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Investigating structure-charge transport relationships in thiophene
substituted naphthyridine crystalline materials by computational
model systems

Madeline M. Lewis, Adeel A. Ahmed, Lisa Gerstmann and Jesus Calvo-Castro”

The development of novel m-conjugated charge transfer mediators is at the forefront of current research efforts and
interests. Among the plethora of building blocks, diketopyrrolopyrroles have been widely employed, associated to the ease
of tailoring their optoelectronic properties by systematic peripheral substitutions. It is somehow of surprise to us that their
six-member ring bis-lactam analogues, naphthyridines have been overlooked and reports are scarce and almost solely
limited to their use in polymeric materials. Herein we report a comprehensive theoretical analysis of the charge transfer
properties of 1,5-naphthyridine-based materials by means of a number of bespoke model systems, further able to
quantitatively predict experimental mobility observations. Our results imply that thiophene substituted naphthyridine
crystalline materials represent a promising class of organic m-conjugated systems with an experimentally observed ability to
self-assemble in the solid state conforming to one dimensional stacking motifs. These highly sought-after charge propagation
channels are characterised by large wavefunction overlap and thermal integrity and have as a result the potential to
outperform currently exploited alternatives. We anticipate this work to be of interest to materials scientists and hope it will

pave the way towards the realisation of novel charge transfer mediators exploiting naphthyridine chemistries.

Introduction

Largely aided by improvements in material design and purification,
over the last two decades there have been major advances in the
development of organic systems that can be exploited as charge
transfer mediating materials in optoelectronic applications.}* To
facilitate their translation into applications that can be exploited
commercially, most reported charge mobility measurements in the
literature refer to their performance in crystalline and amorphous
thin film architectures. However, by limiting the evaluation of novel
materials to observations in thin film architectures, potentially good
performers can be often overlooked on the basis of poor preliminary
results which can be ascribed to device architecture and not the
intrinsic properties of the materials.2 As a result, organic single
crystals denote an ideal platform in realising the effective
performance in optoelectronic devices in light of their superior purity
and longer-range order when compared against their thin film
counterparts.4-6

Along those lines, in-silico approaches, which can shed light into the
mechanistic understanding of observed performances, identify
structure-activity causations and further guide the rational
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alternatives by crystal
engineering, are considered to be of paramount importance.t7:8
Although the exact mechanism responsible for the observed
mobilities in organic materials is still a matter of significant debate,

development of potentially superior

particularly in the case of observed large mobilities, it is widely
acknowledged that one-dimensional m-it stacking motifs represent
desirable charge propagation channels for the realisation of effective
In such highly sought-after
supramolecular arrangements, the relative displacements of the

charge transfer phenomenon.?
monomers within the stacking motif(s), specifically in relation to
their long (roll) and short (pitch) axes shifts, are known to play a
critical role. In fact, the switching of the nature of hole/electron
mobility by small (< 1 A) intermonomer displacements has been
theoretically prediceted.”*-12 In addition, and contrary to previous
misconceptions,!? it is nowadays commonly acknowledged that
materials characterised by relatively large displacements along the
short molecular axis (pitch angle) should not be discarded solely on
that basis and, in fact, have furthermore the potential to outperform
others which are more closely aligned.1%14 The latter highlights the
relevance of wavefunction, and not simply structural overlap in the
design of organic charge transfer mediators.

In developing novel small organic m-conjugated charge transfer
mediating materials, two main approaches can be considered. Firstly,
the often-exploited approach of performing peripheral substitution
on core motifs for which successful properties have been
experimentally determined, with views to induce changes in their
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supramolecular packing arrangements that would have an effect in
their charge transfer properties. Whilst some cores motifs are prone
to exhibiting this behaviour,”1% this has not been the case for
rubrene,®15 arguably the best organic charge transfer mediating
material to date.%5 In fact, it has been observed that in most cases,
substitutions performed on rubrene’s tetracene core as well as
peripheral rings, result in negligible changes to the supramolecular
packing motifs.?

On the other hand, the development of materials that have the
potential to outperform currently available systems by conforming
to desirable charge propagation channels in the solid state whilst
exploiting novel core motifs is at the forefront of current research
efforts.2 Among the plethora of organic m-conjugated core motifs
employed to date, diketopyrrolopyrroles, which were first exploited
as high performance pigments,16-18 have more recently shown
promise as charge transfer mediators in account of their highly
planar structure as well as the ease of tailoring their optoelectronic
properties by means of peripheral substitutions on the core rings as
well as lactam nitrogen atoms.13:16 |n this regard, we have previously
reported that in systems exploiting this bis-lactam unit, structural
control resulting in supramolecular architectures that conform to
one and two-dimensional stacking motifs can be influenced via
judicious selection of substitutions.1419-22
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Figure 1, A Chemical structure of 3,7-di(thiophen-2-yl)-1,5-dihydro-1,5-naphthyridine-
2,6-dione, NTDT. Red filled circles illustrate the dihedral angles, 8; and 6,. B Tetramer
illustrating the one-dimensional slipped cofacial m-rt stacking motif in the reported

crystal structure,? viewed along the a crystallographic axis. HOMO (C) and LUMO (D)
wavefunctions for the model NTDT system, M06-2X/6-311G(d).

