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Molecular interactions of the ternary mixtures of 1-butyl-3-methylimidazolium chloride
([C4 C1 im]Cl)-water-2,6-dimethoxyphenol (2,6-DMP, a phenolic monomer lignin model compound) were investigated in comparison with the [C4 C1 im]Cl-water binary systems through
attenuated total reﬂection infrared spectroscopy. Results indicated that the microstructures
of water and [C4 C1 im]Cl changed with varying mole fraction of [C4 C1 im]Cl (xIL ) from 0.01
to 1.0. This change was mainly attributed to the interactions of [C4 C1 im]Cl-water and
the self-aggregation of [C4 C1 im]Cl through hydrogen bonding. The band shifts of C−H on
imidazolium ring and the functional groups in 2,6-DMP indicated that the occurrence of
intermolecular interactions by diﬀerent mechanisms (i.e., hydrogen bonding or π-π stacking)
resulted in 2,6-DMP dissolution. In the case of xIL =0.12, the slightly hydrogen-bonded water
was fully destroyed and [C4 C1 im]Cl existed in the form of hydrated ion pairs. Interestingly,
the maximum 2,6-DMP solubility (238.5 g/100 g) was achieved in this case. The interactions and microstructures of [C4 C1 im]Cl-water mixtures inﬂuenced the dissolution behavior
of 2,6-DMP.
Key words: Lignin model compound, Ionic liquid-water, Molecular interactions

IR) spectroscopy is a non-invasive technique and highly
sensitive to diﬀerent molecular circumstances. It has
been used to analyze molecular interactions between
water and IL [11−14]. Cammarata et al. [11] found
through IR spectroscopy that water molecules absorbed by imidazolium-based ILs from air mainly interacted with anions and existed in symmetric anionHOH-anion hydrogen-bonded complexes. Kim et al.
[27] investigated the aqueous mixtures of 1-butyl3-methylimidazolium-based ILs with diﬀerent anions
([C4 C1 im]X, X=Cl− , Br− , I− , and BF4 − ) by using the ATR-IR and proton nuclear magnetic resonance (NMR) analyses. Upon the introduction of
water to screen the electrostatic forces and separate the ions, both IR and NMR spectra revealed
that the hydrogen-bonding strength followed the order
C2−H· · · Cl>C2−H· · · Br>C2−H· · · I. The relative positions of halide anions with respect to the imidazolium
ring were diﬀerent from that of the BF4 − anion because
of the natures of the anion-cation interactions.
Compared with IL-water mixtures, ternary systems
based on IL-water mixtures have been given less attention. Cláudio et al. [28] found that the ILs as hydrotropes enhance the solubility of hydrophobic substances in aqueous media. They speculated that the
formation of IL-biomolecule aggregates was a crucial f-

I. INTRODUCTION

Ionic liquid (IL)-water mixtures have attracted signiﬁcant attention as a novel solvent system in the pretreatment of lignocellulosic biomass because of their
low cost, ease of IL recycling, and low viscosity [1−5].
The presence of water strongly aﬀects the physical and
chemical properties of ILs, such as viscosity, electrical property, polarity, solvation, and solubility [6−10].
IL-water mixtures with an appropriate water content
(60 wt%−90 wt%) are the eﬃcient solvents for the dissolution and removal of lignin [1−5]. To understand the
underlying reasons of lignin dissolution in the IL-water
mixtures at the molecular level, the molecular interactions in IL-water and IL-water-lignin mixtures were
investigated to elucidate the mechanisms of lignin dissolution. This study may shed light on why lignin prefers
to dissolve in IL-water mixtures rather than in pure IL.
IL-water interactions have been investigated by spectroscopy, molecular dynamics, and thermodynamics
[11−26]. Attenuated total reﬂectance infrared (ATR-
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actor that inﬂuenced solubilization. Miki et al. [25]
measured the excess partial enthalpy of 1-propanol
in 1-butyl-3-methylimidazolium chloride ([C4 C1 im]Cl)water mixtures. The eﬀects of [C4 C1 im]Cl on the molecular organization of water in the mixtures were evaluated by thermodynamic analysis. They found that water molecules are attracted to the delocalized positive
charge of the imidazolium ring in water-rich regions.
The bulk of water is inﬂuenced such that the global
probability of hydrogen bonding is reduced.
Investigation of molecular interactions during lignin
dissolution in IL-water mixtures has been limited
by the complexity of lignin. Most studies about
lignin were performed from model compounds. 2,6Dimethoxyphenol (2,6-DMP), a phenolic monomer
model compound, was used in this work.
The
molecular interactions in the ternary mixtures of
[C4 C1 im]Cl-water-2,6-DMP were investigated by using
ATR-IR spectroscopy in comparison with that of the
[C4 C1 im]Cl-water binary mixtures. This study provides
a general understanding of lignin dissolution in IL-water
mixtures.

