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Vinylpyrimidine-Functionalized Triphenylamines: Bimodal
Molecular Switches and Multilevel Systems
Olivier Alévêque,[a] Sylvain Achelle,*[b] and Lionel Sanguinet*[a]

Due to their numerous potential applications, the interest for
the elaboration of new molecular switch has never stop to
grow. Among them, multi-modal systems, where the switching
between two different metastable states can be induced by
using indifferently several kinds of stimulation, have a special
place. In this study, we present our efforts to develop a class of
multi-modal systems based on the association of a triphenyl-

amine core with vinylpyrimidine units that exhibits nice acido
and electrochromic properties. The most performant ones can
present up to three different forms allowing to modulate their
absorption and luminescence properties over three discrete
levels. In order to provide limitations and outlooks for such
systems, their switching behaviors have been rationalized by
the help of DFT and TD-DFT calculations.

Introduction

Driven by their numerous application fields, the interest in the
elaboration of multi-addressable materials has never stop to
grow in the last two decades. Presenting the possibility to
switch reversibly between two different states,[1] these systems
allow the modulation of a molecular physicochemical property
such as color, luminescence or conductivity, to name a few, by
application of an external stimulation.[2] To design a molecular
system able to respond to at least two different kinds of
stimulation, generally referenced as multi-responsive molecular
system, several strategies can be followed as attested by the
numberless of sequential and orthogonal photo-responsive
systems,[3] molecular logic systems[4] and molecular machines[5]

reported so far. In such purpose, the combination of two
different kind of switchable units in molecular or
supramolecular assembly[6] conducts logically to multi-respon-
sive systems. At the opposite to such complex assemblies, this
combination can be simply resumed to the introduction of
simple functional groups on common switchable unit. As
example the introduction of amine group[7] or azoheterocyle[8]

known for their acid-base responses on an azobenzene moiety
as photochromic unit conducts to pH and photo-sensitive
systems. Another strategy is based on the insertion of some
switchable units exhibiting an intrinsic multi-state character
such as spiropyrans,[9] diarylethene,[10] or Stenhouse adduct[11]

to name a few. However, changing the nature of the
stimulation (pH change, electrochemical potential, light irradi-
ation) leads in these systems to the generation of different
states exhibiting diverse physico-chemical properties and
complex switching behavior.

Beside them, some multi-modal molecular switches have
been also reported. In these particular systems, the conversion
between both states can be achieved by using indifferently
two different kinds of stimuli. As example, some of us have
particularly studied benzazo-oxazolidine derivatives,[12] where a
pH change, an electrochemical potential and a light irradiation
can be used indifferently to switch between their colorless and
colorful forms.

In our quest to develop other multi-modal molecular
systems exhibiting halo- and electrochromic properties, triaryl-
amine units have particularly drawn our attention. In fact, the
triphenylamine fragment constitutes the basic node of an
important group of modern electroactive functional materials[13]

especially for organic dye-sensitized and perovskite solar cells
applications.[14] Numerous studies have reported their chemical
functionalization in order to introduce different substituents on
the phenyl ring or to expand the π-conjugated system to tune
their molecular properties in particular their electrochemical
behavior.[15] Introducing some (hetero)aromatic or donor sub-
stituents on the different para position of the triphenylamine
unit leads generally to a decrease of the oxidation
potential.[15–16] More importantly, the corresponding radical
cation generated under oxidation is largely stabilized. Indeed,
this later is known to undergo a spontaneous dimerization
process leading to tetraphenylbenzidine.[17] when no substitu-
ent is present in para positions.

Generally used as an efficient electron donating group, the
triarylamine moieties have been combined with many other
addressable units such as some redox active complexes[18] or
photoactive units.[19] In such context, their combination with
some azaheterocycles acting as pH sensitive unit has already
lead to interesting molecular systems allowing a modulation of
their color, nonlinear optical (NLO) and/or luminescence
properties by pH changes. Indeed, contrary to the triphenyl-
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amine unit, azaheterocycles such as pyridine or diazines can be
easily protonated leading to corresponding azolium unit acting
as strong electron withdrawing group.[20] With a triphenylamine
unit acting as a strong electron donor, the protonation of the
azaheterocycle promotes the redistribution of the charge
density (due to an important internal charge transfer) leading
to a strong bathochromic effect on the maximum absorption
wavelength.[20] When blue-emitting azaheterocyclic chromo-
phores are used, this protonation has a drastic impact of their
luminescence properties which conducts to generate orange-
emissive acidified species or non-emissive materials.[21] Some of
us have demonstrated that white light emitting material,
potentially useful for OLED applications, can be generated by a
fine tuning of the protonated/neutral species ratio.[21a–d]

If the stimulation by a chemical input such as pH changes
can be advantageously used in chemical sensor field; its
replacement by a photo or an electrochemical stimulation is
highly desirable as they are considered as a more convenient
manner to reach a spatial addressability in molecular electronic.
As consequence, this study is devoted to the design of
vinylpyrimidine chromophores 1–3 bearing a triphenylamine
unit that can be electrochemically stimulated to reach the
same protonated state than after acidic stimulation (Figure 1).

