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a b s t r a c t

Triphenylamine (TPA) derivatives have been widely used as useful building blocks for diverse functional

materials because of their excellent redox activity. Most of the molecular structures of TPA-based organic

functional materials contain 4-anisyl groups, which on one hand could reduce their oxidation potential

and on the other hand significantly delocalize the spin density of the resultant TPA radical cation species

and enhance their stability. However, molecular-level investigation of the redox behavior of tripheny-

lamines consisting of 4-anisyl group and the electronic structures of their radical cation species has not

been reported in the literature. Herein, we design a series of triphenylamines consisting of one, two, or

three 3,5-di–tert–butyl–4-anisyl groups and investigate their redox behaviors and corresponding radical

cation species. We disclose that the resonance hybrid and steric protection could both contribute to the

stability of triphenylamine radical cations. Moreover, further oxidation leads to an unexpected oxidative

demethylation. The findings in this work may reveal new insights for the understanding of the unique

redox properties of 4-anisyl substituted triphenylamines.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Triphenylamine (TPA) together with its derivatives and their

radical cation counterparts are well known for their excellent op-

tical [1–3], electric [4–5], and magnetic properties [6–9], which

renders TPA core as one of the most extensively utilized building

blocks in many organic functional materials [10–22]. For example,

TPA derivatives have been widely employed as the hole-transport

layers (HTLs) for dye sensitized solar cells (DSSCs) and perovskite

solar cells (PSCs) because of their excellent redox activity [23–26].

Most of the molecular structures of TPA-based HTLs contain 4-

anisyl group, which on one hand could reduce their oxidation po-

tential and facilitate the hole injection process, and on the other

hand significantly delocalize the spin density of the resultant TPA

radical cation species and enhance their stability [27–30]. There-

fore, the investigation of the redox behavior of TPA consisting of

4-anisyl group is of great interest.

Triphenylamine-based radical cation is reasonable persistent

when the para-position of TPA core is properly protected [31–45].

The para–methoxy substituted TPA radical cations in principle ex-

hibit enhanced persistence because such species could be repre-

sented by a resonance hybrid wherein the spin density is over-
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all delocalized in the 4-anisyl group (Scheme 1) [46]. Besides,

the dication of the para–methoxy substituted TPA was also spec-

ulated [47]. However, such resonance hybrid has rarely been di-

rectly confirmed experimentally, especially in characterizing elec-

tronic structures through X-ray crystallographic analysis. Moreover,

the para–methoxy substituted TPA radical cations might still suf-

fer significant issue in chemical instability if the ortho-position

is not adequately protected. Recently, we demonstrated that 3,5-

di–tert–butyl–4-methoxyphenyl group at the nitrogen atom of the

carbazole could effectively reduce the ionization energy of car-

bazole and enhance the stability of its radical cation [48]. In this

scenario, we anticipate that the bulky 3,5-di–tert–butyl–4-anisyl

group may have a profound effect on the stability of TPA radical

cation species because of the additional steric protection, which

meanwhile would give a detailed insight into the resonance struc-

tures.

Herein we design and synthesize a series of TPA molecules (1,

2 and 3) consisting of one, two, or three 3,5-di–tert–butyl–4-anisyl

groups (Scheme 1), and systematically investigate the substitution

effect on their redox behavior and the stability of the resultant

radical cations. Cyclic voltammetry experiment demonstrated that

the introduction of anisyl groups significantly reduced the oxida-

tion potential of TPA molecules and simultaneously enhanced the

stability of the TPA radical cations. Consequently, the radical cation
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Scheme 1. The major resonance structures of TPA radical cation consisting of 4-

anisyl group, the proposed steric protecting strategy and the target molecules in

this work.

species of 1•+−3•+ were successfully obtained and their structures

were unambiguously determined by X-ray crystallographic analy-

sis. The photophysical properties of 1•+−3•+ and their electronic

structures were systematically investigated by UV–vis-NIR spec-

troscopy and electron paramagnetic resonance spectroscopy (EPR),

assisted by density functional theory (DFT) calculations. The re-

sults implied that the resonance hybrid and steric protection could

both contribute to the stability of triphenylamine radical cations

1•+−3•+. Moreover, an unexpected oxidative demethylation was

observed when 1 was further oxidized by a stronger oxidant, re-

sulting in a quinone like structure of 1-Q as confirmed by X-ray

crystallographic analysis. We anticipate the findings in this work

will shed some light on the design of novel triphenylamine-based

radical cations and related materials.

