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Atomistic molecular dynamics simulations have been performed to study microscopic ionic structures and orientational prefer-
ences of absorbed [BMIM] cations and four paired anions ([BF4], [PF6], [TFO] and [TF2N]) on quartz surfaces. Two chemically
different quartz surface models were adopted: one is saturated with silanol Si(OH)2 groups, and the other one is covered by
silane SiH2 groups, respectively. Simulation results reveal that dense ionic layers, characterized by distinct mass, number, charge
and electron densities, are formed in quartz interfacial region. The orientational preferences of confined ionic groups are char-
acterized with different features depending on the size and shape of anionic groups, and the quartz surface charge. The [BMIM]
cations attach exclusively onto the negatively charged Si(OH)2 surface. The imidazolium rings lie preferentially perpendicular
to Si(OH)2 surface, to which the directly connected methyl and butyl chains are oriented and elongated along Si(OH)2 surface,
respectively. The anions are mainly absorbed on positively charged SiH2 surface. The main axes of asymmetric [TFO] and
[TF2N] anions are perpendicular and parallel to SiH2 surface, respectively. Such distinct structural and orientational preferences
of confined ionic groups attribute to the strong electrostatic interactions and the formation of hydrogen bonds between confined
ionic species and quartz interfacial groups.

1 Introduction

Investigations of structural and dynamical properties of
room temperature ionic liquids (ILs) under confinement are of
key interest in many potentially promising applications, such
as catalysis1–3, electrochemistry4,5, microlubrication and nan-
otribology6–12, and multiphasic separation13–15, where ILs are
recognized to be fascinating alternatives to traditional molec-
ular solvents. The physicochemical properties of ILs con-
fined within a solid matrix are quite different from those in
the corresponding bulk systems. Many striking phenomena
have been reported concerning the effect of nanoconfinement
on the change in melting points16–23, crystal structures16,18,24,
and chemical reactivities25 of confined ionic species.

Most of the current understanding on interfacial micro-
scopic ionic structures of confined ILs is obtained experi-
mentally from atomic force microscopy (AFM)10,11,24,26,27,
direct recoil spectroscopy28,29, X-ray and neutron reflectiv-
ity30–33, sum frequency generation (SFG) vibrational spec-
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troscopy32,34–42, and computationally by atomistic43–45 and
coarse-grained simulations46–49. For ionic groups confined
inside neutral multiwalled carbon nanotubes16,18,50 or on mul-
tilayered graphene surfaces23,45,51, a distinct structural transi-
tion from liquid to solid or crystal may take place, owing to
the particular molecular orientation of confined ILs triggered
by strong and complex interactions between ILs and solid sur-
faces. The distribution and orientation of absorbed ILs on
charged solid surfaces10,17,52–57 are distinct compared to those
absorbed on neutral solid surfaces. Experimental evidence has
already demonstrated the coexistence of liquid and crystalline
phases of confined [BMIM][PF6] IL on atomically flat mica
surface at room temperature using AFM technique52. The
crystalline structure of [BMIM][PF6] is stable and undisturbed
by the force applied in AFM measurement. Subsequent exper-
iments revealed that a variety of protic and aprotic ILs exhibit
strong interfacial stacking phenomena described by interdigi-
tated cationic and anionic layers in the vicinity of charged sol-
id surfaces17,53,54,56,57. These interdigitated ionic layers de-
cay exponentially into bulk liquid phase. The observed de-
cay length and layering period point to an interfacial ordering
mechanism, akin to the charge inversion effect, which is ra-
tionalized by the strong correlations between absorbed ionic
species and charged solid surfaces17. Such observed layer-
ing phenomena, verified both in AFM experiments17,52,53,56

and molecular simulations46–48,57, are expected to be a gener-
ic feature of confined ILs on charged solid surfaces.
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Besides the formation of interfacial layering ionic struc-
tures, the microscopic distribution and orientation of con-
fined ILs are of paramount importance for energy storage
devices13,58–60, particularly for those taking advantage of IL
electrolytes to store energy. Numerous experiments have sug-
gested that the distribution and orientation of imidazolium-
based ILs on charged quartz surfaces intrinsically depend on
ionic size and molecular geometry of anionic groups, the alkyl
chain length of cations, as well as the water content in IL
samples and gas phase21,22,26,35,38,39,39,40,43,61–67. The AFM
measurements have revealed that the formation of solvation IL
layers on quartz surfaces is strongly related to quartz surface
charge and roughness24,26,27,39,40. The SFG vibrational spec-
troscopic signature indicated that imidazolium rings prefer to
lie on quartz surfaces with the attached alkyl chains taking on
tilted orientation35,38–40. However, this qualitative conclusion
was drawn based on the simple assumption that each confined
cation behaves more or less as a rigid entity, and the limited
molecular-level information on the average orientation of “re-
porter” groups, such as the vibration frequency of aromatic C-
H bonds on imidazolium rings21,35,38,39,42,67. Due to the lack
of spectroscopic signature, the distribution and orientation of
anionic groups were not directly investigated. The intrinsic
relationship between the specific orientation of confined ILs
in interfacial region and the precise nature of quartz surfaces
was not clearly identified either. Computer simulations on IL
systems represented at the atomic level, on the other hand, can
provide valuable microscopic insight of detailed ionic struc-
tures and orientational preferences of confined ILs in quartz
interfacial region at well-defined conditions.

