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Abstract: Isomers provide more possibilities for the structure of organic compounds. Molecular
structures determine their corresponding properties, therefore the intrinsic relationship between
structure and properties of isomers is of great research value. Isomers with a stable structure and
excellent performance possess more potential for development and application. In this paper, we
design and synthesize structural isomers with different molecular symmetries based on the asymmetric
structure of imidazole and the symmetrical structure of pyrene. Isomers with stable molecular
structures can be obtained by a simple and efficient “one-pot” reaction, involving axisymmetric
configuration and centrosymmetric configuration. Using this “click-like” reaction, the structure of
target molecules is controllable and adjustable. Furthermore, the effect of molecular configurations
on molecular stacking of crystal is studied. The variation of the optical and thermal properties, the
optimized structures, and orbital distributions of isomers depends on different molecular geometry
with different symmetry, which are revealed by crystallographic analysis. This present strategy
provides an efficient synthetic method for the design and synthesis of structural isomers based
on pyrene-imidazole.

Keywords: one-pot reaction; pyrene-imidazole; structural isomer; molecular symmetry; crystal
structure

1. Introduction

Isomers are one of the major research topics in chemistry and materials. In the field of medicinal
and material science, the pharmacological properties and the macroscopic properties of isomers may
be different or even dramatically distinctive [1-4]. In the field of organic optoelectronics, isomers
have also drawn a lot of attention in recent years [5]. Structural isomers, for instance, which possess
the same bonding mode but hold different geometric positions of related atoms in space, may not
keep similar properties necessarily, even though they have the same functional groups; therefore,
these valuable isomers can be provided as model compounds to research the relationship between
structure and properties [6,7]. Besides, structures of structural isomers are stabilized through chemical
bonds where photochemical or thermochemical isomerization could not occur suggesting excellent
stability of structural isomers. A great deal of the intensive study toward the syn-isomeric and
anti-isomeric effects on the crucial changes of photophysical properties for thiophene derivatives
has taken place and thus becomes typical [8-11]. It has been shown that much higher charge
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mobilities appear in pure isomers with anti-configuration than their corresponding syn-counterparts
in the performance of organic field effect transistors, and this result has been reported by several
groups involved with the model compounds of anthradithiophene, dicyanomethylenedithiophene,
anthrabisbenzothiophene, and other systems [9-11]. In addition, emitters with naphthoimidazole (NI)
unit were first reported by Su’s group [12]. Combined with triphenylamine, a series of donor-accepter
molecules based on naphtho[1,2-d]imidazole structural isomers were synthesized, and their different
configuration effects on the performance of non-doped single-layer fluorescent organic light-emitting
diodes were systematically studied. 1H-naphtho[1,2-d]imidazole-based compounds emanate similar
deep-blue light emission to 3H-naphtho[1,2-d]imidazole analogues but show much higher efficiency.
The author pointed out that the best performance in single-layer devices of 3H-naphtho[1,2-d]imidazole
compounds is attributed to their much higher capacity for direct electron-injection from the cathode.
Moreover, structural isomers could be designed and synthesized through regulating the reactive sites
thus providing tremendous examples of structure—property study [13-17]. These valuable studies
have promoted the vigorous development of organic functional materials in organic electronics and
made great contributions to structure—property relationship of structural isomers in organic chemistry.

Exploiting structure and potential of novel isomers is a never-ending task for a scientist. Pyrene,
a classical polycyclic aromatic hydrocarbon which consists of four fused benzene rings, represents one of
the mostly investigated organic molecules over the past decades [18]. The planar structural motif, large
m-system, and good mobility of t-electron flow endow pyrene with attractive photophysical properties
and have been thoroughly investigated according to admirable fluorescent and self-assembling property
in recent years [19-21]. Nowadays, there has also been increasing interest in utilizing the pyrene unit
as a semiconductor in the optoelectronic field [22-24]. It is widely known that the molecular structure
and supramolecular structure of materials can be regulated through chemical modification at different
sites of molecules, thereby affecting their relevant performance on applications. Therefore, efficient
synthesis and novel structure of pyrene-based materials is of great interest. 1,3-Imidazole belongs
to a five-numbered-ring functional building block and is commonly used for efficient light emitting
materials such as benzimidazole, naphtho[1,2-d]imidazole, and phenanthro[9,10-d]imidazole in virtue
of its amphoteric characteristics originated from the two different kinds of sp? hybrid nitrogen atoms.
The asymmetric structure of imidazole provides a priori condition for the construction of structural
isomers. Based on these considerations, a convenient and one-pot facile methodology is used to prepare
a novel polycyclic skeleton straightforwardly using imidazole and pyrene as the key units. Although
many efforts have been made to prepare pyrene-imidazole derivatives with different substitutions
at one side of the K-region on pyrene [25-27], there is rarely an attempt to synthesize a bilateral
pyrene—imidazole-based polycyclic skeleton in which the K-region of pyrene is fully modified [28-30].

