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The Bisindolylmaleimides With Anti-Parallel Conformation by N-Dodecyl
Chains on Indole Rings:Thermal Property and Intensive Solid-State
Fluorescence in Single Crystal
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N-Dodecyl chains were located in the indole rings of BIMs to adopt anti-parallel
conformation, and intensive red emission was observed in the single crystal.
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Red emitting materials containing D(donor)-A(acceptor)
system with “pyramid-mimetic” structure often gave
intensive red fluorescence in the solid state. However, there’s
no guiding approach to fix such conformation of
bisindolylmaleimides (BIMs) in solid state. In this paper, the
location of N-dodecyl chains on indole rings of BIMs was
found to have the “pyramid-mimetic” structure and thus gave

intensive solid-state red fluorescence in the single crystal.

It’s extremely significant to develop solid-state luminescence
organic materials owing to their potential applications such as
organic light emitting diodes (OLEDs)' and lasers®. Non-planar
red emitting materials such as N-methyl-bis(4-(N-(1-naphthyl)-
N-phenylamino)phenyl)maleimide (NPAMLMe)?, 2,3-dicyano-
5,6-(4"-diphenylamino-biphenyl-4-yl)-pyrazine ~ (CAPP)*  and
bisindolylmaleimides (BIMs)® are promising candidates for
emitting host non-doped OLEDs, since they have “pyramid-
mimetic” structure to keep molecules enlarged enough to emit red
light, and high emissions was kept in solid state simultaneously.
Among them, BIMs are derivatives of arcyriarubins A (1)6‘8, a
red pigment which was produced by the slime molds Arcyria
denudate. Since arcyriarubin A (Figure 1) was isolated by
Steglich’, BIMs such as GF109203X'® and LY333531'" !? have
attracted much attention from pharmaceutical area owing to their
biological interests.
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Figure 1 N-alkylated bisindolylmaleimides. For simplicity, the
nitrogen in maleimide ring is named as N, the other two nitrogens
in indole rings are marked as N2 and N3 respectively.

Besides, BIMs are very important in fluorescent materials
development since they have D-A conjugation between indole
and maleimide, as well as non-coplanarity owing to repulsion of
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vicinal indole rings™ *"'®. For instance, BIMs 2 was developed by
Chow group'” as red electroluminescence materials, the BIMs 3
and 4 have been made by Tian group'® as non-doped red organic
light-emitting materials. Interestingly, 2 and 3 showed parallel
conformation for the two indole rings in solid state, but 4 showed
anti-parallel conformation. It’s pointed out that anti-parallel
conformation (or “pyramid-mimetic” structure’) -the maleimide
in the peak of the tower, the two indole rings as side faces and
two benzyl rings as underside, which could inhibit close stacking
and keep intensive solid-state luminescence. However, it is
challenging to always keep the conformation as “pyramid-
mimetic” structure, since there still lack well-established
guidance approaches. In the case of 2-4, the bulkyl substituents
were put at C(2) and C(2”’) positions of BIMs to keep the non-
planar conformation and thus easy formation of amorphous glass
in the solid state. We wonder if the introduction of long alkyl
chain could tune the conformation of BIMs and their
photophysical properties in the solid state through self-
organization of alkyl chains'. In fact, the alkane chain effect’**
has been widely used to tune the fluorescence, solubility, thermal
property and so on.

In the present work, we report the BIMs with anti-parallel
conformation by the aid of the location of N-dodecyl chains on
indole rings. The specific conformation of molecules will
influence the thermal properties and solid-state fluorescence,
especially in single crystal.