Results and Discussion

Synthesis

Compounds 1–3 were obtained by Knoevenagel condensation
of 4-methylpyrimidine with the corresponding formyl deriva-
tives of triphenylamine in boiling 5 M aqueous sodium
hydroxide solution in the presence of Aliquat 336 as phase
transfer catalyst according to the conditions developed for the
synthesis of styrylpyrimidine derivatives (Schemes S1–S2).[22]

Acidochromic properties

As expected all three compounds exhibit similar UV-visible
spectra in acetonitrile (ACN) with a band around 400 nm and a
less intense band at higher energy. The enhancement of the
electron donor character by the introduction of both methyl
groups induces a slight bathochromic effect (~7 nm) between
compound 1 and 2 on both bands. The addition of a second

vinylpyrimidine substituent on the triphenylamine core in the
structure of compound 3 leads to a large hyperchromic effect
on the whole spectrum by a factor 1.65 (Figure 2). We can
notice also a slight structuration of the low energy band with a
maximum absorption wavelength at 413 nm and a shoulder
around 380 nm.

To rationalize this behavior, theoretical studies based on
the density functional theory (DFT) and by its time dependent
extension (TD-DFT) have been performed. In such purpose
3 common exchange-correlation functionals have been used
with IEFPCM solvation model. As expected, classical B3LYP
appears as the less reliable one. If the global trend of
absorption maximum wavelength variation between all three
derivatives is well reproduced, the values are very largely
redshifted. In fact, a difference ranging from 50 to 80 nm is
observed between simulated vertical excitation wavelengths by
TD/B3LYP/6-311G+ (d) and experimental values (see SI). At the
opposite, functions with long-range corrections such as M06-
2X, CAM-B3LYP appear more appropriate to study molecular
systems with evident charge transfer feature. Both functionals
provide very reliable results where the maximum absorption
wavelengths are slightly underestimated but CAM-B3LYP
function provides highest blue shifted values (see SI). Never-
theless, the overall trends between all three derivatives are well
reproduced as presented on Figure 2 for M06-2X function. As
we can see, the 7 nm bathochromic shift between compound 1
and 2 experimentally observed is almost perfectly reproduced
by quantum calculations (+6 nm).

This behavior can be explained by the enhancement of the
electron donor character of the triphenylamine resulting from
the insertion of the two methyl groups. Indeed, their insertion
leads to an increase of the energy values of HOMO and HOMO-
1 by ~0.1 eV whereas the LUMO level is almost unaffected (+
0.03 eV) by this structural modification (Figure 3). More impor-
tantly, it is possible to assign from TD-DFT calculations the
main absorption band to a π-π* transition with an internal
charge transfer (ICT) character involving a transition from the
HOMO to the LUMO orbitals respectively (Table 1). In this
context, we can presume that the bathochromic shift exper-
imentally noticed results from an enhancement of the charge
transfer. To confirm this difference in CT process between
compound 1 and 2, the electron density difference in the
transition process have been computed according to the

Figure 1. Structure of the vinylpyrimidime substituted triphenylamines 1–3.

Figure 2. (left) Experimental and (right) simulated using TD/M06-2X/6-311G
+ (d,p) UV-Visible spectra in ACN of the three different triarylamine
derivatives solution.
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procedure described by Pr. D. Jacquemin and coworkers.[23] No
strong variation between both compounds was observed on
their electron density difference plots (see SI) which confirms a
displacement of the electronic density from the triphenylamine
to the vinylpyrimidine substituent. As expected, slight lower
values for the amount (0.68 vs 0.69 e) and distance (4.3 vs
4.4 Å) of charge transfer are obtained for 1 in comparison to
derivative 2.

Concerning compound 3, as observed for compounds 1
and 2, TD-DFT calculations carried out by the help of functions
involving long-range corrections (M06-2X and CAM-B3LYP)
provide similar and more reliable results in comparison to
B3LYP which largely overestimate the absorption maximum
wavelength (see SI). As presented in Figure 2, spectrum
computed at M06-2X/6-311G+ (d,p)/IEF-PCM(ACN) level repro-
duces the hyperchromic effect on the main absorption band as
well as its enlargement. These results can be explained by first
the slight improvement of the oscillator strength (+20%) but
more certainly by a new electronic transition at close energy
involving the LUMO+1 level. Indeed, this later is strongly
stabilized (� 1.38 eV) by the insertion of a second pyrimidine
unit in comparison to compounds 1 and 2 (� 0.23 and � 0.20 eV
respectively).

