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Cross-over from pyrene to acene optical and
electronic properties: a theoretical investigation
of a series of pyrene derivatives fused with
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Pyrene and acene derivatives are an important source of materials for optoelectronic device applications
both as emitters and organic semiconductors. The mobility of major charge carriers is correlated with
the coupling constants of the respective major charge carrier as well as the relaxation energies. Herein,
we have applied range-separated density functionals for the estimation of said values. A series of five
alkylated derivatives of pyrene laterally extended by heteroaromatic or phenyl groups were explored and

Received 20th April 2024,
Accepted 13th June 2024

contrasted to nascent pyrene, alkylated pyrene and tetracene. The ground state geometries along with
absorption properties and relaxation energies are presented as well as a discussion of the suitability of
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Introduction

Optoelectronic devices encompass photovoltaic cells for energy
generation, light-emitting diodes for display applications in
smart phones, computers, and televisions, as well as field-effect
transistors, which are regulating units. Modern, light-weight,
low cost and mass-produced consumer electronics require the
use of organic materials based on carbon, hydrogen, oxygen,
sulfur, nitrogen, etc. to serve as the needed semiconducting
materials. In this context, specifically n-conjugated materials
like polycyclic aromatics (pyrenes and acenes) as well as hetero-
cyclic aromatics (thiophene, pyrrole, furan, and derivatives
thereof) are important building blocks for the design of new
organic semiconducting materials."® Quantum calculations
using Density Functional Theory (DFT) computations have
become a vital component in the prediction and assessment
of new materials to be used as semiconductors,® light cap-
turers, and light emitters.” DFT calculations are widely used to
understand and explain absorption and emission properties,®
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the material toward hole and electron transport materials.

charge-carrier mobilities”'® and properties pertaining to elec-

tron and hole transfer.'* Thereby, transfer integral H,, and
reorganizational energy (1) have gained importance as a handle
in data-mining approaches combined with machine-learning
for material development.'>*?

Tetracene (TC) is a well-characterized material, which shows
significant photosensitivity,"*'> and a bandgap of 2.4 eV."® TC
is thus well-suited for solar energy conversion. The TC core
serves as the donor building block and semiconductor. TC was
utilized in field-effect transistors'”'® and was shown to have a
field-effect mobility up to 0.4 cm> V~'s™'.'® Substitutions on TC
by electron-withdrawing groups was explored theoretically.>’ By
extension, the linear acene series of polycyclic aromatic hydro-
carbons has been a vast arena for exploration of new
materials.”® One approach, the stitching of 2, 3, 4, 5 or more
benzene rings along a linear axis following the quest set-out by
Clar** and others, has culminated in the recent achievement of
the synthesis of decacene.”® Prone to instabilities due to
photochemical and oxidative stimuli, what remains challen-
ging in this quest along these synthetic endeavors are
approaches to stabilize these acene series by steric and electro-
nic factors. Apart from extension along the linear axis by linear
fusions,?* approaches into the 2" and angular dimension,**>*
and the embellishment with substituents**° have resulted in
stable semiconducting materials.>**!

Device performance then is apart from device geometry,
preparation, and operational influences - fundamentally gov-
erned by the intrinsic mobility of charge carriers. Said carrier
mobility in organic semiconductors in turn is determined by
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reorganization energies, and thereby the charge-transport rate
(vide supra).®** Charge transfer is described by the Marcus
electron transfer theory. Therein, the electron transfer rate is
a function of Gibbs standard free energy for the reaction,
electronic coupling, and reorganization energy.**>*

Reorganizational energies were used as a factor in the
assessment of charge transfer rate in various optoelectronic
materials, for example, azadipyrromethene-based metal com-
plexes for solar cells,*® heteroatom-bridged benzothiazolyls for
organic solar cells,>® high-performance host materials for
phosphors in phosphorescent organic light-emitting diodes
(PHOLEDs),*”*® and OLEDs.*

