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The highly symmetric and stable triazatruxene radical cation was
generated chemically for the first time. The intervalence charge
transfer (IV-CT) absorption band of the radical cation was observed at
7500-12 500 cm ™. The IV-CT band exhibited a well-resolved, solvent
independent vibrational structure which prompted us to classify the
radical cation as a Robin and Day class Il IV-CT compound. The
assignment was examined in light of two previously reported semi-
classical models for three-center IV-CT systems. The triazatruxene
radical cation is the first and only example of a three-center class Ill IV-
CT system.

Organic mixed valence systems generally exhibit intervalence
charge transfer (IV-CT)"* absorption bands which are amenable
to spectroscopic analysis using Marcus-Hush theory.>> Mixed
valence systems typically contain two redox centers with
different oxidation states which are connected by saturated or
unsaturated bridges. Derivatives of phenylenediamine and tri-
arylamine are among the heavily investigated organic mixed
valence systems as these compounds have applications as hole-
transporting materials in organic light emitting diodes and
organic solar cells.®"> Herein we report the IV-CT behavior in
a trigonally symmetric organic molecule, triazatruxene (TAT,
Fig. 1). Because of their intrinsic photophysical, redox and -
stacking properties, derivatives of TAT have potential applica-
tions in organic electronics and also in supramolecular chem-
istry.*** For example, semiconducting discotic liquid crystals
with triazatruxenes as central core have exhibited very high
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hole-mobilities. They also have found applications in organic
light emitting diodes, bulk heterojunction solar cells and
organic field effect transistors. One electron oxidation of TAT
leads to formation of its radical cation TAT"". Electrochemical
oxidation of TAT (R = CgH;-) and the absorption spectrum of its
radical cation are reported.*

The ‘hole’ in TAT'" can, in principle, shuttle among all the
three N atoms paving the way for IV-CT, but nothing is known
about the IV-CT phenomenon in TAT . In this paper we report
chemical oxidation of TAT to its radical cation and present an
analysis of its IV-CT band. Structure of the TAT molecule
studied is shown in Fig. 1 (R = CHj;). TAT may be regarded as
a ring-fused analog of 1,3,5-tris(arylamino)benzene (TAB). It
may also be regarded as a trimer of indole or even as a trimer of
carbazole sharing a fused benzene ring. Both TAT and TAB have
more than two redox active units arranged in non-linear fashion
and one- and two-electron oxidation of these systems would
lead to multi-dimensional mixed valence systems. EPR investi-
gations have shown that the unpaired electron in the mono-
radical cation of a symmetrical derivative of TAB (R = phenyl)
is delocalized equally over all the three N atoms at —78 °C.*
Detailed optical investigations of these systems were not carried
out as the radical cations were unstable at room temperature.

TAT was synthesized following a reported procedure.***
Cyclic voltammetry in acetonitrile (ACN) showed oxidation
peaks at 0.78 V (reversible) and 1.39 V (irreversible) vs. SCE (see
ESIf). Previous studies from our group have shown that
aromatic amines with E,, < 1.0 V can be oxidized to their radical
cations by reaction with Cu®* in ACN.?*?’ Likewise we generated

Fig. 1 Structures of TAT, TAB and TAT ™.
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TAT'" (optimized geometry obtained using DFT (B3LYP/6-
311G(d,p) level) is shown in Fig. 2A) using one equivalent of
Cu”®" in ACN. We also generated TAT"* in dichloromethane
(DCM) by reacting TAT with one equivalent of SbCls.

TAT"" was very stable in ACN and DCM solutions and the
solutions could be preserved for several hours at room
temperature without degradation. Since the second oxidation is
irreversible, stability of the product would imply that oxidation
of TAT™" to TAT*>" has not occurred under the reaction condi-
tions employed.

