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Highlights

e Ground and singlet excited states of N-phenyl-carbazoles were characterized.

e Properties of dicarbazoles are susceptible to electronic coupling between single
units.

e The oxidized species were analyzed by cyclic voltammetry and
spectroelectrochemistry.

e An electrochromic polymer was deposited by electropolymerization.

e The studied compounds might be suitable as fluorescent sensors and hole
transporters.

Abstract

A series of N-phenyl-carbazole derivatives namely TCz (N-tolyl-carbazol), TCz-TCz
(a 3,3 -linked dimer), and CzPh-CH2-PhCz (a methylene-bridged N-phenyl-carbazole),
have been synthesized and studied by means of absorption and fluorescence spectra,
DFT calculations, cyclic voltammetry and spectroelectrochemistry. It is concluded that the
methylene bridge in CzPh-CH2-PhCz isolates the two TCz units, whereas TCz-TCz allows

extending the electronic coupling along both carbazoles. Moreover, the phosphorescence



spectrum of TCz-TCz showed a high energy triplet state (2.61 eV). It was observed that
oxidation of CzPh-CH2-PhCz generates an electrochromic polymer containing TCz-TCz
dimer units separated by methylene bridges. Oxidized TCz-TCz subunit was analyzed by
EPR spectroscopy, and found to be a Class Il mixed valence ion in Robin and Day
classification. All results suggest that these molecules might be suitable as selective

probes in fluorescence sensing or as host materials in electroluminescent devices.

Keywords: Carbazole — Photophysics — Excited states — Mixed valence —

Electroluminescent materials

1. Introduction

The study on the photophysical and photochemical properties of carbazole and
carbazole derivatives has attracted the attention of many researchers in the last decades
due to the implication of these molecules in photoinduced energy- and electron-transfer
reactions. After radiation absorption, the photoprocesses that occur from the excited states
of carbazole can find applications in areas of increasing current relevance such as
sensitizing, sensing chemistry, electrochemistry and optical materials among others.[1-6]
Since their relatively simple synthesis procedure and versatility in functionalization,
carbazoles are excellent fragments for the design of hole transporters materials because
they combine chemical robustness with electronically tunable properties.[7, 8] Nowadays,
the use of carbazoles in thermally activated delayed fluorescence (TADF) processes for
development of the third generation of OLED technology is a featured topic in the
optoelectronic devices field.[9]

Early reports deal with the synthesis and photophysical characterization of various
N- and C-substituted carbazoles.[10-13] The luminescent properties of these compounds
were highlighted from the high emission quantum yields obtained. Among the most
remarkable studies, the authors assessed the heavy atom effects on the singlet-to-triplet
intersystem crossing process from a series of halide-derivatives.[11, 12] Such results were
of practical interest in organic synthesis because the triplet excited states of carbazoles
promote the heterolytic cleavage of carbon-halide bonds, which leads to reactive
fragments capable of forming new C-C bonds with adequate substrates. The synthesis



procedure and photophysical and electrochemical characterization of new extended r-
systems based on carbazole-chromophore conjugates continue to be subject of constant
research, because of their application in optical and functional materials.[14, 15]

Due to the intrinsic fluorescent capacity of carbazoles, several carbazole derivatives
have been investigated for application as selective sensors for metal ions, anions and
compounds of biological interest in homogeneous solution.[16-18] Recently, studies on the
photophysics of several dye-carbazole couples demonstrated the relevance of these
chromophoric composites for optical and sensitizing processes.[19-21] For example, a
series of dye-carbazole derivatives has been recently synthesized to develop new
photoinitiating systems for free radical and cationic polymerizations, taking advantage of
their light absorption properties.[22-24] In order to obtain fluorescent nanoparticles for
lysosomal bioimaging in living cells, the synthesis and spectroscopic characterization of
BODIPY-carbazole dye were also reported.[25]

It is also known that the particular photophysics of carbazole-containing polymers is
responsible for its good electron donor capacity and outstanding photoelectrical
properties.[26-28] Among carbazole derivatives N-phenyl-carbazoles are of particular
interest due to display high thermal stabilities and tunable photoluminescence, which
directly influences their optical and electric properties.[29, 30] By attaching proper
substituents the dihedral angle between N-phenyl ring and carbazole moiety can be
modified, so affecting the grade of electron delocalization and the energy of the electronic
excited states. Furthermore, the pendant N-phenyl groups in the carbazole units of
copolymers reduce the rigidity and enhance the flexibility along polymer main chains, thus
resulting in good polymer solubility. Accordingly, N-phenyl-carbazoles are very interesting
building blocks to design soluble and thermally stable polymer with light-emitting
properties.[31, 32] Recently, new polycarbazole films based on N-phenyl derivatives were
electrochemically synthesized, which showed good electrochromic properties.[33]
Therefore, a knowledge of the photophysical and electrochemical behavior of carbazole-
based compounds is necessary prior to select the suitable derivatives for the synthesis of
new photosensitive polymers, optical devices or selective photosensors.

