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Abstract A new triarylamine derivative, N,N0-Bis

(4-heptanoylamidophenyl)-N,N0-di(4-methoxyphenyl)-1,4-

phenylenediamine, with stable electrochromism in near-

infrared and visible light regions, has been synthesized and

characterized at theoretical and experimental level. The

detected and simulated spectra, with and without the

presence of an external potential at different values, clearly

show that this mixed-valence system undergoes ionization

at a low value of the applied potential, and the formed

radical cation absorbs in the near-infrared region with an

intense peak located at 1,040 nm. Density functional

computations give the geometrical structure and absorption

properties in very good agreement with experiment,

allowing assigning the electronic transition and contribut-

ing to an understanding of the electron-transfer process

between the two redox centers.

Keywords Electrochromism � Density functional theory �
Electron transfer � Mixed-valence compound

1 Introduction

Electrochromism is the property of a material to reversibly

change color in response to an externally applied potential:

this effect is connected with the use of electrochromic (EC)

molecules, whose UV–visible spectrum exhibits new

optical absorption bands when an electron is gained or lost

in a redox process [1, 2]. Recently the ‘‘electrochromic’’

definition has been extended to molecules that show

modulation of radiation in the near-infrared (NIR) or

microwave regions, and ‘‘color’’ can mean response of

detectors to these wavelengths, not just of the human eye.

In the last years, different molecular systems that show

interesting electrochromic behavior have been synthesized,

characterized, and proposed for a series of applications

[3–6]. Special interest [7] has been devoted to the mixed-

valence (MV) systems containing more than one redox

state in the same molecule or molecular unit. These sys-

tems play an important role in the study of the intramo-

lecular electron transfer called intervalence transfer (IT) by

Hush [8]. In MV molecules, IT bands are typically formed

in the NIR region from 1,000 to 2,000 nm.

Generally, the used organic or inorganic MV com-

pounds contain at least two redox states linked throughout

by bridged molecules and assume a mono-dimensional

topology. The properties of MV species essentially depend

on the extend of electronic interaction between the redox

centers and have been classified by Robin and Day [9] on

the basis of this characteristic as negligible (Class I),

moderate (Class II), and strong (Class III). Among the

proposed organic MV systems that contain N,N,N0,N0-tet-

raphenyl-p-phenylenediamine units are particularly inter-

esting for NIR applications because of their intramolecular

electron transfer in the oxidized states [10]. The major part

of the studies available in the literature on these systems
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concerns the N,N,N0,N0-tetraphenyl-p-phenylenediamine

(TPPA), for which X-ray diffraction, electrochemical,

spectroscopic, and theoretical data are available [11–15].

Furthermore, experimental and theoretical studies on a

series of substituted triarylamine redox systems including

fluorine-based conjugated polymers containing propeller-

shape di-triarylamine with electron-donating propylphenyl

groups and other chemical substituents have been recently

published [10, 16–22]. Despite these studies, we are far

from an exhaustive knowledge of the elementary mecha-

nism that explains the electron-transfer reactions that occur

in the mixed-valence systems. More experimental and

theoretical works are required to fully explain the phe-

nomenon as well as to propose efficient new molecules

with electrochromic properties. In this context and with the

aim to contribute to the clarification of the electron-transfer

process and to design new systems active in the near-

infrared band region, a novel highly stable molecule based

on the electroactive tetraphenyl-p-phenylenediamine unit,

N,N0-Bis(4-heptanoylamidophenyl)-N,N0-di(4-methoxy-

phenyl)-1,4-phenylenediamine (TPPAHM) (Scheme 1),

has been synthesized and investigated through UV–vis–

NIR spectroscopy and density functional theory (DFT)

