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A series of alkylated indigos were synthesized. Alkylated indigos were characterized by NMR, mass
spectrometry, absorption spectra, cyclic voltammetry, and density functional theory (DFT) calculations.
Propyl and butyl group substituted indigo was most soluble in chloroform and 1,2-dicrolobenzene, and
these solubility were 65—89 times increased as compared to the parent indigo. DFT calculations sug-

gested that the presence of the alkyl chains at the 5.5'-position increases the energy of the highest
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occupied molecular orbital, while reducing the energy of the lowest unoccupied molecular orbital. This
theoretical finding was in good agreement with the experimental results. Crystal structures obtained by
X-ray diffraction showed one-dimensional pi—pi stacking. Alkylated molecules were converted to leuco
structure, and these structures were then converted to the corresponding indigos in the film state. After
deposition of the films on TiO,/FTO substrate, oxidative photocurrents were observed.

© 2016 Published by Elsevier Ltd.

1. Introduction

Indigo and its derivatives are some of the most popular dyes
used in pigments and artificial colorants. The crystal structure of
Indigo shows a two-dimensional packing orientation due to the
presence of intra- and intermolecular hydrogen bond interactions.'
The former interactions allow a planar structure of the indigo
skeleton, giving rise to the 7 orbital delocalization on the indigo
skeleton. The latter interactions lead to the two-dimensional like
arrangement of the individual indigo molecules in the crystal
structure. Therefore, both intra- and intermolecular interactions
contribute to generating the herring-bone-like structure that in-
creases charge transfer, motivating considerable interest in indigos
as building blocks and charge-transporting materials.>”* Recently,
indigos and functionalized indigos were applied for optoelectronic
devices, such as field effect transistors,” "’ solar cells,®° sensors,'%!!
and electrodes for ion batteries.'>!> In particular, Pitayatanakul
et al., reported on the halogen or phenyl group functionalized in-
digos for organic semiconductors. In this series of compounds, the

* Corresponding authors. Tel./fax: +81 92 802 6748; e-mail addresses: mwata@
i2cner.kyushu-u.ac.jp (M. Watanabe), ishihara@cstf.kyushu-u.ac.jp (T. Ishihara).

http://dx.doi.org/10.1016/j.tet.2016.05.069
0040-4020/© 2016 Published by Elsevier Ltd.

indigos showed a herring-bone like structure for the halogen
substitution derivatives, whereas a brickwork arrangement of the
crystal structure was observed in the case of phenyl-derivatives
because of mw—m interactions arising from the functionalization
substitution at 5-position.'* The iodine derivatives showed good
ambipolar properties due to inter-molecular iodine—iodine in-
teractions leading to stronger w—m interactions between the indigo
skeletons.!” The group of Troshin reported a similar effect in the
indigos substituted by halogens at the 5,5'- and/or 6,6'-positions.'®
These results indicate that in addition to changing the energy dif-
ference between the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO), the substituted functional
group also plays a key role in the charge transport crucial for op-
toelectronic properties of indigos. The use of an alkyl chain as
a substituent is a promising strategy for changing the crystal
packing. Furthermore, the presence of alkyl chains can increase the
solubility of low-solubility organic materials in organic solvents to
enable solution-processed fabrication for optoelectronic applica-
tions. This technique is widely applied to solution-processed op-
toelectronic devices using an organic materials such as
tetrathiafulvalene,'” oligothiophene,]8'19 anthracene,”® thienoa-
cene,’! imide,?? and others.?* This approach can be used to increase
the solubility and change the charge transporting property for
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indigo. Although Liittke et al. reported on several types of alkylated
5,5’- and 6,6’-position substituted indigos, a systematic study of
these dyes are necessary for understanding the relationships be-
tween the series of alkyl chain substitutions and the physical
properties of the compounds was not performed.?* Here we report
on the synthesis and physical properties of a series of 5,5’-position
alkylated indigos. We also examine the photocurrent response of
films fabricated by solution processing from indigos and from
leuco-indigos for optoelectronic application (Fig. 1). Moreover, it is
found that a suitable chain size can be chosen to change the crystal
packing structure to a one-dimensional packing structure, and
good charge interaction orientation were demonstrated in the film
state. These effects can increase the photocurrent in the spin-
coated optoelectronic devices.
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Fig. 1. Interconversion of indigo and leuco-indigo compounds.

2. Results and discussion
2.1. Synthesis

Synthesis of the 5—5’ position alkyl chain substituent indigo is
illustrated in Scheme 1. Wittig reaction of indole-5-
carboxyaldehyde 2 with Wittig salt 3a—3l gave the alkylene-
compounds 4a—4l, and double bonds were reduced by hydrogen
with the Pd/C catalyst to give 5-position alkylated indoles 5a—5I in
good yields. The 5a—5m were directly coupled using an oxidation

reaction®’
C1-C13.

in the presence of Mo(CO)g to give the desired indigos

2.2. Physical properties: absorption spectra, solubility, elec-
trochemical property, and DFT calculations

Absorption spectra of indigo (C0) and the alkylated indigos
(C1—C13) are shown in Fig. 2a. The parent CO showed maximum
absorption at 600 nm. Relative to CO, the absorption peaks of
alkylated indigos C1—C13 were slightly red-shifted to approxi-
mately 615—617 nm and showed absorption intensities similar to
that of CO. Alkyl chains may improve the solubility and/or crystal-
linity in the solution state. To study the effect of the 5,5’-positioned
alkyl chains on the solubility, the solubilities in DCB at 23 °C of
C0—C13 were compared. The saturated amount of indigos at these
conditions was estimated using the calibration curve of the ab-
sorption spectra. Fig. 2b shows the solubility values obtained for
these dyes. The solubility of the parent indigo molecule was re-
ported as 0.038 mmol/L (ca. 10 mg/L) in chloroform.”® We found
that the solubility of CO in chloroform at 23 °C is 0.053 mmol/L, and
in DCB at 23 °Cis 0.012 mmol/L. In contrast, in the same conditions,
alkylated dyes C1-C13 showed solubilities in the
0.056—4.73 mmol/L range for chloroform, and in the
0.006—0.78 mmol/L range in DCB. As seen in Fig. 2a and Fig. S9, the
propyl (C3) and butyl chain (C4) substituted indigos showed par-
ticularly high solubility values. The hydrophobicity of alkyl chains
assists the solvation of a series of w-conjugated organic molecules
in an organic solvent.>> Our work shows that the C1—C13 series of
compounds also displays this effect of alkyl chain hydrophobicity
on solvation.

