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1-Ethyl-3-methylimidazolium dicyanamide EMImN(CN), and S-ethyltetrahydrothiophene dicyanamide
EThN(CN), physically confined into mesoporous silica gel with pore sizes of 6-8 nm (IL-sg) were synthe-
sized according to a proper sol-gel process. Greatly enhanced fluorescence emissions of dicyanamide
based ILs after being confined were exhibited.

© 2008 Elsevier B.V. All rights reserved.

1. Introductions

Nano-technology has been the subject of enormous interests in
the past decade because of their potential and wide-ranging indus-
trial, chemical, biomedical, and electronic applications [1-5]. As a
bridge between single molecules and infinite bulk systems, the
chemical and physical properties of nano-materials could signifi-
cantly differ from those of the atomic-molecular and bulk materi-
als of the same chemical composition and offers significant
potentials in building new types of devices with atomic or molec-
ular precision [6]. In previous studies, nano-materials concerned
were basically metals, ceramics, polymeric materials, or composite
materials, i.e. they are all solids in macroscopic scale. Reports on
liquids confined in various nano-scale matrices, which may also
exhibit different or novel physicochemical properties [7-14] in
comparison with the bulk fluids or liquids, however, are still scarce
probably due to the difficulties in obtaining ‘nano-liquid particles’
with enough stability or in characterizing experimentally.

Though not new, room temperature ionic liquids (ILs) have at-
tracted much attention due to their potential applications as novel
media and soft materials in both academia and industry fields [15-
17]. The ILs properties such as negligible vapor pressure, low melt-
ing points and high thermal stability make it possible to prepare
confined ILs within nano-scale matrices and peculiar properties
may exhibit. For example, it has been reported that abnormal Ra-
man spectra of nano-confined 1-butyl-3-methylimidazolium tetra-
fluoroborate BMImBF,; in mesoporous silica gel with pore size
smaller than 11 nm compared with bulk IL were observed [18].
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The liquid properties can be controlled in combination with nano-
porous silica glass and melting point of RTILs showed a remarkable
decrease in proportion to inverse of pore size [19]. BMImPFgs con-
fined into multiwalled carbon nanotubes exhibited phase transi-
tion, liquid-like behavior at temperatures below the
crystallization temperature of the original IL [20]. 2D correlation
spectra showed ILs conformational changes in ILs-aluminum
hydroxide hybrids [21]. Vioux et al. have used sol-gel method to
synthesize a serious of ionogel materials with confinement of ILs
into open mesoporous oxide networks and the ionic liquids
dynamics confined in monolith silica matrices were studied [22-
27]. Computer simulations of the structure and dynamics of 1,3-
dimethylimidazolium chloride confined between two parallel
structureless walls showed that ionic diffusion was faster than in
the bulk ILs [28]. The solvent and rotational relaxation of C-153
in BmimBF, confined alkyl poly(oxyethyleneglycol) containing mi-
celles suggested a slight decrease in the solvation time compared
to that of bulk BmimBF,4 [29]. And more recently, near-spherical
solid-state (frozen) IL nanoparticles were successfully synthesized
based on a novel melt-emulsion-quench approach and novel
properties may exhibit [30]. As we know, most of ILs reported
are found to be fluorescent [31-33], however, possible effect of
their confinement into nano-scale matrices on the photolumines-
cence properties of ILs has not been studied yet.

In this work, ILs with dicyanamide anion confined within mes-
oporous silica gel were synthesized according to ‘one-pot assem-
bly’ of ILs and silicate ester through a proper sol-gel process. It
should be emphasized that the key concept of designing and syn-
thesizing such nano-confined ILs involves the physical confine-
ment of hydrophilic RTILs. Then the fluorescence emissions and
the reasons for the emissions of confined dicyanamide anion based
ILs within mesoporous silica gel were discussed in comparison
with pure ILs.
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2. Experimental
2.1. Materials

All chemicals used in the experiments were of analytical grade,
and were used without further purification. Silver dicyanamide
AgN(CN), was purchased from Aldrich and used as received.

