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Understanding dynamic change of ionic liquid (IL) THz spectrum under certain conditions is a real challenge.
Herein, through spreading 1-butyl-3-methylimidazolium dicyanamide ([Bmim][DCA]) nanodroplet on graphene
surface, dynamic change of [Bmim|[DCA] THz spectrum in the range from 30 to 300 cm ™~ is probed by compu-
tational calculation at 300 K. Analyzing the calculated THz spectra it can be found that vibrational bands at 49.95
(cation-anion bend), 216.45 cm ™ (rocking of CH; in alkyl chain) show a 16.65 cm™" blue shift as spreading time
increases from 0 to 5 ns and further blue-shift 16.65 cm ™! as spreading time increases from 10 to 20 ns, while
vibrational band at 266.40 cm ™! (bend of CHs in methyl) only blue-shifts 16.65 cm ™! as spreading time increases
from 0 to 20 ns. The underlying mechanism is revealed to be the stronger adsorbed layer forming on graphene-IL
interface which enhances the hydrogen bonds between cations and anions, and constrains the torsion and out-
of-plane bend of CH; group in alkyl chain and methyl respectively. The findings described here represent an im-
portant step in developing a comprehensive understanding of dynamic manipulation IL THz spectrum by spread-

ing IL nanodroplet on graphene surface.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Terahertz (THz)-frequency infrared spectra contain a wealth of in-
formation concerning the structure, intermolecular forces, and dynam-
ics of ionic liquids (ILs) [1,2] and atomistic understanding the dynamic
change in the THz spectra of ILs under external conditions is still a chal-
lenge. Knowledge of the influence of external conditions on the THz
spectra of ILs is very significant for further probing the dynamic change
in cohesion energies and intermolecular forces of ILs under certain ex-
ternal conditions because this could help to design and synthesize the
“task-specific” ILs [3]. On the other hand, ILs show excellent physico-
chemical properties which make them attractive as “green” solvents
in various fields. Understanding the change of structures and properties
of ILs under certain external conditions can promote the further applica-
tion of ILs-assisted electrochemical synthesis, photo-catalysis, extrac-
tion, etc. [4,5]

During the past few decades, the THz spectra of ILs have been inves-
tigated from theoretical calculations [6-8] and experimental
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measurements [2,9-18]. Bhargava and Balasubramanian confirmed
that the presence of the hydrogen bond (HB) between the acidic hydro-
gen in imidazolium ring and the chloride ion in the 1,3-
dimethylimidazolium chloride IL influences the C—H stretching mode
which results to a red shift the C—H stretching frequency by employing
AD initio molecular dynamics (MD) simulations [6]. Ludwig and co-
workers combined the experimental measurements and density func-
tional theory to confirm that the intermolecular stretching modes
show blue shift with increasing cation-anion interaction of the ILs due
to HBs in the ILs [2,13,14]. Meanwhile, they also reported that shifting
of ILs THz frequency stems mainly from varying interaction strength
rather than from different reduced masses of the anions [17]. Forsyth
et al. employed MD simulations to investigate the interfacial structures
of three ILs at a charged and uncharged graphene interface and found
that these ILs behave differently both in the bulk phase and near a
graphene interface [19]. These previous researches provide the possibil-
ity for dynamic manipulation of ILs THz spectrum through spreading IL
nanodroplet on graphene surface. However, the very little research
known does investigate the dynamic change in the THz spectra of ILs
under external conditions, whether experimental measurements or
theoretical calculations.
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To the best our knowledge we present here the first computational
calculations of dynamic THz spectra change of 1-butyl-3-
methylimidazolium dicyanamide ([Bmim][DCA]) IL nanodroplet
spreading on graphene surface in the range from 30 to 300 cm™! at
300 K. The low frequency vibrational bands between 30 and 120 cm ™!
can be generally assigned to the bending and stretching modes of the
cation-anion interaction represented by the "C-H---N~ HBs in
[Bmim][DCA] IL [2]. As spreading time of [Bmim][DCA] IL nanodroplet
on graphene surface increases, the frequency shift and intensity change
of these bands are consistent with the strength change of the calculated
interaction between cations and anions. Thus, we present a dynamic
change of the [Bmim][DCA] IL THz spectra through spreading [Bmim]|
[DCA] IL nanodroplet on graphene surface.