To understand the electronic properties of C1—C13, cyclic vol-
tammetry (CV) measurements were performed. Due to the low
solubility of all of the synthesized compounds except for C3 and C4
at 23 °C, CV measurements for all compounds were conducted at
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Scheme 1. Synthetic route to obtain alkylated indigos C1—C13.
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Fig. 2. Absorption spectra of synthesized alkylated indigos (left) and their solubilities
in 1,2-diclorobenzene at 23 °C (right).

140 °C in DCB solutions. Fig. 3 shows the cyclic voltammograms for
selected compounds. In these conditions, all compounds showed
quasi-stable reduction curves and unstable oxidation curves
(Fig. S1). The reduction potentials obtained for C1—C13 varied be-
tween —0.79 to —0.85 V (vs NHE) with these values similar to the
—0.80 V (vs NHE) value for CO. Based on the onset potentials (Eg—o)
of 1.96 eV for CO and 1.88 eV for the C1—C13 obtained from the
absorption spectra and the negative shift of LUMO energies ob-
served in cyclic voltammetry, the oxidation potentials for CO and
C1—-C13 were estimated as +1.15 V (vs NHE) and +1.09 to +1.03 V
(vs NHE), respectively. This suggests that the alkylation on the 5,5'-
positions slightly reduces the electron accepting properties and
increases the electron donating abilities. The reduction of electron
affinity saturated for the octyl group in the C8 (Table S1).
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Fig. 3. Cyclic voltammogram of selected indigos in 1,2-diclorobenzene with 0.1 M
Tetrabutylammonium tetrafluoroborate solution at 140 °C.

The physical properties of the compounds C0—C13 were further
verified by density functional theory (DFT, B3LYP/6-31Gd) calcu-
lations. Fig. 4 shows the HOMOs and LUMOs of selected com-
pounds. For all molecules, HOMOs and LUMOs were delocalized
over the indigo skeleton, suggesting that the absorption bands at
600 nm for parent indigo and at 615—617 nm for alkylated indigos
are of the m—=* transition type (Fig. S2). Examination of the ab-
sorption spectra and cyclic voltammetry results shows that HOMO
and/or LUMO energy levels are decreased by the introduction of
alkyl chains. Comparison of DFT calculation results for the parent CO
and alkylated indigos C1—C13 shows that the presence of alkyl
chains at the 5.5’-position decreases both the HOMO and LUMO
energies. Furthermore, cyclic voltammetry measurements for
alkylated indigos C1—C13 showed a gradual decrease of electron
affinities with increasing length of the alkyl chain that saturates at
C5. The DFT HOMO—LUMO energy gaps for C1—C13 were 2.45 eV,

HOMO LUMO
CO0 (-5.26) C7 (-5.08) CO0 (-2.76) C7 (-2.63)
)ﬂb' *%, .q.w%a"w' X }{#1 "q,*,;w,' @1% ", !
C1(-5.13) C10(-5.08) c1(-2.68) C10(-2.63)
C4 (-5.09) C13(-5.08) C4 (-2.64) C13(-2.63)

Fig. 4. HOMO and LUMO orbitals of indigos. Energy potentials (eV) are given in
parenthesis.

supporting the same energy gap values for C1—C13 and the lowest
energy peaks obtained by experimental results. Although there
were some differences between the DFT results and the experi-
mental results such as the saturation of the HOMO—LUMO energy
difference at a higher alkyl chain length, the overall trends found by
DFT calculations were in good agreement with the experimental
results. The absorption energy, cyclic voltammetry, and DFT results
are summarized in Table S1.

2.3. X-ray crystallographic study

The crystal structure of the parent indigo compound was re-
ported by Krautscheid et al.! The structure showed a T—m stacking
at the distance of 3.41 A along the b-axis with 2.168 A N—H---0
inter-molecular hydrogen bond interaction along the c-axis, dem-
onstrating the two dimensional array crystal packing.

As described below, the C7 alkylated indigo shows the highest
photoresponse in film form. When the solution of the C7 in 1,2-
dichlorobenze was slowly evaporated, platelet blue coloured crys-
tals were obtained. The C7 structure has all-trans conformation of
alkyl chains (Fig. 5a).
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Fig. 5. X-ray crystallographic analysis results for C7.

These extended alkyl chains allow one dimensional packing of
indigo moieties. The indigo skeleton was m— stacked at the dis-
tance of 3.358 A. Furthermore, intermolecular hydrogen bonding at
N—H---0 (2.361 A) was found along the b-axis and the alkyl chains
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were elongated on the c-axis. This one dimensional packing
structure is different from the 2D interactions found in the struc-
ture of the parent indigo compound. The one-dimensional stacking
moiety is dominated by the interdigitation of the alkyl chain with
the van der Waals interaction as the driving force (Fig. 5b).?> We
also successively analysed the single crystal of C8. This crystal
packing structure showed similar structure with the C7 (Fig. S3).

2.4. Interconversion of indigos to corresponding leuco-
indigos: film state properties, and photocurrent
measurements

In addition to increasing the solubility in organic solvents, we
found that alkylation also affected the optoelectronic properties
because the hydrophobic interaction of alkyl chains between the
molecules will affect charge transport. Therefore, solution-
processed indigo-coated substrates were fabricated for the mea-
surement of the photoelectrochemical properties to elucidate the
effect of indigo alkylation in the solid state. To increase the indigo
solubility and enable the use of solution processing, we also in-
vestigated the corresponding leuco-indigos in a EtOH solution.

