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SUMMARY

This work investigates the phenomenon of charge transfer probed using Raman and
fluorescence spectroscopy techniques. Under Raman spectroscopy study, we chose a
system of nitrothiophenol (NTP) isomers chemisorbed onto TiO, and system of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) in a diode-like device.
Under fluorescence spectroscopy study, we chose a system of poly[2-methoxy-5-(2°-
ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) nanoparticle under the influence of
electric field and energy transfer in a capacitor-like device.

Chapter 1 provides general introduction of Raman spectroscopy and the mechanism
of Surface Enhanced Raman Spectroscopy (SERS). Particular attention will be given to
chemical enhancement mechanism of SERS which involves charge transfer. Since charge
movement is influenced by electric field, the fabrication of proper electrical device is
necessary. Application of charge transfer in the fluorescence of conjugated polymer in an
electrical device will be described, along with the combined effect of charge transfer and
energy transfer.

In Chapter 2, surface enhanced Raman signal of meta- and para-nitrothiophenol (m-
NTP and p-NTP, respectively) were observed when they were chemisorbed onto TiO,. The
enhancement mechanism was deduced from absorption spectrum and Density Functional
Theory (DFT) and was found to be due to charge transfer from NTP isomers to TiO,.

In Chapter 3, fluorescence intensity of single dye molecule (ATTO 647N) and
backscattered light intensity were studied in an open and a closed circuit device. In an open
circuit, electric field did not influence fluorescence and backscattered light intensity. In a

closed circuit, the resulting alternating electric current modulated both fluorescence and
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backscattered light intensity. This artificial result was found to be due displacement (i.e.
mechanical jerk) of the substrate.

In Chapter 4, Raman spectrum of PEDOT:PSS in OLED (Organic Light Emitting
Diode) device was investigated. During OLED operation, holes are injected into
PEDOT:PSS, oxidizing it to form a benzoid structures. The vibrational frequency of
PEDOT:PSS was found to gradually shift to higher wavenumber. After the operation, it
gradually shifted back to its initial wavenumber.

In Chapter 5, fluorescence intensity of a single MEH-PPV nanoparticle was studied
in an open circuit. The alternating electric fieldinduces modulation of fluorescence
intensity. This result was interpreted in the light dissociation of singlet exciton to become
electron and hole polaron. Electric field then induced the movement of hole polaron within
the nanoparticle, modulating its fluorescence intensity. An energy acceptor, meso-
Tetraphenylporphyrin (TPP), was added to the nanoparticle. The resulting composite
nanoparticle showed lesser modulation of fluorescence intensity under the influence of
electric field. This is interpreted in the light of quenching of singlet exciton via Forster
Resonance Energy Transfer (FRET), thereby reducing the probability of dissociation of

singlet exciton to become electron and hole polaron.
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CHAPTER 1

GENERAL INTRODUCTION
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1.1 Motivation

Charge transfer (CT, in particular electron transfer) is ubiquitous. It ranges from
simple redox reaction in galvanic cell, iron rusting and battery to a delicate biological
redox reaction in the Krebs cycle and in photosystem I/1l. Charge transfer can be further
harnessed in an electrical device such as light emitting diode and photovoltaic cell since it
allows one to control the direction of charge transfer.

Seeing the huge potential in electrical device development, we believe a deeper
understanding of charge transfer is crucial. This thesis is dedicated to studying charge
transfer processes using both Raman and fluorescence spectroscopy. By studying the
enhancement of Raman spectrum, one can deduce the interfacial charge transfer process
between an organic adsorbate and the substrate. We are also interested to study how
changes in Raman and fluorescence spectrum/intensity can be used to probe charge
transfer processes in organic materials found in an electrical device. Finally, we
investigated the effect of energy transfer on charge transfer processes in an electrical

device.

1.2 Charge transfer in SERS
1.2.1 Theoretical background of Raman spectroscopy

Depending on the cross section, there are a number of possibilities when molecule
interacts with light. A molecule can let light pass through, completely absorb light, absorb
and emit light at different wavelengths (via fluorescence or phosphorescence), or scatter
light. Elastic light scattering by a molecule is known as Rayleigh scattering (named after
John Strutt, 3 Baron Rayleigh) whereas inelastic light scattering is known as Raman

scattering (discovered by Chandrasekhara Venkata Raman in 1928). In the simplest case,
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there are two types of Raman scattering: Stokes-Raman and anti-Stokes-Raman scattering.
When the scattered light has lower energy compared to its initial energy, this phenomenon
is known as Stokes-Raman scattering. In contrast, anti-Stokes-Raman scattering occurs
when the scattered light has higher energy than its initial energy.

We will first try to understand the origin of the three types of scattered light from
classical physics." Incident light can be considered an electric field which oscillates with
frequencyv,. At any given time, its electric field can be described as:

E= EO COS(2TTVL) wevrreieieieie e (1.2)

The incident electric field induces a dipole in the molecule f;,, which can be expressed as:
fing = @)+ Ey COS(2MVQL) wovoerrrererereerereseresne (1.2)

@(v)is a time-dependent polarizability of the molecule and represents the movement of
electron cloud as the molecule oscillates from its normal coordinate Q, with vibrational

frequencyv,. Hence, @(v)can be written as:
~ ~ o
aw) = dy(vy) + (O_gk)o Q1 COS(2TTVLL) wveeerereecreceene (1.3)

By combining equations (1.2) and (1.3), one arrives at the expression:
. = [~ 0w
Uina = Eo [ao (vp) + <6_Qk)0 chos(Zm/kt)] cos(2mvyt) weveenenen. (1.4)

Using the trigonometric identity cos A cos B = 0.5{cos(A + B} + cos(A — B)}, one can

rewrite equation (1.4) as

R E,/0d
fina = Eo@o(vy)cos(2mvyt) + —0<—) Qrcos[2m (v, + vy)t]
2\00Q/,

E, [ 0

+ ~ (a_Qk)o Q1 COS[2T (Vg — Vi )E] woveeieieieieeeene (1.5)

The sum on the right hand side of equation (1.5) provides polarizability of three different

frequencies: vy, (v + vy ), and (vo — vi). The first frequency v, is related to elastic/
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Rayleigh scattering, the second frequency (v, + v,) to anti-Stokes-Raman scattering and

the third frequency (v, — v, ) to Stokes-Raman scattering.

S1V =0
______________________________________ AT Virtual state
R e et sEEEEEEEEETES SR Virtual state
hvg hvg hvgy hvg hvgy hvg
Sov =2
v
7y 7y Sov=1
hvk hvk
A 4 A\ 4 vV
K . Sov =0
Rayleigh Stokes-Raman Anti-Stokes-Raman

Figure 1: Energy diagram depicting three different types of light scattering. Incident light
causes molecule to be excited to a virtual state. A virtual state is an excited state which in
most cases has no physical reality since it is not a true vibronic level of the molecule
(virtual state is a ‘visual’ representation of mathematical construction of perturbation
theory). From the virtual state, the molecule relaxes either via Rayleigh, Stokes-Raman or

Anti-Stokes Raman scattering.

A molecular energy diagram may help to illustrate these three types of scattering
(Figure 1). In Rayleigh scattering, the molecule simply scatters the incident light (hv,)
without changing its energy. This phenomenon gives rise to the blue color of the sky.
Under Stokes-Raman scattering, the scattered light (hvg) has lower energy than the
incident light (where hvy = h(vy —vi)). In contrast, in anti-Stokes-Raman scattering,

scattered light (hvy) is higher in energy than the incident light (where hvg = h(vy + vy)).
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1.2.2 SERS and its mechanism

C. V. Raman discovered inelastic scattering after he measured it from highly
concentrated samples. However, intrinsic Raman cross section of many molecules is
typically very low (~10%°-10% ¢cm?) as compared to absorbance cross section (~10°-10°
cm?).2 Since fluorescence quantum yields of most chromophores are between 10 to 100%,
the fluorescence cross section will typically range from ~107°-10"". Hence, Raman
spectroscopy was initially not widely used as an analytical tool despite its advantage of
revealing vibrational fingerprints of the molecules investigated. The study in this field was
later greatly encouraged by the development of the laser due to its high intensity and
monochromaticity and improvements in detector sensitivity. In 1974, Fleischman and
coworkers obtained a very good Raman signal of pyridine adsorbed onto roughened silver
electrode.® They attributed the enhancement of Raman signal to an increase in the surface
area of silver and hence increase in the number of adsorbed pyridine. However, Van
Duyne* and Creighton® argued that an increase in surface area alone is not enough to
account for the large enhancement of Raman signal. Van Duyne then proposed the
electromagnetic enhancement mechanism whereas Creighton proposed the chemical
enhancement mechanism.

The enhancement factor (EF) of a Raman signal is quantified using the following

equation:

where Isgrs 1S the enhanced Raman intensity, Nggrs iS the corresponding number of
molecules, Iy is the unenhanced Raman intensity and Ny is the corresponding number of

molecules. Electromagnetic enhancement has been reported to give EF as high as 10°-10%
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whereas chemical enhancement contribution is only in the range of 10'-10%°" Both

enhancement mechanisms will be further explained in the next section.

1.2.2.1 Electromagnetic enhancement

When incident light falls onto a coinage metal surface, the incoming oscillating
electric field causes the conduction electrons of metal to oscillate (see Figure 2). The
density of electrons, effective electron mass, shape and size of the charge distribution
influence the oscillation frequency.'? The interaction between incident light and the metal
surface can be approximated using a quasistatic model. In this model, the incident field
with wavelength A interacts with small spherical particle with radius a where a/1<0.1.

Hence, the field is approximately uniform around the sphere.

Metal sphere

T
Electron cloud l l l

Figure 2: Oscillation of electron cloud of a small metal sphere in response to incident

electric field

Let incident electric field vector be Ey. The electric field outside the sphere (Eout)

can be expressed as:*

~ X3, oo s
Eyue = EyX — aE, [r% - r—’sc (xXx +yy + zz)] ....................... (1.7)
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With x, y, z representing Cartesian coordinates and X, ¥, Z their respective vectors, r the

radial distance, and « the metal polarizability defined as:

where a is the radius of the sphere and g is defined as

g = UL e (1.9)

" (ein+2€0ut)
&y IS the dielectric constant on the metal nanoparticle whereas ¢,,; is the dielectric
constant of the external environment. Electromagnetic enhancement is wavelength
dependent as determined by the dielectric constant and its maximum enhancement occurs
under resonance condition when ¢;,, & —2¢,,,;. Extinction spectrum E (1) of an arbitrarily

shaped nanoparticle can be estimated using Mie theory.

3

_ 24m?NaBepy,2? gin()
E(1) = Bt (—E o) (1.10)

where g,.and ¢; are the real and imaginary parts of the metal dielectric function &;,,
respectively, y is the shape factor of nanoparticle and gives the value of 2 for small sphere.
The value of y has to be approximated for other geometry. Hence, extinction spectrum can
only be solved analytically for spherical particle. The resonance condition of €,  —y€,u;
in visible light region is often satisfied for silver and gold nanoparticle.

The equations above show how the metal nanoparticle interacts with incident
electric field Epand radiates electric field out Eo... Equation (1.7) and (1.8) can be
simplified to E,,; = gE,. The radiated electric field will interact with molecule located
nearby the electric field. Due to its polarizability (equation 1.3), the molecule will then
scatter the field Es; with the magnitude of E; = @gE, (in a more rigorous treatment,
polarizability of an isolated molecule may not be the same as polarizability of molecule in

the presence of metal particle). This scattered field will interact with metal nanoparticle,
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causing a second enhancement. The final radiated electric field by nanoparticle Esgrs can be
expressed as Eggrs = g'@gE, where g’ is the magnitude of the second enhancement. This

process is illustrated in Figure 3.

Figure 3: In a simple SERS mechanism, the incident electric field of E, (1) interacts with
metal and gets enhanced by a factor of g. The enhanced field (E,,: = gE,) (2) interacts
with the molecule. The molecule gives off scattered field Es (3) whose strength is (E; =
agkE,) and it gets enhanced by the metal particle by a factor of g’ Finally, the metal

radiated the SERS field Esgrs with the strength of (Eggrs = g'@gE,) (4).

The intensity of the scattered field is proportional to the square of the electric field
strength. Hence, intensity of incident field is equal of EZ and the intensity of SERS field is

equal to EZ;xs. Equation (1.6) can be expressed using EZ and EZ;xcas follows:

ISERS  E%pgs
—==e 242522
_ Nsgrs .. 1 ._9"9°®°Es __ 12 2
EF =7 *ag ® rmr S 9797 e (1.11)
NNR 1

When the Stokes shift is small, g’ ~ g and EF ~ g% In the literature, this is commonly
known as the fourth power of local field enhancement on nanoparticle surface. The value
of g is about 30 for silver nanoparticle at 400 nm. Hence, the enhancement factor is about
8.1x10°."

Other than its much larger enhancement factor values, another important feature

which distinguishes electromagnetic enhancement from chemical enhancement is its
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distance dependence; molecule located at a certain distance from the metal nanoparticle
can still experience electromagnetic enhancement whereas chemical enhancement requires
contact between molecule and metal surface (typically via formation of covalent bond).
The intensity of SERS at a certain distance from the metal surface Igzzs can be calculated

using the following equation:**

a+r

I.S,'ERS = ISERS(T)_lo .......................................... (112)
where a is the average size of the metal surface responsible for field enhancing, r is the

distance between surface and molecule and Iszgs IS the SERS intensity on the surface of
metal (r = 0). One example of modification of r is by using Al,O3 spacer deposited via
atomic layer deposition technique'* or by alkane chain spacer fabricated via self-assembled
monolayer technique.™

In the case whereby the molecule is adsorbed on the metal (r = 0), the electric field
irradiated from metallic surface is polarized and this gives rise to surface selection rules.
This rule states the vibrational mode perpendicular to the surface will be preferentially
enhanced compared to the one parallel to the surface.’® As such, SERS spectrum can be

extracted to give information on the orientation of adsorbate and this has been applied to

17 18
l, I,

study the orientation of 1- and 2-napthalenethiol,™" p-nitrophenol,™ and p-mercaptobenzoic
acid'® molecules adsorbed onto metal surface. To illustrate the use of selection rule to
determine the orientation of molecule, we will first need to look into the symmetry of
vibrational mode. An example of this is given from the adsorption of p-aminothiophenol
on metal surface.”> When the molecule is oriented flat on the surface of metal, b, mode is
more enhanced compared to a, and b; modes. As a comparison, when the molecule is

oriented in a more upright position, a; mode is more enhanced than b, and b; modes (see

Figure 4).
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NH,

Al Au
b,>ay, by a,>by,, by

Figure 4: Surface selection rule operating on p-aminothiophenol when it is adsorbed onto
Au surface. When it is adsorbed in a flat orientation, its b, vibrational mode is more

enhanced. When it is adsorbed in an upright orientation, its a, mode is more enhanced.

Of particular interest is when the molecule is located in between 2 or more metal
particles. This interstitial site is often referred to as ‘hot spot’ site. In this site, the EF can
be as high as 10*°-10*, allowing detection of Raman signal of single molecules.?*** The
mechanism behind ‘hot spot’ is illustrated in Figure 5.*%® When two metal particles are
brought together, the incident electric field generates additional electric field in the
interstitial site. The molecule which happens to be located inside this site experiences both

enhanced incident field and the additional field.

Incident electric field

>
Additional electric field

Figure 5: Incident electric field generating additional electric field in between two metal

particles, giving rise to the ‘hot spot’ phenomenon.
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1.2.2.2 Chemical enhancement

While electromagnetic enhancement is well studied and attractive due to its high
enhancement factor, it cannot account for several experimental results. CO and N, have
almost identical Raman cross section yet their respective SERS spectra are different.?*
Similarly, methane and ethane possess vibrational mode of equivalent strength to that of
ethylene or benzene. Yet, SERS of methane and ethane are one hundred fold less intense as
compared to SERS of ethylene or benzene.?* Since many early SERS experiments were
conducted on colloidal metal nanoparticles, one would expect to see Raman spectrum of
water (poor Raman cross section of water would be compensated with its abundant
quantity). However, SERS of water has never been observed. More importantly, SERS of
pyridine adsorbed on silver electrode in electrochemical environment shows correlation
between maximum Raman intensity and electrode potential and excitation wavelength
used.”® And finally, recent studies have shown SERS of molecules adsorbed onto
semiconductor materials such as TiO, and Zn0O.%?’

Chemical enhancement can be thought of as a form of ‘resonance’. In a normal
(non-SERS condition) resonance Raman spectroscopy, a molecule is excited from HOMO
to LUMO which then gives off Raman signal as it relaxes.?** Depending on the molecule,
fluorescence may or may not interfere with the Raman signal. In the presence of nearby
metal (SERS condition), the HOMO and LUMO of molecule may form covalent bond and
interact with the metal Fermi level. Through this covalent bond, the excitation wavelength
(mainly in the visible region) can encourage charge (mainly electron) transfer from
molecule to metal or from metal to molecule. Charge transfer will increase polarizability

and in turn will enhance Raman signals.
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Lombardi et al.®**' have proposed the charge transfer theory for chemical
enhancement. Let us consider a molecule with HOMO level I and LUMO level K

interacting with Fermi level of a metal M (see Figure 6).

Figure 6: Energy level diagram showing molecule to metal charge transfer (B) and metal
to molecule charge transfer (€). I and K are HOMO and LUMO of the molecule,
respectively, whereas M is metal Fermi level state. The vibronic coupling between metal
and LUMO is represented as hyk wWhereas the coupling between HOMO and metal is hjum.
Mim and Myk represent excitation wavelength assisted charge transfer from molecule to
metal and from metal to molecule, respectively. M is the direct excitation from HOMO to

LUMO (usually in UV region).

Charge transfer polarizability of the system (act) can be expressed as

Aer =A+BHC o (1.13)
A term is responsible for resonance Raman scattering and only totally symmetric Raman
lines are allowed by this term. In practice, many Raman measurements are done using
excitation wavelengths far away from molecular resonance. The terms B and C represent
charge transfer transition from molecule to metal and metal to molecule, respectively. This
transition ‘borrows’ intensity from Herzberg-Teller vibronic coupling constant (h). For B
term, the coupling constant operates between metal and the LUMO of the molecule (hyk).

In comparison, hyy couples the HOMO of the molecule with metal for C term. When non-
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totally symmetric normal Raman line is observed, term B or C or both have to be
considered. In addition, they may also influence totally symmetric bands. The complete

expressions of B and C are as follow:

2 +0?)hiemilQl)
B = - (h_z) Ykcer Zu<x| MMy, + Mg, Mg | X (xromto ) emtdol) (1.14)
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where o and p are representatives of three spatial directions of x, y, z involved in the tensor
of normal mode Q and i and f are initial and final Raman transitions, respectively.

In an electrochemical environment, the position of the Fermi level of metal can be
tuned by varying the potential. In turn, this method will determine whether the chemical
enhancement mechanism is via charge transfer from molecule to metal (term B) or metal to
molecule (term C). Let us first consider term B. The maximum Raman intensity occurs
when the energy of excitation light is in resonant with v (w = w,;, denominator in
equation 1.14). When the external potential is biased more and more positive, the Fermi
level of metal drops and the energy of excitation light required for resonance will then be
lower. Hence, term B predicts a negative slope when one plots external potential against
excitation energy. Conversely, for term C, the maximum Raman intensity occurs when
energy of excitation light is in resonant with wxy (w = wgy, denominator in equation
1.15). When the external potential is biased more and more positive, the Fermi level of
metal drops and the energy of excitation light required for resonance will then be higher.
Hence, term C predicts a positive slope when one plots external potential against excitation
energy.