In this study, small organic molecules with a clear structure and structural isomers with different
symmetries are selected as the research object. With this consideration in mind, novel structural isomers
with syn-/anti-configuration consisting of a rigid m-structure of pyrene and nonsymmetrical unit of
imidazole are obtained through a one-pot reaction. In accordance with previous research [31-33],
the “click-like” one-pot reaction is a modification of the general method of the Debus—Radziszewski
reaction which was presented more than 100 years ago by Debus and Radziszewski and has proved to
be a highly efficient multicomponent reaction (MCR) yielding imidazole under mild conditions [34,35].
The one-step procedure utilized in this paper is simple, efficient, and structurally controllable whereby
ammonium acetate, arylamine, pyrene-4,5,9,10-tetraones, and aromatic aldehyde in the solution of
acetic acid are treated by reflux for 2 h. Eventually centrosymmetric anti-tbu-PyDPI and axisymmetric
syn-tbu-PyDPI are readily and simultaneously generated during the synthesis process (Scheme 1). The
two structural isomers are separated successfully with high purity. Furthermore, the structures of
anti-tbu-PyDPI with centrosymmetry and syn-tbu-PyDPI with axisymmetry were both determined by
X-ray single-crystal diffraction precisely.
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Scheme 1. Synthetic approach to pyrene-imidazole based isomers.

2. Results and Discussion

Synthesis route of the anti/syn-isomers of tbu-PyDPI is depicted in Scheme 2. Anti-tbu-PyDPI
and syn-tbu-PyDPI were synthesized through a one-pot reaction simultaneously with a moderate
yield of 35.0% and 32.5%, respectively. When separating and purifying by chromatography, the R¢
values of these two isomers varied significantly after being eluted with a mixed solvent of petroleum
ether and dichloromethane in a ratio of 1:5 v/v. This was a consequence of the differential molecular
polarities of the syn- and anti-isomers with various symmetries, leading to noticeable differences in the
molecular shape and dipole moment of these rigid polycyclic aromatic hydrocarbons. Thus, anti- and
syn-tbu-PyDPI could be obtained successfully in an approximate 1:1 ratio.
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Scheme 2. Synthetic routes of pyrene-imidazole based isomers.

2.1. 'H NMR Spectrum Identification

As shown in the 'H NMR spectra (Figure 1), the resonance peaks of protons H, of tertiary butyl
on 2 and 7-position of pyrene in anti-tbu-PyDPI occurred at 1.31 ppm exclusively, demonstrating that
they had the same chemical atmosphere. As a result of centrosymmetric configuration, the shielding
effect of protons H, was merely from one phenyl ring attached to the N atom of imidazole. In contrast,
those relevant resonance peaks of protons in syn-tbu-PyDPI, marked as H}, and H,, displayed a
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relatively high-field chemical shift of 0.84 ppm and relatively low-field chemical shift of 1.69 ppm,
respectively. This difference regarding the chemical shift of protons on tertiary butyl could be derived
from the fact that the ring-current effect [36], in which two phenyl rings connecting to the N atom of
imidazole resulted in a relatively strong shielding effect toward protons Hy, gaving rise to a concomitant
upfield chemical shift (0.84 ppm). Meanwhile, there is the weakest shielding effect of H leading to a
concomitant downfield chemical shift (1.69 ppm). Consequently, the chemical shift of H, was located
at the middle (1.31 ppm) between that of Hy, (0.84 ppm) and Hc (1.69 ppm). The characteristic 'H NMR
resonance of protons for these two isomers remained unchanged after ultraviolet irradiation or heating
to 120 °C. This suggests that photochemical or thermocatalytic isomerization could not appear in
syn/anti-tbu-PyDPIs indicating the excellent stability of these structural isomers.

e antitbu-PyDPI syn-tbu-PyDPI
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Chemical Shift (ppm) Chemical Shift (ppm)
Figure 1. 'H NMR spectra of anti-tbu-PyDPI (a) and syn-tbu-PyDPI (b) in C4;DgO (500 M Hz, 298 K).
2.2. Crystal Structure

Single crystals of two isomers were grown by sublimation and the single-crystal measurement
further confirmed the configuration of syn/anti-tbu-PyDPI precisely. Their crystal structure with atomic
numbering is given in Figure 2. The numbering guide indicates a configuration of centrosymmetry for
anti-tbu-PyDPI where the phenyl planes (C(1)-C(2)-C(3) and C(1A)-C(2A)-C(3A)) make the same angle
of 34° with the imidazole plane and the other phenyl planes (C(8)-C(9)-C(10) and C(8A)-C(9A)-C(10A))
also make the same angle of 80° with the imidazole plane (Figures 2 and 3a). In contrast, all atomic
numbering varied for syn-tbu-PyDPI reflecting its axisymmetry with a slightly different torsion angle
between the phenyl plane and imidazole plane (Figure 3b).
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Figure 2. Molecular Structure of anti-tbu-PyDPI (a) and syn-tbu-PyDPI (b), showing 30% probability of
thermal ellipsoids.
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Figure 3. (a,b) Molecular structure top views of anti- and syn-tbu-PyDPI crystals; (¢,d) Unit cell structure
side views of crystalline anti- and syn-tbu-PyDPL

