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Recently, unusual charge transfer properties of two triarylamines bridged through an ali-
phatic bridge (Troger base) have been reported. The donor/acceptor couple was shown
to have an important electronic coupling between its centers for the hole transfer, although
in the absence of a 7 linker. In contrast, we here show, by combining first principles calcu-
lations with experimental studies, that the bridge has a practically null role in coupling the
electron transfer. This sharp contrast might present an interesting potential in the design of
molecular devices.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Due to its well-developed synthetic chemistry [1], tria-
rylamines have turned into a family of versatile molecules
capable of being used in the manufacture of light-current
energy conversion devices, among other technological
uses. They have found broad applications not only in
OLEDs displays (where electrons and holes recombination
results in efficient, molecular-based illumination devices)
[2] but also in the design of dye sensitized solar cells
(DSSCs). In the latter devices, light absorption generates a
hole-electron pair (usually connected between them by a
7 linker) that either recombines or induces the charges to
migrate in opposite directions (the hole being transferred
to the electrolyte and the electron to a semiconductor).
Also in these cases, the efficiency is determined by the
proper design of the molecular device, which in turn re-
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quires a deep knowledge of the primary charge transfer
processes [3-5]. Besides their promising roles in electro-
optical or optical-electric transducers, triarylamines are
also regarded as possible building blocks of molecular elec-
tronic devices. However, there are just a few basic studies
regarding charge transfer processes between them [6].
Interestingly, in most relevant environments, the charge
transfer processes are either through-space mediated
(hoping) or through the bonds of a m system (other poly-
meric and/or discrete devices) [2]. Again the description
at molecular level of these primary processes is valuable
since it would shed light for designing building blocks for
electronic arrays on rational bases, either as materials or
as single molecular devices.

We have recently proved that an aliphatic Tréger base
derivative acts as a very efficient bridge between triaryl-
amine redox centers to a such extent that it can be com-
pared to typical m bridges, although the bridge is an
aliphatic fragment [7]. These findings are interesting per
se, and they could be applied in devices connecting redox
centers other than triarylamines. Besides, the bridge is also
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curved (“V”-shaped), fact which could be exploited as a
desirable feature for designing rod dyads for DSSCs [8-
10]; in addition, its shape could avoid the 7 stacking which
deactivates the emission in solid phase [11,12]. However,
probably the most important feature of the Troger base
bridges was not uncovered previously, in oxidation (hole
transfer) conditions. Here we show that this bridge might
present the interesting potential of being a smart bridge,
in the sense that it can selectively transport a hole but
not an electron, in given conditions. This behavior would
certainly open new possibilities for the design of novel
devices.

This work aims to prove this hypothesis by means of a
theoretical and experimental study of compounds A-G
(Scheme 1). Tritolylamine (TTA) was used as reference re-
dox potential experimentally as well as theoretically. In
our previous work, A was synthesized, its hole transport
properties were studied and it will now be tested in condi-
tions of electron transport. B was also synthesized by us
and used as the simplest model of an aliphatic bridge with
weak electronic coupling [13,14]. C was experimentally
studied in Ref. [15] in conditions of oxidation. Besides the
experimental information regarding C [15], it is used as
an example of a Robin and Day’s Class IlI, delocalized,
highly coupled intervalence system (and a typical m-med-
iated donor/acceptor dyad for either hole or electron trans-
port) [16,17].! Compounds D-E are easier to reduce than A
and they were used for probing the electron transport fea-
tures of the bridge; F-G were used for comparison purposes
and validation of the theoretical methodology. (The sub-
stance characterization of some of them, specifically synthe-
sized for these studies, are available as part of the Electronic
Supplementary Material, SM).

