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ARTICLE INFO ABSTRACT
Article history: In this study, we synthesized two asymmetric rhadartaser dyes based on 1-naphthol (Rye-
Received and Dye?2) and investigated their photophysical and lasgfopmances. It was found that
Received in revised form fluorescence emission wavelengths of the two dyessaccessfully exteled to the deep r
Accepted region. Compared with Dye-1, the esterificationduet Dye2 displays a redshift of ~8 nm
Available online the maximum absorption wavelength..§ and fluorescence emission wavelength,)( In
aprotic solvents, both.ps andiem Of Dye-2 red-shiftwith the increase of solvent polarity, wt
Keywords: its fluorescence quantum yield always decreasds thé increase of solvent polarity, no me
Asymmetric rhodamine dye in protic solvents or aprotic solvents. The resoltdaser tests indicated that both Dyeanc
Laser dyes Dye-2 have widdaser tuning range and strong laser conversioniefity in the red region. T
Optical properties laser conversion efficiency is closely relativett@ dye concentration and linearly incre:
Laser properties with the increase of pump laser energy.
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1. Introduction

sulfonic acid to get Dye-1. Finally, Dye-2 was ob&l by the
esterification reaction between Dye-1 and methanol.

Organic fluorescent dyes are considered to the most

competent laser medium materials, due to their wideble
spectrum, high fluorescence quantum yield and widguency
band. In 1966, for the first time phthalocyanine dyas used as a
laser dye [1]. Later, rhodamine 6G dye was succdgsdpplied
in the dye laser and realized the output of dyerld8]. Up to
now, hundreds of laser dyes including coumarin [3, 4
rhodamine [5-7], BODIPY [8-14], and cyanine dyes [®;1
have been developed. Since the output wavelengte rahthese
laser dyes can cover the waveband from ultravielgion of 300
nm to the near infrared region of 1200 nm, they disve a
promising prospect in the applications of biologgedicine,
physics and spectral analysis [20-27].

As a type of laser dyes, rhodamine laser dye hasivext
much attention owing to their high laser converséficiency
and laser stability. However, the absorption wavelengbf
traditional rhodamine laser dyes are generally tehdhan 580
nm, and the fluorescence emission wavelengths aronmger
than 600 nm [28]. In some special cases, it is se&0g to use the
red laser dyes with emission wavelengths longer 8@ nm.
For instance, in the medicine field, the short wength laser
with higher energy not only easily damages the lgickl tissue
but also cannot reach the deep tissue. Thereforés very
necessary to develop some rhodamine laser dyexdifor deep
red) region. One way of obtaining red (or deep raedgl dyes is
to modify the structure of traditional rhodamineedy For
example, a useful strategy to obtain red (or dedplaser dyes is
to increase the conjugated structure of rhodamiokecuoles.

Herein, two asymmetric rhodamine laser dyes Dye-1 an

Dye-2 containing only one nitrogen atom were syriteek by
replacing the aniline structure at one end of rntida molecule
with naphthalene ring. The results showed that bota-D and
Dye-2 exhibited two fluorescence emission peaks, anshich
appeared in the deep red region (646 nm for Dyadl 665 nm
for Dye-2). On this basis, we further tested the rlasaission
spectra and photo-stability of Dye-1 and Dye-2, envestigated
the effects of solvent type, concentration and pyoper on
their laser performances.

2. Resultg/Discussion
2.1. Synthesis of Dye-1 and Dye-2
N OH
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Schemel. Synthetic routes of Dye-1 and Dye-2

Schemel illustrates thgynthetic route of Dye-1 and Dye-2:
Firstly, the intermediate M2 was synthesized by
Friedel-Crafts reaction between 8-hydroxyjulolidifd-1) and
phthalic anhydride. Then, it reacted with 1-naphtinomethane

the

2.2. Absorption and fluorescence emission spectra
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Figure 1. (a) Normalized absorption and (b) fluorescence
emission spectra of Dye-1 and Dye-2 in ethanol temiu(1 x
10° mol/L). The fluorescence emission spectra were oreds
by using the 530 nm line of Xenon lamp as the etioitasource
(Aex =530 nm).