In present work, atomistic molecular dynamics simulations
are performed to investigate the interfacial ionic structures of
confined ILs on charged quartz surfaces. Four simulation sys-
tems consisting of [BMIM] cations paired with [BF4], [PF6],
[TFO] and [TF2N] anions are considered in present simula-
tions due to their popularization in fundamental and industrial
applications. The intrinsic distribution and orientation of con-
fined ILs in quartz interfacial region, as well as the formation
of particular solvation pattern as a function of relative distance
from quartz surfaces, are analyzed in detail.

2 Quartz models and simulation methodology

In present atomistic simulations, a silica hexagonal unit cel-
l with dimensions of 0.4913 × 0.5405 nm2 is adopted from
structural database of Accelrys Materials Studio software. The
quartz periodic structure is built by stacking this unit cel-
l 7 times along the Z axis to obtain a representative con-
figuration with approximately 2.9 nm in thickness, and then
repeating such representative structure 11 × 10 times along
the XY plane, leading to two quartz surfaces characterized
with 5.4043× 5.4052 nm2. Two different surface saturation

[PF6]

[BF4]

[BMIM]

[TFO]

[TF2N]

Fig. 1 Right: Molecular structures of [BMIM] cation, [BF4], [PF6],
[TFO], and [TF2N] anions. Left: Representative configuration of
absorbed [BMIM][PF6] ion pairs on Si(OH)2 (bottom) and SiH2
(top) surfaces.

schemes are considered to mimic synthesized and catalytic
quartz surface models21,22,38,68–71. In one exposed quartz sur-
face, the dangling silicon atoms are saturated with silanol hy-
droxyl groups, resulting this surface in full coverage of 110
Si(OH)2 groups, whereas the other one is fully hydrogenat-
ed and covered by 110 silane SiH2 groups, respectively. The
so-constructed quartz structure is parallel to the XY plane and
kept frozen in all simulation systems. The procedure of build-
ing the initial configuration of confined ILs on Si(OH)2 and
SiH2 surfaces is similar to that adopted in previous work45.
Two IL films, each one of which consists of 256 ion pairs, are
absorbed on Si(OH)2 and SiH2 surfaces in the corresponding
simulation systems. The representative configuration of ab-
sorbed [BMIM][PF6] ion pairs on Si(OH)2 and SiH2 surfaces
is shown in Fig. 1.

The atomistic force field developed by MacKerell and
coworkers with additional parameters specifically tailored for
Si(OH)2 and SiH2 surfaces72 is adopted in present work to
model bulk quartz and quartz surfaces. The atomic partial
charges of quartz atoms are derived from electrostatic poten-
tial fitting of the representative configuration described above
using Gaussian 09 package73 at B3LYP/6-31+G(d) level. The
derived atomic partial charges are set equal to all same type
atoms in quartz structure, and are listed in the ESI. The force
field parameters of atomistic [BMIM] cation and paired anion-
s stem from a systematically improved force field, in which
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both inter- and intra- molecular interaction parameters were
refined to achieve quantitative description of intermolecular
ionic structures obtained from quantum chemistry ab initio
calculations, and tuned to fit vibration frequency data obtained
from experiments, respectively74,75. Such an improved force
field, as shown in previous work76,77, could reproduce good
thermodynamic, structural and scattering properties of stud-
ied ILs. The detailed force field parameters of [BMIM] cation
and four paired anions, as well as the corresponding functional
form for potential energy, are provided in the ESI.