As shown in Scheme 1, a series of TPA molecules (1, 2

and 3) consisting of one, two, or three 3,5-di–tert–butyl–4-anisyl

groups were designed and synthesized. Compound 1 was synthe-

sized through a facile one-step Pd-catalyzed amination reaction

[49] from 1–bromo-3,5-di–tert–butyl–4-methoxybenzene and urea

which is serving as ammonia equivalent in moderate yield (75%)

(Experimental section and Scheme S1 in Supporting information).

Compounds 2 and 3 were prepared through Buchwald-Hartwig

amination of 1–bromo-3,5-di–tert–butyl–4-methoxybenzene with

phenylamine followed by the bromination reaction with N-

bromosuccinimide. The structures of compound 1–3 were thor-

oughly characterized by 1H and 13C NMR, HR-MS measurements

as well as single crystal X-ray crystallography (Supporting informa-

tion).

The redox properties of triphenylamines 1–3 were then eval-

uated by cyclic voltammetry (CV) in CH2Cl2 at 298 K with

0.1 mol/L tetrabutylammonium hexafluorophosphate as supporting

electrolyte (Fig. 1a). Triphenylamines 1–3 all exhibited two oxida-

tion waves, and the half-wave potentials (Eox1/2, potentials are re-

ferred vs. Fc/Fc+) of 1–3 were determined to be +0.01 V, +0.20

V, and +0.41 V, respectively. No reduction wave was observed for

1–3. The oxidation potentials significantly decreased in an order

from 3, 2 to 1, indicating that the 3,5-di–tert–butyl–4-anisyl group

could remarkably reduce the oxidation potential of TPA core. No-

tably, in all cases, the first oxidation wave was reversible while

the second one was irreversible, implying the formation of radical

cation was feasible but might be difficult in achieving the dication

species (vide infra).

Motivated by the results of cyclic voltammetry, we tried to syn-

thesize the radical cation species and investigate their electronic

structures, and compare the difference between each radical cation

species, as well as between the neutral triphenylamines and triph-

enylamine radical cations. The radical cation species of 1•+−3•+
were obtained by single electron oxidation of 1–3 in the pres-

ence of AgSbF6 in nearly quantitative yield (Scheme S2 in Sup-

porting information). The UV–vis-NIR spectra of 1–3 and 1•+−3•+
were surveyed and compared. The UV–vis-NIR absorption profiles

of 1–3 in CH2Cl2 were nearly identical, all showing intense absorp-

tion in the 260–350 nm range with the maxima at 300, 299 and

302 nm for 1, 2 and 3, respectively (Fig. 1b, dash line). The almost

same absorption onset of 1–3 implied that their energy gaps re-

mained unchanged in spite of their different oxidation potential.

The density functional theory (DFT) calculations revealed the sub-

stitution of 3,5-di–tert–butyl–4-anisyl groups obviously altered the

HOMO/LUMO alignment of TPA core but without changing their

energy gaps (Fig. S7 in Supporting information), which was consis-

tent with the above CV and UV–vis-NIR analysis. The radical cation

species 1•+−3•+ exhibited obvious absorption in the visible and

near-infrared region compared with the absorption of their neu-

tral molecules (Fig. 1b, solid line). The observed long wavelength

absorption bands could be assigned to the HOMO→ SOMO transi-

tions based on the time-dependent density functional theory (TD-

DFT) (Tables S1-S3 in Supporting information).

