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A series of novel highly efficient photochromic naphthopyran dyes were synthesized and the photochromic
behavior, electrochemical and third-order nonlinear optical properties of naphthopyran derivatives were fully
investigated.
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Abstract

A series of novel naphthopyran derivatives featunionplanar and spiro-conjugation structure hawensiccessfully synthesized and characterizedidn t
paper, we investigated the effects of the eleatimmating ability and volume of substituents onghetochromic and third-order nonlinear propertieaavel
naphthopyran derivatives. The UV-Vis absorptioncgimscopy was used to analyse the photophysicaphotbchromic properties. Under the dual role of
electron-donating group and bulky substituent greangximum absorption peakisqt,) of the closed form and the open-form of the nappyran derivatives
were both red shifted, and all molecules showestixally good photochromic properties and fatigusistance. The electrochemical properties have been
investigated by the cyclic voltammetry (CV) measoeat, the band gap of NP-C, NP-O and NP-N narrawesquence, and the level of HOMO decreased
in turn. The third-order nonlinear optical (NLO)operties of the compounds were studied by the A-seehniques at 532 nm, which indicated that all
molecules showed the reverse saturable absorgRiSA) behavior and the optical susceptibilit$?> reached 1%. These interesting findings provide a new

insight on the practical application of naphthopymaolecules and the design of the NLO materials.

Key words: Naphthopyran, Photochromic properties, Third-ofde®© properties, Electron donating ability

1. Introduction

Photochromism of chromenes was first reported bgkBeand
Michl in 1966[1]. Then the photochromic materialavh
attracted widespread research interest becauseeopttysical
and chemical properties could be changed by lightliation,

formation of the TT isomer is to prevent thecC isomerization
of the short-lived TC isomer to the more stable iEdmer.
Sousa reported that the formation of the TT fornm dze
suppressed by incorporating an alkyl bridge betwi&enpyran
ring and the naphthalenic ring[20, 22, 23]. Yukadraki found
that the amount of the undesirable long-lived cadom T form
could be reduced by introducing an alkoxy group tlae

Among the classes of organic photochromic materialsposition of 8H-pyranoquinazolines. The alkoxy gwo

azobenzenes and diarylethenes, spiropyrans andhugyyhan
have received the most attention because of thaiellent
performance and broad utility. The photochromic erats
have been used in many fields, such as opticalchkesf2-5,
35], photochromic lenses[6, 7], photochromic fibeasid
dyes[8-10], optical storage[11-13, 33] and
imaging[14-16], optical actuators[33]. Naphthopygaas an
important class of photochromic molecules which ileixha
reversible color change when exposed to UV light are well
known for the commercial application in the ophthial lens
industry[17].

The exposure of the closed form (CF) of naphthopyria
UV light or sunlight caused the opening of the Gjs@ bond
of the pyran ring, that generates two isomers,ttaesoid-cis
(TC) and transoid-trans (TT) forms. As shownScheme 1,
The TC form is converted to the TT form by the tiota of the
C=C bonds[18]. The TC form thermally returns to CFRaifew
seconds/minutes, whereas the thermal reversionfdbTCF is
much slower (minutes/hour) because TT is thermdstabd
the relatively large activation energy isomerizatioarrier to
TC must be overcome[6, 19]. Thus, although the redion is
very fast, the decolorization process is genergiiyver with an
initial rapid discoloration and then a slower dec@ation step,
resulting in a residual color that lasts for a feimutes/hours

The naphthopyrans with large optical density arsd faturn
to the uncoloured closed form is a key requirenfenttheir
industrial application[20]. The slow thermal reviersof TT to
CF and the residual colour of the TT form are cdestd to be
one of the key issues that photochromic lenses @ptital
switches applications need to solve[6, 7, 18, Zije way to
overcome the problem of the residual colour andidcatbe

effectively reduced the formation of the TT form eduo
C-H---O intramolecular hydrogen bonding in the Dami6].