TAT/Cu** (1 : 1) solution in ACN exhibited a single broad line
EPR signal (Fig. 2B) with a spectral width of ~38 G, and g value
of 2.01, which confirmed the radical nature of the product. The
EPR spectrum was recorded at room temperature and no
hyperfine splitting was observed. Our studies (vide infra) suggest
that TAT'" is a completely delocalized system and all the
nitrogen atoms are equivalent. Hence hyperfine splitting due to
the three nitrogen atoms (I = 1) would be expected. Since we did
not observe any hyperfine structure we can assume that the
electron hopping between the sites is very rapid at room
temperature. The simulated EPR spectrum (see ESI{) was nearly
identical to the experimental spectrum. The EPR spectrum of
TAT" computed using DFT, however shows signatures of
hyperfine splitting (see ESIT). Absence of hyperfine splitting also
may be due to large numbers of small unresolved splittings
which lead to line broadening. Lack of hyperfine splitting and
line broadening was noted previously
phenylenediamine radical cations.*®

Absorption spectrum of TAT"" in ACN is shown in Fig. 2C.
Electronic spectrum in DCM was nearly identical. The absorp-
tion band at 690 nm (14 492 cm ') was assigned to TAT'
absorption and the lower energy band system in the 800-
1400 nm (12 500-7000 cm™ ') region is assigned to the IV-CT
transition. The IV-CT band exhibited vibrational fine structure
which is nearly the same in ACN and DCM. We have previously
shown that aromatic amines are converted quantitatively to
their radical cations by Cu®" in ACN*” and the extinction coef-
ficients reported in Fig. 2C assume complete conversion of TAT
to TAT"'. The IV-CT band could be deconvoluted into three
Gaussian bands with Tmax at 8408, 9692 and 11 042 cm *
(Fig. 2C). The AU values between the three vibrational peaks are
1284 and 1350 cm™ ", which correspond to the IR stretching

in a few poly-
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frequencies of C-N bonds. Fig. 2C also shows the electronic
spectrum of TAT"" in ACN computed using TDDFT (B3LYP/6-
311G(d,p) level). The computed absorption spectrum is in
reasonable agreement with the experimental spectrum. The
computed lowest energy peak appears at 9106 cm ™, while the
experimental IV-CT band appears at 8546 cm ™.

The TAT'', being a cation is electron deficient and can
complex with the parent amine which is electron rich or
undergo dimerization as is well known in the case of triaryl-
amine radical cations and it may be argued that the observed
absorption spectrum may correspond to some of these species.
We rule out these possibilities based on the following: no
concentration dependence was observed for the absorption
spectrum. We have shown previously that the reaction of
aromatic amines with Cu®" is quantitative, even at micromolar
concentrations and hence starting amine will not be present
when one equivalent of Cu®" is added. In the case of triaryl-
amines we have shown that the radical cations generated from
amines using Cu”>* dimerize to give benzidine radical cations
and the mechanistic aspects of these reactions are described in
previous papers.”**” We observed that disappearance of the
radical cation absorption and formation of IV-CT bands due to
benzidine radical cations can be clearly followed by UV-Vis
spectroscopy and the reaction requires few minutes for
completion. Workup of the reaction mixture in these cases gave
the dimer benzidines as products. In the case of the reaction of
TAT with Cu®* the absorption spectrum in Fig. 2C was obtained
immediately after mixing and no time-dependent changes were
noted. Upon workup of the reaction mixture the TAT starting
material was recovered. Thus we believe that the absorption
spectrum shown in Fig. 2C is due to TAT"* and not due to its
aggregated or dimerized derivatives.

The maximum of the lowest energy band in ACN and DCM
differs by only 80 cm™', which shows that the IV-CT band is
nearly solvent independent. In the TAT all the three N atoms are
equivalent. If TAT™" is a class II IV-CT system, then the positive
charge would be localized on one of the nitrogen atoms, making
it slightly different from the other two. The solvent dipoles
around the positively charged nitrogen will be systematically
oriented to stabilize the charge whereas solvent molecules
around the other nitrogen atoms would be disordered. The C-
N" bond lengths also will be slightly different from the C-N
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Fig. 2 Optimized geometry (A), EPR (B) and electronic absorption spectra (C) of TAT* in ACN. In (C) the blue lines represent the computed
electronic spectrum and the curves in red are the de-convoluted vibrational bands.
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bond lengths. Intervalence charge transfer will lead to shifting
of the positive charge to another nitrogen atom and this would
require reorganization of the solvent shell and bond lengths
around the new and old charge centres. Thus the energy for the
optically induced charge transfer (E,p) is given by*

Eop = homax = Ao + A (1)

where £ is the Planck’s constant, 0,,,,, is the maximum of the IV-
CT band, A, is the outer shell (or solvent) reorganization energy
and J; is the inner shell reorganization energy. A; arises due to
bond length changes associated with the electron transfer and
is expected to be solvent independent. A, on the other hand is
solvent dependent and is given by the equation,

o = A& (121 + 1127y — Urpp)(1eqy — 1/e5) (2)
where the redox centers are assumed to be spherical with radii
r1 and 1, and a center to center distance of 5, and &; and ¢, are
the optical and static dielectric constants of the solvent. Since
the value of 1, depends on the solvent polarity, energy of the IV-
CT absorption will change with solvent as per eqn (1) for a class
IT system.

