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1-1. π conjugated polymers 

1-1-1. History of π conjugated polymers 

Organic materials are mainly composed of carbon and hydrogen, and may include 

oxygen, nitrogen, and so on. Many classes of materials are categorized as organic 

materials, for example, petrochemical products or natural products such as proteins and 

cellulose. Once, organic materials were considered and used as insulating materials. Some 

organic crystal such as anthracene and naphthalene were shown to exhibit 

photoconductivity in 1950s [1-3]. In 1970s, H. Shirakawa, A.G. MacDiarmid and A.J. 

Heeger discovered π conjugated polymers which show high electronic conductivity by 

chemical doping. The three scientists received Nobel Prize in chemistry in 2000 for “the 

discovery and development of electronically conductive polymers” [4-10]. This 

discovery created a new field, polymer electronics. In 1980s, C. W. Tang made and 

reported the first organic light emitting diode (OLED) and organic photovoltaic (OPV) 

cell based on amorphous films of small organic molecules [11]. At the same time, A. 

Tsumura et al yielded the first organic field effect transistor (FET) device based on 

polythiophene [12-13]. Afterwards, J. H. Burroughes et al developed the first polymer 

light emitting diodes (PLEDs) using poly (p-phenylene vinylene) (PPV) [14]. These 

pioneering works received great attention from all over the world and many researchers 

devoted their efforts to improve performance of these devices. Because of these efforts, 

OLED display was released for the first time by SONY in 2007. Currently, several 

companies produce OLED displays for TV sets and mobile devices for wide and 

increasing public use. In 2020, the market size of OLED displays has been over 1000 

million dollars [15]. 
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1-1-2. Structure of π conjugated polymers 

π conjugated compounds have unique structure, in which constituent atoms are 

connected by alternating single and multiple bonds. Carbon atom has 6 electron and its 

electronic configuration is 1s22s22p2. There are two unpaired p electron in outer shell 

which can bond with other atoms. However, this is not a correct electronic configuration 

of a carbon atom when it connects with other atoms. Actually, one 2s electron transfers 

to a 2p orbital and mixes to generate a new orbital. This is called "hybridization". There 

are three hybridized orbitals: sp3, sp2 and sp (Fig. 1-1).  

 

 

 
Fig. 1-1 Spatial arrangement of sp3, sp2, sp orbitals [16] 

 

 

The sp3 orbital is created by combining one 2s electron and three 2p electrons (Fig. 1-

2). It can form four σ-bonds with neighboring atoms which are strongly localized in σ-

orbital and they are classified as single bonds. The bond angle between adjacent σ-bonds 

is 109.5o (Fig. 1-1 (a)).  
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Fig. 1-2 Energy level of sp3 orbital 

 

 

 

The sp2 orbital is created by combining one 2s electron and two 2p electrons (Fig. 1-

3). It can form three σ-bonds with neighboring atoms. These are coplanar and the bond 

angle between adjacent σ-bonds is 120o (Fig.1-1(b)). The remaining one 2p electron is 

located perpendicular to the plane of the sp2 orbital. If a neighboring atom also has an 

unpaired 2p electron, an additional π-bond will be formed by overlapping of the two 2p 

electrons. π electrons are delocalized between neighboring atoms and positioned above 

and below the plane of the σ-bond (Fig. 1-4). In addition to the one σ-bond there is the π-

bond, and overall the bond between the two atoms is classified as double. 

 

 

 

Fig. 1-3. Energy level of sp2 orbital 
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Fig. 1-4 Electronic orbital of ethylene (2HC=CH2) [17] 

 

 

The sp orbital is created by combining one 2s electron and one 2p electron (Fig. 1-5). 

It can form two σ-bonds with neighboring atoms. Bond angle between the adjacent σ-

bonds is 180o (Fig. 1-1(c)). In the case of acetylene (HC≡CH), the remaining two 2p 

electrons form two π bonds. (Fig. 1-6). Overall, the bond has one σ-bond and two π bonds, 

and is classified as a triple bond. 

 

 

 

Fig. 1-5. Energy level of sp orbital 
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Fig. 1-6 Electronic orbital of acetylene (HC=CH) [17] 

 

 

By overlapping two 2p atomic orbitals, two molecular orbitals, called π bonding 

molecular orbital and π* antibonding molecular orbital are created. π bonding molecular 

orbital and π* antibonding molecular orbital have lower and higher energy compared to 

the 2p atomic orbital, respectively. Because every 2p orbital has one electron, the π orbital 

has two electrons and only the π bonding molecular orbital is occupied. If the molecule 

has a structure with alternating single and multiple bonds, such as buta-1,3-diene, (E)-

hexa-1,3,5-triene, (3E,5E)-octa-1,3,5,7-tetraene, or conjugated polymers, the π electron 

extends and delocalizes along the molecular backbone. As the number of π electrons 

increases, more and more π bonding molecular orbitals and π* antibonding molecular 

orbitals are created (Fig. 1-7). Among them, there are π bonding molecular orbitals with 

highest energy called highest occupied molecular orbital (HOMO), and π* antibonding 

molecular orbitals with lowest energy called lowest unoccupied molecular orbital 

(LUMO). The energy difference between HOMO and LUMO is called band gap energy 

which induces semiconducting properties.  
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Fig. 1-7 Energy band gap of conjugated molecules [18] 

 

 

 

1-1-3. Effective conjugation length 

If the number of π electrons increases to infinity, it can be expected that the band gap 

energy goes to zero and the π conjugated compound will be a metal. However, the band 

gap energy of a π conjugated polymer will not be zero because bond alternations and 

twists of the main chain. In an ideal 1-D chain, all 2p electrons would form one π orbital 

and all bond lengths would be equal. However, a dimerized chain is stabilized because 

electrons are interacting with phonons. As a result, there are two minimum points of the 

electron potential energy. Therefore, the actual π-conjugated compounds reversibly take 

these two states. The bond lengths are not equal and the band gap energy will not be zero. 

This phenomenon is called “bond alternation” or “Peierls distortion”. [19] 

To overlap 2p orbitals to form a π orbital, the two 2p orbital should be parallel. 

Therefore, every monomer unit should be on the same plane. However, π conjugated 

compounds can interact with other chains and solute molecules in solid state and solution. 

En
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Fig. 1.2 Schematical
representation of the splitting
of two 2p orbitals into a
bonding molecular π -orbital
and an anti-bonding
molecular π∗-orbital.
Increasing the number of
carbon atoms, leads to more
degeneration and the
formation of
quasi-continuous bands of
occupied and unoccupied
states

In general, overlap and (linear) combination of orbitals give rise to the forma-
tion of new, more extended orbitals. This process is denoted by the term ‘splitting’.
The energy of these new orbitals with respect to each other and the original orbitals
depends on the energy and overlap of the original orbitals: the stronger the over-
lap, the larger the splitting. In Fig. 1.2 we combine the 2p orbitals of two carbon
atoms to a bonding molecular π -orbital and an anti-bonding molecular π∗-orbital.
As can be seen from Fig. 1.2 the bonding molecular π -orbital and the anti-bonding
molecular π∗-orbital are, respectively, lower and higher in energy than the origi-
nal atomic orbitals. Every 2p orbital has only one electron and therefore, according
to the Pauli principle, only the bonding molecular π -orbital will be occupied in
the ground state. The anti-bonding π∗-orbital is unoccupied. When more atoms are
added, more bonding and anti-bonding orbitals with different energies are created.
Clearly, if the number of carbon atoms goes to infinity, the π and π∗ energy levels
will form quasi-continuous bands. The highest molecular orbital that still contains
electrons at 0 K is called the highest occupied molecular orbital (HOMO). The low-
est molecular orbital that has no electrons at 0 K is referred to as the lowest unoc-
cupied molecular orbital (LUMO). Typically, the HOMO and LUMO are separated
by an energy gap, which induces semiconducting properties in these materials. The
larger the molecule, the broader the energy bands and thus the smaller the band gap
will be. In general, the energy gap in organic semiconducting materials is relatively
large (2 to 5 eV) compared to inorganic semiconductors (1.1 eV for silicon and
1.4 eV for GaAs [6]).

Usually, in organic electronics thin solid films are studied rather than single or-
ganic molecules. Similar to the molecular level, molecular orbitals of neighboring
conjugated molecules will interact and overlap. According to molecular orbital the-
ory these molecular orbitals will split again and form intermolecular orbitals. The
intermolecular overlap, however, is typically much smaller than the intramolecular
overlap because of the larger distances and weaker interactions between molecules
than those between atoms. Therefore, splitting and intermolecular delocalization are
significantly smaller and electrons will have much less tendency to be delocalized
over the complete film. As a consequence, charge transport is not limited by the
transport within one molecule, but rather by the transport from one molecule to

2p atomic orbital
HOMO
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Band gap
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In addition, alkyl chains are incorporated as side chains to help dissolve the π-conjugated 

compounds in organic solvents. As a result, the molecular backbone is locally distorted 

and prevented from forming a π orbital. This is another reason why π conjugated length 

is limited. As an oligomer size increases, π conjugated system is expanded and absorption 

wavelength will be red-shifted. When the oligomer size increases more than a certain 

number of monomers, absorption wavelength will not be shifting further (saturated). This 

certain number of monomers is termed “effective conjugation length”. Several oligomers 

have been investigated for their effective conjugation length. Their effective conjugation 

length are around 10 monomer units [20]. The maximum effective conjugation length that 

has been reported is 96 monomer units of polythiophene derivatives [21]. 
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1-2. Polyfluorene 

1-2-1. What is polyfluorene? 

Polyfluorene (PF) is one of the ladder types of poly(p-phenylene) (PPP) derivatives 

(Fig. 1-8). PPP is known as blue light emitting polymer. PPP is easily twisted, resulting 

in emission with a hypochromic shift to the ultra violet (UV) region. To solve this problem, 

PF which has a structure with two phenylene rings connected by methylene bridge for 

keeping the backbone planar, was synthesized in 1989 [22-23]. As a result, PFs show 

good blue emission properties and have attracted much attention as a material for organic 

light emitting diodes.  

 

 
 

 

Fig. 1-8 Chemical structure of PPP and PF 

 

1-2-2. Functionalization of polyfluorene 

Methylene bridge, or 9-position carbon, has high acidity because fluorenyl anion is 

stabilized by resonance effect. Therefore, functional groups can be easily incorporated 

into the 9-position carbon as side chains to induce additional function without affecting 

the main chain planarity. Alkyl chains are often introduced to enhance solubility in 

organic solvents and control morphology [24]. Bis(3,6-dioxaheptyl) and ionic side chains 

such as imidazolium and bis(4-sulfonatobutyl) groups improved solubility against polar 

solvents and enhanced charge carrier mobility [25-28]. Bulky dendron side chains prevent 

the formation of aggregates [29]. Phenyl group is more difficult to be oxidized than alkyl 

chain and can increase photostability of polyfluorene [30-33].  

n
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1-2-3. Polyfluorene copolymers 

Controlling the bandgap energy, morphology and carrier mobility of π-conjugated 

polymers is very important for OLED and OPV devices. Copolymerization is one of the 

good ways to control such properties. A lot of polyfluorene copolymers have been 

reported so far due to their ease of synthesis for improving the performance of OLED and 

OPV devices [34-47]. 

F8BT, TFB and PFB are typical copolymers that have been widely studied for OLED 

and OPV devices. F8BT shows unusually high electric transport property and good green 

emission property. TFB and PFB are good hole transport materials. F8BT and TFB or 

PFB are often blended because blended films show vertically segregated structures. Film 

morphology affects charge transport, charge recombination and photogeneration of 

charges. Therefore, the copolymers are suitable materials to study the relationship 

between those properties and the chain morphology [48-59].  

Polyfluorene copolymers with thiophene derivatives are another typical example of PF 

copolymer. Several thiophene derivative copolymers have been synthesized to control 

band gap energy and used for OLED and OPV. Tuning of emission color from green to 

red region has been achieved using such copolymers [60-66].  
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1-2-4. β phase of polyfluorene 

PF homopolymer has been used to study the effect of conformation and morphology 

on photophysical properties because it is known to have three phases termed α, β, γ phase 

which have different average torsional angles of main chain (φ) [67]. The α phase is 

amorphous and has the most twisted conformation (φ = 135o). It can be prepared by spin-

coating from PF solution in organic solvents such as toluene and THF [68-69]. The γ 

phase is a crystalline phase with φ of 150o and is formed by thermal treatment [70]. Of 

the three phases, the β phase is attracting the most attention because its OLED devices 

show excellent performance [71-73]. The β phase has the most planar conformation (φ = 

160o) and has been prepared by spin-coating from poor solvent, by addition of small 

amount of high boiling-point solvent into processing solvent, by thermal treatment and 

solvent vapor annealing [69, 74-78]. In the initial studies, the β phase was considered an 

aggregate of PFs which is observable only in solid films [79-80]. X-ray diffraction 

measurement revealed that the polymer chain is highly extended in the aggregate [81-82]. 

Several researchers studied the formation mechanism of β phase [83-85]. As a first step, 

the β phase conformation is formed in a PF single chain. However, single β phase chain 

can be easily disrupted by external forces such as heat and diffusion of surrounding 

molecules. In solid state, single β phase chain is stabilized by interchain interactions and 

acts as nucleus to promote the β phase formation of surrounding PF chains. While 

interchain interaction is needed to form β phase, polymer chain should move to change 

conformation. Some studies indicate that moderate interchain interaction is necessary to 

increase β phase content [86-88]. Molecular weight of PF also influences the β phase 

formation [89-91]. Higher molecular weight of PF can induce larger fraction of β phase 

conformation because of moderate interchain interaction. Alkyl side chain length is 

another parameter relevant for the β phase formation. Monkman group investigated β 

phase formation of PFs with different alkyl side chain lengths of 6 ~ 10 (PF6, PF7, PF8, 

PF9 and PF10) [92-93]. The ease of β phase formation depends on two factors. One is the 

dimer/aggregate formation efficiency which is lower for longer alkyl side chains. Another 

one is the Van der Waals bond energy available to overcome the steric repulsion to 

planarize main chain which is lower for shorter alkyl chain. To planarize backbone, a 
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tentative value of (15.6 ± 2.5) kJ mol-1 per monomer of the energy is required. PF9 and 

PF10 have long side chains which prevent forming β phase because of a low 

dimer/aggregate formation efficiency. PF6 and PF7 have short side chains and too low 

the Van der Waals bond energy to form the β phase. PF8 has the most balanced side chain 

length and preferentially form β phase.  

Formation of the β phase leads to expansion of the π conjugation and affects the PF 

photophysical properties. β phase shows a new absorption peak at around 437 nm (Fig-

1-9(a)). Excitation energy is completely transferred to the β phase segments from the 

amorphous phase when they coexist in the chain and when the latter is excited. Therefore, 

fluorescence peak is red shifted to around 440 nm and shows narrow and clear vibronic 

structure (Fig-1-9(b)). W. C. Tsoi et. al. synthesized several sizes of oligofluorene and 

investigated the effective conjugation length [94]. The effective conjugation lengths of 

the amorphous and β phases determined by comparing the first peak of fluorescence are 

8 ± 1 and 30 ± 12 monomer units, respectively. Because of the expanded π conjugation 

length, the transition energy is reduced by about 0.13 eV, and hole mobility increases 

more than an order of magnitude [95-96]. PL quantum yield (PLQY) of β-phase was 

studied by several groups [69, 76, 97]. However, the reported PLQY values were obtained 

from differently treated films and ranged from 0.5 to 0.7, indicating that film morphology 

and associated interchain interactions affect the PLQY.  
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Fig. 1-9 (a) Absorption and (b) PL spectra of PFs including β-phase [69] 

 

1-2-5. Green emission of polyfluorene 

Although polyfluorenes are expected to be blue emitting materials, they often show 

unwanted green emission (Fig. 1-10) [98], called g-band. The g-band appears as a result 

of prolonged UV irradiation in air, thermal treatment, or extended operation in 

electroluminescent (EL) devices. The appearance of the g-band is always accompanied 

by a decrease of color purity and overall quantum efficiency. Therefore, the cause of the 

g-band has been widely studied for over 20 years with the aim to suppress this undesirable 

emission. Two different mechanisms, aggregation and oxidation of PF chains have been 

proposed as the potential cause of the g-band. However, it is not clear which of the two 

is the main cause of the g-band. The details of the cause of the g-band are discussed in 

Chapter II.  
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absorption by the b-phase chain segments is expected to be
negligible,16,27 and subtracted. The difference spectra there-
fore correspond to absorption of the b-phase chain segments
and are depicted by the dotted red lines in Figure 1. The b-
phase fraction can thus be estimated from the ratio of spec-
tral areas, integrated in the 300–475 nm range, of the differ-
ence absorption spectrum, DA, and the total absorption of
the b-phase film sample, Atotal , taking into account the rela-
tive difference in oscillator strength fosc. Previously Huang
et al.28 used time-dependent density functional theory to
determine that f b2phase

osc 5 1.08 3 f glassyosc . Consequently, the b-
phase fractions for the PFO films in this study were calcu-
lated using eq 1, with the obtained values presented in Fig-
ures 1 and 2 and Table 1.

b2phase fraction ð%Þ5
DA

DA1 ðAtotal2DAÞ31:08f g
3100

(1)

The photoluminescence (PL) spectra for the studied PFO
films are shown in Figure 2. The zero b-phase, glassy film
spectrum features S1–S0 vibronic peaks at 423, 448, and
476 nm, consistent with previous reports.20 Remarkably, the
emission from b-phase chain segments can be resolved even
for films with extremely low (#0.1%) b-phase fractions
which is primarily due to rapid (within a few picoseconds)
excitation energy transfer from neighboring higher HOMO–
LUMO transition energy, glassy chain segments.20,21 This
“antenna” effect greatly enhances the sensitivity of the emis-
sion to the presence of small fractions of b-phase chain seg-
ments. It is further amplified by spectral diffusion within the
ensemble of glassy chain segment site energies, as commonly
seen in many conjugated polymer films.4

A simple method31 was used to deconvolve the glassy and b-
phase contributions in the recorded PL spectra (see Fig. S1
and the accompanying text in the Supporting Information).
Table 2 presents a comparison between the b-phase fraction
calculated from the absorption spectra using eq 1 and the
deconvolved b-phase contribution to the PL. The results
clearly demonstrate the higher sensitivity of the PL data to
b-phase fraction that, in fact, motivated our subsequent
investigation of Raman spectroscopy as an alternative means
to quantify the b-phase fraction in PFO films (vide infra). We
find that PFO films featuring b-phase fractions $7% yield, in
essence, pure b-phase PL spectra (i.e., without a PL contribu-
tion from glassy chain segments) with vibronic peaks located
at 438, 465, and 495 nm for the 7% film. Only minor (1–
2 nm) spectral variations result thereafter from increasing b-
phase fraction or as a consequence of self-absorption and/or
microstructural heterogeneity.

Photoluminescence Quantum Efficiency
Photoluminescence quantum efficiency (PLQE) is defined as
the ratio of the number of emitted photons to the number of
absorbed photons. In an isolated molecule at modest excita-
tion densities this is a function of the excited state electronic
structure and the molecular environment. For solid-state
samples, however, PLQE is also strongly dependent, among
other things, on microstructure (and correspondingly ener-
getic disorder) due to ensuing variations in excitation energy

FIGURE 2 Peak-normalized PL spectra for PFO films with

increasing (bottom to top) b-phase chain segment fraction.

Spectra are offset vertically and the vertical bars (6 nm width)

provide guides to the eye for the evolution of the relative

intensities of glassy (#423 nm; blue bar) and b-phase

(#438 nm; red bar) S1–S0 0-0 vibronic peaks. The b-phase seg-

ment percentage (deduced from absorption spectra) is indi-

cated for each spectrum. Schematic representations of glassy

(blue) and b-phase (red) chain conformations, with the octyl

(C8H17) side-chains replaced by methyl groups for clarity, are

inset. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

TABLE 2 Comparison of PFO Film b-Phase Fractions and

Resulting Integrated b-Phase PL Contributions

b-Phase Fraction (%)a b-Phase PL Contribution (%)b

0 0

0.1 17

0.8 56

$7 #100

a From absorption spectra via eq 1.
b From PL deconvolution.

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER
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excitation wavelength and optical configuration, were as
above. Following averaging, all spectra were background-
corrected by subtracting a linear baseline between 1880 and
980 cm21.

RESULTS

Optical Absorption and Photoluminescence Spectroscopy
Figure 1 shows the optical absorption spectra of PFO films
possessing b-phase fractions varying from zero (glassy) to
26%. All of the absorption spectra were corrected for specu-
lar reflection and scattering losses (see Experimental), which
can often obscure the finer spectroscopic features, especially
for small (<1%) fractions of b-phase chain segments, and
thereby prevent straightforward spectral deconvolution (vide
infra).

The absorption spectra of b-phase PFO films are understood
to comprise a linear superposition of the contributions from
(i) disordered glassy chain segments yielding the broad peak
centered at !380 nm and (ii) b-phase segments, the
extended geometry of which results in a red-shifted absorp-
tion peak at !435 nm.16

As a further consequence of its well-defined (rigid) planar-
zigzag geometry, the subtracted b-phase absorption spectra
exhibit a reduced degree of inhomogeneous broadening com-
pared with the glassy chain ensemble. Hence, the S0–S1
vibronic progression of the b-phase chain segments is well
resolved even for b-phase fractions as low as 1%. Closer
inspection shows that the 0-0 vibronic peak of the S0–S1 b-
phase absorption undergoes a minor redshift with increasing
b-phase fraction: from 428 nm (<1% b-phase) to 432 nm
(7% b-phase) and, finally, 436 nm (26% b-phase). The
nature of this shift remains to be explained; contributing fac-
tors are expected to be (i) increasing planarization or, more
likely, elongation of the b-phase chain segments and (ii)
changes in the local dielectric environment.

To estimate the fraction of b-phase chain segments (here-
after simply referred to as “b-phase fraction”), in each case
the absorption spectrum of a zero b-phase fraction (i.e.,
glassy) film of comparable thickness was normalized at
!350 nm, corresponding to the spectral region where

FIGURE 1 Peak-normalized absorption spectra for PFO films

with increasing [(a) to (e)] fractions of b-phase chain segments

introduced by varied treatments (solid black lines; see Table 1

for details). In each case, the normalized absorption spectrum

of a zero b-phase fraction (i.e., glassy) film of comparable thick-

ness is overlaid (dashed blue lines). The difference spectra cor-

respond to absorption of the b-phase chain segments (dotted

red lines). Taking the ratio of integrated spectral areas allows

the relative fraction of b-phase to be estimated (see text for

details); the deduced values are indicated in the top-right cor-

ner of each panel. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Fig. 1-10 Fluorescence spectra of PF, (a) pristine film, (b) annealed at 150 in air, and (c) 

at 200 in N2. (4) PF film annealed at 200 in air and quenched in methanol-dry ice bath. 

[98] 

  
than those of the or igina l emission peaks. For annea led
PDHF film (150 °C in a ir , 3.5 h), we dissolved the
polymer film in to chlorobenzene. The chlorobenzene
solut ion of the annealed polymer exhibited the ident ica l
UV absorpt ion spect rum with the or igina l PDHF in
chlorobenzene (see spect ra l compar ison in the inset in
Figure 3). Curve 4 in Figure 3 was recorded from the
PDHF film, which was fir st annea led a t 200 °C in a ir
for 3.5 h and then quenched in a dry ice-methanol bath.
It can be seen tha t , with quenching, the addit iona l
emission peak a t a round 520 nm disappears, and the
PL spect rum is a lmost the same as tha t obta ined from
the or igina l polymer film. The same exper iments were
also applied to all other polymers listed in Figure 1, and
simila r resu lt s were obta ined. These resu lt s evident ly
demonst ra te tha t the addit iona l emission bands upon
annea ling in the polymer films discussed here are not
the resu lt of thermooxida t ive degrada t ion but are due
to the excimer format ion .
The annea ling-induced PL spect ra l change exhibited

an annea ling tempera ture and annea ling t ime depen-
dence. As shown in Figure 4, for PDHF, when the
polymer film was annea led a t 80 °C, we did not observe
the spect ra l change up to 3.5 h of annea ling. When the
annea ling tempera ture was increased to l00 °C, a clear
addit iona l emission peak centered a t 520 nm appeared
in the PL spect ra after a long t ime (3.5 h) of annea ling.
At 150 °C, a steady increase of the rela t ive in tensity of
the addit iona l emission band with prolonging the an-
nea ling t ime was observed. We also not iced tha t the
annea ling induced the UV-vis absorpt ion spect rum to
broaden (see the inset in Figure 4). The spect ra l
broadening is a t t r ibu ted to polymer aggrega t ion .
In compar ison with PDHF, the thermally spect ra l

stability of PDOFBSF is improved. As we can see in
Figure 5, annea ling a t 100 °C does not change the PL
spect rum. After being annea led a t 150 °C, the polymer
gives a weak emission band between 500 and 600 nm,
while annea ling a t 200 °C resu lt s in a st rong emission
band centered a t ∼525 nm. In cont rast to absorpt ion
spect ra l broadening observed in PDHF, the UV-vis
spect rum of PDOFBSF did not change after annea ling
(see the inset in Figure 5), indica t ing tha t there is no

aggrega t ion dur ing annea ling.
F igure 6 shows the PL spect ra of PDHFP, PDHFD-

MOP, PDHFDHOP, and PDHFDDOP films, which are
annea led a t 200 °C for 3.5 h . Compared with PDHF,
PDHFP does not revea l any obvious improvement in
spect ra l stability. A st rong addit iona l emission band
centered a t ∼510 nm appears in the PL spect rum after
the annealing t rea tment . Note, however , tha t the spec-
t ra l stability can be improved by the a t tachment of
a lkoxy groups on the phenylene r ing, and longer a lkoxy
chains result in bet ter spect ra l stability of the result ing
polymers. The addit iona l emission band (centered a t
∼520 nm) is st ill pronounced in the spect rum of PDH-
FDMOP. In the spect ra of PDHFDHOP and PDHFD-
DOP, the addit ional emission band has been character -
ized as a shoulder . It is a lso wor th not icing tha t
PDHFDMOP, PDHFDHOP, and PDHFDDOP, espe-
cia lly the la t ter two polymers, exhibit much bet ter
thermally spect ra l stability than both PDHF and PD-
OFBSF. There is no measurable spect ra l change ob-

Figure 3. Fluorescence spect ra of PDHF as pr ist ine spin-cast
film (1) and as films annea led a t 150 °C in a ir (2) and a t 200
°C in nit rogen (3). Spect rum 4 was obta ined from the film that
was first annealed at 200 °C in air for 3.5 h and then quenched
in a methanol-dry ice bath . Inset : UV-vis absorpt ion spectra
of ch lorobenzene solu t ions of pr ist ine PDHF (solid line) and
150 °C annea led (for 3.5 h) PDHF.

Figure 4. Fluorescence spectra of PDHF as prist ine film (solid
line), and as films annea led a t 80 °C for 3.5 h (broken line), a t
100 °C for 3.5 h (circle), and a t 150 °C for 1.5 h (dashed line)
and 3.5 h (square). Inset : UV-vis absorpt ion spectra of PDHF
as pr ist ine film (solid line) and annea led film (dashed line)
(150 °C for 3.5 h).

Figure 5. Fluorescence spect ra of PDOFBSF as pr ist ine film
(1) and as films annea led a t 100 (2), 150 (3), and 200 °C (4) in
air for 3.5 h. Inset : UV-vis absorpt ion spectra of prist ine (solid
line) and annea led films (200 °C for 3.5 h) (dashed line).

6910 Zeng et a l. Macrom olecules, Vol. 35, No. 18, 2002
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1-3. Basic photophysical properties 

1-3-1. Photophysical processes 

Molecular electronic states, vibrational states and photophysical processes are 

described by Jablonski diagram as shown in Fig. 1-11. The lowest energy state is called 

“ground state (S0)” and the higher energy states are called “excited states”. There are two 

kinds of excited states, namely singlet (Sn) and triplet (Tn) states. They are characterized 

by total spin-momentum of the two unpaired electrons. Singlet excited state is composed 

of two electrons with a total spin momentum of zero. On the other hand, triplet excited 

state has two electrons with a total spin momentum equal to unity. In organic molecules, 

ground state (S0) is singlet state because two electrons cannot have the same four 

electronic quantum numbers (Pauli exclusion principle). Absorption of a photon can 

promote electron from ground state (S0) only to a singlet excited state (Sn) because the 

spin multiplicity of the initial and final states have to be same for a spin-allowed transition. 

After the transition to higher singlet excited state (Sn), fast non-radiative transition occurs 

to higher vibrational levels of a lower singlet excited state (Sn-1) which is of the same spin 

multiplicity. This process is called internal conversion (IC). After that, the excess 

vibrational energy can be transferred to the surrounding environment and lead to 

occupation of the lowest vibrational level of the Sn-1 state by a process called vibrational 

relaxation (VR). By repeating IC and VR, the molecule will finally end up in the S1 state 

at the lowest vibrational level. IC from S1 to S0 is much slower than that between higher 

excited states (Sn → Sn-1) because the energy gap between S1 and S0 is much larger. 

Therefore, IC, radiative transition (emission) and intersystem crossing (ISC) can be 

competent processes. ISC is a non-radiative transition between two electronic states with 

different spin multiplicity. For example, a molecule can occupy T1 with lowest vibrational 

energy by VR following ISC from S1 to higher vibrational levels of T1. Emission is a 

radiative process between two electronic states. When the spin multiplicities of the initial 

and final states are same, the process is called fluorescence. On the other hand, when the 

spin multiplicities are different, it is called phosphorescence. While fluorescence is a spin-

allowed transition, phosphorescence is a spin-forbidden process. Therefore, fluorescence 
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occurs much faster than phosphorescence. Because the ground state is a singlet state, 

fluorescence and phosphorescence occur from singlet and triplet excited states, 

respectively. All radiative transitions, as well as ISC, generally occur from the lowest 

vibrational level of the lowest excited state (S1 or T1). This phenomenological observation 

is called Kasha’s rule.  

 

 

 
Fig. 1-11 Jablonski diagram [99] 

displacement of the nuclei according to the Franck–Condon principle; see Chapter
2).
The vertical arrows corresponding to absorption start from the 0 (lowest) vibra-

tional energy level of S0 because the majority of molecules are in this level at room
temperature, as shown in Box 3.1. Absorption of a photon can bring a molecule to
one of the vibrational levels of S1;S2; . . . : The subsequent possible de-excitation
processes will now be examined.

Fig. 3.1. Perrin–Jablonski diagram and illustration of the
relative positions of absorption, fluorescence and
phosphorescence spectra.

3.1 Radiative and non-radiative transitions between electronic states 35
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1-3-2. Molar extinction coefficient and absorption cross section 

Absorption property of a molecule is characterized by its absorption spectrum which 

is a dependence of, e.g., absorbance on the wavelength of the incident light. The 

absorbance is described by Lambert Beer equation shown below. 

 

A = εcl                                 (1-1) 

 

Where A is absorbance, the parameter ε is called molar extinction coefficient, c is the 

concentration of molecule and l is the distance that light passes through sample. c and l 

depend on experimental conditions. ε is a property of the material and corresponds to its 

ability to absorb a photon. ε is further related to the absorption cross section σ which 

represents the probability that a single molecule of the material absorbs a photon: 

 

σ =
2.303 ε

NA
																																																																				   (1-2) 

 

where NA is the Avogadro constant. 

 

1-3-3. Emission quantum yield and lifetime 

As mentioned above, radiative transition and nonradiative transition (IC and ISC) are 

competing processes. The probabilities of the radiative and nonradiative transitions are 

represented by radiative rate constant (kr) and nonradiative rate constant (knr). These are 

important parameters to evaluate the emission property of a molecule. kr and knr can be 

experimentally determined by measuring emission quantum yield Φ and lifetime τ. 

Emission quantum yield Φ and lifetime τ are described by kr and knr as:  

 

Φ =
kr

kr+ knr
																																																																				(1-3) 
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τ =
1

kr+ knr
																																																																		(1-4) 

 

Φ is the ratio of the number of emitted photons to the number of absorbed photons. τ is 

the mean time that a molecule stays in the excited state. kr is obtained as Φ/τ. Then, knr 

can be determined from (1-τkr)/τ. 
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1-4. Single molecule spectroscopy (SMS) 

1-4-1. Basic principles of SMS [100] 

Single molecule spectroscopy (SMS) is a technique to detect the fluorescence from 

single light-emitting entities, such as organic molecules, aggregates, nanoparticles or 

inorganic quantum dots, using fluorescence microscopy. The typical microscope 

configuration is shown in Fig. 1-12. Excitation light is mostly provided by a laser and 

excitation wavelength is selected to be absorbed by the sample. Excitation light is 

reflected by a dichroic mirror and focused on the sample through an objective lens. 

Fluorescence from the sample is passing through the dichroic mirror and a long pass filter 

and is detected by a photodetector. Dichroic mirror can reflect the excitation light (shorter 

wavelength) and pass the emission (longer wavelength). Long pass filter is used for 

cutting the reflected excitation light to decrease background scattering. It is well known 

that Rayleigh scattering intensity is proportional to excitation intensity and to the fourth 

power of wavelength. Shorter wavelength and higher intensity of excitation increase the 

background scattering and contribute to the difficulty of single molecule experiments. 

Therefore, optical filters, excitation wavelength and intensity should be selected and 

adjusted carefully. 

 

 
Fig. 1-12 Microscopic configuration 

Dichroic mirror

Detector

Excitation light

Emission light

Laser

Objective lens

Sample

Long pass filter
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To measure fluorescence from a single molecule, there are two requirements: (1) make 

sure that fluorescence comes from only one molecule, (2) provide a signal-to-noise ratio 

(SNR) which is more than unity. In order to achieve the requirement (1), ultralow 

concentration of the sample is required. Generally, the concentration of sample for SMS 

is on the order of 10-9 ~ 10-10 mol/L. High contamination of the sample with impurities 

which can come from air, solvent, matrices or the chromophore sample itself can prevent 

single molecule measurements because it can cause scattering of the excitation light and 

sometimes the contaminants themselves show emission. Therefore, samples should be 

prepared from ultrapure reagents. Proper substrates such as glass or quartz are used 

depending on the excitation wavelength and have to be thoroughly cleaned by sonication 

with organic solvents and bases.  

With respect to the requirement (2), several parameters should be considered such as 

excitation condition and photophysical properties of the chromophore. Baché et al. have 

proposed the following equation which shows a relationship between SNR and several 

parameters [101]:  

 

SNR	= 
D∅F #

σp
A $ #

P0
hν$

%&
D∅FσpP0T

Ahν '+ CbP0T+ NdT

																																							(1-5) 

 

where ∅F is the fluorescence quantum yield of the sample, σp is the absorption cross 

section, T is the detector counting interval (integration time or exposure time), A is the 

excitation light beam area, P0 is the excitation power (P0/hν represents the number of 

incident photons per second), Cb is the background count rate per watt of excitation power 

and Nd is the dark count rate. D is the overall efficiency for detection of emitted photons 

which depends on instruments. According to equation (1-5), the higher ∅F, σp, the more 

SNR increases. PDI, perylene and rhodamine are examples of organic molecules which 

have been used for SMS. They have high ∅F of more than 0.3 and ε on the order of 104 

L mol-1 cm-1. These values can be indicators of whether the molecule can be measured by 
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single molecule spectroscopy. The other important factors are excitation conditions such 

as P0 and A. SNR proportionally increases with decreasing excitation area A. A can be 

controlled by the excitation mode. In confocal microscopy, only molecules in very small 

area (~ few hundreds of nm) are excited. On the other hand, A of wide-field microscopy 

is on the µm scale. From the eq. (1-5) it follows that SNR should improve as P0 increases. 

