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The ambipolar behavior of group of N-substituted and core-functionalized with triarylamine arylene 

bisimeds were investigated by electrochemical and spectroelectrochemical (UV-Vis and EPR 

spectroelectrochemistry) technics. 
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Abstract 12 

Four arylene bisimides N-substituted with triarylamine and three bisimides core-13 

functionalized with the same substituent were studied by cyclic voltammetry, UV-vis and 14 

EPR spectroelectrochemistry. All investigated compounds showed ambipolar behaviour 15 

manifested by their quasi-reversible reduction to radical anions and quasi-reversible oxidation 16 

to radical cations. The presence of stable radical anions and radical cations was confirmed by 17 

EPR spectroelectrochemical experiments. Formation of the radical anions resulted in 18 

bleaching of the bisimide UV-vis bands with simultaneous hypsochromic shift of the charge 19 

transfer (CT) band and appearance of the radical anion peaks, the bands originating from the 20 

triarylamine remaining essentially unchanged. Electrochemical generation of radical cations 21 

resulted in turn in bleaching of the triarylamine band accompanied by a hypsochromic shift of 22 

the CT band and with the appearance of the radical cation bands at higher wavelengths, the 23 

bisimide bands remaining essentially intact.  24 

Introduction 25 

Functionalized arylene bisimides have been used for many years as different types of dyes.1 26 

More recently, they have been applied as active layers in n-channel organic field effect 27 

transistors (OFETs)2–8 or as building blocks in photochromic and electrochemically-active 28 

metal-organic frameworks.9–13 One of the advantages of these organic semiconductors is the 29 

possibility of tuning their electron affinity (EA) through core or imide nitrogen 30 

functionalization with appropriate electron accepting (donating) groups.5,14–18 31 

Low and high molecular mass triarylamines are in turn very suitable for the fabrication of 32 

active layers in p-channel FETs or as hole conducting materials, in general (see for example19 33 
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and references therein) or as electrochromic20 and electrofluorochromic21 materials. In their 1 

oxidized states they also frequently serve as spin-carrying units in high spin organic materials 2 

due to good stability of their radical cation form which in molecules of appropriate topology 3 

facilitates ferromagnetic spin coupling.22 4 

Molecules (macromolecules) combining triarylamine and arylene bisimide moieties 5 

connected either directly or through appropriate linkers have been designed and studied in the 6 

past decade as components of electrochromic materials and/or materials showing volatile and 7 

non-volatile memory.23–29 In addition many compounds of this family exhibit ambipolar 8 

properties which are scarce and still greatly in demand. Several solution processable arylene 9 

bisimides N- or core-substituted with triarylamines have been synthesized.17,30,31 In addition 10 

to being attractive organic semiconductors, yielding ambipolar OFETs operating in air,17,31 11 

they show interesting and reversible electrochemical behaviour.32 12 

In this work we describe the results of UV-vis and EPR spectroelectrochemical investigations 13 

of arylene bisimides differently substituted with triarylamine. No such data have ever been 14 

reported and their publication is interesting because they form stable radical ions both in their 15 

oxidized and reduced forms, whose electronic structure is dependent on the size of the 16 

bisimide core as well as on the number and positions of triarylamine substituents. 17 

Experimental 18 

Synthesis 19 

The preparation procedures of already published bisimides (B1, B2 and B3) can be found in 20 

Electronic Supplementary Information (ESI) of ref.30 whereas that of B4 in ref.31 and B5 in 21 

ref.32 The detailed synthetic pathways leading to B6 and B7, together with their spectroscopic 22 

characterization, can be found in the Supplementary Information of this paper. 23 

 24 

 25 

Cyclic voltammetry 26 

Cyclic voltammograms of the synthesized compounds were registered using an Autolab 27 

potentiostat (EcoChemie) in the electrolytic medium consisting of the studied bisimide 28 

dissolved in 0.1 M dichloromethane solution of Bu4NBF4. The measurements were performed 29 

in an inert atmosphere, using a platinum working electrode of the surface area of 3 mm2, a 30 

platinum wire counter electrode and an Ag/0.1 M Ag+ reference electrode consisting of an Ag 31 

wire immersed in 0.1 M solution of AgNO3 in acetonitrile. 32 
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UV-vis and EPR spectroelectrochemistry 1 

The spectroelectrochemical cell used in the UV-vis spectroelectrochemical investigations was 2 

a modification of cells described in33–35. In all experiments 10-4 M solution of a given bisimide 3 

was prepared in 0.1 M Bu4NPF6/dichloromethane electrolyte. The spectra were recorded in a 4 

2 mm thick cuvette using an UV-Vis Hewlett Packard 8453 spectrometer. The platinum mesh 5 

was used as a working electrode, a platinum spiral as an auxiliary electrode and a silver wire 6 

as a pseudo-reference electrode. In the case of solid state spectroelectrochemistry, thin films 7 

of a given compound were deposited on an ITO electrode by casting from solution. In this 8 

case, dichloromethane was replaced by acetonitrile. 9 

Electrochemical cells of several different geometries can be envisioned for EPR 10 

spectroelectrochemical investigations34, the majority of them being flat36,37. In this research a 11 

cylindrical cell was used, similar to that described in38 and identical to the cell reported in 39. 12 