2. Materials and methods
2.1. Compounds under study

TTA used for the electrochemical studies was purchased
from Aldrich and used as received. Compound A was used
in Ref. [7] in conditions of oxidation and here its reduced
species is only calculated theoretically. Preparation and
characterization of B was already described [13,14]. Com-
pounds D and E and their radical ions were characterized
by first principles calculations and E was chosen for syn-
thesis. It was prepared following the recommendations of
Lutzen et al. [18]. The remaining compounds were synthe-
sized in Butchwald-Hartwig conditions. The synthesis of F
and G is summarized on Scheme 2.

A solution of  2,8-di-bromo-10,4-dimethyl-6H,
12H-5,11-methanodibenzo[b,f][1,5]-diazocine (0.01 mol),
diarylamine (0.01 mol), CsCOs; (0.015 mol), palladium

! Typical 7 bridges mostly used in these technological applications are
efficient for coupling either electron, hole or exciton transfer. In this case,
due to the simplicity of the 7 link there is no reason to expect a different
behavior. However and despite this general trend, there are some
interesting exceptions. Sometimes, a 7 bridge could -by certain orbital
symmetry control- allow for a poor coupling. Two interesting examples,
among others, are one reversible electron transfer system (intervalence
electron transfer) in Ref. [16] and one irreversible (dissociative electron
transfer) in Ref. [17].

acetate (5%) and [(t-Bu)sPH|BF, (5%) in toluene (15 ml)
was heated at reflux for 15 h. The reaction mixture was
filtered and the solvent volume reduced in vacuo. The
crude mixture was purified by silica column chromatog-
raphy and the solvent mixture was n-hexane/ethyl ace-
tate (2-5%). Full details about the substance
characterization of the novel compounds are available
as SM, Part 2.

2.2. Electrochemical characterization

The potentials obtained for A~*/A, B*/B, E/E-", F*/F, G*/G
and TTA*/TTA couples were obtained from cyclic voltam-
metry in a Teq-02 potentiostat using a conventional tree-
electrode cell. Dry dichloromethane was used as electroly-
sis solvent and TBAPFs 0.05 M as supporting electrolyte.
The working electrode was a 50 pm diameter platinum
disc (99.99% purity) exposed from a 50 um platinum wire
sealed in glass tube. A plate of 99.9% gold was used as
counter electrode. A wire of Ag was used as reference elec-
trode and standardized using ferrocene/ferrocenium cou-
ple in dichloromethane [19]. The platinum electrode was
polished with 1% w/w alumina powder (1 mm) in water
over a piece of cloth, cleaned in an ultrasonic bath with
absolute ethanol and dried in air. All the potentials re-
ported in Table 1 are relative to the TTA*/TTA couple
[7,20], i.e. the differences in the standard potential with re-
spect to that reference reduction.

2.3. Spectroelectrochemistry

Spectroelectrochemistry experiments were performed
in a four-electrode quartz thin layer cell using a graphite
felt counter electrode, platinum woven wire working elec-
trode (70 pm wires), a silver pseudoreference and an addi-
tional small platinum electrode to measure cyclic
voltammograms prior to the electrolysis. Electronic spectra
were measured using a Shimadzu UV160-U and a Shima-
dzu UV-3101PC spectrophotometers.

3. Theoretical calculations

The general setup for the first principles calculations
was similar to that of Ref. [7]. The optimized structures
of all compounds were obtained by full geometry optimi-
zation in gas phase and in dichloromethane as model sol-
vent, using CAM-B3LYP and 6-31+G" [7]. In all cases, the
SCRF model IEFPCM was used for simulating the solvation
effect [21-26]. The nature of minima of the stationary
point was checked by means of the analysis of the har-
monic frequencies also in the model solvent with 6-31G*
bases. The calculated values of the shifts in the potentials
of Table 1 were referred to the TTA**/TTA couple. The ther-
modynamic cycles are described in previous works [7,20].
The contributions to the overall shifts (from the electron
affinities or ionization potential and the free energies of
solvation of charged and neutral species) are summarized
in SM Table S1.

