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ABSTRACT

Optical and semiconducting properties of vacuum-deposited thin films of four hydrogen-bonded pigments were
studied. Well-known 1,4-diketo-3,6-diphenyl-pyrrolo-[3,4-c]-pyrrole (Ph-DPP) and 1,4-diketo-3,6-(thiophen-2-
yD-pyrrolo-[3,4-c]-pyrrole (Th-DPP) were transformed to their 1,4-dithioketo heteroanalogues (Ph-DTPP and Th-
DTPP) using Lawesson’s reagent. X-ray single crystal structure determination confirmed the presence of CS-HN
hydrogen bonds and a similar stack formation in both DTPPs, leading to relatively high decomposition tem-
peratures, about 350 °C. According to density functional theory (DFT) calculations, thionation left HOMO
(n-type) level almost unchanged, considerably destabilized non-bonding orbital (n-orbital) localized on thioketo
group, and significantly decreased LUMO (n*-type) energy. Evolution of HOMO and LUMO energies was
confirmed by cyclic voltammetry, establishing LUMO energy at —4.5 eV for both DTPPs, while a signature of
high-lying n-orbital was detected through nn* transition in the far-red/near-infrared area of absorption spectra,
interpreted with help of time dependent DFT calculations on monomer and stacked dimer geometry. The lowest
optical band-gap among the pigments under study was found to be 1.4 eV for Ph-DTPP thin film. Field effect
mobilities, determined on a bottom-gate top-contact transistor, show DPPs as p-type and DTPPs as n-type
semiconductors. The highest electron mobility p. = 0.018 cm? V™! s~ was obtained for Ph-DTPP film in the
device with aluminium source and drain electrodes.

1. Introduction

disadvantage of OPs is their insolubility, i.e. inability to be processed
from solution, but the progress in vacuum-processed OPV gives them a

Organic photovoltaics (OPV) based on all-small-molecules, i.e. small
(non-polymer) both electron-donor and non-fullerene electron-acceptor
(NFA), belongs to the hot research topics in material science [1].
Consequently, the search for the NFA molecules with NIR absorption
(narrow band-gap < 1.5 eV) and high electron mobility is of primary
interest [2]. n-Type organic semiconductors (OSC) generally suffer from
oxidation of their reduced state by traces of oxygen and water [3].
Therefore, LUMO energies under —4.0 eV are required for their ambient
performance [4]. The application of hydrogen-bonded (H-bonded)
organic pigments (OP) as OSCs is considered as a general strategy to
improve overall operational stability of electronic devices [S]. The
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chance to be used as the components of solar cells [6].
Diketopyrrolopyrroles (DPP), like 1,4-diketo-3,6-diphenyl-pyrrolo-
[3,4-c]-pyrrole (Ph-DPP in Fig. 1, P.R. 255 according to Color Index),
were originally developed as high-performance organic pigments [7]. In
contrast to some pyridyl heteroanalogues [8], all on-phenyl substituted
Ph-DPP derivatives show exclusively strong multiple intermolecular
H-bonding of CO-HN type, while slight deviations from planarity and
overall packing, including n-stacking pattern, is substituent-dependent
[9]. On the contrary to widely reported soluble N-alkylated de-
rivatives [10], in which H-bonding is disabled, X-ray structures of DPP
derivatives with five-membered rings (like Th-DPP in Fig. 1), instead of
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Fig. 1. DPP and DTPP materials under study.

3,6-phenyls, were not reported. Thionation of Ph-DPP with Lawesson’s
reagent or P4S;o leads to Ph-DTPP [11], for which three crystal modi-
fications were described [12]. Ph-DTPP molecules in all three poly-
morphs are H-bonded (CS-HN) and show various phenyl twists from
planarity (6°-30°). In difference to its soluble N,N'-dioctyl derivative
[13], Th-DTPP pigment was reported only as an intermediate for
S-alkylated diazapentalenes [14], without any physical properties.

According to cyclic voltammetry (CV), carried out on soluble DPP
and DTPP monomers [13,15], polymers [16] and isoTh-DPP
regioisomers [17], the effect of thionation on the energy of frontier
n-orbitals is qualitatively always the same: LUMO level is stabilized and
HOMO is destabilized. Consequently, the absorption spectra in solution
show always red shift upon thionation. Thionation of only one keto
group in DPP leads to a complete quenching of fluorescence in solution
[15,16]. Identical effect was observed in thionated perylene diimides
[18] and oxadiazoles [19] and explained by El Sayed rules [20], i.e. by
promoting of intersystem crossing (ISC), due to high-lying singlet nn*
state, localized on the thioketo group.

