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This study provides a comprehensive analysis of the electronic structure of the small-molecule (SM)
donor DTDCTB in terms of its main molecular components, DPTA and BTD, with donor and acceptor
characters, respectively. The occupied electronic states of gas phase DTDCTB and the two building
block molecules are probed using photoelectron (PE) spectroscopy, while the unoccupied electronic
states are probed using near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Jointly,
density functional theory (DFT) calculations of the electronic structure and X-ray absorption spectra
are used to assign the experimental peaks. We find that the frontier characteristic peaks of the gas phase
building blocks can be identified in the spectra of the DTDCTB molecule. In particular, the highest
occupied molecular orbital (HOMO) of DTDCTB, corresponding to the first peak in the outer
photoelectron valence spectrum, is attributed mainly to the DPTA moiety (~70%), with only a small
contribution (~30%) from BTD and from the dicyanovinylene (CN) terminal group. In contrast, the
lowest unoccupied molecular orbital (LUMO), identified as the first spectral feature of the C and N K-
edge NEXAFS spectra, originates almost entirely from the moieties with acceptor character, BTD and CN
(~81%), with a marginal contribution (~19%) from DPTA. This study aims to elucidate how the
electronic structure of DTDCTB, crucial for its technological functionalities in small-molecule organic
photovoltaics (SMOPVs), is a result of the electronic characteristics of its constituent building blocks. The
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DTDCTB molecule precisely combines the electronic properties of its constituent donor and acceptor
building blocks: the inclusion of thiophene in the donor moiety facilitates n-electron delocalization from
the donor side to the acceptor side of DTDCTB, thus leading to the formation of mesomeric structures.
Therefore, the D-A—-A molecular architecture is confirmed to be a strategic solution to guarantee the
efficient charge transfer among the two electron-donor and electron-withdrawing counterparts.

DOI: 10.1039/d4ma00515e

rsc.li/materials-advances

Introduction

Small-molecule (SM) donors possess the advantages of well-
defined molecular weights, easy purifications, and small batch-
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to-batch variations in comparison with polymers. An additional
advantage relates with the design of SM with push-pull archi-
tectures in which the resulting molecular system is made by
two counterparts: one (or more) electron-rich moieties and one
(or more) electron-donating groups. Within this push-pull
architecture, the electron-donating and electron-withdrawing
groups work synergistically to modulate the energy levels and
electronic structure of the molecule, resulting in tailored opti-
cal and electronic properties. The electron-rich donor moieties
facilitate the injection and transport of charge carriers, while
the electron-deficient acceptor moieties enhance exciton
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dissociation and charge separation efficiency." Understanding
the electronic structure of push-pull molecules is fundamental
for optimizing their performance in various optoelectronic
applications. In this study, we focus on elucidating the intra-
molecular charge transport through the mapping of the electronic
structure of the push-pull SM donor 2-(7-(5-(Di-p-tolylamino)thio-
phen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)methylene)malononitrile
(DTDCTB) in terms of its constituent building blocks.

DTDCTB was first synthesized by Wong and co-workers® for
application as an electron donor in the active layer of small-
molecule organic photovoltaics (SMOPVs). It has a donor-acceptor-
acceptor (D-A-A) architecture which favors intramolecular charge
transfer. DTDCTB is characterized by a highest occupied mole-
cular orbital (HOMO) with high binding energy (~5.30 eV*?),
contributing to a large open circuit voltage (Voc) in photovoltaic
devices, where Voc is determined by the energy separation
between the HOMO of the donor and the lowest unoccupied
molecular orbital (LUMO) of the acceptor constituting the
organic solar cell (OSC) active layer. Additionally, DTDCTB has
a relatively low band gap (1.86 eV optical gap®) which results in a
wide absorption in the near-infrared region with a high extinc-
tion coefficient.>”® Coupled with the relatively high hole mobility
in DTDCTB thin films, all these properties make DTDCTB an
ideal active-layer material for SMOPVs. In contrast to typical
organic photovoltaics (OPVs), where the donor is an organic
polymer forming a bulk-heterojunction (BHJ) with the acceptor
material, SMOPVs display a mixed heterojunction (MHJ) archi-
tecture, where the donor and acceptor domains do not form a
truly biscontinuous interpenetrating network any longer.® In this
architecture and in combination with Cg, or C-, fullerenes as
electron acceptors, spectrally resolved transient absorption mea-
surements showed that charge separation at the DTDCTB:fuller-
ene interface takes place on the ~100 fs time-scale,® where the
excitons in the DTDCTB film are rather short-lived (tens of ps
life-time, compared to hundreds of ps for poly-3-hexylthiophene
- P3HT).° The first organic solar cells built using DTDCTB as the
active donor material in combination with fullerenes and differ-
ent fullerene derivatives as its acceptor counterpart, managed to
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achieve up to 5-6% power conversion efficiencies (PCEs) in
single junction devices obtained by vacuum-deposition.>”
It was shown that OPVs with a solution-processed active layer
based on DTDCTB:C,, have similar PCEs."* The properties of
DTDCTB, as well as DTDCTB:fullerene interfaces have been
studied computationally using different levels of theory,>™"’
including exciton dynamics'®"® and recombination.*® Starting
from DTDCTB, other similar SM donor materials have been
synthesized by replacing either the donor moiety or one of the
acceptor moieties with other similar groups to fine-tune mole-
cular properties such as the band gap and HOMO energy
level.>*' This fine-tuning allowed to increase the PCE above
6.6%.>>" Further improvements of PCEs and other OPV para-
meters have been obtained by using DTDCTB as an active
material in tandem solar cells,>*>* in ternary devices,>* or in
triple junction OPVs, reaching up to 11.1% PCE.**