II. EXPERIMENTS
A. Chemicals and preparation of solutions

The IL, [C4 C1 im]Cl (purity>99% and water content <0.4%), was purchased from Lanzhou Institute
of Chemical and Physics, and used without any further puriﬁcation. The water used was double distilled and further treated using a CSR-1-20 highpurity water system (speciﬁc electronic conductivity,
∼0.055 µS/cm). 2,6-DMP (purity>99%) and D2 O were
purchased from Sigma Aldrich Co. The chemical structures of [C4 C1 im]Cl and 2,6-DMP with the notation
of atoms are shown in FIG. 1. The aqueous solution of
[C4 C1 im]Cl was gravimetrically prepared with the mole
fraction of [C4 C1 im]Cl (xIL ) ranging from 0.01 to 0.80.
Furthermore, 2,6-DMP was added according to the speciﬁc mole fraction. The uncertainty in the mole fraction
of the mixture was estimated to be less than ±0.001.

B. Spectroscopic measurements

ATR-IR (Perkin Elmer 94416) measurements were
performed at 303.15 K. The IR absorbance spectra
of the mixtures were obtained from 650 cm−1 to
4000 cm−1 with 4 cm−1 resolution and averaged from 16
readings. A small droplet of each sample was placed on
top of the ZnSe crystal. Single-reﬂection ATR (incident
angle 45◦ ) ensured that the IR bands of the vibrational
modes of hydroxyl from water or the 2,6-DMP were
not oﬀ-scale because of the extremely short eﬀective
path length. The advantage of ATR-IR spectroscopy
had been widely utilized to analyze aqueous solutions.
DOI:10.1063/1674-0068/30/cjcp1611203

FIG. 1 Chemical structures of (a) [C4 C1 im]Cl and (b) 2,6DMP.

Each ATR-IR spectrum was corrected for evanescent
wave penetration depth, and proper normalization was
needed for the comparison. The second derivatives of
the IR spectra were directly obtained using an online
processing system.

C. Solubility of 2,6-DMP in [C4 C1 im]Cl-water mixtures

The 2,6-DMP was gradually added to 2 g of the
[C4 C1 im]Cl-water mixtures in a small screw-capped
ﬂask, each of which was equipped with a magnetic stir
bar. The suspensions were stirred in a water bath at
303.15 K. Dissolution of the 2,6-DMP was observed by
the naked eye (homogeneous solutions were clear and
no undissolved particles were found). Each test was
performed thrice to measure the error limit.