As observed in organic field-effect transistors (OFET), N,N'-dialky-
lated derivatives of Th-DPP are typical p-type semiconductors (hole
mobilities ~1072-10"! em?2/Vs) [10i, 21], although some opposing
examples can be found [10j]. On the other hand, some N,N’-dialkylated
DPP polymers, based on Th-DPP core [3b] show often n-type unipolar or
ambipolar behaviour [3b]. Semiconducting properties of H-bonded
DPPs generally use two ways to prepare active channels in OFETs:
vacuum deposition of H-bonded pigment or thermal decomposition of
solution-processable latent pigments [22]. The first method was used in
an investigation of Ph-DPP pigment and its halogenated derivatives,
showing ambipolar carrier mobilities (hole and electron mobilities
~0.01-0.06 cm?/Vs) [9c]. The second method enabled to find a dra-
matic rise of hole mobility (increase up to 0.26 cm?/Vs), when going
from latent to H-bonded Th-DPP [23]. The knowledge about effect of
thionation on semiconducting characteristics of DPPs is limited. An in-
crease of hole mobility of DPP polymer with N,N'-dialkylated Th-DPP
core was recently reported [24] and a switch from unipolar p-type to
ambipolar behaviour was observed for a polymer with N,N'-diarylated
isoTh-DPP core [17b]. There are no reports on DTPP small molecule
0OSCs either H-bonded, or soluble.

The above mentioned state-of-the-art motivated us to study the op-
tical and semiconducting properties of two representative DTPP pig-
ments. More precisely, we were interested, whether these compounds
are able to form stable, low band-gap, low LUMO n-type semiconductors
with a potential in organic optoelectronics. Due to the insufficient sol-
ubility most of the physical experiments had to be carried out on
vacuum-deposited thin films of DTPPs (and starting DPPs for
comparison).

2. Experimental
2.1. Materials

2-Thiophenecarbonitrile (99%), benzonitrile (anhydrous, >99%),
sodium, iron(IlI) chloride (>97%, anhydrous), tert-amyl alcohol

(>99%), N,N-dimethylformamide (DMF) (99.8%, anhydrous), Law-
esson’s reagent (97%), chlorobenzene (anhydrous, 99.8%) and dimethyl

sulfoxide-dg (99.9 atom % D) were purchased from Sigma-Aldrich (now
Merck) and were used as received. Diisopropyl succinate (98%) was
purchased from Synthesia, Inc. and was used as received. Acetic acid
(99%), isopropyl alcohol (p.a.) and methanol (p.a.) were purchased
from PENTA Ltd. and were used as received. Dimethyl sulfoxide (DMSO)
(p. a.) was purchased from VWR and was used as received.

2.2. Synthesis

Th-DPP and Ph-DPP were synthesized, as previously, from corre-
sponding nitrile and succinate [25]. Thioketo analogues of DPPs
(Th-DTPP and Ph-DTPP) were prepared via thionation of the DPP de-
rivative using Lawesson’s reagent (LR) in chlorobenzene as a solvent and
at reflux for several hours [11]. Detailed synthesis and characterizations
of all studied compounds (Th-DPP, Ph-DPP, Th-DTPP and Ph-DTPP)
are elaborated in Electronic Supplementary information (ESI).

2.3. Nuclear magnetic resonance (NMR) characterization

'H NMR spectra were recorded on an FT-NMR spectrometer Bruker
AVANCE™ III 300 MHz or 500 MHz. 13C NMR spectra were recorded on
an FT-NMR spectrometer Bruker AVANCE™ III 500 MHz. The solvent
used was DMSO-dg. Chemical shifts (5) are given in parts per million
(ppm) relative to tetramethylsilane (TMS) as an internal reference.

2.4. Elemental analysis (EA)

Elemental analysis was measured using an elemental analyser
Thermo Scientific™ FLASH 2000 CHNS using sulphanilamide as a
standard.

2.5. Thermogravimetric analysis (TGA)

Thermogravimetry (TG) was conducted on a TA Instruments
Q5000IR (New Castle, Delaware, USA) in order to analyse the thermal
stability of the derivatives and changes in mass before degradation. The
samples were placed on the Pt crucible sample holder and heated at
10 °C/min from room temperature to 1000 °C under a stream of nitrogen
(ultra-high purity) flow rate 40 mL/min. The TG records (dependence of
mass on temperature) were evaluated using TRIOS and Universal anal-
ysis software provided by TA Instruments. The TG records were derived,
and onsets of the derivatives were determined. The TG records are
elaborated in ESI.

2.6. Ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL)

Optical characteristic of the title compounds were studied on their
dilute (10-100 pM) solutions in both DMF and DMSO and on thin films
(100 + 5 nm) prepared by physical vapor deposition on clean glass
substrates. UV-Vis spectroscopy measurements were carried out using
Perkin Elmer Lambda 1050 UV-Vis-NIR spectrophotometer. PL mea-
surements of liquid samples were carried out using PhotoMed PTI
fluorimeter, while thin film samples were excited by diode laser and
photoluminescence was captured using Shamrock SR-303i-A mono-
chromator equipped with Andor CCD camera (to shield the detector
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Fig. 2. Device architecture of the fabricated OFETs.

from exciting light, 515 nm or 637 nm long-pass filters were used).

