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Abstract

For the first time, the hole mobility values for benzo[f]- and naphtho[1,2-f]-annelated
[1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxalines were determined experimentally by us-
ing the space-charge-limited current method. Analysis of the X-ray diffraction data
for naphtho[1,2-f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxaline revealed significant 71—
7t stacking, which may be attributed to enhanced electron mobility. These findings
are further supported by the observed low hole conductivity values, which reached
4.10 x 10~ cm?-V~1.s71. Therefore, polycyclic compounds based on the furazano[3,4-
b]pyrazine core can be considered a convenient scaffold for developing both electron and
hole transport materials in various organic photovoltaic devices.

Keywords: furazano[3,4-b]pyrazines; 1,4-diazatriphenylenes; polycyclic systems; organic
semiconductors

1. Introduction

In the past decade, organic electronics has emerged as a groundbreaking tech-
nology that leverages the unique structural and functional properties of carbon-based
semiconductors [1]. Unlike traditional inorganic semiconductor materials, such as silicon or
metal-oxide systems, organic electronic materials made from small molecules or polymers
offer several advantages. These materials often exhibit mechanical flexibility, biocompatibil-
ity, solution-based process ability, and the capacity to tune optoelectronic properties through
careful molecular design. Today, modern organic electronic materials are used in a wide
variety of applications, including wearable sensors, foldable displays, biointegrated de-
vices, and systems for sustainable energy generation and storage [2-7]. (Hetero)polycyclic
aromatic hydrocarbons belong to the family of planar conjugated compounds and can be de-
scribed as heterocyclic analogs of discrete sections of graphene sheets, making them particu-
larly interesting for organic electronic applications [8-11]. A noteworthy compound in this
area is 1,4-diazatriphenylene, also known as dibenzolf,i]quinoxaline, along with its hetero-
fused analogs [12-14]. These polycyclic nitrogen-containing heteroaromatic compounds
are characterized by fully conjugated frameworks that are forced to be planar and feature
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threefold rotational symmetry. They have become essential building blocks in advanced
materials chemistry and various optoelectronic devices, functional coordination polymers,
and energy storage systems. Among the hetero-fused analogs of 1,4-diazatriphenylene, the
most promising derivatives are those based on the [1,2,5]oxadiazolo[3,4-b]pyrazine scaffold,
also known as furazano[3,4-b]pyrazine [15-20]. Recent research studies have demonstrated
a high potential for using push—pull (I and II) and polycyclic (III) systems of the family
of furazano[3,4-b]pyrazines as electron and (Figure 1) hole transport layers in organic
light-emitting diodes (OLEDs) and perovskite solar cells [21-23]. Notably, the best mea-
surement data obtained for dibenzo|f,h]furazano[3,4-b]quinoxalines (III) in thin films have
indicated a level of experimental hole mobility of approximately ~10~* cm?-V—1.s~1 [23].
It was suggested that the widely used and commercially available 2,2',7,7'-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-MeOTAD) has a hole mobility
of 8.5 x 1077 em~2.V~1.s~! (Figure 1) [24]. However, more recent experimental data pre-
sented in the review [25] show that the hole mobility of Spiro-MeOTAD is on the order of
10~* em~2.V—1.s71. Therefore, the hole mobility values obtained for polycyclic systems
(ITI) can be considered comparable to those for Spiro-MeOTAD.
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For hole transport layer of OLED For electron transport layer For hole transport layer
of perovskite solar cells of perovskite solar cells

OCH;
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Benzo[f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxaline
derivatives

OCH;
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Figure 1. Representative organic semiconductors based on the previously obtained furazano[3,4-
blpyrazines and the standard hole semiconductor Spiro-MeOTAD.

In continuation of our research studies on this promising family of organic semicon-
ductors, we present this communication with the data on the experimental evaluation
of hole mobility values for benzo[f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxaline and
naphtho[1,2-f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxaline. These values were deter-
mined experimentally by using the space-charge-limited current method. Additionally, we
have analyzed the X-ray diffraction data for these polycyclic compounds to help rationalize
our findings.