The derived crystal structures are shown in Figure 3 with selected molecular parameters provided
in Table S1. As depicted in Figure 3, both crystals crystallized in a monoclinic space group P 2;/c.
The anti/syn-tbu-PyDPI crystals had an essentially planar core and pyrene-imidazole ring, while
their formed molecular columns packed in a herringbone fashion for both of them. The anti-crystal
contained only two molecules in the unit cell while there are four molecules in the syn-crystal which
exhibited a more ordered arrangement of the anti-part. Due to the axisymmetric configuration of
syn-tbu-PyDPI which can create an induced dipole along the short axis direction (Figure 4), it is
proposed that formation of alternating the antiparallel arrangement in a flat dimer of one unit cell was
driven by the dipole-dipole interactions [37], referring to the pyrene—-imidazole unit with an interfacial
distance of ca. 4.89 A. Because of the steric hindrance effect of tert-butyl, the adjacent molecules adopt
a slip-stacked stacking mode along the short molecular axis and the long molecular axis synchronously
to some extent (Figure 4).

Figure 4. Molecular packing of syn-tbu-PyDPI formed by intermolecular dipole-dipole interaction.

We further analyzed the intermolecular interactions for anti/syn-crystal in unit cell. There
exist many various kinds of C-Heeer interactions between two adjacent molecules in one unit cell
(Figure S2). These intermolecular CH(sp?/sp?)ee e interactions are the key forces of the stacking mode.
The CHeee7t hydrogen bond in organic crystal is one of the most important weak intermolecular
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forces, significant in controlling molecular configurations and playing a vital role of various natures in
chemistry [38]. In spite of the stabilization coming from a single intermolecular CHeeerr interaction
being weak, the multicomponents of intermolecular CHeeer interactions can be of great importance.
As shown in Figure S3, in anti-isomer, it is C7---C13 (-x, -y, -z) of 3.44 A (C7--H13(—x, -y, —z) of 2.63 A),
while in syn-isomer, it is C20--C42 (1-x, -y, 1-z) of 3.65 A (C20--H42(1-x, -y, 1-z) of 2.73 A). Apparently,
the molecule stacking of alternating the antiparallel alignment of the pyrene-imidazole unit in the
syn-crystal is attributed to the van der Waals force derived from a weak intermolecular dipole (Figure 4).
However, no intermolecular -7 interaction upon face-to-face between pyrene units is perceived for
these structural isomers. Besides, the type and number of CHeee7t interaction may influence the
photophysical properties of materials, especially for organic molecules containing a 7-system [39].

2.3. Optical Properties

The normalized UV-vis absorption spectra and photoluminescence (PL) spectra of the isomers
in dilute THF with sample concentrations of 10~> M are shown in Figure 5. They manifested similar
absorption and PL spectra due to their corresponding molecular organization. The absorption spectra
of the two molecules displayed complex absorption profiles dominated by a series of bands resulting
from the multiple localized m—-m* transitions which originate from phenyl and the pyrene-imidazole
moiety [25,28,29]. The molar extinction coefficient of the peak at 304 nm for anti-tbu-PyDPI and the
peak at 314 nm for syn-tbu-PyDPl is 8.2 X 10* M~ em™ and 6.3 x 10* M~! em™ respectively, which is
large for a 7—7t* transition character. Moreover, the main absorption peak of syn-tbu-PyDPI (314 nm) is
slightly red-shifted (10 nm) compared with that of anti-tbu-PyDPI (304 nm) (Figure 5) which may be
attributed to the differentia in molecular configuration and symmetry. There is no absorption at the
low energy region demonstrating that no intramolecular charge transfer exist which further confirms
their symmetric molecular configurations. The PL spectrum of anti-tbu-PyDPI in dilute THF shows
three distinctive bands located at 392, 414, and 438 nm. The emission spectrum of syn-tbu-PyDPI
shows the same shape with a slight redshift of approximately 2 nm whose bands are located at 394, 416,
and 440 nm. Their PL spectra indicated the conformation of fluorophore of isomers from the ground
to the first excited singlet states in solutions were nearly the same which could be attributed to the
pyrene-imidazole group. The deep-blue emission with obvious vibronic structure features illustrates
the blue-fluorescence property of pyrene-imidazole based derivatives [26-28].

1.0 —a— anti-tbu-PyDPI

—e— syn-tbu-PyDPI

PL Intensity (a.u.)

