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ABSTRACT: Conjugated polymers (CPs) are an important 

class of organic semiconductors that can be deposited from 

solution to make optoelectronic devices. Among them, 

ÐÏÌÙɉωȟωȭ-dioctlyfluorene) (PFO) has distinctive optical 

properties arising from its ability to adopt an ordered pla-

nar conformation (b-phase) from a disordered glassy phase 

(a-phase).  The b-phase has attractive optical properties, 

but the precise mechanism of its formation in solution re-

mains unknown. 

 Here, we have combined specifically tailored polymer syn-

thesis and surface-passivation strategies to provide the first 

spectroscopic characterization of single PFO chains in solu-

tion at room temperature. By anchoring PFO molecules at 
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one end on an anti-adherent surface, we show that isolated 

chains can adopt the b-phase conformation in a solvent-de-

pendent manner. Furthermore, we find that individual PFO 

chains can reversibly switch multiple times between phases 

in response to solvent-exchange events. The methodology 

presented here for polymer synthesis and immobilization is 

widely applicable to investigate other luminescent poly-

mers. 

INTRODUCTION 

   #ÏÎÊÕÇÁÔÅÄ ÐÏÌÙÍÅÒÓ ɉ#0ÓɊ ÁÒÅ ʌ-delocalized light-emit-

ting molecules widely used as active materials in optoelec-

tronic devices, such as displays, solar cells and solid-state 

lasers.1,2 Poly(dialkylfluorene)s constitute a particularly 

relevant class of conjugated polymers because of their emis-

sion in the deep-blue part of the spectrum and their high 

photoluminescence quantum yield and charge mobilities.3 

Poly(dialkylfluorene)s have also emerged as attractive ma-

terials to investigate the fundamental correlation between 

chain morphology and photophysical properties because of 

their intriguing  ability to form different polymorphs de-

pending on solution conditions.4ɀ6 It has been shown that 

spin-coating ÐÏÌÙɉωȟωȭ-dioctlyfluorene) (PFO) from a good 

solvent results in films containing mostly disordered chains, 

commonly referred as ɻ-phase (also known as glassy phase) 