2. Materials and Methods

All reagents and solvents were obtained from commercial sources and dried before
use according to standard procedures. Molybdenum(VI) oxide (MoO3) (>99.5%) was
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purchased from the company Khimkraft (Russia, Kaliningrad, https:/ /xn--80apghvnnc.
xn--plai/, 25 May 2026). Aluminum was purchased from Component-Reaktiv (Rus-
sia, Moscow, https:/ /www.component-reaktiv.ru/, https:/ /xn--80apghvnnc.xn--plai/,
25 May 2026). Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS,
1.48% aqueous dispersion) was purchased from BLD Pharm (China, Shanghai, https:
/ /www.bldpharm.com/products/155090-83-8.html, https:/ /xn--80apghvnnc.xn--plai/,
25 May 2026).

Compounds 4a and 4b have been synthesized (Scheme 1) through the procedure
described earlier [22].

B(OH),
Pd(PPhg3)y,
— K3POy, —
S _ N N S

N__N 1. CF,COOH, 1t, 3h
P -

2. KsFe(CN)g, NaOH, rt, 24 h /
EtOH - H,0 (1:5)

Intramolecular SyM-reaction

| - 2a.b reflux, 15 h
Br I 0 , i
< =N 1,4-dioxane @
Suzuki cross-coupling
3a, 53%;
3b, 65%

Scheme 1. Synthesis of benzo[f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxaline derivatives (4a,b).

The general details of the X-ray experiment as well as fabrication and characterization
of hole-only devices, analytical equipment and methods are provided in the Supplementary
Materials.

3. Results
3.1. Synthesis and X-Ray Diffraction Data

In a previously developed strategy that combines nucleophilic aromatic substitution
of hydrogen (Sy') and transition metal-catalyzed cross-coupling reactions [26], we have
successfully designed and synthesized for the first time novel heteropolycyclic systems
of the family of benzo[f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-h]quinoxaline. Their synthe-
sis was based on using the readily available starting material, 5-(2-bromothiophen-3-yl)-
[1,2,5]oxadiazolo[3,4-b]pyrazine (1). This compound undergoes the Suzuki cross-coupling
reaction with the corresponding boronic acids, followed by an intramolecular SyH-reaction,
resulting in the target products 4a,b in yields up to 94% (Scheme 1) [22].

While the purity and structure of products 4a,b were established previously through
'H and '3C NMR spectroscopy and elemental analysis, this study allowed us to obtain the
X-ray diffraction data for a single crystal of 4b. According to the XRD data, compound
4b crystallizes in the centrosymmetric space group of the monoclinic system. The general
geometry of the molecules is shown in Figure 2a. The molecule 4b is planar within 0.150 A.
The bond distances and angles in the molecule are close to the expected values. The
molecular packing in the crystal is layered; the molecules are oriented in the plane (102)
(Figure 2b). Between molecules 4b, shortened contacts are observed with the distance
between planes of the nearest molecules approximately 3.4 A and shortened interatomic
C...C contacts 3.36 A (Figure 2c), which are typical for polycyclic compounds bearing
the furazano|3,4-b]pyrazine core [20,23], and are close to the layer distance in graphite
(3.35 A) [27]. This is characteristic of a pronounced 7t—mt interaction between two aromatic
fragments. In fact, very poor solubility was observed for 4b, thus indicating strong 7t—7
interactions [28]. All these findings suggest that polycyclic compound 4a may also possess
strong intermolecular 7t—7t stacking interactions.
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(b)

Figure 2. (a) ORTEP of 4b with thermal ellipsoids at the 50% probability level; (b) molecular packing
for 4b in the plane (102); (c) fragment of stack with interfacial distances in A.