For the estimation of the vertical excited states in
dichloromethane a TD-DFT approach was used [7,27,28].
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The SM Figs. S8-S10 showing the spin density of excited
states were obtained from the relaxed excited state density
matrix. As discussed below, the characterization of the
very intense intervalence charge transfer band in the NIR
for highly coupled systems as A and C is almost obvious.
However, this analysis is useful for those spectra where
this charge transfer band is hard to detect by experimental
means due to both its very low intensity and its possible
proximity to other transitions in the visible region. It in-
deed allows us for identify this band as the one with net
charge transfer from one redox fragment to the other from
those transitions within the same redox center.

All calculations were done using the Gaussian 09 pack-
age [29]. The VMD 1.8.9 [30] program was used for graph-
ics rendering.

4. Results and discussion
4.1. Validation of the computational methodology
As it has been shown by us [7] and other workers [31-

35], the Coulomb attenuated version of B3LYP suggested
by Yanai et al. (CAM-B3LYP) was able to satisfactorily
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Table 1
Summary of predicted and experimental changes in the standard potentials
relative to the TTA*/TTA couple.

Compounds AE° (calculated) (V) AE° (experimental) (V)
TTA*/TTA? 0 0

A*/A? 0.155 0.160

B'/B 0.029 0.030

c*/c —-0.075 —0.128°

E/E- -1.99 —-2.06

F'|F —0.060 —0.075

G'IG 0.292 0.277
2 From Ref. [7].

b Experimental value from Ref. [15].

describe systems like these, without the overdelocalization
problem of B3LYP and other popular hybrid functionals
with no distance dependent Hartree-Fock contribution
[36]. Here this approach is combined with 6-31 + G* bases?
and a continuum solvation model. However and first of all,
we carefully checked that this setup would be able to rea-
sonably reproduce the thermochemistry of the single elec-
tron oxidation or reduction processes. The results of these
tests for all compounds in Scheme 1 for which experimental
potentials are available are shown in Table 1. For easiness of
comparison, all potentials are referred to the tritolylamine
TTA*/TTA couple set as zero, by definition.

At this point, it is worth to note that some coarse effects
such as the presence of powerful electron withdrawing
groups (as in the case of G against either F or TTA), which
facilitate the reduction and turn harder the oxidation,
would be easy to predict, even at Koopman's Theo-
rem level.®> However, finer effects as those arisen from the

2 This relatively small basis set would be suitable for systems of
relatively considerable silze, like these and other system under study in
the group.

3 For example, we checked the correlation at the Koopmans' Theo-
rem level for the HOMOs and the oxidations (not shown), with a standard
error of 0.19 V and an R? of 0.972 (against 0.02 V and 0.999 respectively, at
the current level informed in Table 1).

changes in the localization or delocalization of the oxi-
dized/reduced open shell species are far from being trivial.
For example, by comparing the oxidation potential of the
methylene-bridged compound B to the reference TTA, it is
clear that the role of certain delocalization (although slight)
is to lower the gas phase ionization potential by 140 meV,
but in solution there are other electrostatic and non-electro-
static terms which determines the potential. For example,
the contribution to the electrostatic solvation is more nega-
tive (stabilizing) as the charge localization increases, but the
trend is less clear due to the change in the solute volume
which is related to the entropy of cavitation and the increase
of the solvent accessible area which are both non-electro-
static terms [37]. As a result of all these factors playing to-
gether, the shift of B*/B with respect to TTA™/TTA is very
small and positive by 29 mV (30+ 10 mV experimental).
The details regarding the whole thermodynamic cycle and
its components are available as SM Table S1.* As another
example, the charge delocalization (as it will be discussed
later) is comparable in benzidine radical cation (C*) and in
A, but in the latter case the bridge itself can hold charge
in the oxidized species; on the other hand, the shape of
the molecule also changes the non-electrostatic terms. Thus,
despite the similar difference with respect to TTA in the (gas
phase) ionization potentials, the solvation of A™ is disfa-
vored compared to C* (the AAG,,,” results 150 meV more
negative for the latter), it being the main source of difference
in the whole shifts. In the case of F*, which has the TTA moi-
ety bridged to a non-electroactive fragment (the potential of
the 2’-methyl-4’-bromophenyl fragment is too far from that
of the triarylamine), the shift gathers also a composite of
both orbital interactions with one N of the bridge® and

4 This SM table also includes the total predicted oxidation or reduction
potentials for the cases which were not possible to be determined by
experimental means.