(Figure S1a).5ɀ7 However, it was also shown that thermal cy-

cling5,8 and solvent swelling8ɀ10 could be used to induce a 

highly-organized structure with coplanar monomeric units 

and extended conjugation length, commonly referred to as 

the ɼ-phase (Figure S1b).11 4ÈÉÓ ɼ-phase is characterized by 

a red-shifted luminescence spectrum7 and an increased ex-

citon diffusion length and results in devices with improved 

performance.3,5,12,13 Therefore, PFO has high commercial po-

tential in addition to research value to understand CP poly-

morphism.14,15 As a result, significant efforts have been de-

voted to understanding and controlling the chemical and so-

lution -processing parameters that induce chain planariza-

ÔÉÏÎ ÁÎÄ ÐÒÏÍÏÔÅ ɼ-phase content in PFO polymers.16ɀ18 The 

ÆÉÒÓÔ ÏÂÓÅÒÖÁÔÉÏÎÓ ÏÆ ɼ-phase described it as a result of pol-

ymer crystallization, and thus, an intrinsically aggregation-

driven phenomenon.19ɀ22 However, studies in dilute solu-

ÔÉÏÎÓ ÈÁÖÅ ÓÈÏ×Î ÔÈÁÔ Á ÃÅÒÔÁÉÎ ÄÅÇÒÅÅ ÏÆ ɼ-phase can also 

be obtained from single chains in poor solvents at low tem-

peratures.23 )Ô ×ÁÓ ÆÏÕÎÄ ÔÈÁÔ ɼ-phase arises following a 

two-step process that is initiated by the formation of intra -

chain planar conformations that subsequently trigger an in-

termolecular aggregation process.23,24 The use of single-

molecule spectroscopy (SMS), with its unique ability to in-

vestigate polymer chains one by one25ɀ27, has been particu-

larly useful for the study of PFO because its intrinsic phase 

heterogeneity cannot be resolved by conventional ensem-

ble-averaging spectroscopy.25,28ɀ30 Single-molecule spec-

troscopy studies of poly(9,9-dioctyl)fluorene (PFO) mole-

cules dispersed in a Zeonex matrix demonstrated the coex-

istence of ɻ- ÁÎÄ ɼ-phase chains at 5 K.31 

   Considering the highly diluted nature of the samples used 

ÉÎ ÔÈÅÓÅ ÓÔÕÄÉÅÓȟ ÉÔ ×ÁÓ ÃÏÎÃÌÕÄÅÄ ÔÈÁÔ ɼ-phase formation 

does not need inter-chain interactions and that stress-in-

duced backbone planarization could result from interac-

tions with the host-matrix. Similar SMS studies using ma-

trix -ÅÍÂÅÄÄÅÄ 0&/ ÏÌÉÇÏÍÅÒÓ ÈÁÖÅ ÓÈÏ×Î ÔÈÁÔ ɼ-phase for-

mation is a molecular length dependent process and that 
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nine or more repeat units are necessary to form a stable pla-

narized structure, at least when prepared through the vapor 

swelling procedure.28 Low-temperature photolumines-

cence (PL) excitation spectroscopy has also revealed that 

the entire polymer chain can behave as a single chromo-

phore and that in-plane bending within the chromophore is  

ÐÏÓÓÉÂÌÅ ×ÉÔÈÏÕÔ ÁÌÔÅÒÉÎÇ ÔÈÅ ÃÏÎÊÕÇÁÔÉÏÎ ÏÆ ÔÈÅ ʌ-electron 

system.32ɀ34 

   However, to date, the application of SMS in the context of 

PFO has been limited to embedding the polymeric material 

in a host matrix at very high dilution and mostly at low tem-

peratures. Thus, the crucial question of PFO polymorphism 

in solution remains unsolved and how to answer it consti-

tutes a challenging task. Understanding the correlation be-

tween single chain conformation and PL output is also par-

ÔÉÃÕÌÁÒÌÙ ÃÈÁÌÌÅÎÇÉÎÇ ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ 0&/ ÄÕÅ ÔÏ ÉÔÓ ȬÈÁÉÒÙ ÒÏÄȭ 

properties and tendency to form supramolecular aggre-

gates even at very low concentrations.23 Here, we present 

the first spectroscopic characterization of individual PFO 

chains in good and poor solvents at room temperature. By 

combining single-end chemical functionalization of PFO 

chains with glass-reactive tr iethoxysilane groups and sur-

face-passivation methods tailored to avoid non-specific ad-

sorption of conjugated polymers, we have extracted the 

spectral features of each chain as a function of solvent prop-

erties, determined the relative population of each PFO 

phase at a given condition, and induced phase transition on 

single chains using a real-time solvent-exchange approach. 

RESULTS AND DISCUSSION  

Polymer design and chemical synthesis.  One of the main 

reasons for the lack of single-molecule studies for single 

chains in solution is the need to immobilize the polymer so 

that the spectroscopic behavior and photoluminescence in-

tensity of individual molecules can be monitored for pro-

longed periods of time. Single-molecule characterization of 

conjugated polymers in solution requires a method for teth-

ering one end of the polymer to the substrate. We recently 

introduced an immobilization method for poly(3-hexylthio-

phene) (P3HT) using triethoxysilane (TES) groups.35 Here,  

we developed a synthetic route to incorporate TES function-

alities at a single end of the PFO polymer.  