In this work, we describe the synthesis procedure and the photophysical,
electrochemical and spectroelectrochemical characterization of three N-phenyl carbazole
derivatives (Scheme 1), whose properties make them promising candidates as fluorescent
probes and charge carriers. Complementary electron paramagnetic resonance
spectroscopy (EPR) and DFT/TD-DFT molecular calculations were also carried out to help

the interpretation of the experimental data.
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Scheme 1. Molecular structures of the N-(4-methyl-phenyl)-carbazole derivatives studied in this paper: 1)
TCz, 2) TCz-TCz, 3) CzPh-CH,-PhCz, and 4) 3,6-ICz.

2. Materials and methods

2.1. Synthesis and characterization of carbazoles

All commercially available reagents used throughout this work were purchased from
Aldrich and used without further purification unless otherwise stated. When necessary,
reagents and solvents were purified according to standard procedures. The structures of
the compounds were assigned by means of nuclear magnetic resonance (NMR) and mass
spectrometry. The 'H and 3 CNMR spectra were recorded on Bruker Avance-300
spectrometer with TMS as the internal standard and deuterated chloroform as solvent
(Abbreviations: s = singlet, d = doublet, t = triplet, and m = multiplet, expected but not
resolved). Mass spectra were performed by direct injection on a Shimadzu GCMS-
QP2100ULTRA-AOC20i CGL-MS spectrometer. The atom numbering for NMR

characterization is provided in Supplementary Material Information (SP0O1 and SPO2 files).

Compound 1 [9-(4-methyl-phenyl)carbazole]: In a glass tube, 10 mL of dry
toluene were mixed with 4-iodotoluene (5.25 g, 24 mmol), carbazole (4.0 g, 24 mmol), Cul
(0.040 g, 0.2 mmol), 1,10-phenanthroline (0.041 g, 0.2 mmol) and potassium tert-butoxide
(3.5 g, 31 mmol). The container was sealed and heated to 120 °C for 24 h under argon
atmosphere with vigorous stirring. Then, 10 mL of toluene was added, the mixture was
filtered and the solid was washed with three aliquots of 10 mL of toluene. Combined

organic washings were concentrated under reduced pressure. Crude solid product was



purified by column chromatography (silica gel, hexane/ethyl acetate 9:1). Yield: 85%. m/z=
257.12. *HNMR (300 MHz, CDClzs): 6 2.49 (s, 3H, CHz3), 7.25 — 7.32 (m, 2H, H-3, H-6), 7.35
—7.48 (m, 8H, H-1, H-8, H-2, H-7, H-2’, H-3’), 8.15 (d, 2H, J 7.7 Hz, H-4, H-5). 13CNMR
(75 MHz, CDCls): 6 21.25 (CHs), 109.78 (C-1, C-8), 119.71 (C-3, C-6), 120.25 (C-4, C-5),
123.24 (Cg-C-4, Cg-C5), 125.84 (C-2, C-7), 127.01 (C-3’), 130.47 (C-2’), 135.01 (C-4"),
137.37 (C-1’), 141.07 (Cg-C-1, Cg-C-8).

Compound 2 [9, 9'-bis(4-methyl-phenyl)-9H, 9'H-3, 3'-bicarbazole]: 9-(4-methyl-
phenyl)carbazole (compound 1; 0.27 g, 1.0 mmol) was dissolved in dichloromethane (10
mL). Anhydrous FeCls (0.650 g, 4.0 mmol) was added and the resulting mixture turned
dark green color. The reaction mixture was stirred for 6 h at room temperature. Thin layer
chromatography (TLC) was used to monitor the reaction. After the reaction was
completed, the solution mixture was poured in methanol. A pale-yellow precipitate was
obtained, filtered and washed with methanol. The obtained pale-yellow crystals were dried
and crystallized from tetrahydrofuran. Yield: 98%. m/z=512.2. *THNMR (300 MHz, CDCl3): §
2.51 (s, 6H, CHg), 7.27 — 7.34 (m, 2H, H-2), 7.40 — 7.45 (m, 8H, H-2’, H-1, H-H-3), 7.48 (d,
2H, J 8.5 Hz, H-8), 7.50 (d, 4H, J 8.5 Hz, H-3’), 7.77 (dd, 2H, J 8.5, J 1.6 Hz, H-7), 8.24 (d,
2H, J 7.7 Hz, H-4), 8.45 (d, 2H, J 1.6 Hz, H-5). 13CNMR (75 MHz, CDCls): § 21.27 (CH3),
109.91 (C-1), 110.03 (C-8), 118.86 (C-5), 119.80 (C-2), 120.39 (C-4), 123.48 (Cq-C-1),
123.86 (C-6), 125.78 (C-7), 125.94 (C-3), 126.95 (C-3’), 130.51 (C-2’), 134.26 (Cqg-C-5),
135.09 (C-4’), 137.37 (C-1’), 140.20 (Cg-C-8), 141.53 (Cg-C-4).