calculations. Our strategy is to incorporate electron-

donating substituents at the para position of the phenyl

groups in order to greatly prevent the coupling reactions by

affording stable cation radical [10]. Moreover, the methoxy

and amide groups para-substituted make this molecule

readily soluble in polar aprotic solvents. The main char-

acteristic of this new triarylamine is the presence of a

strong peak in the NIR region when an external electric

field is applied. In addition to the applications as smart

windows, car mirrors, and display panels [23–25], this NIR

EC molecule could be exploitable for heating control in

buildings. In this paper, we present the experimental (UV–

vis—NIR spectra upon increasing electric field) and theo-

retical characterization (time-dependent–density functional

theory, TD-DFT, spectral simulation) of TPPAHM. In

addition, for the purpose of comparison, we report also new

spectra and their theoretical analysis for the TPPA system.

2 Experimental and theoretical details

2.1 Synthesis

N,N0-Bis(4-nitrophenyl)-N,N0-di(4-methoxyphenyl)-1,4-

phenylenediamine was prepared by Ullmann coupling

between 1,4-di-iodobenzene and 4-methoxy-40-nitrodiphe-

nylamine according to previously published procedures

[10]. N,N0-Bis(4-heptanoylamidophenyl)-N,N0-di(4-meth-

oxyphenyl)-1,4-phenylenediamine was prepared in a two-

step procedure as described below. All other materials were

commercially available and were used without further

purification. In a 250-mL three-neck round-bottomed flask

equipped with a stirring bar under nitrogen atmosphere,

N,N0-Bis(4-nitrophenyl)-N,N0-di(4-methoxyphenyl)-1,4-

phenylenediamine (1.01 g, 1.79 mmol) was dissolved in

10 mL of ethanol and 60 mL of tetrahydrofurane (THF).

To the stirred solution was slowly added hydrazine

monohydrate (1 g, 20.0 mmol), and the mixture was

refluxed. Just when it began to reflux, Raney Ni (about

100 mg) was added. The solution frothed, and as the

reaction proceeded, the color changed from yellow to

almost colorless. After further 6 h of heating, the hot

solution was filtered under nitrogen to remove Raney Ni,

and the filtrate was washed with THF. The THF was

removed by distillation at 65–70 �C under nitrogen atmo-

sphere. The remaining ethanol solution was cooled to 0 �C

under nitrogen in order to have the precipitation of crude

N,N0-Bis(4-aminophenyl)-N,N0-di(4-methoxyphenyl)-1,4-

phenylenediamine that was recovered by filtration, washed

with cold ethanol, and dried in vacuum. The N,N0-Bis(4-

aminophenyl)-N,N0-di(4-methoxyphenyl)-1,4-phenylenedi-

amine was unstable and was immediately used in the

next step without further purification. To a stirred solution

NN

OMeMeO

NN

R

O
O

R

TPPAHM

Ψ3 Ψ1

Ψ2

NN

TPPA

Scheme 1 Molecular structures for TPPA and TPPAHM with main

bond length and torsional angle (W1–W3) labeling. R = –CH3 and

R = –(CH2)5CH3 are the substituent groups, respectively, for the

model and real systems
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of crude N,N0-Bis(4-aminophenyl)-N,N0-di(4-methoxy-

phenyl)-1,4-phenylenediamine, prepared as described

above, in 16 mL of dry THF, 0.9 mL of NEt3 was added

under nitrogen. To the resulting mixture, a solution of

heptanoyl chloride (0.46 mL, 2.98 mmol) in 11 mL of dry

THF was dropped, and the mixture was stirred at room

temperature. After 20 h, a colorless precipitate was formed.