Compounds 5-8 were synthesized and characterized by us
recently”?, compound 9 was synthesized in DMF by using NaH as
base (see Electronic Supplementary Information). Compounds 5-
9 showed good thermal stability with a weight loss of 5% over
360 (Figure S1 and Table S1, ESI) as estimated by
thermogravimetric Analysis (TGA) measurements. Generally, the
thermal stability of BIMs increased with the introduction of
dodecyl chain, i.e., 361 (I for 6 , 38107 for 5, 384 [J for 7, 407 [J
for 8 and 403 [0 for 9. It can be seen that, the symmetry of the
molecule affected the thermal stability very much. For example,
the symmetric 5 with N-momododecyl chain was 20 [ more
thermal stable than the asymmetric 6, and the symmetric 8 with
N-didodecyl chain was 23 [J more thermal stable than
asymmetric 7.

The above compounds were also studied by differential scanning
calorimetry (DSC) (Figure 2). The sample was heated at 20
°C/min during the first scan, then cooled at the same rate
followed by repeating once. From the first heating, the melting
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around 360-370 nm in the UV region. It might be caused by the
3s charge transfer (CT) transitions involving both indole and
maleimide moieties® 2. The molar absorptivity of 1 and 5-9 are
similar (loge = 3.95-4.15), with the maximum absorption band of
448-464 nm. Compared to 1, introduction of dodecyl chain
showed a red shift both for maximum absorption, though in

points of 6, 7, 8 and 9 were measured to be 130 (1, 73 11, 95 [J
and 65 [J respectively. The introduction of flexible dodecyl chain
generally decreased the melting points of the resulting materials,
with 8 as an exception. It is believed to be its ordered
organization by the aid of intermolecular H-bonding (Figure 6).

w

—9 40 different extent (Table 1). 7 showed the biggest shift of 16 nm for
- 3 maximum absorption.
t Tg-39°C —5 Table 1 UV-Vis and Fluorescence of compounds1 and 5-9
—6
° Compd® Absoption Fluorescence Stokes shift Life time
5 P hmax /M (1088) A max” /nm (@FY%)  A° (nm) T (ns)"
’ 1 THF 448 (4.08) 555 (62.7) 107 10.56
Film® 483 693(0.9) 210 0.3189
£ Teds°C 5 THF 461 (3.99) 565 (54.4) 104 12.11
= t Film® 477 648 (1.2) 171 0.5200
3 ; 6 THF 453 (4.02) 560 (56.7) 107 11.73
= Tg547°C | Film* 483 644 (0.9) 161 0.5476
7 THF 464 (3.95) 568 (53.2) 104 11.81
_5'0 (') 5'0 1(')0 130 Film* 486 629 (2.2) 143 4.59
Temperature / °C 8 THE 459 (4.04) 564 (70.2) 105 12.52
Film 481 622 (24.3) 141 3.66
Figure 2 DSC plots of compounds 5-9 upon second heating after 9 THF 458 (4.15) 562 (63.7) 104 11.74
slow cooling Film* 475 608 (7.6) 137 1.45

“Photophysical properties in THF were recorded at room temperature (¢ =
6.0x10”° M). *Only the longest absorption maxima are shown. °Exited at the longest
absorption maxima for solution, and 460 nm for solid sample. “Absolute fluorescence
quantum yield, measured using a Hamamatsu Photonics Quantaurus QY. “Drop-
casting film prepared from a THF solution. ‘The fluorescence life time © was
measured using a 440 nm picoseconds pulse diode laser and the value given in

The second scan on 8 gave slow endothermic hump at -5 °C and
10 sharp endothermic peak at 95 °C, which corresponds to glass
transition temperature (Tg) and melting temperature (Tm)
respectively (Fig 2). Compared with similar BIMs with two

melting points®* such as 2 (Figure 1), compound 8 showed only
one Tm, this should be indicative of only one conformation
instead of two in 8, i.e., anti-parallel conformation. The second
scans of DSC on compounds 5, 6, 7 and 9 exhibited no Tm, only
Tg at 46, 54, -3 and -39 °C respectively (Table S1, ESI). The
existence of Tg indicated the formation of amorphous species,
which can not give crystalline or hemicrystaline during cooling.
The exception of 8 among other BIMs to give Tm may be caused
by its high symmetry in the molecule and intermolecular H-
bonding interaction as showed in its single crystal structure
(Figure 5). With the increase of flexible dodecyl chain in the
molecules, the glass transition temperature went down from 54 °C
s to -39 °C, owing to the motility’s increase of the resulting
materials.
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Figure 3 Normalized UV—Vis absorption and Fluorescence spectra of
30 compound 1 and 5-9 in THF (6x10°M)

