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The photogeneration of stable radicals is important but still chal-
lenging in the field of optical switching, displays, and other devices.
Herein, crystalline 9-anthracene carboxylic acid (9-AC) and a
mononuclear complex constructed from this ligand were for the
first time discovered to show radical-induced photochromism and
photomagnetism after Xe lamp light irradiation. This study finds a
simple radical-actuated photochromic molecule for constructing a
novel system of photochromic materials.

9-Anthracene carboxylic acid (9-AC), as a rigid organic mole-
cule, has been commonly utilized in the construction of coor-
dination complexes."® Until now, there exist more than 460
compounds containing 9-AC ligand and its derivatives in the
Cambridge Crystallographic Data Centre database. Hereinto,
the photodimerization of the 9-AC ligand has probably been the
most studied as it is prone to intermolecular [4+4] cycloaddi-
tion reactions after UV light irradiation, inducing mechanical
bending, magnetic, and photoluminescent variations.” !
Furthermore, the dimer analogue could also be reversibly
returned to the monomer state via either a heat treatment or
another light irradiation, making them potentially exploitable
in dynamic optical crosslinking, molecular switches, energy
storage, and mechanical devices.">™** However, no one has
reported the photochromic properties for 9-AC itself, even
though the color changes have been naked-eye detected in
some anthracene-based complexes after light irradiation from
intermolecular [4+4] cycloaddition reactions.'”

Photochromic materials, particularly the organic photochromic
architectures, have continued to attract considerable attention owing
to their potential applications in photonic materials and optical
memory devices.'"® Currently, numerous photochromic organic
ligands, including diarylethenes, spiropyrans, azo compounds, anils,

College of Chemistry and Chemical Engineering, Qingdao University,

Shandong 266071, P. R. China. E-mail: hujixiang@qdu.edu.cn

+ Electronic supplementary information (ESI) available. CCDC 2063584. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
d1cc00920f

This journal is © The Royal Society of Chemistry 2021

Qi Li, Qian Zhang, Wu-Ji Wei, A-Ni Wang, Ji-Xiang Hu

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Light actuated stable radicals of the 9-anthracene
carboxylic acid for designing new photochromic

* and Guo-Ming Wang

polycyclic quinones, viologens, triarylmethanes, and others have
been discovered, accompanied with the mechanism involving either
pericyclic reactions, cis-trans photoisomerization, or electron trans-
fer processes.”” ™ As for the electron transfer photochromic family,
such as viologens, electron donors and acceptors are required to
stabilize the photogenerated radicals and actuate the color
variations.”**" As an important aspect, the large t-conjugated ligand
should be considered to construct electron transfer photochromic
materials because they can provide a general and reliable strategy to
obtain stable radicals. Therefore, the 9-AC molecule with large
n-conjugated characterization may finish the task and realize the
electron transfer photochromism. Via the photogenerated radicals,
the photomagnetic phenomenon could be observed while intro-
ducing the paramagnetic metal ions into the 9-AC ligand-
constructed complexes. Moreover, the photogenerated radicals and
photocycloaddition may be simultaneously produced in the 9-AC
components and control the magnetic couplings of metal centers,
further promoting the performance of the photochromic and
photomagnetic properties.

In this study, we demonstrate that 9-AC can show unexpected
ambient photochromism in the crystalline state (Fig. S1, ESIf).
The photoactive color variation originates from the intra- or/and
intermolecular electron transfer process accompanied with photo-
generated stable radicals, which was confirmed by time-
dependent fluorescence, UV-Vis, IR, electron spin resonance
(ESR) spectroscopy, magnetic measurements, and molecular orbi-
tal calculations. The variations of photochromism in a triclinic
and monoclinic configuration were also explored, and the mixture
of both forms exhibited more obvious photochromic property
with a larger fluorescence intensity decrease after light irradiation.
Furthermore, a mononuclear complex Ni(TEA),-2(9-AC) (1; TEA =
triethanolamine) constructed from 9-AC, TEA, and Ni(NO3),-6H,0
was designed and synthesized to confirm the photogenerated
radicals, accompanied with the obvious photochromism and
photomagnetism at ambient conditions.

