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A new class of liquid fluorescent organic salts was designed and

prepared through via a strategy of ionic liquidization. These new

ionic liquid materials exhibited strong green fluorescence and

remarkable solvent-dependent photoluminescence under UV irradi-

ation. Their physicochemical properties, especially the fluorescent

behaviour, were studied intensively.
As a fascinating class of emissive materials, fluorescent organic salts

(FOSs) have received considerable attention in the fields of chemistry,

materials, and life science.1 Compared to molecular emissive mate-

rials, FOSs are particularly attractive owing to their unique physi-

cochemical properties, including usually high-temperature and long-

term stability, tunable electronic characteristics, solution-based and

liquid-state fluorescence, tunable water-solubility, chemoselective

sensing to ions or small biomolecules, environmental tolerance, low

toxicity, etc. These features have endowed the FOSs with great

potential in a number of applications, including molecular bioimag-

ing, selective sensing of inorganic anions or small biomolecules,

organic electronics, as well as other optical devices.2 Currently, a new

trend of FOSs studies has focused on the discovery and development

of novel fluorescent low melting salts (FLMSs) with liquid-state

fluorescent properties, which can be used as a luminescent fluid even

at room temperature. For example, the recently reported FLMSs

include protonated polyamidoamine dendrimers exhibiting blue

photoluminescence,3 phase-tunable fluorophores based upon highly

photoluminescent benzobis(imidazolium) salts,4 strongly luminescent

dialkylimidazolium salts based on europium- or dysprosium-con-

taining anions,5 and some gold- or silver-containing imidazolium salts

displaying phase-dependent luminesence.6 From the viewpoint of

chemical materials, the number of luminescent organic salts is theo-

retically far more than emissive molecule materials, since different

combinations of fluorescent cations and emissive anions can give

a large amount of possible FLMSs, and meanwhile the possibility of

incorporating a highly fluorescent chromophore into the ionic

moieties also offers great potential for increased efficiency and

versatility in the numerous applications of FOSs in practical science.
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But so far, the reported FLMSs are rather limited, mainly due to the

difficulty in constructing efficient fluorescent chromophores in the

target FLMSs. Thus, the development of novel liquid FLMSs with

special properties and strong fluorescent performance is highly

desirable.

Recently, an emerging concept of ‘‘ionic liquidized materials’’ is

starting to attract interest, and some fascinating ion-type functional

materials with low melting points have been reported, including

magnetic fluids,7 sensitive materials,8 ionic liquid crystals,9 photo-

chromic switches,10 and others. In this concept, the ionic liquidization

can offer a new opportunity for developing novel FLMSs by intro-

ducing a functional group into the organic ionic moieties, which can

readily give so-called ‘‘task-specific’’ ionic materials, and more

importantly, their physicochemical properties such as melting point,

solubility, optical properties, and hydrophilic/hydrophobic ability,

etc., can be tuned by altering the combination of their cations and

anions. So far, most studies reporting on these ionic liquid-modified

materials have focused on the derivatisation of the cationic imida-

zolium moiety. We also noticed that among the developed FLMSs,

the imidazolium moiety was usually chosen as the architectural

components to build a desirable FLMS material. Although the imi-

dazolium ring itself has only very weak emission intensities (Ff <

0.05)11 in the visible region, it is technically feasible to design a desired

liquid FLMS material based on the imidazolium cation via

a reasonable chromophore design and the selection of a suitable

anion.

With our continuous efforts to develop novel ionic liquid materials

with special properties and functions,12 herein a series of ionic
Scheme 1 Structures and abbreviations of cations and anions

composing eight FLMSs.
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Fig. 1 Photograph of FLMSs 1–8 in methanolic solution (10�5 M) under

irradiation from a 365 nm lamp (5 W).

Fig. 2 Photograph of FLMS 4 in three different solvents under a 365 nm

cold light source, (a) in methanol, (b) in toluene, (c) in H2O. The

concentration of FLMS 4 is 10�5 M.
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liquidized naphthalenesulfonamides was prepared as a new class of

FLMS material (Scheme 1). All the resulting FLMSs showed strong

photoluminescence both in the solutions and in the condensed pha-

ses. The studies involving their absorption and emission character-

istics, as well as the solvent-dependent photoluminescence, will be

particularly emphasized.

