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The effect of regioisomerism on the solid-state
fluorescence of bis(piperidyl)anthracenes:
structurally simple but bright AIE luminogens
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A series of regioisomers of piperidylanthracenes (PA) and bis(piperidyl)anthracenes (BPA) were
synthesized and their photophysical properties examined in solution, suspension, and the solid state.
Aggregation-induced emission (AIE) was observed only for 1,4-BPA and 9,10-BPA, in which two
piperidyl groups are substituted at the anthracene moiety in the para-position with respect to each
other. Compared to previously reported AIE luminogens, these easily obtainable para-substituted BPAs,
exhibited several unique and beneficial features, such as simple structures, bright solid-state
fluorescence (@4 = 0.49 and 0.86 for 1,4-BPA and 9,10-BPA, respectively), tunable fluorescence
emission, and large Stokes shifts. Results from diffuse-reflectance and fluorescence lifetime
measurements demonstrated that PAs and BPAs intrinsically possess an efficient non-radiative transition
pathway in the solid state, and that 1,4-BPA and 9,10-BPA may overcome this pathway. The X-ray
crystallographic analysis of 1,4-BPA revealed that undesirable interchromophoric interactions can be
minimised, while TD-DFT calculations suggested that the enhanced Stokes shift of 1,4-BPA arises from

severe electronic repulsion between neighbouring piperidyl moieties, which presumably results in the
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Introduction

Most organic fluorophores suffer from substantial fluorescence
quenching in the solid state, an effect usually referred to as
aggregation-caused quenching (ACQ). For decades, this char-
acteristic feature has often been considered a bottleneck for
practical applications of such organic compounds in e.g. elec-
tronics and bioimaging devices.> However, traditional concepts
for organic fluorophores have recently changed dramatically, as
various studies have described simple and yet accurate systems
for the measurement of absolute fluorescence quantum yields
(@q).>* The fluorescence quantum yield is generally considered
a quantitative index for solid-state fluorescence,” and it pro-
vides deeper insight into possible new design strategies for
efficient solid-state fluorophores, thereby promoting the devel-
opment of fluorophores that exhibit aggregation-induced
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emission (AIE)"* and efficient solid-state fluorescence.*” Especially
ATE luminogens have found many applications, not only in organic
light-emitting diodes (OLEDs),*° but also in environment-
responsive fluorescent probes,”'® which are sensitive to aggre-
gation and self-assembly.

Despite the development of a wide variety of AIE luminogens'?
and efficient solid-state fluorophores,®” the majority of func-
tional molecules used in OLEDs®? and fluorescence imaging"*
are based on tetraphenylethenes (TPEs),"* stilbenes,'*** and
siloles."® These chromophores are preferentially used, because
they exhibit simple structures and are susceptible to further
modifications, which may be necessary for certain applications.'®
Conversely, most other fluorophores exhibit more complex and
complicated structures. Most recently, Tang et al. have
addressed this issue and developed simple, small, and easily
accessible AIE luminogens based on tetraphenylpyrazines
(TPPs)."” Although both TPE and TPP are more readily available
than other AIE luminogens, they exhibit @ values that remain
unsatisfactory for most applications’®'” (Chart 1), and further
modifications are required in order to attain efficient solid-
state fluorescence."®

In order to develop simple, easily accessible, and versatile
AIE luminogens, we focused on the solid-state fluorescence
behaviour of basic dyes." Bis(dialkylamino)anthracene is a
promising candidate in this context, as it does not exhibit

This journal is © The Royal Society of Chemistry 2015
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Chart1 Comparison between TPE*? and AIE-active BPAs.
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N
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7 2 1-position : 1-PA 1,4-position : 1,4-BPA
OOO 2-position : 2-PA 1,5-position : 1,5-BPA
6 3 9-position : 9-PA 1,8-position :1,8-BPA
5 10 4 2,6-position : 2,6-BPA

9,10-position : 9,10-BPA

Chart 2 Nomenclature of piperidyl-substituted PA and BPA derivatives
used in this study.

fluorescence in solution.” This is probably due to fast internal
conversion®! and can be suppressed by aggregation. However, it
is exactly this fluorescence property that sets bis(dialkylamino)-
anthracene apart from other fluorescent analogues such as
e.g. diphenylanthracene.?

