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Polyfluorene-based copolymers such as poly(9,9-dioctylfluorene)-alt-5% (bis-N,N’-(4-

butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine) (F8-5% BSP) are efficient blue 

emitting polymers with various electronic phases: F8 blue-emitting glassy phase, F8 

ordered more red-emitting -phase, and F8/BSP charge transfer (CT) state. Polymer 

light-emitting device performance and color purity can be significantly improved by 

forming -phase segments. However, the role of -phase on energy transfer (ET) among 

glassy F8, -phase and F8/BSP CT state is unclear. Herein, we identify dynamic molecular 

conformation-controlled ET from locally-excited states to either CT state or -phase in 

light-emitting copolymers. By conducting single-molecule spectroscopy for single F8-5% 

BSP chains, we find inefficient intra-chain ET from glassy segments to the CT state, while 

efficient ET from the glassy to the -phase. Spontaneous and reversible CT on-off 

emission is observed both in the presence and absence of the -phase. The DFT 

calculations reveal the origin of the on-chain CT state and indicate this CT emission on-

off switching behavior could be related to molecule torsional motion between BSP and F8 

units. The population of the CT state by ET can be increased via through-space 

interaction between the F8 block and the BSP unit on a self-folded chain. Temperature-

dependent single-molecule spectroscopy confirms such interaction showing a gradual 

increase in intensity of the CT emission with the temperature. Based on these observations, 
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we propose the dynamic molecular motion-induced conformation change as the origin of 

the glassy-to-CT energy transfer, and thermal energy may provide the activation for such 

change to enhance the ET from glassy or -phases to the CT state. 

1. Introduction 

The development of efficient deep blue polymer light-emitting diodes (PLEDs) is the bottleneck 

for high-performance display applications, because of the requirement for electroluminescence 

emission (EL) to have Commission International de L’Eclairage (CIE) (x, y) coordinates both 

less than 0.15.1-3 Additionally, the operational stability and color purity for blue PLEDs is also 

an important parameter. Polyfluorenes, in particular poly(9,9-dioctylfluorene) (PFO), have 

been extensively studied as blue emissive materials in PLEDs, because of their large optical 

band gaps for deep-blue emission (i.e. ~ 3 eV for PFO), high photoluminescence (PL) quantum 

yields (50% to 60% of glassy PFO), and charge transport properties (10-2-10-4 cm2V-1s-1)4-7. 

However, PFO PLEDs suffer from poor device stability with unwanted green emission at ~535 

nm (green band) at higher voltages (> 7 V).8 This green band was explained by the formation 

of fluorenone defects9 or inter-/intra-chain aggregations10,11. To solve this color stability issue, 

many efforts have been attempted, including (1) controlling PFO conformations7,11 and (2) 

insertion of bulky units in PFO chains, such as butyl-substituted phenylenediamine (BSP) units8.  

PFO has three typical conformations: a disordered glassy phase (α), a well-ordered crystalline 

phase (β), and an intermediate phase (γ).6,12 Glassy PFO in solutions of good solvents or thin 

films from such solutions has random coil conformations with a large spread of torsion angle 

values (from 120º to 140º).12,13 After certain treatments of PFO thin films, such as solvent vapor 

annealing (SVA) or adding high-boiling point solvent additives during film formation, a well-

ordered β conformation will form with rigid chain segments of 165º torsion angles.12-15 The 

increased backbone planarity of conformations results in extended conjugation lengths, which 

is manifested by a red-shift additional absorption peak at 433 nm and well-resolved vibrational 

photoluminescence (PL) spectrum.8,14,16 An intermediate crystalline phase (γ) can be induced 

by longer SVA (more than 2 hours) of high molecular weight PFO single chains with a torsion 

angle between 140º and 160º, showing vibronic PL spectrum located between glassy and β 

phases.6,12 The β phase has attracted much attention because of its lower energy gap (~0.3 eV 

lower than glassy) acting as charge carrier trapping and exciton formation sites, resulting in 

efficient energy transfer from glassy segments to the β segments.6 In addition, inducing β phase 

in PFO PLEDs can increase not only the luminous efficiency from 0.43 to 0.70 cd/A compared 
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to glassy PFO PLEDs, but also the color purity.8 However, the redshift of EL emission from 

glassy to β phase alters the CIE (x, y) coordinates from (0.155, 0.098) to (0.157, 0.117) with a 

decrease of color saturation from 86% to 82%.8 

To maintain both high efficiency and good color stability, a deep-blue copolymer (F8-5% BSP) 

incorporating 5% BSP units into the fluorene backbone was utilised.8 The bulky BSP units can 

prevent CT emission from interchain aggregations. Therefore, F8-5% BSP copolymer does not 

suffer from green emission in both glassy and β-phase conformations. On the other hand, the 

