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Abstract: A novel photochromic fluorescent DASA iido-acceptor Stenhouse adduct) switch
controlled by visible light was successfully desigrand synthesizedJsing 1,8-naphthalimide
fluorophore in combination with indoline-based “dohand barbituric acid “acceptor”, the DASA
molecule exhibits two independent absorption baatd440 nm and 616 nnihe physical and
thermodynamic properties of fluorescent donor-atmeftenhouse adduct (DASA-NDhave
been investigated in different solvents. In accoecgawith the unique fluorescent properties under
visible light/heat and HCW**, using fluorescence intensity at 604 nmplas an output and
visible light, H and Cd" as inputs , a combinatorial logic gate consistiig\OR and AND
logics can be described and operated.
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I ntroduction

Fluorescence, which is one of the most conveniem &sensitive tools for

investigating molecular features, has various praktapplications, such as
microanalysis [1Jand bioimaging [2]. Typically, to avoid interferendrom other

fluorophores in complex system, light-controlled lewmlar switches can be
introduced, through which their applications inéghgimonitoring dynamic processes
in real time, can be extend [3] and optical infotiora can be stored in memory media
[4]. Over the past few decades, chemists have egrbd various photochromic
groups, such as spiropyran [5], diarylethene [@hbenzene [7] and others [8-10].

However, most photochromic molecules either exmbitfluorescence or show very



weak fluorescence, so introducing a fluorescent imtd the photochromic molecule
is a common approach to change the fluorescenepsopJpon irradiation with UV
or visible light, the enhancement or extinction fbforescence is achieved by
energy-transfer or electro-transfer processes let\vlaorophores and photochromic
groups, which have been proved to be versatilduaselscent information storage [11],
logic gates [12], cell imaging [13], and electraiomlevices [14].

The second generation aniline-based donor-acc&itarhouse adducts (DASAS)
have recently been reported by Read de Alaniz andarkers as a new class of
visible light controlled molecular switches [15]n Icontrast to the previously
mentioned photoswitches which generally require Wdiation to induce their
photoisomerization, the photochromic progress ofSBA is caused by visible light,
which is favorable for the application in biolodicystems [16-19]. Besides, this new
photochromic switch provides a wide photoreponsegion from 500 nm to 650 nm
that is not limited to solution-state or nonpolaatrices for reversible switching
properties [20]. Moreover, the closed form of DASésntains a cyclopentenone
group which results in the occurrence of stericdhance, affecting the formation of
coordination compounds between copper ions (II) thedcentral nitrogen atoms [21,
22]. Significantly, upon addition of acid, the pbdbromic property of DASAs are
different compared with the two former isomers [28pnsequently, the significant
changes in molecular structure and physicochenpoagberties associated with this
isomerization process make DASAs become attractmedidates for the use as

orthogonal photoswitch [24], actuators for drug iy [19, 25], colorimetric



detection [23, 26] and spatiotemporal photopattey27, 28]. However, to the best
of our knowledge, the combination of DASAs and flyghores triggered by visible

light has not been previously reported.
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Figure 1. (a) The schematic representation of the two issrBe? of the DASA-NDI under visible light and
darkness or heatb) In situ kinetic plot of the switching cycle BfASA-NDI in CHCk, monitored af,ax = 604

nm and 35 °C; (c) Multiple photoswitching cycles@ASA-NDI showing 5% decrease in absorption after 10
cycles.

Herein we reported a second generation DASA an@-adphthalimide fluorophore
are combined by Suzuki-Miyaura coupling, as showirigure 1. Upon irradiation
with visible light, the thermodynamically unstaldeeen “open” isomeb can be
converted into the photostationary yellow “closesidmer 7 with the fluorescence
intensity of DASA-NDI increasing significantly. Moreover, the photochrorand
fluorescent properties o0DASA-NDI in different solvents were investigated and
unique fluorescent properties under irradiationhwgertain wavelengths of visible
light/heat and addition of TICU?* were discussed. Finally, based on its significant

advantagedDASA-NDI can be applied as a reversible fluorescent phatcswnd a



combinatorial (NOR and AND) logic gate, where the&'CH" and visible light act as
input, and the fluorescence intensity acts as autpu