In this study, we report the synthesis of various regioisomers
of piperidylanthracenes (PAs) and bis(piperidyl)anthracenes
(BPAs), and we discuss the effect of regioisomerism on their
solid-state fluorescence properties (Chart 2). Our results
revealed that only 1,4-BPA and 9,10-BPA exhibit AIE behaviour,
and that their fluorescence colours are tuneable without the
introduction of additional substituents (Chart 1). Moreover,
9,10-BPA, which can be easily obtained via a one-step reaction
from inexpensive 9,10-dibromoanthracene, also exhibits highly
efficient solid-state fluorescence (¥ = 0.86; neat powder). As
BPAs are prepared with relative ease, and as they exhibit
considerable levels of AIE, efficient solid-state fluorescence,
characteristic tunability of the fluorescence colour, as well as
simple and small structures, they are ideally suited to serve as
core fluorophores for various functional molecules.

However, BPAs are not only attractive with respect to the afore-
mentioned practical aspects, but they are also interesting from a
fundamental perspective, as they display efficient solid-state fluores-
cence as well as a large fluctuation in their Stokes shifts. This is
particularly remarkable, as the molecular mass of BPAs is relatively
low and they do not contain aryl-aryl bonds, alkene moieties, or
bulky substituents."”® Therefore, the fluorescence behaviour of
BPAs will also be discussed from a mechanistic viewpoint.

Results and discussion
Synthesis

A series of PA and BPA derivatives was readily obtained from the
Pd-catalysed C-N coupling of mono- and dibromoanthracene,
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respectively.”>** This route was given preference over a previously
reported approach starting from 9,10-bis(dimethylamino)-
anthracene,>*** as the synthetic intermediate 9,10-diamino-
anthracene generated therein is unstable and susceptible to
rapid oxidation.>> Most likely, this instability is responsible for
the shortage of reports on the emission properties of bis-
(dialkylamino)anthracenes.”*° Fortunately, recent advances
in Pd-catalysed C-N coupling reactions provide synthetic routes
to PAs and BPAs that bypass the formation of this unstable
intermediate. Furthermore, 1,4-BPA and 9,10-BPA thus pre-
pared do not exhibit any signs of deterioration upon exposure
to air, which was attributed to the highly twisted aryl-nitrogen
bonds, which suppresses oxidation via the formation of a
quinoidal intermediate.>® Thermogravimetric analysis (TGA)
measurements revealed decomposition temperatures (Ty,
corresponding to 5% weight loss under a nitrogen atmosphere)
of 245 and 253 °C for 1,4-BPA and 9,10-BPA, respectively (Fig.
S17, ESIT). These Ty values are higher than that of TPE (T4 =
213 °C) and comparable to that of TPP (T4 = 275 °C),"” suggest-
ing that 1,4-BPA and 9,10-BPA should possess a sufficiently
high thermal stability in order to serve as AIE luminogens.
Detailed synthetic procedures and characterization data are
summarized in the experimental section.

Aggregation-induced emission (AIE)

We measured the fluorescence properties of PAs and BPAs in
solution (DMF), in colloidal suspension (THF: H,O = 1:9; v/v),
and in the solid state (neat powder, Fig. 1). The formation of
aggregates was supported by UV-vis spectroscopy’®*! and con-
firmed by dynamic light scattering (DLS) measurements. For PA
and BPA, the DLS measurements revealed typical hydro-
dynamic radii (Ry,) of ca. 50-100 nm (Fig. S19-S26, ESI{). More
detailed information about these DLS measurements is con-
tained in the experimental section. Table 1 summarises the
fluorescence maxima (4g) and fluorescence quantum yields
(@) for each state. Most PAs and BPAs suffer severely from
ACQ, and only 1,4-BPA and 9,10-BPA, which contain piperidyl
groups at the para-position of the anthracene moiety with
respect to each other, exhibit AIE behaviour. Especially 9,10-
BPA demonstrates noteworthy levels of AIE, as it lacks fluores-
cence in solution (@4 &~ 0.02), but exhibits efficient solid-state
fluorescence (¥ &~ 0.86), which is comparable to previously
reported efficient fluorophores.®”"****3 Interestingly, 1,4-BPA
reduces its fluorescence quantum yield as a function of increas-
ing solvent polarity, and significantly enhanced fluorescence is

