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Ionic liquids, emerging as innovative solvents for energy harvesting, necessitate a comprehensive understanding
of their structural characteristics at the graphene-ionic liquid interface. This work delves into the effects of
external electric fields (EEFs) on the polarization and vibrational spectrum of 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide ([Emim][NTf;]) on a graphene surface, employing density functional theory
calculations. The analysis reveals that the geometrical configuration and stability of functional groups within the
graphene-[Emim][NTf,] system are influenced by both the direction and intensity of the applied EEF. Notably,
the threshold EEF strength required for dissociation varies based on the structural configuration of the anion. The
electronic energy, dipole moment, and polarization rate under varying EEF conditions have been quantitatively
assessed, providing insights into their EEF-dependent behaviors. Utilizing the independent gradient model
approach, the inter-ion interactions, such as hydrogen bonding and van der Waals forces, under the influence of
EEFs were analyzed, and how these interactions evolve with changes in the direction and intensity of the EEFs
were also explored. Furthermore, the vibrational spectrum of [Emim][NTf,] on the graphene surface, spanning a
range of 10-3500 cm ™!, was meticulously calculated to systematically investigate the impact of the EEF on the
vibrational spectra of the graphene-[Emim][NTf,] system. A key finding of this work is the distinct shifts in the
vibrational peaks of the cis and trans isomers of [NTf]~ on the graphene surface, which can be attributed to
differences in their exchange energies. Specifically, the exchange energy for the cis isomer of [NTf,]~ is measured
at 107.43 kJ-mol’l, in contrast to 98.51 kJemol ! for the trans isomer.

1. Introduction

Ionic Liquids (ILs) are a distinct class of ionic compounds, charac-
terized by their composition of anions and cations, which predominantly
exist as liquids at or near ambient temperature [1-3]. Recognized for
their environmentally-friendly nature, these solvents exhibit a compre-
hensive array of advantageous physicochemical properties, including
but not limited to low vapor pressure, minimal volatility, high thermal
and chemical stability, facile purification and separation processes,
robust electrical conductivity, and an expansive electrochemical win-
dow [4-7]. Such properties have propelled their utilization in diverse
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domains, including separation [8,9], catalysis [4,5,7,10-15], electro-
chemistry [16-19], energy harvesting [20-24], (electro-)wetting
[25,26], variable focus lenses [27], lab-on-a-chip systems [28], among
others [29]. Given their widespread utility, understanding the structural
and dynamic intricacies of ILs becomes paramount for both academic
research and industrial applications. The vibrational spectrum (VS),
serves as an invaluable analytical tool for elucidating the structural in-
tricacies of ILs, including the identification of conformational functional
groups and hydrogen bonding interactions [30-35].

Extensive research has been conducted on the VS of ILs, employing
both experimental and computational approaches to elucidate
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molecular structures and interaction energies between anions and cat-
ions. Heimer et al. [36] utilized density functional theory (DFT) to
investigate the IR spectra of 1-alkyl-3-methylimidazolium tetra-
fluoroborate ILs ([Cymim][BF4]). Their work revealed hydrogen
bonding interactions between the fluorine atoms of the [BF4] ™~ anion and
the C2 hydrogen on the imidazolium ring. Booth and Vyas et al. [37,38]
investigated multiple conformers of 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide ([Emim][NTf>]) in the gas phase using
IR/UV action spectroscopy and found each conformer has a character-
istic red shift in the frequency of its C2-H group that reveals the vari-
ation in strength of a hydrogen bond between the cation and anion. Roth
et al. [39] investigated hydrogen bonding in [Emim][NTf;] by linear
and nonlinear vibrational spectroscopy, and the results support the
hypothesis of weak hydrogen bonding involving the C4-H and C5-H
groups and somewhat stronger hydrogen bonds of the C2-H groups.
Grondin et al. [40] investigated the VS of [Emim][NTf;] combined IR
and Raman spectroscopies with DFT calculations, and found the
stretching vibration of the quasi-diatomic C2-D bond appears to be a
good spectroscopic probe of the increasing cation-anion interactions
when the coordinating strength of the anion increases. Fumino et al.
[34,41] combined Far IR spectroscopy with DFT calculations to study
cation-anion and cation-solvent interactions in solutions of the IL trie-
thylammonium iodine. They found that increasing temperature led to a
reformation of the vibrational peaks of contact ion pairs, attributable to
reduced solvent polarity. Shirota et al. [31,33] studied the ultrafast
dynamics of 40 (non-)aromatic cation based ILs by means of femto-
second Raman induced Kerr effect spectroscopy, and found the aromatic
cation based ILs show a different relation of the first moment of the low-
frequency spectral band to the bulk liquid parameter and the spectral
intensity in nonaromatic cation based ILs was much lower than that in
aromatic cation based ILs owing to the absence of the aromatic ring.
Velpula et al. [42] employed molecular dynamics (MD) simulations and
Raman spectroscopy to analyze [C,mim][BF4] ILs on graphene surface.
They discovered that these ILs induce n-type doping in graphene, with
the extent of doping increasing with cation chain length, contrary to the
expected decrease in surface-adsorbed ion density. This phenomenon
was attributed to changes in the electrostatic potential at the graphene-
IL interface. Zhang et al. [30] applied DFT calculations to systematically
investigate the VS of [Emim][BF4] on a graphene surface across a fre-
quency range of 10 to 3500 cm ™ *. Their findings indicated that shifts in
the VS were primarily due to interactions between graphene and the
[BF4] ™ anion, governed by induction (63.43 %) and dispersion (34.37
%) interaction. Guan et al. [43] employed both DFT calculations and MD
simulations to explore the dynamic changes in the Terahertz (THz)-
frequency IR of 1-butyl-3-methylimidazolium dicyanamide in the 30 to
300 cm ™! range on a graphene surface. They concluded that shifts in the
THz IR were due to the formation of a stronger adsorbed layer at the
graphene-IL interface, which enhanced hydrogen bonding between
cations and anions and constrained the torsional and out-of-plane
bending motions of the CHs group.

