4AT), procedure B (24 h interaction of QDs and 4AT), and
free 4AT, b parameters (h(-1); h(0); h(l); AH(0)) of an EPR
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CdTe QD. As expected, line broadening was not
observed in either procedure as seen in Fig. 11a.
However, peak intensities in procedure B were
higher when compared with procedure A. Although
the same amounts of QD and 4AT were used in both
procedures, the interaction of the QD-4AT nanoprobe
increased as time increased, which allowed more
nitroxide radicals to attach to the QD surface in
procedure B. As the amount of 4AT interacting with
QD increased, the amount of 4AT detected by EPR
also increased. Also, the peak-to-peak height at the
high-field peak in EPR signal is slightly less than
those at central and low fields for both procedures
(Fig. 11b and c). The distortion of high field peak
occurs as a result of the interaction between QD and
4AT proving that the nitroxide radical is bound to
QD surface [26]. The attachment of 4AT to QD sur-
face causes a slowdown in rotational motion of spin
labels. The motion of a nitroxide side-chain is char-
acterized by the effective correlation time, 1x
[26, 80, 81]. In EPR, the molecular freedom of move-
ment is quantitatively related to the rotational cor-
relation time of the nitroxide spin-labeled molecule,
and the rotational correlation time is described as
[26];

R = 6.51x107"°xAH(0) l, /% + 4 /% — 2] (1)

where AH(0) is the peak-to-peak line width of the
mid-field line and the peak-to-peak amplitude of the
lateral lines of the peaks from low field to high field

J— 8200 5125
Procedure B (C) —e— Pracedure A
A —=— Procedure B
81004 u +5100
+5075
80004
+5050
AH(0) 7900-
5025
—— Procedure A
7800+
. +5000
1 L ]
h(1): 7700+ +4975
' L]
7600 4950

T T
central field  high field
Peak region

T
low field

spectrum necessary to calculate the effective rotational correlation
time (tR), ¢ peak to peak height changes for both procedure A and
B.
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are referred to as h(-1), h(0) and h(1), respectively
(Fig. 11b).

Accordingly, the rotational correlation time can be
useful to evaluate in which procedure more nitroxide
radicals are attached to QD surface. The larger rota-
tional correlation time indicates a slower motional
regime after the attachment [26, 80, 81]. The rotational
correlation time, 1R, for procedures A and B was
found as 3.018 x 1072 s and 5.914 x 107 s, respec-
tively; therefore, more nitroxide radicals were bound
to QD surface in procedure B. Based on this result,
procedure B with longer interaction time was selec-
ted as main QD-4AT nanoprobe complex formation
procedure for the rest of the study.

The effect of initial radical concentration on the
formation of QD-4AT complex was evaluated fol-
lowing procedure B. The concentration of 4AT was
increased 10 x and 50 x compared to the CdTe QDs
concentration in the solution, and EPR analysis was
performed as shown in Fig. 12.

As expected, EPR peak intensities of QD-4AT
complex are lower than peak intensity of free 4AT
due to bonding on QD surface as seen in Fig. 12.
Increasing the concentration of 4AT from 10 x to
50 x resulted in an increase in the EPR peak intensity
due to higher amount of 4AT molecules which are
bonded to QDs. Similar to time studies described in
Fig. 11, 4AT concentration was much higher than

—— 10x 4AT on CdTe QDs — 10x 4AT on CdTe QDs
—— 50x 4AT on CdTe QDs - S0x4ATon CdTe QDs
Free 4AT
_ - - " 334 335 336 337 338
. Magnetic Field (mT)
/
\
S ~
T T T T T T T T T T 1
332 334 336 338 340 342

Magnetic Field (mT)

Figure 12 EPR spectra of 4AT at 10 x and 50 x concentration
compared with CdTe QDs.
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that of CdTe QD. For 10 x and 50 x of 4AT con-
centrations used, [4AT]/([4AT] + [QD]) ratios were
0.91 and 0.98, respectively; therefore, no significant
peak broadening was observed with the formation of
QD-4AT nanoprobe complex [29].

To examine whether a covalent or weak bond
interaction occurs between 4AT and QD, QD-4AT
nanoprobe synthesis procedure was carried out with
and without EDC. EPR spectra obtained from the
pellet and supernatant samples after centrifugation
are given in Fig. 13.

As seen in EPR spectra from pellet samples
(Fig. 13a), EPR signals of QD-4AT with EDC are
easily identified with three characteristic '* N
hyperfine splitting peaks when compared with QD-
4AT without EDC. This is a clear validation of for-
mation of QD-4AT complex by covalent bonding of
nitroxides to the QD surface activated with EDC. EPR
spectra shown in Fig. 13b belong to the supernatant
samples of EDC and EDC-free experiments, respec-
tively. Similar to pellet samples, peak intensities are
much higher for samples with EDC; however, sam-
ples without EDC also show three characteristic
peaks with much lower intensities. Therefore, it is
reasonable to assume that when EDC was added to
the solution, QD activation and the formation of QD-
4AT complex occurred with a covalent bond. Without
EDC, free TEMPO radicals were not seen in the
supernatant medium because EPR intensities were
very low, so complex formation may have also
occurred with weak bond interaction between QDs
and 4AT.