2. Computational methods
2.1. Model and method

In this work, the simulation system is comprised of [Bmim][DCA] IL
nanodroplet and graphene substrate, as showed in Fig. 1. The radius of
[Bmim][DCA] IL nanodroplet is 3.0 nm which includes 340 ions pairs,
and the graphene substrate with dimensions of 12.0 x 15.0 nm? consists
of 7056 carbon atoms. The similar MD simulation method with our pre-
vious work [20,21] is employed to probe the dynamic THz spectrum
change of [Bmim|[DCA] IL nanodroplet on graphene substrate surface.
The cations and anions are modeled with the CL&P force field [22-24].
In particular, the total charge of the cations and anions employed here
is +0.78e and — 0.78e in order to better characterize the transfer prop-
erties of [Bmim][DCA] IL nanodroplet. The system structure of [Bmim]|
[DCA] IL nanodroplet spreading on the graphene surface at spreading
times t= 5 ns is showed in Fig. S1. Meanwhile, geometry optimization
and frequency calculation of [Bmim|[DCA] IL are performed with Gauss-
ian09 [25] at the B3LYP-D3 level in combination with the def2-tzvpd
basis set.

2.2. Theory

The vibrational spectra are calculated from MD simulations through
employing the Fourier transformation of the velocity autocorrelation
function (VACF) of the [Bmim][DCA] IL nanodroplet on the surface of
graphene substrate [26-28]. The normal VACF is often defined as.

where V; (f) represents the velocity of an atom i in a cation or an anion at
time t. The angular brackets denote the ensemble average, which is
summed over all atoms in a cation or an anion at different initial refer-
ence time. The THz vibrational density of states (VDOS) can be

Fig. 1. The computational model comprised of [Bmim][DCA] IL nanodroplet and graphene
substrate.

calculated routinely by the Fourier cosine transformation of VACF
[26-28].

S(®) = /0 " Co(t) cos(@t)dt 2)

If the normal VACF is calculated only from the atoms of cations (or
anions), the obtained THz VDOS only includes the characteristic peaks
of cations (or anions).

The hydrogen bond formation is defined as the following geometric
(distance and angular) criteria

{ RCN<REN

GNCH <OIC\ICH

3)

where C is the CR atom of the [Bmim]* donor and N is the N3A atom of
the [DCA]~ acceptor (Fig. 2). RN is the distance between CR and N3A
atoms, while 0! is the TC-H-~N~ angle. R™N and 6NM are threshold
values for the distance and angle of hydrogen bond formation respec-
tively. As reported in previous work, the value for 68" is often set as
30° [26-29]. The value of RSN is obtained from the first minimum of
the corresponding radial distribution functions (RDFs) of the bulk
[Bmim][DCA] IL at 300 K (Fig. S2).

3. Results and discussion

The THz spectrum of the [Bmim][DCA] IL in the range from 30 to
300 cm ™! is presented in Fig. 3 at spreading time t = 0 ns (bulk phase
IL) and temperature T = 300 K. As showed in Fig. 3, the THz spectrum
of [Bmim|][DCA] IL is divided into five main vibrational bands, which
can be assigned to the bending mode of the cation-anion bend
(49.95 cm™ ), the cation-anion stretch (99.90 cm™'), the alkyl chain
(Et) torsion (133.20 cm™!), the rocking of CHs (Et) in the alkyl chain
(216.45 cm~') and the bend of CH; (Methyl, Me) connected to NA
atom (266.40 cm™!) [2]. To further understand the contribution of cat-
ions and anions to the THz spectrum of [Bmim|[DCA] IL, we calculate the
THz spectrum of cations [Bmim]* and anions [DCA]~ respectively and
the results are presented in Fig. S3. By comparing these two THz spectra,
we found that the intensity of the vibrational bands in cation is signifi-
cantly stronger than that of the anion. However, for the vibrational
band at 49.95 cm™!, the intensity in cation and anion is very close,
this indicates that interaction between cation and anion leads to the
low frequency vibrational bands.

