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cDepartment of Physics and Astronomy, U

Uppsala, Sweden

† Electronic supplementary information (
For ESI and crystallographic data in
https://doi.org/10.1039/d2sc00908k

Cite this: Chem. Sci., 2022, 13, 6067

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 13th February 2022
Accepted 25th April 2022

DOI: 10.1039/d2sc00908k

rsc.li/chemical-science

© 2022 The Author(s). Published by
bridge-induced selective dual
polarization in crystals for stable multi-emitters†

Yi Xing,a Zhongyu Li,a Glib V. Baryshnikov, b Shen Shen, a Danfeng Ye,a

Hans Ågren c and Liangliang Zhu *a

In the solid state, the molecular polarization of donor–acceptor (D–A) molecules can be implemented in

a simple way via the use of an external polarizing source (e.g., an electric field). However, internal

chemical polarization approaches are less studied due to difficulties related to controlling the charge-

separation orientation in the solid state. Herein, a series of D–A molecules with both a proton donor and

an acceptor were designed. Water-based molecular bridges were then established in their crystal

structures, which firmly and alternately connected the proton donor of one molecule and the acceptor

of another via an intermolecular H-bond network. In this way, the selective dual polarization of

a phenolic hydroxyl group and a pyridinyl group could be achieved, owing to the strengthening of the

charge-separation orientation upon the simultaneous deprotonation and protonation of the D–A

molecules. This effect led to a 3–5-fold amplification of the molecular dipole moment in the crystal

form relative to the monomeric state. On this basis, multi-excitation and multi-emission characteristics

were achieved in these charge-separated crystals, endowing them with the ability to visually detect the

energy of a light source, covering a wide range of the UV-Vis spectral region. This work provides

a practical chemical approach for developing intrinsically polarized systems that can exhibit stable but

distinct molecular photophysical properties.
Introduction

Donor–acceptor (D–A) molecules have received much attention
due to their fascinating applications in modern optoelec-
tronics.1 They can be easily polarized to regulate the optoelec-
tronic properties, particularly the molecular
photoluminescence and other photophysical behavior.2 A
common polarization case in solution involves the internal
charge-transfer mechanism, which is generally connected with
a wavelength shi and/or multiple emission from D–A mole-
cules in polar solvents.1g,3 However, solution states generally
suffer from solvent loss4 and recycling-based challenges5 when
used. In crystals or solid lms, external stimuli, like an elec-
tronic eld, polarized/circular polarized light, magnetic control,
or an additional energy source, are usually employed for
polarizing molecules and tuning their corresponding
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photophysical properties.6 Developing internal chemical polar-
ization approaches that are smart and low cost remains chal-
lenging, but they are desirable for achieving stable and distinct
molecular photophysical properties.

In the process of molecular polarization, the molecular
dipole moment is normally used to measure the sum effects of
charge separation.7 Therefore, the internal chemical-based
control of charge-separation orientation in a solid material
can be a key factor for addressing the above-mentioned issue.
ortho-Pyridinil phenols, a class of D–Amolecular structures with
both a proton donor and acceptor, can readily form an inter-
molecular H-bond dimeric structure through the proton donor
and acceptor.8 Inspired by the selective bonding mode in these
structures, we expect that a stable H-bond network can be
constructed formed from ortho-pyridinil phenols together with
polar chemicals (like water) in an ordered and alternating
fashion, so as to create an oriented polarization effect induced
by a perfect H-bond environment.

Here, we designed and synthesized a series of new ortho-
pyridinil phenol molecules with a phenolic hydroxyl group
(proton donor) and a pyridinyl group (proton acceptor) (as
illustrated in the chemical structures of DPP-F, DPP, and PP-F in
Fig. 1a). The introduction of a strongly electronegative uorine
atom that may make an extra contribution to molecular polar-
ization is also considered.9 Then, via the hydrated crystal
growth of these molecules, water-based molecular bridges were
Chem. Sci., 2022, 13, 6067–6073 | 6067
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Fig. 1 (a) The chemical structures of the D–A molecules and photo-
graphs of their hydrated crystals. (b) An illustration of the water-based
molecular-bridge-stabilized H-bond network that can induce a strong
selective dual polarization effect involving the phenolic hydroxyl group
and the pyridinyl group, causing strengthened charge-separation
orientation, taking the DPP-F crystal as an example. The direction and
extent of electron flow upon charge separation are highlighted by
arrows. (c) A summary of the excitation and emission characteristics of
two differently polarized species.