Atomistic molecular dynamics simulations are performed
using M.Dynamix package78 with standard three-dimensional
periodic boundary condition. The periodic distance in the Z
axis, which is perpendicular to quartz surfaces, is set to 18.0
nm, which is sufficiently large so that the interactions between
absorbed ILs on Si(OH)2 surface and those confined on SiH2
surface can be ignored. The equations of motion are integrat-
ed using the Tuckerman-Berne double time step algorithm79

with short and long time steps of 0.2 and 2.0 fs, respectively.
The short time step is used for integrating fast intramolecular
vibrations and nonbonded interactions within 0.5 nm, while
the long time step is used for integrating van der Waals and
electrostatic interactions within 1.5 nm, as well as dihedral
angle motions. The electrostatic interactions between atom-
centered point charges are treated with standard Ewald sum-
mation method. All equilibrated systems are simulated in N-
VT ensemble at 300 K maintained using Nosé-Hoover ther-
mostat. The production phase persists 8 ns, in which trajecto-
ries are saved at an interval of 100 fs for further analysis.

3 Results and Discussion

The discussion of microscopic ionic structures of confined
ILs on solid surfaces usually involves two different but inter-
related aspects, namely, the chemical composition and molec-
ular orientation of absorbed ILs in interfacial region. The for-
mer one is used to identify and characterize the relative en-
hancement and depletion of certain physical property of con-
fined ILs in interfacial region with respect to bulk system. In
following parts, the interfacial chemical composition, charac-
terized by mass, number, charge and electron density distri-
butions in Si(OH)2 and SiH2 interfacial regions, are discussed
in detail. Furthermore, the molecular orientations of specif-
ic vectors fixed in [BMIM] cation frame, and in asymmetric
[TFO] and [TF2N] anions in quartz interfacial region, are ex-
amined by calculating the corresponding probability distribu-
tions.

3.1 Mass and number density distributions

The individual mass density profiles of [BMIM] cations
and paired anions, as well as the total mass density distribu-
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Fig. 2 The individual and total mass density profiles of [BMIM]
cations and paired anions normal to Si(OH)2 and SiH2 surfaces.

tions normal to Si(OH)2 and SiH2 surfaces, are presented in
Fig. 2. The grey area represents the bulk quartz, in which the
left and right surfaces are saturated with Si(OH)2 and SiH2
groups and are characterized by negative and positive charges,
respectively, leading to the distinct stacking behavior of con-
fined ILs on these two quartz surfaces. The remarkably pro-
nounced mass density distributions in quartz interfacial re-
gion indicate the formation of dense ionic layers. The forma-
tion of interfacial high-density domain is, not only triggered
by quartz surfaces24,27,43,63,64,67,80, but also induced by other
charged26,46,56 or neutral23,44,45,56,81,82 solid surfaces.

In Si(OH)2 interfacial region, the total mass density profiles
are characterized with double intermediate peaks, indicating
the formation of double ionic layers. On further inspection,
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it is observed that the total mass density distributions of these
two layers come from different ionic group contribution. The
local maxima of [BMIM] cationic mass density profiles co-
incide with the local minima of anionic mass density profiles
and vice versa, implying that the first ionic layer absorbed on
Si(OH)2 surface is exclusively consisting of [BMIM] cations,
and the subsequent layer is mainly consisting of paired an-
ions, respectively. Each layer is approximately 0.45 nm in
thickness, as illustrated from the pronounced out-of-phase os-
cillations in the corresponding mass density profiles. Beyond
these two layers in Si(OH)2 interfacial region, both individual
and total mass density profiles exhibit little fluctuation in bulk
region of confined films.

The mass density profiles of [BMIM] cations and paired
anions show a similar tendency in SiH2 interfacial region, but
with different characteristics. The first layer on SiH2 surface
is particularly consisting of anionic groups, and the effective
thickness of such layer increases with the increase of anionic
size, as verified in AFM experiments27 and atomistic simula-
tions27,65. The sharp peaks in anionic mass density profiles
attribute to the most probable distribution of absorbed anions
on SiH2 surface45,81,83. The subsequent layer in SiH2 interfa-
cial region mainly consists of [BMIM] cations, of which the
mass density profiles are characterized by board and less in-
tensive peaks compared to the sharp mass density distributions
in Si(OH)2 interfacial region. The most popular distribution
position in these mass density profiles gradually shifts to large
distance with the increase of anionic size.

Beyond the high-density domain in SiH2 interfacial re-
gion, both cationic and anionic mass density profiles exhibit
damped oscillations in [BMIM][BF4], [BMIM][PF6] and [B-
MIM][TFO] simulation systems, which extend to more than
1.5 nm with at least three non-negligible ionic layers. The
interdigitated mass density profiles of [BMIM] cations and
paired anions suggest the formation of alternating local ion-
ic structures. In contrast, both [BMIM] cations and [TF2N]
anions exhibit smooth mass density distributions with a weak
fluctuation beyond interfacial high-density domain, as well as
the total mass density distribution even minor oscillation is
observed in bulk region of confined films. Such striking phe-
nomena attribute to the relatively large ionic size and flexible
molecular conformation of [TF2N] anions, which contribute
to the distinct distribution and orientation of [TF2N] anions
on SiH2 surface.