However, this is not true in some situations. If P0 is too high, the number of incident 

photons will be too large, and a photon will reach the molecule before it returns to the 

ground state. Therefore, the molecule cannot absorb the incident photon which means 

that the effective absorption cross section 	σp	is reduced. This is the phenomenon of 

“optical saturation”. The saturation intensity IS and the reduced absorption cross 

section	σ'	are expressed in the following equations:  

 

IS = 
hν
2στ                                                									      (1-6) 

 

σ' =
σ

#1+ I
IS
$
																																																														(1-7) 

 

A calculated surface plot of fluorescence SNR vs. probing laser power and focal spot area 

for RG6 dye is shown in Fig. 1-13. Several parameters are experimentally determined. 

The plot shows that at first, SNR improves with increasing excitation power for the same 

value of A. When the excitation power increases up to near IS, SNR starts decreasing due 

to optical saturation. In order to obtain good SNR, excitation conditions such as P0 and A 

should be optimized according to photophysical properties of molecule of interest.  
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Fig. 1-13 Calculated surface plot of fluorescence SNR vs probing laser power and focal 

spot area [101] 

 

 

 

1-4-2. Study of emission properties of single conjugated polymers 

Generally, photophysical properties are measured in concentrated samples. Thin-film 

samples of the emissive conjugated polymers (called neat films) are usually prepared by 

spin coating from ~ 2 wt % solution. Alternately, conjugated polymer chains can be 

dispersed in a film of an optically inert polymer. These ensemble (bulk) samples produce 

results in which the values of physical observables are averaged over a large number of 

molecules. On the other hand, SMS can reveal the essential physical properties otherwise 

hidden by such ensemble averaging. As an example, fluorescence spectra of poly[2-

methoxy-5-(2'-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV) on ensemble and 

single molecule level are shown in Fig. 1-14 [102]. MEH-PPV in polycarbonate shows 

broader fluorescence spectrum than that in toluene solution (Fig. 1-14A). Fig.1-14B is an 

example of two typical single molecule spectra of MEH-PPV peaked at 560 nm and 580 

nm. They are narrower than the ensemble in polycarbonate and have almost the same 

width as in toluene solution. Some single polymer chains showed mixed spectrum 

composed of the 560 nm and 580 nm peaks, as shown in Fig. 1-14C. Fig.1-15 is a 

histogram of fluorescence peak wavelengths of single MEH-PPV and exhibits double 

peaked distribution with maxima at 560 nm and 580 nm. The two different fluorescence 

peaks are considered to come from different conformations of the polymer chain. 

scattering, one may consider benzene as a solvent. The total
Raman scattering cross-section of benzene for one of its
strongest modes is about 10!12 Å2 !per molecule",33 which
gives a total cross section of less than 10!2 Å2 for an ex-
cited volume of 1 #m3. This shows that Raman scattering
can become comparable to the absorption cross section of a
single molecule in a solution at room temperature for excited
volumes of about 100 #m3. Given that the background cross
sections are proportional to the excited volume, an optimal
signal-to-background ratio will require a minimum excited
volume, and all of the microscope configurations described
in Sec. III work toward this goal.

As mentioned above, filters are generally required in or-
der to suppress Rayleigh scattering of the pump radiation. To
illustrate, suppose a single molecule of rhodamine 6G is
probed with 1 kW/cm2, somewhat below the onset of satu-
ration of the absorption. The resulting incident photon flux at
532 nm of $3"1021 photons/s cm2 will produce about 1
"106 excitations/s. With a fluorescence quantum yield of
0.9, about 9"105 emitted photons/s can be expected. At the
same time, $3"1013 pump photons/s illuminate a focal spot
1 #m in diameter. It is of course helpful in reducing the size
of Rayleigh scattered pump radiation at the detector that pho-
tons are often collected in the backward direction. In any
case, rejection of the Rayleigh scattered pumping radiation
by a factor on the order of 107– 108 is generally required,
with minimal attenuation of the fluorescence.

Thus, filtering for single-molecule experiments must at-
tenuate Rayleigh scattering by the largest possible factor
while transmitting the desired redshifted fluorescence from
the single molecule. If additional suppression of host/matrix
Raman scattering is desired, the transmission window of the
filters can be further optimized to reject any strong !Stokes-
shifted" Raman lines, but this must be done in a way that
does not attenuate the precious fluorescence photons from
the single molecule unduly. The required filtering for a spe-
cific experiment is generally accomplished by !in increasing
order of performance" low-fluorescence glass filters !Schott",
interference filters !Chroma, Omega" or by relatively expen-
sive holographic notch attenuation filters !Kaiser". The filter
characteristics must have a high slope in the filter transmis-
sion spectrum in order to open quickly enough as wavelength
is increased to pass the single-molecule emission. Figure 2

illustrates the filter characteristics for a set of filters chosen
for microscope experiments with the dye nile red pumped at
532 nm. The left side of the figure shows transmission spec-
tra of: !a" a 532 nm holographic Raman notch filter, !b" a 550
nm long pass emission filter, and !c" a 540 nm dichroic
beamsplitter through which the emitted fluorescence must
pass !see microscope descriptions in Sec. III". The product of
these three transmission spectra gives the wavelength depen-
dent transmission factor Ffilter that must be applied to the
single-molecule fluorescence spectrum. Figure 2 !right side"
shows the unperturbed nile red emission spectrum !upper
trace", and the spectrum after passage through the three fil-
ters !lower trace". By comparing the areas of the two curves,
Ffilter#46% of the nile red emission is passed on to the de-
tector. The transmission at the pump wavelength is so small
that it cannot be easily measured with a conventional UV-vis
spectrometer, so direct measurement of pump laser transmis-
sion is preferrable.

C. SNR and signal to background ratio „SBR…
While many applications of fluorescence imaging have

need of high signal-to-noise ratios, few are as demanding as
single-molecule imaging at ambient temperatures. Now that
the fundamentals of single molecule emission and the back-
ground issues have been described, the full set of factors that
affect the SNR for single-molecule fluorescence experiments
may be presented in a more quantitative fashion. Figure 3!a"
illustrates the basic definitions of the various signal and
background levels. In all experiments, there is a control vari-
able !abscissa" that has the effect of making the single-
molecule signal appear and disappear. For example, the con-
trol variable in a microscopic experiment would be spatial
position defined either by the position of the focal volume or
by the spatial position on the two-dimensional detector. !In
the earlier low temperature experiments, the laser frequency

FIG. 2. Example of filtering considerations for SMS. The left panel shows
transmission spectra of a 532 nm holographic Raman notch filter, a 550 nm
long pass emission filter, and the transmission of the dichroic beamsplitter
through which the fluorescence must pass. The right pane shows the emis-
sion spectrum of Nile red in methanol solution, and the resulting shape of
the emission spectrum after passage through all three filters. The integrated
area ratio shows that 46% of the fluorescence collected by the microscope
objective passes through the filters.

FIG. 3. SNR considerations: !a" for a hypothetical signal with control vari-
able shown on the horizontal axis, the definitions of the offset, dark level,
and background level B are shown. The signal from the single molecule is
S . !b" Surface plot of fluorescence SNR vs probing laser power and focal
spot area for a fluorophore with the following parameters: %#532 nm, &
#0.1 s, 'F#0.28 !RG6 in water, Ref. 65", IS#5.6"103 W/cm2 !Ref. 69",
(#4"10!16 cm2, D#0.072, Cb#2"108 counts/W s !measured in a typi-
cal confocal microscope", Nd#100 counts/s. !c" SNR for the same model
fluorophore assuming a photobleaching quantum yield of 10!5.

3602 Rev. Sci. Instrum., Vol. 74, No. 8, August 2003 W. E. Moerner and D. P. Fromm
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Conformation of single conjugated polymer can be determined by measuring polarization 

dependence. Single polymer chain has multiple light emitting sites because the 

conjugation length is limited. Absorption of each light emitting site depend on the 

polarization of excitation light. Therefore, chain conformation significantly affects the 

polarization dependence of absorption. To determine a single chain conformation, Monte 

Carlo simulation can be performed to obtain candidates of possible conformations and 

the corresponding absorption polarization anisotropy. The simulated results are then 

compared with experimentally measured anisotropy. The determined conformations of 

single MEH-PPV chains which show fluorescence peaks at 560 nm and 580 nm were 

found to be defect coil structure and defect cylinder structure, respectively (the inset of 

Fig.1-15). Defect coil has more extended structure than defect cylinder and less intrachain 

interactions. Collapsed defect cylinder conformation enhances intrachain interactions, 

causing increased intrachain energy transfer and inducing red shift of fluorescence. This 

conclusion is further supported by measurements of single conjugated polymers at low 

temperature. Theoretically, energy transfer efficiency depends on the spectral overlap 

between donor emission and acceptor absorption. Because the spectral shape becomes 

narrower as the temperature decreases, the spectral overlap decreases as well and energy 

transfer efficiency depends on the temperature. F. Schindler et al. measured fluorescence 

spectrum of a single oligomer and polymer chain of methyl-substituted poly(para-

phenylene) (MeLPPP) at low temperature [103-104]. Undecamer (11 rings) and short 

MeLPPP chain (~ 62 rings) showed single narrow fluorescence peak at different 

wavelengths (Fig. 1-16a, b). On the other hand, long MeLPPP chain (~ 165 rings) showed 

5 distinct fluorescence peaks (Fig. 1-16c). Some peaks are located at shorter wavelengths 

than the short MeLPPP. This indicates that the polymer chain has multiple light emitting 

sites and emission originates from the lowest energy site due to intrachain energy transfer 

at room temperature.  

When chromophores are continuously excited by light irradiation or charge injection, 

they keep emitting photons but the intensity gradually goes down. In fact, at the single 

molecule level most chromophores do not show continuous emission. Fluorescence 

intensity is randomly changing between ‘bright’ and ‘dark’ states. This behavior, called 
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“blinking”, is considered to occur due to intersystem crossing to a triplet state or due to 

transition to a long-lived radical ion dark state [105-107]. Conjugated polymers are not 

expected to show blinking because they contain multiple light emitting sites as mentioned 

above. Surprisingly, blinking was observed in single conjugated polymers when they 

were measured for the first time [108]. Several groups have made efforts to reveal the 

causes of polymer blinking, finding that conformation and intrachain energy transfer are 

important factors [109]. If a polymer chain takes compact conformation, excitation 

energy transfers to the light-emitting site with the lowest energy. Therefore, fluorescence 

comes from one or a small number of light-emitting sites. When such light-emitting site 

forms a triplet state or a radical ion state it will cause blinking. Such dark states on the 

lowest-energy light-emitting site can quench the remaining light-emitting sites so the 

polymer chain shows blinking in a similar way as a small molecule (Fig. 1-17, left panel). 

On the other hand, when polymer chain takes extended conformation, it does not show 

blinking because inefficient intrachain energy transfer allows emission from multiple 

light emitting sites simultaneously (Fig. 1-17, right panel). 

Recently, SMS of conjugated polymers was performed in organic solvents using a 

special sample chamber (Fig.1-18), and the conformation was manipulated by switching 

the solvent quality during the measurement [110]. By switching the solvent from dimethyl 

sulfoxide (DMSO) as a poor solvent to o-dichlorobenzene (o-DCB) as a good solvent, 

fluorescence intensity drastically increased (Fig. 1-19). This result indicates that 

conformation can respond to solvent switching, leading to significant changes in 

fluorescence properties. 
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Fig. 1-14 (A)Fluorescent spectrum of ensemble MEH-PPV in toluene solution (left peak) 

and in a polycarbonate matrix at room temperature (right peak). (B) Typical fluorescence 

spectra of single MEH-PPV. (C) A fluorescence spectrum of MEH-PPV that show mixed 

feature of both a 560 nm peak and a 580 nm peak. [102] 

 

 

 

Fig. 1-15 Histogram of fluorescence peak wavelength of single MEH-PPV [102] 

 

Unmasking Electronic Energy
Transfer of Conjugated

Polymers by Suppression of
O2 Quenching

Ji Yu, Dehong Hu, Paul F. Barbara*

The photochemistry of poly[2-methoxy, 5-(2!-ethyl-hexyloxy)-p-phenylene-
vinylene] (MEH-PPV) has been found to be highly dependent on the presence
of O2, which increases singlet exciton quenching dramatically. Spectroscopy on
isolated single molecules of MEH-PPV in polycarbonate films that exclude O2
reveals two distinct polymer conformationswith fluorescencemaxima near 555
and 580 nanometers wavelength, respectively. Time-resolved single-molecule
data demonstrate that the 580-nanometer conformation exhibits a “landscape”
for intramolecular electronic energy relaxation with a “funnel” that contains a
580-nanometer singlet exciton trap at the bottom. The exciton traps can be
converted to exciton quenchers by reaction with O2. Conformationally
induced, directed-energy transfer is arguably a critical dynamical process
that is responsible for many of the distinctive photophysical properties of
conjugated polymers.

The fluorescence of conjugated polymers (1–
3) is heavily influenced by the conformations
of the polymer chains (4–7). Recent experi-
ments on the spectroscopic anisotropy of sin-
gle conjugated polymer molecules (8, 9) re-
veal an ordered, collapsed conformation with
many parallel chain-chain contacts. A de-
tailed understanding of the spectroscopic and
photophysical consequences of conforma-
tional structure has been difficult to establish
experimentally due to the tremendous heter-
ogeneity of conjugated polymers. Single-
molecule spectroscopy (SMS) allows the
properties of individual molecules to be de-
duced despite their presence within a highly
heterogeneous environment (10–14). Appli-
cations of SMS to conjugated polymers have
focused on fluorescence intensity fluctuations
that result primarily from photochemically
induced quenchers that thermalize the exciton
energy and lead to “dark states” (15). This
approach has led to qualitative information
on the electronic energy transfer mechanism
of conjugated polymers. Little information,
however, has been obtained about the role of
conformational structure in the energy trans-
fer mechanism where excitons may move or
may localize in traps before emitting.

We present SMS results for MEH-PPV
(16) that represent a greater than two order of
magnitude improvement in signal-to-noise
compared with previous measurements (8)
that allows for a precise determination of the
fluorescence spectrum and its temporal evo-

lution on the picosecond and slower time
scale. The improvement is due to a longer
averaging time, which have been made pos-
sible by a greatly improved sample prepara-
tion technique (17) that diminishes the rate of
photo-alteration due to photo-oxidation dur-
ing the averaging (acquisition) process for
each MEH-PPV molecule. By excluding O2,
we avoid permanent changes to the intrinsic
photochemistry. The emission spectra of two
typical MEH-PPV molecules (Fig. 1B) were
recorded under conditions of low excitation
intensity and rigorous O2 depletion that ef-
fectively suppresses spectral distortion due to
photochemistry and other photoinduced pro-
cesses, such as intensity fluctuation due to
photo-generated quenchers. The ensemble
fluorescence spectrum (Fig. 1A) of "80 mol-
ecules of MEH-PPV isolated in an inert thin-
film polymer (polycarbonate) host reveals
the typical band shape of a conjugated poly-
mer. The single-molecule fluorescence spec-
tra of MEH-PPV are significantly narrower
than the ensemble spectrum (Fig. 1A) in
polycarbonate, but comparable in width to
the ensemble spectrum in liquid toluene.

The ensemble distribution of the fluores-
cence spectral maxima (#max) of single mol-
ecules (Fig. 2A) exhibits a surprising double-
peaked distribution with two maxima (560
and 580 nm). Similar double-peaked distribu-
tions were observed in other polymer hosts,
but with slightly different maxima (553 and
583 nm in polymethylmethacrylate and 555
and 575 nm in polystyrene). The presence of
two distinct peaks in the spectral maxima
distribution indicates that two different types
of conformations of MEH-PPV are trapped in
the polymer host matrix. This result is sur-

prising because a broad, continuous distribu-
tion would be expected for a polymer mole-
cule with so many conformational degrees of
freedom.

In order to further interpret the spectral
distribution in Fig. 2, we note that the absorp-
tion and fluorescence of conjugated polymers
involve quasi-localized chromophores on the
polymer chain (18–20). For our sample, there
are about 2000 repeat units for each MEH-
PPV molecule. Each singlet optical excitation
(exciton) is shared by about 10 adjacent re-
peat units (21), so there are "200 chro-
mophores in a single molecule. Absorption of
photons near the absorption peak wavelength
("500 nm) of the vibronically broadened
spectrum randomly excites the different lo-
calized chromophores. Under the relatively
low excitation conditions of these experi-
ments, only one singlet exciton is present in
the molecule during the excited state lifetime
("300 ps) (22, 23). Evidence suggests that
intramolecular electronic energy transfer (8,
15, 24) converts the mobile excitons to
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Fig. 1. (A) The “ensemble” fluorescent spec-
trum of MEH-PPV in a pure liquid toluene so-
lution (left peak) and in a polycarbonate matrix
at ambient temperature (right peak). The spec-
trum in polycarbonate matrix was constructed
by summing up single-molecule spectra for
"80 MEH-PPV molecules. The inset shows the
chemical structure of MEH-PPV. (B) Typical sin-
gle-molecule spectra of MEH-PPV peaked at
560 and 580 nm, respectively. (C) A single-
molecule spectrum of MEH-PPV that has a
“mixed” feature of both a 560-nm peak and a
580-nm peak.
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greater are the variations between energy levels of adjacent
molecules and themore likely a charge carrier, migrating through
an organic light-emitting diode, is to be trapped. Charge-carrier
mobility typically decreases with increasing disorder, as does the
migration length of primary photoexcitations—excitons. That
effect is crucial to determining the performance of photovoltaic
devices. Figure 4a illustrates two examples of MEH-PPV
single-molecule spectra.[90] The spectra are narrower than the
ensemble, even at room temperature. Spectral widths of down to
10 nm have been reported in investigations of single oriented
polymer nanostructures,[98] deposited by inkjet printing.
Figure 4b displays the distribution of spectral-peak positions
determined from single-molecule emission spectra. Whereas the
ensemble spectrum is broad and featureless (Fig. 1), the
single-molecule spectra clearly display a bimodal peak distribu-
tion centred around 560 nm and 580 nm. It was proposed that
these two peaks correspond to two different principal conforma-
tions of the polymer chain, the more elongated defect coil and the
collapsed defect cylinder structure, shown in the inset.[90] As the
defect cylinder conformation enhances intramolecular energy
transfer, single chains adopting this conformation will tend to
emit at lower energy.

As will be discussed below, it is crucial to realize that
intramolecular energy transfer is an inherently temperature-
dependent phenomenon. On the one hand, at low temperatures
one may expect only down-hill energy migration steps to be

possible, leading to a cascade of the emission spectrum into the
red.[44] The coupling strength between an adjacent molecular
donor and acceptor chromophore depends on the mutual degree
of resonance, the spectral overlap between donor emission and
acceptor absorption.[99] As the temperature is lowered, the
electronic transitions tend to narrow, which may reduce the
overall spectral overlap between adjacent chromophores.[99]

Analogous to disorder localization in amorphous semiconduc-
tors, this process can inhibit interchromophoric coupling at low
temperatures, leading to an effective spectral blue shift of the
emission.

4.2.2 Fluorescence Lifetime

The lifetime of the excited states can provide further crucial
information on the nature of excitation and de-excitation
processes, thereby helping to reveal structural and chemical
anomalies in the macromolecule. Performing time-correlated
single-photon counting on single molecules requires significant
photon-detection rates, necessitating high-numerical-aperture
collection optics. Early studies on single dye molecules revealed
that the fluorescence lifetime varies with time due to changes in
the interaction with the environment and the appearance (and
disappearance) of transient photoquenching sites such as charge
carriers.[100–102] Information on fluorescence lifetime dynamics
can also be extracted from fluorescence correlation spectroscopy,
in which a sliding-window analysis of the single-molecule
fluorescence bursts is performed as a function of time.[103–105]

Single-molecule fluorescence kinetics of conjugated polymers
were first reported in 2000 by Barbara and co-workers and shown
to reveal an energetic funnel-like behavior consistent with
channeling most of the excitation energy within the molecule to
one emissive site.[90] Recently, Scheblykin and co-workers
significantly expanded the technique, being able to reveal
transient dynamics in the single-molecule fluorescence life-
time.[106] Figure 5 shows a typical fluorescence-intensity trace of
one single MEH-PPV chain as a function of time. The molecule
exhibits several discrete jumps in intensity consistent with
previously reported blinking features. The lower panel in Figure 5
displays the corresponding fluorescence lifetime, recorded at
different periods of the fluorescence intensity trace. Two typical
regions are marked by arrows. A highly emissive state
corresponds to a slow, virtually single-exponential decay in
fluorescence intensity, whereas the low-intensity emission reveals
a multicomponent decay with a rapid drop of the excited-state
population. As illustrated in the cartoons, this rapid reduction in
fluorescence intensity corresponds to efficient population of a
quenching site on the polymer chain. As a fluorescence signal is
still observed in this case, the rate constant for charge separation
must be comparable to that for fluorescence, i.e., the quenching
strength can be considered to be intermediate; if the rate of
charge separation (quenching) substantially exceeds the fluores-
cence rate, the molecule will appear dark as a result of strong
quenching.

An obvious question that arises when studying blinking
in single molecules is whether the pronounced fluorescence
intermittency corresponds to a reduction in emission or in
absorption efficiency. The appearance of a second, fast-
fluorescence-decay component in the case of reduced

Figure 4. a) Two typical room-temperature single-molecule spectra of
MEH-PPV with peaks at 560 nm and 580 nm. b) The histogram of peak
positions of single-molecule emission spectra shows a bimodal distri-
bution. Two snapshots of different chain conformations derived from
molecular dynamics simulations are shown, which display different levels
of interchromophoric interactions. In the defect cylinder conformation,
energy transfer may occur to a lowest energy site within the polymer
nanoparticle. Reprinted with permission from [90]. Copyright 2000, AAAS.
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Fig. 1-16 Fluorescence spectra of MeLPPP at low temperature, (a) undecamer, (b) short 

chain, (c) long chain [104] 

 

 

 

 

Fig. 1-17 Blinking behavior of conjugated polymer with different conformations [109] 
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wavelength between the maxima of the undecamer and the short
polymer luminescence, but have a similar spectral width to the
short polymer peak. The observation of an increased probability
of interrupting the p-electron system and the resulting formation
of distinct chromophores can be substantiated by plotting the
average number of peaks (chromophores) observed as a function
of molecular weight (chain length). This relation is shown in
panel (d) for 108 single chains. The number of peaks increases
monotonously with chain length. At the same time, the average
luminescence intensity, the brightness of a single chromophore
on a chain, remains constant. The brightness of a chromophore is
primarily determined by the oscillator strength of the p-electron
system, which, in turn, depends on the number of electrons
involved in the formation of the molecular orbital. The average
length of a chromophore is therefore independent of the overall
chain length of the polymer.

A further important observation can be made from Figure 7:
the undecamer is consistently less bright than the polymer
chromophore. Following a simple ‘‘particle-in-a-box’’ picture, one
may expect the chromophore color to be determined by the
conjugation length of the system, the spatial extent over which
p-electron delocalization occurs. As the undecamer and the
polymer emit and absorb at approximately the same wavelength,
should then not the extent of the p-conjugation be the same? It
turns out that the oligomer length is actually equivalent to the
spatial extension of the exciton but not to the spatial range that the
exciton can effectively probe. The size of the exciton is primarily
given by the extent of Coulombic electron–hole correlation; as the
correlation is substantial in these low-dielectric materials the
exciton size is typically in the order of a few nanometers.[37]

Although the polymer chromophore supports an exciton that is
approximately 11 rings in size, this exciton can move along the
p-system, thereby gaining more oscillator strength. This
observation is in agreement with detailed studies of the effect
of chain length on electronic structure using the coupled
electronic oscillator model.[37]

Further proof for the increase in oscillator strength upon going
from the oligomer to the polymer comes from the fact that the
fluorescence lifetime is almost halved in the polymer with respect
to the oligomer.[129] Independent evidence for the fact that the
exciton can actually move along the p-system of the chromophore
comes from ultrafast (sub 50 fs) fluorescence depolarization
measurements.[130,131] These studies reveal that the excitation can
lose its polarization memory on timescales much shorter than
those characteristic of the interchromophoric energy transfer.
The loss of polarization memory is decelerated by including
topological defects in the polymer chain, i.e., forcing the
formation of chromophores of shorter conjugation length.[131,132]

4.3.4 Spectral Dynamics

A single emitter can experience spectral modifications for a
variety of reasons. A single atom, for example, may not always
appear to emit photons of the same energy. Collisions with other
atoms will impart kinetic energy on the single atom, resulting in
translational motion. Depending on the magnitude and direction
of the velocity, this motion leads to Doppler shifting of the
radiation, analogous to the frequency shift of the siren of a
passing fire engine. Doppler broadening is a classic example of

Figure 7. Counting chromophores in single conjugated polymer chains.
Single-molecule photoluminescence–emission spectra at 5 K of the model
oligomer and the conjugated polymer MeLPPP. a) The undecamer, b) a
short-chain conjugated polymer (Mr! 25 kDa), and c) a long-chain con-
jugated polymer (Mr! 67 kDa). Each of the individual peaks in the emis-
sion from the long-chain conjugated polymer is identical in shape to the
single peak in the emission from the short-chain conjugated polymer (this
single peak is superimposed for each peak in panel (c); dotted line). The
sketches indicate the difference between exciton size (black) and conju-
gation length (grey). d) &: Variation of the average number of peaks
(chromophores) in the photoluminescence spectra with chain length (i.e.,
number of benzene rings).*: The average intensity per peak for a total of
108 molecules is independent of polymer chain length, suggesting similar
oscillator strength and thus conjugation length. Reproduced with per-
mission from [129].
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Fig. 1-18 (A) Illustration of sample chamber for SMS in organic solvent and (B) 

conjugated polymer P3HT fixed to substrate [110] 

 

 

 

 

  

Fig. 1-19 PL intensity trace of single P3HT during real-time solvent switching [110] 

  

than a decade, it has been rewriting our understanding of biomole-
cules. This is mostly due to technical challenges derived from the intrin-
sic properties of organic solvents compared to water (11). For instance,
sample chambers for single-molecule studies are commonly sealed with
double-sided tape (34) or nail polish (35) that dissolves in organic sol-
vents. In addition, aspects such as solvent impurities and oxygen re-
moval, where a range of protein-based oxygen scavengers can be used,
are easier to deal with in aqueous solution (36, 37). Significant progress
has beenmade during the last 10 years toward oxygen-tight and solvent-
resistant chambers for single-molecule microscopy. For example,
Ameloot et al. (38) developed an oxygen-tight brass chamber for study-
ing catalytic cycles in acidic andbasic aqueous conditions,Upadhyay et al.
(24) developed an all-glass chamber for studying dendrimericmolecular
catalysts in organic solvents, and Feng et al. (39) developed a reaction
chamber that allowed single-molecule experiments in THF. However,
the chambers developed by Ameloot et al. (38) and by Feng et al. (39)
were sealed with rubber and Devcon 5-min epoxy, respectively, which

do not have excellent resistance to a wide range of organic solvents.
In this regard, an all-glass chamber similar to the one developed by
Upadhyay et al. (24) presents a good alternative; however, it is not re-
usable and is time-consuming to build. Thus, a chamber that allows for
the active control of solvent flow with excellent resistance to a wide
range of organic solvents and is reusable and easy to mount still needs
to be developed.

To address these challenges, we developed a solvent-resistant and
oxygen-free chamber that allows real-time solvent exchange through
two injection holes drilled on the microscope slide. The chamber, sche-
matically shown in Fig. 2A,wasmade by creating a gap between a fused-
silica slide andapolymer-incubated coverslip via apolytetrafluoroethylene
(PTFE) ring. This chamber has the advantage of being sealed only by
applying pressure via two brass plates, and it was tested to be robust
against leakage and solvent evaporation. All experiments reported in this
work were carried out using this sample chamber. Notably, the design
of this chamber is similar to the one developed by Ameloot et al. (38).

A B

C D

Fig. 2. Monitoring single P3HT chains in organic solvents. (A) Diagram of the sample chamber designed for single-molecule imaging in organic solvents including
details of the injection system and the epifluorescence excitation and emission detection pathways. Components are not drawn to scale. (B) Schematic of the surface-
anchoring strategy to covalently anchor single-P3HT chains to the glass substrate. (C) Representative single-molecule images of triethoxysilane-modified P3HT (left) and
unmodified P3HT (right). (D) Box-plot comparison of the density of fluorescent spots observed using TES-P3HT (black) and unmodified P3HT (red). The extremes, upper
and lower quartiles of the distribution, and the median are represented by the whiskers, box and middle lines, respectively. The whisker and upper quartile relative to
sample P3HT are at the same value as the median. A 20-fold higher density of spots obtained for TES-P3HT compared to P3HT confirms specific covalent attachment of
single chains via the silane end group. FOV, field of view.
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possible by adapting our technique for spectral and polarization mod-
ulation depth measurements.

Influence of polymer length on the PL properties of single
P3HT chains in organic solvents
Intuitively, the degree of intrachain heterogeneity resulting from
different conformational domains coexisting within single chains could
be influenced by polymer length (56, 57). To explore this aspect, we
synthesized a triethoxysilane-terminated P3HT sample with a shorter
length (TES-P3HT-S) (Mn = 8770 Da,Mw = 9860, Đ = 1.1). We ob-
served a significant decrease (~50%) in the average initial PL intensity
ofTES-P3HT-S chains compared toTES-P3HT-L in o-DCB, and this
effect wasmore pronounced for class I PL profiles followed by classes III
and II (fig. S9). This difference between both polymers can be rationa-
lizedby simply considering thatTES-P3HT-Lmay contain ahigher num-
ber of simultaneously emissive chromophores compared toTES-P3HT-S
that leads to a higher initial PL intensity. In addition, switching from
classes I to III categories between o-DCB (Fig. 3E, left) and DMSO
(Fig. 3E, right) was less pronounced for TES-P3HT-S than for TES-
P3HT-L. For the shorter polymer, class III was the predominant profile
in both solvents (50 to 60%), and only a slight decrease from 37 to 22%
was observed for class I when changing from o-DCB to DMSO (Fig. 3E).
The distribution of categories in DMSO was almost identical between
TES-P3HT-L andTES-P3HT-S (Fig. 3, D and E, right), suggesting that
a similar distribution of conformations was adopted by both polymers
in a poor-solvent environment. This can be rationalized if we consider
that the persistence length of poly(3-alkylthiophenes) has been shown
to range from~2 to 3 nm in o-DCB to ~1 to 1.5 nm in toluene, a solvent
with lower solubility (~0.7mg/ml) (58). Thus, the low–persistence length
values suggest that any potential length effect might be overridden by
the intrinsic flexibility of the chain when it is forced to collapse by its
interaction with a poor solvent. Moreover, the low contribution of class
II category observed in both solvents and for both polymer lengths in-
vestigated agreeswith the interpretation of thismaterial as a very flexible
polymer that very rarely adopts exclusively rod-like structures.

Finally, it is important to note that there was a low but nonzero per-
centage of traces exhibiting class II behavior in o-DCB,whichwould not
be expected when the chain is allowed to interact with a good solvent.
We reason that this is due to chains containing a very small number of
chromophores. Although most of the single chains we study can con-
tain multiple chromophores, the shorter chains may have conjugation
lengths that allow only one or two chromophores. This smaller number
of chromophores in shorter chains can explain the higher fraction of
classes II and III traces for sample TES-P3HT-S in o-DCB when com-
pared to the same experiment forTES-P3HT-L. Conjugation lengths of
dimensions similar to those of the whole chains that contain them have
been estimated in previous bulk-dilution studies of P3HT (50). Further-
more, it has been previously shown that conjugation in single chains
may not be broken even in partially bent conformations (59), which
would be in agreement with this interpretation.

Real-time conformational switching of single-end–anchored
P3HT chains
Single-end anchoring of single chains enables a new type of experiment
in which different conformations of single chains can be actively induced
while simultaneouslymeasuring its PL output, simply by performing an
exchange of solvents in real time. Because the polymer is anchored on
the glass surface only at one end, it can reorganize its conformation in
response to abrupt changes in solvation conditions. This rapid solvent-

exchange experiment can enable newunderstanding of polymer confor-
mational dynamics that is inaccessible through traditional ensemble-
averaging techniques and through current single-molecule approaches
using SVA after matrix-based immobilization.

To prove the feasibility and potential of this solvent-induced confor-
mational switching, we designed an experiment where surface-
anchored TES-P3HT-S chains were firstly imaged in a poor solvent
(DMSO) for a time period of ~30 s before switching to a good solvent
environment (o-DCB), while collecting PL intensity data. On the basis
of our previous observations (Fig. 3), where continuous excitation in a
good solvent predominantly induces fast photobleaching of individual

A

B

C

Fig. 4. Conformational switching of single CP chains using real-time solvent-
switching methods. (A) Representative single-molecule PL intensity trace
showing the abrupt change in fluorescent emission taking place in the same
TES-P3HT-S chain upon switching at ~31 s from DMSO to o-DCB. A >5-fold
change in fluorescent emission is followed by a continuous monotonic decrease
in signal due to chromophore photobleaching. Images in the lower panel show
two-dimensional (2D) intensity distributions of emitted light from the same P3HT
chain as shown in the upper panel taken at t = 0 s in DMSO (left), t = 35 s in o-DCB
(middle), and at t = 70 s in o-DCB (right). (B) Percentage distribution of single
chains that displayed an increase (green), decrease (orange), or no variation
(black) in intensity during solvent-switching for TES-P3HT-S (left) and TES-P3HT-L
(right) polymers. (C) Schematics of the collapsed-to-expanded transition observed
during the solvent-exchange experiment from a poor solvent (DMSO) to a good
solvent (o-DCB) shown in (A). The bottom panel summarizes the interplay between
PL intensity, solvent-induced change in conformation and photobleaching pro-
cesses as a function of time.
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possible by adapting our technique for spectral and polarization mod-
ulation depth measurements.