UV Intenstiy (a.u.)
o
i

0.0 T Y
250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 5. Normalized UV-vis absorption and emission spectra of anti-tbu-PyDPI and syn-tbu-PyDPI in
diluted tetrahydrofuran solutions (1072 M). Aex = 360 nm.
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2.4. Density Functional Theory Calculation

Density functional theory (DFT) calculations with a B3LYP/6-31G(d,p) basis set using the Gaussian
03W program were performed to further address their differentia in symmetry. The optimized
molecular configuration is shown in Figure 6. The pyrene-imidazole segment presented nearly
coplanar ground state geometries. The dihedral angles between the phenyl ring attached to the N atom
of imidazole and imidazole ring of anti-isomer and syn-isomer are close to 80°. The twisty molecular
structure may impede the occurrence of intermolecular aggregation to some extent. The dihedral
angles between the phenyl ring attached to the C atom of imidazole and imidazole ring of anti-isomer
and syn-isomer are 30° and 31°, respectively. These calculations are basically consistent with the results
of monocrystalline structures mentioned above. In addition, the distributions of the front molecular
orbitals are shown in Figure 7. The highest occupied molecular orbitals (HOMOs) of anti-tbu-PyDPI
and syn-tbu-PyDPI were both delocalized over the molecule along the long molecular axis. Their
lowest unoccupied molecular orbitals (LUMOs) were delocalized over the whole molecule, while
there are more distributions on the bottom part of pyrene close to the two phenyl rings attached
to the N atom of imidazole for syn-tbu-PyDPI which probably resulted from the distinct dipole
orientation in syn-tbu-PyDPI (Figure 7). In general, the HOMO and LUMO mainly delocalized over the
pyrene-imidazole segment, indicating a typical pure m—7* transition for both of them, which can also
be confirmed from their PL spectra (Figure 5). Meanwhile, the distribution of LUMOs of syn-isomer
further prove its axisymmetric configuration whereby a certain intramolecular dipole can be formed in
the direction of molecule’s short axis [29].

Figure 6. Molecular optimized configurations of anti-tbu-PyDPI (a) and syn-tbu-PyDPI (b).
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Figure 7. Highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) obtained at the B3LYP/6-31G level.

2.5. Thermal Analysis: The DSC and TGA Graphs of Syn/Anti-tbu-PyDPI

Such a dual five-membered-ring skeleton demonstrated high thermal stability. From their
thermogravimetric analysis (TGA) graphs, anti-tbu-PyDPI and syn-tbu-PyDPI exhibited outstanding



Molecules 2019, 24, 2293 8of 11

thermal stability with decomposition temperature (T4) (5% weight loss) as high as 520 and 500 °C,
respectively (Figure 8). The single pyrene-imidazole unit already revealed high thermal stability [28,29],
and the centrosymmetric structure of anti-tbu-PyDPI further increased the thermal stability of the
material. In differential scanning calorimetry (DSC) heating cycles up to 450 °C, anti-tbu-PyDPI did
not show any thermal transition, which was due to its highly rigid structures and multi-intermolecular
interactions (Figure S2). T, appeared at 420 °C for syn-tbu-PyDPI, which reflects that an axisymmetric
structure shows better molecular flexibility than a centrosymmetric structure due to the comparatively
lower Ty of syn-tbu-PyDPI.

0
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/;"/ 95%
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Figure 8. Differential scanning calorimetry (DSC) (a) and thermogravimetric analysis (TGA) (b)
thermograms of anti-tbu-PyDPI and syn-tbu-PyDPI under nitrogen at a heating rate of 10 °C min~".

3. Materials and Methods

3.1. General

All of the solvents and reactants are commercially available and were used without purification.
The 'H NMR and spectra were recorded on Bruker AVANCZ 500 spectrometers (Bruker, Bremen,
Germany) at 298K by utilizing deuterated tetrahydrofuran (THF) as solvent and tetramethylsilane
(TMS) as the internal standard. The mass spectra were recorded on a Waters XevoTQ mass
spectrometer (Waters, VA, USA). The elemental analysis was performed on FLASH EA1112 elemental
analyzer. Absorption spectra were collected using a PERSEE UV-1900 ultraviolet spectrophotometer
(Shimadzu, Kyoto, Japan). Fluorescence emission spectra were obtained on a Perkin Elmer LS55
fluorospectrophotometer (North Billerica, MA, USA). Diffraction data were collected on a Rigaku
RAXIS-PRID diffractometer using the w-scan mode with graphite-monochromator MoeKo radiation.
The structures were solved with direct methods using SHELXTL and refined with full-matrix
least-squares on F2. In the case of syn-tbu-PyDP], the tert-butyl group was found to be disordered on
three sites with an occupancy factor of 0.629/0.371 for C48/C48’, C49/C49" and C50/C50’. Thermal
gravimetric analysis (TGA) was measured on a Perkin-Elmer thermal analysis system from 50 °C
to 800 °C at a heating rate of 10 K min~! under nitrogen flow rate of 80 mL min~!. Differential
scanning calorimetry (DSC) was performed on a NETZSCH (DSC-204) unit from 50 °C to 450 °C at a
heating rate of 10 K min~! under a nitrogen atmosphere. The ground state geometries were optimized
at the B3LYP/6-31G(d,p) level, which is a common method to provide molecular geometries. The
HOMO/LUMO distributions are calculated on the basis of optimized ground-state.

