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Optical and Photophysical Properties of Indolocarbazole Derivatives
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We present a study of the optical and photophysical properties of five ladder inddbi¢ayBazoles, namely,

M1, M2, M3, M4, andM5. The ground-state optimized structures were obtained by B3LYP/6-31G* density
functional theory (DFT) calculations, whereas the optimization (relaxation) of the first singlet excited electronic
state () was performed using the restricted configuration interaction (singles) (RCIS/6-31G*) approach.
The excitation to the Sstate does not cause important changes in the geometrical parameters of the compounds,
as corroborated by the small Stokes shifts. The excitation and emission energies have been obtained by
employing the time-dependent density functional theory (TDDFT). For all the compounds, excitation to the
S, state is weakly allowed, whereas the<S S electronic transition of each oligomer possesses a much
larger oscillator strength. The absorption and fluorescence spectra of the compounds have been recorded in
chloroform. A reasonable agreement is obtained between TDDFT vertical transition energies and the (0,0)
absorption and fluorescence bands. On one hand, the pattern of the aliphatic side chains does not affect the
absorption and fluorescence maxima of the compounds. On the other hand, the replacement of aliphatic chains
by phenyl or thiophene rings induces hypsochromic shifts in the absorption and fluorescence spectra. Finally,
the fluorescence quantum yield and lifetime of the compounds in chloroform have been obtained. From these
data, the radiative and nonradiative rate constants of the deactivation of fit@<&have been determined.

1. Introduction parameters, whereas TDDFT results provide a good evaluation
of the bathochromic shifts observed in the absorption and
fluorescence spectra caused by an increase in the conjugation
length or by the presence of alkyl chains on the nitrogen atoms.
The present work aims at studying the effect of functionalization
on the nitrogen atoms of ladder indolocarbazoles on their optical
and photophysical properties. Indeed, recent works have shown
I . al d did ¢ licati . that the electrical transport of these derivatives is greatly affected
polymeric materials are good candidates for apﬁp ications n by their substitutional pattefi=22 The ground states of all the
micro-electronics and in photovoltaic cells (PE)© On the oligomers were treated using the density functional theory with

basis of these p.hy5|cal propertles,. Leclerc"s group recently haSthe B3LYP functional (DFT/B3LYP/6-31G*), and the excitation
developed semiconducting organic materials based on ladder

i - A . energies were calculated using the time-dependent density
oligo(p-aniline) derlvatlves that_ show gogaype 6|ec.tr'.cal functional theory (TDDFT). Then theiSexcited states are
transportt’~19 Interestingly, studies have revealed mobilities up

R . . optimized using the restricted configuration interaction (singles)
o 0%042(1:rﬁ€( ;S : ﬁwthhsome |ndolo[3£)2|b]cargazolsl deriva- | (RCIS/6-31G*) approach, and the S & electronic transitions
tives;™ r:N ich make these procesfsa € ‘T.n stable materialsg 1 he relaxed excited states were obtained from TDDFT
among t eszSt promising ones for applications in Organic .o qjations using optimized excited states as inputs. Finally,
electronics? . . . the optical properties and photophysics of these derivatives have
. Qua}ntum chempal calculations are an Important tool 10 heen measured in chloroform. The absorption and fluorescence
investigate the relation between the electronic structure and thegpecira of the ladder indolocarbazoles (the ethyl chains are
optical properties ofi-conjugated materials. Along these lines, o2 c04 by hexyl groups in the actual compounds) are correlated
in the past few years, we have reported a number of joint ;" e theoretical results. Reasonable agreement is obtained
theoretical and gxpejégnental studies for fluorén& and between the computed electronic transitions and the optical data.
carbazole derivatives:2® More recently, we have applied the 1,5 nhotophysical results are discussed in terms of the relative
o_lensny functional theory (DFT) and the tm_1e-de|_o_endent func- importance of the radiative and nonradiative processes occurring
tional theory (TDDFT) on several ladder oligegniline)s?®-*° in these materials. The five compounds investigated, namely
It was found that DFT calculations give good geometrical M1, M2, M3, M4, andM5, are depicted in Figure 1. ' '

Organic electronics is potentially one of the most important
emerging new technologiés® The search for new materials
with good performance characteristics as well as the improve-
ment in device fabrication has been the subject of many
investigations. Because of their good molecular pacRing,
thermal stability’® and charge carrier mobilit, 13 ladder
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Figure 1. Molecular structure and numbering of the compounds
investigated.

the Gaussian 0%rogram packagé- The ground-state geometry
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further purification. All reactions were carried out under argon
at 1 atm unless mentioned otherwise. Some reaction solvents
were distilled before use (THF from sodium/benzophenone;
diethyl ether from potassium/benzophenone; CH@ImM CaH;

and MeOH from Cakb). Column chromatography was carried
out on a silica gel (size 4063 um, pore size 60 A, Silicycle).
The 5,11-dihydroindolo[3,b]carbazole 1),*° 3,5-dibromo-1-
trimethylsilylbenzen® purified by high vacuum distillatiof’

and 1-hexyl-4-iodobenzeffehave been already reported in the
literature. All other compounds have been synthesized following
procedures described here.

Tridecan-7-ol (2).In a 1 L flame-dried round-bottomed flask
fitted with a condenser and containing a magnetic stir bar, 20.00
g (100.8 mmol) of tridecan-7-one was dissolved in 250 mL of
THF and cooled down to 8C. A total of 11.48 g (302.4 mmol)
of LIAIH 4, was added slowly in small portions, and the resulting
mixture was stirred at room temperature for 30 min and then
refluxed overnight. The reaction mixture was allowed to cool
to room temperature, and methanol was added slowly in small
portions to destroy any remaining LiAlH(caution: violent
reaction), and then saturated MH (100-150 mL) was added.
The mixture was poured in distillated water (300 mL) and
extracted 3 times with diethyl ether (25800 mL). The
combined organic layers were dried over MgS@nd the
solvent was removed under reduced pressure to afford 19.12 g
as the title product (Yield: 93%). The product was used without
further purification as a colorless powder. mp-3% °C. H
NMR (400 MHz, CDC}, ppm): 6 3.58 (m, 1H); 1.66 (s, 1H);
1.42 (m, 6H); 1.27 (m, 14H); 0.87 (§ = 7.1 Hz, 6H).13C
NMR (100 MHz, CDC4, ppm): 6 72.13; 37.60; 32.04; 31.98;
29.52; 25.75; 22.75; 14.20. HRMS: Calcd fogsB26 (M —
H,0): 182.2034; found: 182.2046 0.0005. Calcd for &H,70
(M — H): 199.2062; found: 199.206% 0.0006.