The two fundamental models to describe charge transport are
hopping and band-like, the former increasing and the latter
decreasing with temperature of the operating environment.*’
Two materials with record-high charge-carrier mobility in single
crystals are rubrene and pentacene. Both exhibit band-like trans-
port when tested over a range of hundreds of Kelvin. Herein, we
ondulated TC into the second dimension with alkyl groups and
substitute both terminal phenyl rings along the linear backbone
with either thiophene, furan, pyrrole, or thiazole. We apply DFT to
shed light on the electronic and optical properties. Herein, we
report on four heteroaryl-fused di-tert-butyl substituted materials
(1a-d) as potential new materials for optoelectronic device applica-
tions, specifically 2,8-di-tert-butylpyreno[4,5-b:9,10-b'|dithiophene
(1a),** 2,8-di-tert-butylpyreno[4,5-:9,10-b']difuran (1b), 2,8-di-tert-
butyl-4,10-dihydropyrrolo[3’,2’:9,10]phenanthro[4,5-efg]indole (1c),
2,8-di-tert-butylpyreno[4,5-d:9,10-d' ]bis(thiazole) (1d). Only com-
pounds 1a, 1¢, and 1d have previously been proposed or reported
in patent applications.*"** For compound 1b, only derivatives were
reported.*’ In addition, we report on the all hydrocarbon-derivative
2,9-di-tert-butyldibenzo[fg,op]tetracene (1e).** Along with this
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series, pyrene (PY),*> 2,7-di-tert-butylpyrene (2),*® and TC* serve
as benchmark hydrocarbons, Fig. 1.

Based on the analysis of possible resonance structures,
compound 1e can be referenced similar to anthracene with 2
moving Clar’s sextet, or triphenylene-type with four localized
Clar’s sextets, Scheme 1.%%%°

Results and discussion

The molecular geometries of target compounds 1a-1e, PY, 2, and
TC were optimized using DFT under the application of the hybrid
B3LYP*° functional and 6-31G(d,p)’" basis set. Then, the geome-
tries were optimized using tuned, range-separated hybrid ®B97X-
D functional®® and cc-pVTZ>® basis set, Table S2 and Table S3
(ESIT). The range-separation parameter (w) was tuned using the
ionization potential (IP) tuning procedure® and yielded w values
in the order of approximately 0.16 for 1a, 1c, 1d, 1e and slightly
higher for TC as shown by Bhatta for short, conjugated systems.*®
Values closer and above the default value o of 0.200°* were
determined for 1b of 0.24 and PY of 0.3, Table 1.

Gas phase photoelectron spectroscopy data revealed IP of
7.41 eV for PY** and 6.97 eV (*A,) for TC®® indicating maximal
deviation errors of 5% and below for PY and TC at this level of
theory compared to experimental data. All compounds la-e
have IPs in the range of TC rather than PY, whereby it is noted
that the substitution of the 2,7-positions with ter¢t-butyl groups
on PY to obtain 2 most substantially effects the IP by 0.5 eV.
This is a larger factor than the lateral fusion with phenyl groups
when going from compound 2 to 1e. IPs of 1b, 1¢, and TC are
closest around 6.60 eV. The higher electronegativity of the
heteroatom (O > N > S) in its role to stabilize the HOMO

PY

2

TC

Fig. 1 Overview of materials of interest, 1a—e along with reference compounds PY, 2, and TC.
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Scheme 1 Analysis for Clar's sextet in compound 1e.

level®® and increasing the ionization potential shows herein a
minuscule effect of 0.2-0.3 eV and no effect in the case of
thiazole 1d compared to compound 1e, respectively. In other
words, a modification of a phenyl unit to a thiophene, furan, or
pyrrole lowers the IP by 0.2 to 0.4 eV, while the modification to
a thiazole unit shows no effect on the IP.

In addition, the solid state ionization potential and the
electron affinity are often approximated by cyclic voltammetry
experiments.®>” For example, the ionization potential of PY is
determined at 1.3 V vs. SCE.”® Hansen reported the absolute
potential for SCE as 4.698 eV.’® Therefore, the IP for PY
converts to 6.0 eV. The IP of TC is reported as 0.72 V vs.
SCE,*® which converts to 5.42 eV. Similarly, we report the
oxidation potential of 2 to yield 5.5 eV based on cyclic voltam-
metry data, Fig. S1 (ESIt).