An interesting application of charge transfer mechanism has been studied using

TiO; as a substitute of metal. Depending on the type of molecule used, TiO, can support
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either one of the two directions of charge transfer. SERS of p-mercaptobenzoic acid
adsorbed onto TiO, showed enhancement of non-totally symmetric band and it was
attributed to charge transfer from TiO, to molecule.® It was proposed that the electron
from the valence band of TiO, could be excited to a surface state which will then move to
the LUMO of the molecule. In contrast, SERS of dopamine adsorbed onto TiO, was
ascribed to charge transfer from molecule to TiO,.*® Dopamine forms strong interaction
with TiO; in a bi-chelate manner through its two hydroxyl groups. As such, new absorption
band was formed and it was interpreted as arising from electron transfer from the HOMO

of dopamine to the conduction band of TiO,.

1.2.3 Advanced Raman spectroscopy technique

Most of the normal Raman or SERS experiments are carried out using
monochromatic continuous excitation light with low power density. However, researchers
have been able to develop various sophisticated Raman measurement techniques using
pulsed laser with high power density and two coherent excitation lights. Two techniques
will be explained briefly in the following section, namely Anti Stokes/Stokes Hyper

Raman Scattering and Coherent Anti Stokes/Stokes Raman Spectroscopy.

1.2.3.1 Anti-Stokes/Stokes Hyper Raman Scattering

Normal Raman scattering intensity is proportional to the irradiance of the excitation
laser used, as described in equations (1.3) and (1.4). On the other hand, hyper Raman
scattering occurs when the laser irradiance is sufficiently high. Its intensity is proportional
to the square of the irradiance. In Stokes hyper Raman scattering, the detected signal hvy is

equal to 2hvy, — hv, whereas in anti-Stokes Raman scattering, hvy is equal to 2hv, +
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hv,. Kneipp and coworkers reported EF as high as 10%° using surface enhanced hyper
Raman scattering technique on crystal violet adsorbed on colloidal silver cluster.*® Figure 7

below illustrates the phenomenon of hyper Raman scattering.
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Figure 7: Energy diagram of Stokes and Anti-Stokes Hyper Raman Scattering

1.2.3.2 Coherent Anti Stokes/Stokes Raman Scattering

While normal Raman technique utilizes a monochromatic excitation wavelength, it
is possible to use two excitation wavelengths (hv,and hv, where hv,>hv,) to study its
molecular vibration. This is the basic idea behind Coherent Anti-Stokes Raman Scattering
(CARS) and Coherent Stokes Raman Scattering (CSRS). In CARS, the molecule first
occupies the lowest vibrational level of the ground state. A constant excitation laser hv,
acts as a pump to bring the molecule to a virtual state. The second beam is tuned in such a
way that hv, = hv; — hv,. The molecule then occupies the higher vibrational state. The
second incident hv, excited the molecule to another virtual state. Finally, the molecule

gives scattered signal hvy = hv; + hv, while returning to the lowest vibrational state of
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the ground level. The scattered signal is said to be ‘Anti-Stokes shifted’ with respect to
hv;. On the other hand in the case of CSRS, the molecule first occupies higher vibrational
state. The incident hv, is tuned in such a way that hv, + hv, = hv;. The molecule is
excited to the virtual state then relaxes to the lowest vibrational state. The second incident
hv, causes the molecule to go up to another virtual state. Finally, the molecule relaxes to
the higher vibrational level while giving scattered signal hvgy = hv, — hv,. The scattered
signal is said to be ’Stoke-shifted’ with respect to hv,. These two phenomenon are

illustrated in Figure 8.
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Figure 8: Energy diagram of CARS and CSRS

Similar to transient absorption spectroscopy, CARS and CSRS have been used to
study vibrational spectrum of a transient species such as radical ions.>**" In particular for
CARS, since the detected signal is blue-shifted, the fluorescence background is completely
suppressed, making CARS suitable tool for investigating biological dye and pigment such

as cytochrome c and B-carotene. >
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1.3 Charge movement under electrical field

Charge transfer under chemical enhancement focuses mainly on the electron
transfer between molecule and metal/semiconductor. Strictly speaking, when electron
moves from one place to another, hole moves in the opposite direction. The movement of
both hole and electron are of significant importance in electrical devices such as Organic
Light Emitting Diode (OLED) and capacitor.

‘Hole’ is not merely a term to describe the absence of electron. Depending on the
system studied, hole may have heavier or lighter effective mass than electron. Likewise,
hole may have faster or slower mobility as compared to electron. It has been found that the
effective mass of hole is 20-30% greater than the effective mass of electron in bilayer
graphene.”’ In contrast, the effective mass of hole is <1% of the effective mass of electron
in TiO..** Mobility of hole and electron were found to be 3.4x10™ m?Vs and 5x10°
m?/Vs, respectively, in n-type copolymer poly{[N,N-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-di-thiophene)}.* In contrast, hole and
electron mobility were found to be 1.72 and 0.42 cm?/Vs in poly(N-alkyl diketopyrrolo-
pyrrole-dithienylthieno[3,2,b]thiophene).*®

Electron or hole will move under the influence of external electric field. To avoid
confusion, ‘incident’ electric field in the SERS section above is caused by excitation light
whereas ‘external’ electric field here is caused by difference in electric potential. Such
potential difference is easily provided via a generator. Hole will move toward the direction
of electric field whereas electron will move opposite to the direction of electric field

(Figure 9).
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Figure 9: Potential difference between 2 electrodes with opposite charge generates electric
field (dashed line). Hole (h*) will move toward the direction of the field whereas electron

(e") will move opposite the direction of the field.

1.3.1 Charge movement in electrical device
1.3.1.10LED

Electroluminescence is an emission of photon due to electric field. The first study
of electroluminescence was reported by Pope et al. who investigated luminescence of

anthracence during application of 400V potential.**

About two decades later, Tang et al.
reported electroluminescence from organic material during potential application of ~10V.*
Due to application of low potential, this result has since generated world-wide interest in
OLED study. The first study of electroluminescence from conjugated polymer was
reported in 1990.%° Conjugated polymer has a lot of potential as OLED material as the

emission can be tuned during the synthesis*’**®

and it can be flexible enough to be bent
without failure.*®

The simplest OLED consists of a pair of electrodes and a single emissive layer such
as poly(phenylene vinylene) or PPV. The cathode is usually metal with low work function
such as aluminum,*” calcium® or magnesium® whereas the anode is usually a

semitransparent electrode with a high work function such as Indium Tin Oxide (ITO)*' or

Fluorine doped Tin Oxide (FTO).?® The anode is connected to a positive terminal whereas
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the cathode is connected to a negative terminal. During application of an external potential,
electrons are injected from cathode to the LUMO of PPV whereas holes are injected from
anode to the HOMO of PPV. The recombination of electron and hole then produces
electroluminescence (see Figure 10). Single OLED device generally does not possess high
external quantum efficiency (ratio of photon generated to electrons injected) as the
emissive layer is responsible for both transport and emitting functions. Jae et al. reported
external quantum efficiency of 10™% for PPV and 10°% for a PPV derivative as an
emissive layer.®> A solution to improve the efficiency is to employ multilayer OLED

device.

LUMO
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) )

ITO HOMO
PPV

()2

Figure 10: Simple OLED consisting of ITO anode, single PPV emissive layer and Al
cathode. Electron hole recombination generates electroluminescence during application of

an external potential. Dashed lines indicate interface between two layers.

In a multilayer OLED device, the transport function is mainly performed by the
electron transport layer (ETL) and hole transport layer (HTL) whereas the emitting
function is done by the conjugated polymer. Examples of ETL include bathocuproine,
bathophenanthroline and tris-(8-hydroxyquinoline) aluminum (Alg3) whereas examples of

HTL are poly(9-vinylcarbazole) (PVK) and N,N’-bis(3-methylphenyl)-N,N’-diphenyl-
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benzidine (TPD). Sometimes, electrons from cathode may pass through the layers and
reach anode. Similarly, holes from anode may pass through and reach cathode. This will
then create an Ohmic loss. One strategy to further suppress Ohmic loss is by adding
electron blocking layer (EBL e.g. tris(4-carbazole)triphenylamine)® and hole blocking
layer (HBL e.g. diphenyldi(o-tolyl)silane).>® With the addition of EBL and HBL, electron
and hole are more confined within the emissive layer, thereby improving its quantum
efficiency. Multilayer OLED device has much better external efficiency as compared to
single layer OLED device. As an example, Yang et al. reported efficiency as high as 3%
for a series of poly(paraphenylene) based OLED.>® The structure of multilayer device is

given in Figure 11.
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Figure 11: Multilayer OLED device in which external efficiency is improved by the
addition of hole transport layer (HTL), electron blocking layer (EBL), hole blocking layer
(HBL) and electron transport layer (ETL). The dashed lines represent interface between
two layers. EBL prevents electron reaching anode whereas HBL prevents hole from
reaching cathode (broken arrow). This will then reduce Ohmic loss as electron and hole are
more confined in the emissive layer. Recombination of electron and hole generates

electroluminescence light.
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A common way of characterizing a diode (both organic and inorganic diode) is by
measuring its current against voltage (I-V curve). An ideal 1-V curve is illustrated in Figure
12. A diode allows current to move in a certain direction (forward bias) while restricting
current to move in the opposite direction (reverse bias). During the fabrication of a diode, a
depletion region is formed (region depleted of holes and electrons). In the forward bias,
electrons move from negative electrode to the positive electrode while holes move from
positive electrode to the negative electrode. However, the diffusion of electrons/holes in
the depletion region is limited by the energy gap which in turn is governed by Boltzmann
distribution. Hence, forward bias current is exponential in nature. In the reverse bias, the
depletion region becomes wider and acts like a resistor which only allows small current
leakage. Hence, reverse bias current is usually far lower than forward bias current. Finally,

when the application of reverse bias is too high, the diode will breakdown.

-t P
Break Reverse Forward
down

Voltage
+

>

—
Current

Current (A)

0
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Figure 12: 1-V curve of a diode.
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A simple diode equation to explain I-V curve in the reverse and forward bias is as
follows:

ZD,

I =16V i (1.16)
where I is the measured current, I, is the current at reverse bias, Vj, is the potential across a
diode, V; is the thermal voltage (approximately 25.7 mV at 298K) and n is the ideality

factor. For silicon based diode, the ideality factor reaches 1%

whereas for organic diode n
can be as high as 8.°® A semi In plot of I-V is routinely used to find the value of n.
However, the linearity may only be applicable to relatively small voltage bias. At higher

voltage bias the I-V curve may deviate from ideal diode behavior as the charge transport is

dominated by the bulk properties instead of interface properties.®

1.3.1.2 Capacitor
In a capacitor, a layer of insulator is inserted between anode and cathode, typically

%980 or an inorganic layer such as Si0,.8+%% %% This insulator

a very thick polymerlayer
allows electric field to pass through but not electric current. Since there is no more ‘anode’
and ‘cathode’, electron and hole movement depends on the material used as the electrode
and the direction of electric field. There are two types of charge movement in a capacitor
device. The first type is when charge moves from electrode to the active layer. The second
type is when charge moves solely within the active layer.

One example of charge transfer from electrode to the active layer is illustrated in

the work of Barbara et al.®*

They deposited SiO, on top on ITO electrode to prevent any
charge injection from ITO. On top of SiO,, they deposited a layer of poly(methyl
methacrylate) (PMMA) which contains many single polymer chains of poly[2-methoxy-5-

(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV), continued by deposition of TPD, a
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hole transport material and completed by deposition of gold electrode (see Figure 13).
When the gold electrode was under positive potential, hole polaron from gold moved
through TPD and reached MEH-PPV. Hole polaron then quenched MEH-PPV
fluorescence (Figure 13a). On the other hand, when gold electrode was under negative
potential, hole polaron was removed from MEH-PPV, restoring its fluorescence (Figure

13b). Gesquiere et al.®?

reported similar finding: hole polaron quenched fluorescence of
poly(3-hexylthiophene-2,5-diyl) (P3HT) nanoparticle at negative potential and hole
polaron was removed from P3HT at positive potential, restoring its fluorescence.

Quenching of fluorescence by hole polaron is explained in Section 1.3
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Figure 13: Charge transfer in a capacitor-like device in which the charge moves from
electrode to the active layer. When gold electrode is biased positive (a), electric field goes
from Au to ITO. Hole is then injected into MEH-PPV as the ‘active layer’, quenching its
fluorescence. When gold electrode is injected negative (b), electric field goes from ITO to
Au. Hole is then removed from MEH-PPV, restoring its fluorescence. The arrow

represents the direction of electric field (e = MEH-PPV single polymer chain).
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In the second type of charge transfer in capacitor-like device, the active layer is
completely insulated from both electrodes. Scheblykin et al.®*®* deposited SiO, on top of
ITO electrode to prevent charge injection. Subsequently, they deposited a layer of single
MEH-PPV chains in PMMA or polystyrene (PS) matrix, poly(vinyl alcohol) (PVA) and
another PMMA layer. PVA and PMMA acted as another insulating layer. The device was
then completed with aluminum electrode deposition (Figure 14). During the application of
alternating potential bias, the direction of electric field was continuously swapped from
ITO to Al and from Al to ITO. There was no charge injection from both electrodes to the
active layer of MEH-PPV. MEH-PPV in itself might produce hole polaron depending on
the surrounding environment. Hole polaron would then move alongside the chain due to
electric field, quenching its fluorescence. The influence of charge transfer on conjugated

polymer MEH-PPV is explained in Section 1.3
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Figure 14: In a capacitor-like device in which MEH-PPV is isolated from both electrodes,
only electric field is in operation. The electric field will cause singlet exciton to dissociate
to become hole polaron and electron. This hole polaron is then free to move along the
chain to quench the fluorescence of the neighboring exciton. The arrow represents the

direction of electric field (¢ = MEH-PPV single polymer chain).
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1.3.2 Charge movement in open and closed circuit

It is worthy to note that capacitor is an example of open circuit device as there is no
current flowing. On the other hand, OLED can be considered a closed circuit as there is
current flowing from one electrode to another electrode, albeit small (~10° A). A special
case of closed circuit is when both electrodes are connected in such a way that the leakage
current is much bigger (~10" A, Figure 15). When the electron or hole moves from one
electrode to another in such low resistance, heat will be generated. This heat may cause
mechanical deformation of the device which is observable under microscope (further

elaborated in Chapter 3).

’— Al
\ Insulator

L ITO

Figure 15: A current leakage (dotted lines) in a capacitor-like device, making it a close

circuit and resulting in a large current flowing through the two electrodes. The heat

generated by the current will result in mechanical deformation of the device.

1.4 Charge movement in conjugated polymer

Conjugated polymer can be used as an active layer in OLED or capacitor-like
devices. As the name suggests, this class of polymer has extensive n-r interaction. Charge
can then hop from one 7 orbital to another 7 orbital. Some examples of conjugated polymer
are MEH-PPV, P3HT and poly[(9,9-di-n-octyl fluorenyl-2,7-diyl)-alt-(benzo[2,1,3]
thiadiazol-4,8-diyl] (F8BT). This section will focus mainly on MEH-PPV and its

interaction with hole polaron.
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A single chain of MEH-PPV consists of multiple chromophores (Figure 16). For
example, there are about 200 chromophores (each chromophore consists of 10-17 repeating
units) in a single MEH-PPV chain with M,, of about 10° amu.®® Low temperature single
chain fluorescence measurement reveals the existence of ‘red’ or low energy site, probably
caused by chain-chain contact which improves = stacking and lowers the exciton energy.®®
Incident light excites all the chromophores. High energy chromophores then transfer their
energy to the low energy site duringan exciton lifetime (~300 ps). The fluorescence

emitted may then come from both the high and low energy sites.*®

3 /\‘,/\
AR A

\ <> =10-17 repeating units

Figure 16: The structure of MEH-PPV. There are about 1700 (n = ~1700) repeating units
for a single polymer chain with M, of 10° 10-17 repeating units will make up one
chromophore. Hence, a single chain of MEH-PPV may contain ~200 chromophores. After
fluorescence excitation, the high energy chromophore will transfer energy to the low
energy chromophore. Fluorescence is then a mixture of emission from both the high and

low energy sites.

Triplet state of MEH-PPV exhibits interesting property. Navaratnam et al.®” found
quantum vyield of triplet state to be 1.25% and triplet state lifetime of 92 us. Barbara et al.®
studied the interaction between triplet state and singlet state of MEH-PPV using a single
molecule excitation intensity modulation spectroscopy technique. While triplet state itself

does not emit any phosphorescence, they found that the triplet state can quench singlet
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state of MEH-PPV with a quenching rate of ~10%-10'° s™. The quenching mechanism was
thought to be Forster type quenching. This triplet state can also relax to the ground state
with a reverse intersystem crossing rate of ~10° s™.

Scheblykin et al.®* showed that the fluorescence of an isolated MEH-PPV chain can
be modulated in the presence of electric field (Figure 14). Singlet exciton of MEH-PPV
can undergo electron transfer with an electron acceptor in the surrounding matrix (e.g.
carbonyl group of PMMA matrix) or intra chain contact, creating a hole polaron on the
chain. Electric field then causes hole polaron to move alongside the chain, quenching other
excited chromophores. As a comparison, electric field-assisted formation of hole polaron is
strongly suppressed in polystyrene matrix because polystyrene does not possess any
electron accepting group and MEH-PPV adopts an open chain conformation, reducing its

intra chain contact. This effect is illustrated in Figure 17.
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Figure 17: Influence of electric field on the fluorescence of single MEH-PPV chain.
Electron transfer from excited chromophore to the neighboring electron acceptor generates
a hole polaron (MEH-PPV"). Electric field causes hole polaron to move, quenching
another excited chromophore. Backward electron transfer may restore the chromophore to

a ground state. Overall, fluorescence of MEH-PPV is reduced.

The formation of hole polaron (MEH-PPV™) can be described using the following

equation:®*

ke
MEH-PPV + acceptor = MEH-PPV" + acceptor ™ ...........cc.......... (1.17)

ke

The forward rate in this equation is expressed as

ke = Koge (DD es(E) woveromereeereoreesseeeseerossseeen (1.18)
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where k,..(I) is the intensity independent excitation rate and ®.,(E) is the electric field
dependent quantum yield of charge separation. The backward rate is then simply equal to
electric field dependent recombination rate
kg = Kpoc(E) covieiiieiece e, (1.19)
The equilibrium hole polaron concentration can be expressed as
[MEH-PPV™] = kr/(kp + k) ceveveeeeeeeeeeeeeeee, (1.20)
At this point, Scheblykin et al. did not assign any value of forward and backward rates.
Individually, different polymer chain responds differently when the electric field moving
from ITO to Al and from Al to ITO. However, the averaged response of many single
chains is the same, i.e. in average MEH-PPV responds symmetrically to the direction of
electric field. It is worthy to note that electric field used in this study was higher (~0.7-1
MV/cm, ignoring the dielectric constant of the polymer layers and silicon dioxide) to
induce charge separation and cause movement of hole polaron.

Barbara et al.®* developed a method to induce asymmetric response of MEH-PPV
with respect to the direction of electric field (Figure 13 above). Addition of hole transport
layer TPD facilitates hole injection at positive bias and hole removal at negative bias. In
this work, they could have carried out a control experiment in which no TPD was used.
Presumably, in a device with no TPD, no fluorescence modulation would have been
observed due to lower electric field in their work (~0.3 MV/cm, ignoring the dielectric
constant). The singlet quenching rate by hole was determined to be ~10° cm®C* s,

Finally, Barbara et al.®

combined excitation intensity modulation spectroscopy
technique with electric field-induced-hole injection to study the quenching of hole on
triplet state and single state. The rate of singlet quenching by hole polaron was found to be

~10%-10* M? st This value is different from their earlier work® described above,
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probably because in this work the excitation intensity was modulated. However, the
quenching efficiency was <100%. In contrast, the rate of triplet quenching by hole polaron
was found to be ~10"-10° M™ s and the efficiency was 100%. The rate of quenching of
triplet by polaron was slower, probably because it was spin forbidden whereas the
quenching of singlet was a spin allowed process. However, the efficiency of triplet
quenching was higher as compared to that of singlet quenching because triplet state
possesses longer lifetime than singlet state.