Fig. 6a showed the typical conversion results of CO and C4 with
NaOH and Na,S,04 in ethanol solution. When the indigo of ethanol
solution was added to NaOH and NayS,;04 with heating in Ar at-
mosphere, the blue colour indigos disappeared, changing to a pale
yellow colour. In the absorption spectra, the characteristic indigos
peaks at around 600 nm disappeared for both leuco-C0 (LCO) and
leuco-C4 (LC4). Both solutions showed similar structures, sug-
gesting that alkylated indigos can also convert leuco structures.
These reaction solutions were drop-cast on a glass substrate under
Ar atmosphere with the obtained films shown in Fig. 6b. The films
showed no characteristic peaks and strong absorption intensities
due to the influence of sodium salts. Conversely, after exposure to
air with washing by water to remove the sodium salts, the sub-
strates showed characteristic new peaks at around 670 nm for
converted-CO (CO.) and 613 nm for converted-C4 (C4y). This sug-
gested that the leuco-indigos were oxidised and converted to the
corresponding indigos under air (oxygen), indicating that alkylated
leuco-indigos could be converted to their corresponding indigos
under air in the film state. These peaks were shifted as compared to
the peak of the solutions.

(a) (b)
0 03
] ---L00
0.75 4 -t
< i —co
3 1 3
§ 0.5 - ‘ —cC4 2
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Wavelength (nm) Wavelength (nm)

Fig. 6. Absorption spectra (a) before treatment of indigos (CO and C4) and after
treatment with NaOH and Na,S,04 (LCO and LC4) in EtOH. (b) spin-coated films on
glass substrates of leuco-indigos under Ar atmosphere (LCO and LC4) and after expo-
sure to air (CO and C4y).

When CO0 and C4 of solution were drop cast to a glass substrate
directly, the peak of CO and C4 were red shifted due to aggregate
structures were formed such as J-aggregation (Fig. S4). Comparing
the results of drop-casted indigo films and the films produced from
leuco-indigos, the film of COy from LCO on glass may has an ag-
gregation state such as J-aggregation, while C4; from LC4 has
amorphous-like or H-aggregation state because the film C4y of peak
was similar peak in that of solution state.

We expected that a photocurrent will be enhanced by the
strongly increased solubility due to the alkyl chain effect as found
for the C4 compound. We first tried to spin-coat these compounds
on a fluorine-doped tin oxide (FTO) substrate; however, the coating
did not remain on the film in our fabrication conditions. Therefore,
we used a TiO; film-coated FTO substrate to increase the adhesion
of the film by taking advantage of the higher roughness of the TiO,
film. To remove the photoresponse due to the TiO film, we used
a band-pass filter to filter out irradiation at wavelengths smaller
than 495 nm. Fig. 7a shows the photocurrent profiles of the C4-
coated TiO; films. The bare substrate (TiO film) did not show
a photocurrent response. Conversely, in the case of the spin-coated
C4 (saturated in CHCls, 1200 rpm, 60 s), we observed the increase
of positive photocurrent. The spin-coated film of C4y (From 40 mM
LC4 in EtOH, 1200 rpm, 60s) showed a much stronger response
than C4.
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Fig. 7. Photocurrent profiles of indigo dyes on TiO, film/FTO substrate. (a) Chopped
profile of C4 coated TiO, film on FTO. Inset: enlarged profiles at —0.25 to —0.1 V. C4 is
directly coated by C4 solution (saturated in CHCl3). C4y is coated by leuco-indigo
precursor LC4 and then converted to C4 by exposure to air. (b) and (c): Photocurrent
response of selected alkylated indigos from leuco-indigo precursors, and photocurrent
density dependence profiles of indigos between —0.28 and —0.27 V. (d) Spectral
sensitivity at 0 V (vs Ag/AgCl. 0.1 M Na,SO4, 50 mM TEOA aqueous solution (pH=10)).
300-W Xe lamp was used. Red: €7y, (from LC7 precursor) on TiO, film/FTO substrate.
Blue: TiO, film/FTO substrate. Black: Absorption spectra of C7; on TiO, film/FTO
substrate.

The absorption bands of C4 and C4; on TiO,/FTO are shown in
Fig. S5. We found the similar absorption peaks of both film at ca.
615 nm, while absorption intensity of C4y was higher than C4,
suggesting that the leuco-based film showed much better adhesion
on the TiO, film due to the higher solubility and increased com-
pound concentration in solution. However, the low solubility of C4
gives rise to poor results for the coating on the TiO,/FTO film, and
the obtained photocurrent response is therefore very weak.

We then systematically investigated the effect of alkyl chain
length on the photocurrent for the leuco-precursor compounds. We
found that the photocurrent magnitude increased when the carbon
number of the alkyl chain was increased up to 7 (CO. to C7.) and
then decreased for carbon numbers from 7 to 13 (C7p to C13y,
Fig. 7b, c and Fig. S6). The dependence of the photocurrent on the
irradiation wavelength was measured for the C7;-film that showed
the highest response (Fig. 7d). Although for wavelengths lower
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than 500 nm, the observed spectral sensitivity included the com-
ponent due to the light response from TiO; and FTO, the C7;-film
showed the spectral sensitivity corresponding to the original ab-
sorption spectra of C7 for wavelengths higher than 500 nm.

The differences in the photocurrent results were somewhat
different from the trends in the solubility of the corresponding
alkylated indigos. X-ray diffraction (XRD) patterns of the substrates
showed same peaks with similar intensities for anatase and FTO,
and no peaks corresponding to indigo structure were found (Fig. 8
and Fig. S7). This result indicates that all of indigo compounds are in
a poorly-crystalline or amorphous state. Therefore, the effect of
crystallinity for the difference of magnitudes of current density can
be neglected.

. o Cassiterite SnO
14000 - me M > 2
= Anatase TiO,
12000 -
— [ J
£ 10000 -
3J
8
= T B4
%‘ 8000 A e W
C
5 el 13,
~ 6000 4 L-Ml\.cmL
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Mcu
2000 L-‘-'\--A)\-coL
L—'V\—A.J\. Bare
0 . . . ; : . A FTO

10 20 30 40 50 60 70 80
26(deg)

Fig. 8. XRD patterning of indigo-coated TiO, film on FTO substrate. Bare: TiO, film on
FTO.

