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ABSTRACT: A pair of dual-stimulus-induced movable enantio-
meric chiral tetrastable [3 rotaxanes are readily constructed via a
threading—stoppering—methylating strategy, displ tunable
photochromic properties ascribed to add—base-driven reversible
mechanical motions that govern the contwlled confinement and
release of the two macrocycles on the dithienylethene (DTE)
moiety. Interestingly, when two chiral rings approach the
photeactive site, the inherently achial DTE segment an be
induced to acquire chirality through the conformational confine
ment of macocydes. Crudally, the induced chirality @n be

Inducnd chirality *OFF" Induced chirality “OFF"

'} - L s

BB B Mg il AR g Mg B
] 7 et B (]

Acid Y l Base Acid ' jum

Fast Chirad induction
' omL _ B4nm ) oy

AT =l R e )

¥ P el ¥ )

Ineluced ehiralty “OFF™ Inducad chirality “08"

effectively modulated by acid—base and distinct light through the dynamic interplay between reversible photoisomerization and

confinermnent,/release processes.

hirality, a fundamental and inherently biological pro perty

of nature plays a aitiml role in governing and
modulating essential phenomena in living systems* Altho ugh
chirality has been extensively studied since Pasteur's resolution
of tartaric add, many aspects remain active areas of ongping
research.’ Chiral molecules exhibit distinet interactions with
dreularly polarized light and electrons in different spin states,
bringing about valuable and exploitable properties and
functions.” Enantioselective asymmetric synthesis plays a
pivotal tole in developing biologically relevant enantiopure
drugs due to the chirml selectivity observed in interactions
between drug moleades and biomacromolecules.” Conse-
quently, chiral induction is critically important and has
garnered more research interest™” An array of sophisticated
strategies have been employed for chiml induction, including
hydrogen bonding metal coordination, and host—guest
complexation, among othes” " Recently, the dynamic
control of chirality has emerged as a mpidly growing research
frontier, with diverse physical and chemical stimuli, induding
pH,'" solvents'* additives,” light'* redox,” and thermal
effects " now being systematically harnessed for precise chiral
regulation. Previously reported studies on chiral induction and
regulation have primarily employed single stimuli, whereas
achieving reversible chirlity changes under the combined
action of two or more stimuli remains a significant challenge.
Mechanically interlocked molecules, particularly rotaxanes, are
characterized by simple structures and facile constructabil-
ity, '™ " making them frequently utilized for the fabrication of
malecular machines such as molecular shuttles” molecular
muscles,” molecular pumps,™ ete, Introducing chiral groups
into stimulus-responsive rotaxanes holds an inherent advan tage
for controlling molecular chirality; i.e., intramolecular mechan-

© 2006 American Chemnicl Soclety

< ACS Publications 7821

21

ical motion can regulate molecular chimlity by controlling
regularly the spatial conformation between chiral groups and
achiral moieties, Therefore, a series of stimulus-driven
dmamiclly stable artificial rotaxanes with adjustable chirality
have emerged.”" * To mimic plant-inspired light- and acid—
base-responsive motions, add—base and light are em-
ployed as two key physical/chemical drivers to induce
controlled motions in dynamically stable rotaxanes that exhibit
controllable chiral modulation™* For instance, Leigh et al.
designed an acid—base-responsive [2]mtaxane as a switchable
asymmetric orgnocatalyst, wherein positional changes of the
macrocyde expose or shield an acydic yet highly effective
chird organocatalytic moiety.” Tian et al. developed a
photoresponsive self-locked [1]rotaxane based on azobenzene
that expressed chiroptical switching behaviors.” Nevertheless,
bath of these studies employ a single exteral stimulus to
construct single-stimuhis bistable rotaxanes with chiroptical
switches, It is greatly challenging to construct dynamiclly
tetrastable rotaxanes driven by two stimuli, exhibiting
reversible chiral regulation.

In this work we rationaly designed two dual-stimulus-
controlled tetrastable chiral [3 |rotaxanes (Scheme 1), wheren
the binaphthyl group was employed to construct a chiral
macrocycle and the dithienylethene (DTE)-derived photo-
active group constitutes part of the axle. Rational designs are
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Scheme 1. Chemical Structures of Axles, Chiral Macrocycles, and [3]Rotaxanes and Photochromic Mechanism of DTE
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Figure 1. Partial 'H NMR specra (400 MHsz, 298 K, CDLON) of (a) [ 3]rotmeane B-R-1, (B) after deprotenation with addition of 2.5 equiv of
DBU to sample a, and (¢} after reprtonation with addition of 3.0 equiv of TFA o sunple b,

outlined as follows. (1) Under acid—base stimulation, the twa
chiral host macrocyc ks undergo reversible shutting along the
DTE-containing axle, enabling their dynamic positioning either
proximal to or distal from the photoactive center, thereby
cnntribuﬁn_g to the tunable photochromic behaviors. (2)
Mutua“)' ﬁnﬂiﬂfﬂ'fr:l‘iﬂs dual-mode motions under add —base
stimulation or distinct light imadiation comprise the linear
51i|:|ir|g of Tn..lcrnc:.'des alnng the axle and the local pho‘tn—
isomerization of the photoadtive moiety, respectively. (3)
Chiral induction and switching of the DTE by chiral
ma.cmcydcea are driven b)' dual-mode motions.

7822

22

[E]R.utaxancs F-R-1 and P-51 were 5)11thc.-ii.zed via several
5irnp||: steps (Scheme S1). Chiral ma.cmc}r\:les B-5 and S§-5
were separately mixed with DTE-bridged diyne 6 and axis 7
featuring a dibengylammonium (DBA) recogrition site to
obtain chiral [3]m‘tmnes R-2 and S-2 in 66% and 63% )'idds,
respectively, through a “click” reaction by a threading—
stoppering strategy. The two [3]rotaxanes did not possess
the ability to respond to add—base stimuli, Subsequently,
methylation of triazole groups in R-2 and 8-2 and counterion
exchange with saturated NH4PF, solution afforded acd—base-
driven chiral [3]rotaxanes F-R-1 and F-8-1 in 92% and 91%
'_|.l'i+:J|:lLiJ respectivdy. These detailed H}Tlﬁ'ldic pmcedures and

et ok congy 100 1001 fa 3 o gl O
O ber D26, 28, 31— AE6
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structural characteristics are presented in the Supporting
Intormation and Figures 51 =512,

Furthermore, comparative '"H NMR spectral analysis of
[3]rotaxanes F-R-1, F-5-1, R-2, and 5-2 with their
corresponding macrocycles and axes further supplied reliable
proof for the formation Ufintcﬂ.nckin.g structures As shown in
Figures 513 and 514, the methylene protons (Hy and Hs) on
|-3:]rrrtaxam:s R-2 and 8-2 displayed an obvious downfield shift,
and their benzene ring protons (H,, Hy, H,, and H.) showed
a remarkable upfield shift, compared to axle 4. Meanwhile,
benzene ring protons such as H, (H,.), H, (H,.), H, (H, ), and
H; (H;) of R-5 and $3 showed an apparent upfield shift.
These manifestations jointy indicated that the ammonium
parts were endrcled by the two chiral aown ether rings.
Maoreaver, these spccjﬁc protons on [_’-Irnt:ixane F-R-1 and F-
5-1 also revealed simikir chemical shifts in comparison to their
axle 3 and chiral maaocydes (Figurc.\ 515 and S16),
manifesting the formation of the two interlocked structures,