This study presents novel experimental data and simula-
tions on the electronic structures of DTDCTB and 1,2,3-
benzothiadiazole (BTD), complemented by previous data on
N,N-diphenyl-2-thiophenamine (DPTA).>® The optimized mole-
cular structures of DTDCTB together with its DPTA and BTD
building blocks are sketched, respectively, in Fig. 1la-c.
As shown in Fig. 1a, ideally the DTDCTB molecule can be
considered to be made up by three main building blocks: DPTA
(i.e., ditolylaminothienyl), BTD (i.e, benzothiadiazole) and the
CN (i.e., dicyanovinylene) moieties. The DPTA moiety represents
the electron-donor portion, while the BTD and the CN moieties
are the electron-withdrawing counterparts.

In agreement with previous studies based on X-ray crystal
structure analysis of DTDCTB,® our geometry optimization
confirms an almost coplanar conformation between the thio-
phene ring and the BTD ring which facilitates electronic
coupling between the donor and acceptor units and enhances
intramolecular charge transfer. The charge transport properties
of the active materials significantly impact the performance of
OPV cells. High carrier mobility ensures efficient exciton dis-
sociation, facilitating charge transfer, and reducing the possi-
bility of charge recombination.

(b)

L. (©)

Fig. 1 B3LYP/6-31G(d,p) optimized geometries of: (a) DTDCTB; (b) DPTA and (c) BTD molecules.
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The primary novelty of our work lies in the comparative
analysis of these molecules to show if the D-A-A architecture of
DTDCTB can be conceptualized as a structure composed of the
distinct push-pull moieties, including the two main DPTA and
BTD building blocks. With this aim in mind, we performed a
comprehensive characterization of the gas phase electronic
structure of DTDCTB focused on comparing it to the electronic
structure of its building blocks, DPTA and BTD. We character-
ized the occupied electronic levels of all these molecules in gas
phase by valence photoelectron spectroscopy (PES), as well as
the unoccupied electronic structure by near-edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy. This allowed us to
compare the electronic structure of the two main building
blocks, DPTA and BTD, when they are isolated and when they
are covalently bound in the D-A-A molecule to verify from the
experimental point of view the charge transport ability of the
push-pull architecture of DTDCTB.

Experimental details

Commercially available DTDCTB (C»sH;9N5S,, 99%) and 2,1,3-
benzothiadiazole (BTD, CcH,N,S, 98%) from Merck and 2-(N,N-
diphenylamino)thiophene (DPTA, C;cH;3NS, 97+%) from
Georganics Ltd were used. All chemicals are crystalline solid
powders that were sublimated in vacuum conditions by using a
custom-built in situ resistively heated furnace (Knudsen cell).

The purification process of DTDCTB involved placing a few
milligrams of DTDCTB powder into the furnace. The tempera-
ture was slowly increased from room temperature to about
160 °C over a period of about 8 hours. Then the temperature
was further increased until reaching the measurement tem-
perature of approximately 170 °C following the removal of small
amounts of impurities within the DTDCTB sample and at the
same time preventing the molecular degradation caused by
prolonged heating. The evaporation of DTDCTB was subject of
a careful study, reported in a separated manuscript on the
degradation of this technologically important molecule.
Thanks to this study we were able to finally adjust the tem-
perature to 172 °C for both PES and NEXAFS data acquisition,
characterized by a modest but constant and reliable count rate.