Céu M. Sousa synthesized a polycyclic photochromic

fused-naphthopyran which could produce a singleoreal
photoisomer under UV irradiation, and in the dahe single

moleculglored photoisomer returned to the uncolored nfaster than

the parent unfused naphthopyran.[31] Stuart Aikeported a
series of bi-naphthopyrans, recorded the absorgectra at
lower temperature, bi-naphthopyrans showed an ajgiie
shoulder on the main absorption band accompanieddhange
in colour. [32]

In this paper, we synthesized a series of novehlhig
efficient photochromic naphthopyran derivativeshndlifferent
substituents, in order to study the effects of Wodume of
substituents and the electron donating abilityudfssituents on
the photochromism, electrochemistry and third-ond@nlinear
optical properties of naphthopyran derivatives. desally the
third-order nonlinear optical properties of naphth@ns,
because in our previous work, we studied the thnder
nonlinear properties of spiropyrans. Hong Zhao gtesil and
synthesize two new photochromic cyclometalated (NC

——

Vis,A | o

JOO
TC

short-lived

long-lived

Scheme 1 Photochromic reactions of naphthopyran



platinum(ll) complexes, and the efficient photoahism Scheme 2.

allowed a significant NLO photomodulation, both dnlution ]

and in thin films[34]. we hope to explore this nplanar Synthesis of

naphthopyrans with spiro conjugated whether theemde has 3.3-Diphenyl-8-[2-(trimethylsilyl)ethynyl]-3H-naphtho

good third-order nonlinear performance. The voluroge [2,1-b]pyran (2)

substituents and the electron donating abiIityLd:fs$ituentS on 2 was prepared according to literature proceduresm.q_leSZ

photochromism, electrochemistry and third-order lim@ar mg, 4.00 mmol) and ethynyltrimethylsilane (784 n®&)p0

optical properties of naphthalpyran derivatives aveully mmol) were added in the solvent of triethylamin® (mL).

studied in this paper. After the mixture degassed under Ar. for 40 mintabdic
agents Pd(PRRCI, (563 mg, 0.80 mmol) and Cul (8.2 mg,
0.042 mmol, 3 mol%) were then added. The reacti@tture
was stirred for 24h at 70 °C under Ar. atmosphéfeer the

2. Experimental evaporation of the solvent, the crude mixture wasfied by

All the reagents were purchased as reagent gradm fsilica gel column chromatography to giZeas a white solid
commercial sources and used without further purfan. 'H (1.38 g, 80%). R(dichloromethane: petroleum ether = 1:2):
NMR spectra were measured on a BRAKER AVANCE lII H9-45."H NMR (500 MHz, Chloroform-d)s 7.91-7.85 (m, 2H),
NMR spectrometer (500 MHz) at 20 °C. Chemical shiere /-61 (d, J = 9.0 Hz, 1H), 7.55-7.48 (m, 5H), 7.3827(m, 4H),

reported in ppm downfield from SiMeusing the solvent's 7.30-7.26 (m, 3H), 7.24-7.21 (m_' 1H), 6.29 (d, 160 HZ'
residual signal as an internal reference. FT-IR8pscopy was 1H): 0-32 (s, 9H) ppm. The reaction phenomenoncireical

recorded on a Perkin Elmer LR-64912C Fourier tramsf Shifts of the resulting product are consistent wttevious
infrared spectrometer. All MALDI-TOF-MS spectra \eer literature. 1 was also prepared according to literature
measured on a Shimadzu AXIMA-CFR mass spectrometfocedures[23].

Elemental analyses were performed at the Institofe

Chem'istry Chinese Academy of Sciences, with a .Flﬁsh Synthesis of 8-Ethynyl-3,3-diphenyl-3H-naphtho[2,1-b]
1112 instrument. The UV/Vis spectra were recoraed quartz yran (3)

