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ABSTRACT: Herein, we present a synthesis of S-shaped double helicene with fused imide moieties, achieving a contorted aro-
matic diimide (DHDI) with good fluorescence properties both in solution and solid states. DHDI demonstrates distinct mechano-

fluorochromism from yellow to green emission under grinding of its crystalline powder.

Molecular assembly driven by intermolecular noncovalent
interactions plays a critical role on the bulk properties of
functional organic materials.! Among various noncovalent
interactions, = - m interactions are prominent in aromatic
systems, giving rise to intriguing properties such as charge-
carrier transport,? luminescence,® mechanochromism,* and
thermal expansion.® Nevertheless, excessive 7 - 1 interactions
can lead to poor solubility and aggregation caused quenching
(ACQ) of fluorescence, which restrict their applications.®
Therefore, modulation of the degree of = - = interaction at the
molecular level is a fundamental research issue.

The planarity of aromatic core structure is an important
factor for adjusting the intermolecular interactions. In
particular, nonplanar structures have been demonstrated to
suppress the = -7 interactions, thus enhancing the solubility
of large polycyclic aromatic hydrocarbons (PAHs).” Helicene,
featuring ortho-fused benzene rings, is a prototypical class of
contorted PAHs.® The unique helical conjugation of helicenes
give rise to their compelling potentials in wide range of areas,
for example, as nonlinear optical materials,® organic
semiconductors,’® molecular sensors,®* and molecular
motors.> Early researches mainly focused on pristine
carbohelicenes.™® Nevertheless, the fluorescence quantum
yields of such all-carbon helicenes are not satisfactory for
applications in optoelectronics, due to relatively low radiative
rate upon photoexcitation.** Core-modified helicenes have

emerged as the alternatives either with heteroatom-
incorporation into the aromatic backbone or decoration of
peripheral positions of the main scaffold with functional
groups, which are more desired to achieve tunable
photophysical properties.’®> Imide group is considered as a
promising fluorophore unit that was used to merge with
polyaromatic cores, affording versatile aromatic imides such
as the well-known perylene diimide (Figure 1a).!® Despite the
intrinsic fluorescence, the emission of planar aromatic imides
with extended = -conjugation easily suffer from the ACQ
effect due to the aggregation by the strong = - =
interactions.'’

Accordingly, the fusion of helicene with imide units is an
attractive combination to construct nonplanar aromatic imides
with enhanced fluorescence both in solution and solid state.
For example, Sakai et.al fused [5]helicene with a maleimide
unit. The fluorescence quantum yield ( @) of the resulting
compound ( @ = 37%) was almost tenfold increment
compared with the all-carbon analogue ( @ = 4%).'® Recently,
Ravat et.al reported a novel class of helicene diimide by
merging [n]helicene skeleton with two imide units, showing
good emission properties both in solution and solid state ( @ =
22% and 17%, respectively).!® Considering the solid-state
emission and flexible molecular packing, helicene imide
derivatives might exhibit promising mechanofluorochromic
behaviors,? that is, the emission color switching in response



to external mechanical stimuli because of the perturbation of
molecular packing. However, this intriguing property of
helicene imides still remains unexplored. In this context, we
herein report a novel double helicene diimide (DHDI) via the
lateral fusion of S-shaped double [4]helicene by two imide
segments (Figure 1b). [4]Helicene owns relatively small
dihedral angles between terminal benzene rings compared to
the higher helicene homologues (Figure 1c),? which suggests
that the planarity of the = -conjugated structure could still be
retained to maintain adequate = - = interactions for molecular
stacking and, ultimately, triggering mechanofluorochromic
behavior.
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Figure 1. a) Structure of planar aromatic diimide; b) Structure of
nonplanar aromatic diimide based on S-shaped double [4]helicene
backbone in this work; c) The dihedral angles between both
terminal benzene moieties of different helicenes.?!
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Scheme 1. The synthetic route to helicene diimide DHDI.
(DDQ: 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone; TfOH:
trifluoromethanesulfonic acid)

The synthesis of DHDI was designed with one key
annulation procedure based on regioselective Scholl reaction
(Scheme 1).22 The key precursor 3 was synthesized via
Suzuki-Miyaura cross-coupling between boronic ester 1 and
dibromo-p-terphenyl 2 with yield of 40% (See Sl for the
synthesis details of 1 and 2). Then, the two-fold oxidative
cyclodehydrogenation of 3 selectively took place at o -
positions of the naphthylimide subunits, resulting in the
formation of DHDI as yellow solid with yield of 61%. The
regioselectivity is likely caused by the higher electron density
and less steric hindrance of the a -position over the B -

position of 3, which is in line with reported cases of twisted
polycyclic diimides.?® Apart from *H and **C NMR and mass
spectra, the structure of DHDI was further ascertained by
'H - H correlation spectroscopy (COSY) and nuclear
spectroscopy

overhauser enhancement
measurements (Figure S1).
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Figure 2. a) The ORTEP diagram of DHDI (50% probability
displacement ellipsoids for non-H atoms; CCDC no. 2058085); b)
c) The m-m packing pattern from top view and side view, re-
spectively. For clarity, the hydrogen atoms and side chain such as
n-butyl and t-butyl groups are omitted as needed.