The precipitate was collected by filtration, washed with

cold ethanol, and dried in vacuum to give 0.58 g

(45 % based on starting N,N0-Bis(4-nitrophenyl)-N,N0-di

(4-methoxyphenyl)-1,4-phenylenediamine) of crude N,N0-
Bis(4-heptanoylamidophenyl)-N,N0-di(4-methoxyphenyl)-1,

4-phenylenediamine, TPPAHM, that was sufficiently pure

by TLC (silica gel 60 F254; 1:1 Hexane-AcOEt) and NMR

analysis and was used without further purification. Mp

218–221 �C; IR (KBr): m = 3,303 (m), 2,976 (m), 2,938

(m), 2,756 (m), 2,758 (m), 2,677 (m), 2,491 (m), 1,657 (s),

1,505 (s), 1,398 (m), 1,171 (m), 1,036 (m), 805 (m) cm-1;
1H NMR (300 MHz, DMSO-d6): d = 0.86 (d, J = 6.4, 6

H), 1.24–1.40 (m, 8 H), 1.48–1.62 (m, 4 H), 2.21–2.34 (m, 8

H), 3.73 (s, 6 H), 6.80 (s, 4 H), 6.88 (d, J = 9.1, 4 H), 6.89

(d, J = 9.1, 4 H), 6.98 (d, J = 9.1, 4 H), 7.46 (d, J = 9.1, 4

H), 9.77 (s br, 2 H); MS (ESI?, direct infusion): m/z = 749

[(M ? Na)?]; Anal. Calcd for C46H54N4O4 (726.95): C

76.00, H 7.49, N 7.71; found C 76.19, H, 7.47, N 7.73.

Melting point analyses were performed on a Linkam

(LTS350 stage, TP94 System Controller) at a scan rate of

10 �C/min. 1H NMR spectra were recorded at 25 �C on a

Bruker DPX Avance 300 Spectrometer in DMSO-d6

solutions at 300 MHz with Me4Si as internal standard. IR

spectra were taken with a JASCO FT-IR 4200 spectrom-

eter, and microanalyses were carried out with a Carlo Erba

Elemental Analyzed Mod. 1106. The electrospray ioniza-

tion mass spectra were acquired by direct infusion on an

ABSciex API 2000 mass spectrometer equipped with a

turbo ion spray ionization source. The spectra in the

positive ion mode were obtained under the following

conditions: ion spray voltage (IS) 4,500 V; curtain gas 10

psi; temperature 25 �C; ion source gas (1) 20 psi; declus-

tering and focusing potentials 50 and 400 V, respectively.

2.2 Electrochromic response

The electrochromic behavior of the two EC molecules was

investigated by UV–vis–NIR spectroscopy.

Two solutions were prepared dissolving each molecule

in aprotic organic solvents. The first solution was prepared

dissolving TPPA in N-methyl-2-pyrrolidinone (NMP),

while the second one is composed of TPPAHM dissolved

in N,N-dimethylformamide (DMF). A small quantity of

these solutions were introduced by capillarity in home-

made cells, whose thickness was set to be about 30 lm by

means of glass spheres. Cell walls had an indium tin oxide

(ITO) conductive substrate in order to perform electro-

optical characterization.

UV–vis–NIR spectra were recorded with a Thermo

Scientific GENESYS 10S UV–Vis spectrophotometer. In

our experimental setup, the cells have been powered by

two electrodes fixed to the opposite extremes of the cell.

The potential difference was supplied by means of an Amel

2049 model potentiostat. Measurements were performed at

25 �C.

In order to verify the oxidation reversibility, we applied

to the sample a series of square potential pulses monitoring

the absorbance at fixed wavelength (k = 846 nm for TPPA

and k = 1,040 nm for TPPAHM) as a function of time.

The absorbance increased during the pulse application and

rapidly returned to its initial state once the pulse was

removed.