As is well-known, dibenzo-24-crown-8 (DB24CE) has
weaker affinity for N-methyltriazoliom (MTA) than dibenzy-
lammonium (DBA )% Because the chemical structures of R-
5 and $5 are similar to that of DB24CE, the tworings on F-R-
1 and F-51 were initi.a||)'|0atcd at the site of DBA, as both
binding sites were present simultaneously (Figures S15 and
§16). Then, [3]rotaxane F-R-1 was taken as an example o
stud)' their acid— base-driven mechanical motion process
When 2.5 equiv of 1,8-diazabicyclo[5.4.0undec-7-ene
(DBU) was added to the solution of [3]m‘taxanc F-R-1,
dialkylammonium (=NH,"=) was promptly deprotonated,
leading to the movement of two magocydes from DBA to
MTA and the structural transformation from F-R-1 into N-R-
1. The phenomenon was verified by an analysis of the 'H
NMR spectra that revealed an obvious upfield shift for
metl'qumc protons (H_‘ and H_,i:l on DBA and an apparent
downfield shift for protons (H,, and H;) on MTA and
benzene ring protons (HSJ H,, and H,) on DBA (Figure 1a,b).
Subsequently, the —NH-— center was reprotonated with
addition of 3.0 equiv of trifluoroacetic add (TFA), brin_glng
about the retun of the two madocgycles from MTA to the
DBA locaion and reconversion from N-R-1 to F-R-1, which
was affirmed by regeneration of the original 'H NMR spectrum
(Figurﬂ lc). Besides, identical phenomena were observed for
[3]rotaxane F-5-1, as well (Figure 517). These phenomena
were confirmed by their 2D ROSEY spectra ( Figure S18). As a
consequence, the redprocating motion of two macrocydes
between the two recognition sites on the axle of [3]rotaxanes
F-R-1 and F-5-1 suffering from acid —base stimuli showed that
the two rings could reversibly appreach and move away from
the DTE photoactive site (Scheme 2).

Scheme 2. Schematic Diagram of Dual-Stimulus-Driven
Reciprocating Motions and Chiral Regulation

Induced chirality “OFF P indwced chirality “0FF"
w = [} ] [}
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Fast -.Chillirlim:l.iw
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N-RUS o) N-R/B-Hje)
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Considering that R-1 and 5-1 both possessed a photea ctive
moiety, their photochromic properties were investigated. First,
we studied photochromic behaviors of [3]rotasane F-R-1. Its
apen form, F-R-1{o), gave a maximum absarption peak at 275
nm (e = 495 % 10*L mol™" an™'), but a new absorption at
530nm (e =110 % 10* Lmol ™" an™') emerged and increased
upon irradiation with 254 nm ultraviolet (UV) |isht for &0 s,
accompanied by the production of an isosbestic point (331
nm) and a chang\c in color from colorless to fuchsia (Figu.re
§19a,d), suggesting that F-R-1{0) was converted into its closed
form, F-R-1(c). Its photocyclization conversion yield in the
photostationary state (PS8) was measured to be 75% by
eamining the NMR spectrum of the irradiated sample (Figure
520). Subsequent irradiation of the resultant sample with =450
nm light resulted in a complete restoration of the initial UV—
vis and NMR spectra of F-R-1(0) (Figures 519 and 520ac ),
irnp|}'i11g reversib le photnis.nrncriz:{tinn be tween the open and
closed forms (Scheme 2). The photoeyelization quantum yield
(@, ) and photocydoreversion quantum yield (@) of F-R-
1 were determined to be (.17 and 0004 3, respectively ( Table
51). When F-R-1 was transformed into N-R-1 with addition of
DB, superior photochromic properties wer e observed relative
to those of F-R-1 (Fgure S19b). It is of interest that the
photoswitching properties of F-R-1 were improved when it
encountered DBU. First, the photocydization reaction speed
of N-R-1 was determined to be 9.3 % 107 mol L™ & lJ which
was much faster than the value 0f 5.0 107" mol ™' ' for F-

R-1 (Figure 2a), indicating the photocyclization was
a) {cpea
il | —nE
" — B4
pr B 8.3 = 107 okl =8 g,m 3
| —
E T x> E 2 F&
3. 4 o) -
G g . {
n — R
{ —s
1Lt 3
| —FaR
'_\ Fusat
W
n Ho =0 50 400 450
Pholocycizalion commersion ykd Wvavalengih (rem)

Figure 2. (a) Photocyclization convesion speeds of F-B-1 (black ), F-
Bl with DBU (red), and F-R-1 wih DBU and TFA (blue). (b)
Photocyclization convesion vields of F-R-1, F-R-1 with DRU, and F-
R-1 with DBEU and TFA, () Circular dichroism and  UV=vis
absorpion spectra of R-5 §-5, 3, F-R-1, and F-8-1 in acetonitrile,

accelerated upon stimulation by DBLU. Second, the photo-
cyclization conversion yield was apparently enhanced from
75% to 90% after DBU stimulation (Figure 521 and Figure
2b}. Third, the photocyclization quantum yield increased from
0.17 to 0.26 for F-R-1 with the involvement of DBU (Table
S1). Crucially, with the addition of TFA, the three
aforementioned performance parameters were all almost
completely returned to the initial levels (Figure 2a, Figures
S19¢ and 522, and Table 51, attributed to the reconversion of
N-R-1 to F-R-1. Therefore, originating from reversible
interconversion between F-R-1 and N-R-1 with alternating
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addition of DBU and TFA, the photochromic performance of
[3]rotaxane R-1 was reversibly modulated by add and base.
Mearmwhile, its enantiomeric isomer §-1 also expressed tunable
phetochromic properties triggered by add and base similar to
that of R-1, which further confirmed our assertions (Figures
523~ 527 and Table 51). In control experiments, free R-5 and
55 showed no photoactivity, and photochromic properties of
the individual 3 were not affeted by add—base stimulation
(Figures 528-530), The reason for the adjustable photo-
isomerization capabilities was probably that two magocydes,
R-5 and 5-5, confined the conformation of the DTE
photoactive center and increased the proportion of its
antiparallel conformation and the electron doud density of
the thiophene rings in DTE for N-R-1 and N-51 but almost
no restrictions of the two rings on DTE for F-R-1 and F-§-1
from 'H NMR spectral comparison, 2D ROSEY, and
optimized structures of N-R-1, N-S§-1, F-R-1, and F-5-1
(Figure S3lb,d).

Benefiting from the introduction of chiral binaphthalene
(BN} maaocycles, macrocydes R-5 and 85 and tetrastable
[3]mt:x:{nr:.l: B-1 and S-1 were in\restig.ned via circular
dichroism (CD) spectrascopy. As depicted in Figare 2c, the
two rings, R-5§ and 8-5, exhibited three cnrnph:ti:l}' op posite
Ch 5isn:ﬂs around 238, 284, and 323 nm, .:sr.i.s'ncd o their
correspon ding R-BN and 5-BN moieties, It is noteworthy that
F-R-1 manifested an inverse CD band between 225 and 262
nm and enhanced positive CD signals at 284 and 323 nm
relative to those of R-5 implying that the conformation of R-
BN on R-§ was changed during the formation of F-R-1. Simikr
phenomena for F-5-1 and §-5 were observed, which further
supported our proposed viewpoints. As a control experiment,
ade 3 did not show CD siglals fFigure 2c). Hence, the
chirality of rotaxanes F-R-1 and F-8-1 was derived from their
chirdl magocycles R-5 and §-5, respectively.