Single crystal suitable for X-ray crystallography analysis
was obtained by slow evaporation of a solution of DHDI in
dichloromethane/toluene (see SlI). The single-crystal X-ray
analysis unambiguously confirms the S-shaped steric structure
of DHDI, as shown by the ORTEP diagram (Figure 2a, Figure
S3). Detailed parameters for crystal data and structure
refinement, selected bond length, bond angle, torsion angle
and dihedral angle are reported in Table S1 and S2. The
torsions of the two [4]helicene subunits, defined by the
dihedral angles of terminal rings R1/R6 and R6/R11, are 21.97°
and 29.20° , respectively. These values are comparable to that
of [4]helicene (26° ). To evaluate the distortion of this helical
backbone more subtly, the average value of dihedral angles
between adjacent rings ( 0 ) was also calculated.* The
parameter 6 , for representive [4]helicene,® [5]helicene,?
[6]helicene?” and [7]helicene?® is 9.81° , 12.61° , 13.37°
and 11.92° , respectively. The 0, value of DHDI is 8.68° ,
indicating that the molecular backbone is only slightly
contorted. The molecular packing in the crystal structure
(Figure 2b and 2c) displays slipped = - n stacking pattern
with the average = - m stacking distance of 3.48 A, as



determined by the distance between the mean planes of
molecular backbones. Distinct = - stacking contacts can be
found between fused benzene rings R1' /R2’ /R3’ and
aromatic imide rings R3/R4/R5. The shortest distance of ring
centroid is 3.60A (R3’ -R5). It should be noted that, due to
the contorted structure and steric hindrance, the overall
overlap of two adjacent molecules is relatively small,
indicating partial = - 7 interactions.

To gain further insight into the intermolecular interactions,
we studied the self-assembly behaviors of DHDI in solution
by analyzing the 'H NMR spectroscopy under varying
concentration. As shown in Figure S3 and S4, the signal of
aromatic protons shifted to upfield with the concentration
increased from 1.25 X 10™* M to 1.25 X 1072 M. This
phenomenon is likely due to self-association of DHDI in
solution. The association constant (Kassoc) Was calculated by
the isodesmic model with the equal constant assumption (See
SI for detailed definition and calculation).?® The fitted dilution
curves for DHDI are shown in Figure S5 and the detailed
fitting parameters are reported in Table S3. The average Kassoc
was estimated to be 43.7 M2, which is lower than that of the
previously reported cyclobis[4]helicene (Kassoc = 64.9 M™1).2%
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Figure 3. Self-assembly behavior of DHDI. Populations of oli-
gomeric n-mers in terms of mass fractions under low and high
concentration (1.25 X 107 M and 1.25 X 1072 M, respectively).

The mass fractions of different oligomers are calculated to
obtain concrete insight of the population of oligomeric n-mers
(Figure 3, see Sl for details of the calculation).? Under the
lowest concentration (1.25 X 10 M), almost all DHDI
molecules are present as a monomer (fraction = 98.92%).
Upon increasing the concentration by 100-fold (1.25 X 1072
M), the fraction of dimer reaches 29.07%, while the
proportion of monomer decreases (fraction = 51.43%). Despite

the reduction, the monomer is still the predominate component.

The result implies the molecular structure with the contorted
backbone and the peripheral n-butyl and t-butyl groups, which
inducing the steric hindrance introduced by surrounding the
aromatic core, endow DHDI good solubility and low tendency
of assembly.

