Single molecule spectroscopy of polyfluorene chains reveals
A-phase conten and phase reversibility in ganic solvents

Alfonso Brenlla, Francisco TenopalaCarmona, Alexander L. Kanibolotsky 8, Peter J. Skabatg, Ifor

D. W. Samuel#J. Carlos Penedd @ ¢

Organic Semiconductor Centre, SUPA School of Physics and Astronomy, University of St Andrews, North Haugh, KY16 9SS, St

Andrews, UK.

#WestCHEMSchool of Chemistry, University of Glasgow, Joseph Black Building, University Avendas@gdw, G12 8QQ, UK.

TSchool of Biology, Biomedical Science Research Complex, University of St Andrews, North Haugh, KY16 9ST, St Andrews,

UK.

8Institute of PhysicaDrganic Chemistry and Coal Chemistry, 02160 Kyiv, Ukraine

Corresponding Author

jcplo@standrews.ac.uk; Peter.Skabara@glasgow.ac.uk; idws@stdrews.ac.uk

Lead Contact

idws@standrews.ac.uk

KEYWORDSonjugated polymers, surfaggassivation, photoluminescencé;phase structure singlemolecule detection

ABSTRACT Conjugated polymers (CPs) are an important but the precise mechanism of its formation in solution e-

class of organic semiconductors that can be deposited from ~Mains unknown.

solution to make optoelectronic devices. Among them,

Bl 1 Udioctiytiuorene) (PFO) has distinctive optical Here, we have combined specifically tailored polymer syn-

properties arising from its ability to adopt an ordered pla- thesis and surfacepassivation strategies to provide the first

nar conformation (b-phase) from a disordered glassy phase g6 troscopic characterization of single PFO chains in solu-

(a-phase). The kphase has attractive optical properties,  yjon at room temperature. By anchoring PFO molecules at



one end on an antiradherent surface, we show that isolated
chains can adopt the kphase conformation in a solvenide-

pendent manner. Furthermore, we find that individual PFO
chains can reversibly switch multiple times between phases
in response to solventexcharge events. The methodology
presented here for polymer synthesis and immobilization is
widely applicable to investigate other luminescent poly-

mers.

INTRODUCTION
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ting molecules widely used asictive materials in optoelec-
tronic devices, such as displays, solar cells and sckdate
lasersi2 Poly(dialkylfluorene)s constitute a particularly
relevant class of conjugated polymers because of their emis-
sion in the deepblue part of the spectrum andtheir high
photoluminescencequantum yield and charge mobilities®
Poly(dialkylfluorene)s have also emerged as attractivena-
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%¢ It has been shown that
spin-coating ® 1 1 U-{dioctyfiudrene) (PFO) from a good
solvent results in films containing mostly disordered chains,
commonly referred as) -phase @lso known as glassyphase)
(Figure S1a)’z’ However, it was also shown that thermal cy-
cling®8 and solvent swellingz could be used to induce a
highly-organized structure with coplanar monomeric units
and extended conjugation length, commonly referredo as

the 1 -phase(Figure S1b)!t 4 E E-fhase is characterized by

a red-shifted luminescence spectrumand an increased ex-
citon diffusion length and results in devices with improved

performance351213Therefore, PFO hakigh commercial po-

tential in addition to research value to understand CP poly-
morphism.1415 As a result, significant efforts have been de-
voted to understanding and controlling the chemical and so-
lution -processing parameters that induce chain planariza-
OET T A1l A -ppadd conie@ APFP polymerss:s The
FEOOO 1 A O Adsddesciibbdlt ad afesylt of pol-
ymer crystallization, and thus, an intrinsically aggregation

driven phenomenon1922 However, studies in dilute solu-

be obtained from single chains in poor solvents at low tem-
peratures22) O x AO /Ei-pbadsd arise£ fAldwing a
two-step process that is initiated by theformation of intra-
chain planar conformations that subsequently trigger an in-
termolecular aggegation process?24 The use of single
molecule spectroscopy (SMS), with its unique ability to in-
vestigate polymer chains one by orf€z?7, has been particu-
larly useful for the study of PFO because its intrinsic phase
heterogeneity cannot be resolved by anventional ensem-
ble-averaging spectroscopy2&30 Singlemolecule spec-
troscopy studies of poly(9,9dioctyl)fluorene (PFO) mole-
cules dispersed in a Zeonex matrix demonstrated the coex-
istence of{-A T Aphase chains at 5 Rt