As expected, the addition of some acid (aq. HCl) to the
solution induces an important modification of their absorption
spectrum in all cases. As example for compound 2, the addition
leads to the appearance of a new band at 503 nm with the
concomitant decrease of the band at 399 nm (Figure 4). A hypo
and a bathochromic effect on the band at higher energy is also
noticed with the appearance of a low intensity band at 333 nm.
The presence of three isosbestic points at 311, 339 and 438 nm
suggests an equilibrium between two species which is assigned
to the selective protonation of the pyrimidine unit.[24] Never-
theless, a large excess of acid is requested to fully displace this
equilibrium to the protonated form in agreement with the
reported poor to medium Hydrogen-bond basicity of
pyrimidine.[25]

Indeed, once protonated, the system should behave as a
classical push-pull dye where the generated pyrimidinium unit
acts as a strong withdrawing electron group. To confirm this
hypothesis, DFT and TD-DFT quantum calculations on the
different forms of compound 2 resulting from the protonation
of the pyrimidine unit or the central nitrogen have been
performed. The protonation of the central nitrogen atom leads
to an increase of HOMO-LUMO gap by more than 1 eV
depending on the level of theory used (B3LYP, M06-2X or CAM-
B3LYP).

Such kind of protonation should then be discarded as it
should conduct logically to observe an hypsochromic shift of
the maximum absorption wavelength below 400 nm with the
acid aliquots addition in disagreement with our experimental
observations. At the opposite, the protonation of the pyrimi-
dine (2+H+) conducts to a decrease of the HOMO-LUMO gap
and then a bathochromic effect. As expected for such push-pull
dye, B3LYP function conducts to largely overestimate the
maximum absorption wavelength of 2+H+ (λmax =549 nm). At
the opposite, functions involving long-range corrections (M06-
2X and CAM-B3LYP) predict more suitable similar results (with
λmax =471 and 453 nm respectively) leading to observe for the
first excited state a reduction of the vertical excitation energies
of 0.62 and 0.59 eV respectively with the protonation of the
pyrimidine unit, in agreement with the 0.64 eV experimentally
noticed. Finally, the competition between the protonation of
the triphenylamine core and the pyrimidine unit(s) can be

Figure 3. Shape and energy levels of the molecular orbitals from HOMO-1 to
LUMO+1 for the three triphenylamine derivatives 1–3 as computed at the
M06-2X/6-311G(d,p) level in acetonitrile (IEF-PCM).

Table 1. Main electronic transitions for the three triphenylamine deriva-
tives 1–3.[a]

Compd. lexp DEge lge f ge contribution

1 392 3.31 375 1.194 H!L (89%)
290 4.32

4.53
288
274

0.248
0.105

H!L+3 (90%)/
H� 1!L (50%)
H!L+4(21%)

2 399 3.25 381 1.253 H!L (88%)
296 4.32 287 0.251 H� 1!L+3 (88%)

3 413 3.15 394 1.423 H!L (99%)
3.57 348 0.778 H!L+1 (99%)

288 4.56 272 0.299 H� 1!L (99%)
4.71 264 0.193 H� 1!L+1 (53%)

H!L+2 (40%)

[a] Vertical excitation wavelengths (lge , nm), vertical excitation energies (
DEge , eV) and oscillator strengths (f ge) calculated at TD/M06-2X/6-311G
+ (d,p)/IEF-PCM(acetonitrile) level of theory.

Figure 4. UV-Visible spectra changes of a solution of 2 in ACN (0.02 mM)
upon addition of HCl aliquots (left) and simulated UV/vis absorption spectra
of 2 and 2+H+ calculated at the TD/M06-2X/6-311+ (d,p)/IEF-
PCM(acetonitrile) level of theory (right).
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completely discarded by computation of the Gibbs free energy
for corresponding reaction when TFA is used as acid.
Computed at M06-2X/6-311G+ (d,p)/IEF-PCM(ACN) level of
theory, the protonation of the central nitrogen atom is much
larger thermodynamically unfavorable than the pyrimidine unit
with ΔG° values at 298 K of 98.4 are 39.3 kJ/mol respectively.
Noticeably, the back conversion from 2+H+ to 2 without
noticeable degradation can be reached by using a base. In fact,
addition of NEt3 allow to restore the initial spectrum of the
solution allowing to confirm the acid/base switching behavior
(see Figure S6).

With two vinylpyrimidine substituents (compound 3), two
successive or simultaneous protonations of pyrimidine units
leading to the formation of 3+H+ and 3+2H+ respectively
have to be envisioned. If TD-DFT calculations suggest that both
cations exhibit a different optical signature (Figure 5), a regular
modification of absorption spectrum is noticed upon the
addition of HCl (up to 7 eq.).

