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ABSTRACT

Opto-electronic and charge-transport related properties of a series of 3,6-diphenyl-s-
tetrazine derivatives, including F, Cl, Br and CN substituents, have been analyzed. The
molecular structure and electronic properties of the new fluorine-containing derivative,
bis(3,6-difluorophenyl)-s-tetrazine, were explored by spectroscopic, electrochemical
and theoretical methods. The effect of the substituent on the pristine compound have
been assessed from a theoretical perspective, showing that the fluorinated and
brominated derivatives have the highest predicted electron mobilities, while the cyano

derivative is foreseen to undergo the most efficient electron injection process.

INTRODUCTION



Tetrazine derivatives constitute the most electron-deficient aromatic family'” and
display interesting properties as concern semiconducting and opto-electronic
applications, e.g. redox reversibility on reduction and exhibit low potentials2’4’5 and also
they are coloured due to a n — 7 low energy transition.” In addition, several tetrazine
derivatives are fluorescent in the visible wavelength region, Ay, ~ 550-570 nm).g'11
Desirable electronic properties have been described for 3,6-diphenyl-s-tetrazine (Ph,Tz,

3,4.7.8,12,13 . ) .
w052 which leads us to consider this

Chart 1) and some other diaryl derivatives
family of compounds as suitable candidates for n-type semiconducting materials. A
proven strategy to improve the n-type semiconductor properties is by functionalizing
with electron-withdrawing substituents, such as F, Cl, Br and CN, since they increase
the electron affinity and lower the electron injection barrier.'*"® These factors allow the
use of more stable cathodes such as aluminum instead of the more reactive calcium
(more prone to atmospheric degradation).lét'21

The effect of attaching such electron-withdrawing substituents on charge-
transport properties has been analyzed elsewhere (see, e.g. 14, 21-26). Perfluoro-
pentacene constitutes a nice example as it exhibits electron mobility (i) values as high
as 0.22 cm? V' s' and the combination of perfluoropentacene (n-channel) and pentacene
(p-channel) yields high-performance p-n junctions and offers the possibility to fabricate
bipolar transistors.”

In the present work we first analyze from a theoretical point of view, the effect
caused by F, Cl, Br and CN substitution (Chart 1) on the opto-electronic properties and
n-type semiconductor character of the parent molecule, thTz.8 Besides, the molecular

structure and electronic properties of bis(3,5-difluorophenyl)-s-tetrazine, (F,Ph),Tz (see

Chart 1), were analyzed by spectroscopic, structural, electrochemical and theoretical



methods. The electron transport properties were evaluated on molecular crystals

modeled from the X-ray crystal structure of (F,Ph),Tz.
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Rl =ClI R2 =H (ClPh)zTZ
R, =Br R, =Br (Br,Ph),Tz

R,=CN R,=CN ((NC),Ph),Tz

Chart 1. Chemical formulae of 3,6-diphenyl-s-tetrazine and some derivatives.

EXPERIMENTAL SECTION

General. All reagents were of commercial quality and solvents were dried using
standard procedures. 'H and *C-NMR spectra were recorded in a Bruker Avance 400
and a Bruker Avance 500 spectrophotometers. The mass spectra were recorded with a
high resolution mass spectrometer Waters Micromass AutoSpec NT.

Synthesis. The synthesis of bis(3,5-difluorophenyl)-s-tetrazine, (F,Ph),Tz, was
performed via a Pinner-type reaction between 3,5-difluorobenzonitrile and hydrazine,**’
with N-acetylcysteine as catalyst (Scheme S1). Hydrazine hydrate (2.9 mL, 58.46
mmol) was dropwise added to a solution of 3,5-difluorobenzonitrile (2 mL, 58.46

mmol) and N-acetylcysteine (3.3 g, 19.49 mmol) in MeOH (20 mL) at room

temperature, and the resulting mixture was stirred for 24 h at reflux temperature under



Ar atmosphere. Then, the solvent was removed under reduced pressure and the solid
residue was distributed between 15% NaOH aqueous solution and dichloromethane.
The organic layer was dried over anhydrous Na,SO, and evaporated under reduced
pressure to give a reddish solid. This solid was dissolved in methanol and the resulting
clear solution was stirred for 12 h in an open vessel at room temperature. Then, the red
solid in suspension was collected by filtration, washed with methanol and dried under
vacuum to afford 2 (see Scheme S1) with a 79 % yield (referred to 3,5-
difluorobenzonitrile) as a spectroscopically pure red crystalline solid. 'H NMR (400
MHz, CDCl3) & ppm 7.12 (tt, J = 8.48, 2.38 Hz, 2 H), 8.21 (m, 4 H). "C{'H} NMR
(101 MHz, CDCl3) 8 ppm 108.44 (t, J = 25.7 Hz), 111.19 (m), 134.60 (t, J = 10.2 Hz),
162.98 (t, J = 3.6 Hz), 163.67 (dd, J = 249.4, 13.2 Hz). "C{"°F} NMR (126 MHz,
CDCl3) 6 ppm 108.44 (d, J = 167.5 Hz), 111.18 (d, J = 168.5 Hz), 134.58 (s), 162.88
(s), 163.66 (s). HRMS (DIP/EI): Exact mass calcd. for C14N4HcF4: 306.0529; found:
306.0531.

Spectroscopy. FTIR spectra were recorded both in solid phase (in KBr discs)
and in CCly solution at a resolution of 1 cm™ and 200 scans with a Bruker Vector 22
spectrophotometer. ATR-FTIR spectrum was recorded at the same resolution in a Jasco
4100 spectrophotometer. Raman spectra in solid phase and in CCly solution were
recorded with a Bruker RFS 100/S FT-Raman spectrophotometer at a resolution of 1
cm™, 150 scans and laser power between 250 mW (for liquid phase) and 500 mW (for
the solid phase). The liquid-phase Raman spectra were also recorded with polarized
light at 0° and 90°. UV—Vis absorption spectra were recorded in chloroform, carbon
tetrachloride, methanol and n-hexane as solvents with a Varian Cary 4000

spectrophotometer with a resolution of 1 nm.



