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Abstract: Hydrogen bonds can efficiently guide the self-assembly of organic materials, being possible to tune the properties during the
aggregation process. In the case of n-conjugated materials, several parameters such as temperature, concentration and solvent can be used
to modify the aggregation state while tuning the optoelectronic properties. Chirality can be included within the impacting parameters due to
the differences in molecular packing. Here we design and synthesize chiral and achiral thiophene-capped diketopyrrolopyrrole derivatives
containing amide bonds with the aim to study the interplay between chiral assemblies and their stabilization via hydrogen-bonding.
Differences in aggregation properties were observed with spectroscopy and microscopy, and a contactless microwave-based technique was
used to study their intrinsic charge carrier mobility. The positive role of hydrogen-bonding has been highlighted and the differences between
chiral and achiral compounds have been elucidated.

Introduction

Conjugated materials, polymers[1] and small molecules,[2] have been extensively explored in the last decades due to their
potential in the field of organic electronics.[3,4] Great progress has been reported in the fabrication of field-effect transistors
(FETSs),[5] light-emitting diodes (LEDs),[6] solar cells[7] and thermoelectric materials.[8] The optoelectronic properties of n-conjugated
materials as well as their morphological features need to be carefully explored to achieve the best performance in the final devices.
There have been global concerted efforts dedicated to the optimization of the optoelectronic properties, including the use of push-pull
strategies,[9] the incorporation of heteroatoms[10] in the molecular structure or the extension of the conjugation length.[11] Regarding
the structural properties of organic semiconductors, they can be controlled by rational design[12] or by applying different processing
techniques, such as thermal or vapor annealing,[13,14] alignment techniques,[15] vacuum deposition[16] and the use of
additives.[17] In this sense, the application of supramolecular chemistry strategies, in which noncovalent interactions form highly
organized semiconducting structures could be very beneficial.[18] Directional noncovalent interactions, such as hydrogen bonds (H-
bonds), can be introduced in the semiconducting segments and guide the self-assembly towards different supramolecular structures
with different optoelectronic properties.[19-21] This is due to the high sensitivity of H-bonds to external stimuli and their environment.
Chirality can impact the self-assembly properties as well, and in the case of semiconductors their optoelectronic properties.[22,23].
The chirality is amplified when the molecular chirality is transferred to the supramolecular structures, which makes new properties
emerge. Supramolecular chirality has been explored in organic semiconductors using n-n stacking and H-bonding mainly.[22,24—-27]
In this work, we explore hydrogen-bonded diketopyrrolopyrrole (DPP) derivatives containing chiral and achiral centers. DPP[28] dyes
are among the most explored semiconductors in the organic electronics field since they are easily functionalized in different positions
and they have shown excellent properties in different types of devices.[29-31] Aromatic moieties are usually attached to the DPP
core to tune the optoelectronic properties and they are normally modified with electron-donating or withdrawing groups.[32] The
incorporation of H-bonds also impact the self-assembly and optoelectronic properties of DPP derivatives without extending the
conjugation length.[19] Chirality has been introduced in DPP derivatives mainly by linking them to chiral alkyl tails, usually 2-
ethylhexyl[33-36], to helicene molecules,[37] or adding myrtenal derivatives.[38] Regarding chiral and H-bonded DPP derivatives,
Brauchsweig[39-43] reported examples where DPPs with chiral side chains were attached to a diaminopyridine (DAP) H-bonding
unit to study supramolecular donor-acceptor systems. Here we report three DPP derivatives containing amide groups pending from
the lactam rings: a linear achiral molecule and two chiral ones. A combination of variable temperature UV-Vis, Fourier transform
infrared (FTIR) and circular dichroism (CD) spectroscopy has been used to understand the different assembly processes in solution
and on thin films. Their morphology in different solvents was analyzed by transmission electron microscopy (TEM). The impact of H-



bonding and chirality on the charge transport properties was studied by flash-photolysis time-resolved microwave conductivity (FP-
TRMC), indicating the positive role of H-bonding on electric conductivity and showing the differences between chiral and achiral
compounds.