   The synthesis of the triethoxysilane-terminated PFO poly-

mer (TES-PFO) started with the polymerization of 2-(7-

bromo-9,9-dioctyl-9H-fluoren-2-yl)-5,5-dimethyl -1,3,2-di-

oxaborinane (characterization show in Figure S2-3) as a bi-

functional monomer M (Scheme 1) following the Suzuki 

protocol and using tetraethylammonium hydroxide as a 

base (Scheme 1). The polymerization was followed by end-

capping and the resulting polymer P1 was purified by meth-

anol and acetone extraction to remove low-molecular 

weight fractions. Further functionalization of carbinol end 

groups was achieved by reaction with triethoxy(3-isocya-

natopropyl) silane to yield the polymer TES-PFO. The mo-

lecular weight of the latter was estimated by comparison of 

integrals for the signals of methylene groups attached to the 

oxygen (quartet at 3.87 ppm) and nitrogen (multiplet at 

3.38 ɀ 3.27 ppm) atoms of the urethane functionality, which 

do not overlap with the aliphatic/water region of the spec-

trum  (Figure S4-5), or with the signals of methylene groups 

in the polymer octyl chains (broad signal at 2.50 ɀ 1.70 

ppm). This estimation gives the value of 19400 Da, which is 
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consistent with Mn value of 17400 Da, estimated by GPC 

(Figure S6-7). Due to hydrolytic deboronation upon 

polymerization in the basic conditions, the ratio of end-cap-

ping with Br-PhCOOH was estimated to be 24% (see Sup-

porting Information for details , Scheme S1 and Figure S8). 

Minimizing  non-specific adsorption of CPs using per -

fluorinated surface passivation  and SM setup. To ob-

serve fluorescence from single PFO molecules in solution, 

we immobilized single polymer chains at very low-density 

through silane chemistry (Scheme 1 and Figure 1, see Sup-

porting Information for specific details of immobilization 

protocol). With such sparse surface coverage, fluorescence 

light from individual molecules did not overlap and isolated 

bright spots corresponding to single molecules can be easily 

monitored (Figure 1b). The glass substrates containing dis-

persed PFO chains were then placed in a custom-built cham-

ber that was later filled with a specific solvent for imaging 

(see the Supporting Information for details of setup and 

sample chamber).35 In our single-molecule setup, the field-

of-view (FOV) has dimensions of 50 x 50 µm. In a typical ex-

periment, 200-300 spots, each corresponding to a single 

molecule can be observed in the FOV which has an area of 

2500 µm2, corresponding to a density of 8.3 µm2 per mole-

cule (Figure 1). To extract spectral information from single 

chains, we coupled a spectrograph to our setup (Figure 1b) 

using a switchable beam splitter that directed 90% of the 

light into the spectrograph.  In our previous work, we 

demonstrated specific immobilization of P3HT polymers 

using silane chemistry with no need for passivating the 

glass surface.35 However, the intrinsically weak non-specific 

adsorption of P3HT chains to bare glass substrates consti-

tutes an exception. Most widely used conjugated polymers 

exhibit strong non-specific interactions with the glass sur-

face that can alter their conformation and preclude the im-

mobilization of single chains at one specific end.36 To mini-

mize such polymer-glass interactions, we developed a 

method to passivate glass surfaces by coating them with an 

inert molecule. 1H,1H,2H,2H-perfluorodecyltriethoxysilane 

(PFDTES) was chosen primarily because its low surface en-

ergy should result in excellent anti-adherent properties 

(Figure 1a). Perfluorinated compounds such as PFDTES are 

commonly used as anti-fouling agents37 and in the prepara-

tion of superhydrophobic nanoparticles38 but their applica-

tion as passivation agents for single-molecule microscopy 

studies has not been reported. 

   PFDTES-treated and untreated glass was exposed to a 50 

pM PFO solution in toluene and incubated for 5 minutes. 

The number of fluorescence spots in both surfaces was 

counted using our single-molecule wide-field microscope 

setup. In untreated surfaces we observed average values of 

420 spots per FOV (Figure 1c). The number of spots did not 

change significantly after successive steps of washing the 

chamber with a good solvent such as toluene, thus confirm-

ing a strong non-specific interaction between PFO and the 

glass surface. In contrast, for PFDTES-treated surfaces, the 

number of PFO molecules non-specifically adsorbed de-

crease by ~ 40-fold (Figure 1c), thus suggesting efficient 

passivation of the glass surface by PFDTES. Next, we evalu-

ated whether this passivation method works for conjugated 

polymers in general or it is indeed specific to PFO, so we 

carried out an identical experiment replacing PFO with 

MEH-PPV, a conjugated polymer known to interact with un-

treated glass substrates.39 In untreated surfaces, we ob-

served an average of 400 spots (Figure 1a and 1c). This 
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value decreased to ~8 spots when passivating the glass sur-