Figure 1 shows the absorption and fluorescence &miss
spectra of Dye-1 and Dye-2 in ethanol solution wih
concentration of 1.0 x I®@mol/L. As shown in Flgure la, both
Dye-1 and Dye-2 have two absorption peaks in thegeaof
450-600 nm, ascribed to the S, electron transition and
vibrational transition, respectively [29, 30]. Iddition, both of
the two dyes possess another peak at 400 nm, whfcbnisthe
S-S, electron transition [29, 30]. The maximum absanpti
wavelengths X9 of Dye-1 and Dye-2 in ethanol solution are
519 nm and 527 nm, respectively, while their maximum
fluorescence emission wavelengi.f are 593 nm and 602 nm,
respectively (Figure 1b). As the dye was esterifiedmf
carboxylic acid Dye-1 to methyl Dye-2, itgy,s and Ay, are
red-shifted by 8 nm and 9 nm, respectively. Addaibn Dye-1

nd Dye-2 display two strong fluorescence emisseakp at 646
nm and 655 nm, respectively.
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2.3. Effect of solvents on the absorption and fluorescence spectra
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Figure 2. (a) Absorption and (b) fluorescence emission spextra
Dye-2 in different solvents (1.0 x TOmol/L). For all the
fluorescence measuremerits,is 530 nm.

Wavelength (nm)

Table 1. Absorption and fluorescence characteristics of Rye-
different solvents.

Solvent Aabs Emax Aem

Polarity (nm)  (x10°'M*cm?') (nm) o

CH.Cl, 3.40 526 1.58 599 0.52
CHCl; 4.40 528 1.18 601 0.36
CH;CN 6.20 529 0.85 612 0.22
DMSO 7.20 532 0.35 619 0.10
C,HsOH 4.30 527 1.48 606 0.49
CH;OH 6.60 527 1.34 605 0.41

H,O 10.20 527 0.70 610 0.19




% The values of fluorescence quantum yieldg)( were
determined by using rhodamine 101 as standabd 6f
rhodamine 101 in ethanol is 0.96).

Figure 2 displays the absorption and fluorescerméeson
spectra of Dye-2 in different solvents. Table 1slithe solvent
polarity, A, molar extinction coefficient gfay), Aem and
fluorescence quantum yield§). From Figure 2 and table 1, it

redshifts from 600 nm to 611 nm. The variation labfescence
emission wavelength is probably relative to its &xise state in
solvent: At high concentration, the dye molecules Idou
assemble into J-aggregates, leading to the retdafhibsorption
and fluorescence wavelengths [34, 35].

Table 2. The relationship between the maximum fluorescence
wavelengthsi) of Dye-2 and its concentrations.

can be seen that in aprotic solventst,Cl,, CHClL, CH,.CN and

DMSO), bothss andien of Dye-2 red-shift with the increase of ngﬁer:;?i'on 10 25 50 75 100 25 50 75 100
solvent polarity. However, both,s and A, have no evident
difference in protic solventsC{HsOH, CH,OH and H.0). No
matter in protic solvents or aprotic solvents, aflithe molar Fet®m 600 604 605 607 608 61l 612 612 613 613
extinction coefficient €,,), fluorescence intensity, and
fluorescence quantum yieldbf) of Dye-2 gradually decrease peak 2 (nm) 649 652 652 652 654 655 659 662 664
with the increase of solvent polarity. This is besmthe strong
interaction between the excited state molecule #edpolar ™ 2 57 aser performances
solvent would increase the probability of non-rag@&transition
[31]. 1
—=—Dye-1
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Figure 4. (a) Laser emission spectra of Dye-1 and Dye-2 in
ethanol (0.56x18 mol/L). (b) Laser efficiencies of the second
peak of Dye-1 and Dye-2 in different concentratiofigthanol
solutions. The output energy of pump laser for dabeve tests

was fixed at 13 mJ.
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Figure 4 a shows the laser emission spectra of Dgad
Dye-2 in ethanol solution, in which X-axis is thetelgion
wavelength and the Y-axis is the corresponding lasarersion
efficiency. As can be seen, the laser tuning rarfgBye-1 is

Figure 3. Fluorescence spectra of Dye-2 with different from 594 nm to 680 nm, and it has two peaks at 68&nd 654

concentrations in ethanol solution. The dye corredioh is
Cx10° mol/L (C is the value of the inset). For all the
fluorescence measuremerits,is 530 nm.

