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Unexpectedly flexible graphene nanoribbons with a
polyacene ladder skeleton

An aromatic ladder polymer with a polyacene skeleton

is synthesised via a post-polymerisation Aldol-type
condensation. The linear, double-stranded backbone of
this polymer exhibits an unexpectedly high conformational
flexibility. This surprising finding is supported by optical
spectroscopy experiments, both on the ensemble and See Marvin T. Unruh et al.,
single-chain level, and by DFT calculations. J. Mater. Chem. C, 2021, 9,16208.
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Unexpectedly flexible graphene nanoribbons with
a polyacene ladder skeletont:
Marvin T. Unruh,® Ullrich Scherf,

Carla Cunha,® J. Sérgio Seixas de Melo,
John M. Lupton

2 Hilke Bahmann,” Ana Clara B. Rodrigues,®
¢ Jakob Schedlbauer® and

A new conjugated ladder polymer with a polyacene skeleton was synthesized in a Aldol-type condensation
protocol between benzylic and aryl-ketone side groups of suitably functionalized single-stranded precursor
polymers. The photophysical behavior of the new conjugated polyacene ladder polymer PAL comprising a
polyacene skeleton has been investigated by steady-state and time-resolved photoluminescence
spectroscopy in solvents of different viscosity and polarity, and by single-molecule spectroscopy (SMS).
From the time-resolved photoluminescence experiments it is concluded that the excited state deactivation
mainly results from energy transfer processes without significant conformational relaxation. When solutions
in solvent mixtures of a good (THF) and a non-solvent (water) are studied, pronounced differences are seen
between PAL and the well-known poly(para-phenylene) ladder polymer MeLPPP. Single molecule
spectroscopy (SMS) reveals a remarkable heterogeneity in molecular shape, very much unlike MeLPPP, as
determined by the polarization anisotropy and various photophysical properties. Several molecular models of
PAL are characterized with density functional theory supporting this observation. We demonstrate that the
PL lifetime, peak position, spectral width and vibronic intensity correlate with each other, implying that the
polymer behaves as an intramolecular J-aggregate. Compared to MeLPPP, intramolecular energy transfer is
not particularly efficient because of the high degree of disorder, which is also seen in the modest degree of
photon antibunching and the pronounced temporal dynamics thereof due to the slow singlet—singlet

rsc.li/materials-c annihilation.

Introduction

The generation of vinylene-bridges in phenylene ladder polymers
in a post-polymerization ring closure (carbonyl olefination) of
neighbouring keto functions with in situ generated boron sul-
phide B,S; is today seen as an early example of the synthesis of
graphene nanoribbons (GNRs) of small width."* During the last
two decades, GNRs have attracted continuously increasing atten-
tion both from synthesis perspectives and from the point of view
of applications.* ® Today, research into GNRs is a very hot topic of
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materials science. Most of the GNRs are generated in Scholl-type
post-polymerization cyclization procedures, as pioneered by the
Klaus Miillen group in the late 1990s.”° Recently, also base-
mediated, Aldoltype condensation protocols between aryl-car-
bonyl >CO and benzylic >CH, functions have been successfully
utilized for C—C double-bond formation in conjugated oligomer/
polymer syntheses, e.g. in work published by Iain McCulloch'® and
Michael Mastalerz,'* and respective co-workers. While McCulloch
and co-workers used the coupling of isatine-type bifunctional
monomers with heteroaromatic components containing active
(benzylic) CH, groups for the generation of C—C-connected,
alternating donor-acceptor copolymers with high solid-state
charge-carrier mobility, Mastalerz and co-workers applied a post-
polymerization condensation of aryl aldehyde and 9,10-dihydro-
anthracene motifs for the fabrication of conjugated, polyaromatic
oligomers. Following such a base-mediated condensation/cycliza-
tion approach, in our case between benzylic and aryl-ketone side
groups, we now succeeded in the synthesis of a first conjugated
hydrocarbon ladder polymer PAL with a polyacene skeleton, as an
example of a narrow GNR. Note that the multiple benzannulation
of the polyacene-like skeleton as depicted in Scheme 1 leads to
a distinctly increased aromaticity of the GNR ladder polymer

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Chemical structures of a poly-para-phenylene ladder polymer
MeLPPP (left) and the new polyacene-type GNR ladder polymer (right)
PAL.

backbone when compared to a hypothetical, unsubstituted poly-
acene ladder. This increase in aromaticity is accompanied by a
widening of the HOMO/LUMO energy gap if compared to a
hypothetical poly[n]acene. Following the conjugation pathways of
PAL (as highlighted in red in Scheme 1), the m-electron system of
our new ladder polymer is better described as a planar arylene-
vinylene system with alternating ortho- and para-phenylenes.