7-Tridecanep-Toluenesulfonate (3)In a flame-dried round-
bottomed flask containing a magnetic stir bar, 5.000 g (25.00

of each compound was determined by a full optimization of its Mmol) of tridecan-7-0lZ) was dissolved in anhydrous pyridine
structural parameters using the density functional theory (12.5mL) and cooled at @C with an ice bath. A total of 5.243
(DFT)3233There is no symmetric constraint on the geometric 9 (27.50 mmol) op-toluenesulfonyl chloride was added slowly,
optimization. In the DFT method, electron correlation effects and the mixture was stirred f@ h at 0°C before the ice bath
were taken into account, and this method is often used as awas removed. Afte4 h atroom temperature, the reaction was

compromise for higher end calculations at a reasonable com-Poured into water (150 mL) and extracted twice with diethyl

putational cost. In this work, the DFT calculations were

performed using Becke’'s three-parameter hybrid functional,

B33 with nonlocal correlation of LeeYang—Parr, LYP,
abbreviated as B3LY#® in conjunction with the 6-31G* split-
valence polarized basis s¥tlt is well-understood that, in

ether (150 mL). The combined organic layers were washed 5
times with 0.1 M CuS®aqueous solution (100 mL), 2 times
with brine (200 mL), and 1 time with water (250 mL). The
organic layer was dried with MgSQOthe solvent was removed
under reduced pressure, and the crude product was purified by

general, DFT/B3LYP/6-31G* calculations provide accurate column chromatography (silica gel, 90% hexanes/10% ethyl

geometries for conjugated derivativé&s.
The nature and energy of the first two singtsinglet

acetate as eluent) to obtain 6.618 g as a colorless oil (yield:
75%).1H NMR (400 MHz, CDC}, ppm): 6 7.77 (d,J = 7.6

electronic transitions have been obtained by TDDFT/B3LYP/ Hz, 2H); 7.31 (dJ = 7.7 Hz, 2H); 4.52 (qtJ = 5.7 Hz, 1H);

6-31G* calculation®3°performed on the DFT/B3LYP/6-31G*
optimized geometries. TDDFT using the B3LYP input proved

2.42 (s, 3H); 1.54 (m, 4H); 1.17 (m, 16H); 0.84 Jt= 7.0 Hz,
6H). 13C NMR (100 MHz, CDC4, ppm): 6 144.39; 134.85;

to be accurate for evaluating the transition energies of many 129.70; 127.79; 84.73; 34.21; 31.67; 29.03; 24.72; 22.57; 21.66;

molecular system®-43 The excited-state geometries (8rere
optimized by ab initio RCIS/6-31G* On the basis of the ;S
optimized geometries, the S> S electronic emission energies
were computed at the TDDFT/B3LYP/6-31G* level.

2.2 Synthesis and Characterization. GeneraltH and3C

14.13. HRMS: Calcd for gHzgNOsS (M + NH4™): 372.2572;
found: 372.2574 0.0011.

General Indolocarbazole Alkylation Procedure?® A flame-
dried three necked flask fitted with a addition funnel and a
magnetic stir bar was charged with 400 mg (1.561 mmol) of

NMR spectra were recorded on a Varian AS400 apparatus inindolocarbazole, 3.75 mL of DMSO, and 876 mg (15.61 mmol)
an appropriated deuterated solvent solution at 298 K. Chemicalof powdered potassium hydroxide. When indolocarbazole was

shifts were reported a8 values (ppm) relative to internal
tetramethylsilane.

Materials. All starting organic compounds were purchased
from Aldrich, Alfa Aesar, or TClI America and used without

completely dissolved (reddish solution), a solution of 4.682
mmol of alkyl chains in DMSO (2.5 mL) was added dropwise
through the addition funnel over11.5 h at room temperature.

After 6 h, the reaction was poured into 200 mL of distillated
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water, and the aqueous layer was extracted 3 times with 36.26; 31.90; 31.84; 29.36; 22.79; 14.21.86. HRMS: Calcd
dichloromethane. The combined organic fractions were dried for C,1H3gSi: 318.2743; found: 318.2748 0.009.

over magnesium sulfate, and the solvent was removed under

3,5-Dihexyl-1-iodobenzene (5)In a flame-dried round-

reduced pressure. The crude product was dissolved in dichlo-pottomed flask, 24.00 g (77.90 mmol) of compousdvas
romethane, preadsorbed on silica gel, and purified by column dissolved in anhydrous methanol (78 mL) and anhydrous

chromatography.
5,11-Di(hexyl)indolo[3,2b]carbazole (M1). Following the

chloroform (78 mL), and 33.52 g (163.6 mmol) of silver
trifluoroacetate was added. The reaction was cooled down to 0

general indolocarbazole alkylation procedure, 0.773 g (0.66 mL) °C, and 39.54 g of iodine (155.8 mmol) was added all at once.
of bromohexane afforded 0.601 g as the title product after Within 30—60 min, the reaction was completed by TLC analysis
column chromatography (85% hexanes/15% dichloromethane)and filtered through Celite (washing with 75Q000 mL of

(vield: 91%). Crystals were obtained by slow evaporation of
an acetone solution. mp 14345 °C. IH NMR (400 MHz,
CeHs, ppm): 6 8.27 (d,J = 7.6 Hz, 2H); 8.09 (s, 2H); 7.50 (t,
J=17.4Hz, 2H); 7.31 (t) = 7.4 Hz, 2H); 7.27 (d) = 8.3 Hz,
2H); 4.00 (t,J = 7.1 Hz, 4H); 1.66 (m, 4H); 1.16 (m, 4H);
1.08 (m, 8H); 0.79 (tJ = 6.6 Hz, 6H).13C NMR (100 MHz,
CeHs, ppm): 6 142.33; 136.69; 126.07; 123.65; 123.57; 120.71;

additional hexanes). The solvent was evaporated, and the crude
product was dissolved in hexanes (300 mL) and then washed 3
times with saturated sodium thiosulfate (450 mL) and then 2
times with water (450 mL). The organic layer was dried with
MgSQOq, and the solvent removed under reduced pressure. The
oil was purified by short column chromatography (silica gel,
hexanes as eluent) to obtained 26.39 g of colorless oil as a final

118.48; 108.87; 99.30; 43.25; 31.85; 28.98; 27.27; 22.87; 14.23. product (yield: 91%)IH NMR (400 MHz, CDC}, ppm): o

HRMS: Calcd for GoHseN2: 424.287849; found: 424.2885
4+ 0.0013.