In particular, EPR measurements were carried out in 10-3M solution of an investigated 13 

bisimide in 0.1 M Bu4NPF6/dichloromethane electrolyte using a cylindrical custom - made 14 

cell equipped with a platinum wire working electrode, an auxiliary electrode in a form of 15 

platinum spiral and a silver wire as a pseudo - reference electrode. The pseudo-reference 16 

electrode potential was checked after each experiment by recording a cyclic voltammogram of 17 

ferrocene added to the same electrolyte solution. The experiments were performed using a 18 

JEOL JES-FA 200, X-band CW-EPR spectrometer operating at 100 kHz field modulation. 19 

EPR spectra of the electrochemically generated radicals were fitted using WinSim software40 20 

G-factor was estimated by comparison with JEOL spectrometer internal standard (Mn(II) salt 21 

in quartz tube). 22 

DFT/TDDFT calculations 23 

DFT/TDDFT calculations have been carried with B3LYP41–43 hybrid functional with 6-24 

31G(d) basis set. Ground state geometry was optimized without symmetry constraints to a 25 

local minimum, which was followed by frequency calculations. Alkyl chains were cut to the 26 

methyl group, in order to speed up the calculations. No imaginary frequencies were detected, 27 

which proved that obtained geometry was a local minimum. All calculations were carried out 28 

with a polarizable continuum model,44 using dichloromethane as a solvent in order to simulate 29 

the solution effects. All calculations were carried out with Gaussian 09 software.45 Input files 30 

and plots were prepared with Gabedit software.46 31 

 32 
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Results and discussion 1 

The investigated compounds are depicted in Chart 1. They can be divided into two groups, 2 

imide nitrogen - (B1, B2, B3, B4) and core - (B5, B6, B7) substituted derivatives. 3 

 4 

 5 

Chart 1. Chemical formulae of triarylamine-substituted arylene bisimides studied. 6 

 7 

Cyclic voltammetry 8 

Representative voltammograms of N- and core-substituted arylene bisimides (B2 and B5) are 9 

shown in Fig. 1. Voltammograms of the remaining compounds can be found in Fig. S1. of 10 

Supporting Information. Redox potentials of all studied compounds, derived from the cyclic 11 

voltammetry data, are listed in Tables 1 and 2.  12 

The electrochemical features of the registered voltammograms require some comments. In 13 

core-substituted bisimides, the peak to peak separation of the forward and reversed waves in 14 

the bisimide reduction process is equal to ca. 70 to 80 mV, in line with the corresponding 15 

value measured in the same conditions for the ferrocene redox couple. These values exceed by 16 
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10 to 20 mV the theoretical ones and reflect higher resistivity of non-aqueous electrolytes 1 

used in this research as compared to aqueous ones. In N-substituted compounds this 2 

separation is even higher (from 100 V to 130 mV) which is evidently associated with slower 3 

kinetics of the electron transfer in these derivatives. For the triarylamine oxidation process the 4 

separation of peaks is comparable for both types of compounds (from 70 mV to 110 nm) with 5 

the exception of B7 where a larger separation is measured (see Table 2). 6 

 7 

 8 
Fig. 1. Cyclic voltammograms of: B2 (a) and B5 (b). Concentration of B2: 1 × 10−3 M and B5: 5 × 9 
10−4M; electrolyte 0.1M Bu4NBF4 in CH2Cl2; scan rate 50 mV/s. 10 
 11 

The presented voltammograms reflect the mechanism of arylene bisimide reduction.47 For 12 

naphthalene and perylene bisimides the two reduction peaks, observed at negative potentials 13 

(Ered1 and Ered2) are associated with the successive reduction of the two imide groups to a 14 

radical cation in the first stage and to a dianion in the second stage. The first reduction step 15 

leads to an increase of the electron density on the arylene core. Thus, the addition of a second 16 

electron in the consecutive reduction step is determined by the capability of delocalizing the 17 

surplus electron density, imposed on the core during the first reduction step. This capability is 18 

strongly dependent on the size of the core. For this reason ∆E = Ered1 – Ered2 is lower for B3 19 

than for B2. In bisimides of even larger cores like in quaterrylene ones, for example, the two 20 

reduction peaks merge into one peak of doubled intensity, indicating that both reduction steps 21 

described above occur at the same potential.47 For the same reason the reduction of the 22 

smallest core bisimide (B1) is limited to the first reduction step only since the surplus electron 23 

density in the formed radical anion cannot be efficiently delocalized (see Table 1 and Fig. 24 

S1). 25 

-4.5

-2.5

-0.5

1.5

3.5

5.5

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8

C
u
rr
e
n
t 
[µ
A
]

E [V] vs Fc/Fc+

a)

-2.2

-1.2

-0.2

0.8

1.8

2.8

3.8

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

C
u
rr
e
n
t 
[µ
A
]

E [V] vs Fc/Fc+ 

b)