Gesquiere et al.”® observed an interesting finding when they studied electric-field
induced hole injection in the system of single P3HT:PCBM (Poly(3-hexylthiophene-2,5-
diyl): [6,6]-phenyl Cs; butyric acid methyl ester) nanoparticles in PVA matrix. Similar to
Barbara et al.%!, Gesquiere et al. utilized TPD to facilitate hole injection to P3HT:PCBM.
During application of positive potential bias (from 0 to +10V), the injected holes
accumulate on the interface of TPD/nanoparticle (which acts as shallow hole trap) and
PCBM (which acts as deep hole trap). Holes from shallow traps are removed when the
potential bias is reduced from +10V to OV. During application of reverse potential bias
from OV to -10V, holes are removed from deep traps and an excess electron is built up near
nanoparticle/PVA interface which acts as deep electron trap. Detrapping and removal of
electrons from deep traps occur during forward potential bias from -10V to +10V. The
presence of deep hole and electron traps causes fluorescence of P3HT:PCBM to exhibit
hysteresis in the presence of alternating electric field. This opens up possibility of

application of P3HT:PCBM in memory devices.
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1.5 Energy transfer in fluorescence using conjugated polymer nanoparticle system

In addition to undergoing various charge transfer process due to electric field,
conjugated polymer may undergo energy transfer to a nearby energy acceptor. Energy
transfer between conjugated polymer and acceptor can be carried out in film phase™ or in
solution phase, provided the acceptor can be permanently brought close enough to the
donor (which can be done easily using nanoparticle system).”

There are two methods of synthesizing conjugated polymer nanoparticle. The first
method is called miniemulsion. The polymer is dissolved in organic solvent which is
immiscible with water, for example chloroform.”"* The organic solution is then injected
into an aqueous solution containing surfactant. The whole mixture is then rigorously stirred
or sonicated. Organic phase was then evaporated, resulting in a stable dispersion of
nanoparticles in water. Increase in the amount of surfactant results in smaller nanoparticle
size. The second method is called reprecipitation method. The polymer is dissolved in
organic solvent which is miscible with water, for instance THF.” The organic solution is
then poured into water under sonication or rigorous stirring. The organic phase is
evaporated, resulting in aqueous nanoparticle dispersion. The mechanism of nanoparticle
formation is due to hydrophobic effect: the polymer chains are insoluble in water and they
fold into spherical spheres to minimize contact with water. Decrease in initial polymer
concentration in THF will result in smaller nanoparticle size.

Conjugated polymer nanoparticle finds much application in the optoelectronic
biomedical field.List et al.”* showed that methyl substituted ladder type poly(p-phenylene)
or m-LPPP nanoparticle could be used as an active layer in an OLED with slightly higher
efficiency as compared to the corresponding film based OLED. This efficiency was

attributed to enhanced electron injection from aluminum cathode which formed ‘stalactite’
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structure during evaporation as a consequence of rough nanoparticle layer surface. Scherf
et al.”® utilized a blend of F8BT and PFB nanoparticles in photovoltaic devices with
external quantum efficiency of 4% (PFB =poly(9,9-dioctylfluorene-2,7-diyl-co-bis-N,N -
(4-butyl phenyl)-bis-N, N -phenyl-1,4-phenylenedi-amine). Moon et al.”” demonstrated the
use of PPE (poly(p-phenylene ethynylene)) nanoparticles in 2 photon imaging of live cells.
PPE nanoparticle was found to be nontoxic to cells, making it superior to quantum dot
which is toxic to cell despite its high 2 photon cross section.”® In addition to that,
conjugated polymer nanoparticle is generally easier to synthesize than quantum dots. The
characteristic of conjugated polymer nanoparticle as an excellent light harvester and
energy donor has been reported in a number of studies. McNeill et al.”® developed a system
of PDHF (poly(9,9-dihexylfluorene)) nanoparticle as energy donor with PtOEP (platinum
(1) octaethyl porphine) as an energy acceptor. After being excited with 350 nm light,
PDHF transferred its energy to PtOEP which will then emit phosphorescence. Since
phosphorescence is quenched by oxygen, PDHF-PtOEP shows potential as an oxygen
sensor in biological system. Xu et al.** synthesized donor-acceptor system of PFEMO: TPP
(poly[9,9-dibromohexylfluorene-2,7-ylenethylene-alt-1,4-(2,5-dimethoxy)phenylene]:
tetraphenylporphyrin) with CO-520 surfactant (polyoxyethylene nonylphenylether).
PFEMO harvested excitation light and transferred its energy efficiently to TPP which was
then able to change triplet oxygen to singlet oxygen more efficiently as compared to direct
excitation of TPP alone. Hence, PFEMO:TPP:CO-520 presents a potential as
photosensitizer in photodynamic therapy.

Conjugated polymer used in this study was MEH-PPV. In its native chain state in
THF as solvent, MEH-PPV shows absorbance at around 499 nm due to 7 7* transition and

this is generally referred to as singlet exciton. In a bulk level measurement, different
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conjugation lengths in each chain results in a broad absorption spectrum (Figure 18a, solid
line). The fluorescence spectrum is centered at around 553 nm and shows vibronic feature
(Figure 18b, solid line). The large Stoke shift (~50 nm) is caused by high energy exciton
segment transferring energy to low energy exciton segment.®* Absorption of MEH-PPV
nanoparticle (~75 nm in size) differs from absorption of MEH-PPV in THF in 2 ways.
First, the absorption maximum is blue shifted and located at ~490 nm (Figure 18a, dashed
line). During nanoparticle formation, polymer chains are forced bend in a constrained
volume. The kinks reduce the conjugation length, resulting in the blue shift.®* Secondly,
within the blue shifted absorption, the nanoparticle shows slight increase at around 575
nm. This ‘red tail’ feature is attributed to locally formed degrees of order. The emission
spectrum of MEH-PPV nanoparticle is centered at 590 nm (Figure 18b, dashed line), red
shifted to that MEH-PPV in THF. Kinks and bends may increase inter-chain interaction
which gives rise to an even lower exciton segment. Energy transfer from high energy
exciton to this much lower energy exciton may account for the much larger Stoke shift of

MEH-PPV nanoparticle (~100 nm).22% MEH-PPV nanoparticle was used as energy donor.
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Figure 18: Absorbance (a) and fluorescence (b) of MEH-PPV in THF solution (bold line)
and as nanoparticle dispersion (dashed lines). The concentration of MEH-PPV is 5x107
mg/ml and the nanoparticle size is ~75 nm. Excitation wavelength used to measure

fluorescence was 470 nm.
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Absorption of tetraphenylporphyrin (TPP) originates from the interaction of its four
orbital.®*® The spectrum shows Sy—S, excitation at around 415 nm (also called Soret/B
band (B(,0) and Sp—S; excitation at around 550 nm (which is also called Q band). More
specifically, the absorption bands at 512, 547, 590 and 646 nm can be attributed to Qy1,0),
Qy0) Qxw0)» Qxwo) respectively.®*® The internal conversion of S,—S; is very rapid,
hence S, emission is hardly observed. The emission spectrum shows 2 peaks at 650 and
717 nm which are attributed to Q) and Qpuy, respectively.®® The structure of TPP is
shown in Figure 19. The absorbance and the emission of TPP in THF are given in Figure

20A and 20B (solid line), respectively.

Figure 19: Chemical structure of TPP.
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Figure 20: (a) Fluorescence of nanoparticle dispersion (470 nm excitation wavelength) and
the absorbance of TPP in THF (5x10™ mg/ml), showing a plausibility of energy transfer.
(b) The fluorescence of TPP in THF (excitation wavelength of 415 nm) as compared to

fluorescence of MEH-PPV nanoparticle doped with 1%TPP (~80 nm in size).
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McNeill et al. demonstrated the use of TPP an energy acceptor with PDHF
nanoparticle as an energy donor.®” This work inspired us to use TPP as energy acceptor
with MEH-PPV nanoparticle as an energy donor (in chapter 5 of this thesis). The
fluorescence of MEH-PPV nanoparticle (Figure 20a, dashed line) overlaps with Q
absorption bands of TPP. Fluorescence intensity of MEH-PPV nanoparticle doped with
1%TPP was quenched as compared to that of pure MEH-PPV nanoparticle (Figure 20b
dashed line). Excitation wavelength of 470 nm was chosen as it is within the absorption of
MEH-PPV nanoparticle and TPP shows negligible absorption in this region. The
guenching mechanism was thought to be due to Forster Resonance Energy Transfer

(FRET).

1.6 Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) is a process whereby an excited donor,
instead of emitting its energy, transfers its energy to a nearby ground state acceptor. An
excited acceptor then emits its energy. One will then observe a decrease in donor’s
emission (quenching) and an increase in acceptor’s emission. During this process of energy
transfer, the dipole of the excited donor resonates with the dipole of the acceptor. In FRET,
the acceptor does not accept photon emitted by the donor. FRET is sensitive to the distance
between donor and acceptor. Hence the technique is often called ‘a spectroscopic ruler’.®
FRET is routinely used in biological samples for example membrane,® nucleic acid,” and

protein phosphorylation.” A mathematical way to calculate the rate of energy transfer is as

follows:

ke (r) = 22 (2000, [ (D) ea(RA*AA o (1.21)

Tpr® “128m°>Nn*
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where k. (r) is the distance r dependent energy transfer rate, Qp is the quantum yield of
energy donor without the presence of the acceptor, n is the refractive index of the
environment, N is Avogadro’s number, 7p iS the lifetime of donor without the presence of
acceptor, Fp(A) is the fluorescence intensity in the range of | to A+AA whose area is
normalized to unity, (A1) is the extinction coefficient of acceptor at A, and #* is the
orientation of transition dipole of donor relative to acceptor and is normally assumed to be
2/3 in an averaged-random orientation.

The calculation of orientation factor k2 is shown in Figure 21. Line r connects
transition dipole moment of donor D with that of acceptor A. D and r are located on plane
P, whereas A and r on plane P,. ¢ is the angle between P, and P4. The angle between D
and r is 8,whereas the angle between A and r is 84. A’ is the mirror vector of A when it
stems from the same point of origin as D. 4’ forms an angle of 6, with D.

The mathematical expression for k2 is as follows:

k% = (cosOr — 3€0S0pC0SO,)? oo, (1.22)

/ D Pp s — > K2=4
o A

Figure 21: The calculation of orientation factor x2 based on transition dipole of donor D
and acceptor A. Using equation 1.22 or 1.23, one arrives at x? = 4 for collinear and
parallel transition dipoles, k2 = 1 for parallel but not collinear dipoles and x? = 0 when

the dipoles are perpendicular to each other.
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It is helpful to introduce another parameter J(1) which is defined as the overlap
integral between the emission spectrum of donor (with normalized area to unity) and the

extinction coefficient of the acceptor. The mathematical expression of overlap integral is
JA) = [ Fp(DEaMA A oo, (1.24)

Another commonly used parameter is Forster distance Ry which is defined as the
distance when the energy transfer rate is equal to inverse of lifetime of donor without the
presence of acceptor. At this distance, half of the molecule relaxes through natural decay
rate and the other half is quenched by the energy transfer. Forster distance is

mathematically described as:

__ Qpk?9000(In10)
T 128m5Nnt

0 J(A) = 0.211[k*>n"*QpJ(D)]Y® (in A) ........... (1.25)

And finally, the energy transfer rate (equation 1.21) can be expressed using a simpler term:

kp(r) = iD G L (1.26)

The efficiency of energy transfer E,. is quantitatively expressed as:

E.=1- TfDA .......................................... (1.27)
E, =1-1pa 1.28
= el ——— (1.28)

In equation (1.27), Tp4 is the lifetime of donor in the presence of acceptor. When
either 7, or T, contains multi-exponential decay component, one should use average
lifetime decay instead. In equation (1.28), F,4 is the fluorescence intensity of donor in the
presence of acceptor. It is important to note that in calculating energy transfer efficiency,

one should use the un-normalized emission spectrum.
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1.7 Single molecule fluorescence microscopy

Single molecule fluorescence microscopy represents the ultimate analytical
measurement as it only studies one molecule at one time. It is routinely achieved by
combining small volume detection (~1 femto liter) and dilute concentration (~107°-10*°
M). The main advantage of this technique is to avoid averaging which is often encountered
in ensemble level measurement. This advantage is illustrated in a system of molecule
beacon (Figure 22). The fluorescent of the fluorophore is observed when the beacon is in
open state and quenched when it is in closed state. The difference in open and closed state
can be clearly seen in the fluorescence spectrum of each single molecule. The rate at which
fluorescence is quenched or restored can then be correlated with the equilibrium between
open and closed state. In contrast, in an ensemble fluorescence measurement whereby 50%
of the beacons are open and 50% are closed, the fluorescence spectrum will not reveal
much difference between open and closed state of molecular beacon.

Single molecule fluorescence microscopy has been used in biochemical field, for
examples, to obtain the kinetics of cholesterol oxidase,® ATPase,* chaperonin protein®
and to study the structural of Holliday junction in nucleic acid.*® In this work, single
molecule fluorescence microscopy was performed using a confocal fluorescence

microscope (Micro Time 200, Pico Quant). The setup is depicted in Figure 23.
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Figure 22: Fluorescence in single molecule level avoids signal averaging which often

occurs in ensemble level measurement. F = fluorophore, Q = quencher.
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Figure 23: Time-resolved single molecule fluorescence microscopy set up. 1: laser source.
2: excitation filter. 3: shutter. 4: half-wave plate. 5: quarter-wave plate. 6: dichroic mirror.
7: objective lens. 8: piezo stage. 9: glass cover slip sample. 10: pinhole. 11 and 13: beam
splitter. 12: charge coupled device (CCD) equipped with monochromator. 15 and 15°:

emission filter. 16 and 16°: single photon avalanche diode (SPAD).

Excitation light from pulsed diode laser source is first filtered with an excitation
filter. It passes through a shutter and then circularly polarized using a half wave plate and a
quarter-wave plate. The light gets reflected by the dichroic mirror and excites the sample
placed above the piezo stage. The emission light passes through the dichroic mirror. The
out of focus light is rejected through the use of a pinhole. The emitted light can go through
the beam splitter and is detected by charged coupled device (CCD) for spectrum analysis
or it can be reflected by the beam splitter, passed through another beam splitter and
emission filter and is finally detected by single photon avalanche diode (SPAD) for a

photon counting analysis.
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The resolution of single molecule fluorescence microscopy is determined by the

diffraction limited spot d:

Here, A is the excitation wavelength and NA is the numerical aperture of the objective lens
(NA = 1.4 for oil based objective lens). In this technique, each single molecule will appear
as a bright spot with diameter d. Furthermore, this technique cannot distinguish 2
molecules when the distance between them is smaller than d. For 470 nm and 635 nm
laser, the value of d will be 410 and 553 nm, respectively. An example of single molecule

fluorescence microscopy image is given in Figure 24.

Figure 24: Image of single dye (ATTO547N) molecule represented as bright spots in a

10 pm X10 um area.

1.8 Outline of this thesis

This thesis is divided into 5 parts.

Chapter 1 contains the introduction and review of Raman scattering, the role of charge
transfer in electrical device of OLED and capacitor, the influence of charge and energy
transfer in the fluorescence of conjugated polymer and set up of single molecule

fluorescence microscopy.
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Chapter 2 investigates the mechanism of charge transfer in enhancing Raman spectra of
nitrothiophenol isomers adsorbed onto TiO,. Charge transfer from molecule to TiO, was
deduced from the change in absorption spectra and from computational modeling.
Chapter_3 shows how short circuit in a capacitor-like device gave rise to artificial
fluorescence modulation when the device was connected to alternating current. This was
caused by the deformation of the device as evidenced from AFM image.

Chapter_4 combines the Raman spectroscopy technique with OLED device. Raman
spectrum of PEDOT-PSS was affected by injection of hole from ITO. This was correlated
with the change in the absorption spectrum of PEDOT:PSS in electrochemical
environment.

Chapter 5 studies the influence of charge transfer on electric field-induced fluorescence
modulation of MEH-PPV nanoparticle in a capacitor-like device. Energy transfer to from

MEH-PPV to TPP was found to lower the degree of modulation.
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CHAPTER 2
SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS) OF

NITROTHIOPHENOL ISOMERS CHEMISORBED ON TIO,

This chapter is adapted from “Surface Enhanced Raman Spectroscopy (SERS) of
Nitrothiophenol Isomers Chemisorbed on TiO,, Teguh, J. S.; Fang, L.; Xing, B.; Yeow, E.

