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Abstract Molecular dynamic (MD) simulations have been
performed to study the behaviors of ten kinds of cyclo-hexa-
peptides (CHPs) composed of amino acids with the diverse
hydrophilic/hydrophobic side chains at the water/cyclohexane
interface. All the CHPs take the “horse-saddle” conformations
at the interface and the hydrophilicity/hydrophobicity of the
side chains influences the backbones’ structural deformations.
The orientations and distributions of the CHPs at the interface
and the differences of interaction energies (ΔΔE) between the
CHPs and the two liquid phases have been determined. RDF
analysis shows that the H-bonds were formed between the OC

atoms of the CHPs’ backbones and Hw atoms of water mole-
cules. N atoms of the CHPs’ backbones formed the H-bonds or
van derWaals interactions with the water solvent. It was found
that there is a parallel relationship between ΔΔE and the
lateral diffusion coefficients (Dxy) of the CHPs at the interface.
The movements of water molecules close to the interface are
confined to some extent, indicating that the dynamics of the
CHPs and interfacial water molecules are strongly coupled.

Keywords Cyclo-hexa-peptides (CHPs) . Hydrophilicity/
hydrophobicity . MD .Water/cyclohexane interface

Introduction

Cyclic peptides characterized with the closed ring structures
can be formed by even alternating D- and L- amino acids
linked end to end. These species exhibit various biological
activities, such as antibacterial [1], antiviral [2], antifungal
[3], immunosuppressant [4] and antinociceptive properties
[5]. Their amphiphilic characteristics make them to be po-
tential superior candidates of surfactants [6]. Besides, cyclic
peptides can self-assemble into peptide nanotubes, as mod-
els of biological transmembrane channels [7]. Such surface
and biological properties have attracted interest in the struc-
tures of cyclic peptides and their behaviors at the hydrophil-
ic/hydrophobic interfaces.

The structures and ring sizes of cyclic peptides have
major impacts on the peptides’ biological activities. Bagheri
et al. [8] found that the antibacterial activities of the cationic
antimicrobial peptides increase with the peptide hydropho-
bicity. It was reported that the cyclic cationic antimicrobial
peptides with large rings show low amphiphilicity [9]. The
structural and dynamical studies of all-trans and all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3 peptides showed that the cavity
of all-cis is able to conduct water molecules in a much better
fashion than all-trans pore [10]. The significant binding
energies of cyclo[(1R,3S)-c-Acc-Gly]3 hexapeptide upon
Na+ and K+ enclosures show that its nanotubular structure
might act as an ion channel of biological interest [11].

A good estimation of the hydrophilicity/hydrophobicity
is essential for understanding the behaviors of cyclic pep-
tides at an interface or in a solution. Traditionally, the
hydrophilic/hydrophobic interaction was obtained approxi-
mately through the calculation of the migration energy of a
solute between aqueous and oil phases [12, 13]. Horinek
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group [14] proposed a method to quantitatively predict the
free energy of a peptide transferring to a urea solution.

Surface activity mainly occurs at interfaces and is gov-
erned by the conformational state of molecules at the hy-
drophobic/hydrophilic interface. 3-D conformation of the
peptide ring was characterized to adopt a “horse-saddle” at
the water/hexane [15], water/decane interfaces [6] and in
DMSO solution [16]. It was reported that the folded confor-
mation corresponds to the most stable amphipathic structure
determined by NMR [17]. The two acidic amino acid resi-
dues were close to each other and formed a hydrophilic
domain on one side of the molecule, and the hydrophobic
domain on the opposite side was populated by the aliphatic
chain and most of the hydrophobic amino acid residues. It
was reported that the conformations and dynamics of cyclic
peptides at an interface depended on the nature of the
hydrophobic/hydrophilic interface and the local interfacial
concentration [18]. X-ray reflectivity study showed cyclic
peptides preferentially adopt an orientation parallel to the
air/water interface at low surface pressure, and continuous
compression may cause the molecules to flip to a perpen-
dicular state [19].