Influence of polymer length on the PL properties of single
P3HT chains in organic solvents
Intuitively, the degree of intrachain heterogeneity resulting from
different conformational domains coexisting within single chains could
be influenced by polymer length (56, 57). To explore this aspect, we
synthesized a triethoxysilane-terminated P3HT sample with a shorter
length (TES-P3HT-S) (Mn = 8770 Da,Mw = 9860, Đ = 1.1). We ob-
served a significant decrease (~50%) in the average initial PL intensity
ofTES-P3HT-S chains compared toTES-P3HT-L in o-DCB, and this
effect wasmore pronounced for class I PL profiles followed by classes III
and II (fig. S9). This difference between both polymers can be rationa-
lizedby simply considering thatTES-P3HT-Lmay contain ahigher num-
ber of simultaneously emissive chromophores compared toTES-P3HT-S
that leads to a higher initial PL intensity. In addition, switching from
classes I to III categories between o-DCB (Fig. 3E, left) and DMSO
(Fig. 3E, right) was less pronounced for TES-P3HT-S than for TES-
P3HT-L. For the shorter polymer, class III was the predominant profile
in both solvents (50 to 60%), and only a slight decrease from 37 to 22%
was observed for class I when changing from o-DCB to DMSO (Fig. 3E).
The distribution of categories in DMSO was almost identical between
TES-P3HT-L andTES-P3HT-S (Fig. 3, D and E, right), suggesting that
a similar distribution of conformations was adopted by both polymers
in a poor-solvent environment. This can be rationalized if we consider
that the persistence length of poly(3-alkylthiophenes) has been shown
to range from~2 to 3 nm in o-DCB to ~1 to 1.5 nm in toluene, a solvent
with lower solubility (~0.7mg/ml) (58). Thus, the low–persistence length
values suggest that any potential length effect might be overridden by
the intrinsic flexibility of the chain when it is forced to collapse by its
interaction with a poor solvent. Moreover, the low contribution of class
II category observed in both solvents and for both polymer lengths in-
vestigated agreeswith the interpretation of thismaterial as a very flexible
polymer that very rarely adopts exclusively rod-like structures.

Finally, it is important to note that there was a low but nonzero per-
centage of traces exhibiting class II behavior in o-DCB,whichwould not
be expected when the chain is allowed to interact with a good solvent.
We reason that this is due to chains containing a very small number of
chromophores. Although most of the single chains we study can con-
tain multiple chromophores, the shorter chains may have conjugation
lengths that allow only one or two chromophores. This smaller number
of chromophores in shorter chains can explain the higher fraction of
classes II and III traces for sample TES-P3HT-S in o-DCB when com-
pared to the same experiment forTES-P3HT-L. Conjugation lengths of
dimensions similar to those of the whole chains that contain them have
been estimated in previous bulk-dilution studies of P3HT (50). Further-
more, it has been previously shown that conjugation in single chains
may not be broken even in partially bent conformations (59), which
would be in agreement with this interpretation.

Real-time conformational switching of single-end–anchored
P3HT chains
Single-end anchoring of single chains enables a new type of experiment
in which different conformations of single chains can be actively induced
while simultaneouslymeasuring its PL output, simply by performing an
exchange of solvents in real time. Because the polymer is anchored on
the glass surface only at one end, it can reorganize its conformation in
response to abrupt changes in solvation conditions. This rapid solvent-

exchange experiment can enable newunderstanding of polymer confor-
mational dynamics that is inaccessible through traditional ensemble-
averaging techniques and through current single-molecule approaches
using SVA after matrix-based immobilization.

To prove the feasibility and potential of this solvent-induced confor-
mational switching, we designed an experiment where surface-
anchored TES-P3HT-S chains were firstly imaged in a poor solvent
(DMSO) for a time period of ~30 s before switching to a good solvent
environment (o-DCB), while collecting PL intensity data. On the basis
of our previous observations (Fig. 3), where continuous excitation in a
good solvent predominantly induces fast photobleaching of individual
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Fig. 4. Conformational switching of single CP chains using real-time solvent-
switching methods. (A) Representative single-molecule PL intensity trace
showing the abrupt change in fluorescent emission taking place in the same
TES-P3HT-S chain upon switching at ~31 s from DMSO to o-DCB. A >5-fold
change in fluorescent emission is followed by a continuous monotonic decrease
in signal due to chromophore photobleaching. Images in the lower panel show
two-dimensional (2D) intensity distributions of emitted light from the same P3HT
chain as shown in the upper panel taken at t = 0 s in DMSO (left), t = 35 s in o-DCB
(middle), and at t = 70 s in o-DCB (right). (B) Percentage distribution of single
chains that displayed an increase (green), decrease (orange), or no variation
(black) in intensity during solvent-switching for TES-P3HT-S (left) and TES-P3HT-L
(right) polymers. (C) Schematics of the collapsed-to-expanded transition observed
during the solvent-exchange experiment from a poor solvent (DMSO) to a good
solvent (o-DCB) shown in (A). The bottom panel summarizes the interplay between
PL intensity, solvent-induced change in conformation and photobleaching pro-
cesses as a function of time.
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than a decade, it has been rewriting our understanding of biomole-
cules. This is mostly due to technical challenges derived from the intrin-
sic properties of organic solvents compared to water (11). For instance,
sample chambers for single-molecule studies are commonly sealed with
double-sided tape (34) or nail polish (35) that dissolves in organic sol-
vents. In addition, aspects such as solvent impurities and oxygen re-
moval, where a range of protein-based oxygen scavengers can be used,
are easier to deal with in aqueous solution (36, 37). Significant progress
has beenmade during the last 10 years toward oxygen-tight and solvent-
resistant chambers for single-molecule microscopy. For example,
Ameloot et al. (38) developed an oxygen-tight brass chamber for study-
ing catalytic cycles in acidic andbasic aqueous conditions,Upadhyay et al.
(24) developed an all-glass chamber for studying dendrimericmolecular
catalysts in organic solvents, and Feng et al. (39) developed a reaction
chamber that allowed single-molecule experiments in THF. However,
the chambers developed by Ameloot et al. (38) and by Feng et al. (39)
were sealed with rubber and Devcon 5-min epoxy, respectively, which

do not have excellent resistance to a wide range of organic solvents.
In this regard, an all-glass chamber similar to the one developed by
Upadhyay et al. (24) presents a good alternative; however, it is not re-
usable and is time-consuming to build. Thus, a chamber that allows for
the active control of solvent flow with excellent resistance to a wide
range of organic solvents and is reusable and easy to mount still needs
to be developed.

To address these challenges, we developed a solvent-resistant and
oxygen-free chamber that allows real-time solvent exchange through
two injection holes drilled on the microscope slide. The chamber, sche-
matically shown in Fig. 2A,wasmade by creating a gap between a fused-
silica slide andapolymer-incubated coverslip via apolytetrafluoroethylene
(PTFE) ring. This chamber has the advantage of being sealed only by
applying pressure via two brass plates, and it was tested to be robust
against leakage and solvent evaporation. All experiments reported in this
work were carried out using this sample chamber. Notably, the design
of this chamber is similar to the one developed by Ameloot et al. (38).

A B

C D

Fig. 2. Monitoring single P3HT chains in organic solvents. (A) Diagram of the sample chamber designed for single-molecule imaging in organic solvents including
details of the injection system and the epifluorescence excitation and emission detection pathways. Components are not drawn to scale. (B) Schematic of the surface-
anchoring strategy to covalently anchor single-P3HT chains to the glass substrate. (C) Representative single-molecule images of triethoxysilane-modified P3HT (left) and
unmodified P3HT (right). (D) Box-plot comparison of the density of fluorescent spots observed using TES-P3HT (black) and unmodified P3HT (red). The extremes, upper
and lower quartiles of the distribution, and the median are represented by the whiskers, box and middle lines, respectively. The whisker and upper quartile relative to
sample P3HT are at the same value as the median. A 20-fold higher density of spots obtained for TES-P3HT compared to P3HT confirms specific covalent attachment of
single chains via the silane end group. FOV, field of view.
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possible by adapting our technique for spectral and polarization mod-
ulation depth measurements.

Influence of polymer length on the PL properties of single
P3HT chains in organic solvents
Intuitively, the degree of intrachain heterogeneity resulting from
different conformational domains coexisting within single chains could
be influenced by polymer length (56, 57). To explore this aspect, we
synthesized a triethoxysilane-terminated P3HT sample with a shorter
length (TES-P3HT-S) (Mn = 8770 Da,Mw = 9860, Đ = 1.1). We ob-
served a significant decrease (~50%) in the average initial PL intensity
ofTES-P3HT-S chains compared toTES-P3HT-L in o-DCB, and this
effect wasmore pronounced for class I PL profiles followed by classes III
and II (fig. S9). This difference between both polymers can be rationa-
lizedby simply considering thatTES-P3HT-Lmay contain ahigher num-
ber of simultaneously emissive chromophores compared toTES-P3HT-S
that leads to a higher initial PL intensity. In addition, switching from
classes I to III categories between o-DCB (Fig. 3E, left) and DMSO
(Fig. 3E, right) was less pronounced for TES-P3HT-S than for TES-
P3HT-L. For the shorter polymer, class III was the predominant profile
in both solvents (50 to 60%), and only a slight decrease from 37 to 22%
was observed for class I when changing from o-DCB to DMSO (Fig. 3E).
The distribution of categories in DMSO was almost identical between
TES-P3HT-L andTES-P3HT-S (Fig. 3, D and E, right), suggesting that
a similar distribution of conformations was adopted by both polymers
in a poor-solvent environment. This can be rationalized if we consider
that the persistence length of poly(3-alkylthiophenes) has been shown
to range from~2 to 3 nm in o-DCB to ~1 to 1.5 nm in toluene, a solvent
with lower solubility (~0.7mg/ml) (58). Thus, the low–persistence length
values suggest that any potential length effect might be overridden by
the intrinsic flexibility of the chain when it is forced to collapse by its
interaction with a poor solvent. Moreover, the low contribution of class
II category observed in both solvents and for both polymer lengths in-
vestigated agreeswith the interpretation of thismaterial as a very flexible
polymer that very rarely adopts exclusively rod-like structures.

Finally, it is important to note that there was a low but nonzero per-
centage of traces exhibiting class II behavior in o-DCB,whichwould not
be expected when the chain is allowed to interact with a good solvent.
We reason that this is due to chains containing a very small number of
chromophores. Although most of the single chains we study can con-
tain multiple chromophores, the shorter chains may have conjugation
lengths that allow only one or two chromophores. This smaller number
of chromophores in shorter chains can explain the higher fraction of
classes II and III traces for sample TES-P3HT-S in o-DCB when com-
pared to the same experiment forTES-P3HT-L. Conjugation lengths of
dimensions similar to those of the whole chains that contain them have
been estimated in previous bulk-dilution studies of P3HT (50). Further-
more, it has been previously shown that conjugation in single chains
may not be broken even in partially bent conformations (59), which
would be in agreement with this interpretation.

Real-time conformational switching of single-end–anchored
P3HT chains
Single-end anchoring of single chains enables a new type of experiment
in which different conformations of single chains can be actively induced
while simultaneouslymeasuring its PL output, simply by performing an
exchange of solvents in real time. Because the polymer is anchored on
the glass surface only at one end, it can reorganize its conformation in
response to abrupt changes in solvation conditions. This rapid solvent-

exchange experiment can enable newunderstanding of polymer confor-
mational dynamics that is inaccessible through traditional ensemble-
averaging techniques and through current single-molecule approaches
using SVA after matrix-based immobilization.

To prove the feasibility and potential of this solvent-induced confor-
mational switching, we designed an experiment where surface-
anchored TES-P3HT-S chains were firstly imaged in a poor solvent
(DMSO) for a time period of ~30 s before switching to a good solvent
environment (o-DCB), while collecting PL intensity data. On the basis
of our previous observations (Fig. 3), where continuous excitation in a
good solvent predominantly induces fast photobleaching of individual

A

B

C

Fig. 4. Conformational switching of single CP chains using real-time solvent-
switching methods. (A) Representative single-molecule PL intensity trace
showing the abrupt change in fluorescent emission taking place in the same
TES-P3HT-S chain upon switching at ~31 s from DMSO to o-DCB. A >5-fold
change in fluorescent emission is followed by a continuous monotonic decrease
in signal due to chromophore photobleaching. Images in the lower panel show
two-dimensional (2D) intensity distributions of emitted light from the same P3HT
chain as shown in the upper panel taken at t = 0 s in DMSO (left), t = 35 s in o-DCB
(middle), and at t = 70 s in o-DCB (right). (B) Percentage distribution of single
chains that displayed an increase (green), decrease (orange), or no variation
(black) in intensity during solvent-switching for TES-P3HT-S (left) and TES-P3HT-L
(right) polymers. (C) Schematics of the collapsed-to-expanded transition observed
during the solvent-exchange experiment from a poor solvent (DMSO) to a good
solvent (o-DCB) shown in (A). The bottom panel summarizes the interplay between
PL intensity, solvent-induced change in conformation and photobleaching pro-
cesses as a function of time.
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possible by adapting our technique for spectral and polarization mod-
ulation depth measurements.

Influence of polymer length on the PL properties of single
P3HT chains in organic solvents
Intuitively, the degree of intrachain heterogeneity resulting from
different conformational domains coexisting within single chains could
be influenced by polymer length (56, 57). To explore this aspect, we
synthesized a triethoxysilane-terminated P3HT sample with a shorter
length (TES-P3HT-S) (Mn = 8770 Da,Mw = 9860, Đ = 1.1). We ob-
served a significant decrease (~50%) in the average initial PL intensity
ofTES-P3HT-S chains compared toTES-P3HT-L in o-DCB, and this
effect wasmore pronounced for class I PL profiles followed by classes III
and II (fig. S9). This difference between both polymers can be rationa-
lizedby simply considering thatTES-P3HT-Lmay contain ahigher num-
ber of simultaneously emissive chromophores compared toTES-P3HT-S
that leads to a higher initial PL intensity. In addition, switching from
classes I to III categories between o-DCB (Fig. 3E, left) and DMSO
(Fig. 3E, right) was less pronounced for TES-P3HT-S than for TES-
P3HT-L. For the shorter polymer, class III was the predominant profile
in both solvents (50 to 60%), and only a slight decrease from 37 to 22%
was observed for class I when changing from o-DCB to DMSO (Fig. 3E).
The distribution of categories in DMSO was almost identical between
TES-P3HT-L andTES-P3HT-S (Fig. 3, D and E, right), suggesting that
a similar distribution of conformations was adopted by both polymers
in a poor-solvent environment. This can be rationalized if we consider
that the persistence length of poly(3-alkylthiophenes) has been shown
to range from~2 to 3 nm in o-DCB to ~1 to 1.5 nm in toluene, a solvent
with lower solubility (~0.7mg/ml) (58). Thus, the low–persistence length
values suggest that any potential length effect might be overridden by
the intrinsic flexibility of the chain when it is forced to collapse by its
interaction with a poor solvent. Moreover, the low contribution of class
II category observed in both solvents and for both polymer lengths in-
vestigated agreeswith the interpretation of thismaterial as a very flexible
polymer that very rarely adopts exclusively rod-like structures.

Finally, it is important to note that there was a low but nonzero per-
centage of traces exhibiting class II behavior in o-DCB,whichwould not
be expected when the chain is allowed to interact with a good solvent.
We reason that this is due to chains containing a very small number of
chromophores. Although most of the single chains we study can con-
tain multiple chromophores, the shorter chains may have conjugation
lengths that allow only one or two chromophores. This smaller number
of chromophores in shorter chains can explain the higher fraction of
classes II and III traces for sample TES-P3HT-S in o-DCB when com-
pared to the same experiment forTES-P3HT-L. Conjugation lengths of
dimensions similar to those of the whole chains that contain them have
been estimated in previous bulk-dilution studies of P3HT (50). Further-
more, it has been previously shown that conjugation in single chains
may not be broken even in partially bent conformations (59), which
would be in agreement with this interpretation.

Real-time conformational switching of single-end–anchored
P3HT chains
Single-end anchoring of single chains enables a new type of experiment
in which different conformations of single chains can be actively induced
while simultaneouslymeasuring its PL output, simply by performing an
exchange of solvents in real time. Because the polymer is anchored on
the glass surface only at one end, it can reorganize its conformation in
response to abrupt changes in solvation conditions. This rapid solvent-

exchange experiment can enable newunderstanding of polymer confor-
mational dynamics that is inaccessible through traditional ensemble-
averaging techniques and through current single-molecule approaches
using SVA after matrix-based immobilization.

To prove the feasibility and potential of this solvent-induced confor-
mational switching, we designed an experiment where surface-
anchored TES-P3HT-S chains were firstly imaged in a poor solvent
(DMSO) for a time period of ~30 s before switching to a good solvent
environment (o-DCB), while collecting PL intensity data. On the basis
of our previous observations (Fig. 3), where continuous excitation in a
good solvent predominantly induces fast photobleaching of individual

A
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C

Fig. 4. Conformational switching of single CP chains using real-time solvent-
switching methods. (A) Representative single-molecule PL intensity trace
showing the abrupt change in fluorescent emission taking place in the same
TES-P3HT-S chain upon switching at ~31 s from DMSO to o-DCB. A >5-fold
change in fluorescent emission is followed by a continuous monotonic decrease
in signal due to chromophore photobleaching. Images in the lower panel show
two-dimensional (2D) intensity distributions of emitted light from the same P3HT
chain as shown in the upper panel taken at t = 0 s in DMSO (left), t = 35 s in o-DCB
(middle), and at t = 70 s in o-DCB (right). (B) Percentage distribution of single
chains that displayed an increase (green), decrease (orange), or no variation
(black) in intensity during solvent-switching for TES-P3HT-S (left) and TES-P3HT-L
(right) polymers. (C) Schematics of the collapsed-to-expanded transition observed
during the solvent-exchange experiment from a poor solvent (DMSO) to a good
solvent (o-DCB) shown in (A). The bottom panel summarizes the interplay between
PL intensity, solvent-induced change in conformation and photobleaching pro-
cesses as a function of time.
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1-5. Outline of the thesis 

Many previous studies have already indicated that fluorescence properties of 

conjugated polymers significantly depend on the chain conformation and interchain 

interactions. However, understanding of the relationship between them is still far from 

complete because it is difficult to distinguish the effects of conformation from the intra- 

and interchain interactions. Polyfluorene can attain several types of conformation and 

show unique fluorescence properties. Therefore, polyfluorene is one of the best candidate 

materials to study the effects of polymer chain structure on fluorescence properties. 

Further, single-molecule spectroscopy is a powerful tool to investigate intrinsic nanoscale 

properties of emitting materials. Therefore, the purpose of this study is to use single-

molecule spectroscopy to get more insight into how conformations and interchain 

interactions affect the fluorescence properties of polyfluorene, and conjugated polymers 

in general. 

In chapter II, the appearance of the green emission band (g-band) in the spectra of 

blue-emitting polyfluorene is investigated on single chain level. Aggregate formation 

(both intrachain and interchain), as well as oxidation of polyfluorene have been proposed 

as the potential causes of the g-band. Numerous studies reported so far support 

alternatively one of the hypotheses and the true origin of the g-band is still subject of 

intense debate. In this chapter, in order to study how aggregate formation and oxidation 

affect the appearance and properties of the g-band, we measured fluorescence 

photophysical properties of single polyfluorene chains dispersed in several kinds of 

environment, including good- and poor-solvent inert polymer films and solutions. 

Although single polyfluorene chains preferentially showed the g-band in the poor-solvent 

rather than in the good-solvent solid matrices, only very small fraction of single chains 

showed the g-band in solution in ambient air. These results indicate that aggregate 

formation has a far greater effect on the appearance of the g-band than oxidation of the 

polyfluorene chains. In addition to single molecule study, lifetime and fluorescence 

quantum yield measurement were performed in bulk samples. The obtained small 

oscillator strength and two long-lifetime components of the g-band indicate that H-
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aggregates and charge-transfer-like aggregates are responsible for the origin of the g-band. 

In chapter III, to get further insight into the effects of conformation-related aggregation 

on fluorescence of polyfluorene, we combined a fluorescence microscope and an atomic 

force microscope (AFM) to mechanically manipulate the photophysical properties of 

polyfluorene nanoparticles (PFONPs). External force applied to a nanoparticle using the 

AFM tip causes the polymer chain to get packed more densely and induces strong 

interchain interaction. The resulting changes in fluorescence properties are monitored 

simultaneously with the applied force by measuring fluorescence intensity and spectra 

from the same nanoparticle using the fluorescence microscope. Absorption and PL 

spectra of PFONPs in water showed that both the glass- and β-phases coexist in the 

nanoparticles. Applying force of 1 µN induces a decrease of PL intensity without any 

spectral change, indicating that the force-enhanced interchain interaction promotes 

energy transfer as well as formation of quenching sites. When the force increased up to 

5µN, the PL spectra changed from β-phase type emission to glass-phase type emission, 

and the overall PL intensity recovered to its initial value. These results indicate that excess 

force changed the ordered β-phase conformation to amorphous glass-phase, leading to 

increase the number of light emitting segment and causing an increase in PL intensity. 

This study showed that manipulation of conformation and interchain interactions in 

condensed state conjugated polymers is a great way to get insight into the role of each 

conformation and the corresponding interchain interaction. 

In chapter IV, this concept is further extended and developed into mechanical 

manipulation of photophysical properties on true single-chain level. For that purpose, 

amino-terminated polyfluorene was synthesized and single chains were dispersed and 

chemically attached to a functionalized substrate by one end. The opposite end amino 

group reacts with a functionalized AFM tip which is used to mechanically stretch the 

single PFO chain. By simultaneously measuring fluorescence properties and force spectra, 

we investigated the conformation-photophysics relationship on single polyfluorene 

chains. Under photoirradiation, force curve of PFO chain in toluene showed a typical 

main peak related to the stretching of the main chain, and in addition one or several small 

peaks which were not observed without the excitation light. Such small force peaks were 
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attributed to excitonic coupling between PFO segments. From the force curves of such 

small peaks, excitonic coupling energy (Jex) was estimated as 0.82 eV. This value was 

compared to theoretically obtained Jc and was found to be of the same order, indicating 

that exciton coupling energy between PFO segments was directly measured using the 

nanofishing technique. In addition, this result support the conclusion of Chapter II that 

intrachain interactions lead to formation of H-aggregates in PFO single chain. This result 

also shows the potential of nanofishing experiment to directly measure excitonic coupling 

energy in other conjugated systems. Simultaneously measured time change of 

fluorescence spectrum and the related force curve were also obtained, and though the data 

are lmited we have not observed correlation of excitonic force peak with the spectral 

change.  
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2-1. Introduction 

2-1-1. The studies of aggregates as the cause of the g-band 

In the initial studies, the cause of the g-band was considered to be aggregate or excimer 

emission because as the concentration of fluorene increased, the intensity of the g-band 

increased [1-2]. Additionally, this hypothesis was supported by numerous results showed 

that the g-band could be suppressed by copolymerization with anthracene, by blending of 

PF with different polymers and by introducing functional groups with high glass 

transition temperature (Tg) or bulky functional side chains [3-6]. 

 

 

 

2-1-2. The studies of oxidation as the cause of the g-band 

In the meantime, oxidation of PFs as the cause of the g-band has been also proposed 

and studied. When PFs films were annealed at 200 oC in air and vacuum, only the sample 

annealed in air showed the g-band (Fig. 2-1) [7]. Therefore, it was concluded that the 

cause of the g-band was oxidation of a fluorene unit and formation of a keto-defect. 
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Fig. 2-1 Chemical structure of polyfluorene and photoluminescence spectra of 

polyfluorene neat film with and without annealing in air. [7] 

 

 

In a copolymer of fluorene and fluorenone (species formed by oxidation of fluorene, Fig. 

2-2) increasing fraction of the fluorenone caused direct increase of the intensity of the g-

band [8-13]. This result directly supported the hypothesis of oxidation of fluorene 

monomers at the 9-position as the cause of the g-band. In addition, it was later found that 

the intensity of the g-band also increased by increasing the concentration of this 

copolymer in solution [12]. This observation indicated that a significant contribution to 

the g-band should originate from aggregates or excimers of fluorenone. Later, this 

hypothesis was disputed by a single molecule study which showed that the ratio of the 

blue-to-green emission intensity in individual polymer chains decreased when the 

fraction of fluorenone in the copolymer increased (Fig. 2-3) [13]. 
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The or igin of the low-energy PL and EL peaks

occur r ing after thermal t rea tment of polyfluorenes and
rela ted ladder -type poly(p-phenylene)s has been in ten-
sively invest iga ted and discussed dur ing the past years.
The low-energy emission bands have been most ly a t -
t r ibu ted to aggrega te or excimer format ion in the bulk
mater ia l.1,2 However , more recent studies show (for a
review see ref 3) tha t th is in terpreta t ion of the low-
energy emission bands is quest ionable.
Despite severa l new insights, not a ll observa t ions in

the field are fu lly understood. But there are a couple of
key aspects tha t have to be considered in each in ter -
preta t ion :
1. Any hydrogen subst ituen ts a t the br idge posit ions

(9-posit ion) dramat ica lly decrease the photo- and ther -
mostability. This was shown for example for fluorene
end-capped poly(9,9-dialkylfluorene)s as well as for poly-
(9-a lkylfluorene)s1-4 (see Char t 1). Moreover , the same
observa t ion was made for st ructura lly rela ted, fu lly
planar ized polyphenylene ladder polymers (LPPP vs
MeLPPP).5 This observa t ion is not rela ted to ster ic
effect s (suppression of in termolecula r stacking), since
a lso a simple replacement of -H by -CH3 (LPPP/
MeLPPP) in the presence of other much more bulky
subst ituen ts resu lt s in a dist inct ly improved thermo-
and photostability of dia lkyla ted polyfluorenes and
p-phenylene ladder polymers.
2. Blending of poly(9,9-dia lkylfluorene)s with low

amounts of pola r dopands (e.g., t r ia rylamines)6 or end-
capping with such polar moiet ies7,8 can efficien t ly sup-
press the green emission components.
3. St ructura lly rela ted ladder -type polyphenylene

der iva t ives have been completely “wrapped” with sub-
st ituen ts which should prevent any aggrega t ion (-O-
C10H20-O- loops on both sides of the molecular ladder).
However , the green emission component a t ca . 550 nm
cannot be suppressed in such “wrapped” LPPPs.9
4. Monodisperse oligo(9,9-dia lkylfluorene)s (penta -

and hexamers) did not show any green PL compo-

nents.10 Such molecula r mater ia ls can be carefu lly
pur ified by repea ted chromatographic steps, recrysta l-
liza t ion , or sublimat ion . However , other st ructura lly
rela ted fluorene oligomers displayed weak low-energy
PL components which have been at t r ibuted to defects.14
This may be due to differences in pur ity between the
oligofluorenes.
Some of these findings descr ibed above cannot be

simply expla ined with the existence and format ion of
aggregates or excimers. Now, the paper of Huang et al.15
presen ts a couple of findings with the conclusion tha t
they count as a clear proof for the excimer hypothesis:
1. The occur rence of green PL components after

thermal t rea tment of poly(9,9-dia lkylfluorene)s under
n it rogen a t a hot stage is presen ted as an argument
aga inst oxida t ive degenera t ion processes. For th is,
however , oxygen must be completely excluded (glovebox
condit ions). We have reexamined these exper iments
using rea l iner t condit ions. F igure 1 shows the PL
spect ra of hea t -t rea ted films of a highest qua lity poly-
(9,9-dia lkylfluorene) under dynamic vacuum (pressure
< 1 × 10-4 mbar) as well as a t ambient condit ions.
Essent ia lly no low-energy PL peaks can be observed
after annea ling in a vacuum. Note tha t simultaneous
illumina t ion with ligh t did not a lter the resu lt s. As
depicted in the same figure, the cont rol exper iment
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Chart 1

Figure 1. Photoluminescence of a spin-coa ted poly(9,9-
dia lkylfluorene) film before annea ling (solid line), a fter an-
nea ling a t 200 °C (3 h) under dynamic vacuum, and after
annea ling a t 200 °C (2 h) in a ir ; R (a lkyl) ) 3,7,11-t r imeth-
yldodecyl (for polyfluorene synthesis see ref 4).
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Fig. 2-2 Chemical structure of fluorenone 

 

 

 

 

Fig. 2-3 Absorption and photoluminescence spectra of copolymer of fluorene and 

fluorenone with different ratio of fluorenone. [13] 
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2-1-3. Crosslinking of polyfluorene and g-band 

The above results seem to undoubtably confirm the oxidation and fluorenone 

formation as the causes of the g-band. On the other hand, both soluble and insoluble parts 

were found in a PF film annealed at 200 oC in air, and it was shown that the intensity of 

the g-band in the insoluble part was stronger than that in the soluble part (Fig. 2-4) [14]. 

In IR spectra, the fluorenone C=O absorption of the insoluble part was weaker than that 

of the soluble part, whereas GPC showed that the insoluble part was formed by 

crosslinking between fluorenes. These facts point to an indirect relation between 

oxidation and the g-band. 

 

 

 

 

 

Fig. 2-4 GPC curve of soluble part of polyfluorene film with and without air-annealing. 

[14] 
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Later, fluorene trimers were degraded by UV irradiation in air and analyzed. Although 

oxidation was confirmed by IR spectra, MASS spectra showed that oxidized species other 

than fluorenone were mainly produced (Fig.2-5) [15]. Furthermore, results of measuring 

the relative amount of fluorenone and other oxidized species by IR spectra showed that 

there is no clear correlation between the amount of fluorenone and the intensity of the g-

band [16]. All these results put the hypothesis of oxidation as the cause of the g-band into 

question. In related works, polyfluorenes with crosslinkable functional groups were 

synthesized and crosslinked by UV irradiation and thermal treatment, leading to the 

appearance of the g-band [17-20]. Therefore, crosslinking itself was suggested as an 

important factor for the existence of the g-band, although the mechanism responsible for 

its appearance during the crosslinking process has not been clarified. 

 

 

 

 

Fig. 2-5 (a) Chemical structure of polyfluorene (PF8) and its monomers (F-Br and F-B), 

(b) IR spectra of PF8, F-Br and F-B. [15] 
al.8a and us10b). In this part, we try to change the ratio of
fluorenone and alkyl ketones in PF8 degradation by introducing
different impurities and compare the intensity of low-energy
emission, in order to witness the role of alkyl ketones in the
green emission more clearly. Here we choose 2-bromic-fluorene
(Chart 2, F-Br) and 2-boracic-fluorene (Chart 2, F-B), which
are the end groups of the Suzuki coupling reaction and two of
the main impurities in PF.
FT-IR spectroscopy is used to evaluate the impact of the

photooxidation treatment on the chemical structure of PFs and
the concentration of ketones. Figure 4 compares the FT-IR
spectra of 10 min photodegraded PF8 in air in the presence of
different impurities. The spectra are normalized by negligibly
changed aromatic C-H stretching at 1450 cm-1. The absorption

band at 1720 cm-1 was observed in the degraded films, which
corresponds to the CdO stretch modes.10,17 We have testified
that it is the sum of fluorenone and alkyl ketone (see details in
ref 10 and Supporting Information), although this band is
regarded as the absorption of ketone in fluorenone for a long
time.5 The band at 1608 cm-1, which is very small in pristine
films but emerges in degraded films, is aromatic CdC stretching.
This band only shows a strong absorbance in polar molecules
in IR spectroscopy and is a direct reflection of the concentration
of fluorenone.2e,8a Thus the intensity of the bands at 1720 and
1608 cm-1 reflects the content of total ketonic defects and
fluorenone, respectively. In the presence of different impurities,
the intensity of the band at 1720 cm-1 is very similar in the
films of PF8 and PF8/F-Br, while that in PF8/F-B is lower.

Figure 2. (a) PL spectra of PF8 cast films with FO as a function of the contents of FO. (b) PL spectra in the same condition as (a) except with
RO (10 wt % PF8) added to each solution of the cast films. (c) Relative intensity of low-energy emission as a function of the contents of FO in
the absence and presence of RO. Normalized by 0-1 emission band and excited at 360 nm.

Figure 3. PL spectra of PF8 cast films with FO and RO as a function
of the ratio of FO and RO. The sum of FO and RO is 40%.

Figure 4. FT-IR spectra of 10 min photodegraded PF8 in air in the
presence of different impurities (10 wt % PF8).
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content, which unambiguously determines that the species in
the green spectral region of polyfluorene emission is the on-
chain fluorenone.7
Although great efforts have been made in the investigation

of the relationships that exist between the ketone defect
formation in polymer chains and the resulting luminescence
properties, the understanding of these interrelated properties is
still debatable.
(a) Sims et al. reported that the intensity of the low-energy

emission decreases with the exposure time in deep photodeg-
radation, which means the decrease of the low-energy emission
with the increase of the fluorenone contents, clearly incompatible
with the results from bialkylfluorene/fluorenone copolymers.
In order to explain this, a new hypothesis is claimed that
fluorenone formation is a necessary but not sufficient condition
for the appearance of the low-energy band, and additional
interchain interactions are required for the appearance of the
low-energy band (e.g., fluorenone excimers).8a
(b) Chochos et al. also reported the incompatibility of the

concentration of fluorenone and the low-energy emission in a
series of rod-coil block copolymers with terfluorene, which
attribute color instability to the aggregate and/or excimer
formation, too.8b
(c) Chen et al. reported that un-end-capped polyfluorene with

2-bromofluorene end groups shows strong green emission in
the electroluminescence, while the end-capped ones show blue
emission. Thus, they assigned the origin of green emission to
the aggregates of the end groups.8c
However, the results from model compounds and theory

methods are incompatible with above reports.
(d) Becker et al. reported the emission properties of an

orbicular compound with a bifacial arrangement of two fluo-
renone units, which show that the green emission is from single
molecule emission.9a
(e) Marcon et al. investigated the possibility of having two

fluorene units parallel and close to each other as a model of a
ground-state precursor of an excimer. Their simulations show
that this configuration is sterically and energetically unfavorable
so that formation of an excimer following optical excitation
appears to be unlikely.9b In a word, it is difficult to explain
some phenomena in the degradation of PFs by either fluorenone
defect or aggregation/excimer emission.
In earlier research on the thermal degradation and photodeg-

radation of fluorene-based compounds, we have reported that
the kinetics of oxidation is an autocatalytic radical-chain process
leading to emissive fluorenone and nonemissive alkyl ketones
(Chart 1, D2).10 Especially the concentration of alkyl ketones
would be much higher than that of fluorenone during the
degradation of polyfluorene, which is observed from MALDI-
TOF mass spectra and estimated by the autocatalytic radical-
chain reaction (see in detail in ref 10c and Supporting
Information), although it is difficult to determine the exact
contents. Because the influence of alkyl ketones, which would
be an effective nonemissive quencher, was not considered in
previous discussion of PF degradation, we try to investigate the
emission properties of PFs in the presence of both fluorenone
and nonemissive quenchers. To our surprise, the emission
behavior in PF/nonemissive quencher/fluorenone blends is
coincident with the observations in the degradation of PF very
well. In this paper we focus on the following three points: (a)
optical properties of alkyl ketonic fluorene; (b) emission
behavior of PF/nonemissive quencher/fluorenone blends; (c) the
explanation of degradation behavior of PFs by the effect of a
nonemissive quencher.

Experimental Section

UV-vis and fluorescence spectra were obtained on a Shi-
madzu UV-3100 spectrophotometer and a Shimadzu RF-5301PC
spectrophotometer, respectively. The quantum yields were
calculated using the dilute solutions method11 and are referred
to fluorene (! ) 1). IR spectra were recorded from 4000 to
800 cm-1 on a Bruker IFS-66V FT-IR spectrophotometer with
a mid-IR (MIR) Globar source. The interferograms were
recorded 32 times at a resolution of 4 cm-1. The press mercury
arc light source used for photodegradation was 125 W. Samples
were dissolved in toluene. To ensure good molecular dispersion
within the films, all the mixtures were stirred and cast onto the
substrate at about 50 °C. For the UV and photoluminescence
(PL) measurements, samples were cast onto a quartz substrate
in order to keep the ratio of PF8 and guests exactly. Samples
for FT-IR spectra were cast onto a KBr disk. We have tried
our best to make sure that every film undergoes the same
conditions.
PF8 was purchased from American Dye Sources (ADS329BE).