5,11-Di(7-tridecanyl)indolo[3,2-b]carbazole (M2). Follow-

7.35 (s, 2H); 6.94 (s, 1H); 2.51 (3, = 7.8 Hz, 4H); 1.57 (m,
4H); 1.30 (m, 12H); 0.89 (t) = 6.3 Hz, 6H).13C NMR (100
MHz, CDCk, ppm): 6 145.27; 134.77; 128.20; 94.57; 35.67;

ing the general indolocarbazole alkylation procedure, 1.660 g 31.81; 31.45; 29.09; 22.73; 14.24. HRMS: Calcd fagtGql:
of 3 afforded 0.795 g as the title product after column 372.1314; found: 372.130& 0.0011.

chromatography (90% hexanes/10% dichloromethane) (yield:

5-Hexylthiophene (6). A 500 mL flame-dried round-bot-

82%). Crystals suitable for X-rays structure analysis were tomed flask was charged under argon atmosphere with 15.00 g
obtained by slow evaporation of a pentane and hexane (1:1)(14.1 mL, 178.3 mmol) of thiophene and 150 mL of anhydrous

solution. mp 126-122 °C. *H NMR (400 MHz, GHe, ppm):

8 8.50 (s, 0.25H); 8.46 (2, 0.25H); 8.33 (m, 0.5 H); 8.22 (m,
1H); 7.58 (m, 0.5H); 4.47 (m, 1.0H); 7.38 (m, 0.5H); 7.26 (m,
1.0H); 7.16 (m, 2H); 4.62 (m, 0.5H); 4.51 (m, 0.5H); 2.52 (m,
1H); 2.30 (m, 1H); 1.77 (m, 2H); 1.16 (m, 4H); 1.07 (m, 8H);
0.95 (m, 4H); 0.75 (t) = 7.2 Hz, 6H). (Fractional protons are
due to a phenomenon of atropisomeri&ri2) 13C NMR (100
MHz, CeHs, ppm): 6 143.97; 140.37; 138.38; 138.35; 134.34;

THF. The mixture was cooled te 78 °C, and 58.0 mL (0.144
mol) of n-BuLi (2.5 M in hexanes) was added drowise over 15
min. The resulting mixture was stirred for 45 min at this
temperature, and then 22.30 g (19.0 mL, 135.1 mmol) of
1-bromohexane was added dropwise. The solution was warmed
to room temperature and stirred for 3 h. The solution was
dropped in water and extracted with diethyl ethex(250 mL).

The organic fractions were combined and dried over magnesium

126.15; 125.73; 124.65; 124.48; 123.30; 123.03; 120.79; 120.46;sulfate, and the solvent was removed under reduced pressure.
118.37; 111.50; 108.88; 102.08; 101.62; 99.38; 98.95; 56.69; The residue was purified by in vacuo distillation to afford 12.87

56.61; 34.15; 34.07; 31.92; 31.84; 29.64, 29.56; 27.21,; 27.07,

g of the title product as a colorless oil (yield: 57%j NMR

22.96; 14.24. (Multiple carbon peaks are due to a phenomenon(400 MHz, CDC§, ppm): ¢ 7.08 (d,J = 5.1 Hz, 1H); 6.90 (t,

of atropisomerisi#?~52. Peaks could be missing, probably hidden
by the solvent peaks.) HRMS: Calcd fog£s4N2: 620.5069;
found: 620.5078t 0.0019.

3,5-Dihexyl-1-trimethylsilylbenzene (4) A flame-dried three

J=4.4Hz, 1H); 6.76 (dJ = 2.7 Hz, 1H); 2.80 (tJ = 7.8 Hz,
2H); 1.65 (m, 2H); 1.32 (m, 6H); 0.87 (@, = 6.6 Hz, 3H).1%C
NMR (100 MHz, CDCh, ppm): 6 145.90; 126.72; 124.01;
122.83; 31.99; 31.80; 30.11; 29.02; 22.81; 14.27. HRMS: Calcd

necked flask fitted with a condenser and containing a magnetic for CioH16S: 168.0973; found: 168.0978 0.0005.

stir bar was charged with 23.70 g (76.93 mmol) of 3,5-dibromo-
1-trimethylsilylbenzene, 25.00 g (192.3 mmol) of fresh hexyl
boronic acid, 70.86 g (307.7 mmol) ofsRO-H,0, 0.3454 g
(2.539 mmol) of Pd(OAg) and 1.264 g (3.078 mmol) of
2-dicyclohexylphosphino-&'-dimethoxybiphenyl (SPhos) and

2-lodo-5-hexylthiophene (7) A flame-dried round-bottomed
flask was charged under argon atmosphere with 10.50 g (62.39
mmol) of 2-hexylthiophened) and 60 mL of anhydrous THF.
The mixture was cooled te6 78 °C, and 25.2 mL (63.00 mmol)
of n-BuLi (2.5M in hexanes) was added dropwise over 15 min.