face (Figure 1c), suggesting that PFDTES-coating might be a 

promising and general method to avoid non-specific ad-

sorption of conjugated polymers. Once confirmed that 

PFDTES prevents PFO from interacting with glass surfaces, 

we carried out an experiment in which 10 nM triethox-

ysilane-derivatized PFO (TES-PFO) was reacted with the 

glass surface in the presence of 10 mM PFDTES. Even when 

using a 200-fold higher concentration of TES-PFO (10 nM) 

compared to PFO in untreated surfaces (50 pM), the single-

molecule image showed spatially separated chains of TES-

PFO with a density of ~300 molecules per FOV.  Im-

portantly, coating the glass surface with PPDTES did not in-

crease the background signal, something of critical im-

portance when carrying out single-molecule experiments. 

The number of immobilized spots changed linearly with the 

concentration of TES-PFO (Figure S9). Similarly, a Poisson 

analysis of 300 molecules in 512x512 pixels suggested a 

probability value of 0.175 for having only one pixel of the 

entire FOV occupied by 2 molecules, thus confirming that 

each spot corresponds to a single immobilized TES-PFO 

chain. The combination of TES-immobilization with 

PFDTES-based passivation opens new possibilities regard-

ing polymer observation at single-chain level in solution, 

since it exposes the chain to the solvent while efficiently 

minimizing interactions with the surface.  

Single-molecule spectroscopy of PFO chains in organic 

solvents. Using these passivation and immobilization pro-

tocols, we characterized the photoluminescence behavior of 

TES-PFO molecules at single-molecule level as a function of 

solvent quality. We chose toluene and isopropanol (IPA) as 

representative examples of good and poor solvents, respec-

tively. The moderately good solubility of PFO in toluene has 

been recently reported and its photoluminescence proper-

ties have been extensively studied in bulk-averaging condi-

tions.40,41 In contrast, PFO is poorly soluble in alcohols and 

characterization in these solvents has focused on their role 

as co-solvent inducing b-phase formation.41ɀ43 In these stud-

ies, the observed correlation between alcohol content and 

b-phase was explained based on inter-chain aggregation44, 

but to which degree single PFO chains can adopt a b-phase 

structure in poor solvents or solvent mixtures remains un-

known. Our approach using single immobilized TES-PFO 

provides a unique solution to investigate this aspect that 

cannot be addressed by any other technique. Once single 

TES-PFO chains are immobilized on the glass substrate, 

they can be exposed to any environmental condition with 

no interference from aggregation phenomena, even to those 

solvents where the polymer is virtually insoluble.  

   We compared the photoluminescence (PL) intensity tra-

jectory of single TES-PFO chains in toluene and IPA. As 

shown in Figure 2, the intensity traces were remarkably dif-

ferent between both solvents. In isopropanol, 75% of the PL 

trajectories exhibited a very fast blinking dynamics be-

tween dark and bright states (Figure 2a, left panel) and the 

remaining traces display multi-level intensity trajectories 

(Figure S10). In contrast, 66% of PL trajectories in toluene 

were characterized by a single-level stable emission until 

photobleaching occurred (Figure 2a, right panel) and the re-

maining 33% displayed multi-level blinking dynamics (Fig-

ure S11). We used Hidden Markov modelling (HMM) to ob-

tain the idealized intensity trajectory for each immobilized 
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TES-PFO (Figure S12a). From the idealized trajectory, we 

extracted the distribution of dwell-times in the bright (ton) 

and dark (toff) states (Figure S12b). We obtained values in 

IPA of 200 and 130 milliseconds for ton and toff, respectively. 