Page 6 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



In N-substituted bisimides the potential of the first reduction peak increases from B1 to B3, 1 

indicating greater facility of larger cores to accept an extra electron. It should be also pointed 2 

out that bisimides of the same core, eg. naphthalene bisimides, but differently N-substituted 3 

with triarylamine (B2 and B4) undergo the first and the second reduction at very similar 4 

potentials (Table 1). These findings corroborate the results of DFT calculations presented in 5 

refs30 and31 which, for N-substituted bisimides, show orthogonality of the triarylamine 6 

phenylene ring attached to imide nitrogen with respect to the plane of the bisimide core and 7 

by consequence no conjugation between the substituent and the core. Moreover, they also 8 

indicate separation of the frontier orbitals in space with HOMO being located on the 9 

triarylamine substituent whereas LUMO – on the bisimide core.  10 

Core-functionalized arylene bisimides are more difficult to reduce. The formal potential of the 11 

first redox couple (E0
1 =

 1/2(Ered1 + Eox1)) of B5 is shifted to lower values by 90 mV as 12 

compared to the case of B2 in which the triarylamine substituents are attached to the imide 13 

nitrogen atoms. This is consistent with DFT calculations of core-substituted arylene bisimides 14 

reported in ref.17 In N-substituted bisimides no or a negligible electron donating effect of 15 

triarylamine is observed due to orthogonality of the bisimide core and the substituent phenyl 16 

ring attached to bisimide nitrogen. In the case of core-substituted compounds the electron 17 

donating effect of triarylamine is observed, leading to an increase of the LUMO level energy 18 

which is manifested by the already mentioned decrease of the first reduction peak potential. 19 

This effect is amplified in B6 where a secondary amine group is attached directly to the core 20 

in addition to the triarylamine substituent (see Table 1). 21 

The quasi-reversible redox couple at positive potentials corresponds to the oxidation of the 22 

triarylamine moiety to a radical cation and its consecutive reduction to the neutral form. Note 23 

that for triarylamine disubstituted arylene bisimides only one oxidation peak is registered, 24 

similarly like in the case of derivatives with only one triarylamine substituent. This means 25 

that the oxidation of both substituents occurs concomitantly at the same potential. This is 26 

additionally corroborated by the integration of the peaks corresponding to the formation of the 27 

radical anion and the radical cation, respectively. In the case of N-substituted derivatives (B1-28 

B4), the formal potential of this redox couple (E0
3 = 1/2(Eox3 + Ered3)) is essentially 29 

independent of the core-size, clearly corroborating previous DFT calculations again indicating 30 

orthogonality of the core and the substituent and the lack of conjugation (see Table 2). 31 

Triarylamine groups in core-substituted derivatives (B5-B7) are more difficult to oxidize than 32 

in the N-substituted ones (B1-B4), reflecting the electron accepting effect of the bisimide 33 
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moiety on the triarylamine substituent, again in accordance with previous DFT 1 

calculations.17,31 2 

 3 

Table 1 Redox potentials vs Fc/Fc+ of the studied triarylamine-substituted arylene bisimides in the 4 
negative potentials range 5 
 6 
Compound Ered1 (V) Eox1 (V) 1/2(Ered1 + Eox1) (V) Ered1(onset) (V) Ered2 (V) Eox2 (V) 

B1 -1.32 -1.19 -1.26 -1.16 - - 

B2 -1.10 -1.00 -1.05 -0.97 -1.55 -1.41 

B3 -1.07 -0.96 -1.02 -0.96 -1.25 -1.15 

B4 -1.13 -1.01 -1.07 -1.00 -1.59 -1.42 

B5 -1.18 -1.10 -1.14 -1.06 -1.59 -1.49 

B6 -1.37 -1.29 -1.33 -1.26 -1.80 -1.67 

B7 -1.19 -1.11 -1.15 -1.05 -1.57 -1.51 

Table 2 Redox potentials vs Fc/Fc+ of the studied triarylamine-substituted arylene bisimides in the 7 
positive potentials range 8 
 9 

Compound Eox3 (V) Ered3 (V) 1/2(Eox3 + Ered3) (V) Eox3 (onset) (V) 

B1 0.52 0.42 0.47 0.40 

B2 0.53 0.43 0.48 0.39 

B3 0.50 0.41 0.46 0.37 

B4 0.53 0.42 0.48 0.41 

B5 0.62 0.51 0.56 0.48 

B6 0.56 0.49 0.53 0.44 

B7 0.62 0.48 0.55 0.42 

 10 

UV-vis spectroscopy 11 

UV-vis spectra of N-substituted arylene bisimides (B1 – B4) have some common features: i) a 12 

strong band in the vicinity of 300 nm characteristic of the triarylamine substituent. The 13 

position of this band is independent of the size of the bisimide core (see Table 3): ii) a band at 14 

higher wavelengths, corresponding to the π−π∗ transition in the bisimide core. Its position and 15 

its relative intensity with respect to the triarylamine band are dependent on the core size. In 16 

the case of B1 (pyromellitic bisimide) this band strongly overlaps with the triarylamine band. 17 

For B2-B4 it shows a clear vibrational structure with the peak originating from the 0-0 18 

transition being the most intensive. A representative spectrum of this group of bisimides (B2) 19 

is shown in Fig. 2a whereas the spectra of other bisimides of this group can be found in Fig. 20 