2.2. Synthesis of ILs, mesoporous silica gel confined EMImN(CN)s,
EMImBE, and EThN(CN), denoted as IL-sg

ILs used in this work were synthesized carefully and purified
rigorously in our laboratory. The process was described in the
Supplementary material. EMImN(CN), (0.05-1.0 g) was dissolved
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into the solution of tetraethyl orthosilicate (5.00 mL) and ethanol
(2.50 mL) and was stirred for 2 h under 40 °C. Then the solution
was cooled to room temperature into which 2.50 mL hydrochloride
aqueous solution (mixture of 10.00 mL distilled water and 0.02 mL
37% concentrated hydrochloride acid) was added dropwise under
vigorous stirring. After 5 h, the solution was exposed to vacuum
at 60 °C for 2 h for the removal of the ethanol solvent during which
a transparent gel was formed. And then after the gel was aged for
24 h in the air at 60 °C, the obtained materials with different load-
ing of EMImN(CN), in mass were subjected to a higher vacuum at
100 °C for 5 h to eliminate the volatile components for the imme-
diate fluorescence characterization. IL-sg involving EMImBF,,
EThN(CN), were synthesized according to the same procedure.
The loadings of ILs were calculated through the ratio of the mass
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Fig. 1. BET pore size distribution plots of wsg-IL with ILs EMImMN(CN),, EThN(CN), and EMImBF,.
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of the ILs initially involved to the total amount of IL-sg material
finally obtained.

2.3. Preparation of silica gel by drastic washing of ILs from IL-sg,
denoted as wsg-IL

IL-sg was washed with mixture of ethanol and acetone (v/v, 1:1)
under refluxing at 60 °C for 12 h and this procedure was repeated
for three times for the drastic washing of IL, and then was filtrated.
The solid of silica gel was treated at 100 °C under vacuum for 24 h
to eliminate volatile phase remained in the material.

2.4. Characterizations and instruments

N, adsorption measurements were obtained using a Micromer-
itics ASAP 2010 instrument to measure the surface area and poros-
ity of wsg-IL using nitrogen at 77 K as the standard adsorptive gas.
The surface area was obtained by the Brunauer-Emmett-Teller
(BET) method and the pore size distribution was calculated from
the adsorption branch of the isotherm using the Barrett-Joyner—
Halenda (BJH) method. The thermal decomposition temperatures
and weight loss were assessed by employing a Pyris Diamond
TG/DTA analyzer at a heating rate of 10°C/min under nitrogen
atmosphere. UV spectra were conducted on an Agilent 8453 UV-
vis spectrophotometer. The fluorescence spectra were recorded at
25 °C on a Hitachi model F-7500 FL spectrophotometer (Hitachi, Ja-
pan) with a xenon lamp as the excitation source. The excitation
and emission slit widths were 2.5 and 1.0 nm, respectively. The
photomultiplier voltage was 700 V. FT-IR spectra were recorded
on a Thermo Nicolet 5700 FT-IR spectrophotometer. FT-Raman
characterization was carried out over a Nicolet 950 laser Raman
spectroscopy.

3. Results and discussion

BET results of wsg-EMImN(CN), with varied IL loadings (Fig. 1,
Table 1 and Fig. S1 in Fig. S1 in Supplementary material) showed
that, wsg-EMImN(CN), had the characteristic absorption isotherm
type of mesoporous materials. With EMImN(CN), loading of 5 wt%,
the average pore diameter of wsg-EMImN(CN), is 5.6 nm. When
the loading is increased to 15 wt%, the average pore diameter of
wsg-EMImN(CN); is increased to 7.6 nm. When IL loading was fur-
ther increased to be 24 and 47 wt%, the average pore diameter was
7.9-7.7 nm, respectively, suggesting that the average pore diame-
ter was not changed anymore with further increasing of IL loading
higher than 15 wt%. It may be suggested that, with EMImN(CN),
loading higher than 15 wt%, with the in variation of the pore sizes
of wsg-EMImN(CN),, the extra part of EMImN(CN), may be gradu-
ally aggregated on the external surface of the support. It is also
shown that, EMImN(CN),-sg with EMImN(CN), loading from 15

Table 1
BET characterizations of wsg-IL
RTIL IL loading Average pore BET surface Total pore
(wt%) diameter (nm) area (m?/g) volume (cm?/g)
5 5.6 444 0.75
15 7.6 390 0.86
EMImN(CN), 24 7.9 386 0.72
47 7.7 386 0.76
60 7.9 383 0.78
5 3.5 586 0.56
17 6.5 420 0.71
EThN(CN), 23 6.9 416 0.79
40 6.8 422 0.73
60 6.8 420 0.76
EMImBE, 25 5.5 451 0.72

to 60 wt% had a narrow pore size distribution range. BET results
(Table 1) showed that, with IL loading increasing from 5 to
23 wt% and further to 60%, average pore diameter of wsg-
EThN(CN), was increased from 3.5 to 6.9 nm and then no changes
in the sizes of nanopores of wsg-EThN(CN), can be observed, which
was similar to the BET measurements of wsg-EMImN(CN), in gen-
eral trend. And the average pore diameter of wsg-EMImBF, with
EMImBF, loading of 25 wt% was 5.5 nm. These results can also sug-
gest that the sizes of the pore diameter of wsg-IL could be slightly
adjusted by the variations of IL itself.