A variety of techniques have been applied to study the
structures and properties of cyclic peptides, such as NMR,
surface plasmon resonance, STM, infrared absorption spec-
trum technology and molecular dynamics (MD). The experi-
mental distribution measurements encounter dissolution
difficulties [20]. However, MD realizes the simulations of
the structures and properties of the cyclic peptides with the
different amino acid residues spontaneously and accurately at
the ensemble average level. MD simulations show that indi-
vidual cyclic peptide rings are rapidly adsorbed at an oil/water
interface, lying with their molecular planes mostly parallel to
the interface, where they further self-assemble [21]. A lower
temperature may contribute to a stronger tendency of cyclic
peptides to aggregate at the interface [22].

The diverse types and amounts of the component amino
acid residues develop the abundant structures and properties
of cyclic peptides [23]. This work focuses on ten cyclo-
hexa-peptides (CHPs) composed of amino acids with the
diverse hydrophilic/hydrophobic side chains. Only the
CHPs composed of single types of amino acid residues were
chosen to be simulated for conciseness. The water/cyclo-
hexane medium was employed to mimic the biological
water/lipid biphasic system. The structures, orientations,
distributions and dynamics of ten CHPs at the water/cyclo-
hexane interface were investigated by MD simulations. The
results give insights to the hydrophilicity/hydrophobicity
and interfacial behaviors of cyclic peptides, which directly
influence the peptide biological activities and self-assembly
behaviors. This work is essential for our later self-assembly
of cyclic peptides to produce peptide nanotubes (PNTs)
with diverse external characteristics.

Materials and simulation details

On the basis of our earlier work [24], ten kinds of CHPs
formed by alternating D- and L- amino acids with diverse
hydrophilic/hydrophobic side chains, shown in Fig. 1, were
constructed. MD simulations were run with the Materials
Studio 4.4 software, using the COMPASS force field with
condensed-phase optimized molecular potentials [25].

All of the systems prepared for MD simulations have
similar setup steps. First, two boxes with the same Lx and
Ly lengths, containing 808 water and 105 cyclohexane mol-
ecules, respectively, were constructed and equilibrated for
10 ns with a time step of 1 fs in the NPT ensembles. The
final densities of the two solvent boxes are 1.0 and 0.774 g/
cm3, respectively, which are in good agreement with the
experimental values at the temperature of 298 K [26]. The
two boxes were then placed side by side along the z direc-
tion with a small vacuum interstice of about 2 Å to eliminate
possible overlap between them. After 5 ns equilibration, the
dimensions of the simulation box in the x, y and z directions
were 32.25, 32.25 and 45.75 Å, respectively. Our simula-
tions showed that the asymmetry of the bi-phase system
composed of water and cyclohexane phases may result in
the migration of the water/cyclohexane interface, accompa-
nied by the movement of a CHP molecule to the interface.
The migration of the interface brought great complexity to
the later analysis and data processing. Here, a graphene wall
parallel to the water/cyclohexane interface was applied to
solve the problem. It was set on the left side of the cell, far
away from the interface in z direction and frozen just like a
“wall” during the simulations. We have selectively

Fig. 1 Scheme of the ten kinds of CHPs formed by even alternating D-
and L- amino acids with the different hydrophilic/hydrophobic side
chains. The letters in the parentheses stand for the abbreviations of the
composed amino acids in the CHPs
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simulated three CHPs in the systems with or without the
graphene wall, and the diffusion results listed in the supple-
mentary Table S1 show no distinct influences of the intro-
duced graphene wall on the diffusion characteristics of
CHPs at the interface. At last, a CHP molecule was posi-
tioned in the water or cyclohexane phase, 10 Å away from
the interface. The periodic boundary conditions were ap-
plied in all three spatial directions. The temperature was
controlled with the Nośe thermostat [27] and the pressure
was maintained using the Berendsen method [28]. The
atomic initial velocity was got from the random distribution
of Maxwell-Boltzmann. Velocity verlet algorithm [29] was
applied to solve the atomic Newton motion equation. Van
der Waals interaction employed atom-based method. The
Ewald summation method [30] was used for the electrostatic
interaction. The cutoff radii of van der Waals and electrostatic
interactions were both 9.5 Å. The spline and buffer widths
were chosen as 1.0 and 0.5 Å, respectively.