Considering the highly diuted nature of the samples used
ET OEAOA OOOAE
does not need interchain interactions and that stressin-
duced backbone planarization could result from interac-
tions with the host-matrix. Similar SMS studies usingna-
trix-Al AAAAAA 0&/

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?® 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

Polymer design and chemical synthesis. One of themain
reasons for the lak of singlemolecule 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.Sngle-molecule chaacterization of

Di OOEAI A xEOET 00 Al OA Gelebon O eSRMURR ST RRIEIE'R 1§ Rojutionreaues & fpeghod,for teth-

System3234

However, to date,the application of SMS in the context of
PFOhas been limited toembedding the polymeric material
in a host matrixat very high dilution and mostly at low tem-
peratures. Thus, the crucial question odPFO plymorphism
in solution remains unsolved and how to answer it consti-
tutes a challenging taskUnderstanding the correlation be-

tween single chain conformation and PL output islso par-

properties and tendency to form supramolecular aggre-
gates even at very low concentration& Here, we present
the first spectroscopic characterization ofindividual PFO
chains ingood and poor solventsat room temperature. By
combining singleend chemical functionalizaton of PFO
chains with glassreactive triethoxysilane groups and sur-
face-passivation methods tailoredto avoid non-specific ad-
sorption of conjugated polymers, we have extraed the
spectral features of eaclthainasafunction 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 reatime solvent-exchange approach.

RESULTS AND DISCUZSI

3

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$s Here,
we developedasynthetic route to incorporate TES function-

alities at a single end of the PFO polymer.

The synthesis of the triethoxysilare-terminated PFO poly-
mer (TESPFO) started with the polymerization of 2-(7-

bromo-9,9-dioctyl-9H-fluoren-2-yl)-5,5-dimethyl -1,3,2-di-
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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 resuling 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(3isocya-
natopropyl) silane to yield the polymer TESPFQ The no-
lecular weight of the latter was estimated by comparisof
integrals for the signals of methylene groups attached to the
oxygen (quartet at 3.87 pm) and nitrogen (multiplet at
3.3873.27 ppm) atoms of the urethane functionality, which
do not overlap with the aliphatic/water region of the spec-
trum (Figure $4-5), or with the signals of methylene groups
in the polymer octyl chains (broad signal at 2.5Q; 1.70

ppm). This estimation gives the value of 19400 Da, which is



consistent with Mn value of 172400 Da, estimated by GPC
(Figure $-7). Due to hydrolytic deboronation upon
polymerization in the basic conditions, theratio of end-cap-
ping with Br-PhCOOHwas estimatedto be 24% (see Sup-

porting Information for details, Scheme Shnd Figure S$§.

Minimizing non-specific adsorption of CPsusing per -
fluorinated surface passivation and SM setup. To ob-
serve fluorescence from single PFO molecules in solution,
we immobilized single polymer chainsat very low-density
through silane chemistry (Scheme 1 and Figure 1, se&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 custebuilt cham-
ber that was later filled with a specific solvent for imaging
(see the Supporting Information for details of setup and
sample chamber) In our single-molecule setup, the field
of-view (FOV) has dimensions of 50 x 50m. 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 um2, corresponding to a density of 8.3im2per 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
glasssurface3> However, the intrinsically weak nonspecific
adsorption of P3HT chains to bare glass substrates consti-