Single crystal X-Ray crystallography. The single crystal X-ray data for
compounds Ph,Tz and (F,Ph),Tz have been collected on a Bruker SMART CCD 6000
diffractometer (graphite monochromator, AMoKa, A = 0.71073A) equipped with a
Cryostream (Oxford Cryosystems) open-flow nitrogen cryostats at the temperature
120.0(2) K. All structures were solved by direct method and refined by full-matrix least
squares on F* for all data using Olex2*® and SHELXTL? software. All non-hydrogen
atoms were refined anisotropically, hydrogen atoms were refined isotropically. Crystal
data and parameters of refinement are listed in Table S1. Crystallographic data for the
structure have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication CCDC-992614-992615.

Electrochemical methods. Cyclic voltammetry measurements (Autolab PG-
STAT 30) were carried out using dry dichloromethane or acetonitrile solutions
containing 0.1 M NBu4PFg electrolyte in a standard three-electrode cell using a glassy
carbon (2 mm diameter disc) working electrode with platinum wires as counter and
reference electrodes. Potentials are reported using an internal ferrocenium/ferrocene
couple (FcH/FcH = 0.0 V) as reference. All electrochemical experiments were carried
out in a nitrogen atmosphere at ambient temperatures.

Spectroelectrochemical experiments were performed at room temperature in an
airtight optically transparent thin-layer electrochemical (OTTLE) cell equipped with Pt
minigrid working and counter electrodes (32 wires cm™), Ag wire pseudo-reference
electrode and CaF, windows for a 200 pum path-length solvent compartment.*® The cell
was positioned in the sample compartment of a Perkin-Elmer Lambda-900
spectrophotometer. An initial potential was applied such that no electrochemical work
was done. The applied potential was then increased in a small (50 - 100 mV) step and

the system allowed to reach equilibrium, as determined by both the decrease in current



flowing through the cell and the reproducibility of spectra vs. time, before further
increase in applied potential. When complete electrolysis had been achieved (as
determined by the relative changes in the spectroscopic profile), the chemical
reversibility was determined by back oxidation using a similar sequence of controlled
potential steps. The controlled-potential electrolyses were carried out using an Autolab

PG-STAT 30 potentiostat.

THEORETICAL AND COMPUTATIONAL METHODOLOGY
Electron injection and transport: theoretical considerations. High
performances in n-type organic semiconductors are related to electron injection easiness

as well as high charge carrier mobilities.*' ™

Low-energy LUMO levels and sufficiently
high electron affinities are needed for efficient charge injections.zo’31 The height of the
potential barrier, i.e. the energy difference between the LUMO level and the work
function (®;) of the metal electrode is an essential factor which controls the efficiency

34-37

of the process. This energy difference of less than 0.2-0.3 eV is generally accepted

for an ohmic contact between semiconductor material and electrode to take place3 637
neglecting effects involving metal reactivity, interdiffusion within the metal-organic
interface and ternperature.3 ! Electron affinity (EA), defined as the energy released when
one electron is added to the system in the gaseous state, is also of great importance for a
material to be considered as n-type semiconductor. It should be high enough to allow
efficient injection of electrons into the empty LUMO although if the molecule is too
electrophilic its ambient stability could be comprornised.31

In typical 7-conjugated organic crystal materials with small bandwidths (< 1 eV)

at room temperature, charge motion is generally produced by a hopping mechanism.

This mechanism can be described as a self-exchange electron-transfer (ET) reaction



between neighboring molecules within the framework of the Marcus-Levich-Jortner
(MLJ) model. 3 Accordingly, the rate constant for electron transfer (kgr) can be

expressed as:

[ c Loy SIe ~(Ao + NPt ;- +AGOY
ker = T2 [amAksT Z exp(=Siyr) Xy % exp FigkaT

=o
(1)

where kg is Bolztmann’s constant and T is the temperature, fixed at 300 K, #;, and A
stand for charge transfer integral and the classical contribution (mostly the external) to
the reorganization energy fixed at 0.1 eV, respectively. Generally, in organic crystals
the outer contribution is in the order of a tenth of an electronvolt as opposite to charge

transfer in solution wherein the external part dominates.'®"** AG’

is the energy
difference between the electronic states involved in the charge transfer process (equal to
zero in the self-exchange process), Seir = Ai/h@eg is the effective Huang-Rhys factor, A,
the inner reorganization energy, and e, the frequency of the effective vibrational
mode assisting the process, fixed at hegr ~ 0.2 €V. The inner reorganization energy, A;_ for

self-exchange consists of two terms corresponding to the geometry relaxation energies

upon going from the neutral-state geometry to the charged-state one and vice versa

7\.1 = 7\,1 + 7\,2 (2)
M =E%G) -E(G" A3)
M»=E(G)-E(G) 4)

where EO(GO) and E*(G*) are the ground-state energies of the neutral and ionic states,
respectively. E%(G") is the energy of the neutral molecule at the optimal ionic geometry;
E'(G") is the energy of the charged state at the optimal geometry of the neutral

molecule. 340+



The charge transfer integral, ¢, reflects the strength of the electronic
interactions between neighboring molecules, so it critically depends on their relative
spatial arrangement. The electronic coupling is defined by the matrix element

t12 = <ylHhy> &)
where H is the electronic Hamiltonian of the whole system and y; and v, are the
wavefunctions of two initial and final charge-localized states.24%%