To understand more detailed microscopic ionic structures
in quartz interfacial region, the number density distributions
of confined ILs are calculated and shown in Fig. 3. Panels (a)
and (b) show the number densities of the geometrical centers
of imidazolium rings, and the terminal carbon atoms in methyl
(Cm) and butyl chains (Cb) of [BMIM] cations, respectively.
Panel (c) presents number densities of boron (B) and phos-
phorus (P) atoms in symmetric [BF4] and [PF6] anions. The

number densities of specific atoms in asymmetric [TFO] and
[TF2N] anions are shown in panel (d).

As expected from the mass density distributions, the num-
ber densities of confined ILs exhibit similar pronounced oscil-
lations. Both imidazolium rings and Cm atoms display single
and sharply pronounced distributions in Si(OH)2 interfacial
region. The main distribution of Cm atoms locates between
that of imidazolium rings and Si(OH)2 surface, signifying a
depletion of methyl groups in Si(OH)2 interfacial region. The
number densities of Cb atoms are characterized by multiple
peaks, attributing to the flexible conformation of butyl chains,
in contrast to the exclusive parallel orientation of butyl chain-
s along flat graphene surface45,84,85. A subtle character pre-
sented in the number density profiles of Cb atoms is that the
most probable distribution locates between the main and sec-
ondary distributions of imidazolium rings, as shown in panel
(a), and consistent with that of anionic groups shown in pan-
els (c) and (d) of Fig. 3. Such distribution pattern corresponds
to the formation of winding sheet structures of imidazolium
rings between which the interdigitated butyl chains and anion-
ic groups are sandwiched.

For the number densities of B and P atoms of absorbed
[BF4] and [PF6] anions shown in panel (c), and that of sul-
phur (S) and carbon (C) atoms of [TFO] anions presented in
panel (d) of Fig. 3, single pronounced peak and subsequen-
t damped multiple peaks are observed in Si(OH)2 interfacial
region. While in [BMIM][TF2N] simulation system, the mul-
tiple peaks with intermediate intensity in number density pro-
files of nitrogen (N), S and C atoms of [TF2N] anions indi-
cate the alternating distribution of [TF2N] anions on Si(OH)2
surface, implying a strong ion effect in Si(OH)2 interfacial re-
gion.

In contrast, the exclusive stacking of anionic groups on
SiH2 surface contributes to the sharp pronounced number den-
sity distributions, as shown in panels (c) and (d) of Fig. 3. The
damped number densities of symmetric [BF4] and [PF6] an-
ions indicate the formation of staged ionic structures in SiH2
interfacial region. For asymmetric [TFO] and [TF2N] anion-
s, the distribution of S atoms is much closer to SiH2 surface
than that of C atoms, indicating the perpendicular or tilted
orientation of S-C covalent bonds with respect to SiH2 sur-
face. The most probable distribution of N atoms in [TF2N]
anions is found between that of S and C atoms, implying that
SO2 groups locate close to and CF3 groups away from SiH2
surface, respectively, which is similar to the distribution of
[TF2N] anions on charged alumina17,86 and neutral graphene
surfaces81.

For [BMIM] cations on SiH2 surface, imidazolium rings
and terminal carbon atoms in methyl and butyl chains exhibit
different number densities compared to those in Si(OH)2 in-
terfacial region. The imidazolium rings mainly contribute to
the cationic layer, and their main distribution in such layer
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Fig. 3 Number density distributions of [BMIM] cations and paired anions normal to Si(OH)2 and SiH2 surfaces. (a) Geometrical center of
imidazolium ring; (b) Terminal carbon atoms in methyl (Cm) and butyl chains (Cb) of [BMIM] cation; (c) Geometrical central atoms of
symmetric [BF4] and [PF6] anions; (d) Representative atoms of asymmetric [TFO] and [TF2N] anions.

gradually shifts to large distance with the increase of anionic
size. In [BMIM][BF4] and [BMIM][TFO] simulation system-
s, the main distribution of Cb atoms is adjacent to SiH2 sur-
face, and comparable to that of B and S atoms in [BF4] and
[TFO] anions, respectively. However in [BMIM][PF6] and
[BMIM][TF2N] simulation systems, both Cm and Cb atoms
exhibit similar number densities, indicating a parallel orienta-
tion of butyl chain along SiH2 surface in the cationic layer.