The details of the synthesis and characterization of fluorene
monomers have been reported in ref 12. 1-(4-Bromophenyl)-
ethanone (RO) was purchased from Aldrich and used without
further purification.
Synthesis of 1-(9H-Fluoren-9-yl)propan-2-one (F-1RO).

The synthesis method of bromoacetone was found at www.org-
syn.org. F-1RO is synthesized by a phase-transfer method from
fluorene and bromoacetone. Pure product is obtained after
purification with column chromatography using CH2Cl2 as the
eluent and recrystallization from ether to afford a white solid
(yield 10%). 1H NMR (500 MHz, 25 ˚C, CDCl3, TMS, ppm):
δ ) 7.75 (d, J (HH) ) 7.3 Hz, 2H; Ar-H), 7.46 (d, J (HH) )
7.3 Hz, 2H; Ar-H), 7.36 (t, J (HH) ) 7.9 Hz, 2H; Ar-H),
7.28 (t, J (HH) ) 7.9 Hz, 2 H; Ar-H), 4.53 (t, J (HH) ) 6.7
Hz, 1 H; 9-H), 2.93 (d, J (HH) ) 6.7 Hz, 2H; CH2), 2.20 (s,
3H; CH3). GC-MS (m/z): 222.

Results and Discussion

Optical Properties of Alkyl Ketonic Fluorene. Alkyl
ketonic fluorenes (Chart 1, D2) are important products in the
degradation of polyfluorene.10 In order to discuss their proper-
ties, we synthesized a model compound of alkyl ketonic
fluorene, 9-monoacetone fluorene (Chart 2, F-1RO); 9-monoalky-

CHART 2: Molecular Structures of PF8, F-1R, F-1RO,
RO, FO, F-Br and F-B
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content, which unambiguously determines that the species in
the green spectral region of polyfluorene emission is the on-
chain fluorenone.7
Although great efforts have been made in the investigation

of the relationships that exist between the ketone defect
formation in polymer chains and the resulting luminescence
properties, the understanding of these interrelated properties is
still debatable.
(a) Sims et al. reported that the intensity of the low-energy

emission decreases with the exposure time in deep photodeg-
radation, which means the decrease of the low-energy emission
with the increase of the fluorenone contents, clearly incompatible
with the results from bialkylfluorene/fluorenone copolymers.
In order to explain this, a new hypothesis is claimed that
fluorenone formation is a necessary but not sufficient condition
for the appearance of the low-energy band, and additional
interchain interactions are required for the appearance of the
low-energy band (e.g., fluorenone excimers).8a
(b) Chochos et al. also reported the incompatibility of the

concentration of fluorenone and the low-energy emission in a
series of rod-coil block copolymers with terfluorene, which
attribute color instability to the aggregate and/or excimer
formation, too.8b
(c) Chen et al. reported that un-end-capped polyfluorene with

2-bromofluorene end groups shows strong green emission in
the electroluminescence, while the end-capped ones show blue
emission. Thus, they assigned the origin of green emission to
the aggregates of the end groups.8c
However, the results from model compounds and theory

methods are incompatible with above reports.
(d) Becker et al. reported the emission properties of an

orbicular compound with a bifacial arrangement of two fluo-
renone units, which show that the green emission is from single
molecule emission.9a
(e) Marcon et al. investigated the possibility of having two

fluorene units parallel and close to each other as a model of a
ground-state precursor of an excimer. Their simulations show
that this configuration is sterically and energetically unfavorable
so that formation of an excimer following optical excitation
appears to be unlikely.9b In a word, it is difficult to explain
some phenomena in the degradation of PFs by either fluorenone
defect or aggregation/excimer emission.
In earlier research on the thermal degradation and photodeg-

radation of fluorene-based compounds, we have reported that
the kinetics of oxidation is an autocatalytic radical-chain process
leading to emissive fluorenone and nonemissive alkyl ketones
(Chart 1, D2).10 Especially the concentration of alkyl ketones
would be much higher than that of fluorenone during the
degradation of polyfluorene, which is observed from MALDI-
TOF mass spectra and estimated by the autocatalytic radical-
chain reaction (see in detail in ref 10c and Supporting
Information), although it is difficult to determine the exact
contents. Because the influence of alkyl ketones, which would
be an effective nonemissive quencher, was not considered in
previous discussion of PF degradation, we try to investigate the
emission properties of PFs in the presence of both fluorenone
and nonemissive quenchers. To our surprise, the emission
behavior in PF/nonemissive quencher/fluorenone blends is
coincident with the observations in the degradation of PF very
well. In this paper we focus on the following three points: (a)
optical properties of alkyl ketonic fluorene; (b) emission
behavior of PF/nonemissive quencher/fluorenone blends; (c) the
explanation of degradation behavior of PFs by the effect of a
nonemissive quencher.

Experimental Section

UV-vis and fluorescence spectra were obtained on a Shi-
madzu UV-3100 spectrophotometer and a Shimadzu RF-5301PC
spectrophotometer, respectively. The quantum yields were
calculated using the dilute solutions method11 and are referred
to fluorene (! ) 1). IR spectra were recorded from 4000 to
800 cm-1 on a Bruker IFS-66V FT-IR spectrophotometer with
a mid-IR (MIR) Globar source. The interferograms were
recorded 32 times at a resolution of 4 cm-1. The press mercury
arc light source used for photodegradation was 125 W. Samples
were dissolved in toluene. To ensure good molecular dispersion
within the films, all the mixtures were stirred and cast onto the
substrate at about 50 °C. For the UV and photoluminescence
(PL) measurements, samples were cast onto a quartz substrate
in order to keep the ratio of PF8 and guests exactly. Samples
for FT-IR spectra were cast onto a KBr disk. We have tried
our best to make sure that every film undergoes the same
conditions.
PF8 was purchased from American Dye Sources (ADS329BE).

The details of the synthesis and characterization of fluorene
monomers have been reported in ref 12. 1-(4-Bromophenyl)-
ethanone (RO) was purchased from Aldrich and used without
further purification.
Synthesis of 1-(9H-Fluoren-9-yl)propan-2-one (F-1RO).

The synthesis method of bromoacetone was found at www.org-
syn.org. F-1RO is synthesized by a phase-transfer method from
fluorene and bromoacetone. Pure product is obtained after
purification with column chromatography using CH2Cl2 as the
eluent and recrystallization from ether to afford a white solid
(yield 10%). 1H NMR (500 MHz, 25 ˚C, CDCl3, TMS, ppm):
δ ) 7.75 (d, J (HH) ) 7.3 Hz, 2H; Ar-H), 7.46 (d, J (HH) )
7.3 Hz, 2H; Ar-H), 7.36 (t, J (HH) ) 7.9 Hz, 2H; Ar-H),
7.28 (t, J (HH) ) 7.9 Hz, 2 H; Ar-H), 4.53 (t, J (HH) ) 6.7
Hz, 1 H; 9-H), 2.93 (d, J (HH) ) 6.7 Hz, 2H; CH2), 2.20 (s,
3H; CH3). GC-MS (m/z): 222.

Results and Discussion

Optical Properties of Alkyl Ketonic Fluorene. Alkyl
ketonic fluorenes (Chart 1, D2) are important products in the
degradation of polyfluorene.10 In order to discuss their proper-
ties, we synthesized a model compound of alkyl ketonic
fluorene, 9-monoacetone fluorene (Chart 2, F-1RO); 9-monoalky-

CHART 2: Molecular Structures of PF8, F-1R, F-1RO,
RO, FO, F-Br and F-B

10640 J. Phys. Chem. B, Vol. 111, No. 36, 2007 Liu et al.

(a)

(b)
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2-1-4. Recent studies of the g-band 

Recently, several studies have continued contributing to the discussion of the g-band 

origin. Stability of the blue emission in PF was improved, e.g., by copolymerization with 

fluorinated phenylene units which caused an increase in the oxidation potential of the 

copolymer [21], by doping into wide-bandgap conducting [22] or inert matrices which 

were suggested to dilute trap states and the associated green emission [23], or by 

wrapping individual PF chains around single-walled carbon nanotubes [24]. Although 

suppression of the g-band emission in these studies was explained as a result of inhibited 

oxidation, most of the results could be equally well explained by suppressed formation of 

aggregates or excimers. Such mechanism was also confirmed by further exploring steric 

hindrance effects of bulky group sidechains [25-26]. 

 

 

 

2-1-5. Single molecule studies about the g-band 

In most of the above studies, only averaged values of physical observables have been 

obtained in measurements of bulk polymeric samples. The technique of single molecule 

spectroscopy (SMS) has the advantage that it can measure fluorescence from individual 

molecules or polymer chains, and thus provide information on spatial and temporal 

heterogeneity with respect to different conditions and environments [27-32]. Besides that, 

it is possible to measure the dynamics of photophysical properties of single chains and 

deduce the character of excited states and optical transitions from the time-changing 

fluorescence spectra and intensity. PFs have been studied using the SMS technique before 

[33-36], and evidence was presented both for the presence [35] and absence [33] of the 

g-band as a result of oxidation. We have also previously carried out a PL and 

electroluminescence (EL) single-molecule study of a PF derivative, and found a variety 

of spectral shapes and presence of large and reversible spectral jumps that were 

inconsistent with the explanation of an oxidation-induced trap state [36]. 
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2-1-6. Objective and strategies 

All of the previous works mentioned above point to a conclusion that the origin of the 

g-band is still an open question, and that probably a few different mechanisms may be 

responsible to a different extent for its appearance. Motivated by this situation, we 

performed a single-molecule and ensemble study of the prototypical PF conjugated 

polymer, poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO). As a strategy, we compare the 

fluorescence properties of single PFO chains in different environments. Polystyrene (PS) 

and poly(methyl methacrylate) (PMMA) are used as good and poor solvent matrices for 

PFO, respectively, to distinguish the effect of aggregation. PS film and an 8 wt% PS 

toluene solution are used to simulate environments with different oxygen permeability 

and diffusions. To directly compare the same PF chains in different environments, we 

measure single PF chains adsorbed on a substrate and immersed in poor solvent of hexane, 

then dried and re-immersed in good solvent of toluene. The conformational states of the 

toluene-prepared individual chains were checked by high-resolution atomic force 

microscopy (AFM). These single-molecule studies were subsequently complemented by 

ensemble measurements of bulk-concentration PF dispersed in PMMA films. Spectrally-

resolved PL quantum efficiency, PL lifetimes and temperature-dependent absorption 

spectra provided the basic photophysical characteristics of the blue and green emission 

states. Together with the single-molecule results, the current study pointed to intra-chain 

H-type aggregates or charge-transfer states as the origin of the g-band emission under the 

conditions studied.  
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2-2. Experimental section 

2-2-1. Materials 

PFO used here was purchased from Aldrich (Mn 23566 g/mol, polydispersity index 

PDI 3.45). Polystyrene (PS, Mn 106751 g/mol, PDI 2.45) and poly(methyl methacrylate) 

(PMMA, Mn 100493 g/mol, PDI 1.72) used as matrices were purchased from Aldrich. All 

materials were used as received. 

 

 

 

2-2-2. Sample preparation 

Thin film for fluorescence microscopy measurements were prepared on quartz 

substrate by spin-coating at 3000 rpm for 30 s from 150 µL of 1 wt% matrix polymers 

solution in toluene containing PFO (at concentrations of 10-6 to 10-9 M and 10-12 M). Thin 

films of the concentration at 10-4 – 10-7 M were used for bulk samples and 10-10 M for 

single molecule experiment. The solution samples used for single molecule study were 

prepared by dropping 10µL PFO (10-11 M) in solution (of 8 wt% PS solution or toluene 

or cyclohexane) onto quartz substrate and then sandwiching with another substrate. 

Samples of PFO dispersed directly on substrate for single-chain fluorescence microscopy 

and AFM measurements were fabricated by spin-coating at 3000 rpm for 30 s from 150 

µL of 10-9 M PFO toluene solution onto quartz or mica substrate. Thick solid films used 

for lifetime and quantum yield measurements were prepared by dropping 10 mL of 10 

wt % PMMA in toluene solution containing PFO at different concentrations of 10-5 M – 

10-7 M onto a Petri dish followed by drying for a week and peeling off, resulting in free-

standing films with PFO concentrations of 10-4 and 10-6 M. 
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2-2-3. PL microscopy setup 

Fluorescence from bulk thin films and the sample for single chains experiment was 

measured using an inverted microscope (IX 71, Olympus). The excitation was provided 

by a continuous wave laser (UV-FN-360, 100 mW, CNI) at 360 nm. Fluorescence from 

the sample was collected by an oil immersion objective lens (UplanFLN 100×, N.A. 1.3, 

Olympus). Reflected excitation light was cut by passing through a dichroic mirror (Dichro 

375, Chroma) and a long-pass filter (LP 377, Edmund). The signal was detected by an 

electron-multiplying (EM) CCD camera (iXon, Andor Technology) with an exposure 

time of 30 ms. An imaging spectrograph (CLP- 50LD, Bunkou Keiki) was attached to 

CCD camera to measure fluorescence spectrum. For the measurement of bulk sample, the 

excitation power was 1−6 W/cm2 and EM gain was ranging between 0 and 1000. For the 

single-chain experiments, the excitation power was 6 W/cm2 and EM gain was 1000. 

 

 

 

2-2-4. Atomic force microscopy 

Conformations of PFO single chains placed on mica substrate were directly measured 

using an AFM (Cypher, Asylum Research) in tapping mode. The cantilever was PPP-

NCHAuD (Nanosensors). 

 

 

 

2-2-5. Bulk sample characterization 

PL quantum yield was measured using an absolute luminescence quantum yield 

measurement system (C9920-02G, Hamamatsu Photonics). PL lifetime was measured 

using a compact fluorescence spectrometer (Quantaurus-Tau C11367-24, Hamamatsu 

Photonics). 
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2-3. Results and Discussion 

2-3-1. Fluorescence spectra of bulk PFO samples 

Conformation and photophysical properties of light emitting polymers have been 

known to depend critically on the matrices in which they are dispersed [29, 34, 35]. In 

this study, we attempt to control the conformation of the polymer using appropriate 

matrices that differ in solubility and dielectric constants. We used PS as a good-solvent 

matrix and PMMA as a poor-solvent matrix and expect, accordingly, that the PFO chains 

would take more extended conformations in PS and more compact conformations in 

PMMA. To confirm this assumption, we measured fluorescence spectra of bulk PFO in 

PS and PMMA thin firms at different concentrations ranging from 10-4 to 10-7 M (Fig. 2-

6). The fluorescence spectra show a dominant blue band, similar to the PL spectra in 

toluene solution (Fig. 2-15 shown in appendix). For the fluorescence spectra in PMMA 

(Fig. 2-6a), the intensity of the g-band between 500 and 600 nm of the 10-4 M 

concentration sample is stronger than that of the lower concentration samples. We further 

use the ratio of the intensity of green emission at 540 nm (approximately center of the g-

band) and that of the blue emission peak I540nm / Iblue as an indicator of the g-band intensity. 

The Iblue value is taken directly as the PL intensity maximum at the PL peak position, 

which itself slightly changes with concentration and therefore is not defined at a specific 

wavelength. The value of I540nm/Iblue of PFO 10−4 M concentration in PMMA was 0.30. 

For concentrations lower than 10−5 M, the I540nm/Iblue ratio drops to about 0.20 and does 

not depend on the concentration value. This result indicates the presence of both intra- 

and intermolecular interactions in the 10-4 M sample and only intramolecular interactions 

in the 10-5−10-7 M samples. In PS, on the other hand, the I540nm/Iblue ratio of the 10-4 M 

sample was 0.17 and that of the 10-5−10-7 M samples was about 0.10. These overall 

smaller values of the I540nm/Iblue ratio in PS indicate that PFO does take more extended 

conformations in PS that lead to a decrease in both types of interactions. 
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Fig. 2-6 PL spectra of PFO dispersed at different concentrations in solid thin-film polymer 

matrices of (a) PMMA and (b) PS. Excitation wavelength was 360 nm. 

 

 

 

2-3-2. Fluorescence properties of single PFO chains in polymer films and 

in solutions 

In this section, by comparing the photophysical properties of single PFO chains in 

good-solvent PS films to those in poor-solvent PMMA films, in solid PS to those in PS 

solution, and in poor solvent of hexane to those in good solvent of toluene, we examine 

the effect of aggregation as well as the effect of oxygen diffusion on the appearance of 

the g-band. To get insight on the conformation of single PFO chains in PS, we measured 

time change of PL intensity and the result is shown in Fig. 2-7a. The PL intensity is 

continuously decreasing due to photobleaching over the measurement interval of 50 s. It 

has been reported that the photobleaching and blinking behavior of single-conjugated 

polymer chains are dependent on the chain conformation [27, 40]. Polymer chain with 

extended conformation generally do not show blinking because the emission proceeds 

independently from multiple-conjugated segments, whereas chains with compact 

conformation typically undergo two- or multiple-state blinking because of efficient 

energy transfer to and emission from one or limited number of conjugated segments. The 

time trace in Figure 2-7a indicates that single PFO chains in PS take extended 

conformation, as expected for a good-solvent matrix. PL spectra of individual PFO chains 

show both blue and green emission spectral bands, as seen in Figure 2-7b. The spectra 
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were fitted with a sum of Gaussian functions, and a histogram of the 0−0 emission peak 

wavelengths is shown in Figure 2-7c. The single PFO chains emit mostly blue emission 

and the fraction of molecules exhibiting the g-band (Rg-band) was 0.27 (that is, 27% of 

PFO molecules showed the green emission). The distribution of the green emission peaks 

is broader than that of the blue emission. The blue emission bands are narrower with a 

vibronic structure (spectra 1 and 2 in Figure 2-7b) and are attributed to π-π* transitions 

[41]. We note that the spectral shapes of the blue-band spectra 1 and 2 in Figure 2-7b are 

different. Although the spectrum 2 resembles typical glassy state of PFO, the spectrum 1 

indicates a minute contribution of a well-defined extended β-phase conformational state 

[42]. The green emission bands are generally broader and 38% of them (6 out of 16) also 

show a vibronic structure (spectrum 4 in Figure 2-7b). In the histogram in Figure 2-7c, 

the vibronic structure spectra are plotted in red color and are located around 500 nm, 

whereas the remaining structureless bands (such as spectrum 3 in Figure 2-7b) plotted in 

white color are more red-shifted and are located between 500 and 550 nm. The two 

different spectral types and spectral locations of the g-bands point to a possibility that 

more than one light-emitting species contribute to the emission in the area of the g-band. 

Finally, an example of time evolution of the emission spectra is shown in Figure 2d as a 

two-dimensional (2D) spectral plot. Of the 16 molecules that show green emission, 88% 

(14 molecules) undergo reversible and complete spectral changes between blue and green 

emission as shown in Fig. 2-7d. For the remaining two molecules, the spectral change is 

irreversible, i.e., although the spectrum shifted from blue to green, the reverse from green 

to blue has not happened during the measurement interval. 
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Fig. 2-7 PL properties of single PFO molecules in PS. (a) Time trace of PL intensity. (b) 

Representative PL spectra. (c) Histogram of 0−0 peak wavelengths of PL spectra, 

separated into blue emission (gray bars), vibronic green emission (red bars), and 

structureless green emission (white bars); the inset shows detail of the g-band distribution. 

(d) Two-dimensional (2D) plot of a time change of a PL spectrum from one PFO chain. 

 

 

 

In the poor-solvent matrix of PMMA, we can expect that PFO chains take more 

compact conformations. This is confirmed by measuring the PL intensity traces, which 

show blinking behavior, such as the one in Fig. 2-8a. The blinking is a result of efficient 

funneling of energy absorbed over the whole chain into one or a few conjugated segments, 

which function as energy emitters. This concept, introduced in the early works of the 

Barbara group [27], can explain the blinking as a reversible photochemical reaction 

occurring on these low-energy acceptors. The efficient funneling is a consequence of the 

compact chain conformation and the resulting close proximity of nearby conjugated 

segments. PL spectra of single PFO chains show again both blue and green emission 

bands, as seen in Fig. 2-8b. A histogram of 0−0 emission peak wavelengths (Fig. 2-8c) 

microscope (IX 71, Olympus). The excitation light of 360 nm
was provided by a continuous wave laser (UV-FN-360, 100
mW, CNI). PL from the sample was collected by an oil
immersion objective lens (UplanFLN 100×, N.A. 1.3,
Olympus) and passed through a dichroic mirror (Dichro 375,
Chroma) and a long-pass filter (LP 377, Edmund). The signal
was further passed through an imaging spectrograph (CLP-
50LD, Bunkou Keiki) and detected by an electron-multiplying
(EM) CCD camera (iXon, Andor Technology) with an
exposure time of 30 ms. In the case of bulk samples, the
excitation power was 1−6 W/cm2 and EM gain was ranging
between 0 and 1000. In the case of single-chain experiments,
the excitation power was 6 W/cm2 and EM gain was 1000.
2.3. Atomic Force Microscopy. Conformations of PFO

single chains on mica substrate were measured using an AFM
(Cypher, Asylum Research) in tapping mode. The cantilever
used was PPP-NCHAuD (Nanosensors).
2.4. Bulk Sample Characterization. PL quantum yield

was determined using an absolute luminescence quantum yield
measurement system (C9920-02G, Hamamatsu Photonics). PL

lifetime was measured using a compact fluorescence spec-
trometer (Quantaurus-Tau C11367-24, Hamamatsu Pho-
tonics).

3. RESULTS AND DISCUSSION
3.1. PL Spectra of PFO in PS and PMMA on Ensemble

Level. Conformation and photophysical properties of light-
emitting polymers have been known to depend critically on the
matrices in which they are dispersed.32,37,38 In this study, we
attempt to control the conformation of the polymer using
appropriate matrices that differ in solubility and dielectric
constants. We used PS as a good-solvent matrix and PMMA as
a poor-solvent matrix and expect, accordingly, that the PFO
chains would take more extended conformations in PS and
more compact conformations in PMMA. To confirm this
assumption, we measured PL spectra of PFO dispersed in PS
and PMMA thin films at different concentrations ranging
between 10−4 and 10−7 M, as shown in Figure 1. The spectra
show a dominant blue band, similar to the PL spectra in
toluene solution (Figure S1). For the PL spectra in PMMA

Figure 1. PL spectra of PFO dispersed at different concentrations in solid thin-film polymer matrices of (a) PMMA and (b) PS. Excitation
wavelength was 360 nm.

Figure 2. PL properties of single PFO molecules in PS. (a) Time trace of PL intensity. (b) Representative PL spectra. (c) Histogram of 0−0 peak
wavelengths of PL spectra, separated into blue emission (gray bars), vibronic green emission (red bars), and structureless green emission (white
bars); the inset shows detail of the g-band distribution. (d) Two-dimensional (2D) plot of a time change of a PL spectrum from one PFO chain.
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indicated that 58% of the PFO molecules showed the green emission band (Rg-band = 0.58), 

about twice a fraction compared to that in PS. This observation suggests that the 

appearance of the g-band is related to the chain conformation and possibly to intrachain 

aggregation. The blue emission bands (spectra 1 and 2 in Fig. 2-8b) have vibronic 

structure similar to that in PS, with the spectrum 1 indicating a presence of a small amount 

of β phase conformation [42]. Of the 35 molecules emitting in the green spectral rejoin, 

43 % (15 molecules) show a vibronic structure (spectrum 3 in Fig. 2-8b). Similar to the 

PS matrix, most of these molecules are located around 500 nm (plotted in red in the 

histogram in Fig. 2-8c). The remaining molecules showing a structureless g-band 

(spectrum 4 in Fig. 2-8b) are spread between 500 and 600 nm. The results of time changes 

of PL spectra are similar to those in PS. Both stable blue emission and reversible green 

emission were observed. Of the 35 molecules showing the g-band, 80% (28 molecules) 

exhibit reversible blue−green−blue spectral changes, 11% (4 molecules) irreversible blue-

green changes, and 9 % (3 molecules) show stable green emission. 
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Fig. 2-8 PL properties of single PFO molecules in PMMA. (a) Time trace of PL intensity. 

(b) Representative PL spectra. (c) Histogram of 0−0 peak wavelengths of PL spectra, 

separated into blue emission (gray bars), vibronic green emission (red bars), and 

structureless green emission (white bars); the inset shows detail of the g-band distribution. 

(d) Two-dimensional (2D) plot of a time change of a PL spectrum from one PFO chain. 

 

 

 

Because the good-solvent PS matrix provides environment for extended 

conformations resulting in lower fraction of g- band emission, it is also a suitable choice 

for the investigation of the effect of oxygen diffusion and of oxidation on the appearance 

of the g-band. For that purpose, we compare the above photophysical properties of PFO 

in solid PS film to those obtained in 8 wt % toluene solution of PS. All experiments are 

carried out under ambient conditions, under which the PS toluene solution is much more 

permeable to diffusing oxygen. In the solution, single PFO chains (immobilized by 

adsorption on the quartz surface) show both blue and green emission bands. However, the 

blue emission is prevalent as only 6% (three molecules, Rg-band = 0.06) of PFO are located 

in the green emission region (see histogram in Fig. 2-9a). Similar to the solid films, the 

(Figure 1a), the intensity of the g-band between 500 and 600
nm of the 10−4 M concentration sample is stronger than that of
the lower concentration samples. We further use the ratio of
the intensity of green emission at 540 nm (approximately
center of the g-band) and that of the blue emission peak I540nm/
Iblue as an indicator of the g-band intensity. The Iblue value is
taken directly as the PL intensity maximum at the PL peak
position, which itself slightly changes with concentration and
therefore is not defined at a specific wavelength. The value of
I540nm/Iblue of PFO 10−4 M concentration in PMMA was 0.30.
For concentrations lower than 10−5 M, the I540nm/Iblue ratio
drops to about 0.20 and does not depend on the concentration
value. This result indicates the presence of both intra- and
intermolecular interactions in the 10−4 M sample and only
intramolecular interactions in the 10−5−10−7 M samples. In PS,
on the other hand, the I540nm/Iblue ratio of the 10−4 M sample
was 0.17 and that of the 10−5−10−7 M samples about 0.10.
These overall smaller values of the I540nm/Iblue ratio in PS
indicate that PFO does take more extended conformations in
PS that lead to a decrease in both types of interactions.
3.2. PL Properties of Single PFO Chains in Solid

Matrices and in Solutions. In this section, by comparing the
photophysical properties of single PFO chains in good-solvent
PS films to those in poor-solvent PMMA films, in solid PS to
those in PS solution, and in poor solvent of hexane to those in
good solvent of toluene, we examine the effect of aggregation as
well as the effect of oxygen diffusion on the appearance of the
g-band. To get insight on the conformation of single PFO
chains in PS, we measured time change of PL intensity and the
result is shown in Figure 2a. The PL intensity is continuously
decreasing due to photobleaching over the measurement
interval of 50 s. It has been reported that the photobleaching
and blinking behavior of single-conjugated polymer chains are
dependent on the chain conformation.30,43 Polymer chains with
extended conformation generally do not show blinking because

the emission proceeds independently from multiple-conjugated
segments, whereas chains with compact conformation typically
undergo two- or multiple-state blinking because of efficient
energy transfer to and emission from one or limited number of
conjugated segments. The time trace in Figure 2a indicates that
single PFO chains in PS take extended conformation, as
expected for a good-solvent matrix. PL spectra of individual
PFO chains show both blue and green emission spectral bands,
as seen in Figure 2b. The spectra were fitted with a sum of
Gaussian functions, and a histogram of the 0−0 emission peak
wavelengths is shown in Figure 2c. The single PFO chains emit
mostly blue emission and the fraction of molecules exhibiting
the g-band (Rg‑band) was 0.27 (that is, 27% of PFO molecules
showed the green emission). The distribution of the green
emission peaks is broader than that of the blue emission. The
blue emission bands are narrower with a vibronic structure
(spectra 1 and 2 in Figure 2b) and are attributed to π−π*
transitions.44 We note that the spectral shapes of the blue-band
spectra 1 and 2 in Figure 2b are different. Although the
spectrum 2 resembles typical glassy state of PFO, the spectrum
1 indicates a minute contribution of a well-defined extended β-
phase conformational state.45 The green emission bands are
generally broader and 38% of them (6 out of 16) also show a
vibronic structure (spectrum 4 in Figure 2b). In the histogram
in Figure 2c, the vibronic structure spectra are plotted in red
color and are located around 500 nm, whereas the remaining
structureless bands (such as spectrum 3 in Figure 2b) plotted in
white color are more red-shifted and are located between 500
and 550 nm. The two different spectral types and spectral
locations of the g-bands point to a possibility that more than
one light-emitting species contribute to the emission in the area
of the g-band. Finally, an example of time evolution of the
emission spectra is shown in Figure 2d as a two-dimensional
(2D) spectral plot. Of the 16 molecules that show green
emission, 88% (14 molecules) undergo reversible and complete

Figure 3. PL properties of single PFO molecules in PMMA. (a) Time trace of PL intensity. (b) Representative PL spectra. (c) Histogram of 0−0
peak wavelengths of PL spectra, separated into blue emission (gray bars), vibronic green emission (red bars), and structureless green emission (white
bars); the inset shows detail of the g-band distribution. (d) Two-dimensional (2D) plot of a time change of a PL spectrum from one PFO chain.
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blue emission bands have vibronic structure (Fig. 2-9b, top and middle). All of the green 

emission is broad and structureless (Fig. 2-9b, bottom) and shows reversible spectral 

changes, as seen in the example in Fig. 2-9c. The insensitivity of the g-band to the 

increased presence of oxygen indicates that in this system photo-oxidation does not affect 

the g-band appearance and that conformational freedom of the PFO chains allowed by 

the good-solvent solution environment has a more prominent effect by further minimizing 

intra- molecular interactions and the possible aggregation effects. 

 

 

 
Fig. 2-9 PL properties of single PFO molecules adsorbed on quartz surface and immersed 

in 8 wt % toluene solution of PS. (a) Histogram of 0−0 peak wavelength of PL spectra. 

(b) Typical PL spectra of blue emission (top and middle) and of g-band (bottom). (c) Two-

dimensional (2D) plot of a time change of a PL spectrum from one PFO chain. 

 

 

 

 

 

spectral changes between blue and green emission bands, such
as the one shown in Figure 2d. For the remaining two
molecules, the spectral change is irreversible, i.e., although the
spectrum shifted from blue to green, the reverse from green to
blue has not happened during the measurement interval.
In the poor-solvent matrix of PMMA, we can expect that

PFO chains take more compact conformations. This is
confirmed by measuring the PL intensity traces, which show
blinking behavior, such as the one in Figure 3a. The blinking is
a result of efficient funneling of energy absorbed over the whole
chain into one or a few conjugated segments, which function as
energy emitters. This concept, introduced in the early works of
the Barbara group,30 can explain the blinking as a reversible
photochemical reaction occurring on these low-energy accept-
ors. The efficient funneling is a consequence of the compact
chain conformation and the resulting close proximity of nearby
conjugated segments. PL spectra of single PFO chains show
again both blue and green emission bands, as seen in Figure 3b.
A histogram of 0−0 emission peak wavelengths (Figure 3c)
indicated that 58% of the PFO molecules showed the green
emission band (Rg‑band = 0.58), about twice a fraction compared
to that in PS. This observation suggests that the appearance of
the g-band is related to the chain conformation and possibly to
intrachain aggregation. The blue emission bands (spectra 1 and
2 in Figure 3b) have vibronic structure similar to that in PS,
with the spectrum 1 indicating a presence of a small amount of
β-phase conformation.45 Of the 35 molecules emitting in the
green spectral region, 43% (15 molecules) show a vibronic
structure (spectrum 3 in Figure 3b). Similar to the PS matrix,
most of these molecules are located around 500 nm (plotted in
red in the histogram in Figure 3c). The remaining molecules
showing a structureless g-band (spectrum 4 in Figure 3b) are
spread between 500 and 600 nm. The results of time changes of
PL spectra are similar to those in PS. Both stable blue emission
and reversible green emission were observed. Of the 35
molecules showing the g-band, 80% (28 molecules) exhibit
reversible blue−green−blue spectral changes, 11% (4 mole-

cules) irreversible blue−green changes, and 9% (3 molecules)
show stable green emission.
Because the good-solvent PS matrix provides environment

for extended conformations resulting in lower fraction of g-
band emission, it is also a suitable choice for the investigation of
the effect of oxygen diffusion and of oxidation on the
appearance of the g-band. For that purpose, we compare the
above photophysical properties of PFO in solid PS film to those
obtained in 8 wt % toluene solution of PS. All experiments are
carried out under ambient conditions, under which the PS
toluene solution is much more permeable to diffusing oxygen.
In the solution, single PFO chains (immobilized by adsorption
on the quartz surface) show both blue and green emission
bands. However, the blue emission is prevalent as only 6%
(three molecules, Rg‑band = 0.06) of PFO are located in the
green emission region (see histogram in Figure 4a). Similar to
the solid films, the blue emission bands have vibronic structure
(Figure 4b, top and middle). All of the green emission is broad
and structureless (Figure 4b, bottom) and shows reversible
spectral changes, as seen in the example in Figure 4c. The
insensitivity of the g-band to the increased presence of oxygen
indicates that in this system photo-oxidation does not affect the
g-band appearance and that conformational freedom of the
PFO chains allowed by the good-solvent solution environment
has a more prominent effect by further minimizing intra-
molecular interactions and the possible aggregation effects.
As indicated by the above observations, conformation of

isolated PFO chains is the dominant factor related to the
appearance of the g-band. In the following, we attempted to
directly observe photophysical changes caused by the change of
conformation by measuring PL spectra of single PFO chains
adsorbed on a quartz substrate. The same single chains were
first immersed in cyclohexane (poor solvent for PFO), then
dried, and reimmersed in toluene (good solvent). As for the
solid matrices, we expect compact conformation in the poor
solvent and extended conformation in the good solvent and
examine the possible effect of the different conformations on

Figure 4. PL properties of single PFO molecules adsorbed on quartz surface and immersed in 8 wt % toluene solution of PS. (a) Histogram of 0−0
peak wavelength of PL spectra. (b) Typical PL spectra of blue emission (top and middle) and of g-band (bottom). (c) Two-dimensional (2D) plot
of a time change of a PL spectrum from one PFO chain.
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As indicated by the above observations, conformation of isolated PFO chains is the 

dominant factor related to the appearance of the g-band. In the following, we attempted 

to directly observe photophysical changes caused by the change of conformation by 

measuring PL spectra of single PFO chains adsorbed on a quartz substrate. The same 

single chains were first immersed in cyclohexane (poor solvent for PFO), then dried, and 

reimmersed in toluene (good solvent). As for the solid matrices, we expect compact 

conformation in the poor solvent and extended conformation in the good solvent and 

examine the possible effect of the different conformations on the fraction Rg-band of the 

green emission. The results are shown in Fig. 2-10. In cyclohexane, the blue emission has 

vibronic structure and the majority (96% or 22 molecules) of the green emission was in 

the form of structureless broad spectra (Fig. 2-10a, inset). In this solvent, Rg-band was 0.44. 