2.3 Computational details

All calculations were performed with the TURBOMOLE

V-6.0 software package [26]. Due to the medium–high

molecular size of TPPAHM that requires high computa-

tional costs, the computation has been performed in a

model system in which the –(CH2)5CH3 moiety is substi-

tuted with the –CH3 one. This substitution does not affect

the spectral properties that are essentially due to the aro-

matic core. Geometry optimizations, without imposing

symmetry constraints, as well as vibrational frequency

analysis were carried out at the density functional level of

theory in conjunction with the non-empirical PBE0 hybrid

functional [27, 28] that adds up a fixed amount of Hartree–

Fock exchange energy (25 %) to the gradient-corrected

PBE exchange–correlation functional. The SV(P) double-f
quality basis set containing polarization functions on C, N,

and O atoms ([3s2p1d]/[2s]) of Ahlrichs et al. [29, 30] was

used for all the computations. Vibrational frequency anal-

ysis confirmed each optimized structure as absolute energy

minimum on the relative potential energy surfaces. The

closed-shell systems (neutral species) were treated with

the restricted Kohn–Sham (RKS) formalism, while for the

open-shell systems (cation and di-cation species), unre-

stricted Kohn–Sham (UKS) calculations were performed.

For the open-shell compounds, the hS2i values of the

ground-state Kohn–Sham determinant computed at the

PBE0/SV(P) level of theory were found in the range

0.76–0.77 (for the cation) and 2.02–2.05 (for the di-cation),

indicating a small effect of spin contamination. The lowest

twenty vertical excitation energies were calculated by time-

dependent density-functional linear response theory [31,

32] (TD-DFT) on the PBE0/SV(P) optimized geometries.

The reliability of the excitation energies obtained from the

combination of SV(P) basis set and hybrid functional

(PBE0) has been previously tested for a series of molecular
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systems, giving a mean absolute deviation from experiment

within 0.2–0.3 eV [33–37]. Solvent effects on geometries

and excitation energies, due to electrostatic interaction in

polar solvent, were taken into account with the conductor-

like screening model [38, 39] assuming the dielectric

constant value of 37.2 and 32.2 for DMF and NMP,

respectively, and default parameters for the cavity gener-

ation. The simulation of the electronic spectra band profile

was obtained by a sum of Gaussian shape functions centred

at each excitation energy and with a constant full width at

half maximum of 0.3 eV.

Default threshold for the geometry optimizations and for

XC grid integrations has been used. In short, the used

protocol is very similar to that suggested by Renz et al. [40]

for the study of mixed-valence radical cations.

3 Results and discussion

The two studied molecules are shown in Scheme 1. Both

show N–N distance of 5.654 Å
´

, and a number of bonds

linking the redox center equal to 5. Following the indica-

tion of Nelsen et al. [41], even though the distance between

the two redox centers is short, these species can have a

Table 1 Main geometrical

parameters for TPPA and

TPPAHM neutral, radical

cation, and di-cation species

Distances are in Å
´

, and valence

and dihedral angles in degree.

The experimental results (from

ref. [11]) are given in

parenthesis

Parameter TPPA TPPA? TPPA2? TPPAHM TPPAHM? TPPAHM2?

N1–C2 1.412 (1.433) 1.374 (1.363) 1.419 1.410 1.380 1.418

N1–C3 1.410 (1.404) 1.422 (1.444) 1.399 1.408 1.415 1.400

C4–N2 / / / 1.403 1.390 1.371

N2–C5 / / / 1.506 1.510 1.409

C5–O / / / 1.371 1.385 1.204

C2–N1–C3 119.8 (116.9) 121.1 (120.9) 119.7 119.5 120.7 119.5

W1 41.8 (53.8) 24.7 (16.0) 43.0 40.7 26.9 43.6

W2 40.1 (55.7) 48.5 (49.1) 36.4 44.5 48.6 38.2

W3 39.4 (23.0) 48.4 (64.8) 36.5 37.6 44.5 34.2
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Fig. 1 Vertical and adiabatic relative energies (eV) at neutral and

cation geometries for TPPA and TPPAHM molecules. For each

compound, the neutral geometry is taken as energy reference. IP0,

EA?, and k are the ionization potentials (at neutral geometry),

electron affinity (at cation geometry), and the reorganization energy
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potentials
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good electronic coupling due to the presence of the five

interlink bonds.

