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In this work we demonstrated that the peripherical thioacetylation of a bithiophene—DPP molecule can

greatly influence the solid-state properties triggering the formation of NIR emitting J-aggregates in both
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The control of supramolecular aggregation of organic semi-
conductors is a critical and fundamental achievement since
aggregation strongly affects the solid-state optic, electronic and
optoelectronic properties of conjugated systems. Although
processing conditions play a key role in the solid-state
arrangement of organic semiconductors in thin film," chem-
ists are attracted by the possibility to control the organization of
conjugated molecules by the structural design.>® In this
context, it is particularly interesting the case of diketopyrrolo
[3,4.c]pyrrole (DPP) derivatives. DPPs are gaining a prominent
position among organic dyes for optics and electronics thanks
to their simple synthesis, intense color, high photostability, and
good charge transport properties.®” Several studies have been
reported on the control of the DPP aggregation varying the
conjugation of the core or the N-substitution,®*** while less
explored is the impact on the DPP self-assembly given by the
presence of terminal non-conjugated flexible chains.*** In our
previous works we observed that varying the length of terminal
aliphatic side chains (Cg vs. C46) in a donor-acceptor-donor
(DAD) triazole-thiophene-DDP derivative, it was possible to
induce the formation of H- or j-aggregates in thin films and
organic nanoparticles (ONPs)."*** Especially, we found that, for
both the Cg and C;6 substituted molecules, H-aggregates were
preferentially formed during the self-assembly, but in the case
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bithiophene—-DPP films and nanoparticles. The morphology and the kinetic and thermal stability of the
organic nanoparticles were also investigated.

of Cg substituted species, the resulting ONPs were characterized
by low colloidal stability with a remarkable tendency to form
micrometric rod-like particles. This morphological evolution of
ONPs was associated to an enhancement of the j-aggregate
absorption, demonstrating the importance of terminal aliphatic
chains in the supramolecular organization of the dye. The
possibility to control the formation of H- or j-aggregates is
a crucial aspect for the solid-state applications of DDPs. For
instance, it has been reported that the increase in the DPP -7t
stacking, with the consequent H-aggregation, improves carrier
mobility in organic field-effect transistors'® while, in bulk het-
erojunction solar cells, DPPs that generate H-aggregates display
distinctly lower performances than those forming jJ-aggre-
gates.”  Furthermore, J-aggregates show NIR photo-
luminescence and they can be used as efficient solid state NIR
emitters."®?° In this work we report the effect of introduction of
thioacetyl groups at the end of long alkyl chains on the self-
assembly behavior of a bithiophene-DPP derivative (DPP4T).
The two compared molecules share the same conjugated core,
N-substitution (2-ethylhexyl) and terminal aliphatic moieties
(hexyl chains), which are unsubstituted for DPP4T-CHj;, or
functionalized with terminal thioacetyl groups for DPP4T-
CH,SAc (Fig. 1). DPPAT-CH; represents the reference system for
this study since it leads to the formation of both H- and J-
aggregates once in the solid state.'®*** Hence, even small
variations in the ratio between the two supramolecular species