tutes an exception. Most widely used conjugated polymers

4

exhibit strong non-specific interactions with the glasssur-
face that can alter their conformation and preclude the im-
mobilization of single chains at one specific en#. To mini-
mize such polymerglass interactions, we developed a
method to passivate glass surfaces by coating them with an
inert molecule.1H,1H,2H,2Hperfluorodecyltriethoxysilane
(PFDTES) was chosen primarily because its low surface en-
ergy should result in excellent antiadherent properties
(Figure 1a).Perfluorinated compounds such as PFDTES are
commonly used as antfouling agent$” and in the prepara-
tion of superhydrophobic nanoparticles® but their applica-
tion as passivation agents for singlenolecule microscopy

studies has not been rported.

PFDTESreated and untreated glassvas exposed to a 50
pM PFO solution in tolueneand incubated for 5 minutes.
The number of fluorescence spots in both surfaces was
counted using our singlemolecule widefield microscope
setup. In untreated surfaces we observed average values of
420 spots per FOV (Figure 1c). The number of spots didtho
change significantly after successive steps of washing the
chamber with a good solvent suclas toluene, thusconfirm-
ing a strong nonspecific interaction between PFO and the
glass surface. In contrast, for PFDTE&ated surfaces, the
number of PFO molecules nospecifically adsorbed de-
crease by ~ 40fold (Figure 1c), thus suggesting efficient
passivation of the glass surface by PFDTB$ext, we evalu-
ated whether this passivation method works for conjugated
polymers in gereral 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? In untreated surfaces, we ob-

served an average of 400 spots (Figure la antt). This



value decreased to ~8 spots when passivating the glass sur-
face (Figure 1c), suggesting that PFDTE®ating might be a
promising and general method to avoid norspecific ad-
sorption of conjugated polymers. Once confirmed that
PFDTES prevents PFOdm interacting with glass surfaces,
we carried out an experiment in which 10 nMtriethox-
ysilane-derivatized PFO (TESPFO) was reacted with the
glass surface irthe presence ofLl0 mM PFDTES. Even when
using a 2006fold higher concentration of TESPFO (10 nM)
compared to PFO in untreated surfaces (50 pM), the single
molecule image showed spatially separatedhains of TES
PFO with a density of ~300 molecules per FOV Im-
portantly, coating the glass surface witiPPDTESlid not in-
crease the background signal, soathing of critical im-
portance when carrying out singlemolecule experiments.
The number ofimmobilized spotschanged linearly with the
concentration of TESPFO(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 moleculeghus confirming that
each spot corresponds to a single immobilized TEBFO
chain. The combination of TESmmobilization with
PFDTESbhasedpassivation opens newpossibilities regard-
ing polymer observation at single-chain levelin solution,
since it exposesthe chain to the solvent whileefficiently

minimizing interactions with the surface.

Single-molecule spectroscopy of PFO chains in organic
solvents. Using the® passivation and immobilization pro-
tocols, we characterized the photoluminescence behavior of
TESPFO molecules at singkenolecule level as a function of

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

representative examples of good and pooradvents, respec-
tively. The moderately good solubility of PFO in toluene has
been recently reported and its photoluminescence proper-
ties have been extensively studied in bullaveraging condi-
tions.4041 |n contrast, PFQGs poorly soluble in alcohols and
characterization in these solvents ha focusedon their role
as casolvent inducingb-phase formation41z43n these stud-
ies, the observed correlation between alcohol content and
b-phase was explained based on intechain aggregatiort4,
but to which degree single PFO chains can adopbaphase
structure in poor solvents or solvent mixtures remains un-
known. Our approach using single immobilizedTESPFO
provides a unique solution to investigate this aspect that
cannot be addressed by anytber technique. Once single
TESPFO chains are immobilized on the glass substrate,
they can be exposed to any environmental condition with
no interference from aggregation phenomengeven to those

solvents where the polymer is virtually insoluble.