Fig. 2. The molecular structures of 1-butyl-3-methylimidazolium ([Bmim]*) and
dicyanamide ([DCA] ™).
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Fig. 3. The THz spectrum of [Bmim][DCA] IL in the range from 30 to 300 cm ™' att = O nsand T = 300 K.

As [Bmim][DCA] IL nanodroplet gradually spreads along graphene
surface, the THz spectra of [Bmim][DCA] IL also change with spreading
time. The results are calculated every 5 ns as showed in Fig. 4 and the
corresponding vibrational bands are presented in Table S1. As showed
in Fig. 4, the maximum value of spreading time is equal to 20 ns, this
is because the structure of [Bmim|[DCA] IL nanodroplet keeps stable
after the spreading time beyond 20 ns, which can be attributed to the
balance between internal interaction of [Bmim][DCA] IL and IL-
graphene interaction. Our precious work confirmed that a strong
adsorbed layer forms at the IL-graphene interface (Fig. S1) when the
IL nanodroplet spreads on solid surface [21]. Meanwhile, the structure
of the adsorbed layer changes with spreading time of IL nanodroplet
on solid surface. Therefore, the strong adsorbed layer makes the spec-
trum of the IL nanodroplet on solid surface different from the bulk
phase and the spectrum also changes with spreading time of IL
nanodroplet on solid surface. Through analyzing the THz spectra pre-
sented in Fig. 4, we can find the numbers of the vibrational bands are
all 5 for spreading time from 0 to 20 ns in the range from 30 to
300 cm™ !, but the position of the vibrational bands shifts and the inten-
sity of the vibrational bands changes with spreading time. We can fur-
ther find the vibrational bands at 49.95, 216.45 and 266.40 cm ™! shift
to high frequency (blue shift) as the spreading time increases. In order
to more clearly show the shift of these three vibrational bands with

spreading time, we present the vibrational bands at 49.95, 216.45 and
266.40 cm™! in Fig. 5a, b and c respectively.

As showed in Fig. 5a, the vibrational band at 49.95 cm ™' shows a
16.65 cm™ ! blue shift as spreading time increases from 0 to 5 ns and fur-
ther blue-shifts 16.65 cm™' as spreading time increases from 10 to
20 ns. Generally, as reported in previous work, a stronger adsorbed
layer forms at the solid-liquids interface when the liquids spread on
solid surface on the nanoscale [19,21,30,31]. In this work, when the
[Bmim|[DCA] IL nanodroplet spreads on graphene surface, a stronger
adsorbed layer forms near the graphene surface (Fig. S1). Comparing
with bulk IL, the adsorbed layer has a nearly doubled density and a
rather rigid or solid-like structure. Thus, the stronger adsorbed layer
compels more HBs formation between anions and cations which en-
hances the interaction between cations and anions and makes the vibra-
tional band blue-shift from 49.95 to 66.60 cm ™!, further to 83.25 cm™".
As spreading time increases from 0 to 5 ns, the atom numbers in
adsorbed layer increases by 20.18% of the total number to ~69. This
make the average interaction between IL and graphene substrate
reach 17.07 k] mol !, and the vibrational band blue-shift 16.65 cm ™!
compared with 0 ns (bulk phase). It is seen from Fig. 6a that the growth
rate of the atom numbers in adsorbed layer decreases but the atom
numbers in adsorbed layer is still continually increase with further
spreading of [Bmim][DCA] IL nanodroplet on graphene surface.

Intensity (a.u)

—=—(0ns —e—S5ns
—&—]0ns —&—15ns

Wavenumber (cm™)

Fig. 4. The THz spectrum of [Bmim][DCA] IL in the range from 30 to 300 cm ! at T = 300 K under different spreading time.
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Fig. 5. The vibrational bands of [Bmim][DCA] IL at (a) 49.95, (b) 216.45 and (c) 266.40 cm ™" at 300 K under different spreading time.

