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The paper is devoted to the comprehensive study of the electronic properties of eight molecules in the
framework of the density functional theory (DFT) implemented in the ABINIT code. The first stage of cal-
culations is based on the semi-local variant of the DFT approach, which involves the use of a generalized
gradient functional for exchange-correlation energy (GGA). Optimization of the structure of molecules is
performed within the framework of DFT-GGA theory. At the second stage, the electronic structure of the
molecules in the ground state was calculated. The third stage was to determine the role of the static elec-
tron-hole interaction in the formation of the electron energy spectrum. The Green's function necessary for
its realization was based on the eigenvalues and wave functions found at the previous stage within the
DFT-GGA formalism. The Green's function method allows to obtain the energy of quasiparticle excitations
including the static electron-hole interaction, which is not taken into account in the DFT-GGA approach.
Quasiparticle energies are obtained in the first order perturbation of the Green's function, that is, in the
GW approximation. The fourth step of our study was to clarify the role of the dynamic interaction of an
electron and a hole in the formation of optical constants taking into account exciton effects. It was imple-
mented using the Bethe-Salpeter equation (BSE), whose parameters were based on the solutions obtained
in the previous stages. It was found that the smallest value of E; found in the GGA approximation belongs
to the PR 178 molecule, and in the GW approximation it is acquired by the PB 32 molecule. The BSE for-
malism leads to the smallest value of E; for the PR 178 molecule. The largest value of E; in the GGA ap-
proach belongs to the PR 179 molecule, in the GW formalism — to the molecule PR 190, and in the BSE
theory — to the PB 31 molecule. It was found that in the GGA approach the band gap Eglies in the energy
range of 0.52 <E,;<1.47¢eV, in the GW approximation, 6.08 < E;< 7.92 eV, and in the BSE formalism,
0.08<E,<1.35€V.

Keywords: Perylene, Diimide, Dyes, Quasiparticle, GW, BSE.

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 11 Ne 2, 02028(3cc) (2019)

DOT: 10.21272/jnep.11(2).02028

1. INTRODUCTION

Non-fullerene acceptor materials are to solve and
overcome the fullerene disadvantages such as pro-
cessability, stability and good solubility in halogen-free
solvents [1-3]. Small molecule materials are attractive
due to their well-defined molecular structure, stability
and purity. Perylene diimide (PDI) materials are al-
ready used as pigments and dyes. They show excellent
thermal, chemical, photochemical stability [4, 5]. Inten-
sive investigations of different PDI derivatives for photo-
voltaic purposes are supposed to improve excitation
properties, such as exciton binding energy and diffusion
length, the donor-acceptor coverage for higher bulk het-
erojunction efficiency [6-10]. As the result, we can ob-
serve rising power conversion efficiency over 9 % [10].

This work 1s supposed to perform ab initio study of
several well-known PDI-dyes in order to show the vari-
ation of electronic properties on different substitution
in peri-position. The list of molecules include red, black
and violet pigments (color index, C.1.): Pigment Red 149
(PR 149, C.I. 71137), Pigment Red 178 (PR 178, C.L
71155), Pigment Red 179 (PR 179, C.I. 71130), Pigment
Red 189 (PR 189, C.I. 71135), Pigment Red 190 (PR
190, C.I. 71140), Pigment Violet 29 (PV 29, C.I. 71129),
Pigment Black 31 (PB 31, C.I. 71132), and Pigment
Black 32 (PB 32, C.I. 71133).

2. METHODS

The ground state (GS) single-particle energies and
eigenfunctions are obtained within the generalized
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gradient approximation (GGA) [11] using the norm-
conserving pseudopotentials [12, 13]. Then the Green’s
function (GF) is built on the base of GS data. The GF
allows us to evaluate the quasi-particle energies. Here
we have employed the self-consistent GW (scGW) ap-
proach based on the first order perturbation of the GF.
The frequency dependence of the screened interaction
has been obtained using contour deformation method.
For molecular materials we used spherical expressions
of the Coulomb term in reciprocal space [14]. The exci-
tonic effects have been derived from the Bethe-Salpeter
equation (BSE). The macroscopic dielectric function
(DF) was calculated by means of direct diagonalization
of the exciton Hamiltonian. All the calculations have
been performed using ABINIT package [15].

3. RESULTS AND DISCUSSION

The optimal plane-wave cut-off energies (Ecw) have
been derived from our convergence study. The values of
Ect which ensure the convergence of the calculation are
as follows: 816 eV for ground-state runs, 68 eV for the
RPA dielectric matrix (scGW), 82 eV for the BSE for-
malism, and 1090 eV for the exchange part of the self-
energy operator, respectively.

The electron energy gaps Eg obtained within three
different approaches and HOMO energies (Euomo) are
listed in Table 1. The smallest E,562 is obtained to be
0.52 eV for a molecule of PR 178. PR 179 has the widest
GGA gap (1.47 eV). The obtained E,SW values are much
higher and vary from 6.08 eV for PB 31 to 7.92 eV for
PR 190 (Table 1).
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BSE calculations show quite different results com-
paring to the previous step. Here EBSE are smaller than
E,GGA, Considering obtained DOS and DF distributions
we can note that all materials have states in the infra-
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red range (0-1.6 eV). And all materials have non-zero
DF in this interval, except PR 189 and PB 32, where
absorption is recorded for energies higher than 2eV.
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Fig. 1 — Chemical structure of PDI dyes
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Fig. 2 — Imaginary part of the BSE dielectric function e, (black) and density of states (DOS) (red). Green dash lines present availa-
ble experimental absorption data for solid-state materials [16-20]. Blue dash lines correspond to spectra for solutions [19, 20]