The absorption bands of indigo compounds on TiO,/FTO are
shown in Fig. 9 and Fig. S8. The peaks of the lowest energy bands in
the indigo absorption spectra first showed a red-shift from COy to
C7,, followed by a blue-shift from C7y to C13y. For COp on glass
substrate, the absorption peak was observed at 670 nm, the peak
for CO on TiO,—FTO films was much broader and was blue-shifted
to around 582 nm, suggesting a disordered structure. Conversely,
the comparison of the peaks from C1y to C7; showed that the peaks
became more well-defined and showed an absorption band at
623 nm for C7y. Although this C7; peak is also blue shifted from the

03 03
co, c7,
0.2 .g 0.2
5 <
2ot 52 0.1 623
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Fig. 9. Absorption spectra of indigo-coated TiO, films on FTO substrates.

original peak on the glass substrate, the well-defined peak shape
suggested a more ordered orientation on the TiO, film. Therefore,
the C7;-coated TiO,/FTO film showed a good photo current. Con-
versely, from C7p to C13;, the lowest energy peaks again became
broadened and blue-shifted to around 602 nm, indicating increased
disorder on the TiO, film and leading to small photocurrent values.

The mechanism of the observed photocurrent measurement is
proposed in Fig. 10. The energy of the conduction bands (CB) of TiO,
is —0.5 eV (vs NHE), and the LUMO and HOMO energy levels of the
indigos were estimated to be approximately from —0.79 to —0.85 to
+1.15 to +1.03, respectively. The energy level of TEOA is +0.80 eV.
Based on these energies, the injection of electrons to the CB of TiO;
from indigos in the excited state is the reasonable electron path-

way. Thus, oxidative photocurrent was observed during
photoirradiation.
e-
e_
o LUMO e-
-0.79~
05 -0.85
L = +0.80
<
]
+1.15~TEOA
+1.13 | /-
HOMO
Indigo
C0-C13
TiO, Pt

Fig. 10. Schematic energy diagram and energy flow.

3. Summary

A series of alkylated indigos were synthesized from 5-alkylated
indoles in the presence of Mo(CO)s. These compounds showed
similar physical properties in absorption spectra and cyclic vol-
tammetry measurements. The solubility in halogen organic sol-
vents such as 1,2-diclorobenzene was increased when the butyl
group was introduced on the 5,5’-position, with further increases
obtained when longer alkyl chain were attached. X-ray diffraction
showed that the C7 compound exhibits one dimensional mw—m
stacking array along the a-axis. Alkylated molecules were con-
verted to leuco structures, and these structures were then con-
verted to their corresponding indigos in the film state. Upon
deposition on the TiO,/FTO substrate, the films showed oxidative
photocurrents. The alkyl chains were shown to affect the magni-
tude of ordering of orientation on the TiOy/FTO substrate. C7
showed the most ordered absorption spectra; therefore, the
strongest photocurrent was achieved for this compound. Studies of
other photoelectronic devices based on the molecules were ex-
plored in this work or the studies of their modified structures are
ongoing.

4. Experimental section
4.1. General information

H and '3C NMR spectra were recorded on Bruker (ascend 400/
ascend 600 MHz) spectrometer in CDCl;. Chemical shifts are
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reported in ¢ scale downfield from the peak for tetramethylsilane.
Absorption spectra were recorded on a Shimadzu UV-3600 spec-
trophotometer and Hamamatsu photonics PMA-11. The redox po-
tentials were measured by using cyclic voltammetry on BAS
ALS1200B. All measurements were carried out in 1,2-
diclorobenzene (DCB) solutions containing 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPFg) as supporting electro-
lyte at ambient condition after purging with Ar. The conventional
three electrode configuration was employed, which consists of
a glassy carbon working electrode, a platinum counter electrode,
and a Ag/Ag" reference electrode calibrated with ferrocene/ferro-
cenium (Fc/Fc') as an external reference. Mass spectra were
recorded on a JEOL JMS-700 MStation double focusing mass spec-
trometer. XRD pattern of C0—C13/TiO,/FTO substrates were mea-
sured with Rigaku SmartLab. Chromatographic separations were
carried out by using silica gel from Kanto Kieselgel si 60
(40—63 pm). 5-methylindole (5m) was purchased from Sigma-
—Aldrich, which was used without further purification.

4.2. Conversion of indigos to leuco-indigos

For spin-coated thin-film on TiO,/FTO substrate or glass sub-
strate, 0.04 mmol of indigo, 160 mg (4 mmol) of NaOH, 35 mg
(0.2 mmol) of NayS,04 was added in ethanol (1 mL) under Ar at-
mosphere, and it was heated 70 °C until the suspended indigo was
solved and solution colour was turned from blue to pale yellow.
After conversion from leuco-indigos to indigos, it was used for
fabrication without further purifications. The conversion was con-
firmed by absorption spectra.

4.3. Fabrication of indigo-coated TiO,/FTO substrate

The FTO conducting glass (FTO glass, fluorine doped tin oxide
over-layer, transmission >90% in the visible, sheet resistance 7 Q
square 1), titania-oxide pastes of Ti-Nanoxide T/SP was purchased
from Solaronix. A thin film of TiO, (8 um) was coated on a FTO glass
substrate. The CHCI; solution of indigos were spin-coated
(1200 rpm, 60s) on the TiO,/FTO substrate through membrane fil-
ter in grove box (MBRAUN MB150B-G, >1 ppm O, and H;0). The
precursor methods, leuco-indigos that were also prepared in the
glove box, were fabricated as same manner with CHCI3 solution.
After spin-coated of leuco-indigo on substrates, there were exposed
on air (Oy) to convert indigo and washed with DI water to remove
sodium salt. The active area was controlled at a dimension of
1.5 cm?

4.4. Photocurrent measurement

Photocurrent was measured on BAS ALS1200B. All measure-
ments were carried out in DI-water solutions containing 0.1 M
Na,SO4 as supporting electrolyte and 50 mM triethanol amine for
electron donor. The aqueous solution showed 10 pH. Measure-
ments were accomplished at ambient condition. The conventional
three electrode configuration was employed, which consists of
indigo-coated TiO, film/FTO substrate as working electrode,
a platinum mesh as counter electrode, and Ag/AgCl as reference
electrode.

The photo-current properties were obtained under a 300 W Xe
lamp (ASAHI SPECTRA, MAX-303), and passed through a long-pass
filter (Edmund optics, >495 nm cut off). The spectra sensitivity was
measured with band-pass filter (ASAHI SPECTRA) and further
calibrated using a reference Si-photo diode (Hamamatsu photonics
K. K., S1337-1010BQ).