Pure EMImMN(CN), and EThN(CN), (Fig. S2) showed the similar
absorption spectra in shape and nature. Compared with pure EMI-
mBF, whose absorption spectrum is consistent with previous re-
ports [31], pure EMImN(CN), and EThN(CN), display obvious
absorption above 300 nm, assigned to the m-m* electron transition
due to the presence of m delocalized electrons in the dicyanamide
anion.

The fluorescence emission spectra of pure EMImMN(CN),, 15 wt%
EMImN(CN),-sg and the corresponding wsg-EMImN(CN), were
comparatively measured, in Fig. 2 and Fig. S3. Pure EMImN(CN),
(Fig. 2a) was found to be fluorescent with excitation wavelength
Aex from 320 to 440 nm. The emission band Z., exhibited a
remarkable shift from 386 to 491 nm with ., from 320 to
440 nm. And fluorescence emission of pure EMImN(CN), was
strongly dependent on the excitation wavelength, and a long
absorption tail and shifting nature similar to that reported before
[33] can be observed probably due to the presence of various asso-
ciation forms in the pure IL. When excited at 360 nm, its emission
maximum /,,x Was observed at 424 nm, and it can be seen that the
intensity of pure EMImN(CN), was comparatively week. In com-
parison with pure EMImN(CN),, EMImN(CN),-sg (Fig. 2b) exhib-
ited notably different fluorescence with excitation range 240-
380 nm, and An.x was observed at 370 nm with excitation of
300 nm, i.e. fluorescence occurred at a relatively lower wavelength
and Aqax was decreased by 56 nm after being confined. Moreover,
the emission band of EMImMN(CN),-sg was independent on the
excitation when Aex was lower than 320 nm. This is very different
compared with the emission tail nature and strong excitation-
dependent fluorescence emissions of pure IL [33]. With Aex of
360 nm, the emission band of EMImN(CN),-sg showed a remark-
able red shift to 399 nm. Especially, compared with pure
EMImN(CN),, greatly enhanced fluorescence of confined
EMImN(CN), appeared, e.g. the emission intensity of 15 wt%
EMImN(CN),-sg was about 100 times stronger than that of pure
EMImN(CN),. However, the obvious fluorescence of wsg-
EMImN(CN), could be still observed, although it displayed weaker
emission intensity than the material before washing. This indicates
that there might be some EMImMN(CN), remained in wsg-
EMImN(CN),. Therefore, the fluorescence emission of pure silica
gel without any employed IL was then measured (Fig. S3d). It is
shown that, pure silica gel almost did not display any obvious
emissions in the range of 350-450 nm with varied Jex. So it indi-
cates that, the stronger fluorescence emissions of EMImMN(CN),-sg
are resulted from EMImN(CN), confined in the materials. After
drastic washing of EMImN(CN),-sg, the content of the remained
EMImN(CN), measured by TG/DTA results was ca. 0.6 wt% (Fig.
S3e), which resulted in the obvious emissions of wsg-EMImMN(CN),.
However, the emission of wsg-EMImN(CN), is more irregular in
the spectra shape, so there are not more discussions on this issue
herein.

Possible contributions of cation and anion moiety to the strong
fluorescence emission of IL-sg based on dicyanaimde ILs were fur-
ther tested. When N(CN); was replaced with BF,, the fluorescence
of pure EMImBF,; and EMImBF,-sg were measured (Fig. S4). Pure
EMImBF, (Fig. S4a) was found to be fluorescent with excitation
from 280 to 400 nm, and /g.x =412 nm when being excited at
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300 nm, i.e. excitation occurred at relatively lower wavelength
after N(CN), was replaced with BF,, and the fluorescence intensity
was comparable to that of pure EMImN(CN),. After being confined
(Fig. S4b), EMImBF,-sg showed irregular emission band at 300-
450 nm which is very similar to pure silica gel, and its fluorescence
intensity was still very weak, i.e. unlike EMImN(CN),, EMImBF, did
not exhibit enhanced fluorescence emission after being confined
into the mesoporous silica gel Fig. 3.
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When EMIm cation was changed with S-ethyltetrahydrothioph-
ene (ETh), pure EThN(CN), (Fig. 4a) showed a shifting nature of
fluorescence emission from 396 to 496 nm with excitation 340-
460 nm and Anax = 439 nm with excitation of 380 nm, i.e. fluores-
cence occurred at a relatively higher excitation wavelength after
EMIm was replaced with ETh cation, and the fluorescence intensity
was slightly weaker than that of pure EMImN(CN),. After being
confined, a typical result (Fig. 5b) showed that the fluorescence
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Fig. 2. Emission behavior of (a) bulk EMImN(CN), and (b) EMImN(CN),-sg (15 wt%) with varied excitation wavelength (/ex).
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Fig. 4. Emission maximum of (a) EMImN(CN),-sg, and (b) EThN(CN),-sg with varied IL loadings.
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emission of EThN(CN),-sg with 23 wt% EThN(CN), loading was ob-
served with excitation wavelength from 240 to 400 nm and fluo-
rescence emission maximum Apnax =386 nm with /e, of 300 nm,
i.e. fluorescence emission maximum was observed at a relatively
lower wavelength and the A,,,,x was decreased by 53 nm after being
confined, which was similar to that of confined EMImN(CN), in
general trend. Moreover, the emission band of EMImMN(CN),-sg
was independent on the excitation with Aex lower than 360 nm,
and greatly enhanced fluorescence was also observed, ie. the
intensity of EThN(CN),-sg with IL loading 23 wt% was about 70
times as that of pure EThN(CN),.