3.2. Synthesis of Isomers Anti-tbu-PyDPI and Syn-tbu-PyDPI

The starting material 2,7-di-tert-butylpyrene-4,5,9,10-tetraone was prepared according to the
literature procedures [40]. A mixture of aniline (4.6 mL, 50.0 mmol), 2,7-di-tert-butylpyrene-
4,5,9,10-tetraone (1.87 g, 5.0 mmol), corresponding benzaldehyde (1.3 g, 12.0 mmol), ammonium acetate
(3.1 g, 40.0 mmol), and acetic acid (20 mL) was refluxed under nitrogen in an oil bath. After 2 h, the
mixture was cooled and filtered. The solid product was washed with an acetic acid/water mixture (1:1,
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150 mL). And then, the two isomers were separated by chromatography using CH,Cl, as eluent and
further purified by sublimation under vacuum.
2,8-di-tert-butyl-4,5,10,11-tetraphenyl-4,10-dihydropyreno[4,5-d:9,10-d"]diimidazole
(anti-tbu-PyDPI): White powder (yield: 35.0%), 'H NMR (500 MHz, THEF-dg, 25 °C, 5): 9.00
(d, ] = 1.9 Hz, 2H), 7.78-7.67 (m, 14H), 7.57 (d, ] = 1.9 Hz, 2H), 7.32-7.24 (m, 6H), 1.31 (s, 18H).
MALDI-TOF MS (mass m/z): calcd. for C5oHyNy, 698.34; found, 699.5 [M + H*]. Anal. Calcd. for
CsoHygoNy: C. 85.93; H. 6.06; N. 8.02; Found: C, 85.74; H, 6.33; N, 7.98.
2,8-di-tert-butyl-4,5,11,12-tetraphenyl-4,12-dihydropyreno[4,5-d:9,10-d"]diimidazole
(syn-tbu-PyDPI): White powder (yield: 32.5%), 'H NMR (500 MHz, THF-dg, 25 °C, §): 8.96
(s, 2H), 7.78 (dd, ] = 6.5, 3.2 Hz, 4H), 7.76-7.71 (m, 6H), 7.69 (dd, ] = 6.5, 3.2 Hz, 4H), 7.45-7.39 (m, 6H),
7.35 (s, 2H), 1.69 (s, 9H), 0.84 (s, 9H). MALDI-TOF MS (mass m/z): calcd. for C5oHyoNy, 698.34; found,
699.5 [M+H*]. Anal. Calcd. for C5oHyoNy: C. 85.93; H. 6.06; N. 8.02; Found: C, 85.88; H, 6.25; N, 7.88.

4. Conclusions

Two structural isomers containing pyrene—imidazole skeleton, anti-tbu-PyDPI and syn-tbu-PyDPI
with different molecular symmetries, were conveniently synthesized and successfully separated through
a one-pot reaction. The structural characteristics of anti/syn-tbu-PyDPI upon different symmetries were
elucidated unambiguously using 'H NMR spectroscopy and further confirmed from single-crystal X-ray
measurement. In addition, the similarities with differences of intermolecular interaction and packing
mode were accurately characterized by X-ray crystallography. Crystal packing in anti-configuration
with centrosymmetry strengthened intermolecular interactions displaying higher thermostability.
The preliminary fluorescence study shows that the two molecules were good candidates for blue light
emitting materials. This work provides an efficient synthesis method and experimental basis for the
construction of stable, novel, and advanced structural isomers based on pyrene-imidazole with very
convenient accessibility.

Supplementary Materials: The following are available online, Figure S1: Mass Spectrum (M + H*) of
anti-tbu-PyDPI (a) and syn-tbu-PyDPI (b), Figure S2: Packing form and the C-H---m intermolecular interactions
in crystal of anti/syn-tbu-PyDPI, Figure S3: Short CH(sp?)--7 interactions with phenyl groups at N atoms of
antifsyn-tbu-PyDPI, Table S1: Crystal data and structure refinements of isomers.

Author Contributions: Y.F. and Y.-L.L. developed the concept of the work. Y.-L.L. and L.Y. carried out the
synthetic work. Y.-L.L. and G.-Q.X. contributed to the single crystal culture and discussion. The computational
work was conducted by Y.-Q.G. and B.Q. The manuscript was written jointly by Y.F. and Y.-L.L.

Funding: This work was supported by the Natural Science Foundation of Heilongjiang Province (LH2019B002)
and the Postdoctoral Science Foundation of Heilongjiang Province (LBH-Z17014) and the CAS Key Laboratory of
Renewable Energy (No.Y907k71001).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Weissman, K.J. The structural biology of biosynthetic megaenzymes. Nat. Chem. Biol. 2015, 11, 660-670.
[CrossRef] [PubMed]

2. Nakamura, K.; Nakamura, A.; Binder, L.; Bigio, E.H.; Denial, S.; Nicholson, L.; Zhou, X.Z.; Lu, K.P. Proline
isomer-specific antibodies reveal the early pathogenic tau conformation in alzheimer’s disease. Cell 2012,
149, 232-244. [CrossRef] [PubMed]

3. Moulton, B.; Zaworotko, M.]. From molecules to crystal engineering: supramolecular isomerism and
polymorphism in network solids. Chem. Rev. 2001, 101, 1629-1658. [CrossRef] [PubMed]

4. Kim, J; Lee, S.; Lee, J.; Lim, E.; Jung, B.J. 3,3’-Bicarbazole-based host molecules for solution-processed
phosphorescent OLEDs. Molecules 2018, 23, 847. [CrossRef] [PubMed]