In this report we describe the synthesis of the new GNR-type
ladder polymer PAL comprising a polyacene skeleton together
with an in-depth analysis of its optical properties, especially by
time-resolved photoluminescence (PL) spectroscopy and PL
investigations on the single-chain level. The optical properties
are systematically compared to those of the long-known poly-
para-phenylene ladder polymer MeLPPP.">'* We find that the
PAL chain is far more flexible than MeLPPP and therefore the
optical properties are much more heterogeneous.

Experimental section
Materials

All chemicals and solvents were purchased from commercial
suppliers (Sigma Aldrich, VWR, TCI Chemical, Fisher Scientific
etc.) and used without further purification, if not mentioned
separately. Both monomers for PAL synthesis have been
described in the literature.">">™

Polymer synthesis

For synthetic details, see the ESL}

Calculations with density functional theory

For computation details, see the ESIL.i

Thin films and sample preparation

Thin films of the compounds were obtained with a desktop
precision spin-coating system, model P6700 series from Speed-
line Technologies, as described elsewhere.'® Briefly, thin films
from the samples were obtained by deposition of ca. 50 mL
from a solution of the compounds onto a circular sapphire
substrate (10 mm diameter) followed by spin-coating (2500 rpm)
in a nitrogen-saturated atmosphere (2 psi). The solutions for spin-
coating were prepared by adding 2 mg of the samples to 200 mL of
chloroform solution, with stirring, at ambient temperature,
overnight.

This journal is © The Royal Society of Chemistry 2021
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A 3 mL stock solution of each polymer in THF with an
absorbance of 0.1-0.2 (at 530 nm) in a 10 mm quartz cuvette
was prepared. An aliquot (200 pL) of the stock solution was
transferred to a 2 mL volumetric flask. After an appropriate
amount of THF was added, water was added to furnish mix-
tures with different water fractions (f,, = 0-90 vol%) with the
same polymer concentration. The photophysical studies of the
resultant mixtures were performed immediately after the sam-
ple preparation.

Photophysical measurements

Steady state and time-resolved photoluminescence. For the
photophysical experiments, all solvents used were of spectro-
scopic or equivalent grade. Absorption spectra were obtained in
a5 mm or 10 mm quartz cuvette in all solvents on a Shimadzu
UV-2600 spectrophotometer. The emission spectra of the poly-
mers in solution were obtained in quartz fluorescence cuvettes
of 10 mm path length, using a Horiba-Jobin-Yvon Fluorolog
3.22 spectrometer. All the fluorescence spectra were corrected
for the wavelength response of the system with the appropriate
correction files obtained for the instrument.

Photoluminescence quantum yields (¢g) for the polymer in
solution were measured using the absolute method with a
Hamamatsu Quantaurus QY absolute photoluminescence quan-
tum yield spectrometer, model C11347 (integration sphere).

Photoluminescence decays were measured using a home-built
picosecond time-correlated single photon counting (ps-TCSPC)
apparatus described elsewhere.'® The excitation source consists of
a tuneable picosecond Spectra-Physics mode-locked Tsunami
laser (Ti:Sapphire) model 3950 (80 MHz repetition rate, tuning
range 700-1000 nm), pumped by a 532 nm continuous wave
Spectra-Physics Millennia Pro-10s laser. The excitation wavelength
(Aexe = 395 nm) was obtained with a Spectra-Physics harmonic
generator, model GWU-23PS. To eliminate the pump laser in the
dispersed light, a RG530 filter was used after the sample holder
and before the emission monochromator. Temperature control
was achieved using a home-built system based on cooled nitrogen
and electric heating. The photoluminescence decay curves were
deconvoluted using the experimental instrument response func-
tion signal collected with a scattering solution (aqueous Ludox
solution). The deconvolution procedure was performed using the
modulation functions method, as implemented by G. Striker in
the SAND program, previously reported."”