Based on the experimental results and the fact that, i.e. as ob-
served in Fig. 2a and Fig. S4a, pure EMImN(CN), showed an excita-
tion-dependent emission, and EThN(CN), displayed a similar
fluorescence to EMImN(CN),. Previous studies on the fluorescence
emissions of some 1,3-dialkylimidazolium salts [31-33] suggests
that, the various associations from the 7 stackings of imidazolium
cations may lead to the excitation-dependent emissions of pure ILs.
As for IL with N(CN), as anion, after the replacement of EMIm by
ETh with the absence of 7 electrons in the cation, the obvious fluo-
rescence emissions of EThN(CN), similar to EMImN(CN), could be
also observed. So in this case, the presence of the N(CN), anion
could make important contribution to the fluorescence emission
of dicyanamide based ILs.

Then, the fluorescence of EMImN(CN),-sg with varied loading
from 5 to 60 wt% was studied and compared (Fig. 4 and Fig. S6).
Jmax varied from 370 (Jex: 260 nm) to 390 nm (/ex: 320 nm) corre-
spondingly, i.e. a red shift occurred monotonously with increase of
EMImN(CN), loadings. However, the emission intensity was ini-
tially increased, reached to maximum at 15 wt%, and then de-
creased quickly with further increasing of EMImN(CN), loading.
It can be seen that the EMImN(CN),-sg with IL loading 15 wt%
and 7.6 nm of pore size of wsg-EMImN(CN), exhibited the stron-
gest fluorescence emission (Fig. 4a). With loading being increased,
a notable decrease in fluorescence emission intensity was ob-
served. As indicated that the pore diameter was almost not chan-
ged when IL loading was increased from 15 wt% to the higher,
the increased IL may aggregate on the external surface of silica
gel, therefore, it resulted in the decrease of the emission intensity.
However, the emission intensity of EMImN(CN),-sg with IL loading
5 wt% and 5.6 nm of average pore diameter of wsg-EMImN(CN),
was slightly higher than that with 47 wt% of loading and 7.7 nm
of average pore diameter as shown in Fig. 4a. These results sug-
gested that, the intensity of fluorescence emission of
EMImMN(CN),-sg was largely dependent on the loading of
EMImN(CN), in the silica gel. EMImMN(CN), confined in the pores

with 7-8 nm in size and 15 wt% of IL loading exhibited the stron-
gest fluorescence emission.

As for EThN(CN),-sg with different IL loadings (Fig. 4b and Fig.
S7), similar results as EMImN(CN),-sg can be obtained. With
EThN(CN), loading 5 wt¥%, Amax Was observed at 379 nm with exci-
tation 260 nm, and when increased to 23 wt%, imax = 386 nm with
excitation 300 nm, Apax and lex were both increased to a higher
wavelength. Meanwhile, the fluorescence emission intensity was
remarkably increased to the strongest among the EThN(CN),-sg
with varied IL loadings. With further increasing of EThN(CN), load-
ing from 23 wt% to the higher, it showed a monotonous red shift of
emission maximum Anax and decrease of emission intensity. It can
also be explained that, with increasing of EThN(CN), loading from
23 wt% to the higher, as indicated by the fact that the pore size of
wsg-EThN(CN), showed no changes any more (Table 1), and
EThN(CN), may aggregate to a larger extent on the external surface
of silica gel support, thus resulting in the remarkable decrease of
its fluorescence emissions.