K. L. Chem. Asian J. 2012, 7, 975-981.”
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2.1 Introduction

Surface-enhanced Raman scattering (SERS) was discovered in 1974 and has since
been an important analytical tool in several applications including biological sensing,'?
trace analysis, and catalysis.* There are primarily two mechanisms that are responsible for
the SERS effect. The first is the electromagnetic enhancement (EE) mechanism that occurs
in probe molecules deposited on roughened noble metal (e.g., silver or gold) surfaces.® In
this case, the incident light is used to excite the surface plasmon of a metallic substrate
which creates a strong local electric field that is capable of interacting with the molecule
and enhancing the Raman signal. A significant amount of research effort has been
dedicated to investigate the EE mechanism since its enhancement factor is large (10° -
10') and easily detectable.®® The second mechanism is the chemical enhancement (CE)
which is linked to EE for probe molecules chemisorbed onto the surface of a metal (e.g.
silver nanostructure). In the CE mechanism for a molecule on Ag, an optically driven
charge-transfer (CT) transition from the highest occupied molecular orbital (HOMO) of the
probe to the Fermi level of the metal or from the Fermi level to the lowest unoccupied
molecular orbital (LUMO) of the probe results in a modest enhancement factor of
~10%.>** In order to fully understand the exact nature of the enhanced Raman signal of a
molecule adsorbed on a metal surface, it is important to elucidate the roles of both EE and
CE.*

An important factor that controls the working efficiency of a titanium oxide-based
dye-sensitized solar cell is the charge-separation process between the dye molecule and n-
type semiconductor. The CT dynamics from molecule to TiO, has been extensively studied
using ultrafast spectroscopy™® and single-molecule detection techniques.** Recently, Raman

spectroscopy has been utilized to examine the interactions between molecules and metal
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oxides with the aim of understanding the driving force behind the observed SERS
effect.>*® In particular, several models have been proposed to explain the enhanced
Raman signal for a probe molecule adsorbed onto a TiO; surface, including a TiO,-to-
molecule CT,*®and a molecule-to-TiO, CT.***

SERS is often used to predict the configuration of isomers adsorbed on metallic
surfaces.®?? Using the EE surface selection rules, in which vibrational modes with
transition dipole moments arranged normal to the metal surface are preferentially
enhanced,?®** the arrangement of the molecule with respect to the substrate can be
determined. So far, there are no reports in the literature on the use of SERS to study the CE
effect for a family of isomers on TiO,. In this work, the effect of CE on enhancing the
Raman signal of ortho-nitrothiophenol (0-NTP), meta-nitrothiophenol (m-NTP) and para-
nitrothiophenol (p-NTP) chemisorbed on the surface of TiO, nanocrystals will be
investigated (Figure 1). The relationship between the electron withdrawing ability of the

nitro group in each isomer and the CT process will be elucidated using both experimental

SERS and density functional theory (DFT) calculations.

b ¢ NO, NO,

@@

Figure 1: Schematic of the adsorption of o-NTP (a), m-NTP (b) and p-NTP (c) on the
surface of TiO,via a S-Ti bond. The nitrobenzene (d) does not undergo chemisorption on

TiO..
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2.2 Experimental section
2.2.1 Materials

2-nitrobenzenesulfonyl  chloride, 3-nitrobenzenesulfonyl chloride, titanium
isopropoxide (99.999%), nitrobenzene, p-nitrothiophenol (tech, >80% RT, p-NTP), Ag
nanopowder (<100 nm size, 99.5% metals basis) and tetrahydrofuran (spectrophotometric
grade, THF) were purchased from Sigma Aldrich. Isopropanol and hydrochloric acid
(37%, HCI) were purchased from Tedia and Panreac, respectively.

o-nitrothiophenol (0-NTP) was synthesized from 2-nitrobenzenesulfonyl chloride
according to a reported method.? Briefly, a solution of arylsulfonyl chloride (10 mmol) in
anhydride toluene (30 mL) in a round-bottom flask was cooled to 0°C under ice bath, and
PhsP (45 mmol) was added within 5 minutes. The reaction was stirred for 20 min at 0°C.
H,O (20 mL) was added and the mixture was stirred for 10 min. The aqueous layer was
discarded and the organic layer was extracted with 2M NaOH (30 mL). The alkaline
aqueous extract was washed with toluene (2 x 20 mL), acidified with 2M HCI and
extracted with CH,Cl, (2 x 20 mL). The organic layer was dried over Na,SO, and
condensed, purified with flash chromatography ethyl acetate/hexane (1:20) to afford o-
NTP as a light yellow solid.” *H NMR (400MHz, CDCls) 8: 4.03 (s, 1H), 7.28-7.31 (m,
1H), 7.44-7.45 (m, 2H), 8.25-8.27 ppm (d, J=8.0 Hz, 1H). Mass spectrometry (El): 155 M*
observed.

m-nitrothiophenol (m-NTP) as a light yellow oil was synthesized from 3-
nitrobenzenesulfonyl chloride according to the same method described above. *H NMR
(400MHz, CDCI3) 8: 3.74 (s, 1H), 7.41 (t, J=8.0 Hz, 1H), 7.55-7.58 (m, 1H), 7.97-8.00 (m,
1H), 8.12 ppm (t, J=2.0 Hz 1H); *C NMR (100 MHz, CDCI3) 120.5, 123.5, 129.8, 134.0,

134.7, 148.5 ppm. Mass spectrometry (EI): 155 M" observed.
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TiO, nanocrystal in the anatase phase was prepared according to a method described
previously.'*?” Briefly, titanium isopropoxide (0.4 mL) was added to isopropanol (2 mL).
The mixture was then added slowly to a solution consisting of water (20 mL) and 37% HCI
(200 L) under vigorous stirring. The white colloidal solution was then stirred for 24 h and
dried in an oven (90 °C). The resulting white solid was subsequently heated at 450 °C for 4

hours to yield TiO, anatase crystals.

2.2.2 Characterization of TiO;

The diameter of the TiO, nanocrystal was determined to be ca. 12 nm using a TEM
(JEM-1400, JEOL, Figure 2). The Raman spectrum of neat TiO, was recorded using a
Raman microscope (LabRAM HR, Horiba). The spectrum (Figure 3) displays peaks at 143
cm™, 196 cm™, 396 cm™, 516 cm™ and 641 cm™ which are attributed to the Eg, Eg, By,
Ayg, and Eg stretching modes of anatase TiO,.?® The BET (Bruanuer, Emmett, Teller)
surface area of the TiO, nanocrystal was obtained from the nitrogen adsorption/desorption
isotherms measured using a static volumetric instrument (Autosorb-6b, Quanta

Chrome).The outgas temperature was set at 200 °C and outgas time at 3 h.

Figure 2: TEM image of TiO, nanocrystals.
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Figure 3: Raman spectrum of TiO, anatase crystal obtained using Aex = 633 nm. The laser

power used was 850 uW and the integration time was 5s.

2.2.3 UV-Vis absorption and cyclic voltammetry

The absorption spectra of TiO, and NTP bound to TiO, were measured using an
absorption spectrometer (Cary 100, Varian) equipped with a diffuse reflectance accessory.

Cyclic voltammetry measurement was carried out using a potentiostat (Metrohm
Autolab PGSTAT302N) equipped with a 5 mL three-electrode cell and glass carbon as
working electrode. Oxidation potentials of m-NTP (2.6 mM) and p-NTP (2 mM) in THF
were determined in room temperature with a 0.2 M tetrabutylammonium hexafluoro-
phosphate as electrolyte. Half wave potential of ferrocene was obtained under similar
conditions. The energy of HOMO was estimated using the formula Exowmo = -€(Eox + 4.8),%°

where E is the oxidation potential of NTP.

2.2.4 Elemental analysis and Raman spectroscopy
The wt% of nitrogen on the surface of modified TiO, was determined using an
elemental analyzer (Euro3000, EuroVector) with temperature of the front furnace set at

1020 °C. The delay time and run time for each sample were fixed at 8 s and 320 s,
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respectively. To ensure accuracy, at least 1 mg of sample was measured. Raman spectra of
surface-modified TiO, deposited onto cleaned glass cover-slips were measured using a
Raman microscope (LabRAM HR, Horiba). The excitation wavelengths of the irradiating
light are 488 nm (Stellar-Pro-L Select 300 Ar laser, Modu-Laser), 633 nm (He-Ne laser,
Melles Griot) and 785 nm (diode laser, Sacher Lasertechnik), and the Raman signals were
collected using a 100x (NA = 0.9) objective lens. Raman spectra of NTP isomers in THF
were acquired using the same excitation wavelengths and laser power. The detector used is
an electron multiplying CCD (EMCCD) (DU970N, ANDOR) which has a classical front
illuminated chip and does not show Etaloning effect. All spectra were corrected for
fluorescence background using a polynomial baseline correction function (8 degree) found

in the Raman analysis software LabSPEC 5 (Horiba Jobin Yvon) (Figure4).

R

a

Intensity

1000 1200 1400 1600
Raman shift / cm”

Figure 4. SERS spectrum of m-NTP chemisorbed onto TiO, before (a) and after (b)
fluorescence background correction. lex = 488 nm. The baseline feature below 1000 cm

Raman shift is due to the TiO, broad stretching peak.
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2.2.5 Density Functional Theory (DFT) calculation

Density functional theory-B3LYP (DFT-B3LYP) calculation in Gaussian 09*° was
carried out to simulate the Raman spectrum for each of the NTP isomer. The basis set used
was 6-311G (d,p). DFT-B3LYP calculation with 6-311G+ (d,p) basis was conducted to
obtain the optimized geometry and molecular orbital profiles of p-NTP and m-NTP bound

to a (TiOy); cluster. Hydrogen atom was added to (TiO,), to balance the overall charge.

2.3 Result and discussion
2.3.1 Surface Enhanced Raman Spectrum (SERS)

Elemental analysis (EA) is employed to characterize the adsorption of NTP isomers
and nitrobenzene on TiO, nanocrystals. In this case, the sample is prepared by first
incubating TiO, (4 mg) in a solution made up of either a NTP isomer (1 mM) or
nitrobenzene (10 mM) in tetrahydrofuran (THF) solvent. The TiO; is then rinsed with THF
to remove any unadsorbed probe molecules. The wt% nitrogen on the surface of TiOo,
arising from N in the nitro group of the adsorbate, is determined from EA to be 0.131%,
0.223% and 0.257% for o-NTP, m-NTP and p-NTP, respectively. Even though the
accuracy of EA is = 0.5% and it seems large as compared to the measured percentage of
nitrogen, we are not aware of other measurement technique to quantify the amount of
molecule adsorbed onto TiO,. It turned out that the calculation of enhancement factor
based on the number of molecule detected by EA falls within reasonable range (as shown
below). On the other hand, the wt% nitrogen found on TiO, treated with nitrobenzene is
negligibly small. This indicates that the NTP isomers are adsorbed onto the surface of TiO,
whereas nitrobenzene does not display any significant binding with the semiconductor

after rinsing with THF (i.e., nitrobenzene has been washed off). Due to the absence of
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adsorption of nitrobenzene on TiO,, the binding between the nitro group and the metal
oxide can be ignored and the association between NTP and TiO; is likely to be a chemical
adsorption via the formation of a S-Ti bond as illustrated in Figure 1. The formation of S-
Ti bond is proposed to be similar to the formation of S-Au when thiol adsorbs and forms a
self-assembled-monolayer on Au film.*! Even though the nature of S-Au bond is still a
matter of ongoing investigation, the currently accepted model involves the deprotonation
of sulfhydryl group, creating a thiyl radical (RS®) which will then form S-Au bond.** We
believe that a similar mechanism occurs in our system. This proposal follows the model of
the previous studies of SERS using semiconductor substrate, e.g. formation of S-Ti or S-
Mo bond when 4-mercaptobenzoic acid adsorbs onto TiO, or MoOs, respectively.’>
Furthermore, the SH stretching band of neat nitrothiophenol between 2500 cm™ to 2600
cm™ vanishes when the molecule is chemisorbed onto TiO-; indicating the disappearance

of the SH stretching mode when the thiol group is covalently attached onto the metal oxide

surface (Figure 5).
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Figure 5: Raman spectrum of m-NTP excited with 633 nm light with the position of the
SH stretching mode at 2574 cm™ (a). Upon adsorption onto TiO,, the SH stretching signal
at 2574 cm™ disappears due to the formation of a covalent bond with the metal oxide (b).

The SERS spectrum of m-NTP adsorbed onto TiO, has been magnified 4 times.
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The Raman spectra of neat o-NTP (powder), m-NTP (oil) and p-NTP (powder)
obtained using an excitation wavelength (Aex) of 633 nm is presented in Figure 6. The
intense Raman peak at 1338 cm™, 1348 cm™ and 1333 cm™ for o-NTP, m-NTP and p-NTP,
respectively, corresponds to the NO, symmetrical stretching mode (v(NO.)).>** DFT
calculations were performed to simulate the theoretical Raman spectra (Figure 6) which
were subsequently used to assign the peaks observed in the experimental spectra. The
frequencies and the corresponding vibrational assignments are summarized in Table 1(a)-
(c). The calculated Raman spectra are consistently shifted to higher wavenumbers relative
to the experimental. Calculated Raman spectra are based on single nitrothiophenol
compound isolated in vacuum whereas experimental Raman spectra is based on
nitrothiophenol compound in powder (for o-NTP and p-NTP) or oil (m-NTP) form. Quite
possibly, the intermolecular interaction in powder or oil form causes narrowing in the
vibrational energy levels. Hence, experimental Raman spectra shift to lower wavenumber

as compared to calculated Raman spectra.

70



9000 ° - -
. N
" =
£ 6000 " =
5 ; ;! 5 £
£ : ¥ L3 E
= 3000 oy ¥ § <
;- o H L ©
N : | |‘ H Loa g
o A {G U
4000 b § L6
- i—- I
= 3000 ¢ >
& ] L4 @
g :‘ 5 >
£ 20004 ! L E
= N ] ==
oo t boop2 5%
1000 4 i " : \ £
' H .‘ :‘l r ©
A \ L it *
0 om0
30000 1
= =
@ 20000 @
O c 3
2 S E
£ Es
10000 =R
£
[o]
0 x

1000

1200 1400
Raman shift / cm’'

1600

Figure 6: The experimental (solid) and DFT calculated (dash) spectra of neat o-NTP (a),
m-NTP (b) and p-NTP (c). The experimental spectra were obtained using lex = 850 uW and

60 s integration time.
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Table 1(a). Major peaks and the respective assignments in the Raman spectrum of o-NTP

(incm™)
o-NTP o-NTP Assignment®
(Aex = 633nm)* DFT-B3LYP
6-311G+ (d,p)?

1041 1064 CC stretching, SH bending

1102 1120 CS stretching

1310 1337 CC stretching, CH bending

1338 1358 NO, symmetrical stretching

i 1582 CC stretching, NO, asymmetric

stretching, SH bending, CH bending
1569 1610 CC stretching, CH in-plane bending

CC stretching, NO, asymmetric
1591 1645 stretching, CH bending

'From experimental spectrum of neat o-NTP obtained using excitation wavelength e =
633 nm (Figure 6a).

2From DFT calculations

Table 1(b). Major peaks and the respective assignments in the Raman spectra of m-NTP

and m-NTP adsorbed on TiO- (in cm™)

m-NTP m-NTP+TiO, m-NTP Assignment®
(Aex = (Jex = 633 DFT-B3LYP
633nm)* nm)? 6-311G+
(dp)’

CC in plane bending, SH bending

1001 97 1015 (disappears when adsorbed on TiO,)
1132 1148 1141 in plane bending, CS stretching
1348 1355 1379 NO, symmetrical stretching

1573 1584 1617 CC stretching, CH in plane bending

'From experimental spectrum of neat m-NTP obtained using excitation wavelengthAex =
633 nm (Figure 6(b))

From experimental spectrum of m-NTP bound to TiO, obtained using Aex = 633 nm
(Figure7(a))

3Erom DFT calculations
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Table 1(c). Major peaks and the respective assignments in the Raman spectra of p-NTP

and p-NTP adsorbed on TiO, (in cm™)

i ) - p-NTP DFT-
0. EeNg-I:-anm)l (5 N_Tg;;r']?nz)z B3LYP Assignment?
e~ ex 6-311G+ (d,p)®
857 858 853 CH wagging
1101 1106 1106 CCC in plane bending, CS stretching
- - 1120 CN stretching
1333 1353 1379 NO, symmetrical stretching
1577 1591 1624 CC stretching, CH in plane bending

'From experimental spectrum of neat p-NTP obtained using excitation wavelength Ae =

633 nm (Figure 6(c))

’From experimental spectrum of p-NTP bound to TiO, obtained using Aex = 633 nm

(Figure 7(b))
3From DFT calculations

*From reference [35] of main text

Figure 7 shows the Raman spectra of m-NTP and p-NTP chemisorbed on TiO,

usingAex = 633 nm and 488 nm. Upon binding with TiO,, the 15(NO,) peaks of m-NTP

(1355 cm™ and 1356 cm™ for Ae = 633 and 488 nm, respectively, see Table 1) and p-NTP

(1353 and 1356 cm™ for A = 633 nm and 488 nm, respectively) are shifted to lower

energy as compared to the corresponding neat compounds (Figure 6), indicating that the

probe molecules are adsorbed onto TiO,. In the case of o-NTP on TiO,, strong

fluorescence is detected which disallowed discernible Raman peaks to be recorded. It is

worth mentioning that Perry et al. have also reported that o-nitrophenol on Ag

nanostructure does not exhibit any detectable Raman signal at Ae,= 633 nm.*
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Figure 7: The SERS spectra (solid) of m-NTP (a) and p-NTP (b) adsorbed on TiO;
recorded with Aex = 633 nm. The SERS of m-NTP (c) and p-NTP (d) adsorbed on TiO;
recorded with Aex = 488 nm. The corresponding Raman spectra (dash) of 0.1 M of the neat
nitrothiophenol isomer in THF recorded with A = 633 nm (a and b) and Aex = 488 nm (c
and d) (magnified 3 times). The solvent peaks are indicated by *. Fluorescence background
has been corrected for Aex = 488 nm. For Aex = 633 nm, the spectra were obtained using lex
= 850 uW and 60 s integration time, and for Aex = 488 nm, lex = 280 uW and integration

time is 30 s.
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The Raman spectra of 0.1 M of m-NTP and p-NTP in THF were also recorded
using similar laser power intensities (lex) employed to obtain the spectra of NTP isomers
on TiO,. The Raman peaks associated with m-NTP and p-NTP in THF at Aex = 633 nm (lex
= 850 uW) are given in Figure 7 where it is noted that the intensity of the 15(NO,) peak at
~1350 cm™ is not affected by the solvent signal. Laser power intensity greater than 280
uW for Aex = 488 nm was avoided in order to prevent possible photodegradation of NTP on
TiO,. From Figure 7, it is clear that the 15(NO,) peaks of m-NTP and p-NTP on TiO; are
surface-enhanced with respect to the ones seen in THF solution.

The surface of the TiO, nanocrystals is not uniformly smooth (Figure 8 shows the
raster scanning image) such that the NTP molecules are not homogeneously adsorbed
throughout the semiconductor nanoparticles. The concentration of the probe molecules and
hence the intensity of the 15(NO,) peak, therefore, fluctuate with the location of analysis on
the TiO, surface. Figure 9 shows the distribution of the 15(NO,) peak intensities for both
m-NTP and p-NTP on TiO, at 80 different locations (spots) for A = 633 nm. By fitting the
histograms with a Gaussian function, the mean surface-enhanced Raman intensity of the
15(NO,) peak (Isgrs) for the various NTP isomers on the metal oxide is obtained. For an
example, for Ae = 633 nm, lsgrs = 12821167 and 1331+306 for m-NTP and p-NTP,
respectively. The Isgrs values of m-NTP and p-NTP therefore do not differ drastically from
each other at both the excitation wavelengths used in this study as verified using Student’s
t test. The calculated t for m-NTP and p-NTP is 0.32 and 1.48, respectively, and both are
lower than Student’s t value at 99.9% confidence level with co degrees of freedom (tsiudent

= 3.201),

75



Figure 8: An image of an aggregate of TiO, nanocrystals collected using white light (a),
and by raster scanning with an excitation light of 633 nm and integration time per pixel of

055 (b).
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Figure 9: Distribution of the 15(NO,) peak intensity for 80 different analysis spots for m-
NTP (white bars) and p-NTP (stripe bars). The histograms are fitted to a Gaussian function

(solid line for m-NTP and dotted line for p-NTP).

The SERS enhancement factor (EF) is calculated next using the following
equation:
EF = (ISERS/NSERS)/(IR/NR) ....................................... (1)

Where Nsgrs and Ng are the numbers of NTP molecules excited by the laser light when
adsorbed onto TiO, and dissolved in bulk (THF) solution, respectively, and Ir is the
normal Raman intensity of the 15(NO;) peak in THF. The detection volume of the Raman
microscope is determined following the method described in references [33] and [36]. In
this case, the radius of the diffraction-limited laser beam is obtained via
F= (0.6LA6x/NA) ovoeeeeeeeereeeeeeeeeeeeeeeereeene )
where NA is the numerical aperture of the objective, and the depth of the detection volume
is calculated using
A= (2NAx/NA?) oo (3)
where n is the refractive index of THF. For NTP in THF excited at 633 nm, the effective
area of the laser beam A = 0.58 um?% d = 2.2 pum and the detection volume (V),

approximated using V = A x d, is 1.3 um®, which is in line with previously reported
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values.***® The number of m-NTP and p-NTP molecules in THF (0.1 M) that are
effectively excited by the laser light is Ng = 7.6 x 10"

A minimum EF value can be approximated by assuming that the probe molecules
are tightly packed on the surface of the TiO, such that a uniformly distributed monolayer is
formed.***® The NTP molecules are taken to be oriented in an upright position due to the
presence of intermolecular interaction (Figure 1). The number of adsorbed NTP molecules
confined within a diffraction-limited area of TiO, for Aex = 633 nm is Nggrs = 2.8 x 10° for
m-NTP and Nsgrs = 3.7 x 10° for p-NTP, resulting in a minimum EF of 183+24 for m-NTP
and 50£12 for p-NTP. The difference of Nsgrs for m-NTP and p-NTP is due to nitro group:
for m-NTP, the angle of m-NTP causes the molecule to occupy more space than p-NTP.
When e = 488 nm, the minimum EF values for m-NTP and p-NTP are 224+34 and
53+£10, respectively.