5 The difference between the solvation energy of the oxidized minus the
neutral species is indicative of that the redox product formation is favored;
see also Ref. [20].

5 Delocalization shown as spin distribution on SM Fig. S7.
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potential).

changes in the whole solvation energy of the neutral and
cationic species; the net effect being a shift of —60 mV
(=75 £ 10 mV experimental).

In sum, in order to reproduce with accuracy the exper-
imental changes in oxidation/reduction potentials of the
whole set on Scheme 1, the methodology should be able
to describe the actual charge localization/delocalization,
to yield accurate adiabatic ionization potentials or electron
affinities [38,39] and to achieve a good estimation to the
solvation energy of both neutral and charged species. Cer-
tainly, this is the case for the level of theory here applied, it
featuring a standard error of only 0.02V as shown in
Fig. 1.7

4.2. Troger base bridge in conditions of hole transfer.
Comparison to typical n- and o-linked systems

After validating the predictive capacity of the computa-
tional methodology, we continue to compare compound A
to benzidine (C), considered as a paradigmatic case of a
fully delocalized intervalence compound (Fig. 2; see also
SM Fig. S2). Both the radical cation and the radical anion
of C bear a single minimum, symmetrically delocalized
over the two triarylamine halves, as in the case of the pre-
viously reported radical cation of A [7]. The electronic
description of the oxidized state is also validated by the in-
tense and wide peak of the charge transfer (intervalence)
band of the radical cation which was calculated in the
NIR at 0.73 eV against 0.85 eV experimental [15] (the inter-
valence band for A has been found at 1.14 and 1.36 eV,
experimental and TD-DFT respectively [7]; details on the
simulated bands and experimental spectra available as
SM Figs. S8-S10). Compound B, as the simplest and short-
est aliphatic bridge was also compared to A previously in
terms of its EPR spectra, which showed just a slight delo-

7 Since electron affinities are inherently harder to reproduce than
ionization potentials by DFT calculations (see for example Refs. [38,39]),
it is also worth to note that the only point obtained in reduction conditions
(—1.99 V) could be accurately extrapolated if the linear fit were done by
taking only the experimental points in oxidation conditions (—0.1 to +0.4 V
range); further details as SM Fig. S1.

Fig. 2. Spin density isosurfaces (at 0.0025 a.u.) for (a) the radical cation
and (b) the radical anion of benzidine (C).

calization of the hole at room temperature, in good agree-
ment to the simulated spin density [7]. In order to asses a
comparative measurement of the coupling of the triaryl-
amines with respect to either A or C, we tried to character-
ize the (very weak) intervalence band, which was found at
nearly 1.46eV (SM Fig. S9) with an oscillator strength
(intensity) at least two orders of magnitude smaller than
their highly coupled partners. The transition state for the
charge transfer was found at 6.14 kcal/mol, whilst the Mar-
cus-Hush estimate to the diabatic transition state (taken
from the optical reorganization energy /4, as 4i/4) was
8.33 kcal/mol. This allows for an estimate to the 2H,;, ma-
trix element of 760cm~! (2.2kcal/mol), which is
within the values expected for weakly coupled Type II
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Fig. 3. Spin density for (a) the radical cation of A (reproduced from Ref.
[7]) and (b) the radical anion of A.

intervalence metal complexes [40] (details summarized as
SM Fig. S7).