Absorption and emission spectra of 1 and 5-9 in THF were shown
in Figure 3 and Table 1. Two major absorption bands were
observed, one in the visible region around 453-464 nm and one

nanoseconds (ns).

In the fluorescent spectra, all the samples in THF were irradiated
at the longest absorption maxima, an emission at region around
45 562-568 nm were observed. The absolute quantum yield of 54-70%
(Table 1) was estimated for compounds 5-9, and 8 had the highest
quantum yield of 70%. The Images of the above compounds in
THF solution under 365 nm UV light was shown in Figure S2
(ESI). The similar quantum yields of 1 and 5-9 could be the result
of equilibration of parallel and anti-parallel conformation in
diluted solution. The solvent effects on these compounds were
conducted by UV-Vis and fluorescent spectra on 8 and 9. The
absorption spectra of 8 show slight red shift (Ama) with the
increase of solvents’ polarity, with similar molar absorptivity
(Figure S4 and Table S2 in ESI). The photoluminescent spectra of
8 also show red shift (Amax) With the increase of solvents’ polarity,
but the intensity decreased with the increase of polarity of
solvents (Figure S5 and Table S2 in ESI). Similar changes were
seen in compound 9 towards different solvents (Figure S6, S7 and
e Table S3 in ESI). BIMs 8 and 9 have rather high emissions in
nonpolar solvents, and lower emissions in polar solvents such as
DMF and acetonitrile, only in ethanol, the emission of BIM is
strongly quenched. The photographs of 8 and 9 in different
solvents were shown in Figure S8 (ESI). The relative lower
s emissions of BIMs in polar protic solvents indicate strong solute-
solvent interaction that also affect the energy level of the emitting
state.
Although 1 and 5-9 showed good red fluorescence in THF
solution, they had much lower quantum yields in the film (Table
70 1). Their images under 365 nm UV light were shown in Figure S3.
However, compared with the quantum yield as low as 0.9-2.2%
for 5-7, 8 and 9 remained quantum yield as high as 24% and 7%
respectively. In the normalized UV-Vis absorption of samples in
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film (Figure 4), very similar maximum absorption at ca. 480 nm
was see. While the max emission wavelength of film samples
moved to short wavelength with the introduction of N-dodecyl
chain. The arcyriarubin A (1) gave fluorescence at 677 nm, N-

s monodocecyl product of 5 and 6 gave 649 and 645 nm
respectively, N,N-didocecyl products of 7 and 8 gave 629 and
625 nm, and tridodecyl product of 9 gave 608 nm (Table 1).
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Figure 4 Normalized UV—Vis absorption and Fluorescence spectra of
10 compounds 1 and 5-9 in film (exited at 460 nm)

The Fluorescent life time of materials is an important parameter
and has been utilized to new applications”’. All the samples was
measured and listed in Table 1. The life time of all the samples in
THF was in the range of 10-13 ns, while 0.3-4.6 ns for the
15 samples in film. And the solvents did not influence the life time
so much in the case of compound 8 (see Figure S13and Table S4
in ESI).
It is known that aggregation patterns as well as morphology of
dye molecules can govern their photophysical properties in the
20 solid state. Encouraged by the fluorescence of 8 and 9 based on
the film sample, we further investigated their crystal structures
and solid-state fluorescence in more details. The single crystals of
8 and 9 were obtained by slow evaporation of petroleum ether
and ethyl acetate, which were suitable for X-ray diffraction
»s measurement. The crystal data were shown in Table 2.