4.5. X-ray crystallographic study

Single crystals of the C7 and C8 form suitable for X-ray analysis
were obtained by recrystallization from DCB. The X-ray data were
collected on a Rigaku Saturn724 diffractometer using multi-layer
mirror monochromatic Mo Ko radiation (1=0.71075 A). The struc-
tural determination was performed using the direct method tech-
nique with SIR 2011. All calculations were performed using the
CrystalStructure crystallographic software package except for re-
finement, which was performed using SHELXL2013. All-non-
hydrogen atoms were refined with anisotropically. Crystallo-
graphic data for the structural analyses of C7 and C8 have been
deposited to the Cambridge Crystallographic Data Centre (CCDC) as
1469332 and 1469331, respectively.

4.6. Theoretical computations

Geometry optimization of C0—C13 were carried out by the DFT
method at the B3LYP/6-31G(d) level using Gaussian09 Rev. C.01
suite of programs. The frequency analyses were carried out for the
optimized structures to give no imaginary frequency.

4.7. Synthesis of dyes

4.7.1. 5-Ethyl-1H-indole (5a). To a three-necked flask containing
a mixture of methyltriphenylphosphonium bromide (2.58 g,
7.23 mmol) and THF was dropwise hexamethyldisilazane lithium
salt (7.23 mmol, 1.6 M in THF) at —10 °C. After soluble of methyl-
triphenylphosphonium bromide, the mixture was dropwise indole-
5-carboxyaldehyde (700 mg, 4.83 mmol) in THF (10 mL) at —78 °C
over 30 min. The reaction mixture was stirred at —78 °C for addi-
tional 1 h, then allowed to stirring at room temperature overnight.
The mixture was quenched with satd NH4Cl (aq), then extracted
with ethyl acetate. The organic phase was combined and washed
with brine, and dried over anhydrous MgSO4. Evaporation of the
solvent gave a crude product, which was purified by silica gel
chromatograph by EA:hexane (1:5) as eluent. The pale yellow liquid
was isolated product of 5-vinyl-1H-indole 4a (459 mg), which was
used next reaction without further purification. The mixture of 4a,
ethanol (10 mL), and 10%Pd/C (46 mg, 10wt % of vinyl indole) was
bubbled 10 min with hydrogen gas, then the mixture was stirred at
room temperature under hydrogen atmosphere (760 Torr) for 12 h.
After reaction, Pd/C was removed by filtration through Celite, then
evaporated of solvent to dryness. The product was purified by silica
gel column chromatograph by EA:hexane (1:5) as eluent. Pale-
yellow oil of 5a was obtained in 35% yield (in two steps, 242 mg,
1.67 mmol). dy (400 MHz, CDCl3) 8.05 (br s, 1H), 7.46 (s, 1H), 7.31 (d,
1H, J=8.3 Hz), 7.17 (t, 1H, J=2.8 Hz), 7.06 (dd, 1H, J=8.3, 1.4 Hz).
6.51—6.48 (m, 1H), 2.74, (dd, 2H, J=15.2, 7.6 Hz), 1.28 (t, 3H,
J=7.6 Hz), 6c (100 MHz, CDCl3) 135.8,134.2,128.1,124.2,122.6, 119.1,
110.7,102.3, 29.0, 16.5.

Compound 5b—1 were synthesized according to the similar
procedure as that of 5a.

4.7.2. 5-Propyl-1H-indole (5b). Pale yellow oil. 65% yield. oy
(400 MHz, CDCl3) 8.06 (br s, 1H), 7.44 (s, 1H), 7.32 (d, 1H, J=8.3 Hz),
717 (t, 1H, J=2.8 Hz), 7.03 (dd, 1H, J=8.3, 1.4 Hz). 6.49 (t, 1H,
J=2.0 Hz), 2.67, (t, 2H, J=7.4 Hz), 1.73—1.63 (m, 2H), 0.97 (t, 3H,
J=3.4) oc (100 MHz, CDCl3) 134.3, 134.1, 128.0, 124.1, 123.1, 119.9,
110.6, 102.3, 38.2, 25.3,13.9.

4.7.3. 5-Butyl-1H-indole (5c). Pale yellow oil. 69% yield. oy
(400 MHz, CDCl5) 8.06 (br s, 1H), 7.44 (s, 1H), 7.31 (d, 1H, J=8.3 Hz),
717 (t, 1H, J=2.8 Hz), 7.04 (dd, 1H, J=8.3, 1.4 Hz). 6.49 (t, 1H,
J=2.1 Hz), 2.70 (t, 2H, J=7.6 Hz), 1.68—1.60 (m, 2H), 1.42—1.33 (m,
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2H), 0.93 (t, 3H, J=7.3) dc (100 MHz, CDCl3) 134.3, 134.2, 128.0,
124.2,123.1, 119.8, 110.6, 102.2, 35.7, 34.5, 22.4, 14.0.

4.7.4. 5-Pentyl-1H-indole (5d). Pale yellow oil. 66% yield. iy
(400 MHz, CDCl3) 8.06 (br s, 1H), 7.44 (s, 1H), 7.31 (d, 1H, J=8.3 Hz),
718 (t, 1H, J=2.8 Hz), 7.04 (dd, 1H, ]=8.3, 1.4 Hz). 6.49 (t, 1H,
J=2.1 Hz), 2.69 (t, 2H, J=7.6 Hz), 1.70—1.62 (m, 2H), 1.36—1.31 (m,
4H), 0.89 (t, 3H, J=6.9) 6c (100 MHz, CDCl3) 134.4,134.3,128.0,124.1,
123.1,119.8, 110.6, 102.3, 36.0, 32.0, 31.6, 22.6, 14.1.

4.7.5. 5-Hexyl-1H-indole (5e). Pale yellow oil. 65% yield. iy
(400 MHz, CDCl3) 8.04 (br s, 1H), 7.44 (s, 1H), 7.30 (d, 1H, J=8.3 Hz),
717 (t,1H, J=2.8 Hz), 7.03 (dd, 1H, J=8.3, 1.6 Hz). 6.49—6.47 (m, 1H),
2.69 (t, 2H, J=7.8 Hz), 1.69—1.61 (m, 2H), 1.40—1.25 (m, 6H), 0.88 (t,
3H, J=7.0) 6c (100 MHz, CDCl3) 134.4, 134.3, 128.0, 124.2, 1231,
119.8, 110.6, 102.3, 36.1, 32.3, 31.8, 29.1, 22.7, 14.1.