Single-molecule spectroscopy (SMS). Experiments were car-
ried out on a microscope system as described in detail
previously.'® Briefly, the beam of a pulsed laser diode (Pico-
quant LDH-C-485) operating at 485 nm with a repetition rate of
80 MHz was coupled into an inverted microscope (Olympus
IX71) with a high-NA oil-immersion objective (Olympus
UPLSAPO 600X NA = 1.35). We prepared single-molecule sam-
ples by dispersing PAL (P2) in poly(methyl methacrylate)
(PMMA) in toluene solution and spin coating the mixture onto
cleaned microscope coverslips. We measure spectra and PL
lifetimes simultaneously by splitting the signal with a ratio of
70:30 with a beam splitter. The larger part of the signal is deflected
onto a spectrograph (Andor Technology PLC, SR-303i-B) coupled to

J. Mater. Chem. C, 2021, 9,16208-16216 | 16209
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a CCD camera (Andor Technology PLC, DU401A-BV). The PL
spectra were measured by integrating over a time period of 5 s
and further analysed by an automated fitting routine using Gaus-
sian peak functions. By using an avalanche photodiode (Picoquant
MPD-050-CTB) in the second beam path we additionally record the
PL decay simultaneously to the spectrum by means of TCSPC. For
polarization sensitive measurements we rotate the laser polariza-
tion with a frequency of 40 Hz using an electro-optical modulator
(FastPulse Technology Inc., 3079-4PW). For photon correlation
measurements we split the fluorescence equally onto two APDs
(Picoquant -SPAD-20) using a 50: 50 beam splitter. To investigate
triplet-state formation rates on the single-molecule level, we purge
the sample with a constant flow of nitrogen to prevent triplet
quenching by molecular oxygen in the ambient air. Measurements
and data evaluation were carried out using a custom written
LabView program.

Results and discussion
Synthesis and characterization

PAL (P2) is synthesized in a two-step procedure involving a
Suzuki-type aryl-aryl cross coupling between the literature-
known 3,7-di-tert-butyl-9,10-dihydroanthracene-1,5-bispina-
colatoborate (M1)"' and the likewise known 2,5-dibromo-
4',4"-bis-n-decyl-terephthalophenone (M2) into P1 followed by
the already mentioned, base-mediated post-polymerization
cyclization between benzylic and aryl-ketone side groups (see
Scheme 2 and ESIf) to obtain PAL (P2). The obtained M, value
of PAL (P2) of 11.9k corresponds to a degree of polymerization
of P, of ca. 15 (for the "H and *C NMR spectra of P1/2 see the
ESL ¥ Fig. S1a and b, and S2; for the IR spectra of P1/2 Fig. S3).
DFT calculations (see ESI} for Computational details) on short
simplified segments (with up to four repeat units) of the
ladderized PAL backbone indicate a certain flexibility and
conformational diversity of the ladderized backbone, which is
also manifested in the moderately increased Stokes shift of
~400 cm™' between absorption and emission energies for
PAL (P2) in comparison with the much more rigid MeLPPP
(~140 ecm™"); see Table 2."*"°

Photophysical studies

The photophysical properties of the new polyacene-type GNR
ladder polymer PAL (P2) were investigated in several solvents
varying either (i) the viscosity (from 0.46 cP to 3.74 cP) or (ii) the

O
(R40)2B" O [o . 10H21
. + Br O Br .
O B(OR)2 0
W
M1 Ciot2 M2 PAL (P2) CioHas

Scheme 2 Synthesis of a conjugated hydrocarbon ladder polymer
PAL (P2) with a polyacene skeleton; the boronic esters are preferably
pinacolates (R;—R;: CMe,—CMey); (i) Pd(PPhs),, K,COs, toluene/H,0,
(i) KOC(CH3)3/DMF.
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polarity of the solvent (1.95 to 6.97), as well as (iii) for thin films.
The results were further compared to the properties of the well-
studied methyl-substituted poly(para-phenylene), MeLPPP, as pro-
totypical rigid-rod conjugated ladder polymer."**° The average
molecular weights M,, and My, as well as the polydispersities (PD)
of the polymers are listed in Table 1 (according to GPC analysis in
chloroform). The respective degrees of polymerization (DP) were
calculated based on M,,.

Fig. 1 presents absorption and PL emission spectra of the
two ladder polymers in solution (methylcyclohexane, MCH and
2-methyltetrahydrofuran, 2-meTHF), as well as in thin films.
Additional data for an increase of the medium viscosity (1)
of the solvent from octane to hexadecane are presented in
Fig. S4 (ESIf).

The spectral data (wavelength maxima for absorption,
photoluminescence and Stokes shift) and solvent properties
are presented in detail in Table 2. Highly structured absorption
and emission spectra are observed, characteristic of aromatic,
rigid chromophores as in fully planarized conjugated ladder
polymers. MeLPPP displays the absorption maximum at ca.
460 nm in all solvents, whereas red-shifted optical spectra
(red-shifted by ca. 100 nm) are observed for PAL (P2, Fig. 1).
In the solid state (thin films), some loss of vibronic structure is
observed for PAL accompanied by a broadening of the emission
feature (compared to the solution). The thin-film data for PAL
possibly provide evidence for emission features associated to
defects, in analogy to the case of MeLPPP.>">> The spectral
broadening and the less pronounced vibrational structure,
along with the overall redshift in emission for PAL (P2) in the
solid state, can be associated to the occurrence of emissive
defect species which are populated by interchain energy trans-
fer in the solid state.