To ivestigate the effect of dye concentration ors it
fluorescence characteristics, we measured the 8oenee
emission spectra of Dye-2 in different concentraiof ethanol
solution (1.0x10-1.0x10° mol/L). As shown in Figure 3, when
the dye concentration is 1.0xiOmol/L, the fluorescence
spectrum of Dye-2 consists of a strong peak at @®®0and a
weak shoulder peak at ~ 650 nm. With the increaselyef
concentration, the intensity of the second peakh@n range of
648-665 nm increases gradually at the beginning, areh th
reaches a maximum when the dye concentration isxI(®’
mol/L. According to the previous reports [32, 33]e tintensity
increase of the second peak should be ascribdttmtrease of
stacked dye aggregates. When the dye concentreitigher

nm, corresponding to the maximum laser conversfticiencies
of 11.6% and 12.4%, respectively. The laser tumiagge of
Dye-2 is in the range of 66670 nm, and the maximum laser
efficiencies at 608 nm and 654 nm are 11.8% andi%4.
respectively. By comparing the fluorescence andrlasnission
spectra of Dye-2, it can be found that the maxirnaser emission
wavelength of Dye-2 is consistent with its maximwrofiescence
emission wavelength.

Since the laser conversion efficiency of a laser dyclosely
relative to its concentration in solvent [9, 36&r& we measured
the laser conversion efficiencies of Dye-1 and Ryat 654 nm
and 660 nm, respectively. As shown in Figure 4 b, wtherdye
concentration is less than 0.2<1Mol/L, no laser is generated,
due to the self-absorption of dye to light. Where tdye
concentration is increased to 0.56X1Mol/L, Dye-1 and Dye-2
have the maximum laser conversion efficiencies b8% and

than 7.5 x10 moliL, the intensity of the second peak begins tol4-4%, respectively. However, when the dye conceatrais

decrease with further increasing the dye conceatratvhich is
because the high dye concentration would result
fluorescence quenching. When the concentrationyef réaches

higher than 0.56x18 mol/L, the laser conversion efficiency

irbegins to decrease with the increase of dye corat@riy which

is due to the reabsorption/reemission processesetisas the

1.0x10° mol/L, the fluorescence seems to be completelydeneration of non-fluorescent aggregates [37, 38].
quenched. We further analyzed the influence of dye T4 study the influence of pump laser energy on lser

concentration on its maximum fluorescence wavele(igth). As
summarized in table 2, the maximum fluorescence {eagths
of peak 1 and peak 2 gradually red-shift with insieg the dye
concentration. For instance, as the dye conceoirdticreases
from1.0x10° mol/L to 1.0x10" mol/L, the correspondingem

conversion efficiency, we tested the laser convarsificiencies
of Dye-2 at 660 nm by tuning the pump laser enérgym 1 mJ
to 20 mJ. When the pump laser energy is lower thamJ4no
laser emission can be detected, indicating thatthiheshold of
Dye-2 for laser emission is about 4 mJ. According the



principle of laser [38], during laser productiomeegy gain and
loss take place simultaneously in the optical gavihe threshold
of laser refers to the condition when the gain epésgequal to
the loss energy. Only when the energy of pump lasdrigher
than the threshold, can the laser emit. As showrigar€ 5, the
laser conversion efficiency increases linearly wfite increase of
pump laser energy. The laser conversion efficief¥ycan be
estimated by the equation Y = 0.32090.1097 X is pump laser

energy).
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Figure 5. Variation of Dye-2 laser efficiency as a function of

laser pumped energy. The dye concentration in ethar0.56 x
10°mol/L and the detection wavelength is 660 nm.
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Figure 6. Photo-stability of Dye-1 and Dye-2 measured in