In order to explain the reasons for the stronger fluorescence
emissions of dicyanamide based ILs confined in the mesoporous
silica gel, the conformations of confined EMImN(CN), and
EThN(CN), with varied IL loading were characterized by FT-Raman
spectra, Fig. 5. As can be seen that, the symmetric stretching vibra-
tional absorption band maximum of N=C (vs) was centered at
2194 cm™! observed for pure EMImN(CN),. However, as for
EMImN(CN),-sg, with loading of 5 and 15 wt%, v of N=C was ob-
served at 2205 and 2204 cm ™' respectively, 10 cm™! higher than
the absorption band observed in the spectra of pure EMImN(CN),.
While, with loading being increased to 47%, v shifted to 2196 cm ™!,
which was approaching the v of pure EMImMN(CN),. According
to the pore sizes measurement of wsg-EMImMN(CN), discussed
above, with EMImMN(CN), loading being increased from 15 wt% to
the higher, the pore sizes of the silica gel were almost unvaried,
and thus the increased IL inevitably more and more aggregated
gradually tending to pure IL. Therefore, v of N=C showed a red
shift with increasing of IL loading and vs of N=C of
EMImN(CN),-sg with higher IL loadings was more close to the
absorption band in the spectra of pure IL. The remarkable differ-
ence in the stretching vibrational spectra of N=C confined in the
mesoporous silica gel in comparison with that in pure
EMImN(CN), may mean the conformational changes and realign-
ment of N(CN), anion in EMImN(CN), after being confined. This
can also be confirmed by the fact that, as shown in Fig. 5b, Raman
absorption band of v; (N=C) of EThN(CN),-sg was observed at
2201 cm~! with 23 wt%, 9 cm™! higher than 2192 cm™! in the
spectra of pure EThN(CN),, and 2194 cm~! with 60 wt%, showing
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a remarkable red shift correspondingly with EThN(CN), loading
being increased and a trend to the spectra of pure EThN(CN), for
EThN(CN),-sg with higher IL loadings.

Although it is still not clear at this stage for the greatly en-
hanced fluorescence mechanism of the confined dicyanamide an-
ion based ILs within mesoporous silica gel, it can be conjectured
that, after being confined, the realignment of cation and anion of
ILs may occur in comparison with pure ILs indicated by the vibra-
tional changes in N=C group as shown in the Raman spectra as
well as the previous studies [21]. For the confined EMImMN(CN),,
due to presence of 7 delocalized electrons in N(CN),, stronger 7t—
1 conjugated interactions between N(CN), anions themselves
may exist, giving enhanced fluorescence emission [34]. Further-
more, stronger 1 conjugated associations may also formed be-
tween N(CN), anion and EMIm cation, giving additional
increasing in fluorescence emission. Therefore, the strongest en-
hanced emissions can be observed. For the confined EThN(CN),,
enhanced fluorescence emission may only derived from -7 conju-
gated interactions between N(CN); anions due to the absence of
delocalized electrons over the cation. As to confined EMImBEFE,,
there only exists 1 stacking associations through surface overlap-
ping of imidazolium ring in absence of m-m conjugation of the an-
ion of BF,, thus the remarkably enhanced emission of EMImBF,-sg
cannot be observed.

Greatly enhanced fluorescence was firstly observed over the
confined EMImMN(CN), and EThN(CN), within mesoporous silica
gel with 7-8 nm in pore sizes with EMImMN(CN), loading 15 wt%
and EThN(CN), loading 23 wt%. It can be expected that confined
ILs within mesoporous matrices may also exhibit some other pecu-
liar physicochemical properties in comparison with pure ILs, which
are important for both understanding ILs themselves and potential
application in catalysis, separation, solid electrolyte and lumines-
cence material. The studies on this issue are ongoing.

4. Conclusion

In this work, EMImN(CN), and EThN(CN), ILs which were phys-
ically confined into mesoporous silica gel were synthesized accord-
ing to ‘one pot’ synthesis through a proper sol-gel method. After
washing of ILs, silica gel was characterized to be mesoporous with
pore sizes of 3-8 nm with Fvaried IL loadings. Greatly enhanced
fluorescence emissions of confined dicyanamide based ILs within
mesoporous silica gel in comparison with pure ILs were exhibited,
and furthermore, the fluorescence emissions were largely depen-
dent on the IL loadings. Confined EMImN(CN), with IL loading of
15 wt% within mesoporous silica gel with average pore diameter
of 7-8 nm, and confined EThN(CN), with IL loading of 23 wt% with-
in mesoporous silica gel with average pore diameter of 6-7 nm
gave the strongest emissions.
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