The acid—base and light dual-stimulus responsiveness and
prominent chirality of [3]rotaxanes F-R-1 and F-8-1 inspired
us to examine thoroughly their controllable chirality functions.
The CD 5i_g|1:d paaks at 246, 283, and 323 nm rmrkedh'
increased for F-R-1{0) and F—=S-1{0) with addiion of 2.5
equiv of DBU, and subsequent intervention of 3.0 equiv of
TFA resulted in the complete recovery of the original CD
spectrum (Figure 532 ). More notably, for F-R-1{c), apart from
the ch.:ingcs in the ajgn:{l peaks mentioned above, a negative
CD Lignal band between 344 and 413 nm and a positive CD
band between 413 and 644 nm (that belonged to the dosed
form of the DTE core) were apparently observed under the
influence of DBU (Figure 3a), imp|}'ing the chirality of the
achiral DTE segment on the I?: |m1mnc had been induced b)’
chiral macrocyde B-5. As expected, when the resultant sample
encountered TFA, the initial CD spectrum of F-R-1{c) was
entirely restored (Figure 3a). Meanwhile, §-1(c) also revealed
a similar appearance in that its chirality was ako reversibly
regulated by acid and base (Figure 3a). On the contrary, F-§-
1{c) and N-51(c) exhibited symmetrical and opposite CD
e.'ign:d.r. with respect to those of F-R-1{c) and N-R-1({c),
respectively, indi.mting that F-81(c) and F-R-1(c) (N-51(c)
and N-R-1(c)) were pars of enantiomers. In a word, the
chirality of the open and closed forms of R-1 and §-1 was
modulated by acid and base, attributed to the interconversion
between F-R-1 (F-5-1)and N-R-1 {N-§-1) stimulated by add
and base Afterward, we also studied Iis,ht—induced chiral
modulation of N-R-1 and N-§-1. As displayedin Figure 3b, the
open form of N-R-1 gave three CD signal peaks at 246, 283,
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Figure 3. Alteration of the ciranlar dichroism and UV=vis absorpion
spectra of (a) F-R-1(¢) and F-5-1(c) in acetonitdle with sequential
addition of 2.5 equiv of DEU and 30 equiv of TEA and (b) N-R-1
and N-8-1 in acetonitile upon alternating 254 and =450 nm light. [ R-
1] = 2% 1077 mal/L; path length of 10 mm,

and 323 nm. To ow delight, the other two CD signal bands
that were a negative CD signal band between 344 and 413 nm
and a positive CD band between 413 and 644 nm (assigned to
the clsed farm of the DTE moiety) appeared upon irradiation
with 254 nm UV |1'g|'|t {Figure 3b), manifesting chiral
induction of the DTE segment from the corresponding chiral
macrocycle (B-3) took place so that the chimlity of the DTE
section took shape. In control experiments, mixtures of 3(c)
and R-35 or 53 exhibited no CD signals between 344 and 644
nm even after theaddition of 2.5 equiv of DBU, demonstrating
that mechanical confinement is indispensable (Figwe 533).
Subsequently, the two farmed CD bands disappeared and the
original CD spectrum was absolutely recovered as the resultant
samyple was exposed to >450 nm visible light. Simultaneously,
the semilabile phenomena ot N-8-1 are displayed in Figure b,
further affirming that the induced chirality could be reversibly
switched by UV and visible light In control experiments,
individual axle 3 showed no CD signals, and CD spectra of
isolated R-5 and &35 did not exhibit apparent alteration upen
acid—base or different light stimulation, indicating the chirality
of the DTE moiety in R-1 and §-1 was not solely induced by
these stimuli (Figures 534 and 535). Therefore, in these
[3]rotaxanes, the induced chirality could be effectually
reguLatcd and controlled by acid and base and distinct hght&

To elucidate the mechanism of its dual-stimualus-induced
chiroptical swjtd'ling, we performed systermatic theoretical
alculations. Taking the R-type crown ether ring and rotamne
as examples, we optimized the geometries of R-5, F-R-1(0), F-
R-1(c), N-R-1(0), and N-R-1{c) and presented the conforma-
tional changes of the binaphthyl, dithienylethene (DTE), and
DTE—bridgEd trizzole units under dual stimuli (Figure 531). As
one can see, the dihedral .mglc: (C5-C6-CT7-CB) of the
binaphthyl unit of R-5 changes substantially in all four
rotaxanes: increasing from =71.67% in the free st of R-§
(Fig:rc S3la) to —78.7% in F-R-1{0) and =975 in F-R-1(c)
of the R-5-distal-positioned rotamanes (Figure S31bc) and
further to —112.2% in N-R-1({0) and —1108% in N-R-1(¢) of
the R—S-pm:irnal-posit'ioned rotaxanes (Figurr_‘ S3ld,el.
Significantly, this result also indicates that the dihedral angle
(C5-C6-CT7—C8) differs greatly between the distal- and
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proximal-mode rotamnes. For eample, this dihedral angle is
—78.7% in F-R-1{0) and —1122" in N-R-1{0), the difference
being 33.5°. Mareover, both dihedrad angle (C1-C2-C3~
C4) of the dithienylethene unit and the dihedral angle (N1—
C2=C3-C4) of the DTE-bridged triazole unit differ _grc.iﬂ}'
between the distalmode and proximal-mode rotaxanes. Taking
F-R-1({o) and N-R-1(0} as examples, the dihedral anglc (Cl—
C2-C3-C4) changes from 41.2° in F-R-1{o) to 57.6% in N-
R-1(0), the difference being 164° (Figure 531b,d). Similarly,
the dihedral angle (N1-C2-C3-C4) d‘langes from 285 in
F-R-1(c) to —11.87 in N-R-1(c), the difference being 40.3°
(Figum 531c,e). Based on the abowe :{nal}'&.‘is of the 5igniﬁc:{nt
conformational  differences between the distal-mode and
proximal-mode rotaxanes, we infer that the significant CD
signal variations observed in the aforementioned dreubir
dichroism studies, caused by the threading process and
subsequent macrocyde translocation, should originate from
prnnnunccd conformational cha.nges in the hiuaphthy{ and
DTE backbones, upon acdd—base and light stimulation.

In summary, we successfully synthesized two movable
enantiomeric chira tetrastable [3 fotaxanes, R-1 and §-1,
through a threading—stoppering—methylating strategy, pos-
sessing acid—base and light dual-stimulus responsiveness
Interestingly, their photochromic properties such as photo-
q'dizaﬂrm spced, COTVETSION }-ield, and quantum }rield were
dramatically boosted with intervention of DBLU, and
subsequent introduction of TFA led to the recovery of the
initial photoisomerization capabilities, ulimately realizing
reversibly adjustable photochromic performance induced by
add and base. The tunable photoactive ability was attributed to
reversible conformational confinement and release of two rin gs
on the DTE by an acid—base-driven repetitive mechanical
movement. Noticeabl}y the import of chiral TI'IEI.CIFJC)’EJ.ES R-5
and §-5 could effectually induce the chirality of the DTE core
in [3]rotazanes N-R-1 and N-S-1, bemuse the two macro-
cycles were in a position dose to the DTE center and the
conformations of the DTE were changed under interference of
the two claral lTL.].ETDC}'dE!i_ '(."rl.lcia]hvJ the induced CD slgna]ﬁ
were switched b}r acd—base and distinc 1ight stimulation,
indicating that the induced chirality of the two [3]rotamnes
could be controlled by the dual stimuli All of these
controllable chiral inductions and modulations were attributed
to the conformational rh:mge of the diarylethene backbone
under two stimuli, which was further confimed b}' the
theoretically optimized molecular structures. This study
establishes an instructive rnethndu]ng)' for both the desjgn of
controllable chiral mechanically interlocked molecular ma-

chines and the induction and regulation of moelecular chirality.
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ABSTRACT