EA varies substantially ranging from 0.01 to 0.65 across
compounds la-e, however, the values are not approaching the
low value as TC. Thiophene and thiazole-fused pyrene units 1a
and 1d have the lowest EA, not surprising since indole itself has
an EA of 0.00351 eV.%' The substitution of PY with alkyl groups
and then extension to four linearly fused phenyl ring backbone
as observed in 1e has only a minimal effect on the EA level,
Table 2. It is noted that for charged species, such as anions as
well as for determining electron affinity, the inclusion of diffuse
functionals in the level of theory is recommended to capture tail
behavior of molecular orbitals®® as exemplified in other works
characterizing the of acene series.®***

Absorption properties

Time-dependent Density Functional Theory (TD-DFT) was carried
out at tuned, range-separated hybrid ®B97X-D functional®® and
cc-pVTZ™ basis set for level of theory. The first ten excited states
in the series of compounds were computed. Data was analyzed
using Gaussum and is presented in Fig. 2. For brevity and
relevance, only excitations to S; and S, are shown below,
Table 3. The complete data for all ten excited states of the
compound series is presented in Tables S4-S8 (ESIt). While
®B97X-D is known to overestimate the exited state energy level
S; (‘L) in PY®"*® Jeading to a narrow albeit correct ordering of the
first two excited states, the modeled oscillator strengths match
experimental observations.®® Particularly for PY the ordering of
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Table 2 lonization potential (IP),electron affinity (EA), and fundamental he

gap (Eung) as determined at the ®B97X-D%?/cc-pVTC®? level of theory and
experimental data for 1la—e, PY, 2, and TC

1P“[ev] PES’[ev] 1P EA[eV] EAS?[eV]  Epnd®
1a  6.74 — — 0.52 — 6.22
1b  6.63 — — 0.29 — 6.34
1c  6.52 — — 0.01 — 6.51
1d 691 — — 0.65 — 6.26
le  6.92 — — 0.36 — 6.56
PY 7.36 7.41%2 6.0°%  0.44 0.59%° 6.92
2 6.84 — 5.5 0.38 — 6.46
TC  6.60 6.97°° 5.4° 102 1.058% 5.58

% IP and EA were computed by the difference of the total energy of the
relaxed cation state and the relaxed ground state or the latter with
relaxed anion state, respectively. ” As determined by gas-phase photo-
electron spectroscopy (PES). © Determined by cyclic voltammetry with
conversion of E,p,s(SCE) = 4.698 eV. ¢ As determined by Electron attach-
ment spectroscopy (EAS).®" © Difference between IP and EA.” As deter-
mined by cyclic voltammetry.

excited states is often observed as wrong, particularly when using
TD-DFT. This observation was investigated by Graef and Martins
utilizing a large range of functionals with the Def-2svp basis set.
When utilizing the functional ®B97X-D, a correlation between
changes in geometry and band ordering was drawn utlizing the
value of @2 as a function of w. The parameter 2 is defined as
the ratio between the average length of bonds transversal to the
central bond in pyrene and the average length of the bonds
parallel to the central bond in pyrene, Table S1 (ESIt). In this
limited case, the long-range correction along with the optimized
geometry had an impact on the band ordering. Thus, correct
ordering of the first two states was observed when the value of Q
> 1.020 as verfied using CCSD and MP2 computations. However,
an underestimation of the absorption wavelength was observed
with the functional ®B97X-D”° since PY exhibits an absorption
maximum at 370 nm (extinction coefficient 1.2 x 10> M~ *em™*),”*
compound 2 absorbs at 339 nm (dichloromethane),”* and TC
(denoted as naphthacene in literature) absorbs at 471 nm (ben-
zene, extinction coefficient 1.0 x 10* M~ 'em™")"" in comparison
to the computed values of 293 nm, 317 nm, and 440 nm (this
study). Thus, the error ranged from 0.9 eV for PY to 0.3 eV for 2
and 0.2 eV for TC when comparing solution to gas phase data.
The quantum-mechanical transition dipole moment bridges
the gap to the oscillator strength in classical observation.”
When considering the transition dipole moment, two absorber-
types are distinguished herein, the pyrene-type (PY-type)
and tetracene-type (TC-type). Characteristically for PY-type,
the S, « S, absorption band has a transition dipole moment
significantly larger than for the S; « S,.5%° Characteristic is
the 1:1 weighted configurational interaction between H—1 —
LUMO and H —» LUMO-1 for the lowest energy transition,
while configurational interactions between HOMO — LUMO