5. Chung, ] W, You, Y,; Huh, HS.; An, BK,; Yoon, S.J.; Kim, S.H.; Lee, S.W,; Park, S.Y. Shear- and UV-induced
fluorescence switching in stilbenic 7-dimer crystals powered by reversible [2 + 2] cycloaddition. J. Am. Chem.
Soc. 2009, 131, 8163-8172. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nchembio.1883
http://www.ncbi.nlm.nih.gov/pubmed/26284673
http://dx.doi.org/10.1016/j.cell.2012.02.016
http://www.ncbi.nlm.nih.gov/pubmed/22464332
http://dx.doi.org/10.1021/cr9900432
http://www.ncbi.nlm.nih.gov/pubmed/11709994
http://dx.doi.org/10.3390/molecules23040847
http://www.ncbi.nlm.nih.gov/pubmed/29642481
http://dx.doi.org/10.1021/ja900803d
http://www.ncbi.nlm.nih.gov/pubmed/19463007

Molecules 2019, 24, 2293 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zhang, BW.; Zhu, T.T.; Ou, M.Y,; Rowell, N.; Fan, H.S.; Han, ].T.; Tan, L.; Dove, M.T,; Ren, Y.; Zuo, X.B,; et al.
Thermally-induced reversible structural isomerization in colloidal semiconductor CdS magic-size clusters.
Nat. Commun. 2018, 9, 2499. [CrossRef] [PubMed]

Hu, Y;; Miao, K.; Zha, B.; Xu, L.; Miao, X.R.; Deng, W.L. STM investigation of structural isomers: Alkyl chain
position induced self-assembly at the liquid/solid interface. Phys. Chem. Chem. Phys. 2016, 18, 624—634.
[CrossRef]

Mamada, M.; Minamiki, T.; Katagiri, H.; Tokito, S. Synthesis, Physical properties, and field-effect mobility of
isomerically pure syn-/anti-anthradithiophene derivatives. Org. Lett. 2012, 14, 4062-4065. [CrossRef]
Lehnherr, D.; Hallani, R.; McDonald, R.; Anthony, J.E.; Tykwinski, R.R. Synthesis and properties of
isomerically pure anthrabisbenzothiophenes. Org. Lett. 2012, 14, 62-65. [CrossRef]

Yanai, N Mori, T, Shinamura, S.; Osaka, 1I; Takimiya, K. Dithiophene-fused
tetracyanonaphthoquinodimethanes (DT-TNAPs): Synthesis and characterization of m-extended
quinoidal compounds for n-channel organic semiconductor. Org. Lett. 2014, 16, 240-243. [CrossRef]
Nakano, M.; Niimi, K.; Miyazaki, E.; Osaka, I.; Takimiya, K. Isomerically pure anthra[2,3-b:6,7-b’]-difuran
(anti-ADF), -dithiophene (anti-ADT), and -diselenophene (anti-ADS): Selective synthesis, electronic structures,
and application to organic field-effect transistors. J. Org. Chem. 2012, 77, 8099-8111. [CrossRef] [PubMed]
Liu, M,; Li, X.L.; Chen, D.C,; Xie, Z.Z.; Cai, X.Y,; Xie, G.Z.; Liu, KK; Tang, ].X.; Su, SJ.; Cao, Y. Study
of configuration differentia and highly efficient, deep-blue, organic light-emitting diodes based on novel
naphtho[1,2-d]imidazole derivatives. Adv. Funct. Mater. 2015, 25, 5190-5198. [CrossRef]

Zhang, S5.Q.; Qiao, X.L.; Chen, Y.; Wang, Y.Y.; Edkins, RM,; Liu, Z.Q.; Li, H.X,; Fang, Q. Synthesis, structure,
and opto-electronic properties of regioisomeric pyrene-thienoacenes. Org. Lett. 2014, 16, 342-345. [CrossRef]
Yi, W.J.; Zhao, S.; Sun, H.L.; Kan, Y.H.; Shi, ].W.; Wan, S.S; Li, C.L.; Wang, H. Isomers of organic semiconductors
based on dithienothiophenes: The effect of sulphur atoms positions on the intermolecular interactions and
field-effect performances. |. Mater. Chem. C 2015, 3, 10856-10861. [CrossRef]

Zhou, CJ.; Zhang, TK,; Zhang, S.T,; Liu, H.C.; Gao, Y.; Su, Q.; Wu, Q.L.; Li, WJ.,; Chen, ].S.; Yang, B.
Isomerization effect of triphenylamine-acridine derivatives on excited-state modification, photophysical
property and electroluminescence performance. Dyes Pigm. 2017, 146, 558-566. [CrossRef]

Liu, H.C,; Yao, L,; Li, B,; Chen, X K,; Gao, Y.; Zhang, S.T; Li, WJ.; Lu, P; Yang, B.; Ma, Y.G. Excimer-induced
high-efficiency fluorescence due to pairwise anthracene stacking in a crystal with long lifetime. Chem.
Commun. 2016, 52, 7356-7359. [CrossRef] [PubMed]