In terms of time changes of PL spectra, 9% (2 molecules) of the g-band changes were 

reversible, 78% (21 molecules) were irreversible, and 13% (3 molecules) showed stable 

green emission. On the other hand, when the solvent was changed to toluene, Rg-band 

dramatically decreased to 0.13, i.e., 87% of the single PFO chains showed stable blue 

vibrationally resolved emission (Fig. 2-10b, inset). Although we have not succeeded in 

real-time monitoring of the conformational changes on the same single chain, the above 

observations obtained on the same statistical ensemble of single PFO chains provide a 

strong support for the chain conformation and the related intrachain interactions as the 

main causes of the g-band. 
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Fig. 2-10 PL properties of single PFO molecules adsorbed on quartz surface and 

immersed in cyclohexane (a) and toluene (b). (a) Histogram of 0− 0 peak wavelengths 

of PL spectra in cyclohexane, separated into blue emission (gray bars), vibronic green 

emission (red bars), and structureless green emission (white bars); inset: typical PL 

spectrum in cyclohexane. (b) Histogram of 0−0 peak wavelength of PL spectra in 

toluene, separated into blue emission (gray bars), vibronic green emission (red bars), 

and structureless green emission (white bars); inset: typical PL spectrum in toluene. 

 

 

the fraction Rg‑band of the green emission. The results are shown
in Figure 5. In cyclohexane, the blue emission has vibronic
structure and the majority (96% or 22 molecules) of the green
emission was in the form of structureless broad spectra (Figure
5a, inset). In this solvent, Rg‑band was 0.44. In terms of time
changes of PL spectra, 9% (2 molecules) of the g-band changes
were reversible, 78% (21 molecules) were irreversible, and 13%
(3 molecules) showed stable green emission. On the other
hand, when the solvent was changed to toluene, Rg‑band
dramatically decreased to 0.13, i.e., 87% of the single PFO
chains showed stable blue vibrationally resolved emission
(Figure 5b, inset). Although we have not succeeded in real-time
monitoring of the conformational changes on the same single
chain, the above observations obtained on the same statistical
ensemble of single PFO chains provide a strong support for the
chain conformation and the related intrachain interactions as
the main causes of the g-band.
3.3. Conformation of PFO Measured Directly by

Atomic Force Microscopy. To confirm the expected

extended conformation of single PFO chains in good-solvent
toluene solution, high-resolution AFM measurements were
performed. For that purpose, PFO was dispersed on a mica
substrate by spin-coating from toluene solution. Additionally,
we measured PL spectra of single PFO chains on quartz
substrate, prepared by the same process of spin coating from
toluene solution, to correlate the conformation and PL
properties.
The PL spectra consist mainly of vibrationally resolved blue

bands (Figure 6a), similar to the PFO chains immersed in
toluene. In a similar way, the histogram of 0−0 emission peak
wavelengths resembles that of the PFO immersed in toluene,
with the Rg‑band of 0.23. These observations confirm that the
PFO photophysical properties do not differ dramatically
between chains adsorbed on surface in toluene solution and
chains spin-coated from toluene solution, with the latter
process fixing the conformation by fast solvent evaporation. In
the AFM images, we observed extended structures with well-
resolved sections of the PF main chain (such as those shown in

Figure 5. PL properties of single PFO molecules adsorbed on quartz surface and immersed in cyclohexane (a) and toluene (b). (a) Histogram of 0−
0 peak wavelengths of PL spectra in cyclohexane, separated into blue emission (gray bars), vibronic green emission (red bars), and structureless
green emission (white bars); inset: typical PL spectrum in cyclohexane. (b) Histogram of 0−0 peak wavelength of PL spectra in toluene, separated
into blue emission (gray bars), vibronic green emission (red bars), and structureless green emission (white bars); inset: typical PL spectrum in
toluene.

Figure 6. (a) Histogram of 0−0 peak wavelength of PL spectra of PFO spin-coated from toluene on quartz substrate; inset: PL spectrum. (b−d)
Typical AFM images of PFO single chains spin-coated from toluene on mica substrate.
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2-3-3. Conformation of PFO measured directly by atomic force microscopy 

To confirm the expected extended conformation of single PFO chains in good-solvent 

toluene solution, high-resolution AFM measurements were performed. For that purpose, 

PFO was dispersed on a mica substrate by spin-coating from toluene solution. 

Additionally, we measured PL spectra of single PFO chains on quartz substrate, prepared 

by the same process of spin coating from toluene solution, to correlate the conformation 

and PL properties.  

The PL spectra consist mainly of vibrationally resolved blue bands (Fig. 2-11a), similar 

to the PFO chains immersed in toluene. In a similar way, the histogram of 0−0 emission 

peak wavelengths resembles that of the PFO immersed in toluene, with the Rg-band of 0.23. 

These observations confirm that the PFO photophysical properties do not differ 

dramatically between chains adsorbed on surface in toluene solution and chains spin-

coated from toluene solution, with the latter process fixing the conformation by fast 

solvent evaporation. In the AFM images, we observed extended structures with well- 

resolved sections of the PF main chain (such as those shown in Fig. 2-11c,d) and 

occasionally compact particle-like structures (such as the one in Fig. 2-11b). Of the more 

than 20 structures measured, 6 could be unambiguously assigned to single PF chains 

based on their dimensions and of these 5 corresponded to the extended conformations. 

We used a simple estimation to confirm that chains corresponding to average molecular 

weight of the PFO used in these experiments would have fully extended length of approx. 

50 nm. Taking into account the polydispersity index of the PFO used, the images in Fig. 

2-11c,d conceivably reflect the conformations of single PFO chains and confirm the 

extended conformational forms prevalent in good solvent. These measurements also 

provide a direct correlation between the conformation and the PL spectral characteristics 

of the single PFO chains. 
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Fig. 2-11 (a) Histogram of 0−0 peak wavelength of PL spectra of PFO spin-coated from 

toluene on quartz substrate; inset: PL spectrum. (b−d) Typical AFM images of PFO single 

chains spin-coated from toluene on mica substrate. 

 

 

2-3-4. Spectrally resolved radiative and nonradiative rate constants of PFO 

on ensemble level 

The above experiments indicated that single-chain conformation and the resulting 

intramolecular interactions rather than the presence of oxygen play a dominant role in the 

formation of the g-band. The intrachain interactions result in formation of aggregates 

between different parts of the chain, which give rise to the red- shifted emission spectra. 

The possible aggregate states include excimers, J- or H-aggregates, or charge-transfer 

(CT) complexes, but it is unclear which of these contribute to the g-band emission. To get 

insight into the character of the aggregates, we measured spectrally resolved PL lifetime 

and PLQY and obtained oscillator strengths f for the blue and green region optical 

transitions. 

Fig. 2-12a−c shows examples of PL decay curves of PFO dispersed in free-standing 

PMMA film at the concentration of 10-6 M detected at three different wavelengths, 

corresponding to blue emission band (420 nm), vibrationally resolved green emission 

(501 nm), and structureless green emission (555 nm). Overall, the decays were recorded 

the fraction Rg‑band of the green emission. The results are shown
in Figure 5. In cyclohexane, the blue emission has vibronic
structure and the majority (96% or 22 molecules) of the green
emission was in the form of structureless broad spectra (Figure
5a, inset). In this solvent, Rg‑band was 0.44. In terms of time
changes of PL spectra, 9% (2 molecules) of the g-band changes
were reversible, 78% (21 molecules) were irreversible, and 13%
(3 molecules) showed stable green emission. On the other
hand, when the solvent was changed to toluene, Rg‑band
dramatically decreased to 0.13, i.e., 87% of the single PFO
chains showed stable blue vibrationally resolved emission
(Figure 5b, inset). Although we have not succeeded in real-time
monitoring of the conformational changes on the same single
chain, the above observations obtained on the same statistical
ensemble of single PFO chains provide a strong support for the
chain conformation and the related intrachain interactions as
the main causes of the g-band.
3.3. Conformation of PFO Measured Directly by

Atomic Force Microscopy. To confirm the expected

extended conformation of single PFO chains in good-solvent
toluene solution, high-resolution AFM measurements were
performed. For that purpose, PFO was dispersed on a mica
substrate by spin-coating from toluene solution. Additionally,
we measured PL spectra of single PFO chains on quartz
substrate, prepared by the same process of spin coating from
toluene solution, to correlate the conformation and PL
properties.
The PL spectra consist mainly of vibrationally resolved blue

bands (Figure 6a), similar to the PFO chains immersed in
toluene. In a similar way, the histogram of 0−0 emission peak
wavelengths resembles that of the PFO immersed in toluene,
with the Rg‑band of 0.23. These observations confirm that the
PFO photophysical properties do not differ dramatically
between chains adsorbed on surface in toluene solution and
chains spin-coated from toluene solution, with the latter
process fixing the conformation by fast solvent evaporation. In
the AFM images, we observed extended structures with well-
resolved sections of the PF main chain (such as those shown in

Figure 5. PL properties of single PFO molecules adsorbed on quartz surface and immersed in cyclohexane (a) and toluene (b). (a) Histogram of 0−
0 peak wavelengths of PL spectra in cyclohexane, separated into blue emission (gray bars), vibronic green emission (red bars), and structureless
green emission (white bars); inset: typical PL spectrum in cyclohexane. (b) Histogram of 0−0 peak wavelength of PL spectra in toluene, separated
into blue emission (gray bars), vibronic green emission (red bars), and structureless green emission (white bars); inset: typical PL spectrum in
toluene.

Figure 6. (a) Histogram of 0−0 peak wavelength of PL spectra of PFO spin-coated from toluene on quartz substrate; inset: PL spectrum. (b−d)
Typical AFM images of PFO single chains spin-coated from toluene on mica substrate.
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with the detection ranging from 390 to 650 nm with an interval of 3 nm. At each detection 

wavelength, the decays were fitted with a sum of exponential decay functions and three 

main components were identified as 0.34, 1.4, and 5.1 ns. Further, these lifetime 

components together with their weights were used to calculate the integrated intensity 

emitted at each wavelength within each lifetime component (see appendix and Fig. 2-16 

for details). The spectral dependences of these integrated intensities are plotted for each 

component in Fig. 2-12d−f. The shortest lifetime component of 0.34 ns shows a sharp 

spectral peak located in the blue region, whereas the 1.4 and 5.1 ns components are broad 

and correspond to the g-band region. The spectrum of the 1.4 ns component is narrower 

and has a peak around 500 nm, whereas the spectrum of the 5.1 ns component is broad 

with two peaks at 520 and 575 nm. The integrated areas of the lifetime spectra of each 

component correspond to the number of emitted photons, and these are directly related to 

the PLQY of the three corresponding optical transitions. The ratio S0.34ns/ S1.4ns/S5.1ns of 

the integrated spectral areas of the three components was calculated as 39.7:1.5:1. The 

S0.34ns area is relatively much larger than the S1.4ns and S5.1ns areas, which implies that the 

PLQY of the blue component is also much larger than that of the g-band. We further 

measured an overall PLQY of the same PFO sample, excited at 360 nm. The resulting 

value of 0.31 was separated into three components using the above ratio (39.7:1.5:1) to 

obtain PLQY of each component Φ0.34ns, Φ1.4ns, and Φ5.1ns as 0.29, 0.011, and 0.008, 

respectively. However, in addition to the possibility of direct population of the g-band 

emitting states by absorption, energy transfer from the blue band states also contributes 

to the g-band population, thus underestimating the PLQY of the green components. To 

obtain the corrected value of Φ′green, we measured the PLQY excited in a region where 

the blue-emitting species do not absorb and the energy-transfer contribution can be 

neglected. For this purpose, absorption spectra of PFO dispersed at the concentrations of 

10−4 and 10−6 M in free- standing PMMA film are shown in Fig. 2-13. For the higher 

concentration sample, a new absorption shoulder appears between 450 and 500 nm, 

corresponding to the absorption of the aggregates species. Using the excitation 

wavelength of 470 nm for lifetime measurement, we obtained two decay components of 

1.6 and 5.5 ns, well corresponding to the above g-band values obtained under the 360 nm 
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excitation. Further, using the excitation wavelength of 465 nm to measure directly the 

PLQY of the green emission, we obtained the corrected value Φ′green of 0.036. Using the 

ratio (39.7):1.5:1 obtained above, this value can be separated into corrected components 

Φ′1.4ns and Φ′5.1ns as 0.021 and 0.014, respectively. The PLQY values of Φblue, Φ′1.4ns, and 

Φ′5.1ns together with the lifetimes are summarized in Table 2-1. The measured lifetime 

and PLQY values can be used to calculate radiative kr and nonradiative knr rate constants, 

as shown in the appendix. Further, the radiative rate kr is related to oscillator strength f of 

the optical transition (Appendix, eq 2-1, 2-2). The calculated values kr, knr, and f of the 

individual transitions are also summarized in Table 2-1. The values of kr and f of the two 

g-band components are 2 orders of magnitude smaller than those of the blue component. 

Of the possible candidates of aggregates mentioned above, the fact that the oscillator 

strength of the g-band transitions is much smaller than that of the blue emission excludes 

the possibility of J-aggregates, which are known for strongly allowed red-shifted 

transitions with large oscillator strength. Of the remaining, CT complexes have small 

overlap of highest occupied molecular orbital and lowest unoccupied molecular orbital, 

leading to small oscillator strength. In H-aggregates, the red-shifted transition is 

forbidden, resulting in small oscillator strength as well. In the following, we try to further 

narrow the possibilities by measuring the g-band emission at different excitation 

wavelengths. 

 

 

 

Table 2-1. Photophysical Properties of Blue-Emitting Component and of g-Band, 

Obtained from PLQY and Lifetime Measurements on PFO Dispersed in PMMA Matrix 

at Ensemble Concentration 

 

 

nm for lifetime measurement, we obtained two decay
components of 1.6 and 5.5 ns, well corresponding to the
above g-band values obtained under the 360 nm excitation.
Further, using the excitation wavelength of 465 nm to measure
directly the PLQY of the green emission, we obtained the
corrected value Φ′green of 0.036. Using the ratio (39.7):1.5:1
obtained above, this value can be separated into corrected
components Φ′1.4ns and Φ′5.1ns as 0.021 and 0.014, respectively.
The PLQY values of Φblue, Φ′1.4ns, and Φ′5.1ns together with the
lifetimes are summarized in Table 1. The measured lifetime and

PLQY values can be used to calculate radiative kr and
nonradiative knr rate constants, as shown in the SI, eqs S1
and S2. Further, the radiative rate kr is related to oscillator
strength f of the optical transition (SI, eq S3). The calculated
values kr, knr, and f of the individual transitions are also
summarized in Table 1.
The values of kr and f of the two g-band components are 2

orders of magnitude smaller than those of the blue component.
Of the possible candidates of aggregates mentioned above, the
fact that the oscillator strength of the g-band transitions is
much smaller than that of the blue emission excludes the
possibility of J-aggregates, which are known for strongly
allowed red-shifted transitions with large oscillator strength.
Of the remaining, CT complexes have small overlap of highest
occupied molecular orbital and lowest unoccupied molecular
orbital, leading to small oscillator strength. In H-aggregates, the
red-shifted transition is forbidden, resulting in small oscillator
strength as well. In the following, we try to further narrow the
possibilities by measuring the g-band emission at different
excitation wavelengths.
3.5. Excitation Wavelength Dependence of the g-

Band Spectra. The difference between an excimer and a
ground-state aggregate lies in the energy of their ground states.
Excimers cannot be directly excited in the region of the ground-
state aggregate absorption. If excimers contributed significantly
to the g-band, a shift of the excitation wavelength from 360 to
476 nm (which is within the aggregate absorption shoulder,

Figure S3) would cause a large change of the g-band spectrum.
We note that the spectrum in Figure S3 also shows a new peak
around 440 nm, which reflects the formation of the well-
ordered β-phase.45 However, because the two excitation
wavelengths used here are outside of the β-phase absorption
region, we assume that this phase would not affect the result of
the current experiment. The measurement was done on PFO
dispersed at the concentration of 10−4 M in a PMMA film that
was subsequently annealed at 200 °C for 2 h in N2 to increase
the absorption shoulder originating from the aggregate states.
PL spectra of the g-band obtained with different excitation
wavelengths are shown in Figure 8a. In the 490−540 nm
region, the emission intensity excited at 360 nm is stronger
than that excited at 476 nm due to a tail of the strong blue
emission. However, in the 540−640 nm region, both spectra
are almost same. In Figure 8b, we further plotted a difference
spectrum obtained by subtracting the 476 nm excited spectrum
from the 360 nm excited one. The difference spectrum should
represent the blue emission tail, and when overlaid with the
spectrum of the short-lifetime component (Figure 7a) there is a
very good match between the spectra. This observation
confirms that the short-wavelength difference in the spectra
in Figure 8a is due to the blue emission tail and that there is no
significant difference in the g-band spectrum between the 360
nm and the 476 nm excitation wavelength. This leads to a
conclusion that excimers excited via monomerlike states at 360
nm do not significantly contribute to the g-band emission. On
the other hand, this result does not exclude the possibility of
population of excimer-like states via the ground-state (H)
aggregates, as proposed previously.42

3.6. Assignment of the Green Emission Band. The
above results leave H-aggregates and CT complexes as the main
potential candidates of g-band emission in PFO. Recently, the
appearance and properties of J- and H-aggregates in conjugated
polymers have been studied theoretically46 and experimen-
tally.47 It was found that the red-shifted PL spectra of H-
aggregates are broader than those of monomers and that they
retain their vibronic structure.46 In our single-chain study, we
found two types of the g-band spectra, one with a vibronic
structure located around 500 nm and the other structureless
and distributed between 500 and 600 nm. Spectrally, these two
types also correspond to two different lifetime components, 1.4
ns transition located around 500 nm and 5.1 ns transition
located between 520 and 575 nm. It is thus conceivable to
assign the shorter-wavelength vibrationally resolved spectra to
H-aggregate emission and the longer-wavelength structureless
spectra to either the emission from CT states or the emission
from excimers populated via the H-aggregates. Both the H-

Table 1. Photophysical Properties of Blue-Emitting
Component and of g-Band, Obtained from PLQY and
Lifetime Measurements on PFO Dispersed in PMMA Matrix
at Ensemble Concentration

PLQY τ/ns kr/s
−1 knr/s

−1 f

blue component
g-band

0.29 0.34 8.4 × 108 2.1 × 109 1.28
0.022 1.4 1.5 × 107 6.7 × 108 0.024
0.014 5.1 3.0 × 106 2.0 × 108 0.0056

Figure 8. (a) PL spectra of the g-band region measured with excitation wavelengths of 360 nm (black line) and 476 nm (red line). (b) Difference
spectrum obtained by subtracting the 476 nm excited spectrum from the 360 nm excited one (blue line) and spectrally resolved 0.34 ns component
of PL lifetime (black line).
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Fig. 2-12 PL decay curves of PFO dispersed in PMMA at the concentration of PFO 10−6 

M, with detection wavelength set to (a) 420 nm, (b) 501 nm, and (c) 555 nm. Spectrally 

resolved components of PL lifetime of PFO: (d) 0.34 ns, (e) 1.4 ns, and (f) 5.1 ns. 

 

 

 

 
 

Fig. 2-13 Absorption spectra of PFO dispersed at the concentration of 10-4 M (red) and 

10-6 M (black) in free-standing PMMA film 

 

Figure 6c,d) and occasionally compact particle-like structures
(such as the one in Figure 6b). Of the more than 20 structures
measured, 6 could be unambiguously assigned to single PF
chains based on their dimensions and of these 5 corresponded
to the extended conformations. We used a simple estimation to
confirm that chains corresponding to average molecular weight
of the PFO used in these experiments would have fully
extended length of approx. 50 nm. Taking into account the
polydispersity index of the PFO used, the images in Figure 6c,d
conceivably reflect the conformations of single PFO chains and
confirm the extended conformational forms prevalent in good
solvent. These measurements also provide a direct correlation
between the conformation and the PL spectral characteristics of
the single PFO chains.
3.4. Spectrally Resolved Radiative and Nonradiative

Rate Constants of PFO on Ensemble Level. The above
experiments indicated that single-chain conformation and the
resulting intramolecular interactions rather than the presence of
oxygen play a dominant role in the formation of the g-band.
The intrachain interactions result in formation of aggregates
between different parts of the chain, which give rise to the red-
shifted emission spectra. The possible aggregate states include
excimers, J- or H-aggregates, or charge-transfer (CT)
complexes, but it is unclear which of these contribute to the
g-band emission. To get insight into the character of the
aggregates, we measured spectrally resolved PL lifetime and
PLQY and obtained oscillator strengths f for the blue and green
region optical transitions.
Figure 7a−c shows examples of PL decay curves of PFO

dispersed in free-standing PMMA film at the concentration of
10−6 M detected at three different wavelengths, corresponding
to blue emission band (420 nm), vibrationally resolved green
emission (501 nm), and structureless green emission (555 nm).
Overall, the decays were recorded with the detection ranging
from 390 to 650 nm with an interval of 3 nm. At each detection
wavelength, the decays were fitted with a sum of exponential
decay functions and three main components were identified as

0.34, 1.4, and 5.1 ns. Further, these lifetime components
together with their weights were used to calculate the
integrated intensity emitted at each wavelength within each
lifetime component (see SI and Figure S2 for details). The
spectral dependences of these integrated intensities are plotted
for each component in Figure 7d−f. The shortest lifetime
component of 0.34 ns shows a sharp spectral peak located in
the blue region, whereas the 1.4 and 5.1 ns components are
broad and correspond to the g-band region. The spectrum of
the 1.4 ns component is narrower and has a peak around 500
nm, whereas the spectrum of the 5.1 ns component is broad
with two peaks at 520 and 575 nm. The integrated areas of the
lifetime spectra of each component correspond to the number
of emitted photons, and these are directly related to the PLQY
of the three corresponding optical transitions. The ratio S0.34ns/
S1.4ns/S5.1ns of the integrated spectral areas of the three
components was calculated as 39.7:1.5:1. The S0.34ns area is
relatively much larger than the S1.4ns and S5.1ns areas, which
implies that the PLQY of the blue component is also much
larger than that of the g-band. We further measured an overall
PLQY of the same PFO sample, excited at 360 nm. The
resulting value of 0.31 was separated into three components
using the above ratio (39.7:1.5:1) to obtain PLQY of each
component Φ0.34ns, Φ1.4ns, and Φ5.1ns as 0.29, 0.011, and 0.008,
respectively. However, in addition to the possibility of direct
population of the g-band emitting states by absorption, energy
transfer from the blue band states also contributes to the g-
band population, thus underestimating the PLQY of the green
components. To obtain the corrected value of Φ′green, we
measured the PLQY excited in a region where the blue-emitting
species do not absorb and the energy-transfer contribution can
be neglected. For this purpose, absorption spectra of PFO
dispersed at the concentrations of 10−4 and 10−6 M in free-
standing PMMA film are shown in Figure S3. For the higher
concentration sample, a new absorption shoulder appears
between 450 and 500 nm, corresponding to the absorption of
the aggregates species. Using the excitation wavelength of 470

Figure 7. PL decay curves of PFO dispersed in PMMA at the concentration of PFO 10−6 M, with detection wavelength set to (a) 420 nm, (b) 501
nm, and (c) 555 nm. Spectrally resolved components of PL lifetime of PFO: (d) 0.34 ns, (e) 1.4 ns, and (f) 5.1 ns.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b01767
J. Phys. Chem. C XXXX, XXX, XXX−XXX
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3. Absorption spectra of PFO in bulk PMMA film 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Absorption spectra of PFO dispersed at the concentrations of 10-4 M (red) 

and 10-6 M (black) in free-standing PMMA film.  
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2-3-5. Excitation wavelength dependence of the g-band spectra 

The difference between an excimer and a ground-state aggregate lies in the energy of 

their ground states. Excimers cannot be directly excited in the region of the ground- state 

aggregate absorption. If excimers contributed significantly to the g-band, a shift of the 

excitation wavelength from 360 to 476 nm (which is within the aggregate absorption 

shoulder, Fig. 2-13) would cause a large change of the g-band spectrum. We note that the 

spectrum in Fig. 2-13 also shows a new peak around 440 nm, which reflects the formation 

of the well-ordered β-phase [42]. However, because the two excitation wavelengths used 

here are outside of the β-phase absorption region, we assume that this phase would not 

affect the result of the current experiment. The measurement was done on PFO dispersed 

at the concentration of 10-4 M in a PMMA film that was subsequently annealed at 200 oC 

for 2h in N2 to increase the absorption shoulder originating from the aggregate states, PL 

spectra of the g-band obtained with different excitation wavelengths are shown in Fig. 2-

14a. In the 490-540 nm region, the emission intensity excited at 360 nm is stronger than 

that excited at 476 nm due to a tail of the strong blue emission. However, in the 540-640 

nm region, both spectra are almost same. In Fig. 2-14b, we further plotted a difference 

spectrum obtained by subtracting the 476 nm excited spectrum from the 360 nm excited 

one. The difference spectrum should represent the blue emission tail, and when overlaid 

with the spectrum of the short-lifetime component (Fig. 2-12a) there is a very good match 

between the spectra. This observation confirms that the short-wavelength difference in 

the spectra in Fig. 2-14a is due to the blue emission tail and that there is no significant 

difference in the g-band spectrum between the 360 nm and the 476 nm excitation 

wavelength. This leads to a conclusion that excimers excited via monomer like states at 

360 nm do not significantly contribute to the g-band emission. On the other hand, this 

result does not exclude the possibility of population of excimer-like states via the ground-

state (H) aggregates, as proposed previously [39]. 
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Fig. 2-14 (a) PL spectra of the g-band region measured with excitation wavelengths of 

360 nm (black line) and 476 nm (red line). (b) Difference spectrum obtained by 

subtracting the 476 nm excited spectrum from the 360 nm excited one (blue line) and 

spectrally resolved 0.34 ns component of PL lifetime (black line). 

 

 

 

 

 

2-3-6. Assignment of the g-band 

The above results leave H-aggregates and CT complexes as the main potential 

candidates of g-band emission in PFO. Recently, the appearance and properties of J- and 

H-aggregates in conjugated polymers have been studied theoretically [43] and 

experimentally [44]. It was found that the red-shifted PL spectra of H-aggregates are 

broader than those of monomers and that they retain their vibronic structure [43]. In our 

single-chain study, we found two types of the g-band spectra, one with a vibronic structure 

located around 500 nm and the other structureless and distributed between 500 and 600 

nm. Spectrally, these two types also correspond to two different lifetime components, 1.4 

ns transition located around 500 nm and 5.1 ns transition located between 520 and 575 

nm. It is thus conceivable to assign the shorter-wavelength vibrationally resolved spectra 

to H-aggregate emission and the longer-wavelength structureless spectra to either the 

emission from CT states or the emission from excimers populated via the H-aggregates. 

Both the H-aggregates and the CT complexes result from short-range (angstrom order) 

intrachain interactions in PFO molecules of compact chain conformations. Such 

nm for lifetime measurement, we obtained two decay
components of 1.6 and 5.5 ns, well corresponding to the
above g-band values obtained under the 360 nm excitation.
Further, using the excitation wavelength of 465 nm to measure
directly the PLQY of the green emission, we obtained the
corrected value Φ′green of 0.036. Using the ratio (39.7):1.5:1
obtained above, this value can be separated into corrected
components Φ′1.4ns and Φ′5.1ns as 0.021 and 0.014, respectively.
The PLQY values of Φblue, Φ′1.4ns, and Φ′5.1ns together with the
lifetimes are summarized in Table 1. The measured lifetime and

PLQY values can be used to calculate radiative kr and
nonradiative knr rate constants, as shown in the SI, eqs S1
and S2. Further, the radiative rate kr is related to oscillator
strength f of the optical transition (SI, eq S3). The calculated
values kr, knr, and f of the individual transitions are also
summarized in Table 1.
The values of kr and f of the two g-band components are 2

orders of magnitude smaller than those of the blue component.
Of the possible candidates of aggregates mentioned above, the
fact that the oscillator strength of the g-band transitions is
much smaller than that of the blue emission excludes the
possibility of J-aggregates, which are known for strongly
allowed red-shifted transitions with large oscillator strength.
Of the remaining, CT complexes have small overlap of highest
occupied molecular orbital and lowest unoccupied molecular
orbital, leading to small oscillator strength. In H-aggregates, the
red-shifted transition is forbidden, resulting in small oscillator
strength as well. In the following, we try to further narrow the
possibilities by measuring the g-band emission at different
excitation wavelengths.
3.5. Excitation Wavelength Dependence of the g-

Band Spectra. The difference between an excimer and a
ground-state aggregate lies in the energy of their ground states.
Excimers cannot be directly excited in the region of the ground-
state aggregate absorption. If excimers contributed significantly
to the g-band, a shift of the excitation wavelength from 360 to
476 nm (which is within the aggregate absorption shoulder,

Figure S3) would cause a large change of the g-band spectrum.
We note that the spectrum in Figure S3 also shows a new peak
around 440 nm, which reflects the formation of the well-
ordered β-phase.45 However, because the two excitation
wavelengths used here are outside of the β-phase absorption
region, we assume that this phase would not affect the result of
the current experiment. The measurement was done on PFO
dispersed at the concentration of 10−4 M in a PMMA film that
was subsequently annealed at 200 °C for 2 h in N2 to increase
the absorption shoulder originating from the aggregate states.
PL spectra of the g-band obtained with different excitation
wavelengths are shown in Figure 8a. In the 490−540 nm
region, the emission intensity excited at 360 nm is stronger
than that excited at 476 nm due to a tail of the strong blue
emission. However, in the 540−640 nm region, both spectra
are almost same. In Figure 8b, we further plotted a difference
spectrum obtained by subtracting the 476 nm excited spectrum
from the 360 nm excited one. The difference spectrum should
represent the blue emission tail, and when overlaid with the
spectrum of the short-lifetime component (Figure 7a) there is a
very good match between the spectra. This observation
confirms that the short-wavelength difference in the spectra
in Figure 8a is due to the blue emission tail and that there is no
significant difference in the g-band spectrum between the 360
nm and the 476 nm excitation wavelength. This leads to a
conclusion that excimers excited via monomerlike states at 360
nm do not significantly contribute to the g-band emission. On
the other hand, this result does not exclude the possibility of
population of excimer-like states via the ground-state (H)
aggregates, as proposed previously.42

3.6. Assignment of the Green Emission Band. The
above results leave H-aggregates and CT complexes as the main
potential candidates of g-band emission in PFO. Recently, the
appearance and properties of J- and H-aggregates in conjugated
polymers have been studied theoretically46 and experimen-
tally.47 It was found that the red-shifted PL spectra of H-
aggregates are broader than those of monomers and that they
retain their vibronic structure.46 In our single-chain study, we
found two types of the g-band spectra, one with a vibronic
structure located around 500 nm and the other structureless
and distributed between 500 and 600 nm. Spectrally, these two
types also correspond to two different lifetime components, 1.4
ns transition located around 500 nm and 5.1 ns transition
located between 520 and 575 nm. It is thus conceivable to
assign the shorter-wavelength vibrationally resolved spectra to
H-aggregate emission and the longer-wavelength structureless
spectra to either the emission from CT states or the emission
from excimers populated via the H-aggregates. Both the H-

Table 1. Photophysical Properties of Blue-Emitting
Component and of g-Band, Obtained from PLQY and
Lifetime Measurements on PFO Dispersed in PMMA Matrix
at Ensemble Concentration

PLQY τ/ns kr/s
−1 knr/s

−1 f

blue component
g-band

0.29 0.34 8.4 × 108 2.1 × 109 1.28
0.022 1.4 1.5 × 107 6.7 × 108 0.024
0.014 5.1 3.0 × 106 2.0 × 108 0.0056

Figure 8. (a) PL spectra of the g-band region measured with excitation wavelengths of 360 nm (black line) and 476 nm (red line). (b) Difference
spectrum obtained by subtracting the 476 nm excited spectrum from the 360 nm excited one (blue line) and spectrally resolved 0.34 ns component
of PL lifetime (black line).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b01767
J. Phys. Chem. C XXXX, XXX, XXX−XXX

H



Chapter II Intrachain Aggregates as the Origin of Green Emission in Polyfluorene 
 

 64 

conformations can show dynamical behavior, and this has been observed in the form of 

spectral jumps on the level of single chains (Fig. 2-7d, 2-8d, and 2-9c). Even small 

conformational changes can lead to reversible formation of H-aggregates or CT 

complexes, which then work as energy traps for light excitations absorbed by the blue 

spectral forms. The blue emission spectra in Fig. 2-7b and 2-8b correspond to 

conformations without such energy traps. The spectral jumps then reflect conformational 

changes upon which a trap is formed, and depending on the efficiency of the energy 

transfer, such trap is partly or fully populated, resulting in combined blue and green or 

purely green emission spectra (Fig. 2-7b and 2-8b). In principle, conformational changes 

could also explain spectral jumps that would result from changing energy-transfer 

efficiency to a permanent trap, such as a fluorenone unit. However, a change from purely 

blue emission spectrum to purely green emission would require a conformational change 

that would cause energy-transfer efficiency to change from 0% or very low values to 

100%. It has been shown previously that energy transfer in conjugated polymers proceeds 

most efficiently between chains (or different parts of the same chain) in a face-to-face 

configuration and less effectively along the main chain [45]. Therefore, for energy 

transfer efficiency to change from 0 to 100 %, the interchain distance has to change by 

much more than the Förster radius, which itself is on the order of several nanometers. 

Such large conformational changes of polymer chains in a solid matrix are much less 

likely than the angstrom-level changes required for the formation of aggregates, and the 

spectral dynamics observed for single PFO chains supports the molecular aggregate 

origin of the g-band emission. We note that about 10−20% of the molecules in the PS and 

PMMA matrices exhibited irreversible spectral changes from blue to green parts of the 

spectra. The apparent irreversibility could be a result of a limited observation time but 

could also reflect formation of the oxidized species that would form permanent energy 

traps in such chains. 
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2-4. Conclusion 

Despite the extensive research efforts over the past two decades, the origin of green 

emission in polyfluorenes remains a controversial topic. Here, we attempted to contribute 

to the discussion on its origin by systematic single-molecule study complemented by 

ensemble photophysical characterization. As mentioned before, the origin of the green 

band is likely a combination of different mechanisms that include oxidation as well as 

aggregation. The results obtained here indicate that for the systems studied (PFO 

dispersed at low concentrations in different quality matrices or solvents), the dominant 

mechanisms behind the appearance of the green band are different forms of aggregation, 

including H-aggregation and possibly charge transfer or excimer formation. Though we 

do not exclude a contribution from oxidized species, these would constitute only a minor 

part of the green region photoluminescence. 
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2-5. Appendix 

Basic photophysical properties of PFO in toluene 

We measured absorption and photoluminescence (PL) spectra, PL quantum yield 

(PLQY) and PL lifetime of PFO in toluene in order to obtain the basic photophysical 

characterization of PFO. Absorption and PL spectra are shown Fig. 1. Absorption 

spectrum has single peak at 384 nm, and a molar extinction coefficient ε was 1.84 × 106 

L mo1-1cm-1. The PL spectrum has vibronic structure and 0-0 peak at 417 nm.  