Results and Discussion

The main DPP core was synthesized by the cyclization reaction between 2-thiophenecarbonitrile and diethylsuccinate, following a
reported protocol.[44] The final DPPBA, (S)-DPPBA and (R)-DPPBA were obtained via alkylation reactions with the mesylated
amide-containing branches (Scheme 1). These branches were synthesized by reacting e-caprolactone with the corresponding amine
derivatives (chiral and achiral) and subsequently adding the mesylate activating group (Scheme 1). The DPP was N-alkylated with
cesium carbonate as the base to deprotonate and N,N-dimethylformamide (DMF) as the solvent as in similar DPP alkylation
reactions reported.[45,46] The yields are low (10%) because of the produced sub-products isolated and identified, such as the O-
alkylated isomers. Different reaction conditions were tested to increase the N-alkylation yield. For instance, the reactions were
performed under microwave irradiation as the heating source. In a first attempt, the reaction was carried out at room temperature to
slow the formation of sub-products, since at high temperature and basic conditions, both N- and O-alkylation are favoured.[47] After
one hour, only the mono N-alkylated product was obtained together with unreacted DPP and mesylate. When the reaction time
increased, the O-alkylated isomers was already form as soon as the desired product is formed with a low yield (5-8%). In a second
attempt, the reaction was performed at 120 °C for one hour, adding a few drops of DMF to make a heterogeneous reaction mixture,
demonstrated to work better for microwave reactions[48,49]. In this case, the major products were the N-alkylated derivatives
accompanied by the O-alkylated isomer. Both products were isolated by column chromatography, finding yields of 15% for the (S)-
enantiomer, but not higher than 10% for the (R). The reactions were performed at lower temperatures (70-80 °C) to achieve the bis-
alkylated derivatives and try to avoid O-alkylated isomers. However, the (S)-enantiomer was obtained in 8% yield, and the (R) in
yields of 15-22%. In acetonitrile, a greener solvent, the yields were even lower either with microwave irradiation or conventional
heating.

All thegderivatives were characterized using proton and carbon nuclear magnetic resonance (NMR), and mass spectrometries. The
final products were as well characterized with elemental analysis (See Sl for further details). UV-Vis, FTIR and CD spectroscopy
analyses were performed in solution and in the solid state to shed light into the assembly processes of the three derivatives, and
transmission electron microscopy (TEM) was used to study the formation of supramolecular structures. Chloroform solutions (2.5
mg/mL) showed broad absorption bands ranging from 415 to 600 nm for the three derivatives at 20 °C (Figure 1a). The chiral
derivatives showed an additional absorption band at lower energy at 600 nm (Figure la, traces red and blue). This band was not
observed for DPPBA, even at much higher concentration (Figure 1a). This band could be attributed to the formation of J-type
aggregates, as for other H-bonded DPP derivatives, including semicarbazone-containing DPPs reported earlier by our group.[19,50—
52] This signal is related to the formation of H-bonds since it disappears when methanol, an H-bonding competing solvent, is added
to (S)-DPPBA and (R)-DPPBA (Figure S1).

FTIR spectra of chloroform solutions at room temperature prove the existence of H-bonds in the bisamide derivatives (Figure 2a).
DPPBA showed only one band at 3450 cm-1 in the NH stretching area, which is characteristic of the NH stretching mode (amide A)
of free amide groups. This result points out that DPPBA is not H-bonded in chloroform. The amide | mode is found at 1659 cm-1,
which also corresponds to free amide groups. On the other hand, (S)-DPPBA and (R)-DPPBA showed two bands at 3439 cm-1 and
3297 cm-1 in the NH stretching area at room temperature (Figure 2a). The first band can be attributed to the free amide, analogously
to the band at 3450 cm-1 for DPPBA,; the second band corresponds to H-bonded amide groups. Hence, (S)-DPPBA and (R)-DPPBA
are partially H-bonded and part of it is free. In the region between 1600 cm-1 and 1700 cm-1, (S)-DPPBA and (R)-DPPBA show three
peaks at 1632 cm-1, 1648 cm-1 and 1663 cm-1. The peak at 1632 cm-1 corresponds to amide groups engaged in strong H-
bonds[53], while the peak at 1648 cm-1 corresponds to weaker bonds. The peak at 1663 cm-1 matches with the peak for free amide
observed with DPPBA. When increasing gradually the temperature from 27 to 59 °C the spectra of DPPBA did not show significant
evolution. In contrast, for the chiral derivatives, the peaks corresponding to H-bonded amides gradually decreased and fully
disappear at 45 °C. At this temperature, the spectrum of (S)-DPPBA matches the one of DPPBA at room temperature (Figure S2).