Because some of the blinking transients were too fast to be 

accurately determined using HMM, we also carried out an 

autocorrelation analysis of the intensity fluctuations (Fig-

ure S13). This analysis revealed the presence of two inten-

sity-fluctuation regimes with timescales differing by almost 

an order of magnitude. The fast dynamics component (tfast 

~ 20-30 ms) is reminiscent of that previously observed for 

single PFO chains in a Zeonex matrix at room temperature. 

34 Such dynamics were explained based on chain planariza-

tion in the b-phase leading to the entire polymer behaving 

as a single chromophore. This assignment was further sup-

ported by photon-antibunching measurements showing a 

strong dip at zero delay time. The slow component of the 

autocorrelation function (tslow ~ 400-500 ms) matches the 

combined ton+toff obtained from HMM analysis. At present, 

we hypothesize that this component might reflect fluctua-

tions in polymer conformation or dark states that are stabi-

lized by interactions with the solvent. 

  We recorded the PL spectra of immobilized chains in each 

solvent using the wide-field microscope coupled to a spec-

trograph (Figure 1b). In both solvents, the PL spectrum of 

individual TES-PFO chains showed similar temporal stabil-

ity within the 10 seconds observation window but their 

spectral features, taken in the interval from 415 to 480 nm, 

were significantly different (Figure 2b and Figure S14). In 

these experiments, we have taken the position of the 0-0 

band as the peak of the emission spectra.  In IPA, most pol-

ymers show the 0-0 band peaking at around 437 nm and the 

0-1 peak at approximately 465 nm (Figure 2b, left panel), 

which are characteristic features of a b-phase emission. In 

contrast, a significant amount of immobilized chains in tol-

uene showed the 0-0 and 0-1 bands slightly shifted to the 

blue and peaking at around 415 nm and 442 nm, respec-

tively  (Figure 2b, right panel). The position of these bands 

agrees with those observed for PFO in toluene in bulk-aver-

aging conditions which have been assigned as intrinsic fea-

tur es of the ɻ-phase conformation. To quantify the relative 

population of TES-PFO chains with PL spectra resembling 

those of the ɻ- and b-phase in each solvent, we built single-

molecule histograms by classifying individual emission 

spots on the basis of the peak position of the 0-0 band (Fig-

ure 3). For IPA, the single-molecule peak histogram showed 

a 70 % of TES-PFO molecules displaying b-phase-like spec-

tra (Figure 3a). This value decreased to 25 % in toluene 

(Figure 3b). A measurement of intensity and emission spec-

tra from the same molecule has not been carried out, simply 

because there is not enough emission signal to simultane-

ously collect fast blinking dynamics and spectral data with 

sufficiently good signal-to-noise ratio. However, the agree-

ment between the percentage of molecules showing fast dy-

namics (75%) and b-phase like spectra (70%) indirectly 

suggests a correlation between both features. It is crucial to 

realize that extracting the phase distribution of PFO poly-

mers in solution is only possible by analyzing the spectral 

information on a chain-to-chain basis and this can only be 

achieved using the combination of surface-immobilization 

and passivation protocols introduced earlier in this work.  
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   Recent studies using mixtures of ethanol with toluene or 

chloroform reported an increase in b-phase content when 

increasing the concentration of ethanol until reaching a 

maximum of ~ 44 % at 40 % w/v ethanol.41 Because no b-

phase content over this value has been observed over a 

wide range of solvents reported in the literature , it has been 

suggested that it constitutes an intrinsic b-phase saturation 

limit . Mechanistically, it has been proposed that in semi-di-

lute conditions (<2mg/mL) , b-phase saturation arises from 

a reduced solubility that alters the balance between the for-

mation of mesoscopic aggregates inducing b-phase for-

mation and their compaction into denser aggregates that 

compromise planarization.41,43 

In this context, our observation that isolated TES-PFO 

chains in an extremely poor solvent such as IPA exhibit b-

phase emission to a much higher extent (70 %) than in bulk 

measurements (44 %) suggests that the latter saturation is 

indeed driven by inter-chain interactions that might be pre-

sent only at certain PFO concentrations and solvent mix-

tures. 