While extensive research has been conducted the VS of ILs, there
remains a paucity of studies examining the VS of ILs under the influence
of external electric fields (EEFs) using DFT. A notable exception is the
work by Bardak et al. [44], who employed DFT to investigate the
behavior of 1-hexyl-3-methylimidazolium chloride under an applied
EEF. Their findings revealed that both the inter-ion bond and molecular
conformation of the IL are susceptible to modulation by the strength and
orientation of the EEF, with ion dissociation observed at 0.7 V AL
Furthermore, time-dependent DFT calculations highlighted that the
UV-visible spectra and associated electron leap properties are contin-
gent upon the EEF direction. Notably, an observed redshift in the
UV-visible spectra with increasing induction suggests heightened exci-
tation susceptibility of the IL. Welton et al. [45,46] investigated the
effect of an EEF on the dynamics and intramolecular structures of ions in
[Bmim][NTf;] by MD simulations, and confirm that the charge arms of
ions align with and stretch out along the EEFs. Maginn et al. [47] probed
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the influence of EEFs on the glass transition temperature of [Emim]
[NTf;] and found the EEF lowers the activation energy for diffusion
reducing the energetic barrier for movement and consequently glass
transition temperature by examining the dynamics and structure of the
liquid phase. In this work, the polarization and VS of [Emim][NTf,] on a
graphene surface in the presence of EEFs are investigated. The rationale
for selecting [Emim][NTf,] was that [NTf,]” exhibits interesting be-
haviors due to diffuse charge distribution and the delocalized negative
charge along the S-N-S core. The delocalized negative charge in [NTfy] ™~
allows the formation of low melting, high ionic conductivity, fluid IL
when paired with the [Emim] ", which had been previously selected by
our group for energy harvesting and electromagnetic wave absorption
studies in the graphene-[Emim][NTfs] system. Our investigation ex-
tends to the modulation of the weak interactions of the system by the
EEFs. A key finding of this work was the distinct VS of [Emim][NTfs]
corresponding to varying graphene-[Emim][NTf2] conformations under
EEFs. The findings of this work serve as the foundation for subsequent
investigations into the polarization and VS of bulk [Emim][NTf,] on
graphene surface under the influence of the EEFs. Meanwhile, this work
provides a clear demonstration of the polarization and VS of [Emim]
[NTf;] ion pair on a graphene surface under the EEFs, which is chal-
lenging to observe but crucial in bulk [Emim][NTf,] and graphene
system.

2. Theoretical methods
2.1. Electronic structure calculation

In this work, the first objective was to identify the most stable
configuration of the [Emim][NTf] ion pair. To achieve this goal, the
genmer program within the Molclus software suite [48] was utilized to
randomly generate 20 initial structures for both the cis and trans isomers.
These initial structures of the [Emim][NTf>] ion pair were subsequently
optimized using Gaussian 16 [49], employing the B3LYP-D3/TZVP level
of theory [50,51]. Following this, the most stable cis and trans isomers
were adsorbed onto a graphene surface (Fig. 1) for further optimization
and vibrational frequency calculations, also performed at the B3LYP-
D3/TZVP level. Within the graphene-[Emim][NTf,] system, the gra-
phene surface was designated as the reference plane (xoy), and the
vector extending from the nitrogen atom connected to the ethyl chain to
the nitrogen atom connected to the methyl chain was defined as the
positive x direction. An EEF was applied in increments of 0.001 a.u. in
the specified positive x and z directions until molecular dissociation was
observed. It is noteworthy that 1 a.u. is approximately equivalent to
51.423 V A~L. Importantly, all frequency calculations were devoid of
imaginary frequencies, thereby confirming the stability of the optimized
structures.

2.2. Weak interactions between graphene and [Emim][NTf>]
The independent gradient model (IGM) was employed to investigate

the weak forces between graphene and [Emim][NTfs] [52]. The model
is mathematically represented by the following equations:

goer(r) = ZZVpi(r) €8]

goMnter () — Zabs {ZVpi(r) } ‘ (2)
vy icA

B[gm(r) ] = g () — g r(r) ®

5[ 'nter(r) ] — 5[g(r) ] — 5[ inter (T) ] 4

In these equations, A denotes the fragment number, i signifies the
atomic number, and Vp is the gradient vector. Specifically, Eq. (2)
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(b)

Fig. 1. The initial structure of graphene-[Emim][NTf,] system, where anion is (a) cis isomer and (b) trans isomer.

encapsulates the absolute value of each component within the gradient
vector Vp. The term represents the modulus of the gradient vector, and
&g is indicative of the interactions among all atoms within the system
under consideration. The blue/red/green lobes are colored by formula
(4) for non-covalent interactions on an RGB scale, with strong mutual
repulsion in red, van der Waals interactions in green, and strong
attraction interactions such as hydrogen bonding in blue. Specifically,
the blue lobes correspond to regions where the formula (2) is positive,
the red lobes correspond to regions where the formula (2) is negative,
and the green lobes correspond to regions where the absolute value of
the formula (3) is large.