BSP moieties also act as efficient exciton formation sites, resulting in a broad CT-like emission 

in glassy conformation, which is not suitable for deep blue PLEDs. However, by introducing 

around 5% β-phase segments into the copolymer, the PL emission significantly shifted to higher 

energy β-phase emission with 38% residual CT emission.8 Consequently, the CIE (x, y) 

coordinates in β phase PLEDs have been improved from (0.149, 0.175) to (0.145, 0.123) with 

maintaining high efficiency (3.60 cd/A) and good color stability. In the β phase F8-5% BSP, 

three emissive species are involved, including glassy F8 segments, β segments and BSP-based 

CT states. The dominant β phase emission in PL (62%) and EL (67%) was explained by the 

faster decay for β phase excitons compared to longer-lived CT states.8 However, all studies 

were based on bulk film characterizations that involve both inter- and intra-chain energy 

transfer. The effects of β phase formation on energy transfer process in single-chain levels are 

still unknown.  

Single-molecule spectroscopy (SMS) is a superior technique to overcome ensemble averaging 

and provides direct insight into phenomena occurring along the one-dimensional polymer 

chain.17-19 In this work, we conducted SMS for PFO (0% BSP), F8-5% BSP and F8-50% BSP 

(also called PFB) in both glassy and β phase to unveil the energy transfer mechanism in single 

chains.20 Firstly, PFO with β phase segments by SVA shows only β-phase emission, indicating 

100% intra-chain energy transfer from glassy F8 to β phase. PFB is an alternating copolymer 

with large amounts of F8-BSP CT interfaces, which is evident by a broad CT-only emission in 

a bulk film.21 However, PFB on single chain level has a significantly blue-shifted PL emission 

between 400 nm and 550 nm resulting from on-chain CT states between F8 and BSP units. The 

absence of long-wavelength CT state emission indicates that such states are formed by inter-

chain interactions in the bulk films. Most interestingly, we observe strong and dominant F8 

emission in glassy F8-5% BSP single molecules with spontaneous CT on-off behavior, even 

though 5% BSP gives a broad CT emission in bulk films. By introducing a 5% β phase to make 

similar fractions as BSP units, we find β-phase sample has a Huang-Phys factor S of 0.40, which 
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is similar to that of β-phase PFO (0.38). This indicates that excitons formed locally on glassy 

F8 segments undergo efficient energy transfer to β phase segments instead of BSP-based CT 

states.22-24 By conducting in situ temperature-dependent SMS and Raman spectroscopy, BSP-

based CT emission increases gradually from room temperature to 44 ºC, along with 1.4 cm-1 

Raman blue shift of F8 peak. We assume that the thermal energy is the trigger for CT on-off 

emission by providing activation energy for dynamic molecular conformation changes. 

2. Results and discussion  

2.1. Samples for single-molecule experiments 

The chemical structures of PFO, F8-5% BSP and poly(9,9-dioctylfluorene-alt-bis-N,N’-(4-

butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine) (F8-50 % BSP, or PFB) referred to 0 %, 

5 % and 50 % BSP units are shown in the Fig. 1(a). Polystyrene (PS) which is a good-solvent 

matrix for single polymer chains to form extended conformation, was purchased from Aldrich. 

Fig. 1(b) shows the single-molecule sample preparation process for PL measurement by SMS. 