Also, the EPR signals of EDC-free experiment of
the supernatant samples were obtained lower than
expected when compared with the results of the
pellet samples. This may be due to electrostatic
bonds. Because electrostatic bonds are more flexible
than covalent bonds, 4AT radicals may come closer to
the QD surface with electrostatic bonds compared to
covalent bonds [12, 15, 26, 29]. It is expected that the
EPR signal intensity should be high if covalent bonds
are formed between QD and 4AT due to the certain
distance between the ligaments, and lower EPR sig-
nal should be obtained with weak bonds since the
proximity between the QD and 4AT increases due to
flexibility in the weak bonds. Based on these results,
it can be stated that the formation of QD-4AT com-
plex by weak bonds in the experiments without EDC
and existence of covalent bond with the use of EDC
were observed in this study.
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Figure 13 EPR spectra of (a) —— QDs-4AT with EDC (b) —— Supenatant with EDC
a pellet samples and —— QDs-4AT without EDC — Supematant without EDC

b supernatant samples with
and without EDC.

_
—

T T T T T
332 334 336

In addition to the interactions between QD and
4AT in the liquid phase, fluorescence quenching was
investigated by attaching QD-4AT complex into
PGMA homopolymer thin film for fluorescent sensor
operation.

Attachment of QD-4AT nanoprobes
to pGMA homopolymer

Polymer-QD-4AT nanoprobe complex generation
procedure was performed following the procedure
described in previous section. EPR spectra of pPGMA
thin-film coatings immersed in reference solution
containing only 4AT molecule and QD-4AT nanop-
robe solution are given in Fig. 14.

EPR spectra of pGMA homopolymer coatings
given above illustrate that in the absence of QDs,
4ATs could not bind to polymer surface on their own
as indicated with a very weak spectrum (black line),
as expected. However, when QDs are introduced to
4AT solution for the formation of nanoprobe com-
plex, QD-4AT complex attached to polymer as indi-
cated by the three characteristic '* N hyperfine
splitting peaks in EPR spectrum (red line) in Fig. 14.

In order to examine the variation of the spectrum
after nanoprobe bonding to the polymer surface, a
comparison was made between spectra of 4AT in
water and pGMA homopolymer coating after
immersed into the QD-4AT complex. EPR spectra
were normalized, and then, difference between the
signals was examined (Fig. 15).

As seen in Fig. 15, EPR spectra of 4AT in water
(blue line) exhibit three very sharp '* N hyperfine
splitting peaks. EPR spectrum of pGMA polymer in
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Figure 14 EPR spectra of pGMA homopolymer thin films
processed with only 4AT and QD-4AT nanoprobe solutions.

QD-4AT solution (black line) also shows these three
peaks, but a significant broadening at peak bases is
observed. The peak broadening is a result of restric-
ted motion of the spin labels [82, 83] indicating that
QD-4AT nanoprobe is bound to polymer surface.
However, clearly identified three distinct and sharp
peaks of pGMA polymer in QD-4AT solution also
indicate that the radicals are not very close to each
other on the polymer surface since more densely
packing on the polymer surface would result in very
broad peaks. Since the pPGMA polymer samples were
thoroughly dried, it is not possible to relate sharp
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—— Normalization_ pGMA coating in QDs-4AT solution
—— Normalization_ 4AT in water solution

—

332 334 336 338 340
Magnetic Field (mT)

Figure 15 Normalized EPR spectra of pGMA homopolymer thin
film in QD-4AT solution and 4AT in water.

peaks to remaining water that may have contain free
4AT radicals. Therefore, EPR analysis shown in
Fig. 15 proves that QD-4AT nanoprobes are homo-
geneously distributed on the polymer surface with-
out any agglomeration. Binding of the QD-4AT
nanoprobe to the polymer surface performed with
the formation of amide bonds between the QD and
the amine group on the polymer surface in the EDC/
NHS reaction medium. The relevant mechanism is
given in Sect. “QD attachment to functionalized thin
films”.

Fluorescence quenching mechanism

Tansakul et al. studied the examination of quenching
efficiency by using different nitroxide radicals and
reported that the nitroxide quenching efficiency

Figure 16 Fluorescence
microscopy images of a CdTe
QD attached pGMA
homopolymer thin film surface
and b QD-4AT attached
pGMA homopolymer thin film
surface.
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depends on both the binding affinity and the prox-
imity of the nitroxide moiety to the QD surface [12].
As aresult of the study, it was seen that the proximity
effect was dominant while the hydrogen bond also
contributed to the quenching effect. The quenching
efficiency is highly dependent on distance to QD
surface; therefore, an electron exchange mechanism is
more possible. This mechanism necessitates close
proximity with the excited electron in the conduction
band and should be favored for smaller nanoparticles
[14]. Based on CdTe QDs used in this study (~ 2 to
3 nm), the electron exchange mechanism can be seen
as the main mechanism for quenching, but more
experiments are needed to evaluate the dependence
of nitroxide fluorescence quenching on QD size.