Table 1 Tuned w-values (Bohr™Y) for range-separated hybrid functional ®B97X-D>? with cc-pVTC>? basis set for 1a—e, PY, 2, and TC

Compound la 1b 1c

1d 1le PY 2 TC

Tuned o value 0.1564 0.2376 0.1564

18468 | Phys. Chem. Chem. Phys., 2024, 26, 18466-18475

0.1564

0.1564 0.3282 0.1564 0.1719
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Fig. 2 Oscillator strength and absorption for 1a—e, PY, 2, TC modeled with ®B97X-D functional®® and cc-pVTZ>® basis set for level of theory in gas phase.

dominate in the higher energy component.”* For TC-type, the
S; « Sy absorption band has a transition dipole moment

Table 3 Gas phase vertical transition energies (Eyen, €V), wavelengths
(Avert. NM), oscillator strength (), transition dipole moments (uge, Debye) as
computed using time-dependent DFT (TD-DFT) at the ©B97X-D%/cc-
PVTZ> level of theory for 1la—1le, PY, 2, and TC

Transition Eyert Avert f Uge
la So — Sy 3.81 326 0.153 1.642
So - Sy, 3.86 321 0.117 1.235
1b So - Sq 3.88 320 0.004 0.042
So - S, 3.90 318 0.293 3.064
1c So — S, 4.04 307 0.006 0.056
So - S, 4.13 300 0.255 2.519
1d So - S, 3.84 323 0.253 2.688
So - S, 3.87 320 0.013 0.139
1le So - Sy 3.93 315 0.012 0.129
So - S, 4.10 302 0.099 0.989
PY So — Sq 4.24 293 0.0003 0.003
So - S, 4.32 287 0.325 3.065
2 So — S, 3.91 317 0.004 0.045
So - S, 3.92 316 0.378 3.927
TC So — Sy 2.82 440 0.07 1.016
So - S, 3.72 333 0.004 0.039

This journal is © the Owner Societies 2024

significantly larger for than S, « S,. According to our calcula-
tion results obtained at the ®B97X-D>*/cc-pVTZ>® level of the-
ory, compounds 1b, 1c, 1e along with PY and 2 represent PY-
type absorbers. For all these cases, the HOMO-LUMO (HL)
transition accounts for >75%. Compounds 1a-d have transi-
tion dipole moments significantly larger than TC. Compounds
1a and 1d exhibit TC-type absorption character. However, only
1d shows the signatory absorption band with HOMO-LUMO
contribution of >80%.

Natural transition orbitals (NTOs)”>’® of compounds 1a-e,
PY, 2, and TC were carried out in an effort to identify if just a
single occupied (hole) and unoccupied (particle) NTO pair
characterizes the nature of the first and second optically active
singlet excited states. The eigenvalues for these transitions are
listed in Table 4 and representative NTO pairs are shown in
Tables S9-S11 (ESIt). This analysis revealed that only the TC S,
« Sy transition is completely described by a single NTO pair
with eigenvalue of 0.99 while 1a and 1d have eigenvalues for
this transition of >0.8. The dominating particle for PY type
transition in S, « S, is observed for 1b, 1¢, 1e, PY, and 2 with
eigenvalues of >0.76. All frontier highest occupied transition