Photoinduced dynamic iminescence nanosystems are currently witnessing a surge of interest for their utting-adge applications across the life and materials sei-
ences. Herein, a hydrosohible pol leceia L ggregate DCS-BOCOB[T]3-PSS has been fabricated by dicyanestyrylbenzene-modified with bromedso-
quinoline slt (DCS-BOQ), cwcurbit [Flur IJ (CB[7]) and polystyrene sulfonate (P55 through fwo-steps msembling proces, manifesting photoliminescence
enhmoement and photo-responsiveness due to the introduc tion of photoactive DCS and ly-induced conformat ional confi nt. Interest ingly, utilization of in
sltu directional phatolsomerization of DCS-BQ from Zto E-configumtion of DCS by visible light enables DCS-BQCCB[7]- PSS with dramatie photeluminescence
enhamcement and color change from weak yellowish-bmown to strong bine. The nanopartic les formed by DCS-BQCCR[7]2-PSS in photostationany state accommodates
energy-matched Nile red to build a FRET-bmsed light-harvesting system accompanied by emitting color from blue to pink. The time-resolved dynamic photo-
luminesoence intensity and color driven by light and fluorechrome-doping demonstrates the application in high-security-level information encryption,

1. Introduction carbon-carbon double bond structures, can typically undergo Z/E
izomerization when stimulated by ultraviolet (UV) light [5-11]. Fune-

Stimuli-responsive nanosystems constructed through multicompo- tional DCS derivatives have been used o fabricate stimuli-responsive
nent self-assembly are of significant interest, owing to their simple luminescent  materials  [12-16]. In recent  years,  artificial
composition, effortless nnability, and good reproducibility, The su- light-harvesting based on Forster resonance energy wansfer (FRET), is
pramolecular self-assembling method is recognized as one of the most highly sought-after for developing stimuli-responsive nanosystems,
effective and straightforward approaches for incorporating stimuli- which exhibit controllabe changes in emission colour and intensity. For
responsive scaffolds into functional systems [1-3]. Among various instance, Wang and Hu et al. fabricated a supramolecular artificial
external stimuli, light stands out due to its superior cantrollability and light-harvesting nanosystem  with two-step sequential FRET via
non-invasiveness, offering significant benefits over acid-base, thermal, sel fassembling strategy, which realized bright white light emission and
host-guest, magnetic, or redox triggers [4-7]. Photoactive molecules high-efficiently photocatalyzed dehalogenation of a-bromoacetophe-
have been extensively uilized & fundamental building blodks for con- nong in aqueons medium [17], Xiao et al. reported an artificial ther-
structing stimuli-responsive intelligent supramolecular systems. Photo- mosensitive sequential light-harvesting system based on an amphiphilic
chromic moleales undergo reversible souctural changes upon light molecule TPED, exhibi ing thermosensitive colodimeric fluorescence in
irradiation, leading to distinct alterations in their optical properties, hoth aqueous solution and hydrogel by taking advantage of a combi-
which makes them promising candidates for applications in molecular nation af lower i tical solution temperature and sequential FRET [15].
switches, optical devices, and data storage systems. Dicyanostyr- Our group also developed several lght-harvesting nanoassemblies based
ylbenzene (DCS) derivatives, characterized by their unique on FRET by host-guest complexation, exhibiting high-security-level
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informaton encryption, anti-counterfeidng, photorecording and infor-
mation conversion, ete, [ 19-21] However, itis rarely reported that facle
utilization of in situ directional photoisomerization of DCS miggered by
vigible light and supramolecular cascaded assembly fabricates
stimuli-responsive light-harvesting photoluminescence systems with
edjustable emigsion intensity and colowr,

In this work, we ratdonally design a water-sol uble photosctive guest
maolecule ie, dicyanostyr ylbenzene modified with two bromoizoquino-
line salts (DCS-BO), as shown in Scheme 1. The guest bearing with two
positive charges can assemble with cucurbit] 7 Juril (CB[71) to form [1 +
2] supramolecular complex via host-guest interactdon. The formed
electropositive assembly can further co-assemble with electronegative
polymer through electrostatic interaction to polymeric-supramolecular
complex. The aforementioned two-step conformational confinement is
expected to achieve photluminescence enhancement, Moreover, the
existence of photosctive group DCS enables the resultant polymeric-
supramolecular complex o possess photoisomerization ability, and
will definitely bring about the changes in the luminescence properties,
The polymeric-supramaolecular complex has the ability o form nano-
aggregates, and can provide accommodadon for energy-maiching re-
ceptor dyes to further build a photo-harvesting photolumineseent
nanosystem with lor-adiustable emission,

2. Results and discussion

DCS-BQ was prepared through several simple steps (Scheme 511, and
all new compounds were characterized by "TH NMR, € NMR and HR-

lismiAescsnon

{Z, Z-DC3-BQoCB[7),-PES
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MS spectea (Fg. S1-58). It is welldnown that slze-adaptive guests
with positive charge located at right position could be included by CB[7]
into its rigid hole [22], DCS-BQ with this structural feature might
assemble with CB[7] o form a supramolecular complex. Ficstofall, their
host-guest affini ty stoichiometry was determined to be 2:1 through a Job
plot of their complexing with each other that showed a peak at molar
fraction 0.33 (Fig. 1a). Secondly, assembling behaviors and patiem of
DCS-BO and CBI7] were studied, As displayed in Fig, b, the maximum
UV-visabsorption peak of DCS-BQ manifested an apparent increase and
bathochromicshift from 370 nm to 374 nm, implying the occurrence of
their assembling process, Furthermore, the reference compound BQ
instead of DCS-BO was selected to inspect the assembling pattern of the
guest with CB[7]. As shown in Fig. I, the resonance for all the aromatic
rings protons (He-Hy) on the reference compound BO manifested an
obvious upfield shift after addition of CBL7] and the protons (Hy) of the
methylene group adjacent to bromoisoquinoline showed clear downfield
shift compared to that of the detached BQ, indicating that the bromaoi-
soquinaline section of BQ were located in the eavity of CBI7] (Fiz. le,
Inset)l, which was in accordance with the results reported before [23,
24], Therefore, a feasible assembling mode of DCS-BO with CB[7] was
proposed (Scheme 1), Besides, the maximum emission intensity of
DCS-BQ at 465 nm was greatly enhanced by 2.6-fold with sequential
addition of CB[7] (Vig. 2a) and meanwhile, the Muorescence quanium
yield was enhanced from 0L6% to 0.8% [Table 511, which further
implied that their assembling behaviors took place. The appearance
should be atributed to the restriction of intramolecular rotation (RIR)
induced by macrocyele-based sell-assembly, The alfinity ability was

405nm
=
e @
3132 nm
or $0°C (&, E1-DCS-BO ”!
Weak blus
lumingscance
405nm i
Ed
e O o 'y
313 nm CB[T]
or 80°C (E. E)-DCS-BO=CB[T].
Strong yellowish-brown Stiager s

luminescance

ACCOMmodate

(E. E)-DCS-BOcCE[T],-PSSERNE
Light-harvesting based on FRET

L

k’@! ar
r (E, Ep-DCB-BO

0- T g

iR IZ, Z-DCS |E, Ep-DCS

O
Br
BQ

Scheme 1, Schematic diagram of visiblelight-triggened in sto directional photoisomerization and construction of the light-harvesting cascade amembly.
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Fig. 1. {a) Job plat of DCSBO and CB[7] in 2% DMSO aqueous solution (absorbance changes were racorded at 370 mm for DCS-BO ([CB[7] + [DCS-BO] =20 =
107" mol/LY, {b) The UV-vis absorption spectr of DCS-BQ and DCS-BOACB[T]., [CBIT]] = 2[DCS-BQ] = 4.0 % 107" mol/L; (c) "H NMR spectm (D0, 400 MHz,

08K of B and BQ with additlen of 1.0 equiv of CB[T].