was then carefully evacuated and backfilled with argon (this The solution was warmed to ®C and added dropwise to a

sequence was repeated 3 times). Carefully degassed toluene (158olution of 19.24 g (68.26 mmol) of 1,2-diiodoethane in 60 mL
mL) with argon over 30 min was added via a syringe through of anhydrous THF. The solution was stirred at this temperature
the septum, and the resulting mixture was heated atCoRith for 2 h and partitioned between 200 mL of hexanes/diethyl ether
vigorous stirring overnight. The black reaction mixture was (1:1). The organic layer was washed successively with an
allowed to cool to room temperature, filtered through a thin aqueous solution of sodium bicarbonate, sodium thiosulfate, and
pad of silica gel (eluting with hexanes), and concentrated underbrine and dried over sodium sulfate. The solvent was removed
reduced pressure. Hexanes (500 mL) were added to the resultinginder reduced pressure, and the crude product was purified by
oil and removed under reduced pressure to eliminate the distillation under reduced pressure to afford 14.35 g of the title
remaining toluene. This operation was repeated 2 times, andproduct as an orange oil (yield: 78%H NMR (400 MHz,

the product was dried under reduced pressure overnight to affordCDCls, ppm): 6 7.02 (d,J = 3.6 Hz, 1H); 6.45 (dJ = 3.6 Hz,
20.78 g of the title product as a colorless oil (yield: 85%%. 1H); 2.77 (t,J = 7.5 Hz, 2H); 1.61 (m, 2H); 1.31 (m, 6H);
NMR (400 MHz, CDC}, ppm): 6 7.15 (s, 2H); 7.00 (s, 1H);  0.86 (t,J = 6.9 Hz, 3H).13C NMR (100 MHz, CDC}, ppm):

2.59 (dd,J; = 7.7 Hz andJ, = 7.9 Hz, 4H); 1.62 (m, 4H); 1.33 0 152.19; 136.61; 125.91; 69.64; 31.70; 31.65; 30.39; 28.87;
(m, 12H); 0.90 (t,J = 6.7 Hz, 6H); 0.27 (s, 9H)!3C NMR 22.75; 14.31. HRMS: Calcd for {gH15SI: 293.9939; found:
(100 MHz, CDC¥4, ppm): 6 142.18; 140.15; 130.85; 129.28; 293.9935+ 0.0009.
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General Indolocarbazole Arylation Procedure®®>*A flame- trograde) and used without any further purification. The purity
dried three necked flask fitted with a condenser and a ther- of the solvent was confirmed by the absence of fluorescence at
mometer was charged with 400 mg (1.561 mmol) of indolo- the maximum sensitivity of the spectrofluorometer. All experi-
carbazole, 27 mg (0.142 mmol) of Cul, 33 mg (0.284) of ments were carried out at room temperature.

L-proline, 1.633 g (14.188 mmol) of anhydrousC0O;, and UV —vis absorption spectra were recorded on a Varian Cary
2.834 mmol of iodoaryl and then was carefully evacuated and 1 Bio UV—vis spectrophotometer using 1 cm quartz cells and
backfilled with argon (this sequence was repeated 3 times). solute concentrations of {12) x 10-> M. The molar extinction
Degassed anhydrous dimethylsulfoxide (5.7 mL) via three coefficients €) at absorption maxima were obtained from the
freeze-pump—thaw cycles was added through the septum, and slope of the absorbance versus the concentration using seven
the mixture was heated at 8& (90 °C maximum) with an oil solutions of different concentrations. The emission spectra were
bath until reaction completion by TLC analysis or 72 h. The recorded on a Spex Fluorolog-2 spectrofluorometer equipped
reaction mixture was then allowed to cool to room temperature, with a 450 W Xe lamp and a Hamamatsu R928 photomultiplier
poured in 250 mL of distillated water, and extracted 3 times tube. The spectra were recorded by keeping a @g&metry
with dichloromethane. The combined organic layers were dried and a bandpass of 2 nm in the excitation and emission
over MgSQ, and the solvent was removed under reduced monochromators. Each solution was excited near the wavelength
pressure. The crude product was dissolved in dichloromethane of the absorption maximum ugjna 1 cmpath length quartz
preadsorbed on silica gel, and purified by column chromatog- cell. Solution concentrations used were-@) x 10-°> M, giving
raphy. absorbances always less than 0.1 to avoid any inner-filter effects.
5,11-Di(4-hexylbenzene)indolo[3,2]carbazole (M3). Fol- For all molecules, a study of the concentrati@) ¢ffect was
lowing the general indolocarbazole arylation procedure, 4-hexyl- performed on the fluorescence intensity)(and all measure-
iodobenzene afforded 0.610 g as the title product after column ments were performed in the linear region of theversusC
chromatography (85% hexanes/15% dichloromethane) (yield: curve. Fluorescence excitation spectra of the compounds were
71%). Crystals were obtained by slow evaporation of a pentanerecorded by collecting the emission at three different wave-
and hexane (1:1) solution. mp 14852°C. 1H NMR (400 MHz, lengths and resemble UWis absorption spectrum. Fluores-
CesHs, ppm): 6 8.30 (s, 2H); 7.87 (dJ = 7.7 Hz, 2H); 7.41 (d, cence quantum yields were determined using 9,10-diphenyl-
J=8.1Hz, 2H); 7.36 (dJ = 8.2 Hz, 2H); 7.33 () = 7.6 Hz, anthracene in cyclohexane as a standakd=( 0.90)%° Fluo-
2H); 7.19 (t,J = 7.4 Hz,2H); 7.16 (m, 6H); 2.56 (] = 7.7 rescence lifetimes were determined using the single-photon
Hz, 4H); 1.61 (m, 4H); 1.30 (m, 12H); 0.93 {,= 6.5 Hz, timing technique on commercially available Edinburgh Instru-
6H). 13C NMR (100 MHz, GHe, ppm): & 142.97; 142.25; ment, model 299T spectrometer equipped with a hydrogen-filled
137.98; 136.49; 130.20; 127.69; 126.37; 124.13; 124.12; 120.91;hanosecond flashlamp and the analysis software supplied by
119.65; 109.97; 100.51: 36.07; 32.14; 31.92; 29.50; 23.04: the manufacturer. Details on the instrument have been published

14.39. HRMS: Calcd for @HaN,: 576.3504: found: 576.3509  elsewheré® Theoretical equations were fitted to experimental
+ 0.0017. data by means of a nonlinear weighted least-squares routine
5,11'Di(3,5"diheXylbenZEne)indOlO[s,23]Carba20|e (M4) based on the Marqulardt algorithm. The .kinetic interpret.ation
Following the general indolocarbazole alkylation proceddre, ©f the goodness-o;-ﬂt was assessed using plots of weighted

afforded 0.814 g as the title product after column chromatog- "€Siduals, reduceg® values, and DurbirWatson (DW) pa-
raphy (90% hexanes/10% dichloromethane) (yield: 77%). rameters.