Phys. Chem. Chem. Phys., 2024, 26,18466-18475 | 18469
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Table 4 NTO analysis of eigenvalues for NTO pairs based in So — S; and
So = S, transitions at the (1)897X—D52/cc—pVTZ53 level of theory for 1a-1e,
PY, 2, and TC
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Table 5 Reorganizational energies of target compounds 1a—e, PY, 2, and

TC upon going from the neutral to the anionic state at the ®B97X-D>?/cc-
pVTZ>® level of theory

Hole Particle Hole Particle Compound W mev @ mev Jror MEV Jror MEV
So — Sq So — S, Neutrl to ANION —
1a H-1 (0.16) L +1 (0.16) H—1 (0.22) L+1(022) 1a 124 123 247 —
H (0.82) L (0.82) H (0.76) L (0.76) 1b 137 137 274 —
1c 154 152 306 —
1b H-1 (0.40) L + 1 (0.40) H-1 (0.11) L+1(0.11) 1d 119 118 237 —
H (0.58) L (0.58) H (0.89) L (0.89) 1e 98 121 219 —
PY 192 191 383 —
1c H-1 (0.39) L + 1 (0£.39) H-1 (0.15) L+1(0.15) 2 142 142 284 —
H (0.58) L (0.58) H (0.82) L (0.82) TC 106 109 215 151%°¢
16084 a
1d H-1 (0.10) L +1 (0.10) H-1 (0.38) L +1 (0.38) o .
H (0.89) L (0.89) H (0.6) L (0.6) L Reorganizational energies. “ Ar,, meV for TC reported at B3LYP/6-
31G(d,p) level of theory.
le H-1 (0.36) L +1(0.36) H-1 (0.21) L+1(0.21)
H (0.60) L (0.60) H (0.74) L (0.74)
PY H-1 (0.44) L+ 1 (0.44) H-1 (0.13) L +1(0.13)
H (0.53) L (0.53) H (0.85) L (0.85) Table 6 Reorganizational energies of target compounds la—e, PY, 2, and
TC at the ©B97X-D>?/cc-pVTZ>® level of theory
2 H-1 (0.42) L+1 (0.42) H-1 (0.10) L+1 (0.10]
H (0.57) L (0.57) H (0.90) L (0.90) Compound 7 mev @ mev Jror MEV Jror MEV
Neutral to CATION —
TC H (0.99) L (0.99) H-1 (0.45) L +1 (0.45)
— — H (0.52) L (0.52) 1a 97 97 194 —
1b 92 92 185 —
H = occupied NTO, L = virtual NTO wherein H and L have the same 1, 107 106 213 _
eigenvalue. 1d 100 100 200 —
1le 99 98 198 —

. . . . PY 154 153 307 —
orbital (HOTO) and lowest unoccupied transition orbital , 112 112 223 _
(LUTO) molecular orbital pictures of relevant transitions for S; TC 83 85 167 1072:

113

<« Spand S, « S, transitions were analyzed and are shown in
Fig. S11-S13 (ESIt). Therein it becomes apparent that the TD-
DFT results for this group of compounds are dominated by more
than one relevant NTO pair. Elevating the level of theory to
describe these polycyclic aromatic hydrocarbons, particularly
acenes’” ®" and higher acenes®® with a combined DFT multi-
reference configurational interaction (DFT/MRCI) method exem-
plifies the complexity of these systems with multireference
character and remains to be explored for the presented series.

According to the potential energy surface, the reorganizational
energy of going from a neutral ground state to a charged ionic
state (cation, anion) requires geometry relaxations.®* The
sum of said terms add up to the total reorganizational energy,
which among other factors ultimately has an impact on
charge carrier mobility and thus device performance. Using DFT
and the Dushin program by Reimers,*® we have assessed the
reorganizational energies of compounds 1a-e, PY, 2, and TC at the
o-tuned ®B97X-D*/cc-pVTZ> level of theory in this series, Tables
5 and 6.