cuvette on a JASCOV-570 spectrophotometer. Cyclri)c

voltammetric measurements were carried out in a@otional 3 Was synthesized according to the previous liteej2d]. To a
three-electrode cell using glassy carbon workirgtebdes of 2 Stirred solution of 2 (1385 mg, 3.22 mmol) in &H, (25 mL),
mm diameter, a platinum wire counter electrode, amd A Solution of KOH (540 mg, 9.66 mmol) in MeOH (17Ljn
Ag/AgCI reference electrode on a computer-contcolleHl Was added dropwise. And then stirred for 3 h atnroo
660C instrument in dichloromethane/BIPF;, at room temperature in the dark. The solvent was evaporatet the
temperature. All potentials were referenced to tffgude mixture was purified by silica gel column
ferrocenium/ferrocene (Fc/Bc couple used as an internafromatography to give 3 as a white solid (10298956), R
standard. The NLO properties response measuredeaysnof (dichloromethane: petroleum ether = 2:3): 0.59.NMR (500
the Z-scan technique, employing 15 ps laser pudses32 nm MHz, Chloroformé): § 7.91-7.85 (m, 2H), 7.61 (d,= 9.0 Hz,
delivered by a mode-locked Nd:YAG laser, the intgnef the 1H), 7.51 (dd,J = 8.5, 1.5 Hz, 1H), 7.49-7.45 (m, 4H),
laser was 1 uj. The linearly polarized laser beaas focused /-38-7-32 (m, 4H), 7.28 (d,= 3.0 Hz, 2H), 7.25 (d] = 1.0 Hz,
with a 300 mm focal length lens and the sample mased 1H), 7:22 (dJ=9.0 Hz, 1H), 6.29 (d] = 10.0 Hz, 1H), 3.10 (s,
across the focus by means of a computer controllikf)PPM. The appearance and chemical shifts of éselting
micrometric translation stage. All the samples wetedied Productwere consistent with previous literaturg{24

from a 1(.34 mo!/L splution in dichloromet.h.ane, the thickness cgynthesis of
the colorlm.etrlc dish was 1 mm. In addition, the@lproperty 4-((3,3-diphenyl-3H-benzo[f]chr omen-8-yl)ethyny!)-N,

of pgre dlchlorqmethane was alsg .measured at t"BeS"’}\I-dihexadecylaniline(NP-N)

conditions to clarify the solvent contribtion.

The synthetic routes and molecular structures hoevs in 3 (790 mg, 2.21 mmol) and N,N-Dihexadecyl-4-iodomeil

(1472 mg, 2.21 mmol) were added insNEt(20 mL). After the

CH=CSiMe; O PPTS
(PPh,),PdCl,/Cul (MeO);CH O

— Br \\
B T T Bt
Et;N/THF O o) CICH,CH,Cl 4 HO O
1

CH,Cl, o
NP-N:  RrR= —( )N "%
“CygHa3
NP-O: R= Oou
NPC:  Re —()—cn,

Scheme 2 Chemical structures and synthetic routeBIBfN, NP-O, NP-C.



mixture degassed under Ar for 40 min, catalytic rage

o
B
N

76%). R (PE:DCM = 3:2): 0.75;'H NMR (500 MHz,
Chloroform-d):6 7.87-7.81 (m, 2H), 7.57 (d, J = 8.5 Hz, 1H),
7.52 (dd, J = 8.9, 1.5 Hz, 1H), 7.49-7.44 (m, 4HB8 (d, J =

.

et |

Pd(PPR),Cl, (110 mg, 0.16 mmol) and Cul (31 mg, 0.16 ——NP-N
. . . . - —NP-0O
mmol) were added successively in and stirred ogéatninder 3 084 / NP-C
Ar at 90 °C. After cooling to room temperature, ahd EtN %
was evaporated, the residue was purified by siiehcolumn 2 0.6+ \/ .
chromatography to givBlP-N as a light-yellow solid (1.506 g, E ; ‘
8 |
o2
<

9.0 Hz, 2H), 7.30 (t, J = 7.5 Hz, 4H), 7.24-7.22, @Hl), 7.22- 00—
200 250 300 350 400 450 500 550
7.19 (m, 1H), 7.17 (d, J = 9.0 Hz, 1H), 6.56 (&, 9.0 Hz, 2H), Wavelength (nm)
6.24 (d, J = 10.0 Hz, 1H), 3.30-3.19 (m, 4H), 1(§64H), 1.28 Fig. 1 UV-Vis absorption spectra and images of solution of the products
(d, J =21.5 Hz, 52H), 0.87 (t, J = 7.0 Hz, 6H)ppm:IR (KBr, NP-N, NP-O and NP-C in THF before UV irradiation.