The 9-AC ligand was purchased commercially and recrystal-
lized in methanol with the P1 space group (Fig. 1a).”?
The configuration and phase purity were confirmed via powder
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Fig.1 (a) The structure of the triclinic 9-AC molecule; (b) the photo-
chromic properties of triclinic 9-AC; (c) time-dependent UV-Vis spectra of
triclinic 9-AC at solid state upon light irradiation; (d) time-dependent
fluorescent spectra of triclinic 9-AC at solid state upon light irradiation
when excited at 368 nm. Inset: The variation of the maximum emission of
triclinic 9-AC at different irradiation times; (e) the ESR spectra of triclinic
9-AC before and after light irradiation at solid state.

X-ray diffraction analyses (Fig. S2, ESIT). After 250 W Xe-lamp
light illumination, the yellow 9-AC samples, which were ground
into powders, turned deeper to dark yellow, showing the
characteristics of photoactivity (Fig. 1b and Fig. S3, ESIT).
The solid-state UV-Vis spectra were first recorded to explore
the light-induced color variations. As shown in Fig. 1c, a broad
peak centered at about 500 nm appeared after photoactivation
using a Xe-lamp, and this absorption peak tended to increase as
the irradiation continued, suggesting the generation of 9-AC*
radicals. The room temperature photoluminescence of the
triclinic 9-AC molecule was in situ investigated at the polycrys-
talline state to gain more information about the photogener-
ated radicals (Fig. 1d). Fluorescence spectra showed that
maximum emission at 496 nm occurred for this ligand upon
excitation at 368 nm, which is ascribed to the intraligand = - -n*
or n---m* transitions. Upon Xe-lamp light irradiation, the
fluorescence intensity gradually decreased by 13.1% of the
initial value with prolonged irradiation time. This phenomenon
should be due to the fluorescent 9-AC ligand changing to a non-
fluorescent 9-AC*® radical, which in turn quenched the fluores-
cence. To exclude the intermolecular [4+4] cycloaddition
reactions of the 9-AC molecules, the solid-state IR spectra were
recorded at ambient conditions. Since new PXRD peaks and
transition bands could be obviously observed for the photo-
chemical dimer,""*® the same PXRD and IR spectra before
and after illumination (Fig. S2 and S4, ESIY) ruled out the
photodimerization and implied the formation of stable
radicals.

The 9-AC* radicals were also confirmed by temperature-
dependent susceptibility measurements using the polycrystalline
samples. The as-prepared triclinic sample was diamagnetic.
However, the 4T value at 300 K was detected to be 0.08 cm?®
K mol ! after irradiation, suggesting the generation of 9-AC*
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radicals (Fig. S5, ESIT). To demonstrate the photogenerated radicals,
solid state X-bond ESR curves of the polycrystalline triclinic 9-AC
samples were measured at ambient conditions. As shown in Fig. 1e,
the ESR signal was silent for the as-prepared samples, while a
remarkable signal at g =2.0025 appeared after Xe-lamp illumination,
which is the characteristic of free radical species. For further
verification of the electron transfer processes of the photoactive 9-
AC molecule, the spatial distributions of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) were calculated using the Gaussian 09 program and
the basis set B3LYP/6-311G(d) method, indicating that the electron
distribution of the HOMO was mainly located on the anthracene
units, while the electron distribution of the carboxyl group appeared
in LUMO (Fig. S6 and Table S1, ESIt). The typical localization of
HOMO and LUMO suggests that the HOMO-LUMO transition
becomes the intramolecular charge transfer transition.>**> The
calculated results suggested that electron transfer occurred from
the anthracene component to the carboxyl group, finally forming the
radical structure.

In general, an extremely conjugated structure can induce spin
delocalization to a large n-system, preventing the generated active
radicals from wundergoing dimerization and polymerization
reactions.”* > For the 9-AC molecule, the photogenerated radical
was relatively stable in the solid state under ambient conditions.
The deeper color of 9-AC after irradiation maintained the charge
separated state even after it was kept in dark for 5 weeks. Compared
with most organic radicals having short lifetimes in air, the stability
of the 9-AC*® radical should be due to spin delocalization originat-
ing from the large m-conjugated anthracene components and
strong interchain n—n interactions (Fig. S7, ESIt), similar to other
reported stable organic and organometallic radical species.>*>?