2.3. Optical properties

How the dipole moment y responds to changes within the graphene-
[Emim][NTfy] system was examined in our investigation. The dipole
moment, expressed in Debye, is derived from the components associated
with each coordinate axis, as represented by:

Heotal = \JH2 + U2 + pi2 (6

Furthermore, the work leveraged the components of the polariz-
ability tensor a, @y, and a,, to compute both the mean polarizability «
and the anisotropic polarizability Aa, as detailed in:

a = (axx + Qyy + azz)/B (6)

Aa= \/[(axxfayy)2+(axxfalz)2+ (ay}’ia“)z +6(a§y+a’2‘z+a§z)]/2

@)
2.4. Molecular polarity index (MPI)

In this section, the assessment of the polarity of the system is
investigated, which is determined by the distribution of the electrostatic
potential on the molecular surface. The MPI [53] serves as a metric to
gauge the polarizable characteristics of the molecule, as described by:

MPI — (1/B) // V(r) |dS ®)

In this equation, V represents the molecular electrostatic potential, S
denotes the molecular surface, and B signifies the molecular surface
area. It is noteworthy that a larger MPI value is indicative of a molecule
with heightened overall polarity.

3. Results and discussion
3.1. Geometric structure

In this section, the cis and trans isomers of [NTfy]~ were first opti-
mized. The calculated energy minima for the trans and cis isomers of
[NTf5]~ were found to be 0 kJ mol ! (-2172.531283 Hartree) and 3.28
kJ mol 2, respectively. Then the ion pairs of the above mentioned most
stable structures were selected to bind with graphene facets, respec-
tively, and the geometrical structure of the graphene-[Emim][NTf5]
system was optimized in the absence of an EEF. The computed total
energies for graphene-[Emim][NTfs] with the cis and trans isomers were
0 kJ mol ™! (—4242.348831 Hartree) and 3.57 kJ mol ™, respectively,
with corresponding dipole moments of 8.860563 Debye and 10.554658
Debye. When subjected to an EEF, the optimization of the graphene-
[Emim][NTf,] systems were performed in the z direction, with limiting
fields ranging from —0.01 a.u. to 0.005 a.u. for the cis structure and from
—0.008 a.u. to 0.007 a.u. for the trans structure. For calculations in the x
direction, EEF values between —0.005 and 0.005 a.u. were selected to
mitigate the influence of hydrogen atoms from [Emim][NTf5] located at
the graphene edges. It is noteworthy that when the applied field strength
surpassed these limits, chemical bond dissociation was observed, pre-
venting the optimization from converging.

The geometric analysis revealed that the imidazolium ring of
[Emim]" is proximal to the graphene surface. To provide a compre-
hensive visualization of the relative positions between graphene and
[Emim][NTf,], the electrostatic surface potential (ESP) method was
employed. This ESP was computed using Multiwfn [54] for both cis and
trans configurations of the graphene-[Emim][NTf;] system and subse-
quently visualized using the VMD software [55], as depicted in Fig. 2. In
this representation, regions of positive potential are highlighted in red,
while negative potential areas are shown in blue. Notably, the [Emim] "
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Fig. 2. ESP of graphene-[Emim][NTf;] system, where the anion is (a) cis isomer and (b) trans isomer. The red and blue isosurfaces represent the areas with positive
and negative electrostatic potentials respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

ion exhibits an attraction towards the graphene, a phenomenon attrib-
uted to the complementary positive and negative potentials, enhancing
the stability of the system. The cationic component, [Emim]*, aligns
closely and parallel to the graphene surface. Similarly, the anionic
counterpart, [NTfy]™, also demonstrates an affinity towards the gra-
phene, with one of its ends aligning parallel to the graphene plane.

To elucidate the alterations in the relative positioning of graphene
and [Emim][NTf,] under the influence of EEFs, the IGM was employed.
This model delineates the varying interactions within the system. Spe-
cifically, regions colored blue signify interactions that, despite being
weak, exhibit strong attractive behavior, akin to hydrogen bonding. The
green regions represent even weaker interactions, characteristic of van
der Waals forces. Conversely, the red—orange regions depict mutual
atomic repulsions. Fig. 3 provides a visual representation of the weak
interactions exhibited by the cis isomer of the graphene-[Emim][NTf2]
system under EEFs in the x direction. Upon the application of EEFs along
this direction, the [NTf;]™ ion is observed to be drawn closer to the
graphene surface, leading to a predominant alteration in their mutual
interactions. Notably, when the EEF strength surpasses a certain
threshold, the C-F bond within [NTfs]™ engages with the edge of the
graphene. This interaction culminates in the disruption of the inter-
atomic chemical bonds within the graphene-[Emim][NTf;] system,
thereby inhibiting the formation of a stable structure.