Therefore, the interaction between IL and graphene substrate is further
enhanced (Fig. 6b). When the spreading time increases to 15 ns, the en-
hanced IL-graphene interaction (Fig. 6b) makes the atom numbers in
adsorbed layer increase to 29% of the total number (Fig. 6a) and the
numbers of the average HBs between cations and anions further in-
crease by 8.10% to 2.54 (Fig. 6¢). More HBs between cations and anions
leads to stronger interaction between cations and anions which makes
the vibrational band further shift from 66.60 to 83.25 cm™".

In the case of the vibrational band at 216.45 cm ™~ which is assigned
the rocking of CHs (Et) in the alkyl chain. As showed in Fig. 5b, likewise,
the vibrational band shows a 16.65 cm ™ blue shift as spreading time in-
creases from 0 to 5 ns and further blue-shifts 16.65 cm™! as spreading
time increases from 10 to 20 ns. As the [Bmim][DCA] IL nanodroplet
gradually spreads on the surface of the graphene substrate, more cat-
ions and anions are accumulated in the adsorbed layer (Fig. 6a). How-
ever, due to the different average interaction between the graphene
substrate and per cation and anion (Fig. 7a), the numbers of cations
and anions in the adsorbed layer are not the same (Fig. 7b). Fig. 7b
clearly indicates that the numbers of anions in the adsorbed layer are
significantly higher than the numbers of cations, which means that
the number of cations in the bulk phase of the IL nanodroplet is greater
than that of the anions. Thus the excess cations in the bulk phase of IL
nanodroplet are less constrained, the CHs (Et) rocking is enhanced
and then results in the CHs (Et) rocking mode displaying a blue-shift,
and the blue-shift further increases as the numbers of cations in bulk
phase of the IL nanodroplet increase. On the other hand, as the IL
nanodroplet continues to spread the surface of the graphene substrate,
the area of the gas-IL interface increases. It is well known that the alkyl
chains in ILs are usually concentrated at the gas-ILs interface [32]. A
larger gas-liquid interface means that more alkyl chains at the interface,
which leads to more free rocking of CHs (Et) and also makes the CH3
(Et) rocking mode shift to high frequency. It is worth noting that a rela-
tively weak vibrational band appears at 216.45 cm ™' as spreading time
increase to 20 ns. Through analyzing the vibrational bands of cations

and anions at different spreading time (Fig. S3 and S4), we find that
the anion bend at 183.15 cm™! shows a 16.65 cm ™! blue shift as spread-
ing time increases from 0 to 15 ns and further blue-shifts 16.65 cm™! as
spreading time increases to 20 ns. As mentioned above, the intensity of
the vibrational bands in cation is generally stronger than that of the
anion, but the intensity of the vibrational band in cation is relatively
weaker and it is stronger in anion at 20 ns. Thus, the vibrational band
of the anion and cation superpose each other to make a weaker vibra-
tional band appear at 216.45 cm ™.

For the vibrational band at 266.40 cm™" which can be assigned the
bend of CH3 (Me) connected to NA atom. As showed in Fig. 7a, the inter-
action between graphene and per cation increases with the increasing
of spreading time, thus makes the imidazolium ring of the cation lie
more horizontally on the graphene surface [21,32]. This is quantified
through the second-order Legendre polynomials P,(cos(0)) = (3cos?
(6) — 1)/2, where 0 is the calculated angle between the vector perpen-
dicular to the graphene substrate (z axis) and selected vectors (CR-CW,
Fig. 2) in cations in the adsorbed layer. The calculated results are plotted
in Fig. 8. The horizontal structure of imidazolium ring on the graphene
surface constrains the out-of-plane bend of CH; (Me) and weakens
the strength of the vibrational band. On the other hand, due to the num-
bers of cations are more than the anions in bulk phase IL, the excess cat-
ions in the bulk phase of IL nanodroplet are obtained more free space
and then enhances the out-of-plane bend of CH3 (Me) which make
the vibrational band at 266.40 cm ™! shift towards the high frequency
283.05 cm~'. However, when the [Bmim][DCA] IL nanodroplet
completely spreads the surface of the graphene substrate (t = 20 ns),
that is, when the contact angle of [Bmim][DCA] IL nanodroplet on
graphene surface reaches saturation, the [Bmim][DCA] IL nanodroplet
become an approximate IL film. At this time, the limiting effect of the
cations and anions in the adsorbed layer on the cations and anions in
the bulk phase is further enhanced which significantly constrains the
out-of-plane bend of CH3 (Me), and thus the out-of-plane bend of CH3
(Me) is very weakened or even disappeared.
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Fig. 6. The ions numbers in adsorbed layer and the proportion of the adsorbed layer ions accounting for the total ion pairs of the IL nanodroplet at (a), the average interaction between IL
and graphene at (b) and the average numbers of HBs per cation at (c) as a function of spreading time at 300 K.
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4. Conclusions

