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Abstract

We have recently reported the role of methoxy substitutions on the optoelectronic
properties of two new series of carbazole-bridge-carbazole compounds (bridge =
carbazole, phenyl) by varying the number of methoxy groups from 0-4 per carbazole unit.
Here, we report the effect of molecular shape (linear versus V-shape), number and linking
topology of the methoxy-substitutions on the hole-transport properties of these molecules.
The results indicate a delicate balance between the positive and negative effects depending
on the substitution topology and the nature of the bridge. It is found that, unlike recent
findings from our groups, the methoxy substituents in these compounds reduce the hole
mobilities due to the enhanced molecular polarity, a detrimental effect which can be
importantly reduced by designing linear D-A-D architectures. The differences in the
geometries of the new compounds and their hole transport properties as a function of the
nature of the bridge, number of methoxy groups and the substitution topology are explained
in terms of the different symmetry of HOMO and HOMO-1 of the carbazole units, which
interact very differently with the methoxy substituents and the bridge (carbazole or phenyl).
The pros and cons of using-versus-avoiding methoxy groups in order to improve the hole

mobility of the new compounds are discussed with regard to the targeted application.
1. Introduction

In the domain of organic electronics, the design of new organic semiconductors progresses
through the introduction of new architectural concepts, based on known and/or new
building groups. The properties of the building groups can subsequently be fine-tuned
through linking of different small groups instead of hydrogens atoms. Among numerous
well-known building blocks, we focus here on the carbazole due to its excellent hole-
transport properties, as well as its remarkable thermal, optical, photochemical,
and chemical stability. Such accumulation of interesting properties makes carbazole-based
materials one of the preferred choices as active material in a variety of organic electronic
devices such as organic light-emitting diodes (OLEDs)'* and solar cells.>® Moreover,
carbazole-based materials can be easily functionalized by several substituents to modulate

9-10

their optical and electronic properties. For instance, carbazoles commonly


https://www.sciencedirect.com/topics/chemistry/chemical-stability

functionalized through C3,C6-, C2,C7-, and N-9 positions have been reported for

1-13 and photovoltaic devices.!*!” However,

application in organic light-emitting diodes
each introduced substituent is expected to induce more than only one effect, thus tuning
simultaneously, sometimes in an undesirable way, several properties of carbazole such as
its redox, optical, charge-transport, and photovoltaic properties. The overall result then
depends on the weight of each effect, which in turn depends on the nature of the molecular
core, linking topology, and the number of substituents. In the following discussion, we
focus on the effect of the methoxy group on the hole-transport properties of carbazole-

based compounds, given their extensive use in tuning the material properties used in

organic electronics.

Several studies have reported the effect of the methoxy groups on the hole-transport
properties of amorphous compounds in general'®2* and in carbazole-based ones.?>2°
However, while the substitution pattern has shown to significantly affect these properties,
no systematic analysis of these substitutions on the hole-transport properties of these
compounds has been done. The number of methoxy groups per carbazole unit, also
allowing fine-tuning the target properties, has not yet been addressed in a systematic way.?’
The presence of four methoxy groups per carbazole unit, for instance in positions C2, C3,
C6, C7 is expected to prevent their free orientation, hence reduce the disorder stemming
from this effect, but at the same time is expected to significantly affect the local

electrostatic polarizations, thus increase the density of states (DOS) for the charge transport

and reduce their mobility.

From a general standpoint, it is important to highlight that increasing of charge mobility of
semiconductors constitutes the main targeted property in order to increase the device
performances. This is particularly true but quite delicate in the case of perovskite solar cells
(PSC), where huge research efforts are focused on replacing spiro-OMeTAD by new hole
transporting materials (HTM) exhibiting larger hole mobility. Indeed, recently Sallenave
et al.?® showed that just replacing methoxy groups of spiro-OMeTAD by methyl groups
(spiro-MeTAD) resulted in a significant increase in hole mobility by more than five times,
but maintains the photovoltaic performances of PSC slightly lower as compared to spiro-

MeTAD-based PSCs, thus pointing to the dominant importance of perovskite-HTM



interface properties and to the special role of methoxy groups in this regard. Replacing the
methoxy groups in order to increase the hole mobility of semiconductors should
consequently be considered with care when it comes to use the new materials as HTMs in
PSCs. A good strategy could then be to keep the methoxy groups in the molecules but play
with the molecular-design architecture in order to avoid the detrimental effect of the

polarity associated to the methoxy groups.