Detailed photophysical data for PAL (P2) can be found in
Table S2 (ESIi) and for MeLPPP in Table S3 (ESI%). The PL
quantum yields ¢ for PAL (P2) are relatively high (>50% in
2-MeTHF, MCH and decaline solutions, but ¢y decreases to
<10% in thin films), but they are, however, generally lower
than those found for MeLPPP.

Time-resolved PL

Time-resolved PL experiments were conducted for MeLPPP and
PAL polymers in solvents of different viscosity, also as a
function of temperature. The decays were collected at two
emission wavelengths (see Table S4 (ESIf) for complete data
on the extracted PL decay times and pre-exponential factors for
PAL (P2), data for MeLPPP are given in Table S1, ESIi).

Table 1 Physical characteristics of the polymers P1 and P2 investigated?®

Polymer M, (g mol™) My (g mol™) PD DP
MeLPPP 12000 17400 1.45 17
PAL (P2) 11900 20000 1.68 15

% Mean and weight average molecular weights (M, M), polydispersi-
ties (PD), and degrees of polymerization (DP), based on M,,, determined
by GPC in chloroform with polystyrene calibration.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Normalized, room-temperature absorption (full lines) and emission
(dashed lines) spectra of MeLPPP and PAL (P2) in solution and in thin films. The
vertical grey lines are visual guides to show small displacements of the 0—0 bands.

Table 2 Room-temperature absorption 42° and PL emission 2°™ maxima
together with the Stokes shifts 4ss and fluorescence quantum yields (¢f)
for polymers MeLPPP and PAL (P2) in solutions and in thin films. Dielectric
constant (¢) and viscosity (1) of the solvents are also listed

Polymer Medium & 5 (cP) 2% (nm) 2™ (nm) Ags (cm™Y) ¢y

MeLPPP 2-MeTHF 6.97 0.46 456 460 191 0.92
Octane 1.95 0.51 455 458 144 0.88
MCH 2.02 0.63 455 458 144 0.85
Dodecane 2.01 1.37 456 459 143 0.93
Decaline 2.15 2.41 456 459 143 0.96
Hexadecane 2.08 3.47 456 459 143 0.94
Film _— - 457 462 237 0.27

PAL 2-MeTHF 6.97 0.46 543 556 431 0.53
Octane 1.95 0.51 540 551 370 0.32
MCH 2.02 0.63 539 553 470 0.53
Dodecane  2.01 1.37 543 553 333 0.27
Decaline 2.15 2.41 544 555 364 0.55
Hexadecane 2.08 3.47 545 554 298 0.27
Film —- - 547 563 520 0.08

The PL intensity response with time, I(¢), is given by eqn (1),
with decay times, t1;, and pre-exponential factors, a;,
where i stands for the number of the exponential and jj for

View Article Online
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the pre-exponential factor at the different emission wave-
lengths,

1) = age ' 1)
i=1

As known from previous studies, the PL decay of MeLPPP
can be described as single exponential with a lifetime of 310 ps
and is found to be solvent and temperature independent.*®
Moreover, for planar ladder polymers, where significant con-
formational changes are not expected, only energy transfer
between emissive segments of slightly different electronic
nature occurs. The time-resolved photoluminescence behaviour
found for the new ladder-polymer PAL (P2) contrasts with what
was found for MeLPPP. Our time-resolved PL data for the two
ladder polymers are listed in Table 3. The PL decay of PAL (P2)
is properly fitted as a three-exponential decay with decay times
of 35-130 ps, 570-890 ps, and 1.3-2 ns (Table 3). The fractional
contribution [C; (%)] of each decay time component given in
Table 3 is calculated by eqn (2):*
aiti

n

Z a;Ti
i=1

Ci (%) = % 100 )

with n as the number of the component, a; the contribution of
each term at ¢ = 0, and 7, the associated decay times.

The time-resolved PL behaviour in solvents of different
viscosity and as a function of temperature is often used to
distinguish between different (fast) relaxation processes,
namely between conformational relaxation and electronic
energy migration.