In summary, computational calculations including MD simulations
and density functional theory are employed to investigate the dynamic
THz spectra of [Bmim][DCA] IL in the range from 30 to 300 cm ™! at
300 K by spreading [Bmim][DCA] IL nanodroplet on graphene surface.
According to simulation results, it is seen that the cations and anions
are responsive to the THz spectra of [Bmim|[DCA] IL nanodroplet on
graphene surface and change of cations and anions structures have ef-
fect on the THz spectra. When the spreading time of [Bmim][DCA] IL
nanodroplet on graphene surface increases, the structures of cations
and anions in bulk phase and near graphene surface change. Thus, the
vibrational bands shift as spreading time increases. Further analysis in-
dicates that the vibrational bands at 49.95, 216.45 cm ™' show a
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Fig. 8. The average P,(cosf) for the angles between the selected vectors (CR-CW) and the
graphene substrate normal (z axis) in the adsorbed layer from 5 to 20 ns at 300 K.

16.65 cm™ ! blue shift as spreading time increases from 0 to 5 ns and fur-
ther blue-shift 16.65 cm™! as spreading time increases from 10 to 20 ns,
while the vibrational band at 266.40 cm ™! only blue-shifts 16.65 cm™!
as spreading time increases from 0 to 20 ns. These results can be mainly
attributed to the stronger adsorbed layer forming on the graphene-ILin-
terface and changes the structures of cations and anions near graphene
surface which further changes the dynamic behavior of cations and an-
ions in bulk phase. Due to the enhancement of the HBs between cations
and anions as spreading time increases, the vibrational band at
49.95 cm™! shows a 16.65 cm ™! blue shift from 0 to 5 ns and further
blue-shift 16.65 cm™! from 10 to 20 ns. For the vibrational bands at
216.45 cm™!, the strong adsorbed layer constraints the rocking of CH;
(Et) in the alkyl chain and make the vibrational band shift to high fre-
quency about 16.65 cm™" from 0 to 5 ns and further shift 16.65 cm ™!
from 10 to 20 ns. The vibrational band at 266.40 cm ™! assigned the
bend of CH3; (Me) connected to NA atom shows a blue-shift of
16.65 cm ™! as spreading time increases from 0 to 15 ns which is caused
by constraining of the strong adsorbed layer on the out-of-plane bend of
CH3 (Me). When the [Bmim][DCA] IL nanodroplet become an approxi-
mate IL film on graphene surface, the out-of-plane bend of CHz (Me)
is further constrained and the vibrational band is very weakened or
even disappeared. This work thus do provide an innovative perspective
on the dynamical manipulation of [Bmim|[DCA] IL THz spectrum
through spreading IL nanodroplet on the graphene surface.
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Appendix A. Supplementary data

See the supplementary material for the system structure of [Bmim]
[DCA] IL spreading on the graphene surface at t = 5nsand T =
300 K; the radical distribution function (RDF) between the CR
([Bmim]*) and N3A ([DCA] ™) atoms for the bulk [Bmim][DCA] IL at
T = 300 K; the THz spectrum of cations [Bmim]™* and anions [DCA]~
in the range from 30 to 300 cm™ ' at t = O ns and T = 300 K; the vibra-
tional bands of [Bmim][DCA] IL THz spectra in the range from 30 to
300 cm™! at T = 300 K under different spreading time; the THz spectra
of cations and anions in the range from 30 to 300 cm ™" at 300 K under
different spreading time, (a) t = 5 ns, (b) t = 10 ns, (c) t = 15 ns,
(d) t = 20 ns. Supplementary data to this article can be found online
at doi:https://doi.org/10.1016/j.molliq.2020.113353.
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