It is characterized by the appearance of a new band at
501 nm and the concomitant decrease of the band at 413 nm
with the presence of isosbestic points suggesting only two
species in equilibrium (Figure 5). The addition of a large excess
of acid (conc. HCl) induces a modification of the spectrum
translating by the complete disappearance of the band at

413 nm and the bathochromic shift of the lowest and highest
energy bands at 515 and 321 nm respectively. Based on TD-
DFT calculations, we can then presume that the second
protonation of compound 3 is much less favorable than the
first one and occurs only when a large excess of acid is
introduced. Indeed, simulated spectra of 3+H+ and 3+2H+

present noticeable differences (Figure 5). If the first protonation
leading to 3+H+ induces the appearance of new strong
absorption band at lower energy, it does not lead to a
complete disappearance of the band in near UV region but to a
large hypochromic effect revealing three distinct absorption
bands. At the opposite, protonation of both pyrimidine units
leading to 3+2H+ is characterized by only two absorption
bands largely red shifted in comparison to 3 as experimentally
noticed when only a large excess of acid is added.

This successive protonation of pyrimidine units hypothesis
is comforted by computed ΔG°(298 K) at M06-2X/6-311G+

(d,p)/IEF-PCM(ACN) level of theory when TFA is used as acid.
With a value of 44.2 and 44.0 kJ/mol for the first and second
protonation respectively, both processes appear thermody-
namically unfavorable. This explains also the requirement to
larger acid amounts in order to displace the equilibrium in
comparison to compound 2 protonation (ΔG°(298 K)=39.3 kJ/
mol).

In term of emission, as generally observed for diphenylami-
no substituted pyrimidines,[20a] the protonation of 1 and 2 leads
to an emission quenching whatever the excitation wavelength
(see SI for 2).16b On the other hand the protonated form of 3
remained emissive in DCM as previously reported.[22c]

Electrochromic properties

Due to their numerous applications in molecular electronic
field, the electrochemical behavior of triphenylamine deriva-
tives has been largely investigated in the literature.[16,26] In this
context, the electrochemical behavior of compounds 1–3 has
been investigated by cyclic voltammetry and the resulting
voltammograms are presented in Figure 6. If classical triphenyl-
amine derivatives exhibit one reversible oxidation wave in a
0.3–0.5 V range (vs Fc/Fc+) depending on the nature of the

Figure 5. (Left) UV-Visible spectra changes of a solution of 3 in ACN
(0.008 mM) upon addition of HCl (0 to 7 eq.) aliquots (solid line) and after
adding an excess of HCl (dotted line). (Right) Simulated UV-Visible spectra of
compound 3 in its neutral, monoprotonated (3+H+) and diprotonated (3
+2H+) forms at the TD/M06-2X/6-311+ (d,p)/IEF-PCM(acetonitrile) level of
theory.

Figure 6. Cyclic voltammograms of derivatives 1, 2 and 3 (1 mM) in 0.1 M TBAPF6 /ACN solution at different scan rates.
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substituent in para positions,[16,26] compounds 1–3 exhibit two
successive anodic processes. The first one at 0.49, 0.39 and
0.63 V for compound 1, 2 and 3 respectively is not reversible
whatever the scan rate used. Based on previous study on
triarylamine, this first process could be roughly explained by a
two steps irreversible electrochemical mechanism: (i) the
oxidation of the triphenylamino core leads to the correspond-
ing radical cation, usually stable in our experimental conditions,
in agreement with the HOMO localization (Figure 3), (ii)
followed by an irreversible chemical process suggested by the
irreversibility of the signal noticed for derivatives 1–3 even at
1000 mV.s� 1. To explain this second step, an oxidative dimeriza-
tion process is generally suggested.[17] Results obtained discard
this hypothesis because compound 2 presents two methyl
groups on the para position as blocking substituents and
exhibits similar behavior. In place, we presume a delocalization
of the radical on the pyrimidine unit which is able to abstract
an Hydrogen atom to surrounding media and form the
corresponding protonated form. In this context, the second
anodic process ranging from 0.52 to 0.80 V could be assigned
to the oxidation of triphenylamino core of the corresponding
protonated form as summarized on scheme 1 for compound 2.

Such behavior would explain the difference of reversibility
observed on the second oxidation process. In fact, only
compound 2 exhibits a reversible oxidation wave whatever the
scan rate used. At the opposite, compounds 1 and 3 exhibit an

irreversible signal at low scan rate and its almost full
reversibility is only restored for scan rate beyond 500 mV.s� 1

(figure 6). Indeed, the first oxidation process should lead to
their protonated 1+H+ and diprotonated 3+2H+ forms
respectively which present some unsubstituted para positions.
The generation of corresponding radical dication species
during the second process could be then lead to oxidative
dimerization process as neither blocking group presence nor a
possible delocalization of the radical are present to avoid it.