cm?) 1 v = 3060, 2923, 2852, 2200, 1604, 1519, 1465, 1371,

1266, 1245, 1219, 1184, 1089, 1007, 812, 755, &&®; 1.7 Hz, 1H), 7.50 (dJ = 7.5 Hz, 5H), 7.40 (d] = 8.5 Hz, 2H),
MALDI-TOF-MS (dithranol): m/z: calcd for gHg/NO: 897.7 7.36 (t,J = 7.5 Hz, 5H), 7.27 (1) = 7.5 Hz, 2H), 6.81 (d] =
g mott, found: 896.5 g mdi [MH]*; elemental analysis calcd8-5 Hz, 2H), 6.64 (dJ = 10.0 Hz, 1H)ppm; FT-IR (KBr, ci:

(%) for CesHgNO (897.7): C 86.90, H 9.76, N 1.56, O 1.78Y = 3386, 3060, 2955, 2925, 2853, 2204, 1893, 16885,
found: C 86.92, H 9.74, N 1.56, O 1.78. 1582, 1512, 1465, 1447, 1379, 1265, 1245, 12208,11691,

1054, 1006, 944, 891, 833, 761, 733, 699, 639, =RA;
MALDI-TOF-MS (dithranol): m/z: calcd for gH,,0,: 450.2

Synthesi_s of g-mot?, found: 450.5 g-mdi [MH]*; Elemental analysis calcd
4-((3,3-diphenyl-3H-benzo[f]chromen-8-yl)ethynyl) (%) for CesHgNO (450.2): C 87.98, H 4.92, O 7.10; found: C
phenol (NP-O) 87.97, H4.92, 0 7.11.

3 (345 mg, 0.96 mmol) and 4-iodophenol (212 mg, Gr86ol)

were added in the mixed solvent of triethylamin& (hL). Synthesis of

After the mixture degassed under Ar for 40 min,abdic 5 Q. Al
agents PA(PRRCl, (50 mg, 0. 07 mmol) and Cul (14 mg, 0.07(3',\|3P(_:I(|:|c;hmyl 8-(p-tolylethynyl)-3H-benzo[f] chromene

mmol) were added successively in and stirred ogétninder .
Ar at 90 °C. After cooling to r. t. and the solvemtas 3 (358 mg, 1.00 mmol) and 4-iodotoluene (218 mg0 Irtnol)

evaporated, the residue was purified by silica gelumn Were added in triethylamine @&VYTHF=1:1, 12 mL), 20 mL).
chromatography to givBlP-O as a white powder with a little After the mixture degassed under Ar for 40 min,afydic
purple (317 mg, 73%).RPE:EAC = 3:1): 0.40'H NMR (500 agents Pd(PRRCI,(50 mg, 0.07 mmol) and Cul (14 mg, 0.07
MHz, DMSO-dg): & 9.93 (s, 1H), 8.12 (dJ = 9.0 Hz, 1H), Mmmol) were added successively in and stirred ogétninder

8.05-7.99 (m, 1H), 7.83 (d, = 9.0 Hz, 1H), 7.55 (dd] = 8.5, Ar at 90 °C. After cooling to r. t. and the solventas

14
0.8 (a) Before Uv_i"a"‘!iaﬁ"" 7 (b) —— Before UV irradiation
—— Under UV irradiation 1.24 Under UV irradiation
= After Vis irradiation @ 1 — After Vis irradiation
e 1.04
o O 1
0.64 =
c ® 1
s 8 0.8-
= 3 J
8 0.4' 3 0.6_
e < 4
L 0.44
0.24 ]
0.2
0.0+ T T T T T T 0.0 ¥ T T ¥
400 450 500 550 600 650 700 400 450 500 550 600 650
Wavelength (nm) - Wavelength (nm)
1.4+ (c) —— Before UV irradiation (d) ——NPN
i = Under UV irradiation _NP-O
1.2+ — After Vis irradiation ——NP-C
@ J
g 1'0-_ Under
8 0.8 i
8 o] |
2 0.6
He] E
<< 0.4 |
] L E
0.0 7 7 ¥ T v T T T
400 4350 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 2 The UV-Vis absorption spectra and the images of thetisolof (a) NP-N, (b) NP-O and(c) NP-N in THF (5x10° M) before UV irradiation, under U
irradiation (365nm, 100mW/cfn and after visible light irradiationd) The UV-Vis absorption spectra of the three moleculedHtF (5x10° M) under U\
irradiation.