The single-molecule samples on quartz substrates were spin-coated (3000 rpm, 30 s, 100 nm 

thickness) by dropping 10-10 M concentration samples in toluene solutions of PS, resulting in 

isolated polyfluorene chains dispersed in ~ 100 nm PS matrix. The -phase samples were 

prepared by SVA with toluene for 2 hours at 50 ºC. The bulk thin films for PL were spin-coated 

from 10 mg/ml toluene solution (60 nm thickness) and were measured by Jobin Yvon Horiba 

Fluoromax-3 spectrofluorometer.10,12 

2.2 Single-chain photoluminescence spectra and their dynamics 

The comparison between PL spectra of bulk films and single chains for PFO and PFB in glassy 

or -phases is shown in Figure 2. The PL spectra of glassy PFO on both ensemble and single-

chain levels had the same vibronic structure with 0-0 emission peak at 422 nm which is 

attributed to −* transitions (Fig. 2(a)). After SVA, the  segments with 0.3 eV lower optical 

bandgap acted as energy traps6,8, resulting in efficient energy transfer from glassy F8 to  phase. 

As a result, both bulk and single-chain PL spectra showed only -phase emission with the same 

PL peak positions, while the PL peak intensity of the vibronic bands at 466 nm and 498 nm 

decreased for the single chains (Fig. 2(b)). By fitting the spectra with a combination of four 

Gaussian functions (three for vibronic peaks and one for possible broad background)12, a 

significant reduction of the 0-0 line width from 0.034 eV to 0.028 eV is found at the single-
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chain level. Additionally, the Huang-Rhys factors, S, obtained from the intensity ratio of 0-0 

and 0-1 PL peaks, were 0.60 (bulk sample) and 0.38 (single chains), respectively (see 

supplementary material, Fig. S1). The Huang-Rhys factor is related to the conformation 

relaxation energy in the excited states.12,22,23,25 The decreased 0-0 linewidth and S values suggest 

more planar and extended  segments on single chains possibly due to strongly reduced 

interchain interaction.  

The copolymer PFB has alternating F8 and BSP units with large amounts of F8/BSP CT 

interfaces. The PL spectrum of PFB bulk film shows a broad CT emission ranging from 430 

nm to 600 nm with a main peak at around 467 nm (Fig. 2(c), black line), attributable to efficient 

interchain interactions. However, in contrast to the CT-dominated PL spectrum in the bulk film, 

the PFB single chains show a significantly blue-shifted emission between 400 nm and 550 nm 

resembling glassy-phase vibronic PL spectrum, with a 0-0 peak at 423 nm and a dominant 0-1 

peak at 443 (Fig. 2(c), red line). An identical spectrum was observed even after the treatment 

used to induce the -phase in PFO single chains (Fig. 2(c), blue line), indicating no -phase 

formation in PFB single-chains due to lack of long F8-only units in the PFB copolymer. Further, 

DFT calculations performed on a monomer F8 unit covalently bound with a monomer BSP unit 

(mF8-cov-mBSP) show that the emission has mostly CT character and originates mainly (77%) 

from F8-centred LUMO states to BSP-centred HOMO states (see supplementary material, 

Fig. S6). The calculations also show that this CT emission is blue shifted from that occurring 

on a dimer F8 bound with a BSP (dF8-cov-mBSP) which is dominant in copolymers with a 

lower amount of BSP units, such as F8-5% BSP (see supplementary material, Fig. S7). These 

results indicate that the spectrum shown by the red line in Fig. 2(c) represents the intrinsic 

spectrum of isolated chains of the PFB copolymer in the solid state, and that the red-shifted 

spectrum observed in bulk films results mainly from interchain interactions. We attempted to 

find an interchain CT state emission by calculating transitions for a monomer F8 unit stacked 

with a monomer BSP unit (mF8-sta-mBSP) but failed to obtain any CT states for a structure 

optimized in the S1 state in vacuum. It is likely that such CT emission happens in films where 

planarization and the dense chain packing promotes closer interchain interactions.21  

 In addition to the spectral shapes, we examined time evolution of the single-chain spectra by 

constructing 2D spectral plots of time vs. wavelength. Examples of such plots for single chains 

of glassy PFO, -phase PFO and PFB in Fig. 2(d-f) show that these chains were spectrally 

stable over the timespan of tens of seconds, and that the -phase PFO showed an occasional 
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blinking event. These results are consistent with previous observations that the majority of the 

single glassy-phase PFO chains in the good-solvent matrix of PS show spectrally stable 

emission10.  