In an aim to obtain deeper insight on these aspects, we have recently reported on six new
donor-acceptor-donor (D-A-D) type compounds containing methoxy-substituted
carbazoles as donor fragments, linked to phenyl and carbazole bridges (acceptors) in a
linear (para-phenyl) or V-shape (3,6 positions of carbazole) architectures.?” The lateral
carbazole fragments of both compounds contain 0-4 methoxy groups linked at the C2, C3,
C6, C7 positions. The new compounds (reported hereafter as C1-C4 and P1-P4 for the tris-
carbazole- and phenyl-biscarbazole-based series respectively, see Scheme 1) showed
interesting differences in the redox and photophysical properties, mainly due to the absence
and presence of molecular dipole moments in the case of linear- and V-shape D-A-D
molecular architectures, respectively. Upon methoxy substitutions, interesting dependence
of photophysical properties on the number and linking position of the substituents were

also observed.?’

Here, we report the effect of the number and linking topology of methoxy groups on the
charge mobility of compounds C1-C4 and P1-P4, given their potential use in OLED or
PSC applications. To this aim, we apply a series of experimental and density functional
theory (DFT) methods to address the structure-property relationship of these compounds.
The results indicate strong dependence of the hole mobility on both the linear versus V-
shape D-A-D architecture, as well as the number and linking topology of the methoxy
substitutions. In agreement with previous reports,'? the methoxy groups are found to have
an important role on the hole mobility by means of a subtle interplay between two
counteracting effects: the positive effect (mobility increase) due to an increase in the
strength of intermolecular interactions, and the negative effect (mobility decrease) due to

an increase in the molecular (and bulk) polarity.
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Scheme 1. Molecular structures of the carbazole trimers with N-ethylcarbazole C1-C4 or

phenyl P1-P4 core.
2. Experimental section
2.1 Synthesis

The compounds C1-C4 are synthesized as previously described?’ from the reaction of
carbazole derivatives, Cul, and 18-crown-6 in a solution of N-ethyl-3,6-dibromocarbazole
in dry DMF. Similarly, Compounds P1-P4 are synthesized by adding carbazole derivatives,
Cul, K3POs4, and trans-1,2diaminocyclohexane in a solution of 1,4-diiodobenzene in

dioxane.

2.2 Hole mobility measurements
Time of flight method (TOF)*® and carrier extraction in linearly increasing voltage
(CELIV)*' methods were exploited for the charge carrier mobility (i) measurements of

vacuum deposited layers. Both TOF and CELIV experimental setups consisted of a pulsed



Nd:YAG laser (EKSPLA NL300), a Keithley 6517B electrometer, a Tektronix TDS 3052C
oscilloscope and functional generator AFG3011C. To detect the onset of the laser pulse by
a DET10A/M Si based detector for synchronization with a digital storage oscilloscope
Tektronix TDS 3032C, the light pulse was split into two beams. TOF photocurrent
transients at the different surface potentials (for detecting both holes and electrons) at the
moment of photogeneration were recorded by an oscilloscope. The transit time (tt) with the
applied bias (V) indicated the passage of charges through the entire thickness (d) of the
samples. TOF hole mobility was calculated as u=d*U-tt. CELIV hole mobility was
calculated as: p=2d?*/Atmax’, where A=U(t)/t is the voltage rise rate; tmax is the time for the
current to reach its extraction maximum peak (seen as the maximum on photo-CELIV

transient pulses in Figures 3b and S2); and d is the sample thickness.
2.3 Computational methodology

The optimized geometries and relevant energies of the carbazole derivatives were obtained
by means of density functional theory (DFT)?? calculations with the implicit consideration
of the dielectric (€) environment via the conductor-like polarizable continuum model*-3¢
(CPCM)/DFT in diethylether by using the range-separated ®B97XD?’ functional and the
6-31G** basis set. An iteration procedure described by Sun ef al.,>® was employed to tune
the range-separation parameter ®, by incorporating the solvent effect (diethylether,
£=4.12). Similar o values around 0.012 bohr™! was found for all compounds, which are
much smaller than the default value (0.2 bohr™!). The tuned-w*B97XD functional with a
constant value (m*=0.012bohr!) was used in this study for all compounds. Test
calculations with the default ®B97XD and B3LYP**- functionals were also performed for
comparison reasons. The intramolecular reorganization energies (4) of the compounds were
directly calculated from the adiabatic potential-energy surfaces (PESs) of the neutral
and charged species, following the usual practice.*! All calculations were performed

with the Gaussian09 software (Revision B1).4?