 

 

 

Fig. 2-15 Absorption (solid line) and PL (dashed line) spectra of PFO in toluene. The 

PL spectra were excited at 360 nm. 

 

PLQY and lifetime are 0.88 and 0.47 ns, respectively. Lifetime τ and PLQY Φ are 

described in equations (2-1) and (2-2) using radiative rate constant kr and nonradiative 

rate constant knr as  

τ = 
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PLQY and lifetime are 0.88 and 0.47 ns, respectively. Lifetime Ĳ and PLQY Φ are 

described in equations (S1) and (S2) using radiative rate constant kr and nonradiative 

rate constant knr as 

Ĳ   
�

kU+ kQU
(S�) 

Φ   
kU

kU+ kQU
 (S�) 

 

Using the equations (S1) and (S2), and the measured values of Ĳ andΦ we can obtain 

kr and knr. The radiative rate kr is related to oscillator strength f of an optical transition 

as in equation (S3). 

Figure S1 Absorption (solid line) and PL (dashed line) spectra of PFO in toluene. 
The PL spectra were excited at 360 nm.  

(2-1) 

(2-2) 
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Using the equations (1) and (2), and the measured values of τ and Φ we can obtain kr 

and knr. The radiative rate kr is related to oscillator strength f of an optical transition as in 

equation (3). 

 

kr	≈ ν0×	f 

 

where ν0 is wave number of the 0-0 fluorescence peak. PLQY, lifetime τ, kr, knr and f 

are summarized in Table 2-2. 

 

 

Table 2-2 Photophysical properties of PFO in toluene 

 

 

 

Construction of spectral dependence of individual lifetime components 

Construction of the spectral dependences of individual lifetime components of PL 

decay is shown symbolically in the Fig. 2-16. The PL decays were recorded with 3 nm 

increments within the detection range from 390 nm to 650 nm. At each detection 

wavelength the decays were fitted with a sum of three exponential decay functions and 

the three main components τi were identified as 0.34 ns, 1.4 ns and 5.1 ns. Further, these 

lifetime components together with their weights Ai obtained from the fitting were used to 

calculate the integrated intensity emitted at each wavelength within each lifetime 

component. The integrated intensities were then plotted separately for the three 

components as a function of detection wavelengths to construct the spectral dependences. 
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where Ȟ0 is wave number of the 0-0 fluorescence peak. PLQY, lifetime Ĳ, kr, knr and f 

are summarized in Table S1.  

 

 

 

 

 

 

2. Construction of spectral dependence of individual lifetime components. 

 

Construction of the spectral dependences of individual lifetime components of PL 

decay is shown symbolically in the Figure S2. The PL decays were recorded with 3 nm 

increments within the detection range from 390 nm to 650 nm. At each detection 

wavelength the decays were fitted with a sum of three exponential decay functions and 

the three main components Wi were identified as 0.34 ns, 1.4 ns and 5.1 ns. Further, 

these lifetime components together with their weights Ai obtained from the fitting were 

used to calculate the integrated intensity emitted at each wavelength within each 

lifetime component. The integrated intensities were then plotted separately for the 

three components as a function of detection wavelengths to construct the spectral 

dependences. 
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Table S1. Photophysical properties of PFO in toluene 
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Fig. 2-16 Schematic illustration of the construction of spectral dependence of lifetime 

components 
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3-1. Introduction 

3-1-1. The features of π conjugated polymer nanoparticles (CPNPs) 
π conjugated polymer nanoparticles (CPNPs) [1,2] have been studied extensively, with 

potential applications envisioned in solar cells [3], organic light emitting diodes [4-7], 

memory devices [8] and bioimaging [9]. In these applications, CPNPs can be viewed as 

environmentally friendly and non-toxic alternatives to colloidal quantum dots (QD). A 

crucial advantage is that CPNPs and their devices can be fabricated using water-based 

processes because they are formed by reprecipitation or miniemulsion aqueous methods, 

as compared to organic solvent processing of small-molecules or polymeric organic 

semiconductors. Apart from homopolymer CPNPs, more complex multicomponent 

“particle devices” containing charge transporting and light-emitting elements have been 

conceptually proposed [10]. In photovoltaic devices, such multicomponent donor-

acceptor CPNPs showed higher short current density and fill factor than bulk-film 

heterojunction blend of the same materials [11]. Still, CPNPs devices usually show lower 

efficiency than bulk films and there is room for performance improvement. In the 

applications as fluorescence probes for bioimaging, the advantages of CPNPs are good 

fluorescence properties, photostability, nontoxicity and water dispersibility [12,13]. 

Energy transfer in multicomponent CPNP fluorescent probes has been used to engineer 

narrow-band and bright emitting particles for in vivo imaging [14,15]. Further, unlike 

single organic dye molecules or single QDs, single CPNP do not show the phenomenon 

of fluorescence intermittency, or blinking [16,17]. All these properties make CPNPs an 

attractive new class of materials for sensors and bioimaging applications. 

As mentioned above, the phenomenon of energy transfer can be used to effectively 

engineer the CPNP properties. In blended donor-acceptor polymer nanoparticles, e.g., 

incorporation of only a few % of the acceptor polymer causes complete transfer of energy 

from the donor to the acceptor and fluorescence from the acceptor only [18]. This is an 

example of evidence that polymer chains in CPNPs are more densely packed than in films, 

and different from the solvated state in solutions. At the same time, the efficient interchain 

energy transfer leads to decrease of emission quantum yield because energy is also 
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trapped on quenching sites [19]. Therefore, aggregation states including conformations 

and chain packing that are related to energy transfer are key factors in fluorescence 

properties of CPNPs. From a different point, combination of polyfluorene derivatives 

with Pt-octaethylporphine (PtOEP) in CPNPs can make use of efficient energy transfer 

to and phosphorescence from the PtOEP to effectively detect oxygen via the 

phosphorescence quenching [20]. These examples show that fundamental knowledge on 

the relationship between fluorescence properties, energy transfer, chain packing and 

conformation is essential for further development of CPNPs. 

 

 

 

3-1-2. Controlling the photophysical properties of π conjugated polymers 
by external force 

One important physical parameter that has been largely overlooked is the effect of 

external (hydrostatic) pressure, which causes mechanical modulation of the sample and 

in turn affects the fluorescence properties via changes in chain packing, interchain 

interactions or conformation. Studies on hydrostatic pressure effect on conjugated 

polymers films of the poly(p-phenylene vinylene) family reported fluorescence red shift 

and intensity decrease with increasing pressure due to planarization of chain and increase 

of aggregation [21-22]. Applying pressure on nanometer scales can, on the other hand, 

lead to qualitatively different results. We showed previously that MEH-PPV nanoparticles 

undergo blue shift of fluorescence spectra and intensity increase upon localized 

application of force using a tip of an atomic force microscope (AFM). The small size of 

the tip causes disruption of the chain conformation accompanied by decrease of 

conjugation length [23]. CPNPs often show such unexpected features and many of their 

properties still remain unexplained. Similar method of fluorescence microscopic 

monitoring of nanoscale mechanical changes induced by AFM tip has been used to study 

pressure-related effects in single dye molecules [24] and QDs [25], or 

mechanofluorochromism of single organic nanocrystals [26]. 
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3-1-3. Strategy and purpose 
Next to poly(phenylene vinylene) based compounds, polyfluorenes (PF) represent 

important class of conjugated polymers and have been widely studied both for academic 

purpose and for potential applications. In particular, poly(9,9-dioctylfluorene) (PFO) 

shows blue emission with high efficiency both in fluorescence and electroluminescence, 

good charge mobility and thermal stability. It exists in two main conformational states, 

disordered glassy phase and well-defined planar β-phase [27,28]. Nanoparticles (NP) can 

be prepared from PFO by reprecipitation method similar to other conjugated polymers, 

and can have β-phase induced by post-treatment with organic solvents [29]. Other ways 

to control the amount of β-phase in the NPs include, e.g., side-chain engineering [30,31]. 

Here, we study the relationship between photophysical properties and chain packing 

including chain conformation on the level of single polyfluorene nanoparticles. We 

measured fluorescence spectra and intensity of different sizes of NPs and simultaneously 

applied local external pressure using an AFM tip to modify and control the PFO chain 

packing inside the NPs. We find strong effects of both inhibition and enhancement of 

fluorescence intensity depending on the extent of external pressure. These intensity 

changes are accompanied by various degrees of spectral changes that reflect the 

conformational modifications of PFO chains, as well as by changes in fluorescence 

polarization anisotropy. Apart from providing fundamental knowledge on the relationship 

between photophysical and structural properties of the PFO nanostructures, these results 

also provide important feedback for potential application in which PFO NPs would be 

used as emitters in flexible optoelectronic devices. 
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3-2. Experimental section 

3-2-1. Sample Preparation 

Poly(9,9-di-n-octylfluorene) (PFO) was purchased from Aldrich (Mn 23566 g/ mol, 

polydispersity index PDI 3.45). PFO nanoparticle (PFONPs) were prepared by the 

reprecipitation method [8, 15]. First, 1.25 × 10-6 M of PFO in THF solution was prepared 

and 1mL of this solution poured into 4 mL of pure water. Then it was sonicated for 20 

min to disperse more uniformly. Next, it was heated at 80 oC to evaporate THF and form 

particle. This suspension was filtered by a 0.45µm filter to remove large particle. This 

nanoparticle solution poured onto cleaned quartz substrate and left standing for 1 min to 

let nanoparticles adsorb on the substrate. After that, it was spin coated at 3000 rpm for 30 

s and sample was dried in vacuum for 1 h before the experiments.  

 

 

3-2-2. Combined confocal and atomic force microscopic setup 

The confocal and AFM measurements were carried out using a home-built setup (Fig. 

3-1) that combines an inverted fluorescence microscope (IX 73, Olympus) with an AFM 

head (MFP-3D-SA, Asylum Research). The AFM cantilever used was AC200TS 

(Olympus). The applied force measurements were in the range of 100 nN to 5 µN. The 

accuracy of the AFM force measurements is associated with an error in the determination 

of the cantilever spring constant, which itself is on the order of 10%. The sample was 

excited with a 375 nm laser (LDH-D-C375, Pico Quant). Fluorescence from the sample 

was collected by an oil immersion objective lens (UplanFLN 100×, N.A. 1.3, Olympus) 

and passed through a dichroic mirror (Dichro 375, Chroma) and a long-pass filter (LP 

377, Edmund). The objective lens was mounted on a three-axis piezo stage (PS3L60-

030U, NC3311, Nanocontrol) to accurately align its center position with respect to the 

AFM tip. The fluorescence signal was detected by an avalanche photodiode detector 

(SPCM-AQR-14-S, SEIKO EG&G) in the confocal mode or by an electron-multiplying 

charge- coupled device (EMCCD) camera (iXon, Andor Technology) equipped with an 

imaging spectrograph (CLP-50LD, Bunkou Keiki) to measure fluorescence spectra from 
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individual NPs. The integration time and gain of EMCCD were 0.1 s and 300, respectively. 

The absorption (excitation) and fluorescence polarization anisotropy were measured by 

placing a linear polarizer in either the excitation or detection path. 

 

 

 

Fig. 3-1 Experimental setup combining AFM and confocal microscope 

 

 

3-2-3. TEM characterization 

Transmission electron microscope images were taken with a Hitachi H7650 

microscope with an accelerating voltage of 100 kV. 
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3-3. Results and Discussion 

3-3-1. Characterization of the Nanoparticles. 

The NPs were prepared by a reprecipitation method. The NP height measured by AFM 

was, on average, 27 nm with a large height distribution (Fig. 3-2a). TEM showed that 

most of the NPs have a symmetrical round shape (Fig. 3-2a, inset) with an average 

diameter of 53 nm. To estimate the number of PFO chains in one NP, we compared the 

average fluorescence intensity from single chains dispersed in a matrix with the 

fluorescence intensity of NPs under same experimental conditions. Assuming comparable 

fluorescence quantum efficiencies in both systems, the number of PFO chains is on the 

order of 100 or more. This number might be larger because the emission is often quenched 

in condensed phase such as the solid NPs. The absorption spectrum of a water dispersion 

of PFO NPs (Fig. 3-2b) is identical to that of the PFO solution, with the exception of an 

additional peak at 429 nm that is due to the presence of well-ordered β phase 

conformation. The red shift of the absorption is caused by the extended conjugation length 

in this conformation. The fluorescence spectrum of the PFONP dispersion (Fig. 3-2b) is 

also red-shifted from the PFO solution and shows the characteristic narrow-band vibronic 

progression of the β-phase. 

Apart from the β-phase features, the fluorescence spectrum of the as-prepared PFO 

NPs does not show any signatures of the glassy phase or the green emission band that are 

typical for some preparation of PFO nanostructures. The β phase was formed during a 

preparation step that involved heating of the reprecipitated PFO to 80 °C to remove the 

remaining solvent. 

To analyze in more detail the presence of the β-phase in individual NPs, we measured 

the fluorescence polarization anisotropy from a statistical sample of single PFO NPs and 

analyzed the data in terms of the polarization modulation depth, MF, defined as MF = (Imax 

− Imin)/(Imax + Imin). Here Imax and Imin represent the fluorescence intensity maxima and 

minima, respectively, obtained while continuously rotating an analyzer placed in front of 

the detector. A distribution of M obtained on 35 PFO NPs (shown in the histogram Fig. 

3-2c) implies a certain degree of orientation of the rigid β phase segments inside the NPs. 
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To reconstruct such an orientation, we performed numerical simulations, as detailed in 

the appendix. The simulations indicate that a minimum of three β phase segments are 

required to reproduce the experimental results. Fig. 3-2d shows an example of the spatial 

arrangement of such three segments. A statistical sample of random spatial orientations 

of this fixed segment combination well reproduces the modulation depth histogram, as 

also shown in Fig. 3-2c. A typical PFONP can thus be imagined as, on average, a 20−30 

nm large nanostructure containing (at least) three straight β phase segments, with the 

remaining volume of the NP filled with glass-phase PFO. Efficient energy transfer from 

the glass phase to the β phase causes emission from the latter only, resulting in the pure β 

phase fluorescence spectra in Fig. 3-2b. The glass phase itself is distributed more 

randomly within the particle. This has been confirmed by absorption (excitation) 

polarization anisotropy measured on a statistical sample of single PFONPs and analyzed 

in terms of polarization modulation depth, MA, defined similarly as MA = (Imax − Imin)/(Imax 

+ Imin). The results are shown in a histogram in Fig. 3-6a in appendix. We note that the 

shapes of the histograms of the emission (Fig. 3-2c) and excitation (Fig. 3-6a) 

polarizations look similar. However, we observe large differences in the fractions of NPs 

with a modulation depth of 0.4 or lower. This fraction is 0.34 for the emission polarization 

and 0.64 for the excitation polarization, indicating the more oriented nature of the 

emitting β phase segments compared with the absorbing glass-phase chains. The more 

random orientation of the glass-phase segments is also seen in the results of the simulated 

polarization anisotropy (shown in Fig. 3-6b). The experimental histogram is best 

reproduced with three segments oriented more-or-less evenly in 3D space, confirming the 

random nature of the glass phase within the NPs. We note, however, that the orientation 

is not completely random, as we have not observed any particles with zero modulation 

depth. 
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Fig. 3-2. Characterization and imaging of the PFO nanoparticles. (a) Distribution of the 

particle height measured by AFM. Inset: TEM image. (b) Absorption and fluorescence 

spectra of PFO in THF solution and of the water dispersion of PFO nanoparticles. (c) 

Measured (filled gray bars, 35 nanoparticles) and simulated (open red bars, 50 000 data 

points) modulation depth distributions of fluorescence polarization traces. (d) Example 

of the spatial arrangement of three β-phase segments that best reproduce the measured 

modulation depth distribution in panel c. (e) AFM and (f) confocal fluorescence 

microscopic images of individual PFO nanoparticles dispersed on quartz substrate. 
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acceptor only.18 This is an example of evidence that polymer
chains in CPNPs are more densely packed than in films and are
different from the solvated state in solutions. At the same time,
the efficient interchain energy transfer leads to a decrease in
the emission quantum yield because energy is also trapped on
quenching sites.19 Therefore, aggregation states including
conformations and chain packing that are related to energy
transfer are key factors in the fluorescence properties of
CPNPs. From a different standpoint, a combination of
polyfluorene derivatives with Pt-octaethylporphine (PtOEP)
in CPNPs can make use of efficient energy transfer to and
phosphorescence from the PtOEP to effectively detect oxygen
via the phosphorescence quenching.20 These examples show
that fundamental knowledge on the relationship between
fluorescence properties, energy transfer, chain packing, and
conformation is essential for the further development of
CPNPs.
One important physical parameter that has been largely

overlooked is the effect of external (hydrostatic) pressure,
which causes mechanical modulation of the sample and, in
turn, affects the fluorescence properties via changes in chain
packing, interchain interactions, or conformation. Studies on
the effect of hydrostatic pressure on conjugated polymers films
of the poly(p-phenylenevinylene) family reported a fluores-
cence red shift and intensity decrease with increasing pressure

due to the planarization of the chain and the increase in
aggregation.21,22 Applying pressure on nanometer scales can,
on the contrary, lead to qualitatively different results. We
previously showed that poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) NPs undergo a blue shift
of fluorescence spectra and an intensity increase upon the
localized application of force using the tip of an atomic force
microscope (AFM). The small size of the tip causes a
disruption in the chain conformation accompanied by a
decrease in the conjugation length.23 CPNPs often show such
unexpected features, and many of their properties still remain
unexplained. A similar method of fluorescence microscopic
monitoring of nanoscale mechanical changes induced by the
AFM tip has been used to study pressure-related effects in
single dye molecules24 and QDs25 or the mechanofluor-
ochromism of single organic nanocrystals.26

Next to poly(phenylenevinylene)-based compounds, poly-
fluorenes (PFs) represent an important class of conjugated
polymers and have been widely studied both for academic
purpose and for potential applications. In particular, poly(9,9-
dioctylfluorene) (PFO) shows blue emission with high
efficiency in both fluorescence and electroluminescence,
good charge mobility, and thermal stability. It exists in two
main conformational states, a disordered glassy phase and a
well-defined planar β-phase.27,28 NPs can be prepared from

Figure 1. Characterization and imaging of the PFO nanoparticles. (a) Distribution of the particle height measured by AFM. Inset: TEM image. (b)
Absorption and fluorescence spectra of PFO in THF solution and of the water dispersion of PFO nanoparticles. (c) Measured (filled gray bars, 35
nanoparticles) and simulated (open red bars, 50 000 data points) modulation depth distributions of fluorescence polarization traces. (d) Example
of the spatial arrangement of three β-phase segments that best reproduce the measured modulation depth distribution in panel c. (e) AFM and (f)
confocal fluorescence microscopic images of individual PFO nanoparticles dispersed on quartz substrate.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00939
J. Phys. Chem. Lett. 2020, 11, 3103−3110
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3-3-2. Mechanically Induced fluorescence quenching. 

To perform the simultaneous AFM and confocal microscopy, identical PFONPs have 

to be localized in both microscopic modes. This requires precise alignment of the position 

of the center of the objective lens with the cantilever tip of the AFM, which is placed on 

top of the inverted fluorescence microscope. Fig. 3-3e,f shows the simultaneously 

measured AFM and fluorescence images. All of the features present in the fluorescence 

image are clearly identified at the same positions in the AFM image. These experiments 

are carried out in a nitrogen atmosphere to prevent oxidation and photobleaching. 

After zooming in on a single NP, we carried out simultaneous fluorescence intensity 

and force curve monitoring. Fig. 3-3a shows a time trace of the fluorescence before, 

during, and after the application of a force of 1 µN. The fluorescence intensity dropped 

to 48% as a result of the applied force and recovered completely after the retraction of 

the AFM tip. This effect is completely reproducible on the same particle; that is, the 

repeated application of a 1 µN force in the same spot causes quenching, and the 

fluorescence intensity recovers after each retraction of the AFM tip. 

Fluorescence spectra monitored at the same time (Fig. 3-3b, all spectra normalized) 

show β-phase characteristic features in all three phases without any significant line shape 

change. This result indicates that applying a force of 1 µN does not affect the β phase 

conformation present in the NP. This observation is confirmed by monitoring the 

polarization modulation depth, MF, before and during the application of the force. As seen 

in Fig. 3-3c, despite the fluorescence intensity drop, the MF value of 0.34 ± 0.02 remains 

unchanged during the experiment, confirming that not only do the β-phase segments 

themselves remain intact but also their orientation in the NP does not change. The error 

of the MF value is mainly due to the signal noise and was estimated from curve fitting and 

error propagation. The significant decrease in the fluorescence with the applied force 

therefore has to originate from the glass- phase PFO chains. We assume that the force of 

1 µN leads to more dense chain packing of the soft amorphous PFO chains, resulting in 

strong interchain interaction. Such an interaction between polymer chains can cause an 

increase in the energy transfer as well as the promotion of aggregates that may function 

as quenching sites. The fluorescence intensity of PFONPs decreases due to the increased 
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population of the quenching site and the increased energy transfer. 

To exclude other quenching effects, such as AFM tip induced quenching or changes in 

the refractive index due to the presence of the AFM tip, we carried out the same 

experiments using dye-doped polymer beads of comparable sizes. An example of force 

and fluorescence intensity curves is shown in Fig. 3-7 in appendix. As seen in the figure, 

the fluorescence beads do not show any fluorescence intensity changes with an applied 

force of 1 µN. Also, in principle, the decrease in the emission intensity can be due to the 

change in the shape of the NP during deformation and resulting changes in the collection 

efficiency of the optics. However, in the case of the PFONPs, the height is, on average, 

27 nm, so the change in the geometry of even a completely crashed NP would be on this 

order, which is negligible in optical terms. We note that the above behavior (described in 

Fig. 3-3) was observed in ∼70% of NPs studied. The remaining 30% showed a spectral 

change and a further increase in fluorescence intensity after AFM tip retraction (Fig. 3-

8). Such results will be discussed later. 

Whereas the fluorescence intensity drop by the applied force is a common observation 

in all studied NPs, the extent of the quenching varies from particle to particle. 

To quantify the extent, we calculated the quenching ratio Rq as Rq = (I0 − If)/I0, where 

I0 is the fluorescence intensity before and If is the intensity during application of the force. 

The ratio Rq is plotted against the particle size (height) in Fig. 3-9 in appendix. There is a 

large spread of Rq values from 0.1 to almost 1 but no clear correlation between the particle 

size and the extent of quenching (as observed before [23]), even though larger particles 

(>50 nm) tend to be quenched less. 
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Fig. 3-3. Modification of fluorescence intensity. (a) Force curve (top) and simultaneously 

measured fluorescence intensity (bottom) from a single PFO nanoparticle. (b) 

Fluorescence spectra taken during the force curve measurement in panel a. The color code 

corresponds to the fluorescence intensity trace. (c) Polarization modulation of 

fluorescence from a single PFO NP before (left) and during (right) the application of a 

force of 1 µN. The curve was measured by continuously rotating an analyzer placed in 

front of the CCD detector. 

 

 

 

3-3-3. Mechanically Induced Conformation Change. 

To get more insight into the mechanism of the fluorescence intensity changes, we next 

looked at the effect of the magnitude of the applied force by gradually increasing the force 

in the order of 100 nN, 500 nN, 1.0 µN, and 5.0 µN. As shown in Fig. 3-4a, for forces 

between 100 nN and 1.0 µN, the fluorescence intensity decreased in the same way as 

previously described, presumably due to the generation of quenching sites and energy 

transfer to them. Interestingly, the quenching already happens with the lowest force of 

100 nN and does not change when the force is increased to 1 µN. It appears that the 

PFO by a reprecipitation method, similar to other conjugated
polymers, and can have a β-phase induced by post-treatment
with organic solvents.29 Another way to control the amount of
β-phase in the NPs is, for example, side-chain engineering.30,31

Here we study the relationship between the photophysical
properties and the chain packing, including the chain
conformation on the level of single PF NPs. We measured
the fluorescence spectra and the intensity of different sizes of
NPs and simultaneously applied local external pressure using
an AFM tip to modify and control the PFO chain packing
inside the NPs. We find strong effects of both the inhibition
and the enhancement of fluorescence intensity depending on
the extent of external pressure. These intensity changes are
accompanied by various degrees of spectral changes that reflect
the conformational modifications of PFO chains as well as by
changes in the fluorescence polarization anisotropy. Apart from
providing fundamental knowledge on the relationship between
photophysical and structural properties of the PFO nanostruc-
tures, these results also provide important feedback for a
potential application in which PFO NPs would be used as
emitters in flexible optoelectronic devices.
Characterization of the Nanoparticles. The NPs were prepared

by a reprecipitation method. The NP height measured by AFM
was, on average, 27 nm with a large height distribution (Figure
1a). TEM showed that most of the NPs have a symmetrical
round shape (Figure 1a, inset) with an average diameter of 53
nm. To estimate the number of PFO chains in one NP, we
compared the average fluorescence intensity from single chains
dispersed in a matrix with the fluorescence intensity of NPs
under same experimental conditions. Assuming comparable
fluorescence quantum efficiencies in both systems, the number
of PFO chains is on the order of 100 or more. This number
might be larger because the emission is often quenched in
condensed phase such as the solid NPs. The absorption
spectrum of a water dispersion of PFO NPs (Figure 1b) is
identical to that of the PFO solution, with the exception of an
additional peak at 429 nm that is due to the presence of the

well-ordered β-phase conformation. The red shift of the
absorption is caused by the extended conjugation length in this
conformation. The fluorescence spectrum of the PFO NP
dispersion (Figure 1b) is also red-shifted from the PFO
solution and shows the characteristic narrow-band vibronic
progression of the β-phase.
Apart from the β-phase features, the fluorescence spectrum

of the as-prepared PFO NPs does not show any signatures of
the glassy phase or the green emission band that are typical for
some preparation of PFO nanostructures. The β-phase was
formed during a preparation step that involved heating of the
reprecipitated PFO to 80 °C to remove the remaining solvent.
To analyze in more detail the presence of the β-phase in

individual NPs, we measured the fluorescence polarization
anisotropy from a statistical sample of single PFO NPs and
analyzed the data in terms of the polarization modulation
depth, MF, defined as MF = (Imax − Imin)/(Imax + Imin). Here
Imax and Imin represent the fluorescence intensity maxima and
minima, respectively, obtained while continuously rotating an
analyzer placed in front of the detector. A distribution of M
obtained on 35 PFO NPs (shown in the histogram Figure 1c)
implies a certain degree of orientation of the rigid β-phase
segments inside the NPs. To reconstruct such an orientation,
we performed numerical simulations, as detailed in the
Supporting Information. The simulations indicate that a
minimum of three β-phase segments are required to reproduce
the experimental results. Figure 1d shows an example of the
spatial arrangement of such three segments. A statistical sample
of random spatial orientations of this fixed segment
combination well reproduces the modulation depth histogram,
as also shown in Figure 1c. A typical PFO NP can thus be
imagined as, on average, a 20−30 nm large nanostructure
containing (at least) three straight β-phase segments, with the
remaining volume of the NP filled with glass-phase PFO.
Efficient energy transfer from the glass phase to the β-phase
causes emission from the latter only, resulting in the pure β-
phase fluorescence spectra in Figure 1b. The glass phase itself

Figure 2. Modification of fluorescence intensity. (a) Force curve (top) and simultaneously measured fluorescence intensity (bottom) from a single
PFO nanoparticle. (b) Fluorescence spectra taken during the force curve measurement in panel a. The color code corresponds to the fluorescence
intensity trace. (c) Polarization modulation of fluorescence from a single PFO NP before (left) and during (right) the application of a force of 1
μN. The curve was measured by continuously rotating an analyzer placed in front of the CCD detector.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00939
J. Phys. Chem. Lett. 2020, 11, 3103−3110

3105
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structural changes in the NP happened during the initial contact with the AFM tip and are 

not affected by a further increase of the force up to 1 µN. The most likely reason for this 

lack of change is the nature of the initial contact of the tip with the surface. This contact 

is probably a hard impact due to the attractive forces at the end of the attractive region of 

the tip approach. This initial “crash” of the tip onto the particle causes the quenching-

related changes, and the further nominal increase in the force only compensates for the 

contact cantilever bending. However, when the applied force increased to 5.0 µN, the 

fluorescence intensity increased even above the initial precontact value. Thus, 

surprisingly, the qualitative change in the fluorescence properties depends on the 

magnitude of the applied force. The increase in the fluorescence intensity during the 

application of a 5 µN force was observed in 86% of the NPs studied, and the extent of the 

increase was, on average, 1.4. The remaining 14% showed only a decrease, as observed 

with lower applied forces. We note that there is not a permanent change to the particle 

shape (height) as a result of the applied force, as seen in Fig. 3-10 in appendix. 

Fluorescence spectra taken during the sequence of increasing applied force are shown 

in Fig. 3-4b. In particular, the applied force of 5 µN causes breaking of the β-phase 

conformation and generation of the glass phase. The fraction of the glass phase further 

increases after retraction of the tip from the NP. The difference fluorescence spectrum 

obtained by subtracting the spectrum taken before applying the force from the one taken 

after retracting the tip (shown in Fig. 3-11) corresponds to the glass form of PFO. The 

spectral decomposition shows that whereas before applying the force, the spectrum was 

purely that of β-phase, after the tip retraction, the glass phase contributed 68% and the β-

phase contributed 32% of the emission intensity. 

Monitoring of the polarization modulation depth, MF, before and during the application 

of the force (Fig. 3-4c) shows that the 5 µN force causes a complete depolarization of the 

emission, which accompanies the breakup of the β-phase. For other NPs, the modulation 

does not completely vanish but significantly decreases (Fig. 3-12 in appendix). In general, 

differences in the modulation depth values of the glass phase between the excitation and 

emission polarization measurements may be caused by the fact that due to efficient energy 

transfer the absorbing and emitting segments are different and thus the excitation and 
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emission polarization measurements probe different segments. All of the above 

experimental evidence can be summarized into a picture in which the strong AFM force 

physically disrupts the straight β phase segments and breaks them into multiple randomly 

oriented glass-phase segments, each emitting independently. We assume that the increase 

in the fluorescence intensity by the 5 µN applied force is caused by such an increase in 

the number of light-emitting segments. To estimate the actual increase in the number of 

segments, we use the results of an investigation of the conjugate length of the glass phase 

and the β phase PFO [32]. It has been shown that whereas glass-phase conjugated 

segments typically contain 8 ± 1 fluorene monomer units, the β phase conjugation extends 

to 30 ± 12 fluorene units. Therefore, a simple estimate shows that a breakup of a β phase 

segment can generate about four glass-phase segments. The number increase alone would 

not necessarily lead to a fluorescence intensity increase because of possible differences 

in fluorescence quantum yield (PLQY) between the two conformations. The PLQY of the 

β phase PFO remains an open question. There have been conflicting reports on a PLQY 

decrease with increasing β phase fraction [33] and on a PLQY increase with increasing β 

phase fraction [34] as well as reports indicating that the PLQY increase peaks for a certain 

β phase fraction and decreases with a further β phase content increase [35-36]. In all cases 

that show at least a partial PLQY positive trend, the increase is from ~0.5 to 0.7 [34-36]. 

A temperature dependence study of the PLQY of different PFO morphologies also 

indicates that at room temperature the glassy and β phase PLQYs are comparable [37]. 

These contradictory results do not enable us to discuss quantitatively the fluorescence 

intensity increase upon breaking the β phase segments but make the quantitative 

explanation plausible. 

In addition, our results on applying a force of 1.0 µN range can contribute to the PLQY 

discussion. We have shown (in Fig. 3-3a) that for the same content of the β-phase, the 

fluorescence intensity (and, consequently, the PLQY) can decrease by as much as 90% 

depending on the conformation or chain packing of the remaining glassy phase. Thus, 

apart from the β-phase content, the actual morphology of the whole PFO sample is a 

crucial parameter for the overall PLQY. 
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Fig. 3-4. Conformation change. (a) Force curve (top) and simultaneously measured 

fluorescence intensity (bottom) from a single PFO nanoparticle for different values of the 

applied force. (b) Fluorescence spectra taken during the force curve measurement in panel 

a. The color code corresponds to the fluorescence intensity trace. (c) Polarization 

modulation of fluorescence from a single PFO NP before (left) and during (right) the 

application of a force of 5 µM. The curve was measured by continuously rotating an 

analyzer placed in front of the CCD detector. 

 

 

 

3-3-3. Mechanically Assisted Photodegradation. 

All of the above experiments were conducted in a nitrogen atmosphere. It is, however, 

instructive to examine the effect of air under the same experimental conditions. The 

following results were obtained under ambient conditions. Fig. 3-5a compares the photo- 

degradation of a single PFONP caused by continuous illumination in air for the cases with 

and without an applied force of 1 µN. Without applying external force, the fluorescence 

intensity decreases to ∼72% over the measurement interval of 30 s. The force of 1 µN 

causes a sudden drop in the intensity to 34%, which is partly recovered after the retraction 

of the tip. Still, the recovered intensity level is only at 58% of the original fluorescence 

is distributed more randomly within the particle. This has been
confirmed by absorption (excitation) polarization anisotropy
measured on a statistical sample of single PFO NPs and
analyzed in terms of polarization modulation depth, MA,
defined similarly asMA = (Imax − Imin)/(Imax + Imin). The results
are shown in a histogram in Figure S1a. We note that the
shapes of the histograms of the emission (Figure 1c) and
excitation (Figure S1a) polarizations look similar. However, we
observe large differences in the fractions of NPs with a
modulation depth of 0.4 or lower. This fraction is 0.34 for the
emission polarization and 0.64 for the excitation polarization,
indicating the more oriented nature of the emitting β-phase
segments compared with the absorbing glass-phase chains. The
more random orientation of the glass-phase segments is also
seen in the results of the simulated polarization anisotropy
(shown in Figure S1b). The experimental histogram is best
reproduced with three segments oriented more-or-less evenly
in 3D space, confirming the random nature of the glass phase
within the NPs. We note, however, that the orientation is not
completely random, as we have not observed any particles with
zero modulation depth.
Mechanically Induced Fluorescence Quenching. To perform the

simultaneous AFM and confocal microscopy, identical PFO
NPs have to be localized in both microscopic modes. This
requires precise alignment of the position of the center of the
objective lens with the cantilever tip of the AFM, which is
placed on top of the inverted fluorescence microscope. Figure
1e,f shows the simultaneously measured AFM and fluorescence
images. All of the features present in the fluorescence image are
clearly identified at the same positions in the AFM image.
These experiments are carried out in a nitrogen atmosphere to
prevent oxidation and photobleaching.
After zooming in on a single NP, we carried out

simultaneous fluorescence intensity and force curve monitor-
ing. Figure 2a shows a time trace of the fluorescence before,
during, and after the application of a force of 1 μN. The
fluorescence intensity dropped to 48% as a result of the applied

force and recovered completely after the retraction of the AFM
tip. This effect is completely reproducible on the same particle;
that is, the repeated application of a 1 μN force in the same
spot causes quenching, and the fluorescence intensity recovers
after each retraction of the AFM tip.
Fluorescence spectra monitored at the same time (Figure 2b,

all spectra normalized) show β-phase characteristic features in
all three phases without any significant line shape change. This
result indicates that applying a force of 1 μN does not affect
the β-phase conformation present in the NP. This observation
is confirmed by monitoring the polarization modulation depth,
MF, before and during the application of the force. As seen in
Figure 2c, despite the fluorescence intensity drop, the MF value
of 0.34 ± 0.02 remains unchanged during the experiment,
confirming that not only do the β-phase segments themselves
remain intact but also their orientation in the NP does not
change. The error of the MF value is mainly due to the signal
noise and was estimated from curve fitting and error
propagation. The significant decrease in the fluorescence
with the applied force therefore has to originate from the glass-
phase PFO chains. We assume that the force of 1 μN leads to
more dense chain packing of the soft amorphous PFO chains,
resulting in strong interchain interaction. Such an interaction
between polymer chains can cause an increase in the energy
transfer as well as the promotion of aggregates that may
function as quenching sites. The fluorescence intensity of PFO
NPs decreases due to the increased population of the
quenching site and the increased energy transfer.
To exclude other quenching effects, such as AFM tip-

induced quenching or changes in the refractive index due to
the presence of the AFM tip, we carried out the same
experiments using dye-doped polymer beads of comparable
sizes. An example of force and fluorescence intensity curves is
shown in Figure S2. As seen in the figure, the fluorescence
beads do not show any fluorescence intensity changes with an
applied force of 1 μN. Also, in principle, the decrease in the
emission intensity can be due to the change in the shape of the

Figure 3. Conformation change. (a) Force curve (top) and simultaneously measured fluorescence intensity (bottom) from a single PFO
nanoparticle for different values of the applied force. (b) Fluorescence spectra taken during the force curve measurement in panel a. The color code
corresponds to the fluorescence intensity trace. (c) Polarization modulation of fluorescence from a single PFO NP before (left) and during (right)
the application of a force of 5 μM. The curve was measured by continuously rotating an analyzer placed in front of the CCD detector.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00939
J. Phys. Chem. Lett. 2020, 11, 3103−3110
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intensity value. There is even a much stronger effect of the applied force on the 

fluorescence spectra. As shown in Fig. 3-5b, without applying the force, the NP emission 

stays fully β-phase-like without any line shape change, showing only an intensity 

decrease (as also evident from the normalized spectra in Fig. 3-13 of appendix). The 

application of the 1 µN force causes the almost complete disappearance of the β phase 

emission, and after retracting the tip, the spectrum is purely that of a glass phase with a 

strong contribution of the green band around 550 nm (best seen in the normalized spectra 

in Fig. 3-14 of appendix). Interestingly, in terms of the absolute intensity, the contribution 

of the green band is the same before and after applying the force; in other words, the β 

phase was not transformed into the green band as a result of the degradation.  