As reported previously, by modulating the BSP fractions to obtain long enough F8 segments 

and desirable F8/BSP CT interfaces, F8-5% BSP showed the highest efficiency in PLEDs 

without any green-band emission in glassy phase and improved deep-blue emission in  phase8. 

As shown in supplementary material, Fig. S2, a strong CT-like emission in the glassy F8-5% 

BSP bulk film was observed, indicating efficient interchain interactions. After SVA, a typical 

-phase vibronic emission was observed. However, the Huang-Rhys factor of -phase F8-5% 

BSP bulk film is 0.78 (see supplementary material, Fig. S3), which is much higher than that 

of the -phase PFO (0.60). This might be attributable to the relatively short F8 segments and 

residual CT emission in F8-5% BSP.  

Interestingly, in contrast to the bulk films, for single chains of both glassy and -phase F8-5% 

BSP dispersed in the PS matrix, the spectra were dominated by F8 emission in the blue region. 

In both glassy and -phases there is also an additional CT emission centred around 530 ~ 540 

nm (2.31 eV) which switches on and off during the time the spectra were monitored (Fig. 3). 

Of the 141 glassy and 119 -phase single molecules measured, 70 glassy and 65 -phase chains 

showed the spontaneous reversible on-off switching of the CT emission. Distribution of the CT 

state emission peak for the single chains and its difference from the F8-5% BSP bulk film could 

be a consequence of local solvatochromic effect.8 Because of its donor-acceptor nature, the F8-

5% BSP shows large solvatochromism with the CT emission peak red-shifted to 520 nm in the 

polar dichlorobenzene solution (see supplementary material, Fig. S2). We note that the 

frequent occurrence of the dynamic spectral changes supports the interpretation of the red-

shifted band as the CT emission instead of the green-band emission present in PFO samples. 

Detailed spectral analysis of the -phase F8-5% BSP spectra presented in Fig. 3(c) was 

conducted at the different time intervals 1-5 by fitting with a combination of Gaussian functions 

and extracting the peak positions, intensities, full-widths-at-half-maxima (FWHM), and Huang-

Rhys factor (see supplementary material, Table S1). Initially (the 1st time interval) it is clear 

to see the pure -phase emission with 0-0 peak and negligible CT emission. The PL intensity 

of the F8 emission decreased as the CT increased during the 2nd time interval, then recovered 

to its initial F8 intensity during the 3rd time interval (with CT off). In the 4th interval the emission 
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is dominated by the CT band. During the spectral switching processes, the 0-0 and 0-1 peak 

positions and FWHM remained the same, indicating that no -phase segment degraded, except 

for reasonable photodegradation of the samples due to long-time laser exposure. The Huang-

Rhys factor slightly decreased (0.40 to 0.35, 0.36 to 0.33) when the CT emission occurred. The 

spectral switching times were on the scale of seconds, which is much longer than exciton 

diffusion and decay times. Therefore, this spectral switching dynamics on the order of seconds 

might be related to molecular conformation changes, resulting in a time-dependent intra- or 

interchain interactions and changing energy landscape which causes changes in energy transfer 

pathways. The energy transfer from glassy to -phase glassy to CT or -phase to CT are 

competitive processes in single molecules, and these are manifested by the changes of the CT 

and 0-0 exciton peak (either glassy or -phase) intensities ICT/I0-0. 

2.3. In situ temperature-dependent single-molecule spectroscopy  

To understand the driving force for the CT on-off emission switching and the role of the -

phase, in-situ temperature-dependent single-molecule spectroscopy was conducted (Fig. 4). 

The temperature of the samples was controlled by electric heating of ITO substrates from 22 ºC 

to 44 ºC (maximum reasonable temperature for use with oil-immersion lens). The PL 

background of the single-chain samples on ITO-coated glass substrates was higher than that on 

quartz substrates, possibly due to the higher density of impurities in ITO and glass that are 

excited by the 360 nm laser. At 22 ºC, 72% of the molecules had typical glassy F8 emission or 

reversible glassy/CT emission (Fig. 4(a)). As the temperature increased to 32 ºC, the F8 

emission was still dominant but became broader. Interestingly, a weak CT emission occurred 

with a much shorter off-time of around 0.6 to 0.9 s, compared to the average CT off-time of 6 

s to 10 s at 22 ºC. When the temperature increased to 38 ºC and 44 ºC, the CT emission gradually 