Table 2 Crystal data collection for 8 and 9

Parameters Compound 8 Compound 9
CCDC deposit 1003005 1404958
number

Empirical formula ~ CyHg N0, Cs6H79N50,
Formula weight 663.96 832.29
Temperature/K 102.3 113

Crystal system triclinic triclinic

Space group P-1 P-1

alA 11.2782(9) 11.246(2)

b/A 11.2830(9) 12.502(3)

c/A 15.7258(13) 18.736(4)

a/° 88.215(7) 83.75(3)

pre 79.997(7) 74.78(3)

v/° 83.701(7) 85.12(3)
Volume/A® 1958.7(3) 2522.3(9)

V4 2 2

Peatcg/cm’ 1.126 1.088
Radiation Mo Ka (A=0.7107) Mo Ka (A=0.7107)

Compound 8 crystallizes in a triclinic P-1 space group. Its
crystal structure determination revealed that the two indole rings
are not coplanar with the ring of maleimide. This results from the

30 steric hindrance between the indole rings, which are twisted with

respect to the maleimide ring (Fig. 5a), as already observed in
other BIMs compounds®* %, Interestingly, the two indole rings
adopt an anti-parallel conformation, and the two dodecyl chains
oriented away from the BIMs core. In the solid state of 8,

35 molecules are connected by pairs of N-H:+-O=C hydrogen bonds
to form inversion dimers (Fig. 5b), which generated R%(8)
rings”. Although H-bond mediated R%(8) rings are very popular
for carboxylic acid®, it is rare for imides’' or maleimides®,
especially for BIMs. The intermolecular H-bonding made 8 pack

40 in the solid state to have head-to-head connection via imide, and
the two indoles rings and dodecyl chains self-organized together
in a back-to-back fashion via intermolecular interaction (Figure
6a). The detailed n—n interaction inside the two indole rings is
shown in Figure 6b.

45

Figure 5 (a) The X-Ray determined molecule structures of 8. The
sketch righ to diagram depict the molecular structures. The

so arrows in the right sketches indicate the direction from the
benzene ring to pyrrole in indole substituent. (b) The R%(8)
inversion dimer through H-bond in 8.

Inside the 8-membered ring, H1 to O1 distance amounts 2.017(1)
A, NI to Ol distances 2.847 A. The bond angle of O-*H-N
ss amounts 161.8°, which is close to the ideal 180°. In addition,
molecule 8 could also pack into a herringbone-like structure with
the alternating left-handed and right-handed configuration
molecules by C-H...n interaction (Fig. 6b).

(a) ':_ (b)

N1

60
Figure 6 Crystal packing patterns of 8. (a) The a-axis view of
crystal packing of 8. (b) The detailed packing structure of 8, N-
dodecyl groups were removed for clarity of BIMs core.

The dihedral angle of N2-indole ring and N3-indole ring amounts
65 52.37°. The neighbouring N2-indole rings are anti-parallel to each

This journal is © The Royal Society of Chemistry [year]
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other, the centroid-to-plane distance of one N2-indole ring with
the neighbouring two N2-indole rings are measured to be 3.595 A
and 3.232 A. However, these interactions can be deemed poor
n—m interaction because of the centroid distance and sliding angle
s were 5.463 A and 41.2°. Similarly, the neighbouring N3-indole
rings are also anti-parallel to each other, with centroid-to-plane
distance of 3.385 A, and the centroid distance and sliding angle
of 5.688 A and 38.3 ° respectively. These values are too large to
form strong n—7 interaction®, and may be related to the quantum
10 yield of 44.7% in the solid state (Table 3).
Compound 9 crystallizes in a triclinic P-1 space group too, the
non-planarity and anti-parallel conformation of two indole rings
was seen clearly in its crystal structure (Figure 7).

1s Figure 7 The X-Ray determined molecule structures of 9. The
sketch righ to diagram depict the molecular structures. The
arrows in the right sketches indicate the direction from the
benzene ring to pyrrole in indole substituent.