In order to confirm the spontaneous evolution of the radical
cation species generated during the first oxidation process to
its corresponding protonated forms, spectro-electrochemical
measurements have been performed with Thin Layer Cyclic
Voltammetry (TLCV) technique. As an example, Figure 7 depicts
the variation of the absorption spectrum of a solution of
compound 2 as a function of the applied potential. As we can
see, when the potential reaches 0.3 V an intense coloration of
the solution is observed due to the appearance of a new band
in the 500–550 nm range, and the decrease of the absorbance
around 400 nm.

More importantly, the modifications of the UV-Visible
absorption spectra during the first oxidation process are fully
consistent with ones noticed during the titration of compound
2 by acid (figure 3) and then support the hypothesis of the
generation of 2+H+ under an electrochemical stimulation.
This efficient formation of 2+H+ under an electrochemical
stimulation have been easily confirmed by treating a solution
of 2 by an oxidizing reagent and monitoring the reaction by
UV-Visible spectroscopy. Indeed, the uses of NOSbF6 (0.87 V vs
Fc/Fc+)[27] was largely reported for such purpose to evidence
mixed valence in electroactive species[28] or generating one-
electron oxidation of organic donors.[29] As noticed with acid,
the addition of NOSbF6 aliquots to a solution of compound 2
leads to observe a bathochromic shift of the low energy band
and an hypo and a bathochromic effect on the band at higher
energy assigned to 2+H+ (see SI). As expected, the complete
transformation of the system is observed after one equivalent
of oxidizing agent. Concerning the back conversion of the
system to its initial state, two different stimulations can be
used indifferently. Indeed, the initial spectrum can be restored
by adding either some hydrazine hydrate, a well-known
reducing agent[30] (� 0.178 V vs. reversible hydrogen
electrode)[31] or some triethylamine as a base (see Figur-
es S6&S8).

As a consequence, the substitution of a triphenylamine
core by a vinylpyrimidine substituent leads to a bi-modal
molecular switch as the interconversion between neutral and
protonated form can be induced by using indifferently acid or
an electrochemical stimulation.

Applying a redox potential higher than 0.5 V leads to a new
modification of the absorption spectrum. As shown on Figure 7
for compound 2, we notice a strong bathochromic and
hyperchromic shift of the band at lower energy from 529 to
691 nm and a new band at higher energy around 380 nm.
Based on previous studies about triphenylamine derivatives,[32]

such behavior seems to translate the formation of the radical
dication species (2+H)2+*, which is stable enough in these

Scheme 1. Proposed route to explain the formation of the protonated form
of compound 2 under an electrochemical stimulation.

Figure 7. Spectroelectrochemistry (Left) in TLCV (right) conditions (~50 μm;
10 mV.s� 1) of 2 (1 mM) in ACN with (TBA)PF6 (0.1 M) as an electrolyte on a
platinum electrode.
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experimental conditions due to the presence of the two methyl
groups. The absorption spectrum corresponding to the proto-
nated form 2+H+ is regenerated on the back scan as soon as
the applied potential decrease below 0.5 V. During the second
cycle, any new variation is observed below 0.5 V as well as no
residual peak of the first oxidation process (Figure 6). This
hypothesis is supported by TD-DFT calculations. Indeed,
computed absorption spectra of (2+H)2+* at M06-2X/6-311G+

(d,p)/IEF-PCM(ACN) level of theory reveals several electronic
transitions at close energy leading to observe one broad
absorption band with a λmax value of 611 nm (Figure 8). As
consequence, the first oxidation process should theoretically
lead to observe a decrease of the absorbance at 373 nm with a
concomitant increase of the absorbance at 479 nm due to the
spontaneous evolution of the radical cation and the generation
of 2+H+ . By applying a higher electrochemical potential, the
generation of the dicationic radical species (2+H)2+* should
then induces a strong bathochromic effect (-0.56 eV) as
experimentally noticed (-0.55 eV).

In addition, the oxidation potentials of each form have
been evaluated by the help of DFT calculations for all three
compounds. Indeed, theoretical redox potentials relative to the
normal hydrogen electrode (NHE) could be deduced from
calculated Gibbs free energy change according to the following
expression (Eq (1)):

E0vs NHE ¼
DG0

solv

F � 4:44 (1)

Where F is the Faraday constant and 4.44 the free energy
change (in eV) associated with the reference NHE half-
reaction.[33] Following the methodology reported by Guo and