Shibata, T.; Shinkura, S.; Ohnishi, A.; Ueda, K. Achiral molecular recognition of aromatic position isomers by
polysaccharide-based CSPs in relation to chiral recognition. Molecules 2017, 22, 38. [CrossRef]

Duarte, TM.F,; Miillen, K. Pyrene-based materials for organic electronics. Chem. Rev. 2011, 111, 7260-7314.
[CrossRef]

Niu, D,; Jiang, Y.Q.; Ji, L.K.; Ouyang, G.H.; Liu, M.H. Self-assembly through coordination and 7t-stacking;:
Controlled switching of circularly polarized luminescence. Angew. Chem. Int. Ed. 2019, 58, 5946-5950.
[CrossRef]

Dolai, B.; Nayim, S.; Hossain, M.; Pahari, P; Atta, A.K. A triazole linked C-glycosyl pyrene fluorescent sensor
for selective detection of Au* in aqueous solution and its application in bioimaging. Sens. Actuators B: Chem.
2019, 279, 476-482. [CrossRef]

Lin, G.Q.; Ding, H.M.; Yuan, D.Q.; Wang, B.S.; Wang, C. A pyrene-based, fluorescent three-dimensional
covalent organic framework. J. Am. Chem. Soc. 2016, 138, 3302-3305. [CrossRef] [PubMed]

Oniwa, K,; Kikuchi, H.; Shimotani, H.; Ikeda, S.; Asao, N.; Yamamoto, Y.; Tanigaki, K.; Jin, T.N. 2-Positional
pyrene end-capped oligothiophenes for high performance organic field effect transistors. Chem. Commun.
2016, 52, 4800-4803. [CrossRef] [PubMed]

Zhang, K.; Wucher, P; Marszalek, T.; Babics, M.; Ringk, A.; Blom, PW.M.; Beaujuge, PM.; Pisula, W.
Long-range molecular self-assembly from 7-extended pyrene-functionalized diketopyrrolopyrroles. Chem.
Mater. 2018, 30, 5032-5040. [CrossRef]

Yang, J.; Qin, J.W.; Ren, Z.C; Peng, Q.; Xie, G.H.; Li, Z. Pyrene-based blue AIEgen: Enhanced hole mobility
and good EL performance in solution-processed OLEDs. Molecules 2017, 22, 2144. [CrossRef]

Liu, Y.L; Bai, Q.; Li, J.Y.; Zhang, S.T.; Zhang, C.; Lu, E; Yang, B.; Lu, P. Efficient pyrene-imidazole derivatives
for organic light-emitting diodes. RSC Adv. 2016, 6, 17239-17245. [CrossRef]


http://dx.doi.org/10.1038/s41467-018-04842-0
http://www.ncbi.nlm.nih.gov/pubmed/29950666
http://dx.doi.org/10.1039/C5CP05795G
http://dx.doi.org/10.1021/ol301626u
http://dx.doi.org/10.1021/ol202843x
http://dx.doi.org/10.1021/ol403234q
http://dx.doi.org/10.1021/jo301438t
http://www.ncbi.nlm.nih.gov/pubmed/22889196
http://dx.doi.org/10.1002/adfm.201502163
http://dx.doi.org/10.1021/ol402971n
http://dx.doi.org/10.1039/C5TC02287H
http://dx.doi.org/10.1016/j.dyepig.2017.07.056
http://dx.doi.org/10.1039/C6CC01993E
http://www.ncbi.nlm.nih.gov/pubmed/27109552
http://dx.doi.org/10.3390/molecules22010038
http://dx.doi.org/10.1021/cr100428a
http://dx.doi.org/10.1002/anie.201900607
http://dx.doi.org/10.1016/j.snb.2018.09.105
http://dx.doi.org/10.1021/jacs.6b00652
http://www.ncbi.nlm.nih.gov/pubmed/26926489
http://dx.doi.org/10.1039/C6CC00948D
http://www.ncbi.nlm.nih.gov/pubmed/26960411
http://dx.doi.org/10.1021/acs.chemmater.8b01276
http://dx.doi.org/10.3390/molecules22122144
http://dx.doi.org/10.1039/C5RA25424H

Molecules 2019, 24, 2293 11 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shan, T; Liu, Y.L.; Tang, X.Y,; Bai, Q.; Gao, Y.; Gao, Z,; Li, ].Y; Deng, J.; Yang, B.; Lu, P; et al. Highly efficient
deep blue organic light-emitting diodes based on imidazole: Significantly enhanced performance by effective
energy transfer with negligible efficiency roll-off. ACS Appl. Mater. Interfaces 2016, 8, 28771-28779. [CrossRef]
Qiao, X.F; Liu, Y.L.; Yao, J.W.; He, X,; Liu, H.; Lu, P; Ma, D.G. Upper excited triplet state-mediated intersystem
crossing for anti-Kasha'’s fluorescence: Potential application in deep-ultraviolet sensing. J. Phys. Chem. C
2019, 123, 5761-5766. [CrossRef]