9,10-BPA  2,6-BPA

1,4-BPA 1,5-BPA 1,8-BPA

Fig. 1 Photographic images of BPAs exposed to (a) ambient light and
(b) UV light (4 = 365 nm).
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Table 1 Fluorescence maxima (4q) and fluorescence quantum yield (®g)
for PAs and BPAs in solution, suspension, and the solid state

).ﬂa [nm] ¢ﬂa

Solution Solution
Entry  THF DMF Suspension” Solid® THF DMF Suspension® Solid*®
1-PA 521 550 519 500 0.91 0.85 0.49 0.52
2-PA 504 525 488 523 0.91 0.92 0.34 0.27
9-PA 478 495 490 519 0.01 0.01 0.05 0.71
1,4-BPA 598 631 596 591 0.25 0.08 0.45 0.49
1,5-BPA 504 533 504 518 0.77 0.87 0.12 0.34
1,8-BPA 514 540 514 531 0.71 0.80 0.15 0.12
2,6-BPA 515 528 504 532 0.88 0.92 0.15 0.17
9,10-BPA 528 537 514 519 0.02 0.02 0.79 0.86

“ The excitation wavelength corresponds to either the maximum wave-
length of the absorption spectrum, or the diffused-reflectance spec-
trum. ” THF: H,0 = 1:9 (v/v); H,0 was added in order to obtain
colloidal suspensions, and the formation of aggregates was confirmed
by UV-vis spectroscopy'®®' and DLS measurements. ¢ Data obtained
from neat powder.

observed in colloidal suspension (Table 1). This polarity-
reduced fluorescence and the AIE characteristics are clearly
reflected in the fluorescence behaviour when water is added to
a THF solution of 1,4-BPA (Fig. 2a and c). Then, the fluores-
cence intensity plot is quite similar to AIE luminogens, whose
fluorescence is quenched substantially by the addition of polar
solvents.** Moreover, the fluorescence colour of PAs and BPAs
varies, depending on the position of the substituents. For
example, green fluorescence (1g = 514-519 nm) was observed
for 9,10-BPA, while orange fluorescence (1g = 591-596 nm) was
observed for 1,4-BPA. Such a drastic colour change induced by
regioisomerism is quite unique compared to conventional

View Article Online
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design paradigms, where the fluorescence colour is modulated
via the introduction of donor or acceptor groups.*® This intri-
guing feature may be applied to the multicolour imaging of
living cells, which imposes strict uniformity requirements on
the chemical structures of the fluorophores.'*** In addition,
large Stokes shifts were observed for both 1,4-BPA (7400 cm ™)
and 9,10-BPA (5500 cm™ ') in the solid state, which renders
these compounds attractive for applications in far-field fluores-
cence microscopy.’® In fact, these Stokes shifts are at least
comparable, if not larger than those reported for recently
developed fluorescent probes with large Stokes shifts.?”

Effects of aggregation on the radiative and non-radiative
transition pathways of PAs and BPAs

In contrast to the other regioisomers, only para-substituted BPAs
such as 1,4-BPA and 9,10-BPA exhibit AIE. In order to understand
this unusual phenomenon, the correlation between aggregation (or
crystallisation) and radiative or non-radiative transition pathways of
PAs and BPAs should be addressed, as well as the reasons for the
high fluorescence of 1,4-BPA and 9,10-BPA in the solid state.
Firstly, it is important to understand how aggregation
changes the fluorescent species in PAs and BPAs. The relation-
ship between the aggregation state of the solids (i.e. colloidal
suspension, or neat powder) and the fluorescence quantum
yield should provide an insight into the fluorescent species in
the solid state. If the aggregation-induced emission of 1,4-BPA
and 9,10-BPA involves highly delocalised excitons, as reported
for anthracenes and typical aromatic hydrocarbons, the fluores-
cence quantum yields should strongly depend on the condi-
tions of the solids.” However, the fluorescence quantum yields
for almost all PAs and BPAs (except 9-PA) remain essentially
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Fig. 2 Fluorescence spectra of (a) 1,4-BPA and (b) 9,10-BPA in THF —water mixtures. Maximum fluorescence intensity of (c) 1,4-BPA and (d) 9,10-BPA as

a function of water fraction [vol%].
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unaffected by the condition of the solid (Table 1). Therefore,
the fluorescent excitons of 1,4-BPA and 9,10-BPA are likely to be
localised on a single, or very few chromophores.