Fig. 4 depicts the nuanced interactions of the cis isomer of graphene-
[Emim][NTf;] under the influence of EEFs in the z direction. Upon
applying the EEFs in this direction, a notable shift in the relative posi-
tions of the anions and cations is observed. Specifically, the [NTfz] ™ ion
tends to migrate away from the graphene in the positive z direction,
resulting in a diminished weak interaction with the graphene.
Conversely, when EEFs are introduced in the negative z direction, the
[Emim][NTf,] experiences a force in this direction. This leads to an
enhanced weak interaction between the S—O and C-F bonds of [NTfy]~
with the graphene surface. However, with a further increase in the
strength of the EEF, the [Emim] " ion exhibits a deflection. The end of its
ring, opposite the ethyl chain, shifts away from the graphene surface,
leading to a reduction in its weak interaction with the graphene.

The behavior of the trans isomer mirrors that of its cis counterpart.
This similarity is depicted in the weak interaction diagram presented in
Fig. 5, which showcases the interactions of the trans isomer of graphene-
[Emim][NTf;] under EEFs in the x direction. With the introduction of
EEFs, the [Emim][NTf,] is driven towards the graphene surface.
Notably, a stable structure becomes untenable once the EEF strength
surpasses a specific threshold.

Fig. 6 delineates the weak interactions between the trans isomer of
graphene-[Emim][NTf,] and the EEF oriented in the z direction. Con-
trary to the cis isomer, the S=O bond at the region of [NTf,] ™ ions closer

Fig. 3. Diagram of the weak interaction of the cis isomer of graphene-[Emim][NTf,] system under the EEFs in the x direction, where the strength of the EEFs is in

units of 10~ a.u.
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Fig. 4. Diagram of the weak interaction of the cis isomer of graphene-[Emim][NTf,] system under EEFs in the z direction, where the strength of the EEFs is in units of

10° a.u.

Fig. 5. Diagram of the weak interaction of the trans isomer of graphene-[Emim][NTf,] under EEFs in the x direction, where the strength of the EEFs is in units of 10

a.u.

to the graphene surface does not align with the graphene surface,
resulting in a diminished interaction. Upon the application of EEFs in the
positive z direction, [NTfy] ™ readily detaches from the graphene surface.
As the EEF strength escalates, [NTfz] ™ migrates in the positive z direc-
tion, further weakening its interaction with the graphene and eventually
positioning itself above [Emim]*. During this phase, the primary weak
interactions within the system involve the N-S and S—O bonds of
[NTf,]~ with the methyl groups. When EEFs are applied in the negative z
direction, the interaction between the S—=O and C-F bonds at the region
of [NTf;]™ ions closer to the graphene surface and the graphene surface
intensifies. A subsequent increase in EEF strength results in a deflection
of [Emim] ™" and a decrease in its interaction with the graphene, while

[NTf,]~ moves closer to the graphene surface, enhancing its attraction.
Further amplification of the field strength affects the S—=O bond at the
region of [NTf,]™ ions further to the graphene surface, fostering a new
weak interaction with the graphene. The [Emim]™ ion shifts, and the
region of [NTf,;]™ ions further to the graphene surface approaches the
graphene surface. In systems with the trans isomer subjected to the EEFs
in the positive z direction, [NTf;]™ is more susceptible to displacement
compared to its cis counterpart. This discrepancy is attributed to the
inherent stability of the cis isomer of [NTf,]~, which exhibits a more
robust binding to the graphene surface in the absence of EEFs and is
consequently less influenced by them.
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Fig. 6. Diagram of the weak interaction of the trans isomer of graphene-[Emim][NTf,] under EEFs in the z direction, where the strength of the EEFs is in units of 10

a.u.
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Fig. 7. Changes in energy with EEFs for the graphene-[Emim][NTf,] with cis and trans isomer. EEF is in the positive (a) x and (b) z direction.

3.2. Energy change

Fig. 7 presents the energy variations of the graphene-[Emim][NTf,]
system for both cis and trans isomers in the absence of EEFs, which are
initially 0 kJ mol! and 3.57 kJ mol !, respectively. Upon the intro-
duction of EEFs in the positive x direction, the energy of the system is
perturbed, causing it to decrease as the strength of the EEFs increases. In
contrast, when EEFs are applied in the positive z direction, the energies
for both isomers peak at 5.72 kJ mol~! and 19.90 kJ mol~! at an EEF
strength of —0.003 a.u., before commencing a downward trend.

