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The utilization of ionic liquids
as versatile reaction media and
catalysts has garnered signifi-
cant attention in the field of
green and sustainable chem-
istry. In this study, sum fre-
quency generation vibrational
spectroscopy (SFG-VS) is em-
ployed to investigate the inter-

actions between 1-butyl-3-
methylimidazolium tetrafluo-
roborate ([Bmim][BF4]) and

styrene oxide (SO) at the
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air/liquid interface. Spectral analysis in the range of 1000 em ! to 3700 ecm ™! reveals that on-
ly vibrational modes of C—H bonds are observed. Notably, the orientation of the epoxy ring of
SO is found to be towards the bulk phase, while the three C—H groups on the imidazolium ring
of the cation are parallel to the surface. Consequently, there are no observed interactions be-
tween the cation and SO. However, in the vibrational spectra of C—H bonds, interactions be-
tween the anion BF4 and the CHy group of the epoxy ring result in blue shifts in the vibra-
tions of CH (SO) and CHj (cation). These findings support a proposed reaction mechanism
where the ionic liquid catalyzes SO first and subsequently reacts with CO9 providing valu-
able insights into intermolecular interactions and molecular orientations at reaction inter-

faces.
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I. INTRODUCTION

Ionic liquids (ILs) have gained significant attention
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in recent years due to their remarkable properties and
versatility in various chemical processes, particularly
within the realm of green chemistry [1—5]. Their unique
ability to serve as solvents and catalysts has led to ex-
tensive exploration of their potential applications. The
chemical conversion of COg9 into more valuable carbon-
based energy and materials is an important way to ef-
fectively mitigate climate problems and promote the de-
velopment of green energy. IL has more advantages and
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prospects as a green catalyst than other materials, mak-
ing it a natural choice for a wide range of applications in
this field.

Among the ILs studied for designing catalysts in the
1-butyl-3-
methylimidazolium tetrafluoroborate is one that has

chemical conversion reaction of COg,
been extensively studied [6—8]. There are three hypothe-
sized reacting routes in the hypothesized mechanism.
Shown in FIG. 1, the IL reacts with epoxide (styrene
oxide) to open the oxide ring with the following addi-
tion of CO3 to form cyclic carbonate ester (Route I), or
the IL activates CO2 and forms carbonate anion to re-
act with epoxide (Route II), or both routes occur simul-
taneously. Braunschweig and co-workers have studied
the electro-catalytic process of CO on the interface of Pt
and IL using SFG-VS. The studies showed the impor-
tance of IL  structures [CoCiim|[BF4  [9],
[CoC1im][NTty] [10], and [C4C1Pyrr|[NTHy] [11] in elec-
tro-catalysis of CO via analyzing the changes of CO vi-
brational peak position and intensity with the potential
and water content [12]. However, the catalytic molecu-
lar mechanism of this ionic liquid remains to be further
studied [13—15].

Here, we used the SFG-VS to study the role of
[Bmim]|[BF4] in the reaction between styrene oxide (SO)
and carbon dioxide (COg). Our findings reveal that the
epoxy ring of SO is oriented towards the bulk phase,
while the C—H groups on the imidazolium ring of the
[Bmim]* cation align parallel to the surface. The vibra-
tional spectra of C—H bonds expose significant interac-
tions between the BFy anion and the CHs group with-
in the epoxy ring, resulting in distinct blue shifts in the
vibrations of CH (SO) and CH3 (cation).

Il. EXPERIMENTS

The ionic liquid [Bmim]|[BF4] (99%), styrene oxide
(SO, 98%), and N,N-dimethyl formamide (DMF, 98%)
were purchased from Sigma Aldrich and used without
additional  purification. = Binary = mixtures  of
[Bmim|[BF4]/SO, [Bmim|[BF4]/DMF, and SO/DMF
with varying mole fractions ranging from 0% to 100%
were prepared.