3. Results and Discussion

3.1 Structural and electronic properties



Inter-ring dihedral angles. The optimized ground state geometries of the compounds C1-
C4 and P1-P4 are shown in Figure 1a. The arrows drawn in compounds C2, C3, P2, P3
indicate the orientation of the methoxy groups corresponding to the lowest energy
conformer. The conformers corresponding to methoxy orientations along the opposite
directions with respect to those shown in Figure 1a are higher in energy by 2.4 kcal/mol in

the case of C2 and P2, and 2 kcal/mol in the case of C3 and P3.

The dihedral angles between the lateral carbazole units and the central core are in the range
of 86.5-89.4° and 70.0-89.1° for compounds C1-C4 and P1-P4 respectively. A detailed
analysis of the factors that determine these geometrical properties is provided in the Annex
I and Figure S1 in the Supporting Information (SI). The main conclusions from this analysis
highlight two aspects: (i) the large dihedral angles close to orthogonality are not dominated
by steric interactions but by inter-fragment interactions. (ii) The inter-fragment interactions
are dominated by the destabilizing 4-electron interactions as compared to stabilizing 2-
electron ones. In the case of C-series of compounds, the 4-electron interactions are weaker
at the orthogonal geometry, which explains the practically orthogonal inter-fragment
orientation in these compounds. In the case of P1-P4, the 4-electron interactions are
stronger at the orthogonal geometry, which explains the smaller dihedral angles for these
compounds. The rotational potential around the inter-ring bonds are almost flat between
70°-90°, see Figure 1b. These results suggest an important role of geometrical disorder on

the hole-transport of these compounds.

Molecular orbitals. A selected set of calculated molecular orbitals for compounds C1-C4
and P1-P4 corresponding to the highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO) are shown in Figure lc. The calculated
HOMO and LUMO energies of all compounds are tabulated in Table S1, Supporting
information (SI). AIl HOMOs are localized on the lateral carbazole fragments; whereas,
LUMOs are mainly localized on the central fragment (except for P1 and P2). One important
result here is that, the HOMO (HOMO-1) wave function distribution depends on the
positions of the methoxy-substitution on the carbazole moiety. The HOMO (HOMO-1)
wave function symmetry with respect to the plane of the central fragment indicates

symmetric orbitals for the non-substituted and 3,6-substituted compounds (C1, C2, P1, P2);



whereas, antisymmetric orbitals for the 2,7-and tetra-OMe substituted compounds (C3, C4,

P3, P4). A detailed discussion on this aspect of orbital symmetry can be found elsewhere.?

The important observation of HOMO wave function symmetry is the missing of the
through-bridge m-conjugation for most compounds. This could be related to the quasi-
orthogonal inter-ring geometry configurations resulting from our calculations. However,
while this factor can explain the absence of through-bridge m-conjugation in C1-C4
compounds, comparison between HOMOs of P1 and P4, both compounds exhibiting
identical dihedral angles of 84°, points to the impact of a symmetry mismatch between the

local HOMOs of the lateral carbazoles and the bridge.

From the energy point of view, degenerate HOMO and HOMO-1 were found for almost
all compounds, again due to the missing through-bridge =n-conjugation. Both the
degeneracy and the different symmetries of the HOMO and HOMO-1 across and between
the two series of compounds will have an important effect on the transport properties of

these compounds, as will be discussed in the following sections.

It is worth remembering here that the contribution of both lateral carbazoles, for instance,
in the HOMOs of C1-C4, is an artefact of the tendency of all DFT methods towards over-
delocalization of the molecular orbitals. In these cases, the degenerate HOMO and HOMO-
1 should be strictly localized only on the left and right carbazole moieties, respectively. On
the contrary, in the case of HOMO of P1 and P2, due to the collective effect of twisted
geometry (dihedral angle of 70° in P2) and local carbazole HOMO symmetry (symmetric
with respect to the phenyl plane), some orbital contribution from the bridge is obvious in
Figure 1c, making HOMO and HOMO-1 delocalized throughout the entire molecule. As
we will show later, this difference in HOMO distributions will be very important for the

discussion of the trends in the hole mobility of these compounds.

As expected, the increase of HOMO energies through C and P series of compounds can be
seen in Figure 1d, which stems from the (antibonding) conjugation between the oxygen
lone pair of the methoxy groups with the m-system of carbazole moieties. This effect is
larger for the 3,6-substituted compounds than the 2,7-substituted ones, due to the presence

and absence of HOMO coefficients at 3,6 and 2,7 positions in carbazole, respectively (see



Figure S1a). The cumulated effect of four methoxy groups in C4 and P4 is thus dominated
by the 3,6 substitutions.