2.7. Vacuum-deposited organic field-effect transistor (OFET) fabrication

The OFETs were fabricated in a staggered bottom-gate, top-contact
device configuration (Fig. 2). Glass substrates were sequentially cleaned
by the alkaline detergent (Hellmanex), deionized water, acetone and
isopropanol in an ultrasonic bath for 15 min each. Aluminium gate
electrode (100 nm, rate 1-5 nm/s) was evaporated through shadow
mask. Afterwards, 32 nm of anodized amorphous aluminium oxide
(AlOx) was grown by using the potentiostatic method [26] on the
defined part of the aluminium electrode. The AlOx layer was
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subsequently passivated [27] by 20 nm of tetratetracontane (TTC,
CH3(CH32)42CH3) to create an inorganic/organic composite gate dielec-
tric with a capacitance of 20 nF cm~2. Next, 60 nm of the studied
semiconductor material was evaporated (1-10°° mbar; rate 0,1-0,3 A
s™1). To complete the device, gold or aluminium source and drain
electrodes were evaporated using shadow mask (thickness: 80 nm) with
the resulting channel of length L = 60 pm and width W = 2 mm.

2.8. Electrochemical measurements

In order to determine the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) energy
levels of all compounds, we conducted the electrochemical measure-
ments using a Jaissle Potentiostat-Galvanostat IMP 83 (Jaissle Elek-
tronik GmbH, Waiblingen, Germany). Cyclic voltammetry (CV) was
performed in three-electrode electrochemical system. The set-up con-
sisted of an indium tin oxide (ITO) coated glass slide deposited with
respective compound as a working electrode, an Ag/AgCl quasi-
reference electrode (QRE) and a Pt plate counter electrode. Electrolyte
solution of anhydrous acetonitrile contained 0.1 M tetrabutylammo-
niumhexafluorophosphate (TBAPFg). Cyclic voltammograms were
recorded by scanning potential from 0 to 2.0 or —2.0 V vs Ag/AgCl QRE
for the determination of HOMO or LUMO energy level (Egomo or
Erumo), respectively, with the scanning rate of 25 mV s~1. The potentials
were calibrated externally against ferrocene/ferrocenium redox couple
of 0.69 V vs. normal hydrogen electrode (NHE) in acetonitrile solution
[28]. The energy levels were calculated using following formula from

Fig. 3. Crystal packing for Ph-DTPP (left) and Th-DTPP (right). a) stacked dimer for Ph-DTPP and Th-DTPP (Table S2); b) H-bonded dimer extracted from crystal

structure; c) herringbone packing.
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onset potentials [29]:

Epono = — (4.75 €V + Eox onser v NHE)

Erymo= — (475 €V + E,oi onser vs NHE)

2.9. X-ray single crystal structure determination

XRD data of Th- and Ph-DTPP were collected at 120 K by the ¢ and o
scans technique on a Bruker D8 VENTURE Kappa Duo PHOTON 100
CMOS diffractometer with Cu Ka radiation, equipped with an Helios Cu
multilayer optic monochromator. The approximate structural model for
each of the title structure was found by Superflip [30]. The refinement
was carried out by JANA2006 [31]. In both cases, the aryl hydrogen
atoms were attached to the carbon carriers and constrained by the
constraints Caryl—Hary = 0.95 A and Uiso(Hary) = 1.2 Ueg(Hary1). The
positional parameters of the secondary amine hydrogen were refined
freely while Ujso(HIn1) = 1.2 Ueq(N1). Information about the crystal
data, data collection and the refinement, solving a positional disorder in
Th-DTPP crystal and twinning in Ph-DTPP crystal, using PLATON
software [32], is given in ESI. The structures of Th-DTPP and Ph-DTPP
were deposited with the Cambridge Crystallographic Data Centre
(CCDC) under the numbers CCDC-2104737 and CCDC-2104740,
respectively.

2.10. Theoretical modelling

All geometries were computed by density functional theory (DFT)
using ®B97X-D xc functionals and with 6-31G(d,p) basis set. In few
cases also B3LYP with 6-311G(d,p) basis set was used. All optimization
were carried out in vacuum. Optimized geometries of monomers and
dimers were checked by vibrational analysis. The resulting geometries of
the dimers were characterized by plane-to-plane (PP) and centre-to-
centre (CC) distances between DPP rings. Excitation energies were
calculated by time dependent (TD) DFT on either B3LYP or CAM-
B3LYP/6-311+G(2d,p) level, either in vacuum or in DMSO, modelled
with polarized continuum (PCM). All calculations were carried out with
Gaussian 09 software [33].