Eight FLMSs were obtained as waxy solids or highly viscous

liquids with yields of 55–68%. All the FLMSs are moisture-stable.

Among them, FLMSs 1, 2, 4 are water-soluble, whilst the other salts

are hydrophobic. DSC analysis showed that all FLMSs had no

melting or crystallization in a cooling and heating cycle, and only

exhibited glass-forming characteristics at the temperatures of �22.9

to 18.9 �C. TGA analysis showed that these novel organic salts

possessed excellent thermal stabilities (Td > 320 �C).
With these new FLMSs in hand, more attention was turned

towards their photophysical properties because the fluorescence is the

most remarkable feature of these new materials. A preliminary study

was performed to investigate their UV absorption and fluorescence

emissions in solution. As Fig. 1 showed, under the irradiation from

a 365 nm cold light source, FLMSs 1–7 with a naph-

thalenesulfonamide group in the cation structure exhibited strong

green fluorescence in dilute methanolic solution (10�5 M), and

moderate blue fluorescence was observed for the methanolic solution

of FLMS 8 with a naphthyl group in the cation.

To further study how structural, substituent, and anionic varia-

tions influence the photophysical properties, their absorptions and

fluorescence were investigated in detail. A summary of key photo-

physical properties including the absorption maximum (labs), the

molar extinction coefficient (3), the maximum excitation wavelength

(lex), the maximum emission wavelength (lem), as well as the

quantum efficiency (Ff) is shown in Table 1. In methanol, except that

FLMS 8 displays a labs at 324 nm, FLMSs 1–7 exhibit relatively

narrow ranges of labss (333–341 nm). A unique feature is that, in

theory, the fluorescent behaviour of these FLMSs is mainly deter-

mined by the chromophores on the imidazolium ring, viz. the
Table 1 Physicochemical properties of fluorescent low melting salts (FLMS

FLMS [Cation][Anion] Yield (%) Hydrophilic/hydrophobic Tg (
�

1 [A][Br] 68 hydrophilic 18.
2 [A][BF4] 61 hydrophilic 7.
3 [A][PF6] 63 hydrophobic 11.
4 [A][DCA] 57 hydrophilic �1.
5 [A][TFSI] 62 hydrophobic �9.
6 [A][HFPSI] 60 hydrophobic �9.
7 [A][PFOS] 55 hydrophobic 16.
8 [B][TFSI] 66 hydrophobic �22.

a Data taken in MeOH under ambient conditions, the concentration is 10�5 M
FLMSs 1–7) or naphthalene (for FLMS 8).

16336 | J. Mater. Chem., 2011, 21, 16335–16338
naphthalenesulfonamide or the naphthyl moiety, while the anion

only plays a role in tuning the physicochemical properties such as

melting point, water-solubility, viscosity, etc. Similarly, for these salts,

the absorptionmaximum in theUV region is mainly attributed to the

p-electron excitation of the chromophores, and the imidazolium ring

itself has only a small contribution to their absorptions; however, in

addition to the difference in hydrophilic or hydrophobic character-

istics, FLMSs 1–7 with different anions gave some difference in the

labss. That means, the anionmay also play a role through ion-pairing

interactions because the minor changes of the cationic clusters, which

are readily caused by the electrostatic forces or the hydrogen bonding

interactions, can influence the electron transfer from the donor

(anion) to the excited acceptor (the chromophores).13 For example,

the labs of FLMS 3with a [PF6]
� anion is 330 nm, while a labs of 341

nm was obtained for FLMS 5 with a [TFSI]� anion. To explore the

effects of differential anionic factors, the fluorescence emissions of

FLMSs 1–7, which have the same cation, were comparatively studied

in methanol at a concentration of 10�5 M, Table 1. The results

showed that the six salts displayed very similar lems (515–517 nm),

while the corresponding lexs are in the range of 333–338 nm, indi-

cating that the anion variation had only a little effect on their lexs and

lems. However, FLMSs 2–7 displayed different Ffs ranging from

0.18–0.36, although they possessed the same chromophore on the

imidazolium ring. This may be explained by the difference of cationic

clusters through the ion-pairing interactions. These interactions are

related to the structure of the anions and their affinity for the cation,

and consequently influence the quantum efficiency. As compared to

the FLMSs 2–7, FLMS 8with a naphthyl group only gave a smallFf

of 0.01, indicating that the electron-donating dimethylamino group
s)