Since the photo-stability of laser dye is very imipot to a
laser dye for its practical application, here weestigated the
variation of output laser efficiency as a functiohpump laser
irradiation time. As can be seen in Figure 6, thelide rate of
the output laser efficiency of Dye-2 is much slowwrt that of
Dye-1. The half-lives of output laser efficiencyr fDye-1 and
Dye-2 are 120 min and 320 min, respectively. Thevalresults
mean that the photo-stability of Dye-2 is much leigtihan that of
Dye-1. The huge difference of Dye-1 and Dye-2 in
photo-stability can be interpreted by their diffece in
electrophilicity index ¢). As a kind of global reactivity
descriptor similar to the chemical hardness andmaoted
potential,® has been used to evaluate the the photostability o
some fluorescent dyes [39]. As the increaseothe molecule
would become more stable, leading to better ligbtness and
photo-stability [40, 41]. The electrophilicity indgw) of two
dyes were calculated by Eq. (1):

o = /2 (2)

Where chemical potentiall( and chemical hardnesg)(were
determined using the energies of frontier molecudabitals
Enomo » ELumo and given by Egs. (2-3):

n=-1/2 (Biomo + ELumo) 2

N = 1/2 (Bumo - Eromo) (3

The electrophilicity indexes of Dye-1 and Dye-2diiferent
solvents (dichloromethane, DMSO, propanol, ethanod an
methanol) were calculated at B3LYP/6-311G(d) levelsAswn
in Table 3, theo values of Dye-2 in different solvents are higher

than those of Dye-1, implying that Dye-2 has higher
photo-stability than Dye-1.
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Figure 7. (&) Laser conversion efficiency and (b) Laser $tgbi
of Dye-1 and Dye-2 in different solvents (0.56X1®ol/L). The
detection wavelengths for Dye-1 and Dye-2 are 645%noh660
nm, respectively. The output power of pump laséisnJ.

The laser properties of a laser dye is relativedo only its

ethanol solution (0.56x1bmol/L) under pump laser irradiation. Structure but also the property of the used solvelerein, we

The output energy of pump laser was fixed at 13 mJ.

further investigated the influences of different lveats
(dichloromethane, DMSO, propanol, ethanol, methanot a

Table3. The electrophilicity indexeso] of Dye-1 and Dye-2 in different solvents.
Dye-1 Dye-2
solvents  E vo Enomo n n ® ELumo Enomo 8 n ©
(ev) (eV) (eV) (ev) (eV) (eV) (eV) (eV) (eV) (eV)

CHCl, -3.4450 -6.3022 4.8736 1.4286 83130 -3.4695 -6.3103 4.8899 1.4204 8.4170
DMSO  -3.2436 -6.0845 4.6641 1.4205 7.6572 -3.2545 -6.0899 4.6722 1.4177 7.6989
PrOH  -3.3062 -6.1498 4.7280 1.4218 7.8612 -3.3198 -6.1579 4.7389 1.4191 7.9126
CHsOH -3.2871 -6.1307 4.7089 1.4218 7.7978 -3.2980 -6.1362 4.7171 1.4191 7.8398
CHOH -3.2654 -6.1062 4.6858 1.4204 7.7291 -3.2763 -6.1144 4.6954 1.4191 7.7680




water) on the laser conversion efficiency and lagability of
Dye-1 and Dye-2. From Figure 7 a, it can be seahttie laser
conversion efficiencies of Dye-2 are very differemtthe above
solvents. For instance, the laser conversion efiigies of Dye-1
and Dye-2 in dichloromethane are 11.8%
respectively, but they are less than 10% in DMSQarfsely,
both Dye-1 and Dye-2 almost have no laser emissiowater,
which is probably due to their very low solubility wwvater.
Figure 7 b shows the laser stability of Dye-1 andeRyin
different solvents. In a same solvent, the lasabilty of Dye-2
is higher than that of Dye-1. The laser stabilityDye-1 and
Dye-2 varies in different solvents, which may beatigk to the
difference of solvent characteristics such as fglaviscosity,
oxygen content, dissolving ability to dye, and sd42].

We further tested the laser performances of thenoertial
dye rhodamine B (Figure S9 and Figure S10) and eoeapthem
with those of Dye 1 and Dye 2 (Table S1). It cannbtet the
laser emission wavelength and laser tuning rangthese two
dyes are larger than rhodamine B, but their lasgversion
efficiency and laser stability is lower that of rlaodine B.