Decay-time variation with solvent viscosity

While going from octane to the more viscous solvent hexade-
cane, the 7; and 7, decay times and associated pre-exponential
factors remain effectively unchanged (Fig. S5 (ESIf) and
Table 3). Because conformational relaxation is an activated
process, which therefore strongly depends, among other prop-
erties, on solvent viscosity, the results indicate that despite the
assumed, certain flexibility of the PAL (P2) backbones

Table 3 Time-resolved PL data for PAL (P2) (lifetimes, t;, pre-exponential factors, a;, and Chi-squared values, 12) obtained with the ps-TCSPC technique

and collected at different wavelengths; eye = 395 nm at T = 293 K?

Medium Jem (NM) 74 (ns) 7, (ns) 73 (ns) @ a az 7 Cy (%) Cy (%) Cs (%)
2-MeTHF 575 0.118 0.849 2.04 0.387 0.588 0.024 1.03 8 84 8
610 0.386 0.551 0.062 0.95 7 73 20
Octane 575 0.035 0.570 1.94 0.738 0.141 0.137 1.17 10 31 59
610 0.582 0.211 0.175 1.11 5 30 65
MCH 575 0.124 0.862 1.98 0.170 0.741 0.090 0.99 3 76 21
610 0.174 0.705 0.121 1.08 2 70 28
Dodecane 575 0.047 0.624 1.31 0.342 0.598 0.060 0.95 7 76 17
610 0.323 0.571 0.106 0.92 6 66 28
Decaline 575 0.133 0.889 2.04 0.597 0.244 0.159 1.15 7 39 54
610 0.563 0.242 0.195 1.11 6 35 59
Hexadecane 575 0.045 0.594 1.33 0.620 0.243 0.137 1.17 8 41 51
610 0.576 0.249 0.175 1.11 6 36 57
Film 610 0.020 0.200 0.980 0.939 0.045 0.016 1.46 10 5 85
“ For a better judgment of the quality of the fits, the 5> values are also presented.
This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9,16208-16216 | 16211
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(particularly when compared to MeLPPP) such processes do not
play a significant role in the deactivation of the singlet excited
state of PAL (P2).

Dependence on the temperature

Time-resolved photoluminescence data at different tempera-
tures (from 25 to 65 °C) for PAL (P2) in decaline are summar-
ized in Fig. S6 (ESI%). The three decay components (14, 7, and 73)
are found to be temperature independent, despite some scat-
tering for the long-lived time component (;). This absence of
temperature dependence again points to a non-activated pro-
cess, to be discussed in terms of an energy migration from
higher to lower energy segments within the polymer chains.>***

The longer (1-2 ns) decay component (t3) is expected to
represent the decay of the relaxed exited state into the
ground state.

Dependence on concentration and behaviour in solvent/non-
solvent mixtures

To further investigate a possible contribution of aggregation
effects in PAL (P2) to the photophysical behaviour the concen-
tration dependence of the PL was studied (Fig. S7, ESI%). The
data show the absence of Mie scattering effects in the concen-
tration range of the current experiments (for concentrations
<0.01 mg mL, Fig. S7, ESI}). Additional studies were carried
out in solvent/non-solvent mixtures (in THF/water: Fig. S8 for
MeLPPP, Fig. S9 for PAL (P2), ESI}). With increasing water
content in the mixture, there is a gradual decrease of ¢y for
MeLPPP, mirroring the occurrence of aggregation-caused
quenching (ACQ).*®> However, the same is not observed for
PAL (P2, Fig. 2). Here, the initial decrease of ¢ (up to
20 vol% water) is followed by a moderate increase of ¢, as
weak aggregation-enhanced emission effect.>**® More interest-
ing to observe is the dependence of the contribution of the t,
decay time component (C,) when increasing the water fraction
(Fig. 2 and Table S3, ESIf) in the mixture. C, follows the same
trend as found for ¢p, thus indicating that especially this decay
component responds to the changes of the solvent system.

T T T T T 0.4
804
° [ ]
704
0.3
604
= [ ]
e
=, 501 Loz~
($)
40
=09
30 o Lo.1
.\‘?"/
20 T T T T T
0 20 40 60 80 100

Water fraction (f,,, vol%)

Fig. 2 1, contributions (C, in %) and PL quantum yields (¢¢) for PAL (P2) in
THF/water mixtures with increasing water fraction. The plot aims at
demonstrating the correlation between these two parameters, see the
text for more details.