4.7.6. 5-Heptyl-1H-indole (5f). Pale yellow oil. 73% vyield. dy
(600 MHz, CDCl3) 8.03 (br s, 1H), 7.43 (s, 1H), 7.29 (d, 1H, J=8.3 Hz),
7.6 (t, 1H, J=2.9 Hz), 7.03 (dd, 1H, J=8.3, 1.4 Hz). 6.49—6.47 (m, 1H),
2.69, (t, 2H, J=7.7 Hz), 1.69—1.61 (m, 2H), 1.39—1.22 (m, 8H), 0.88 (t,
3H, J=6.8) 6c (125 MHz, CDCl3) 134.4,134.3,128.1,124.3,123.1,119.8,
110.7,102.2, 36.2, 32.4, 32.0, 29.5, 29.4, 22.8, 14.2.

4.7.7. 5-Octyl-1H-indole (5g). Pale yellow oil. 53% yield. dy
(400 MHz, CDCl3) 8.06 (br s, 1H), 7.43 (s, 1H), 7.30 (d, 1H, J=8.3 Hz),
717 (t,1H, J=2.8 Hz), 7.03 (dd, 1H, J=8.3, 1.5 Hz). 6.50—6.47 (m, 1H),
2.69, (t, 2H, J=7.6 Hz), 1.69—1.60 (m, 2H), 1.40—1.21 (m, 10H), 0.88 (t,
3H, J=7.0) 6c (100 MHz, CDCl3) 134.4,134.3,128.1,124.1,123.1,119.8,
110.6, 102.3, 36.1, 32.3, 31.9, 29.6, 29.4, 29.3, 22.7, 14.1.

4.7.8. 5-Nonyl-1H-indole (5h). Pale yellow solid. 48% yield. Mp:
41—42 °C. 0y (400 MHz, CDCl3) 8.02 (br s, 1H), 7.43 (s, 1H), 7.29
(d, 1H, J=8.3 Hz), 7.16 (t, 1H, J=2.5 Hz), 7.03 (d, 1H, J=8.3 Hz). 6.48
(s, 1H), 2.69, (t, 2H, J=7.6 Hz), 1.69—1.60 (m, 2H), 1.40—1.20 (m,
12H), 0.87 (t, 3H, J=7.9) dc (100 MHz, CDCl3) 134.41, 134.4, 128.1,
124.1, 1231, 119.8, 110.6, 102.3, 36.1, 32.3, 31.9, 29.6, 29.4, 29.3,
22.7,14.1.

4.7.9. 5-Decyl-1H-indole (5i). Pale yellow solid. 89% yield. Mp:
298—299 °C. 64 (400 MHz, CDCl3) 8.03 (br's, 1H), 7.43 (s, 1H), 7.30 (d,
1H, J=8.2 Hz), 7.16 (s, 1H), 7.03 (d, 1H, J=8.3 Hz). 6.48 (s, 1H), 2.70, (t,
2H, J=7.6 Hz), 1.69—1.60 (m, 2H), 1.41-1.18 (m, 14H), 0.87 (t, 3H,
J=6.2) ic (100 MHz, CDCl3) 134.42, 134.4, 128.1, 124.1, 123.1, 119.8,
110.6, 102.3, 36.1, 32.3, 31.9, 29.7, 29.6, 29.4, 29.3, 22.7, 14.1.

4.7.10. 5-Undecyl-1H-indole (5j). Pale yellow solid. 55% yield. Mp:
53—54 °C. 6 (400 MHz, CDCl3) 8.02 (br s, 1H), 7.43 (s, 1H), 7.29 (d,
1H, J=8.3 Hz), 7.16 (t, 1H, J=2.6 Hz), 7.03 (d, 1H, J=8.3 Hz). 6.48 (s,
1H), 2.69, (t, 2H, J=7.6 Hz), 1.69—1.60 (m, 2H), 1.41—1.18 (m, 16H),
0.87 (t, 3H, J=6.4) 6c (100 MHz, CDCl3) 134.4, 134.3, 128.1, 12411,
123.1,119.8,110.6, 102.3, 36.1, 32.3, 31.9, 29.7, 29.63, 29.6, 29.4, 29.3,
22.7,14.1.

4.7.11. 5-Dodecyl-1H-indole (5k). Pale yellow solid. 72% yield. Mp:
48—50 °C. 6y (400 MHz, CDCl3) 8.03 (br s, 1H), 7.43 (s, 1H), 7.29 (d,
1H, J=8.3 Hz), 7.16 (t, 1H, J=2.6 Hz), 7.03 (d, 1H, J=8.3 Hz). 6.48 (s,
1H), 2.69, (t, 2H, J=7.6 Hz), 1.69—1.60 (m, 2H), 1.41-1.17 (m, 18H),
0.88 (t, 3H, J=6.4) d6c (100 MHz, CDCl3) 134.4, 134.3, 128.1, 1241,
123.1,119.8,110.6,102.3, 36.1, 32.3, 31.9, 29.7, 29.63, 29.6, 29.4, 29.3,
22.7,14.1.

4.7.12. 5-Tridecyl-1H-indole (51). Pale yellow solid. 57% yield. Mp:
63—64 °C. oy (400 MHz, CDCl3) 8.03 (br s, 1H), 7.43 (s, 1H), 7.30 (d,
1H, J=8.3 Hz), 717 (t, 1H, J=2.5 Hz), 7.03 (d, 1H, J=8.3 Hz). 6.49 (s,
1H), 2.69, (t, 2H, J=7.6 Hz), 1.69—1.60 (m, 2H), 1.41—-1.17 (m, 20H),

0.88 (t, 3H, J=6.5) dc (100 MHz, CDCl3) 134.4, 134.3, 128.1, 1241,
123.1, 119.8, 110.6, 102.3, 36.1, 32.33, 32.3, 31.9, 29.7, 29.66, 29.62,
2942, 294, 29.3, 22.3, 1414, 14.1.