For an n-dimensional and spatially isotropic system, in which homogeneous

charge diffusion can be assumed, D can be evaluated as:

b 1 i {Tz}"’lzzk
= on em "*Er_?}- i

(6)
where n = 3 and i runs over all nearest adjacent molecules while r;, k; are, respectively,
the corresponding center-to-center hopping distance and the electron transfer rate

constant (obtained from eqn. (1)), and p; is the hopping probability calculated as

21,3244
by:

I
C Bk (7)

In the low field limit, the charge carrier mobility (u;.p) can be described by the

Einstein’s relation

Huop = TaT )
where T is the temperature, kg is the Boltzmann constant, e is the electron charge and D
is the diffusion coefficient.”'~>*
Computational methods. DFT (B3LYP®* and PBE0**®) methods as
implemented in Gaussian(09 (revision B.01)* were used for the different calculations of
molecular structures, vibrational frequencies and electronic properties described below.

Concretely, infrared and Raman spectra were assigned using the harmonic vibrational

frequency scale factors reported by Merrick et al.”’ on the basis of vibrational



frequencies calculated at the B3LYP/6-31+G* level on a structure optimized at the
same level of theory within the isolated molecule approximation. Electronic transitions
were analyzed at the time-dependent (TD)-PBE0/6-31+G* level for both the isolated
and solvated molecule within the Polarizable Continuum Model (PCM)
methodology.”'”” TD-PBEO has already been successfully employed to predict the
electronic excitation spectrum of Ph,Tz® and other conjugated organic compounds™*
as well as to calculate low-energy transitions for conjugated organic compounds when
solvent effects are taken into account through the PCM approach.”> PCM/TD-PBE0/6-
31+G* calculations were carried out on molecular structures calculated at both the
PCM/PBEO0/6-31+G* level and the PCM/MP2/6-31+G* level (Mgller-Plesset second

56-59

order perturbation theory). Both methods were employed in order to assess the over-

planarity usually rendered by DFT methods for conjugated molecules and the effect on
its electronic spectrum.”""’

Semiconducting related properties (Erumo, EA, A; and 7;,) were calculated at the
B3LYP/6-31+G* level of theory. Although Koopman’s theorem is not rigorously
applicable to Kohn-Sham orbital energies, Perdew proved a connection between
ionization potentials/electron affinities and HOMO/LUMO energies through Janak’s
theorem (see, e.g. ref. 62-64 and references therein). In this sense, B3LYP has been

65,66 . .
7 and provides theoretical A; values

proven to be accurate enough for predicting EAs
in good quantitative agreement with the experimental ones from gas-phase ultraviolet
photoelectron spectroscopy.”’ Zhang and Musgrave have also reported B3LYP yields
lower errors in the LUMO energy calculation of small organic molecules than other

DFT methods with a higher percentage of HF Exchange.”” The 6-31+G* basis set is

. . . . .. . 64
recommended in calculations involving anionic species.’



Crystal structures were modeled with PBE'" and a numerical double-{ +
polarization atomic orbital basis set, where the ions are described with norm-conserving
Troullier-Martins pseudopotentials, as well as with PBE using a Grimme's dipersion
correction term® with a DZP basis set, PBE-D/DZP using the SIESTA code.”’ All the
atomic positions and lattice parameters were relaxed using the conjugated gradient
minimization method. The X-ray structures obtained in this study were used as starting
points to model the Ph,Tz and (F,Ph),Tz crystals. For the remaining compounds, i.e.
(CL,Ph),Tz, (Br,Ph),Tz and ((NC),Ph),Tz, crystal structures based on the modeled
(F,Ph),Tz crystal were employed as the starting points. Afterwards, the electronic
coupling parameter ¢;, was calculated for the different couples of molecules extracted
from both the X-ray structures and the modeled crystals. Thus, the effect that deviations
between experimental and theoretical structures lead on calculated charge-transport
related properties was also evaluated. Charge transfer integrals were obtained following
the so-called projective method,”"”* according to which Fock’s matrix is written in
terms of localized orbitals by using the orbital projection, i.e. the molecular orbitals
(MOs) of the selected dimer of stacked molecules are projected on a basis set defined by
the MOs of the individual molecules. These calculations were carried out with the J-

from-g03 code.”""*

RESULTS AND DISCUSSION

Molecular structure. Both (F,Ph),Tz and Ph,Tz yielded crystals suitable for X-
ray diffraction analysis. Although the crystal structure of Ph,Tz was first reported long
ago by Ahmed and Kitaigorodsky, ” it became necessary to update it in a more accurate
fashion for comparison with the current data here computed. In Supplementary

Material, Figures S1 and S2, Chart S1 and Tables S3-S9 summarize some of the most



relevant determined molecular parameters along with the calculated ones for the five
molecular crystals. The calculated molecular structures are in agreement with the X-ray
crystal structures. The substituents (halogen or CN) do not induce significant changes
on the molecular parameters of the tetrazine ring and the inter-ring C-C lengths (1.48 —
1.49 A). Nevertheless, the calculated dihedral angle between phenyl and tetrazine rings
gradually increases from 13° for (F,Ph),Tz to 18° for (CN,Ph),Tz, while the Ph,Tz
structure is nearly planar.