The calculations completed to assess reorganizational energies
upon going from the neutral ground state to the anionic state
showed that all five compounds exhibit reorganizational energies
ranging from 0.2 to 0.3 eV. The highest value was observed for the
compound containing the electronegative atom nitrogen, 1c with
a value closest to pyrene. The remaining are around ~ 100 meV
lower in reorganizational energy compared to pyrene, Table 5. In
comparison to TC, the reorganizational energies are on average
24% higher and for 1a-d all higher than the benzofused derivative

18470 | Phys. Chem. Chem. Phys., 2024, 26, 18466-18475

) Reorganizational energies. “ 2 1o meV for TC reported at B3LYP/6-
31G(d,p) level of theory.

1e. Therefore, in this series, 1e is the most suitable candidate with
only 2% higher reorganizational energy compared to TC.

The calculations completed to assess reorganizational ener-
gies upon going from the neutral ground state to the cationic
state showed that all five compounds la-e exhibit similar
values of reorganizational energies. All compounds showed a
significantly lower reorganizational energy compared to PY,
Table 6. In comparison to TC, the reorganizational energies
are on average 19% higher. Interestingly here, though, is the
fact that the reorganizational energies of 1a and 1b are 2% and
7% lower compared to 1e, respectively. This allows the hypoth-
esis that replacing a benzene unit with a heterocyclic aromatic
thiophene or furan, allows lowering the reorganizational ener-
gies in these types of compounds. Specifically, we have replaced
an aromatic C—C bond with a -S- (1a) or -O- (1b). It was
previously shown using photoelectron spectroscopy, that sulfur
atom therein behaves like the C—C bond and donates the
necessary two electrons to the aromatic system,® rendering 1a
and 1b isoelectronic to 1e. Due to the lowest value, 1b is most
suitable system from a reorganizational energy point of view.

While there is a survey of omega values applied to TC in
literature, no tuning of omega is reported on the functional
®B97X-D."® The reorganizational energy of TC at the B3LYP/6-
31G(d,p) level of theory is 107 meV by summing up the

This journal is © the Owner Societies 2024
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Fig. 3 Vibrational modes observed for the anionic relaxation energy for 1a—d (up) and 1e, PY, 2, and TC (down). Calculations were completed at the

®B97X-D>?/cc-pVTZ> level of theory.

reorganization energies from the individual normal modes.
Rossi reported reorganizational energies of the former type as
117 meV for TC using B3LYP/6-31G(d,p) level of theory.®®

It is noted that the global hybrid functional B3LYP with a
fixed, 20% amount of Hartree-Fock (HF) component is known
to introduce a many-electron self-interaction error.®”

The minimization of this error is mitigated by the use of
range-separated hybrid functionals (LRC) such as ®B97X,* and
the revised version ®B97X-D, which includes empirical atom-
atom dispersion corrections® leading to the observed differ-
ences in reorganizational energies at these different levels of
theory.

Normal mode analysis was completed to elucidate how
individual normal modes are contributing to the total reorga-
nization energy. Both the cation and anion relaxational ener-
gies were thus dispersed into the individual components under
the application of the Dushin program by Reimers.** TC was
previously characterized by the absence of frequencies below
1000 cm ™" toward the reorganizational energy.*

For the anionic relaxation energy all tabulated results are
presented in Tables S12-5S19 (ESIt). Specifically, one dominant
vibrational mode is located above 1600 cm ™! for 1a-e, PY, and
2. This frequency mode is attributed to the C—=C stretching
vibration of the aromatic core as visualized by GaussView. Only
le is characterized by a low contribution and only TC is
characterized again by absence of this mode, Fig. 3.

For the cationic relaxation energy all tabulated results are
presented in Tables S20-S27 (ESIf). It is noted that the

This journal is © the Owner Societies 2024

dominant vibrational modes are again located above 1600
em ! for all compounds except TC. As previously observed at
the B3LYP/6-31G(d,p) level of theory, only few modes are active
in TC rending the prediction of mobility to 0.67 cm®> V™ 's "in a
band-like transport mechanism.*® Specifically for TC single
crystal, hole mobility reaches values close to p ~ 1ecm*V ™ 's™*
at room temperature from both, time of flight and I-V
measurements.”® This high frequency mode is attributed to
the C=C bond stretching vibration, Fig. 4, of the aromatic core
attributed to bandlike behavior for the mobility.*°

In contrast to the others, 1e is characterized by the smaller
contribution of this high-frequency band and a higher number

of modes across the entire energy range of 200-1700 cm ™.