evaporated, the residue was purified by silica gelumn
chromatography to givBlP-C as a white solid (320 mg, 71%).
R (PE:DCM = 2:1): 0.60*H NMR (500 MHz, Chloroformd):

8 7.91 (d,J = 8.5 Hz, 2H), 7.63 (d] = 9.0 Hz, 1H), 7.57 (dd]

= 8.5, 1.8 Hz, 1H), 7.53-7.47 (m, 5H), 7.46 (s, 1AHB4 (t,J =
7.5 Hz, 4H), 7.31-7.26 (m, 3H), 7.23 @= 8.5 Hz, 1H), 7.18
(d,J=7.5Hz, 2H), 6.29 (d] = 10.0 Hz, 1H), 2.39 (s, 3H)ppm;
FT-IR (KBr, cm?) : v = 3059, 3028, 2920, 2851, 1900, 1629
1580, 1511, 1492, 1465, 1447, 1381, 1353, 12666,12217,
1183, 1158, 1084, 1054, 1006, 954, 889, 812, 7833, 899,
638, 523; MALDI-TOF-MS (dithranol): m/z: calcd for
Cs4H240: 448.2 g-mot, found: 447.5 g-mdi[MH]*; elemental
analysis calcd (%) for £H,,0 (448.2): C 91.04, H 5.39, O
3.57; found: C 91.05, H 5.38, O 3.57.

uoneipe.] ON

uoyelpes A

uonelpes| sip

PMMA-+NP-C

PMMA PMMA+NP-N  PMMA-+NP-O

Fig. 3 The images of the films of PMMA doped witP-N, NP-O andNP-C (3 wt%)
before UV irradiation, under UV irradiation (365nm, 100mV\FIcSmin) and afte
visible light irradiation

3. Results and discussion NP-N showed a more obvious blue shift. With the enharere of
the electron donating ability of substituents, dfvsorbance dfiP-C,
NP-O and NP-N decreased in turn, the decrease in absorbance of
Fig. 1 showed the absorption spectra and the imageseof NP-N was more obvious, the stronger the electron dogaibility
solution of molecules in THF. By comparing the apsion of substituents, the more difficult it is to tramsh from closed-form
spectra ofNP-N, NP-O and NP-C, it was found that the to open-form, because the steric repulsion of tikytsubstitutes, it
maximum absorption peaksiq,) of the closed-loop was more difficult for NP-N to switch from closed-form to
naphthopyran derivative shifted froRP-C (300 nm) toNP-O  open-form.
(304 nm) andNP-N (348 nm). Compared wittNP-C, the Furthermore, the photochromic behavior of
absorption tails of the closed form of tiNP-N showed a polymer-doped films were investigated. The films RIFIMA
bathochromic shift of about 30 nm, because of titaacement doped with the three novel molecules (3 wt%) wespared by
of the electron donating ability of the substitieenthich could mold method, as shown fig. 3, the films exhibitd the same
conduce to the compounds becoming a more poweridl &olor change as in the solvent, the three novelembes also
complicated intramolecular charge-transfer (ICT$. ghown in pehaved obvious photochromism, these molecules endngb
the UV-Vis absorption spectra of the closed fornN&tN, the used in photochromic lenses, dyes and nail equipmen
introduction of an amine group on the 3-positioduced an
intense absorption band in the region of 250-400 nm