The calculated and experimental values for Ph,Tz and (F,Ph),Tz of the lattice
and m-stacking parameters in Table 1 are in agreement. The Ph,Tz crystal shows a
herringbone disposition while in the (F,Ph),Tz crystal, the stacks of molecules are T-
shaped (see figure 1). These results parallel those reported for the crystals of
pentacenes, where a change in the crystal configuration is observed on going from the
parent pentacene to the perfluorinated pentalcene.“m’74 As also reported for these
pentacene crystals, a better cofacial stacking (see figure 1) is obtained with fluorine
atoms which, in turn, improves the electronic couplings (see below). Some authors
relate the higher planarity of Ph,Tz in the crystal to weak C—H...N interactions (dy. N =
2.70 and 2.83 A) between coplanar molecules.”’® In the (F,Ph),Tz crystal, weak
C-F...H-C (d¢._y >2.65 A) intermolecular interactions between neighboring molecules
may also play a role in the perpendicular dispositions found. The centroid-to-centroid
(CCD) and plane-to-plane shift (PPS) distances increase as a function of the substituent
size from F to CN. The plane-to-centroid (PCD) distances between two phenyl groups
also increase from F to CN but the PCD values between the tetrazine rings keep
constant.

It is well known that local, gradient corrected functionals, like PBE, show

shortcomings at the adequate description of long-range (dispersion) interaction forces



that are commonly believed to be important in organic molecular crystals. However, the
internal geometries of crystals are well reproduced here by PBE calculations (mean
absolute error, MAE, for lattice parameters, 0.120 A/ 0.28(5)° as compared to 0.288 A/
1.32(3)° obtained at PBE-D level, see Table S10 in Supplementary Information) which
can be due either to van der Waals interactions may not be the most important driving

71,78

forces for the bonding within these compounds, or to a fortuitous cancellation of

errors or a combination of both.

Path 1

Path 2
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Figure 1. Molecular arrangements from the X-ray crystal structures (upper part) and
different views for the most significant charge transport pathways in Ph,Tz and
(F,Ph),Tz (lower part). The remaining (X,Ph),Tz derivatives show similar pathways as
(F2Ph),Tz.

Table 1. Crystallographic and calculated lattice parameters (a, b, ¢, o, p and y) for the unit cell

along with the 7 stacking parameters between cofacial neighboring molecules.

Compound
Ph,Tz (F,Ph),Tz (Clzlzh)zT (Bl'zlz)h)zT ((CN);Ph)zT
Lattice parameters Exp. Theor Exp. Theor. Theor. Theor. Theor.
alA 5'39)13(5 M 376022) 37708 40504 41760 47335
b/A 5'09)92(5 > 14'1?7(7 141215 144802 148416 145545
/A 20'0)03(2 20i33 11'8§38(6 120108 122341 124175 11.2946
o/ degrees 9.0 900 900 9024  90.30 90.02 90.27
B / degrees 92.67(2) 91(/')63 90.582) 9041 9240 91.50 86.29
v/ degrees 90 900 900 8970  89.50 89.94 89.72
n stacking
parameters
PCDBRTY) o) 35
PCD (Ph-Ph) 33112) 345 373 373 3.80
PCD (Tz-T2) sane M 32328 3178200 33309
CCD (PhT) 37602)  3.67

3.760(2)  3.69
CCD (Ph-Ph) 3.620(1)  3.77 4.05 4.18 4.73

CCD (Tz-Tz) 3.620(1) 3.77 4.05 4.18 4.73



1.538(2) 1.36

PPS (Ph-Tz) 2.1692) 154
PPS (Ph-Ph) 14854) 1.5 1.57 1.87 2.83
PPS (Tz-Tz) 1.485(4) 2'058/ 20 938047 268272 3.50/3.55

PCD = plane-to-centroid distance, CCD = centroid-to-centroid distance, PPS = plane-to-plane shift.

Infrared and Raman spectroscopy. IR and Raman spectra recorded for
(F,Ph),Tz in both solid (in KBr discs and by Attenuated Total Reflectance) and liquid
(CCly4 solvent) phases are collected in figures 2, S3 and S4. The assignment of the most
characteristic bands and the depolarization ratios for the liquid-phase Raman spectrum
of (F,Ph),Tz appear in Table S9. For brevity, only those vibrational assignments related
to the most relevant aspects of the molecular structure and the effect of the halogen
substituents are discussed here. In Table S9, a blue shift of the C-H stretching vibrations
from (3074 — 3019) cm™ to 3096 cm™ (in CCly) can be seen with respect to the parent
molecule Ph,Tz. This shift can be linked to a shortening of the C-H distances due to the
presence of the F atoms as predicted by B3LYP/6-31G* i.e. from (1.084 — 1.087) A for
Ph,Tz to (1.082 — 1.083) A for (F,Ph),Tz. Inter-ring C-C stretching vibrations appear as
a set of non-homogeneous intensity bands in the range (1476 — 1214) cm', in between
that for a typical C-C (900 cm™) and a C=C (1650 cm™) stretching.”” B3LYP predicts a
Dy, planar structure for (F,Ph),Tz, as for Ph,Tz. Depolarization ratios measured for four
bands assigned to mainly A, stretching and bending motions lie in the range 0.34 —
0.55. They are somewhat higher than those for Ph,Tz (0.17 — 0.41) which may suggest

that (F,Ph),Tz departs from D5, symmetry in liquid phase more than Ph,Tz does.
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Figure 2. (a) IR spectrum of (F,Ph),Tz in KBr discs; (b) Raman spectra of (F,Ph),Tz in

CCly solution recorded with and without polarization at 0° and 90°.



Electrochemical response. As expected for tetrazine derivatives,z""5 both Ph,Tz
and (F,Ph),Tz show reversible reduction waves at low potentials in CH3CN solutions.
(Figure S5 and Table 2). Reduction potentials for the difluorinated and dichlorinated
derivatives of Ph,Tz, i.e. (FPh),Tz and (CIPh),Tz (Chart 1) have been reported by
Troll.* Compared to the reduction potential of parent Ph,Tz, a lower value by 0.09 V is
found for the difluoro derivative, (FPh),Tz, and 0.11 V for the dichloro derivative,
(CIPh),Tz. Here, it is easier to reduce the tetrafluoro derivative by 0.18 V compared to

the parent tetrazine Ph,Tz.