Fig. 2 (a) Absorption and (b) emission spectra (lex¼ 365 nm) of DPP-F
in different benign solvents. (c) The emission intensity distribution (515
nm) of DPP-F in DMF at different excitation wavelengths showing two
distinct excitation events from the initial state and deprotonated state,
respectively. (d) The emission spectra (lex ¼ 365 nm) of DPP-F in
DMSO with different water fractions (fw represents the water volume
fraction).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
6:

58
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
constructed, which rmly and alternately connected the proton
donor of one molecule and the acceptor of another through an
intermolecular H-bond network. This ordered and alternating
H-bond superstructure led to water-induced intermolecular
charge separation, followed by the strong selective dual polari-
zation of the phenolic hydroxyl group and the pyridinyl group.
The strengthened charge-separation orientation relied on the
simultaneous deprotonation and protonation of the D–A
molecules in the inherent crystal system (see the illustration in
Fig. 1b), where enlarged dipole moments were obtained (a 3–5-
fold amplication of the molecular dipole moments in the
crystal form relative to the monomeric state). Based on this
characteristic, multi-excitation and multi-emission properties
can be obtained using these crystal platforms, originating from
these charge-separated species, and these properties can be
further bathochromically or hypochromatically regulated via J-
aggregation or H-aggregation in the crystal molecular packing
to cover a wide spectral region of 300–610 nm. These properties
endowed the luminescence of the materials with excitation-
wavelength dependence and they can be utilized for the large-
scale visual detection of variable light sources.
6068 | Chem. Sci., 2022, 13, 6067–6073
Results and discussion
Deprotonation in solution

Firstly, the deprotonation behavior of these D–A molecules,
which can reect their selective charge-separation abilities, was
monitored in different solvents. Focusing on DPP-F, we nd
a dual absorption phenomenon (a band at 300–340 nm and
another at 390–480 nm) in DMF and DMSO, compared to
a single band (300–350 nm) in other benign solvents (Fig. 2a).
Correspondingly, DPP-F could emit a strong band in DMSO and
DMF with a nanosecond-scale (4.72 ns) uorescent lifetime
(Fig. S1†), compared to the other solvents, which showed barely
any emission (Fig. 2b). As the phenol groups of ortho-pyridinil
generally show absorption in a relatively short wavelength
region without photoluminescence,8 these results indicated
that DMF and DMSO played a prominent role in pushing the
dynamic equilibrium towards deprotonation, and the forma-
tion of phenolate species was the root of the luminescent
properties. It seems that highly polar solvents like DMF and
DMSO could stabilize the transition state to promote deproto-
nation, owing to different solvent effects.10 This stabilization of
the transition state probably involves H bonds,11 since ACN,
which has large polarity, did not cause equivalent deprotona-
tion due to its weak H-bond forming abilities. The other two
compounds, DPP and PP-F, behaved similarly in DMF, showing
relatively remarkable dual absorption and emission (Fig. S1†)
featuring a similar type of deprotonation. However, the
absorption and emission intensities of DPP and PP-F were
weaker than those of DPP-F due to differences in chemical
structure.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In addition, we altered the excitation wavelength to reveal its
relationship with the emission intensity in DMF, and we
observed a unique dual-excitation phenomenon (Fig. 2c). The
rst excitation was attributed to the initial state of the molecule,
while the second originated from the deprotonated state,
similar to its absorption characteristics; this could be further
proved based on the calculated electronic transition data (see
the neutral form (312 nm) and the anionic form (460 nm) in
Fig. S2†). Here, molecular aggregation did not play a major role
in regulating the photophysical properties of these molecules in
solution, while DPP-F only presented a linear variation of the
emission intensity as the concentration gradient increased
rather than a wavelength shi (Fig. S3†). When water was
introduced into DMSO solution of DPP-F, the emission intensity
was continuously raised as the water fraction increased up to
30% (Fig. 2d). This increase was because the introduction of
water further enhanced the polarity so as to promote the
emission of DPP-F. A further increase in the water fraction offset
the dynamic equilibrium and was not conducive to the depro-
tonation of DPP-F, which resulted in a drop in emission
intensity (Fig. 2d).
Fig. 3 (a) The X-ray crystallographic structures of DPP-F, DPP, and
PP-F in asymmetric units. The calculated dipole moments of (b) DPP-
F, (c) DPP, and (d) PP-F in monomeric mode and through-H2O H-
bonding network mode. The through-H2O H-bonding distances are
also highlighted for each compound.
Selective dual polarization in the hydrated crystals