3. Conclusion

In this work, for the first time we synthesized twgrasnetric
rhodamine laser dyes based on 1l-naphthol (Dye-1Cyet2)
and systematically investigated their light absorpt
fluorescence emission, and laser performances.dtfaand that
the fluorescence emission wavelengths of Dye-1 ayelDwere
successfully extended to the deep red region (6éd6am Dye-1
and 655 nm for Dye-2). Due to the effect of esteaifion, the
absorption and fluorescence emission wavelengthDy-2
red-shift ~8 nm compared with those of Dye-1. Inrosip

The laser performances of Dye-1 and Dye-2 were medsu
by a home-made laser testing system, in which a 32

Nd:YAG pulsed laser with a frequency of 10 Hz and pulse

duration time of 8 ns was employed as the excitdigir source.

and 15.0%Before the measurements, the solid-state laser iglatehed for

30 min to make the outputted laser become stalde.ekch
measurement, 1.5 mL dye solution was injected inéoduvette
fixed in the light path and excited by the Nd:YAG mddaser.
At different output wavelengths, the output powers dye
solution were measured with an optical power meter thed
output powers were recorded at the intervals of 2 nm.

4.3. Calculation details

The optimization and frequency calculations of Dyand Dye
2 were performed by using the DFT-B3LYP method
implemented with the 6-31G(d) basis set. The resdtsfirm
that there is no imaginary frequency in the optedigeometry,
thus, the molecules are in the minimum energy statee
calculations of the frontier molecular orbitals (HOMRighest
occupied molecular orbital and LUMO: lowest unoccupied
molecular orbital) were fulfilled at DFT-B3LYP/6-311G(vel.
The chemical potential pf, chemical hardnessn) were
calculated using the energies of frontier molecataitals, which
are further used for the calculation of electraghil index ) of
the two dyes. In addition, the polarizable continummodel
(PCM) was adopted as a solvation model as implesdeir
Gaussian 09 software to simulate the solvent effédtsof the
calculations have been carried out
GaussView05 was used for visualization of the resultsn fthe
output file.

2-[(2,3,6,7-tetrahydro-10-hydroxy-1H,5H-benzo[ij]quinolizin-

solvents, both.,,s andie, of Dye-2 red-shift with the increase of 9-yl)carbonyl] (M-2)

solvent polarity, but they have no evident differernin protic
solvents. No matter in protic solvents or aprotitveots, the
fluorescence quantum vyield of Dye-2 gradually dases with
the increase of solvent polarity. The results séfaests indicate
that both Dye-1 and Dye-2 have a wide laser tuningeaand a
strong laser conversion efficiency in the red ragidhe laser
conversion efficiency is closely relative to theedyoncentration
and the optimized concentration of Dye-1 and Dye-@thanol is

0.56x10° mol/L. The laser conversion efficiency increases

linearly with the increase of pump laser energyc8ithe effect
of esterification, Dye-2 exhibits much higher laseability than
Dye-1. Moreover, it was found that the solvents haveital
influence on both the laser conversion efficiengyd daser
stability. We believe that this study provides &rence for the
synthesis and application of deep red laser witln lfficiency
and photo-stability.

4, Experimental section

4.1. Instruments and test methods

'"MNMR and ®*CNMR spectra were recorded on a Bruker

AM400 NMR spectrometer, using TMS as the internahcaad.
The mass spectra of the samples were determined Byitent
G2577A electron bombardment mass spectrometer—\MiV

absorption spectra were measured with a Shimadzu B3d-24

spectrophotometer at room temperature. The fluerese spectra
and fluorescence quantum vyield were determined on
Edinburgh Instruments FLS 980 fluorescence speltimmeter
and the 530 nm line of Xenon lamp was used as thitatiga
source Xex = 530 nm).