Interestingly, 9-PA exhibits strong fluorescence (@5 ~ 0.71)
only as a neat powder, but not in a suspension. The X-ray
crystallographic analysis from a single crystal of 9-PA revealed a
herringbone structure (Fig. S62, ESIT), wherein the anthracene
moieties adopt a configuration that avoids n-stacking, which is
disadvantageous with respect to the formation of strong inter-
molecular interactions and Frenkel excitons.*® However, given
the lack of spectroscopic data for large and high-quality single
crystals, which should be necessary to discuss the solid-state
fluorescence properties of 9-PA accurately, we refrained from
addressing this question herein.

Accordingly, the diffuse-reflectance spectra of the PA and BPA
derivatives (Fig. S45-S52, ESIt) are comparable to their absorption
spectra, and peaks associated with delocalised Frenkel excitons,
i.e. J- or H-aggregates, were not observed.* Thus, it seems likely
that the aggregation does not significantly influence the fluores-
cent species in PAs and BPAs. Given that aggregation does not
strongly affect radiative pathways, the aggregation effect on the
non-radiative transition pathways of PAs and BPAs should be
more important. In order to analyse the effect of aggregation on
radiative and non-radiative transition rates, fluorescence lifetime
measurements were carried out. However, as shown in Table S1
(ESIY), the fluorescence lifetimes measured in colloidal suspen-
sions consisted of two components. Therefore, the lifetimes of
bi-exponential decays have to be approximated to a single com-
ponent to derive the transition rate constants. Sillen et al. have
reported that the amplitude average lifetime is an effective para-
meter to derive the transition rate constants of multi-exponential
decays caused by the exposure of fluorescent molecules to differ-
ent environments.*® As colloidal suspensions contain at least two
separate environments (i.e. the aggregation and solution state),
the amplitude average lifetime was used to derive the transition
rate constants. The derived radiative transition rate constants (k)
remain constant at ~3-8 x 10’ s~ ', independent of the sample
conditions such as solvent polarity or aggregation. On the other
hand, the non-radiative transition rate constants (k,,) for the
aggregation state of PA (4-9 x 10” s') and BPA (2-3 x 10® s")
are an order of magnitude higher than the corresponding &,
values in solution (PA: 3-9 x 10° s™'; BPA: 0.4-5 x 10” s~ %). The
exceptions here are 1,4-BPA and 9,10-BPA, which exhibit exclu-
sively AIE; their k. values (~2-3 x 10” s~ ') suggest that their non-
radiative transitions are significantly slower than those of other
BPA derivatives (see Table S1, ESIT).

Thus, it is feasible to conclude that 1,4-BPA and 9,10-BPA
operate a fluorescence mechanism that avoids the non-
radiative transition pathway, which is intrinsic to solid-state
PAs and BPAs. Due to this unique mechanism, aggregation only
serves to restrict the intramolecular vibrations, which trigger
AIE phenomena.™?

Relaxation of the excited state in 1,4-BPA and 9,10-BPA

In order to extend this method and prepare a variety of simple
but bright AIE luminogens based on 1,4-BPA and 9,10-BPA, a

This journal is © The Royal Society of Chemistry 2015
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concrete design strategy must be established. However, prior to
doing this, the intrinsic non-radiative transition pathway of
BPAs and the mechanism by which 1,4-BPA and 9,10-BPA
overcome deactivation should be determined.