3. Results and discussion
3.1. Synthesis and characterization

All four pigments were prepared by known procedures. They show
acceptable chemical purity according to 'H/'3C NMR and EA. No special
purification procedures were carried out before measuring optical and
electrical properties. All compounds were soluble only in DMSO and
DMF to the concentrations necessary for spectral measurements in so-
lution. On the other hand, the concentrations required for CV in solution
could not be achieved. Both DTPP compounds show high thermal
decomposition temperatures according to TGA (347 °C and 350 °C for
Ph-DTPP and Th-DTPP, respectively), falling into range found for
planar, stacked and H-bonded DPPs [25a]. Consequently, no significant
degradation was observed during vacuum deposition of thin films. The
crystals suitable for XRD were obtained by a sublimation of the powders.

3.2. X-ray single-crystal structures

The crystal structures of Th-DTPP and Ph-DTPP have similar fea-
tures. They both crystallize in the same space group type (P21/n) with
two molecules in the unit cell (Z = 2). Both title molecules possess the
symmetry 1 since they are situated in the special position (the Wyckoff
position 2a).

The main cohesion forces between the molecules can be inferred
from the arrangement of the molecules in the structure. These are van
der Waals forces between the molecules (see ESI), n-ring electrorn- n-ring

Dyes and Pigments 197 (2022) 109884

Fig. 4. Molecular structures of a) Ph-DTPP and b) Th-DTPP. Displacement
ellipsoids are shown at the 50% probability level. C, N, S and H atoms are
shown as dark grey, blue, yellow ellipsoids and as tiny light-grey spheres,
respectively [35].

electron interactions (Table S2), C-H ... n-ring electron interactions
(Tables S3a and S3b) and the intramolecular hydrogen bonds N-H---S1
and C-H---S1 (Tables S4a and S4b). On the other hand, Th-DTPP is
positionally disordered in contrast to the molecule of Ph-DTPP. Thus,
the molecules in both structures form columns (Fig. 3a) while the mol-
ecules in the adjacent columns are interconnected by the hydrogen
bonds (Fig. 3b). The crystal packing is herringbone both for Ph-DTPP
and Th-DTPP (Fig. 3c).

The molecule of Ph-DTPP is nearly planar (Fig. 4a), with a phenyl
twist angle equal to 4.65(9)°. Its crystal structure corresponds to the
previously determined polymorph Ph-DTPP [34a]; the refcode
SIFLOIO1; the Cambridge Structural Database [34b]. The title structure
is, however, twinned (for the twinning matrix, see ESI) as well as posi-
tionally disordered (Fig. 4a). There are known other two polymorphs:
one with the refcode SIFLOI [34a] and the other with the refcode
SIFLOIO2 [34c]. The molecule in the title polymorph is the least devi-
ated one from planarity among the structures obtained for three poly-
morphs (SIFLOI, SIFLOIO1 and SIFLOIO2) and two solvates (KOYPET
and KOYPIX) [12], see ESI (Table S5). In SIFLOIO2 the angles equal to
29.3(2)° and 34.2(2)°.

As it was given above, Th-DTPP is positionally disordered (Fig. 4b),
containing molecules with thiophenes in s-trans (88.9(2) %) and s-cis
(11.1(2) %) arrangements with respect to the DPP core (see ESI, Scheme
S1). A similar disorder was also observed in some N-alkylated Th-DPP
derivatives [10j]. The preference of s-trans conformation was described
for N-acylated Th-DPP [10c], but generally, s-cis arrangement is more
common in Th-DPP derivatives [10]. Twist angles in Th-DTPP are 6.2
(2)° - 8.4(1)°, i.e. a bit larger than in Ph-DTPP. The stacking pattern of
Th-DTPP is quite similar to that observed for Th-DPP derivatives
N-alkylated with linear alkyls, like n-hexyl (Fig. 5a), with stacked mol-
ecules shifted along long molecular axis. This differs from the pattern
observed for the derivatives with pg-branched alkyls, like isopentyl
(Fig. 5b), with a shift along the short axis [10c].

N-alkylated derivatives of Th-DTPP show flatter minima of non-
planar s-cis and s-trans conformers and lower barrier of their
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Fig. 5. Stack geometries of Th-DPP derivatives. Experimental geometries (up), extracted from files a) BIBDIBO1 (C6 substituted by H, PP = 3.408 10\, CC =5.357 10\,
left) and b) UBESAYO01 (C5 substituted by H, PP = 3.548 10\, CC =5.632 ;X, left). Corresponding reoptimized geometries (down) on ®B97X-D/6-311G(d,p) level, giving
¢) PP = 3.237 A, CC = 4.694 A, left, and d) PP = 3.243 A, CC = 4.658 A, right, respectively.