assessed and the binding stability constants (Ks) were determined o be
1.7 = 107 L/mal (Ks;) and 4.8 = 10° L/mal (Ksy) by analyzing the
fluorescence intensity evolution at 470 nm upon sequential addition of
CBI[7] to the DCS-BO aqueois solution using the nonlinear lesst-squar es
firting method (Fig. 2a, Inset), and the adopted fiting formula was
displayed in Supporting Information

Despite emission enhancement of DCS-BO with encapsulation of CB
[71, itz photwluminescence was sill unsatisfactory. Afterwards, elee-
tronegative polymers PSS was selected to promote further aggregation
of DCS-BQOCB[7]; by a co-assembling way. As was expeced, when
0.05 g/1. PSS was continuously added in the aqueous solution containing
DCS-BQoCB([7]: o construct & polymer-supramolecular complex (DCS-
BOOCB[7] - PSS using electrostatic interaction, its fuorescence in-
tensity gradually inceased and ultimately reached the maimum that
wag equivalent to 2 times that of DCS-BQCCB(7], and mesnwhile, the
fuorescences quanium  yield was enhanced from 08% o 1.1%
(Table 1), revealing the optimal mixing ratio (g 2b), Simultaneously,
the emission maximum was shifted bathochromically by 12 nm from
465 nm to 477 nm. The reason was probably that the DCS-BQOCB([7 ]2
complex further aggregated under the influence of munial interacion
with PSS, realizing efficient conformational eonfinement of DCS in the
assembly and ulimate inhibition of non-radiative transitions. In above
two-step assembling procedures, nonradiative decay constant (k)
decreased from 2.07 = 10° § ' 10 775 « 10" S ' 0 373 « 10757,
implying non-radiative transi ions were suppressed (Table 51).

However, its photolumineseence performance of DCSBOCCB[7 ],
PSS still failed to meet the application requirements, Considering the
photosctive group (DCS) possessed by the polymer-sipramaolecular

29

complex, we further investigated the influence of its  photo-
isomerization on the fluorescence intensity, To our surprise and delight,
when its aqueous solution was irradiated by 405 nm visible light in
suceession for 860 5, the Quorescence intensity at 443 um was dramat-
ically boasted by up o 7.5-f0ld (Fig. 2c), which was accompanied by
apparent hypsochromic shift of the maximum emission pesk from
477 nm o 441 nm. Simultaneous y, the Muorescence quantum yield was
enhanced from 1.1% to 2.0%, and fluorescence lifetime was prolonged
from 2,65 ns to 3,90 ns {Table S1). Furthermore, radiative decay con-
stant (k) increased from 415 » 10° §" 10 513 = 10§77 {Table 81).
Intuitively, the weak yellowish-brown fluorescence was gradually
changed to be strong blue emission (Fig, 2, Inset). Hence, 405 nm light
irradiation achieved both emission intensity enhancement and color
alteration,

To clarify the cause of the change in the fluorescence intensity and
color above induced by visible light, we then siudied the photo-
isomerization behaviors of the photoactive guest DCS-BO, As shown in
Flg. 2d, when it was irvadiated by 405 nm light, the maximum absorp-
tion peak of DCS-BQ at 371 nm declined and meanwhile, the absorption
band between 270 nm and 326 nm increased, accompanied by the
emergence of an isoabsorptive point at 326 nm. The process ook 110 s
to reach photostationary state (PS), These UV-vis absorption spectral
alterations revealed that anew substance Le. its (E, E)-dsomer came into
being, and the spectral variatdon and photoisomerization process were
both consistent with the results in the reported literatures [15]. In
addition, the photoisomerization conversion yleld of DCS-BO [rom (£,
Zrisomer to (E, El-form was determined o be 50.5% by examining its
TH NMR spectral evolution of the irradiated sample containing DCS-BQ
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Fig. 2. (a) Fluorespence spectral evolution of DES-BO (2.0 = 107" mal/L) with sequential addition of 0 - 2 equiv of CB[7] in 2% DMS50 agueous solution, Inset:
Nonlinear least-squares analysis of the luorescence intensity danges of (Z, Z)}DCSBO at 470 nm upen addition of CBIT] to cakulate the Ks value between DCS-BO
and CB[7] ([DCSBQ] =2.0 % 10" molvL, [CB[71]1 =0 - 6.0 % 10~ mol/L); (b) Fluorescence spectral evelition of DCS-BQTCB(7 1; with sequential addition of PSS

in 2% DMSO aquects solition ([CR[7]] = 2[DCS-BQ] =

1.0 107 * mel /L, [PSS] =0 - 0.05 g/L); () Fluorestence spectral evolution of DCS-BOCCB[7]:-PSS in 2%

DMSO aqueous solution upon sequential iradiation at 405 nm visible light ([CB[7]] = 2[DCS-BQ] = 1.0 % 107" mol/L, [PSS] = 0.04 g/L); bey = 380 nm; Insets
Fluomscent photogrmaph changes of (2, Z)}DCS-BOCB[7]:-P5S (under 365 nan UV light) before and after irradiation with 405 nm visible light, (d) UV-vis absorption
spactral evelution of the DCSBQ (20 » 107% mol/L) in 23 DMSO aqueous solution upon sequential irradiation at 405 nm visible light. () '"H NMR spectra
{400 MHz, 298K, DMSO-da) of DCSBQ exposed to 405 nm visible light for © min (i) and 57 min (i) and the sample (i) after being heated at 80 °C for 20 min or
irmadiated at 313 nm light {iii) (black parts represent Z, Z isomers, red pans assigned to new peaks e its configurational isomers); (f) Schematic diagram of thres

isomers of dicyanodistyrylbmzene-modified monomer,
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in PSS upon irradiation at 405 nm visible light for 57 min (Fg. 2o and
Ze-1i}, Subsequently, the resultant sample was stimulated by the other
wavelength light (313 nm) or heating at 80 “C, and no apparent alter-
ation was observed for UV-vis absorption spectrum (Fig. 59 and 510 and
'H NMR spectrum (Fig. 2e-iii), jointly confirming that the photo-
isomerization resctdon was irreversible, The irreversible behavior s were
consistent with the reported lteratures [14,15] This inermess was
likely atwibutable to a prohibitively high isomerization barrier. The
structural transformation of DCS-BO in the aforementioned directional
photoisomerization process was presented in Fig, 2£ While Fig, 2f dis-
played all three theoreti cal isomers ((Z, Z), (Z, EJ, (E, E)) to delineate the
full reaction coordinate, it should be noted that simul taneous enrich-
ment of all three species did not occur at PSS, One plausible rationale
wasg that the (Z, E) intermediate, formed during 405 nm ifrradiation,
rapidly converted to (E, E} and eludes NMR detection. This transient
nature was corroborated by the single isosbestic point in the UV-vis
spectra {Fig. 2d) and the siricly mainiined 1:1 {2, Z): (E, E} maolar
ratio derived from NMR. Meanwhile, the assembly DCS-BQCCB[7]:
formed by DCS-BQ also expressed similar phenomena (Fig 511-513),
further verifying the occurrence of unidirectional phoioisomerization
reaction. In addition, the midbody DCS without BQ exhibited almost
exactly the same changes in UV-vis absorption (Fig. 514-516) and 'H
NME spectra (Fig 517) and relatively dose conversion yield obtained by
examining 'H NMR of the irradiated sample, In order to eliminate the
interference of bromoisoquinaline salt, it did not manifest any variation
in UV-vis absorption and 'H NMR spectra when stimulated by 405 nm
light (Fig. 518 and 519} Ina woed, the aforementioned proofs, without
any doubt, enabled us to conclusively determine that the photoreaction
oceurred on the DOS group but not bromaisoquinoline segment, which
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might be responsible for the visiblelight induced photoluminescence
enhancement above, Therefore, the above remarkable fluorescence
enhancement induced by the Z—E directional photoisomerization of
merely hall of DCS-BOQ should be primarily ativibuted o the synergistic
effect between the intrinsic molecular configurational change and the
consequent alteration in molecular packing modes,