Usually, non-radiative transition pathways in the solid state
arise from energy transfers involving Forster or Dexter mechan-
isms,®*" excimer or exciplex formation,® the presence of polaro-
nic species,”” or self-absorption.” However, the photophysical
data obtained in this study were unable to provide consistent
and/or direct evidence for a specific mechanism underlying the
fluorescence quenching of PA and BPA derivatives in the solid
state. For instance, if we assume that the non-radiative pathway
occurs by self-absorption, a colloidal suspension should experi-
ence a stronger bathochromic shift of its fluorescence relative
to those of diluted and non-polar solutions. Even though 1,5-
BPA and 1,8-BPA follow this paradigm, suspensions of 2,6-BPA
exhibit a more hypsochromically shifted fluorescence emission
than those of the solutions (Fig. S35-S44, ESIt). Accordingly,
it is hardly debatable that further studies, focusing on a
detailed analysis of the photophysical processes in the solid
state, are required.

Nevertheless, the efficiency of the non-radiative transitions
can be elucidated from X-ray crystallographic analyses and
from the photophysical properties of dilute solutions. Fig. 3
shows the molecular structures of 1,4-BPA, 1,5-BPA, and 9,10-
BPA, obtained from single crystal X-ray diffraction studies. It is
widely accepted that undesirable interchromophoric interac-
tions can be suppressed by separating chromophores spatially.
Hence, a commonly employed design principle for the enhance-
ment of solid-state emission is based on the use of bulky
substituents and multiple aryl-aryl bonds.*” However, BPAs
lack such substituents and bonds, and the anthracene chromo-
phores are packed in such close proximity that Dexter-type
energy transfers should be possible (i.e. interchromophoric
distance <10 A).** Even though molecules of 1,4-BPA are in
close proximity in the crystal structure, their orthogonal

(a)
3.6

8.2

Fig. 3 Molecular packing in the unit cell of (a) 1,4-BPA, (b) 9,10-BPA, and
(c) 1,5-BPA. The number values refer to the closest distances (in A)
between neighbouring chromophores.
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packing may minimise interchromophoric interactions,
while simultaneously enhancing the fluorescence brightness
(Fig. 3a). As the unit cells of the 9,10-BPA crystals lack a
molecule at the body-centred position, 9,10-BPA molecules are
packed in a face-to-face manner and arranged more closely
compared to 1,4-BPA and 1,5-BPA (Fig. 3b). Thus, when only the
electronic interaction with neighbouring chromophores is con-
sidered, 9,10-BPA is more likely to undergo fluorescence
quenching than other BPAs. However, close packing is, at the
same time, favourable to supress internal conversion. Recent
theoretical studies*® demonstrated that a close packing in the
solid state effectively restricts a low-frequency vibrational
mode, which is strongly coupled with the reorganization energy
that plays a pivotal role in fast internal conversions. This
hypothesis can be applied to the AIE behaviour of 9,10-BPA:
provided that the internal conversion rate of 9,10-BPA is, as for
9,10-diphenylanthracene,** governed by a low-frequency mode
such as a C-N rotation, it is reasonable to assume that the close
packing of 9,10-BPA leads to a slow non-radiative transition. To
quantitatively analyse the effect of the close packing, we will
conduct experimental and theoretical investigations using
model compounds.

It is noteworthy that the shape of the fluorescence spectra
(Fig. S53-S60, ESIf) for several PAs and BPAs significantly
depends on the aggregation condition of the solid (i.e. colloidal
suspension, 1 mM in NaBr, or neat powder), which is indicative
of their mechanofluorochromic properties. However, this spectral
change is less pronounced for AIE-active 1,4-BPA and 9,10-BPA.
To impart these AlE-active dyes with mechanofluorochromic
properties, we designed 1,4-BPA and 9,10-BPA analogues with a
bulkier dialkylamine group.*’