When turning to the solid powder form of DPP-F, broad
absorption characteristics could be seen, with a main band
generally located below 400 nm and a broad band in the visible
region from 400 to 650 nm (Fig. S4a†). DPP showed similar
broad absorption, while PP-F showed weak absorption between
525 nm and 700 nm (Fig. S4b and c†). This originated from the
existence of molecular dimers maintained by intermolecular H-
bonding between the proton donor of one molecule and the
acceptor of another in the solid state.8 Such intermolecular H-
bonds in the bulk generated relatively weak polarization to
produce new electronic transitions (a charge-transfer state)
from polarized species. However, the photoluminescence of
these bulk states is still weak.

To strengthen the selective polarization effects, the hydrated
crystal state was a focus in our system because of two reasons:
(1) water, a solvent with high polarity, can be readily utilized
through the immobilization of a rigid crystal cell via selective
intermolecular H-bonds;12 and (2) rigid and regular molecular
packing in the crystal state13 may be helpful for possible
oriented dipole-moment regulation. Based on this kind of
intrinsic structural design, we attempted to introduce water-
based bridges into these systems to generate an ordered and
alternating intermolecular H-bond mode to regulate charge
separation within the rigid crystal conformation. Via a hydrated
crystal growth strategy, we obtained a hydrated single crystal of
DPP-F and the control compounds DPP and PP-F (Fig. S39–
S41†) with signicantly different apparent and luminescent
colors (see the images captured under a microscope shown in
Fig. 1a).

Two-stage weight-loss during thermal gravimetric analysis
(TGA) and the analysis of single-crystal data signied the exis-
tence of crystalline water in the DPP-F crystal; the rst-stage
weight-loss corresponds to the amount of hydration. Similar
© 2022 The Author(s). Published by the Royal Society of Chemistry
weight-loss trends could be observed for DPP and PP-F as well
(Fig. S5 and S39–S41†). The X-ray diffraction (XRD) results from
DPP-F revealed the structure change upon the loss of crystalline
water through dehydration, turning the crystals to powder form
(see the XRD patterns in Fig. S6† and the simulated powder XRD
patterns of reference compounds in Fig. S7†). Direct evidence
allowing the characterization of the hydrated crystals could be
obtained via single-crystal X-ray analysis. There were two
conformations plus two water molecules coexisting in an
asymmetric unit of a DPP-F crystal, while one conformation and
one water molecule were present in the DPP crystal and PP-F
crystal units (see Fig. 3a and S39–S41†). Through crystalliza-
tion, intermolecular water-based bridges were formed, which
rmly and alternately connect the phenolic hydroxyl group of
one molecule and the pyridinyl group of another via intermo-
lecular H-bonds in these crystals (see the packing mode in
Fig. S8†). Through single-crystal analysis, we could nd that in
these stable H-bonded networks the O–H distance for phenolic
hydroxyl groups in all compounds was <1 Å (within the typical
covalent-bond range). Meanwhile, the N/H distance between
the pyridine group and a hydrogen atom in an adjacent water
molecule was maintained at >1.8 Å (within the typical non-
covalent bond range). Different from the case in solution,
these results indicated that hydrated crystallization could not
cause full deprotonation or protonation. It is reasonable to
speculate that this phenomenon involves molecular
polarization.
Chem. Sci., 2022, 13, 6067–6073 | 6069
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On this basis, unique selective dual polarization was ach-
ieved in the crystal structures through double H-bond networks
in the form of O/H or N/H, thus, strong charge-separation
orientation could be established via water-based bridges in
these systems. This strengthened charge-separation between
molecules produced partially negatively charged and partially
positively charged species existing simultaneously, which could
be observed based on the electrostatic potential surfaces of the
three crystals (as illustrated in Fig. 1, S9, and Table S1†). As
a result, the total dipole moment in the hydrated crystals
became considerably larger than in the corresponding mono-
meric state, due to the directional character and abundance of
H bonds in the crystal structure. DFT simulations reveal that the
dipole moments of the three monomers are 2.0825 D for DPP-F,
2.9571 D for DPP, and 0.6699 D for PP-F (Fig. 3b–d). However,
with H-bond-network-regulated attraction, the dipole moments
of these system increased to 6.2529 D, 3.5219 D, and 3.3156 D,
respectively (Fig. 3). These results suggested that remarkable
charge-separation orientation upon selective dual polarization
inside the system could signicantly enhance the dipole–dipole
interactions. Furthermore, when water was removed from the
crystal models, signicant decreases in the dipole moments
were observed (values of 1.4968 D for DPP-F, 0.0010 D for DPP,
and 0.0974 D for PP-F, as shown in Fig. S10†). These results
indicate that in the absence of water, the dipole moments of the
molecules could be offset by each other, showing that the H-
bond network created via water-based molecular bridges
played a signicant role in the dual polarization.
Multi-excitation and multi-emission characteristics