III. RESULTS AND DISCUSSION
A. [C4 C1 im]Cl-water binary mixtures

The ATR-IR absorption spectra of aqueous
[C4 C1 im]Cl with diﬀerent xIL are plotted in FIG. 2
and FIG. S1 in the supplementary materials. The
attribution and analysis of the IR spectra of pure water
[29] and [C4 C1 im]Cl [30] had been previously studied.
In this work, we mainly focused on the stretching
vibration regions of OH and CHx on imidazolium ring
which represent the structural changes in water and
[C4 C1 im]Cl.
For the spectra of O−H in water molecules
shown in FIG. 2(a), a broad peak of bulk water
(3000−3800 cm−1 ) represented the nonhomogeneous
environment of water molecules [31]. However, limit
information was directly obtained from the original IR
spectra of water due to the eﬀects of hydrogen-bonding
and Fermi resonance [11]. The second derivative of the
IR spectrogram can be employed to search for overlapping peak positions [32−36], the results are shown
in FIG. 2(b). The peaks at around 3250 cm−1 were
attributed to “ice-like” water with tetrahedral structures through strong hydrogen bonding, which existed
in the all the investigated xIL range. The peaks at
c
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FIG. 2 (a) ATR-IR spectra (3800−2700 cm−1 ) of [C4 C1 im]Cl-water mixtures with different xIL and (b) the second derivatives
of the IR spectra in the range of 3800−3200 cm−1 .

around 3420 cm−1 (corresponding to “liquid-like” water, xIL <0.25) and at around 3640 cm−1 (corresponding
to slightly hydrogen-bonded water, xIL <0.12) were only
observed in the water-rich region. This result implied
that the water with “liquid-like” and slightly hydrogenbonded structures was gradually destroyed with addition of [C4 C1 im]Cl. When the xIL was increased to
0.60, some other structures of water are observed in
FIG. 2(b). The two bands (ca. 3650 and 3570 cm−1 )
could be separately assigned to the antisymmetric and
symmetric stretching vibrations of the water monomers
existing in ILs to form symmetric 1:2-type hydrogenbonded complexes of anion-HOH-anion [11], whereas
the component bands at 3450 cm−1 may be attributed
to the O−H stretching vibration mode from three- and
two- coordinate water molecules. “Liquid-like” water
was further decomposed into oligomers and even into
monomers. Furthermore, the existence of monomeric
water molecules was veriﬁed in the original IR spectra
in the case of xIL =0.80.
The main characteristic absorption bands of the
[C4 C1 im]+ cation as a function of xIL are illustrated
in FIG. 3. D2 O was used to produce the mixtures because the shoulder of the O−H peak overlapped with
the C-Hx peaks. The vibration frequencies of C4,5-H
and C2-H stretching (vC4,5-H and vC2-H ), antisymmetric
stretching, symmetric stretching and Fermi resonance
of the alkyl chain CH3 on imidazolium ring (vas(CH3 ) ,
vs(CH3 ) , and vFR(CH3 ) ) are plotted as a function of xIL
(FIG. S2 in supplementary materials). Notably, these
bands had a similar tendency to redshift with increasing xIL . The band frequencies were the highest in the
water-rich region (0<xIL <0.06). This result can be
attributed to the completely “free” positively charged
cations that had a strong electron-withdrawing eﬀect
and enlivened the C−H bonds. As the xIL was increased
from 0.06 to 0.50, vC4,5-H , vC2-H , vas(CH3 ) , vs(CH3 ) , and
vFR(CH3 ) were respectively redshifted by 7, 43, 9, 7,
and 8 cm−1 . The shift was due to the formation of ion
pairs or small ion clusters. The decreased distance beDOI:10.1063/1674-0068/30/cjcp1611203

FIG. 3 (a) ATR-IR spectra of C4,5-H and C2-H stretching,
antisymmetric stretching, and Fermi resonance of the alkyl
chain CH3 on imidazolium ring, and (b) IR spectra of R1/R2
imidazolium ring vibrations as functions of xIL .

tween the cations and the anions weakened the eﬀect of
the positive charge of the cations. At the same time,
enhancement of the hydrogen bonds between Cl− and
C2-H also resulted in the redshift. The frequencies of
the C−H groups slightly decreased when the xIL was
increased to over 0.50. The addition of [C4 C1 im]Cl resulted in the complete destruction of slightly hydrogenc
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FIG. 4 Solubility of 2,6-DMP in [C4 C1 im]Cl-water mixtures
as a function of xIL at 303.15 K.