The pre-equilibrium simulation was first done for the
system in which all the Cα atoms of a CHP backbone were
fastened. Energy minimization was further achieved for the
system in which all the constraints on the CHP were elim-
inated. The 300 ps equilibration simulation was then per-
formed at 298 K in the NPT ensemble with a small time step
of 0.5 fs. Finally, 5 ns simulation was performed in the NVT
ensemble with a time step of 1 fs and the trajectory was
stored every 1 ps during the last 1 ns for analyzing the
statistic and dynamic characteristics of the system.

Results and discussion

Structures of CHPs at the water/cyclohexane interface

Due to the amphiphilic characters, all the CHPs migrate to the
water/cyclohexane interface, no matter their initial positions
either in the water or cyclohexane phase. Simulations showed
that a CHPmolecule needs ~300 ps to migrate to the interface.
It was found that all the backbones of CHPs adopt the “horse-
saddle” conformations at the interface. Such “horse-saddle”
structure can be characterized by the vectors ofCC andNN of
the backbone [15], illustrated in Fig. 2.

The vector lengths of |CC| and |NN| of CHPs are approx-
imately 7.39 and 7.33 Å in gas phase, respectively. Distinct
deformations of the CHPs at the water/cyclohexane inter-
face occur, shown in Table 1. CHPs with the diverse hydro-
philicity/hydrophobicity residues deform to different
degrees. It was found that the cyclo-(PP)3 peptide almost
keeps a rigid planar structure, with the least conformational
change. Nevertheless, the smallest cyclo-(GG)3 peptide with
no side chain exhibits the biggest deformation.

The relative deformation percentages (Δ|CC|% and Δ|
NN|%) were investigated and depicted in Fig. 3. The total

ones of the backbones were further computed by the sum of
the absolute values of Δ|CC|% and Δ|NN|%. Δ|CC|%
presents small positive values for the cyclo-(PP)3, cyclo-
(AA)3, cyclo-(CC)3 and cyclo-(FF)3 peptides. However, it
displays negative values for the cyclo-(NN)3, cyclo-(DD)3,
cyclo-(KK)3, cyclo-(GG)3 and cyclo-(EE)3 peptides. It is sig-
nificant to characterize the hydrophilicity/hydrophobicity of

Table 1 Average lengths (in Å) of the CC, NN and SC vectors and the
lateral translational diffusion coefficients (Dxy in 10−6cm2⋅s−1) of the
CHPs at the water/cyclohexane interface

CHPs |CC| |NN| |SC|a Dxy

Initial Final

Cyclo-(FF)3 peptide 8.50 7.27 5.11 5.12 3.711

Cyclo-(CC)3 peptide 8.07 5.72 / / 3.786

Cyclo-(PP)3 peptide 7.68 7.57 / / 3.750

Cyclo-(AA)3 peptide 7.87 5.75 / / 3.541

Cyclo-(GG)3 peptide 6.43 5.27 / / 3.602

Cyclo-(DD)3 peptide 7.02 5.26 4.64 3.73 3.479

Cyclo-(NN)3 peptide 7.31 5.57 4.59 2.4 3.426

Cyclo-(KK)3 peptide 6.76 6.19 7.17 5.64 3.411

Cyclo-(HH)3 peptide 7.40 6.09 5.45 5.36 3.353

Cyclo-(EE)3 peptide 6.42 6.79 5.14 4.96 3.298

a The initial and final values represent the lengths of the SC vectors of
CHPs in gas and at the water/cyclohexane interface, respectively