Conformational reorganization of single PFO chains in 

response to solvent conditions.  To date, the observation 

of a single PFO chain alternating its conformation between 

both phases has not been reported. This is mostly due to the 

inability  of matrix -based single-molecule techniques to 

modify the environment after the chains have been trapped 

within the matrix.  Recently, we demonstrated that immobi-

lization of single P3HT chains using one-end functionaliza-

tion of CPs with silane groups allows monitor ing of their 

conformational evolution triggered by sudden changes in 

their solvation environment.35 This was based exclusively 

on PL intensity changes. Here, for PFO, we take the solvent-

switching method one step further by monitoring  also the 

spectral response of the same TES-PFO chain when ex-

changing between IPA and toluene. 

   The single-molecule PL trajectories obtained during real-

time solvent switching displayed the characteristic inten-

sity profiles as recorded previously in each solvent individ-

ually (Figure 4 and Figures S15-16). When switching from 

IPA to toluene (Figure 4a), the PL trajectory changed from 

an intensity profile showing fast intensity fluctuations to a 

stable single intensity level in toluene, and vice versa during 

the toluene­IPA exchange (Figure 4b). As previously re-

ported for single PFO chains immobilized in a Zeonex ma-

trix, the average intensity of PL profiles displaying fast 

blinking in IPA is significantly higher than those emitting as 

a single-intensity level in toluene.34 We did not observe a 

substantial lag phase between solvent exchange and detect-

ing a shift in the pattern of the PL intensity trajectory, sug-

gesting that PFO polymers in solution adjust to changes in 

solvent in a timescale comparable to the solvent injection 

time (~1 s). By synchronizing and overlaying the PL traces 

with respect to the switching time we also observed a re-

markable homogeneity in the timescale for PFO adjustment 

to the new solvation conditions (Figure 4a and 4b, right 

panels).  

   To confirm that the observed changes in PL intensity tra-

jectories indeed represent PFO chains adjusting their con-

formation in real time, we recorded the PL spectra for the 

same PFO chain before and after the solvent switching 

event. As shown in Figure 4c for the case of the 



8 

 

IPA­toluene transition, the spectra collected before and af-

ter solvent exchange confirm the switching from a PL spec-

tr um showing the characteristic features of b-phase emis-

sion to those of ɻ-phase emission. Thus, we are confident 

that we are observing transition s between the ɻ- and b-

phases induced in single PFO chains (Figure 4d). Our data 

provides an unambiguous proof that b-phase emission can 

be induced in single PFO chains simply by solvent replace-

ment, and in the absence of inter-chain interactions or ma-

trix -induced stress. At present our data do not allow us to 

estimate the extent of b-phase content in each immobilized 

polymer. Therefore, we cannot rule out the presence of a-

phase segments from which energy transfer to the planar-

ized structure could occur as schematically shown in Figure 

4d. However, the concept of  isolated PFO chains being able 

to adopt a planarized conformation in solution is consistent 

with recent theoretical calculations suggesting that van der 

Waals contacts between neighboring alkyl side chains and 

the fluorene backbone are sufficient to stabilize the b-con-

former in single chains even in the gas phase.45  Our spectral 

data do not only confirm that PFO molecules can be induced 

to form b-phase domains simply by changing the solvation 

conditions, but we also demonstrate, for the first time, that 

individual PFO chains can transit between both phases in a 

remarkably fast timescale (< 1s). 

Solvent-driven p hase reversibility  in isolated PFO 

chains. The ability to induce the transformation between 

the ɻ- and b-phases in real time prompted us to evaluate the 

reversibility of the process in solution at the single chain 

level. Some evidence of phase reversibility has been previ-

ously obtained from bulk-averaging measurements of di-

luted PFO samples in methylcyclohexane (MCH) using a 

temperature jump between 295 K and 270 K to alter the 

phase equilibrium.23 However, the reversibility of PFO pla-

narization in single polymers has never been demonstrated. 