Liu,[34] the variation of the Gibbs free energy change, DG0
solv ,

induced by the oxidation reaction have been determined using
B3LYP/6-311G(d) as basis set and IEF-PCM as solvation model.
To overcome the underestimation of the adiabatic ionization
potential by this method, 0.28 eV is generally added to the
B3LYP results,[34] allowing to predict theoretical redox potentials
in acetonitrile with a 0.17 V standard deviation for a large
variety of organic compounds.[34] Computed redox potentials
reproduce well the general trend experimentally observed but
they are systematically underestimated by at least 0.1 V for
compounds 1–3 (referenced as E0

ox1) when the potentials of
their corresponding monoprotonated forms (1-2+H+), E0

ox2,
and diprotonated forms (3+2H+), E0

ox3, are more close to the
experimental values. If the choice of B3LYP function to
calculate DG0

solvconcerning molecular systems with evident
charge transfer feature could be raised, it is important to
remind that anodic peak potentials, generally reported for
irreversible oxidation process, strongly depend on the scan
rates, the sample concentration, and the kinetics of interfacial
electron transfer especially when side reactions deplete the
analyte from the electrode surface.[35] Moreover, the combina-
tion of 4.44 V as corresponding to standard potential of NHE in
aqueous solution and SCE potentials (0.64 V) in order to
reproduce the redox potential of the Fc+/Fc couple in a
nonaqueous solution can lead to drastic discrepancies.[36] In this
context, we have changed the B3LYP function by M06-2X or
CAM-B3LYP involving long-range corrections to calculate DG0

solv

and use directly 4.980 V as absolute reduction potential of the
Fc+/Fc couple in acetonitrile[36] for reference. As consequence, a
new set of theoretical oxidation potential are obtained
following Equation (2) and gathered in Table 2.

E0 vs Fcþ=Fc ¼
DG0

solv

F � 4:980 (2)

As we can see, the global trends experimentally observed
as nicely reproduced whatever the exchange-correlation func-
tional used. As example, an 0.1 V cathodic shift between
compound 1 and 2 is well predicted and consistent with the
enhancement of the electron donor character of the triphenyl-
amine with the insertion of two methyl groups. Nevertheless,
the best prediction for the different first oxidation potential is
provided by M06-2X when calculated oxidation potential for
their fully protonated forms present higher values than
experimentally noticed. Surprisingly, this anodic shifts appears
more important for 3+2H+ and 1+H+ (+0.14 and +0.08 V

Figure 8. (right) Computed UV/vis absorption spectra of (2+H)2+* at the TD/
M06-2X/6-311+ (d,p)/IEF-PCM(acetonitrile) level of theory and (left) corre-
sponding variation of the absorption properties of a solution of 2 by its first
and second oxidation process.

Table 2. Experimental oxidation potentials (V vs Fc/Fc+) of derivatives 1–3 in ACN and computed values under their neutral (E0
ox1), monoprotonated (E0

ox2)
and diprotonated form ðE0

ox3).

Compd.
[b

Experimental B3LYP[a] M06-2X[b] CAM-B3LYP[c]

Epa
ox1 E0

ox2 E0
ox1 E0

ox2 E0
ox3 E0

ox1 E0
ox2 E0

ox3 E0
ox1 E0

ox2 E0
ox3

1 0.49 0.64 0.39 0.68 n/a 0.51 0.72 n/a 0.42 0.61 n/a
2 0.39 0.52 0.29 0.54 n/a 0.38 0.57 n/a 0.32 0.51 n/a
3 0.63 0.80 0.37 0.63 0.87 0.58 0.75 0.94 0.39 0.60 0.79

[a] Calculated at B3LYP/6-311G+ (d)/IEF-PCM(ACN) level of theory. [b] Calculated at M06-2X/6-311G+ (d,p)/IEF-PCM(ACN) level of theory [c] Calculated at
CAM-B3LYP/6-311G+ (d,p)/IEF-PCM(ACN) level of theory.
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respectively) than for 2+H+ (+0.05 V) where any dimerization
oxidation process could occur.

More importantly, computed oxidation potentials suggest
the possibility to induce the selective formation of 3+H+ and
3+2H+ under an electrochemical stimulation with correspond-
ing computed oxidation potential at 0.58 and 0.75 V respec-
tively. However, the presence of a second vinylpyrimidine unit
did not affect at a first glance the electrochemical behavior. As
we can see on figure 6, compound 3 exhibits almost a similar
voltammogram to compound 1–2 with two successive oxida-
tion processes. However, one can notice a broadness of the first
oxidation wave with a highest anodic peak potential (0.63 V)
compared to compounds 1 and 2. Increasing the scan rate
leads to a splitting of this oxidation wave which let us presume
the coexistence of different oxidation processes at close
potentials. This assumption is confirmed by TLCV measurement
where a clear splitting of the first oxidation process is noticed
(Figure 9).

As we can see on figure 9, the voltabsorptograms confirm
the transformation of compound 3 to its protonated forms 3+

H+ and 3+2H+
. Unfortunately, their close absorption max-

imum wavelength (vide supra) did not allow us to detect their
successive formation along the variation of applied potential.
Indeed, the absorbance around 410 nm starts to decrease as
soon as the potential reaches 0.35 V and a concomitant
increase in the 500–550 nm region. However, the maximum of
this variation is gradually red shifted from 513 to 533 nm when
applied potential ranges from 0.35 to 0.70 V (Figure 9).