After stable ultraviolet irradiation (365 nm, 100Aﬂcrr12), the
solutions of NP-N, NP-O and NP-C in THF appeared
photochromism, the naphthopyran derivatives chanfyeth the
closed-form to the open-form. As shownFiry. 2(a), (b) and(c), the
color of the THF solution oNP-N in THF changed from colorless
to red, and that of thBIP-O and NP-C changed from colorless to

orange. By comparing the UV-Vis absorption spectfa tiee fading curves after ceasing the UV irradiation wshewed in

s_on’non; be_fore_ U_V |r.rad|at|on, under UV irradati and after Fig. 4 (d), the thermal fading curves after ceasing the light
visible light irradiation, it was found that allre molecules could

o . . . irradiation consisted of an initial fast decay iatitable to the
return to their original state after visible ligintadiation, The THF

ut fth q wally sh d baotd | thermal isomerization of the TC form to the CF anidllowing
soiutions ot these compounds gc ua_l y_s owe agatdeep color g4y decay of the long-lived TT form. On the thefrfading
changes before and after UV irradiatidmdyie S1).

o curves, the absorbance MP-C, NP-O andNP-N decreased in
The open-form of the noveiaphthopyran derivatives showec{um_ As shown inFig. 4, in the initial rapid decay phase, it

an intense absorption band in the region of 400-600 the could be inferred that the decay ratesN®-O, NP-N and

maximum absorption peakg,f,) of NP-C, NP-O and NP-N '

3.1 Photochr omic behavior

the

3.2 Reversibility and fatigue resistance

Reversibility and stability are important factors fbe application of
naphthopyran As portrayed inFig. 4 (a), (b) and (c), The
molecules were irradiated by ultraviolet light arisible light. After
ten cycles of irradiation, the decreases of absmdaf the three
molecules were almost negligiblep theNP-N, NP-O andNP-C
performed relatively good fatigue resistance. Tierrmal

are 466 nm, 472 nm and 502 nm, respectively. All molesu 50.4- (a) cos] ()
behavedrelatively good photochromic propertie&s shown in §°-3- wé o6
Fig. 2 (d), by comparing the UV-Vis absorption spectra of th 2] g 0l
open-form of the 3H-naphthopyran derivatives, isvi@und that the 'g oal g o
maximum absorption peakaniax) of the open-form of molecules< 2] ’ ‘
bathochromically shifted froNP-C (466 nm) toNP-O (472 nm),  *°] —wea| limem KB
andNP-N _(50_2 nm), which could be reflected by the photpggaof I R I ofacycleg 10 LT T
products inFig. 2 (a) , (d) and(c), the color of the solutions had sl o m
hanged from orange to red, because the enhanceft electron ¢ l-“ R | -
donating ability of substituents which could coneluto the §°°] ] NP
compounds becoming a more powerful and complica@d § 0.4 %
systems. The electron donating ability of alkylaeigroup was § ,,] §
obviously stronger than that of hydroxyl group anethyl group, so < wll V1

I | | NP-C o : :

1'0 20 30 40 50 60 70 80 90

H 4 6 8
Numbers of Cycles

time (s)

Fig. 4 Reversibility of(a) NP-N, (b) NP-O and (c) NP-C in THF solution upo
UV-Vis cycles.(d) Time variation of the change in absorbanckatof NP-N, NP-O
andNP-C after continuous UV irradiation (365 nm, 100 mW#c@0 s) at 298 K.



NP-C decreased in sequentially, the reason for theqgrhenon repulsion of the bulky substitutes.
was strongly related to the half-life of the colbieomers. The

half-lives (,/,) of the TC form were calculated from the fitting3.3 Electrochemical properties
curves of the time variation of the absorbanceagiiire double

exponential function below[6, 8]: In order to investigate the electrochemical praperiof the

ot ot closed-form of the novel molecules, the cyclic aotimetry
f@®) =Ae ™t + Aye™™ €Y (CV) were performed in dichloromethane solution te@ming
Where k, is the rate constant for the thermal back reactiCht M Tefrabuty-lammonium hexafluorophosphate ,(#F)
of the TC form andk, is that of the TT form,A; and A, are as the supporting. Electrolyte (a standard ferreferrocenium

the initial absorbances of the two species, thenfdion ratios (Fc/FC) redox system as the internal standard) at room
temperature. The HOMO and the LUMO energy levelshef

of the TT form are defined as.AA;+A,) by assuming the ’ -
molecules could be calculated by the following eiunes.

molar extinction coefficients of the TC and TT farmre same.