2 Experimental section

2.1 Materials and instrumentation

All chemicals were used as received from Adamaa;l#etros, Aldrich, or Merck. All
solvents were reagent grade, which were dried @stdled prior to use according to
standard procedures. The molecular structures ef ufiknown compounds were
confirmed via'H NMR, *C NMR and High Resolution ESI mass spectroscdgy.
NMR spectra and®C NMR were recorded on a Briicker AM400 spectrométee
(HR-ESI) mass spectra were tested on a LCT PreKitemass spectrometer. The
UV-Vis absorption spectra were obtained on Agil&éathnologies Cary 60 UV-Vis
(1-cm quartz cell was used). The broadband vidigtd irradiations were performed
by a handheld white LED lamp (YG-3896) with an autpower of 1.5 W. The
fluorescence spectra were recorded on a Varian (Ealpse fluorescence

spectrophotometer.
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Scheme 1. Synthetic routes dPASA-NDI

2.2 Synthesis of 4-bromo-N-butyl-1,8-naphthalimide 2

The mixture of 4-bromo-1,8-naphthalic anhydride(4.00 g, 14.44 mmol) and
n-butylamine (10.60 g, 0.14 mol) in ethanol (40 mnalgs refluxed under argon for 8 h.
After being cooled, the mixture was poured into ewaiand the precipitate was
collected by filtration and then recrystallized rfroacetic acid (4.40 g, 91.7%X
NMR (CDCl;, 400 MHz, 298K)$ (ppm): 8.66 (d,J = 8.0 Hz, 1H), 8.57 (dJ = 8.0
Hz, 1H), 8.42 (dJ = 8.0 Hz), 8.04 (dJ = 8.0 Hz, 1H), 7.85 (t)= 8.0 Hz, 1H), 4.18 (t,

J= 7.6 Hz, 2H), 1.68-1.75 (m, 2H), 1.40-1.50 (m, 261P8 (t,J= 7.6 Hz, 3H).

2.3 9ynthesis of N-butyl-1,8-naphthalimide borate 3
The solution of 4-bromo-N-butyl-1,8-naphthalimide (500 mg, 1.51 mmol) and
bis(pinacolato)diboron (1.10 g, 4.33 mmol) in digxd@ne (40 mL) was mixed with

potassium acetate (443 mg, 4.52 mmol), [1,1-bEeihylphosphino)f



errocene]dichloropalladium (50 mg, 0.07 mmol), #mel mixture was heated to 85 °C
under argon atmosphere. After 12 h reaction, it s@sled down and poured into
water (100 mL), then extracted with dichlorometh@h@ mL x 3), and the organic
layer was separated and concentrated in vacuumteBisue was purified by column
chromatography on silica gel (petroleum ether: Ididhmethane = 1:1) to afford
white powder (500 mg, 87.6%H NMR (CDCk, 400 MHz, 298K)$ (ppm): 9.10 (d,
J=7.6 Hz, 1H), 8.60 (d] = 7.6 Hz, 1H), 8.56 (d] = 7.6 Hz, 1H), 8.29 (d] = 7.6 Hz,
1H), 7.78 (tJ = 7.6 Hz, 1H), 4.19 () = 7.6 Hz, 2H), 1.69-1.77 (m, 2H), 1.41-1.50

(m, 2H), 1.45 (s, 12H), 0.98 @,= 7.6 Hz, 3H).

2.4 Synthesis of 5- (N-butyl-1,8-naphthalimide)-indoline 4

A stirred solution of N-butyl-1,8-naphthalimide lte 3 (100mg, 0.27 mmol) and
5-bromoindoline (45.22 mg, 0.23 mmol) in dioxanes (inL) 5-bromoindoline
charged with 2 M KCOs aqueous solution 5 mL),
tetrakis(triphenylphosphine)palladium (Pd(Bgh (21 mg, 0.02 mmol), and the
mixture was heated to 100 °C under argon atmospladter 2 h stirring at this
temperature, it was cooled and poured into watér rfiL), then extracted with
dichloromethane (15 mL x 3), the organic layer gaparated, and washed with
saturated brine solution and dried over MgSten concentrated in vacuum. The
residue was purified by column chromatography dinasgel (petroleum ether: ethyl
acetic =10:1) to obtain pale yellow solid in 56%lsii (57 mg)*H NMR (CDCk, 400

MHz, 298K),5 (ppm): 8.61(m, 2H), 8.41 (dd,= 4.4, 0.8 Hz, 1H), 7.67 (m, 2H), 7.27



(d,J = 8.0 Hz, 1H), 7.17 (dd] = 8.0, 4.0 Hz, 1H), 6.78 (d,= 8.0 Hz, 1H), 4.20 (1J