The setup for sum frequency generation vibrational
spectroscopy (SFG-VS) is extensively described in the
literatures [16—24]. Briefly, a femtosecond laser passed
through an OPA and DFG system, generating tunable
IR pulses with a center wavelength of 3440 nm. A pi-
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FIG. 1 Schematic of ionic liquid catalytic mechanism in
COg cyclic addition with styrene oxide.

cosecond laser with a pulse width 30 ps and wavelength
800 nm served as the visible (Vis) pulse. The two beams
were electronically synchronized. Both the visible and
IR beams overlap spatially and temporally at the sam-
ple, with incidence angles of 55° and 45°, respectively.
Each SFG spectrum was captured using a monochro-
mator (Andor SR-3231) and EMCCD (Newton
DU970P 1600%200). The spectra were acquired for
10 min with the IR power of 6.7 mW and Vis power of
200 mW across all ranges of wavelengths. All spectra
were normalized to the non-resonant SFG-VS of a Z-cut

quartz crystal surface.

Ill. RESULTS AND DISCUSSION

The [Bmim][BF4] and SO mixtures were investigat-
of the SFG
(1000-3700 Cm_l) to determine if there were any inter-

ed in a specific range spectra
actions between the ions and molecules. Specifically, we
have looked for the formation of hydrogen bond
(3000-3600 cm ™) between C(2)-H and the oxygen

atom on SO, the presence of an epoxy ring (1280-
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FIG. 2 Sum frequency spectra of styrene oxide (SO), ionic liquid [Bmim|[BFy], and N,N-dimethyl formamide (DMF) with

combined polarizations (SF, Vis, IR) ssp, ppp, and sps.

1240 cm_l), and any interactions between the anion
(1000-1200 cm_l) and epoxy ring. However, upon ana-
lyzing the results of [Bmim][BF4] and SO mixtures, on-
ly vibrational spectra related to CH vibrations at
2800-3100 cm ™' and CH bending at 1350-1600 cm ™!
were observed. Since cyclic C—O bonds in the epoxy ring
are both IR and Raman active (FIG. S2 in Supplemen-
tary materials, SM), the absence of vibrational peaks in
the spectra between 1100-1400 cm ! indicates that the
O in the epoxy ring is oriented toward the bulk phase-
for two reasons. One reason is that we observed the
SFG spectra of the O-CH rocking mode on the epoxy
ring (~1390 cm’l), indicating that the epoxy ring is not
parallel to the surface (FIG. S2 in SM); the other rea-
son is that we also observed the SFG spectra of the
symmetrical stretching mode of CH on the benzene
ring, which further demonstrates that the benzene ring
is not parallel to the surface. Simultaneous measure-
ments were conducted on the binary mixtures of
[Bmim|[BF4]/DMF and SO/DMF. The purpose was to
understand the solvation dynamics and compare the in-
with
[Bmim|[BF4]/SO mixtures. The study provides essen-

teraction  behaviors those observed in
tial insights into the interplay of intermolecular forces

at the air/liquid interface.

A. SFG spectra of pure liquids

FIG. 2 illustrates the SFG spectra of the neat ionic
liquid [Bmim|[BFy], SO, and DMF at the air/liquid in-
terface. The vibrational peaks in the spectra are identi-
fied based on the selection rules of SFG spectra [18, 20].
For the SO molecule, the peaks observed at approxi-
mately 2915, 2986, and 2996 cm ! correspond to the
symmetric vibration of the CHs group, the CHg Fermi
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resonance (F.R.), and the CH stretching in the epoxy
ring of SO. The peaks detected at 3050, 3064, and
3071 cm ™! originate from the vibrational modes associ-
ated with benzene ring, specifically v7, voga, and 9, re-
spectively [25—27]. In terms of [Bmim][BF4], peak as-
signments to: a peak at 2853 cm™! corresponding to
the symmetrical stretching (ss) of CHoss, a peak at
2884 cm™! corresponding to the symmetrical stretching
of CH3 (CHs-ss) for butyl chain, a peak at around
2916 cm ™! corresponding to CHo-ss F.R., another one
located at 2945 cm ™ which represents CHs-ss F.R., and
finally a peak at 2971 cm™! corresponding to CHgs as of
IL-water mixtures [23, 28, 29] and IL alone [30—34]. The
spectra of DMF exhibit the symmetric and asymmetric
stretches for the t¢rans-methyl group at 2813 and
2895 cm_l, respectively.