Fig. 6. Absorption spectra in DMSO, DMF and TL.

isomerization [13]. Therefore, the torsional flexibility of DTPPs, man-
ifested by a wide range of twist angles in Ph-DTPP polymorphs/solvates
and cis/trans disorder in Th-DTPP, is not so surprising and one can
expect a significant effect of intermolecular interactions on molecular
geometry. If Ph-DPP monomer is optimized on ©B97X-D/6-311G(d,p)
level, it gives planar geometry, while Ph-DTPP forms centrosymmetrical
structure with phenyls twisted by 26°. If the same optimization is carried

out for a stacked trimer, with the stacking pattern as on Fig. 3, the
central molecule remains centrosymmetrical, but the torsion decreases
to 13°. Thus, the difference in twist angles in SIFLOIO1 (very similar to
the one, presented here) and SIFLOIO2 modifications relates to the
presence and tightness of stacking interaction. If centrosymmetrical
Th-DTPP monomers are optimized, s-cis conformation is significantly
favored with respect to s-trans (4.05 kcal rnol’l). If one compares the
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Table 1

Absorption maxima of studied molecules in thin layer, DMSO and DMF solutions
[nm]. A position of long-wavelength local maximum (0-0) in TL absorption of
Th-DPP is added.

Compound thin layer DMSO DMF
Th-DPP 506; 560 531 528
Th-DTPP 687 641 638
Ph-DPP 542 506 503
Ph-DTPP 696 626 624

energy of optimized stacked dimers, with a pattern as on Fig. 3, the
dimer composed only from s-cis monomers is considerably more stable
than the one, composed from s-trans monomers (8.50 kcal mol’l), ie.
the stacking interaction has almost no effect on the preferences between
the conformers, as the energy difference between the dimers is about
twice higher than for the monomers. On the other hand, if H-bonded
dimers are computed, according to the arrangement on Fig. 3, the en-
ergy of the one composed of s-cis monomers is only 5.47 kcal mol™!
lower than for the dimer of s-trans monomer, i.e. H-bonding relatively
stabilizes s-trans conformation. We ascribe this effect to the presence of
an additional H-bond (CS-HC 3.580 A exp., 3.681 A theor.) exclusively
present in the s-trans conformation. As the s-cis conformation is also
favored for Th-DPP and as such an additional H-bonding as in Th-DTPP
cannot exist, the dominance of s-cis arrangement in still unknown
packing of Th-DPP can be expected. Furthermore, s-cis conformation of
Th-DTPP should be preferred in solution, where stabilizing H-bonding is
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also missing. The stacking pattern of both DPPs will be discussed
together with thin layer (TL) absorption spectra.

3.3. Optical properties

The absorption spectra were measured in DMSO, DMF and on a TL
(Fig. 6 and Table 1). The spectra in solution always show three vibronic
progressions with an absolute maximum relating to 0-0. Small long-
wavelength shoulders are observed for both DTPPs in DMSO. Mutual
shifts of the spectral maxima are quite clear and expected: DTPPs are
dramatically red shifted (over 100 nm) with respect to DPPs and the
replacing of phenyls with thiophenes causes moderate bathochromic
shift (25 nm for DPPs and 15 nm for DTPP pair). The spectra in TL
remain sharp for both DPPs, but the intensity of progression is consid-
erably redistributed towards higher Raps = Ip1/Igo. 0-0 bands in TL show
a similar bathochromic shift with respect to those in solution. Such an
evolution is typical for red shifted H-aggregates with small (Ph-DPP)
and strong (Th-DPP) excitonic coupling [36]. The spectra of DTPPs in TL
are more complicated. They are broader with less resolved progression.
Their absolute maxima show the similar red shifts with respect to those
in solution, but an additional absorption appears in long-wavelength
region, manifested either by a long unresolved tail (Th-DTPP), or as a
local maximum (Ph-DTPP), as found also previously [12a]. As usual
[25a], both DPPs show strong fluorescence in solution (Fig. S12), while
for DTPPs this fluorescence is completely quenched. All four pigments
show very weak (PLQY < 0.01) solid solid-state fluorescence (Fig. S13).

Fig. 7. Kohn-Sham orbitals of Th-DPP (s-cis, left) and Th-DTPP (s-trans, right), computed on B3LYP/6-311G(d,p) level in vacuum [37]. Isovalue 0.02 was used.
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Table 2
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PCM TD DFT calculation of excitation energies (Ecx.), oscillator strengths (f,s.) and transition composition in configurational interaction (CI) of monomers in DMSO,
computed on B3LYP/6-311+G(2d,p) level at ®B97X-D/6-31G(d,p) monomer geometry. More planar structure of Ph-DTPP was obtained by an optimization of cen-
trosymmetrical stacked trimer and extracting its central monomer. Experimental values E,ps, obtained from absorption, are shown for comparison. H = HOMO, L =

LUMO.
Compound Conformer Twist angle[o] Transition type Eexe [eV] fose Major configuration in CI [%] Eaps [eV]
Ph-DPP 0 n* 2.580 0.618 H-L 2.451
Th-DPP s-cis 0 nn* 2.444 0.692 H-L 2.235
Ph-DTPP 5 ¥ 2.128 0.369 H-L 1.981
nn* 2.039 0.001 H-1-L
26 ¥ 2.182 0.288 H-L(61)+
H-1-L(36)
nn* 2.002 0.063 H-L(-36)+
H-1-L(60)
Th-DTPP s-cis 0 nn* 2.086 0.412 H-L 1.934
nn* 2.131 0.000 H-1-L
s-trans 175 nn* 2.079 0.209 H-L(-46)+
H-1-L(54)
nn* 2.125 0.175 H-L(54)+
H-1-L(46)