Mext, the nanosiructural information was acquired for the DCS-
BQCCB[ 7]z PSS(PS) assembly from transmission electron microscopy
(TEM}, scamning electron micrascopy (SEM) and dynamic light scat-
tering (DLS) experiments. As discerned from the TEM image (Fig. 3a),
many quasi-spherical nanoparticles were presented with an average
diameter of 118 nm, which was further verified by scanning electron
microscopy  (SEM) image (Fig. 3b). Purthermore, the diameter
(Dh = 166.1 nm) determined by DLS was appreciably greater than the
average diameter given by TEM and SEM because of the shrinking of
nanoparticles upon air-drying in the sample preparation for TEM and
SEM (Fig. 9¢), revealing that DCSBOCCB[7]5PSS(ES) formed nano-
aggregates in 2% DMSO aqueous solution [25]. On account of these
spectroscopic and morphological analyses, a plausible self-zssembling
pattern of DCSBQCCB[7]x-PSS(PS) was illustrated in Scheme 1,
which was consistent with the previous report [26],

Possessing typical nanostructure, strong luminescence intensity and
good photostability and thermostability, the polymeric-supramaolecular
complex DCS-BQCCB[7],-PSS(PS) after illumination of 405 nm light
was antidpated o act as energy donor and accommodate appropriste
energy receptor fluorophores to construct FRET-based light-harvesting
systems, Considering photoluminescent spectnim of DCS-BOCCB[7]2-
PSS(PS), nile red (MiR) was chosen as an energy-matching receptor to
build a light-harvesting system, originating from good spectral overlap

4000 O
¥ S
so00{ | NiR | 4000: 20
= w3 4000: 30
2 4000 ———4000: 40
= 4000 45
£ 3000 —4000: 50
£ 4000; 55
£ 2000
1000

450 500 550 600 650 Tnn-
Wavelength (nm)

Fig. 3. (a) TEM image of DCS-BOCCB(T]-PSSPS); (b) SEM image of DCS-BOCCE[T]-PSS(PS) () DIS data of DCS-BOOCR[T]PSS; (d) Flusmscence emission
spectral evolition of (E, EFDCS-BOOCB[T 1, PSS{PS) with sequential addition of NiR ([CB[T]] = 2[DCS-BQ] = 1.0 = 107 molL, [PSS] = 0.04 g/, [NiR] = 0~

4.0 % 1077 mol/L, e = 380 nm).
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of the absorption of Kikt and the emission of DCS-BOCCB[Y] - PSS(PS)
(Fig. 520). Interestingly, fluorescence intensity of the complexat452 nm
declined, while the emission peak at 674 nm (assigned to MR, Fig 521)
inereased, with sequential addition of Wil in the solution containing
DCS-BOCCB[7]2-PSS(PS), manifesting that light-harvesting process
based an FRET took place (Fig 3d). Noteworthily, the photoluminescent
intensity at 674 nm increasad no longer with addi don of a small amount
of Nilt in above process until the energy donor/acceptor (D /A) ratio was
800:11 (Fig. 3d). Visually, the fluorescence color of the sample solution
wag changed from blue to pink (under 365 nm UV light) as NiR was
added (Fig. 5d, Inset]. In control experiment, the photol uminescent in-
tensity of the individual Nif at 674 nm excited by exdtation wave-
lengths af itself or the assembly was both disinetly less than that of DCS-
BOQCCB[ Y] PSSIPSHE MR (Fig nd 523, implying that photo-
harvesting pwocess bassd on FRET took place. Furthermore, fluores-
cence lifetime was shortened from 390 ns to 165 ns {Table 51), also
implying that the occurrence of FRET process. The energy ansfer ef-
ficiency was measured to be 49.5% (452 nm} and simultaneously, the
antenna effect value was determined to be 3.0 in the light-harvesting
system (seeing Supporting Information), which fell within the conven-
tional range reported for this class of materials [27-29], In contral
experiment, Fluorescence emission spectra of DOS-BQUPS), DOS-BQ
(FS)-NiR, DCS-BOQOCBI7]5-PSS(FS), DCS-BOCCB[T]4-PSS(FS)- MK, and
Wil were aoquired under identical conditions (Fig, , &nd the results
revealed that both the luminescence intensity and energy transfer effi-
ciency are negligible in the absence of CB[7] and PSS and further
demonstrated that the encapsulation by CB[7] and the coassembly with
PS5 were indispensable for the efficient performance of this
light-harvesting system.

The phowphyzical and photochemical properties of the sy stem above
inspired us to explore their applications in high-security-level informa-
tion encrypion. Interestingly, when the pattemns fabricated by DCS-
BOCCB[7]5-PSSIPS) was irradiated by 405 mm light, the fuorescent
patterns gradually tumed from weak yellowish-brown o strong blue
(Fig. 4a), attributed to the alteration of fluorescent intensity and color of
the sample (Figs. 4b and 2e). The color and intensity of the patiems

@97
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exhibited concurrently wariadon along with the irradiadon time,
revealing time-resolved anti-counterfeiting application potentiality, As
displayed in Fig. 4c-i, 2 special informati on was formed by three diverse
models prepared by 2, Z)-DES-BOCCB[Y] PSS, showing  weal
yellowish-bwown photoluminescence, Subsequently, when it was irca-
diated at 405 nm visible light, the information was lightened for & strong
blue fuorescence pattern {(Fig. 4c-ii). Then, paris of the generated
pattern were interfered h}'x small amownt of NiR, the in[erfel'inp, parts
turned to strang pink luminescence, displaying the change of the pure
blue pattern to a blue-pink color information (Fig. 9c-iii).

3. Conclusion

In condusion, we designed and synthesized a water-soluble dicya-
nostyrylbenzene  derivative DCSBQ, showing certain  light-
responsiveness and weak luminescence, The photoactive luninophore
as guest assembled with CB[7] wo form a [1 + 2] supramaolecular com-
plex DCS-BOQCCE[7]; through hosi-guest interaction, along with
apparent fuorescence enhancement. Afterwards, the complex

further doping with elecironegative PSS o prepare polymerie
supramalecular complex DCS-BOCCB[Y] PSS by electrostatic interac-
tion, accompanied by further photoluminescence increasement. The
two-step improvement in the luminous performance was both atiri buted
ta the reswiction of inramaolecular free ratation, However, the phato-
luminescence capacity of the aforementioned complex was unsatisfac-
tory, Subsequently, wisible-light-powered sifu
photoreaction took place upon ireadiaton at 405 nm light with struie
tural ransformation from Z-to E-configuration, exhibiting dramatical
enhancement of the photolumi nescence intensity and color change from
yellowish-brown to blue. Excellent photoluminescence properties and
typical nanostructure formed by (E, E}DCS-BOCCB[?]L-PSS in PS
enabled the fabrication of light-harvesting system based on FRET
through introduction of energy-matching receptor Nilt in accompany
with fluorescence color from blue to pink. The dynamic variation of
luminescence intensity and color simulated by light and fAuorochrome-

in unidirectional

doping enabled the application in dme-resolved information encry ption

Fig. 4. (a)Image changes of the model fabricated by (2, Z)-DCS-BOOCB[7]:-PSS (under 365 nm UV light) along with irradiation time at 405 nm lght; {b) Fluorescent

photograph changes of (£, Z}DCS-BOCCR[7 | PSS
by (Z, ZFDCS-BOCCB[T]:-P5S under 365 nm UV ligh
of MiR.
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and anticounterfeiting with high level of security. The study presented
an innovative approach to construct high-performance dynamic photo-
luminescent materials uging in situ directional photoreaction,