Crystals suitable for X-ray structure analysis were obtained by ) ]

slow evaporation of a pentane and ethanol solution. mpspg 3. Results and Discussion

°C.™H NMR (400 MHz, GHe, ppm): ¢ 8.43 (s, 2H); 8.02 (d,

3.1. SynthesisThe synthesis of compourM1 to compound
J=7.7 Hz, 2H); 7.54 (d) = 7.5 Hz, 2H); 7.37 (t) = 7.7 Hz,

M5 was performed according to the reaction shown in Figure
2H); 7.23 (m, 6H); 7.10 (s, 2H); 2.56 0,= 7.6 Hz, 8H); 1.61 5 The gikyl chair8 was prepared from a dihexy! ketone reduced
(m, 8H); 1.27 (m, 24H); 0.90 () = 6.9 Hz).%°C NMR (100 1/ jalH ,followed by a classical tosylation reaction in pyridine.
MHz, CeHe, ppm): 0 145.20; 143.11; 138.86; 138.11; 126.41;  giaring with 5,11-dihydroindolo[3,2b]carbazdfthe oligomers
125.26; 124.17; 120.90; 119.62; 110.16; 100.66; 36.24; 32.12;\11 and M2 were synthesized according to the Marzoni and
31.95; 29.45; 23.06; 14.38. (One peak is missing, probably Garbrect? procedure. The precursdmwas obtained from 3,5-
hidden by the solvent peaks.) HRMS: Calcd fogiseNo: dibromo-1-trimethylsilylbenzerteand carefully purified by high
744.5382; found: 744.539% 0.0022. vacuum distillatiod” and hexyl boronic acid through Suzuki
5,11-Di-2-(5'-hexylthiophene)indolo[3,2b]carbazole (M5). aryl—alkyl coupling developed by Buchwald et %l.The
Following the general indolocarbazole arylation proceddre, precurso was converted to compouriusing silver salt and
afforded 0.275 g as the title product after column chromatog- jodine5® The compound? was prepared from lithiation of
raphy (100% hexanes) (yield: 33%). Crystals suitable for X-ray thiophene withn-butyl lithium followed by the addition of
structure analysis were obtained by slow evaporation of a bromohexane and then was lithiated once again withutyl
dichloromethane/hexane (1:1) solution. mp +268 °C. H lithium and quenched with 1,2-iodoethane according to a similar
NMR (400 MHz, CDQ.Cl,, ppm): 6 8.11 (d,J = 7.6 Hz, 2H); procedure by Reich and Whippt The oligomersM3—M5
8.09 (m, 2H); 7.45 (m, 4H); 7.27 (m, 2H); 7.13 (#= 3.5 Hz, were obtained using Ullmann’s arylation developed by Ma et
2H); 6.93 (dd,J; = 0.8 Hz andJ, = 3.6 Hz, 2H); 2.94 (tJ = al 5354 catalyzed byL-PROLINE AND Cul.
7.8 Hz, 4H); 1.81 (m, 4H); 1.43 (m, 12H); 0.94 {t= 6.8 Hz, 3.2. Ground-State Structural Properties. The ground-state
3H). *C NMR (100 MHz, CDClz, ppm): 6 145.62; 143.81;  geometry of each compound was determined by a full optimiza-
139.03; 136.65; 126.86; 125.47; 124.02; 120.66; 120.54; 11- tjon of its structural parameters using the DFT/B3LYP theoreti-
.58;100.97; 32,17; 32.16; 31.33; 29.44; 23.20; 14.45. HRMS: ca| method. It was found that the DFT-optimized geometries
Calcd for GgHaoN2S,: 588.2633; found: 558.2618 0.0017.  ere in excellent agreement with the data obtained from X-ray
2.3. Spectral and Photophysical Measurement<Chloro- analyse$?° Indeed, the standard deviation for bond lengths was
form was supplied by A&C American Chemicals Ltd. (spec- 0.01 A, whereas the standard deviation for bond angles was
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Ar
Alk-Br / Alk-OTs CProine, cul N
KOH KCO OO0
“owso Towso
rt, 6h 85-90°C, 72 h N
Alk
(M) Ak=C,  Y=92% (1) (M3) Ar = Ph-(Cy), Y = 71 %
(M2)Alk=Ce, Y=82% (M4) Ar = Ph-(C;) Y=77%
(M5) Ar=Th-(C,) Y=33%
< S ™E,) Ph-(C) R PR{C),
R D ek, L
RS Hﬂcﬁd@ f il Hy3C3 CgHi3

> TABLE 1: HOMO and LUMO Energies and

N N HOMO —LUMO Energy Gap of Ladder
Indolo[3,2-b]jcarbazoles as Obtained from DFT/B3LYP/
L Al 6-31G* Calculations

molecule HOMO (eV) LUMO (eV) HOMG-LUMO (eV)

M1 —4.761 —0.974 3.787
M2 —4.682 —0.915 3.767
M3 —4.742 —0.932 3.810
M4 —4.768 —0.958 3.810
M5 —4.966 —1.005 3.960

It was observed that the functionalization of the compounds
at the nitrogen atoms does not significantly affect the overall
electronic structure of the main core. Indeed, it was found that
the HOMO and LUMO topologies and sizes of the five
derivatives investigated were almost identical. As an example,
Figure 3 represents the isosurface plot of the HOMO and LUMO
of M3. One can see that the HOMO involves atoms of the
phenyl rings, whereas the LUMO shows no contributions from
the atoms of the side chains. Both molecular orbitals are of
type and spread over the whole conjugated backbone, and one
can immediately recognize their carbazole-like charg@ter.
Furthermore, the HOMO possesses an antibonding character
between the subunits, whereas the LUMO shows bonding
character between the rings.