3.2 Charge and electron density distributions

The variation of individual and total volume charge densi-
ties of confined ILs in quartz interfacial region are presented
in Fig. 4. It is clearly shown that the quartz surfaces saturat-
ed with Si(OH)2 and SiH2 groups are characterized by nega-
tive and positive charges, respectively. Such intrinsic differ-
ence in local chemical composition and surface charge lead-
s to distinct stacking behavior of absorbed ILs on these two
quartz surfaces, as addressed in previous subsection. In al-
l volume charge density profiles, the spatial inhomogeneous
domain shows similar pronounced pattern in quartz interfacial
region, but with less extended oscillations compared to mass
and number density profiles. The absorbed ILs on charged
quartz surfaces normally can screen a major part of the surface
charge, leading to a quick recovery of volume charge densi-

ty to bulk value with the increase of their relative distance to
quartz surfaces, which is consistent with Baldelli’s experimen-
tal results87.

The pronounced volume charge densities in Si(OH)2 inter-
facial region attribute to the distinct orientation of absorbed
[BMIM] cations. In SiH2 interfacial region, the double val-
leys in total volume charge densities of [BMIM][BF4] and
[BMIM][PF6] simulation systems imply the strongly coupled
ionic structures between [BMIM] cations and paired symmet-
ric anions through electrostatic interactions, as indicated in
damped number density profiles in panel (c) of Fig. 3. For
asymmetric [TFO] and [TF2N] anions, the distinct total vol-
ume charge densities are only embodied in high-density do-
main in SiH2 interfacial region. Such volume charge densi-
ty arrangement is rationalized by complex microscopic ionic
structures, which arise from the most probable orientation of
absorbed ILs in SiH2 interfacial region. The damped charge
density profiles and associated ionic structures demonstrate
the pronounced charge overscreening phenomena, i.e., excess
charges in the first ionic layer with respect to adjacent surface
charges, which highlight the critical role of charge-induced
nanoscale correlations in confined IL films. The present sim-
ulation results, together with previous X-ray scattering exper-
imental data56, verify the key aspect of a predicted electric
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Fig. 4 The variation of individual volume charge densities of
[BMIM] cations (dashed lines) and paired anions (dotted lines), as
well as the total volume charge densities (solid lines) normal to
Si(OH)2 and SiH2 surfaces. The grey area represents the volume
charge densities of quartz, in which the left and right surfaces are
covered by Si(OH)2 and SiH2 groups and are characterized by
negative and positive charges, respectively.

double-layer structure from an analytical Landau-Ginzburg-
type continuum theory incorporating ion correlation effect88.

Besides the mass, number and charge densities, another
valuable characterization of confined ILs is the volume elec-
tron density, which can be directly measured from X-ray re-
flectivity experiments31,62,89. In present simulations, the vari-
ation of individual and total volume electron densities of [B-
MIM] cations and paired anions in quartz interfacial region
are calculated and shown in Fig. 5.

Similar interdigitated and damped total volume electron
density distributions are observed in quartz interfacial region,
which mirror the observed number density distributions in the
corresponding simulation systems. But the individual volume
electron densities of [BMIM] cations and paired anions exhib-
it distinct features in bulk region of confined films. The indi-
vidual contribution of [BMIM] cations, either in Si(OH)2 or
in SiH2 interfacial regions, is much larger than that of [BF4]
anions, but comparable to that of [PF6] anions in the corre-
sponding simulation systems. Such different individual contri-

butions in bulk region of confined films, which have the same
[BMIM] cations, stem from the ionic size and number of elec-
trons of respective anions. The ionic radii of [BF4] and [PF6]
anions are approximately 0.220 nm and 0.276 nm, resulting in
the corresponding electron densities around 0.92×103 e/nm3

and 0.78×103 e/nm3, respectively31. As the number fraction
of [BMIM] cations in bulk region is 0.5 because of the charge
neutrality, the bulk volume fractions are estimated to be 0.14
and 0.25 for [BF4] and [PF6] anions, respectively31, leading
to the smaller contribution of [BF4] anions than [PF6] anions
to total electron densities in bulk region of confined films. The
total electron densities of [BMIM][BF4] and [BMIM][PF6]
ILs, estimated from bulk region of confined films, are approx-
imately 0.385×103 e/nm3 and 0.427×103 e/nm3, respective-
ly. Both of them are quite close to the X-ray reflectivity ex-
perimental data of 0.38× 103 e/nm3 and 0.42 × 103 e/nm3,
respectively, of the corresponding simulation systems31.

In panels (c) and (d) of Fig. 5, the individual contribution-
s of asymmetric [TFO] and [TF2N] anions are approximately
0.198×103 e/nm3 and 0.242×103 e/nm3, respectively. These
values are consistent with those estimated from bulk volume
fractions and ionic radii of [TFO] and [TF2N] anions deduced
from quantum chemistry calculations90. Such different con-
tributions of anions, in turn, affect the individual contribution
of [BMIM] cations to total electron densities in bulk region of
confined films.