In order to better quantify the enhancement factor, the number of adsorbate
molecules on TiO; is obtained from the EA results. Based on the BET surface area of the
TiO, nanocrystals (i.e., 55.2 m? g*) and assuming a uniform distribution of the probe
molecules on the TiO, surface, Nsers = 1.0 x 10° for m-NTP and Ngers = 1.2 x 10° for p-
NTP. The resulting EF is therefore 508+66 and 158+36 for m-NTP and p-NTP,
respectively, for Aex = 633 nm. Using the same procedure, the EF values for m-NTP and p-
NTP for Aex = 488 nm are 621+93 and 167+32, respectively. The EF values observed here
are in line with those reported by Dong et al. who have determined an EF value in the
order of 10° for the surface-enhanced Raman signal of p-mercaptobenzoic acid (p-MBA)
on MoOj; belt.® Yang et al. have also reported an EF ~ 1000 for 4-mercaptopyridine

adsorbed onto ZnO.*® We note that m-NTP exhibits a greater Raman signal enhancement as
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compared to p-NTP for both excitation wavelengths used such that the ratio of EF for m-
NTP to p-NTP is ca. 3 to 4.

To improve the confidence the reported EF value, we repeated similar calculation
for the peak around 1600 cm™ and we obtained EF of 122+30 for p-NTP adsorbed onto
TiO, excited with 633 nm which is close to calculated EF of 158+36 based on nitro
stretching frequency at 633 nm. Furthermore, we calculated EF of to be 137127 based on
peak around 1600 cm™ under 488 nm excitation wavelength which is close to calculated
EF of 167£32 based on nitro stretching frequency at 488 nm. Unfortunately, we are unable
to calculate EF of m-NTP based on 1600 cm™ peak as the Raman peak from THF
interferes with it.

We will discuss the possible SERS mechanism operating in the NTP-TiO, systems
by first considering a recently proposed TiO,-to-molecule CT process used to explain the
enhanced Raman scattering of p-MBA on TiO,.'* In this model, electrons found in the
valence band of TiO, are photoexcited into the surface state energy levels of the metal
oxide before being transferred to the LUMO of the adsorbate. Therefore, the more electron
withdrawing is the adsorbed probe molecule, the stronger is the SERS signal. We rule out
this mechanism for the molecules considered here based on the following two
observations.

Figure 10 shows the time-dependent SERS spectra of p-NTP adsorbed on silver
powder (Ag) recorded with Aex = 633 nm and le = 850 uW. It is seen that as the intensity
of the 15(NO,) peak at 1340 cm™ decreases with time, several additional and distinct peaks
emerge (e.g., at 1142 cm™, 1392 cm™ and 1442 cm™) which have been attributed to the

37,38

vibrational modes of either p-aminothiophenol (p-ATP)*"* or p,p -dimercaptoazobenzene

(DMAB).*** Since the Raman intensity of neat p-NTP remains relatively unchanged with
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time (Figure 10(c)), the time-dependent reduction in the 15(NO;) peak intensity of p-NTP
on Ag cannot be ascribed to the photodegradation of the adsorbate. Instead, when p-NTP is
photoreduced to either p-ATP or DMAB upon electron transfer from Ag to p-NTP, a
decrease in the 15(NO,) peak intensity with time is observed.*”** On the other hand, the
intensity of the SERS signal of p-NTP on TiO; is invariant with time when the sample is
exposed to light (Aex = 633 nm and lex = 850 uW) for 180 s (Figure 10(b)). This clearly
demonstrates that p-NTP does not undergo photoreduction on TiO, and electron transfer
from the n-type semiconductor to NTP does not occur. Furthermore, based on the
mesomeric effect, the -NO; group located para- to the thiol in p-NTP has a greater electron
withdrawing ability as compared to the -NO, group located meta- to the thiol in m-NTP. In
this case, a larger EF for p-NTP on TiO; is expected since the adsorbate has a greater
ability to attract electron from the semiconductor. However, this is not observed
experimentally which indicates that a TiO,-to-molecule CT mechanism is not likely to be

feasible in the NTP-TiO, systems studied here.
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Figure 10: Time-dependent SERS spectra of p-NTP on Ag (a) and TiO, (b) and the
Raman spectrum of neat p-NTP (c) recorded with Aex = 633 nm. The integration times for

(@), (b) and (c) are 1 s, 10 sand 0.5 s, respectively.
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In Figure 10a, we did not carry out the elemental analysis to quantify the amount of
p-NTP adsorbed onto Ag as the enhancement factor on Ag substrate was not within the
scope of this study. Nevertheless, another study carried out simple estimate of the number
of molecules adsorbed onto the substrate by assuming a closely packed monolayer of
molecules lying almost horizontal to the substrate surface.®® Our computer simulation
shows that p-NTP does adsorb horizontally onto Ag surface (Figure 11). The detection area
is 0.58 um? and each p-NTP molecule occupies an area of 0.48 nm? Hence, we estimate
there are 1.2x10° p-NTP adsorbed onto Ag. We estimate there are 1.2x10° molecules of p-
NTP adsorbed onto TiO; as determined from Elemental Analysis, detection area and BET
surface area. The spectrum in Figure 10C was obtained by placing the powder form of neat
p-NTP under microscope objective lens. The detection volume is 1.3 um® and, from
computer simulation, each p-NTP molecule will occupy a volume of 0.2 nm®. Assuming a

closely packed configuration, there will be 6.5x10° molecules of p-NTP.

-
g

Figure 11: Adsorption of p-NTP onto Ag.
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2.3.2 Absorbance spectrum

Another mechanism to consider is a SERS effect arising from a molecule-to-TiO;
CT reaction.” We begin by presenting in Figure 12 the UV-vis absorption spectrum of p-
NTP in THF solution (a), unmodified TiO, (b) along with the red-shifted absorption
spectra of TiO, with m-NTP (c) and p-NTP (d) chemisorbed on the metal oxide surface.
The absorption seen at the lower energy region of spectra ¢ and d increases in absorbance
with decreasing wavelength and resembles the absorption profile of unmodified TiO..
Since the absorption of neat NTP isomers in solution occurs in the UV region, spectra ¢
and d suggest that the effective bandgap of the molecule-TiO, system has a lower optical
transition than that of the unmodified TiO- due to insertion of a charge-transfer transition.*
This arises because of an appreciable interaction between adsorbate and semiconductor
that drives a light-induced electron transition directly from the HOMO of the NTP isomer

to the continuum conduction band (CB) of TiO, (Figure 13).7"** The excitation

wavelengths used here are therefore in resonance with the CT transition.

0.10

< 0.05 1

0.00 -

400 500 600 700
Alnm
Figure 12. Absorption spectra of 70 uM p-NTP in THF solution (a), unmodified TiO, (b),
TiO, with m-NTP (c) and p-NTP (d) adsorbed on the metal oxide surface. The amount of

surface- modified TiO, exposed to the excitation light is different for m-NTP and p-NTP.
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Figure 13: Energy level diagram depicting the energy of the CB and VB of TiO; and the
HOMO of NTP. The energy gap between the HOMO of NTP and the CB of TiO; is ~1.5

eVv.

2.3.3 Cyclic voltammetry

In order to further verify that such a CT transition is indeed energetically allowed,
electrochemistry experiments (Figures 14 and 15) were conducted to determine the HOMO
energy of p-NTP and m-NTP. Both of the HOMOs (-5.8 eV and -6.0 eV against vacuum
for p-NTP and m-NTP, respectively) are located above the valence band (VB) edge of
TiO, (-7.7 eV against vacuum, see Figure 13) and the energy gap between the HOMO and
the edge of the CB of TiO; is ca. 1.5 eV (Figure 13). Clearly, the energy of the excitation
light is sufficient to cause an electron to be injected from the HOMO of NTP into the CB
of TiO,.

Based on the above reasoning, we propose that the enhanced signal observed in
Figure 7 arises from a surface-enhanced resonance Raman scattering (SERRS) effect from

the surface complex. When the Raman signal of nitrothiophenol isomer on TiO, was
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recorded at a wavelength where the absorbance of the surface complex is low (i.e., Aex =
785 nm, Figure 12), the Raman signal is significantly weaker than the one measured at Aex
= 633 nm. Even when the laser power is increased from 850 uW to 1.5 mW, the Raman
signal remains weak (Figure 16 for the case of p-NTP). This suggests that CE does not
occur at the non-resonance excitation wavelength.

Since p-NTP is more electron withdrawing than m-NTP, electron-transfer from the
former to TiO; is less efficient. Therefore, at resonance excitation, a smaller Raman signal
enhancement is observed for p-NTP as compared to m-NTP. We note that the EF values
for Aex = 488 nm and 633 nm are close to each other. However, a lack of knowledge about
the exact nature of the damping parameter,*? coupled with interferences from fluorescence
on the Raman signal when Aex = 488 nm is used render a quantitative comparison between
the EF values observed at the two excitation wavelengths difficult. Fluorescence is
minimal for Aex = 633 nm which makes the EF values determined at this wavelength more

reliable.
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Figure 14: Cyclic voltammograms of m-NTP (2.6 mM in THF) against ferrocene (Fc)
obtained with tetrabutylammonium hexafluorophosphate (0.2 M) as supporting electrolyte.
The energy of the HOMO of m-NTP is calculated using the formula Eromo = -e(Eox + 4.8),
where Eq is the oxidation potential of m-NTP against ferrocene. From Eox = 1.2 V, the

energy of the HOMO of m-NTP is -6 eV.
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Figure 15: Cyclic voltammograms of p-NTP (2 mM in THF) against ferrocene (Fc)
obtained with tetrabutylammonium hexafluorophosphate (0.2 M) as supporting electrolyte.
The energy of the HOMO of p-NTP is calculated using the formula Egomo = -e(Eox + 4.8),

where Eo is the oxidation potential of p-NTP against ferrocene. From Eqx = 1 V, the

energy of the HOMO of p-NTP is -5.8 eV.
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Figure 16: SERS of p-NTP chemisorbed onto TiO, obtained using (a) Aex= 633 nm and I, = 850

uW, (b) Aex= 785 nm and le = 850 uW, and (€) dex= 785 nm and I = 1500 puW.

2.3.4 DFT calculations

To gain additional insights into the CT transition, DFT calculations were carried
out on isolated NTP and NTP bound to a (TiO,), cluster.** The HOMO and LUMO images
of the isolated and bound p-NTP and m-NTP are shown in Figure 17. It is observed that for
m-NTP, the HOMO of the bound molecule matches the HOMO of the isolated molecule.
For isolated p-NTP, the HOMO is localized towards the thiol end of the molecule.
However, upon binding with a (TiO,), cluster, the HOMO becomes localized throughout
the whole NTP and resembles the (HOMO - 1) of isolated p-NTP (Figure 18). This is
because the latter has a better overlap, as compared to the p-NTP HOMO, with the d-
orbital of Ti. It is clearly seen that for the bound p-NTP and m-NTP, the HOMO is
completely localized on the adsorbate whereas the LUMO is localized entirely on the
(TiOy), cluster. The DFT calculations therefore support our proposed model that CT

transition takes place from the adsorbate to TiO; in the surface complex.
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Figure 17: DFT calculated optimized geometry, HOMO and LUMO of isolated m-NTP
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Figure 18: Molecular orbital images of isolated p-NTP and p-NTP adsorbed onto a (TiO5),

cluster.

The effect of EE contribution to the SERS of probe molecules on TiO; is not
considered here. Pérez Ledn et al. have reported a Raman signal, albeit weak, of a Ru-bpy
dye on TiO, excited using an off-resonance visible light.'® The authors have proposed that
EE may be present due to an interaction with the surface plasmon resonances via the very
rough surfaces of TiO,.** Recently, Lombardi et al.”® and Rajh et al.!’ have provided
reasons for neglecting the EE factor when considering SERS of probe molecules
chemisorbed on TiO,. In particular, from the formula:

Wy = [4TN€2 /MeExo] v, 4)

where n is the electron carrier density and me is the effective electron mass, ¢, is optical

dielectric constant (obtained as square of optical refractive index). The plasmon resonance

frequency «, of metal oxides such as TiO,and ZnO are located in the infrared region*>°
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which is far away from the excitation wavelengths used in this study. Therefore, the effects
of plasmon resonance and EE do not play a significant role in promoting the observed
SERS of nitrothiophenol isomers on TiO,.

The Herzberg-Teller effect consisting of the coupling term h and the <i|Q|f>

term, where Q is the normal mode,***

should be non-zero for the system studied here. The
<i | Q | f> term implies that apart from totally symmetric modes (e.g., the vs(NO;) band),
nontotally symmetric modes may also be allowed. The enhancement of the Raman
intensity from a CT process occurs when the CT intensity borrows from some allowed
molecular transitions via the coupling term h.*? The experimental quantification of h is
non-trivial,*>*® however, it can be taken to be proportional to the polaron-coupling term
a.*® In the case of TiOy, « is relatively large (i.e., « = 3.6),"” implying that the Herzberg-
Teller effect is non-negligible in SERS involving the TiO, semiconductor.*°

For probe molecules on metallic Ag, an important parameter that controls the SERS
intensity is the dipole transition moment for the metal-to-molecule or molecule-to-metal
transition.***® For Ag, the plasmon resonance produces an electric field perpendicular to
the metal surface which then interacts favorably with a transition moment of the probe that
is polarized perpendicular to the metal surface. The orientation of the molecule with
respect to the Ag is therefore important.*® In the case of TiO,, the plasmon resonance effect
is inactive and it is therefore not clear at the present moment how the surface selection
rules used in metallic Ag apply, if at all, to charge-transfer enhancement in TiO,-based
systems. The theoretical treatment of this issue is beyond the scope of the present study.
However, previous investigations have clearly shown that the electron

donating/withdrawing ability of the adsorbate is important and affects the overall chemical

enhancement of the Raman signal.™ In particular, for a TiO,-to-molecule CT process, the
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CE of the Raman signal increases in the order of p-mercaptobenzoic acid > p-
mercaptopyridine > p-aminothiophenol since the electron attracting ability of groups para-
to —SH increases in the order C-COOH > N > C-NH,." A recent theoretical investigation
by Zhao and Liang has also elucidated the effects of several factors governing electron
transfer (e.g., electronic coupling) on the Raman scattering of dye molecules on

semiconductor.*®

2.4 Conclusion

In conclusion, m-NTP and p-NTP exhibit enhanced Raman scattering when
chemisorbed onto the surface of TiO, nanocrystals. The SERS effect arises from a CT
transition from the HOMO of the adsorbate to the CB of TiO,. Since m-NTP is a better

electron donor than p-NTP, the observed SERS enhancement factor is larger for m-NTP.
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CHAPTER 3

OTHER ORIGINS FOR THE FLUORESCENCE MODULATION

OF SINGLE DYE MOLECULES IN OPEN-CIRCUIT

AND SHORT CIRCUIT DEVICES

This chapter is adapted from “Other Origins for the Fluorescence Modulation of
Single Dye Molecules in Open-Circuit and Short-Circuit Devices, Teguh, J. S.; Kurniawan,

M.; Wu, X.; Sum, T. C.; Yeow, E. K. L. Phys. Chem. Chem. Phys. 2013, 15, 90-93.”
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3.1 Introduction

Photoexcited single dye molecules,'” quantum dots® and conjugated polymers*’
display fluorescence intensity modulation when subjected to an external electric field (EF).
For dye molecules, such as squaraine-derived rotaxane, the emission intensity of single
chromophores varies with the amplitude of the modulating EF.'* It has been proposed that
this arises from an EF-induced change in the electron transfer efficiency between
molecules and traps found in the surrounding nano-environment (e.g., polymer film).'?
Furthermore, single dye molecules in a spectroelectrochemical cell coupled to a
microscope undergo reversible redox reaction to form weakly emitting species, such that
the observed fluorescence modulates with the cyclic voltammetric potential scan.’ Apart
from the influence of EF, electric current (EC) has also been shown to cause fluorescence
fluctuation for single dye molecules (e.g., 1,1'-dioctadecyl-3,3,3",3 -tetramethyl
indodicarbocyanine) on indium tin oxide (ITO) in a short-circuit device.” A plausible
reason for this behavior is the adjustment of the Fermi level of ITO by the applied EC
which leads to a change in the interfacial electron transfer dynamics between the two
moieties.’

The majority of single-molecule fluorescence detection experiments are conducted
on a scanning confocal fluorescence microscope where the excitation light is focused by an
objective lens to a tight spot on a molecule located at the focal plane, and the fluorescence
is subsequently collected using the same objective lens. Therefore, an out-of-focus
illuminating light will result in a decrease in the recorded emission intensity. In this
communication, the effects of an applied EF and EC on the focus of an excitation light in
an open-circuit device and a short-circuit device, respectively, are investigated. Before

understanding the roles played by intrinsic photophysical processes (e.g., charge transfer)
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in single-molecule fluorescence modulation, it is necessary to first elucidate any possible
contributions from EF- or EC-induced out-of-focus excitation light on the emission
intensity change.

In this study, two types of devices were constructed as shown in Figure 1. The
short-circuit device was prepared by painting a thin U-shaped silver (Ag) electrode on top
of a glass cover slip, and single dye molecules were subsequently deposited at the centre of
the cover slip (see Figure 1a). The open-circuit device, shown in Figure 1b, was prepared
by spin coating in sequence polystyrene (PS) film on an ITO-coated glass cover slip, thin
polyvinyl alcohol (PVA) film containing single Atto647N molecules (Figure 2), and a
poly(methyl methacrylate) (PMMA) film. An aluminium (Al) electrode was then deposited
on top of the PMMA film by thermal evaporation. The device structure is similar as the
one described in the literature® with the exception of thick polystyrene layer being used in
the place of silicon dioxide. The two parallel arms of the electrode in the short-circuit
device and the ITO and Al electrodes in the open-circuit device were connected to a power

generator that provided a sinusoidal voltage at 0.1 Hz.

3.2 Experimental section
3.2.1 Materials

Glass cover slips (20 x 20 mm?, thickness #1, mass of 0.14 g) and quartz cover
slips (20 x 20 mm?, thickness #1, mass of 0.18 g) were purchased from Menzel-Glaser and
Trade 21, respectively. Polystyrene (PS, average M, 130000, average M,, 290000),
poly(methylmethacrylate) (PMMA, average M,, 120000), and toluene (spectrophotometric
grade) were obtained from Sigma Aldrich. Polyvinyl alcohol (PVA, average M,, 57000-

66000) was purchased from Alfa Aesar. Silver paint, indium tin oxide (ITO) coated glass
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cover slips (20 x 20 mm?, thickness #1, resistance 8-12,) and Atto647N dyes (see Figure

2) were purchased from RS Components, SPI Supplies and ATTO-TEC GmbH,

respectively.

(a) (b) Al
PMMA
[ ;
V ecs e e PVA e o oo
. .
$ ~30 um PS
— ITO
oV @&
<> <>
2 mm 2 mm Glass

Figure 1: (a) A short-circuit device fabricated by painting a U-shaped silver paste (grey)
on top of a glass cover slip and single Atto647N molecules are deposited at the center of
the device, and (b) an open-circuit device where the thicknesses of the polystyrene PS,
polyvinyl alcohol PVA, poly(methyl methacrylate) PMMA and Al layers are 450, 30, 55
and 100 nm, respectively. Single Atto647N molecules are embedded in the PVA matrix (e

= Atto647N molecule). The width and thickness of the Ag electrode are 2 mm and ~30 pm,

respectively.