Fig. 2 Schematic diagram of the CC, NN and SC vectors in the
“horse-saddle” conformers of the two representative CHPs: (a) the
cyclo-(GG)3 peptide, (b) the cyclo-(KK)3 peptide. CC vector was
established between the two C atoms on the top of the “horse-saddle”
in the reverse x-axis direction. NN vector was defined between the two
N atoms on the bottom of the “horse-saddle” along the y-axis direction.
SC vector was set from Cα atom of a backbone to the non-H atom at
the end of a side chain
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CHPs. All the Δ|NN|% exhibits large positive values except
for the cyclo-(PP)3 peptide. The total deformation percentages
in Fig. 3 show that the rigid ring structures of the side chains in
the cyclo-(PP)3, cyclo-(FF)3 and cyclo-(HH)3 peptides result
in relatively small deformations of the backbones. However,
great deformations were found in the other CHPs, mainly in
the direction ofNN vector, except for the cyclo-(EE)3 peptide.
The biggest deformation of the cyclo-(GG)3 peptide also
occurs in the direction of NN vector.

The relative deformation percentages of the side chains
(Δ|SC|%) were analyzed and described in Fig. 3. The nega-
tive values of Δ|SC|% of the cyclo-(NN)3, cyclo-(KK)3,
cyclo-(DD)3 and cyclo-(EE)3 peptides show that the side
chains of these CHPs bend back to the CHP backbones.
Further investigations show that the side chains of these
CHPs interact with the backbones by the H-bonding formed
between the end groups of the side chains and O, N atoms of
the backbones.

Orientations of CHPs at the water/cyclohexane interface

The orientations of CHPs at the water/cyclohexane interface
were further investigated by measuring the angles between
the vectors R (R indicates the CC or NN vector) in CHP
backbones and the normal n to the water/cyclohexane inter-
face plane (n directs from the cyclohexane to water phase).
The orientational cosine is in the form of

cos a ¼ R � n
Rj j ð1Þ

Figure 4 depicts the normalized probability distributions of
αCC. The main contributions of αCC in the cyclo-(GG)3,
cyclo-(HH)3 and cyclo-(PP)3 peptides are about 80°, suggest-
ing that the orientations of these CHPs tend to be parallel to
the interface. These results are contributed to the absence of
the side chain in the cyclo-(GG)3 peptide or the rigid structures

Fig. 3 Relative deformation
percentages (Δ|CC|%, Δ|NN|%
and Δ|SC|%) and the total ones
of CHP backbones, computed
as the sum of the absolute
values ofΔ|CC|% andΔ|NN|%
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of the side chains in the cyclo-(PP)3 and cyclo-(HH)3 peptides.
The particular five-membered rings with two atoms of the
backbone in the residues result in the relatively rigid cyclic
structures of the side chains in the cyclo-(PP)3 peptide. Similar
rigid ring structures of the side chains in the cyclo-(HH)3
peptide also exist. The main contributions of αCC between
20 and 60° were observed for the cyclo-(DD)3, cyclo-(EE)3,
cyclo-(NN)3 and cyclo-(KK)3 peptides. All these peptides
display inserting into the aqueous phase. Nevertheless, the

cyclo-(FF)3, cyclo-(CC)3 and cyclo-(AA)3 peptides plug into
the cyclohexane phase with the αCC beyond 90°.

The grouping of the distributions of αNN, shown in
Fig. 5, is similar to that of αCC. It is noteworthy that there
are two distinct distribution peaks of αCC and αNN for the
cyclo-(GG)3 peptide with the largest backbone deformation
(see Fig. 3). The highest peaks of αCC and αNN locate at
about 80 and 50°, respectively, indicating that the largest
deformation of the cyclo-(GG)3 peptide mainly contributed

Fig. 4 Normalized probability
distributions of αCC, the
orientation angles of the CC
vectors in CHP backbones with
respect to the normal n to the
water/cyclohexane interface

Fig. 5 Normalized probability
distributions of αNN, the
orientation angles of the NN
vectors in CHP backbones with
respect to the normal n to the
water/cyclohexane interface
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by the shortening of NN vector relates with the tilt of NN
vector at the interface.