Table 2. Redox potentials (vs. FcH'/FcH) determined by cyclic voltammetry for diphenyl-s-

tetrazine and halogenated analogues.

Combound 1 BN By AETT i, Difference®  Ey;™/ ES®/
. v v v mv B AE,™! v v

Ph,Tz -133 -123 -128 100 0.96 +1.59°¢ -

(FPh),Tz ® -1.19 +0.09

(F>Ph),Tz -1.14 -1.05 -1.10 90 0.99 +0.18 - —2.48¢

(CIPh),Tz " -1.13 +0.15

* Difference in V between E, ;"' for Ph,Tz and E, ;"' for the halogenated tetrazine.
® Troll, 1982 (ref. 4).
Irreversible wave with 1./I, = 0.86.

4 Trreversible wave with no anodic wave observed.

Surprisingly, a quasi-reversible oxidation wave was observed for the parent
tetrazine here, PhyTz, at E» 1.59 V versus the ferrocene/ferrocenium couple at 0.0 V as
shown in Figure S5. Such an oxidation wave was not observed for (FPh),Tz within the
acetonitrile solvent window. By contrast, (F,Ph),Tz showed an irreversible second
reduction peak with a cathodic wave at -2.48 V. A second reduction wave was not
observed for Ph,Tz which is presumably outside the solvent window. The irreversibility
of the second reduction peak of some tetrazine derivatives has been associated to the

fast protonation reaction of the strongly basic dianion by traces of residual water or even



by acetonitrile.* In CH,Cl,, which is more acidic than CH3;CN, even the first reduction
peaks of Ph,Tz and (FPh),Tz are found to be irreversible.

UV-Vis absorption spectroscopy. UV-Vis spectra for Ph,Tz and (F,Ph),Tz in
n-hexane solution are displayed in Figure 3. The experimental energy value of the
electronic transitions together with the molar absorption coefficients (¢) determined in
different solvents (n-hexane, methanol, CCl,, CHCl; and CH,Cl,) are shown in Table 3
for both molecules. The weak, visible band n — n for tetrazine derivatives does not
show any significant shift upon fluorination of the phenyl rings. This is due to the fact
that the transition mainly involves HOMO (bs,) and LUMO (a,), both fully localized on
the tetrazine ring (see Figures S6 and S7) and, hence, the substituents have a reduced
effect on its energy (Table S10). In contrast, the intense band n — n, appeared at 4.3
eV for (F,Ph),Tz, most involves HOMO-1 (by,) and LUMO+1 (bs,), both delocalized
throughout the molecule and thus the presence of fluorine atoms brings on a blue shift
of 0.1 — 0.2 eV (Figure S7 and Table S11). The solvent effect was also analyzed within
the PCM model and, as a result, calculated and experimental energies for b3, — a, (n,
n') transition fit closely each other keeping differences not larger than 0.10 eV (see
Table S12). MP2/6-31+G* geometry reduces those differences up to 0.03 eV or even
less (see Table 3). For the by, — bsy (m, n*) transition, a worse fitting between
experimental and theoretical values was observed, TD-PBE0/6-31+G*//MP2/6-31+G*
being again the level which behaves best with differences of ca. 0.3 eV (see Tables 3
and S12). Those differences between experimental and calculated energies are within
the expected accuracy for TD-PBEO. For instance, in the extensive TD-DFT benchmark
reported by Jacquemin et al.*’ and a later review by Laurent and Jacquemin,®' TD-PBEO
appears as one of the most accurate TD-DFT methods to calculate vertical electronic

transitions with mean absolute deviations (MAD) of 0.22 eV¥ and 0.24 eV.*!
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Figure 3. UV-Vis spectra recorded for (F,Ph),Tz (black line) and Ph,Tz (gray and
dotted line) in n-hexane solution. The concentrations of the solutions were 5.4 x 107
and 5.6 x 10° mol L™, respectively. The red bars correspond to the oscillator strengths
(f) calculated for the electronic transitions of (F,Ph),Tz in n-hexane solution at the TD-

PBE(0/6-31+G*//MP2/6-31+G* level within the PCM methodology.

Table 3. Energy (E.,) and molar absorption coefficient (¢) of the different bands found in the
UV-Vis spectra of Ph,Tz and (F,Ph),Tz in various solvents along with the energy calculated (E)
for the main electronic transitions of (F,Ph),Tz at the TD-PBE0/6-31+G*//MP2/6-31+G* level
within the PCM methodology.

Intensity * Solvent E.,./eV ¢/Lmol'em? E,./eV  Assignment
Ph,Tz (F,Ph),Tz Ph,Tz (F,Ph),Tz (F,Ph),Tz (F,Ph),Tz
CH,Cl, 227° 2.29 - 498
CHCl; 2.25°¢ 2.28 481° 538
w CCly 2.23°¢ 2.26 565°¢ 506 2.24 bs,—a, (n,n*)
CH:OH 228¢ 232 376 401 229 by—a, (n1)
n-Hexane 2.23°¢ 2.25 392°¢ 533 2.23 bs,—a, (n,n*)
CH,Cl, - (3237 - -

CHCl; (3.3-3.7)¢ (3.2-3.7) - -
sh CCly (3.2-3.7) ¢ (3.3-3.7) - -
CH;0H (3.2-3.7) ¢ (3.3-3.8) - -
n-Hexane (3.3-3.7)¢ (3.3-3.8) - -



CH,Cl, 4.16° 4.28 - 33210
CHCL, 4.13° 426  33327° 35170

s cal, 4.08¢ 428  38513° 30729 401 by—by, ()
CH;OH 420° 434  32043° 33268 408  by—bs, (L)
n-Hexane 4.18¢ 432  32937¢ 32272 397 by—bs, ()
CH,Cl, - - -

CHCI, - - - -
sh  CCl - - - -

CH;0H 5.65°¢ 5.62 - -
n-Hexane 5.64¢ (5.2-5.8)
* Intensity: (w) weak; (s) strong; (sh) shoulder
®Kurach et al., 2011. Reference 82.
“Moral et al., 2012. Reference 8.