Compound 3 [bis(4-(9H-carbazol-9-yl)phenyl)methane]: In a hermetically sealed
glass container, 15 mL of dry toluene were mixed with carbazole (4.0 g, 24 mmol), 4,4"—
diamino-diphenyl-methane (2.4 g, 12 mmol), Cul (0.080 g, 0.4 mmol), 1,10- phenanthroline
(0.081 g, 4.0 mmol) and potassium tert-butoxide (4.0 g, 36 mmol). The mixture was heated
at 120 °C for 24 h with stirring. Then, 10 mL of toluene was added, the mixture was filtered
and the solids were washed with three aliquots of 10 mL of toluene. Combined organic
washings were concentrated under reduced pressure. The obtained crude solid was
purified by column chromatography (silica gel, hexane/ethyl acetate 5:1) Yield: 75%.
m/z=498.2. 'HNMR (300 MHz, CDClz): 5 4.24 (s, 2H, CH2), 8.16 (ddd, 4H, J 8.0 J 1.9 Hz,
H-3, H-6), 7.41 (dd, 4H, J 8.2 J 1.0 Hz, H-2, H-7), 7.45 (d, 4H, J 8.2 Hz, H-1, H-8), 7.52 (d,
4H, J 8.5 Hz, H-2'), 7.56 (d, 4H, J 8.9 Hz, H-3’). 13CNMR (75 MHz, CDClz): § 41.34 (CH>),
109.81 (C-1, C-8), 119.89 (C-3, C-6), 120.32 (C-4, C-5), 123.35 (Cg-C-4, Cg-C-5), 125.91



(C-2, C-7), 127.29 (C-3'), 130.41 (C-2’), 135.96 (C-4’), 139.97 (C-1’), 140.94 (Cg-C-1, Cq-
C-8).

Compound 4 [9-(4-methyl-phenyl)-3,6-diiodo-carbazole]: A mixture of 9-(4-
methyl-phenyl)carbazole (5.0 g, 20 mmol), KI (7.3 g, 44 mmol), and KIOs3 (4.7 g, 22 mmol)
in glacial acetic acid (200 mL) was heated at 110 °C for 6 h. The mixture was cooled and
the formed precipitate was collected by suction filtration. The crude product was
thoroughly washed with water and the solid was dissolved in CH2Cl2 (200 mL) and washed
with agueous NaHCOgs, dried with anhydrous Na2SO4 and filtered. After solvent
evaporation, the pure compound was obtained by recrystallization from a mixture of
CH2Cl2/MeOH as a white solid. Yield: 95%. m/z=5009.

2.2. Spectroscopic measurements

Absorption spectra were recorded on a Hewlett Packard 8453E diode array
spectrophotometer. Fluorescence measurements were carried out with a Horiba Jobin
Yvon FluoroMax®-4P spectrofluorometer. The samples were analyzed on dichloromethane
solutions and a 1-cm-pathlength quartz cuvette was used in all spectroscopic assays. All
samples were adjusted to absorbance <0.1 at excitation wavelength (330 nm) for
recording the fluorescence spectra. Solutions of quinine sulphate in H2SO4 0.5 mol L
were used as a recommended standard for fluorescence quantum yields
determination.[34] The absorbances of standard and sample were matched at the same
excitation wavelength, and were <0.05. Quantum yield was calculated according to
Equation 1:[34]

. _F'An}
DL = L &}

T Eam (Eg. 1)

where op and P are the fluorescence guantum yield of the sample and that of the
standard, respectively. F' and Fs are the integrated intensities (areas) of sample and
standard fluorescence spectra, respectively; A is the absorbed light at the excitation
wavelength; ni and ns are the refractive index of the sample and reference solution,
respectively. Both the sample and the standard where excited at the same wavelength,

avoiding the introduction of an uncertainty in the relative photon flux. To minimize errors,



we use the same sample cell and the same absorbance at the excitation wavelength for

sample and reference.

Phosphorescence experiments were performed in the aforementioned FluoroMax®-
4P spectrofluorometer, equipped with a phosphorimeter. A xenon flash lamp was used as
irradiation source and the emitted phosphorescence was measured using an R928P

photon-counting detector. Ethanolic solutions of the samples were analyzed at 77K.

The UV-Vis-NIR spectra for radical cation species were taken using a Shimadzu PC
3101 spectrometer. The EPR spectra were measured in a Bruker EPR-ELEXSYS E500,
and simulated trace was calculated with Winsim 2002. Spectra of desired species were
checked spectrophotometrically before EPR measurements and the solutions were

degassed and sealed into capillary tubes.