Based on our observation during the titration of 3 by acid
aliquots, such bathochromic effect can only suggest that the
first oxidation process lead to the successive generation of the
3+H+ and 3+2H+ but with a poor selectivity. Applying a
higher electrochemical potential conducts to observe a strong
modification of the voltabsorptograms which show an intense
absorbance at 703 nm and the emergence of a new signal at
356 nm during the second oxidation process. As in the case of
compound 2, this behavior can be assigned to the oxidation of
3+2H+ leading to corresponding radical cation. This hypoth-
esis is fully supported by computed absorption spectra of (3+

2H)3+* at M06-2X/6-311G+ (d,p)/IEF-PCM(ACN) level of theory
(see SI). Indeed, the coexistence of the 3+H+ and 3+2H+ and
their intrinsic proportion during the first oxidation process did

not induce a strong variation of the voltabsorptograms where
the intensities and the position of the minimum and maximum
are slightly affected (Figure 10). At the opposite, the generation
a radical from the oxidation of 3+2H+ during the second
oxidation process should induce an enhancement of the
absorbance especially in near UV region associated with an
important redshift of the absorption in the visible range in
agreement with experimental observations (Figure 10).

To confirm the successive generation of the 3+H+ and 3+

2H+ under an electrochemical stimulation suggested by TLCV
and spectroelectrochemical measurements, the titration of
compound 3 by an oxidizing agent (NOSbF6) have been
performed. As shown on Figure 11, an irregular evolution of
the UV-Visible spectra is observed when the quantity of oxidant
increase. Up to 1 eq. the appearance of a new band at 504 nm
is noticed as well as the concomitant decrease of the band at
413 nm. An hypo and a bathochromic effect on the higher
energy band is also detected. More importantly, the presence
of three isosbestic points at 306, 348 and 442 nm is observed
translating an equilibrium between two species. Based on our
results with acid, we can then assume that up to one
equivalent, the addition of this oxidizing agent leads predom-
inantly to the monoprotonated form (3+H+). The further
additions of NOSbF6 induce a batho and hyperchromic effect of
the main absorption band from 504 to 516 nm. With the
decrease of the absorbance around 400 nm and the appear-
ance of a new transition centered at 324 nm, these absorption
spectrum changes are identical to those induced by the

Figure 9. Spectroelectrochemistry (left) in TLCV (right) conditions (~50 μm;
10 mV.s� 1) of 3 (1 mM) in ACN with (TBA)PF6 (0.1 M) as an electrolyte on a
platinum electrode.

Figure 10. (left) Variation of the absorption spectra of a solution of 3 as
function of the applied potential and (right) computed spectra variation at
TD/M06-2X/6-311G+ (d,p)/IEF-PCM(ACN) level of theory.

Figure 11. UV-Visible spectra changes of a solution of 3 in ACN (0.008 mM)
upon addition of NOSbF6 from 0 to 1.0 eq. (left) and from 1.0 to 2.2 eq
(right).
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addition of a large excess of acid and, as consequence, can be
assigned to the generation of the diprotonated form (3+2H+).
More importantly, this increment of the oxidizing agent
quantity did not allow maintaining the observation of the three
previous isosbestic points (306, 348 and 442 nm) which are
replaced by two ones at 346 and 421 nm translated a new
equilibrium between 3+H+ and 3+2H+ forms.

We can then conclude that an electrochemical stimulation
of compound 3 leads to the successive formation of 3+H+ , 3
+2H+ and its corresponding radical (3+2H)3+* at higher
potential allowing to switch its absorption maximum wave-
length from near-UV to visible and finally almost near-IR region.

Conclusion

In summary, we have successfully developed a series of
bimodal switches based on vinylpyrimidine-functionalized
triphenylamines. These compounds can reach the same
metastable state electrochemically, by applying a redox
potential or a chemical oxidation, as by acidic stimulation. To
explain these interesting bimodal switching abilities, the
delocalization of the triphenylamine radical cation has been
suggested. Mainly localized on the central triphenylamine core,
this later is able to be delocalized to the peripheral vinyl-
pyrimidine unit which, after abstraction of a hydrogen atom
from the surrounding media, leads to the formation of the
corresponding protonated form. Generally requiring an excess
of acid due to the moderate hydrogen-bond basicity of the
pyrimidine ring, the protonated forms of the different systems
can then be generated in a more efficient and controlled way
by an electrochemical stimulation. This later opens the way to
induce a step by step addressability of molecular systems as
well as a modulation of the molecular property over several
discrete levels. As demonstrated with compound 3, bearing
two vinylpyrimidine fragments, the chemical oxidation permits
to reach successively the monoprotonated 3+H+ and diproto-
nated 3+2H+ forms. If the first protonation induces a strong
modification of the maximum absorption wavelength, the
second protonation of the system leads only to a moderate,
red-shifted absorption. In addition to their potential applica-
tions as colorimetric indicators, the structural variation along
their stimulation from nonpolar to dipolar and finally quad-
ripolar dyes is promising for these systems as acido/redox NLO
switches and are currently under investigation.