In light of these findings, it was somehow of surprise to us that
studies investigating the charge transfer properties of the six-
member ring bis-lactam analogue are scarce and almost solely
limited to polymeric materials and not small molecules,?324 despite
their synthesis being first reported in 1971.25 On searching the
Cambridge Structural Database for 1,5-naphthyridine-2,6-diones
(NTDT), only one reported structure was returned,?® exhibiting a
supramolecular arrangement whereby monomers conform to a one-
dimensional supramolecular m-mt stacking motifs along the b
crystallographic axis with relatively small measured intermonomer
displacements for the long (Ax = 4.39 A) and short (Ay = 0.79 A)
molecular axes (Figure 2B).

Herein, motivated by these findings and to pave the way for the
judicious realisation of superior alternatives exploiting naphthyridine
chemistries, we report a comprehensive theoretical evaluation of
their charge transfer properties by means of state-of-the-art NTDT
model systems that highlight the potential of naphthyridines for
making a new generation of charge transfer mediating materials and
would furthermore facilitate the evaluation of novel materials. To
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the best of our knowledge, this is the first study of this sort, which
further includes a comprehensive analysis of the effect of commonly
used density functionals and basis sets on critical charge transfer
parameters.

In the hopping high-temperature regime for charge transport
processes and within the semi-classical Marcus formalism,26-28 rate
constants for hole/electron transport decrease as the inner-sphere
reorganisation energy (Anze) increases. Thus, the development of
materials characterised by small structural re-arrangements on
progression from neutral to radical geometries is highly warranted.
As a result, the first part of this work is devoted to the careful analysis
of computed Anj, of both optimised geometries as well as model
systems whereby the effect of simultaneous thiophene ring torsion
in the parent NTDT is evaluated in depth. Our findings highlight that
NTDT based systems are characterised by A. > Ay, with A, exhibiting
negligible changes as a function of core ring torsion as a result of
counteracting structural re-arrangements. Subsequently, the study
focuses on the evaluation of transfer integrals by means of bespoke
dimeric model system which confirm negligible changes in computed
th/e employing different basis sets and density functionals. Contrary
to popular misconceptions, we report that remarkably large th.e are
anticipated for one-dimensional stacks whereby short molecular axis
intermonomer displacements are significant. Hence expanding the
plethora of supramolecular packing motifs with superior predicted
properties to those currently existing. Lastly, we evaluated the
thermal integrity of these dimeric units by computing their
intermolecular interactions. Importantly, we report that the
utilisation of basis sets larger than 6-311G(d) result in negligible
changes in the computed AEcp despite their significantly larger
computational cost. By means of two-dimensional models we
highlight the NTDT systems are intrinsically characterised by large
AEcp which can be rationalised based on the synergistic effect of
relatively weak dipole-dipole and induced dipole intermolecular
interactions. In all cases, our developed model systems were
theoretical
parameters determined for the reported crystal structure and as

observed to account well for and experimental
such we anticipate this work to be of interest to the increasingly large
multidisciplinary community of materials scientists devoted to the
development of superior n-conjugated charge transfer mediators.

Experimental
Inner-sphere reorganisation energies

Inner-sphere reorganisation energies for both hole (Ay) and electron
(Ae) charge transfer processes were determined, for the reported
crystal structure geometry?3 as well as for NTDT model systems, by
means of the widely-employed four-point method.1%2%-31 These were
calculated as the sum of the reorganisation energies on going from
neutral to radical species and vice-versa. As such, the inner-sphere
reorganisation energy on progression from neutral to radical was
calculated by subtracting the energy of the neutral specie at its
equilibrium geometry to that of the neutral at the equilibrium
geometry of the radical. Similarly, the inner-sphere reorganisation
energy on going from radical to neutral specie was determined as the
difference between the energy of the radical at its equilibrium
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geometry and the energy of the radical at the equilibrium geometry
of the neutral.

The geometry of neutral (restricted) and radical (unrestricted)
geometries were optimised (Table SI.1.1-15) utilising B3LYP,32-34
MO06-2X,35 MO08-S0,36 MO08-HX3¢ as well as wB97X-D3 density
functionals as implemented in Spartan “18 (v. 1.3.0) software.38 We
have previously reported on the effect of basis sets on the computed
inner-sphere reorganisation energies of small nt-conjugated organic
systems3? and as a result calculations in this work were performed
employing the 6-311G(d) basis set. In all cases, optimised geometries
were confirmed by IR analyses, characterised by the absence of
imaginary modes which denotes true equilibria minima. For all
radical species, S2 < 0.76 which indicates low spin contamination in
all cases.4041

Inner-sphere reorganisation energies were also computed as a
function of torsion of the core thiophene rings in the model NTDT
structure using the above-mentioned density functionals and basis
set. To do this, the torsion of the dihedral angles (61 and 6,, Figure 1)
formed between the thiophene rings and the NTDT core were
constrained from 0 to 180° in 10° increments, for both 6; = 6;
(asymmetrical) and 61 = -6, (symmetrical).