The stretch of formyl CH is at 2863 cm ™', and the
symmetric stretch of the cismethyl group is at
2937 cm ™, showing relatively strong intensities in ssp
and ppp spectra (FIG. 3) [35-37]. Given the pro-
nounced peak intensities observed in ssp polarization
combination spectra, we can compare the ssp spectra of
binary mixtures with different mole fractions to eluci-
date intermolecular interactions. The spectra of the
mixtures of SO/DMF and [Bmim|[BF4]/DMF are illus-
trated in FIG. 3 (b) and (c), respectively. No notable
shifts in peak positions are observed as the mole frac-
Conversely, within the spectra of
[Bmim][BF4]/SO mixtures, we observe blue shifts in the
IL-CHz-ss mode (FIG. 3(a)) and SO-CH-str mode
(FIG. 3(f)) with increasing  concentration  of
[Bmim|[BFy]. Furthermore, the shifts of the peaks show
a linear correlation with the concentration, as shown in

tion varies.

FIG. 3(g), indicating that there are the strong interac-
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tions between the ions and SO molecules.

B. Orientational analysis and surface density

To quantitatively analyze the concentration-depen-
dence spectra, we employed a global fitting method,
and the parameters can be found in SM. The molecule’s
tilt angle (0) on the surface, when using a delta-distri-
bution function, is determined by comparing the calcu-
lated intensity curves Xg))p / ngg with the experimental
intensity ratio. In this analysis, we employed the ratio
Appp/ Assp [23, 28, 38—40] to analyze the orientation of
ions and molecules at the surface. The interfacial refrac-
tive index n' is calculated with the modified Lorentz
model [41, 42]. The tilt angle of terminal methyl group
on butyl chain in cation is 48°+1°, which is consistent
with the literature value 47°+2° [23, 31]. The orienta-
tion of imidazolium ring in ionic liquids has been well-
explained by Badeli [31-33]. The absence of N-CHs,
C(2)-H, and H-C(4)C(5)-H vibrational peaks in spec-
tra suggests that the imidazolium ring is parallel to the
surface plane. Applying the same calculation to DMF,
we determined that the tilt angle of cis-CHjs is 50.2°+1°
with respect to the surface normal. However, the

method used is not suitable for calculating the tilt an-
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gle of the phenyl ring in styrene oxide. This is because
one of the vibrational modes of the phenyl ring involves
whole C-H bonds in the ring. In previous studies, the
orientation of benzene has been analyzed using molecu-
lar dynamics (MD) simulation and quantum chemical
calculations [25—27, 43, 44]. The results show that the
phenyl ring is either tilted at 60° or 120° to the surface
normal. We also calculated the orientations of [Bmim]™
and DMF (Table S3 in SM). Table S2 in SM provides
the refractive indices of the binary mixtures. To calcu-
late the otientation angle, the ratio between the hyper-
polarizability tensor elements of R has to be deter-
mined. Here, R value for [Bmim][BF4] is 2.7 [23, 45].
For DMF, no depolarization ratio can be found in the
literatures, so we choose the R values of methanol (1.7)
[46], acetone (1.9) [47], acetonitrile (2.3) [32], and DM-
SO (2.3) [48] based on their molecular structures. In or-
der to choose the proper value of R for DMF, FIG. 4(a)
demonstrates the tilt angle 6 with different R values for
DMF in [Bmim|BF4]/DMF mixtures. Based on the
plots, we found that the value of 2.3 appears to be rea-
sonable for the ratio of App,/Agsp at different ration of
DMF/IL mixture, especially at the 75% IL solution in-
terface. Therefore, here we use R value of 2.3 for DMF
tilt angle calculation.

© 2024 Chinese Physical Society
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FIG. 4(b) presents the molecular orientations of
[Bmim|[BFy4] and DMF within various mixtures, name-
ly [Bmim|[BF4]/SO, SO/DMF, and [Bmim|[BFy]/
DMF. In the mixtures of SO/DMF and [Bmim]
[BF4]/DMF, the orientation angle () of the DMF-cis-
CHj3 group increases with the addition of SO or
[Bmim|[BF4]. This means when either SO or
[Bmim][BFy] is added, the DMF molecule attends to
align parallelly to the surface plane. By comparing the
orientation change when adding SO or [Bmim]|[BFy],
the tilt angle of DMF in [Bmim|[BF4] solution is larger
than that in SO. As the orientation angle of imidazoli-
um ring is parallel to the surface plane, such larger title
angle change indicates a stronger interaction between
DMF and [Bmim|[BF4] compared to DMF and SO. This
observation aligns with molecular structure considera-
tions, as interactions between DMF and SO primarily
occur between the acyl group and the epoxy ring. How-
ever, interactions between [Bmim]|BF4] and DMF in-
volve multiple interaction sites, including the acyl
group with the imidazolium ring and interactions be-
tween the methyl group of DMF and the anions [49, 50].
Furthermore, the angle () of the methyl group in the
butyl chain of [Bmim]" shows a decreasing trend with
an increasing mole percentage of [Bmim][BF4] in
[Bmim|[BF4]/DMF mixtures. In the [Bmim|[BF4]/SO
mixtures, the angle (0) appears to remain constant re-
gardless of the concentration of [Bmim]|[BFy]. As previ-
ously elucidated in studies by Wang and co-workers
[51], the SF susceptibility is a function of the surface
density Ng and the orientational angle 0 following the