In the absence of EEFs, the energy decomposition of the graphene-
[Emim][NTf,] system for both isomers is ascertained using Psi 4 soft-
ware [56], leveraging the symmetry-adapted perturbation theory-DFT
(SAPT(DFT)) at the aug-cc-pvdz level. Table 1 presents a detailed

Table 1

breakdown of energy interactions involving graphene, [Emim][NTf5],
cation, and anion, where g-[Emim][NTfs] represents the energy of an
interaction of the ion pair with graphene, and [Emim][NTf,](g) repre-
sents the interaction energy between the ions at the graphene surface.
Notably, the interaction energies for cis and trans configurations exhibit
disparities. Specifically, the interaction energy between the anion and
cation of the trans isomer on the graphene surface diminishes from
—339.92 kJemol ! to —334.32 kJemol !, while the cis configuration
remains relatively invariant. The energy components of the graphene-
[Emim][NTf,] complex are predominantly governed by dispersion and
exchange, with the dispersion energy between the cation and graphene
being the most significant. For both cis and trans isomers, the in-
teractions between graphene and the anion are primarily governed by
induction (accounting for 38.19 % and 34.84 %) and dispersion

The interaction energy (in kJ emol 1) of graphene-[Emim][NTf,] with cis and trans isomer.

Molecular system Electrostatics Exchange Induction Delta HF, r (2) Dispersion Total SAPT(DFT)
A. Graphene-[Emim][NTf,] with cis isomer

[Emim] [NTf,] —348.29 101.25 —-39.78 —11.44 —53.76 —340.57
g-[Emim] [NTf,]* —43.49 107.43 -22.59 —8.52 —-115.91 —74.57
[Emim] [NTf,](g)" —339.90 90.31 —46.98 —15.20 —43.77 —340.34
g-[Emin]™ -57.17 68.52 —40.61 —8.96 —77.75 —107.02
g-[NTfo]~ 14.58 31.35 —24.96 -1.96 —38.42 —17.44
B. Graphene-[Emim] [NTf,] with trans isomer

[Emim] [NTf,] —346.32 101.73 —40.51 —11.69 —54.83 —339.92
g-[Emim][NTf5] —41.15 98.51 —19.11 —8.00 -111.11 —72.85
[Emim] [NTf,](g) —338.78 97.52 —44.69 —14.52 —48.38 —334.32
g-[Emin]™" —-56.97 70.44 —42.51 —9.65 —77.92 —-106.97
g-[NTfo]~ 16.97 21.05 —18.67 —1.44 -33.47 -14.11

? The energy of an interaction of the ion pair with graphene.
Y The interaction energy between the ions at the graphene surface.
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(accounting for 58.80 % and 62.47 %, respectively) [57]. These in-
teractions result in the anion of the cis isomer being closer to the gra-
phene surface compared to the trans isomer. Moreover, the exchange
energy for the cis configuration exceeds that of the trans by 8.92
kJemol ™!, underscoring the distinct weak interactions of the S—0 bond
with the graphene surface, particularly at the region of [NTf;]™ ions
closer to the graphene surface.

3.3. Polarization properties

The impact of EEFs on the dipole moment mirrors the trends
observed in energy variations. Upon the application of EEFs in the
positive x direction, the [Emim][NTf,] shifts on the graphene surface,
deviating from its central position. This displacement correlates with an
increase in the dipole moment as the strength of the EEFs intensifies.
Similarly, when EEFs are applied in the positive z direction, the anions
migrate accordingly, leading to an elevation in the dipole moment.
Conversely, the introduction of EEFs in the negative z direction initially
reduces the dipole moment, reaching a minimum at —0.003 a.u., before
subsequently increasing as depicted in Fig. 8. These trends are congruent
with the previously discussed weak interactions, wherein additional
EEFs induce structural alterations in the [Emim][NTfs] structure,
thereby influencing the dipole moment.

The behavior of polarizability in response to EEFs closely resembles
that of the dipole moment, as illustrated in Fig. 9. Specifically, upon the
application of an EEF in the positive z direction, the dipole moment
reaches its nadir at —0.003 a.u., before subsequently increasing with
escalating EEF strength. This phenomenon can be attributed to the
system achieving a state of stability at —0.003 a.u. in the presence of
EEFs. However, the application of stronger EEFs disrupts this equilib-
rium, resulting in elevated levels of both dipole moment and
polarizability.

The MPI serves as a metric for assessing the modulation of system
polarity in the presence of EEFs. As Fig. 10 illustrates, MPI values
escalate with increasing EEF strength. This trend is indicative of the
charge distribution of the system, which is inherently linked to molec-
ular polarity. Specifically, a more uneven charge distribution engenders
either a highly positive or highly negative.

3.4. Vibration spectrum

The VS for graphene-[Emim][NTf,] system, encompassing both cis
and trans isomers, were computed utilizing the B3LYP/TZVP level of
theory in Gaussian 16. Detailed assignments for these spectra are pre-
sented in Table 2. In the case of graphene-[Emim][NTfz] system
featuring a cis isomer, EEFs oriented positively along the z directions
induce notable shifts in the VS, as depicted in Fig. 11. Specifically, with
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EEFs directed positively along z direction, synchronous stretching
vibrational peaks of the S—O bond transition from 1051.98 cm ™! and
1074.99 cm ™! (at 0 a.u.) to 1064.92 cm ! and 1081.91 cm ™! (at 0.005 a.
u.), marking blue shifts of 12.94 cm ™! and 6.92 cm™?, respectively. This
shift can be attributed to the response of the [NTfs] ™ anion to the EEFs,
moving in the positive z direction. Concurrently, the interaction be-
tween the S—O bond in the region of [NTf,] ™~ ions closer to the graphene
surface and the graphene surface diminishes, while the upper S—=O bond
retains its negligible interaction with the graphene. As EEF intensity.