Figure 2: Chemical structure of ATTO 647N.5
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3.2.2 Short-circuit device

For a short circuit device (Figure 1a), a U-shaped silver electrode with a width of
~2 mm was painted on either a cleaned glass cover slip, quartz cover slip or glass petri dish
(mass of 107 g). The device was then heated at 120 °C for 30 mins to achieve maximum
conductivity. The thickness of the electrode was measured using a surface profiler (Dektek
150, Veeco). Single dye molecules and a bulk concentration of Atto647N molecules were
deposited onto the center of the device by spincoating an aqueous solution of Atto647N of

~10"" M and ~10°° M, respectively.

3.2.3 Open-circuit device

For an open-circuit device (Figure 1b), 450 nm PS layer was deposited onto an ITO
coated cover slip by spincoating 150 pL toluene solution of PS (50 mg/mL). Subsequently,
PVA layer (30 nm) containing single Atto647N molecules was prepared by spincoating
150 pL aqueous solution of dye/PVA (10 mg/mL PVA, and ~10™ M dye) onto the PS
film. PMMA film (55 nm) was then deposited from a 150 pL toluene solution of PMMA
solution (10 mg/mL), followed by thermal evaporation (KCR-480S Evaporation Coating
System) of an aluminum electrode (100 nm). The busbars on the ITO coated cover slip
were protected using sticky tapes during the deposition of the polymer layers and Al
electrode and the tapes were subsequently removed during measurements). The electric
field experienced by the single molecules was defined as the ratio of the applied voltage to
the separation between the two opposite electrodes (ignoring the dielectric constant of the
polymer layers). Aluminum film used in device study remained electrically conductive
throughout the study, indicating minimum oxidation of aluminum to become electrically

insulating aluminum oxide. Oxidation of aluminum may occur during thermal evaporation
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when the pressure in the chamber is high enough. Hence, we prevent oxidation of
aluminum by pumping the chamber pressure down to ~3x10™ Pa. Alternatively, the
minimum formation of insulating aluminum oxide prevented further oxidation of
aluminum.

The two parallel arms of the electrode in the short-circuit device and the ITO and
Al electrodes in the open-circuit device were carefully connected via wires to a function
generator (TG550, Thurlby Thandar Instruments) that provided a sinusoidal voltage at 0.1
Hz. A digital multimeter (Mode1009, Kyoritsu) was used to determine if a device was

short-circuited.

3.2.4 Single molecule spectroscopy

The device was held in place in a home-made sample holder by using sticky tape at
the four corners, and then mounted onto a time-resolved confocal microscope (MicroTime
200, Pico Quant GmbH) equipped with an inverted microscope (1X71, Olympus).
Excitation light from a pulse laser diode (635 nm, LDH-P-C-635B, PicoQuant) was passed
through an excitation filter (Z636/10, Chroma) and focused through either an oil objective
lens (1.4 numerical aperture, 100x magnification, Olympus) or air objective lens (0.9
numerical aperture, 60x magnification, Olympus). The fluorescence from single dye
molecule was passed through a dichroic mirror (Z638rpc, Chroma) and an emission filter
(HQ685/70, Chroma) before being detected by a single-photon avalanche diode (SPCM-
AQR-15, Perkin Elmer). The backscattered excitation light was recorded by removing the
emission filter before detection and the corresponding beam spot was captured using a
CCD camera (GANZ ZC-F10C2). A confocal fluorescence image of single fluorescent

Atto647N molecules from an open-circuit device (Figure 1b) is given in Figure 3.
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Figure 3: A confocal fluorescence image of single fluorescent Atto647N molecules from

an open-circuit device (Figure 1b).

3.2.5 Ellipsometry and AFM

Refractive index measurement was done using a spectroscopic ellipsometer (Auto
SE, Horiba Jobin Yvon).The integration time was set to be 60 s in each measurement. The
thicknesses of the polymer films were determined using an atomic force microscope AFM
(D3100V, Veeco Digital Instruments. The displacement of the device with respect to the

objective lens was quantified using an AFM in a non-contact mode (Nanosurf easyScan 2).

3.3 Result and discussion
3.3.1 Short-circuit device

Typical fluorescence intensity time traces of single Atto647N molecules in a short-
circuit device (Figure 1a) are provided in Figure 4b for an external sinusoidal potential (at
frequency of 0.1 Hz) ranging from (i) +2 V to -2 V (maximum EC of 0.06 A generated),
and (ii) +3 V to -3 V (maximum EC of 0.09 A). We note that the fluorescence intensity of

the single molecules decreases when a voltage is initially applied at 10 s (Figure 4b). The
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Figure 4: (a) Sinusoidal external potential (frequency of 0.1 Hz) applied to a short-circuit
device. (b) Fluorescence intensity time trace of a single molecule in a short-circuit device
subjected to a potential ranging from (i) +2 V to -2 V (left-axis) and (ii) +3 V to -3 V
(right-axis). (c) Fluorescence intensity time trace of a bulk concentration of Atto647N and
(d) BEL intensity of a short-circuit device subjected to a potential ranging from +3 V to -3
V. The external potential was applied 10 s after the start of the measurements and an oil

objective lens was used.
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emission intensity time trace subsequently displays a sinusoidal oscillation at a frequency
of 0.2 Hz. Minimum fluorescence (i.e., trough of the wave) is observed when either a +2
V/+3 V or -2 V/-3 V voltage is applied; corresponding to an EC flow of 0.06/0.09 A in the
electrode. The fluorescence intensity increases when the EC decreases and reaches a
maximum (i.e., crest of the wave) at zero potential (i.e., zero EC). Similar oscillatory
behaviour in the fluorescence intensity time trace of an ensemble of Atto647N molecules
in a short-circuit device is also observed (Figure 4c). Since the dye molecules are not in
contact with the Ag electrode, their photophysical properties such as fluorescence quantum
yield are not influenced by the alternating EC.

The effects of EC on the focus of the excitation light were investigated by
recording the backscattered excitation light (BEL) intensity and corresponding beam spot
image from a short-circuit device. For potential ranging from +3 V to -3 V, the intensity of
the BEL undergoes a sinusoidal modulation at a frequency of 0.2 Hz (Figure 4d).
Minimum (trough) and maximum (crest) intensities are observed at +3 /-3 V and 0 V,
respectively; similar to the single-molecule fluorescence modulation seen in Figure 4b. In
addition, the beam spot image of the BEL changes its shape pattern according to the
amount of applied potential (see Figure 5 and the accompanying Movie 1). In particular,
the beam spot pattern is most diffused at voltages +3 V (t = 6.5 s in Figure 5) and -3 V (t =
11.5 s in Figure 5), and regains sharpness whenever the voltage approaches zero. This
clearly shows that the excitation light becomes increasingly out-of-focus with respect to
the focal plane (i.e., in the z-direction) when the intensity of the EC increases, and regains
focus when the EC is reduced to zero. Therefore, the fluorescence modulation observed in
Figure 4b is ascribed to changes in the focus of the excitation beam. The modulation in the

BEL was observed when using both oil and air objective lens.
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Figure 5: (a) Beam spot images from the BEL from a short-circuit device subjected to a
sinusoidal potential ranging from V = +3 V to — 3V. The time when the potential is first

applied after the start of the experimentist=4s.

We next discuss the possible reasons for the out-of-focus excitation light when an
EC flows in a short-circuit device. From ellipsometry measurements, the refractive index
of the glass substrate (1.537) does not change before and after the application of an
external potential. This means that an EC in the Ag electrode does not influence the
refractive index of the glass substrate. Another plausible explanation for the out-of-focus
excitation beam is the displacement of the device away from the objective lens when a
current is flowing in the electrode. We propose that when an EC is generated, a mechanical
jerk in the electrode lifts the whole device upwards and away from the objective lens. The
device subsequently relaxes back to a position closer to the focused position when the EC
reduces to zero. At high potential bias, there is a significant drop in the BEL intensity when
the voltage is initially applied (e.g., +3 V in Figure 4d and +10 V in Figure 6b), and the
intensity does not return to its original value recorded before the application of the

potential; suggesting the presence of a relatively large initial displacement position by the
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Figure 6: (a) Sinusoidal external potential (frequency of 0.1 Hz) applied to a short-circuit
device, as depicted in Scheme 1a. (b) BEL intensity time traces of a short-circuit device
fabricated from (i) glass cover slip, (ii) quartz cover slip and (iii) glass petri dish and
subjected to a potential ranging from +10 V to -10 V. The BEL intensity time traces were

measured using an oil objective lens

large Ag electrode. A control experiment, conducted using a short-circuit device fabricated
from a significantly heavier glass substrate (i.e., base of a petri dish), did not show any
drastic drop in the BEL intensity (Figure 6b) when a potential is applied; indicating that the
mechanical jerk was not strong enough to cause a large displacement of the heavy glass
substrate. A device fabricated using a quartz cover slip with a significantly lower thermal
expansion coefficient (a = 0.59 x 10°® /°C at 20 °C) showed a smaller degree of initial drop
in the BEL intensity and hence displacement when compared to a normal glass cover slip
(a=9x% 10 /°C at 20 °C) (Figure 6b). We note that quartz coverslips are slightly heavier
(0.18 g) than glass coverslips (0.14 g). However, this difference in mass cannot explain the

smaller degree of initial drop in BEL intensity for quartz (~15%) as compared in for glass
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(~99%). In a given short circuit system, the electrical current flows through low resistance
path and it delivers high energy in short amount of time. The electrical power (P) is equal
to potential (V) multiplied with current (I). The associated electrical energy (W) is equal to
power (P) multiplied with time (t). We believe this electrical energy can convert into heat.
A heat-induced mechanical jerk in the electrode due to current flow and thermal expansion
of the upper surface of the glass substrate in contact with the electrode may collectively aid
in displacing the whole device.

From AFM measurements, we note that the initial displacement of the device
increases as the maximum EC generated increases (Figure 4b and Figure 7). We observed
that for a short-circuit device, an initial upward displacement of 235 nm from the original
focused position before application of an external potential) occurs when a sinusoidal
potential ranging from +3 V to -3 V is applied (Figure 7c¢). The device does not return to its
original position at zero current, and the displacement between the positions of the device
at maximum EC (at +3 V/-3 V) and zero current (at 0 V) during the application of a
modulating potential is ~150 nm (Figure 7c); which is in agreement with the results of
Figures 4b, 4c and 4d.

The initial upward movement in AFM in image in Figure 7 is related to the drop in
initial intensity in Figure 4b, 4c and 4d. We discount the rapid bleaching of weakly
fluorescent impurities as the source of this drop as care was taken to ensure the device did
not contain any fluorescent impurity. In addition, had the device contained any impurities,
any weakly fluorescence impurities would have caused continuous drop from the start of

the measurement (not initial drop 10 s after the start of measurement).
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Figure 7: (a) Sinusoidal external potential ranging from +3 V to -3 V (at 0.1 Hz) is applied
to a short-circuit device at ~27 s after the start of the AFM scan. (b) AFM image of a single
scan (100 s) across 190 nm of the glass substrate and (c) corresponding height profile
which correlates with the applied potential. During the application of a sinusoidal potential
bias, the grey strips in (b) correspond to a lower height and occur at zero current (at 0 V)
whereas the white strips correspond to a higher height and occur at maximum EC (at +3
V/-3 V). (d) Plot of initial displacement of device from the focused position, measured

using AFM, vs. maximum applied voltage.
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3.3.2 Open-circuit device

A typical fluorescence intensity time trace of a single Atto647N molecule in an
open-circuit device (Figure 1b) that is subjected to a sinusoidal potential (at 0.1 Hz)
ranging from +10 V to -10 V is presented in Figure 8b. The molecule experiences a
maximum EF of 1.9 x 10° V/cm when the voltage is adjusted to +10 V/-10 V. The
emission intensity of the molecule does not modulate with the EF and is similar to those
previously reported for single Atto647N molecules immobilized on a glass substrate®*°and
PVA matrix.'* Furthermore, the BEL intensity does not show any significant variation with
the applied potential (Figure 8e) and is not EF-dependent. Varying the EF does not cause a
sinusoidal-type modulation of either the excitation light focus or dye fluorescence.

The multi-layer open-circuit device in Figure 1b is easily converted to a short-
circuit device (i.e., defective device) when the polymer layers between the ITO and Al
electrodes are lightly scratched to allow contact between the two electrodes. Single-
molecule fluorescence modulation is again observed as illustrated in Figure 8c for an
Atto647N molecule in a defective device that is subjected to a sinusoidal potential ranging
from +5 V to -5 V. In this case, an alternating EC from 0 to 0.14 A flows across the device
at areas where the two opposite electrodes are in contact. Both the fluorescence intensity
time trace (Figure 8c) and BEL intensity (Figure 8f) display a sinusoidal modulation with
minimum (trough) and maximum (crest) intensities occurring at the highest and zero EC,
respectively. Out-of-focus excitation light is thus responsible for the EC-dependent
modulation of the single molecule’s fluorescence in a defective device. Furthermore, the
fluorescence and BEL intensities are restored at zero potential (or zero EC) to values that
are close to those measured before the application of the potential bias (i.e., when the

device is in a focused position).
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Figure 8: (a) Sinusoidal external potential (frequency of 0.1 Hz) applied to an open-circuit
device (b and e) and a defective device (c, d, f and g). (b) Fluorescence and (e¢) BEL
intensity time traces of a single molecule in an intact open-circuit device subjected to a
potential ranging from +10 V to -10 V. Fluorescence and BEL intensity time traces of a
single molecule in a defective device subjected to a potential ranging from +5V to -5 V (c
and f, respectively) and +10 V to -10 V (d and g, respectively). The external potential was

applied 10 s after the start of the measurements and an oil objective lens was used.
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This means that the relatively small areas of contact between the ITO and Al electrodes are
not sufficiently large to cause a significant initial displacement of the defective device.

The fluorescence and BEL intensity time traces of a defective device with an
applied voltage ranging between +10 V and -10 V exhibit complex behavior (Figures 8d
and 8g). For the first 30 s of the measurement, the fluorescence intensity of the single
Atto647N molecule in Figure 8d shows consistent behaviour (i.e., crest of intensity trace at
zero potential and trough at +10 V/-10V potential). However, a dip in the emission
intensity at zero EC is observed at 35 s. The intensity at zero EC gradually decreases over
the next few cycles (i.e, at 40 s, 45 s, 50 s, etc.) whereas the intensity at +10 V and -10 V
increases, such that after 50 s, the trough and crest of the modulating fluorescence intensity
time trace correspond to zero and +10 V/-10 V, respectively. This means that an
enhancement in the fluorescence intensity is now observed when the maximum EC (0.3 A)
is flowing in the electrode relative to the fluorescence at zero current. Similar behavior was
observed in the BEL intensity (Figure 8g) where the intensity undergoes a transition from
being minimum to maximum at zero potential after 30 s. In this case, the excitation beam
becomes out-of-focus at zero current and restores its focus at maximum EC. Several
mechanisms such as opposite mechanical movements at zero and maximum currents and
types of electrode maybe responsible for this behavior. Future work will focus on

elucidating the exact nature of the phenomenon observed here.

3.4 Conclusion
In this chapter, we have unambiguously demonstrated that the drop in the detected
fluorescence intensity of single dye molecules in either a short-circuit device (Figure 1a) or

a defective device, caused by damaging an open-circuit device (Figure 1b), is due to an
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out-of-focus excitation beam arising from a displacement of the device away from its
focused position by the generated EC in the electrode. For an open-circuit device such as
the one depicted in Figure 1b, it is often very easy to damage the thin polymer/active layers
so that the two opposite electrodes come into contact with each other. For an example, we
have found that an open-circuit device can readily lose its integrity during fabrication and
when connecting wires from the generator to the electrodes; hence causing current leaks
and out-of-focus excitation to occur. When studying the EF-induced fluorescence
modulation of single fluorescent systems, it is imperative to ensure that the open-circuit
device remains intact during fabrication, and before and after application of a potential
bias. This is necessary to avoid any possible misinterpretation of results in the event that
the device is found to be defective. Furthermore, experiments aimed at examining the
effects of EC on the fluorescence of single molecules should also be carefully designed to

ensure the absence of an out-of-focus beam.

3.5 Movie caption
Movie 1. Backscattered excitation light beam spot pattern with applied potential for a
short-circuit device (Figure la) that is subjected to a sinusoidal potential (at 0.1 Hz)

ranging from +3 V to -3 V. The potential was applied after 4 s.
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CHAPTER 4

EFFECT OF CHARGE ACCUMULATION ON THE STABILITY

OF PEDOT:PSS DURING DEVICE OPERATION

This chapter is adapted from “Effect of Charge Accumulation on the Stability of
PEDOT:PSS During Device Operation, Teguh, J. S.; Sum, T. C.; Yeow, E. K. L. Chem.

Phys Lett.. 2014, 607, 52-56.”
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4.1.Introduction

Polyethyelenedioxythiophene:polystyrene sulphonic acid (PEDOT:PSS, structure
given in Figure 1a) is widely used as a hole transport layer in photovoltaic cells,*?
transistors,” and organic light emitting diodes (OLEDs).*®> Unfortunately, a major
drawback of using PEDOT:PSS in OLED is the formation of non-emissive black spots
during device operation which is attributed to the reduction of PEDOT.? It has been
proposed that trace amounts of water that have entered the device or oxidation of the metal
cathode results in the creation of reduced PEDOT and a decrease in the effective active
area of the device.* In another study by Sakamoto et al.,” the reduced state of PEDOT:PSS
is observed in an OLED with a Li-Al/PF8:F8BT blend/PEDOT:PSS/ITO configuration
after operation, where PF8 is poly(9,9-dioctylfluorene), F8BT is poly(2,7-(9,9-
dioctylfluorene)-alt-benzothiadiazole) and ITO is indium tin oxide. The authors have
suggested that a portion of electrons injected into the active PF8:F8BT blend from the Li-
Al cathode escape into the PEDOT-PSS layer; causing the PEDOT chains to be reduced.
Some of the injected electrons from the cathode therefore do not recombine with the
injected holes from anode, causing accumulation of electrons and a reduction process to
occur in the PEDOT layer.