3.3 Orientational preferences

Having specified the distinct density distributions on
Si(OH)2 and SiH2 surfaces, we proceed to examine the de-
tailed molecular orientational characteristics of absorbed IL-
s in quartz interfacial region. The probability distribution is
described by the first Legendre polynomial as P1(cosθ) =
⟨cosθ⟩, where θ is the angle between a specific vector and
positive Z-axis. The probability distributions of specific vec-
tors fixed in [BMIM] cation frame, such as imidazolium ring
normal, CR-H5 and Nm-Nb vectors, are presented in Fig. 6.
The joint probability distribution of these three vectors can ac-
curately characterize the intrinsic orientation of imidazolium
ring in quartz interfacial region.

The experimental SFG spectra revealed that in confined
[BMIM][BF4] and [BMIM][PF6] films on Si(OH)2 surface,
the tilt angle of imidazolium ring is 45◦ − 90◦, with possi-
ble twist angle of 0◦ − 30◦ 38. Coasne and coworkers found
that both imidazolium rings and alkyl chains of absorbed
[BMIM][TF2N] ion pairs inside a hydroxylated amorphous
silica nanopore prefer perpendicular orientations to silica sur-
face through computer simulations67. In present atomistic
simulations, the orientation of imidazolium ring normal, ei-
ther on negatively charged Si(OH)2 surface or on positively
charged SiH2 surface, indicates that the imidazolium ring ex-
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Fig. 5 The variation of individual volume electron densities of [BMIM] cations (red) and paired anions (blue), as well as the total volume
electron density distributions (black) normal to Si(OH)2 and SiH2 surfaces. (a) [BMIM][BF4]; (b) [BMIM][PF6]; (c) [BMIM][TFO]; (d)
[BMIM][TF2N].

hibits exclusive perpendicular orientation in quartz interfacial
region. But the varied probability distributions of CR-H5 and
Nm-Nb vectors imply that the orientational preferences of imi-
dazolium rings on Si(OH)2 and SiH2 surfaces are distinct with
different atoms close to quartz surfaces.

On Si(OH)2 surface, the angle between CR-H5 vector and
positive Z-axis is approximately 10◦, indicating that all CR-
H5 vectors (as well as imidazolium rings) are essentially per-
pendicular to Si(OH)2 surface with H5 atoms close to Si(OH)2
groups, leading to the parallel orientation of Nm-Nb vector a-
long Si(OH)2 surface. The secondary peaks in CR-H5 proba-
bility distribution profiles indicate that few vectors take on tilt-
ed orientation with approximately 50◦ from Si(OH)2 surface,
consistent with similar secondary peaks in Nm-Nb probability
distribution profiles and related experimental SFG spectra of
confined [BMIM][BF4] and [BMIM][PF6] ILs38.

The anionic groups are particularly absorbed in SiH2 in-
terfacial region due to strong electrostatic interactions, which
prevent imidazolium rings from approaching SiH2 surface,
leading to their aggregations beyond interfacial region. Even
the sharp distribution of imidazolium ring normal is simi-
lar to that in Si(OH)2 interfacial region, the varied proba-
bility distributions of CR-H5 and Nm-Nb vectors imply that
the most probable orientation of imidazolium ring is affect-
ed by ionic size and molecular geometry of anionic groups.

In [BMIM][BF4] and [BMIM][PF6] simulation systems, imi-
dazolium rings in SiH2 interfacial region take on similar ori-
entation as those in Si(OH)2 interfacial region, as validated
by the joint probability distribution of imidazolium ring nor-
mal, CR-H5 and Nm-Nb vectors. For imidazolium rings in
[BMIM][TFO] simulation system, a majority of Nm-Nb vec-
tors are generally perpendicular to SiH2 surface and some of
them are approximately 25◦ away from SiH2 surface, with the
corresponding CR-H5 vectors taking on random distributions
in SiH2 interfacial region. While in [BMIM][TF2N] simula-
tion system, CR-H5 vector is approximately 17◦ away from
SiH2 surface with H5 atoms pointing into neighboring anion-
ic layer, which lies between the subsequent cationic layer and
SiH2 surface. Typical configuration of imidazolium rings in
Si(OH)2 and SiH2 interfacial regions is shown in Fig. 7.