4.2. Laser performance measurement

Under argon protection, 1.89 g (10 mmol) 8-hydrololjdine
(M-1) and 1.60 g (10.8 mmol) phthalic anhydride were ddde
100 mL toluene. Then, the mixture was refluxed untiz® °C
for 24 h. After the mixture was cooled to room tenapere, the
precipitate was filtered and washed with water. Finalig crude
product was purified by column chromatography using
dichloromethane/methanol = 100/2 (v/v) as the dldergive a
yellow crystal (M-2) (2.35g, 69.7%)."H NMR (400 MHz,
CDCl,, ppm):é = 12.83 (s, 1H), 8.09 (d, J = 8.8 Hz, 1H), 7.60 (t,
J=7.5Hz, 1H), 7.50 (t, J = 7.5 Hz, 1H), 7.33 (d,d6Hz, 1H),
6.45 (s, 1H), 3.24 (g, J = 7.2 Hz, 4H), 2.74 (t, J.4 18z, 2H),
2.47 (t, J = 6.1 Hz, 2H), 1.95 (m, 2H), 1.85 (m, 2Hy@Fe S1)
C NMR (400 MHz, CDC}, ppm):5 = 197.77, 170.56, 160.75,
149.34, 141.42, 132.56, 131.11, 130.32, 128.96,2628.27.88,
112.79, 109.02, 105.54, 50.17, 49.79, 27.27, 2263%6, 19.89.
(Figure S2)

Synthesis of Dye-1

Under argon protection, 337 mg (1.0 mmdl}2 and 144 mg
(2.0mmol) 1-naphthol were added into a 100 mL robatlem
flask containing 10 mL methane sulfonic acid. Aftgirred
overnight at 70°C, the reaction mixture was pouratb ia
saturated sodium perchlorate solution and stirteBDeC for 1 h.
Then, the resulting precipitate was filtered, driedracuum, and
purified by column chromatography. Finally, the gwuot was

crystallized in ethanol to give a dark brown pridDye-1.

ield: 380 mg, 70.0%H NMR (400 MHz, DMSO-d6)5 = 8.72
(d, J=7.9 Hz, 1H), 8.31 (d, J = 7.6 Hz, 1H), 8.12)(¢, 7.0 Hz,
1H), 7.90 (d, J = 15.4, 7.6 Hz, 5H), 7.49 (d, J =Hz2 1H), 7.04
(d, J = 8.8 Hz, 1H), 6.91 (s, 1H), 3.68 (d, J = 1826 4H), 3.17
(t, J = 6.0 Hz, 2H), 2.78 (m, 2H), 2.10 (m, 2H), 1.838 @H).
(Figure S3)°C NMR (101 MHz, DMSO):5 = 166.40, 160.23,

with Gaussian 09.



149.95, 139.23, 135.36, 133.19, 130.88, 130.47,0030.28.41,
125.98, 125.86, 122.67, 122.55, 122.22, 119.99,9817117.16,
114.45, 105.57, 105.28, 100.51, 98.94, 97.16, 51883,
26.75, 19.69, 19.12, 18.78. (Figure $HRM S (ESI): Calcd. For
[CaoH2NO3] " 446.1751; found 446.1761. (Figure S5)

Synthesis of Dye-2

1.00 g (2.17 mmolpye-1, 3 mL concentrated sulfuric acid,
and 100 mL absolute methanol were added into a 256oomd
bottom bottle with condensing tube and drying
Subsequently, the mixture solution was refluxed3érh. When
the reaction solution was cooled to room temperatitrevas
dropped into a 10% NaClOsolution to obtain precipitation.
Then, the crude product was purified by gi@olumn
chromatography using the mixed solution of dichfoethane
and methanol with a volume ratio of 100/4. Finathye product
was recrystallized in ethanol to obtain the targedpctDye-2.
Yield: 940 mg, 92.2%H NMR (400 MHz, DMSO-d6)$ = 8.77
(m, 1H), 8.35 (d, J = 7.9 Hz, 1H), 8.14 (d, J = 6.8 H1), 8.00
(d, J=7.5Hz, 1H), 7.97 (s, 1H), 7.92 (s, 1H), 7@1J(= 3.9 Hz,
2H), 7.88 (s, 1H), 7.55 (d, J = 7.5 Hz, 1H), 7.03 (¢, 8.9 Hz,
1H), 6.94 (s, 1H), 3.75 (t, J = 5.3 Hz, 2H), 3.70 (& 3.4 Hz,
2H), 3.57 (s, 3H), 3.22 (t, J = 6.1 Hz, 2H), 2.78 (iH),2.11
(dd, J = 11.2, 5.3 Hz, 2H), 1.92 (m, 2H). (Figure 86)NMR

[8] J. J. Banuelos, BODIPY dye, the most versdtilerophore ever, Chem.
Record.16 (2016) 33348.