Spectroelectrochemistry. Figure 4 shows the UV-Vis-NIR spectra for neutral
and monoanion species of Ph,Tz and (F,Ph),Tz in CH3CN solutions. Table 4 lists the
assignments and energies predicted at TD-PBE0/6-31+G*//PBE0/6-31+G* level within
the PCM approximation for the single anions. A broad, very weak band for both anion
species appears between 1.7 and 2.2 eV and it is assigned to a 1 — 7w* transition
involving SOMO a (a,) at the tetrazine ring and LUMO a (bs,) which is delocalized
over all three rings (Figures 4, S6 and S7). The weak, visible band at ca. 2.3 eV for the
monoanions is assigned to an n — 7 transition. This transition mainly involves
HOMO-1 B (bs,) and LUMO  (a,) at the tetrazine ring and hence does not display any
significant energy shift with the fluorine atoms.

A new band for [(F,Ph),Tz]™ (a shoulder for [Ph,Tz]") can be seen at ca. 3.4 eV
which has been assigned to a SOMO o (a,) — LUMO+2 a (byg) transition. The
LUMO+2 a is located at the terminal aryl groups and thus this transition is influenced
by the fluorine atoms. This effect is shown by the significant shift of this band as
compared to the corresponding one for the Ph,Tz monoanion. The intense band © (by)
— 7' (bsy) from neutral species corresponds to HOMO-2 o — LUMO o and HOMO-2 3

— SOMO B transitions for the anionic ones.
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Figure 4. UV-Vis spectra recorded for the neutral and monoanionic species of Ph,Tz

(top) and (F,Ph),Tz (bottom) in acetonitrile using an OTTLE spectroelectrochemical

cell.



Table 4. Energy and assignment of the main bands found in the UV-Vis spectra of the monoanionic

species [Ph,Tz]™ and [(F,Ph),Tz ] .

Main component of the

5 ¢ . d
Compound E/eV € Transition E/eV f transition (% contribution) *
[Ph,Tz] [2.01° 70 a,—by () 1.26 0.0000 SOMO o — LUMO a (96%)
2.25 230 bsy—a, (n,n) 2.53 0.0042 HOMO-1 p—LUMO B (92%)
a,—bo, (1) 2.62 0.0039 SOMO o — LUMO+1 a (93%)
[3.6]° 8500 a,— by, (1) 3.02 0.0437 SOMO o — LUMO+2 a (94%)
4.22 33900  by,—bs, (1,1) 4.24 0.1214 HOMO-2 p — SOMO B (24%)
bye—bs, (1) 4.44 0.8841 HOMO-2 o — LUMO (61%)
HOMO-2 B — SOMO B (25%)
[(F,Ph),Tz]” [2.0]° 70 a,—bsy, (L) 1.10 0.0000 SOMO o — LUMO « (97%)
242 650  a,—by, (m,") 2.45 0.0037  SOMO o — LUMO+1 o (95%)
bs—a, (n,1) 2.58 0.0043 HOMO-1 p—>LUMO B (94%)
3.50 8750  a,—by, (1) 3.19 0.0348  SOMO o — LUMO+2 o (60%)
4.40 36800  by—sbs, (m,1) 427 0.1195 HOMO-2 p — SOMO B (23%)
bye—bs, (1) 4.47 0.8489 HOMO-2 o — LUMO a (60%)

* Experimental value in CH;CN

" Broad band / shoulder

¢ Molar absorption coefficient (in units of L mol™" cm™)

4 Calculated values at the TD-PBE0/6-3 1+G*//PBE0/6-31+G* level in CH;CN

Electron transport related-properties.

As

HOMO-2  — SOMO B (26%)

stated before, the n-type

semiconductor character of the series of studied molecular crystals was evaluated
through their ease to electron injection and the efficiency of charge transport inside the
material. Electron injection is mainly controlled by the energy difference between the
work-function of the injecting metal and the (gas) ionization/affinity levels, HOMO/
LUMO, of the semiconductor for hole and electron injection, respectively, corrected for
interface dipoles (see e.g. ref. 83,84). These dipoles come from either partial charge
transfer metal-semiconductor, the reduction of the metal work function by the organic
layer and the occupation of the metal-induced density of interface states in the gap of
the organic material.”* As a result, the gap between semiconductor affinity and
ionization levels at the metal/organic interface narrows up to several eVs as compared
to the gas-phase, frontier energy levels (see, e.g. ref. 84, 87 and 88). Any model aimed

at a complete description of the metal/organic interface should account for those



specific interactions. Accordingly, the free, metal work function and the (gas)
HOMO/LUMO levels do not give exact information but it is a guide about the
alignment of levels at the interface and, therefore, for the electron/hole barrier injection
and trends within a set of related compounds.85 Thus, one can obtain qualitative
information about charge injection efficiency through the @, - |Exomorumol
difference.”” """’

Calculated E;ymo, EA and A; (inner reorganization energy) values for the series
of tetrazine derivatives are shown in Figure 5 and Table 5. As stated before, the low