2.3. Electrochemical characterization

All electrochemical experiments were recorded with a TEQ-3 potentiostat.
Electrolysis and cyclic voltammetries were performed in a conventional three-electrodes
electrochemical cell. Acetonitrile (HPLC grade) was used as electrolysis solvent and
TBAPFs 0.1 mol L as supporting electrolyte after the crystallization from hot ethanol. The
working electrode was either indium-doped tin oxide covered glasses (ITO glasses,
VisionTeK Systems, Ltd., UK) or a 0.05 mm diameter platinum disc (99.99% purity). A
plate of pure gold was used as counterelectrode, and an Ag 99% purity wire was used as
pseudoreference electrode. The platinum electrode was polished with 1% alumina powder
in water over a piece of cloth, cleaned in an ultrasonic bath with absolute ethanol and dried
in air. All redox potentials were standardized using ferrocene/ferrocenium* couple in

acetonitrile and referred to NHE.[35]

Bulk electrolysis was done in home-made cell composed by two small separate
compartments built with pipette tips. Two pieces of graphite felt were used as working and

counterelectrodes, and a silver wire as pseudoreference electrode.

The electropolymerization was performed on ITO covered glasses of 1 cm wide
immersed in a 0.01 mol L't sample solution, in electrolysis solvent and TBAPFe. A constant
potential of 2000 mV was applied for 15 min and then reduced to 0 mV until the current
dropped to less than 1% of the initial value. The electrode was washed several times with
acetonitrile. After electropolymerization, the ITO glass was placed in a 3-mL glass cuvette



with acetonitrile and TBAPFes 0.1 mol LX. The cuvette contained a polytetrafluoro-ethylene
(Teflon®) holder inside with Pt and Ag wires to be used as counter- and reference
electrodes, respectively.

Spectroelectrochemistry experiments were performed in solution with a three-
electrodes quartz thin layer cell using a graphite felt as counterelectrode, platinum woven
wire as working electrode (70 um wires), and a silver pseudoreference electrode.
Absorption spectra were measured in the aforementioned Shimadzu UV-3101PC
spectrophotometer.

2.4. Computational Methods

Density functional theory (DFT) calculations with the Coulomb attenuated CAM-
B3LYP exchange-correlation functional and a split valence 6-31G+* basis set were
performed to obtain the optimized ground state geometry.[36] SCRF model IEFPCM was
used for simulating the solvation effects.[37-40] Vibrational frequency calculations were
carried out to characterize the stationary points and no imaginary frequencies were found.
Excited state energies and optimized geometries were calculated with linear response
time-dependent density functional theory (TD-DFT). All calculations were performed with
Gaussian 09,[41] and Gabedit[42] was used to visualize molecular orbitals (MOs). The
VMD 1.8.9 program was used for graphics rendering.[43] Supplementary material SP03

shows output coordinates of DFT calculations.

3. Results and discussion

3.1. Synthesis of carbazoles and photophysical properties

The molecular structures of the N-(4-methyl-phenyl) carbazole derivatives
synthesized are depicted in Scheme 1. In order to highlight their distinctive structural
features, from now on the molecules will be renamed as follows: 1) TCz (N-tolyl-carbazol);
2) TCz-TCz (3,3 -dimer); 3) CzPh-CH2-PhCz (methylene-bridged N-phenyl-carbazole);
and 4) 3,6-1Cz (3,6-iodide-carbazole). TCz-TCz was synthesized according to the
procedure described by Zhang et al. for analog derivatives,[44] yielding a very high
percentage of desired product (at around 100%). On the other hand, reported synthetic
pathways for TCz and CzPh-CH2-PhCz[45, 46] were modified in order to apply milder

reaction conditions that improve yields. This optimization was based on the work of Kelkar



et al.[47] who developed a single-step catalytic synthesis of arylamines by using chelating
ligands, which enhanced the product yields significantly. In Scheme 2 are depicted the
synthesis of CzPh-CH2-PhCz performed with a combination of 1,10-phenantroline (Phen)
and Cul as ligand/catalyst complex, in the presence of potassium tert-butoxide base (K*t-
but?). A yield at around 75% was obtained, a value over 3-fold greater than the 23%

previously reported by He et al.[46]

%’ O .

Scheme 2. Optimized procedure for the synthesis of CzPh-CH»-PhCz (see Materials and methods section

for details)

The ground and singlet excited states of synthesized carbazole derivatives were
characterized in dichloromethane solutions by means of absorption and fluorescence
spectra (Figure 1). For the sake of comparison, some spectra were also recorded in
absolute ethanol. In Table 1 are summarized the photophysical parameters obtained along

with reported data for some related compounds.
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Figure 1. Absorption (left, ordinates as shown) and fluorescence (right, ordinates normalized) spectra of the
compounds TCz, (black), TCz-TCz (red) and CzPh-CH2-PhCz (blue) in CH2Cl. solution. The emission

spectra were recorded by exciting the samples at 330 nm.