bonded water in the case of xIL >0.12, whereas other
states of water (i.e., monomer and small cluster) still
remained in the case of xIL >0.50 (FIG. 2(b)). The aggregates of [C4 C1 im]Cl formed and the water molecules
that functioned as bridges were speculated. The imidazolium cation is also characterized by nine ring vibrations that can easily couple with one of the δ CH or
γ CH modes having the same symmetry. The in-plane
R1 and R2 modes were situated at 1568 cm−1 [37, 38].
The IR spectra of R1/R2 imidazolium ring vibrations
(FIG. 3(b)) followed similar trends as that of water and
CHx with the increase of xIL .
According to the above ATR-IR analyses, the molecular interactions and microstructure of [C4 C1 im]Cl-water
mixtures varied depending largely on the xIL . This variation can aﬀect the dissolution of lignin (or its model
compounds) in the [C4 C1 im]Cl-water mixtures.

B. [C4 C1 im]Cl-water-2,6-DMP ternary mixtures

Solubility of 2,6-DMP in [C4 C1 im]Cl-water mixtures
was ﬁrstly investigated at 303.15 K. The results are
shown in FIG. 4. The 2,6-DMP was hardly dissolved in
pure water. The solubility of 2,6-DMP increased monotonically with the increase of xIL from 0.01 to 0.12.
The solubility reached a maximum (238.5 g/100g) at
xIL =0.12, and then slowly decreased as the xIL was increased from 0.12 to 1.0. Interestingly, the solubility of
2,6-DMP followed a similar tendency to that of organosolv lignin in [C4 C1 im]Cl-water mixtures. The maximum solubility of organosolv lignin was also achieved at
around xIL =0.12, as indicated in our previous work [5].
The diﬀerences of the microstructure and interactions
of the [C4 C1 im]Cl-water mixtures led to the varying
solubility of lignin (or 2,6-DMP). The ATR-IR analyses
of [C4 C1 im]Cl-water-2,6-DMP will help us understand
the dissolution mechanisms of lignin (or 2,6-DMP) at
the molecular level.
The ATR-IR analyses of the ternary systems were
conducted to probe the molecular interactions between
DOI:10.1063/1674-0068/30/cjcp1611203

FIG. 5 ATR-IR spectra of [C4 C1 im]Cl-water-2,6-DMP mixtures at different xIL (molar ratio of 2,6-DMP to [C4 C1 im]Cl
(nMC /nIL )=0.2).

[C4 C1 im]Cl-water mixture and 2,6-DMP. The ATR-IR
spectra are shown in FIG. 5 and FIG. 6. The second
derivative technique was applied to ﬁnd the exact peak
positions of the functional groups; an example is shown
in FIG. S3 in supplementary materials.
In comparison with the [C4 C1 im]Cl-water binary system (FIG. 2), the ATR-IR spectra of the ternary mixtures (FIG. 5) and the second derivative spectrogram
in the 3200−3400 cm−1 range (FIG. S4 in supplementary material) revealed that the water state was scarcely
changed after adding the 2,6-DMP. Notably, the exact peak position of phenolic hydroxyl stretching vibration could not be easily found, even by using the
second derivation method. However, with the addition of 2,6-DMP, the original spectrum within the range
of 3200−3300 cm−1 was changed, which can be assigned to the phenolic hydroxyl stretching vibration
mode (FIG. 6(a)). In comparison with the ATR-IR
spectrum of pure 2,6-DMP (FIG. 6(b)), the peak position of phenolic hydroxyl was apparently red shifted
by ca.250 cm−1 , implying that strong hydrogen bonds
formed with phenolic hydroxyl groups in the solution.
This result was in agreement with the COSMO-RS simulation analysis by Casas et al. [39]. The main force
involving the lignin dissolution process in IL was the
hydrogen bonding, whereas the contribution of the electrostatic forces and van der Waals interactions were secondary and insigniﬁcant, respectively. Besides, Lateef
et al. [40] supposed that ILs could interact with the terminal OH groups of lignin, subsequently disrupting the
internal network within lignin molecules that results in
the dissolution of lignin.
The band shifts (∆v) of the C−H and imidazole ring
of the [C4 C1 im]+ cation with a mole ratio of 2,6-DMP to
[C4 C1 im]Cl (nMC /nIL )=0.2 are depicted in FIG. 7 (a)
and (b). ∆v=vT −vB , where vT is the frequency for the
ternary system and vB is the frequency for the binary
system. The frequency changes of the main functional
groups of 2,6-DMP are also shown in FIG. 7 (c) and
c
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FIG. 6 ATR-IR spectra of (a) the [C4 C1 im]Cl-water-2,6-DMP mixtures (xIL =0.80) with different 2,6-DMP content and
(b) pure 2,6-DMP.