Finally, we report here one result from our previous study on these compounds?® compared
to the non-substituted compounds C1 and P1, 3,6-OMe substitutions reduce the HOMO-
LUMO gap (redshift the lowest optical absorption band), whereas 2,7-OMe substitutions
increase it. In the case of tetra-OMe substituted compounds C4 and P4, some cancellation
of the two opposite effects occurs, the total result being only slightly dominated by the
impact from 2,7-OMe group.

Dipole moments. An important difference between the C and P compounds stems from
their different dipole moments. Owing to the V-shape of the triscarbazole, the dipole
moment of compound C1 is larger than the free carbazole (6.6 and 2.5 Debye for
triscarbazole and carbazole, respectively). Compared to the unsubstituted compound C1,
the presence and orientational freedom of methoxy groups in C2 and C3 results in a large
disorder in dipole moments, peaking at roughly 11 Debye in the case of compound C3. On
the contrary, the linear D-A-D linking in P1-P4 compounds results in zero net dipole
moment for all these compounds due to the total cancelation of the local carbazole dipole
moments. Consequently, the impact of the substitution topology on the hole transport

properties of these compounds is expected to be different for C1-C4 and P1-P4 series.
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Figure 1. (a) Optimized ground state geometries of compounds C1-C4 and P1-P4. The numbers correspond
to the dihedral angles (®, in degree) between the lateral and central groups. (b) Evolution of the ground state
energy of compounds C1 and P1 as a function of the inter-ring dihedral angles. The results are obtained by
means of scan calculations with full geometry optimization at each point. The energy corresponding to
dihedral angle of 90° is taken as energy reference for each molecule. (c) Representations of HOMO-4 through
LUMO orbitals corresponding to compounds C1-C4 and P1-P4. All results were obtained at CPCM-tuned
®B97XD/6-31G(d,p) level by considering diethylether (€=4.24) as a polarizable medium (solvent effect). (d)
Evolution of the HOMO energy of compounds C1-C4 and P1-P4 (where X = C, P).

3.2 Charge transport properties

Time of flight (TOF)*® and carrier extraction in linearly increasing voltage (CELIV)?*!
measurements were used to estimate the charge-transport properties of vacuum deposited
films of compounds C1-C4 and P1-P4. The corresponding electric field dependencies are
shown in Figure 2, indicating hole-mobility values ranging between ca. 8.5x107-2.8x1073
cm?/Vs (at electric fields of 0.5x10° - 5.5x10° V/cm). The hole transit times for the C and
P compounds were well seen on log-log plots of TOF transients which displayed even low
dispersity of hole transport for compounds C2 and P2 (Figure 3a and Figures S2 & S3). On
photo-CELIV transient pulses, the maximum required mobility values by CELIV were also
well seen (Figure 3b and Figure S2). TOF measurements at different electric fields and
temperatures were also conducted, allowing to deduce several parameters in the framework

of Gaussian disorder model (GDM),* according to the following equation:
26 . !
1= 1y exp[-(5)1explC(6” ~T*)E ]

(1)
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Here, G = o/kT, , 0 1s the energy width of the hopping site manifold, ¥ is the positional
disorder, and C is a constant. Additional details can be found in Annex II, SI.
The results are plotted in Figures S4-S6, whereas a set of hole mobility parameters deduced

from these measurements as previously described by Mimaite et al.'® are summarized in

Table 1.

CELIV:
C1
Cc2
C3
C4
P2
P3

Mobility (cm?/Vs)

0O 200 400 600 80 1000
E12 (V/Cm)1/2
Figure 2. Electric field dependence of the hole and electron drift mobility for the layers of
compounds C1-C4 and P1-P4 at room temperature. The samples for the measurements

were prepared by the vacuum deposition technique.
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Figure 3. TOF (a) and Photo-CELIV (b) current transient pulses of holes for the layer of
C1 at different electric fields at room temperature. Insert: Darck-CELIV and photo-CELIV

current transient pulses at the voltage rise rate (A) of 10° V/s.

Table 1. Time of flight (TOF) hole mobility parameters2 (y, po, 6 , ) of the vacuum
deposited layers of compounds C1-C4 and P1-P4 along with the HOMO energies (Enomo),
dipole moments (DM) in the ground state of the neutral species, isotropic polarizabilities
(o), and intramolecular reorganization energies (4) for hole transport obtained at the
CPCM-tuned ®B97XD/6-31G**in diethylether.