Two-dimensional model system

A two-dimensional n-t dimer model was generated employing a
dimer system formed by two geometry optimised NDTD
centrosymmetric monomers, whereby the top monomer is
simultaneously displaced in 0.30 A increments over a distance of
16.20 and 12.00 A along the long and short molecular axes
respectively, from a fully eclipsed dimeric geometry as illustrated in
Figure 2.
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Figure 2_lllustration of the long, Ax (red) and short, Ay (yellow) intermonomer
displacements in the generated two-dimensional NTDT dimer model system. Grey dots
illustrate the location of the reference carbon atom within the thiophene core ring in
each of the single point calculations through the x/y map.

This generates a model system with a density of ca 12 single point
calculations per A2, which would allow to map the m-rt dimer pairs of
any crystal structure geometry of NTDT based systems. The
geometries of the NTDT monomers were optimised using M06-2X
density functional at the 6-311G(d) level. The relative intermonomer
displacement along the vertical axis (Az) was optimised. To do that,
the intermolecular interaction of the fully eclipsed NTDT dimer pair
was computed first from 3.00 to 5.00 A on 0.10 A stepwise and
subsequently from 3.65 to 3.75 A on 0.01 A stepwise, to localise the
energy minimum at 3.74 A (Figure S1.2.1).

Charge transfer integrals

This journal is © The Royal Society of Chemistry 20xx

To evaluate the electronic coupling in these systems, transfer
integrals for both hole (tn) and electron (te) transfer processes were
determined for the slipped co-facial n-rt dimer pair of the reported
NTDT-based crystal structure?® as well as dimer pairs of the above
explained model system, employing the energy splitting in dimer
method.1131 Within the framework of this method, t, and te can be
equated to half the splitting between the HOMO/HOMO(-1) and
LUMO/LUMO(+1) supramolecular orbitals respectively. Charge
transfer integrals were computed employing M06-2X,35 M08-SO,3¢
MO8-HX3¢ as well as wB97X-D37 as implemented in Spartan ’18 (v.
1.3.0) software.3® To further evaluate the effect of diffusion and
polarizability terms in the basis sets, computed tne employing our
flagship density functional, M06-2X were re-computed using the
following basis sets: 6-31G(d), 6-311G(d), 6-311G(d)(p), 6-311+G(d),
6-311++G(d) and 6-311++G(d)(p).

Charge carrier mobilities

Charge carrier mobilities for hole transport (u.) along the m-m
stacking motif of the reported NTDT-based material was calculated
by means of the Einstein-Smoluchowski Equation3! at T = 298 K:

_ 1ed2kCT
B = Tkt

where e is the elementary charge, d is the stacking length taken from
the crystal structure, kg is the Boltzmann constant and T is the
temperature. kcr is the rate constant for charge transport which can
be estimated using the Marcus formalism for charge transfer
processes in the high temperature hopping regime:26-28

VZ
kep =—-
CcT 7

o7 e (- i)
2T P\ ak,r

where h is the reduced Planck constant, A is the reorganisation
energy and V is the electronic coupling or transfer integral (t).

Intermolecular interactions

Intermolecular interactions (AEcp) were computed for the reported
crystal structure as well as for all dimer pairs in the dimeric NTDT
model system. In all cases, these were corrected for Basis Set
Superposition Error (BSSE) by means of the counterpoise method of
Boys and Bernardi.?2 Similarly to the case of charge transfer integrals,
the effect of density functional/basis set on the computed
intermolecular interactions was evaluated.

Results and discussion
Inner-sphere reorganisation energies

Inner-sphere reorganisation energies were first computed for the
parent NTDT system and the effect of density functionals evaluated.
To do that, we compare our previously employed density functional,
MO06-2X to other commonly used ones such as B3LYP and wB97X-D
as well as to more recent versions within Truhlar’s toolbox of density
functionals, namely M08-HX and M08-SO.
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Table 1. Computed A/ (k) molt) and sum of the changes in bond length throughout the
NTDT core motif upon charge transfer, $Ag (A) for NTDT optimised geometries using
different density functionals (DF) at the 6-311G(d) level.

DF An Ae ZAhei(h) 20si(e)
B3LYP 23.3 26.6 0.152 0.242
MO08-HX 35.4 39.5 0.206 0.291
MO06-2X 35.8 39.5 0.208 0.296
MO8-SO 37.0 40.2 0.211 0.301
wB97X-D 41.6 45.5 0.218 0.303

Table 1 summarises the computed Ane for NTDT optimised
geometries utilising different density functionals. It is noteworthy
that irrespective of the density functional utilised, we observed that
Ae > Ay in all cases. The latter contrasts with values reported for their
five-member ring bis-lactam analogue, for which A, = 45.6 kJ mol?
and Ae = 21.5 k] mol! were computed using the same density
functional (M06-2X) and a double instead of triple-zeta basis set.3?
The effect of density functionals was comprehensively evaluated by
means of the added amount of % Hartree-Fock (%HF) (Table 1). We
report larger values for both A, and A. as the amount of %HF
exchange implemented in the density functional increases.32-37 In the
case of wB97X-D density functional, we ascribe the observed largest
values in our dataset to its long range (100%) %HF exchange rather
than to its short range (20%),3” which is the same as that
implemented in B3LYP density functional.32-34
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Figure 3, Computed Ag_ on progression from neural to radical cation (yellow) and anion
(red) optimised geometries of NTDT for each chemical bond in the core motif (green)
and peripheral core rings (blue).