The energy of the HOMO and LUMO and the HOMO
LUMO energy gap are compiled in Table 1. From this table, it
can be seen that the replacement of primary alkyl chains by
secondary alkyl chainsM1 vs M2) on the nitrogen atoms
slightly destabilizes both the HOMO and the LUMO orbitals.
However, Table 1 shows that the LUMO is less destabilized
than the HOMO fomM2. The overall effect is a small decrease
in the HOMO-LUMO energy gap oM2 as compared to that
of M1. Similarly, the replacement of aliphatic side chains by
phenyl groups ¥I3) destabilizes both the HOMO and the

HOMO LUMO orbitals, but this time, the LUMO orbital shows a larger
Figure 3. HOMO and LUMO isosurface plots of M3. increase in energy. Consequently, a small increase is found for
the HOMO-LUMO energy gap oM3 as compared to that of
0.7. Itis also observed that the moieties on the nitrogen atoms M1. On the other hand, the replacement of aliphatic side chains
are twisted (torsional angke50°) with relatively high rotational by thiophene groupsM5) stabilized both the HOMO and the
barriers against planarityE( > 5 kcal mol!), when the  LUMO orbitals but the LUMO to a much lesser extent. Thus,
molecules are in their ground electronic stateg).(S the overall effect is an increase of the HOMOUMO energy

3.3. Frontier Molecular Orbitals. It will be useful to gap ofM5 as compared to that dfl1. Finally, the change of
examine the highest occupied and lowest virtual molecular the substitution pattern of the phenyl rings (that is, para vs meta)
orbitals of the indolocarbazoles because the relative orderingslightly stabilized HOMO and LUMO by the same amount,
of the occupied and virtual orbitals provides a reasonable giving the same HOM&LUMO energy gap foM3 andM4.
qualitative indication of the excitation propertiteind of the 3.4. Excitation Energies and Optical Propertieslt is worth
ability of electron or hole transport. Because the first electronic pointing out that HOMG-LUMO energy gaps are crude
transition corresponded mainly to the promotion of an electron approximations to the transition energies. Indeed, the implicit
from HOMO to LUMO, we have only drawn the isosurface assumption underlying this approximation is that the lowest
plots of these molecular orbitals. singlet excited state can be described by only one singly excited
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TABLE 2: Electronic Transition Data of (S; — ) and (S — &) for Ladder Indolocarbazoles as Obtained by TDDFT/B3LYP/
6-31G* Method Performed on DFT/B3LYP/6-31G* Optimized Geometries

molecule transition energy (crh) f MO/character pol. Ea2 (cm1)
M1 S—S 26 352 0.039 67% LUMG— HOMO XY 23900
13% LUMO + 2 <— HOMO-1
S—S 31285 0.46 62% LUMG— HOMO-1 XY 29 200
26% LUMO + 2 —HOMO
M2 S—S 26 158 0.043 67% LUMG— HOMO XY 23900
13% LUMO + 2<— HOMO-1
S—S 31185 0.43 64% LUMG— HOMO-1 XY 29 200
26% LUMO + 2—HOMO
M3 S—S 26 485 0.046 67% LUMG— HOMO XY 24 400
13% LUMO + 6 — HOMO-1
S—S 31519 0.40 61% LUMG— HOMO-1 XY 29 400
17% LUMO + 2<— HOMO
M4 S—S 26 503 0.045 67% LUMG-HOMO XY 24500
13% LUMO + 2 — HOMO-1
S—S 31509 0.43 61% LUMG— HOMO-1 XY 29 400

24% LUMO + 6 — HOMO
13% LUMO + 3 HOMO

M5 S—S 27 699 0.056 67% LUMG—- HOMO XY 25100
13% LUMO + 4-— HOMO-1
S—S 31779 0.58 63% LUMG— HOMO-1 XY 29 600

17% LUMO + 4 —HOMO

a Absorption energy taken at the 0,0 peaks of the absorption bands measured in chloroform.

configuration in which an electron is promoted from HOMO
to LUMO. In addition, the orbital energy difference between
HOMO and LUMO s still an approximate estimate to the
transition energy since the transition energy also contains
significant contributions from some two-electron integrals.
However, because the HOM@Q.UMO gap is easy to obtain,  ~
the approach can be used to estimate band gaps of large systemsg

The theoretical parameter for direct comparison with experi- s
mental band gaps should be the transition (or excitation) energy &
from the ground state to the first excited state. The TDDFT
method, which has been used to study systems of increasing
complexity due to its relatively low computational cost and also
to its inclusion, in its formalism, of the electron correlation 0 -
effects, has been employed in this work. The excitation energy 22000 24000 26000 28000 30000 32000
and the corresponding molecular orbitals involved for the S
— S and S — S electronic transitions are compiled in Table
2. From these calculations, it is found that the first electronic
transition (3 — ) of each derivative is weakly allowed (small
values off), whereas the S5— S electronic transition possesses The absorption spectra of the compounds (the ethyl chains
an oscillator strength 1 order of magnitude larger than the latter.have been replaced by hexyl groups to achieve a better
Both transitions haver — 7* character, the first one having a  solubility) have been recorded in dilute chloroform solutions.
dominant HOMG-LUMO excitation contribution, whereas the  As expected from theoretical calculations reported previously,
S, — S electronic transition is mainly described by the the overall absorption profile of the derivatives are very similar.
promotion of one electron from the HOM€L to the LUMO. Figure 4 shows the absorption spectrum M8, which is

For M1, our theoretical calculations predict one weak representative of all the spectra recorded. The 0,0 absorption
electronic transition (85— S) at 26352 cm? (f = 0.039) and peaks of the first and second electronic transitions of the five
an intense electronic transitionS- Sy) at 31285 cm? (f = derivatives are reported in Table 2. It is worth pointing out that
0.36). The replacement of the primary alkyl chains by the the length of the alkyl chains should not significantly affect
secondary alkyl chains on the nitrogen atoidd (vs M2) does the energies of the electronic transitions of these oligofters.
not change the excitation energy of these derivatives much. One can see that the absorption spectrum profile of each
Indeed, one can detect a very small decrease in the excitationderivative is well-described by these theoretical data. Indeed,
energies oM2 as compared to those 81, with very small each spectrum consists of one weak band in the long wavelength
variations in the oscillator strenghts of both transitions (see Table region followed by a more intense band in the UV region. The
2). On the other hand, the incorporation of phenyl groups as weak absorption band should correspond to the computed S
side chainsNI3 andM4) or thiophene moietiedM5) induces — S electronic transition, whereas the more intense band can
increases in the excitation energies. Finally, one can see thatbe assigned to the second electronic excitation. It is worth
the change of the substitution pattern on the phenyl rings (metapointing out that all absorption spectra exhibit several vibronic
vs para) does not significantly affect the transition energies of peaks, where the-9,0 vibronic band of each electronic transition
these molecules. It is worth pointing out that the variations is the most intense. These results are typical of planar conjugated
observed for the first electronic transition agree with the systems, which is obviously the case for these bridged carbazole
computed HOMG-LUMO energy gaps reported in Table 2.  derivatives.