[9] I. Esnal, G. Duran-Sampedro, A. Agarrabeitia, Bafuelos, I.
Garcia-Moreno, M. Macias, E. Pefia-Cabrera, |. Léjkreloa, S. De La
Moya, M. J. Ortiz, Phys. Chem. Chem. Phys. 17 (28239-8247.

[10] M. Gupta, S. Mula, T. K. Ghanty, D. B. Naik, K. Ray, A. Sharma, S.
Chattopadhyay, J. Photochem. Photobio. A. 349 (R062-170.

[11] K. G. Thorat, P. Kamble, R. Mallah, A. K. Ray, Sekar, J. Org. Chem.
80 (2015) 61526164.

[12] P. G. Waddell, X. Liu, T. Zhao, J. M. Cole, &y Pigments. 116 (2015)
74-81.

tube [13] Y. Yang, L. Zhang, C. Gao, L. Xu, S. Bai, X.Liu, RSC Adv. 4 (2014)

38119-38123.

[14] Y. Yang, L. Zhang, B. Li, L. Zhang, X. J. LIRSC Adv. 3 (2013)
14993-14996.

[15] H. V. Berlepsch, C. Béttcher, J. PhotochemotBhio. A. 214 (2010)
16-21.

[16] S. Karaca, N. Elmaci, Comput. Theor. Chem. @ 1) 166168.

[17] H. A. Shindy, Dyes. Pigments. 145 (2017) 5083.

[18] N. A. Toropov, P. S. Parfenov, T. A. Vartanydn Phys. Chem. C. 118
(2014) 1801018014.

[19] Q. F. Yang, J. F. Xiang, S. Yang, Q. J. ZhQu,Li, A. J. Guan, X. F.
Zhang, H. Zhang, Y. L. Tang, G. Z. Xu. Chinese.Chem. 28 (2010)
1126-1132.

[20] M. S. A. Abdel-Mottaleb, E. Hamed, M. Saif, 1. Hafez, J. Incl.
Phenom. Maco. 92 (2018) 3137.

[21] A. P. Babichev, I. S. Grigoriev, A. I. Grigesi, A. P. Dorovskii, A. B.
D'yachkov, S. K. Kovalevich, V. A. Kochetov, V. Auznetsov, V. P.
Labozin, A. V. Matrakhov, G. G. Shatalova, QuantuEfectron. 35 (2005)

(101 MHz, DMSO):6 = 165.04, 156.14, 154.05, 152.12, 150.24,879.

135.50, 133.67, 133.58, 131.14, 130.99, 130.65,583029.57,
129.14, 128.54, 128.50, 126.10, 125.98, 122.79,3P2222.16,
118.27, 117.30, 105.57, 52.40, 51.48, 51.02, 26.958, 19.03,
18.66. (Figure S7)HRMS (ESI): Calcd. For [GH,eNO5]"
460.1907; found 460.1919. (Figure S8)

Acknowledgment

[22] M. Dai, G. Y. Jin, C. Wang, T. J. Li, Y. J. Yinfrared. Laser. Eng. 41
(2012) 612616.

[23] A. d'Aléo, M. H. Sazzad, D. H. Kim, E. Y. Chd. W. Wu, G. Canard,
F. Fages, J.-C. Ribierre, C. Adachi, Chem. Comri8r(2017) 70037006.
[24] I. S. Grigoriev, A. B. D'yachkov, V. P. LaboziS. M. Mironov, S. A.
Nikulin, V. A. Firsov, Quantum. Electron. 34 (200447.

[25] C. Li, Y. Huang, K. Lai, B. A. Rasco, Y. J. aFood. Control. 65
(2016) 99-105.