LUMO energy facilitates a more efficient charge inje,ctionw’zo’%’31

and could also help
the environmental stability of the material, although there is still no general guideline
for predicting the air-stability of n-type organic semiconductors.'”’> Within the studied
series, the inclusion of halogen atoms lowers the Ejymo up to ca. 0.6 eV with respect to
Ph,Tz and, hence, an easier electron injection can be expected. When the halogens are
replaced with CN groups the E;ymo is lowered further by 0.7 eV, reaching a value of
—4.22 eV. For all studied compounds, injection barriers lower than 0.3 eV have been
estimated with respect to some of the most commonly used electrodes, i.e. Na ( = -2.6
eV), Ca(=-2.9eV), Sm (=-2.7eV) and Mg ( = -3.7 eV).””” Ohmic contact with the
Al electrode ( = —4.3 eV) is only expected for ((NC)ZPh)sz.97 Electron injection
efficiency of an n-type organic semiconductor is also related to EA, which increases by
~0.7 eV (for adiabatic electron affinity, AEA) for haloderivatives with respect to Ph,Tz
(Table 5). The introduction of the CN group, a strong electron-withdrawing group,
brings on the highest increase in EA (~1.4 eV for AEA). This fact has already been
reported for pentacene, for which the introduction of a few CN groups raises the EA to

values larger than those of perfluoropentacene, considered as a prototypical n-type

OFET material.*® The AEA value predicted for (NC),Ph),Tz (2.86 V) is near the



threshold value of 3.0 eV proposed for Newman et al.’! to allow an efficient electron
injection into the empty LUMO of a semiconductor molecule and the range of AEAs
calculated at the same level of theory for pentacenes also including four CN groups
(3.05 — 3.25 eV).”® The high EA values calculated for the studied compounds gives an
idea about the stability of the radical ion molecule toward quenching caused by
molecular oxygen (the AEA calculated with B3LYP for O, is 0.59 eV while the

experimental EA determined by photoelectron spectroscopy is 0.448 + 0.006 eV).0%
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Figure 5. Calculated LUMO and HOMO energies at the B3LYP/6-31+G* level for the

series of studied diphenyl-s-tetrazine derivatives.

Table 5. Adiabatic and vertical electron affinities (AEA, VEA) and A; calculated at the B3LYP/6-
31+G* level for Ph,Tz and (X,Ph),Tz (X = F, Cl, Br, CN) (units in eV).

Compound AEA VEA ) A A

Ph,Tz 1.51 1.22 030 029 0.60
(F,Ph),Tz 2.16 1.84 0.22 0.31 0.53
(Cl,Ph), Tz 2.15 1.85 0.31 030 0.61
(Br,Ph),Tz 2.17 1.86 0.31 0.31 0.62
((NC),Ph), Tz 2.86 2.63 026 023 048



In general, the calculated A; values for the studied compounds (0.48 — 0.62 eV)
look high compared to those published for typical n-type organic semiconductors, i.e.
0.24 eV for perﬂuoropentalcene,18 and 0.24 — 0.35 eV for a series of diimides studied by
Chen et al. (calculated at the B3LYP/6-31++G** level).* (NC),Ph),Tz and (F,Ph),Tz
show the smallest A; values (0.53 and 0.48 eV, respectively) of the series (see Table 5),
but in general the localized character of the LUMO orbital for all the selected diphenyl-
s-tetrazine derivatives does not allow an easy charge excess accommodation. However,
higher A; values are being reported for other small, n-conjugated molecules with halogen
atoms such as fluoro and chloro tetrasubstituted oligothienoacenes.”

As concerns the electronic coupling parameter ¢;;, calculated values on the
theoretically modeled Ph,Tz and (F,Ph),Tz crystals are consistent with those calculated
on the crystals from X-ray diffraction. Halogen substituents produce stronger
overlapping between molecular orbitals of neighboring molecules, in such a way that #;,
values for pathway 1 of (F,Ph),Tz, (Cl,Ph),Tz and (Br,Ph),Tz become more than
double those for Ph,Tz and ((NC),Ph),Tz (see Figure 1 and Table 6). Ruiz Delgado et
al.'* also observed an increase in the electronic couplings for tetracene and pentacene
crystals upon perfluorination, being the largest ones those for molecules stacked in a
displaced cofacial configuration. In general, transfer integrals for the main pathway in

O at the

each compound turn out to be higher than those calculated by Vaini et al."
B3LYP/TZP level for some oligoacenes including pentacene (5 — 15 meV). The transfer
integrals calculated for pathway 1 in halogenated derivative crystals, i.e. 45 — 51 meV,
are the same order of magnitude as the strongest couplings either calculated at the
PW91PW91/6-31G* level for the diimides studied by Chen et al.** (21.6 — 87.5 meV) or

for the perylene derivatives studied by Wang et al. (26 — 64 meV).'"" Di Donato et al.'”’

have also reported ¢;, values for a series of diimides derivatives within the range 74 — 96



meV, calculated at the B3LYP/3-21G level. Both diimides and perylenes are two
families of compounds which are currently being studied due to their potential n-type
semiconductor character and successfully been incorporated in the fabrication of

. . 103-106
electronic devices. ’

Table 6. Calculated #;, values for Ph,Tz and (X,Ph),Tz (X = F, Cl, Br, CN) along with the estimated
values for kg, D, 4 and u,,; (see Figure 1 to visualize pathways) In parenthesis, #;, values calculated

from X-Ray experimental structure.

Compound Path  t,/meV® kgp/s' D/107%em’s’ p/107 em? Vis! p

Ph,Tz 1 18 (21)  3.25x10"
2 3(4) 9.03x10°
3 1(1) 1.00x10°
Global 1.42 5.53 1.0
(F,Ph),Tz 1 45 (48)  2.88x10"
2 3(3) 1.28x10"
3 0 (0)
Global 6.69 26.04 4.7
(CL,Ph),Tz 1 48 2.19%x10"
2 7 4.67x10"
3 0
Global 5.88 22.87 4.1
(Br,Ph),Tz 1 51 2.36x10"
2 7 4.45%10"
3 1 9.08x10°
Global 6.75 26.25 4.7
((NC),Ph),Tz 1 22 8.84x10"!
2 12 2.63x10"!
3 0
Global 3.40 13.22 2.4

* Only the pathways with the highest calculated electron couplings are collected in the table.