Table 1 — The parameters of electronic structure: the band gap Eg and the highest occupied orbital energy Enomo

Molecule E66A eV ESW, eV EBSE eV Eunowmo, eV
PV 29 1.45 6.23 0.45 —5.61
PR179 1.47 6.58 0.45 —6.99
PR 149 1.30 7.20 0.27 —7.42
PR 178 0.52 7.61 0.08 —7.98
PR 189 1.22 7.19 0.25 —7.76
PR 190 0.82 7.92 0.55 — 8.22
PB 31 1.44 6.74 1.35 —17.16
PB 32 1.02 6.08 0.47 —5.53
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The most of calculated DF peaks agree well with
both experimental absorption data, measured for the
solid-state, and as well as for solutions, except a number
of molecules (PR 179, PR 190, PB 31, PB 32, around
2 eV), where the DOS maxima agree with the experi-
mental peaks instead of DF (Fig. 2).

4. CONCLUSIONS

We have performed the four-stage ab initio analysis
of eight PDI derivatives. All calculations were per-
formed using the ABINIT program. We initially opti-
mized the structure of all molecules. Then we have
obtained the electron energy spectrum of eight mole-
cules within the framework of the DFT-GGA theory. We
found that obtained band gaps FEg lie in the range from
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ExcuronHi B1acTupocTi 0AapBHHUKIB HA OCHOBI IepuIeH-TUIMiaiB

C.B. Cupotiok, 10.B. Krcko

Hauionanvruii ynisepcumem "JIvgiscora nonimexnika”, eyn. C. banodepu, 12, 79013 Jlveis, Ykpaina

IIs1 mpars npucBsiyeHa KOMILJIEKCHOMY BUBUEHHIO €JIEKTPOHHUX BJIACTUBOCTEN BOCBME MOJIEKYJI B paM-
Kax Teopil gyHKIrioHaaa moBHOI eslekTporHol rycturu (DFT), imnnemenToBamoi y mporpami ABINIT. Ilep-
Wil eman Po3paxyHKIB TPYHTYEThCA Ha HAINBJIOKAIbHOMY BapianTi minxoxy DFT, axuit mepenbadae sacto-
CyBaHHS y3araJIbHEHOTO IPadieHTHOro QyHKIIOHAIA AJIs 00MIHHO -Kopeamiiaoi ereprii (GGA). Omrumisa-
I[iA CTPYKTYPH MOJIEKYJI BUKoHaHa B pamirax teopii DFT-GGA. Ha dpyzomy emani GyJia po3paxoBaHa eJIeK-
TPOHHA CTPYKTYpPa MOJIEKYJI B OCHOBHOMY cTaHl. Tpemiii eman moJisiraB y BU3HAYEHHI POJII CTATUYHOI B3ae-
Moii eJIeKTpoHA ¥ JIPKU y (DOPMYBAHHI IIapaMeTpiB eJIeKTPOHHOI0 eHepreTUYHOro crekrpy. Heobxigua mis
#ioro peasisarii dyskiia ['pina OymyBasachk Ha BJIACHUX €HEPTrifX 1 XBUJILOBUX (PYHKIIIAX, SHAUIEHUX Ha
nomepegubomy ertamiy dopmasiami DFT-GGA. Merox dynxiii ['pina mos3Bosisie oTpUMaTH eHeprii KBasidac-
THHKOBHUX 30yKeHb 3 ypaxXyBaHHSIM eJIEKTPOHHO-IIPKOBOI B3aeMo/ii, Axka He BpaxoByeThea y mimxomi DFT-
GGA. KBasivacTHHKOBI eHeprii OTpUMYIOTbCS y IIEPIIOMY IOPSAOKY 30ypeHHsa dynkiii ['pina, TobTo y Ha-
ommxenni GW. Yemeepmuii kpox HAILIOTO AOCTIIMKEHHS IIOJIATAB Y BUACHEHHI POJI JUHAMIYHOI B3aeMOMil
eJIeKTPOHA ¥ MIPKU Y (pOpMYyBaAHHI ONTHYHUX KOHCTAHT 3 YpaxyBaHHSIM eKCUTOHHUX edekTiB. Bin O0yB peasi-
30oBaHU 3a mgomoMorow piBHaHHs bBere-Comamirepa (BSE), mapamerpu skoro OyayBaimch Ha OCHOBI
PO3B’A3KIB, OTPUMAHMX HA IIONEPeaHIX eramax. BeraHoBaeHo, o0 HaliMeHIIe 3HaYeHHa Eg, 3HalimeHe B Ha-
ommxenni GGA, mae mosexyima PR 178, a B mabamxernni GW iioro madysae moserysna PB 32. @opmasriam
BSE npusoguth 10 HaiiMeHInoro suadeHusa Eg niua monexkysmu PR 178. Haiibinbme snavenus E, y migxomi
GGA mae monexysa PR 179, y dopmamiami GW — mosekysaa PR 190, y teopii BSE — monmexyna PB 31. Bu-
siBJIeHO, 110 3Hakmeni y miaxoni GGA 0.52 < E, < 1.47 eB, y nabnuskenni GW 6.08 < E; < 7.92 eB, y dopma-

mismi BSE 0.08 < E, < 1.35 eB.

Knrwouosi ciosa: Ilepunen, Juivmin, Bapsauku, Ksasiuactuaku, GW, BSE.
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