To investigate fluorescence quenching of QD-4AT
nanoprobes, fluorescence microscopy and spec-
troscopy analysis were performed. Fluorescence
microscopy images of pGMA homopolymer films
after QD and QD-4AT nanoprobe complex attach-
ment process are shown in Fig. 16.

Fluorescence microscopy image shown in Fig. 16a
shows pGMA homopolymer film after QD attach-
ment procedure and the green emission of CdTe QDs
indicates the QD attachment process was successful.
On the other hand, Fig. 16b shows fluorescence
microscopy image of pGMA film after QD-4AT
nanoprobe complex attachment process. This image
also indicates successful bonding of QD-4AT com-
plex to polymer surface due to lack of typical green
emission due to fluorescence quenching caused by
4AT. These observations agree well with the results
of EPR analysis. Additionally, fluorescence spec-
troscopy analysis was performed using QD-4AT
complex solution to investigate the effect of time on
the fluorescence quenching. Fluorescence intensity vs
wavelength plot of QD-4AT complex solution is
shown in Fig. 17.
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Figure 17 Fluorescence spectra of QD-4AT nanoprobe in water.

As expected, fluorescence spectra of QD-4AT
complex solution shows a decrease in fluorescence
intensity as more nitroxides bond to QD surface as
time increases. Due to high 4AT concentration, the
quenching rate was higher compared to similar
studies in the literature [14, 84, 85]. It was observed
that more than 50% quenching occurs in 15 min and
after 120 min the fluorescence intensity does not
decrease significantly. In addition, after formation of
the QD-4AT complex, small red shift was observed
compared with the only QDs fluorescence. This is
related to surface modification of QD after interaction
with 4AT and higher concentration of 4AT used for
QD-4AT complex [14, 84, 85]. Fluorescence quench-
ing can be also observed visually. The difference in
fluorescence intensities between two samples one
containing only CdTe QDs and other containing QD-
4AT complex under UV light can be seen visually as
shown in Fig. 18.

The significant decrease in fluorescence observed
visually and confirmed by fluorescence spectroscopy
shows the potential of using polymer bond QD-rad-
ical sensors as multiple-use, cheap and easy to use
fluorescent sensors in various applications. The
results obtained in this study indicate that the
demonstrated polymer-bonded nanoprobe structure
can be used for target material detection in fluores-
cence sensor studies.
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Figure 18 Visual inspection of QDs in water (left) and QD-4AT
complex (right) approximately 24 h after preparation.

Conclusion

A novel functional polymer-based QDs-nitroxide
radical complex was demonstrated as nanoprobe for
fluorescent sensors. The study was carried out in two
parts: in the first part synthesis of pGMA and
p(GMA-co-DEAEMA) copolymer thin films via iCVD
method, amine group functionalization of these thin-
films via epoxy ring opening reactions to achieve
binding of CdTe QDs on the functionalized poly-
meric surfaces were demonstrated. Aromatic primary
amine (aniline), aliphatic primary amine (propy-
lamine) and aliphatic tertiary amine (Et;N) were
compared for nucleophilic epoxy ring opening reac-
tions and QD attachment. Propylamine was found to
be the most effective amine for functionalization of
iCVD deposited pGMA and p(GMA-co-DEAEMA)
thin-film surfaces and CdTe QD attachment to func-
tionalized polymer surface.

In the second part of the study, the synthesis and
attachment of QD-4AT nanoprobes to functionalized
pGMA thin films and feasibility of using QD-4AT
nanoprobes were investigated. In this part, study was
carried out using only pPGMA homopolymer since no
significant difference was observed between pGMA
and p(GMA-co-DEAEMA) polymers in terms of
functionalization in the first part of the study. Char-
acterization of QD-4AT nanoprobe was performed by
EPR analysis by considering interaction time and
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initial 4AT concentration. It was found that high
initial 4AT concentration and longer (24 h) interac-
tion time are beneficial as more nitroxide radicals
bond to QD surface compared to 4 h interaction time.
EPR analysis also revealed the existence of covalent
bond between QD and 4AT when EDC was used
during nanoprobe synthesis, and weak bonds when
EDC was not used. In both cases, QD-4AT nanop-
robes were successfully synthesized. Further EPR
analysis together with fluorescence microscopy
investigation confirmed successful attachment of QD-
4AT nanoprobes to pPGMA surface. The feasibility of
using QD-4AT nanoprobes for fluorescent sensor
applications based on fluorescence quenching was
demonstrated by fluorescence microscopy and spec-
troscopy analysis. Time-depended fluorescence
quenching analysis revealed that more than 50%
reduction in fluorescence intensity, which can also be
observed visually, occurred within 15 min demon-
strating the possibility of using polymer bonded QD-
4AT nanoprobes as multiple-use and easy to use as
sensor structure in various applications.
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