induced by the introduction of different substituents, can be
easily detected and quantified. The interest about the correla-
tions between the thioester functionalization and the supra-
molecular assembly was driven by recent findings on the
organization of photoactive ternary blends in the presence of
-SAc functionalized oligo(arylenethiophene)s.”® In fact, we
showed that thioester polarizable group can modify the inter-
actions with the solvent used for the processing, also impacting
on the solid-state organization.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In the present study, in order to distinguish the two effects,
DPP4T-CH; and DPP4T-CH,SAc were processed with different
techniques and in different conditions: as thin films by spin-
coating from a chloroform solution, or as ONPs obtained via
re-precipitation method from a tetrahydrofuran (THF) solution
in water. The two DPP derivatives were synthesized through
a palladium-catalysed Suzuki-Miyaura coupling, a straightfor-
ward metal-catalyzed cross-coupling reaction.>*** Synthetic
details are provided in the ESI.} First, we performed the elec-
trochemical and the optical characterization of the two dyes in
solution. From the comparison between the cyclic voltammo-
grams of the two species (Fig. S1t) it is clear that the periph-
erical thioacylation has negligible effects on the electrochemical
bandgap (E) of the conjugated molecules. Both the oligomers
show HOMO and LUMO energies of —5.4 and —3.5 eV respec-
tively, with a resulting bandgap of 1.9 eV (Table S1t). Results are
in perfect agreement with the literature data available for
DPP4T-CH; ***?® and with the UV-VIS characterization in
different solvents (CHCl;, THF, toluene). In fact, from the
comparison between the normalized UV-vis spectra of the two
dyes in THF (black dotted line in Fig. 2a and b), only minor
differences in the relative intensities between the vibronic peaks
at 620 and 580 nm can be detected. This difference in the
relative intensity between the two absorption maxima can be
observed also in other solvents (Fig. S2a and bf¥), suggesting
a different solvation behaviour for two molecules due to the
presence of the -SAc groups. The fluorescence is peaked in the
red region at around 650 nm (Fig. S2c and dt), with a Stoke's
shift of =30 nm. The main optical properties in solution are
listed in Table S2.1 The solid-state aggregation properties were
investigated on thin films of both species on quartz glasses
(details in ESI}). As already reported by Pron and co-workers,
DPP4T-CH; exhibits poor filming properties,” and even
testing different solvents it was not possible to obtain uniform
depositions. Contrarily, DPP4T-CH,SAc can be deposited as
thin film independently on the solvent used, indicating an easy
processability of thioester-functionalized organic semi-
conductors.”® The high uniformity of DPPAT-CH,SAc film was
confirmed by the AFM analysis (Fig. 3a), that revealed a film
thickness of ~137 nm and a surface roughness (R,) of 2.42 +
0.1 nm. The absorption behaviour of the two molecules as thin
film completely differs as can be seen from Fig. 2. DPP4T-CH,
film presents an absorption maximum blue-shifted with respect
to the maximum in solution and attributed to the formation of
H-aggregates, and a further, red-shifted relative maximum,
associated to the J-species. The blue-shifted absorption peak is
at 600 nm with a H-shift of 540 cm ™' and a shoulder at 566 nm,
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Fig. 1 Molecular structure of DPP4T-CHsz and of the thioacetate
species DPP4T-CH,SAc.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