The computed and measured properties will be reported

and discussed in specific sections.

3.1 Structural properties

The main geometrical parameters for the ground state of

the neutral, cationic, and bi-cationic species of both the

considered systems are reported in Table 1. The molecular

structures computed with and without symmetry con-

straints are almost identical. In all cases, the nitrogen

centers, surrounded by the three phenyl groups, are trigonal

planar, and the CNC valence angle values are about 120�.

This means that the central nitrogen atoms are sp2

hybridized, and the lone electron pairs are involved in

conjugation with the phenyl moieties.

In TPPA, the N1–C2 (see Scheme 1 for the definitions)

bond lengths assume values of 1.410, 1.374, and 1.419 Å

for the neutral, radical cation, and bi-radical species,

respectively. The same bond distances in TPPAHM assume

very similar values (1.410, 1.380, and 1.418 Å for neutral,

radical cation, and bi-cation, respectively). For the neutral

species, this distance is slightly larger than in aromatic

amines and shorter than in aliphatic ones. We underline the

sensible decrease of this bond distance, in going from the

neutral to the radical cationic system that occurs in both

molecules. In the second ionization process, the N1–C2

bond lengths assume almost the same values with that in

the neutral species for both TPPA and TPPAHM systems.

Other sensible variations that the ionization process indu-

ces in the geometrical parameters are found in the torsional

angles. As indicated in the Table 1, the major variation

concerns the W1 angle that in the neutral form assumes a

value of 41.8� (TPPA) and 40.7� (TPPAHM) that becomes

24.7� and 26.9� for TPPA and TPPAHM radical cations,

respectively. Concerning the N1–C3 bond, connecting the

nitrogen atom with the peripheral phenyl moiety, our

results show that during the first ionization process, it

slightly increases, while decreases in the second ionization.

The C4–N2 distance in TPPAHM decreases during the

formation of the radical cation and continues to decrease

upon the second ionization. From these data, it seems that

the N1 center is more involved in the first ionization, while

the N2 atom is more involved in the second ionization

process. Looking at the C5–O bond, we note that both

ionization processes cause a decrease in the length. The

C–C distances of the phenyl rings correspond to that

expected for delocalized aromatic moieties.

Comparison between the computed and crystallographic

structures [11] for neutral and radical TPPA species is

satisfactory for the bond distances and valence angles,

while discrepancies are found for the dihedral angles (see

Table 1). The same trend has been noted in a previous DFT

Table 2 Computed vertical excitation energies, main configuration, and oscillator strengths f for molecule TPPA in N,N-dimethylformamide

(e = 37.2) and molecule TPPAHM in N-methyl-2-pyrrolidinone (e = 32.2)

TPPA TPPAHM Exptl.

State DE (eV, nm) Main configuration (%) f DE (eV, nm) Main configuration (%) f

1 3.65, 338 H ? L (94.7) 0.0102 3.40, 365 H ? L (95.6) 0.0046 318 (1.9257)

2 3.70, 335 H ? L ? 1 (97.6) 0.6169 3.48, 356 H ? L ? 1 (93.7) 0.7344

3 3.97, 312 H ? L ? 2 (93.7) 0.1988 3.71, 335 H ? L ? 2 (84.0) 0.0192

4 3.99,311 H ? L ? 3 (56.5) 0.0385 3.78, 328 H ? L ? 2 (94.0) 0.3432

5 4.04, 307 H ? L ? 4 (50.9) 0.1608 3.88, 319 H ? L ? 3 (90.4) 0.3094

Cation

1 1.47, 842 H-1 ? L b (96.8) 0.4247 1.21, 1025 H-1 ? L b (97.9) 0.4812 848 (0.1983)