Absolute values for the electron-transfer rate constant and charge mobility were
calculated through eqns. (1) and (8) and are shown in Table 6. In general, the estimated
drift mobilities (0.006 — 0.026 cm? V! s') lie on the lower limit of the values
experimentally determined for common n-type organic semiconductors. For instance, in
107

an exhaustive review on n-type organic semiconductors reported by Usta et a

experimental p values measured in vacuum for electron-deficient N,N’-substituted



arylenediimides and perfluoroalkyl oligothiophenes turn out to be in the range 0.02 —
0.35 cm® V' ' and 0.03 - 1.7 em® V' 57, respectively. Nevertheless, we must
emphasize that the comparison between experimental and theoretical mobilites is far
from trivial due to the approximations assumed in the theoretical model used.
Comparison with other theoretical p values is not an easy task either due to the large
number of methodologies used in literature such as mobility estimations for dimers only
through the stacking direction, resolution anisotropic mobility calculations and applying
the eqn. (6) for which D is calculated considering all the relative arrangements of
neighboring molecules in the crystal. Geng et al., employing the MLJ formulation,
calculated drift mobilities within 0.007 — 1.45 cm® V™' s for a set of perylene bisimide

108

derivatives. — p values between 0.08 and 0.34 cm® V' s have been also calculated

using a similar methodology for a set of naphthalene tetracarboxylic diimide

109

derivatives.  In addition, Duan et al. have reported p values within 0.26 — 3.38 cm® V!

s for series of cyanovinyl-substituted oligothiophenes using the MLJ model.'"’

Again,
the p values calculated for the diphenyl-s-tetrazine derivatives lie on the lower limit of
the theoretical values reported for some common rn-type organic semiconductors and
therefore high electron transport efficiencies should not be expected for these
compounds.

Finally, the analysis of the effect of the substituent on the electron mobility is
interesting in order to discuss new guidelines for the design of new n-type organic
semiconductors. For an easier comparison, the relative charge mobilities (L) with
respect to the parent compound, Ph,Tz, have been also collected in Table 6. For all
studied diphenyl-s-tetrazine derivatives, estimated relative mobilities are larger than 1.0,

with values between 2.4 for (Cl,Ph),Tz and 4.7 for (F,Ph),Tz and (Br,Ph),Tz. This fact

can be attributed to two main factors: (i) the generally expected increase in the A; value



14,18,99
%77 does not occur due to the

as a result of the functionalization with halogen atoms
strong, localized LUMO on the s-tetrazine ring, (ii) halogen and CN group

functionalization leads to a crystal structure modification providing an improvement on

charge transfer integrals.

CONCLUSIONS

In this study, the opto-electronic properties and n-type semiconductor character
of a series of 3,5-diphenyl-s-tetrazine derivatives including F, Cl, Br and CN
substituents, (X,;Ph),Tz, have been investigated. Also, structural, spectroscopic,
electrochemical and theoretical studies were carried out on the new compound, bis(3,5-
difluorophenyl)-s-tetrazine, (F,Ph),Tz, and compared with data for the parent
bis(phenyl)-s-tetrazine Ph,Tz. In the crystal, the (F,Ph),Tz molecules are in a T-shaped
n-stacking arrangement as opposite to the herringbone one observed for Ph,Tz. The
crystal structures of the rest of the tetrazines, i.e. (Cl,Ph),Tz, (Br,Ph),Tz and
((NC),Ph),Tz were theoretically modeled. The m-stacking parameters increase as a
function of the substituent size thus the n-7 interactions become less pronounced in the
crystals on going from F to CN. The higher depolarization ratios determined for
(F,Ph),Tz in the Raman spectrum with respect to Ph,Tz indicates a higher deviation
from the Dj, symmetry for the substituted compound in liquid phase. Cyclic
voltammetry studies showed that (F,Ph),Tz is more easily reduced than Ph,Tz by 0.18
V due to the electron-withdrawing fluorine atoms. The characteristic weak n — n and
strong T — n bands were assigned to HOMO (bsg) — LUMO (a,) and HOMO-1 (by,)
— LUMO+1 (bs,) transitions for both compounds. TD-PBE0/6-31+G* yields a suitable
spectrum prediction for low energy bands, especially when the geometry is previously

optimized at the MP2/6-31+G* level including solvent effects. For the corresponding



anionic species, very low energy bands (1.7 — 2.2 eV) appear, which are assigned to a &
— w* transition involving SOMO a (a,) and LUMO (bs,). The characteristic bands
described for the neutral species do not suffer a significant energy shift.

As concerns n-type semiconducting character, (NC),Ph),Tz should exhibit the
more suitable electron injection properties, followed by the halogenated derivatives. In
general, an ohmic contact with some of the most common electrodes has been predicted
for all (X;Ph),Tz compounds. On the other hand, the highest electron couplings
between neighbor molecules in the crystal as well as the highest mobility value has been
estimated for (Br,Ph),Tz. A closed mobility value was also estimated for (F,Ph),Tz.
Hence, the most efficient electron transport could be expected for both the fluorinated
and brominated derivatives. Anyhow, estimated drift mobilities are in the lower limit of
the experimental and theoretical values reported for common n-type organic
semiconductors and therefore high electron transport efficiencies should not ordinarily

be expected for diphenyl-s-tetrazine derivatives.
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