The optical properties were measured in different solvents: toluene, chlorobenzene, cyclohexane and ethyl acetate. In these
solvents, the J-aggregate band becomes more intense than in chloroform for the three derivatives (Figure 1 b-d). A shoulder band
appears at approximately 480 nm in several solvents, attributed to the formation of H-type aggregates. It is particularly intense in
chlorobenzene, toluene and cyclohexane. In the case of (S)-DPPBA and (R)-DPPBA, the J-aggregate signal (0 = 600 nm) is the
predominant one in solvents like toluene, cyclohexane and ethyl acetate, showing the strong formation of H-bonds in these
conditions. In these solvents like in chloroform, the band disappears when methanol is added. (Figure S3a and S3b). Thanks to the
formation of J-aggregates it is possible to cover a larger zone of the spectrum and to tune the energy band gap. This is very
interesting since the optoelectronic properties can be modified by varying the aggregation state without modifying the molecule.
Furthermore, this strategy allows us, with very simple semiconducting segments, to control the properties through aggregation.

Dilution series and variable temperature measurements were performed to keep on exploring the aggregation process. The J-
aggregate bands were observed upon diluting, still appearing at low concentrations in solvents that promote the formation of strong



H-bonds (Figure S4). When the temperature increases, the J-aggregate band is still present, emphasizing the formation of
aggregates even at high temperature (Figure S5a, b and c). This trend was also observed for the three derivatives, but the J-
aggregate bands disappeared at lower temperatures and higher concentrations for the chiral derivatives compared to the achiral one.
This proves that the chiral derivatives form more stable aggregates than the achiral one. The UV-Vis spectra of the three derivatives
in the solid state, were measured on cast thin films, showing a bathochromic shift with the appearance of a predominant J-aggregate,
as an effect of planarization. This result is independent from the casting solvent.(Figure S6).

CD spectra were measured in solution and showed signals with strong Cotton effect for the chiral derivatives, while no signal was
observed for DPPBA even in aggregation conditions (Figure S7). Figure 2b shows CD spectra in toluene for (S)-DPPBA and (R)-
DPPBA, where strong signals are found, especially at the J-aggregate wavelength. Variable temperature CD was performed in
several solvents, finding strong signals at low temperature that gradually disappear upon heating. The CD signal can be observed up
to high temperatures, reaching 60-80 °C, as evidenced in figure 2c and 2d, where the variable temperature spectra in chlorobenzene
and toluene were recorded, respectively.

Morphology studies were performed using transmission electron microscopy (TEM) by depositing solutions of the amide-based DPPs
in the solvents used for UV-visible and CD spectroscopy. Different long aspect-ratio structures were observed for the three
derivatives in each solvent. The chiral derivatives show helical structures in most of the solvents, while the DPPBA shows different
one-dimensional structures. Thin films of DPPBA in chloroform showed the presence of fibres with an average length of 10 um
(Figure S9). In chlorobenzene and toluene, shorter structures were observed with an average length of 2 pm that regroup in ribbon-
like structures with widths of several hundreds of nanometers. Stiff fibres were observed in ethyl acetate and cyclohexane samples
(Figure 3a-d). Regarding (S)-DPPBA (Figure 3e-h) and (R)-DPPBA (Figure 3i-l) samples, twisted fibres and helical structures were
found in all the solvents studied, being more flexible than the structures of DPPBA, which seem stiffer (Figure 3). Nevertheless, less
flexible structures were found for (R)-DPPBA and (S)-DPPBA in solvents like cyclohexane (Figure 3) and ethyl acetate (Figure S10).