Based on the unique dual polarization, a red emission band
(lmax ¼ 612 nm) and an orange emission band (lmax ¼ 590 nm),
excited at 365 nm and 460 nm, respectively, could be observed
from the DPP-F crystal. Two emission centers appeared for the
DPP and PP-F crystals as well, located at 610 nm and 630 nm
(DPP) and at 433 nm and 448 nm (PP-F) (see the three-
dimensional photoluminescence spectral maps in Fig. 4a).
The excitation abilities of these multiple emission events were
also reected through the presence of broad absorption bands,
in spite of the scattering caused by the crystal structure (Fig. 4b).
Upon irradiation, phenolate and pyridinium species were
produced by an excited-state intermolecular proton transfer
process assisted by water-based molecular bridges (probably
owing to the favorable lengths of these intermolecular H-bonds,
see Fig. S11† taking a DPP-F crystal as an example). This process
led to the distinct dual-emission bands (Fig. 4a), and both of the
emission bands exhibited short-lifetime uorescence charac-
teristics as well (Fig. S12†). To verify these species, fully
protonated (reacted with HCl) and fully deprotonated (reacted
with NaOH) species of DPP-F were prepared as reference
materials (Fig. S13†), and their uorescence-signal wavelengths
were identical to the dual-emission characteristics of the DPP-F
crystal (Fig. S14†). These results signied the formation of
phenolate and pyridinium upon excitation, further supporting
the emission theory. Then, absorption could be designated
according to the relationship between excitation and emission
6070 | Chem. Sci., 2022, 13, 6067–6073
based on the mapping shown in Fig. 4a, where the main
absorption band located at �350 nm could be assigned to
a local state and other polarized states (i.e., charge-transfer
states) were responsible for absorption at 365 nm and 460 nm
in the case of the DPP-F crystal (Fig. 4b). The excited-state
intermolecular proton-transfer process can be explored based
on the secondary excited-state absorption signal14 growing on
the picosecond scale (see the transient absorption measure-
ments in Fig. S15†) and the results of quantum-chemical
calculations (Fig. S16†). The optimization of the excited-state
geometry of DPP-F in the hydrated crystal state led to barrier-
less proton-transfer between two neighboring molecules medi-
ated by a water-based bridge with the formation of phenolate
and pyridinium species, and this could spontaneously return to
the initial state.