2 2.42, 513 H-6 ? L b (69.6) 0.0038 2.09, 593 H-3 ? L b (97.5) 0.0520

3 2.46, 504 H-3 ? L b (97.6) 0.0000 2.14, 580 H-4 ? L b (97.8) 0.1668

4 2.66, 466 H-9 ? L b (97.7) 0.0176 2.63,471 H-17 ? L b (63.2) 0.0004

5 3.37, 368 H ? L ? 1 a (74.3) 0.3800 3.14, 395 H ? L ? 1 a (43.7) 0.2058

Di-cation

1 1.69, 733 H-3 ? L b (83.6) 0.0272 1.53, 810 H-2 ? L b (95.0) 0.1916

2 1.72, 721 H-4 ? L ? 1 b (81.8) 0.0000 1.58, 786 H-3 ? L b (93.9) 0.2547

3 1.77, 699 H-2 ? L b (66.7) 0.0262 2.03, 611 H-2 ? L ? 1 b (92.9) 0.0927

4 1.88, 658 H-10 ? L b (59.3) 0.1911 2.07, 599 H-3 ? L ? 1 b (94.3) 0.0823

5 2.02, 615 H-8 ? L b (58.8) 0.1022 2.11, 588 H-6 ? L b (87.1) 0.2745

6 2.05, 605 H-5 ? L b (64.8) 0.1276 2.23, 556 H-11 ? L b (71.3) 0.0003

7 2.29, 541 H-14 ? L b (86.1) 0.2404 2.24, 553 H-12 ? L b (67.3) 0.0333

Theor Chem Acc (2012) 131:1225 Page 5 of 9

123



study employing a different exchange–correlation func-

tional (BPW91) [11]. If we consider that in solid state,

there is a different environment (intermolecular interac-

tions) and that around the considered dihedral angles the

potential energy profile is flat, these discrepancies can be

justified.

The theoretical predictions for the geometrical parame-

ters of TPPAHM, for which experimental data are absent,

follow the trends of the parent TPPA and give indica-

tions regarding the geometry of the substituted moiety

as well as a useful guideline for future crystallographic

measurements.

The hole transport process can be approximated as an

electron transfer from a neutral molecule N to a neigh-

boring radical cation N?:N(a) ? N(b)? ? N(a)? ? N(b).

As it is evident the reactants and the products in this

reaction are the same, and the reaction Gibbs free energy is

zero. It was pointed out [42, 43] that, neglecting the con-

tributions arising from the polarization of the medium and

from molecular vibrations, the activation energy (DG*) for

this intermolecular charge transfer should be related with

the re-organization energy (k) through the relation

DG* = k/4. The re-organization energy is directly associ-

ated with the geometric rearrangement in going from

neutral to charged systems and from charged to neutral

ones. From the computations of the vertical and adiabatic

ionization potentials and electron affinities (see Fig. 1),

we obtain a reorganization energy values of 0.36 and

0.29 eV for TPPA and TPPAHM, respectively. These

values account for a sensible geometrical relaxation pro-

cess occurring in both systems as previously discussed. In a

recent study [42], the k values have been associated with

the electron–hole mobility, observing that a decrease in the

reorganization energy corresponds to an increase in the

electron–hole mobility. On the basis of our results, we can

predict a higher electron–hole mobility for the newly

synthesized TPPAHM molecule compared to its TPPA

counterpart.

3.2 UV–vis–NIR spectra

Spectroelectrochemical experiments have been performed

in order to evaluate the optical properties of TPPA and

TPPAHM electrochromic systems. The obtained spectra

are shown in Fig. 2a (TPPA) and b (TPPAHM).

Without the applied electric field, the optical spectrum

of TPPA is characterized by only one strong absorption

peak in the B-band region. Increasing the applied voltage

from 0.0 to 2.4 V, a new broad band centered around

820 nm gradually increases in intensity, and the maximum

absorption peak is located at 840 nm when the applied

voltage reaches its higher value (2.8 V). This band is due to

an intervalence charge-transfer (IV-CT) excitation with a

photoexcited electron transfer from a neutral triphenyl-

amine center to the corresponding radical cation ones.