Conclusions

The modulation of the lateral chain of aromatics into hetero-
cycles has a smaller effect on the IP when compared to
substitution by alkyl groups. The EA is vastly influenced by
the type of heterocyclic aromatic core used. The computational
assessment of cationic reorganizational energies showed that
the lateral fusion of heterocycles on pyrene narrowed the
material’s properties to the related tetracene compound. This
effect was only mildly observed for anionic reorganizational
energies. Normal-mode analysis using Dushin program
revealed C—C stretching to be the major contributor to large
reorganizational energies for all except 1e.
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Fig. 4 Vibrational modes observed for the cationic relaxation energy for 1la—d (up) and 1e, PY, 2, and TC (down). Calculations were completed at the

©B97X-D%?/cc-pVTZ> level of theory.

Materials and methods
Quantum chemical calculations

All calculations were carried out using Gaussian09 (Revision
D.01) and visualized using GaussView (Version 5.0.9).%%
Compound structures were drawn in 2D using ChemDraw,
converted to 3D using Chem3D module and energy was
minimized using MM2 Chem3D (15.0). The geometries were
distorted from planarity with ~2-5° dihedral angles using
GaussView and geometries were optimizations in the gas phase
at the B3LYP/6-31G(d,p) level of theory. The achieved minima
were verified by analysis of harmonic vibrational frequencies
and verified by the absence of imaginary frequencies. Range-
separated functional ®B97X-D>* was utilized along with the cc-
pPVTZ* basis set with a tuned range-separation parameter o.
This parameter was tuned with the ionization potential (IP)
tuning procedure®® as listed in Table 1 and was utilized for
optimization and frequency analysis. The absence of negative
frequencies was confirmed.

TD-DFT calculations were carried out and reported at the
tuned ®B97X-D*?*/cc-pVTZ>? level of theory and processed using
GAUSSUMS3.0.%

Electrochemistry

Non-aqueous reference silver wire electrode along with plati-
num wire counter electrode and glassy carbon working elec-
trode were used in a solution of tetra-n-butylammonium
hexafluorophosphate (0.1 M) in dichloromethane. Ferrocene
(Fc) was used as internal standard. A scan rate of 0.1 V' s "
with 1 x 107> A V! sensitivity was used.

18472 | Phys. Chem. Chem. Phys., 2024, 26, 18466-18475

Reorganizational energies

Total reorganizational energies are the sum of the individual
reorganizational energies for going from the neutral geometry
to the cation or anion, respectively. Details for the procedure
are outlined elsewhere.***>° In short, the reorganization
energy 4 is computed as per eqn (1):

J=ii+iy=[EL - Es] + [E" — E (1)

Herein, E and E. are the lowest energy structure of the neutral
and cation/anion geometry, respectively, while E* and E.*
represent the energies of the neutral and cation/anion structure
at the vertical transition from the cation/anion and neutral
structure, respectively.

Relaxational energies

Relaxational energy A***%°> and Huang-Rhys factors S; were

computed along a scan across the vibrational modes w; under
the application of the Dushin program provided by Reimers.*?
The reorganizational energy is thus the sum of each vibrational
mode as outlined in eqn (2) and this was carefully reviewed by
Hsu.*

A= Z)Vi = ZSihwi (2)

Since the analysis herein explores trends rather than abso-
lute values, no scaling was done. Shall a scaling be desired, the
computational data is recorded in the ESI{ and a scaling of
harmonic frequencies with a factor of 0.956 + 0.002 for ®B97X-
D**/cc-pVTZ> as reported by the Computational Chemistry
Comparison and Benchmark DataBase may be applied.’®
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