Upon going from a class II to class III system the electronic
coupling increases making 4; > 4, resulting in the elimination of
solvent barrier to electron transfer. This means that the solvent
configuration of the donor and acceptor states will be averaged
and solvent reorganization will no longer contribute to E,p.
Thus the IV-CT band of a class III system is expected to be
solvent independent. The absence of solvent dependence in the
class III system can be explained in another way also. In this
system the minima of the ground and excited state free energy
surfaces are at the same point in the ET coordinate. Optical
excitation takes the electron from the bottom of the ground
state surface to the bottom of the excited state surface. The
difference in the ground state and excited state dipole moments
is zero and hence the excitation is not associated with any
charge transfer. The optical absorption involves transition
between delocalized molecular orbitals of the system and the
transition should not show any solvent dependence.

The vibrational fine structure in the IV-CT band and its
solvent independent nature suggest that TAT"" is a Robin and
Day class III system."” Hush has shown that the band-width (v,/,)
of the IV-CT band is given by Uy, = 47.94\/Uma, and if the
observed band-width is much lower than that calculated by the
above equation, the system would belong to class IIL.** In the
case of TAT"" the ¥/, observed (2671 cm ') was much smaller
compared to the calculated value (4431 cm™ %), further sup-
porting the assignment of TAT"" as a class III system. In class IIT
systems the coupling between the redox centers is so strong that
the system is completely delocalized and intermediate valence
states have to be attributed to the redox centers. In the case of
TAT'" this means that all the three N atoms share the positive
charge equally and exchange is very fast.

TAT has three redox active centers arranged in a non-linear
fashion and hence it is to be regarded as a multidimensional
IV-CT system.**~** Although several organic multidimensional

This journal is © The Royal Society of Chemistry 2017
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IV-CT systems including derivatives of TAB were studied in the
past, none of them were found to belong to class III, and the
TAT"" reported here is the first example of a stable, multidi-
mensional class III IV-CT system. The two-center model for IV-
CT is very well known, but three-center (or tri-nuclear) models
are less frequently encountered. A semi-classical model to
describe the potential energy surfaces (PES) in such systems was
earlier proposed by Launay and Babonneau (LB model),*
subsequent to which Cannon et al. (Cannon model)** reported
an alternative approach to obtain the PES. Here, we employ
both the models to describe the PES of TAT'". A change in
oxidation state at a single site of the tri-nuclear system results in
a modification of the corresponding bond lengths at the site.
The vibrational breathing modes corresponding to such
a deformation are considered harmonic in the LB and the
Cannon models. The interactions of the zero-order diabatic
states are considered within the first-order perturbation theory
formalism to generate the adiabatic states of the system. The
energies of the adiabatic states are obtained as solutions to the
three-state secular determinant. In the LB model, the behaviour
of the tri-nuclear system is described by a single dimensionless
parameter ‘B’, which is a measure of the competition between
the electronic interaction favouring delocalization and the
electron-phonon interaction favouring localization. Absence of
electronic coupling between the nitrogen centers in TAT""
corresponds to a situation where the value of the ‘B’ parameter
is zero. For such a situation, the contours of the PES have been
obtained and are shown in Fig. 3. Note that the energies and the
coordinates are represented in reduced units (see eqn (1) of ref.
33) and the contours are shown in the (g,, ;) plane.

An explicit way of obtaining the diabatic and the adiabatic
potential energy curves has been outlined by the Cannon
model. In their approach, the electronic coupling is described
by the parameter ‘c’. It has to be noted that the ‘c’ parameter is
equivalent to ‘3B’ in the LB model. The diabatic, and the adia-
batic potential energy curves (in reduced units; see ref. 34 for
further details) corresponding to ¢ = 0 are obtained using the
Cannon model and these are shown in Fig. 4. It can be seen
from Fig. 4 that the diabatic state potential energy curves are
retrieved from the adiabatic states for the ¢ = 0 case. The
individual potential energy curves are shown in ESIf for the
sake of clarity.