equation:

DOI: 10.1063/1674-0068 /cjcp2401001

2 = Ny-d-r (6) (1)

At a given experimental configuration, the susceptibili-
ty strength factor d is a constant and the orientational
field functional (@) contains all orientational informa-
tion (see SM). Eq.(1) demonstrates that alterations in
either Ny or 6 result in a change in the peak
amplitudes Aq. Given the value of § and Ay, we can ob-
tain relative wvalues for N;, which are plotted in
FIG. 4(c) against the bulk concentration.

Before discussing the Ny of mixtures at surface, the
Aq in mixtures’ spectra as depicted in FIG. 5 are ana-
lyzed. Instead of using amplitude, we analyze the area
of phenyl ring vibrations due to its unique characteris-
tics. In FIG. 5(a), concerning the [Bmim|[BF4]/SO mix-
ture, the Ay of IL-CHg-ss mode and SO-CH mode
demonstrates a linear correlation with the mole percent
of [Bmim][BF4]. Moving on to FIG. 5(b), we compare
the area change of phenyl ring C—H modes with the am-
plitude change of phenyl ring v90, mode. They exhibit a
similar trend in response to the mole percent of
[Bmim][BFy], with the area change showing better lin-
earity, except for the 5% mixture. The anomaly at 5%
suggests that strong interactions occurred between SO
and [Bmimﬁ7 resulting in abnormal changes in Ng or 6.
In the case of SO/DMF mixtures, the Aq of DMF-CHg
and the area of phenyl ring modes also exhibit linear
changes with SO% along with the A, of IL-CHgz-ss and
DMF-CHj3-ss modes in [Bmim][BF4]/DMF mixtures (as
observed in FIG. 5(c) and FIG. 5(d)).

The obtained surface density Ng can be described us-
ing the classical Langmuir model as shown in FIG. 6,

© 2024 Chinese Physical Society
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then we are able to determine the Gibbs free energy of
adsorption, denoted as AGY - [52, 53].

Nmmax
T C+ Mexp(AGD

ads

s /RT) @)
There, N*** is the maximum obtainable surface num-
ber density, C'is the bulk concentration of solute, M is
the molarity of solvent, R is the ideal gas constant, and
T is the thermodynamic temperature in K. We used
Eq.(2) to fit the Ny (FIG. 6) and obtained the AGY,
value of —0.51+0.08 kJ /mol for [Bmim] ", which is signif-
icantly smaller than the AngS value of —12.6+

1.1 kJ/mol for aqueous [Bmim|[MS] [23]. According to
the Gibbs adsorption equation [52, 54], the interactions
between ions and molecules are non-electrostatic and al-

value indicates

ways attractive. A less negative AngS

lower bulk repulsion [53], which explains why DMF is a
better solvent than water. The free energies of adsorp-
tion (AGY,) for DMF in mixtures of [Bmim][BF4]/

DOI: 10.1063/1674-0068 /cjcp2401001

DMF and SO/DMF are—6.08+0.76 kJ/mol and
—0.95+0.32 kJ/mol, respectively. There is a higher re-
pulsion between DMF and [Bmim][BF4] compared to
SO, which can be attributed to the hydrophobic inter-
actions between the butyl chain and DMF. In the
[Bmim|[BF4]/SO mixtures, the Angs for [Bmim|[BF4]
is 19.68+0.40 kJ/mol. However, this result is not valid
due to the lack of Ny data at low concentrations
(IL%<25%).