Before starting the BTD measurements, a few milligrams
of powder were put into an ex situ effusion cell and purged
overnight at room temperature to allow the removal of the
traces of impurities. Then the PES and NEXAFS measurements
of BTD were performed by keeping the powder at room tem-
perature. The experimental details of the sublimation and the
characterization of the DPTA molecule are reported in detail in
the paper by T. Zhang et al.>® For the DPTA molecule, a purging
temperature of about 50 °C and a sublimation temperature of
61 °C were used.

Gas phase photoemission measurements were performed
at the GasPhase beamline of Elettra Synchrotron in Trieste
(Italy)*” by using, for the DTDCB and DPTA molecules, a Scienta
SES200 electron analyzer®® mounted at the magic angle with
respect to the electric vector of the linearly polarized incident

© 2024 The Author(s). Published by the Royal Society of Chemistry
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light. For the BTD molecule, the photoemission measurements
were acquired by using a VG-220i (150 mm) hemispherical
electron energy analyzer mounted at the magic angle with
respect to the electric vector of the linearly polarized incident
light.*® For the calibration of the binding energy (BE) of the
photoelectron (PE) spectra and of the photon energy of the
NEXAFS spectra, a proper reference gas (see below) was intro-
duced into the analysis chamber simultaneously with the
sample, resulting in a pressure of about 10> mbar.

The experimental valence photoelectron spectra (VB) of
DTDCTB, DPTA and BTD were taken with 100 eV photon
energy, with a peak resolution of about 50 meV, 70 meV and
30 meV, respectively. The Ar 3p;, line, set to 15.76 eV,*® was
used to calibrate the valence spectra.

All the NEXAFS spectra were normalized by the transmitted
photon flux measured by a calibrated Si photodiode. The
energy scales of the C 1s NEXAFS and N 1s NEXAFS spectra
were calibrated by taking simultaneous spectra of the samples
and of CO, and N, with the characteristic transitions at
290.77 eV (C 1s — 7%, CO,)*" and at 401.10 eV** (N 1s — m*,
V' = 1), respectively.

The photon energy resolution of the C 1s NEXAFS spectra
was about 120 meV for DTDCTB, 70 meV for DPTA and 50 meV
for BTD. Moreover, the photon energy resolution of the N 1s
NEXAFS spectra was around 110 meV for DTDCTB, 120 meV for
DPTA and 40 meV for BTD.

Computational details

The molecular structures of DTDCTB, BTD, and DPTA were
optimized using the B3LYP functional®* and 6-31G(d,p) basis
set’ as implemented in the Gaussian 16 quantum chemistry
software.”” The valence electronic structure was determined for
the optimized geometries, where the atomic orbital contribu-
tions to the valence spectrum were calculated using the c?
population analysis,*®*” as done previously.*®*° To facilitate
the comparison to the experiment, a Gaussian broadening of
0.4 eV full width at half maximum (FWHM) was applied to the
calculated data. The spectra were further shifted to align the
calculated highest occupied molecular orbital (HOMO) peak to
the first peak in the experimental PE spectra. The values of the
shifts are given in the corresponding figures. The electron
localization on the donor (DPTA) and acceptor (BTD, CN)
subgroups of DTDCTB was analyzed for the HOMO and LUMO
molecular orbitals using the VALET Python library for the visual
analysis of electronic densities.® This analysis allowed us to
quantify the percentage by which each molecular subgroup
contributes to the frontier orbitals and determine the charge
transferred from the donor to the acceptors in a HOMO-to-
LUMO transition.

The C 1s and N 1s NEXAFS spectra were calculated within
the transition potential DFT (TP-DFT) framework using the
StoBe 2014 quantum chemistry software.*’ In TP-DFT, the
core-hole (CH) induced orbital relaxation is modeled by using
a half-core-hole (HCH) localized at the core-excited site.

