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Simulations details. MD simulations were performed
using LAMMPS [1]. The TIP4P/2005 model was used for
water [2], and the water molecules were kept rigid with
the SHAKE algorithm [3]. The all atom Gromos force
field was used for the (unmodified) aromatic molecules,
as well as for N-Methyl-2-pyrrolidone (NMP) molecules
[4]. Long-range Coulombic interactions were computed
using the particle-particle particle-mesh (PPPM) method
[5, 6]. Initial aromatic and NMP molecular structures
were extracted from the automated topology builder [7].
Following Ref. 8, the LJ parameters of the rigid walls
with a close-packed density of ρw = σ−3

ww were σww =
3.374 Å and εww = 2.084 kcal/mol. Crossed parameters
(σij and εij) were calculated using the Lorentz-Berthelot
mixing rule: σij = (σii + σjj)/2 and εij =

√
εiiεjj .

In order to differentiate between the solvent molecules
(water and NMP) and the solute molecules (aromatic
molecules), we sometimes refer to the solute molecules as
‘particles’.

No-slip HBC. In order to model aromatic molecules in
water solvent with the no-slip boundary condition, the
value of the LJ parameter εCO, where the ‘C’ stands for
the carbon atoms of the aromatic molecules, and the ‘O’
stands for the oxygen atoms of the water molecules, was
increased. The slip length λ was measured for varying
values of εCO, from εCO = 0.35 to 1.4 kCal/mol, using
Poiseuille flow simulations of a liquid confined between
two planar graphene walls. In short, the position where
the slip boundary condition applies is determined from
the Gibbs dividing plane, and the slip length is extracted
from a fit of the velocity profile in the bulk region, see
Ref. [9] for details. Slip length values for varying values of
εCO are given in Table I. The value of εCO = 1.4 kcal/mol
was chosen to ensure λ < b, where b ≈ 2.5Å is the half
thickness of an aromatic molecule.

Single-particle dynamics simulations. Single-
particle dynamics simulations were carried out using a
single aromatic molecule immersed in either water or
NMP. The solution (aromatic molecule + solvent) was
enclosed in the ~ey direction by two rigid walls, and a
linear shear flow of strength γ̇ was produced by the rel-
ative translation of these walls (see Fig. 1 of the main
text). The two walls separated by a distance H ≈ 6 nm,
were also used to impose p = 1 atm as ambient pres-

sure. The solvent was made of Ns = 3 000 molecules in
the case of C42H18 in water, Ns = 8 000 molecules in
the case of C114H30 in water, and Ns = 336 molecules
in the case of C42H18 in NMP. The aromatic molecule
was free to rotate and translate. Unless explicitly stated,
the molecule was also free to deform. The box had lat-
eral dimensions Lx = Lz = 3 nm in the case of C42H18,
and Lx = Lz = 5 nm in the case of C114H30. Periodic
boundary conditions were used along the three orthogonal
directions. A temperature T = 300 K was maintained
using a Berendsen thermostat applied only to the sol-
vent, and only to the degree of freedom perpendicular to
the direction of the flow. Data were recorded after an
equilibrium step of duration 1 ns.

Multiple-particle dynamics. Multiple-particle simu-
lations are identical to single molecule dynamics simula-
tions, expect for the number of solute molecules. Solute
molecules were initially randomly distributed, and data
were recorded after an equilibrium step of duration 10 ns.

Data acquisition. For each situation, a number N of
independent simulations is performed, with N varying
from 5 (in the case of a high Péclet number) to 30 (in the
case of a low Péclet number). Error bars can be calculated
from the standard deviation, see Figs. S4 and S5.

Lees-Edwards boundary conditions. When speci-
fied, Lees-Edwards boundary conditions [10] were used to
realize a sheared system without bounding walls. With
these boundary conditions, a shear is provided by giving
each periodic domain a velocity proportional to the do-
main’s vertical position compared to the center domain
(uLE = γ̇Ly). The size of the system was Lx = Lz = 3 nm
and Ly = 6 nm. The fluid was made of Ns = 3 000 water
molecules and N = 16 HBC molecules, and the shear rate
was γ̇ = 100 ns−1.