The distributions of αSC are shown in Fig. 6. The main
distribution peaks of αSC for the cyclo-(PP)3 and cyclo-

(HH)3 peptides about 80° show that their rigid side chains
mainly lay flat at the water/cyclohexane interface. For the
cyclo-(DD)3, cyclo-(EE)3, cyclo-(NN)3 and cyclo-(KK)3
peptides with the hydrophilic side chains, the angles of
αCC, αNN and αSC are all less than 90°, illustrating the
inserting of these CHPs into the water phase. Such angles
for the cyclo-(CC)3, cyclo-(AA)3 and cyclo-(FF)3 peptides
are all beyond 90°, due to the side chains’ plugging into the
cyclohexane phase.

Concentration distributions of CHPs at the water/cyclohexane
interface

Concentration profiles take atomic coordinates as input and
plot the relative distributions of the specified atoms (or
moieties) in layers parallel to the water/cyclohexane inter-
face [31]. Concentration distributions of the backbone Cα

atoms and some moieties in the side chains such as amino
(−NH2), hydroxyl (−OH), sulfydryl (−SH), C and N atoms
were selectively analyzed and depicted in Fig. 7. The atoms
in a side chain were numbered from the backbone to the end
of the side chain in order. Those in the annular side chains of
the cyclo-(PP)3, cyclo-(FF)3 and cyclo-(HH)3 peptides were

Fig. 6 Normalized probability distributions of αSC, the orientation
angles of the SC vectors in CHP side chains with respect to the normal
n to the water/cyclohexane interface

Fig. 7 Concentration distribution profiles along z-axis of some selec-
tive moieties in the (a) cyclo-(GG)3, (b) cyclo-(AA)3, (c) cyclo-(DD)3,
(d) cyclo-(EE)3, (e) cyclo-(NN)3, (f) cyclo-(KK)3, (g) cyclo-(HH)3, (h)
cyclo-(PP)3, (i) cyclo-(CC)3, (j) cyclo-(FF)3 peptides. The atoms in a

side chain were numbered from the backbone to the end of the side
chain in order. Those in the annular side chains of the cyclo-(PP)3,
cyclo-(FF)3 and cyclo-(HH)3 peptides were numbered clockwise
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numbered clockwise. The water/cyclohexane interface
locates obviously at z021.49 Å. The distinct waveform
distributions of the solvents in the profiles are probably
owed to the added graphene layer.

The cyclo-(GG)3 peptide with no side chain locates basi-
cally at the water/cyclohexane interface (Fig. 7a). By contrast,
the cyclo-(AA)3 peptide with the methyl (−CH3) side chains
moves into the cyclohexane phase slightly (Fig. 7b). The side
chains of the cyclo-(DD)3, cyclo-(EE)3, cyclo-(NN)3 and
cyclo-(KK)3 peptides tend to insert into the aqueous solution.
These four peptides possess hydrophilic –COOH or −NH2

moieties. With the length increasing of the side chains,
hydroxyls in the cyclo-(DD)3 and cyclo-(EE)3 peptides go
into water phase deeper (Fig. 7c and d). It happens also for
the −NH2 groups in the cyclo-(NN)3 and cyclo-(KK)3 pepti-
des (Fig. 7e and f). The average position of −NH2 moiety in
the cyclo-(NN)3 peptide locates at the interface region, while
that in the cyclo-(KK)3 peptide distinctively moves into water
phase. A particular phenomenon can be found for the cyclo-
(HH)3 and cyclo-(PP)3 peptides that there is no separation
between the distributions of the backbones and those of the

side chains (Fig. 7g and h), owing to the special amino acid
residues in these two CHPs. The results coincide with the
orientation distributions ofCC,NN and SC vectors in Figs. 4,
5 and 6. The backbones of the cyclo-(CC)3 and cyclo-(FF)3
peptides both migrate to the cyclohexane phase. –SH moiety
and C1, C4 atoms in the side chains all insert into the cyclo-
hexane phase (Fig. 7i and j), resulted from the strong hydro-
phobicity of –SH and –CH2-Ph, respectively.