We ompared the photoluminescence(PL) intensity tra-
jectory of single TESPFO chains in toluene and IPA. As
shown in Figure2, the intensity traces were remarkably dif-
ferent between both solvents. In isopropanol, 75% of the PL
trajectories exhibited a very fag blinking dynamics be-
tween dark and bright states (Figire 2a, left pane) and the
remaining traces display multilevel intensity trajectories
(Figure 910). In contrast, 66% of PL trajectories in toluene
were characterized by a singldevel stable emissionuntil
photobleaching occurred (Figure 2, right pane) and the re-
maining 33% displayed multi-level blinking dynamics(Fig-
ure SL1). We used Hidden Markov modelling (HMM) to ob-

tain the idealized intensity trajectory for each immobilized



TES-PFO(Figure Sl2a). From the idealized trajectory, we
extracted the distribution of dwell-times in the bright (ton)
and dark (tor) states (Figure S12b). We obtained valuesn
IPAof 200 and 130 milliseconds fortonandtorr, respectively.
Because some of the blinking trasients weretoo fast to be
accurately determined using HMM, waealso 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 aiost
an order of magnitude. The fast dynamics component st

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

single PFO chains in a Zeonex matrix at room temperature.

34 Such dynamics wereexplained based on chain planariza-
tion in the b-phaseleading 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 (tsow ~ 400-500 ms) matdes the
combined tontt ot Obtained from HMManalysis. 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 immbilized chains in each
solvent using the widefield 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
spectal features, taken in the interval from 415 to 480 nm,
were significantly different (Figure 2b and Figure S4). In

these experiments we have taken the position of the @

band as the peak of the emission spectrdn IPA, most pol-
ymers show the B0 bandpeaking at around 4¥ nm and the
0-1 peak at approximately 465 nm (Figure2b, left pane),
which are characteristic features of -phaseemission. In
contrast, a significant amount of immobilized chains in tol-
uene showed the 80 and 0-1 bandsslightly 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 bul&ver-
aging conditions which have been assigned as intrinsic fea-
tures of the) -phase conformation. To quantify the relative
population of TESPFO chainswith PL spectra resembling
those ofthe J - and b-phase in each solvent, we built single
molecule histograms by classifying individual emission
spots on the basis of the @ak position of the G0 band (Fig-
ure 3). For IPA, the singlanolecule peak histogram showed
a 70 % of TESPFO moleculeslisplaying b-phaselike spec-
tra (Figure 3a). Thisvalue decreased to 25 % in toluene
(Figure 3b). A measurement of intensity and emissin spec-
tra from the same molecule has not been carried out, simply
because there is nbenough emission signal to simultane-
ously collect fast blinking dynamics and spectral data with
sufficiently good signatto-noise ratio. However, the agree-
ment between the percentage of molecules showing fast dy-
namics (75%) and b-phase like spectra (70%) indirectly
suggess a correlation between both featuresilt is crucial to
realize that extracting the phase distribution of PFO poly-
mers in solution is only possible by aalyzing the spectral
information on a chainto-chain basis and this can only be
achieved using the combination of surfacédmmobilization

and passivation protocols introduced earlier in this work.



Recent studies using mixtures of ethanol with toluene or
chloroform reported an increase inb-phase contentwhen
increasing the concentration of ethanoluntil reaching a
maximum of ~ 44 % at 40 % wi/v ethanol.*! Becauseno b-
phase content over thisvalue ha been observedover a
wide rangeof solventsreported in the literature, it has been
suggested that it constitutes an intrinsido-phase saturation
limit . Mechanistically, t has been proposed that irsemi-di-
lute conditions (<2mg/mL) , b-phase saturation arises from
areduced solubility that alters the balance between the for-
mation of mesoscopic aggregatesnducing b-phase for-
mation and their compaction into denser aggregates that

compromise planarization4t.43

In this context, our observation that isolated TEFFO
chains in an extremely por solvent such as IPA exhibib-
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 PFCconcentrations and solvent mix-

tures.