4, Experimental section
4.1, Marterials and methods

All other starting materials were purchased from the market in
analytical purity form and used directly at 25 °C without further puri-
featon, "HNMR and C NMR spectea were reorded on a Bruker DPY
400 mass specirometer with TMS as the internal standard at 25 °C. High-
resolution mass spedrometry was measured in electrospray mode,
Ulraviolet-visible absorption spectra were measured using quartz cells
{optical path 10 mm) under a HITACH U-3900 spectrophotometer,
Photoluminescence spectra were measured using conventional quartz
cells (optical path 10 mm) under a HITACHI F-4700 FL spectropho-
tometer, Irradiation experiments (A = 405 nm) were carried out using a
CEL-HXF300 20V 300W xenon lamp (Beijing China Education Au-light
Ca. Lid,, China) with a 25% attenuating filier and a band-pass opial
filter for 405 nm light. The exact optical power densities of 405 nm light
in irradiation experiments were determined to be 12.72 mW/an®, using
an optical power meter (CEL-NP2000-2A). TEM was were acquired
using FEI Tecnal G2 F20 under 200 EV. The sample for TEM measure-
ment was prepared by dropping a sample solution onto a copper grid,
The grid was then air dried, SEM image was recorded on a ZEISS
MERLIN Compact scanning electronic microscope operaling al an
accelerating voltage of 5 keV, The sample solutions for dynamic light
scattering measurements (DLS) were examined on a laser light scattering
spectrometer (BL-2005SM) equipped with a digital correlator (Turbo
Corr.) at a scattering angle of 907,

4.2 Synthesis of 2

P-hydroxybenzaldehyde (0.50 g, 4.20 mmol), K200y (7.36 g,
53.30 mmaol), acetonitrile (50 mL) and 1,2-dibromoethane (1.07 mL,
12.6 mmal} were added into a 100 ml two-necked round-bottom fask
equipped with a magnetic strrer, and the mixtire was refluxed at 90 “C
for 5 h. After the reaction was completed, the resulting mixture was
allowed to cool to room temperature and was fltered. After that, the
solvents were removed under vacuum, and the residue was exmacted by
ethyl acetate and then dried over anhydrous Na; S04 removed of solvent
under reduced pressure, and purified on a silica gel column using ethyl
acetate/petrolewn ether (1: 5) as the eluent to obiain 2 as a white solid
[30]. Yield: 0.58 g, 62%. "H NMR (400 MHz, CDCl) & (ppm) = 9,90 (s,
1H), 7.85 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 438 (1,
J =62 Hz, 2H), 3.67 (1, J = 6.2 Hz, 2H).

4.3. Synthesis of DCS

Compound 20,29 g, 1.28 mmol), 2,2-(1 4-pheny lenediace tonitrile
(0,10 g 0.64 mmol), tetra-n-butyl ammonium hydroxide (TBAH) and
50 mL anhydrous ethanol were added in a2 100 ml two-necked flask. The
resul ing mixture was refliced at 85 °C for 10 h, After completion of the
reaction, a yellow precipitate was produced, and the obiained solid was
further washed with n-hexane, and then dried to obtain compound DCS
asayellow solid [211. Yield: 0.08 g, 86%. "H NMR (400 MHz, DMSO-d;)
& (ppm} = 8.09 (3, 2H), 7.99 (d, J = 8.9 Hz, 4H), 7.87 (s, 4H), 7.16 (d,
J =89 Hz, 4H), 4.44 (t, J = 5.1 Hz, 4H), 386 (t, J = 5.4 Hz, 4H).

4.4, Synthesis of DCS-BQ)
DCS (0,06 g, 0,10 mmal}, 6-bromaisoquinoline (0.04 g, 0.21 mmol)
and 2 ml DMF were added in the reaction tube. The resulting mixture

veas refluxed at 90 °C for 5 days under argon atmosphere, Alter the re-
action was complete, 20 mL ethyl ether was added and 2 yellow
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precipitate was produced The suspension liquid was fiered, and the
filter cake was washed with dichloromethane and dried to obtain DCS-
BQ ag & yellow solid. Yield: 0,05 g, 57, IH NMR (400 MHz,
DMSO-dg) d (ppm) = 1017 (s, 2H), 8.92 (d, J = 6.8 Hz, 2H), 8.72 (d,
J=0.6 Hz, 2H), 8.54 (d, J= 6.9 Hz, 2H), 850 (d, J = 8.8 Hz, 2H), 8.25
{dd, J = 1.5 Hz, 1.6 Hz, 2H), 8.05 (s, 2H), 7.93 (d, J = 9.0 Hz, 4H), 7.84
(d, J = 57 Hz, 4H}, 7.13 {d, J = 8.8 Hz, 4H), 5.17 (1 J = 3.9 Hz, 4H),
470 (t, J = 47 Hz, 4H). '%C NMR (100 MHz DMSO-ds) &
(ppm) = 159.5,151.2, 1427, 138.1, 136:6, 134.6, 134.3,132.4,132.0,
131.4, 131.3, 129.7, 127.0, 126.2, 125.8, 124.7, 1181, 115.2, 115.1,
106,9, 106.9, 66,2, 60,1, HRMS (EST) for CogH zBrNa 07 ([M -2Br )/2)
caled, 416.0519, found 416,0526,

4.5. Synthesis of BQ

1,2-dibromoethane (0.94 g, 5.00 mmol), 6-bromoisoquinaline
(0.42 g, 200 mmol) and 30 ml acetonitrile were added into & 100 mL
reaction flask, and the mixture was refluxed at 90 “C for 12 h under
argon atmosphere, Then, the resulting mixtire was coaled to room
temperature, & predpitate was produced and weshed with diethyl ether
and acetone to obiain BO as a white solid, Yield: 0.53 g, 68%, "H KMR
{400 MHz, DMSO-d, ) & (ppm) = 10,14 (3, 1H), 887 (dd, J=10.7, 0.7 Hz,
1H), 8.73 (d, J = 1.2 Hz, 1H), 857 (d J = 68 Hz, 1H), B.46 (d,
J=88 Hz, 1H), 8.27 (dd, J = 1.72, 1.48 Hz, 1H), 5.14 (t, J = 6.0 Hz,
2H), 418 (1, J = 6.0 Hz, 2H). "'C NMR (100 MHz, DMSO-dg) &
(ppm) = 151.0,138.1, 136.1, 134.8, 1324, 1323, 129.8, 125.7, 124.8,
61.3, 31.6, HRMS (ESI) for CygHygBraN® ([M -Br1): caled. 3139175,
found 313.9182,
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Recent advances of 2D mesoporous materials in micro-
supercapacitors

BAl Tiane, ZHANG Hongtao, TAQ Xiangyang, PENG Yujing, JIANG Song, QIN Jiegiong
(College of Science, Henan Agricultural University, Zhengzhou 450002, Henan, China)

Abstract: Micro-supercapacitors (MSCs) are microscale power supply systems that exhibit
high power density, rapid charge-discharge capability, long cycle life, good flexibility, and
excellent safety, making them a research hotspot in intelligent electronics. The development of
electrode materials with high electrochemical activity, good conductivity, and outstanding
stability is the key to enhancing the energy density of MSCs. Recently, two-dimensional (2D)
mesoporous materials have been regarded as a promising electrode candidate for MSCs due
to their large specific surface area, abundant active sites, and well-developed mesoporous
structures, which can effectively overcome the limitations of restacking of 2D materials and
the long ion transport pathways in bulk mesoporous materials. This review focuses on the
recent advances of 2D mesoporous materials in MSCs. First, the energy storage mechanisms
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of MSCs and the structural advantages of 2D mesoporous materials are highlighted. Second,
various 2D mesoporous materials for MSC applications are comprehensively summarized,
including 2D mesoporous carbons, metal compounds, conductive polymers, and 2D
mesoporous compaosite materials based on graphene, MXene, metal sulfides, etc. Notably, the
mechanisms of electrochemical performance enhancement enabled by the 2D mesoporous
structure are elucidated. Finally, an outlook on the development directions and application
prospects of 2D mesoporous materials in MSCs is provided, contributing to the
conceptualization of novel 2D energy materials and high-pefformance miniature power

supplies.