We have previously shown that in a nitrogen atmosphere the force of 1 µN does not 

destroy the β phase segments but only changes the chain packing of the glass phase. We 

may speculate that the mechanical disturbance and reorientation of the β phase 

surrounding chains (and possibly part of the β phase segments themselves) facilitate the 

diffusion of oxygen toward the β phase segments and cause the degradation. If the 

degradation happened randomly on any monomer unit within the β phase segment, then 

it would lead to the breakup of the conjugation and the appearance of a glass-like 

conformation. Still, the product of such mechanically assisted photodegradation 

(presumably fluorenone species) is not causing an increase in the green band emission. 

This could be consistent with the idea that the green emission is caused by interchain 

excimers formed by the fluorenone units, and such excimers would not be formed on the 

straight β-phase segments [38]. 
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Fig. 3-5. Mechanically assisted photodegradation. (a) Fluorescence intensity traces from 

two single PFO nanoparticles in air without (top trace) and with (bottom trace) an applied 

force of 1 µN. (b) Fluorescence spectra from the single nanoparticle measured without an 

applied force at the start (0 s, black) and end (30 s, green) of the measurement interval. 

(c) Fluorescence spectra from a single nanoparticle before (black), during (blue), and after 

(red) applying a force of 1 µN. 

 

 

 

 

 

 

 

 

 

 

 

 

NP during deformation and resulting changes in the collection
efficiency of the optics. However, in the case of the PFO NPs,
the height is, on average, 27 nm, so the change in the geometry
of even a completely crashed NP would be on this order, which
is negligible in optical terms. We note that the above behavior
(described in Figure 2) was observed in ∼70% of NPs studied.
The remaining 30% showed a spectral change and a further
increase in fluorescence intensity after AFM tip retraction
(Figure S3). Such results will be discussed later.
Whereas the fluorescence intensity drop by the applied force

is a common observation in all studied NPs, the extent of the
quenching varies from particle to particle.
To quantify the extent, we calculated the quenching ratio Rq

as Rq = (I0 − If)/I0, where I0 is the fluorescence intensity
before and If is the intensity during application of the force.
The ratio Rq is plotted against the particle size (height) in
Figure S4. There is a large spread of Rq values from 0.1 to
almost 1 but no clear correlation between the particle size and
the extent of quenching (as observed before23), even though
larger particles (>50 nm) tend to be quenched less.
Mechanically Induced Conformation Change. To get more

insight into the mechanism of the fluorescence intensity
changes, we next looked at the effect of the magnitude of the
applied force by gradually increasing the force in the order of
100 nN, 500 nN, 1.0 μN, and 5.0 μN. As shown in Figure 3a,
for forces between 100 nN and 1.0 μN, the fluorescence
intensity decreased in the same way as previously described,
presumably due to the generation of quenching sites and
energy transfer to them. Interestingly, the quenching already
happens with the lowest force of 100 nN and does not change
when the force is increased to 1 μN. It appears that the
structural changes in the NP happened during the initial
contact with the AFM tip and are not affected by a further
increase of the force up to 1 μN. The most likely reason for
this lack of change is the nature of the initial contact of the tip
with the surface. This contact is probably a hard impact due to

the attractive forces at the end of the attractive region of the tip
approach. This initial “crash” of the tip onto the particle causes
the quenching-related changes, and the further nominal
increase in the force only compensates for the contact
cantilever bending. However, when the applied force increased
to 5.0 μN, the fluorescence intensity increased even above the
initial precontact value. Thus, surprisingly, the qualitative
change in the fluorescence properties depends on the
magnitude of the applied force. The increase in the
fluorescence intensity during the application of a 5 μN force
was observed in 86% of the NPs studied, and the extent of the
increase was, on average, 1.4. The remaining 14% showed only
a decrease, as observed with lower applied forces. We note that
there is not a permanent change to the particle shape (height)
as a result of the applied force, as seen in Figure S5.
Fluorescence spectra taken during the sequence of

increasing applied force are shown in Figure 3b. In particular,
the applied force of 5 μN causes breaking of the β-phase
conformation and generation of the glass phase. The fraction
of the glass phase further increases after retraction of the tip
from the NP. The difference fluorescence spectrum obtained
by subtracting the spectrum taken before applying the force
from the one taken after retracting the tip (shown in Figure
S6) corresponds to the glass form of PFO. The spectral
decomposition shows that whereas before applying the force,
the spectrum was purely that of β-phase, after the tip
retraction, the glass phase contributed 68% and the β-phase
contributed 32% of the emission intensity.
Monitoring of the polarization modulation depth,MF, before

and during the application of the force (Figure 3c) shows that
the 5 μN force causes a complete depolarization of the
emission, which accompanies the breakup of the β-phase. For
other NPs, the modulation does not completely vanish but
significantly decreases (Figure S7). In general, differences in
the modulation depth values of the glass phase between the
excitation and emission polarization measurements may be

Figure 4. Mechanically assisted photodegradation. (a) Fluorescence intensity traces from two single PFO nanoparticles in air without (top trace)
and with (bottom trace) an applied force of 1 μN. (b) Fluorescence spectra from the single nanoparticle measured without an applied force at the
start (0 s, black) and end (30 s, green) of the measurement interval. (c) Fluorescence spectra from a single nanoparticle before (black), during
(blue), and after (red) applying a force of 1 μN.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00939
J. Phys. Chem. Lett. 2020, 11, 3103−3110
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3-3-4. Comparison of the PFO NP Properties with a Neat PFO Film. 

For the comparison with bulk neat films of PFO, we first measured AFM force curves 

on individual NPs and on different locations of a spin-coated and annealed film. The force 

curves were analyzed using the Derjaguin−Muller−Toporov(DMT) theory, as previously 

described [23]. An average Young’s modulus was 9.6 GPa for the PFONPs and 29.2 GPa 

for the PFO film, respectively. The more than three-fold decrease in the Young’s modulus 

for the NPs reflects changes in the physical properties (such as the glass-transition 

temperature) caused by the confinement of the PFO chains in the nanostructures. 

Pressing the film with the AFM tip with a 5 µN force results in local deformation, as 

seen in the AFM topology image in Fig. 3-15 of appendix. A fluorescence image of the 

same area of the film shows decreased fluorescence intensity from the deformed locations. 

However, contrary to the results obtained with the same force on individual NPs, there is 

almost no change in the fluorescence spectra from the deformed areas. Both the original 

film and the pressed locations show pure β-phase emission (Fig. 3-15). This result points 

to the unique possibility of the mechanical manipulation of the spectroscopic properties 

of polymer NPs.  
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3-4. Conclusion 

We have explored the effect of nanoscale mechanical pressure on the photophysical 

properties of PF NPs. Depending on the environment and on the magnitude of the applied 

force, the nanomechanical manipulation can result in both fluorescence quenching and 

enhancement, in a spectrally monitored conformational change and in accelerated 

photodegradation. The results will not only be important for the fundamental 

photophysics of conjugated polymers but also will provide feedback for potential 

applications of polymer NPs in flexible optoelectronic devices and could point toward 

the use of such NPs for light-monitored pressure sensors. 
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3-5. Appendix 

Numerical simulation of β-phase segment orientation inside the PFONPs 

β-phase is an ordered and straight conformation segment and is often observed in bulk 

films after annealing by thermal treatment or solvent vapor. Therefore, it is an interesting 

question how is β-phase incorporated and oriented in PFO NPs. To reveal this, we 

measured modulation depth of fluorescence polarization traces on individual PFO NPs 

without applying force. Although β-phase is three-dimensionally oriented in the PFO NPs, 

this orientation can be observed only projected into the two dimensions of the sample 

plane because PFO NPs are much smaller than diffraction limit of light and the emitting 

components cannot be distinguished. Therefore, we performed numerical simulation of 

polarization modulation depth to reveal the angles between individual β-phase segments 

within 1 NP. The projected angle in the sample plane will be changed by 3-dimensional 

orientation change (rotation). It can increase or decrease depending on the direction of 

rotation. In the numerical simulation, we started with two β-phase segments but found 

out that a minimum of three β-phase segments are required to reproduce the results. The 

angle between molecules 1 and 2 (θ), the angle between molecules 1 and 3 (φ), the angle 

between a common plane formed by molecules 1 and 2 and molecule 3 (χ) were decided 

and rotated around x and y axis in random steps. For each step modulation depth MF was 

calculated as (Imax - Imin)/(Imax + Imin). This process was repeated for 10000 steps and a 

histogram of MF was constructed. The combination of the angles (θ, φ, χ) which resulted 

in best reproduced experimental histogram of M was (29o, 9o, 63o). The relatively small 

values of the angles θ and φ cause a degree of orientation of the β-phase segments in the 

PFO NPs. 

The numerical simulations of the absorption (excitation) polarization anisotropy were 

carried out in a similar way, using three effective glass-phase segments to reproduce the 

distribution of the absorption modulation depth MA. The results shown in Fig. S1 confirm 

the random nature of the glass phase, with the angles (θ, φ, χ) of (106o , 72o, 26o). 
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Fig. 3-6 a) Measured (full black bars, 45 NPs) and simulated (open red bars, 50,000 data 

points) modulation depth of absorption (excitation) polarization traces; b) An example of 

spatial arrangement of three glass-phase segments that represent the overall measured 

modulation depth distribution in a). 
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FLJXUH S1. a) MeasXred (fXll black bars, 45 NPs) and simXlated (open red bars, 50,000 
data points) modXlation depth of absorption (e[citation) polari]ation traces; b) An 
e[ample of spatial arrangement of three glass-phase segments that represent the oYerall 
measXred modXlation depth distribXtion in a).  
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Fig. 3-7. Force curve (red) and simultaneously measured fluorescence intensity (black) 

from a single fluorescent bead Envy Green. 

 

 

 

 
Fig. 3-8. Top: Force curve (red) and simultaneously measured fluorescence intensity 

(black) from a single PFO nanoparticle; Bottom: Fluorescence spectra taken before 

(black), during (blue) and after (red) applying the force. 
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FLJXUH S3. Top: Force curve (red) and simultaneousl\ measured fluorescence intensit\ 
(black) from a single PFO nanoparticle; Bottom: Fluorescence spectra taken before 
(black), during (blue) and after (red) appl\ing the force. 
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Fig. 3-9. Quenching ratio Rq as a function of the nanoparticle height measured by AFM. 

 

 

 

 

Fig. 3-10. AFM images (a, c) of 3 NPs before (a) and after (b) applying the force of 5 mN. 

The profiles of the top two NPs are shown in b) before and in d) after applying the force. 
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FigXUe S4. QXeQchiQg UaWiR RT aV a fXQcWiRQ Rf Whe QaQRSaUWicle heighW PeaVXUed b\ AFM. 
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FLJXUH S5. AFM images (a, c) of 3 NPs before (a) and after (b) applying the force of 5 
mN. The profiles of the top two NPs are shown in b) before and in d) after applying the 
force. 
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Fig. 3-11. Red: Fluorescence spectrum of a single PFO NP measured after applying the 

force of 5µN; Black: Multiple-Gaussian fit of a spectrum before applying the force; 

Purple: Multiple Gaussian fit of a difference spectrum obtained by subtracting the 

spectrum before applying the force from the one after applying the force. Green: Sum of 

the black and purple curves. 

 

 

 

 
Fig. 3-12. Polarization modulation of fluorescence from a single PFO NP before (left) 

and during (right) application of a force of 5 mM. The curve was measured by 

continuously rotating an analyzer placed in front of the CCD detector. 
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FigXUe S6. Red: FlXorescence specWrXm of a single PFO NP measXred afWer appl\ing Whe 
force of 5�N; Black: MXlWiple-GaXssian fiW of a specWrXm before appl\ing Whe force; 
PXrple: MXlWiple GaXssian fiW of a difference specWrXm obWained b\ sXbWracWing Whe 
specWrXm before appl\ing Whe force from Whe one afWer appl\ing Whe force. Green: SXm of 
Whe black and pXrple cXrYes. 
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FigXUe S7. Polari]ation modulation of fluorescence from a single PFO NP before (left) 
and during (right) application of a force of 5 mM. The curve Zas measured b\ 
continuousl\ rotating an anal\]er placed in front of the CCD detector. 
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Fig. 3-13. Fluorescence spectra from a single PFO NP measured in air without an applied 

force at the start (0 s, black) and end (30 s, green) of the measurement interval, normalized 

at the 0-0 band. 

 

 

 

 
Fig. 3-14. Fluorescence spectra from a single PFO NP before (black), during (blue) and 

after (red) applying a force of 1 mN. The spectra are normalized at their respective 

maxima. 
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FigXUe S8. Fluorescence spectra from a single PFO NP measured in air Zithout an applied 
force at the start (0 s, black) and end (30 s, green) of the measurement interval, normali]ed 
at the 0-0 band. 
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FigXUe S9. Fluorescence spectra from a single PFO NP before (black), during (blue) and 
after (red) appl\ing a force of 1 mN. The spectra are normali]ed at their respective maxima. 
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Fig. 3-15. a) AFM and b) fluorescence images of a bulk film of PFO spin-coated on a 

substrate. The arrows indicate locations that were mechanically pressed by the AFM tip 

with a force of 5 mN; c) Fluorescence spectra from an intact part of the film (black) and 

from the pressed part (red); d) Same spectra as in c) normalized at the 0-0 band 
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FigXUe S10. a) AFM and b) flXoreVcence imageV of a bXlk film of PFO Vpin-coaWed on a 
VXbVWraWe. The arroZV indicaWe locaWionV WhaW Zere mechanicall\ preVVed b\ Whe AFM Wip 
ZiWh a force of 5 mN; c) FlXoreVcence VpecWra from an inWacW parW of Whe film (black) and 
from Whe preVVed parW (red); d) Same VpecWra aV in c) normali]ed aW Whe 0-0 band. 
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4-1. Introduction 

4-1-1. Conformation and photophysical properties of π conjugated 

polymers 

As mentioned in Chapter I, conformation and interchain interactions can affect the 

photophysical properties of π conjugated polymers. Conformation of π conjugated 

polymers can be controlled by modifying crystal structure of a bulk neat film or by 

dispersing the π conjugated polymer in a liquid crystal [1-2]. In addition, intrachain 

interactions, such as hydrogen-bonding and non-bonding interactions, can restrict 

freedom of conformation. It has been reported that strategically designed π-conjugated 

polymers can have a large potential barrier to the twist of its backbone due to intrachain 

interactions, resulting in improved charge carrier mobility [3-4]. Compared to a twisted 

conformation, planar conformation not only has a longer effective conjugation length, but 

can also be stacked tightly, leading to the improved charge carrier mobility. Such results 

indicate that conformation is one of the most important factors in photoelectric properties, 

but at the same time that it is difficult to distinguish the effects of conformation and 

interchain interactions on those properties. 

 

 

 

4-1-2. Controlling conformation of single π conjugated polymers 

Because single molecule study can avoid the effect of interchain interaction, 

conformation and fluorescence properties of single π conjugated polymers have been 

studied extensively, revealing that polymer conformation is highly sensitive to the 

surrounding environment. For the single molecule studies, samples are generally 

fabricated by spin-coating from a solution containing ultralow concentration of the π 

conjugated polymer and 1 ~ 2 wt % of a matrix polymer. As shown in chapter II, 

conformations significantly depend on the polymer matrices. In addition, the solvent used 

to disperse the π conjugated polymer and dissolve the matrix also affects the polymer 

conformation [5]. For example, in MEH-PPV samples prepared from toluene solution the 
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chains are highly folded (Fig. 4-1 (b)) and energy transfer occurs to the lowest energy site, 

leading to pronounced blinking (Fig. 4-1 (a)). On the other hand, in MEH-PPV samples 

prepared from chloroform solution the chains are extended and do not show the blinking 

behavior (Fig. 4-1 (c,d)). 

 

 

 

 

Fig. 4-1 Fluorescence time trace of MEH-PPV prepared from toluene(a), and CHCl3(c), 

Polarization dependence of MEH-PPV prepared from toluene(b), and CHCl3(d) [5]. 

 

 

 

Several studies showed that conformation can be controlled also by chemical structure. 

Polystyrene can be incorporated into polythiophene as a large-size side chain to suppress 

intrachain interactions. As a result, the polymer main chain takes on an expanded 

conformation in polystyrene compared to a polythiophene without the large side chains 

[6]. Although regioregular P3HT takes highly ordered conformation, regiorandom P3HT 

adopts a wide variety of conformations (Fig. 4-2) [7-8].  

(a) (b)

(c) (d)
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Fig. 4-2 Difference between polarization dependence of regioregular P3HT (above) and 

regiorandom P3HT (below) [7]. 

 

 

 

On the other hand, it is difficult to obtain information on the dynamics of conformation 

changes by single molecule studies in polymer matrix because the matrix itself restricts 

freedom of conformation. Several research groups succeeded in performing solution-

based SMS of π conjugated polymers and reported dynamic changes of conformation and 

related fluorescence properties. In solution, polymer chains physically adsorb on a 

substrate or diffuse freely (Fig. 4-3 (a)). Although diffusing polymer chains show no 

blinking, adsorbed chains show blinking and fast photobleaching (Fig. 4-3 (b,c)). This 

result indicates that the degree of conformation freedom is capable of affecting the 

photophysical properties [9].  
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The function of conjugated polymer-based devices (e.g., light-
emitting diodes, field-effect transistors, and photovoltaic

devices) is critically affected by the morphology adopted by the
polymeric material.1!5 One of the critical factors in determining
bulk polymer morphology is the role of side-chains.6!8 It has
been shown that the regioregularity of polymer chains (i.e., the
percentage of head-to-tail linkages between monomer units in
the polymer backbone) affects both film morphologies and their
properties.9!14While understanding fundamental polymer chain
interactions within such morphologies is essential to optimizing
and tailoring the performance of such systems, large scale
heterogeneity and complexity15,16 are major obstacles to study-
ing these issues in thin films, as bulk methods characterize only
average properties. In contrast, single polymer chain studies
allow the distribution of properties to be directly studied by
probing the system one chain at a time.17!19 The combination of
single molecule spectroscopy and theoretical simulation in
particular is powerful in understanding the mechanism of chain
folding and its effect on the optoelectronic properties of con-
jugated polymers.20!24 However, it remains unclear how regio-
regularity affects the conformation of isolated individual chains
where interchain interactions are absent. Scanning tunneling
microscopy (STM) studies on single conjugated polymer chains
have shown nearly identical extended rigid structures for both
regioregular and regiorandom polymers.25 In contrast, other
STM studies of monolayers reveal that single regioregular chains

adopt highly folded conformations.26,27 From a theoretical
perspective, many studies on single conjugated polymer chains
conformation utilize simple bead-on-a-chain models that com-
pletely ignore side-chains. However, a recent report28 defining
the minimum size requirement for the proper simulation of
oligothiophenes shows that side-chains are important in deter-
mining the dihedral torsion angle between thiophene rings,
suggesting that side-chains could play a significant role in chain
conformations even at the single chain level.

In this work, we have focused on understanding the role
of side-chains on single poly(3-hexylthiophene) (P3HT) chain
folding mechanisms. We performed single molecule fluores-
cence excitation polarization spectroscopy on isolated chains of
both regioregular (rr-) and regiorandom (rra-) P3HT in a
poly(methyl methacrylate) (PMMA) host matrix to directly
examine the effect of regioregularity on single P3HT chain
conformations at room temperature. This technique has been
used to probe the morphological order (i.e., nematic-like parallel
chain order) of single conjugated polymer chains, and addressed
various contributions to the mechanism of single polymer chain
folding.20,21,29 Most importantly, a recent report has shown that
the conformations measured for single chains in a PMMAmatrix

Received: April 22, 2011
Accepted: May 19, 2011

ABSTRACT: The regioregularity of a conjugated polymer can greatly affect bulk film
morphologies and properties. However, it remains unclear how regioregularity affects the
conformation of isolated individual chains where interchain interactions are absent. Here,
the effect of the regioregularity on the conformations adopted by regioregular (rr-) and
regiorandom (rra-) poly(3-hexylthiophene) (P3HT) chains was studied using single
molecule fluorescence excitation polarization spectroscopy. While every rr-P3HT chain
within an ensemble was found to fold into a highly ordered conformation, single rra-P3HT
chains adopted a wide variety of conformations, ranging from highly ordered to isotropic.
This distribution is likely due to variations in the positions of nonhead-to-tail linkages of the
side-chains along the backbone of the different polymer chains. Molecular dynamics
simulation on atomistic models of rr- and rra-P3HT chains supports the effect of
regioregularity on the collapsed conformations. These results demonstrate that side-chains
govern the morphology of P3HT, even at the single chain level.

SECTION: Macromolecules, Soft Matter
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Fig. 4-3 Schematics of freely diffusing and adsorbed polymer chains (orange) in solution 

(a), fluorescence time trace of diffusing (b) and adsorbed polymer chain (c). [9] 

 

 

 

In order to suppress diffusion of the polymer chain, one end of the π conjugated polymer 

chain can be functionalized and anchored to a substrate. Wide variety of blinking and 

photobleaching behavior were observed and suppressed by addition of oxygen scavenger 

in such samples [10]. Other studies show that expanded and compact conformations can 

be reversibly changed by switching between good and poor solvent [11]. Annealing a 

polymer film is known to induce polymer chain motion and improve film morphology. 

Solvent vapor annealing (SVA) is an effective way to anneal polymer films because it is 

easy to perform and does not promote undesirable chemical reactions such as oxidation.  

In polyfluorenes, the formation mechanism of β-phase in polyfluorene has not fully 

understood. Our group measured fluorescence from single PFO chains with different 

molecular weight during the SVA process [12]. PFO single chains showed fluorescence 

switching between glass phase and β-phase (Fig. 4-4) and large distribution of coherence 

lengths of the exciton. In addition, low molecular weight chains show much faster β-

phase formation. These results are important for understanding the process of β-phase 

conformation in PF films. The above mentioned experiments in solution focus on 

dynamics of conformation and related fluorescence properties and show that 

conformation is indirectly controlled by external forces such as solvent vapor or solvent 

quality. 
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Fig. 4-4 Left panel: an example of fluorescence time trace of single PFO chain, the 

emission from glass phase (black) and β-phase (red) are separated by dichroic mirror. 

Right panel: fluorescence spectra of glass and β-phase. [12] 

 

 

 

4-1-3. Strategy and purpose 

Given the limitations of all the above approaches, the ultimate way of controlling 

conformation of a π conjugated polymer is to directly manipulate the polymer chain. We 

propose one such ultimate way to control the conformation of π conjugated polymers, a 

combination of the SMS technique with a so called nanofishing. Nanofishing is a 

technique in which a single polymer chain whose ends are chemically connected to a 

substrate and an AFM cantilever, respectively, is mechanically stretched. Statistical 

mechanical properties of single polymer chains are obtained by measuring force-

extension curves [13]. Therefore, the nanofishing technique can directly control the chain 

conformation.  

One aspect of folded conformation of π conjugated polymers is the possible presence 

of intrachain interactions between different conjugated segments. Upon light irradiation, 

the interaction can take the form of excitonic coupling which is responsible for the 

appearance of ground-state (H- or J-) aggregates as well as excimers. In 1930s, excitonic 

coupling was first observed by Scheibe et al. and Jelly as an unusual phenomenon of 

bathochromic shift of absorption spectrum of pseudo isocyanine (PIC) dyes in solution 

[14-16]. The features of the new spectral band are its narrow shape, very high absorption 

coefficient and strong fluorescence. On the other hand, other PIC dyes aggregates showed 

Real-Time Monitoring of Formation and
Dynamics of Intra- and Interchain Phases in
Single Molecules of Polyfluorene
Tzu-Wei Tseng, Hao Yan, Tomonori Nakamura, Shun Omagari, Ji-Seon Kim,* and Martin Vacha*

Cite This: ACS Nano 2020, 14, 16096−16104 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Poly(9,9-dioctylfluorene) (PFO) is one of the most important conjugated polymer materials,
exhibiting outstanding photophysical and electrical properties. PFO is also known for a diversity of morphological
phases determined by conformational states of the main chain. Our goal in this work is to address some of the key
questions on formation and dynamics of one such conformation, the β-phase, by following in real time the evolution
of fluorescence spectra of single PFO chains. The PFO is dispersed in a thin polystyrene film, and the spectra are
monitored during the process of solvent vapor annealing with toluene. We confirm unambiguously that the PFO β-
phase segments are formed on a true single-chain level at room temperature in the solvent-softened polystyrene. We
further find that the formation of the β-phase is a dynamic and reversible process occurring on the order of seconds,
leading to repeated spontaneous transitions between the glassy and β-phase segments during the annealing.
Comparison of PFO with two largely different molecular weights (Mw) shows that chains with lower Mw form the β-
phase segments much faster. For the highMw PFO chains, a detailed Franck−Condon analysis of the β-phase spectra
shows a large distribution of the Huang−Rhys factor, S, and even dynamic changes of this factor occurring on a
single chain. Such dynamics are likely a manifestation of changing coherence length of the exciton. Further, for the
high Mw PFO chains we observe an additional conformational state, a crystalline γ-phase. The γ-phase formation is
also a spontaneous reversible process in the solvent-softened matrix. The phase can form from both the β-phase and
the glassy phase, and the formation requires high Mw to enable intersegment interactions in a self-folded chain.
KEYWORDS: polyfluorene, single-molecule spectroscopy, photophysical properties, morphology, fluorescence spectral dynamics,
β-phase

Polyfluorenes, and in particular poly(9,9-dioctylfluorene)
(PFO), have attracted considerable attention over the
past 20 years because of their outstanding photo-

physical and electrical properties, including efficient blue
emission (both as photoluminescence and electrolumines-
cence), high optical gain, and charge transport properties.1−3

In addition, PFO is thermally and chemically stable and easily
solution-processable, leading to a range of potential applica-

tions such as light-emitting diodes and lasers, sensors, and
photonic devices.4−7
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hypsochromically shifted absorption and weak or no fluorescence [17]. These aggregates 

were later termed as J-aggregate (J originating from Jelly) and H-aggregate (H originating 

from hypsochromic), respectively. Kasha and coworkers proposed excitonic coupling 

theory which explains the spectral shift of aggregates as transition dipole interaction using 

point dipole approximation in 1960s [18-19]. This theory showed relation between 

geometrical arrangement of molecules and spectral blue and red shift. Recent studies have 

developed this theory and described experimentally obtained spectral shift of various 

organic chromophores [20-25]. However, excitonic coupling energy has never been 

directly measured. A recent theoretical study of force-extension curves of two PDI 

molecules connected by an alkyl spacer and illuminated by light in resonance with the 

PDI absorption [26] showed that the exciton coupling energy between the two PDIs is 

strong enough to be measurable as force by AFM using the nanofishing technique. This 

study showed that combining SMS and nanofishing technique is not only a great way to 

control conformation but also probably the only way to directly measure exciton coupling 

energy and reveal electronic states of chromophores.  

Polyfluorenes have been widely studied in various fields, from synthesis to 

optoelectrical properties, and many end-capped polyfluorenes have been synthesized [27-

33]. Also, as mentioned previously, polyfluorenes are known to take unique 

conformations, such as glass phase or β-phase. Further, we have shown in chapter II that 

exciton coupling is one of the possible causes of the appearance of the g-band in PFs. 

Therefore, polyfluorene is one of the suitable materials for experiments combining SMS 

and nanofishing. The purpose of this study is to simultaneously measure fluorescence and 

force-extension curves from single PFO chains and clarify the relationship between 

conformation and fluorescence properties and the exciton coupling energy. 

As a strategy, amino-terminated PFO is synthesized by chain-growth polymerization [31-

34]. According to previous research, amino-terminated PFO can be synthesized by 

reduction of nitro-terminated PFO [35]. To perform nanofishing experiment, the surface 

of quartz substrate and AFM tip is functionalized by epoxy group which react with amine 

group. By simultaneously measuring force curve and fluorescence of PFO chains, we can 

investigate conformational change such deformation of excitonic coupling detected as 
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force peak and reveal correlation between conformational change and fluorescence 

properties (Fig. 4-5). 

 

 

 

 
 

Fig. 4-5 Upper panel: Schematic illustration of experiment combining nanofishing and 

single molecules spectroscopy. Lower panel: Illustration of nanofishing of amino-

terminated PFO chain (left). Expected experimental data showing that excitonic coupling 

is measured as force peak during nanofishing and schematic diagram of conformational 

and emission color change of polymer chain during nanofishing (right). 
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4-2. Experimental section 

4-2-1. Synthesis of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetra-

methyl-1,3,2-dioxaborolane 

 

 

 

 

Under N2 atmosphere, 2,7-dibromo-9,9-dioctyl-9H-fluorene (2.02 g, 3.7 mmol) was 

dissolved in 20 mL THF and cooled to -78 oC. BuLi (2.4 mL, 6.0 mmol) was added 

dropwise to the solution and stirred for 1 hour. Then, 2-isopropoxy-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (0.8 mL, 3.9 mmol) was added dropwise, the reaction mixture was 

heated to room temperature and kept for 24 hours. Subsequently, the organic layer was 

washed with saturated NH4Cl aqueous solution and dried with MgSO4. The solvent was 

evaporated and the crude product was purified by column chromatography using a mixed 

solvent of hexane/CH2Cl2 (v/v = 4/1). 0.90 g colorless oil (1) was obtained as the product 

with yield of 41 %. 

 
1H-NMR (CDCl3, 300 MHz): 7.43-7.81 (m, 6H), 1.85-2.02 (m, 4H), 1.39 (s, 12H), 0.94-

1.28 (m, 20H), 0.82 (t, J = 6.8 Hz, 6H), 0.49-0.62 (m, 4H). MS: m/z 594.50 (calc. 595.495). 

 

 

 

 

 

 

 

 

 

C8H17C8H17

BrBr
1. n-BuLi, THF

2.
, -78oC to r.t.

C8H17C8H17

BBr
O

O

O B
O

O
1
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4-2-2. Synthesis of nitro-terminated PFO (NO2-PFO-NO2) 

 

 

 

Pd(dba)2 (10 mg, 0.01 mmol), tert-Bu3P (26 mg, 0.06 mmol) and 1-bromo-4-

nitrobenzene (18 mg, 0.045 mmol) were dissolved in THF. The solution was stirred for 2 

h in N2 and used as an initiator (2). In another flask, 1 (0.28 g, 0.47 mmol) was dissolved 

in THF (5.4 mL) and 2 M aqueous solution of K3PO4 (0.5 mL) in N2. Initiator solution 

was added to this mixture at 0 oC to initiate polymerization. After 1 h, 4-

nitrophenylboronic acid (82.4 mg, 0.49 mmol) was added to the reaction mixture for end 

capping. The product was extracted 3 times with CH2Cl2. Extracted organic layers were 

combined, washed with brine and dried with Na2SO4. Na2SO4 was removed by filtration 

and the filtrate was evaporated under reduced pressure. The residue was dissolved in a 

minimum amount of THF and added dropwise to methanol with stirring. The precipitate 

was collected by filtration (0.1 g, yield: 36 %). The product (3) was further purified by 

HPLC (0.05 g, yield: 18 %). 

 
1H-NMR (CDCl3, 400 MHz): 0.81 (m, 10H), 1.14 (m, 20H), 2.12 (br, 4H), 7.68-7.70 (m, 

4H), 7.83-7.85 (d, 2H). GPC: Mn = 27650, Mw / Mn = 1.61. 

 

 

 

 

 

 

 

 

 

 

BrO2N
Pd(bda)3, t-Bu3P

THF, r.t.
PdO2N Br
Pt-Bu3 1, K3PO4(2M) (HO)2B

NO2 C8H17C8H17
NO2O2N

n
THF, 0oC2 3
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4-2-3. Synthesis of amino-terminated PFO (NH2-PFO-NH2) 

 

 

 

Compound 3 (20 mg, 0.7 µmol) was dissolved in THF and cooled to 0 oC. Excessive 

amount of NaBH4 was added to this solution. Then, the reaction mixture was heated to 

room temperature and stirred for 6 h. After filtration, organic layer was extracted with 

CH2Cl2 and dried with Na2SO4. The organic solvent was removed under reduced pressure 

and the residue was purified by the reprecipitation method with CH2Cl2/methanol (15 mg, 

yield: 75 %). 

 

 

4-2-4. Functionalization of quartz substrate 

First, quartz substrate was sonicated two times in ethanol for 20 min and transferred 

into alkaline solution (NH4OH/H2O2/H2O, 1:1:5 v/v) for 1 h. To obtain -OH rich surface, 

quartz substrate was soaked in piranha solution (H2SO4/H2O2, 7:3 v/v) for 30 minutes. 