Figure 1 shows that the studied compounds registered absorption in the UV region
with two main bands at around 290-300 and 330-350 nm, typical of carbazole moiety.[10]
In the case of TCz and CzPh-CH2-PhCz almost identical absorption and fluorescence



spectra were recorded, and the data obtained for CzPh-CH2-PhCz are in agreement with
those previously reported.[46] Also, the UV absorption spectrum of TCz-TCz in Figure 1
resembles that of the N-phenyl-carbazole dimer linked at 3, 3"positions, recently reported
by Tang et al.[30] As it can be seen on Table 1, only slight differences were observed in
the spectra recorded in ethanol with respect to those measured in CH2Clz. In spite of the
electron lone pairs on the nitrogen atoms, these results suggest that no specific
interactions (such as hydrogen bonds) are occurring between carbazoles and the protic
solvent. Similar results were reported by other authors with several N-substituted

carbazoles in polar and non-polar solvents (see Table 1 for some examples).[10, 48]

Table 1. Summary of spectroscopic properties of carbazoles derivatives in CH2Cl2 solution (some data in

ethanol are denoted with “1”).

Compound Jabs / NM Jem | NM Av/cm? | O@

1 | cz® 292 334 338, 354 354 | 0.37

206, 346 351, 365 412 | 0.26
(b) ! ’

2 | MeCz 204 344% 350, 363% 498t | 0.32%
294, 3400 346,3590 | 510 |0.28

3 | PhCz 292 340%0) 347 360%0) | 593 | 0.313®
292326, 339%0) | 345 359%©) | 513

4 | TCz 293 329,342 | 348. 363 504 |0.34
293 329, 342 | 349 363 586 | 0.31

5 | CzPh-CH2-PRCZ | 593" 358" 3410 | 350, 365@ | 754 | 0.21@
304, 342 356 | 390, 407 2449 |0.12

6 | TCz-1g? 303, 341, 355¢ | 385, 403% 2195

7 | EtCz-EtCz® 358 414 3543 | -

8 | Biphenyl® 248 305, 315 7536 | 0.18

9 | TMB® 310 401 7320 |0.13

10 | TPB®™ 349 400 3653 |0.73

a) Relative to quinine sulphate in H2SO4 0.5 mol L. Estimated error £10%.

b) Non-substituted carbazole (Cz), N-methyl-carbazole (MeCz), and N-phenyl carbazole (PhCz), Ref. [10]

c) Estimated from spectra of PhCz, Ref. [48]

d) Ref. [46]

e) Dimer of N-ethyl carbazole linked at 3, 3"positions in toluene, Ref. [49]

f) Ref. [50]

0) N,N,N',N"-Tetramethyl-benzidine, Ref. [51]
h) N,N,N',N'-Tetraphenyl-benzidine, Ref. [52]




A close examination on Table 1 reveals that the spectroscopic features of
carbazoles seem to be independent on the substitution at the N position. This becomes
evident if the entries 2-5 are compared to each other (idem by comparing the dicarbazoles
6-7 to each other). Such results can be explained by analyzing the MOs involved in the
electronic transitions that give rise to the absorption and emission spectra. Figure 2
depicts the optimized geometries and the highest occupied molecular orbitals (HOMOS)
corresponding to the ground and singlet excited state of TCz. It can be seen that both
HOMOs are localized on the carbazole planar rings, with the N-phenyl moiety twisted out
of the planarity and electronically uncoupled with the rest of the molecule. Therefore, such
twisted configuration is responsible for the spectral properties being insensitive to the

presence of either an alkyl- or phenyl- substituent at N position.

\

Figure 2. Optimized geometries and HOMOs for ground a) and singlet excited state b) of TCz.

Furthermore, although the twisted configuration of the N-phenyl moiety is also
present in both carbazole fragments of CzPh-CH2-PhCz and TCz-TCz (Figure 3), the
spectroscopic behavior is very different when the linkage is on the planar rings of
carbazole structure. For TCz-TCz, average red shifts of 13 nm in absorption and 43 nm in
fluorescence bands with respect to those of TCz (and CzPh-CH2-PhCz) is a clear sign of
increased conjugation. From Table 1, similar red shifts can be calculated (12 nm in
absorption and 49 nm in fluorescence bands) by analyzing the reported results for EtCz-
EtCz,[49] with respect to single MeCz[10] in non-polar solvents. Differences in conjugation
between CzPh-CH2-PhCz and TCz-TCz are apparent in Figure 3, where HOMOs are
compared for both molecules. Note that localization of the HOMO in the ground state of
both dicarbazoles is on their planar n-system (see Figure 3a-b), although conjugation only
extends when fragments are bound at 3,3’ position (TCz-TCz) and not when the linkage is