3.2. Photophysical and Charge Transport Properties

(Hetero)polycyclic compounds 4a,b are red-brown, non-luminescent solids with ab-
sorption maxima ranging from 255 to 440 nm (Table 1). Keeping in mind information con-
cerning the data of electrochemical studies regarding frontier orbital energies and the charge
transport properties of [1,2,5]oxadiazolo[3,4-b]pyrazine derivatives (I-III) [21-23], hole-
only devices with an ITO/PEDOT:PSS/Polycycle 4a (or 4b)/MoOj3 (25 nm)/ Al (100 nm)
structure were fabricated (Figure 3a,b). These devices were employed to investigate charge
carrier mobility using the space-charge-limited current (SCLC) method. The hole-only
device is typically constructed as a sandwich with a hole transport layer positioned between
two electrodes. In this device, glass slices are used as the substrate, indium tin oxide (ITO)
serves as the anode, and aluminum (Al) functions as the cathode [29]. The polymeric com-
pound, namely poly(3,4-ethylene dioxythiophene)/poly(styrene-sulfonate) (PEDOT /PSS),
which has a work function of approximately 5.1 eV, acts as a conducting layer that enables
hole injection into the HOMO of an electron-donating organic material with a similar work
function of about ~5.5 eV [30]. MoOj3 serves as a hole-transporting/electron-blocking
interlayer with a work function of approximately —5.3 eV [31]. This value is signifi-
cantly lower than the lowest unoccupied molecular orbital (LUMO) energy of polycyclic
compounds 4a and 4b, which is around —4.2 = 0.1 eV (Table 1) [22]. As a result, this dif-
ference effectively prevents electron injection into the device. When a sufficient voltage is
applied to the hole-only device, hole transport through the polycyclic compound 4 film
becomes limited by the accumulated space charge. In this case, the space-charge-limited
current can be described by the well-known Mott-Gurney equation, which describes the
current—voltage relation (see Equation (1)) [32],

_ 9o,y V2

J 8L3

)
where g is the vacuum permittivity, &, is the permittivity of the electron-donating organic
material (e, = 3), py, is the hole mobility, V is the applied voltage, and L is the thickness of
the electron-donating organic material layer. In the calculations of charge carrier mobility,
the applied voltage (Vapp1) is corrected for the effect of the “build-in field”, V = Vap51—Vpi,
where Vy,; (build-in potential) is the difference between the work functions of PEDOT:PSS
and Al. The current-voltage curves for the fabricated devices are displayed in Figure 4a,b.
According to Equation (1), current density is proportional to the square of the voltage
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(J~V?). To linearize this quadratic relationship, we plotted the experimental data in the
coordinates of J/2 versus Vapp1=Vbi- The resulting linear behavior confirms the validity of
the Mott-Gurney model and enables the direct calculation of carrier mobility (y,) from the
slope of the line. The high quality of the linear fit (R? > 0.99) highlights the reliability of the

extracted parameters.

Table 1. Optical, electrochemical L and hole mobility data for benzo[f][1,2,5]oxadiazolo[3,4-
b]thieno[3,2-h]quinoxaline derivatives (4a,b).