4.7.13. 5,5'-Dimethyl indigo (C1). A mixture of 5-methylindole 5m
(165 mg, 1.26 mmol), tBuOH (500 mg), Cumene hydroperoxide (80%
grade, 120 mg), acetic acid (2 mg), and Mo(CO)s (0.2 mg) was
heated to reflux for 30 min. During reaction at reflux temperature,
the pale yellow reaction mixture of color was changed to red-green,
dark red, then precipitated blue solids. After cooling, the suspended
reaction mixture was filtered and successively washed with EtOH,
hexane, and CH,Cl,. Blue solid was obtained in 57% yield (103 mg,
0.36 mmol), mp: >300 °C. UV/Vis: Amax (1,2-DCB), 615 nm (logg,
4.23). 6y (600 MHz, CDCl3) 8.80 (s, 2H, J=8.4 Hz), 7.53 (s, 2H), 7.31
(d, 2H, J=8.4 Hz), 6.94 (d, 2H, J=8.6 Hz), 2.35 (s, 6H). HRMS (FAB,
[M4+H]+): caled for CigHi5N20,: 291.1134, found 291.1169. IR
(KBr):v(NH) 3295 cm™!, v(CH) 3027, 2915, 2858 cm !, v(C=0)
1633, 1620, 1587 cm ™.

Compound C2—C13 were synthesized according to the similar
procedure as that of C1.

4.7.14. 5,5-Diethyl indigo (C2). Blue solid. 48% yield. Mp: >300 °C.
UV/Vis: Amax (1,2-DCB), 615 nm (loge, 4.25). 6y (400 MHz, CDCl3)
8.82 (s, 2H), 7.56 (s, 2H), 7.34 (d, 2H, J=8.7 Hz), 6.97 (d, 2H,
J=81Hz), 2.65 (dd, 4H, J=14.5, 7.5 Hz), 1.25 (t, 6H, J=7.5 Hz). HRMS
(FAB, [M]+): caled for CogH1gN205: 318.1368, found 318.1371. lit*4,
Mp: 373—374 °C (chlorobenzene), UV/Vis: Amax 610—612 nm (KBr,
nb.). IR (KBr): v(NH) 3306 cm! v(CH) 3018, 2960, 2932,
2871 cm™!, v(C=0) 1634, 1620, 1588 cm~ .

4.7.15. 5,5-Dipropyl indigo (C3). Blue solid. 33% yield. Mp:
>300 °C. UV/|Vis: Amax (DCB), 615 nm (loge, 4.27). oy (400 MHz,
CDCl3) 8.82 (s, 2H), 7.54 (s, 2H), 7.31 (dd, 2H, J=8.2, 1.4 Hz), 6.96 (d,
2H, J=8.2 Hz), 2.59 (t, 4H, J=7.4 Hz), 1.71-1.58 (m, 4H), 0.94 (t, 6H,
J=74 Hz). ic (100 MHz, CDCl3) 188.9, 150.4, 136.8, 135.4, 123.6,
121.9, 120.2, 111.9, 37.3, 24.6, 13.6. HRMS (FAB, [M]+): calcd for
Co2H22N,0,: 346.1681, found 346.1682.

IR (KBr): v(NH) 3297 cm™, v(CH) 3017, 2956, 2927, 2863 cm™ !,
v(C=0) 1632, 1618, 1588 cm ™.

4.7.16. 5,5'-Dibuthyl indigo (C4). Blue solid. 31% yield. Mp: >300 °C
UV/Vis: Amax (DCB), 616 nm (loge, 4.28). 6y (400 MHz, CDCl3) 8.82 (s,
2H), 7.54 (s, 2H), 7.32 (dd, 2H, J=6.8, 1.5 Hz), 6.96 (d, 2H, J=8.2 Hz),
2.61 (t, 4H, J=7.5 Hz), 1.67—1.55 (m, 4H), 1.40—1.31 (m, 4H), 0.93 (t,
6H, J=7.3 Hz). c (100 MHz, CDCl3) 188.9, 150.3, 136.7, 135.6, 123.6,
121.9,120.2,111.9, 34.9, 33.7, 22.1,13.9. HRMS (FAB, [M]+): calcd for
C24H26N205: 3741194, found 374.1193. lit**. Mp: 322—324 °C
(benzene), UV/Vis: Anmax 615 nm (benzene, 4.32). IR (KBr): v(NH)
3372 cm™, v(CH) 2955, 2926, 2868, 2853 cm ', v(C=0) 1630,
1588 cm™ .

4.7.17. 5,5'-Dipenthyl indigo (C5). Blue solid. 32% yield. Mp:
>300 °C. UV/Vis: Amax (DCB), 617 nm (loge, 4.29). 6y (400 MHz,
CDCl5) 8.82 (s, 2H), 7.54 (s, 2H), 7.32 (dd, 2H, J=6.8, 1.5 Hz), 6.96 (d,
2H, J=8 1.2 Hz), 2.60 (t, 4H, J=7.6 Hz), 1.67—1.55 (m, 4H), 1.37—1.25
(m, 8H), 0.89 (t, 6H, J=6.8 Hz). c (100 MHz, CDCl3) 188.9, 150.3,
136.7, 135.7, 123.6, 121.9, 120.2, 111.9, 35.2, 31.3, 31.2, 22.5, 14.0.
HRMS (FAB, [M]+): caled for CysH3zgN20,: 402.2307, found
402.2305. lit*. Mp: 314 °C (benzene), UV/Vis: Amax 619 nm (CHCl3,
428) IR (KBr): v(NH) 3370 cm™!, v(CH) 2956, 2924, 2864,
2854 cm™!, v(C=0) 1630, 1616, 1587 cm ™.

4.7.18. 5,5'-Dihexyl indigo (C6). Blue solid. 42% yield. Mp: >300 °C.
UV/Vis: Amax (DCB), 617 nm (loge, 4.30). oy (400 MHz, CDCl3) oy
(400 MHz, CDCl3) 8.82 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H, J=8.8 Hz),
6.96 (d, 2H, J=8.6 Hz), 2.60 (t, 4H, J=8.1 Hz), 1.67—1.55 (m, 4H),
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1.36—1.25 (m, 12H), 0.88 (t, 6H, J=6.5 Hz). HRMS (FAB, [M]+):
calcd for CogH34N20,: 430.2620, found 430.2602. IR (KBr): v(NH)
3371 cm™!, v(CH) 2953, 2919, 2848 cm !, v(C=0) 1638,
1584 cm~ .