by methylene-bridged N-phenyl substituents (CzPh-CH2-PhCz). Singlet excited states



follow the same behavior. Moreover, although free rotation around methylene bridge is
possible for CzPh-CH2-PhCz, we have not found any orientation that promotes (through
space) an extension of the delocalized n-system between both phenyl (close) or planar
rings (far) by orbital coupling. This observation suggests that not only N-phenyl- twisting
but also the methylene bridge disrupt any molecular orbital coupling between both TCz
fragments and therefore, they behave as two isolated chromophores. For these reasons,

the spectral features of CzPh-CH2-PhCz match those of single TCz.

o d

Figure 3. Optimized geometries and HOMOs for: TCz-TCz in the ground a) and singlet excited state b); and
CzPh-CH,-PhCz in the ground c) and singlet excited state d).

Stokes shifts (energy gap between the longest wavelength absorption band and the
shortest emission one, Av) are also shown in Table 1. It is clear that dicarbazoles bound at
3,3’ position (entries 6-7) experience larger Stokes shifts than the others (entries 1-5),
diagnostic of difference in equilibrium geometry between ground and singlet excited states.
Optimized geometries for both states in TCz-TCz and CzPh-CH2-PhCz are also shown in
Figure 3. Dihedral angle in TCz-TCz involving the 3,3" bond shifts from 40 degrees in the
ground state to 12 degrees in the excited state, imposing near-coplanarity between the
adjacent carbazoles. This geometric rearrangement gives rise to the larger Stokes shift of
TCz-TCz and EtCz-EtCz compared to the emission from single carbazole rings.



Last column in Table 1 shows the fluorescence quantum yields (®r) of analyzed
and some related compounds. As it can be seen, the data tend to two clearly different @r
values. Firstly, ®r values at around 0.30 were obtained for TCz and CzPh-CH2-PhCz and
agree with those reported for compounds with only one carbazole fragment (see entries 1-
5). As described above, the two carbazoles of CzPh-CH2-PhCz are electronically
uncoupled and, therefore, its @ is analogous to those of single carbazole compounds. On
the other hand, a lower @®r value (less than half of the previous ones) was obtained for
TCz-TCz. A close examination of Figure 3 reveals that the HOMOs in TCz-TCz expand
over a portion of the molecule that resembles a biphenyl-like or even a benzidine-like
structure. Table 1 shows that the @ values for TCz-TCz, biphenyl and N,N,N',N'-
tetramethyl-benzidine are very similar, which suggests that the extra molecular rigidity
promoted by the n-system extended favors the radiationless deactivation pathways. Note
the contrast with N,N,N',N'-tetraphenyl-benzidine (Table 1), which shows that fluorescence
deactivation is the preferred way when free-rotating arylamines are part of the biphenyl-
like skeleton. Therefore, the decreasing in ®r of TCz-TCz compared with electronically-
single carbazoles might be ascribed to an increase in the intersystem crossing quantum
yield, and not just to internal energy conversion from the singlet excited state to
surrounding solvent. This possible trend to triplet states formation is a relevant and
suitable characteristic for the application of this type of compounds as phosphorescent-
sensitizers in electroluminescence. To obtain some insights about this, phosphorescence
spectrum of TCz-TCz in solvent glass at 77K was recorded by exciting the sample at 330
nm (Figure 4). From the triplet emission maximum (476 nm) a So-T1 energy gap of 2.61 eV
can be calculated for TCz-TCz, which is comparable to those reported for 3,3 -linked
dicarbazoles,[49, 53] and is near the limit value for a suitable host in blue
electroluminescent materials. Finally, although smaller than arylamines, the values of ®¢
obtained for these carbazoles make them still appropriate to develop selective probes in

fluorescence sensing.



Figure 4. Normalized emission spectra of TCz-TCz in ethanol: fluorescence (black) in solution at
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298K, and phosphorescence (red) in solvent glass at 77K.

3.2. Electrochemical and spectroelectrochemical characterization

Figure 5 shows t

spectroelectrochemically. The cyclic voltammetry of TCz-TCz (inset in Figure 5) showed
two reversible waves at 1280 y 1575 mV (vs. NHE) corresponding to the oxidation of the

nitrogen atoms in each

absorption bands (one at 417 nm and a complex broad at 917 nm) are observed, which
are associated to the first oxidation potential. The near-infrared absorption band (917 nm)

can be ascribed to a mixed valence charge transfer, so the first monoxidized specie, TCz-

he absorption spectra of TCz-TCz recorded

carbazole fragment. At increasing potential, two simultaneous

TCz**, would be a mixed valence ion.
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Figure 5. Absorption spectra of TCz-TCz in Cl2CH2 obtained by spectroelectrochemistry from 0 to 1800 mV
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vs. NHE. Inset: cyclic voltammetry in Cl2CH2 with TBAPFs 0.1 mol L.