Experimental Section
General information regarding synthesis and spectroscopic charac-
terization can be found elsewhere.[21c] Compounds 1 and 3 were
obtained according to reported procedure.[22b–c]

Synthesis of (E)-4-(4-di(p-tolyl)aminoystyryl)pyrimidine (2): A stirred
mixture of 4-methylpyrimidine (141 mg, 1.5 mmol) and 4-(di-p-
tolylamino)benzaldehyde (451 mg, 1.5 mmol) in aqueous sodium
hydroxide (5 M, 15 mL) containing Aliquat 336 (64 mg, 0.15 mmol)
was heated under reflux for 2 h. The mixture allowed to cool, and
the precipitate was filtered off, washed with water and purified by

silica gel column chromatography using AcOEt as eluent. Yellow
solid, yield 53% (301 mg) Rf (AcOEt)=0.42; mp=130-132 °C
(AcOEt); 1H NMR (300 MHz, CDCl3) δ 9.13 (s, 1H), 8.62 (d, 3J=5.1 Hz,
1H), 7.83 (d, 3J=15.9 Hz, 1H), 7.43 (d, 3J=8.4 Hz, 2H), 8.62 (d, 3J=

5.1 Hz, 1H), 7.12 (d, 3J=7.8 Hz, 2H), 7.06-7.6.98 (m, 6H), 6.90 (d, 3J=

15.9 Hz, 1H), 2.35 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 162.8, 158.8,
157.0, 149.6, 144.5, 137.3, 133.6, 130.1, 128.7, 127.9, 125.4, 122.5,
120.9, 118.2, 20.9. HRMS (ESI+ , TOF) m/z calculated for C26H23N3

(M+) 377.1886; found 377.1886.

Quantum chemical calculations: Full geometry optimizations of
compound 1–3 as well as their diverse protonated form were
performed based on density functional theory (DFT) using three
different exchange-correlation functional (B3LYP, CAM-B3LYP and
M06-2X) with the 6-311G(d) or 6-311G(d,p) basis sets. All optimized
structures correspond to stationary points on the potential energy
surfaces, as confirmed by only real vibrational frequencies. Linear
optical properties were determined at the time-dependent DFT
level using corresponding functionals with a basis set including
diffuse function. Solvent (acetonitrile) effects were included in all
calculations by means of the polarizable continuum model in its
integral equation formalism (IEF-PCM).[37]

UV-Vis titration: UV-Vis spectra were registered on a Shimadzu UV-
1800 spectrometer from solutions in ACN (HPLC grade) from VWR
chemicals. In agreement with our previous studies, titrations were
performed using either freshly prepared daily NOSbF6 (Sigma-
Aldrich) solution in ACN or a HCl solution in ACN prepared by
successive dilution from brand new aqueous solution of HCl (37%
from VWR chemicals).

Cyclic voltammetry: ACN (HPLC grade) and tetra-N-butylammo-
nium hexafluorophosphate (TBAP, electrochemical grade, Fluka
was recrystallized from ethanol). Cyclic voltammetry (CV) was
performed in a three-electrode cell equipped with a platinum
millielectrode, a platinum wire counter-electrode and a silver wire
used as a quasi-reference electrode. The electrochemical experi-
ments were carried out under a dry and oxygen-free atmosphere
(H2O<1 ppm, O2<1 ppm) in ACN with TBAP (0.1 M) as the support
electrolyte. The voltammograms were recorded on a potentiostat/
galvanostat (BioLogic – SP150) driven by the EC-Lab software with
positive feedback compensation. All the potential reported were
calibrated versus Ferrocene/Ferrocenium oxidation potential (+
0.405 V vs SCE or +0.425 V vs Ag/AgCl).

Time-resolved spectroelectrochemistry was performed using the
already described home self-made cell described elsewhere.[38] A
distance of 25–200 μm between the surface of the electrode and
the optical window was typically used in our experiments. Electro-
chemical measurements were carried out using a platinum wire
counter electrode and a silver wire as a quasi-reference electrode
with a Biologic SP-150 potentiostat driven by the EC-Lab software
including ohmic drop compensation. Experiments were recorded in
dry HPLC-grade ACN with TBAP (electrochemical grade, Fluka) as
supporting electrolyte. All solutions were prepared and transferred
into the spectroelectrochemical cell in a glove box containing dry,
oxygen-free (<1 ppm) argon, at room temperature. Spectrophoto-
metric measurements were carried out with a homemade bench
composed of different PRINCETON INSTRUMENTS modules (light
sources, fibers, monochromators, spectroscopy camera and soft-
ware). To start the two experiments at the same time, the two
benches are synchronized with TTL signals.
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