Cmpd Enomo 4 DM a u (104 Lo c )
" eV meV Debye Bohr’ cm?V's! com?V's! meV
Cl -5.57 385 6.6°/2.2¢/3.84 585 7.3 0.138 125 3.6
C2 -5.11 233 2.7° (8.6)b / <2°¢ 585 1.5 0.861 138 3.6
b b c

C3 591 194 1 (2'13;.6/(111'2 / 592 0.45 0.056 136 33
C4 -494 194 7.0°/1.7¢/2.9¢ 618 0.17 0.023 138 3.3
P1 -5.66 260 0.0° 418 - - - -
P2 -5.16 196 0.0° 454 6.4 0.051 107 2.9
P3 -529 192 0.0° 448 24 0.016 98 1.6
P4 -5.02 195 0.0° 482 0.9 0.022 126 39

®Hole and electron mobility values measured at electric field of 6.4x10° V/em.

"Theoretical estimations for the dipole moments of compounds C1-C4. The two sets of dipole
moments for compounds C2 and C3 correspond to two opposite orientations of methoxy groups in
each carbazole unit; the values in parentheses correspond to the less stable conformer (by roughly
2.4 and 2.0 kcal/mol for C2 and C3, respectively).

*Experimental values of dipole moments for compounds C1 — C4 as determined by using Bakshiev
polarity function.** See Annex III (SI) for details.

dExperimental values of dipole moments for compounds C1, C3, C4 as determined by using

Lippert-Mataga plot.**7 See Annex III (SI) for details.
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31G** “in diethylether” level, (d) energy disorder parameter, o, (e) dipole moments, (f) isotropic
molecular polarizabilities, o, across the series of compounds C1-C4 and P1-P4 (where X=C, P)
and (g) relative total energies and dipole moments corresponding to different methoxy orientations
in the dimethoxy-substituted free carbazole. The parameters p, o, and ¢ were deduced from TOF
measurements at different electric fields and temperatures. The lines have no physical meaning and

are only guides for the eye.

As a preliminary conclusion on these results, we highlight the better charge transport of P
compounds as compared to C ones, and the decrease in the hole mobility of the methoxy-
substituted compounds C2-C4 as compared to the non-substituted C1 compound (Figure
4a). The missing hole mobility for compound P1 prevents us to make a similar comparison

in the P series of compounds.

3.2.1 Polarity versus intermolecular interactions

In order to understand the trends of the hole mobility in these compounds, we discuss firstly
the competition between two effects, the polarity of the compounds and the strength of the

intermolecular interactions between adjacent molecules.

Firstly, we focus on the polarity factor. It is well established that, as dipole moment disorder
and in general the polarization power increases, the energy disorder parameter ¢ increases
and the charge mobility decreases.?!?* *¥-4 (See Annex IV for a quick sketch on the logical
correlation between dipole moments and the charge mobility). The theoretical and
experimental estimates of dipole moments are shown in Table 1, indicating similar trends
in the order C3 > C4 > C1 > C2. Since all triscarbazole-based compounds C1-C4 exhibit
considerable dipole moments, ranging from 2.2 to more than 11.2 Debye (Table 1), the

polarity factor is expected to significantly affect the hole mobility of compounds C1-C4.

The presence of dipole moments in C1-C4 compounds is due to three contributions: (i) the
presence of small dipole moments in each carbazole core (ca. 2.1 Debye); (ii) the impact
of the polar methoxy groups; and (iii) the V-shape of compounds C1-C4 (Scheme 1), which
enhances the dipole moment of the triscarbazoles by adding the contributions stemming

t.29

from each fragment.” Compared to C1-C4, compounds P1-P4 exhibit zero net dipole

15



moments as a result of the linear D-A-D molecular architecture; thus, it is anticipated that
their hole mobilities should remain almost unaffected from polarity changes. Based on the
differences in dipole moments, better hole transporting properties should be expected for
compounds P1-P4 as compared to C1-C4, which seems consistent with the experimental

results.

With regards to the interaction energy (IE) factor, it has been recently reported that strong
intermolecular interactions can help reducing the intramolecular geometrical disorder, thus
reducing the HOMO energy distribution (disorder) and increasing the hole mobility.!* Note
that the IE factor becomes important only when HOMO 1is delocalized over different
molecular fragments, in which case geometrical deformations could play a role for the

HOMO energy disorder.