HOMO = —e[ES% et — Epc + 4.8V] (2)
Table 1 The Amax for the colored form at the photostationary statglf-Lives
(t=In(2)/K;) of the TC forms, and formation ratios of the ToFrh in THF (5 x 10° LUMO = —e[E{,‘fget — EFC + 4.8V] (3)
M) at 298 K. _ _
Table 2 The electrochemical properties of the closed fofmligproducts.
compoundiednm A, A,  k,  k, tuere/ TTform ESX gredlal HOMO LUMO 1y

s /% Sample onset onset Eg

VI VI [ev] [eV]
NP-N 068 -020 -530 -4.42 0.88
NP-O 110 019 -572 -481 091
NP-C 119 012 -581 -4.74 1.07

NP-N 502 0.257 0.015 0.166 0.002 4.17 5
NP-O 472 0.731 0.068 0.177 0.003 3.91 9
NP-C 466 0.766 0.085 0.137 0.004 5.06 10

These results were reported'ﬁable 1. The kl of NP-O, lonset oxidation and reduction potentials determifteth cyclic voltammograms in
NP-N and NP-C decreased in sequentially, so in the initiatH,cl/Bu4aNPF6PBand gaps estimated from the onset potentials.

rapid decay phase, the decay ratetNBfO, NP-N andNP-C
decreased in turn. Formation ratio of the TT forin\NP-C Where Eg. is the measured oxidation-reduction potential

NP-O and NP-N were 10%, 9% and 5%, respectively. Thaf Fc (vs Ag/AgCI) is 0.18 V. The experimental riisuvere
formation ratioNP-C is slightly higher than that diP-O, but depicted inTable 2 andFig. 5. Table 2 showed that the onset

significantly higher than that dfiP-N, because the volume ofoxidation potential of the novel 3H-naphthopyran derivatives

alkylamine group was larger than that of hydroxpbup and decreased with the enhancement of electron donabiligy of

had a stronger electron donating ability electramnating Substituents.
ability, as shown on the thermal fading curves, absorbance ~ F19- 5(b) visually reflect the same phenomenon. By
of NP-C, NP-O and NP-N reduced in turn. The hdé-{t,,,) of comparing the band gaps and the HOMO levels ofcthsed

the TC form ofNP-C, NP-N andNP-O were shortened in turn, form of NP-C, NP-O and NP-N in the diagrammatic sketch

NP-O had a longer half-life thaNP-C, because of the electron(Fig- 5(&), it was clearly found that the HOMO energy level o
group was greatfean that of the molecules increased and the band gap narrovithdtie

electron-donating ability of the substituent inged, because
the electron-donating ability of substituents proado the
intramolecular electron transfer.

donating ability of the hydroxyl
the methyl group. However, the half-life;f) of the TC form
of NP-N was longer than that dP-O, because of the double
effect of the strong electron-donating ability atite steric

(@) rumo 3.4 Third-order nonlinear optical properties

NP NPC The Z-scan technique was performed to study thel-thider

T nonlinear optical properties of the molecules, tranlinear
absorption coefficient ) was measured by means of
| open-aperture Z-scan techniques, the nonlinearxiag was
il h v measured by the closed-aperture Z-scan techniques i
- dichloromethane. However, the third-order nonlinedractive
properties of these novel molecules were so poatr ¢hn’t be
discerned. Therefore, the third-order nonlinear optical
susceptibility x® only involved the nonlinear absorption
(b) coefficient ) in this paper. The normalized open aperture
Z-scan traces of the molecules were showirion 6 (a), (b)
and(c), a trough of transmittance could be seen near tbesfo
as the sample moved toward the focus, the traremoitt
decreased and reached a minimum at the focus. élikcules
exhibited the reverse saturable absorption (RSAhabier,
which could be used for optical limiting of laseofection and

Eleetro-
chemistry

0.88 ?0.91 102
v

HOMO

Egl L 0.38 091 1.02

-NP-N indicating that the nonlinear absorption coefficient is

e positive[26, 27].
5 T z The parameters of third-order nonlinear optical QYL
Potential / V property were summarized Trable 3, the third-order nonlinear

Fig. 5 (a) The diagrammatic sketch of HOMO and LUMO energy lev@s.The
cyclic voltammogram of the closed form dfiP-N, NP-O and NP-C in
dichloromethane.