Thionation affects the electronic structure of the molecules (Fig. 7):
lets HOMO (n-type, a, symmetry) almost untouched, significantly sta-
bilizes LUMO (n*-type, a, symmetry) and dramatically destabilizes thi-
oketo localized n-orbital (HOMO-1, a, symmetry), as compared to the
keto localized one (HOMO-2, a; symmetry). Consequently, the energies
of symmetrically allowed nn* and nn* states are close, that is crucial for
understanding the spectral and photophysical behavior. TD DFT calcu-
lations in DMSO show quite clear behavior (Table 2). There is one
allowed (A, symmetry, an* type) spectral transition in a visible range for
both DPPs, while two transitions of nn* and nrn* character (both A,)
appear for both DTPPs. The mutual position and intensity of both
transitions in DTPPs is sensitive to relatively small geometrical changes
through the mixing of both electronic monoexcitations in configura-
tional interaction. Thus increasing a phenyl twist angle in Ph-DTPP
leads to hypsochromic and hypochromic shift of an* transition and
opposite bathochromic and hyperchromic shift of nn* transition. There
is a dramatic increase of an intensity of nn* transition when going from
planar s-cis to quasiplanar s-trans conformer of Th-DTPP, so only a
minor portion of the latter in solution can cause an observation of this
transition in absorption. Thus a long wavelength shoulder in Ph-DTPP
and Th-DTPP spectra in DMSO can be ascribed to a manifestation of nx*
transitions, arising from either phenyl or thiophenyl twists. Further-
more, we suppose, that an absence of fluorescence of both DTPPs in
solutions raises from the same reason as proved for thionated per-
yleneimides, i.e. an efficient competitive ISC of S(nn*)—T(nrn*) type
[18].

There are at least two important reasons for an attempt to understand
the nature of solid-state absorption spectra (SSA) of thin layers. First, the
absorption edge is crucial for the photovoltaic efficiency, and second,
some kinds of nearest-neighbour packing, especially stacking important
for transfer processes, can be derived from a shape of the spectrum. The
SSA spectra were interpreted using TD DFT calculations of the excitation
energies carried out on the model centrosymmetrical dimer geometries,
obtained by a reoptimization of a nearest-neighbour (stacked in most
cases) geometry, starting from a suitable XRD geometry. In some cases,
the dimer optimization did not converge to the required geometry, so
the higher oligomers (stacked tetramer, stacked hexamer with three H-
bonded molecules in a layer) had to be optimized and final central dimer
was extracted from an optimized oligomers. If only one allowed HOMO-
LUMO =nn* transition is present in a visible area, as in the case of both
DPP centrosymmetrical monomers, it is split into four new nn* states in a
centrosymmetrical dimer (upper and lower Frenkel state (FR) and two
charge-transfer states (CT)) [38]. The transition to one of FR and one of
CT states (A,) is always allowed and the other (Ag) is symmetry
forbidden. The output of TD DFT calculations produces all these four
states adiabatic. For DTPPs the situation is more complicated as both nr*

and nn* states are split, although nn* states to a smaller extent, so in
summary eight transitions fall into the visible area, four of them being
symmetry allowed and theoretically observable in SSA. The aim of the
calculations was 1) to characterize the symmetry of the lowest excited
state as H/J — aggregates are unambiguously defined by a higher/lower
energy of bright (carrying the oscillator strength) excited state with
respect to the dark one, irrespective to whether the transition energy of
an aggregate bright state lies under or bellow as compared to the
monomer [39], 2) to establish the energy difference between the upper
and lower FR, relating to a nn* transition, as one half of it defines
excitonic coupling AEg¢ [40] and, consequently, the vibronic pattern of
an aggregate (Raps) [36] and 3) to establish, whether usually weaker
transitions to CT and nr* states, with usually blurred vibronic structure
[19,41], may affect the SSA spectra.