16212 | J Mater. Chem. C, 2021, 9, 16208-16216

View Article Online

Paper

Single-molecule spectroscopy

SMS has proven to be a very powerful technique to unravel
structure-property relationships in conjugated polymers. In the
past, different chromophores could be resolved within a single
polymer chain, as well as the specific interactions between
them, most notably in the case of MeLPPP.>’">° Single mole-
cules of PAL (P2) were isolated in a PMMA matrix and studied
with a confocal fluorescence microscope, at room temperature.
Fig. 3 shows examples of single-molecule PL spectra (panel a)
along with a histogram of peak positions (panel b). The PL
spectra are quite narrow but scatter widely in wavelength. Such
a wide scatter is familiar from more flexible conjugated poly-
mers such as poly(phenylene-vinylenes),”” and is not observed
in MeLPPP. The variation of the PL lifetime on the single-
molecule level is even more extreme, spanning almost a factor
of two (panel c). This extraordinary heterogeneity in PL decays —
which are single-exponential on the single-molecule level - offers
a rationalization of the triple-exponential decay seen in the
ensemble in the data above.

A useful approach to mapping this heterogeneity is to sort all
single-molecule spectra by their 0-0 peak position 4,_, (represent-
ing the transition energy E,,) and plot them in a false-colour
representation as in Fig. 4.>° Two bands are resolved clearly in this
representation, the 0-0 and the 0-1 transition. It is evident that
the intensity of the vibronic transition decreases as the 0-0 peak
position 4y shifts to the red. Such a decrease in vibronic intensity

a 101 Aoo= g 1 = 1.7 ns
2 ] 532nmm 204 1,=0.9ns
> 1077 s
2 087 )\,=
£ 067 564nm S
= 04] B
& 02
E oo , . .
2 500 600 700
Wavelength (nm)

b 100

80 Median A,,= 556 nm
1%}
8 60
c
2 401
: H
o 20
© o :—\|—||—| |_|m .

510 520 530 540 550 560 570 580 590

Peak position A,,(nm)

c 100
g 75 Median 1,,= 1.3 ns
o
=
2 504
3
g 257 H

0 l_l [] s

3.0
PL I|fet|me (ns)

Fig. 3 Analysis of single molecule spectra and PL lifetime of PAL (P2). (a)
Example PL spectra of two isolated PAL (P2) molecules showing strong
differences with respect to the 0-0 peak positions 1g_g. The inset of panel
(a) shows the PL decay profiles of the same molecules, measured simulta-
neously. Single-exponential fits reveal substantial variations in the PL
lifetimes. (b) Histograms of single-molecule 0-0 peak position 19_o and
PL lifetime values (c) for 336 molecules, showing the large range of
variation.
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Fig. 4 Normalized PL spectra of 336 single PAL (P2) molecules sorted by
the 0-0 peak position Ag_g. Each line corresponds to a single-molecule
spectrum from which we extract 1g_o, the vibronic peak intensity ratio
lo-o/lp-1, and the spectral linewidth of the 0—-0 - peak.

is reminiscent of J-aggregation effects in supramolecular assem-
blies of dye molecules,> and of J-type aggregation between the
monomer units of a conjugated polymer.”*> In-line transition
dipole moments will add up together, increasing the radiative
decay rate.*>**

We examine the spectral heterogeneity further by correlating
different spectroscopic observables with each other: the transi-
tion peak energy, the vibronic intensity, the PL spectral line-
width and the PL lifetime, measured simultaneously with the
PL spectrum on the same polymer chain by using microscopic
TCSPC techniques.®® Fig. 5a shows a clear correlation of the
relative vibronic peak intensity, the 0-1 to 0-0 peak ratio, with
the peak energy: the more delocalized the excited state is, the
weaker the coupling to vibrations. Such delocalization in the
context of J-type aggregation is also expected to reveal itself in
the transition linewidth.

As the transition dipole moments add up in a J-type aggre-
gation arrangement,”" more and more transitions occur within
a narrow spectral range, giving rise to a spectral narrowing
effect with increasing effective chromophore length, which has
also been demonstrated in MeLPPP.** This narrowing is indeed
clearly seen in the correlation between linewidth and transition
energy in Fig. 5b. The increased decay rate should also be
reflected in the PL lifetime, although for materials of relatively
low quantum yield, where the decay rate is dominated by non-
radiative processes, the effect is anticipated to be comparatively
weak. Whereas the correlation between PL lifetime and PL peak
energy is indeed quite weak in panel d, it is pronounced when
comparing the vibronic peak intensity to the PL lifetime in
panel c. As for MeLPPP>* and polyfluorene,*"** PAL (P2) also
appears to show defect emission on the single-molecule level.
This defect is characterised by broad, featureless emission of
extended lifetime, which we identified clearly in a few single
molecules. The coincidence of such a species with the back-
bone exciton emission may add to obscuring the correlation
between PL peak and lifetime correlation.