One important reason for the distinct orientation of CR-
H5 vector in quartz interfacial region attributes to the for-
mation of hydrogen bonds between H5 and polar atoms in
anionic groups, as well as interfacial oxygen (O) atoms on
Si(OH)2 surface21. The exclusive stacking of [BMIM] cation-
s on Si(OH)2 surface and the sharp perpendicular orientation
of CR-H5 vector with H5 atom close to Si(OH)2 surface facili-
tate the formation of hydrogen bonds between H5 and O atoms
in Si(OH)2 groups, as well as possible hydrogen bonded inter-
actions between two nitrogen atoms of imidazolium rings and
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CR-H5 

ring normal
Imidazolium

Nm-Nb

Fig. 6 The probability distributions of specific vectors fixed in
[BMIM] cation frame with respect to positive Z-axis in quartz
interfacial region. These specific vectors are imidazolium ring
normal (top panel), CR-H5 (middle panel) and Nm-Nb (bottom
panel) vectors, respectively.

OH groups on Si(OH)2 surface38,91. The secondary peaks in
corresponding probability distribution profiles indicate that a
minority of H5 atoms prefer to form hydrogen bonds with po-
lar atoms in the corresponding paired anions, such as fluorine
(F) atoms in four anions and O atoms in [TFO] and [TF2N]
anions. In contrast, a strong formation of hydrogen bonds be-
tween [BMIM] cations and paired anions can be seen in SiH2
interfacial region. The most probable distribution of CR-H5
vector suggests that the angle between this vector and posi-
tive Z-axis is larger than 90◦, implying that most H5 atoms
are pointing into or close to the anionic layer on SiH2 surface,
which can essentially contribute to the hydrogen bonded inter-
actions between confined ion pairs.

The distinct orientation of imidazolium ring in quartz inter-
facial region further influences the orientational preferences of
methyl and butyl chains of [BMIM] cations on Si(OH)2 and
SiH2 surfaces. The probability distributions of Nm-Cm and
Nb-Cb vectors fixed in [BMIM] cation frame are calculated
and presented in Fig. 8.

The sharp distribution of Nm-Cm vector in Si(OH)2 inter-
facial region implies its tilted orientation with approximately
30◦ away from Si(OH)2 surface, and corresponding methyl
group close to surface, consistent with the number density of

Bulk quartzBulk quartz

Bulk quartz

(c)

(a)

(d)

 Bulk quartz

Fig. 7 Representative configuration of confined ionic species in
Si(OH)2 (bottom surface) and SiH2 (top surface) interfacial region.
(a) [BMIM][BF4]; (b) [BMIM][PF6]; (c) [BMIM][TFO]; (d)
[BMIM][TF2N].

Cm atom shown in Fig. 3. The Nb-Cb vector is essentially
parallel to Si(OH)2 surface, consistent with the experimental
SFG vibrational spectroscopy signature38, due to the relative-
ly large volume of butyl chain compared to the space among
adjacent drafted OH groups on Si(OH)2 surface, and favor-
able interactions between butyl chain and Si(OH)2 interfacial
groups21,38.

However, the probability distributions of Nm-Cm and Nb-
Cb vectors in SiH2 interfacial region are distinct and strong-
ly related to ionic size and molecular geometry of anionic
groups. In [BMIM][BF4] and [BMIM][PF6] simulation sys-
tems, Nm-Cm vector essentially takes parallel orientation a-
long SiH2 surface. Meantime, the cosine value of the angle
between Nb-Cb vector and positive Z-axis are negative, indi-
cating that a majority of butyl chains take on tilted orienta-
tion with Cb atom pointing towards the anionic layer in SiH2
interfacial region. Both Nm-Cm and Nb-Cb vectors in [B-
MIM][TFO] simulation system are essentially perpendicular
to SiH2 surface, with butyl chain pointing to SiH2 surface and
methyl group pointing towards opposite direction, consistent
with the perpendicular arrangement of Nm-Nb vector in SiH2
interfacial region. In [BMIM][TF2N] simulation system, the
SiH2 surface is covered by [TF2N] anions owing to the rel-
atively large anionic size, resulting in partially screened in-
teractions between absorbed imidazolium rings in subsequent
cationic layer and SiH2 surface35, which lead to tilted distribu-
tions of Nm-Cm and Nb-Cb vectors in SiH2 interfacial region.
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Nm-Cm

Nb-Cb

Fig. 8 The probability distributions of Nm-Cm and Nb-Cb vectors
fixed in [BMIM] cation frame with respect to positive Z-axis in
quartz interfacial region.

Typical configuration of methyl and butyl chains of [BMIM]
cations in Si(OH)2 and SiH2 interfacial regions is shown in
Fig. 7.