Thus A*, even though it bears a bulkier and more com-
plex aliphatic bridge, clearly behaves as C* for the intra-
molecular coupling of the redox centers, in contrast to
the much shorter —-CH,- aliphatic bridge of B™*. These esti-
mates and the comparison to the well known benzidine
system reinforces our previous observations (EPR, electro-
chemistry, UV-vis—NIR) about the highly efficient coupling
between the triarylamines centers in the radical cation of A.
However, our calculations on the electronic properties of
the radical anion of A reveals a completely different
pattern.

4.3. Troger base bridge in conditions of electron transfer

The spin distribution due to the extra electron on A~ is
qualitatively different. As shown in Fig. 3, and in sharp con-
trast to the radical cation, which was found to delocalize
the hole all over the molecule [7], the extra electron local-
izes on one center and we were unable to find a transition
state for the intramolecular electron transfer from one
fragment to the other. For experimental validation, we
decided not to go ahead with this compound, due to its
very low electron affinity and the resulting difficulties for
its reduction (predicted to reduce at —4.55 V against our
reference; it being outside the solvent window).® Then
we calculated two compounds, D and E, which were ex-
pected to be much easier to reduce in dichloromethane
due to the presence of the nitro- substituents. Since the rad-

8 Details in the SM Table S1.

ical anions of both compounds showed the same localized
pattern as A'~, and also similar calculated reduction poten-
tials among them (see Footnote 8), we choose to continue
with E, due to its smaller size (computational convenience)
and synthetic accessibility.°

The radical anion of E was found to have three different
orbital isomers, two for which the extra electron is local-
ized in one of each nitrophenyl moieties and a symmetrical
species which was characterized as a shallow minimum
(Fig. 4). We found a considerable difference in energy be-
tween the symmetric and asymmetric species, the latter
being the most stable by 11.65 kcal/mol.

Both the electrochemistry (Fig. 5) and spectroelectro-
chemistry (SM Fig. S10) experiments reveal a nearly negli-
gible coupling between the redox centers, again in sharp
contrast to the behavior demonstrated by the bridge for
the hole transfer. (We also calculated the radical cation
of E, which features a single totally and symmetrically
delocalized minimum as well as A, details as SM Fig. S5).'°
The voltammogram for the reduction of E (shown in Fig. 5,
together with the TTA™*/TTA as internal reference) corre-
sponds to a typical uncoupled (or just slightly coupled) sys-
tem, featuring a single pseudo-reversible reduction wave at
—2.06 V from the reference. This peak has no splitting, in
contrast to the splitting of around 80-150 mV observed in
the coupled partners A and C [7,15]. The thermochemistry
simulated by our calculations is in close agreement to the
experimental potential (—1.99 against —2.06 V relative to
TTA*/TTA; Table 1). The spectroelectrochemistry showed
practically no intervalence band for this radical anion except
for a barely detectable peak in the visible region at ~670 nm
(1.85 eV). The simulated spectra (TD-DFT) only features a
doublet-doublet charge transfer band between the frag-
ments at 595 nm, with a very low oscillator strength (0.01;
SM Fig. S10 features the UV-vis-NIR spectra and the spin
distribution of this SOMO-LUMO transition). Due to the
spectral measurement error and the inherent error of TD-
DFT (less accurate than ground state DFT) this charge trans-
fer band could not be unambiguously attributed to the very
weak experimental peak. Even if this were not the case, the
conclusion is that both theory and experiments find for this
radical anion either no charge transfer band or an extremely
weak one in the visible, in sharp contrast to the strong and
wide intervalence band predicted and experimentally found
in the NIR for the radical cation of A [7]. The sole existence of
the barrier of 12 kcal/mol for reaching the symmetrical state
(see Fig. 4) turns the electron transfer between the two aro-
matics very unlikely.!" An estimate from Marcus-Hush the-
ory to the barrier for the interconversion, and ignoring the
further complication that the system is a three states one,
the barrier would be above 12 kcal/mol. Thus, comparing
the pairs A/A"~ and E/E~ against A”*/A and E”[E, the same

9 Details regarding the calculations on D~ (not synthesized) on SM
Tables S1-2 and Fig. S5.

10 g+ is practically impossible to be generated in dichloromethane due to
the oxidation potential of E, thus the oxidation was not studied experi-
mentally; details on the electronic properties of its radical cation available
as SM Fig. S5.