The EPR spectra of radical cation species 1•+−3•+ all exhibited

three main peaks due to the nitrogen hyperfine splitting (mI =0,

±1) with a g tensor around 2.004, indicating the efficient spin de-

localization on the N atom (Fig. 2a, solid line). Each of the three

peaks in 1•+ further split into seven peaks due to the six equiv-

alent ortho-protons. Because of the existence of multiple inequiv-

alent ortho-protons, hyperfine structures of 2•+ and 3•+ were not

fully resolved. The EPR spectra of 1•+−3•+ can be roughly simu-

lated through ORCA program at the UB3LYP/TZVP level of theory

(Figs. S10-S12 in Supporting information). The spin density maps

of 1•+−3•+ were also calculated at the UB3LYP/6–311G(d,p) level of

theory, and the spin density distribution disclosed some interesting

information (Fig. 2b and Fig. S7 in Supporting information). The re-

Fig. 1. (a) Cyclic voltammograms of 1–3 measured in CH2Cl2 (at 1.0× 10−3 mol/L) containing 0.1 mol/L n-Bu4NPF6 at 298 K (scan rate: 20 mV/s). (b) UV–vis-NIR spectra of

1–3 (dash line) and radical cations 1•+−3•+ (solid line).
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Fig. 2. (a) EPR spectra and the simulations via EPR simulation programs of 1•+−3•+ in CH2Cl2 solution. (b) Spin density distributions of 1•+−3•+ at the UB3LYP/6–311G(d,p)

level of theory.

Fig. 3. Evaluation of the stability of radical cation species of 1•+ (black line), 2•+

(red line), and 3•+ (blue line) via UV–vis-NIR spectroscopy.

sults revealed that the spin densities were considerably delocalized

on the anisyl groups in 1•+−3•+, even on the oxygen atom. More-

over, the spin densities on the anisyl groups were more prominent

than those on the para-bromophenyl groups, implying the main

resonance structures in Scheme 1 were valid.

In order to investigated the stability of the three triphenylamine

radical cations 1•+−3•+, we measured the time-dependent absorp-

tion spectra of 1•+−3•+ in CH2Cl2 (Fig. 3). Radical cations 1•+ with

three 3,5-di–tert–butyl–4-anisyl was found to be very stable after

48 h in ambient environmental conditions because its absorbance

in CH2Cl2 solution remained almost constant (Fig. 3 and Fig. S1

in Supporting information). In contrast, radical cations 2•+ and 3•+
exhibited obvious decrease in their absorbances in CH2Cl2, espe-

cially for 3•+ that was found to remain only 70% after 48 h (Fig. 3,

Figs. S2 and S3 in Supporting information). Therefore, the introduc-

tion of more bulky 3,5-di–tert–butyl–4-anisyl groups could signifi-

cant enhance the stability of the TPA radical cations, mainly due to

the effectively kinetic protection, which is also consistent with our

recent study [48].

The structures of 1–3 and 1•+−3•+ were unambiguously con-

firmed by X-ray crystallographic analysis (Fig. 4). Their single crys-

Fig. 4. X-ray crystallographic structures of 1–3 and 1•+−3•+ and their selective

bond lengths. Hydrogen atoms and SbF6
− anions are omitted for clarity.

tals revealed the distinct propeller-shaped configuration of TPA

core, wherein the para-position on anisyl rings were properly pro-

tected by the bulky tert–butyl group. Such configuration and the

kinetic protection reasonably elucidated the increased stability of

TPA radical cation consisting of more 3,5-di–tert–butyl–4-anisyl

groups. Interestingly, the N–C bonds (red numbers in Fig. 4) be-

tween the N atom and anisyl group in radical cation species be-

came consistently shorter than in the neutral species. Besides, such

N–C bond lengths were also much shorter than those between the

N atom and para-bromophenyl group (black numbers in Fig. 4). In

addition, the C–O bond lengths (blue numbers in Fig. 4) were also

becoming shorter than in the neutral species. Therefore, the bond

length analysis results might provide insight into the electronic

structures of the para–methoxy substituted TPA radical cation, i.e.,

its electronic structure was more like a resonance hybrid wherein

spin densities could be efficiently delocalized on the anisyl rings

(Scheme 1). These findings were also consistent with the afore-

mentioned spin density distributions of 1•+−3•+ and the reported

theoretical results [46].
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Fig. 5. (a) Reaction of 1 with one and two equivalent Cu(ClO4)2•6H2O in acetonitrile. Insert are the photos of the solutions of 1 (colorless), 1•+ (blue) and 1-Q (red). (b)