The effect of ionic size and molecular geometry of anionic
groups, as well as quartz surface charge, on interfacial ori-
entation of confined ILs is not only embodied in particular
orientation of [BMIM] cations, but also presented in that of
anions, especially for [TFO] and [TF2N] anions characterized
with asymmetric molecular geometries. Fig. 9 presents the
probability distributions of S-C vector in [TFO] and [TF2N]
anions, as well as S-S vector in [TF2N] anion, respectively, in
quartz interfacial region.

As [BMIM] cations exclusively attach onto Si(OH)2 sur-
face, the interactions between Si(OH)2 surface and asymmet-
ric anions are screened, which result in the average orientation
of S-S and S-C vectors in Si(OH)2 interfacial region. In SiH2
interfacial region, S-C vector in [TFO] anion exhibits perpen-
dicular orientation with S atom close to solid surface, which
is consistent with the number density distributions of S and
C atoms shown in panel (d) of Fig. 3. For [TF2N] anion, the
angles between S-C, S-S vectors and SiH2 surface are approx-
imately 45◦ and 0◦, respectively, indicating the aligned orien-
tation of [TF2N] anion along SiH2 surface with SO2 groups
locating between neighboring SiH2 groups due to the delo-
calized negative charges along S-N-S core. Such striking ar-
rangement with O atoms close to SiH2 surface facilitates the
hydrogen bonded interactions between SiH2 groups and ab-
sorbed [TF2N] anions. The distinct orientational preferences
of asymmetric [TFO] and [TF2N] anions are rationalized by a

S-C (TFO)

S-S

S-C
(TF2N)

Fig. 9 The probability distributions of S-C vector in [TFO] and
[TF2N] anions and S-S vector in [TF2N] anion with respect to
positive Z-axis in quartz interfacial region.

mismatch between anionic size and quartz interfacial struc-
ture, as reported in previous AFM experiments24,26,27,39,40.
Typical configuration of absorbed [BF4], [PF6], [TFO] and
[TF2N] anions in Si(OH)2 and SiH2 interfacial regions is
shown in Fig. 7.

The particular ionic structures of absorbed ILs in quartz in-
terfacial region, which are distinct to the distribution and ori-
entation of small molecules (such as water92–94 and simple
Lennard-Jones fluid95) on charged surfaces, are intrinsically
related to ionic size and molecular geometry of anionic group-
s, as well as quartz surface charge. From this viewpoint, the
understanding of the detailed balance between these individ-
ual contributions is important. On the industrial side, relat-
ed studies can provide more insight in microlubrication and
nanotribology since it is generally believed that the anti-wear
properties of IL-based lubricants come from the formation
of electric double-layer structure in solid interfacial region.
On the fundamental side, the intrinsic interfacial structures
of confined ILs provide an opportunity to study the double-
layer effect at extremely high electrolyte concentration. Giv-
en the fact that ILs serve as both charged species and sol-
vent molecules, larger ion concentration leads to smaller De-
bye length, indicating that electrostatic interactions are partial-
ly screened, and hence other effects become important, such
as the so-called ion specific effect and crowding effect. The
subtle interplay between screening and crowding effects con-
tributes to the intrinsic distribution and orientation of confined
ionic species in solid interfacial region88,96.
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4 Summary and conclusion

Atomistic molecular dynamics simulations were performed
to investigate microscopic interfacial structures and orien-
tational preferences of absorbed ILs consisting of [BMIM]
cations paired with four different anions ([BF4], [PF6], [TFO]
and [TF2N]) on charged Si(OH)2 and SiH2 surfaces. Dense
interfacial ionic layers, characterized by distinct mass, num-
ber, charge and electron density distributions, are formed in
quartz interfacial region.

The detailed analyses of the probability distributions of var-
ious vectors reveal that confined [BMIM] cations and asym-
metric [TFO] and [TF2N] anions exhibit different characteris-
tics, depending on quartz surface charge, ionic size and molec-
ular geometry of anionic groups. The [BMIM] cations exclu-
sively attach onto Si(OH)2 surface. The imidazolium rings
lie predominantly perpendicular to Si(OH)2 surface, with the
corresponding methyl and butyl chains oriented towards and
elongated along Si(OH)2 surface, respectively. Four anions
exhibit random orientations in subsequent anionic layer, due
to the partially screened interactions between absorbed anions
and Si(OH)2 surface. In the SiH2 interfacial region, anion-
ic groups are particularly absorbed in interfacial region due
to strong electrostatic interactions. The main axes of asym-
metric [TFO] and [TF2N] anions are perpendicular and par-
allel to SiH2 surface, respectively. The distinct orientational
preferences of confined ILs attribute to the strong electrostat-
ic interactions and the favorable hydrogen bonded interactions
between absorbed ionic species and quartz interfacial groups.
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