In light of these findings and to aid in further comparison with
previous reports, in the following we will examine in detail computed
values employing Truhlar's MO06-2X density functional,3> with
comparable trends observed for other density functionals (Figure
S1.3.1-5).

Changes in bond lengths, Ag. throughout the model NTDT core motif
(green) and core thiophene rings (blue) were measured for relaxed
geometries and plotted against their bond numbers (Figure 3). AgL
were computed by subtracting the bond length of a given bond in the
radical geometry from the bond length in the neutral specie for the
same chemical bond. As such, positive (negative) changes are
consistent with an elongation (shortening) of the chemical bond on
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going from neutral to radical relaxed geometries. Irrespective of the
charge transfer process, we report that chemical bonds exhibiting
larger variations are primarily located within the core of the NTDT
system and that the sum of these changes can further account for
the computed Anje (Table 1). The latter would suggest that unlike
those observations made for phenyl torsion in its five-member ring
analogue,3® the torsion of the core rings on 1,5-naphthyridines has
lower impact on the inner-sphere reorganisation energies. In fact, if
Ag within the core rings are considered, bond length changes do not
account for the computed inner-sphere reorganisation energies. The
latter is particularly relevant if the design employs peripheral
subsitutions that result in larger dihedral angles of the core rings with
respect to the core motif.14

Judicious evaluation of the findings illustrated in Figure 3 reveal that
the effect of charge transfer on Ag, is critically influenced by the
single/double bond nature of chemical bonds in the neutral form,
with greater distinction between electron/hole processes often
observed in single bonds. As such, whilst the decrease in double bond
character of bonds 0 and +/-2 occurs to a similar extent in the case
of hole and electron transfer processes, the increase in single bond
character of chemical bonds +/-4 is significantly greater upon
addition of an electron. Of particular note is the behaviour of
chemical bonds +/-1 and +/-3, which contrary to previous
observations, are characterised by bond elongation/shortening on
progression to relaxed radical geometries which depend on the
nature of the charge transfer process. In this regard, we compute
that chemical bonds +/-1 are elongated upon addition of an electron
and in turn shortened when an electron is taken out (d =1.375, 1.359
and 1.386 in the relaxed neutral, radical cation and radical anion
geometries, respectively). The opposite behaviour is observed for
chemical bonds +/-3, with measured Ag, >0, consistent with chemical
bond elongation on progression to the radical cation geometry (d =
1.480, 1.493 and 1.452 in the relaxed neutral, radical cation and
radical anion geometries, respectively). Via careful analysis of these
structural re-arrangements, we ascribe them, and the observed
trends in computed Ane, to the alleviation of the intramolecular
repulsive interaction between the electronegative thiophene sulfur
atoms and the electronegative carbonyl oxygens, which is enhanced
upon addition of an electron in the formation of the radical anion.
latter can be observed in the changes to
intramolecular distances between these two atoms (ds..o = 2.740,
2.735and 2.750 A in the relaxed geometries of neutral, radical cation
and radical anion, respectively).

To further understand the structural
formation and the potentially low impact of ring torsion previously

Structurally, the

implications of radical

anticipated, we deemed appropriate to evaluate the effect of this
structural re-arrangement on computed Ape. To do that, both core
rings were twisted simultaneously from 6 =0-180 ° on 10 ° stepwise.
We observed that simultaneous symmetrical (8; = -8,) and
asymmetrical (6, = 6,) torsion of both thiophene rings as well as
results obtained for other density functionals conform to the same
trends (Figure S1.4.1-10). In the following, we will focus on the results
obtained for the symmetrical torsion employing M06-2X density
functional.

In agreement with our previous observation for optimised
geometries, it is striking to us the significantly lower impact of core
ring torsion (AAnse (o - 0-90°) = 1.25/18.59 ki molt) when compared to
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phenyl-substituted  diketopyrrolopyrroles.3®  Upon  detailed
observation of the frontier molecular orbitals (Figure 1), we partially
ascribe these findings to the bonding/anti-bonding character of the
chemical bond linking the naphthyridine core to the thiophene rings
(bond +/-6, Figure 3). The latter switches from anti-bonding
character in the HOMO to bonding in the LUMO, hence the larger
sensitivity of Ae towards core ring torsion due to the disruption of the
bonding nature in the latter upon torsion.
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Figure 4. Computed Ay/e (A) and sum of changes in bond length in the NTDT core motif
(B) as a function of simultaneous torsion of the core rings (6; = -6,). Computed Ag on
progression from neural to radical cation (C) and anion (D) geometries of NTDT for each
chemical bond in the NTDT core (solid/transparent filled circles denote geometries at 6,
=-0,=0and 90° respectively.