60000

50000

40000 +

30000

20000

10000 ~

Wavenumber (cm™)
Figure 4. Absorption spectrum of M3 recorded in chloroform.
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TABLE 3: Optimized Bond Lengths (in Angstroms) of M3 TABLE 4: Emission Energies E (S— &)) of

in Sy and S, States Calculated by DFT/6-31G* and RCIS/ Indolocarbazoles as Obtained by TDDFT Performed on

6-31G* Theoretical Methods, Respectively RCIS/6-31G* Optimized Geometries of $ Excited State$

M3 emission Stokes shift
bond length s S, molecule  energy cml i (cm™) Ef (cm™1)
M1 25 682 0.060 670 23500

m;:gz i:igz iggg M2 25525 0.077 633 23600
Ci—GC, 1.394 1395 M3 26 087 0.098 398 24 000
C1—Ce 1.398 1377 M4 26 247 0.097 256 24100
Co—Cs 1.406 1.403 M5 27071 0.12 628 24700
Cs—Cy4 1.392 1.374 a Experimental emission energies (0,0 fluorescence peaks in chlo-
Ci—GCs 1.399 1.415 roform) are given in the last columhOscillator strength of the S~
Cs—GCs 1.419 1.432 S electronic transition® Energy difference between absorption (taken
Cs—Co 1.448 1.397 from Table 1) and emission energies.
Cs—Cy 1.426 1.446
gio_%i’l i:ggg 1:32(7) stretched. This suggests that, in the excited state, the molecules
C11—Ci» 1.426 1.446 become more quinoid-like. A similar observation has been
Ci2—Cis 1.398 1.437 reported recently for oligofluoren€s4 and carbazole-based
Ci2—Cus 1.448 1.398 dyads?’ It is also observed that, in the State, the 1917—
Cu—Nis 1.405 1.392 7—6 and 20-18—16—15 dihedral angles d¥12 are very similar
C14—Css 1.419 1.432 L
Cri—Con 1.400 1416 to those found when the mqlecule is in the ground state. On
Cis—Nig 1.398 1.379 the other hand, the phenyl rings M3 and M4 become more
Ci5—Cy7 1.397 1.377 twisted (19-17—7—6 and 26-18—16—15= 72° as compared
Ci17—Cag 1.394 1.395 to 55° for the ground state) when the molecules are excited to
Ci1g—Cio 1.405 1.402 the § state.
Ci19—Cyo 1.392 1.374

3.6. Emission Transition Energies and Correlation with
As can be seen in Table 2, theS Syand $ — S, excitation the Fluorescence SpectraFrom the optimized (relaxed):S

energies are computed at higher energies than those obtainedt@te geometries, the S-  transition energies were derlved*
from the 0,0 absorption peaks measured in chloroform. But, it PY means of the TDDFT approach (over the RCIS/6-31G

is worth pointing out that our TDDFT calculations give the (0,0) 9€0metry), and the results are compiled in Table 4. For all the
transition energy equivalent to that in the gas phase. For this ©ligoindolocarbazoles, it is observed that, after relaxation
type of molecule, a bathochromic shift of at least 1000tm  (OPtimization) of the $ excited state, the energy of the first
has to be assumed for the solvent shift, which should improve EIECtronic transition decreases (see Tables 2 and 4). This
the agreement between experimental and computed excitatiorfl@nsition should correspond to the emission energy of the

energie$® Moreover, it is observed that the computed differ- derivatives. Indeed, the absorption of a photon excites the

ences in energy between the first and the second excitationsMelecules to the SFranck-Condon state, which should possess

are in excellent agreement with the experimental data reportedt® ground-state 5 geometry. After the excitation, the
in Table 2. molecules should relax to their most stable geometry before

the emission process could occur to reach theFfanck-
Condon state, which possesses ther8axed geometry. As
observed for excitation energies, the emission energy becomes
slightly lower with the incorporation of secondary alkyl chains
and becomes higher with the incorporation of phenyl and
ithiophene rings on the nitrogen atoms. Moreover, TDDFT

The optical absorption energies fL andM2 are found to
be identical (see Table 2). From TDDFT calculations, a very
small blue shift was predicted for the S- Soand S — S
electronic transitions df12 as compared to those bfl. These
results clearly show that the substitutional pattern of the aliphatic
chains (primary vs secondary) on the nitrogen atoms does no ) - :
significantly change the transition energies of these chro- c@lculations give a very small Stokes shift, as a consequence
mophores. On the other hand, the replacement of primary alkyl ©f the rigid planar geometries in the &nd 3 states.
chains by phenyl ringsM3) or thiophene groupsM5) on the Figure 5 shows the fluorescence spectrum as well as the first
nitrogen atoms induces hypsochromic shifts of the absorption absorption band df13, which are representative of the spectra
bands, which are reproduced by TDDFT calculations (see Tab|eOf the five compounds, in dilute chloroform solution. Their
2). Finally, either TDDFT calculations or optical measurements Spectral characteristics are reported in Table 5. As expected for
show that the substitutional pattern of the pheny! ring8 (/s rigid planar systems, absorption and fluorescence spectra have
M4) does not significantly affect the excitation energies. nearly mirror-image profiles and exhibit several vibronic

3.5. Excited-State ($ Geometry. Up to now, the standard ~ features; this indicates the same nature of the absorbing and
for calculating excited-state equilibrium properties of large emitting electronic state. Moreover, the vibronic features of the
molecules is the configuration interaction singles (CIS) method. normalized emission spectra were found to be identical on
In this study, we have investigated the excited-state propertieseXciting at different wavelength, indicating the presence of a
of the five indolocarbazoles by this method. In Table 3, we Single emitting species. Finally, as predicted from theoretical
takeM3 as an example to compare theecited structure by ~ calculations, all compounds exhibit a small Stokes shift, which
CIS/6-31G* with its ground-state structure by DFT/B3LYP/6- testifies the rigidity of these ladder compounds.
31G*. It is apparent that the equilibrium geometries of the  One can see in Table 4 that the fluorescence peaks of the
electronic ground state and of the Sate slightly differ. For carbazole derivatives are in relatively good agreement with the
instance, one can see in Table 3 that the-Gs, C3—C,4, Cs— computed emission energies. In accordance with the absorption
Co, C10—Cy1, C12—Cy4, Ci5—Cy7, and Go—Cy bond distances  experiments, the fluorescence spectrunvi@fappears at about
are shortened, whereas thg-«Cs, Cs—Cs, Cg—Cy, Co—Cip, the same energy (small blue shift of 100 ¢hnas compared to
C11—Cip, C12—Ci3, C14—Cy5 and G4—Cy bond lengths are that ofM1. Moreover, as observed in absorption measurements,
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Figure 5. Absorption ) and fluorescence (- - -) spectra BI3 in
chloroform. The fluorescence intensity has been normalized relative
to the absorption band.