The photoconductivity of (S)-DPPBA and (R)-DPPBA self-assembled structures, as well as in DPPBA as a reference, were
measured using FP-TRMC upon exposure to a 355 nm laser. FP-TRMC is an electrodeless technique that provides a measure of
photoconductivity as ®Xu were ® is the charge carrier generation quantum yield and Xy is the sum of charge carrier mobilities of
electrons and holes.[54-56] Thin fiims of the compounds were prepared by drop casting from chloroform solutions, and their
photoconductivity was analysed before and after solvent vapour annealing. The solvent annealing protocol was 1) to expose to ethyl
acetate for 24 h, and 2) to methanol vapour for 24 h: ethyl acetate promotes efficiently aggregation of the molecules, and methanol
disrupts H-bonds. The observed kinetic traces of conductivity transients are shown on figure 4. The photoconductivity of DPPBA is
evidently larger than those of (S)- and (R)-DPPBA (the values can be found in table S1), even though photoconductivity (PXy)
depends on the photo generation yield ®. The kinetics decay of photoconductivity of DPPBA shows that the photo-generated free
charge carriers are stable up to 10 ys. The recombination of charge carriers is slower in DPPBA than in (S)- and (R)-DPPBA, with
one order of magnitude longer lifetime, being ti» of DPPBA 2.1 x 10° s and 4.5 x 10® s and 6.6 x 10° s for (S)-DPPBA and (R)-
DPPBA, respectively (Table S2). It seems that the lower solubility of the chiral DPPs and the presence of the methyl group next to
the amide group are detrimental for the charge carrier pathways.

To assess the impact of the self-assembled structure quantitatively on the charge carrier pathways, the photoconductivity signal was
traced at each step of the solvent annealing protocol in an identical film of each compound. Interestingly, the highest
photoconductivity (7.5 x 10° cm?v?'s™, table S1) was recorded in DPPBA after solvent annealing in ethyl acetate (Figure 4d),
suggesting an efficient promotion of aggregated states of the molecule. The photoconductivity value increased up to 1.5 fold from the
initial 5.0 x 10° cm?v's?, emphasizing the importance of promoting the H-bonding strength. On the other hand, methanol vapour
annealing did not show any significant effect on photoconductivity (Figure 4e) in DPPBA. It seems that only methanol vapour is not
enough to disrupt H-bonds in the condensed phase. However, when the film previously exposed to ethyl acetate was soaked in
methanol, the photoconductivity decreased dramatically as well as the lifetime (Figure 4f, Table S3). This result highlights the
important role of H-bonding to facilitate the charge carrier pathways in the self-assembled structures. Regarding the chiral derivatives
(S)- and (R)-DPPBA, no differences in photoconductivity were found during the solvent annealing protocols (Figure S11, Table S1).
This would suggest that tightly-bound self-assembled structures were already formed in the solution phases, and the annealing is no
longer efficient to cause significant rearrangements in the molecular packing structures of chiral substances. The presence of a
methyl group next to the H-bonding (amide) motif and the lower solubility of both chiral isomers compared to DPPBA, might be
supportive for the stability of the self-assembled structures.

Conclusion

In conclusion, we have synthesized and characterized three amide-containing DPP derivatives, two of them bearing chiral centers.
The three derivatives aggregate and form J-type aggregates, where H-bonds are involved. The aggregation is particularly strong in
the chiral derivatives, which show aggregate signals in solvents where the achiral DPP is fully dissociated. The photoconductivity
measurements performed using FP-TRMC indicate that the achiral derivative has superior values of photoconductivity as well as
slower recombination of the charge carriers. The importance of H-bonding is highlighted by annealing samples in solvents that
promote self-assembly, where the photoconductivity values increased. In contrast, the photoconductivity values decreased
dramatically when the samples were soaked in H-bonding competing solvents. This effect was not observed for the chiral derivatives,
indicating that the chiral center next to the H-bonding functionality might hinder charge transport. Our future efforts are focused on
studying different chiral centers and the optimal distance to the H-bonding motif.