Liu, Y.L.; Guo, Y.Q.; Dong, Z.].; Fu, Y. Conjugate fluorescent compound based on pyrene-imidazole: Design,
synthesis, crystal structure and fluorescence property. Chin. J. Struct. Chem. 2019, 38, 550-558. [CrossRef]
Liu, Y.L.; Shan, T.; Yao, L.; Bai, Q.; Guo, Y.C.; Li, ].Y.; Han, X,; Li, WJ.; Wang, Z.M.; Yang, B.; et al. Isomers of
pyrene-imidazole compounds: Synthesis and configuration effect on optical properties. Org. Lett. 2015, 17,
6138-6141. [CrossRef] [PubMed]

Karmakar, S.; Maity, D.; Mardanya, S.; Baitalik, S. Pyrene and imidazole functionalized luminescent bimetallic
Ru(II) terpyridine complexes as efficient optical chemosensors for cyanide in aqueous, organic and solid
media. Dalton Trans. 2015, 44, 18607-18623. [CrossRef]

Lindner, J.P. Imidazolium-based polymers via the poly-Radziszewski reaction. Macromolecules 2016, 49,
2046-2053. [CrossRef]

Ma, B.B.; Peng, Y.X.; Zhao, P.C.; Huang, W. cis and trans Isomers distinguished by imidazole N-alkylation
after Debus-Radziszewski reaction starting from 2,7-di-tert-butyl-pyrene-4,5,9,10-tetraone. Tetrahedron 2015,
71,3195-3202. [CrossRef]

Zhu, ].Q.; Li, J.; Wang, X.; Fan, P.; Wang, X.N.; Bian, L.J.; Li, H.Q.; Tian, Y.Q. Facile synthesis of imidazolidines
by condensation of aromatic amines with glyoxal and formaldehyde. Curr. Org. Chem. 2012, 16, 1723-1728.
[CrossRef]

Radziszewski, B. Ueber die constitution des lophins und verwandter verbindungen. Ber. Dtsch. Chem. Ges.
1882, 15, 1493-1496. [CrossRef]

Debus, H. Ueber die einwirkung des ammoniaks auf glyoxal. Justus Liebigs Ann. Chem. 1858, 107, 199-208.
[CrossRef]

Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T.; Miillen, K. Influence of alkyl substituents on the solution-
and surface-organization of hexa-peri-hexabenzocoronenes. J. Am. Chem. Soc. 2005, 127, 4286—4296.
[CrossRef]

Lv, A.,; Stolte, M.; Wiirthner, F. Head-to-tail zig-zag packing of dipolar merocyanine dyes affords
high-performance organic thin-film transistors. Angew. Chem. Int. Ed. 2015, 54, 10512-10515. [CrossRef]
Wang, K.; Zhang, H.Y.; Chen, S.Y.; Yang, G.C.; Zhang, ].B.; Tian, W.]J.; Su, Z.M.; Wang, Y. Organic polymorphs:
One-compound-based crystals with molecular-conformation- and packing-dependent luminescent properties.
Adv. Mater. 2014, 26, 6168-6173. [CrossRef]

Wang, Z.X,; Shao, HX, Ye, J.C; Zhang, L.; Lu, P. Substituent effects on crosslike packing of
2’,7'-diarylspiro(cyclopropane-1,9’-fluorene) derivatives: Synthesis and crystallographic, optical, and
thermal properties. Adv. Funct. Mater. 2007, 17, 253-263. [CrossRef]

Hu, J.; Zhang, D.; Harris, EW. Ruthenium(III) chloride catalyzed oxidation of pyrene and 2,7-disubstitued
pyrenes: An efficient, one-step synthesis of pyrene-4,5-diones and pyrene-4,5,9,10-tetraones. J. Org. Chem.
2005, 70, 707-708. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acsami.6b10004
http://dx.doi.org/10.1021/acs.jpcc.8b12403
http://dx.doi.org/10.14102/j.cnki.0254-5861.2011-2116
http://dx.doi.org/10.1021/acs.orglett.5b02879
http://www.ncbi.nlm.nih.gov/pubmed/26642245
http://dx.doi.org/10.1039/C5DT02585K
http://dx.doi.org/10.1021/acs.macromol.5b02417
http://dx.doi.org/10.1016/j.tet.2015.04.012
http://dx.doi.org/10.2174/138527212800840874
http://dx.doi.org/10.1002/cber.18820150207
http://dx.doi.org/10.1002/jlac.18581070209
http://dx.doi.org/10.1021/ja0430696
http://dx.doi.org/10.1002/anie.201504190
http://dx.doi.org/10.1002/adma.201401114
http://dx.doi.org/10.1002/adfm.200600314
http://dx.doi.org/10.1021/jo048509q
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	1H NMR Spectrum Identification 
	Crystal Structure 
	Optical Properties 
	Density Functional Theory Calculation 
	Thermal Analysis: The DSC and TGA Graphs of Syn/Anti-tbu-PyDPI 

	Materials and Methods 
	General 
	Synthesis of Isomers Anti-tbu-PyDPI and Syn-tbu-PyDPI 

	Conclusions 
	References