In order to understand the electronic density distribution of this radical cation (either

localized or delocalized in both carbazole fragments), we performed the ESR spectrum of ex-situ



electrogenerated TCz-TCz**. The correlation between the theoretical simulated spectrum and the
experiment was 99.8% (Figure 6). Table 2 shows the hyperfine coupling constants fitted,
considering all nitrogen and hydrogen atoms. It is remarkable that both nitrogen atoms have the
same hyperfine coupling constant, a clear indication of a spin delocalized over the two redox
centers on the ESR time scale. This reinforces the mixed-valence character of the radical ion TCz-

TCz**, and strongly suggests a Robin and Day’s Class Il (delocalized) classification.[54, 55]
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Figure 6. Black: high resolution EPR spectrum (at 298 K, width = 50 Gauss) of TCz-TCz** in Cl.CH2
obtained by oxidation in an electrolytic cell with TBAPFs 0.1 mol LX. Red: simulated spectrum with coupling
constants fitted using WINSIM 2002.

Table 2. Coupling constants found by simulation of ESR spectrum of TCz-TCz**.
Atom 2N 2H 2H 4H 6H
Coupling constant/Gauss| 8.77 | 3.06 | 2.90 | 0.95 | 0.90

The spin density isosurface of TCz-TCz** is showed in Figure 7. It can be inferred from the
spin distribution that the positive charge lies mostly on the two nitrogen and on the two sets of two
hydrogen atoms each, displaying a symmetric pattern on the biphenyl part of the molecule (a

delocalized hole), in agreement with the ESR experiment.




Figure 7. CAM-B3LYP unpaired spin density (0.004 a.u.) obtained for Tcz-Tcz*".

As the oxidizing potential increased another absorption band arose at 743 nm, whereas a
decrease in the NIR absorption was observed (see Figure 5). This resembles the spectrum
measured for oxidized 3,6-ICz** {Figure-8,-discussion-belew) (see Figure S1 in Supplementary
material), in which there is no intervalence band. This fact is associated to the complete oxidation
of both carbazole fragments to form the dication TCz-TCz?*. A similar behavior was observed in the
double oxidation of tetratolyl-benzidine, having two electronically coupled triarylamine units as
electroactive fragments.[56, 57]

On the other hand, CzPh-CH2-PhCz showed a different electrochemistry. A complex
process was observed in the first voltammogram ( Figure 8a), with an first oxidation wave at 1510
mV and reduction waves around 1250 and 1450 mV. The different height and shape of the current
peaks suggest that a coupled chemical process takes place, in which the oxidized species
participates. In the successive cycles, two new reversible waves were observed at around 1300-
1450 mV and 1500-1800 mV. The new shape of the voltammogram was typical of that registered
when a species is adsorbed and accumulated on the electrode. In order to verify this assignment,
the Pt electrode was rinsed with clean solvent to remove the soluble CzPh-CH,-PhCz and
immersed in a fresh electrolysis solution. The voltammogram of this sample showed the
disappearance of the original waves at 1600 mV and the permanence of the recently formed peaks
at 1110 (cat.) and 1621 (an.) mV, and 1450 (cat.) and 1917 (an.) mV (Figure-9b Figure 8b).

0 500 1.000 1.500 2.000 2.500
V/mV (vsNHE)

Figure 8. a) Cyclic voltammetry of CzPh-CH,-PhCz (0.01 mol L1) in electrolysis solution. Scan rate: 25 mV
s1. b) Cyclic voltammetry of electrodeposited film on ITO glass in electrolysis solution (free of CzPh-CHa-
PhCz).

In order to obtain more insights about the adsorbed species, we performed a
spectroelectrochemical experiment on the film electrodeposited by oxidation using ITO as working

electrode. The absorption spectrum in Figure 9 shows that two successive species arise as the



film oxidizes with the applied potential, from 0 to 2000 mV. The first one with absorption band
centered at 432 and another with a broad band at around 1400 nm, the latter being ascribed to an
intervalence compound similar to TCz-TCz described above (bands at 417 y 917 nm in Figure 5).
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Figure 9. Absorption spectra obtained by spectroelectrochemistry of electropolimerized film deposited on

ITO glass, at applied potentials from 0 to 1800 mV.