The photophysical property of DHDI was investigated by
UV-Vis absorption and fluorescence spectroscopies as well as
theoretical calculation. Taking the result in dichloromethane
as example, DHDI shows a low-energy absorption band from
375 to 500 nm, with the maximum peak at 445 nm and a
shoulder at 424 nm (Figure 4a). According to time-dependent
density functional theory (TD-DFT) calculation, the low-
energy absorption band could be assigned mainly to the
contribution of HOMO-1—LUMO transition, showing distinct
intramolecular charge transfer (ICT) from double helicene
core to the imide moieties (Figure S6, S7 and Table S4). In
dichloromethane solution, DHDI displayed strong green fluo-
rescence with a broad emission band from 450 to 650 nm
peaking at 491 nm (Figure 4a). Notably, the fluorescence of

DHDI exhibited strong solvatochromic effect with significant
bathochromic shifts upon increasing the solvent polarity from
hexane to dimethyl sulfoxide (Figure 4b, Figure S9, Table S5),
while the UV-vis absorption showed no obvious shifts (Figure
S8). The fluorescence color markedly changed from blue to
green as shown in Figure 4b. This pronounced effect is
explained by better stabilization of the excited state with
increasing solvent polarity.* The absolute fluorescence
quantum yield in solution was measured up to 47% (toluene),
which is higher than those of conventional [4]carbohelicenes
(usually around 20%).%* 3 In addition, the radiative decay
rates of DHDI in toluene was calculated as 6.15 X 107 s?,
which is larger than pristine [4]helicene (0.51X 107 s, ob-
tained based on the reported value of fluorescence quantum
yield and lifetime).1* Therefore, the combination of the S-
shaped helicene backbone and imide moiety increased the
radiative decay rates, which eventually enhance the fluores-
cence of DHDI. It also could be demonstrated by comparision
with other two reference structure rl and [4]helicene based on
TD-DFT calculation (Figure S10, Table S6, see Sl for the
detailed discussion). Moreover, DHDI maintained moderate
emission in aggregation state with a powder fluorescence
quantum vyield of 18%, which could be rationalized by the
slipped and partial = - = overlaps upon aggregation as
revealed from the above crystallography analysis.
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Figure 4. Photophysical properties of DHDI. a) UV-Vis absorp-
tion and normalized emission spectra in dichloromethane; b)
Normalized emission spectra in different solvents (the inset shows
the photograph under 365 nm UV light). All experiments were
performed under concentration of 1.0 X 105> mol L.
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Figure 5. The mechanofluorochromism of DHDI. a) The photo-
graph of as-prepared, ground, and reprecipitated powder under
natural light and 365 nm UV light; b) The fluorescence spectra, c)
the CIE coordinates of emission spectra and d) PXRD profiles of
as-prepared, ground, and reprecipitated powder.

The partially n-stacked molecular assembly and good solid-
state emission of DHDI evoked our interest to study its
possible mechanofluorochromism. As shown in Figure 5, the
as-prepared powder sample exhibited yellow fluorescence
with double emission peaks at 538 and 580 nm. Upon grinding
the powder, the emission color switched to green along with
significant decrease of the long-wavelength emission peak at
580 nm. It” s could be inferred that this emission band (580
nm) is assigned to the long range well-organized stacking
structure, which is sensitive to external force. The initial
yellow emissive state was quickly reproduced by re-
precipitation of the ground sample from
dichloromethane/acetonitrile. The mechanism of
mechanofluorochromism was further studied via powder X-
ray diffraction (PXRD). The PXRD pattern of as-prepared
powder has a good agreement with the simulated results from
the single crystal analysis (Figure S11). When the as-prepared
powder was ground, the sharp peaks around 5° disappeared
(Figure 5d). It could be inferred that the grinding operation
broke the crystalline packing and led to amorphous powder.
During the process, the long range well-organized = - =
stacking interactions vanished, resulting in the hypsochromic
shift of emission color.3> The re-precipitation realigned the
molecular assembly and enhanced the PXRD peaks, which

was consistent with the recovery of the initial yellow emission.

To conclude, we demonstrated the facile synthesis of a
nonplanar helicene diimide DHDI via a regioselective
cyclodehydrogenation. The slightly contorted backbone of
DHDI was unambiguously confirmed by X-ray crystallog-
raphy, leading to slipped intermolecular stacking with partial
n - overlaps. The molecular assembly behavior in solution
was investigated by concentration-dependent NMR
spectroscopy, showing moderate aggregate tendency. The
fluorescence quantum yield of DHDI in solution and solid
were up to 47% and 18%, respectively, highlighting the ad-
vantage of the fusion of double helicene and imide to suppress
the ACQ. More importantly, DHDI is sensitive towards
mechanical force with remarkable mechanofluorochromic
behavior, suggesting the potential applications in mechano-
sensors, security papers, and optical storage.® Further endeav-
or towards the elucidation of the intrinsic mechanism of
mechanofluorochromism, as well as exploration of the func-
tionalization and applications of DHDI are ongoing in our
laboratory.
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