The piranha solution was then completely removed by rinsing with water. To 

functionalize the surface with epoxy groups, the cleaned quartz substrate was incubated 

overnight in 3-glycidyloxypropyltrimethoxysilane (TCI) and thoroughly rinsed with 

ethanol and toluene. 

 

 

4-2-5. Immobilization of NH2-PFO-NH2 on a quartz substrate 

10-6 ~ 10-8 M of amino terminated PFO (NH2-PFO-NH2) in THF solution was 

dropped onto the functionalized substrate. After THF was completely dried, the substrate 

was rinsed with toluene to remove the unreacted polymer chains and dried with N2 gas. 
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4-2-6. Functionalization of AFM cantilever 

AFM cantilever was functionalized in almost the same way as the quartz substrate. 

First, the cantilever was immersed in ethanol for 1h and transferred into alkaline solution 

(NH4OH/H2O2/H2O, 1:1:5 v/v) for 1 h. Then, the cantilever was soaked in piranha 

solution (H2SO4/H2O2, 7:3 v/v) for 30 minutes and thoroughly rinsed with water. Finally, 

the cleaned cantilever was incubated overnight in 3-Glycidyloxypropyltrimethoxysilane 

(TCI) and thoroughly rinsed with ethanol and toluene. 

 

 

4-2-7. Combined confocal and atomic force microscopic setup 

The single molecule and AFM measurements were carried out using a home-built 

setup that combines an inverted fluorescence microscope (IX 73, Olympus) with an AFM 

head (MFP-3D-SA, Asylum Research). The AFM cantilever used was HQ:CSC38/Al BS 

(MikroMasch). Nanofishing experiments were performed in toluene. The sample was 

excited with a 375 nm laser (LDH-D-C375, Pico Quant). Fluorescence from the sample 

was collected by an oil immersion objective lens (UplanFLN 100×, N.A. 1.3, Olympus) 

and passed through a dichroic mirror (Dichro 375, Chroma) and a long-pass filter (LP 

377, Edmund). The objective lens was mounted on a three-axis piezo stage (PS3L60-

030U, NC3311, Nanocontrol) to accurately align its center position with respect to the 

AFM tip. The fluorescence signal was detected by an electron-multiplying charge- 

coupled device (EMCCD) camera (iXon, Andor Technology) equipped with an imaging 

spectrograph (CLP-50LD, Bunkou Keiki) to measure fluorescence spectra. The 

integration time and gain of EMCCD were 0.2 s and 300, respectively.  
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4-2-8. Theoretical calculation of excitonic coupling between two PFO 

segments 

Excitonic coupling J is calculated following the same way as reported recently for 

simulation of nanofishing of two PDI molecules [26]. The coupling is composed of long-

range Coulombic interaction and of short range interaction related to overlap of molecular 

orbitals of two molecules. In this study, only Coulombic interaction is calculated as the 

interaction between atomic transition charges (ATCs). ATCs for p-th atom in the k-th 

excited state was expressed as 

 

qp
k 	= √2 + + + +AijCi

pbCj
cSbc

occ

i

unocc

j

NAO

c

NAO,p

b

																																					 (4-1) 

 

where i is the index of occupied molecular orbital (MO), j is the index of virtual 

unoccupied MOs, b and c are indexes of atomic orbital basis function, NAO is the total 

number of atomic orbitals, NAO,p is the total number of atomic orbitals of p-th atom, Aij is 

the CI coefficient, Ci
pb	is the atomic orbital coefficient b of molecular orbital i of p-th 

atom, Cj
c 	is the atomic orbital coefficient b of MO j and Sbc	is the overlap matrix between 

the AO basis functions b and c. The excitonic coupling Jc was calculated using the 

equation (2) 

 

Jc= Jc
IJ= +

qi qj

4	π	ε0	rijIJ
                                                    (4-2) 

 

where rij is the distance between atom i and j of molecule I and J and ε0 is the vacuum 

permittivity. The ATCs of each atom were calculated from isolated fluorene monomer for 

S0-S1 transition using DFT and TD-DFT at B3LYP / 6-31G++(d,p) level. Because the 

effective conjugation length of PFO is 8 monomer units, we multiplied the calculated Jc 

between the two fluorenes by 8 [36]. 
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4-3. Results and Discussion 

4-3-1. Immobilization of PFO onto substrate surface 

In a previous study, the combination of amine group and epoxy group was used for 

single molecule force measurement of dendronized polymer [37]. Here, in a similar 

manner, to immobilize amino-terminated PFO onto the substrate surface, the surface of 

quartz substrate was functionalized with epoxy groups. Samples of three different 

concentrations of PFO were prepared and the presence of reacted PFO chains was 

confirmed by measuring the density of light emitting spots in fluorescence images in 

toluene. With respect to the samples prepared from the 10-6 and 10-7 M PFO solutions, 

fluorescence signal covers the whole image area with spatial variations of fluorescence 

intensity, indicating that the PFO chains are attached evenly to the whole surface of the 

quartz substrate (Fig. 4-6 (a-b)). Fluorescence image of the sample prepared from 10-8 M 

showed individual emitting spots with equal fluorescence intensity and these can be 

attributed to single PFO chains (Fig. 4-6 (c)). The higher concentration sample is suitable 

for nanofishing study because the collision of amino group at one end of the PFO chain 

with the epoxy group of AFM cantilever surface is required, and higher concentration 

increases the probability of such collision. On the other hand, single molecule study 

requires low density of light emitting spots separated by distances larger that the 

diffraction limit which is on the order of few hundreds nm. Thus, there is a trade-off 

between suitable concentrations of PFO chain for nanofishing experiments and for single 

molecule experiments. Therefore, the samples prepared from the 10-6 M and 10-8 M 

solutions are suitable for the nanofishing and the single molecule experiments, 

respectively. Fluorescence spectra of single PFO chains reacted with the substrate in 

toluene are shown in Fig. 4-7. Sigle PFO chains showed fluorescence with vibronic 

structure and peak wavelengths around 415 nm, 445 and 475 nm. These features can be 

attributed to emission of glassy phase PFO in solution. These results confirm that amino-

terminated PFO chains are properly immobilized to the surface of quartz substrate by the 

amine and epoxy groups reaction. 
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Fig. 4-6 Fluorescence images of immobilized PFO in toluene prepared from THF solution 

with different concentration, (a) 10-6 M, (b) 10-7 M, (c) 10-8 M. 

 

 

 

 

 

 
Fig. 4-7 Typical fluorescence spectra of fixed PFO chains in toluene 
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4-3-2. Nanofishing of single PFO chains in toluene 

Typical examples of force-extension curves of single PFO chains in toluene are 

shown in Fig. 4-8. First, the AFM cantilever contacts the surface of the quartz substrate, 

and the amine group at one end of the PFO reacts with the epoxy group on the surface of 

the quartz substrate. Then, the AFM cantilever starts separating from the substrate, 

forcing the polymer chain to stretch until the chemical bond is broken. The peak force 

corresponding to the breaking of chemical bonds generally exceeds few hundreds pN [13, 

37]. The force-extension curves in Fig. 4-8 show a single force peak with a magnitude of 

more than few hundreds pN, indicating that the amino-terminated PFO chains are 

correctly picked up by the functionalized AFM cantilever and extended to full length 

before the bond breakage. The extension length at the force peak is termed rupture length 

and corresponds to the length of fully stretched polymer chain. The rupture length has 

been measured for 51 single PFO chains and the values have been summarized in a 

histogram shown in Fig. 4-9. The molecular weight of the synthesized amino-terminated 

PFO was measured by GPC and a value of 27650 g/mol was obtained. From this value, 

the length of the polymer chain can be estimated as about 60 nm by using quantum 

chemical calculation to obtain the size of fluorene monomer and the bond length between 

two fluorenes. In the histogram in Fig. 4-9, the rupture length is distributed between 30 

and 160 nm with an average value of 80.7 nm, which is longer than the 60 nm obtained 

from the GPC. One reason for the rupture length distribution is a distribution of molecular 

weight, characterized by an estimated PDI of 1.61. Further, the larger average rupture 

length value indicates that longer polymer chains are more easily picked up by the AFM 

cantilever. Amine group at the one end of the polymer chain can diffuse in a hemisphere 

whose diameter corresponds to chain length. When the AFM tip enters this hemisphere, 

the chain-end amine group can react with epoxy groups on the surface of the AFM tip 

and the polymer chain will be picked up. This consideration indicates that longer polymer 

chain is preferentially picked up because the area of the hemisphere increases as the 

polymer chain becomes longer. 
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4-3-3. The effect of excitation light on nanofishing of PFO chains in toluene 

Next, in order to examine the effect of excitonic coupling on the unfolding of single 

PFO chains, we performed the nanofishing experiment in toluene in the presence of 

continuous excitation light. Fig. 4-10 shows examples of the force-extension curves of 

PFO chains exited by the 375 nm laser with 14.2 Wcm-2. As the curves in the Fig. 4-10 

show, there is one (or a few) additional small force peaks appearing in a range of 

extensions before the onset of the main force peak (which is attributed to the stretching 

of the chain). These small observed force peaks appear only under photoirradiation and 

their magnitude is less than 150 pN. We have verified this observation by measuring 56 

single PFO chains under illumination and comparing with 51 single chains stretched in 

dark. The histogram of the magnitude of these small force peaks is shown in Fig. 4-11 (a). 

The average force obtained from the histogram is 47 ± 2 pN. In a previous theoretical 

study, exciton coupling between two PDI molecules was calculated and used to simulate 

a force peak in an AFM force experiment, yielding a predicted theoretical value of 50 ~ 

100 pN [26]. The small force peaks observed only under photoirradiation are of similar 

order of magnitude, and point can be attributed to the intrachain exciton coupling of PFO 

chain.  

To further confirm the light-induced origin of the small force peaks, we performed 

the same experiment with different irradiation intensity. Fig. 4-11 (b) shows a histogram 

of the magnitude of the small force peaks measured on 40 single PFO chains with 

excitation intensity reduced to about 40 % of the first experiment. The average force 

obtained from the histogram is 29 ± 2 pN, which corresponds to 61% of the value of 47 

pN obtained above. To analyze this result, we examine the details of the irradiation and 

absorption processes. In the experiment, a pulsed laser was used for excitation, and its 

repetition rate was 80 MHz. A laser pulse of 20 ps duration is thus irradiated on the sample 

at 12.5 ns intervals. Because the exciton lifetime of PFO is known to be 0.3 ~ 5.1 ns 

(Chapter II), the PFO chain is not in the excited state all the time during the nanofishing 

experiment. Therefore, the number of excitations of the PFO chain is important. From 

these considerations, the force should be proportional to the excitation intensity, but the 
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experimental results showed a weak than linear dependence on the excitation intensity. 

Under the lower 40 % excitation condition, force of 18.5 pN would correspond to 40 % 

of 47 pN. However, since the noise of the force curve can be as large as about 10 pN, the 

smaller force peaks can be lost in the noise and only relatively larger peaks of the 

distribution could actually be measured. This is also reflected in the skewed shape of the 

histogram in Fig. 4-11 (b). Therefore, while we unambiguously verified the light-induced 

nature of the small force peaks, for the discussion of the excitonic coupling the force 

peaks measured at higher excitation intensities seem to be more reliable. 

 

 

 

 

 
Fig. 4-8 Typical force-extension curve of PFO single chain in toluene 

 

 

 

adhesion
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Fig. 4-9 Histogram of rupture length of PFO in toluene 

 

 

 

 

 

Fig. 4-10 Typical force-extension curves with small force peak of PFO single chain in 

toluene under photoirradiation. Excitation intensity: 14.2 W / cm2 
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Fig. 4-11 Histogram of small unfolding force observed under photoirradiation with 

different excitation intensity. (a) 14.2 W/cm2, (b) 5.6 W/cm2 

 

 

 

 

4-3-4. Analysis of the exciton coupling energy between PFO segments 

In the following, we analyze the data based on the assumption that the weak force 

peaks appearing only under illumination are caused by excitonic interactions between 

neighboring conjugated segments on a folded PFO chain. To obtain excitonic coupling 

energy (J) from the force-extension curves, we integrated the area under the small force 

peaks because energy is simply calculated by integrating the applied force along 

displacement as work (N・m). We note that the area of the force curve corresponds to the 

change of free energy including the difference of potential energy and entropy which can 

cause errors for estimating exciton coupling energy. Histogram of J obtained for the 

stronger illumination of 14.2 W/cm2 on 56 single PFO chains is shown in Fig. 4-12. The 

mean excitonic coupling energy obtained by Gaussian fitting of the histogram is 0.54 ± 

0.08 eV. We note that this value is underestimated because the PFO molecule is not in the 

excited state all the time. An average number of photons absorbed by a PFO chain during 

irradiation with a single laser pulse (Nphot) was calculated from the average excitation 

intensity, laser repetition rate, pulse width and absorption cross section. The obtained 

value was Nphot = 1.61 photon per pulse per chain. As mentioned above, with the repetition 

rate of 80 MHz, laser pulses arrive at 12.5 ns intervals. The mean time for which a PFO 

(a) (b)
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chain stays in the excited state (T) during the 12.5 s was calculated by multiplying the 

exciton lifetime with Nphot. Even though this approach is not strictly correct, it simplifies 

the estimation of the coupling energy. In Chapter II, excited state of PFO in PMMA was 

shown to decay with lifetime components of 0.34, 1.4 and 5.1 ns, respectively, 

corresponding to monomer blue emission, green emissive H-aggregate or charge transfer 

like aggregate. The mean corresponding times that the chain stays in the excited state are 

thus T5.1ns = 5.1 ns × 1.61 = 8.21 ns, T1.4ns = 1.4 ns × 1.61 = 2.25 ns and T0.34ns = 0.34 ns 

× 1.61 = 0.55 ns. Next, we calculated the ratio (R) between these mean times and the laser 

pulse interval of 12.5 ns, and obtained 0.66, 0.18 and 0.044 for the 5.1 ns, 1.4 ns and 0.34 

ns components, respectively. These R values are correction coefficients accounting for 

the fact that the PFO chain is not in the excited state all the time during the stretching 

experiment. To obtain the corrected exciton coupling energy, the experimentally obtained 

values are divided by the factor R result to obtain the coupling energy J5.1ns, J1.4ns and 

J0.34ns of 0.82 eV, 3.0 eV and 12.3 eV, respectively. Generally, fluorescence lifetime 

depends on dielectric constant of the surrounding environment. Since the nanofishing 

experiments are performed in toluene, lifetime value of the g-band obtained in PS matrix 

is more suitable for calculation of the correction factor than the one obtained in PMMA. 

The excitonic coupling energy J4.5 ns corrected by lifetime in PS of 4.5 ns was 0.93 eV. 

 

 

 
Fig. 4-12 The histogram of exciton coupling energy between PFO segments obtained by 

integration of the area of small force peak 
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As seen in Fig. 4-12, there is a wide distribution of J observed. Especially, the values of 

J above 2 eV are too large compared to spectral changes. The conceivable causes of the 

wide J distribution are (1) the number of monomer unit contributing to excitonic coupling 

(Nm), (2) structure of the aggregate, and (3) molecular weight distribution. J depends on 

the transition dipole moments of interacting conjugated segments. Large transition dipole 

moments cause strong excitonic coupling. The angle between two transition dipole 

moments also affects the magnitude of J. It is known that two transition dipoles aligned 

parallel show strong excitonic coupling, while perpendicularly aligned dipoles show very 

weak excitonic coupling. Therefore, we can assume that change of the aggregate structure 

from parallel to perpendicular (Fig. 4-13) is one of the factors behind the appearance of 

the small force peak during chain extension. If this assumption is correct, contact length 

(defined as the rupture length of H-aggregate in this study) should be related to the 

number of monomer units contributing to the excitonic coupling. The contact length was 

analyzed from the small force peaks and summarized in a histogram in Fig. 4-14. The 

contact length is distributed between 1.6 nm to 24 nm and the average value of the contact 

length obtained by Gauss fitting is 4.9 ± 0.3 nm. This value corresponds to Nm of 6.0 ± 

0.4 monomer units. The conjugation length of glass phase PFO is 8 ± 1 monomer units. 

This value is almost same as the experimentally obtained Nm, indicating that two glass 

phase segments form an H-aggregate. Further, the relationship between excitonic 

coupling and contact length is shown in Fig. 4-15. There is a weak correlation between 

the two, but J generally increases in proportion to the contact length. By dividing the 

coupling energy J by the number of monomers Nm in the contact length, excitonic 

coupling energy per monomer (Jmono) was obtained, and its distribution is shown in 

histogram in Fig. 4-16. If each aggregate was stacked in the same geometry, there should 

be no distribution of Jmono. However, PFO in toluene showed large variety of Jmono (Fig. 

4-17), indicating that there is variation of stacking structures in the H-aggregate. The 

details of the aggregate structure will be discussed later together with the results of 

theoretical calculations. The above results obtained by the force curve analysis show that 

both (1) Nm and (2) aggregate structure can affect the values of J. However, these two 

factors alone are not sufficient to explain the large distribution of J. 
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Fig. 4-13 Schematic illustration of how aggregate structure affect force curve 

 

 

 

Fig. 4-14 Histogram of contact length  

 

 

 

Rupture length of excitonic coupling Rupture length of excitonic coupling
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Fig. 4-15 Excitonic coupling energy (J) as a function of contact length 

 

 

 

 
Fig. 4-16 Histogram of Excitonic coupling energy per monomer (Jmono) 
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Fig. 4-17 Excitonic coupling energy per monomer (Jmono) versus total excitonic coupling 

energy (J) 

 

 

With respect to the above point (3) molecular weight distribution, higher molecular 

weight polymer chain has larger absorption cross-section and absorbs more photons 

during the nanofishing experiment, leading to an apparent increase in J. If molecular 

weight significantly affected the excitonic coupling, molecular weight characterization 

result (GPC curve) should coincide with the distribution of J. To analyze the effect of 

molecular weight on J, the values of J were converted to molecular weight by the 

following equation, 

 

Mc = 
J

Jave
 × Mn                                                       (4-3) 

 

where Mc is converted molecular weight, Jave is the average value of J and Mn is number 

average molecular weight. Histogram of converted molecular weight Mc and the GPC 

curve are shown in Fig. 4-18. The converted Mc reproduced the GPC curve well. This 

result shows that molecular weight distribution is the main causes of J distribution, and 

that the factors (1) the number of monomer unit and (2) structure of aggregate play minor 

roles. 
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Fig. 4-18 Histogram of molecular weight obtained from Jex and molecular weight 

distribution obtained by GPC (blue line) 

 

 

 

4-3-5. Theoretical analysis of the exciton coupling energy between PFO 
segments 

To examine the appropriateness of the experimentally obtained exciton coupling 

energy J, we also calculated J of face-to-face stacked fluorene dimer (Fig. 4-19) by the 

ATC method using quantum chemical calculation. While the ATC method only includes 

Coulombic contribution to the exciton coupling (Jc), it is known to sufficiently well 

describe the nature of the exciton coupling between organic molecules [26]. Jc depends 

strongly on the distance between two PFO segments. As shown in the calculation results 

in Fig. 4-20, the Jc values corresponding to a reasonable range of intermolecular distances 

(2.5 Å	~ 10 Å) range from 0.023 eV to 0.34 eV. These results show that the calculated 

value of Jc is of the same order as the experimentally obtained exciton coupling energy, 

especially the J4.5ns value. In addition, the energy difference between the blue emission 

band (420 nm) and the g-band (500 nm ~ 600 nm), which directly represents the exciton 

coupling (splitting) energy, is 0.47 eV ~ 0.89 eV which is also of the same order as J4.5ns. 
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These results are fully consistent with the previous conclusion that the g-band to a large 

extent originates from emission of H-aggregates that are characterized by long emission 

lifetime due to the forbidden nature of the optical transition. 

 

 

 

 
Fig. 4-19 Face-to-face stacked dimer 

 

 

 

 

 

Fig. 4-20 Distance dependence of exciton coupling Jc in fluorene dimer stacked face-to-

face calculated by ATC 
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Further, to analyze the effect of aggregate structure on the exciton coupling energy, Jc 

was calculated for various geometries of the fluorene dimer. Shifted aggregate structure 

(Fig. 4-21a) and rotated aggregate structure (Fig. 4-21b, c) show a slightly reduced 

excitonic coupling energy Jc of 0.23 eV and 0.16 eV, respectively. These values are still 

of the same order as J4.5ns, indicating that these structural disorders are possible for H-

aggregates in toluene. As expected, on the other hand, orthogonally aligned structures 

(Fig. 4-22a, b) do not form intrachain H-aggregates of PFO single chain because the Jc is 

too low. Compared to face-to-face stacking, the aggregate structures of Fig. 4-21a, c 

reduce Jmono so that the ratio of Jmono/J is small. In the case of Fig. 4-21b, Jmono /J is still 

large because J also decreased due to small contact length (or Nm). We can summarize the 

effect of aggregate structure of PFO on J using a scheme proposed in Fig. 4-23. With 

respect to the trends observed in Fig. 4-17, large fractions of intrachain aggregates tends 

to show low Jmono and large J (lower right region), or proportional Jmono and J (middle 

region). Together with the finding that the contact length was about the same as the 

conjugation length, this result indicates that face-to-face aggregates (Fig. 4-19) and 

slightly distorted aggregates of the type in Fig. 4-21a, c are the dominant aggregate 

structures of PFO. 
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(a) Jc = 0.23 eV 

 
 

(b) Jc = 0.23 eV 

 
 

(c) Jc = 0.16 eV 

 
Fig. 4-21 Aggregate structures which show slightly reduced Jc 
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(a) Jc = 0.02 eV 

 
 

(b) Jc = 0.001 eV 

 
Fig. 4-22 Vertically aligned fluorene dimer 
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Fig. 4-23 Aggregate structure dependence of Jmono vs J 

 

 

 

Another way to compare the experimental results with calculated values based on the 

exciton coupling theory is to use the values of the peak force. The experimentally 

obtained mean peak force is 47 pN which has to be corrected, in the same way as above, 

for the finite time that the chain stays in the excited state. Using the factors relevant for 

the g-band, i.e., 0.66 and 0.18, we obtain mean forces of 71.5 pN and 261 pN, respectively. 

The theoretical calculation of the peak force (F) uses the expression (4-4) obtained from 
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where x is distance from its equilibrium position, Jc is the Coulombic contribution 

obtained using the ATC method and k is the spring constant of the AFM cantilever. In this 

experiment, several cantilevers of the same type were used, and the average value k of 

their actual spring constants is 0.08 N/m. The calculated peak force values corresponding 

to a reasonable range of intermolecular distances (2.5 Å	~ 10 Å) are shown in Fig. 4-24 

and range from 24 pN to 93.5 pN. The experimental value of 71.5 pN obtained assuming 

the exciton lifetime of 5.1 ns falls within this range, and even the value of 261 pN is only 

a factor of 3 different. This result further supports the conclusion that the small force 

peaks observed during unfolding of the PFO chain are due to intrachain excitonic 

interactions, and that the nanofishing technique is an excellent tool to directly measure 

such interactions on single π conjugated polymer chains.  

 

 

 

Fig. 4-24 Distance dependence of peak force calculated from Jc 
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4-3-6. Simultaneous measurement of force curve and fluorescence spectra 

of single PFO chains in toluene 

In the following, we attempted to directly control the conformation od a single PFO 

chain by the extent of stretching to examine the relationship between the conformation 

and fluorescence properties. For this purpose, we simultaneously measured the force-

extension curve and fluorescence spectrum on the same single PFO chain in toluene. This 

experiment was conducted using the sample prepared from the 10-8 M solution. Such 

concentration of PFO chains is extremely low to successfully find and pick up a single 

chain by the AFM cantilever. Therefore, the number of successful attempts to 

simultaneously obtain the force curve and fluorescence spectrum is limited.  

The Fig. 4-25a shows a force-extension curve of a single PFO chain with two small 

force peaks superimposed on the main force peak. Because the excitation intensity is 40 

W/cm2 which is a factor of 2.8 larger than the intensity used above, the magnitude of the 

small peaks is about 100 ~ 200 pN which is also larger than the peak force in Fig. 4-10. 

These small peaks are possibly attributable to exciton coupling.  

Simultaneously measured time trace of fluorescence spectra of the single PFO chain 

(Fig. 4-25b) showed that the PFO chain first exhibited green emission ranging from 500 

nm to 600 nm, and that the green emission switched to blue emission just after starting 

pulling the polymer chain. This observation alone would be consistent with the idea that 

in the folded conformation in which the PFO chain is compressed by the AFM cantilever, 

the interchain interactions give rise to formation of H-aggregates and emission of the g-

band. After the start of the nanofishing (pulling the cantilever), the aggregates are 

disrupted as the chain is unfolded by the stretching, and the chain starts emitting in the 

blue region. However, the timing of this spectral change does not coincide with an 

appearance of a small force peak. During the stretching of the polymer chain, PFO 

showed blue emission which is attributed to the glass phase. Although we might expect 

that β-phase could be formed when the polymer chain is sufficiently stretched, we have 

not observed any spectral change between the glassy and β-phases during the stretching 

interval. With the current limited data statistics we cannot make any conclusion about 

whether the β-phase can be formed by chain stretching, but there is a possibility that such 
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phase change could be difficult in solution due to the chain Brownian motion.  

Although we have not yet obtained a direct link between an excitonic force peak and 

spectral change on the same polymer chain, the simultaneous nanofishing and 

fluorescence spectra measurement shows a great potential to directly control chain 

conformation and get insight into excitonic coupling of intrachain aggregates. 

 

 

 

 

Fig. 4-25 (a) Force curve of PFO chain in toluene and (b) simultaneously measured 

fluorescence time trace. Black arrow located on right of figure points to the start time of 

nanofishing. Excitation intensity: 40 W / cm2 
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4-4. Conclusion 

In conclusion, we have performed simultaneous nanofishing and fluorescence 

spectroscopy of single PFO chains. Under photoirradiation, small force peaks were 

detected upon chain stretching and their magnitude depended on excitation intensity. 

These small force peaks are attributed to intrachain exciton coupling. Exciton coupling 

energy J between PFO segments estimated from the area of force curve and corrected for 

excitation conditions and exciton lifetime was on average 0.82 eV. This value is of the 

same order as theoretically calculated coupling energy. Apart from the effect of exciton 

coupling, force-extension curves and fluorescence spectra of PFO single chain were 

simultaneously measured. Spectral changes between blue and green emission regions 

were observed during the stretching of the chain. However, these changes were 

uncorrelated with the appearance of the small excitonic force peaks. Also, we have found 

no spectral switching between glass and β-phase emission during the nanofishing.  

These results show that simultaneous nanofishing and fluorescence spectroscopy 

experiments have great potential for revealing the relationship between conformation and 

photophysical properties because nanofishing can directly control the chain conformation 

and it is possible to obtain information about conformational changes form the force curve. 

Extending this technique can provide new way to study the effect of conformation on 

optoelectrical properties of π conjugated polymers, leading to develop material design for 

application of π conjugated polymers in optoelectronic devices.  
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4-5. Appendix 

ATCs of fluorene monomer 
Calculated ATCs and xyz coordinates for each atoms of the fluorene monomer shown in 

Table 4-1. 

 

 

Table 4-1 Calculated ATCs and xyz coordinates of fluorene 

Atom X Y Z ATCs 

C -0.000005 1.417249 -0.000078 -0.000004 

C -1.181270 0.446225 -0.000051 0.026827 

C -2.543977 0.730094 0.000034 -0.009707 

C -3.463114 -0.327973 -0.000031 0.060968 

C -3.018307 -1.655910 -0.000079 -0.002944 

C -1.650684 -1.947135 -0.000123 0.044335 

C -0.734859 -0.891089 -0.000070 -0.039269 

C 0.734866 -0.891085 -0.000040 0.039452 

C 1.650694 -1.947129 0.000088 -0.044262 

C 3.018317 -1.655898 0.000064 0.002929 

C 3.463120 -0.327960 -0.000055 -0.061083 

C 2.543981 0.730106 -0.000129 0.009769 

C 1.181275 0.446230 -0.000053 -0.026020 

C -0.000035 2.305180 1.265877 -0.001155 

C 0.000007 2.305744 -1.265512 0.001008 

H -2.901012 1.757020 0.000093 -0.000071 

H -4.528612 -0.116671 0.000012 0.000332 

H -3.742017 -2.465988 -0.000066 -0.000011 

H -1.311294 -2.979403 -0.000112 0.000221 

H 1.311307 -2.979397 0.000137 -0.000221 

H 3.742030 -2.465975 0.000105 0.000011 
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H 4.528618 -0.116657 -0.000178 -0.000332 

H 2.901014 1.757031 -0.000334 0.000071 

H -0.000136 1.695111 2.174087 0.000001 

H -0.885814 2.949423 1.284944 -0.001724 

H -0.000111 1.696189 -2.174074 -0.000001 

H 0.885875 2.949882 -1.284424 0.001095 

H -0.885645 2.950151 -1.284360 -0.001051 

H 0.885745 2.949387 1.285108 0.000885 
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5-1. Summary and Conclusion 

The purpose of this thesis is to provide new insight into the effect of conformation and 

interchain interaction of PFO on its fluorescence properties. Optoelectrical properties of 

π conjugated polymers depend on conformation and interchain interactions. However, 

many details of the effect of conformation and interchain interactions are still unclear 

because it is difficult to distinguish between the effect of the two of them. In this thesis, 

we have controlled conformation and interchain interactions of PFO by external forces 

provided by combination of single molecule techniques. 

   Chapter I contains a background of light emitting polymers including basic concept 

of π conjugated polymers, in particular the features of polyfluorenes, as well as 

introduction to photophysical processes. In addition, by introducing key previous studies 

it was emphasized that single molecule spectroscopy is an essential technique to study 

the effect of conformation and interchain interactions on the photophysical properties.  

   In Chapter II, we systematically investigated how the processes of intrachain 

aggregation and oxidation affect the appearance of the g-band. To discuss the effect of 

aggregation, we measured fluorescence from PFO single chain in PS and PMMA matrices 

which were used as good- and poor-solvent for PFO, respectively. Although 27 % of PFO 

chain showed the g-band in PS, percentage of PFO chains showing the g-band increased 

to 58 % in PMMA. This result indicated that aggregation significantly affects the 

appearance of the g-band. To discuss the effect of oxidation on the g-band, fluorescence 

properties of PFO in PS solid matrix and in toluene solution were compared. In case of 

significant effect of oxidization on the appearance of the g-band, it can be expected that 

large number of PFO chains would show the g-band in toluene because molecules in 

liquid environment are more exposed to oxygen and are easily oxidized than in the PS. 

However, only 6 % of the PFO chains in toluene showed the g-band. From these results, 

a conclusion was drawn that aggregation has a greater effect on the appearance of the g-

band than oxidation. With respect to the g-band fluorescence spectra, two different types 

of spectra were observed, one with a vibronic structure and a peak at around 500 nm and 

another one with a broad spectrum and peak at around 550 nm. Lifetime measurement 
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also indicated that there are two light emitting components in the green emission region, 

with lifetimes longer than the blue component which originates from unperturbed isolated 

sections of the PFO chain. Oscillator strength of the g-band obtained from lifetime and 

fluorescence quantum yield measurement was 100 times smaller than that of the blue 

component, indicating that H-aggregates and charge-transfer-like aggregates are the 

probable origin of the g-band. 

   The effects of conformation and interchain interactions in condensed state of PFO 

were studied using single PFO nanoparticles (PFONPs) and discussed in Chapter III. 

Individual (PFONPs) containing dominant fractions of PFO β-phase were mechanically 

compressed by applying external forces between 100 nN and 5 µN using an AFM tip to 

enhance interchain interaction. For forces between 100 nN ~ 1 µN, although fluorescence 

intensity decreased to about half of its original intensity, fluorescence spectrum and 

polarization dependence of PFONPs were unchanged, indicating that the β-phase 

conformation and its orientation were not affected. Enhanced interchain interaction 

without any conformational change promotes energy transfer as well as formation of 

quenching sites, leading to the observed decrease of intensity. To induce conformational 

change in PFONPs, the applied force was gradually increased up to 5 µN. After initial 

fluorescence quenching, fluorescence spectrum showed a blue shift and its intensity 

recovered to its initial value. In addition, polarization anisotropy of PFONPs during 

applying force of 5 µN was obviously reduced. These results indicate that applying excess 

force induces conformational change from ordered β-phase to randomly oriented glass-

phase accompanied with increasing fluorescence intensity. Because the effective 

conjugation lengths of glass and β-phases are 8 ± 1 and 30 ± 12 fluorene units, 

respectively, a β-phase can generate about four glass-phase segments. Therefore, 

increasing the number of light emitting segments can contribute to increased fluorescence 

intensity. Although the difference of fluorescence quantum yield (PLQY) between glass 

and β-phase is also related to fluorescence intensity, we could not quantitatively discuss 

its effect because there is an ongoing controversy regarding the actual value of β-phase 

PLQY. However, the observed fluorescence quenching by applying force of 1 µN 

indicates that film morphology related to interchain interaction is one of the important 
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factors affecting the PLQY. 

   In Chapter IV, to directly control chain conformation, we performed nanofishing 

experiments of PFO chains. Small force peaks were only observed under photoirradiation 

and could be attributed to excitonic coupling between PFO segments. The average values 

of force at the peaks were measured with different excitation intensities of 14.2 W/ cm2 

and 5.6 W/ cm2. The obtained forces were 47 ± 2 pN and 29 ± 2 pN, respectively, showing 

clear dependence on excitation intensity. This result indicates that the mean time (T) for 

which the PFO is staying in the excited state is important for the appearance of this small 

peak. Excitonic coupling energy J was estimated from the small peaks of the force curve 

and corrected by using the value of T. The obtained J was 0.82 eV which is of the same 

order as theoretically obtained excitonic coupling, indicating that small force peak is 

caused by intrachain excitonic coupling between different conjugated segments of a 

folded chain. To investigate the effect of conformational change on fluorescence 

properties, force curves and fluorescence spectra of single PFO chains were measured 

simultaneously. Although spectral change from green emission to blue emission was 

observed upon stretching the PFO chain, its timing was not correlated with an appearance 

of the small force peak. These results showed that the combination of SMS and 

nanofishing has great potential to investigate fluorescence properties and conformation 

of π conjugated polymers. 
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5-2. Outlook 

π conjugated polymers have been widely studied for optoelectronic devices such as LED, 

solar cells. Conformation and interchain interaction are important factor to improve 

device efficiency. The study of Chapter II provides information of the origin of the g-

band in PFs which can be useful to design highly efficient and stable luminescent PFs 

derivatives. In Chapter III and IV, fluorescence microscopy and AFM are combined to 

mechanically control interchain interaction and conformation of PFO chains. These 

experiments showed its great potential to investigate the effect of interchain interaction 

and conformation on properties. Nowadays, flexible materials and devices have attracted 

much attention and materials in devices is having more opportunity to be applied 

mechanical stress during use. Therefore, it is important to study the effect of mechanical 

stress on properties of π conjugated polymer and we hope that the experiment combining 

SMS and AFM becomes more important technique in this field. In addition, this technique 

can be developed to measure the conductivity of π conjugated polymer with controlling 

interchain interaction or conformation, providing new strategy of research. 
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