Similarly to the observations made for the unconstrained
geometries, changes in bond lengths within the core motif and not
throughout the model NTDT structure upon charge transfer exhibit
positive correlations with computed An/e. The increase in A as the
thiophene rings are twisted can be attributed to increasingly larger
Ap. across all chemical bonds in the core motif (Figure 4D). In turn,
we observed negligible impact of ring torsion on computed Ap. In this
regard, whilst Ag. increases as the rings are twisted for chemical
bonds 0, +/-1 and +/-2 when taking an electron out to generate the
radical cation, the remaining bonds in the core motif exhibit opposite
behaviour (Figure 4C). In fact, the Ag_ for these other chemical bonds
at the planar (0 and 180°, solid filled circles in Figure 4C) geometries
are greater than those observed at 90° (transparent filled circles in
Figure 4C), hence counteracting the variations described for the
other chemical bonds within the NTDT core motif. The latter is
particularly notorious in the case of chemical bonds +/-4 and +/-5.
Whilst the single bonded nature of bonds +/-4 is enhanced upon
generation of the radical cation, bonds +/-5 are characterised by Ag_
< 0 A for planar geometries. However, and contrary to the situation
observed for electron transfer processes, bond lengths of bonds +/-
4 and +/-5 for twisted (6 = 90°) geometries exhibit negligible
differences between the neutral and radical cation forms (d./.a//+/.5 =
1.367/1.390//1.417/1.392 A and 1.356/1.356//1.428/1.427 A for the
constrained neutral/radical cation at = 0 and 90°, respectively).

Subsequently, inner-sphere
reorganisation energies of relaxed NTDT-based geometries,
including the only reported crystal structure of a substituted 1,5-
naphthyrdine.2? The generated model for the torsion of the core
rings was observed to account well for the computed Ay. for relaxed
geometries of NTDT system (An/e = 35.8/39.5 and 35.1/38.5 k) mol!
for the fully relaxed NTDT with 6 = 1.13° and the model NTDT

we went on to determine the
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geometry constrained for 8 =0.00°, respectively) as well as optimised
reported crystal structure (An/e = 37.6/43.9 and 34.7/41.1 kJ mol! for
the optimised crystal structure with 6 = 18.82° and the NTDT
geometry constrained for 6 = 20.00°, respectively). The latter
supports our observations that A. exhibits a greater sensitivity to core
ring torsion than A, does. In addition, these calculations on
unconstrained geometries serve to ratify the ability of our developed
model in accounting for Ane in a broader range of N-substituted
derivatives.

Charge transfer integrals

Firstly, the effect of different basis sets and density functionals on
computed the was evaluated by a one-dimensional NTDT dimer
model system whereby both monomers in the dimer pair are fully
eclipsed and the top monomer is then displaced with respect to the
bottom one along the NTDT long (x) molecular axis (Figure 2 for Ay =
0.00 A). For the widely employed M06-2X density functional,”-1035 we
report that progression from double to triple zeta basis set as well as
the addition of polarizability and diffusion functions result in very
small effects on the computed charge transfer integrals as
summarised in Table 2 for the NTDT dimer pair at Ax/y/z =
3.30/0.00/3.74 A. Similarly, and in agreement with previous
results,1935-37 negligible differences in th/. were observed for all the
density functionals as investigated at the 6-311G(d) level as
summarised in Table 2 for the NTDT dimer pair at Ax/y/z =
3.30/0.00/3.74 A.

Table 2. Computed hole (t,) and electron (t) transfer integrals and intermolecular
interactions (AEcp) in kJ/mol for the NTDT dimer pair at Ax/y/z = 3.30/0.00/3.74 A as a
function of basis sets, employing the M06-2X density functional (Figure SI.5.1, SI.5.2 and
S1.9.1 for ty, te and AEcp, respectively) and for different density functionals (DF) at the 6-
311G(d) level (Figure SI.5.1, SI.5.2 and SI1.9.1 for ty, t. and AEcp, respectively).

MO06-2X/Basis set th te AEcp
6-31G(d) 434 | 5.79 -42.7
6-311G(d) 482 | 5.79 -56.5
6-311G(d)(p) 482 | 5.79 -56.0
6-311+G(d) 579 | 7.72 -56.8
6-311++G(d) 579 | 7.72 -56.7
6-311++G(d)(p) 434 | 531 -56.8
DF/6-311G(d)
MO08-HX 4.34 5.79 -54.0
MO06-2X 4.82 5.79 -56.5
MO08-SO 4.34 5.79 -57.2
wB97X-D 4.34 5.79 -73.4
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Figure 5. Three-dimensional map of the computed hole transfer integrals as a function
of the simultaneous displacements along the long (x) and short (y) molecular axes in a
NTDT dimer model system. M06-2X/6-311G(d). Black solid circle illustrates the location
of the reported crystal structure (Ax/y = 4.39/0.79 A).