TABLE 5: Spectroscopic Parameters of Indolocarbazoles in
Chloroform at Room Temperature (298 K)

/’LAa ’VAb €C /1|:d VES Stokes Shlft
molecule (nm) (cm™1) (M~tcm) (nm) (cm™1) (cm™)
M1 419 23900 6500 425 23500 400
M2 419 23900 6600 423 23600 300
M3 410 24400 7000 416 24000 400
M4 409 24500 5600 415 24100 400
M5 398 25100 5700 405 24700 400

a Absorption wavelengths taken at the maximum of the 0,0 vibronic
peak.” Absorption wavenumbers taken at the maximum of the 0,0
vibronic peak.® Absorption coefficient at the maximum of the of the
0,0 vibronic peak? Fluorescence wavelengths at the maximum of the
0,0 vibronic peak® Fluorescence wavenumbers at the maximum of the
0,0 vibronic peakf Energy difference between absorption and fluo-
rescence 0,0 vibronic peaks.

TABLE 6: Photophysical Properties of Indolocarbazoles in
Chloroform at Room Temperature (298 K)

molecule oF £ (NS) 108k2(s™) 108k, (s™h
M1 0.13 2.90 0.45 3.0
M2 0.16 3.05 0.53 2.8
M3 0.14 3.69 0.38 2.3
M4 0.14 3.62 0.39 2.4
M5 0.023 0.63 0.37 16

ake = ¢rlte. P knr = ke(1 — o)/ obr.

the incorporation of phenyl ringsv(3 and M4) or thiophene
moieties M5) on the nitrogen atoms induces blue shifts in the
fluorescence spectra.

3.7. Molecular PhotophysicsThe relevant results character-
izing the photophysical properties presently studied are collecte
in Table 6. The values of the rate constants for radiatikg® (
and nonradiativeky) decay were calculated according to the
following expressionsks = ¢e/te andk,, = (1 — ¢p)/tr, Where
¢r and ¢ are the fluorescence quantum vyield and lifetime,
respectively. In all casesy was found to be independent of
the excitation wavelength and the wavelength at which the

emission is collected. Moreover, all fluorescence decays have
been described as monoexponential with good statistical good-

ness-of-fit criteria §? < 1.3 and DW~ 1.7), further confirming

the presence of a single emitting species for each derivative.

For all the derivatives, it was found that the radiative decay
rate constant was relatively weak, which goes along with the
weak oscillator strength$)(©bserved for the S— S electronic
transition (see Table 4). Consequently, all derivatives show
relatively low fluorescence quantum yieldd values. Further-
more, one can see that tige values ofM1 to M4 are very
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similar. However, Table 6 shows thit3 possesses a signifi-
cantly longerrg value tharM1, giving rise to a smallek, value

for M3. Moreover, it is found that the change of the substitu-
tional pattern of the phenyl ring®43 vs M4) does not affect
either radiative or nonradiative relaxations.

Finally, Table 6 shows thatz andze of M5 are much smaller
than those oM1 giving rise to a higher value d&,, for M5.
For thiophene derivatives, it is well-established that the main
deactivation pathway of the;State involves an intersystem
crossing processii) due to the presence of the heavy sulfur
atoms?566The same behavior is expected hereMi@r and might
strongly contribute to the deactivation of the fluorescence.

Conclusion

A combined theoretical and experimental study of five ladder
oligoindolocarbazoles functionalized on the nitrogen atoms was
carried out. It was found that the side chains were twisted in
the equilibrium geometry of the molecules, with relatively high
rotational energy barriers against planarity. This should prevent
the planarization of the side chains at ambient temperature. In
their lowest singlet excited states, the five compounds investi-
gated become more quinoid-like (RCIS results).

For all five compounds, the first electronic transition was a
weakly dipole allowed (small values §fzzzr* transition, which
is dominated by the HOMBGLUMO excitation. Accordingly,
the energy of the S— & electronic transition follows the
HOMO-LUMO energy gap of each compound. On the other
hand, the $ — S electronic transition of each derivative
possesses a much larger oscillator strength and is mainly
described by the promotion of one electron from the HOMO
to the LUMO. Reasonable agreement is obtained between
TDDFT calculations and measured spectral features.

The relaxation (optimization) of the excited states induces a
lowering of the first electronic transition of the derivatives.
Emission transition energies are relatively well-reproduced by
TDDFT vertical transition energies computed from the S
optimized geometries (RCIS/6-31G*). Moreover, TDDFT cal-
culations give a small Stokes shift, as a consequence of the
similar geometries in thegSand § states. The nature of the
alkyl chains (primary vs secondary) on the nitrogen atoms does
not significantly affect the spectroscopic parameters of the
compounds. The replacement of aliphatic chains by phenyl or
thiophene rings, as side chains, induces blue shifts in the
absorption and fluorescence spectra. These spectral shifts are
reproduced by TDDFT calculations. Moreover, it is found that
the change of the substitutional pattern of the phenyl rings on
the nitrogen atoms does not influence the transition energies.

d Finally, the fluorescence quantum yields of the compounds

investigated were relatively low and similar to each other,
showing that the nature of the side chains on the nitrogen atoms
does not have a great impact on the photophysical properties
of these compounds. The sole exceptioMEs, which shows a
much smallegr value. One explanation for this behavior might

be an enhancement of the intersystem crossing process caused
by the presence of heavy sulfur atoms.
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