In Figure 5, we show representative PL trajectories ob-

tained by repetitively changing the solvent environment be-

tween IPA and toluene. 

   We carried out four switching cycles resulting in each in-

dividual chain being sequentially exposed to five solvation 

conditions starting with IPA (Figure 5a-d). We observed a 

remarkable photostability with many TES-PFO chains re-

maining emissive after each switching event or photo-

bleaching only in the last cycle. This is the first time this 

could be observed because the extremely fast photobleach-

ing rate of immobilized P3HT chains when switching in real 

time from dimethyl -sulfoxide (DMSO) to o-dichlorobenzene 

(o-DCB) render P3HT unsuitable for reversibility analysis at 

the single-chain level. The remarkable photostability of PFO 

chains in both phases was already proven at 5 K using 

Zeonex matrix immobilization31 but no data for single 

chains in solution at room temperature has been reported.  

   Insights into the reversibility process can be extracted 

from the recorded PL trajectories. First, most chains re-

sponded to each switching event. Secondly, the resulting PL 

profile displayed alternating intensity patterns that fol-

lowed the solvation conditions and were characteristic of 

IPA (fast fluctuations) and toluene (single-state emission) 

(Figure 5a-b). Some exceptions included some chains hav-

ing higher or comparable intensities in IPA and toluene 

(Figure 5c) or the lack of blinking dynamics during the IPA 
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solvation window (Figure 5d). Taken together, these obser-

vations confirm that individual chains can reversibly inter-

convert multiple times from one phase to another simply by 

periodic solvent exchange. Interestingly, PL profiles dis-

played similar intensity values between two consecutive 

steps in toluene which was not so apparent in the case of 

IPA. To quantify this, we plotted the intensity for a given 

molecule in toluene (i.e., step 2 in Figure 5a) against the in-

tensity of the same molecule in the next toluene step 

(i.e., step 4 in Figure 5a) for all recorded molecules. It can be 

seen that the 2D contour plot for IPA (Figure 5e) shows a 

higher dispersity (mean intensity value of 214 with stand-

ard deviation of 236) when compared to the one for toluene, 

which has a mean intensity value of 142 with standard de-

viation of 178 (Figure 5f). It is important to realize that mo-

lecular-length polydispersity does not play a role when 

comparing the same chain and it cannot explain relative 

changes from molecules in the same FOV between switching 

steps. We argue that the observed differences in heteroge-

neity levels between IPA and toluene reflect different levels 

of structural diversity in poor and good solvents. Although 

disordered, the ɻ-phase, predominant in toluene, might 

constitute a structurally more homogeneous state, and 

therefore, it leads to a low PL heterogeneity. On the other 

hand, in a poor solvent, the extent of b-phase content can 

differ from molecule to molecule and even the same chain 

might not reach similar planarization levels during the ɻ-b-

phase transformation. 

CONCLUSIONS  

In summary, we have developed a synthetic approach to in-

corporate functional groups into PFO and introduced a po-

tentially general and simple passivation strategy to mini-

mize non-specific adsorption of CPs to glass surfaces. The 

combination of these techniques has allowed us to extract 

the photoluminescence and spectral features of single PFO 

chains in good and poor solvents with no interference from 

inter -chain aggregation or matrix -induced stress, and for 

the first time, we induced conformational changes in real 

time. Our results confirm that b-phase domains can be 

formed in single chains, presumably via alkyl side chain in-

terdigitation into the fluorene backbone and that this struc-

ture constitutes the predominant conformation observed in 

a poor solvent such as IPA. Moreover, because PFO chains 

immobilized at one end can freely adjust their conformation 

in response to solvation conditions, we studied the transfor-

mation between ɻ- and b-phases by exposing the polymer 

to successive IPA-toluene switching steps. Individual PFO 

chains followed with remarkable fidelity the periodic ex-

change of solvents and cyclically adopted PL intensity pro-

files characteristic of a- and b-phase conformations. We 

compared the variability of the PL intensity values between 

molecules and within the same molecule for different sol-

vent-switching events. Our data suggest that PFO molecules 

in good solvents such as toluene adopt a disordered but 

structurally homogeneous conformation leading to highly 

homogeneous PL behavior. In contrast, the substantial scat-

ter of PL intensity values between consecutive switching 

events into the same poor solvent indicates a high structural 

heterogeneity that might reflect variations in glassy and b-

phase content at the single-chain level.   
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ABBREVIATIONS 