As a result, and for ease of comparison with previous studies,”?0 in
the following M06-2X density functional and 6-311G(d) basis set are
utilised. Charge transfer integrals were calculated for dimer pairs of
the parent NTDT system by simultaneously displacing the top
monomer with respect to the bottom one along their long (x) and
short (y) molecular axes, resulting in a two-dimensional model
system. Figure 5 illustrates the effect of Ax/Ay on computed hole
transfer integrals in NTDT-based systems. In both cases, a number of
regions of local maxima/minima are identified, which are consistent
with the nodal progression in the wavefunction of the frontier
molecular orbitals (Figure 1). It is noteworthy that contrary to the
symmetry observed in phenyl substituted analogues, systems
whereby thiophene rings are employed as core rings are asymmetric
with respect to their long molecular axis (Figure 2). As a result,
asymmetry is observed in both frontier molecular orbitals (Figure 1).
In the case of t,, computed values as a function of Ax take the form
of damped oscillations with maxima located at ca 0.00, 2.40, 4.50,
6.60, 8.70, 11.10 and 13.80 A. Although the overlap between the
HOMO surfaces of the monomers decreases as these are displaced
with respect to one another, NTDT-based dimer pairs exhibiting
relatively large Ay should not be discarded solely on those bases. In
fact, we report large computed ty, for Ay values greater than 2.00 A
(e.g. th = 7.5 kl mol! for Ax/y = 2.40/-2.10 A). Interestingly, the
described damped oscillations described for long molecular axis
displacements at Ay = 0.00 A, exhibit a different pattern for Ay > 2.40
A, albeit with negligible differences in the location of the local
maxima, whereby the largest t, values are computed for Ax = 3.00
and 11.10 A instead of Ax = 0.00 and 2.40 A observed for Ay = 0.00 A
long axis displacements (Figure 5). Along these lines it is of note that
the latter was not observed for positive displacements along the
short molecular axis, which we ascribed to the above-mentioned
asymmetry in the HOMO surface.
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Figure 6. Three-dimensional map of the computed electron transfer integrals as a
function of the simultaneous displacements along the long (x) and short (y) molecular
axes in a NTDT dimer model system. M06-2X/6-311G(d). Black solid circle illustrates the
location of the reported crystal structure (Ax/y = 4.39/0.79 A).

We observed that the computed electron transfer integral for the
fully eclipsed NTDT dimer (Ax = Ay = 0.00 A) exceeds that computed
for the hole transfer process (tn/e = 21.4/27.4 k) mol2). Interestingly,
intermonomer displacements along the long molecular axis (Ay =
0.00 A) do not conform to the damped oscillations observed for ty
(Figure 5-6). As such, local maxima located at ca Ax = 2.10 A is
denoted by a small splitting of the supramolecular orbitals (te = 2.4
kJ mol1). In turn, large t. are computed for dimer pairs for maxima
located at ca Ax = 3.90 and 6.00 A (te = 11.5 and 12.0 kJ mol* at Ax =
3.90 and 6.00 A, respectively). Along those lines, it is also of note that
large t. values are not solely limited to dimer pairs which are closely
aligned along the short molecular axis (Figure 2). The latter, which
can be associated to the LUMO surface of NTDT systems, facilitates
the realisation of dimer pairs characterised by large LUMO-
LUMO(+1) splitting despite their significant short molecular axis
shifts (e.g. te = 7.7 and 5.8 kJ mol for NTDT dimer pairs at Ax/y =
7.80/-1.80 and 5.70/-3.60 A, respectively). The latter contrasts with
the popular misconception that small intermonomer Ay are essential
in m-stacking supramolecular architectures in order to develop
successful charge mediating materials.

Next, it was of interest to evaluate in detail the observed reversal of
the charge transfer character of NTDTs for small (ca 1.00 A)
intermonomer displacements. For example, a 1.20 A shift along the
long molecular axis from Ax = 2.40 to 3.60 A (Ay = 0.00 A) is
responsible for the complete reversal of the tns character in these
systems. As illustrated in Figure 7, the HOMO at 2.40 A is gerade and
exhibits strong anti-bonding character. In turn, the ungerade
HOMO(-1) is characterised by strong wavefunction overlap, hence
resulting in a large computed transfer integral (t, = 15.3 k) mol1). By
displacing the top monomer with respect to the bottom one by 1.20
A, the HOMO lowers its energy to become the HOMO(-1), changing
its symmetry to ungerade and exhibiting a weakly bonding character
at Ax = 3.60 A. Analogously, the energy of the HOMO(-1) at Ax = 2.40
A increases and becomes the HOMO with a gerade symmetry and a
weakly anti-bonding nature, hence lowering the computed integral
(th = 2.1 kJ mol1). Similarly, the small intermonomer displacement
results in the reversal of the weakly bonding/anti-bonding character
of the LUMO/LUMO(+1) strong bonding/ant-bonding
respectively, with the associated increase in computed electron

to a
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transfer integral (te = 1.3 and 11.3 kJ mol! for the NTDT dimer pair at
Ax = 2.40 and 3.60 A, respectively). However, the potential ability to
thermally induce such changes is greatly determined by the strength
of the intermolecular interactions between neighbouring monomers
within the supramolecular motifs. As a result, we will devote the last
part of this work to the in-depth understanding of intermolecular
interactions in NTDT-based materials.
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Figure 7. lllustration of the computed Kohm-Sham supramolecular orbitals of NTDT
dimer model systems displaced at Ax = 2.40 (left) and 3.60 (right) A (Ay = 0.00 A). M06-
2X/6-311G(d). IsoVal = 0.01.