The methoxy groups have the potential to induce both effects, i.e., increase the dipole
moments and increase the intermolecular interaction energy.!® The global result should
then depend on the weight of each factor in a given molecule. The decrease of the hole
mobilities in the case of methoxy-substituted C2-C4 compounds as compared to the non-
substituted compound C1 indicates that, in terms of the two factors mentioned above, the
effect of increased dipole and polarization disorder induced by methoxy groups is
dominating over the effect of increased intermolecular interaction strength. As shown
above, this stems from the strong HOMO localizations on the carbazole moieties alone (see
Figure 1c), making HOMO energy almost insensitive to the changes in dihedral angles,
hence insensitive to the impact of the interaction strength on the geometrical and energy
disorder. In the case of P compounds, we are unable to make a similar discussion due to

the lack of the hole mobility value for the unsubstituted compound P1.

3.2.2 Disorder versus polaronic hole transport

We now turn our attention to the impact of the polaronic transport on the hole mobility of
these compounds. In the framework of GDM model (equation 1), the potential contribution
of the polaronic hole transport to the hole mobilities can be deduced from the zero-field

hole mobility parameter, Lo (Table 1 and Figure 4b). This parameter basically depends on
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the molecular parameters such as reorganization energy and transfer integrals between the
adjacent molecules. As collected in Table 1, large i values in the range of ~0.02-1 cm? V-
!5l suggests molecular parameters suitable for hole transporting materials. Interestingly,
the po value of compound C1 (0.138 cm? V! s71) is larger than those of compounds C3, C4,
P2-P4 (in the range of 0.016-0.056 cm? V! s!), despite its much larger intramolecular
reorganization energy (385 meV for C1 and 192-260 meV for P-compounds). This
dichotomy is consequently intriguing, suspected to stem from the differences in the
electronic couplings between HOMOs in adjacent molecules. Indeed, in the solid films of
these compounds, large deviations from the quasi-orthogonality of the interring dihedrals
could be predicted, given that interring torsion barriers smaller than 1 kcal/mol were found
for all compounds between 65-90° (Figure 1b). Because of the orbital- symmetry
differences discussed above, a space extension over the whole molecular backbone can be
expected in the case of HOMO of C1 (symmetric with respect to the central carbazole
plane), but not in the case of C3-C4 and P3-P4 (antisymmetric). Accordingly, in the case
of C1, we would expect larger potential for efficient HOMO-HOMO overlaps and

electronic couplings, which could explain the large po value of C1.

Despite the favorable molecular characteristics suggested for all compounds by the o
values as tabulated in Table 1, much smaller hole mobilities (n) (i.e., by 102-10 times
smaller) as compared to po were deduced from TOF measurement, indicating hole transport
is being dominated by other factors as compared to the previously discussed ones. Indeed,
the comparison between Figure 4a (u) and Figure 4b (uo) clearly indicates strong
discrepancies between the evolutions of the two parameters (1 and o) across the series of
compounds. The evolution of the theoretical intramolecular reorganization energies (A,
Figure 4c) supports the experimental results only for the C series but fails to explain the
trend of n in the case of P compounds (Figure 4a) and the trend po (Figure 4b) in the case
of C compounds. Similarly, efforts to estimate somehow the strongest transfer integrals in
the case of compound P2 in crystalline state result in small values (ca. 7 and 17 meV, see
Annex V, SI), supporting the idea that the transfer-integral variations in the amorphous
films of C1-C4 and P1-P4 should be unable to explain the corresponding trends of the hole

mobilities. It can be safely concluded from the above comparisons that the contribution of
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the intramolecular reorganization energies and of the transfer integrals between adjacent
molecules (polaronic transport) to the hole mobility trends in the solid films of compounds
C1-C4 and P1-P4 is negligible, which, as shown below, is directly pointing to the

dominance of other phenomena in the hole mobility values.

Energy disorder parameter (c). We now turn our discussion to the effect of methoxy
groups on the energy disorder parameter (o). As can be seen from Table 1, energy disorder
parameter increases by ca. 10-13 meV for methoxy-substituted C2-C4 compounds as
compared to the unsubstituted C1 compound, indicating negative global effect of the OMe
groups. Intriguingly, the o values remain almost constant for C2-C4 (Figure 4d), despite
the strong variations in their dipole moments (Figure 4e). Both findings indicate that: (i)
the geometrical deformations affect very weakly the HOMO energy disorder due to the
strong HOMO localization in the rigid planar carbazole unities (compounds C3 and C4).
This is also supported by the identical HOMO and HOMO-1 energies in both compounds;
(i1) the variation in the polarity and polarizability should be negligible, meaning that the
global impact of the dipole moments exhibits negligible variation between the di- and tetra-

OMe-substituted carbazole.