Mater. Adv,, 2024, 5, 6405-6415 | 6407
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The localized CH model has been shown to provide a good
approximation for orbital relaxation,** and TP-DFT calculated
spectra are reasonably accurate, especially when it comes to
excitation energies.*> With this model, a separate NEXAFS
spectrum was calculated for each atom of the same species in
the molecule (C or N). We used the DFT functional by Perdew,
Burke, and Ernzerhof,** in combination with the cc-pVTZ basis
set for the S, C and N atoms,*>*® as well as the cc-pVDZ basis set
for H.*” The core-excited atom was described using an IGLO-III
triple zeta basis set,*® while the 1s orbitals of other atoms of the
same species as the core-excited one were replaced by effective
core potentials (ECPs) provided by the StoBe program package.
The occupation of the 1s orbital of the core-excited atom
was set to 0.5 and the transition dipole moments from this
HCH state to the unoccupied molecular orbitals (MOs) were
determined alongside the corresponding excitation energies.
The spectrum was then shifted such that the calculated binding
energy of the core-excited 1s orbital was equal to the calculated
ionization energy (IE). The IE was calculated as the energy
difference between the ground state and the core-ionized state
(i.e. where the occupation of the orbital of interest was set to 0,
AKohn-Sham). A Gaussian broadening of 0.5 eV FWHM was
added to the calculated data to facilitate the comparison to the
experiment. A total C 1s (N 1s) NEXAFS spectrum was calculated
by summing up the individual C 1s (N 1s) calculated spectra.
A further shift was applied to align the calculated position of
the n* peak to the measured one. The values of the shifts for
each molecule are given in the corresponding figures.

Results and discussion
DTDCTB electronic structure: the occupied states

The comparisons between the gas phase valence PE spectra
calculated for the ground state of DTDCTB, DPTA and BTD are
shown in Fig. 2. The calculated total density of states (DOS)
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allows us to predict the gas phase HOMO-LUMO gap (Eg(gas)) Of
the investigated molecules. The calculated HOMO and LUMO
energy positions (shown in the inset table of Fig. 2) are reported
together with the HOMO-LUMO gaps computed for DTDCTB
(Eg(gas) 2.08 eV), DPTA (Eg(gas] 4.52 eV) and BTD (Eg(gas) 4.27 EV).

The energy gap reported in the literature for DTDCTB shows
that the optical gap obtained from the extinction coefficient is
1.86 eV and the transport gap obtained from the HOMO-LUMO
difference is 1.62 eV.> As expected, the energy gap of DTDCTB
obtained using the B3LYP functional is slightly higher*’
(2.08 eV) than the reported experimental values.

The comparisons of the experimental PE valence spectrum
with the calculated total DOS and PDOS of DTDCTB are shown
in Fig. 3a-d where a very good agreement between the experi-
mental and theoretical data can be observed. The partial
contributions of electron-donor (DPTA and methyl moieties)
and of electron-withdrawing (BTD and CN moieties) groups of
the DTDCTB molecule are shown in Fig. 3a. A more detailed
analysis related to the contributions from each C, N and S
atomic orbitals (AOs) with s and p characters to the molecular
orbitals (MOs) of DTDCTB is reported in Fig. 3b-d.

From the experimental valence PE spectrum (Fig. 3), the
HOMO of DTDCTB is found as an asymmetric peak at 6.96 eV
with a FWHM of about 0.30 eV. The calculated PDOS in Fig. 3a
indicates that the main contribution to the HOMO (as well as
to the two adjacent features at higher BEs) comes from the
electron-donor DPTA moiety and only a small part comes from
the BTD and CN electron-accepting groups. To further quantify
the contribution to HOMO and LUMO coming from the differ-
ent fragments of the DTDCTB molecule, we performed a
numerical analysis of the HOMO and LUMO using VALET
(see bottom panel of Fig. 3). From this analysis, we obtained
a ~70% contribution to HOMO from the electron-donating
DPTA subgroup, while only ~30% is attributed to the BTD and
CN moieties. It is interesting to note that even if the CH; is an
electron-donating group, its first intense contributions only

= DTDCTB
= DPTA
O BTD

Intensity / a.u.