When EEFs are oriented along the positive z direction, the asyn-
chronous stretching vibrational peaks associated with the S=O bond
transition from 1250.02 cm ™! and 1267.17 cm ! (at 0 a.u.) to 1259.43
cm ! and 1269.69 cm™! (at 0.005 a.u.), reflecting blue shifts of 9.41
em™! and 6.92 cm™}, respectively. This behavior is attributed to the
influence of EEFs on the [NTfy] ™ anion, which undergoes a shift in the
positive z direction. Consequently, the weak interaction between the
S=O0 bond in the region of [NTf;]™ ions closer to the graphene surface
and the graphene surface diminishes, mirroring the interaction observed
in the upper region. This results in a reduced interval between the two
vibrational peaks. In contrast, when EEFs are applied in the negative z
direction, the peaks shift to 1210.59 cm ™! and 1274.28 cm ™! at —0.01 a.
u., corresponding to a red shift of 39.43 cm™! and a blue shift of 7.11
cm™!. The response of the [NTf,] ™~ anion to the negatively oriented EEFs
leads to an enhanced weak interaction with both [Emim]" and the
graphene surface. Notably, while both S=O bonds in the region of
[NTf5]" ions closer to the graphene surface exhibit increased weak in-
teractions with the graphene surface under the influence of EEFs, the
bonds in the region of [NTf;] ™ ions further to the graphene surface
display differential behavior. Specifically, one S—O bond interacts
weakly with [Emim]*, whereas the other remains unaffected by other
fragments. This differential behavior results in an expanded interval
between the two vibrational peaks.

Upon the application of EEFs oriented along the positive z direction,
the stretching vibrational peak of the N-S bond transitions from 976.13
em™! (at 0 a.u.) t0 979.02 cm ™! (at 0.005 a.u.), exhibiting a blue shift of
2.89 cm L. This shift can be attributed to the response of the [NTfy]™
anion to the EEFs, which results in its movement in the positive z di-
rection. Consequently, the weak interaction between the N-S bond and
[Emim]" diminishes, leading to the observed blue shift. In contrast,
when EEFs are oriented along the negative z direction, the vibrational
peak relocates to 967.93 cm ™! at —0.01 a.u., undergoing a red shift of
8.20 cm™ L. Under these conditions, the interaction of the [NTf;] ™ anion
with both [Emim] ™" and the graphene surface intensifies, predominantly
due to hydrogen bonding, culminating in the red-shifted vibrational
peak.
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Table 2
The assignment of VS of graphene-[Emim][NTf,] system with cis and trans
isomer.

Cis Structure Trans Structure Assignment

Frequency Intensity Frequency Intensity

v(cm ’1) v(cm ’1)

903.76 166.3332 904.77 168.7423 graphene w(Cg-Hg)
976.13 276.0080 972.44 343.5523 N-S str

1051.98 127.0900 1064.16 85.0720 S§=0 synchronous str

1074.99 402.7876 1080.64 154.3206 S=O0 synchronous str

1160.01 145.6151 1167.89 123.6462 S-C & C-F str

1177.66 68.4043 1173.26 121.3161 C-F str

1182.47 210.4030 1193.52 157.6756 C-F str

1184.28 158.2887 1190.69 53.8140 S-C & C-F str

1210.12 169.4513 1205.32 394.8959 C-F str

1250.02 153.8208 1268.46 104.7278 S=O0 asynchronous str

1267.17 310.9794 1301.99 441.2779 S=O0 asynchronous str

3203.91 109.1372 3282.83 50.4860 C2-H str

Similarly, for the C2-H bond, the stretching vibrational peak moves
from 3203.91 cm ™! (at 0 a.u.) to 3218.43 cm ™! (at 0.005 a.u.) under the
EEFs in positive z direction, reflecting a blue shift of 14.52 cm ™. This
shift arises from the diminished interaction between [Emim]" and
[NTf;]™ in the presence of EEFs. However, with EEFs oriented in the
negative z direction, the peak first red-shifts slightly to 3203.59 cm ™! at

—0.003 a.u., and subsequently blue-shifts significantly to 3232.19 cm ™
at —0.01 a.u. This behavior is indicative of the augmented weak inter-
action between [NTf,]~ and [Emim] ™", where hydrogen bonding plays a
pivotal role, leading to the observed vibrational shifts.

When EEFs are applied along the positive z direction, the stretching
vibrational peaks for the C-S and C-F bonds exhibit a shift. Specifically,
the frequency range transitions from an interval of 1160.01 cm™! to
1210.12 cm~ ! (at 0 a.u.) to an interval of 1153.87.