The nature of the interactions between the CHPs and
water molecules was further investigated by radial distribu-
tion functions (RDFs). As examples, the results of the cyclo-
(HH)3 and cyclo-(FF)3 peptides were shown in Figs. 8 and
9, respectively. RDF analyses of Figs. 8a and 9a show that
the H-bonds were formed between the OC atoms of the
CHPs’ backbones and Hw atoms of water molecules, which
are stable even at high temperature (353 K). Nevertheless, N
atoms of the CHPs’ backbones form the H-bonds or van der
Waals interactions with the water solvent (Figs. 8a and 9b).
The interactions between the side chains and water phase
exist in the forms of H-bonds or van der Waals interactions
(Fig. 8b).

Fig. 8 The RDF profiles between (a) the OC/N atoms of the backbone, (b) N3/N5 atoms in side chains of the cyclo-(HH)3 peptide and Hw atoms of
water molecules. The atomic numbering can be seen from the note in Fig. 7

Fig. 9 The RDF profiles between the (a) OC, (b) N atoms of the backbone of the cyclo-(FF)3 peptide and Hw atom of water molecules at 298 and
353 K, respectively
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Dynamic properties of CHPs at the water/cyclohexane interface

Dynamic characteristics of CHPs was studied by investigat-
ing the translational mobilities and rotational activities of
CHPs at the water/cyclohexane interface. The formers were
done by the computation of the molecular diffusion coeffi-
cients (D) by directly measuring the mean square displace-
ments (MSD) of the centers of CHP backbones according to
the following Einstein relation [29],

D ¼ lim
Δt¼1

riðtÞ � rið0Þj jh i2
2dΔt

¼ lim
t!1

Δr2
� �

2dΔt
ð2Þ

where d is the dimension. The diffusion of the adsorbed
CHPs at the water/cyclohexane interface is anisotropic. Ow-
ing to the complexity of the potential surfaces in z-axis
direction, the mean-square-displacement data are not direct-
ly related to the diffusion constant in this direction [32]. We
mainly investigated the MSDs of the CHPs in the xy plane
(i.e., at the interface), corresponding to the lateral diffusion
coefficients Dxy [29]. The results are included in Table 1.

The lateral diffusion coefficients (Dxy) range from 3.298 to
3.786×10−6cm2⋅s−1. The cyclo-(DD)3, cyclo-(EE)3, cyclo-
(NN)3 and cyclo-(KK)3 peptides with the hydrophilic side
chains display relatively slower diffusion than those with the
hydrophobic ones, such as the cyclo-(CC)3, cyclo-(AA)3,
cyclo-(FF)3 and cyclo-(PP)3 peptides. The cyclo-(EE)3 pep-
tide moves the slowest and the cyclo-(FF)3 one ranks ahead.

The rotational activities of CHPs reflect the reorienta-
tional dynamics of the backbones. The reorientational time
correlation function of the vector R was calculated by [33]

CRðtÞ ¼ R tð Þ � R t þ tð Þh i
R tð Þ � R tð Þh i ð3Þ

The final reorientational dynamics of a CHP backbone was
obtained by averaging the reorientational time correlation
functions of six vectors (i.e., 3 CC and 3 NN vectors). The
results are shown in Fig. 10. It can be found that the relaxa-
tional motions of the cyclo-(HH)3, cyclo-(EE)3, cyclo-(NN)3
and cyclo-(DD)3 peptides are the slowest. However, the cyclo-
(FF)3 peptide with the strong hydrophobic side chain relaxes
the fastest. In a word, the strong interactions between the
hydrophilic groups of the residues and water molecules slow
down the reorientational motions of CHPs at the interface.