S2 of Supporting Information. All these spectra can be considered as a superposition the 21 

spectrum of “free” triarylamine and that of the corresponding arylene bisimide containing 22 
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non-chromophoric N-substituents, for example alkyl groups.48 This again supports previous 1 

DFT calculations which indicate no conjugation between the substituent and the core.30,31 2 

The spectra of core-substituted bisimides are significantly different. A representative 3 

spectrum of this group of bisimides (B5) is shown in Fig. 2b. It shows a new broad band, 4 

nonexistent in the spectra of N-substituted bisimides, with a maximum at 592 nm, whose 5 

presence is associated with a charge transfer (CT)-type transition between the triarylamine 6 

and the bisimide core which are directly connected.49–52 The band of vibronic nature, 7 

originating from the π−π∗ transition of the bisimide core, is significantly altered, as compared 8 

to the case of N-substituted bisimides. The lines corresponding to particular transitions are 9 

broadened: the 0-2 transition at 339 nm becomes dominant, with the 0-1 one present as a 10 

shoulder and the 0-0 transition giving rise to a weak peak at 381 nm. The peak characteristic 11 

of the triarylamine moiety is bathochromically shifted to 309 nm, i.e. by ca. 10 nm as 12 

compared to the corresponding band in N-substituted bisimides. All these changes reflect the 13 

presence of donor-acceptor interactions in core-functionalized bisimides, predicted by DFT 14 

calculations.17 These interactions not only influence the spectral properties of these 15 

compounds but also alter their oxidation and reduction potentials (vide supra). UV-vis spectra 16 

of other bisimides of this group can be found in Fig. S3 of Supporting Information. 17 
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Fig. 2. Solution UV-vis spectra of neutral B2 (a) and B5 (b) (concentration: 1 × 10−4M in CH2Cl2). 20 

 21 

Table 3 UV-vis-NIR spectroscopic data obtained for the studied triarylamine-substituted arylene 22 
bisimides in their neutral, radical anion, dianion and radical cation states (λmax in nm) in 0.1M 23 
Bu4NPF6 in CH2Cl2 solution 24 
 25 

Compound state λλλλmax [nm] 

B1 (neutral) 309; 368 

B1
-
 (radical anion) 415; 658; 727 

B1
+(radical cation) 593; 703 
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B2 (neutral) 299; 342 (0-2); 360 (0-1); 381 (0-0) 

B2
- (radical anion) 273; 401; 478; 609; 699; 780 

B2
2- (dianion) 273; 401; 426; 609 

B2
+(radical cation) 568; 698 

B3 (neutral) 302; 459 (0-2); 491 (0-1); 527 (0-0) 

B3
- (radical anion) 682 (0-3); 704 (0-1); 714 (0-0); 797; 975 

B3
2- (dianion) 574 

B3
+(radical cation) 354; 697 

B4 (neutral) 300; 342 (0-2); 360 (0-1); 381 (0-0) 

B4
- (radical anion) 272; 402; 478; 610; 688; 763 

B4
2- (dianion) 272; 402; 425; 610 

B4
+(radical cation) 568; 698 

B5 (neutral) 307; 339 (0-2); 381 (0-0); 592 

B5
- (radical anion) 487; 534; 705; 785 

B5
2- (dianion) 412; 630 

B5
+(radical cation) 508; 707 

B6 (neutral) 307; 339 (0-2); 381 (0-0); 592 

B6
- (radical anion) 487; 534; 705; 785 

B6
2- (dianion) 412; 630 

B6
+(radical cation) 502; 535; 684 

B7* (neutral) 310; 349; 620 

B7
-*(radical anion) 303; 485; 530; 703; 785 

B7
+*(radical cation) 749 

*thin solid film spectra  1 

 2 

Spectroelectrochemistry in the reduction mode 3 

In Fig. 3 UV-vis-NIR spectra of B2, registered for decreasing working electrode potentials 4 

are collected. The first spectroscopic signs of the electrochemical reduction appear at E=-1.00 5 

V vs Fc/Fc+ which almost perfectly coincides with the onset of the first reduction peak in the 6 

cyclic voltammogram (-0.97 V vs Fc/Fc+, see Table 1). Within the potential range of this 7 

voltammetric peak (-1.0 V>E>-1.30 V) the following bands attributable to the radical anion 8 

form of B2 appear and grow in intensity: 273 nm; 401 nm, 478 nm, 609 nm, 699 nm reaching 9 

the maximum intensity for potentials -1.25 to -1.30 V. They can be unequivocally attributed 10 

to the radical anion form of B2 in accordance with previous findings for arylene bisimides 11 

functionalized with non-chromophoric N-substituents.9,53 For potentials corresponding to the 12 

onset of the second reduction peak (-1.35 V) and a potential close to its maximum (-1.50 V) 13 

the above listed bands decrease in intensity and a new peak, attributable to the dianion form 14 

appears at 426 nm. Concomitantly, the π−π∗ band of vibronic character at 381 nm, which is 15 
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indicative of the neutral form of the bisimide, decreases in intensity over the whole potential 1 

range studied.  2 

The triarylamine band at 299 nm does not change its position with decreasing potential, its 3 

intensity however increases which may be caused in part by the changing background of the 4 

spectrum. It can therefore be concluded that the reduction of B2 is strictly limited to the 5 

bisimide core consistent with the cyclic voltammetry results and previous DFT 6 

calculations.30,31 All bisimides of this group behave similarly, although the positions of their 7 