FIG. 7 Band shifts of the typical groups on imidazolium cation and 2,6-DMP as a function of xIL in the case of nMC /nIL =0.2
(a) C−H of imidazolium cation, (b) R1/R2 imidazolium ring vibrations; (c) benzene skeleton vibration of 2,6-DMP,
(d) stretching of methoxy group (vs(CH3 ) ) and phenolic hydroxyl bending (δs(O-H) ) of 2,6-DMP.

(d). The band shifts of these typical groups presented
various trends in the diﬀerent xIL ranges.
In the case of 0.01<xIL <0.06, the redshifts of the
stretching bands of butyl side chain were evidently
larger than those of C2-H and C4,5-H (FIG. 7(a)). After the addition of 2,6-DMP, the ∆v C2-H and ∆v C4,5-H
basically remained unchanged, but the ∆ vs(CH3 ) was
decreased by more than 2 cm−1 . The above results indicated that the hydrophobic butyl chain was superior to
C2-H or C4,5-H for interacting with 2,6-DMP. This phenomenon may be due to the fact that C2-H and C4,5-H
were connected to water by hydrogen bonds, whereas
the butyl chain was relatively “free” in the mixtures.
The changes in the R1/R2 vibrations of the imidaDOI:10.1063/1674-0068/30/cjcp1611203

zole ring were also studied (FIG. 7(b)). At a low xIL
(0.01<xIL <0.06), the R1/R2 ring vibrations were redshifted by more than 4 cm−1 (xIL =0.01) after adding
the 2,6-DMP into the solution. At the same time,
the benzene skeleton vibration of 2,6-DMP appeared
at high frequencies (FIG. 7(c)). It was attributed to
the interactions between the imidazolium cation and
the benzene ring via π-π stacking. In addition, the
color changes of the solutions in water-rich regions
(0.01<xIL <0.06) after adding 2,6-DMP attracted our
attention (FIG. S5 in supplementary materials). The
imidazolium cation can polarize the benzene ring of the
2,6-DMP, which led to the delocalization of conjugated
electrons, thus causing the color change of the solutions.
c
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In view of the frequency changes in the methoxy
group of 2,6-DMP (FIG. 7(d)), we inferred that a dispersion force (interactions with non-polar fragments
[39]) existed between the butyl chain of cations and the
methoxy group of 2,6-DMP. When lignin model compounds (2-methoxyphenol and 3,5-dimethoxybenzyl alcohol) were dissolved in IL, the apparent 13 C-NMR
chemical shifts of methoxy group were also noticed by
Pu et al. [41].
A break point was observed in C−H stretching and
R1/R2 ring vibrations at xIL =0.12. Break points are indicative of qualitative changes in solution structures due
to the formation of ion pairs. Interestingly, the maximum 2,6-DMP solubility was also achieved at this xIL .
In the case of ion pairs being formed (0.06<xIL <0.50),
the 2,6-DMP interacted with both [C4 C1 im]+ and Cl− .
These interactions further increased the distances between the cations and the anions. The increased distances may result in the blueshift of vC2-H , vC4,5-H
(FIG. 7(a)). The band redshifts of butyl side chain can
be interpreted as the decrease in dispersion force. It
corresponded to the decrease in “free” hydrated ions.
The decrease in the frequency shifts of the R1/R2 imidazole ring may represent the weakened π-π stacking
eﬀect (FIG. 7(b)). Meanwhile, the apparent redshift
of phenolic hydroxyl bending (δ s(O-H) ) of 2,6-DMP was
approximately 5 cm−1 (FIG. 7(d)), indicating that the
hydrogen-bonding between water (or Cl− anions) and
the phenolic hydroxyl groups was increased.
In the case of xIL >0.50, the aggregate state of the
IL was formed. The [C4 C1 im]+ cations could shield
the Cl− anions and the water molecules from interacting with the 2,6-DMP. These events directly led
to the blueshift of phenolic hydroxyl groups because
of the lack of hydrogen bonds (FIG. 7(d)). Ji et al.
[42] investigated the mechanism of lignin dissolution
in 1-allyl-3-methylimidazolium chloride (AmimCl) using 1-(4-methoxyphenyl)-2-methoxyethanol (LigOH) as
lignin model compound. Their theoretical study indicated that hydrogen bonds decreased with the increase
of xIL (relative to H2 O), which was in agreement with
our previous results about solubility parameters calculation [5]. However, they proposed that the addition
of 1−3 mol H2 O (based on nAmimCl ) signiﬁcantly decreased the solubility of lignin in IL because water competed with the IL to form hydrogen bonds with the
lignin. This ﬁnding was inconsistent with our results
about solubility of lignin [5] or 2,6-DMP (FIG. 4) in
[C4 C1 im]Cl-water mixtures. It may be attributed to
the diﬀerence of IL type, which needs further research.