The photophysical properties of dilute solutions, especially
the Stokes shifts, are also relevant to the non-radiative transi-
tion rates in the solid state.?” Large Stokes shifts imply a
marginal overlap between the absorption and fluorescence
spectra, which prevents energy transfer’' and self-absorption.
Fig. 4 shows a plot of the Stokes shifts of some PA and BPA
derivatives in toluene, THF, and DMF as a function of solvent
polarity parameter (f.) of each solvent.*® Since the Stokes
shifts and other spectroscopic features of PA are similar to
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dimethylamine analogs,>""*° absorption and fluorescence spectra
were assigned accordingly. While S, — S; absorptions (Fig. S27
and S33, ESIt) of 1-PA and 9-PA stem from symmetry-allowed
mixing between the 'L, state of anthracene®! and the 'CT
(singlet charge transfer) state, a more red-shifted S, — S;
absorption (Fig. S31, ESI{) is observed for 2-PA, which results
from the mixing between the optically forbidden 'L, state of
anthracene and its 'CT state.”® Thus, the resultant Stokes shift
of 2-PA is smaller than 1-PA despite small steric hindrance
against C-N rotation. As the character of the Sy-S; absorption/
fluorescence is very different for each PA, the effect of introducing
a second piperidine group should be evaluated by comparison
with the corresponding PA. As shown in Fig. 4, the Stokes shifts
of 1,5-BPA, 1,8-BPA, and 2,6-BPA are smaller than those of the
corresponding monosubstituted analogues, i.e. 1-PA and 2-PA.
This decreased Stokes shift can be ascribed to the symmetric
excited-state dipole moment of 1,5-BPA, 1,8-BPA, and 2,6-BPA,
as their Stokes shifts are less dependent on solvent polarity
than those of the PAs. Conversely, 1,4-BPA and 9,10-BPA
exhibited Stokes shifts, which are significantly larger than
those of 1-PA and 9-PA, even though the Stokes shifts of these
BPAs are equally less dependent on solvent polarity than
corresponding PAs. In dilute solution, the Stokes shift of a
fluorophore is determined by dielectric interactions with sol-
vent molecules (outer-sphere reorganisation) and the defor-
mation of solute molecules induced by excited-state energy
relaxation (inner-sphere reorganisation). When considering
small degrees of solvatochromism for BPAs into account,
prominent Stokes shifts of 1,4-BPA and 9,10-BPA should arise
from their large inner-sphere reorganization energy. It can
therefore be concluded that only the second piperidyl groups
at the para-position, in e.g. 1,4-BPA and 9,10-BPA, contribute
significantly to the excited-state energy relaxation and hence
induce a larger Stokes shift.

In order to gain a better understanding of the origin of the
large Stokes shifts in 1,4-BPA, we performed time-dependent
density functional theory (TD-DFT) calculations for 1,4-BPA and
1,5-BPA at the ®B97X-D/6-311G(d,p) level of theory (see ESIt)
and the results are summarised in Fig. 5. The calculated
HOMOs and LUMOs for both 1,4-BPA and 1,5-BPA are

those of 1-, 2-, and 9-aminoanthracenes®® and their derived from the anthracene 'b,, and 'b,, orbital, respectively.”
10000 6500 7000
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Fig. 4 Stokes shifts of PA and BPA derivatives plotted against the solvent polarity parameter (f,).2* The solvent polarity parameter is obtained from the
following equation: f_ = 2Af/hc, Af = (& — 1)/(2e + 1) — (n® — 1)/(2n® + 1), where c refers to the speed of light [cm s™], h to the Planck constant [erg s], n to

the refractive index,*® and ¢ to the dielectric constant of each solvent.*®

5944 | J. Mater. Chem. C, 2015, 3, 5940-5950

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5tc00946d

Open Access Article. Published on 11 mayo 2015. Downloaded on 8/9/2025 06:15:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
Energy
[hartree] 1,5-BPA 1,4-BPA
Ground state Excited state Ground state Excited state
0.003 0.002
0 <.LUMO ———— . <z -0.008 wgr-0.005
0209858, (17*)|  Sy—S; (n-n*) | §y-8; (r-n*) | S¢Sy (a7
4 A,=355nm A =435 Nnm =364 Nm hey=506 nm
] J—
L2 -0.217
. _-7 70235 o
-0.25- -7 <
HOMO 0251 -0.248

Fig. 5 TD-DFT calculations for the energy levels of the HOMO and LUMO
of the equilibrium structures for the ground (Sp) and excited state (Sy), as
well as the corresponding wavelengths for the So—S; transitions (top);
Kohn-Sham orbitals for the HOMO of each structure. All calculations were
carried out at the ©®B97X-D/6-311G(d,p) level of theory.