Rotational diffusion coefficient measurement. The
rotational diffusion coefficient Dr for C42H18 and C114H30

was calculated from autocorrelation function analysis [11,
12]. The simulation consisted of a cubic box containing a
single aromatic molecule immersed in the solvent water or
NMP. The solute molecule was free to rotate and deform,
and was maintained in the center of the box. The vector
n, defined as the normal to the surface at the center of the
molecule, and its autocorrelation function 〈n(0)n(t)〉 was
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computed. The data was found to follow an exponential
decay

〈n(0)n(t)〉 = e−t/τ , (S1)

where τ is the rotational relaxation time scale. For HBC
in water, we find τ = (190± 20) ps. For HBC in NMP, we
find τ = (1500±100) ps in NMP. For the C114H30 molecule
in water, we find τ = (1000± 300) ps. The corresponding
rotational diffusion coefficients calculated as Dr = 1/(6τ)
are Dr = (0.9 ± 0.1) ns−1, Dr = (0.1 ± 0.1) ns−1, and
Dr = (0.16 ± 0.05) ns−1, respectively. Note that the
instantaneous diffusion coefficient of a flexible molecule
depends on its instantaneous shape. The reported values
are temporal averages.

Effective aspect ratio measurement. The effective
aspect ratio ke of an aromatic molecules was evaluated
using Eq. 6 of the main text. The molecule was frozen,
and maintained at a fixed angle with respect with the
flow, either aligned with the flow (ϕ = 0, θ = π/2), either
normal to the flow (ϕ = π/2, θ = π/2). A shear flow
γ̇ = 10 ns−1 was applied thanks to the moving walls, and
the average torque applied by the solvent to the frozen
molecule was measured. Then, the effective aspect ratio
was deduced following Eq. 6 of the main text. For HBC
in water, we find ke = 0.41i, for the C114H30 molecule in
water, we find ke = 0.43i, and for HBC in NMP, we find
ke = 0.59i. Imaginary values for ke are expected when
the slip length λ is larger than the half thickness b of the
molecule [13]. Additionally, for the no-slip HBC, we find
ke = 0.43.

Bending rigidity measurement. The measurement of
the bending rigidity of the aromatic molecules was per-
formed in vacuum. Bending rigidity was evaluated from
calculations of the strain energy of molecules subjected
to a point loading [14, 15]. A point loading was applied
at the center of the molecule, while the hydrogen atoms
at the edges were maintained clamped. The relationship
between the loading F and the deformation at the loading
position w is

F

w
=

B

β(2a)2
, (S2)

where β = 0.0056 and B is the bending rigidity. We mea-
sure B = 1.1 eV for the C42H18 molecule, and B = 1.2 eV
for the C114H30 molecule. Consistently with previous
observation (see Ref. [14]), the bending rigidity of single
layer nanographene depends on its dimension.

∗ l.botto@tudelft.nl
[1] S Plimpton. Fast Parallel Algorithms For Short-range

Molecular-dynamics. J. Comp. Phys., 117(1):1–19, 1995.

εCO (kcal/mol) λ (nm)
0.35 7.28 ± 2
0.46 2.51 ± 0.5
0.58 1.23 ± 0.2
0.69 1.17 ± 0.2
0.81 0.2 ± 0.1
0.92 < 0.1
1.04 < 0.1
1.15 < 0.1
1.26 < 0.1
1.4 < 0.1

TABLE I. Slip length λ as measured from MD.
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FIG. S1. Water density profile near the HBC, from white (low
density) to blue (high density). The radial coordinate r is

defined as r =
√
x2 + y2, and the normal n to the center of

the HBC is oriented along z. The red dotted lines show the
effective shape of the HBC (i.e. the shape as seen by the water
molecules).
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FIG. S2. (a) Average orientation angle χ and (b) degree of
alignment ∆n′′/(∆n′′max) for N = 1 and respectively: HBC
molecule in water (disks); C114H30 molecule in water (full
squares); rigid C114H30 molecule in water (open squares).
Lines are theory with ke = 0.4i.
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FIG. S3. Clustering of HBC molecules in water. (a)
N = 16 HBC molecule and Pe = 1.1. (b) N = 16 HBC
molecule and Pe = 62. HBC molecules are in gray and water
molecules in red and white.
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FIG. S4. (a) Average orientation angle χ and (b) degree of
alignment ∆n′′/(∆n′′max) for N = 1: slip HBC in water (blue
disks); slip HBC in NMP (green disks); no-slip HBC in water
(red triangles). Lines are theory, see the main text for details.
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FIG. S5. (a) Average orientation angle χ and (b) degree of
alignment ∆n′′/∆n′′max for varying Pe and multiple HBCs
(N = 16): slip HBCs (blue disks) and no-slip HBCs (red
triangles) in water; slip HBCs in NMP (green disks). Dashed
lines are the theory for N = 1.
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FIG. S6. Snapshots of the molecular dynamics simulation
showing a number N = 16 HBCs (in cyan) in water for
Pe = 62. Snapshots are taken at intervals of 10 ps. The
dashed blue lines highlight the merging of two clusters made
respectively of 2 and 5 HBCs (left and middle images) into a
single cluster of 7 HBCs (right image).
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