Experimental Section

All reagents and solvents were obtained from commercial suppliers and purified or dried according to standard procedures. Column chromatography
was performed on silica gel (VWR Silica 60, particle size 0.040-0.063 mm). Solvents for spectroscopic studies were of spectroscopic grade and used
as received. Elemental analysis was performed on a Thermofischer Scientific Flash 2000. Matrix-assisted laser desorption/ionisation-time of filght
(MALDI) was performed in a Bruker Daltonics. *H and *3C spectra were recorded in CDCl; on a Bruker Avance 400 MHz spectrometer and/or Bruker
Avance Il HD 500 MHz spectrometer. UV-vis measurements were performed in a conventional quartz cell (light pass 1 mm) on a Cary 5000 UV-Vis-
NIR spectrophotometer. TEM measurements were done with a Technai G2 (FEI) microscope with an accelerating voltage of 200 kV. 5 pL of the
sample solution were deposited onto a freshly glow discharged carbon-covered grid (400 mesh). The suspension was left for 2 min, and then, the grid
was negatively stained with 5 pL of uranyl acetate (2% in water) for another 1 min and finally blotted using a filter paper.

FTIR spectra were recorded with a Vertex 70 from Bruker Optics, equipped with MCT detector and a black-body source. The spectra of the solids were
measured by ATR on diamond. The solutions were studied in cells from Specac Pike with KBr NaCl windows. For the VT experiments the solutions
were inserted in a home-made cell between two NaCl windows. The cell was inserted in a Linkam heating stage, hold in a horizontal measurement
chamber. The spectra were measured with the built-in MCT detector of the Vertex 70. The spectra were compensated from CO, and moisture with
OPUS from Bruker. The solvent intensities were measured separately and subtracted. The spin coated samples were prepared using a Spin 150 spin
coater at 2000 rpm using 80 pl of solution on glass slides or silicon wafers.

Charge carrier mobilities were evaluated by FP-TRMC at room temperature.® %" The thin films of samples were fabricated by drop-cast method onto
quartz substrates (9 x 40 mm?, 1 mm thick). Charge carriers were injected into the materials via photo-ionization with a third harmonic generation (A =
355 nm) of a Spectra Physics model INDI-HG Nd:YAG laser pulses at 10 Hz with a pulse duration of ca. 5 ns. The photon density of a 355 nm pulse
was modulated from 4.5 x 10'® photons cm™ pulse™. The microwave frequency and power were set at ~9.1 GHz and 3 mW, respectively, and guided
into a microwave cavity. The Q-factor of the microwave cavity loaded with the sample was 2200, and the substrates with the compound films were set
at the point of electric field maximum. The reflected power of the probing microwave, picked up by a diode (rise time < 1 ns), was monitored by a
Tektronics model TDS3032B digital oscilloscope after an amplification by Ciao Electronics CA812-304 FET amplifier system. The observed change in
the reflected microwave power (AP,) was normalised with the steady reflection of the microwave from the cavity (P;), and converted directly into the
product of a photocarrier generation yield (¢) and the sum of photo-generated electron/hole mobilities (),

¢2u = 1(eoFign) x (1/A) x (APPY), 1)

where ¢ A, lo, and Fjgn are elementary charge, sensitivity factor (S‘l cm), incident photon density of the excitation laser (photon cm‘z), and filling factor
(cm™), respectively. The value of Flight was calculated based on the overlap of the area of photo-carrier injection (presumed to be proportional to the
absorbance of excitation light by the sample film) with electric field strength distribution in the cavity derived from a calculation code of CST Microwave
Studio from AET Inc.
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Scheme 1. Synthetic pathway towards DPPBA, (S)-DPPBA and (R)-DPPBA. iii) Microwave irradiation (P = 150 W, DMF, 2 h, 120 °C for (S)-DPPBA and P = 150

W, DMF, 2h, 70 °C for (R)-DPPBA).
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Figure 2. a) FTIR spectra in deuterated chloroform at room temperature of (S)-DPPBA, (R)-DPPBA and DPPBA. b) CD spectra (S)-DPPBA and (R)-DPPBA in

toluene solution. [(S)-DPPBA ] = [(R)-DPPBA ] = 2.5 mg/ml. c) Variable temperature CD spectra o
Variable temperature CD spectra of (R)-DPPBA in

toluene.

f (S)-DPPBA in chlorobenzene. [(S)-DPPBA ] = 2.5 mg/ml. d)
[(R)-DPPBA] 25 mg/ml.



Figure 3. TEM images of DPPBA (a-d), (S)-DPPBA (e-h) and (R)-DPPBA (i-l) in chlorobenzene, toluene, cyclohexane and ethyl acetate, respectively
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