became dominant and kept emitting continuously, while the F8 emission was strongly 

suppressed. Fig. 4(b) summarizing the fractions of glassy and CT emission on a statistical 

sample of 25 chains confirms the increase of CT emission with increasing temperature. The -

phase F8-5% BSP samples also showed enhanced CT emission at high temperatures, however, 

the -phase emission was dominant even at 44 ºC (see supplementary material, Fig. S4). This 

might indicate good thermal stability of the -phase due to the rigid structure with less space 

for conformation changes. We propose that the enhanced CT emission at higher temperature is 

a result of conformational changes that either lead to the formation of the intra- or interchain (a 

self-folded chain) CT states and/or to increased efficiency of energy transfer from the glassy or 

-phase segments to the lower-energy CT trap states.  
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2.4. In situ temperature-dependent Raman spectroscopy  

To probe the dynamic conformation changes at different temperatures, in-situ Raman 

spectroscopy at 633 nm excitation of F8-5% BSP glassy and  films from 20 ºC to 70 ºC was 

conducted (Fig. 5). These films were spin-coated from 10-4 M solutions to reduce interchain 

interaction but give measurable Raman intensity. In the comparison of Raman spectra between 

glassy and  films at room temperature (RT) (see supplementary material, Fig. S5), the 

additional peak at 1582 cm-1 of  film is the signature of  phase.26 In addition, the peak position 

of F8 unit shifted 2 cm-1 to lower wavenumber from glassy to  phase, indicative of the 

increased planarity in  phase chains.27 At the temperature-dependent measurement, Fig. 5(a-

b) shows the normalized Raman spectra of the glassy and  sample from 20 ºC to 70 ºC. After 

normalizing the Raman spectra to the ring stretching mode of F8 units28, the glassy sample 

shows a temperature-dependent Raman shift (1.4 cm-1) of F8 peak with gradual increases of 

FWHM mainly at low wavenumbers. The broadening at low energy shoulder indicates more 

flexible chain conformation of glassy phase being able to form more elongated conjugated 

backbone at high temperature. However, the  sample had negligible temperature-dependent 

changes of F8 peak position and FWHM confirming the extremely rigid structure of -phase 

segments which limit the conformation changes of the chain backbone.  

2.5. Proposed mechanisms for the energy transfer process 

While the bulk films of glassy F8-5% BSP show dominant CT emission, at the single-chain 

level the PL switches repeatedly between localized emission of the glassy F8 segments and the 

CT state emission. Similar behavior is observed for single F8-5% BSP chains in the -phase. 

The time scale of the switching and its temperature dependence point towards thermally 

induced conformational changes as the origin of this phenomenon. We propose a mechanism 

shown schematically in Fig. 6. The absence of CT emission spectrum from a single chain during 

a certain time interval can be either due to no CT state itself formed, or due to the inefficient 

population of an existing CT state. As a result, the energy absorbed by the glassy segments is 

emitted either as glassy spectrum in the case of glassy F8-5% BSP chains (Fig. 6(a)), or is 

efficiently transferred to -phase segments and emitted as the -phase spectrum in the case of 

-phase F8-5% BSP chains (Fig. 6(b)). Upon thermal annealing, the CT state emission is 

observed, and its emission shows on-off switching behaviour. One possible origin of such CT 

spectra on-off switching could be thermally induced torsional motion which would effectively 

exclude the state from the energy transfer and emission processes (Fig. 6(c-d)).  
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DFT calculations on dF8-cov-mBSP show that a CT state is the lowest energy state both in 

absorption (for structure optimized in S0 state) and emission (for structure optimized in S1 state). 

The absorption occurs mainly (56%) from BSP-centred HOMO state to dimer F8-centred 

LUMO or LUMO+1 states (see supplementary material, Fig. S8). The absorption CT state 

thus works as an energy trap for the glassy F8 segments and presumably also for the -phase 

segments. Similar to the case of mF8-cov-mBSP, the CT state emission of dF8-cov-mBSP 

originates mainly (68%) from dimer F8-centred LUMO states to BSP-centred HOMO states 

(see supplementary material, Fig. S9). The DFT calculations also show that twisting of the 

angle between the F8 and BSP units in the dF8-cov-mBSP by 60o causes an increase of the S1 

level by 0.5 eV and partial loss of the CT character of the transition (see supplementary 

material, Fig. S10).  