SMS, single-ÍÏÌÅÃÕÌÅ ÓÐÅÃÔÒÏÓÃÏÐÙȠ 0&/ȟ ÐÏÌÙɉωȟωȭ-dioctlyfluo-

rene); P3HT, poly(3-hexylthiophene); TES, triethoxysilane; 

IPA, isopropanol; FOV, field of view. 
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Figure legends  

Scheme 1. Synthesis of triethoxysilane terminated PFO chains (TES-PFO).  

Figure 1 . Surface-passivation of glass substrates by PFDTES minimizes non-specific adsorption of conjugated polymers. (a) Sche-

matics of PFDTES passivation and representative single-molecule images obtained for non-specifically adsorbed PFO on bare glass 

(left) and PFDTES-treated glass (middle) compared to TES-immobilized PFO on a PFDTES-treated slide (right). (b) Photolumines-

cence intensity and spectral characterization of surface-immobilized single PFO chains in solution. Schematics of the wide-field mi-

croscope equipped with a tight-seal sample chamber and a 10:90 beam splitter for PL and spectra collection. Representative photo-

luminescence trajectory and spectra obtained from immobilized molecules are shown. (c) Average number of single-molecule spots 

representing the amount of adsorbed polymers obtained in those conditions described in (a). 

Figure 2. Single-molecule photoluminescence characterization of glass-immobilized TES-PFO chains in solution. (a) Representative 

TES-PFO photoluminescence trajectories in isopropanol (left) and toluene (right). (b) Temporal evolution of the PL spectra of a 

single TES-PFO molecule using 1 second time integration and corresponding integrated spectra over the 10 s time window in IPA 

(left)  and toluene (right). The single-molecule spectra in IPA shows a peak at 437 nm and in toluene at 415 nm, which are character-

istic of b-phase and ɻ-phase, respectively. 

Figure 3. Single-molecule peak histograms showing the relative population of TES-PFO molecules showing spectral features char-

acteristic of the ɻ-phase and the b-phase in IPA (a) and toluene (b). Single-molecule histograms were constructed from 325 mole-

cules in IPA and 220 in toluene. 

Figure 4. Real-time conformational reorganization of single PFO chains as a function of solvent conditions. (a) Left panel: Repre-

sentative PL trajectory of a single PFO immobilized chain initially imaged in IPA and switched to a toluene environment at time 7 

seconds. Right panel: Heat map plot resulting from the overlay of hundreds of PFO chains synchronized at the injection time. (b) Left 

panel: Representative PL trajectory of a single PFO immobilized chain initially imaged in toluene and switched to an IPA environment 

at time 5.5 seconds. Right panel: Heat map plot resulting from the overlay of 200 PFO chains synchronized at the injection time. (c) 

Spectra of a single PFO chain monitored in IPA (orange) and after solvent exchange with toluene (blue) showing the spectral features 

characteristic of b-ÐÈÁÓÅ ÁÎÄ ɻ-phase, respectively. (d) Schematics of the solvent-induced real-time switching experiment and the 

associated changes in PFO conformation. 

Figure 5. Reversible interconversion between ɻ-phase and ɼ-phase in single PFO chains induced by successive steps of solvent ex-

change. (a, d) Representative PL trajectories obtained by sequential switching between IPA (orange) and toluene (green). The aster-

isk in (b) and (d) indicates a photobleaching step. (e, f) Contour plots of the average PL intensity of the same PFO chain between two 

consecutive steps in IPA (e) and toluene (f) generated from 300 and 320 molecules, respectively. The single-molecule PL intensity 

histograms are also shown for both solvents. 
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