= 7.6 Hz, 2H), 3.69 (tJ = 4.4 Hz, 2H), 3.15 (tJ = 8.2 Hz, 2H), 1.73 (m, 2H), 1.45
(m, 2H), 1.0 (tJ = 8.0 Hz).'3C NMR (CDCk, 100 MHz),5 (ppm): 163.5, 163.3,

151.1, 146.8, 132.1, 130.0, 129.9, 129.2, 128.8,6,2128.0, 127.9, 126.5, 125.3,
121.8, 119.7, 112.4, 108.8, 108.0, 59.4, 46.5,,3M2, 28.6, 26.8, 19.4, 12.8. HRMS

(ESI) (M/z): [M+H] calcd for G4H23N20,, 371.1754; found, 371.1751.

2.5 Synthesis of
5-((2Z,4E)-5-(5-(2-butyl-1,3-dioxo-2,3-dihydro-1H-benzo[ de] isoquinolin-6-yl)indolin
-1-yl)-2-hydroxypenta-2,4-dien-1-ylidene)- 1,3-dimethyl pyrimidine-2,4,6(1H,3H,5H)-t
rione 6

A mixture of 5- (N-butyl-1,8-naphthalimide)-indoén4 (40 mg, 0.11 mmolland
barbaturic acid furan addugt23.4 mg, 0.1 mmol) was stirred at room temperaiture
DCM (1 mL) until the reaction was completed (moreeh by TLC). The crude
mixture was added with DCM (1 mL) and sonicatedXfanin. The mixture was then
added to vigorously stirring hexane (50 mL) dromvishe product was filtered and
washed with hexane to afford blue crystals in 72e4dg (44 mg). The equilibrium
state ofDASA-NDI includes 22% isome® and 78% isomer (Fig. S6-S7).NMR
characterization is cyclize®ASA-NDI 7. 'H NMR (CDCk, 400 MHz, 298K),8
(ppm): 8.61 (m, 2H, naphthalene-H), 8.37 (dd&; 8.0, 4.0 Hz, 1H, naphthalene-H),
7.73 (m, 1H, naphthalene-H), 7.69 (m, 1H, naphtield), 7.64(m, 1H, indoline-H),

7.18(m, 1H, indoline-H), 6.61 (m, 1H, indoline-H,48 (dd,J; = J,= 8.0 Hz, 1H,



cyclopentenone-H), 5.50 (m, 1H, cyclopentenone-#2 (t,J = 8.0 Hz, 2H,
naphthalene-H), 4.05 (m, 1H, barbaturic acid-H833(m, 1H, cyclopentenone-H),
3.66 (m, 2H, indoline-H), 3.44 (m, 1H, cyclopenteaeH), 3.38 (s, 3H, barbaturic
acid-H), 3.19 (s, 3H, barbaturic acid-H), 3.16 (&4, indoline-H), 1.73 (m, 2H,
naphthalene-H ), 1.47 (m, 2H, naphthalene-H), 0®3J = 8.0 Hz, 3H,
naphthalene-H)**C NMR (CDCk, 100 MHz),8 (ppm): 202.9, 167.2, 166.8, 164.4,
164.2, 162.5, 151.1, 150.9, 147.2, 134.8, 132.8,113131.0, 130.6, 130.1, 129.6,
128.9, 127.5, 127.0, 126.5, 126.5, 123.0, 121.6,01050.1, 48.1, 47.6, 46.8, 40.2,
30.2, 29.0, 28.7, 28.1, 20.4, 13.9. HRMS (ESI) jmitel-H] * calcd for GeH3iN4Os,

603.2249; found, 603.2239. (For details, see Suppfmrmation, Fig. S4-S8).

3 Resultsand discussion

3.1 Spectral properties

3.2.1 Photochromic properties DA SA-NDI

The photochromic characteristics @ASA-NDI have been measured in three
different solvents at 293 K with alternating irration by broadband visible light and
heat in 310 K, and itsrepresentative absorptiorttspeand fluorescence spectra are
shown in Table 1. The absorption bands for indeD#€S A was approximately at 616
nm and 438 nm in different solvents, which was iest with the absorption of
native indoline-DASA Xmax= 615 nm) in previous report [15]. Besides, comgare
with the absorption bandf 4 (Amax= 360 nm), the reason for bathochromic shift in

absorption band oDASA-NDI (Amax = 438 nm) might be homoconjugation that



enhanced hybridization of molecular orbitals betwdéiee electron-rich donors and
acceptor groups (Fig. 2, Fig. S9).