Fig. 6 The red lines are the theoretical fitting curves andithe scatter dots &
the Z-scan experimental data: the normalized open apeRis®an trace
measured for(@ NP-N, (b) NP-O, (c) NP-C. (d) The comparison of tl
normalized open aperture Z-scan traces.

absorption coefficient f) was calculated by the following

equation[28, 29]:
2V2[1-T(Z = 0)]
IoLsf

Bm/W) = (4)

Where, T is the normalized transmittance at the focus (Z=

I, is the intensity of the laser beam at the focahiporhe

Com- B Imy® $®
pounds  (x10% m/W) (x10™ esu) (x10™ esu)
NP-N 11.80 2.55 2.55
NP-O 450 0.97 0.97
NP-C 4.00 0.86 0.86

effective thickness of the sample can be estimatekl.;; =

[1 — exp(—aL)]/a, L is the thickness of the sample ands
the linear absorption coefficient of the sampletlze laser
excitation wavelength.

The value of the third-order nonlinear optical spbility
only includes the real parts in this paper, whichn cbe
calculated from the third-order nonlinear absomptimefficient
(B) by the following equation[%?]zz

3) _ B
Rex®)(esu) = 24020 (5)
Wheren, is the linear refractive index of solution, is the

2T

speed of light andw =5 is the fundamental frequency inA

cycles &. The value of the third-order nonlinear optical
thel his work was supported by the National Key Bas@sé&arch

susceptibility x® could be calculated through
equation[28]:
x® = V|Rex®|? (6)

Table 3 Third-order nonlinear optical parameters of compitsu

As shown in Table 3, the third-order absorptionfficient
[ of the molecules is positive, which in agreemeiithvthe
Fig. 6 The third-order nonlinear absorption coefficief) énd

optical susceptibilityx® both increased with the enhancement

of the electron donating ability of the substitueritich could
be visually observed ifig. 6 (d). Usually, the strong electron
donating and the conjugated structures are thef&etprs for
enhancing NLO properties. The abilities af-electron
delocalization and intramolecular charge transfee ahe
foundation for enhancing NLO properties. CompatmiiP-C,
NP-O had a strong electron donating group,N¥&-O showed
better third-order nonlinear optical properties nthsP-C.
Comparing toNP-C and NP-O, NP-N exhibited much better
third-order nonlinear optical properties, becaumse qubstituent
of NP-N had the stronger electron-donating ability thaat thf
NP-C and NP-O, which could promote the intramolecular
electron transfer and enhance third-order NLO priigse

4. Conclusion

In summary, a series of novel highly efficient pFadtromic
naphthopyran derivatives with different electron nding
ability substituents were synthesized, and the cedfeof
substituents on photochromic behavior, electrochamand
third-order nonlinear optical properties of naplm@n
derivatives have been studied in this paper. A \etgresting

henomenon was found, with the enhancement of relect
onating ability of substituents, the maximum apsion peaks
(Amay and the absorption tails of the closed form ahd t
open-form of the molecules both showed strong ledtfamic
shift, the absorbance at,,,of the open-form decreased, the
half-lives () of the compounds’ TC form shorten and the
formation ratios of the TT form increased, the HOM®@ergy
level of the molecules decreased and the band gapewed,
the third-order nonlinear absorption coefficie) @nd optical
susceptibility x® both increased. These findings provide a
guidance for the design of naphthopyran molecutes are of
great significance for the practical applicationnafphthopyran
molecules.
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Highlights:

1. A series of novel naphthopyran derivatives with different substituents was
synthesized.

2. The nove naphthopyran derivatives showed excellent photochromic
behavior.

3. The photochromic behavior, electrochemical and third-order nonlinear

optical properties of naphthopyran derivatives have been fully studied.
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