[26] S. Perumbilavil, A. Piccardi, R. Barboza, QudBnev, M. Kauranen, G.
Strangi, G. J. Assanto, Nat. Commun. 9 (2018) 3863.

This work has been supported by the Research Ffind &7] D.H. Titterton, Imaging. Sci. J. 58 (2010) 2884.

Science and Technology on Particle Transport apdu@gon
Laboratory, the Shanghai Municipal Science and feldgy
Major Project (2018SHZDZX03),
Introducing Talents of Discipline to UniversitieB1(6017).

Supplementary Material

Supplementary data (Figures S1-S10 and Table Sh)garticle
can be found online at https://doi.org/.

Refer ences and notes

[1] P. P. Sorokin, J. R. Lankard, IBM. J. Res. DEY.(1966) 162163.

[2] O. G. Peterson, S. A. Tuccio, B. B. SnavelypAgPhys. Lett. 17 (1970)
245-247.

[3] V. R. Mishra, N. Sekar, J. Fluoresc. 27 (201791-1108.

[4] V. F. Traven, D. A. Cheptsov, N. P. Solovjovl, A. Chibisova, I. I.
Voronov, S. M. Dolotov, I. V. lvanov, Dyes. Pigmeni46 (2017) 159.68.
[5] L. M. Abegéo, D. S. Manoel, A. J. K. Otuka, R. D. Ferreira, D. R.
Vollet, D. A. Donatti, L. De Boni, C. R. Mendongg, S. De Vicente, J. J.
Rodrigues Jr, M. A. R. C. Alencar, Laser. Physt.L'st (2017) 065801.

[6] M. Barzan, F. J. Hajiesmaeilbaigi, Optik. 12918) 157161.

[7] N. B. Tomazio, L. De Boni, C. R. Mendonca, SRiep-UK. 7 (2017)
8559.

[28] C. Liu, X. J. Jiao, Q. Wang, K. Huang, S. He,C. Zhao, X. S. Zeng,
Chem. Commun. 53 (2017) 1072D730.
[29] E. K. Tanyi, E. Harrison, C. On, M. A. Nogino2018 Conference on

and the Program ofLasers and Electro-Optics (CLEO); 2018: IEEE.

[30] E. K. Tanyi, E. Harrison, C. On, M. A. NoginoRhys. Status. Sol. (b).
256 (2019) 1800045.

[31] S. Terdale, A. Tantray, J. Mol. Lig. 225 (20 B562-671.

[32] C. Z. Shao, M. Griine, M. Stolte, F. Wurthn€hem. Eur. J. 18 (2012)
13665-13677.

[33] M. J. Son, K. H. Park, C. Z. Shao, F. Wurthrigr Kim, J. Phys. Chem.
Lett. 5 (2014) 36013607.

[34] G. Calzaferri, A. Kunzmann, D. Bruehwiler, 8. Patents. 2017.

[35] L. Zhang, J. M. Cole, J. Mater. Chem. A. 512p1954119559.

[36] W. Zhang, J. N. Yao, Y. S. Zhao, Accounts. @hdRes. 49 (2016)
1691-1700.

[37] M. Boni, I. R. Andrei, M. L. Pascu, A. Staictjolecules. 24 (2019)
4464.

[38] F. P. Schéfer, Principles of dye laser operatiDye lasers: Springer.
1973. p. 189.

[39] F. De Proft, P. Geerlings, Chem. Res. 101 {20@51-1464.

[40] R. Bhide, A.G. Jadhav, N. Sekar, Fiber. polyim.(2016) 349-357.

[41] V. R. Mishra, N. Sekar, J. fluoresce. 27 (201701-1108.

[42] A. N. Fletcher, D. E. Bliss, Appl. Phys. 16{8) 289-295.

Click here to remove instruction text...




Highlights

» Two rhodamine laser dyes based on 1-naphthol were synthesized for thefirst time.

» Both of the two dyes display awide laser tuning range.

» Both of the two dyes exhibit a strong laser conversion efficiency in the deep red region.

» Solvents have avital influence on both the laser conversion efficiency and laser stability.
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