C) Td (
�C) labs (nm)a log (3)a lex (nm)a lem (nm)a Ff

b

9 384 338 3.36 338 511 0.24
6 406 336 3.75 337 515 0.36
4 401 330 3.92 333 515 0.18
8 328 335 4.05 335 517 0.27
7 414 339 3.67 337 515 0.32
2 425 341 2.58 336 516 0.33
4 392 337 3.97 338 517 0.24
9 436 324 3.37 324 344 0.01

. b Quantum efficiencies (Ff) were determined relative to dansylamide (for

This journal is ª The Royal Society of Chemistry 2011
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Table 2 Solvent effects on photophysical properties of FLMS 4a

Solvents ET(30)b DNc DCd labs (nm) lem (nm) Stokes shifte (cm�1)

H2O 63.1 33 78.4 335 518 11276
MeOH 55.4 19 32.7 335 511 10281
EtOH 51.9 31.5 24.8 339 509 9852
n-BuOH 50.2 18 17.3 337 507 9950
MeCN 45.6 14.1 36.6 338 515 10168
DMSO 45.1 29.8 45.0 341 515 9908
DMF 43.8 26.6 38.3 339 509 9852
CH3COCH3 42.2 17 20.7 339 506 9736
CH2Cl2 40.7 1 8.93 342 502 9319
CHCl3 39.1 4 4.71 341 500 9326
THF 37.4 20 7.58 336 501 9802
PhMe 33.9 0.01 2.37 339 494 9256

a Data taken in methanol under ambient conditions, the concentration of FLMS 4 in the methanol solution is 10�5 M. b The polarity scale for a solvent,
ET(30), is the electronic transition energy of the betaine dye 4-(2,4,6-triphenylpyridinium)-2,6-diphenylphenoxide in that solvent, in units of kcal/mol.
c DN means the donor numbers of the solvent used at 25 �C. d DC means the dielectric constants (3) of the solvent used at 25 �C. e Stokes shifts, in
various solvents, given in cm�1 by �107(1/lem � 1/labs); all the data about ET(30), DN, and DC of the solvents were drawn from ref. 15, 16 and 17,
respectively.
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on the 5 position of the naphthyl ring is crucially important for the

improvement in fluorescence efficiency of the resulting FLMSs. In

general, the fluorescence of traditional imidazolium-based ionic

liquids is strongly dependent on the excitation wavelengths, since

their very weak fluorescence is mainly contributed by the p–p*

electronic transitions of the imidazoliummoiety.11 For these FLMSs,

however, when the excitation wavelengths varied, no obvious shifts

for the emission wavelengths were observed (Fig. S3†), suggesting

that the fluorescence excited mechanism of these new FLMSs was

very different from the traditional imidazolium-based salts.

For some emissive compounds, sometimes solvent-dependent

photoluminescence can be observed. This feature offers an excellent

handle for tuning the photophysical characteristics of a solution.14To

our delight, the new FLMSmaterials obtained in this study exhibited

obvious solvent-dependent photoluminescence. In Fig. 2, the marked

colour difference in the photoluminescent properties of FLMS 4 can

be clearly observed under UV lamp irradiation in three different

solvents, indicating the great potential for solvent effects to influence

the emission behaviour of these new FLMS materials.