X-ray crystallographic structure of 1-Q (ClO4
− anion and hydrogen were omitted for clarity). (c) EPR spectra of 1 after adding 1 equiv. (blue line) and 2 equiv. (red line)

Cu(ClO4)2•6H2O in acetonitrile. (d) UV–vis-NIR spectra of 1 and TAA, and their oxidation species in the presence of Cu(ClO4)2•6H2O.

According the results of CV, triphenylamine 1 exhibited two ox-

idation waves, so it could theoretically be further oxidized to dica-

tion species, which was also surveyed in the literature [41]. Thus,

the stronger oxidizing agent Cu(ClO4)2•6H2O was employed to in-

vestigate the second oxidation process since 1 could only be ox-

idized to radical cation even in the presence of excess AgSbF6.

1 could be efficiently oxidized to 1•+ by precisely adding one

equivalent Cu(ClO4)2•6H2O in its acetonitrile solution, accompany-

ing the formation of a blue solution (Fig. 5a) which featured the

same UV–vis-NIR and EPR profiles as those of pure 1•+ (Figs. 5c

and d). When adding two equivalent Cu(ClO4)2•6H2O to 1, a new

species in red color was generated (Fig. 5a), which was EPR silent

(Fig. 5c, red line) in acetonitrile. Notably, the redox behavior of 1

was virtually the same as that of its analogue tris(4-anisyl)amine

(TAA) based on the previous report [47] and our control experi-

ment (Fig. 5d and Fig. S4 in Supporting information), appearing to

justify the formation of dication species. However, X-ray crystallo-

graphic analysis revealed a quinone like structure of 1-Q accompa-

nying demethylation of 1 (Fig. 5b). Thus, the second oxidation pro-

cess of 1 was likely to involve an unexpected oxidative demethyla-

tion reaction [50,51] rather than dication formation as claimed by

Gopidas et al. [47], which was also consistent with its irreversible

redox behavior of the second oxidation wave. In order to demon-

strate that the changed UV–vis-NIR spectra stemmed from 1-Q,

we performed TD-DFT calculation on the 1-Q at the wB97XD/def2-

TZVP level of theory, and the results implied that the UV–vis-NIR

absorption was really derived from 1-Q (Table S4 in Supporting

information). What is more, triphenylamines 2 and 3 can be ox-

idized to form demethylation product by adding two equivalent

Cu(ClO4)2•6H2O as well, whose spectra profiles resembled those

of 1 (Fig. S5 in Supporting information). The findings may suggest

that 4-anisyl substituted TPA and related materials might also un-

dergo such decomposition/degradation when applied at high volt-

ages.

In conclusion, we have synthesized a series of TPA molecules

consisting of one, two, or three 3,5-di–tert–butyl–4-anisyl groups

and investigated their redox behaviors and corresponding radi-

cal cation species. The introduction of anisyl groups significantly

reduces the oxidation potential of TPA molecules and enhances

the stability of the TPA radical cations. As a consequence, all TPA

molecules exhibited low oxidation potentials and could be oxi-

dized to radical cations, wherein 1•+ was found to be most sta-

ble among them because of the properly steric protection. X-ray

crystallographic analysis together with the DFT calculation results

disclosed that the electronic structure of 4-anisyl substituted TPA

radical cation species was more like a resonance hybrid wherein

spin densities could be efficiently delocalized on the anisyl rings,

which goes some way to explain why these species are relatively

stable. Moreover, an unexpected oxidative demethylation was ob-

served when 1 was further oxidized by a stronger oxidant. These

findings are valuable for the understanding of the redox behaviors

of 4-anisyl substituted triphenylamines. We hope that our study

will shed some light on the design of novel organic functional ma-

terials based on triphenylamine derivatives and their radical cation

species.
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