Another possible explanation of the on-off behavior could be inefficient ET to the existing CT 

state (CT emission off) and an increase of the ET efficiency by the thermally induced 

conformational change (CT emission on). While the CT state (its F8-centred LUMO) can be 

populated directly by exciton migration from a neighboring glassy F8 segment, it has been 

known that such on-chain ET in conjugated polymers is largely inefficient20,21,25. A 

conformational change that would reorient two parts of a self-folded chain or bring them closer, 

would increase the inter-chain interaction and enable efficient through-space ET from both 

glassy (Fig. 6(c)) and -phase segments (Fig. 6(d)) to the CT state, switching on its emission. 

Another result of the increased interaction could be the formation and efficient population of 

an inter-chain CT state.21  

3. Conclusions       

In summary, by applying single-molecule spectroscopy, the role of  phase on energy transfer 

for a fluorene-based copolymer F8-5% BSP has been investigated. Different from the strong 

broad CT emission in a glassy-phase bulk film, local-excited F8 emission is dominant at single-

chain level, which indicates that the population of the BSP-located CT state is not much 

efficient. Formation of 5% of -phase segments on the single chain, almost 100% energy 

transfer from the glassy F8 to the -phase occurs, yielding strong vibronic -phase emission. 

Interestingly, in both glassy and -phase-containing single chains, we observed dynamic CT 

emission (time-dependent CT on-off behavior), rather than the stable CT emission as in the 

bulk film. By conducting temperature-dependent SMS, the CT emission becomes stronger and 
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dominant at temperatures above 38 ºC. The thermal energy-induced molecular conformation 

change was also confirmed by Raman spectroscopy. These results demonstrate that the chain 

conformation can strongly influence the single-chain photophysics, such as CT state formation 

and energy transfer. Using the single chain system, an advanced understanding of such inter- 

and intrachain photophysics involving glassy and -phase F8 and CT states was obtained. This 

work will have also important implications for the design of light-emitting materials and 

applications.  

4. Experimental Section/Methods 

Materials: PFO, F8-5% BSP and PFB are provided by Cambridge Display Technology (CDT). 

The weight-average molecular weights (Mw) and polydispersity indices (PDI) were 104 Kg/mol 

and 2.3 for PFO, 277 Kg/mol and 2.4 for F8-5 % BSP, and 132 Kg/mol and 2.0 for PFB, 

respectively. Polystyrene (PS) was purchased from Aldrich (Mw:100 Kg/mol, PDI: 2.45).   

Single-molecule sample preparation: Samples for fluorescence microscopy measurements 

were prepared by dropping 150 μL of 1 wt % PS toluene solution mixed with an appropriate 

amount of PFO, F8-5% BSP or PFB onto a cleaned quartz substrate and spin coating (3000 rpm, 

30 s). The PFO concentration in the resulting thin films was on the order of 10−9 M. we changed 

the solution concentrations to control the number of emitting spots to be less than 10 spots in 

one microscope area to verify the truly single-molecule level samples. 

Single-molecule spectroscopy measurement: Fluorescence from single PFO chains was 

measured using an inverted microscope (IX 71, Olympus). The excitation light of 360 nm was 

provided by a continuous wave laser (UV-FN-360, 100 mW, CNI). The excitation power 

measured at the microscope stage was on the order of 1−5 W/cm2. Fluorescence was collected 

by an oil immersion objective lens (UplanFLN 100×, NA 1.3, Olympus) and passed through a 

dichroic mirror (Dichro 375, Chroma) and a long-pass filter (LP 377, Edmund). For the spectral 

measurements, the signal was further dispersed using an imaging spectrograph (CLP-50LD, 

Bunkou Keiki). The spectrograph uses a flipping mirror (in front of the grating), which relays 

the microscopic image to the charge-coupled device (CCD) camera. In this imaging mode, a 

single molecule is brought into the center of the image, the spectrograph slit is closed, and the 

mirror is removed. The fluorescence signal falling into the vertical slit is spectrally dispersed 

and at the vertical position of the molecule provides the molecular fluorescence spectrum. 