π−π∗ band as well as the bands corresponding to the radical anion and dianion forms are 8 

dependent on the bisimide core size (see Table 3 and Fig. S4 in Supporting Information). 9 

Similar behaviour has also been reported for an alternating copolymer of naphthalimide and 10 

bis(triarylamine), however in this macromolecular compound the vibronic peaks of the 11 

bisimide π−π∗ transition are significantly broadened. This effect, together with a 12 

bathochromic shift of the triarylamine peak causes  all these bands to nearly merge.24 13 

 14 

 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
Fig. 3. UV-vis spectra of B2 registered for decreasing working electrode potential (concentration: 1 × 30 
10−4M; electrolyte 0.1M Bu4NPF6 in CH2Cl2).   

1. - absorption bands which grow during the first step 31 
of reduction;   2. - absorption bands which grow during the second step of reduction;   2. - absorption 32 
bands which decrease during the second step of reduction. 33 

 34 

B5 i.e. naphthalene bisimide core-substituted with triarylamine is more difficult to reduce 35 

than its N-substituted counterpart. Its UV-vis spectrum remains unchanged down to E=-1.10 36 

V vs Fc/Fc+. At this potential spectroscopic features characteristic of the radical anion state 37 

start to appear (see Fig. 4), again in perfect accordance with the onset of the first reduction 38 

peak in the cyclic voltammogram of B5 (compare Fig. 1b and Fig. 4). In the potentials range 39 
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covering the first reduction peak in the cyclic voltammogram of B5 (-1.10 V>E>-1.40 V) the 1 

band attributed to the π−π∗ transition in the bisimide core (at 381 nm (0-0) and 339 nm (0-2)) 2 

decreases in intensity whereas the triarylamine band at 307 nm increases in intensity. Spectral 3 

changes above 400 nm are more complicated and their interpretation requires a substantial 4 

theoretical support. In particular, it is important to compare theoretically calculated spectra of 5 

the neutral and charged forms of B5. The calculated spectra (at TDDFT/B3LYP/6-31G(d) 6 

level of theory) can be found in Fig. S8 of Supporting Information. The following conclusions 7 

can be drawn which are consistent with the experimentally observed spectroelectrochemical 8 

behaviour. The CT band at 592 nm in the experimental spectrum undergoes a hypsochromic 9 

shift to 484 nm upon the reduction of B5 to a radical anion. A hypsochromic shift of this band 10 

is also found in the calculated spectrum. At lower potentials corresponding to the 11 

electrochemical generation of dianions (-1.45 V and -1.50 V) this band diminishes whereas 12 

two new bands appear at 412 nm and 630 nm and grow in intensity. 13 

Similar behaviour is found for B6 (Fig. S5 in Supporting Information), however in this case 14 

clear spectral changes appear at E = -1.30 V vs Fc/Fc+ consistent with the registered cyclic 15 

voltammmogram (see Fig. S1 in Supporting Information). Generally in core substituted 16 

bisimides both the π−π∗ band and the CT band are affected, although the position of the 17 

reduction induced-bands depends on the size of the bisimide core.54 18 
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Fig. 4. UV-vis spectra of B5 registered for decreasing working electrode potential (concentration: 1 × 20 
10−4M; electrolyte 0.1M Bu4NPF6 in CH2Cl2).   

1. - absorption bands which grow during the first step 21 
of reduction;   2. - absorption bands which decrease during the second step of reduction.  22 
 23 
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Spectroelectrochemical investigations in the solid state were carried out for thin films of the 1 

only polymeric bisimide (B7). In Fig. 5 UV-vis-NIR spectra of this polymer, registered in the 2 

potentials range covering the first reduction peak, are collected. In the spectrum of neutral B7 3 

the π−π∗ band of the bisimide core is located at 349 nm and shows no vibrational structure. It 4 

strongly overlaps with the triarylamine band of λmax at 310 nm. The CT band is 5 

bathochromically shifted to 620 nm as compared to the corresponding band in the spectra of 6 

the other two core-functionalized bisimides (B5 and B6). The first reduction-induced spectral 7 

changes appear at E= -0.95 V vs Fc/Fc+
 i.e. at a potential ca. 100 mV higher than the potential 8 

of the onset of the of the first reduction peak in the cyclic voltammogram registered for a 9 

solution of B7 in dichloromethane (see Table 1). Within the potentials range of the first 10 

reduction peak (from -1.05 to -1.30 V) the bisimide band bleaches. The triarylamine band 11 

increases in intensity and hypsochromically shifts by 7 nm. The CT band undergoes a 12 

hypsochromic shift to 485 nm as predicted in the calculations carried out for its low molecular 13 

weight analogue (B5). New bands appear at 703 nm and 784 nm. 14 
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Fig. 5. UV-vis spectra of B7 registered for decreasing working electrode potential (0.1M 16 
Bu4BF4/CH3CN).  1. - absorption bands which grow during the first step of reduction;   2. - absorption 17 
bands which grow during the second step of reduction;   2. - absorption bands which decrease during 18 
the second step of reduction. 19 
 20 