Keywords: 2D materials; mesoporous structure; micro-supercapacitors; high-performance
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RIEH R BN B, IR R L
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Carbonjeation @ . B
! IH!

~—— . Bofmic atid Borccarbonitide nanomesh E

IMMNGC JE R AR B3 % [E D S R R S 0 e
R, FATEh . O A E REhn JoA R &
()]s AR HARE T 2R B AR R0 T 27 MR 38 )

B EREGOTENE T4 T 1|

vy bR
Examy
1ol —hi

T TR T T T
(d) Powar dansity (Wiem”)

ES5 (a) BCNNAYEI &7 EE, (b) BONN TR i F i A Ragone E™; (c) imNC FikF Ak &7 B E, (d) imNC
AR BTEMEF, () imNC 2 5 2880 6 55 83 T 0 16 /8 B34 o R o - 50 75 5 R o A Al e by ™
Fig. 5 (a) Schematic diagram of the preparation of BCNN, (b) Ragone plot of BCNN-based MSCs'™, (c)
Preparation schematic of imNC nanosheets, (d) TEM image of imNC nanosheets, (e) response curves of acustic
vibrations of imNC-based MSC-pressure sensor integrated system™!
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#9298 Fig, 1 LL% 1 % 212 Flem®[ 18 6(b) (c)].
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6 (a) HGF fFl& T, (b) HGFAITEM &, (c) HGF AIELER™; (d) LTONAG-LIMCs iF| & TE[H, (e) LTON
AG-LIMCs i) Ragone [E™; (f) NTO//AG-NIMCs #7## 7 B[E, (g) NTOIAG-NIMCs s5 3 R=FafH, (h) NTOVAG-
NIMCs i Ragone [E™
Fig.6 (a) Schematic diagram of the preparation, (b)TEM image, and (c) specific capacitance of HGF™; (d)
Schematic of the preparation, and (e) Ragone plot of LTONAG-LIMCs™; (f) Schematic of the preparation of NTO//
AG-NIMCs, (g) the liquid crystal display powered by one NTO/NAG-NIMC, (h) Ragone plot of NTOWAG-NIMCs™
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T i) — 441 7L Nb,O, 4 48 5 #:78 (NF@C-650). K
R I TLE I 3.8 nm) BRI T LR T i3
HEAME R, BN SRS nm)bEaSIR B R
1 57 TH fRE e L TR MEh . BANF@C-650
ik, SEHERCRIER, FIEEE T AR A R
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WAL, 7E A 5 WA (B T AR i R
KB AT R E Te)]. BT LR — 8L
MnO, il Nb,O,, 4 % 70 1 B 442 M0 T B4 & 40
SR & T 2R L EE e, BlE
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MnO,-MSCs B 1 6} £ a0 EE™; (e) NF@C-650 1 K05 7 i e 75 88 a i B (4™
Fig. 7 (a) Schematic diagram of the preparation, and (b) TEM image of m-MnO,, (c) schematic of VN/MnO,-
MSCs“; (d) Schematic diagram of MXene//MnO,-MSCs and integrated system®”; (e) Schematic diagrams of
NF@C-650 and MSCs™'
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L 8 T 8 e P R A P 1 Rk LR R L ]
i, Ren SER] F 1k 5 20t i) o ik il o o) & tH =8 AL
MXene, 3 #5H R FH T8 8 706l . 0 fE 9(a) iy
e B MXene 853K B 5 #8] CuSO,(CoSO, &
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FHITT AR i (1 9(b) (c)]. JEHA, Zhang &
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3 e AL AR A [ ] 2 £ — b HMOCHE: [ 32 4L
b BIS(rHGO) E = ¥ L[ o(d)~(g)]. iXF:
gk £ 7L 2D/2D S 45 H R, T LA 4 R
HMX 1 rHGO o et i, SR8 T 86 |l
S, Wk T W R, RRE MR
BiLHE R b taE . M TRAMEIL 202D M
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D I e e R T LA

A e

R
—SPTas: —
—+— 5k Tas,

00 400 GO0 BOD 1000
Scan rated{mi/s)

8 (a) MSP-TaS, B H MSCs fiF & R E®, (b) MSP-TasS, FLiZ &7, (c) MSP-TaS, & MSCs (iS5 #
Fig. 8 (a) Schematic diagram of the preparation of MSP-TaS, and MSCs, (b) pore size distribution profile of
MSP-TaS,, (c) volumetric capacitance of TaS,-based MSCs™
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() HNX B STEMIE, (f) HMXBOJF F 71 R AL HE(AF M)#, (g) HGO M TEM ™
Fig. 9 (a) Schematic diagram of the preparation, (b) HRTEM image, (c) pore size distribution of p-Ti,C,T*%; (d)
Schematic diagram of the preparation of HMX/HGO film, (&) STEM image of HMX, (f) atomic force microscopy
(AFM) image of HMX, (g) TEM image of HGO™
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Fig. 10 (a) Schematic of the synthesis, (b) SEM image, and {c) TEM image of mPPy nanosheets™;
(d} Schematic diagrams of PFCA and PS-b-PEO micelles, (¢) SEM image, and (TEM image of mPANi
nanosheets™
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Fig.11 (a) Schematic diagram of the synthesis of 2D mesoporous polymerigraphene nanosheets, (b) TEM
image of mMPPy/rGO, (c) schematic of ion-electron transport in mPPY/rGO™; (d) TEM image of mNC/G, (e)
Specific capacitance of mNC/G with different mesopore size, (f) Ragone plot of mNC/G-MSCs, (g) application
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0. 015,

Ethylenediamine modified hypercrosslinked resins and their
properties on removal of phenol from aqueous solution

JIN Cin, WANG Xiaopeng, AN Wanksi, JHANG Song, SONG Meirong, FANG Jiale
{ College of Scibace, Henn Agricultural University, Zhengsbou 450002, China)

Abstract; A weak polar rvesin JL-1 was synthesized from divinylbenzene { DVE ) and methylacrylate
{MA ) through suspension polymerization.  After that, resin JL-2 with larger specific surface ares and
chloromethyl was synthesized through Friedel-Crafts reaction using chloromethyl ether and the residual
chloromethyl on vesin JL-1, Then, the ethylenediamine modified hypercrosslinked resin JL-3 was prepared
using chloramethyl on resin JL-2 with ethylenediamine. The structure and charseterization of resin JL-1, JL-2
and JL-3 indicated that, mesopores was the predominant pore in resin JL-1, JL-2 and JL-3. The adsorplive
properties of the resins toward phenol was studied , and resin XAD-4 was employed as reference, the adsorption
experiments showed that, resin JL-1 (321,85 mﬂ/g 3, JL-2 (397.79 m !;'g ) and JL-3 (313. 58 n12."g._‘.l had
larger adsorption capaeity loward phenol than XAD-4 (880,00 m®/g). The resulls indicate that, the pseudo-
second-arder rate equation fit the data of the kinetic well, resin JL-1, JL-2 and JL-3 are efflicient sdsorbent for
removal of phenol from agqueous solutions.

Key words: adsorbents ; polymers; adsorption; phenol
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