What then is the source of this heterogeneity in photophysical
characteristics? A powerful way to assess molecular conformation
on the single-chain level is to examine the polarization anisotropy

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Spectral analysis of 336 single PAL molecules. (a) Scatterplots of the
vibronic intensity ratio and the linewidth of the 0-0 peak (b) as a function of
the transition energy Eg_o. (c) Scatterplots of the vibronic intensity ratio and
the 0—0 peak energy Eq_o (d) as a function of the PL lifetime.

in excitation, ie. the modulation of the fluorescence intensity as
the plane of polarization of the exciting laser is rotated.***” This
approach is illustrated in Fig. 6a and allows an effective modula-
tion depth of the fluorescence to be determined as a metric of
chain extension: a straight chain will show a strong modulation, a
bent chain will result in reduced modulation down to an absence
of a polarization anisotropy. This histogram in Fig. 6b scatters
widely, implying that there are both elongated and folded chains
present in the sample.

Interestingly, no correlation was found between the mod-
ulation depth and the PL lifetime of the single chain. This lack
of correlation presumably arises from the fact that the polar-
ization anisotropy measurement probes the entire chain,
whereas the luminescence - the spectrum and lifetime - relate
to only a small segment of the chain. However, it is possible to
extract information relating to the entire polymer chain from
the fluorescence by considering the fluorescence photon sta-
tistics, i.e. the temporal intervals between the arrival of single
photons on the detector. To do this, as sketched in Fig. 7a, the
luminescence is passed through a 50:50 beam splitter and the
photon coincidence rate on two photodetectors placed on
either side of the beam splitter is measured. Two effects can
occur, depending on the underlying interactions of excitons on
the polymer chain. First, a chromophore on the polymer may
enter a triplet state. Subsequent excitation of the polymer
chain, and absorption of a photon by a second chromophore,
will then lead to singlet-triplet annihilation so that the single
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Fig. 6 Single-molecule PL excitation anisotropy. (a) The plane of linear
polarization of the excitation laser is rotated with a fixed frequency of
40 Hz leading to a pronounced modulation of the PL intensity of a single
PAL (P2) molecule as a function of the polarization angle 0. The PL
intensity modulates following the relationship /(0) oc 1 + Mcos(2/(0 —
¢)). which is used to extract the modulation depth M for each single
molecule. (b) Histogram of modulation depth values M for 166 single PAL
molecules.

molecule will appear dark. Photons therefore arrive in discrete
bunches with time, as the molecular fluorescence turns on and
off. This “photon bunching”, revealed in the photon correla-
tion measurement in Fig. 7b, offers a direct measurement of
the triplet lifetime within the polymer,*® which is determined
to be approx. 450 ps. The fact that such photon bunching is
observed here demonstrates that intramolecular energy trans-
fer of singlets indeed occurs, as concluded from the ensemble
experiments. Using a second approach, it is possible to resolve
this singlet energy migration in real time. If two singlets are
generated by a single excitation pulse within the multichromo-
phoric polymer molecule, then these two excitations can inter-
act with each other by singlet-singlet annihilation.®

The consequence of such annihilation is that the molecule
emits precisely one single photon at a time: photons arrive on
the detectors ‘“antibunched” in time, one at a time on the one
detector or the other, so that the coincidence rate for simulta-
neous arrival on both detectors drops to zero. Such an example
of a photon coincidence histogram showing photon antibunch-
ing is displayed in Fig. 7c. The quality of single-photon emis-
sion can be quantified by considering the ratio of central to
lateral peak heights in the correlation histogram. For PAL (P2),
we typically find values of 0.25-0.3, whereas for LPPP com-
pounds of comparable molecular weight, the antibunching dip
is much more pronounced, typically ~0.05."® The utility of the
TCSPC approach in acquiring photon statistics is that the
arrival time of the photons can be assessed with regards to
the excitation laser pulse. In other words, the temporal evolu-
tion of the photon coincidence histogram can be examined. For
MeLPPP, the photon antibunching appears immediately, with a
pronounced dip apparent in the correlation for the earliest
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Fig. 7 Fluorescence photon statistics of single PAL (P2) molecules. (a)
Sketch of the experiment, where the single-molecule luminescence is split
equally onto two single-photon counting modules to determine the
arrival-time difference between two consecutively detected photons. (b)
Second-order intensity cross-correlation function calculated for a single
PAL (P2) molecule showing a strong photon-bunching amplitude for short
correlation times due to singlet-triplet annihilation. The red line shows a
single exponential fit to the data. The average triplet lifetime for PAL (P2)
found from this fit is 500 pus at room temperature. (c) Average photon
correlation histogram for single PAL (P2) molecules binned in intervals of
the inverse laser repetition rate (12.5 ns) showing pronounced photon
antibunching at zero delay time. (d) Evolution as a function of time after
excitation of the number of emitters, calculated from an analysis of the
dataset in panel (c). The red line shows a single-exponential fit yielding a
singlet—singlet annihilation rate of kssa = (500 ps)~%.