In all studied bisimides stable radical anions can be electrochemically generated by lowering 21 

the working electrode potential to the values corresponding to the first reduction peak. In Fig. 22 

6 a-d EPR spectra of N-substituted bisimides are compared. Multi-line, well resolved spectra 23 

were observed in almost all cases, indicating that no microaggregation of the bisimide occurs 24 

during the electrochemical reduction and rapid reorientation of the formed radical anions 25 
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takes place which results, in turn, in averaging to zero the anisotropic contributions to the g 1 

factor and to hyperfine interactions. 2 

B1-B4 give multi-line EPR spectra centered at g in the range of 2.0037-2.0047. The observed 3 

patterns can be simulated assuming isotropic hyperfine interactions of the unpaired electron 4 

with the nuclei of nitrogen atoms and protons of the bisimide core, there is no evidence of the 5 

interactions of the unpaired electron with nitrogen atoms or protons of the triarylamine N-6 

substituent. The lack of such interactions is additionally corroborated by close similarity of 7 

the spectra of B2 and B3 to those reported for naphthalene53 and perylene17 bisimides N-8 

substituted with alkyl or oligoether groups as well as the similarity of the spectrum of B4 to 9 

that reported for naphthalene bisimide unsymmetrically N-substituted with alkyl and aryl 10 

substituents.55 EPR parameters obtained for the radical anion forms of all bisimides studied 11 

are presented in Table 4 and in greater detail in Chart S1 of the Supporting Information. 12 

 13 

 14 
Table 4 Fitting parameters for simulation of EPR spectra of radical anions B1-B6, together with g-15 
factor estimated from experimental spectra. hfcc – hyperfine coupling constant 16 
 17 

Compound hfcc/G line width/G g-factor 

B1
- N: 1.18; H: 0.64 0.09 2.0041 

B2
- N: 0.93; H: 1.86 0.42 2.0037 

B3
-
 N: 0.57; H: 1.75; 0.61 0.20 2.0039 

B4
- N: 0.99; 0.89; H: 1.96; 1.75 0.40 2.0041 

B5
-
 N: 0.88; H: 1.59; 0.23 0.35 2.0047 

B6
-
 

N: 1.35, 1.05, 1.12; 

H: 4.04, 1.01, 0.9, 0.7 
0.40 2.0046 

B7
-
 - - 2.0039 

 18 

19 
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Fig. 6. Experimental and simulated EPR spectra of electrochemically generated radical anions of 4 

arylene bisimides N-substituted with triarylamine (1 × 10−3M; electrolyte 0.1M Bu4NPF6 in CH2Cl2): 5 

a) B1 (E = -1.2 V); b) B2 (E = -1.0 V); c) B3 (E = -1.0 V); d) B4 (E = -1.0 V). Modulation width in 6 

range of 0.01-0.05G; microwave power 1mW. Fitting parameters can be found in Supporting 7 

Information (Chart S1). 8 

 9 

As judged from the coupling constants, in the symmetrically N-substituted bisimides (B1,B2 10 

and B3) the maximum spin density of the unpaired electron is located in the center of the 11 

arylene core; in the asymmetric derivative (B4) it is slightly displaced towards this half of the 12 

core which is connected to the triarylamine moiety. 13 

EPR spectra of core-functionalized bisimides are shown in Fig. 7 whereas the corresponding 14 

spectral parameters are listed in Table 4 and in Chart S1 of the Supporting Information. 15 

 16 

17 
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Fig. 7. Experimental and simulated EPR spectra of electrochemically generated radical anions of 11 
arylene bisimides core-substituted with triarylamine (1 × 10−3M; electrolyte 0.1M Bu4NPF6 in CH2Cl2: 12 
a) B5 (E = -1.1 V); b) B6 (E = -1.3 V); c) B7 (E = -1.1 V). Modulation width in range of 0.01-0.05G; 13 
microwave power 1mW. Fitting parameters can be found in Supporting Information (Chart S1). 14 
 15 

From the set of the coupling constants obtained for B5 i.e. symmetrically core-disubstituted 16 

naphthalene bisimide, it can be concluded that similarly as in B2 – its N-substituted 17 

counterpart – the maximum spin density of the unpaired electron is located in the center of the 18 

aromatic core. B6 is an interesting case since it contains two non-equivalent substituents, one 19 

of them being attached to the core via amine-type nitrogen. The electron donating effect of 20 

this substituent has a profound effect on the distribution of the unpaired electron spin density 21 

whose maximum is displaced to this part of the aromatic core which is the most distant from 22 

the amine substituent (note the significantly enhanced coupling constant for H1, chart S1 in 23 

Supporting Information). A similar phenomenon was previously reported for perylene 24 

bisimides core-functionalized with secondary amines.54 Different behaviour was observed for 25 