Many studies have been dedicated to enhance device performances by improving
the conductivity of PEDOT:PSS; for example, by ultraviolet irradiation® or the addition or
solvent treatment.®’ Ouyang et al. have shown that by treating PEDOT:PSS with ethylene
glycol (EG), the conductivity of the polymer increases by nearly 100-fold.” This is because
EG induces PEDOT chains to undergo transformation from benzoid to quinoid structures

where the latter is known to have a higher conductivity. In addition, several studies have
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also reported the transformation of PEDOT from its quinoid to benzoid structures in an

electrochemical environment.&*°

SO;H SOH SOH SOy

KO-

CSH17 CgH17 N\\S/

Figure 1: Chemical structure of PEDOT:PSS (a) and F8BT (b)

In this study, we will investigate the effect of charge imbalance (i.e. accumulation
of holes in the PEDOT layer) on the stability of PEDOT in 2 devices, device 1 and 2 in
Figure 2a, before, during and after device operation using Raman spectroscopy. Device 1
has a simple AI/PEDOT:PSS/ITO configuration whereas device 2 has an Al/F8BT/
PEDOT:PSS/ ITO configuration, where F8BT is emitting polymer (structure given in
Figure 1b). The energy diagram of each device is illustrated in Figure 2b. In both devices,
ITO is chosen to be anode because of its high electrical conductivity and optical

transparency. The experimental time-resolved Raman peaks show that oxidation of
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PEDOT occurs when a positive bias is applied. When the voltage is suspended, PEDOT
returns back to its (less oxidized) as prepared-state. Since oxidized PEDOT (in its benzoid
form) exhibits poorer conductivity than reduced PEDOT (in its quinoid form),*’ the
conductivity of the hole transporting layer may be compromised during device operation.
The conversion between the quinoid and benzoid form of PEDOT during device operation

is illustrated in Figure 3.

a Al
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Figure 2: Configuration (2) and energy diagram of (b) of device 1 and device 2.
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Figure 3: Reversible conversion between quinoid and benzoid form of PEDOT due to hole

injection and removal during device operation.
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4.2.Experimental section
4.2.1. Materials

Polyethyelenedioxythiophene:polystyrene sulphonic acid (PEDOT:PSS, 1.3 weight
%), tetrabutylammonium hexafluorophosphate and poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-
alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT, Mn 10000-20000) were obtained from Sigma
Aldrich. Isopropanol (HPLC/Spectro grade) was purchased from Tedia. Silver paint,
indium tin oxide (ITO) coated glass cover slips (20 x 20 mm?, thickness #1, resistance 8-
12 o) were purchased from RS Components and SPI Supplies, respectively. Hydrochloric
acid (37%) was purchased from Honeywell (Seelze, Germany). Ultrapure water (resistivity

18.2 MQ.cm, MiliQ) was used.

4.2.2. Device fabrication

Two types of devices were fabricated as shown in Figure 2a. ITO electrode was
first patterned using wet-etching method. A sticky tape was used to protect some part of
ITO. Subsequently, the substrate was immersed in the mixture of water:HCI (9:1) at 50°C
for ~5 minutes to remove unprotected ITO layer. The patterned ITO was rinsed and
cleaned using the following steps: baking at 400°C for 1 hour, sonication for 5 minutes in
isopropyl alcohol and 5 minutes in water, treating with plasma for 5 minutes and exposure
to UV for 15 minutes. In device 1, 60 nm PEDOT:PSS film was deposited onto ITO
covered glass via spincoating (SCS G3-8) and was dried at 100°C for 15 minutes.
Subsequently, 60 nm of aluminum electrode was deposited through the use of shadow
mask via thermal evaporation (KCR-480S Evaporation Coating System) at the rate of
~1A/s at a pressure ~3x10™ Pa. In device 2, a PEDOT:PSS film (60 nm) and a F8BT film

(60 nm) were deposited in sequence onto an ITO substrate by spin-coating. An Al
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electrode (60 nm) was subsequently deposited on top of F8BT film by thermal evaporation.
The thickness of polymer and aluminum was determined using an atomic force microscope
AFM (D3100V, Veeco Digital Instruments). The top view of the device is illustrated in

Figure 4. The device area is estimated to be around ~ 4 mm?®.

=ITO
I I I .=Aluminum

Figure 4: Top view of the device used in this study.

4.2.3. Device characterization and spectroelectrochemistry

Current-voltage (1-V) characteristic was the device was measured in an argon-filled
glovebox with O, concentration <10 ppm. The potential (-5V to 5V) was provided by a
generator Agilent B2920A and the compliance current was set at 3 mA. The linear

response of In | was fitted to Shockley ideal diode equation

where s is the saturation current at reverse bias, Vp is the potential across the diode, n is
the ideality factor and V+ is the thermal voltage (0.026V at 298K).

Spectroelectrochemistry experiments were conducted on a UV-VIS spectrometer
(SEC2000, ALS). For the spectroelectrochemical cell, a PEDOT-PSS film (160 nm) on an
ITO substrate, Pt and Ag/Ag” were used as a working electrode, counter electrode and
reference electrode, respectively. The potential difference was provided by a potentiostat

(wAuto Lab, Metrohm) and the data was analyzed using GPES Manager software. The
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spectroelectrochemical ~ experiment ~was done in acetonitrile  with  0.1M
tetrabutylammonium hexafluorophosphate as an electrolyte. The solution was purged with

nitrogen gas before measurement.

4.2.4. Raman spectroscopy

Raman spectra of device 1 and device 2 during operation were measured using a
confocal Raman microscope (LabRAM HR, Horiba). The excitation wavelength used was
633 nm (He-Ne laser, Melles Griot) and the Raman signal was collected using a 50% long
working distance objective lens (Olympus LMPIlanFLN). The integration time for each
spectrum was 60 s and 500 um pinhole size was used. Since upright microscope
configuration was used, the device was mounted with the glass surface facing up and
aluminum electrode facing down. The detector used was an electron-multiplying CCD
(EMCCD, DU970N, ANDOR) which has classical front-illuminated chip and does not
show etaloning effect. All Raman spectra was analyzed using LabSpec 5 software (Horiba
Jovin Yvon) and the fluorescence baseline was removed using 2 degrees polynomial
function. Throughout the experiment, the laser power and applied external potential were
kept minimum to avoid the formation of bubble, black spot and possible photodegradation
products.To achieve a positive bias, the ITO anode of the device was connected to the
positive terminal of a DC generator (GPC-1850D, Instek) and the Al cathode to the

negative terminal.
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4.3.Result and discussion
4.3.1. Device characterization and spectroelectrochemistry

The relationship between current 7/ and applied bias voltage V' (-5 to +5 V),and the
corresponding semi-In plot of the /-7 curves (0 to +5V) for devices 1 and 2 are provided in

Figure 5a and 5b, respectively.
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Figure 5: 1-V characteristics of device 1 (filled square) and 2 (unfilled circle) in the range
of -5 to +5V (a) and the corresponding In I vs V plots for device 1 (filled square) and
device 2 (unfilled circle) (b) The linear response up to +0.4V (dashed lines) was fitted to

Shockley diode equation.

A linear relationship between In 7 and V" at sufficiently low voltage (up to 0.4 V)
suggests that the current increases exponentially with applied potential which is a typical
behavior of diodes. Deviation from linearity at higher voltage arises when charge transport
is dominated by bulk, rather than interfacial properties.'' When the linear response of In I is
fitted to the Shockley diode equation, an ideality factor of » = 8.8 and 8.1 are obtained for
device 1 and device 2, respectively which is in agreement with the n values reported for
other diodes." Therefore, a direct contact between Al and ITO is absent in our devices'?

which function as proper diodes..
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The UV-VIS spectroelectrochemical spectra of the PEDOT:PSS used in this study
are given in Figure 6. The absorption intensity of electrochemically oxidized PEDOT
(applied potential V= +1 V) is lower than that of the as-prepared polymer (¥;= 0 V). When
the applied potential is turned off after 5 s, the absorption spectrum collected (¥, =0 V) is
identical to the as-prepared spectrum observed before application an external bias (i.e., V;=
0 V). This suggests that the oxidized PEDOT converts back to its natural state when the
oxidation reaction is stopped. Upon electrochemical reduction at V= -1 V, the absorbance

of PEDOT increases and a new m-* absorption peak at around 640 nm is observed.> ¥

400 500 600 700 800 900
Wavelength (nm)
Figure 6: The absorption spectrum of as prepared film of PEDOT:PSS shows broad and
featureless spectrum between 400 and 950 nm (V,= 0V, black line). Absorption of
PEDOT:PSS drops upon oxidation (¥ = 1V red line) and returns to initial intensity when

the applied potential is removed (V> = 0V, blue line). Absorption spectrum of PEDOT:PSS

shows a new m-m* transition peak upon reduction(’ = -1V, green line).
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UV-vis measurement condition does not tally with Raman measurement condition
since the sample preparation was different in both studies. For UV-vis measurement,
PEDOT:PSS film was deposited onto ITO as a working electrode and the measurement
was done in an aqueous electrochemical environment. For Raman measurement,
PEDOT:PSS film was included in a device setting and the measurement was done in a dry
condition. Due to these differences, we believe there is no need to standardize the
experimental condition. Furthermore for UV-vis measurement, we tried to apply higher
voltage or longer wait time. However, the spectrum was not fully reversible, indicating
instability of PEDOT:PSS at higher voltage or longer wait time in an electrochemical

environment.

4.3.2. Raman spectroscopy

In the Raman spectroscopy experiment, an external potential is applied 5 minutes
after the start of the measurement for a duration of 5 minutes before the voltage is turned
off. The time-dependent Raman spectra of PEDOT:PSS for device 1 at applied potentials V
=+1.5V and +2 V are given in Figure7a and 7b, respectively. We found that PEDOT:PSS
layer in device 1 was stable under 1V during 15 minutes measurement. However, since
there was no change in the spectrum, we did not further investigate the effect of 1V applied
voltage to device 1. Furthermore, we believe Raman spectrum of PEDOT:PSS is not

enhanced since plasmon resonance of aluminum is in deep UV region.
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Figure 7: Time dependent-Raman spectra of device 1 at the applied potential of +1.5V (a)
and +2V (b) and of device 2 at the applied potential of +3V (c).Spectra were collected at
the start of the experiment (0 min, 1% panel) and 4 min later (2" panel). A spectrum is
collected 4 min after during the application of an external potential (3" panel) and 4 min
after the voltage is turned off (4™ panel). Raman spectrum of device 1 ((a) and (b)) shows
peaks at 1369, 1425 and 1517 cm™ before application of external potential. Application of
+1.5V potential induces a decrease in the intensity of 1425 cm™ peak whereas application
of +2V induces peak broadening to higher wavenumber (1428 cm™ and 1427 cm™, inset)
in addition to further decrease in intensity. Similar peak broadening is observed for device

2 under the application of +3V potential with the appearance of a new peak at 1442 cm™.

123



A low laser power (~ 1.9 uW) is sufficient to yield discernible Raman bands. When
no external potential is present, three distinct bands are clearly seen in the 1300-1600 cm™
region: 1369 cm™, 1425 cm™ and 1517 cm™ peaks are assigned to C4#Cy stretching,
symmetrical C,=Cj stretching and asymmetric C=C stretching of PEDOT, respectively.”*°
The Raman signal of PSS is not detected because of its poor conjugation and low Raman
cross section. The Raman spectra of at least 10 different spots are recorded for each device
and the intensities obtained are consistently uniform (see the Raman spectra collected at 3

different spots in Figure 8). To ensure reproducibility, we have fabricated at least three

devices 1 and 2 and we observed reproducible Raman spectra in all devices.

1600+ 1425
1200-
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o 800+
° 1517
s00] 1369
0 . : :
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Figure 8: The Raman spectra of device 1 recorded at 3 different spots on the device in the

absence of an applied potential.

The position and intensity of the bands collected at the start of the measurement

(i.e., 0 min) and 4 min later (with an integration time of 60 s) do not differ significantly.
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On the other hand, the Raman bands observed when a forward bias is applied show drastic
drop in the signal (Figure 7a and 7b). In particular, a 37% and 91% decrease in the
intensity of the 1425 cm™ peak occurs when V = +1.5 V and +2 V are applied for 4 min
(i.e., 9 min after the start of the measurement), respectively. Furthermore, in the case of V
= +2 V, the band at 1425 cm™ broadens and shifts to higher wavenumber with a peak at
1428 cm™ and a shoulder at 1437 cm™. This broadening has been observed in study of
electropolymerized PEDOT film on ITO and has been ascribed to oxidation of
PEDOT:PSS to form a benzoid structure.®  An interesting observation is the recovery of
the Raman signal when the applied external potential is turned off. For example, the
intensity of the peak at 1425 cm™ recorded 4 min after the external potential V = +1.5 V is
suspended (i.e., 14 min after the start of the measurement) completely recovers back to its
original intensity Figure 7a. When the applied potential V = +2 V is turned off, the
intensity of the symmetric C=C stretching band is restored to 85% of the original intensity
and the peak position returns to 1425 cm™ (Figure 7b).

The as-prepared PEDOT chains exist as a mixture of reduced (quinoid) and
oxidized (benzoid) PEDOT.!’ It has previously been reported that the principal band
located between 1420 to 1430 cm™ for dedoped PEDOT is shifted to higher wavenumber
(i.e., between 1440 to 1450 cm™) for the doped polymer.®*** From spectro-
electrochemistry, we note that the UV-VIS absorption of oxidized PEDOT at the laser
excitation wavelength (633 nm) is significantly lower than that for the as-prepared polymer
(Figure 6). Therefore, the relatively intense 1425 cm™ peak observed for the as-prepared
polymer in Figure 7a and 7b arises from excitation of an electronic transition in the quinoid
structure. When a forward bias is applied, holes from the ITO anode are injected into the

PEDOT:PSS layer to oxidize the PEDOT polymer (i.e., more benzoid structures are
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created). The resonance Raman effect is thus inhibited as oxidation reaction takes place
and the intensity of the Raman peaks decreases.** When a relatively higher potential is
applied (e.g., V = +2 V), more PEDOT chains undergo oxidation resulting in a larger drop
in the Raman signal intensity. In addition, the shoulder at 1437 cm™ observed in the
broadened band for V = +2 V can be assigned to the C,=Cs symmetric stretch of the
oxidized PEDOT. In device 1, the work function of ITO (-4.8 eV) is close to the HOMO
of PEDOT:PSS (-5.2 eV) whereas a relatively large energy gap exists between the work
function of Al cathode (-4.3 eV) and the LUMO of PEDOT:PSS (-3.4 eV) (see Figure 2b).
Since the energetic barrier for hole injection (0.4 eV) is smaller than that of electron
injection (0.9 eV), the accumulation of holes in the PEDOT:PSS layer and charge
imbalance is noted.

When the applied potential is suspended and at sufficiently low excitation power,
the majority of unstable benzoid moieties undergo conversion back to the quinoid form,
leading to the observed recovery of the Raman signal.** This is in agreement with the
observed recovery of the UV-VIS absorption spectrum upon stopping the electrochemical
oxidation reaction (Figure 6). The re-conversion from oxidized benzoid to reduced quinoid
form can be rationalized as follows: the as-prepared PEDOT:PSS consists of quinoid and
benzoid PEDOT chains with some positive charges along the PEDOT chains which are
balanced by negatively charged PSS chains. During hole injection process, quinoid chains
are converted to oxidized benzoid chains, resulting in the excess of positive charge on
PEDOT chains which cannot be balanced by the negatively charged PSS. Due to this
instability, PEDOT chains reconvert to the reduced form. External voltages higher than +2
V and +3 V are not used in device 1 and device 2, respectively, as they result in

degradation and bubbles forming in the devices.
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The Raman spectroscopy of the light emitting device 2 is studied next. In this case,
a higher laser power (~ 105 uW) is employed. A standing wave is formed when the
excitation light coming from the glass substrate combines with the reflected light from the
Al film. Constructive interference gives rise to the Raman intensity observed in typical
OLEDs as reported by Friend et al.”® and Sakamoto et al.’ Several plausible reasons may
be used to rationalize the lower laser power needed in device 1 such as PEDOT interacting
with the excitation and reflected light, location of PEDOT along the optical path or a more
homogeneous layer between the glass substrate and Al electrode as compared to device 2.
It is worth mentioning that the exact reason is still unclear at the present moment. A higher
applied voltage, compared to the one used in device 1, is utilized to induce detectable
Raman signal changes for the thicker device 2. Before an external potential is applied, the
Raman spectrum of device 2 (Figure 7c), recorded at the start of the measurement (i.e., 0
min) and 4 min later, displays distinct peaks and shoulders at 1365 cm™ (C4Cp stretch of
PEDOT),’® 1428 cm™ (C,=C4(-0) symmetric stretch of PEDOT in quinoid form),® 1457 cm’
' (C,=Cy-H) symmetric stretch of PEDOT),'* 1478 cm™ (C,=C; asymmetric stretch of
PEDOT),"® 1494 cm® (C,-C; asymmetric stretch of PEDOT)™ and 1543 cm
(benzothiadiazole ring stretch of F8BT).* After an external voltage of +3 V is applied for 4
min, the 1428 cm™ peak is weakened (by ~ 20%) and a concomitant growth of a peak at
1442 cm™ corresponding to the C=C4(-O) symmetric stretch of PEDOT in benzoid form,®
is observed (Figure 7c). This clearly demonstrates that PEDOT undergoes oxidation,
probably by holes injected from the ITO anode during operation. In device 2, the LUMO
of F8BT is located at -3.5 eV (Figure 2b), creating an energetic barrier of 0.8 eV at the
F8BT/AI interface. Holes are therefore injected at a faster rate as compared to electrons

and the accumulation of holes results in the oxidation of the PEDOT layer. When the
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external potential is turned off, the peak at 1428 cm™ regains intensity which clearly
indicates the reversed conversion of benzoid to quinoid structures (see the spectrum

collected 14 min after the start of the experiment in Figure 7c).

4.4. Conclusion

The current study shows that the stability of the hole transporting layer
PEDOT:PSS is compromised during device operation due to charge imbalance. Holes
injected from the ITO anode oxidize the polymer (doping) which causes both a weakening
of the principal peak at around 1420 - 1430 cm'l(Ca:Cﬂ(-O) symmetric stretch of PEDOT)
and a band broadening cum shift to higher wavenumber. This behavior is assigned due to
transformation of quinoid (dedoped) structure of PEDOT to benzoid (doped) structure of
PEDOT. Upon suspending the external applied potential, the oxidized PEDOT converts
back to its natural as-prepared state. Future work involves designing experiments, albeit
non-trivial, to examine how the conductivity of PEDOT:PSS is perturbed before and

during device operation.
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CHAPTER 5

FLUORESCENCE INTENSITY MODULATION OF MEH-PPV NANOPARTICLE

IN THE PRESENCE OF ELECTRIC FIELD AND ENERGY TRANSFER
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5.1 Introduction

Organic semiconductors possess advantages over inorganic semiconductors such as
lower production cost and flexibility in synthetic route. One class of widely used organic
semiconductors are conjugated polymers. Conjugated polymers find application in
chemical sensors,” light emitting devices* and photovoltaic systems.? Various conjugated
polymers have been synthesized and studied:polyacetylene, polyaniline and polypyrrole
due to their conductivity properties whereas polyfluorenes, polyphenylenes, and
polythiophenes due to their electrooptical and photoluminescence properties.* Since
operation of optoelectronic device requires application of electric field, it is then of great
importance to understand the behavior of conjugated polymer in the absence and presence
of electric field.

Much study has been dedicated to investigate the properties of conjugated polymers
in solution, in thin film and even single polymer chains. In contrast, there are fewer studies
on the properties of conjugated polymer nanoparticle (CPN).* CPN is typically synthesized
via emulsion or precipitation technique. Since CPN is a multichromophoric material, it is
many times brighter than quantum dot of similar size.> As compared to conventional
organic dyes, CPN is less likely to photobleach and blink.® Unlike a quantum dot, a CPN is
non-toxic in nature, making it suitable as biological probe.®®

CPNs find application in optoelectronic devices. List et al. showed that CPN of
methyl-substituted ladder-typepoly(para-phenylene) could be used as an active layer in an
OLED with slightly higher efficiency as compared to the corresponding film based
conjugated polymer OLED.? This efficiency was attributed due to enhanced electron
injection from aluminum cathode which formed ‘stalactite’ structures during evaporation

as a consequence of rough nanoparticle layer surface. Scherf et al. utilized a blend of two
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types of CPN (poly(9,9-dioctylfluorene-2,7-diyl-co-bis-N,N -(4-butylphenyl)-bis-N,N -
phenyl-1,4-phenylenediamine) and poly-(9,9-dioctylfluorene-2,7-diyl-co-benzothia
diazole)) in photovoltaic devices with external quantum efficiency of 4%.° CPN also
proved to be an excellent energy donor due to its broad absorption and emission spectra.
McNeill et al. developed a system of CPN (poly(9,9-dihexylfluorene) and poly(9,9-
dioctylfluorene)) as an energy donor with PtOEP (platinum (1I) octaethyl porphine) as an
energy acceptor.’* After being excited, CPN transferred its energy to PtOEP which will
then emit phosphorescence. Since phosphorescence is quenched by oxygen, this system
shows potential as an oxygen sensor in biological system. Xu et al. synthesized donor-
acceptor system of CPN (poly(9,9-dibromohexylfluorene-2,7-yleneethylene-alt-1,4-(2,5-
dimethoxy)phenylene)):porphyrinwith surfactant.*> CPN harvested excitation light and
transferred its energy to porphyrin which was then able to change triplet oxygen to singlet
oxygen more efficiently as compared to direct excitation of porphyrin alone. Hence, this
system holds potential as a photosensitizer in photodynamic therapy against cancer.