Based on the information presented, it becomes fea-
sible to determine the reaction pathway for the cata-
lysts involved in the chemical conversion of COsg. The
selection of route I over route II are substantiated by
several key observations. Firstly, at the IL/SO solution
interface, discernible shifts in the CH3 SF'G spectra cor-
related with solution concentration, in stark contrast to
the consistent spectra observed at the IL/DMF solu-
tion interface. This phenomenon suggests that the ob-
served shifts in peak positions predominantly stem from
interactions between IL and SO molecules, rather than

© 2024 Chinese Physical Society
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variations in concentration. Moreover, the orientation
angles and N values across different concentrations un-
veiled a remarkable consistency in the orientation angle
of CH3-IL at the IL/SO interface, irrespective of con-
centration fluctuations. Such consistency suggests the
strong intermolecular interactions between IL and SO,
thereby supporting the establishment of a comprehen-
sive orientation diagram. Furthermore, the agreement
between experimental outcomes and established litera-
ture findings supports the validity of route I. Specifical-
ly, this alignment with existing literature [31—34] re-
garding CO2 behavior in IL environments implies ei-
ther negligible reactivity or insufficient CO2 concentra-
tion for reaction along route II, thus fortifying the basic
principle for selecting route I for experimental investi-
gations.

In summary, we have depicted the arrangement and
interactions of the ionic liquid and styrene oxide in
FIG. 7. In the ionic liquid, the terminal methyl group of
the butyl chain is oriented towards the air, while the
imidazolium ring is parallel to the surface plane. On the
other hand, in the molecule of styrene oxide, the epoxy
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FIG. 7 Schematic of molecular orientations at air/liquid
interface of [Bmim][BF4]/SO mixtures.

ring points towards the bulk phase, and the phenyl ring
is inclined at an angle of 60° to the surface normal. In
our investigation, we examined the reaction mechanism
depicted in route I (FIG. 1), where the anion BF4 ™ in-
teracts with the CHa group in styrene oxide. We expect-
ed to observe peak shifts of the CHa group (at
2916 Cm_l) in the spectra of the mixtures. However, we
encountered a complication in the spectra of the mix-
tures due to the CHy Fermi resonance peak at
2916.8 cm™! in the cation of [Bmim]*. Therefore, we
utilized the shift of the CH vibration in the epoxy ring

© 2024 Chinese Physical Society
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to demonstrate the effects of the interactions in the
mixtures. The presence of anions in the CHg (SO) group
causes an increase in the electron density of the epoxy
ring. This higher electron density leads to a stronger
bond energy, resulting in a blue shift in the vibration of
the CH group when ionic liquids are added. The shift in
the vibration of the CHg groups in the butyl chain can
also be explained by this interaction.

IV. CONCLUSION

In this study, we employed SFG-VS technique to in-
vestigate the interactions between [Bmim|[BF4] and
SO, with the aim of gaining insight into the catalytic
process by understanding ion-molecule interactions at
the air/liquid interface. Spectral analysis was conduct-
ed in the range of 1000-3700 em ! to study the vibra-
tions of chemical bonds, specifically focusing on C-H
bonds. Our observations revealed that at the surface,
the epoxy ring of SO is orientated toward the bulk
phase, while the three C—H on the imidazolium ring of
the cation are parallel to the surface. Consequently, no
interactions were observed between cation and SO.
However, in the vibrational spectra of C-H bonds, we
identified interactions between the BF, anion and the
CHj group of the epoxy ring, resulting in blue shifts in
the vibrations of CH (SO) and CHj (cation). Neverthe-
less, the spectral results have explained route I in the re-
action mechanism, indicating that the IL catalyzes SO
first and then reacts with COs. Overall, our results pro-
vide valuable insights into the underlying mechanism of
these reactions.

Supplementary materials: The fitting parameters to the
sum frequency spectra of [Bmim][BFy], styrene oxide,
DMF and their binary mixtures, the refractive indices
of mixture, tilt angle of DMF-cissCH3 in
[Bmim|[BF4]/DMF mixtures with different R values,
and number density and tilt angle of IL-CHgz-ss mode in
[Bmim|[BFy4]/SO, IL-CHj3-ss mode in [Bmim|[BFy]/
DMF, DMF-cis-CHs-ss mode in [Bmim|[BF4]/DMF
and DMF-cis-CHs-ss mode in SO/ DMF.
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