It could be found that the dual excitation and dual emission
of DPP-F and DPP crystals were red shied overall relative to the
monomeric states (referenced from the results in solution). In
contrast, the dual excitation and dual emission of the PP-F
crystal were blue shied overall. Aer further analysis of the
single-crystal structures, we found that a synergic factor
involving F atoms and pyridinyl groups in these molecules
played a non-negligible role in the establishment of different
molecular stacking modes in these hydrated crystals. Speci-
cally, the angles between the molecular plane and the
arrangement direction of themolecular stackingmode in DPP-F
and DPP crystals were 46.65� and 52.95�, respectively (Fig. 4c),
and J-aggregation can be ascribed as bringing about the red
shiing of absorption and emission. However, in the PP-F
crystal, this angle was 56.45� (Fig. 4c), which could be
explained as being above the cross-stacking mode (54.7�);15 this
could lead to spectral blue-shiing due to the effects of H-
aggregation.
Excitation-wavelength-dependent photoluminescence

Of these three crystals, the DPP-F crystal exhibited the largest
dipole moment and the strongest absorption, covering a large
UV-Vis region. Fig. 3b–d compares the H-bond distances of DPP-
F, DPP, and PP-F in crystal form. The results revealed that DPP-F
had the shortest intermolecular double hydrogen bond length
(3.532 Å). DPP and PP-F formed double H-bonds with lengths of
3.663 Å and 3.675 Å, respectively. The short distance promoted
charge transfer more efficiently. Based on the strong absorption
and emission of the DPP-F crystal, covering a large UV-Vis
region, relatively remarkable excitation-wavelength-dependent
photoluminescence was observed from the DPP-F crystal (see
Fig. 4a and S17†), and this could be rationally explained based
on variations in the ratio of the two emission intensities excited
at different excitation wavelengths, leading to distinct photo-
luminescent color conversion (Fig. 5). Exploring the practical
usage of this phenomenon, we demonstrated the visual detec-
tion of a light source using this crystal material. Upon a change
in excitation from 365 to 600 nm, the luminescent color of the
DPP-F crystal switched from pink to orange and eventually to
red (Fig. 5, see the CIE-1931 chromaticity diagram with white
dots signifying these luminescent color coordinates). Although
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Excitation–emission mapping of the three crystals at room temperature. The upper inset shows normalized emission spectra at
different excitation wavelengths. (b) The absorption spectra of the three crystals at room temperature. (c) The molecular packing of the three
crystals. The angle between the molecular plane and the arrangement direction of the molecular stacking mode is highlighted.

Fig. 5 (a) The CIE-1931 chromaticity diagram with dots signifying the luminescent color coordinates of the DPP-F crystal in the corresponding
states upon changing the excitation wavelength. (b) Corresponding DPP-F crystal photographs taken upon excitation at different wavelengths
showing the ability of the crystal to visually detect specific wavelengths of light covering a large UV-Vis spectral region due to the excitation-
dependent emission wavelength.
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in the engineering eld it is common to detect excitation light
wavelength with a physical device, this showcase of naked-eye
detection offers a simple solution for wavelength identica-
tion with a portable chemical material, relying on the material
luminescent color having excitation-wavelength-dependent
characteristics covering a large UV-Vis spectral region.
Conclusions

We designed and fabricated a series of D–Amolecules where the
phenolic hydroxyl group acts as a proton donor and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
pyridinyl group acts as an acceptor. Under the effects of water-
based molecular bridges, the crystallization of these molecules
with water promoted selective dual polarization, resulting in
strong and oriented charge separation through this method due
to the simultaneous deprotonation and protonation tendency of
the D–Amolecules. This is an internal chemical-based approach
for obtaining large molecular dipole–dipole interactions based
on ordered and alternating H-bond networks in these crystal
platforms. Such dual polarization endowed the material with
multi-excitation and multi-emission characteristics, with
excitation-wavelength dependence. Harnessing these stable
Chem. Sci., 2022, 13, 6067–6073 | 6071
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properties, we showcased a visual light detector that can work
over a large UV-Vis spectral range. These results can be valuable
for inspiring more advanced and sophisticated approaches for
fabricating solid-state materials with distinct optoelectronic
properties.
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