HOMO-LUMO

BTD

HOMO | LUMO
(eV) (eV)
DPTA 721 2.69
BTD 8.97 4.70
DTDCTB 6.90 4.82

T
20 15 10
Binding Energy / eV

Fig. 2 Comparison between the total calculated (B3LYP) valence photoelectron spectra and the resulting predicted HOMO-LUMO gaps of DTDCTB,
DPTA and BTD molecules. The calculated valence spectra have been shifted by +1.67 eV (DTDCTB), +2.18 eV (DPTA) and +2.35 eV (BTD) to align each
HOMO peak with the lower biding energy peak of the corresponding measured valence photoelectron spectrum (see Fig. 3).
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HOMO-LUMO transition in DTDCTB

80.64% 19.36%
BTD + CN DPTA
LuMO T ——
29.70% 50.94% 19.36%
Ll & HOMO
HOMO BTD + CN DPTA
29.70% 70.30%

Fig. 3 Comparison of the experimental PE valence spectrum (hv 100 eV, dotted blue line) and the total calculated (B3LYP) density of states (DOS, solid
black line) of the DTDCTB molecule are shown together with the PDOS (solid colored lines) related to: (a) the partial contributions of DPTA, CN, BTD and
METHYL moieties belonging to the DTDCTB molecule; (b) C 2s, C 2p, S 3s, S 3p, N 2s, N 2p orbitals; (c) N 2p orbital with the disentangled contributions
from the N1, N2, N3, N4 and N5 atoms; (d) S 3p orbital with the disentangled contributions from the S1 and S2 atoms. The calculated valence spectrum of
DTDCTB has been shifted by +1.67 eV to match the corresponding experimental spectrum. Bottom panel: the HOMO and LUMO molecular orbital
sketches and the numerical analysis of the fragment decomposition of the HOMO and LUMO orbitals of DTDCTB over its donor and acceptor moieties.

appear at 11-15 eV. The same quantitative VALET analysis
reported in the bottom panel of Fig. 3 predicts instead
that the electron-withdrawing groups (BTD and CN moieties)
contribute to the LUMO by ~81%, while only about 19%
is attributed to DPTA. This analysis clearly shows a high
electron density localized mostly on the electron-acceptor part
of the DTDCTB molecule demonstrating how the extended
n-electron delocalization favors the intramolecular charge
transfer for the HOMO-to-LUMO transition from the donor
to the acceptor counterparts through the quinoidal D-A-A
molecular architecture.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Furthermore, the theory reveals that the HOMO of DTDCTB
has a significant contribution from the C 2p and N 2p AOs (see
also the HOMO sketch in the bottom panel of Fig. 3). These
C 2p and N 2p orbitals appear to also give the major contribu-
tions together with the S 3p AO to the LUMO. This can be also
observed in the DTDCTB LUMO sketch in the bottom panel of
Fig. 3 in which the electronic density appears to increase
around the S2 atom compared with the HOMO for which the
electronic density is shifted more on the donor moiety and the
S1 atom is more involved. The features in the PE valence
spectrum of DTDCTB in the BE range between 10 eV and

Mater. Adv., 2024, 5, 6405-6415 | 6409


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00515e

Open Access Article. Published on 08 July 2024. Downloaded on 6/20/2026 6:30:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

15 eV are due to the contributions of the N 2p of the N1 and N2
atoms belonging to the CN groups (Fig. 3c). Among the N
heteroatoms, the N5 atom of the electron-donor DPTA moiety
gives the greater contribution to the HOMO N 2p PDOS
(Fig. 3c). Instead, the largest contribution from the N atoms
to the LUMO molecular orbital comes from the N3, N4 atoms
and the second largest contribution comes from the N1, N2
atoms which are the heteroatoms involved, respectively, in the
BTD and CN electron-withdrawing moieties. These nitrogen
atoms (N1, N2 and N3, N4) give similar contributions to the
LUMO+1 feature. For what concerns the S 3p PDOS, the con-
tribution of S1 and S2 heteroatoms (Fig. 3d) to the HOMO is
quite negligible; instead, their contribution becomes strong to
the LUMO and LUMO+1 features (where S1 predominates) and
to the LUMO+2 intensity (where S2 predominates).

The valence PE spectra of DPTA and BTD along with the
calculated different atomic contributions are shown in Fig. 4a
and b. In the experimental valence PE spectrum (Fig. 4a) of
DPTA, the HOMO is found as a mostly symmetric peak centered
at 7.13 eV with a FWHM of about 0.25 eV.
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Like DTDCTB, also for DPTA the theory predicts that the
HOMO is mainly derived from the C 2p and N 2p atomic
orbitals. For more details about AOs contribution to the valence
electronic structure of DPTA the readers can refer to our
previous study of this molecule.”® At higher BEs, the feature
centered at about 9 eV originates mainly from C 2p and
S 3p AOs. Like the HOMO, the third main feature at about
10.2 eV shows once more a contribution from the C 2p and N 2p
AOs. In the inner valence energy region (11-20 eV), the PE
peaks are due to contributions from C 2p, but also S 3p, N 2p,
and C 2s.