Commonly, labs and lem respond to the changes in solvent

dielectric in a manner consistent with changes in the polarity of the

chromophore as it transitions from the ground state to an excited

state. Therefore, to further investigate the solvent effects on photo-

physical properties, the absorption and emission properties of FLMS

4 were studied in twelve solvents with different polarities. As was

shown in Table 2, as compared to the insignificant changes of labs
(from 335 to 342 nm) with increasing solvent polarity, the lem of the

FLMS 4 was strongly dependent on the nature of the solvent, dis-

playing a very obvious shifts with lem ranging from 494 to 518 nm

when the solvent was changed. However, no discernible trends were

observed between the lem and the solvents’ DN (donor number) or 3

(dielectric constant).Moreover, the Stokes shifts of FLMS 4 in twelve

solvents ranged from 9256 to 11276 cm�1, which is very dependent on

theDNof the solvent used. These values are in the range of unusually

large Stokes shifts (5000–15000 cm�1), commonly ascribed to struc-

tural reorganization of the fluorophore or excited-state reactions.18

Similar to the solvent effects on lem, no clear trends can be deduced

between the Stokes shift and the DN or ET(30) or 3 from the data in

Table 2 since many factors related to the solvent nature can influence

or greatly alter them.
This journal is ª The Royal Society of Chemistry 2011
In conclusion, the successful fabrication of liquid fluorescent

materials via ionic liquidization has been carried out, and their

physicochemical properties, especially the fluorescent behaviour,

were studied. Among them, most salts are liquids at room

temperature. FLMSs 1–7 show green photoluminescence charac-

teristics in both the solution and pure liquid states under UV

irradiation. Furthermore, they also display remarkable solvent-

dependent photoluminescence. The new strategy of ‘‘ionic liquidized

materials’’ endows the target FLMS materials with improved

properties such as lower melting point, enhanced solubility,

controlled hydrophilic/hydrophobic behaviour, optional solution-

based liquid-state fluorescence, etc. This will offer new opportuni-

ties for the preparation and application of liquid fluorescent

materials.

This work was supported by the National Natural Science

Foundation of China (No. 21002107).
Notes and references

1 (a) Y. Mizobe, N. Tohnai, M. Miyata and Y. Hasegawa, Chem.
Commun., 2005, 1839–1841; (b) E. Guillet, D. Imbert, R. Scopelliti
and J. G. B€unzli, Chem. Mater., 2004, 16, 4063–4070; (c)
A. J. Boydston, K. A. Williams and C. W. Bielawski, J. Am. Chem.
Soc., 2005, 127, 12496–12497.

2 (a) A. Schiller, R. A. Wessling and B. Singaram, Angew. Chem., Int.
Ed., 2007, 46, 6457–6459; (b) F. Loe-Mie, G. Marchand, J. Berthier,
N. Sarrut, M. Pucheault, M. Blanchard-Desce, F. Vinet and
M. Vaultier, Angew. Chem. Int. Ed., 2010, 49, 424–427; (c)
W. Wang, A. Fu, J. Lan, G. Gao, J. You and L. Chen, Chem.–Eur.
J., 2010, 16, 5129–5137; (d) H. A. Ho and M. Leclerc, J. Am. Chem.
Soc., 2003, 125, 4412–4413; (e) A. Granzhan, H. Ihmels and
G. Viola, J. Am. Chem. Soc., 2007, 129, 1254–1267.

3 J. Huang, H. Luo, C. Liang, I. Sun, G. A. Baker and S. Dai, J. Am.
Chem. Soc., 2005, 127, 12784–12785.

4 (a) A. J. Boydston, C. S. Pecinovsky, S. T. Chao and C. W. Bielawski,
J. Am. Chem. Soc., 2007, 129, 14550–14551; (b) A. J. Boydston,
P. D. Vu, O. L. Dykhno, V. Chang, A. R. Wyatt, A. S. Stockett,
E. T. Ritschdorff, J. B. Shear and C. W. Bielawski, J. Am. Chem.
Soc., 2008, 130, 3143–3156; (c) K. M. Wiggins, R. L. Kerr, Z. Chen
and C. W. Bielawski, J. Mater. Chem., 2010, 20, 5709–5714.