Conformational reorganization of single PFO chains in
response to solvent conditions. To date,the observation
of a single PFQ@hain alternating its conformation between
both phaseshas not been reportedThis is mostlydue to the
inability of matrix-based single-molecule techniques to
modify the environment after the chainshave been trapped
within the matrix. Recently, we demonstrated thatmmobi-
lization of single P3HT chains using onend functionaliza-
tion of CPs withsilane groups allowsmonitoring of their
conformational evolution triggered by sudden changes in

their solvation environment.3> This was based exclusively

on PL intensity changes. Herdor PFQ wetakethe solvent
switching method one step further by monitoring also the
spectral response of the sameflESPFO chain whenex-

changingbetween IPA and toluene.

The singlemolecule PL trajectories obtainedduring real-
time solvent switching displayed the characteristic inten-
sity profiles asrecorded previously in each solvent individ-
ually (Figure 4 and Figures S5-16). When switching from
IPA to toluene(Figure 4a), the PL trajectory changed from
an intensity profile showing fastintensity fluctuations to a
stable single intensity level h toluene, and vice versa during
the toluene- IPA exchange(Figure 4b). As previously re-
ported for single PFO chainsmmobilized in a Zeonexma-
trix, the average intensity of PL profiles displaying fast
blinking in IPA is significantly higher than those emitting as
a singleintensity level in toluene34 We did not observe a
substantial lag phase between solvenéxchangeand detect-
ing ashift in the pattern of the PL intensitytrajectory, sug-
gesting that PFO polymers in solution adjust to changes in
solvent in a timescalecomparable to thesolvent injection
time (~1 s).By synchronizing and overlaying the PL traces
with respect to the switching time we also observed a re-
markable homogenaty in the timescalefor PFOadjustment
to the new solvation conditions (Figure 4a and 4b, right

panels).

To confirm that the observed changes in Plntensity 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



IPA- toluene transition, the spectra collected before ad af-
ter solvent exchangeconfirm the switching from a PLspec-
trum showing the characteristic features ob-phase emis-
sion to those ofy -phase emission Thus, we are confident
that we are observingtransitions between the J - and b-
phases induced in single PFOchains (Figure 4d). Our data
provides an unambiguous proof that-phase emission can
be induced in single PFO chainsimply by solvent replace-
ment, and in the absence of intechain interactions or ma-
trix -induced stress.At present our data do not allow us to
estimate the extent ofb-phase content in each immobilized
polymer. Therefore, we cannot rule out the presence &-
phase segments frm which energy transfer to the planar-
ized structure could occur as schematically ghwn in Figure
4d. However, the concept of isolated PFO chains beingble
to adopt a planarized conformation in solution is consistent
with recenttheoretical calculationssuggestingthat van der
Waals contactsbetween neighboring alkyl side chains and
the fluorene backbone are sufficient to stabilize thé-con-
former in single chains even in the gas phasé.Our spectral
data do not only confirm thatPFO moleculegan be induced
to form b-phase domainssimply 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 | - andb-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 equilibrium2 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 5ad). We observed a
remarkable photostability with many TESPFO 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 extremgfast photobleach-
ing rate of immobilized P3HT chains when switching in real
time from dimethyl-sulfoxide (DMSO) to edichlorobenzene
(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 immobilization3! 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. Firstmost chains re-
spondedto each switching event Secondly, the resulting’L
profile displayed alternating intensity patterns that fol-
lowed the solvation conditions and werecharacteristic of
IPA (fast fluctuations) and toluene (singlestate emission)
(Figure 5a-b). Some exceptions includedome chains hav-
ing higher or comparable intensities in IPA and toluene

(Figure 5c) or the lack of blinking dynamics during tle IPA



solvation window (Figure 5d). Taken together, these obser-
vations confirm that individual chains can reversibly inter-
convert multiple times from one phase tocanother 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 thiswe 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 ne 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 ithe 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 J-phase, predominant in toluee, might
constitute a structurally more homogeneous state and
therefore, it leads to alow PL heterogeneity. On the other
hand, in a poor solvent, the extent ob-phase content can
differ from molecule to molecule andeven the same chain
might not reach similar planarization levels during they -b-

phase transformation.