In order to understand this trend, we focus on the comparison between C1 and C2
compounds. Results in Table 1 indicate an increase in o from 125 to 138 meV for C1 and
C2, respectively (Table 1), despite the decrease in dipole moments from 6.6 D to 2.7 D in
the same order (Table 1 and Figure 4e). Additionally, the strength of the intermolecular
interaction is expected to increase from C1 to C2 due to the presence of methoxy groups,
which was shown to improve the hole mobility.!® Finally, to make this mystery darker, the
zero-field hole-mobility parameter, o, is found to be larger for C2 than for C1 (Figure 4b),
in agreement with the much smaller intramolecular reorganization energy for C2 (Table 1
and Figure 4c). We note that the medium reorganization energy is also expected to be

smaller for C2 given the smaller dipole moment of this compound as compared to CI.

All these “standard” parameters suggest consequently larger hole mobility for C2 as

compared to C1, which is at odds with the experimental result. A possible explanation to

18



this dichotomy could be the presence of different conformers for compound C2,
corresponding to different orientations of the methoxy groups (Figure 1a). Indeed, one
possible “limit” conformer for compound C2 (presenting methoxy orientation along the
opposite directions with respect to those shown in Figure 1a) is higher in energy by 2.4
kcal/mol as compared to the more stable one, and exhibits a dipole moment of 8.6 Debye.
Additionally, conformers presenting irregular methoxy orientations in between the two
limit cases should be closer in energy, hence in thermal equilibrium with the lowest-energy
one. Some examples in the case of dimethoxy-substituted free carbazole are shown in
Figure 4g, top panel. We speculate consequently that a distribution of dipole moments
ranging ~2-9 Debye could be supposed to exist in the films of compound C2, obviously
resulting in larger o value and smaller hole mobility for this compound as compared to

CI.

In the case of compound C3, energy differences between conformers differing by methoxy
space orientations are even smaller (Figure 4g, bottom panel), indicating that large disorder
in the methoxy space-orientations for compound C3 could be easily achieved by means of
thermal agitation, again suggesting large distribution on the dipole moments. As for
compound C4, the orientation of the methoxy groups is constricted by the steric hindrance
between them. The larger o of C4 than that of C1 could then be due to the largest isotropic
polarizability found for compound C4 (Figure 4f).

Based on these observations in the C series, we conclude that the effect of the methoxy
groups in the o parameter of these compounds dominated through two main effects: (i)
increase in dipole moments, thus increasing the energy disorder, and (ii) HOMO
localization on rigid planar moieties of C compounds, making the HOMO energy

insensitive to the geometrical deformations, thus reducing the energy disorder.

In terms of the P compounds, large deviations in o values are obtained across the series,
meaning that the change of the bridge from carbazole to phenyl induces important results:
(1) The one-by-one comparison indicates smaller sigma values for the P series. Globally,

this should be due to the absence (zero) of total dipole moments. (ii) Across compounds
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P2-P4 the three o values vary importantly, as opposed to identical values found for C2-
C4. The smaller o value (and the larger hole mobility) corresponds to P3, in which
degenerate HOMO and HOMO-1 are strictly localized on only one carbazole moiety.
Compared to P3, very efficient bridging between the two carbazole moieties can be
obtained in HOMO of P2 (Figure 2), which is supported by the important energy splitting
(0.24 eV) between HOMO and HOMO-1. In the case of P4, HOMO and HOMO-1 are
degenerate, but HOMO-2 is situated only 0.02 eV lower in energy (less than k7, thus being
directly involved in the hole transport. Both P2 and P4 are consequently sensitive to the

geometrical deformations, explaining their larger o values as compared to P3.

4. Discussion and Conclusions

Our results suggest that (i) the charge transport in P compounds is enhanced as compared
to C ones; (i1) the hole mobility of the methoxy substituted compounds C2-C4 decreases
as compared to the non-substituted one C1; and (iii) the energy disorder factor dominates

the absolute values and trends in hole mobility through the series.