For the graphene-[Emim][NTf5] system with a trans isomer config-
uration, as depicted in Fig. 12, the VS behavior mirrors that of its cis
counterpart. Specifically, under the influence of EEFs oriented in the
positive z direction, the synchronous stretching vibrational peaks of the
S—O0 bond transition from 1064.16 cm ! and 1080.64 cm ™! (atOa.u.)to
1077.01 cm ™! and 1082.59 cm™! (at 0.007 a.u.). This corresponds to
blue shifts of 12.85 cm™! and 1.95 cm ™, respectively. Such shifts are
attributed to the positional adjustments of the [NTf,] ™ ion in response to
the EEFs, leading to a blue shift in the vibrational peaks. Notably, the
weak interaction between the S=O bond of the region of [NTf;] ™ ions
closer to the graphene surface and the graphene surface diminishes,
especially at 0.005 a.u. As the strength of the EEFs increases, these weak
interactions with the graphene surface converge, narrowing the gap
between the two synchronous stretching vibrational peaks. Conversely,
when EEFs are applied in the negative z direction, the peaks shift to
1057.95 cm™! and 1065.34 cm ™! at —0.008 a.u., marking red shifts of
6.21 cm ! and 15.30 cm'. In this scenario, the movement of the
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Fig. 11. The VS of graphene-[Emim][NTf,] system with cis isomer. The interval of frequency is (a) 950 cm ™! to 1000 cm’l, (b) 1030 ecm ™! to 1120 cm’l, and (c)
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narrowing the gap between their vibrational peaks. Conversely, when EEFs are applied in the negative z direction, the peaks shift to 1048.88 cm ™! and 1067.17 cm !
at —0.01 a.u., reflecting red shifts of 3.10 cm ™! and 7.82 em . This behavior is due to the movement of the [NTf,] ™~ anion in the negative z direction under the
influence of EEFs, leading to a red shift in the vibrational peaks of the two S=O bonds. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

[NTf;]" ion in the negative z direction induces a red shift in the vibra-
tional peaks. It’s noteworthy that only one of the S=O bonds in the
region of [NTf;]  ions closer to the graphene surface exhibits weak
interaction with the graphene surface, while the other engages weakly
with the [Emim]* ion, leading to an increased interval between the
vibrational peaks.

When subjected to EEFs oriented in the positive z direction, the
asynchronous stretching vibrational peaks of the S=O bond transition
from 1268.46 cm™! and 1301.99 cm™ to 1268.50 cm ™! and 1293.55
em ™! at 0.007 a.u. This results in a red shift of 8.44 cm-1 for one peak,
while the other remains largely invariant. Such shifts can be attributed
to the positional adjustments of the [NTf;]  ion in response to the EEFs.
Specifically, the S=O bond in the region of [NTfy] ™ ions closer to the
graphene surface exhibits an enhanced weak interaction with [Emim]+,
compounded by its existing weak interaction with the ethyl chain,
leading to a pronounced red shift. Conversely, under EEFs oriented in
the negative z direction, the vibrational peaks shift to 1265.27 cm ! and
1308.39 cm™! at —0.003 a.u., followed by 1267.84 cm ™! and 1280.70
em™! at —0.008 a.u. This behavior contrasts with the cis configuration,
as the trans isomeric [NTfs] ™ ion interacts concurrently with the cationic
ethyl chain, resulting in a subtly distinct structure. As the [NTfz]™ ion
adjusts to the EEFs in the negative z direction, its weak interactions with
both [Emim]™ and the graphene surface intensify. For EEF strengths
below 0.003 a.u., the upper S=O bond in the [NTfy]™ ion primarily
engages weakly with the cationic methyl group, mirroring the vibra-
tional peak behaviors of the cis configuration. However, at EEF strengths
exceeding 0.003 a.u., this bond undergoes significant displacement in
the negative z direction. It not only retains its weak interaction with the
cationic methyl group but also amplifies its weak interaction with the
graphene surface. Concurrently, the interaction between the alternate
$=O0 bond pair and [Emim]* diminishes, leading to a blue shift in the

vibrational peaks.

Upon the application of EEFs oriented along the positive z direction,
the stretching vibrational peak of the N-S bond transitions from 972.44
cm™! to 974.04 cm™! at 0.007 a.u., marking a blue shift of 1.60 cm™.
This shift is attributed to a significant reduction in the interaction be-
tween the N-S bond and [Emim] ™, transitioning from a hydrogen bond
(represented in blue) to a weaker interaction (represented in green).
Conversely, under EEFs oriented along the negative z direction, the
vibrational peak first shifts to 968.43 cm ! at —0.003 a.u. (a red shift of
4.01 cm’l) and subsequently to 979.68 cm~!at —0.008 a.u. (a blue shift
of 7.24 cm™Y). This behavior is influenced by the movement of the
[NTf;]" ion in the negative z direction, intensifying its interaction with
both [Emim] ™" and the graphene surface. For EEF strengths below 0.003
a.u., the N-S bond predominantly forms hydrogen bonds with [Emim] ™,
inducing the observed red shift. However, at strengths exceeding 0.003
a.u., the N-S bond approaches the graphene surface, leading to a weak
interaction and a consequent blue shift in its vibrational peak.