The molar absorptivitiese)l for DASA-NDI in toluene, trichloromethane and
acetonitrile were determined through a combinatmin NMR and absorption
spectroscopies at equilibrium state, uniformly hah~18 M™ cm?, which agrees
with the previous investigation and proves that ¢hange of colour between dilute
solutions of the two states could be visually moneit easily [15] (Fig. S10, Table
S1). Moreover, as is shown 1A NMR spectroscopy, the percentage of open fofm
DASA-NDI in CDCkwas ca. 22 % at equilibrium state, which was essemt
observing the photochromic properties. Additionatlye key signals ai = 12.44,
8.26, 7.47, 7.41 ppm were attributed to the prommsriene of open isomér(H,.q).
Upon visible light irradiation, these signals welisappeared and the chemical shifts
at 6 = 6.48, 550, 4.05, 3.83, 3.44 ppm were attributedthe protons on
cyclopentenone or barbaturic acid,(k)). (Fig. S7)

Upon continued irradiation with visible light, tlygeen solution 0DASA-NDI in
CHCl;was converted into pale yellow, and the absorpbiand of itdecreased at 623
nm but increased at 442 nm with the blue shifthefabsorption band, which is due to
the reversible thermaltdelectrocyclic reaction. After being placed at 3%6€20 min,
the color of solution returned green and the aligorspectra nearly recovered to its
initial state (Fig.2a and 2c). MoreovelH NMR spectroscopy and absorption
spectroscopy indicting that the opening and closatgs and activation energids)

of DASA-NDI were comparable to experimental results obtainedlagiz (Table 1)
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Figure 2. Absorption spectral changes (a, b) and fluoreseespectral changes (c, d) BASA-NDI upon
irradiation with broadband visible light (1.5 m\Wh® in CHCk (5.5 x 10* M) and upon heating at 35°C after
irradiation. The irradiation time for each step v&ss. The heat time for each step was 5 min.
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Table 1. Spectral characteristics of initial and photoicell forms oDASA-NDI 6, 7 in different
solvents (5.5 x 1OM) at 298K.

In order to examine the reversibility and stabilitgf DASA-NDI in
trichloromethane, an extensive cycling test wa$opered via Pump-probe absorption
spectroscopy with a broadband white LED for exmtatand a heated stage for
equilibration (35 °C in trichloromethane, 22% opfarm at equilibrium state
indicated by'H NMR spectrum). During the first cycle, a detaifgdt of absorption
at Amax (623 nm) was shown in Fig. 1b, and the followiigcycles were measured by
following photostationary state and thermal equdilon (Fig.1c). Through fatigue
experiments, this rapid and complete switchingD&SA-NDI (5% loss after 10
cycles) demonstrated the robust nature of thisrpssy
3.2.2 Fluorescent propertiesDASA-NDI under visible light/heat and HCU**

The significant absorbance changes in the visiblgione associated with the
photoinduced transformation of a triene to cycldpeane, can be exploited to

activate an energy-transfer pathway and controéthission of the fluorescent partner.



As is shown in Fig. 2, upon irradiation with vigblight (= 442 nm) in CHGQ
solution, theDASA-NDI can be activated, and two fluorescence bands ajppéae
wavelength region of 520-620 nm for closed-ringmso 7 and 620-720 nm fo6,
respectively. The initial state includiryand 7 gave relatively weak fluorescence.
Meanwhile, the peak absorption ®@ASA-NDI was around 620 nm and the
significant overlap between it and the emissiothefisomer7 permits the transfer of
energy from the fluorescent to the photochromigrimant, which results in the lower
fluorescence intensity. However, upon brand vislight illumination for 105 s, the
triene switches to the corresponding cyclopentertorierm 7 with the decrease of
characteristic absorption & (A= 620 nm), the absorption at the wavelength of 442
nm enhanced, and the disappearance of correspoediigsion band\& 620-720
nm), leading to the enhancement of fluorescenansity. All these changes are due
to the lack of any overlap between the emissiotheffluorophore and the absorption

of the photochrome that prevents the transfer efgn
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Figure 3. The absorption spectral and fluorescaespetral changes dASA-NDI in CHCl
solution (20puM) upon addition of various amounts of H(a, b) and Cif (c, d). Moreover,
corresponding photographs before and after illutionawith visible light also shown on the top
of spectra. Cti is derived from cupric acetate ({QAc),) and dissolved in the mixed solvent of
CHCIy/MeOH (3:2) and His derived from CECOOH and dissolved in CHEI

Besides, the fluorescence quantum yields ofDASA-NDI (@open@nd @ciosed N
various solvents, using Rhodamine B (RhB) in 0. EMH as a reference, showing
that both the emission intensity and quantum yielese sensitive to visible light,
namely, the parameters increase under visible irgidiation (Table 1, Fig. S11) [29].
Moreover, after 105 s illumination, the photosta#ioy state has a lifetime of 25 min
under heating in 35°C and eventually reverts badkeé mixture of original isomeg

and 7. As a result, the initial absorption and emissgpectra were almost fully

restored in a few minutes under heat.