CONCLUSIONS

In summary, we havedevelopeda synthetic approach to in-
corporate functional groups nto 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 singleFO
chains in good andooor 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 predominantconformation observed in
a poor solvent such as IPAMoreover, because PFO chains
immobilized at one endcanfreely adjusttheir conformation

in response to solvation conditions, we studiedtte transfor-
mation between J - and b-phases by exposing the polymer
to successive IPAoluene switching steps.Individual PFO
chains followed with remarkable fidelity the periodic ex-
change of solvents and cyclically adopteBL intensity pro-
files characteristic of a- and b-phase conformations We
comparedthe variability of the PL intensity valuesbetween
molecules and within the sane moleculefor different sol-
vent-switching events Our data suggesthat PFO molecules
in good solventssuch as tolueneadopt a disordered but
structurally homogeneous conformation leading to highly
homogeneous PL behaviarln contrast, thesubstantial scat-
ter of PL intensity values between consecutive switching
events into the same poor solvenindicatesa high structural
heterogeneity that might reflect variations in glassy andb-

phase content at the singlechain level.
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Figure legends

Scheme 1.Synthesis of triethoxysilaneterminated PFO chains (TE®FO).

Figure 1. Surfacepassivation of glass substrates by PFDTES minimizes nepecific adsorption of conjugated polymers. (a) Sche-
matics of PFDTES passivation and representative singholecule images obtained for norspecifically adsorbed PFO on bare glass
(left) and PFDTESreated glass (middle) compared to TE&mmobilized PFO on a PFDTEBeated slide (right). (b) Photolumines-
cence intensity and spectral characterization of surfacenmobilized single PFO chains in solutionSchematics of the widefield mi-
croscope equipped with a tightseal 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) Averagember of singlemolecule spots

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

Figure 2. Singlemolecule photoluminescence characterization of glasinmobilized TESPFO chains in solution. (a) Representative

TESPFO photoluminescence trajectories in isopropanol (left) and toluene (right). (b) Temporal evolution of the PL spectra of a
single TESPFO molecule using 1 second time integration and corresponding integrated spectra over the 10 s time window in IPA
(left) and toluene (right). The singlemolecule spectra in IPA shows a peak at 437 nm and in toluene at 415 nm, which are character-

istic of b-phase and -phase, respectively.

Figure 3. Singlemolecule peak histograms showing the relative population of TEBFO mdecules showing spectral features char-
acteristic of the | -phase and theb-phase in IPA (a) and toluene (b). Singlmolecule histograms were constructed from 325 mole-

cules in IPA and 220 in toluene.

Figure 4. Realtime conformational reorganization of singe 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 aidi7
seconds. Right panel: Heat map plot resulting from thaverlay 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@mhent

at time 5.5 seconds. Right panel: Heat mapap 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 spedadlifes
characteristic ofb-D E A O A -pAdsél respectively. (d) Schematics of the solveiriduced reaktime switching experiment and the

associated changes in PFO conformation.

Figure 5. Reversible interconversion between| -phase andr -phase in single PFO chains induced by successive stepsalfient ex-
change. (a, d) Representative PL trajectories obtained by sequential switching between IPA (orange) and toluene (green).abler-
isk in (b) and (d) indicates a photobleaching step. (e, f) Contour plots of the average PL intensity of the same &f&h between two
consecutive steps in IPA (e) and toluene (f) generated from 300 and 320 molecules, respectively. The simgidecule PL intensity

histograms are also shown for both solvents.
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