600 nm 620 nm

1.04 a) 580 nm \,\ / 663 v
S T -
K<}
‘a 084 vt THF solution F DPPAT-CH,
S Film =
2 ——ONPs 0
3 )
< 061
>
8
= 044
S \
S o024 ™
004 M

T T T T T T
27000 24000 21000 18000 15000 12000

- viem”

621 nm 682 nm

1.0 b) s80nm \ | 601nm
< |
8 DPPAT-CHSAC
- -
2 081 .. THF solution -
§ ——Film —
< 0.6 —— ONPs
o
8
= 044
<
IR\
P 0.29 A\ -

004 T S

T T T T T T
27000 24000 21000 18000 15000 12000

~— viem?!

Fig.2 Normalized absorption spectra for DPP4T-CHz (a) and DPP4T-
CH,SAc (b) in THF solution, as neat film and as ONP suspension in
water. On the right are reported the picture of ONP suspensions of
both species.

while the peak of J-aggregates is red-shifted of 1020 cm ™" at

663 nm. For the DPPAT-CH,SAc oligomer instead, we record
a remarkable trend in the formation of jJ-aggregates, with
a bathochromic shift of the absorption maximum of 1660 cm ™.
The spectrum presents a main peak at 691 nm, and two vibronic
peaks at 623 and 570 nm (AE = 1550 cm ') with no clear
evidence of H-species. The lower tendency to form stacked
aggregates of acetylated derivative is supported also from the
DSC analysis reported in Fig. 3b. No liquid crystal phase tran-
sition was apparently observed for any of the molecules. The
melting (T},,) and crystallization (7T.) temperatures measured for
the two dyes are lower with respect to those shown by other DPP
compounds with unbranched chain substitution on the lactam
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Fig. 3 (a) AFM 10 x 10 um? topography of DPP4TS-CH,SAc thin-film
processed from a chloroform solution; (b) DSC thermograms of
DPP4T-CH3 (blue line) and DPP4T-CH,SAc (pink line) recorded
between 30 and 300 °C at a scan rate of 10 °C min~. Scale bar 2 mW.
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Fig. 4 (a) Emission spectra of DPP4T-CH3 ONPs (excited at 600 nm,
absorbance = 0.295), DPP4T-CH,SAc (excited at 620 nm, absorbance
= 0.536), and the normalized emission spectrum of DPP4T-CH,SAc in
THF (dashed black line); (b) normalized excitation spectra of DPP4T-
CHs and DPP4T-CH,SAc ONPs recorded at different emission
wavelength.
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Fig. 5 (a) Absorption spectra of a DPP4T-CHz ONP suspension
acquired during 28 days; (b) absorption spectra of a DPP4T-CH,SAc
ONP suspension acquired during 28 days; (c) evolution of the average
size distribution of DPP4T-CHs and DPP4T-CH,SAc ONPs during 20
days. The error bar represents the polydispersity index expressed
in nm.

nitrogen. This has been attributed by other authors to the
increase of intermolecular distance in aggregates produced by
the 2-ethylhexyl substitution.”” The DPPATS-CH,SAc thermo-
gram displays sharp and narrow melting and crystallization
transitions, centred at 120 and 60 °C respectively. The presence
of a single and sharp peak is consistent with the formation of
a single aggregate species, likely J-like as already observed in the
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Fig. 6 (A) Representative TEM images of samples DPP4T-CHs and, (B)
DPPAT-CH,SAc 1 day after the preparation.
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Fig. 7 Temperature dependence of the Z-average diameter of
DPP4T-CH3 and DPP4T-CH,SAc ONP suspensions in water, varying
the temperature in the range 20-80 °C. After the heating, suspensions
were cooled at room temperature and the Z-average was measured
again.