Fluorescence was detected with an electron-multiplying (EM) CCD camera (iXon, Andor 
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Technology) with an exposure time ranging from 100 to 300 ms. For in situ temperature-

dependent SMS measurement, the single molecule samples were prepared on top of glass 

coverslips coated with an indium tin oxide (ITO) layer (56 nm). The samples were heated by 

an electric current through the ITO layer and the temperature was monitored using an infrared 

thermometer. 

UV-vis absorption, photoluminescence spectroscopy and bulk thin-film characterization: 

Quartz substrates were cleaned using acetone and isopropyl alcohol via sequential sonication 

for 5 min. PFO, F8-5% BSP or PFB bulk thin films were spin-coated on quartz substrates from 

10mg/ml toluene solutions. UV-vis absorption was measured using a Shimadzu UV-2550 UV-

visible spectrophotometer. PL spectra were recorded in a reflection geometry using a Jobin 

Yvon Horiba Fluoromax-3 spectrofluorometer.  

In situ temperature-dependent Raman spectroscopy measurements: In situ Raman spectra of 

the PLED samples were collected using a specially designed chamber equipped with a probe 

station and a Renishaw inVia Raman microscope (50 X objective lens). Measurements were 

performed with a 633 nm excitation laser source operating at 0.5 mW using an acquisition time 

of 2 seconds and an applied external heater from room temperature to 70 ˚C. A defocused laser 

beam with a diameter of 8 μm and flowing N2 gas was used to avoid photodegradation of the 

samples.  

Quantum chemical calculations: Density functional theory (DFT) calculations were carried 

out using Gaussian 16 C.01 software package29, with CAM-B3LYP functionals and 6-31G+(d) 

basis set. 

Supplementary material  

See the supplementary material for the details of DFT calculations, PL spectra and spectral 

analysis of single-chain and bulk films, PL spectra of F8-5% BSP in toluene, tetrahydrofuran 

(THF) and dichlorobenzene.  
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FIG. 1. (a) Chemical structures of PFO, F8-5% BSP and PFB (50% BSP). (b) Schematics of 

single-molecule sample preparation. 

 

 

FIG. 2. Comparisons of PL spectra between bulk films and single chains for (a) glassy PFO, 

(b)  PFO and (c) PFB. Two-dimensional plots (time vs. wavelength) of time evolution of 

photoluminescence spectra from single chains (d) glassy PFO, (e)  PFO and (f) PFB. To ensure 

consistency of results, same treatment is used for both PFO and PFB to prepare  phase samples. 
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FIG. 3. 2D time evolution plots of PL spectra from single chains (a, b) glassy F8-5% BSP, (c, 

d)  F8-5% BSP. The red lines are fitted to a combination of Gaussian functions. (e, f) Summary 

of 5 reversible PL spectra. (g, h) Occurrence of reversible glassy/CT or /CT emission samples 

from 141 glassy F8-5% BSP single chains and 119  F8-5% BSP single chains, respectively. 

Even though incorporated with 5% BSP, F8 emission is still dominant, indicating less efficient 

intra-chain energy transfer. Both glassy and  samples show reversible ON/OFF CT emission 

(spontaneous switching). 
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FIG. 4. In-situ temperature-dependent single-molecule spectroscopy. (a) Gaussian fitted PL 

spectra from single glassy F8-5% BSP chains on electric heated ITO substrates from 22 to 44 

˚C. (b) Histogram of 0-0 peak and CT peak wavelength of temperature-dependent PL spectra 

obtained on 25 single chains. 0-0 peak samples include both glassy emissions only and 

reversible glassy/CT samples.  
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FIG. 5. In-situ Raman spectra at 633 nm excitation of single F8-5% BSP glassy and  films 

from 20 ˚C to 70 ˚C. (a, b) Normalized Raman spectra for glassy and  films, respectively. (c, 

d) Zoom-in plots of F8 main peak. 
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FIG. 6. Schematic diagram of energy transfer process in glassy and  phase single chains. 

Glassy spectrum in the case of glassy F8-5% BSP chains (a), -phase spectrum in the case of 

-phase F8-5% BSP chains (b). Owing to either thermally induced torsional motion, or 

thermally induced conformational change, CT spectra on-off switching is observed in (c) and 

(d). 
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