The complete results of quantum chemical calculations can be found
in ESI. Quite a clear picture was found for both DPPs. Th-DPP in both
hypothetical modification, taken into account (Fig. 5cd), is an H-
aggregate, but AEg( is very low for a stack 5c (0.008 eV) and quite high
(0.124 eV) for 5d. As Ryps dramatically raises, when going from solution
to TL (Fig. 6), the arrangement 5c (very similar to that found for Th-
DTPP on Fig. 3a)) can be excluded and a stack pattern similar to that one
found for p-branched alkyl derivatives of Th-DPP seems acceptable, as
SSA spectrum of Th-DPP is very similar to its 2-ethyl-hexylated deriv-
ative [10h]. The allowed CT state with non negligible fu lies relatively
close to the upper FR state (0.20 eV) and contributes to an increase of
Raps. Ph-DPP evaporated films are supposed to form the modification
similar to P.R. Red 254 (file WEBKET) and the modification same as in
single crystal (file SAPDESO1) is achieved after solvent vapor annealing
[9a,b]. This conclusion relates very well with model calculations.
Although both dimers are H-aggregates, AEgc is small (0.011 eV) for
WEB dimer, leaving Rags almost unchanged, when going from solution
to TL. On the other hand, the dramatic increase of the second and third
progression in SSA for vapor annealed TL has two sources for SAP dimer:
considerably bigger AEgc (0.083 eV) and the dramatic increase of an
intensity of the upper CT state, lying 0.27 eV under upper FR state.
Theoretical red shift, when going from monomer to the WEBKET-like
dimer in vacuum is 0.07 eV, while when going from DMSO maximum
to TL maximum, the red shift is 0.16 eV. The difference (0.09 eV) goes on
account of so-called crystal shift. The dimer of Th-DPP with high AEgc
shows theoretically slight blue shift (—0.05 eV), as usual for stronger
H-aggregates, while the experiment shows a red shift 0.12 eV, giving
thus a crystal shift a bit higher (0.17 eV), than for Ph-DPP.

An investigation of Th-DTPP dimer, obtained from the experimen-
tally found geometry, shows very complex spectrum. The calculations
give four allowed (A4,) states with the excitation energies within an in-
terval 0.31 eV and with f,s. between 0.074 and 0.227, significantly
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Fig. 8. Model dimers of Ph-DTPP, obtained by an reoptimization of SIFLOIO1 (left) and SIFLOIO2 (right) 3x2 hexamers, followed by an extraction of a central dimer.

Fig. 9. Voltammograms of measured thin film samples on ITO coated substrates. Measurement was carried out in nitrogen filled glovebox. Used electrolyte was 0.1
M solution of TBAPF¢ in anhydrous acetonitrile. Cyclic voltammograms were recorded by scanning potential from 0 to 2.0 or —2.0 V vs Ag/AgCl QRE, with the

scanning rate of 25 mV s™1.

broadening the overall spectral band. Two lowest states are formed by
lower and upper FR nn* states with AEgc = 0.038 eV, i.e. moderate
strength H-aggregate is formed. Nevertheless, its vibronic structure is
significantly affected by a close lying (0.10 eV) nr* state, which is also
responsible for a long wavelength tailing. The theoretical monomer-to-
dimer red shift is 0.08 eV, while the DMSO-to-TL red shift is 0.13 eV,
giving relatively small (0.05 eV) crystal shift. Nevertheless, the position
of an experimental spectral maximum in TL can be also affected by a
proximity of nn* transition, as for other spectral features. There were
generated four model dimer geometries for Ph-DTPP, the two most
relevant to experimental SSA spectra are shown on Fig. 8. The former
dimer (from SIFLOIO1) is stacked, while the latter (from SIFLOI02), with
an opposite sense of phenyl twists, is holding together by CH-= attrac-
tion between phenyls. The former arrangement forms H-aggregate (S;
state is Ay), while the latter is J-aggregate (S; state is A,). Consequently,
the arrangement, relating to SIFLOIO2 modification shows strong solid-
state fluorescence in near infrared area [12a], as compared to the weak
one for SIFLOIO1 modification, observed also in this work (Fig. S13).
While the lowest excited state of the former model dimer is always
(irrespective on the twist angles) of Ay (nn*) type, the character of the
lowest symmetry allowed A, state depends strongly on phenyl twists,
being nn* for smaller twists and nn* for higher twist angles. Conse-
quently, the infrared shoulder in SSA spectrum with varying intensity
[12a] is given by a degree of nonplanarity of stacked Ph-DTPP mole-
cules in TL, separating and intensifying the long wavelength nn*
transition.

Table 3
Enowmo, ELumo and Eg,, obtained by the electrochemical measurements and Egap
obtained by optical measurements.

Compound Enomo (eV) Erumo (V) Egap (€V) Egap (eV)
(CV estimate) (optical)
Th-DPP -6.0 -39 2.1 2.0
Th-DTPP —-5.6 —4.5 1.1 1.5
Ph-DPP —6.2 —-4.1 2.1 2.1
Ph-DTPP -5.7 —4.5 1.2 1.4

3.4. Electrochemistry

To estimate the HOMO and LUMO energy levels of all derivatives, we
performed cyclic voltammetry measurements on their evaporated thin
film coated on ITO coated glass substrates. All DPPs and DTPPs
exhibited both oxidation and reduction peaks within the studied po-
tential window (Fig. 9). However, their re-oxidation and re-reduction
currents were substantially low since the oxidized and reduced forms
were soluble in the electrolyte, indicating irreversible behavior. Egomo,
Erymo and bandgap energy (Eg,p) obtained by electrochemical and op-
tical measurements are summarized in Table 3. Comparing to Ph-DPP,
Th-DPP showed increased Egomo and Epymo, however, both have same
Egap of 2.1 eV. While optical measurements showed slight decreased Egap
found in Th-DPP. With the introduction of thioketo groups in DTPP
derivatives, increase in Eyomo and decrease in Epyvo were observed,
resulting in smaller Eg,, of 1.1-1.2 eV. While optical Eg,, were found in
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Fig. 10. Transfer characteristics of OFET devices with Au source-drain elec-
trodes (left) and Al source-drain electrodes (right). The measurement parame-
ters were Vp = (—)15 V and Vg step of 0,05 V.