It is well known that both a triclinic and a monoclinic
polymorphism can be concomitant in the 9-AC molecule under
different solvent crystallization.”>** To further check a possible
difference of photochromism between these two forms, the
9-AC crystals with the monoclinic P2,/n space group were
synthesized from ethyl acetate.” The yellow monoclinic crystals,
confirmed by PXRD and IR measurements (Fig. 2a and Fig. S8,
ESIt), became deeper after 2 h of Xe lamp light irradiation.
However, the monoclinic one showed a decrease of about
15.3% in fluorescence intensity and needed less irradiation
time to achieve the stable state (Fig. 2b). The anomaly should
be due to the difference in the intermolecular interactions
(Fig. S9 and S10, ESIt). The monoclinic structure adopted a
nearer hydrogen bonding distance of 1.5476 (287) A than that of
the triclinic one (1.7259 (524) A), providing a more efficient
electron transfer pathway during the generation of radicals.
The variation between the two configurations also suggested
that the intermolecular electron transfer participates in the
photochromic behavior of the 9-AC molecule. Furthermore,
when the 9-AC ligand was recrystallized in the solvents of
methanol and water (v/v = 2:1), both the triclinic and mono-
clinic forms coexisted in this product, as confirmed by PXRD
and light irradiated IR (Fig. 2a and Fig. S11, ESI¥). Interestingly,
the fluorescence intensity decreased by 25.6% with the dura-
tion of light irradiation (Fig. 2c), larger than the single triclinic
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Fig. 2 PXRD plots of different 9-AC samples (a); time-dependent fluor-
escent spectra upon light irradiation of monoclinic 9-AC (b), 9-AC samples
recrystallized from methanol and water (c), monoclinic and triclinic
samples mixed with 1:1 (d), respectively.

and monoclinic phases. To further confirm this large decrease,
the 1:1 mixture of triclinic and monoclinic forms, recrystal-
lized from methanol and ethyl acetate, respectively, were also
prepared and confirmed by the measured PXRD. The in situ
light actuated fluorescence was performed at room tempera-
ture. As shown in Fig. 2d, the magnitude of the fluorescence
intensity sharply decreased to 41.5% of the initial value, about
three times decrease in intensity than the single triclinic and
monoclinic phases. The highest photochromic efficiency in the
mixed form should have originated from the nearer H-bonding
distances, the stronger H-bonding interactions formed than in
the separated triclinic/monoclinic ones, finally resulting in the
much larger luminescence decrease after irradiation.

Since the 9-AC molecule could produce stable radicals after
light irradiation, the photochromic and photomagnetic behaviors
may be realized via introducing this ligand into the paramagnetic
ion-based complexes. Therefore, a mononuclear Ni'-based
complex 1 constructed by 9-AC, triethanolamine (TEA), and
Ni(NO;),-6H,O was obtained under hydrothermal reactions.

Single-crystal X-ray diffraction analysis demonstrated that
compound 1 crystallized in the monoclinic P2,/n space group.
As shown in Fig. 3a, the structure consisted of one Ni"! center,
two coordinated TEA molecules, and two-isolated 9-AC™
groups. The Ni atom exhibited an [O4N,] octahedral geometry
coordinated with two TEA ligands, and each TEA acted as a
tridentate ligand through the binding N site and two hydroxyl O
atoms. The Ni-O distances were in the range of 2.046(2)-
2.0584(19) A, with the Ni-N distance of 2.086(2) A. It should
be noted that the non-coordinated hydroxyl groups of the TEA
ligands formed O1-H---O4 hydrogen bonds with the 9-AC™
anions, while the coordinated hydroxyl groups also formed
02-H---04 and O3-H---05 hydrogen bonds with the 9-AC™
anions (Fig. 3b and Table S4, ESIt). These strong intermolecu-
lar hydrogen bonds ranging from 2.594(3) to 2.679(3) A linked
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Fig. 3 (a) Structure of compound 1; (b) H-bonding interactions of 1. H
atoms are omitted for clarity; (c) time-dependent UV-Vis spectra of 1 at
solid state upon light irradiation. Inset: The photochromic properties of 1;
(d) time-dependent fluorescent spectra of 1 at solid state when excited at
280 nm; (e) the room temperature ESR spectra of compound 1 after light
irradiation at a frequency of 9.84 GHz; (f) temperature-dependent
susceptibilities of 1 under a dc magnetic field of 1000 Oe before and after
light irradiation.

the molecular units and provided an important way for the light
actuated electron transfer process.