This electrochemical behavior, along with the formation of a NIR absorbing species
resembles that of methylene-bridged phenylamines previously reported by our group,[58]in which
phenylamine moieties form (by oxidative coupling) a benzidine fragment. It was observed that the
film did not remained adsorbed on the ITO surface beyond 9 potential step cycles spanning 1000
seconds from an all-reduced to an all-oxidized state ( Figure 10). This behavior is contrary to that
of methylene-bridged phenylamine polymer,[58] which showed to be highly insoluble and stable.
The formation of this polymer can be understood by comparison with the electrochemistry of both

TCz and 3,6-ICz in acetonitrile solution.
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Figure 10. Absorbance of the electropolymerized film at 420 nm (red), 790 nm (black) and 900 nm (blue),
from 0 to 2000 mV during 1000 seconds.



TCz has a complex behavior showing an irreversible oxidation wave at 1500 mV and a
reduction process at 1200 mV (inset in Figure 11). According to Figure-12 Figure 11, several
absorption bands were observed from the spectroelectrochemistry experiments, which can be
ascribed to two different species: the first one with bands at 410 and 909 nm, and the second one
with absorption at around 693 nm. Although it was not possible to isolate the species formed after
the electrochemical oxidation, the sequence in spectra resembles that of TCz-TCz**, so it suggests
that this fragment appears during the voltammetry. Similar results were reported for analogous

compounds.[59]
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Figure 11. Absorption spectra of TCz in Cl2CH2 obtained by spectroelectrochemistry, with applied potential
from 0 to 2000 mV vs. NHE. Inset: cyclic voltammetry in Cl2.CH2 with TBAPF6 0.1 mol L.

Since carbazole derivatives having free 3 and 6 positions are reported to form dimers when
oxidized (actually, it is the way by means TCz-TCz was synthesized in the present work), we
performed an electrochemical study of 3,6-ICz, which is substituted with iodine at the 3 and 6
positions, so preventing any coupling. As expected (figure S1 in Supplementary material), the
cyclic voltammetry of 3,6-1Cz (inset) Figure-8-{inset) shows a reversible wave at 1650 mV without
any coupled homogeneous processes and from espectroelectrochemistry only two bands at 350
and 590 nm ascribed to the radical 3,6-ICz** were observed. These bands have also been
recorded with other 3,6-disubstituted carbazoles, whose electronic structure were described
elsewhere.[60] Moreover, no absorptions were detected in NIR, as expected for a non dimeric

species.

In contrast to TCz-TCz (whose monooxidized cation is not further reactive for
polymerization), each redox fragment in CzPh-CH,-PhCz behaves as a single TCz forming
independent —CH,-TCz-TCz-CH>— subfragments by coupling with other oxidized molecules in
solution, no matter the state of the aliphatically bound (and beyond the metylene bridge) TCz in the
same molecule. Polymerization, then, generates high amounts of electronically disconnected units,
responsible for the electrochromic response, each one electronically very similar to TCz-TCz (see
analogy between Figure-10 Figure 9 and Figure-12 Figure 11). As seen in the related phenylamine



polymer,[60] the absence of delocalization between the redox centers on both ends of the
methylene bridge forces electronic hopping as the main electron transport mechanism in the (now)
TCz-TCz methylene bridged film.

4. Conclusions

Based on a combination of reported procedures, a series of N-(4-methylphenyl)-
carbazole derivatives were synthesized and purified with high yields. Absorption and
fluorescence spectra of these molecules were recorded, which showed spectroscopic
features analogous to those of some related compounds previously reported. DFT and TD-
DFT calculations showed that the N-(4-methylphenyl) ring is not electronically coupled to
the rest of the system, unlike triphenylamine compounds previously studied by our group.
Furthermore, by analyzing the molecular orbitals could be seen that the methylene bridge
in CzPh-CH2-PhCz promotes the uncoupling of the two carbazole units, whereas linkage
at 3,3 -position in TCz-TCz extends the n-system along of both fragments.

Oxidation of CzPh-CH2-PhCz yields TCz-TCz units separated by methylene bridges
in a polymeric form that resulted in less stable film on the ITO surface than those formed
by benzidine units. The near-infrared band at around 1000 nm (either in soluble TCz-TCz
or in polymer) is assigned to the intervalence charge transfer between carbazole subunits
of TCz-TCz fragments. It should be noted that although intervalence transitions in
delocalized molecules do not transfer net charge between redox centers (it resembles a
— 7t* transition), they are usually classified as “charge transfers” because are a special
case of them under the same theory.

The radical cation of TCz-TCz is electronically delocalized, allowing that the positive
charge (hole) is symmetrically distributed on the molecule. This compound (either as a
single molecule or as part of the polymer) behaves as Class Ill in Robin and Day
classification. The lower fluorescence quantum yield of TCz-TCz compared to single
carbazoles suggests a favorable intersystem crossing to triplet state, which was found at
2.61 eV above ground state. This value suggests that the fragment //-CH2-TCz-TCz-CHz-//
is a suitable candidate for green-blue electroluminescent host polymer material. Also, the
still decent values of fluorescence quantum yields obtained shows that this family of

compounds may be interesting for selective probes in fluorescence sensing.
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