Aabs, I‘lm/ t t .1
Eox "¢ EReq ™ E E Hole Mobility
3 Ox ’ Red ’ HOMO-/ LUMO, el
Compound (ilx 107’1 eV eV eV eV Eg™ eV (cm?.V-1.5-1)
M-1.cm™1)
285/51.7
4a 295/62.5 1.05 —0.20 —-5.49 —4.24 1.25 4.10 x 107°
370/36.1
255/33.8
4b 315/14.9 - —-0.18 - —4.26 - 1.85 x 107
440/13.7
! The optical and electrochemical properties of compounds 4a,b were previously described in detail
in reference [22].
(a) -3.6 eV
-4.24 [-4.29 eV .43 eV
( ) PEDOT:PSS T
Al (100 nm) (Cathode) (C) 47eV
7 ) —_— 4a (75 nm)/
MoO; (25
: D) ITo 4b (125 nm)
b) 4a (75 nm) / 4b (125 nm) -5.1eV -5.3 eV
( PEDOT:PSS MoO,
-5.49 eV
ITO (Anode) }
Glass
Figure 3. (a) Photo of hole-only device cells; (b) the basic structure of the hole-only device; (c) the
energy structure of the hole-only device.
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Figure 4. The dependences '/ V for a hole-only device based on 4a (a) and 4b (b).
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Based on the current—voltage characteristics, the drift mobility of the device using
polycyclic compound 4a was measured to be 4.10 x 1072 cm?-V~!.s~1. In contrast, com-
pound 4b exhibited a significantly higher charge carrier mobility of 1.85 x 1076 ecm?2/V-s,
nearly three orders of magnitude greater than that of 4a. The significant increase in charge
carrier mobility upon moving from compound 4a to 4b appears to be attributed to the struc-
tural features of polycyclic systems. Modifying the structure by introducing an extended
naphthalene bicyclic system in place of the benzene ring expands the 7-conjugated system,
which may facilitate more efficient delocalization of charge carrier wave functions and
reduce the internal energy of molecular reorganization upon their transition to a charged
state. Additionally, the expansion of the aromatic framework is likely to have a significant
impact on the supramolecular organization in the solid phase. The published data [33-35]
on similar condensed heterocyclic systems indicate that an increase in the area of the
planar scaffold promotes a change in the geometry of intermolecular packing within thin
films. Specifically, this change involves a transition from a less efficient herringbone-type
packing to a denser layer-by-layer m—m stacking arrangement. The closer alignment of
molecular planes and the increased overlap of orbitals between adjacent molecules sub-
stantially reduce the energy barriers for charge transport within the semiconductor bulk.
This is evidenced by a notable increase in macroscopic drift mobility, as measured by the
SCLC method.

The energies of the highest occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO) play a critical role in determining the electronic and
conductive properties of materials. There is a direct relationship between the types of
charge carriers in organic thin-film transistors and the experimentally measured levels of
frontier molecular orbitals [36]. The literature indicates that materials with a LUMO energy
lower than —3.15 eV and a HOMO energy higher than —5.60 eV can demonstrate both
p-type and n-type (ambipolar) semiconductor behavior [36].

As shown in Table 1 and reference [22], benzo|f][1,2,5]oxadiazolo[3,4-b]thieno[3,2-
h]quinoxalines (4a,b) are expected to exhibit typical ambipolar semiconductor properties
based on their HOMO and LUMO energies. This expectation is indirectly supported by
the sharp decrease in p-type conductivity to approximately 10~ em?-V~1.s~1. Unfortu-
nately, we were unable to obtain experimental data on the electron conductivity of these
compounds due to a lack of technical resources.

4. Conclusions

The hole mobility values for thin films made from benzol[f][1,2,5]oxadiazolo[3,4-
b]thieno[3,2-h]quinoxaline derivatives were experimentally determined for the first time
by using the space-charge-limited current method. The analysis of X-ray diffraction data,
along with the energies of the HOMO and LUMO for naphtho[1,2-f][1,2,5]oxadiazolo[3,4-
b]thieno[3,2-h]quinoxaline revealed significant m—m stacking, which strongly contributes
to its electron conductivity. However, it demonstrated a very low hole conductivity, in
the range of approximately 107 to 1072 cm?-V~1.s~1. This value is considerably lower
than that of commonly used commercial hole transport materials, such as Spiro-MeOTAD.
We believe these results suggest that polycyclic compounds based on the (hetero)fused
furazano[3,4-b]pyrazine scaffold could serve as effective hole transport materials, as has
been observed with previously described dibenzolf,h]furazano[3,4-b]quinoxalines. Addi-
tionally, these compounds may provide a framework for designing new n-type semicon-
ductors. However, this claim requires further research and experimental validation.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/electronicmat7030024/s1, Table S1: Optical micrographs of the
surface of thin films of compounds 4a and 4b in different imaging modes, References relating to the
Supplementary Materials file [37-39].
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