4.7.19. 5,5'-Diheptyl indigo (C7). Blue solid. 41% yield. Mp: >300 °C.
UV/Vis: Amax (DCB), 617 nm (loge, 4.27). oy (400 MHz, CDCl3) oy
(400 MHz, CDCl5) 8.82 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H, J=8.0 Hz),
6.96 (d, 2H, J=8.1 Hz), 2.60 (t, 4H, J=7.9 Hz), 1.67—1.55 (m, 4H),
1.35—1.24 (m, 16H), 0.88 (t, 6H, J=6.9 Hz). HRMS (FAB, [M]+): calcd
for C3oH3gN20,: 4582933, found 458.2934. IR (KBr): v(NH)
3375 cm™ !, v(CH) 2955, 2924, 2869, 2854 cm™!, v(C=0) 1628,
1584 cm ™.,

4.7.20. 5,5'-Dioctyl indigo (C8). Blue solid. 42% yield. Mp: >300 °C.
UV/Vis: Amax (DCB), 617 nm (loge, 4.26). oy (400 MHz, CDCl3) oy
(400 MHz, CDCl3) 8.81 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H, J=9.5 Hz),
6.96 (d, 2H, [=8.2 Hz), 2.60 (t, 4H, [=7.4 Hz), 1.67—1.55 (m, 4H),
1.35—1.24 (m, 20H), 0.88 (t, 6H, J=6.4 Hz). HRMS (FAB, [M]+): calcd
for C33H4oN20;: 486.3246, found 486.3244. lit>*. Mp: 284—285 °C
(benzene), UV/Vis: Amax 605 nm (KBr, n.b.) IR (KBr): v(NH)
3375 cm™!, v(CH) 2954, 2924, 2850 cm~!, v(C=0) 1630, 1614,
1586 cm ™.

4.7.21. 5,5-Dinonyl indigo (C9). Blue solid. 37% yield. Mp:
298—299 °C. UV/Vis: Amax (DCB), 617 nm (loge, 4.26). dy (400 MHz,
CDCl3) 0y (400 MHz, CDCl3) 8.81 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H,
J=8.2Hz),6.96 (d, 2H, J=9.3 Hz), 2.60 (t, 4H, J=7.5 Hz), 1.65—1.55 (m,
4H), 1.36—1.20 (m, 24H), 0.88 (t, 6H, J=6.6 Hz). HRMS (FAB, [M]+):
calcd for C34HggN205: 514.3599 found 514.3525. IR (KBr): v(NH)
3375 cm~!, v(CH) 2956, 2924, 2852 cm™!, v(C=0) 1631, 1613,
1585 cm L

4.7.22. 5,5-Didecyl indigo (C10). Blue solid. 42% yield. Mp:
288—-289 °C. UV/Vis: Amax (DCB), 617 nm (loge, 4.27). 6y (400 MHz,
CDCl3) 8.83 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H, J=8.1 Hz), 6.96 (d, 2H,
J=8.2 Hz), 2.60 (t, 4H, J=7.3 Hz), 1.77—1.57 (m, 4H), 1.35—-1.24 (m,
28H), 0.88 (t, 6H, J=6.6 Hz). HRMS (FAB, [M]+): calcd for
C36H50N205: 542.3872 found 542.3871. IR (KBr): v(NH) 3378 cm ™,
V(CH) 2956, 2917, 2847 cm™ !, v(C=0) 1631, 1613, 1587 cm™ .

4.7.23. 5,5-Diundecyl indigo (C11). Blue solid. 39% yield. Mp:
285—286 °C. UV/Vis: Amax (DCB), 617 nm (loge, 4.26). oy (400 MHz,
CDCl3) 8.81 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H, J=8.6 Hz), 6.96 (d, 2H,
J=8.2 Hz), 2.60 (t, 4H, J=7.4 Hz), 1.65—1.56 (m, 4H), 1.37—1.20 (m,
32H), 0.88 (t, 6H, J=6.3 Hz). HRMS (FAB, [M]+): calcd for
C3gH54N205: 570.4185 found 570.4187. IR (KBr): v(NH) 3382 cm ™,
v(CH) 2956, 2917, 2848 cm™ !, v(C=0) 1630, 1612, 1585 cm™ ",

4.7.24. 5,5'-Didodecyl indigo (C12). Blue solid. 40% yield. UV/Vis:
Amax (DCB), 617 nm (loge, 4.27). Mp: 274—275 °C éy (400 MHz,
CDCl3) 8.83 (s, 2H), 7.54 (s, 2H), 7.31 (d, 2H, J=8.9, 2.2 Hz), 6.96 (d,
2H, J=8.0 Hz), 2.60 (t, 4H, J=7.8 Hz), 1.68—1.49 (m, 4H), 1.35—1.24
(m, 36H), 0.88 (t, 6H, J=6.7 Hz). HRMS (FAB, [M]+): calcd for
C40H58N202: 598.4498 found 598.4499. IR (KBI‘)Z V(NH)
3380 cm™!, v(CH) 2956, 2917, 2848 cm™!, v(C=0) 1630, 1614,
1589 cm ™.

4.7.25. 5,5-Ditridecyl indigo (C13). Blue solid. 39% yield. Mp: 264,
265 °C. UV/Vis: Amax (DCB), 617 nm (loge, 4.26). oy (600 MHz, CDCl3)
8.83 (s, 2H), 7.56 (s, 2H), 7.34 (d, 2H, J=9.5 Hz), 6.98 (d, 2H,
J=8.2 Hz), 2.62 (t, 4H, J=8.0 Hz), 1.67—1.57 (m, 4H), 1.38—1.22 (m,
40H), 0.90 (t, 6H, J=6.8 Hz). HRMS (FAB, [M]+): calcd for

Ca2Hs2N705: 626.4811 found 626.4820. IR (KBr): v(NH) 3380 cm ™,
v(CH) 2955, 2917, 2846 cm™ !, v(C=0) 1629, 1612, 1585 cm ™.
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