B7. As a macromolecular equivalent of B5, it should exhibit similar EPR spectral parameters. 26 

However, only a single broad signal with no hyperfine splitting was recorded. This probably 27 
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results from the higher molecular weight of this compound, which could lead to aggregation 1 

of charged polymer chains. No model was proposed here since many different combinations 2 

can be fitted into this spectrum. 3 

To summarize this part of the work, arylene bisimides N- and core-substituted with 4 

triarylamine show very interesting electrochemistry in the reduction mode. They undergo 5 

quasi-reversible reduction at relatively high potentials yielding radical anions which show 6 

excellent stability at room temperature. Moreover, the presence of an additional chromophore 7 

(triarylamine), makes the spectroelectrochemical behaviour of these compounds distinctly 8 

different from that reported for arylene bisimides which do not contain chromophoric 9 

substituents. 10 

Spectroelectrochemistry in the oxidation mode 11 

Low and high molecular weight triaryl- or bis(triarylamine)-functionalized bisimides show an 12 

interesting spectroelectrochemical behaviour not only in the reduction but also in the 13 

oxidation mode, associated with their quasi-reversible oxidation of their triarylamine parts to 14 

radical cations. Polymeric electrochromic devices showing high optical contrast based on this 15 

family of compounds have been proposed.24,27,28 In Fig. 8 UV-vis spectra of B2, registered for 16 

increasing working electrode potentials are shown as a representative example of the 17 

spectroelectrochemical behaviour of N-functionalized bisimides studied in this research. The 18 

remaining bisimides of this group (B1, B3, B4) behave in a similar manner, their spectra 19 

registered at different potentials can be found in Fig. S6 of Supporting Information. Position 20 

of the peaks characteristic of the radical cations formed are listed in Table 3. 21 
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Fig. 8. UV-vis spectra of B2 registered for increasing working electrode potential (concentration: 1 × 1 
10−4M; electrolyte 0.1M Bu4NPF6 in CH2Cl2).  2 
 3 

Electrochemical oxidation of N-substituted bisimides gives rise to a profound decrease of the 4 

band at ca. 300 nm, characteristic of the neutral triarylamine moiety with simultaneous 5 

increase of two radical cation-originating bands at 568 nm and 698 nm. The bisimide band of 6 

vibronic character does not undergo significant changes, apart from slight broadening and 7 

slight increase of intensity. This means that the lowering of the electron density caused by the 8 

oxidation is limited to the triarylamine moiety, consistent with the previous DFT 9 

calculations.30,31 The observed spectral changes induced by increasing polarization of the 10 

working electrode are similar to previous results reporting spectroelectrochemical 11 

investigations of the oxidation of triarylamines linked together by a conjugated bridge56–62  12 

Bisimides core-substituted with triarylamine are more difficult to oxidize than the N-13 

substituted ones (see Table 2). Consistent with the cyclic voltammetry studies, the first signs 14 

of their oxidation appear at potentials higher by ca. 50 to 90 mV as compared to the case of 15 

N-substituted bisimides. Fig. 9 shows the spectra of B5 registered at the increasing working 16 

electrode potentials. The corresponding spectra of B6 can be found in the Supporting 17 

Information. 18 
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Fig. 9. UV-vis spectra of B5 registered for increasing working electrode potential (concentration: 1 × 20 
10−4M; electrolyte 0.1M Bu4NPF6 in CH2Cl2).  21 
 22 

Upon oxidation of B5 the band at 307 nm, characteristic of neutral triarylamine moiety 23 

quickly decreases with increasing electrode potential. The bisimide band at 339 nm is 24 
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essentially unaffected by the oxidation, apart from an apparent decrease of its intensity caused 1 

by its partial superposition on the disappearing triarylamine band. Other changes in the UV-2 

vis spectra are also present. The CT band at 592 nm in the experimental spectrum undergoes a 3 

hypsochromic shift to 512 nm. In addition new bands ascribed to various transitions in the 4 

radical cation form appear at a less energetic part of the spectrum. Consistent with the 5 

experimental spectrum, an oxidation induced hypsochromic shift of the CT band is also 6 

clearly seen in the calculated spectrum (see Fig. S8 in Supporting Information). The 7 

spectroelectrochemical behaviour of B6 is similar (see Fig. S7 in Supporting Information). 8 

Spectroelectrochemical investigations in the solid state were carried out for thin films of B7. 9 

The resulting spectra are shown in Fig. 10. The observed behaviour is similar as that observed 10 

for B5 – disappearance of the triarylamine band at 313 nm and growth of a new band at 749 11 

nm ascribed to the radical cation form of triarylamine which is superimposed on the CT band 12 

undergoing hypsochromic shift upon increasing electrode potential. The bands are however 13 

significantly broader, as frequently observed for the solid state spectra. 14 
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 15 