Considering the theoretical data, the LUMO originates
mainly from C 2p states with a small but non-negligible
contribution also from the S 3p and C 2s AOs. Considering
the LUMO sketch of DPTA (see the right panel of Fig. 4) it seems
that the LUMO electron density has a great tendency to shift
toward the thiophene ring favoring the opening of the “chan-
nel” toward the electron-accepting moieties of the whole
DTDCTB molecule thanks to the quinoidal character of the
conjugated backbone of this D-A-A molecular architecture.
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Fig. 4 Comparison of the experimental PE spectrum (hv 100 eV, dotted red line for DPTA and light blue line for BTD) and the total calculated (B3LYP)
DOS (solid black lines) of: (a) DPTA and (b) BTD molecules. For each molecule, the calculated PDOS (solid colored lines) related to: C 2s, C 2p, S 3s, S 3p,
N 2s, and N 2p orbitals are shown. The calculated valence peaks have been shifted by: +2.18 eV (DPTA) and +2.35 eV (BTD) to match the corresponding

experimental spectra. Right panel: the HOMO and LUMO molecular orbital
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The experimental valence PE spectrum (Fig. 4b) of BTD
shows the HOMO as a sharp double peak with two maxima at
9.49 eV (FWHM 0.18 eV) and 8.95 eV (FWHM 0.65 eV). The
calculated total DOS and PDOS of BTD is shown in Fig. 4b
considering the contribution from each C, N and S AOs with s
and p characters to the to the MO of BTD. The theory predicts
that the main contributions to the HOMO come from the C 2p,
S 3p and N 2p overlapping within this double peak. The second
doublet at higher BEs (11.31 eV FWHM 0.56 eV and 10.68 eV
FWHM 0.38 eV) in the valence spectrum shows an important

View Article Online
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contribution coming from the N 2p states. In the range 12-20
eV instead, mixed contributions from C 2p, S 3p, N 2p, N 2s and
C 2s are evidenced. In the LUMO feature, the prevalent con-
tributions come from N 2p and S 3p, as also shown by the
LUMO sketch (Fig. 4b).

DTDCTB electronic structure: the empty states

C K-edge NEXAFS measurements were performed for the iso-
lated DPTA and BTD building block molecules (respectively, in
Fig. 5b and c), to identify the electronic structure modifications
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() —o— Exp. DTDCTB
O Total profile calc. C K-edge
PBE shift: +0.5 eV
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Fig. 5 Experimental (dotted colored lines) and calculated (PBE/cc-pVTZ, solid black lines) NEXAFS C K-edge of (a) DTDCTB, (b) DPTA and (c) BTD
molecules. (a) The total calculated profile for DTDCTB is shown together with the partial contributions related to the: DPTA, CN, BTD and METHYL moieties
belonging to the DTDCTB molecule. The calculated total and the partial profiles have been shifted by +0.5 eV to match the experimental spectrum. (b) and
(c) The total calculated profiles are shown together with the partial contributions related to each inequivalent carbon belonging to the molecules.
The calculated total and the partial profiles have been shifted by +0.42 eV (DPTA) and +0.63 eV (BTD) to match the corresponding experimental spectra.
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induced when they are covalently bound in the donor-accep-
tor-acceptor DTDCTB molecule (Fig. 5a).

The experimental C K-edge NEXAFS spectrum of DTDCTB
(Fig. 5a), evidences a low-intensity feature, peak A (at 283.8-
284.7 eV), before the more intense peak B (at 285.3 eV, FWHM
0.4 eV). These two A and B features are confirmed by the
calculated total C K-edge profile (Fig. 5a). The calculated partial
contributions related to the DPTA, BTD and CN moieties
of DTDCTB clearly reveal that the main contribution to the
intensive peak B comes from the DPTA electron-donor moiety
(light blue band in Fig. 5a), while the main contribution to the
feature at the absorption threshold (peak A) originates from the
BTD and CN electron-withdrawing moieties (respectively, green
and purple bands in Fig. 5a). The third intensity (peak C at
286.0-287.7 eV) is mostly due to the contributions from the
DPTA, CN and BTD moieties. The first important contribution
from the methyl moiety starts at photon energies higher than
287.0 eV, as shown from the pink area in Fig. 5a.