absorption spectra. Conversely, phase transitions for DPP4T-
CH; look more complex, with a broad endothermic phase
transition appearing as a bi-modal peak at 133 and 151 °C, and
the exothermic phase transition centred at 98 °C. The broad and
higher transition temperatures are consistent with the hypoth-
esis of the oligomer DPP4T-CH; forming different aggregates
with the highest melting energy required. The capability of the
SAc-functionalization to trigger the formation of DPPAT J-
aggregates independently on the processing technique was also
tested on suspensions of organic nanoparticles (ONPs) in water.
The normalized absorption spectra of the DPP4T-CH; and
DPP4T-CH,SAc ONPs are reported in Fig. 2. For both molecules,
the ONP absorption spectra resemble those of the films. Actu-
ally, the major differences can be seen at higher frequency due
to the scattering of particles. DPPAT-CH; ONPs spectrum is
characterized by peaks related to H- and J-aggregates at 598 and
663 nm respectively, as in the case of film. The peak at 663 nm
results less intense in ONPs, suggesting a lower tendency to
form J-like species in these conditions. Even the spectrum of
DPP4T-CH,SAc retraces the film spectrum, with the maximum
of absorption at 682 nm (691 nm for the film), and the same
vibronic distribution. Contrarily to non-emissive DPP4T-CH;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ONPs, DPP4T-CH,SAc ONPs gives photoluminescence in the
NIR. As can be seen from Fig. 4a, the maximum of emission
shifts from 650 to 711 nm (AE = 1300 cm™ ') moving from the
THF solution to the ONPs suspension, with a shoulder at
768 nm (AE = 1050 cm ™). The coexistence of different kinds of
aggregates in DPP4T-CH; ONPs is confirmed from the analysis
of the excitation spectra in Fig. 4b. In fact, the excitation spectra
acquired close to the two maxima of emission (720 and 760 nm)
have a different band-shape and they both differ from the
absorption spectrum.’ In particular, the maximum of the exci-
tation spectrum coincides with the maximum of absorption
associated to the J-species at 663 nm. Instead, the excitation
spectra measured at different wavelengths of DPPAT-CH,SAc
ONPs are quite similar, indicating that the luminescence at the
two maxima is originated by the same species. Moreover, the
excitation band-shape perfectly resembles the absorption
spectrum, with a maximum at 683 nm and the same vibronic
distribution. Combining the information derived from DSC and
the excitation data it is clear that the peripherical SAc-groups
inhibit the H-organization and strongly promote the forma-
tion of J-aggregates, which exhibit a dipole allowed transition in
the NIR." This aspect, together with the low absorbance of
biological tissues in this region, makes this system extremely
interesting for the development of fluorescent biomarkers for in
vitro and in vivo experiments. Finally, we studied the colloidal
stability of the two ONP suspensions. In Fig. 5 are reported the
absorption spectra on DPP4T-CH; and DPP4T-CH,SAc ONPs
acquired during four weeks. Both systems are characterized by
a remarkable stability. All the spectra maintain unaltered the
band-shape without showing any increasement of the scat-
tering, that implies that no further agglomeration or precipi-
tation occurred during this lapse of time. Results were
confirmed by the dynamic light scattering (DLS) analysis
(Fig. 5¢). The DPP4T-CH; ONPs show a monomodal distribution
(Fig. S3t) with an average diameter of 150 nm and a width of
about 70 nm (corresponding to a polydispersity index PDI =
0.22). The introduction of the thioacetyl group generates
smaller nanoparticles. In fact, for the DPP4T-CH,SAc ONPs, the
average size is 110 nm with a width of 70 nm (PDI = 0.40). The
intensity distribution in this case exhibits a bi-modal distribu-
tion with two peaks at 15 and 110 mm (Fig. S41). TEM images of
samples, one day after their preparation, highlight the presence
of nearly spherical objects in both DPP4T-CH; and DPP4T-
CH,SAc samples (Fig. 6). The statistical analysis of the nano-
particle size is in good agreement with DLS data. Indeed, the
average diameter of sample DPPAT-CH; is 114 nm (o = 19%),
while the mean diameter of sample DPPAT-CH,SAc is 106 nm (o
= 46%). During 20 days, storing the samples at 4 °C, no varia-
tions in the size distribution of the two species occurred. In
order to better characterize the two systems, we studied the
effects of the temperature and ionic strength on their colloidal
stability. DPP4T-CH; e DPP4T-CH,SAc ONP suspensions in
water were heated in the temperature range 20-80 °C and the Z-
average diameter was measured with a step of 5 °C. Finally,
suspensions were cooled to room temperature and their size
was measured again. As can be seen in Fig. 7, after this
temperature scan, no variations in the average size of DPP4T-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CH,SAc ONPs was observed, while the unsubstituted system
exhibited a size reduction of 17%.

Interestingly, these temperature changes did not affect the
supramolecular aggregation of the two oligomers in ONPs,
since negligible variations in their absorption spectra were
detected (Fig. S51). Indeed, in the case of DPPAT-CH,SAc ONPs,
varying the temperature from 25 to 65 °C, just an increment of
about 7% was observe for the absorption peak at 660 nm
(Fig. S57).

Regarding the impact of ionic strength, in both cases, the
addition of 1 ml of phosphate buffered saline to 1 ml of ONP
suspension (final salt concentration: phosphate buffer 0.01 M,
KCl 0.0027 M, NaCl 0.137 M) did not induce any precipitation at
least for one week. Contrarily with what we observed in our
previous studies on triazole-thiophene-DPP ONPs,'*'> where
the J-aggregation was associated with a poor colloidal stability
and with a remarkable tendency to aggregation, DPP4T-CH,SAc
ONPs possess a high colloidal stability (observed also for the
other derivative). Moreover, the presence of -SAc terminal group
induces the formation of NIR emitting j-aggregates, opening the
way to a promising system for the in vitro and in vivo bioimag-
ing. In conclusion we demonstrated that the simple introduc-
tion of a bulky and polarizable terminal thioacetyl group on
alkyl chains attached to a thiophene-DPP core, is able to
improve the processability of the molecule and to strongly
condition the supramolecular aggregation with the formation
of stable NIR emitting J-aggregates, independently on the pro-
cessing technique and conditions.
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