5 (a) S. f. Tang, A. Babai and A. V. Mudring, Angew. Chem., Int. Ed.,
2008, 47, 7631–7634; (b) B. Mallick, B. Balke, C. Felser and
A. V. Mudring, Angew. Chem., Int. Ed., 2008, 47, 7635–7638; (c)
S. Tang, J. Cybinska and A. V. Mudring, Helv. Chim. Acta, 2009,
92, 2375–2386.
J. Mater. Chem., 2011, 21, 16335–16338 | 16337

http://dx.doi.org/10.1039/c1jm13828f


D
ow

nl
oa

de
d 

by
 L

an
zh

ou
 I

ns
tit

ut
e 

of
 C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 2
3 

D
ec

em
be

r 
20

11
Pu

bl
is

he
d 

on
 2

0 
Se

pt
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1J
M

13
82

8F

View Online
6 A. Tokarev, J. Larionova, Y. Guari, C. Gu�erin, J. M. L�opezde-
Luzuriaga, M. Monge, P. Dieudonn�ec and C. Blancc, Dalton
Trans., 2010, 39, 10574.

7 A. Branco, L. C. Branco and F. Pina, Chem. Commun., 2011, 47,
2300–2302.

8 (a) S. Zhang, S. Liu, Q. Zhang and Y. Deng, Chem. Commun., 2011,
47, 6641–6643; (b) Q. Zhang, S. Zhang, S. Liu, X. Ma, L. Lu and
Y. Deng, Analyst, 2011, 136, 1302–1304; (c) L. C. Branco and
F. Pina, Chem. Commun., 2009, 6204–6206.

9 (a) K. Goossens, K. Lava, P. Nockemann, K. V. Hecke,
L. V. Meervelt, K. Driesen, C. G€orller-Walrand, K. Binnemans and
T. Cardinaels, Chem.–Eur. J., 2009, 15, 656–674; (b) J. H. Olivier,
F. Camerel, G. Ulrich, J. Barber�a and R. Ziessel, Chem. Eur. J.,
2010, 16, 7134–7142.

10 V. W.-W. Yam, J. K.-W. Lee, C.-C. Ko and N. Zhu, J. Am. Chem.
Soc., 2009, 131, 912–913.

11 A.Paul,P.K.Mandal andA.Samanta,J.Phys.Chem.B, 2005,109, 9148.
16338 | J. Mater. Chem., 2011, 21, 16335–16338
12 (a) S. Liu, Z. Chen, Q. Zhang, S. Zhang, Z. Li, F. Shi, X. Ma and
Y. Deng., Eur. J. Inorg. Chem., 2011, 12, 1910–1920; (b) Z. Chen,
S. Zhang, X. Qi, S. Liu, Q. Zhang and Y. Deng, J. Mater. Chem.,
2011, 21, 8979–8982.

13 Z. Fei, D. Zhu, X. Yang, L. Meng, Q. Lu, W. H. Ang, R. Scopelliti,
C. G. Hartinger and P. J. Dyson, Chem.–Eur. J., 2010, 16, 6473–
6481.

14 (a) C. Reichardt, Green Chem., 2005, 7, 339–351; (b) V. I. Minkin,
Chem. Rev., 2004, 104, 2751–2776.

15 C. Reichardt, Chem. Rev., 1994, 94, 2319–2358.
16 (a) V. Gutmann, Coordination Chemistry in NonAqueous Solvents,

1968, Springer, Berlin; (b) R. H. Erlich, E. Roach and A. I. Popov,
J. Am. Chem. Soc., 1970, 92, 4989–4990.

17 (a) http://www.gaussian.com/g_tech/g_ur/k_scrf.htm; (b) Lange’s
Handbook of Chemistry, 16th edn, J. G. Speight, ª 2005 McGraw-
Hill.

18 A. O. Doroshenko, Theor. Exp. Chem., 2002, 38, 135–155.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm13828f

	Ionic liquidized-naphthalenesulfonamide: successful fabrication of liquid fluorescent materialsElectronic supplementary information (ESI) available:...
	Ionic liquidized-naphthalenesulfonamide: successful fabrication of liquid fluorescent materialsElectronic supplementary information (ESI) available:...