Upon oxidation, another less intense transition appears at

402 nm. The computed TD-DFT spectrum (see Table 2) of

the neutral TPPA gives also strong intensity transitions in

the B-region of the spectrum (the maximum peak at

335 nm has a value of oscillator strength of 0.62). The

simulated spectra show that the main peak is due to a

HOMO ? LUMO ? 1 transition (see Table 2; Figs. 3, 4).

In the simulated spectrum of the TPPA radical cation, the

B-band is shifted to the lower energy value (368 nm) and

the IV-CT peak is located at 842 nm with an oscillator

strength value of 0.42. The analysis of the orbital transition

(Fig. 4) clearly indicates its HOMO-1 ? LUMO nature

(96.8 %). The peak at 466 nm is assigned to a transition

from an internal orbital (HOMO-9) to the LUMO one.

The newly synthesized TPPAHM molecule differs from

TPPA due to the presence in para position of the external

phenyl rings of electron-donating groups (O–CH3 and

–NCOR). It was previously shown that the presence of

these meta O–CH3 groups in triarylamine-like electro-

chromic systems prevents coupling reactions and lowers

the oxidation potential [19, 44]. Thus, we will expect a

pronounced NIR response in this newly synthesized

200 400 600 800 1000 1200 1400 1600

0

1

2

3

4

5

6

7

wavelength (nm)

ε 
10

-4
 (

M
-1
 c

m
-1
)

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

f

0

1

2

3

4

5

6
ε 

10
-4
 (

M
-1
 c

m
-1
)

 neutral
 cation
 dication

0,0

0,1

0,2

0,3

0,4

0,5

0,6

Fig. 3 TDDFT simulated spectra of TPPA (top) and TPPAHM

(bottom)
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system. The results of the spectrochemical experiments are

reported in Fig. 2. The spectrum feature, in the neutral

species, essentially shows the presence of an intense

B-band at about 360 nm. The computed counterpart (see

Table 2) gives almost the same spectral features with one

strong peak due to the HOMO ? LUMO ? 1 p–p* orbital

transition at 356 nm (see Fig. 4). When the applied electric

field reaches the value of 0.7 V, two new bands appear in

the visible region. Upon oxidation (increasing the applied

voltage up to 1.8 V), the intensity of these new absorption

transitions increases, having the maximum absorption

wavelength at 424 and 580 nm. The broad absorption NIR

band centered at 1,040 nm was the characteristic result due

to IV-CT excitation associated with the electron transfer

during the oxidation of TPPAHM. The simulated TD-DFT

spectra agree well with the experimental evidence as

shown in Table 2 and Fig. 3. In particular, the DFT NIR

peak reaches the maximum intensity (0.48) at 1,025 nm,

and the transition is mainly (97.9 %) HOMO-1 ? LUMO

in nature (Fig. 4). The transition at 580 nm and with an

oscillator strength value of 0.17 is essentially due to the

HOMO-4 ? LUMO transition.

Although in our experimental conditions we do not note

the presence of a second oxidation process until an applied

voltage of about 5 V, we have simulated the spectra for

both TPPA and TPPAHM di-cations as reported in Table 2

Fig. 4 Partial energetic

diagram (eV) for the highest

occupied and lowest virtual

unoccupied molecular orbitals

of molecules TPPA and

TPPAHM (neutral and cationic

forms). The orbital

compositions are reported for

the most intense transitions
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and Fig. 3. The TPPA di-cation shows essentially a broad

peak in the visible region that contains different transi-

tions between the internal orbital and the LUMO and

LUMO ? 1 orbital with the maximum intensity located at

541 nm. Another less intense band is present around

280 nm. As in previous experiments, on other tetraphe-

nylamine derivatives [10], also in our computed spectrum,

the NIR band disappears when the second oxidation pro-

cess occurs. Contrary to that of TPPA, the spectrum of

TPPHM di-cation has a different behavior showing three

different bands. The first and less intense is centered at

400 nm, the second reaches its maximum intensity (0.88)

at 599 nm, and the last has oscillator strength of 0.26 at

786 nm. The last two intense bands are due to transition

between orbital that lies down in energy than the frontier

orbitals and LUMO and LUMO ? 1 empty orbitals. Also

in this case, the IV-CT NIR band is absent. We hope that

these indications can be useful for the spectral identifica-

tion of di-cation species in solutions of TPPA and

TPPAHM molecules.