Water dynamics in the interfacial region and near
the graphene wall

To obtain a more complete microscopic description and to
understand the dynamics of an adsorbed CHP at the inter-
face, one should investigate the dynamics of water mole-
cules in the vicinity of CHP. Taking into account that the
introduced graphene wall definitely influences the dynamic
characteristics of the nearby water, this part focuses on the
dynamics of water molecules in the range of 5 Å along z
direction in the region of the water/cyclohexane interface
and near the graphene wall. Owing to the presence of the
graphene wall and water/cyclohexane interface, the mean-
square-displacement data in the z-axis direction of water

Fig. 10 Reorientational dynamics [CR (t)] of the CHP backbones,
computed by averaging the reorientational time correlation functions
of six vectors (i.e., 3 CC and 3 NN vectors) based on Eq. 3

Table 2 The lateral translational
diffusion coefficients (Dxy in
10−5cm2⋅s−1) of the water mole-
cules in the region of the water/
cyclohexane interface and near
the graphene wall

CHPs In the region of the water/cyclohexane interface Near the graphene wall

Cyclo-(FF)3 peptide 2.125 2.515

Cyclo-(PP)3 peptide 2.124 2.585

Cyclo-(CC)3 Ceptide 2.010 2.561

Cyclo-(AA)3 peptide 2.066 2.574

Cyclo-(GG)3 peptide 2.270 2.531

Cyclo-(DD)3 peptide 2.005 2.569

Cyclo-(NN)3 peptide 1.989 2.583

Cyclo-(HH)3 peptide 1.968 2.536

Cyclo-(KK)3 peptide 1.954 2.552

Cyclo-(EE)3 peptide 1.885 2.575
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molecules are not directly related to the diffusion constant in
this direction [29]. We mainly investigated the lateral trans-
lational motions (Dxy) of water molecules. The results are
listed in Table 2. On the removal of the graphene wall, CHP
and cyclohexane molecules in a modeling system, the dif-
fusion coefficient of the remaining water molecules was
calculated as 2.68×10−5cm2⋅s−1, quite consistent with the
reported result [34]. It is evident that the translational
motions of the hydration layer water in these two vicinities
are restricted more or less as compared to that of the pure
bulk water. It is clearly shown that the artificially introduced
graphene wall in our simulation systems has little influence
on the diffusion of water molecules. The movements of
water molecules close to the water/cyclohexane interface
are much more confined. It can be found that the strong
interactions between the water molecules and the hydro-
philic head groups of the side chains of CHPs further
weaken the diffusion of water molecules at the water/
cyclohexane interface. The results indicate that the dy-
namics of the CHPs and interfacial water molecules are
strongly coupled.

Interactions between CHPs and solvents

The interaction energy (ΔE) between a CHP and a solvent
phase was defined as:

ΔE ¼ ECHPþSolvent � ECHP þ Esolventð Þ ð4Þ

where ECHP+solvent, ECHP and Esolvent denote the energies of
the whole system on condition of removing the graphene
wall and another solvent phase, a CHP molecule and a
solvent phase (water or cyclohexane), obtained by a self-
programmed software. The results are contained in Table 3.
ΔE1 represents the interaction energy between a CHP mole-
cule and water phase. ΔE2 stands for that between a CHP