For a class III system, the energy of the IV-CT optical tran-
sition (E,p) is given by three times the magnitude of the elec-
tronic coupling matrix element between the diabatic states.

-0 -05 00 US =10 =05 00 05 10
E, E, E,
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Fig. 3 Potential energy contours as a function of the nuclear co-
ordinates for the adiabatic states of TAT"" when B = 0 (localization).
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Fig. 4 Potential energy curves as a function of the nuclear co-ordi-

nates for (i) the diabatic states (U;, U, and Us) and (i) the adiabatic
states (E;, E> and Ez) of TAT™ for ¢ = 0 (localization).
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Fig. 5 Potential energy contours as a function of the nuclear co-
ordinates for the adiabatic states of TAT'* when B = —-041
(delocalization).
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Fig. 6 Potential energy curves as a function of the nuclear co-ordi-
nates for (i) the diabatic states (U’y, U’ and U’s) and the adiabatic states
(E’,, E', and E'o) of TAT'* for (i) B = 0 (localization) and (i) B = —0.41
(delocalization). E'p is the energy of the IV-CT optical transition in
reduced units.

Therefore, in the notation of the Cannon model, E,;, = 3|8|. For
TAT™" the 0-0 of the intervalence band occurs at 8546 cm ™.
Since |B| = E,p/3, the magnitude of the electronic coupling
turns out to be 2848.67 cm ™" (=0.353 eV). Within the framework
of the Cannon model, ¢ = 8/ka®, where k = fI3, ‘f is the force
constant and ‘@’ is the deformation in the M-X distance. The
numerical value of the force constant, ‘f was chosen to be
26.33 eV A% in our calculations on TAT"*, corresponding to the
frequency of the breathing vibrational mode obtained from the
electronic structure calculations (see ESIf). This vibrational
mode frequency is in the range of aromatic C-N stretch mode.
The value of ‘a’ was chosen to be 0.18 A (difference between the
C-N and C=N bond lengths).>* We thus evaluate the numerical
value of ‘¢’ and find it to be —1.24. This corresponds to a ‘B’
value of —0.41 in the LB model. For TAT"*, we obtained the PES
contours for B = —0.41 and these are shown in Fig. 5.
Adiabatic potential energy curves can then be obtained by
performing a transformation from the (g,, g;) variables to the (r,
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6) variables and then taking a cross-section of the resultant
surfaces in the § = 0 plane.** The resultant potential energy
matrix thus obtained was diagonalized for a given value of ‘B’ to
obtain the adiabatic potential energy curves. Thus, for TAT"" (B
= —0.41), the adiabatic curves are obtained and are shown in
Fig. 6. The energies are reported as E' in reduced units. Note
that, for a comparison, we also show the diabatic and the
adiabatic states for the B = 0 case in the same figure. We believe
that these PES best describe the electron delocalization in
TAT"".

Conclusions

For two-center class III IV-CT systems, very large electronic
coupling energies were reported as in the case of tetramethyl-p-
phenylenediamine”®  (1.02  eV), tetraphenyl-p-phenyl-
enediamine’” (0.75 eV), tetramethylbenzidine'" (0.61 eV) and
phenylene-bridged bis(dioxaborine)'™ (0.68 eV).*** The elec-
tronic coupling energy obtained for TAT"* is only 0.35 eV.
Lambert and Noll have reported coupling energy as high as
0.40 eV for class II/class III borderline cases.*® Under these
circumstances some caution needs to be exercised in classifying
TAT"" as a completely delocalized class III system, as no trigonal
class III systems are reported so far in the literature. The
following factors strongly support our assignment. The
absorption spectrum of TAT'" exhibited negligible solvent
dependence. The clear vibrational structure in the IV-CT spec-
trum is also a strong indication of class III behaviour. Launay
and Babonneau have predicted that for trinuclear systems the
third redox center would favorably influence the delocalization
process leading to the observation of the class II/class III tran-
sition at much lower coupling energies.*® Using the coupling
energy of 0.35 eV for TAT"* we calculated the ‘c’ parameter of the
Cannon model as —1.24 and the ‘B’ parameter of the LB model
as —0.41. The Cannon model predicts class III behavior at ¢ <
—0.7611 and the LB model predicts class III behavior for B <
—0.25. Thus both models also predict that TAT"" would belong
to class III and one can use TAT'" to verify the predictions of
both the LB and the Cannon models for three-center systems.
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