photons emitted following excitation.'® The situation is very
different for PAL (P2), shown in Fig. 7d. By a simple analysis,
the dip of the photon antibunching histogram can be converted
into an effective number of emitters,*® which evidently drops
from ~3.5 at the shortest times after excitation to a value of
unity, signifying perfect photon antibunching for the photons
which are emitted latest. This improvement in photon anti-
bunching arises because singlet excitons migrate along the
polymer chain, interacting with each other by singlet-singlet
annihilation. This effective rate of singlet-singlet annihilation,
of order (500 ps) ", is more than an order of magnitude slower
than that estimated in MeLPPP. This low rate of intramolecular
energy transfer is a direct consequence of both energetic and
conformational heterogeneity.>®

Density functional theory studies

Density functional theory (DFT) calculations were performed
for several short segments with up to four repeat units. The
n-decyl side chains were replaced by hydrogen atoms for
simplicity.

Due to the bulky ¢Bu-groups, the phenyl side groups are
slightly rotated out of the perpendicular position with respect
to the polyacene skeleton. Thus, two different conformations

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Monomer models of polymer PAL (P2) optimized with density
functional theory. (a) Ground state with the phenyl rings rotated into
opposite directions. (b) Transition state with parallelly oriented phenyl
rings and dihedral angles of 67.41° and 67.94° with respect to the poly-
acene backbone.

are possible in the monomer (shown in Fig. 8): one with the
phenyl groups rotated into opposite directions (termed
ab, Fig. 8a) and one with two almost parallel phenyl rings (aa,
Fig. 8b).

While the first structure corresponds to a ground state, the
second is a transition state lying 30.9 k] mol ' above the
ground state with a small imaginary frequency of 5.94 cm .
For the monomeric unit, the opposing rotation is facilitated by
a significant bend of the polyacene skeleton with both phenyl
rings pointing to the same side of the polyacene plane.

Consequently, only structures with an ab configuration of
the phenyl rings on a given repeat unit could be obtained in our
calculations for the longer chains. The two possible configura-
tions for the dimer are ab/ba and ab/ab. Our results show that
both correspond energetically to a ground state with an energy
difference of only 2.0 kJ mol . For the trimer, optimizations
with various starting structures yield the two stable configura-
tions ab/ba/ab/or ab/ba/ba. The energy difference is in this case
2.4 k] mol™". Clearly, each additional unit introduces more
flexibility increasing the possible number of stable configura-
tions with different conformations of the repeat units. Our
calculations identify stable non-planar, bent, and twisted back-
bone structures (see Fig. S10 and S11, ESI). For the tetramer,
an exemplary structure with ab/ab/ba/ab configuration is shown
in Fig. 9 highlighting a wavelike structure of the polyacene
backbone.

Fig. 10 shows the calculated absorption spectra for the two
conformers of the dimer and the trimer in direct comparison.
While the energies of the first vertical transition differ by only

Fig. 9 Structure of a tetramer model of polymer PAL (P2) optimized with
DFT.
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Fig. 10 Calculated absorption spectra (with linear-response time-

dependent DFT) of the dimer (a) and trimer (b) models for the PAL
molecule.

0.01 eV in the trimer and 0.02 eV in the dimer the other parts of
the spectra are more distinct. With more repeat units, the varia-
tion in the lowest energy excitations is expected to increase.

Conclusions

This study reports synthesis and photophysical characteriza-
tion of a new ladder polymer PAL (P2) comprising a polyacene
skeleton, with the optical properties set in comparison to the
extensively studied MeLPPP ladder polymer. PL studies for
different temperatures and solvent viscosities show that the
dominant decay mechanism for PAL (P2) involves energy
transfer between polymer segments (on-chain energy transfer).
Single molecule spectroscopy illustrates the unusual level of
intermolecular heterogeneity but reveals how, on an intra-
molecular level, the chromophores of the conjugated polymer
behave like J-type aggregates with transition-dipole moments
adding up. According to DFT calculations, different stable
conformers exist already for PAL (P2) models with few repeat
units. They exhibit distinct absorption spectra.
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