Thus, the HOMO-LUMO transitions in these BPAs, which lead to
the first singlet excited states Sy, are based on the Sy~'L, transition
(n-n* character) of anthracene®® (Tables S7 and S8, ESIY).

The Stokes shifts for the Sy,-S; transition in 1,4-BPA are
significantly larger than for that in 1,5-BPA. The distribution of
the HOMO does not show any significant change upon relaxa-
tion of 1,5-BPA, whereas the HOMO of 1,4-BPA clearly con-
verges on the substituted benzene ring of the anthracene
moiety after the structural relaxation. It can thus be concluded
that the large Stokes shift of 1,4-BPA originates from the
destabilisation of the HOMO, which is caused by the strong
electronic repulsion between two piperidyl groups in close
spatial proximity.

For the evaluation of the structural change induced by the
inner-sphere reorganisation, we calculated the change of the
dihedral angle between the anthracene plane (defined by atoms
4, 12, and 14; Tables S3-S6, ESIt) and the piperidyl group
(defined by atoms 14, 18, and 20; Tables S3-S6, ESI{). For
1,5-BPA, dihedral angles of 51° (S,) and 44° (S;) were obtained,
while angles of 52° (S,) and 39° (S,) were obtained for 1,4-BPA.
Twisted intramolecular charge-transfer (TICT) states often
display excited-state species with large Stokes shifts,** and
their inner-sphere reorganisation energy is comparable to that
of 1,4-BPA. However, the inner-sphere reorganisation of TICT
dyes demands a significantly larger change of the torsion angle
between the donor and acceptor.”>”® Notably, the change of the
torsion angle from S, geometry to S; geometry is only moderate
for 1,4-BPA (13°), which suggests that 1,4-BPA can, in contrast
to TICT dyes, complete the inner-sphere reorganisation even
under restricted mobility in the solid state. In fact, the
restricted environment in the solid state prohibits the for-
mation of the TICT state, which frequently results in AIE,"**’
albeit concomitant with decreased Stokes shifts due to the
limited inner-sphere reorganisation in the excited state. This
trade-off relationship in TICT dyes requires elaborate and
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prudent design strategies.>® Given that electronic repulsion is
able to induce large Stokes shifts with a minimal structural
relaxation, twisted donors in spatial proximity such as in 1,4-
BPA represent a simple, yet viable option to simultaneously
obtain effective AIE and large Stokes shifts.

Although we performed TD-DFT calculations for 9,10-BPA as
well, the results were so complicated that we were unable to
interpret the underlying photophysical processes comprehen-
sively. Considering its crystal structure, the mechanism for the
solid-state emission and AIE in 9,10-BPA may be different from
that in 1,4-BPA. Future studies will investigate the photophysical
properties of 9,10-BPA by spectroscopic measurements, the synth-
esis of model compounds, and computational calculations.

Conclusion

In this study, we synthesised various regioisomers of piperi-
dylanthracene (PA) and bis(piperidyl)anthracene (BPA), and
evaluated their photophysical properties. The result revealed
that only 1,4-BPA and 9,10-BPA exhibit AIE, and that their
fluorescence colour can be tuned by changing the relative
position of the piperidyl groups.

Results from diffuse-reflectance spectroscopy and fluores-
cence lifetime measurements demonstrated that PA and BPA
intrinsically possess an efficient non-radiative transition path-
way in the solid state, and that 1,4-BPA and 9,10-BPA may
overcome this pathway. While the molecular packing of 1,4-BPA
in the crystalline state exhibited weak interchromophoric inter-
actions, that of 9,10-BPA is indicative of the importance of
suppression of intramolecular vibrations. Spectroscopic mea-
surements in dilute solutions indicated that the Stokes shifts of
1,4-BPA and 9,10-BPA are considerably larger than those of
their corresponding PA analogues. Accordingly, the spectro-
scopic characteristics of 1,4-BPA and 9,10-BPA are suitable for
the suppression of self-absorption and energy transfer in the
solid state. TD-DF