The purity of compound 1 was firstly confirmed by PXRD
measurements (Fig. S12, ESIT). Thermogravimetric analysis in
the N, atmosphere revealed that 1 was stable below 200 °C
before decomposition (Fig. S13, ESIt). The photochromic beha-
vior of compound 1 was then explored under ambient condi-
tions. The powder samples exhibited color changes from light
green to pale-yellow under irradiation by a 250 W Xe lamp
within 20 min (Fig. S14, ESIf), indicating the light-induced
electron transfer process. The time-dependent photochromic
process was monitored by UV-vis absorption spectra (Fig. 3c).
With the duration of light irradiation, the color of 1 changed to
yellow, and the absorption peak centered at 460 nm became
obviously stronger. This suggested the photogeneration of
stable radicals. The same solid state PXRD and IR spectra
before and after light irradiation precluded the intermolecular
[4+4] cycloaddition reactions (Fig. S12 and S15, ESIf). The
photoluminescence of compound 1 was also performed and
exhibited high sensitivity towards UV light. As shown in Fig. 3d,
compound 1 has fluorescence emission peaks at 426 nm with a
shoulder at 450 nm. Moreover, the intensity of the main
fluorescence peak gradually decreased to 26.4% of the initial
value along with the irradiation time and confirmed the pro-
duction of stable radicals. The ESR spectra of 1 were further
measured after light irradiation to confirm the photogenerated
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radicals (Fig. 3e). The curve displayed a broad peak in the
measured region, which should be ascribed to the Ni" ions in
the octahedral geometry. Surprisingly, a sharp peak at g =2.004
appeared for the colored samples, demonstrating that the
photochromic phenomenon was a light-induced electron trans-
fer process, and the stable radicals were produced after Xe lamp
illumination.

As a photogenerated spin carrier, the photomagnetic beha-
vior was explored for 1 under a direct current magnetic field of
1000 Oe between 2-300 K (Fig. 3f). Before irradiation, the yT
value was 1.35 cm® K mol ™" at 300 K, slightly higher than the
theoretical value of 1.21 cm®Kmol " expected for one high-
spin Ni"" ion with § = 1 and g = 2.20.>* Upon cooling, the curve
decreased to a minimum value of 1.27 cm® K mol " at 35 K, and
then continuously increased to 1.43 cm® K mol ' at 8.5 K,
which is characteristic of ferrimagnetism between the Ni"
centers. Finally, the curve sharply decreased to 0.85 cm’
K mol ™" at 2 K, which originated from the zero-field splitting
or intermolecular antiferromagnetic interactions.>® The mag-
netization values in the M-H curve at 2 K exhibited a quick
increase to 1.79 Nf at 50 kOe (Fig. S16, ESIT). For the irradiated
samples, the y7-T and M-H curves exhibited a similar tendency
with the one before irradiation. However, the y7T values
decreased to 1.25 cm® K mol™' at 300 K, and this obvious
decrease should have stemmed from antiferromagnetic cou-
pling interactions between the Ni" ions and photogenerated
radicals.

In summary, we discovered the crystalline 9-AC ligand as a
novel room temperature electron transfer photoactive com-
pound. This molecule changed to the radical analogue after
Xe-lamp light irradiation at ambient conditions, which was
demonstrated by PXRD analyses, UV-Vis, IR, fluorescence, ESR
spectra, magnetic measurements, and molecular orbital calcu-
lations. A comparison of the triclinic and monoclinic crystalline
configurations demonstrated that a higher photochromic effi-
ciency appeared in the monoclinic form, which originated from
the difference in the intermolecular interactions between the
two configurations. Furthermore, a mononuclear complex
based on the 9-AC ligand was synthesized with remarkable
photochromic and photomagnetic behaviors, further demon-
strating the light actuated radical property of the 9-AC mole-
cule. For the first time, the 9-AC ligand and the constructed
complexes were demonstrated to show radical actuated photo-
chromic and photomagnetic behaviors, finding a new simple
radical-actuated photochromic molecule for constructing a
novel system of photochromic and photomagnetic materials.
Further exploration of the photochromism of 9-AC based com-
plexes is on the way.
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