1 The exact value for the electron transfer intrinsic barrier and the off
diagonal matrix element is currently being characterized by multi-refer-
ence MCSCF as part of a work in progress.
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bridge makes almost impossible the electron transfer be-
tween the different reduced fragments at room temperature
whilst, as previously shown, the hole, could be easily inter-
changed with no activation [7].

4.4. The behavior of the Tréger bridge against electron and
hole transport: sharp contrast and its consequences

These charge transfer properties allow for thinking no-
vel functionalities of the Tréger base bridge in combination
with the appropriate donor/acceptor edges (for example,
arylamines) or conductive contact potential as logical
states. By defining the TRUE value as the single electron
oxidation potential of any arylamine and FALSE as the
reduction one (together with a small bias value set in the
case of the same logical state on both sides), the combina-
tion of potentials at the left-arylamine and at the right-
arylamine of the gate (the Tréger bridge) yield a table of
truth for the electric conduction shown in Fig. 6, which cor-

Reduced Reduced
A (FALSE left state) (FALSE right state)
8 N Y
£3
S35 X N
sa
Q — —
w
Oxidized Oxidized
(TRUE left state) (TRUE right state)

Left Conduction Right
TRUE (oxidized) YES TRUE (oxidized)
TRUE (oxidized) YES FALSE (reduced)
FALSE (reduced) YES TRUE (oxidized)
FALSE (reduced) NO FALSE (reduced)

Fig. 6. Schematic representation of the HOMO/LUMO levels for donor/
bridge/acceptor system based on the bridge under study. If an extra
electron goes to the higher level (set as FALSE) the charge transfer is
disfavored, yielding the corresponding table of truth shown below.

responds to an OR logic gate. No conduction is possible if
both logic states are set to FALSE (i.e. both edges at the
reduction potential plus a small bias to induce conduction)
since the Troéger bridge does not couple the redox centers
for the electron transfer. However, if at least one edge is
set to TRUE potential, conduction will be possible as the re-
dox centers are efficiently coupled for the hole transfer
through the aliphatic bonding framework of the bridge.

5. Conclusion

Note that in a typical 7 bridge, most orbitals have a pri-
ori the appropriate symmetry for coupling the redox cen-
ters either for the hole or electron interaction while, in
contrast, an aliphatic bridge usually does not have any.
The strained aliphatic Troger bridge looks special because
it fortuitously features a bonding orbital set bearing one
which allow for an efficient coupling, but just for holes.
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We have already explained in a previous work the role of
the nitrogen lone pair as well as the orientation and rigid-
ity of this bridge [7]. With this clue on mind, the rational
design of novel single molecular (or supramolecular) appli-
cations would be matter of setting the HOMO or LUMO by
finding a convenient synthesis of the edges, either aryl-
amine or any aromatic fragment, featuring the desired re-
dox potentials.
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Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.orgel.2013.06.024.

The material is a single PDF organized as follows:

Part 1. Electronic properties (electrostatic potentials,
spin distribution) of main open shell species. Details on
the calculations including total energies and ZPE correc-
tions, details on the thermochemistry of the oxidation/
reduction cycles for Table 1. Details on the correlation be-
tween experimental and calculated potentials. Calculated
properties of the charge transfer excited states and exper-
imental spectroelectrochemistry.

Part 2. Details on the substances characterization.

Part 3. XYZ coordinates of main structures calculated.
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