In this study, the conjugated polymer MEH-PPV (poly[2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylene vinylene]) was used (structure shown in Figure 1a).The
optical response of MEH-PPV in the absence of electric field has been studied in bulk and
single molecule level. Dilute MEH-PPV solution in tetrahydrofuran (THF) shows
maximum absorbance and emission at around 500 and 550 nm, respectively. This large
Stokes shift is due to high energy exciton segment transferring energy to low energy
segment.** MEH-PPV is proposed to adopt a folded conformation in toluene and open
conformation in chloroform.* A folded conformation increases inter chain contacts and 7
stacking which will then give rise to low energy segment. Low temperature single MEH-

PPV chain fluorescence spectroscopy has been carried out to detect emission from high
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and low energy segment.” In the presence of electric field, the singlet exciton of MEH-
PPV film has been suggested to dissociate into charge carriers which will then decrease the
fluorescence lifetime.™ In a single polymer chain study, this charge carrier can respond to
electric field by moving along the chain to quench the fluorescence intensity.*’

We investigated the optical properties of MEH-PPV nanoparticles in the absence
and presence of energy donor TPP (tetraphenylporphyrin, structure given in Figure 1b) in
bulk and single particle level. In particular, the fluorescence intensity of these systems in

the presence of an electric field will be further investigated.

a b

Figure 1: Chemical structure of MEH-PPV (a) and TPP (b)

5.2 Experimental section
5.2.1. Materials

MEH-PPV (Mn 200000, Mw/Mn =4) was purchased from Polymer Source. TPP
(>99%), polyvinyl alcohol (PVA, Mw 130000), polystyrene (PS,Mn 130000, Mw 290000)
and THF (HPLC grade)were obtained from Sigma Aldrich Singapore. Ultrapure
water(resistivity 18.2 MQ.cm, MiliQ) was used throughout the experiment. ITO glass
cover slips (20x20 mm?, thickness #1, resistance 8-12 Q) were purchased from SPI

Supplies.
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5.2.2. Polymer purification

PS was dissolved in hot toluene under stirring. After cooling down, PS was
precipitated via the addition of methanol under sonication. Toluene-methanol mixture was
removed and the precipitate was dissolved in hot toluene again. This procedure was
repeated several times. PS was then spincoated on a cleaned glass cover slips and was then
mounted on confocal fluorescence microscope image. The cleanliness of PS was confirmed
from the absence of impurity in the confocal scanning image.

PVA was dissolved in hot water under stirring. After cooling down, PVA was
precipitated via the addition of acetone under sonication. After removal of water and
acetone mixture, the precipitate was washed with THF under sonication. After removal of
THF, the precipitate was re-dissolved in hot water. This cleaning step was repeated several

times. The cleanliness of PVA was confirmed using the same step described for PS.

5.2.3. Synthesis of nanoparticles

1 ml solution of MEH-PPV (0.02 mg/ml) in THF was mixed with 2 ml of water
under sonication for 20s. THF was then removed from the mixture via vacuum
evaporation. Similarly, 1 ml of solution of MEH-PPV (0.02 mg/ml) and 1% TPP (0.0002
mg/ml) in THF was mixed with 2 ml of water under sonication for 20s. THF was then

removed from the mixture via vacuum evaporation.

5.2.4. Characterization and bulk spectroscopy
The size of nanoparticle was characterized via the use of scanning electron
microscope (SEM, JSM-7600F, JEOL). Absorbance spectrum of nanoparticle was

measured using an absorption spectrometer (Cary 100, Varian). For all samples, the
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concentration was adjusted such that the absorbance was 0.1 at 470 nm. The fluorescence
spectrum of nanoparticle was measured using a fluorescence spectrometer (Cary Eclipse,

Varian) with 470 nm excitation wavelength.

5.2.5. Device fabrication

An insulating layer of SiO, (~230 nm) was deposited via electron beam evaporation
system (Edwards). ~40 nm PS film was deposited on top of SiO, layer. ~120 nm PVA
layer was deposited from a mixture PVA and dilute nanoparticle. Finally, 100 nm
aluminum was deposited via thermal evaporation system (KCR-480S Evaporating Coating
System). The structure of the device is represented in Figure 2. The device was then
connected to a function generator (TG550, Thurlby Thandar Instruments) supplying
sinusoidal voltage at 0.1 Hz frequency. The potential was swapped from -10V to +10V.
The strength of electric field is estimated to be 2.6x10°V/cm (ignoring the dielectric

constant of the polymer and SiO; layers).

Al (100 nm) —

PVA (120)
e 606 o o

PS (40) 4
Si0, (230 nm)
ITO |

Glass

Figure 2: The structure of the device used in this study (e = nanoparticle).

5.2.6. Single particle spectroscopy
The device was held in place at the four corners using a tape in a home-made

sample holder and then mounted on a time-resolved confocal microscope (Micro Time
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200, Pico Quant GmbH) equipped with an inverted microscope (I1X71, Olympus).
Excitation light from a pulsed laser diode (470 nm, LDH-P-C-470B, PicoQuant) was
passed through dichroic mirror (Z470rdc, Chroma) and focused through oil objective lens
(1.4 numerical aperture, 100x magnification, Olympus). Fluorescence signal was passed
through an emission filter (HQ570/100M, Chroma) and 100 um pinhole before being
detected by a single-photon avalanche diode (SPCM-AQR-15, Perkin Elmer). Laser power

density was adjusted to be 6.33 mW/cm?.

5.3 Result and discussion
5.3.1. Characterization and bulk spectroscopy

Precipitation technique was utilized in the nanoparticle synthesis. Due to
hydrophobic interaction, sudden mixing from good solvent (THF) to poor solvent (water)
causes polymer chains to collapse and form spherical surface to lower the surface area.'®
From SEM image, the nanoparticle synthesized here has an average diameter of 75 nm and
81 nm for pure MEH-PPV and MEH-PPV:TPP-1%, respectively (Figure 3). A test was
conducted to determine whether TPP was within the nanoparticle or existed as free TPP
molecules in the solution. The sample was concentrated using centrifugal concentrator
(Mw cut off 30000, Pall Corp). Absorption and fluorescence from the filtrate was
negligible, indicating that TPP was indeed located within nanoparticle.

The absorption spectrum of MEH-PPV nanoparticle shows maxima at around 490
nm (Figure 4a) whereas normal absorption spectrum of MEH-PPV in THF shows maxima
at 499 nm. During nanoparticle formation, polymer chains are forced to bend/collapse in a
constrained volume. This may account for such blue shift.'® The fluorescence spectrum of

MEH-PPV nanoparticle shows maxima at around 590 nm (Figure 4b) whereas normal
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fluorescence spectrum of MEH-PPV in THF shows maxima at around 553 nm. Kink and
bends during nanoparticle formation may increase inter chain interaction which gives rise

to exciton segment with an even lower energy as compared to free MEH-PPV in THF.

100nm JEOL 11/25/2013
SEM WD 5.2mm 19:25:06

)

X 50,000 5.0kv SEI

100nm JEOL 11/25/2013
SEM WD 5.3mm 20:32:40

Figure 3: SEM image of ~75 nm MEH-PPV nanoparticle (a) and ~81 nm MEH-PPV:TPP-

1% nanoparticle (b). The scale bar is 100 nm.
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Figure 4: Absorption (a) and fluorescence (b) spectrum of MEH-PPV nanoparticle (solid
line) and MEH-PPV:TPP-1% nanoparticle (dashed line). Extinction spectrum of TPP is

shown as a comparison (c).

The presence of 1% TPP does not influence the absorbance spectrum to a large
extent (Figure 4a, dashed line), except there is weak shoulder at around 420 nm which
comes from TPP itself (So—S; transition). On the other hand, 1%TPP quenches the
fluorescence of MEH-PPV by ~ 70% (Figure 4b, dashed line). Extinction coefficient of
TPP at 470 nm is negligible (Figure 4c) and hence TPP does not fluoresce under excitation
light of 470 nm. However, due to efficient energy transfer from MEH-PPV to TPP,
emission of TPP can be observed at 650 (Q(, transition) and 717 nm (Q( 1) transition).
We assume quenching occurs via Forster energy transfer mechanism. The efficiency of
energy transfer using the formula efficiency (E):

E= 1-FDA/FD ...................................................... (1)
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where Fpa and Fp are the fluorescence of donor in the presence and absence of acceptor,
respectively. We calculate energy transfer efficiency of ~ 70% when 1% TPP is attached to

MEH-PPV nanoparticle.

5.3.2. Single particle spectroscopy

Single particle spectroscopy was used to study the fluorescence behavior of each
nanoparticle in the presence of an applied electric field. Each bright spot in a 10 um x10
um confocal scanning image represents a single nanoparticle (Figure 5a). By focusing
laser on each bright spot, one obtains the fluorescence intensity time trace. Typical
fluorescence time trace of single MEH-PPV nanoparticle is illustrated in Figure 5c. The
external electric field was found to modulate the fluorescence intensity. By combining
graph 5B and 5C, one may plot the fluorescence intensity against applied external potential
and average it over many cycles (Figure 5¢). Modulation of fluorescence intensity (M) can
be quantified using the formula:

M = (Imax = Inin)/Imax ceeeevereerevereremesisnsesessessensesenenes 2)
where Inax and Iy are the maximum and minimum fluorescence intensity of the molecule
during the application of electric field. Modulation of fluorescence intensity is found to be
39% (Figure 5e).

Fluorescence intensity time trace of single MEH-PPV:TPP-1%nanoparticle and its
modulation are given in Figure 5d and 5f. We observed that the presence of TPP reduces
the modulation of fluorescence intensity of MEH-PPV (M = 29% in Figure 5f). We
obtained more than 150 fluorescence time traces of single nanoparticle of MEH-PPV and
MEH-PPV:TPP-1% and we calculated the distribution of modulation. The result is

presented in Figure 6. From the fitted Gaussian, we found the modulation of fluorescence
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intensity time trace of MEH-PPV nanoparticle is 36% which is higher than that of MEH-
PPV:TPP-1% nanoparticle (23%).

As a comparison, Scheblykin et al. observed modulation of 50-100% in the system
of single MEH-PPV chain.!” A possible reason is the stronger electric field they used in
their investigation (~1 MV/cm) than in our investigation (~0.27 MV/cm). Lower
modulation of MEH-PPV in the presence of TPP can be understood as the effect of energy
transfer to single exciton. Presumably, singlet exciton experiences competition between
transferring energy to TPP and donating electron to a nearby electron acceptor. It is
interesting to compare the fluorescence intensity of single nanoparticle before and after the
application of electric field. Electric field seems to enhance or quench the fluorescence
emitted from a number of single nanoparticles. This behavior is observed in the absence of
TPP (Table 1). In contrast, the presence of TPP significantly reduces the possibility of

fluorescence enhancement.
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Figure 5: Confocal scanning image of single fluorescent nanoparticle in a 10 um X210 um
area (a). External sinusoidal potential (b) induces a change in the electric field which then
modulates the fluorescence time trace of MEH-PPV nanoparticle (c) and MEH-PPV:TPP-
1% nanoparticle (d). One may correlate graph b and c/d to obtain fluorescence intensity
against external potential for MEH-PPV nanoparticle (¢) and MEH-PPV:TPP-1%

nanoparticle (f).
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Figure 6: Modulation of fluorescence intensity time trace of MEH-PPV nanoparticle
(black) and MEH-PPV:TPP-1%) nanoparticle (light gray). From the fitted Gaussian,
modulation of MEH-PPV and MEH-PPV:TPP-1% nanoparticle is found to be 36% and

23%, respectively.
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Table 1: Effect of external electric field in modulating fluorescence intensity time trace of
single nanoparticles. It can enhance or quench fluorescence of MEH-PPV nanoparticle. On

the other hand, it mainly quenches fluorescence of MEH-PPV:TPP-1% nanoparticle.

MEH-PPV nanoparticle behaves like a ‘bulk’ material consisting of many single
polymer chains. A single polymer chain of MEH PPV can adapt various conformations
depending on the environment: folded in toluene solvent or open in chloroform solvent.*
For the same polymer chain, this conformation will then determine the volume occupied by
the chain. We note that we are unable to accurately calculate how many polymer chains
there are in a nanoparticle due to numerous kinks and bends formed during the synthesis.
Nevertheless, we crudely approximate the number of chains using the following method:
each MEH-PPV repeating unit occupies ~0.45 nm® volume. A spherical nanoparticle with

a diameter of 80 nm will possess a volume of ~ 2.68x10° nm°. This means in each
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nanoparticle there will be 6x10° repeating units. MEH-PPV with Mn of 200000 used here
will have ~800 repeating unit.?® Hence, each nanoparticle is made up of ~750 chains. This
large number of chains shows the degree of collapse and compactness of polymer chains
when forming a nanoparticle.

It is interesting to compare the fluorescence intensity modulation of a single MEH-
PPV nanoparticle with that of single MEH-PPV chain or MEH PPV film. At low
temperature, single MEH PPV chain shows shift in maximum fluorescence wavelength in
the presence of electric field (Stark effect).? We tentatively exclude Stark effect from this
study as the experiment was conducted in room temperature, and hence it greatly
diminished any Stark effect due to thermal line broadening.?* The presence of oxygen has
been suggested to quench singlet exciton of single MEH-PPV chain via the formation of
charge transfer complex MEH-PPV*/O? in the absence® or presence of external electric
field.”® Such complex causes fluorescence ‘flickering’ and can be repaired with the
application of external electric field and a hole transport layer.? Triplet state of MEH-PPV
is known to quench the singlet state of MEH-PPV.? The hole injected due to external
electric field has been found to quench triplet state of MEH-PPV more efficiently than
singlet state.? Electric field is found to quench the fluorescence intensity of MEH-PPV
film by dissociation of the singlet exciton into electron and hole pair.?’ The same
mechanism has been used to explain the electric field induced modulation of fluorescence
intensity (quenching or enhancement) in MEH-PPV single polymer.*’

MEH-PPV is an example of p-phenylene vinylene class of polymer (PPV). A
widely accepted model to explain charge carrier generation in PPV is the exciton model.
Incident light (470 nm in this study) generates first singlet exciton possessing finite

binding energy that depends on the molecular structure.’” This first singlet exciton is
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basically a bound electron-hole pairs which then dissociates into free carriers under an
applied electric field.”® The binding energy of this electron hole pair is estimated to be
~0.5eVV*° and efficiency of charge carrier generation was estimated to be 42% at 300V/pum
field.”® The fluorescence quenching can then be rationalized as there is lesser singlet
excited electron-hole pair which relaxes radiatively. Furthermore, free carrier itself may
quench other singlet exciton through charge transfer or energy transfer mechanism. Other
than fluorescence intensity, dissociation of singlet state into charge carriers can be
evidenced through shortening of singlet fluorescence lifetime.?” In the context of single
MEH-PPV chain, electron is trapped by electron acceptor groups surrounding it. This
electron accepting groups could be carbonyl group in the polymer matrix or intrachain
contact.’” Presumably, such intrachain contact leads to z-stacking interaction with lower
energy state which acts as an electron trap. Hole polaron is then free to diffuse around due
to influence of external electric field.'” In addition to charge transfer mechanism, hole
polaron may quench singlet exciton via energy transfer as its absorption spectra overlaps
with that of singlet emission spectrum.*® In this work, MEH-PPV nanoparticle was
dispersed in PVA matrix which has no electron accepting group. In a nanoparticle, a
number of polymer chains are compressed together in a compact space. Hence, we assign
interchain contact as the possible electron trap. The alternating electric field induces the
movement of hole polaron, quenching the fluorescence intensity (table 1). Fluorescence
quenching of singlet exciton by hole polaron is not that efficient, probably due to limited
quenching volume of ~390 nm? as compared to the size of nanoparticle here (~80 nm in
diameter).

We note that electric field can enhance fluorescence intensity of conjugated

polymer. This phenomenon has been observed in single MEH-PPV chain'’ as well as
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single composite nanoparticle of polythiophene:Cgo.*? In the former, electric-field induced
hole polaron quenches triplet state instead of singlet exciton, increasing its fluorescence
intensity.In the latter, ultrafast electron transfer from P3HT to Cg generates the
formationof P3HT'/Cg (P3HT" is a fluorescence quencher) which is driven away from
singlet P3HT exciton by the external electric field, thereby increasing the fluorescence
intensity. We believe these two mechanisms are in operation for our single nanoparticle
here (Table 1). MEH-PPV triplet state quantum vyield has been determined to be 1.25%.
Since nanoparticle is made up of large number of polymer chains, some singlet exciton
may undergo intersystem crossing to triplet state before the application of electric field (0-
30s, Figure 5c). This triplet state, quenches singlet exciton; in other words, the
fluorescence time trace in the first 30s comes from singlet exciton partially quenched by
triplet. During application of electric field (30s-100s, Figure 5c), the dissociated hole
polaron quenches this triplet state, thereby restoring the fluorescence. Alternatively, one
may want to consider the presence of oxygen since the experiment was carried out in
ambient atmosphere. Oxygen may diffuse into the device through the pinhole in aluminum
electrode which will then form a charge transfer complex MEH-PPV*/O; (similar to
P3HT*/Ceo” above).? This charge transfer complex, like any radical cation, may behave as
fluorescence quencher.® Similar to the first mechanism, the fluorescence time trace before
application of external field comes from singlet exciton partially quenched by the complex.
Depending on the conformation and location of this complex, application of electric field
may drive this complex away from singlet exciton, hence increasing its fluorescence
intensity.

The presence of TPP seems to discourage fluorescence intensity enhancement in

the presence of electric field (table 1). The first possible reason is that TPP quenches
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singlet exciton and hence decreases the number of triplet state. The fluorescence intensity
in the absence of electric field (the first 30s, Figure 5d) effectively represents singlet
exciton having far lesser triplet state and is partially quenched by TPP. During the
application of electric field (30s-100s, Figure 5d), dissociated hole will more likely quench
the singlet exciton further. The second possible reason is similar. 1% TPP in MEH-PPV
corresponds to mole fraction of TPP:MEH-PPV=3.25:1. TPP s located within
nanoparticle. However, it is difficult to ascertain whether TPP is located inside or on the
surface of the nanoparticle. Due to the higher number of TPP than MEH-PPV, TPP may be
able to ‘shield” MEH-PPV from oxygen, reducing the number of MEH-PPV*/O,". The
fluorescence intensity in the absence of electric field (the first 30s, Figure 5d) effectively
represents singlet exciton having far lesser complex state and is partially quenched by TPP.

The application of electric field will then influence singlet exciton more than the complex.

5.4 Conclusion

Modulation of fluorescence was observed when MEH-PPV nanoparticle was
subjected to external electric field and is attributed due to dissociation of singlet exciton
into free charge carrier: electron and hole polaron. Electron is proposed to be trapped in a
low energy site such as interchain contacts whereas hole polaron is proposed to move
along under the influence of electric field, quenching nearby singlet exciton. The observed
fluorescence enhancement is attributed to hole polaron quenching triplet state or to cationic
complex moving away from singlet exciton. Modulation of fluorescence was also observed
when MEH-PPV nanoparticle was doped with TPP. TPP may quench singlet exciton via an
energy transfer mechanism. Since singlet exciton experiences competition between

radiative decay and energy transfer relaxation, the fluorescence modulation for MEH-
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PPV:TPP system is smaller than that of MEH-PPV. TPP also reduces the likelihood of

electric field induced fluorescence enhancement. The reason is proposed to be due to TPP

quenching singlet exciton and hence reducing the population of triplet state and charge

transfer complex. The free hole polaron will then further quench singlet exciton.
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