molecule and cyclohexane phase. Obviously, the cyclo-(EE)3
and cyclo-(PP)3 peptides have the largest |ΔE1| and |ΔE2|,
respectively.ΔΔE is the difference ofΔE1 andΔE2, reflecting
the contention of the water and cyclohexane phases on a CHP
molecule. Obviously, such quantity is critical to the dynamic
characteristics of a CHP molecule at the water/cyclohexane
interface. Figure 11 shows the relationships betweenΔΔE and
the lateral diffusion coefficients (Dxy) of CHPs. There is a
certain correlation between Dxy and ΔΔE. The main abnor-
mality is found for the cyclo-(CC)3 and cyclo-(GG)3 peptides.
The former has nearly the same interactions with the water and
cyclohexane phases. Compared with cyclo-(DD)3, cyclo-
(GG)3 has a similar ΔΔE but much larger Dxy. The reason is
probably that the cyclo-(GG)3 peptide is the smallest in all
(Table S2), resulting in its rapid molecular movement at the
interface. Therefore, it can be inferred that molecular volume is
also a fact influencing molecular diffusion at the interface.

Fig. 11 Relationship between
the lateral diffusion coefficients
(Dxy, in 10−6cm2⋅s−1) of CHPs
at the water/cyclohexane
interface and the differences
(ΔΔE, in kJ⋅mol−1) of the
interaction energies between
CHPs and two solvents.
ΔΔE0ΔE1-ΔE2. ΔE1 donates
the interaction energy between
a CHP and water phase, and
ΔE2 that between a CHP and
cyclohexane phase

Table 3 The interaction energies (ΔE1 and ΔE2 in kJ⋅mol−1) between
CHPs and one of the two solvents (water or cyclohexane) and their
differences (ΔΔE)a

CHPs ΔE1 ΔE2 ΔΔE

Cyclo-(EE)3 peptide −589.67 −85.20 −504.47

Cyclo-(HH)3 peptide −525.69 −154.07 −371.62

Cyclo-(KK)3 peptide −496.68 −171.28 −325.40

Cyclo-(NN)3 peptide −460.34 −109.40 −350.94

Cyclo-(DD)3 peptide −412.82 −161.07 −251.75

Cyclo-(GG)3 peptide −335.66 −88.09 −247.57

Cyclo-(AA)3 peptide −216.25 −113.29 −102.95

Cyclo-(FF)3 peptide −210.01 −248.15 38.14

Cyclo-(CC)3 peptide −186.40 −186.10 −0.29

Cyclo- (PP)3 peptide −161.99 −207.83 45.85

aΔΔE0ΔE1-ΔE2.ΔE1 donates the interaction energy between a CHP
and water phase, and ΔE2 that between a CHP and cyclohexane phase
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Conclusions

The effects of the side chains on the structures, orientations
and dynamics of ten CHPs at the water/cyclohexane inter-
face were studied by all atomistic MD simulations. All the
CHPs take the “horse-saddle” structures at the interface and
the diverse hydrophilicity/hydrophobicity of the side chains
results in different degrees of CHP backbone deformations.
The cyclo-(PP)3, cyclo-(FF)3 and cyclo-(HH)3 peptides de-
form little owing to their ring structures of the side chains.
The smallest cyclo-(GG)3 peptide with no side chain exhib-
its the biggest deformation. The backbones of CHPs display
tilting at the water/cyclohexane interface and the flexible
side chains fold back to interact with the backbones. The H-
bonds were formed between the OC atoms of the CHPs’
backbones and water molecules. Nevertheless, N atoms of
the CHPs’ backbones formed the H-bonds or van der Waals
interactions with the water solvent. The lateral translational
and rotational motions of CHPs at the interface were largely
slowed down by the strong polar interactions between the
CHPs and water molecules. There is a certain correlation
between the lateral diffusion coefficient (Dxy) of a CHP in
the interface plane and the differences (ΔΔE) of the inter-
action energies of a CHP with the two solvents. The lateral
translational activities of water near the graphene wall and
in the region of the water/cyclohexane interface were con-
fined more or less by the graphene layer, the biphasic
interface and the introduced CHPs, respectively. The results
indicate the dynamics of the CHPs and interfacial water
molecules are strongly coupled. The simulations present
direct information of the structural and dynamical properties
of CHPs at the water/cyclohexane interface, and the results
will be helpful for better understanding of the hydrophilic/
hydrophobic properties of the CHPs.
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