The dihedral angles between two indole rings of 9 amounts 50.8 °

20 which is supersimilar to 8. Instead of the intermolecular H-
bonding in 8, the maleimide rings adopt a weak anti-parallel
intermolecular interaction, giving centroid-to-plane distance of
3.31 A, and plane centroid-plane centroid distance of 3.73 A.

Figure 8 Crystal packing patterns of 9. (a) The b-axis view of
crystal packing of 9. (b) The detailed packing structure of 9, N-
dodecyl groups were removed for clarity of BIMs core.

The neighbouring N2-indole rings are anti-parallel to each other,

30 the centroid-to-plane distance of one N2-indole ring with the
neighboring N2-indole ring amounts to be 3.39 A, and plane
centroid-plane centroid distance of 4.03 A. The corresponding
value for N3-indole rings is 3.41 A and 4.83 A. Clearly, these
values are too large to form strong n—7 interaction®, and may be

ss related to the quantum yield of 67.3% in the solid state. The
higher quantum yield of 9 than 8 is believed to be the looser
stacking of molecules and thus weaker intermolecular interaction,
which reduce the fluorescence quenching in more extent.

Compared with the highly ordered packing in single crystals, the

40 regularity of microcrystal powder and film samples decrease,

which should reduce the emission efficiency in the solid state.
Indeed, the photographs of three different samples were recorded
by a microscope (Figure 9). Red column crystals were observed
in the single crystal of 8. While in the powder sample of 8, the

45 irregular small crystals could still be seen, and red lotus leaf-like

film was shown in the drop-casting sample. In the single crystal
of 9, the more regular but smaller rod-like crystal was seen than
that of 8. In the powder sample of 9, less and irregular crytals
were seen compared to that of 8. In the drop-casting film, the

so fiber-like film was observed.

Figure 9 Microscopic photographs of 8-single crystal, 8-powder,
8-film (up) and 9-single crystal, 9-powder and 9-film (down).

The absolute quantum yields of the samples were measured and

ss shown in Table 3. For compound 8, since the intermolecular H-

bonding will aid the crystallization, hence the differences
between three samples became very small, 26.4% for film sample,
43.1% for powder sample, and 44.7% for single crystal sample.
That may imply the ordered packing will contribute to the

s emissions in the solid state. As far as 9 is concerned, it is not as

casy as 8 to crystallize, which can be observed during DSC
measurement. The big differences was seen among film sample,
powder sample and single crystal sample, i.e., absolute quantum
yield of 8.1%, 14.2% and 67.3% respectively.

s Table 3 The solid-state fluorescence of 8 and 9 in different forms

Sample Amaxém (nm) @'/%
8-crystal 641 44.7
8-powder 637 43.1
8-film 622 26.4
9-crystal 615 67.3
9-powder 610 14.2
9-film 608 8.1

dAbsolute fluorescence quantum yield, measured using a Hamamatsu
Photonics Quantaurus QY

In conclusion, the N-dodecyl chain was introduced to locate in
the indole rings to adopt anti-parallel conformation of BIMs in
the solid state, which in turn adjust the corresponding thermal
behaviour and solid-state fluorescence. Although all BIMs were

70 found to have intensive fluorescence in solution, only 8 and 9

were found to be fluorescence active in film, owing to the anti-
parallel conformation of two indole rings to inhibit close stacking.
The more orderly stacked single crystal of 8 and 9 showed solid-
state fluorescence as high as 43% and 67% respectively. The

ss small difference of solid-state fluorescence among film, powder

and single crystal sample of 8 could be caused by the easy
crystallization of 8 owing to the intermolecular hydrogen bond
mediated R%(8) inversion dimer, which also explained the

4 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]



o

o

20

2

o

30

RSC Advances

melting point of 95 °C upon second heating in DSC measurement.
The more detailed investigation on the single crystals of BIMs is
ongoing in our lab, which will be reported in the due course.
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