Looking at the experimental C K-edge NEXAFS spectrum of
the isolated DPTA molecule (Fig. 5b) peak A, resulting from C 1s
to LUMO transitions, is centered roughly at the same photon
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energy (285.2 eV FWHM 0.44 eV) as peak B in the DTDCTB
molecule. The theory assigns the NEXAFS peaks to contribu-
tions from the chemically inequivalent atoms in the DPTA
molecule. Referring to the central nitrogen atom, the C atoms
of the DPTA phenyl rings are labeled as C ipso (C;), C ortho (C,),
C meta (C,,) and C para (Cp), while the atoms belonging to the
thiophene ring are indicated as C;, C,, C3, and C, (see the
sketch in Fig. 5b). Peak A of DPTA gets mainly contributions
from the C atoms which are not directly bonded to the central N
(i.e., Co, Gy, Cp and C,, C;, C4). Conversely, the C atoms directly
bonded to the central N atom (i.e., C; and C;) provide strong
contributions to peak B at higher photon energies.

The experimental C K-edge spectrum of the isolated BTD
building block (Fig. 5¢) shows four main features. The first
one is peak A (at 284.5 eV FWHM 0.4 eV) which is located at
0.7-0.8 eV lower photon energy compared to features A of DPTA
and B of DTDCTB, respectively. To analyze the contributions of
the chemically inequivalent atoms to the NEXAFS peaks, we
label the carbon atoms as o, § and y depending on the distance
to the nitrogen atoms going, respectively, from the adjacent to
the farthest (more about this in the ESIt). The theory (solid

~
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Fig. 6 (a) Experimental (dotted colored lines) and calculated (StoBe, PBE/cc-pVTZ+GENA4, 0.5 eV FWHM, solid black lines) NEXAFS N K-edge spectra of
the DTDCTB molecule. The calculated total profile is compared with the partial contributions related to the inequivalent N1, N2, N3, N4 and N5 nitrogen
atoms as indicated in the sketched molecule. The calculated total and the partial intensities have been shifted by +1.3 eV to match the experimental
spectrum. Experimental and calculated (StoBe, PBE/cc-pVTZ+GENA4, 0.5 eV FWHM) NEXAFS N K-edge spectra of the (b) DPTA and (c) BTD molecules.
The experimental spectra are compared with the corresponding calculated total N K-edge profiles. The calculated total profiles have been shifted by:
+1.3 eV (DPTA) and +0.83 eV (BTD) to match the experimental spectra.
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black line in Fig. 5c) predicts for peak A of BTD unique
contributions coming from B and y C atoms, i.e. not directly
bonded to the N atoms. Instead, at 285.5 eV (FWHM 0.2 eV), the
feature B is attributed only to the o C atom of the BTD building
block. The same description of peaks A and B applies, respec-
tively, to the third (peak C at 286.2 eV FWHM 0.5 eV) and fourth
(peak D at 287.0 eV FWHM 0.2 eV) C K-edge features. For the
former peak, the theory predicts contributions coming from the
B and y C atoms, while the latter originates totally from the o
C atom of the BTD building block.

NEXAFS measurements were performed at the N K-edge for
investigating the electronic structure of the DPTA and BTD
building blocks when they are isolated (respectively, in Fig. 6b
and c¢) and when they are covalently bound to the whole donor-
acceptor-acceptor DTDCTB molecule (Fig. 6a).

The experimental N K-edge NEXAFS spectrum of DTDCTB
(Fig. 6a) consists of three main features: peak A (398.40 eV
FWHM 0.20 eV), corresponding to transitions from N 1s
to LUMO, peak B (399.90 eV FWHM 0.30 eV) and peak C
(401.10 eV FWHM 0.40 eV) that are well reproduced by the
theory (Fig. 6a) and attributed to n* resonances. Furthermore,
the theory allows us to disentangle the contributions of the five
inequivalent N atoms (i.e., N1, N2, N3, N4, N5) as reported in
detail in Fig. 6a. As expected, all the N atoms of the moieties
with electron-acceptor character contribute to peak A: the N1
and N2 atoms of the CN moiety and the N3 and N4 atoms of the
BTD moiety of the whole DTDCTB molecule with a slight
dominance of the N3 and N4 atoms. Moreover, to peak B we
can identify the same contributions, but with a prevalence of
the N1 and N2 atoms. The first contribution but still not
dominant to the N K-edge coming from the N5 atom of the
DPTA moiety is predicted in peak C of DTDCTB together with
the contributions of all the other N atoms. In total agreement
with the published results of the N K-edge NEXAFS spectrum of
DPTA?® (Fig. 6b), the LUMO+4 (located at 403 eV) is the first
unoccupied state of the molecule with significant contributions
from the central N atom.