Fig. 10. UV-vis spectra of a thin film of B7 registered for increasing working electrode potential 16 
(electrolyte 0.1M Bu4BF4/CH3CN). 17 
 18 
In all studied bisimides functionalized with triarylamine stable radical cations can be 19 

electrochemically generated. EPR spectra of the radical cation forms of B1-B4 are presented 20 

in Fig.12 a-d.  21 

22 
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Fig. 12. Experimental and simulated (in the case of B4) EPR spectra of electrochemically generated 29 
radical cations of arylene bisimides N-substituted with triarylamine (1 × 10−3M; electrolyte 0.1M 30 
Bu4NPF6 in CH2Cl2): a) B1 (E = 0.5 V); b) B2 (E = 0.5 V); c) B3 (E = 0.5 V); d) B4 (E = 0.5 V). 31 
Modulation width in range of 0.1 - 0.6 G; microwave power 1mW. Fitting parameters for B4 can be 32 
found in Supporting Information (Chart S2). 33 
 34 

As judged from the corresponding cyclic voltammograms in B1, B2 and B3 radical cations 35 

are formed on each triarylamine substituent at the same potential since the area under the 36 

peaks of the redox couple corresponding to the oxidation of these bisimides to the radical 37 

cation form is twice as high than the area under the peaks ascribed to the redox couple 38 

originating from the monoelectronic reduction of these bisimides to radical anions (see Fig. 39 

1a and Fig. S1 in the Supporting Information). All three compounds can be considered as two 40 

triarylamine moieties connected by a non-conjugated bridge. The formation of stable 41 

dications of diradical character in this type of compounds is known,49,63–65 however the 42 
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formation of such paramagnetic moieties in triarylamines connected by a conjugated linker 1 

has also been recently reported.66  2 

 3 

Table 5 g-factors of radical cations of core-substituted bisimides 4 

Compound g-factor 

B1
+ 2.0037 

B2
+ 2.0037 

B3
+
 2.0037 

B4
+ 2.0038 

B5
+
 2.0036 

B6
+
 2.0038 

B7
+
 2.0036 

 5 

Core-functionalized bisimides (B5, B6 and B7) also form stable radical cations which can be 6 

electrochemically generated and detected in an EPR spectroelectrochemical experiment. Their 7 

EPR spectra are shown in Fig. 12 a-c. The spectra of radical cations of triarylamine 8 

fuctionalized arylene bisimides are less resolved as compared to the spectra of the 9 

corresponding radical anions. This is caused by the fact that in the trirylamine substituent a 10 

larger number of protons contribute to the hyperfine interaction which results in a strong 11 

overlap of individual lines and the overall line broadening. The shape of the EPR spectra is 12 

further disturbed by a somehow diradical character of the oxidized forms of B1, B2 and B3. 13 

This is clearly seen when one compares the spectra of B2 and B4 radical cations. In the case 14 

of B4 a partially resolved three-line spectrum is observed, while in B2 with two 15 

triphenylamine substituents a single broad line is seen as an effect of interactions between two 16 

unpaired spins. The obtained coupling constants for B4 seem to indicate that the maximum 17 

spin density of the unpaired electron is predominantly located on the amine nitrogen and to a 18 

lesser extent on the two alkyl-substituted rings. Smaller spin density of the unpaired electron 19 

is found on the disubstituted (phenylene) ring (Supporting Information chart S2). Thus, the 20 

unpaired electron spin density is displaced in such a manner as to be distant from the bisimide 21 

core. Poorly resolved spectra of core substituted bisimides are difficult to interpret. However, 22 

based on the value of their g-factor (see table 5), which is similar to that found for the N-23 

substituted  bisimides, B1-B4, and to the earlier reported g-factor of the triphenylamine 24 

radical cation,67 it can be postulated that in the case of core substituted bisimides, B5-B7, the 25 

majority of the spin density is localized on the triphenylamine moiety. 26 
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Fig. 13. Experimental EPR spectra of electrochemically generated radical cations of arylene bisimides 3 
N-substituted with triarylamine (1 × 10−3 M; electrolyte 0.1M Bu4NPF6 in CH2Cl2): a) B5 (E = 0.55 4 
V); b) B6 (E = 0.5 V); c) B7 (E = 0.5 V). Modulation width in range of 0.1 - 0.6G; microwave power 5 
1 mW.  6 
 7 

To summarize the second part of the work, both N- and core-substituted bisimides of low 8 

molecular weight undergo quasi-reversible oxidation ascribed to the formation of stable 9 

radical cations, detectable by EPR at the triarylamine substituents. The presence of these 10 

radicals give rise to profound spectroscopic changes in the UV-vis-NIR region, distinctly 11 

different from the changes induced by electrochemical reduction of these compounds. 12 

Electrochemical oxidation of the polymeric core-functionalized bisimide is less reversible. 13 

Conclusions 14 

To conclude, we have studied the spectroelectrochemical behaviour of a series of arylene 15 

bisimides N- and core-substituted with triarylamine. Some of these compounds were 16 

previously investigated as components of ambipolar17,31 and p-channel30 field effect 17 

transistors. EPR spectroelectrochemical investigations confirmed ambipolarity of these 18 

compounds demonstrating the formation of stable radical anions upon quasi-reversible one-19 
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electron reduction and stable radical cations upon quasi-reversible oxidation. Both redox 1 

processes involve profound and distinctly different spectral changes in the visible range of the 2 

spectrum demonstrating their promising multicolor electrochromism. 3 
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