the range of 1.4-1.5 eV (Fig. S8). Qualitatively, the theoretically pre-
dicted trend (Fig. 7), i.e. the stabilization of LUMO energy, destabili-
zation of HOMO and consequent decrease of a gap upon thionation, was
confirmed. Semiquantitatively, the observed LUMO energy stabilization
around 0.5 eV upon thionation relates to the theory, while the experi-
mental HOMO destabilization (0.4-0.5 eV) is much higher than pre-
dicted (< 0.1 eV). Consequently, considerably low (with respect to the
optical one) electrochemical gap of DTPPs goes on account of not very
clear decrease of oxidation potential during CV experiment on TL sur-
face. The most probable reason is the interface barrier between the so-
lution and the electrode surface.

3.5. OFET performance

In order to investigate the effect of thionation on charge transport,
we have fabricated OFETs with above-mentioned procedures using the
four materials as active layer in the device structures. The transfer
curves were measured in the probe station placed in a nitrogen-filled
glovebox connected to an Agilent B1500A semiconductor parameter
analyzer. All transistors based on Al source-drain contacts exhibited
typical n-type transport (Fig. 10) with a field-effect electron mobility of
1072102 em?/Vs except Th-DPP showing quite poor behavior with
only a low mobility of about 107> ¢m?/Vs. Additionally, Th-DPP

Dyes and Pigments 197 (2022) 109884

Table 4
Field effect mobilities threshold voltages and on/off values of studied materials
of studied materials.

contact material Th-DPP Th-DTPP Ph-DPP Ph-DTPP
Al (em2v~1s™h) He 1.2:107° 7.41073 2.7-1072 1.8.102
Au(em?v~ls™h) 2.0107%  49.107* 6.610°°  3.0.107*
Al (V) Vin 12.2 4.4 3.2 4.1

Au (V) Vin -3.7 -5.9 -6.0 -10.6
Al on/off  ~10% ~10% ~10% ~10*
Au on/off  ~10° ~10% ~10° ~10!

revealed a much larger threshold voltage and small current on/off ratio
while the other three transistors’ are around Vg = 3-4 V and on/off
ratio = 10°. On the other hand, both DTPPs present higher electron
mobility values. The field-effect hole mobilities in Au source-drain
contacts (Fig. 10) were calculated as ~ 1073 cm?/Vs for Th-DPP and
Ph-DPP and one order of magnitude lower (=10~* cm?/Vs) for both
DTPPs. Th-DPP in this case shows the best performance, especially, in
terms of threshold voltage. All the field-effect mobility values are sum-
marized in Table 4. The values of electron mobilities of Th-DPP and Ph-
DPP around ~10~2 cm?/Vs are comparable to the values of materials
used in OPV [42], although only comparable or lower compared to the
values published for DPP-based OFET devices (10"2-10"! em?/Vs) [9,
10,22,23].

AFM images show that the substituted thiophene derivative (Th-
DTPP) presents smaller crystallites and rougher surface than the
unsubstituted thiophene derivative (Th-DPP). On the other hand, the
unsubstituted phenyl derivative (Ph-DPP) has clear needle-like crys-
tallites, unlike the thionated phenyl derivative (Ph-DTPP), which pre-
sents more regularly shaped crystallites and slightly smoother surface
area (Figs. 11 and 12).

4. Conclusions

In summary, thionation of diketopyrrolopyrrole pigments affects
both the molecular structure, and solid-state packing, with the impli-
cations to electronic structure, optical and semiconducting properties.
Dithioketopyrrolopyrrole pigments remain thermally stable, due to the
strong hydrogen bonding. Their molecular structure is more flexible
with respect to aryl twists and thus affected by crystal packing. The
electronic structure is characterized by low lying LUMO orbital and high
lying n-orbital, determining the spectral and photophysical properties.
The solid-state absorption edge of DTPPs is shifted to the near infrared
area. The fluorescence in solution is quenched, due to the intersystem
crossing from high lying nn* singlet state to triplet manifold. DTPPs form
usually red shifted H-aggregates, but a special packing, forming solid-
state fluorescent J-aggregate is possible, due to the molecular flexi-
bility. Thionation switches p-type DPP semiconductors to n-type DTPP
semiconductors. Altogether, DTPPs can be considered as potential
electron accepting components in photovoltaics, due to their NIR ab-
sorption, low lying LUMO and n-type mobility.
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