Previous studies'® ?® have established that the impact of methoxy groups on the hole
mobility of organic semiconductors results from a tradeoff between two main factors: (i)
the detrimental impact of the increased molecular polarity (permanent dipole moments)
and bulk polarization effect; and (ii) the positive effect of the increased interaction strength
between adjacent molecules. Strong interactions between molecules were found to favor
an increase in the hole mobility by means of reducing the geometrical disorder and HOMO
energy distribution, hence through the reduction of the corresponding contribution to the
energy disorder. Interestingly, the impact of methoxy substitutions on the hole mobility of
compounds C1-C4 and P1-P4 was found to be detrimental. Our analysis shows that, while
the methoxy groups do enhance the detrimental polarity factor in compounds C2-C4 as
compared to the non-substituted C1, the positive impact of the IE factor is switched off
because of the HOMO localization in only one rigid carbazole fragment. Switching “on”
the IE factor in order to overcome the detrimental polarity effect of methoxy groups

consequently suggests the design of semiconductor architectures that have HOMO
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distribution among different molecular fragments.

Comparison between series C1-C4 and P1-P4 also shows that the detrimental impact of the
polarity factor on the hole mobility can be reduced by designing linear- versus V-shape D-
A-D semiconductors: P2-P4 compounds with carbazole groups linked in para-position of
a phenyl bridge exhibit larger hole mobilities as compared to their C2-C3 counterparts (3,6-
linked triscarbazoles) due to the zero dipole moments in centro-symmetric P1-P4

compounds.

The impact of the substitution topology is not straightforward and depends on the nature
of the bridge between the two lateral carbazole moieties. The local carbazole HOMO in
2,7-substitutions is antisymmetric with respect to the plane of the bridge, as opposed to
symmetric local HOMOs in the case of 3,6-substitutions (Figure Ic). This difference in
carbazole’s local HOMO symmetry affects two important parameters: the inter-fragment
orbital symmetry mismatch, and the inter-fragment dihedral angles, the second parameter
being also dependent on the first one. In the case of 2,7-substitutions, quasi-orthogonal
inter-fragment geometry is preferred independently of the nature of the bridge. In the case
of 3,6-substitutions, the interring dihedrals depend on the nature of the bridge: still
orthogonal geometry is preferred in the case of compounds C2 (carbazole bridge), as
compared to the twisted geometry in the case of P2 (phenyl bridge). These differences are
maintained in the case of tetra-OMe substituted compounds C4 and P4. As a result of
structural and orbital symmetry factors, the impact of the substitution topology and the
number of substituents on the hole mobility is practically absent in the case of carbazole
bridge (compounds C2-C4); whereas, significant effect is observed in the case of phenyl
bridge. In the latter case, HOMO (HOMO-2) extension over the entire molecule becomes
possible in the presence of methoxy groups in the 3,6-positions in P2 (P4), causing the
HOMO (HOMO-2) energy being sensitive to the geometrical deformations, in turn
increasing the energy disorder and decreasing the hole mobility. This effect (through-
bridge pi-conjugation) is absent in the case of 2,7-substitutions, making HOMO of P3
insensitive towards geometrical deformations and the corresponding hole mobility being

the largest in the series.
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As a general conclusion, we have reported here a detailed analysis of the charge-transport
properties of six new D-A-D-type compounds containing methoxy-substituted carbazole
donors with phenyl or carbazole bridges as acceptors. Our results suggest a delicate balance
between the positive and negative effects induced by methoxy substitutions on the hole
mobility of organic semiconductors. Given that methyl substituents were found to improve
the hole transport as compared to methoxy ones (as in the case of spiro-MeTAD), one could
be tempted to avoid using methoxy substituents, or replace them by methyl groups.
However, depending on the targeted application of these compounds, and in view of the
versatility of positive impacts of methoxy groups on other key parameters for the
functioning of devices in organic electronics, this could be a “bad” idea. A nice example

recently shown by Sallenave et al.,”

where replacing methoxy groups of spiro-OMeTAD
by methyl groups (spiro-MeTAD) resulted in a significant increase in hole mobility by
more than five times, while maintain the photovoltaic performances in perovskite solar
cells using spiro-MeTAD compounds as hole-transporting material (HTM) only slightly
inferior as compared to those based on spiro-OMeTAD, which points to the dominant
importance of perovskite-HTM interface properties and to the special role of methoxy

groups in this regard.

Consequently, in addition to provide deep insights on the mechanisms by which methoxy
groups affect the hole mobility of carbazole-based semiconductors, our results suggest
“linear (centrosymmetric) D-A-D architectures” as a helpful design guideline through both
introducing methoxy groups in the new semiconductors and by simultaneously avoiding as

much as possible the polarity effect on the hole mobility.
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