In testing our developed two-dimensional model system, we went on
to compute the charge transfer integral for the slipped cofacial - it
dimer pair of the reported crystal structure (Ax/y/z = 4.39/0.79/3.50
A, Figure 1), resulting in tn/e = 13.1/1.8 k) molt In this regard, it is of
note that there are other four nearest neighbouring dimer pairs in
addition to this n-t dimer pair, for which transfer integrals were also
computed (Table SI.7.1). In particular, and in agreement with
previous reports, we highlight the stacking motif propagating along
the c crystallographic axis, for which we compute tn/e = 3.2/1.8 kJ
mol-1. Whilst these are lower than the computed values for the n-it
dimer pair, the appearance of more than one charge propagating
channel in organic charge transfer mediators plays an important role
in circumventing problems associated to defects and impurities and
is beneficial to the overall performance.!

In relation to the r-rt dimer pair, we further computed the = 7.5/1.9
k) moll for the NTDT model dimer pair characterised by such
intermonomer displacements along the long and short molecular
axis (Az = 3.74 A). It is striking that our model system was able to
predict the relative order of charge transfer nature (i.e. t, > te) and to
further provide a qualitative measurement in line with the computed
values for the N-substituted material. In light of the observed
negligible impact of N-alkyl groups on wavefunction localisation for
both frontier molecular orbitals, we ascribed these differences to
variations in Az (vide supra). Importantly, these findings highlight
that, irrespective of the N-substitution, the reported model system
can be employed in the determination of charge transfer integrals by
solely knowing the intermonomer displacements in the
supramolecular crystal arrangements. In addition, these results
provide an example that highlights the importance of i) the
asymmetry with respect to the long molecular axis in NTDT based
systems as well as ii) the impact of small displacements on th/,
previously observed for other systems.%1021 |n this regard, we
compute critically different charge transfer properties for the dimer
pair exhibiting negative instead of positive displacement along the
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short molecular axis (Ay = -0.79 A). Contrary to the hole transfer
character of the previously described one (the = 7.5/1.9 kJ mol- for
the dimer pair at Ax/y = 4.39/0.79 A), we compute a decrease in ty
and a striking increase in te as a result of the ca 1.58 A short axis shift
from Ay = 0.79 to -0.79 A (tn/e = 10.6/14.9 kI mol- for the dimer pair
at Ax/y = 4.39/-0.79 A).

On comparing the large tn with other small organic systems, we
report the computed value to be larger than that obtained for the
slipped-cofacial -t dimer pair of orthorhombic rubrene®10 and
amongst the highest computed for diketopyrrolopyrrole-based
materials.1® Subsequently, utilising the crystallographic unit cell
length along which the one-dimensional stacking motif propagates
(db axis = 5.67 A) and our computed A, = 37.6 k) mol- and t, = 13.1 kJ
moll we estimate hole mobility of ca 1.46 cm? V1 s, which
remarkably agrees with hole mobilities experimentally measured in
thin film devices (1 = 1.29 cm? V-1 s') and in vacuum-processed and
spin-coated devices (un = 1.10 cm? V-1 s1).24 These results further
warrant the development of novel materials exploiting
naphthyridine chemistries towards their application as charge
transfer mediators in optoelectronic applications.

Intermolecular interactions

In light of the observed impact of small intermonomer displacements
on the transfer integrals nature, we devote the remainder of the
manuscript to the in-depth analysis of intermolecular interactions
(AEcp) in NTDT based systems. First, the effect of basis sets and
density functionals on computed AEcp was evaluated by means of
one-dimensional dimer model systems (Ay/z = 0.00/3.74 A).
Comparable trends were observed for all density functionals, with
the larger absolute values computed for wB97X-D, as summarised in
Table 2 (Figure S1.8.1). In relation to the results obtained for different
basis sets, it is of note that our findings support negligible
improvements for basis sets larger than 6-311G(d) despite their
significantly greater computational cost (Table 2 and Figure SI1.9.1).

We then computed AEcp for the slipped cofacial - m dimer pair of the
reported crystal structure. The large (AEcp = -86.8 k) mol1) computed
intermolecular interaction was observed to be larger than those
computed for most DPP-based systems® and further represent a
dramatic increase with the respect to AEcp =-35.6 kJ molt computed
for orthorhombic rubrene’s m-mt dimer pair.®9 Intermolecular
interactions were also computed for all nearest neighbouring dimer
pairs of the reported system (Table SI. 7.1). We report significantly
lower intermolecular interactions for these dimer pairs when
compared to the m-nt dimer pair, with the AEcp of the alternative
charge propagation channel compromising its thermal integrity and
indicating that the overall supramolecular structures is critically
determined by the n-it stacking motif.