Looking at the orbital energy diagram reported in Fig. 4,

in both molecules, the appearance of the NIR transition can

be correlated with the lowering of the orbital energies in

going from the neutral to the cation radical species.

The oxidation mechanism of triarylamine-like electro-

chromic systems has been the subject of many previous

publications [20, 45–47]. In the major part of these works,

it is supposed that the first oxidation is due to the removal

of an electron from the nitrogen atom with the larger

electron density, while the second one derives from the

removal of a second electron from the other nitrogen atom.

Recently, Wu et al. [16], in order to explain the spectro-

chemical behavior of a series of fluorine-based conjugated

polymers containing propeller-shape di-triarylamine, have

proposed an other mechanism for which the first electron

must be removed by the HOMO orbital instead from the

nitrogen lone pair and the second from the SOMO orbital.

This proposal is based on coupling the spectrochemical

data by the net charges of neutral and oxidized states cal-

culated at the B3LYP/6-31G* level of theory. Following

this strategy, we have computed, by using our computa-

tional protocol, the natural bond charges and the spin

density (Fig. 5) for the neutral, cation radical, and di-cation

of the TPPA and TPPAHM studied systems. From our data,

it is evident that in both systems, although the N atom loss

0.11|e| (TPPA) and 0.10|e| (TPPAHM) in going from the

neutral to the cation radical, these quantities are not suffi-

cient to assert that the oxidation is mainly generated by this

atom. Looking at the other net charges of the atoms sur-

rounding the nitrogen, we note other loss of charge espe-

cially in the carbon located in the phenyl moiety that links

the two nitrogen centers. Furthermore, from the orbital

composition of the LUMO orbital in the neutral species

(See Supplementary Informations Fig. 6), we note, in both

molecules, a strong involvement of the nitrogen in the

formation of the phenyl p system. Similar results are

obtained from the analysis of the spin density distribution

as shown in Fig. 5. On the basis of these data, we can

conclude that the first oxidation involves the entire LUMO

p systems and not only the nitrogen atom. Concerning the

second oxidation, the analysis of Table 2, as well as that of

Figs. 4 and 5, suggests that the electron must be removed

from the SOMO orbital created in the first oxidation

process.

4 Summary

In this study, we have employed spectroelectrochemical

experiments and DFT first principles computations in order

to characterize a newly synthesized triarylamine electro-

chromic system (TPPAHM). In addition, also the TPPA

has been considered. The UV–vis–NIR spectra have been

registered with and without an applied electric field at

Fig. 5 Spin density contour

plot for TPPA? (left) and

TPPAHM? (right) (isodensity

value of 0.005 a.u.)
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different voltages. On the basis of our results, we can draw

the following conclusions:

• Both radical cations have a delocalized IV state in

which the unpaired electron is fully delocalized over

the whole molecules;

• The two oxidation processes occur with the involve-

ment of the delocalized HOMO orbital that releases an

electron in the first ionization, while in the second, the

electron is given by the SOMO orbital;

• The presence of electron-rich moieties on the TPPAHM

shifts the NIR resonance at higher values with respect

to the TPPA;

• Although the used hybrid exchange–correlation func-

tional can give an overestimation of the charge delocal-

ization, the agreement between the calculated and

experimental UV–vis–NIR spectral behavior is very

satisfactory;

• The presence of a low applied voltage is able to ionize

reversibly both molecules.
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