C. Possible mechanisms of 2,6-DMP dissolution in
[C4 C1 im]Cl-water mixtures

According to the above ATR-IR analyses, the possible states of water and [C4 C1 im]Cl in the binary mixDOI:10.1063/1674-0068/30/cjcp1611203

tures and the schematic diagram are speculated; these
are shown in FIG. S6 in supplementary materials. The
[C4 C1 im]Cl-water mixtures can be divided into three
ranges: First, adding small amount of [C4 C1 im]Cl to
bulk water destroyed the slightly hydrogen-bonded water clusters to a certain extent. The hydrated cations
and anions cannot bind with each other (0<xIL <0.06);
Second, adding more [C4 C1 im]Cl to the mixture further destroyed slightly hydrogen-bonded water until the
size and structure of water cluster stabilized (xIL =0.12).
Hydrated cations and anions existed in the form of hydrated ion pairs. Furthermore, the distance between
the cations and the anions gradually decreased with increasing xIL from 0.06 to 0.50. Finally, the [C4 C1 im]Cl
clusters formed and the water molecules functioned
as bridges in the case of xIL >0.50; the state of water dramatically changed (FIG. 2), wherein the relatively weaker hydrogen-bonded liquid-like water clusters decomposed into monomers or oligomers of water
molecules.
The variation of 2,6-DMP solubility with increasing xIL (FIG. 4) seemed to depend on the microstructure changing trend of the [C4 C1 im]Cl-water mixtures. The possible molecular interactions in the
[C4 C1 im]Cl-water-2,6-DMP ternary system are illustrated in FIG. 8. In water-rich regions (especially at
xIL <0.06), the relatively “free” ions could lead to the
strong interactions between [C4 C1 im]Cl and 2,6-DMP.
However, the ion concentration was so limited that water clusters hindered the 2,6-DMP dissolution. Even
when the hydrated ion pairs formed, the cations and
anions were more “free” than that involved in the aggregates. In addition, the slightly hydrogen-bonded
water clusters were completely destroyed in the case
of xIL =0.12. It may be one of the main reasons that
the maximum solubility of 2,6-DMP was achieved in
this case. After the formation of ion pairs or aggregates (especially at xIL >0.12), the compact structure
of [C4 C1 im]Cl formed through interactions between
cations and anions and the “active” sites that interacted with 2,6-DMP decreased, which may result in the
decrease of the solubility of 2,6-DMP.