Contrary to the minimal impact of the N-substitution on computed
transfer integrals, removal of the side chains results in lowering the
computed intermolecular interaction by 19.1 kJ mol! (AEcp = -67.1 kJ
mol for the dimer pair with removed alkyl chains), which we ascribe
to stabilising interchain interactions but more importantly to
intermolecular attractive interactions between electronegative
carbonyl oxygen atoms and electropositive hydrogen atoms within
the side chains located 2.439 A apart (Figure 8).
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Figure 8. Capped-stick illustration of nearest neighbouring interactions in the crystal
lattice of the reported NTDT-based system viewed along the a (left) and b (right)
crystallographic axes. Reference monomer located at (0,0,0).

Along those lines, it was of surprised to us that contrary to chemical
intuition, the relative orientation of the core thiophene rings where
intramolecular O---H and S---H are not favoured. In turn, the
orientation of the core rings results in relatively close distance
between thiophene sulphur and carbonyl oxygen atoms at 2.685 A.
We ascribed the latter to intermolecular interactions of the
thiophene rings with side alkyl chains and thiophene rings of
monomers located at (0,1/2,1/2) and (0,-1/2,-1/2) with respect to
the monomer at (0,0,0), which are not part of the one-dimensional
stacking motif (Figure 8).

kJ mol!
0.0
-15.0
-30.0
-45.0
-60.0

0 2 4 6 8 10 12 14 16

Figure 9. lllustration of the supramolecular geometry of the NTDT dimer pair at global
minimum of the model system (top). Three-dimensional map illustrating the computed
intermolecular interactions as a function of simultaneous intermonomer displacements
along the long and short molecular axes in a NTDT dimer model system. M06-2X/6-
311G(d) (bottom). Black solid circle illustrates the location of the reported crystal
structure (Ax/y = 4.39/0.79 A).

These observations and the large thermal integrity calculated for the
slipped cofacial dimer pair in the crystal structure, motivated us to
determine the impact of intermonomer displacements on the
computed dimer binding energies. Figure 9 illustrates these effects
as a function of simultaneous long and short molecular axes
displacements in a model NTDT dimer system. The three-
dimensional potential energy surface is characterised by multiple
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local minima located at ca Ax = 1.50, 3.30, 4.80, 7.20 and 13.20 A for
Ay = 0.00 A, with an identified global minimum at Ax/y = 3.30/0.00 A
(AEcp = -54.3 kJ mol?). It is of note that the model system was
observed to account well for the intermonomer displacements in the
ni-rt dimer pair of the reported crystal structure. Comparably strong
intermolecular interactions to those of the dimer pair at the global
minimum were also computed for dimer pairs with their greater Ay
(e.g. AEcp = -50.4 k) molt for dimer pair at Ax/y = 3.60 and 0.90 A),
which are often neglected. In addition, we report large (AEcp < -45.0
k) mol?) for dimer pairs in the two-dimensional model system
characterised by 3.30 A < Ax < 5.40 A and -0.60 A < Ay < 0.90 A.

We observe that, irrespective of the displacements along the short
molecular axis, the Ax location of the global minimum remains
unaltered. We attribute the geometry of the NTDT dimer pair at the
global minimum to the synergistic effect of favourable bond dipole
and induced bond dipole interaction that further dictate the location
of the local minima. In particular, we highlight the electrostatic
intermolecular interaction between electropositive carbonyl carbon
atoms in one monomer and electronegative sulfur atoms of the other
monomer in the dimer pair, which are maximised at this
supramolecular geometry (Figure 9). In turn, we associated the
weaker local minima at Ax = 4.8 A (AEcp = -50.8 ki mol at Ay = 0.0 A),
which closely coincides with the Ax in the reported crystal structure,
to the intermolecular interaction between electronegative sulfur
atoms of one monomer and transannular bond carbon atoms of the
other monomer in the dimer pair which are less electropositive that
the carbonyl carbon atoms.

Conclusions

In this work we report an in-depth systematic evaluation of the
charge transfer behavior of thiophene substituted naphthyridine
materials utilising a series of bespoke model systems. Larger electron
than hole inner-sphere reorganization energies were computed in all
cases and irrespective of thiophene rings torsion with respect to the
NTDT core. Interestingly, An exhibited negligible sensitivity with
respect to the core rings torsion, which we ascribed to counteracting
structural re-arrangements within the core. Via judicious analysis of
those structural ‘motions’ upon radical generation we associate
computed Anse to Ag. within the NTDT core and not the peripheral
thiophene rings. Both, transfer integrals and dimeric intermolecular
interactions were studied thoroughly by means of two-dimensional
model systems. In both cases, we report asymmetrical three-
dimensional PES with respect to the long molecular axis of the model
system. Large tn/e were computed even for dimer pairs characterised
by large short axis displacements, which are often believed to be
associated to poor performance and as a result ruled out from
experimental evaluations. In addition, these supramolecular
geometries were computed to exhibit strong intermolecular
interactions that confer them with highly desirable thermal
integrities. The latter becomes particularly relevant in light of the
observed sensitivity of tn/e to small intermonomer displacements. In
relation to the effect of density functionals and basis sets on those
computed charge transfer properties, our results are consistent with
similar trends in computed An/e irrespective of the density functional
utilised and increasingly large |Ane.| were computed as the %HF
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