Furthermore, upon addition of various amounts of iH CHCk solution of
DASA-NDI, the intensity of the absorption band at 430 nm @23 nm decreased
and the fluorescence intensity at 589 nm and 66@ectined continuously. The two
solutions ofDASA-NDI before and after adding 3M H* showed green color, but
upon irradiation of two green solutions with vigidight, the solution without acid
addition became yellow and its fluorescence intgnsas significantly enhanced, yet
the other with the addition acid did not changalhtThe reason for this difference is
that the acid protonates the tertiary amine on itfuoline which results in the
prohibition of the photo-induced isomerization@ASA-NDI (Fig. 3a-3b). Besides,
upon adding different amounts of €in CHCk solution ofDASA-NDI, the intensity
of the absorption bands at 430 nm and 623 wereedsed a bit and the absorption
band at 430 nm shifted to blue obviously and therfiscence intensity at 589 nm and
660 nm declined sharply, which is due to the weadrdination effect of cooper ions
and tertiary amines on the indolin8ignificantly, as shown in Fig.3c and 3d, after
irradiation ofDASA-NDI andDASA-NDI-Cu?* with visible light, the former became
yellow and the later became yellow-green due to itffience of ions, but the
fluorescence intensity ddASA-NDI-Cu?" increased remarkably, which is probable
due to the photoisomerization that destructs thekweordination between cooper

ions and nitrogen atoms.
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3.2.3 Fluorescent photochromic switch and logie@gat

As a basic binary unit, the fluorescent chemosemrswnbined with a molecular
switch offers a possibility for establishing electic logic devices. Based on the new
fluorescent photochromic switctDASA-NDI), a combinatorial (NOR and AND)
logic gate system can be designed (Fig. 4c). Wasipect to inputs, the presence and
absence of broadband visible light irradiation &l as the addition of Giiand the
control of H was defined as “1” and “0”, respectively. The flescence of
DASA-NDI, acting as outputs, can be controlled by usiniphddight, H or Cuf* to
switch between the open (low-fluorescdnt, 1000) and closed (high-fluoresceht;

1000) state, wherkis the value of fluorescence intensity at 604 tirthe value of



locates under 1000, the corresponding output isidered as the “1” state, otherwise,
it is considered as the “0” state (Fig. 4a and Em).

Therefore, according to the truth table shown m Bd, a combinatorial logic gate
integrated within a single molecule was approackedy the presence of visible light
input (0/0/1) could enhance the fluorescence irntiered DASA-NDI (output = 1)
indicated complete photoisomerizationASA-NDI; while those in the absence and
presence of three inputs (0/0/0, 1/1/1) or in tresence of either input expect visible
light or both inputs (1/0/0, 0/1/0, 0/1/1, 1/0/11/D) remain low-fluorescent or nearly
non-fluorescent, which can be confirmed by testihg fluorescence intensity
responses (Fig. 4a-4b).

Conclusion

In conclusion, a novel fluorescent photochrom&SA-NDI whose fluorescence
could be flexibly controlled by visible-light/heand ions/protons were successfully
designed and conveniently synthesized by Suzukialtig coupling of combining a
fluorescent unit, 1,8-naphthalimide and a seconmeggion DASA photoswitch. The
photochromic and fluorescent propertiedD#&SA-NDI have been investigated under
certain visible light in different solvents, whialesults in the application of a
reversible fluorescent photoswitch and a combimatgNOR and AND) logic gate.
We envision that this novel visible light strategyll afford an efficient and green
method for construction of photochromic fluorescgnitching and advance the study

of various photoswitches.
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Highlights

A novel photochromic donor-acceptor Stenhouse adduct was successfully constructed for fluorescent

photoswitch.

The photochromic fluorescent switch could be flexibly tuned not only by visible-light/heat but also by

iong/protons.

A combinatorial logic gate consisting of NOR and AND logics was further constructed based on the
favorable optical and chemical properties of the adduct.