IV. CONCLUSION

The molecular interactions of [C4 C1 im]Cl-water-2,6DMP ternary mixtures and the [C4 C1 im]Cl-water binary mixtures were investigated via ATR-IR spectroscopy. The results indicated that 2,6-DMP solubility
depended on the variation of molecular interactions and
microstructure of [C4 C1 im]Cl-water mixtures. The possible mechanisms of 2,6-DMP were also proposed. To
a certain extent, lignin dissolution in the IL-water mixtures was believed to follow a similar mechanism. However, the dissolution of lignin is rather more complex
than that of 2,6-DMP because of its amorphous polymer structure. This study contributes to understandc
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FIG. 8 Schematic diagram of the molecular interactions between [C4 C1 im]Cl-water and 2,6-DMP at different xIL .

ing the lignin dissolution in IL-water mixtures. Further
investigation with the aid of NMR technique or molecular dynamics simulation is necessary to elucidate the
detailed mechanisms of 2,6-DMP (or lignin) dissolution
in IL-water mixtures.
Supplementary materials: ATR-IR spectra of
[C4 C1 im]Cl-water binary mixtures, band shifts of
C4,5-H, C2-H and alkyl chain CH3 on imidazolium
ring, typical bands of the mixtures analyzed by second
derivative technique, the second derivative spectrogram
of the ternary system, color changes of the ternary mixtures with varying the xIL , schematic diagram of the
states of water and [C4 C1 im]Cl in the binary mixtures
were given.
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and B. Lendl, J. Phys. Chem. B 111, 4446 (2007).
[15] S. Saha and H. Hamaguchi, J. Phys. Chem. B 110, 2777
(2006).
[16] G. M. Sando, K. Dahl, and J. C. Owrutsky, J. Phys.
Chem. B 111, 4901 (2007).
[17] Y. A. Gao, N. Li, L. Q. Zheng, X. T. Bai, L. Yu, X. Y.

c
⃝2017
Chinese Physical Society

528

[18]
[19]
[20]

[21]
[22]
[23]
[24]

[25]
[26]
[27]

[28]

[29]
[30]

Chin. J. Chem. Phys., Vol. 30, No. 5

Zhao, J. Zhang, M. W. Zhao, and Z. Li, J. Phys. Chem.
B 111, 2506 (2007).
A. Mele, C. D. Tran, and S. H. De Paoli Lacerda,
Angew. Chem. Int. Ed. 42, 4364 (2003).
T. Singh and A. Kumar, J. Phys. Chem. B 111, 7843
(2007).
A. L. Rollet, P. Porion, M. Vaultier, I. Billard, M. Deschamps, C. Bessada, and L. Jouvensal, J. Phys. Chem.
B 111, 11888 (2007).
S. Rivera-Rubero and S. Baldelli, J. Am. Chem. Soc.
126, 11788 (2004).
S. Rivera-Rubero and S. Baldelli, J. Phys. Chem. B
110, 15499 (2006).
S. Baldelli, J. Phys. Chem. B 107, 6148 (2003).
H. Katayanagi, K. Nishikawa, H. Shimozaki, K. Miki,
P. Westh, and Y. Koga, J. Phys. Chem. B 108, 19451
(2004).
K. Miki, P. Westh, K. Nishikawa, and Y. Koga, J. Phys.
Chem. B 109, 9014 (2005).
W. J. Li, Z. F. Zhang, B. X. Han, S. Q. Hu, Y. Xie,
and G. Y. Yang, J. Phys. Chem. B 111, 6452 (2007).
S. Cha, M. Q. Ao, W. Sung, B. Moon, B. Ahlström, P.
Johansson, Y. Ouchi, and D. Kim, Phys. Chem. Chem.
Phys. 16, 9591 (2014).
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