For the C2-H bond, under EEFs oriented along the positive z direc-
tion, its vibrational peak shifts from 3282.83 cm ™! to 3299.31 cm ™! at
0.007 a.u., marking a blue shift of 16.48 cm™'. In contrast, under the
influence of EEFs in the negative z direction, the peak first transitions to
3284.06 cm~! at —0.003 a.u. (a blue shift of 1.23 ¢m™!) and then
dramatically to 3161.05 cm ' at —0.008 a.u. (a red shift of 121.78
cm™Y). This pronounced red shift at —0.008 a.u. is primarily due to the
augmented interaction between the C2-H bond, [NTf;] ", and graphene.
At EEF strengths below 0.003 a.u., the interaction between [NTf,] ~ and
[Emim] " intensifies, predominantly due to hydrogen bonding, resulting
in a blue shift for the C2-H bond. However, at higher EEF strengths, the
significant displacement of the N-S bond towards the graphene surface
diminishes the interaction between the C2-H bond and [NTf,] ", causing
the observed red shift.

When EEFs are applied along the positive z direction, the frequency
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(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

interval for the stretching vibrations of the C-S and C-F bonds shifts from
1167.89 cm ™! to 1205.32 cm ™! to a narrower range of 1159.72 em~to
1182.60 cm ™! at 0.007 a.u., indicating an overall red shift. Conversely,
under the influence of EEFs along the negative z direction, the frequency
for the C-S bond shifts to 1132.48 cm™" and 1144.70 cm ™" at —0.003 a.
u. and —0.008 a.u., respectively, while the C-F bond shifts to 1218.68
em™! and 1237.76 cm™l. This results in a red shift for the lower
boundary and a blue shift for the upper boundary of the frequency in-
terval, thereby widening the interval. The observed changes in the C-F
bond can be attributed to the increased influence of the cationic carbon
chain and graphene.

For the graphene-[Emim][NTf5] system, the exchange energy asso-
ciated with the cis isomer is 107.43 kJ -molfl, whereas the trans isomer
exhibits an exchange energy of 98.51 kJemol .. This difference in ex-
change energy influences the behavior of graphene-[Emim][NTfs]
under EEFs directed along the negative z direction. The primary
distinction in the VS shifts between the cis and trans structures can be
attributed to the specific isomer of [NTf,] ~ interacting with graphene. In
the trans configuration, the S—=O bond is positioned further from the
graphene surface compared to its cis counterpart. Consequently, when
EEFs directed along the negative z direction are applied, the trans isomer
of [NTfz]™ undergoes a more pronounced deformation from its upright
orientation. This results in the S=O and C-F bonds, located at the region
of [NTfy]™ ions further to the graphene surface, experiencing weak in-
teractions with the graphene surface. Such interactions induce alter-
ations in the VS, manifesting as a trend shift at —0.003 a.u. In contrast,
the cis isomer of [NTf,] ™ remains relatively stable under similar condi-
tions, leading to a more consistent VS response upon EEF application.

10

4. Conclusions

This work employs DFT calculations to investigate the influence of
EEFs on the polarization properties and VS of the cis and trans isomers of
[Emim][NTf,] on a graphene surface. The DFT calculations reveal that
both the dipole moment and polarizability of the graphene-[Emim]
[NTfy] system in its cis and trans configurations are subject to modula-
tion by EEFs. Specifically, these properties increase under EEFs applied
in the x direction and the positive z direction. Conversely, under EEFs in
the negative z direction, an initial decrease followed by an increase in
these properties is observed. To elucidate the property of inter-ion in-
teractions under EEFs, such as hydrogen bonding and van der Waals
forces, the IGM was utilized to detail the variation of these interactions
in response to the direction and intensity of the EEFs. The VS of [Emim]
[NTf,] on the graphene surface, spanning the range of 10-3500 cm ™,
was meticulously calculated to systematically investigate the impact of
EEFs on the VS of the graphene-[Emim][NTf,] system. The regulation of
the VS by EEFs in both cis and trans isomers is primarily achieved
through alterations in the interactions between molecular fragments
within the system. In the cis isomer under an EEF in positive z direction,
the synchronous and alternating stretching vibrational peaks of the S—0O
bond, the N-S bond, and the C2-H bond all exhibit a blue shift. This shift
is mainly due to the reduced interaction between these functional
groups and their adjacent fragments. In contrast, under an EEF in
negative z direction, these vibrational peaks undergo a red shift, pri-
marily because of increased interactions of these functional groups on
the anion [NTfy]” with other fragments. The stretching vibrational
peaks of the C2-H bond on the cation [Emim]™ initially red shift and
then blue shift. This phenomenon is triggered by the displacement of the
imidazole ring of [Emim]" when the EEF strength exceeds 0.003 a.u. In
the trans isomer, similar trends are observed under an EEF in positive z
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direction. However, the alternating stretching vibrational peaks of the
S=O0 bond display both blue and red shifts, reflecting the unique anion
structure of the trans configuration. A comparative analysis of the
vibrational peaks caused by the same functional groups in the cis and
trans isomers, combined with an examination of the interaction energy
of the system, reveals that the exchange energy between graphene and
the [Emim][NTf,] ion pair in the cis isomer is 107.43 kJ omol’l, while in
the trans isomer, it is 98.51 kJomol’l, lower by 8.92 kJemol 1. This
discrepancy leads to distinct regulatory effects in the cis and trans iso-
mers. This work provides a comprehensive study of the polarization
properties and VS of the cis and trans isomers of the graphene-[Emim]
[NTf;] system under EEFs, the findings underscore the importance of
considering the effects of EEFs in the design and application of
graphene-ILs system in the field of energy harvesting.
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