Comparing the N K-edge spectrum of the isolated electron-
withdrawing BTD building block (Fig. 6c), the peak corres-
ponding to transitions into the LUMO is centered at 398.4 eV
(FWHM 0.3 eV). This corresponds exactly to the first * peak in
the DTDCTB NEXAFS spectrum, attributed to the N3 and N4
atoms by our TP-DFT calculations. Starting from about 404 eV
of the BTD N K-edge spectrum, the intensity is attributed to c*
resonances instead.

Conclusions

Gas phase DTDCTB and its DPTA and BTD building blocks have
been characterized by valence photoelectron spectroscopy to
probe their occupied electronic structure and NEXAFS experi-
ments to probe their empty density of states at the C and
N K-edges. DFT calculations have been applied for a detailed
understanding of the molecular electronic structures and to
disentangle the atomic orbital contributions to the valence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electronic structure of DTDCTB. By disentangling the electronic
structure of DTDCTB and examining the contributions of its
building blocks (i.e., the donor and the acceptors moieties), we
contributed to elucidate the underlying principles governing
the electronic properties of the DTDCTB small-molecule donor
and provide insights for the rational design of novel push-pull
materials with enhanced functionality and performances. We
found that the frontier states of DTDCTB can be attributed
mainly to one moiety or the other. From the comparison of the
DTDCTB PE spectrum to the spectra of BTD and DPTA, the
DTDCTB HOMO peak is mainly assigned to the DPTA moiety.
This is confirmed by our DFT calculations, where the decom-
position into contributions from AOs from the different moi-
eties shows that DPTA is mainly responsible for the HOMO,
with smaller contributions from BTD and CN. The occupied
states at higher BEs have a more mixed character, but some of
the strong spectral features can still be attributed to one moiety
or the other. In particular, the DPTA building block is mainly
responsible for the strong peak at ~9 eV BE, while the
signature of the CN groups can be identified in the small
feature at 10.5 eV BE.

When it comes to the unoccupied states, they were probed
using C and N K-edge NEXAFS spectroscopy. In the C K-edge
NEXAFS spectrum of DTDCTB, we identified a pre-edge feature
located at the same photon energy as the n* peak measured for
BTD. This assignment was confirmed by our TP-DFT calcula-
tions, which attributed this feature to transitions from the C 1s
core orbitals localized on the BTD moiety or on the CN terminal
groups to the DTDCTB LUMO. A similar assignment was
obtained for the first n* peak in the DTDCTB N K-edge NEXAFS
spectrum, which also sharply corresponds in photon energy to
the measured gas phase BTD n* peak.

The study clearly shows that the electronic structure of the
molecular building blocks is preserved when covalently bonded
together and has a very important role in the electronic proper-
ties of the resulting DTDCTB molecular system. It can be
concluded that the DTDCTB molecule precisely combines the
electronic properties of its constituent donor and acceptor
building blocks, demonstrating that the inclusion of thiophene
in donor moiety facilitates n-electron delocalization and results
an enhanced quinoidal character to the conjugated backbone.
Thus, the adoption of the ditolylaminothienyl donor moiety
promotes efficient intramolecular charge transfer from the
donor side to the acceptor side of DTDCTB, thus leading to
the formation of mesomeric structures like D-A < D = A"
Therefore, the D-A-A molecular architecture is confirmed to
be a strategic solution to guarantee the efficient charge trans-
fer among the two electron-donor and electron-withdrawing
counterparts.

The contribution of the donor DPTA moiety to the HOMO is
still preserved in the donor-acceptor-acceptor molecular archi-
tecture of DTDCTB: this together with the increased density of
state at the LUMO due to the molecular building blocks of
acceptor character would guarantee an effective charge transfer
of the excited electrons. In future studies of more applied
character, it will be interesting to check these properties with
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dynamic studies and compare the results of DTDCTB when it is
combined with other acceptor molecules in more complex
systems.
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