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Violations of Jeffery’s theory in the dynamics of nanographene in shear flow
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Using molecular dynamics simulations we investigate the shear-induced rotational dy-
namics of a Brownian nanographene (hexabenzocoronene) freely suspended in a liquid. We
demonstrate that, owing to a finite hydrodynamic slip at the molecular surface, these flat
molecules tend to align with a constant orientation angle instead of performing the classical
periodic orbits predicted by Jeffery’s theory. Results are extracted for different Péclet
numbers and compared to the predictions by a theory developed for a rigid axisymmetric
particle with orientation confined to the flow-gradient plane. The theory is based on the
resolution of a one-dimensional Fokker-Planck equation for the angle ¢ made by one of the
particle’s diameters with the flow direction. Remarkably, our results show that the essential
features of the three-dimensional orientational statistics of the nanographene are captured
by the one-dimensional model, given that the hydrodynamic velocity is closed in terms of
the slip length A. Finally, we explore the situation in which multiple nanographenes are
suspended in the liquid, and show that slip results in a reduction in specific viscosity.
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I. INTRODUCTION

The competition between Brownian motion and shear-induced orientation is a fundamental
mechanism that determines the dynamical state of anisotropic soft matter under flow. This competi-
tion controls, for instance, the flow properties of liquid crystals, polymers, and colloidal suspensions
[1-4], and has been used as a tool to probe the morphology of macromolecules [5,6].

The rotational dynamics of anisotropic colloidal particles or solute molecules in shear flow is
well known for objects satisfying the hydrodynamic no-slip boundary condition [7,8]. The widely
applied theory of Jeffery predicts that at high Péclet numbers (Pe), a no-slip rigid axisymmetric
particle rotates continuously about one of its axes, completing full periodic rotations [9]. Such
prediction also applies when the slip length A, characterizing the propensity of the fluid to slip at
the fluid-solid boundaries, remains smaller than the particle thickness 2b, except that the period of
the rotations is reduced with respect to the no-slip case [10,11]. However, our recent results suggest
that Jeffery’s theory fails to predict the rotational dynamics of a plate-like particle in the case of
larger slip lengths: for A larger than 2b, the particle is predicted to find an equilibrium orientation
at a small angle with the flow without rotating [12]. This prediction applies to a rigid particle that
is constrained to move in the flow-gradient plane [i.e., quasi-two-dimensional (quasi-2D) system],
and its applicability to flat molecular solutes poses a fundamental challenge [13]: first, Brownian
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FIG. 1. (a) Snapshot of the molecular dynamics system, with a single HBC immersed in water (in blue).
Gray layers at the top and bottom are the shearing walls. (b) Coordinate system with Euler angles ¢ and 0;
when the normal n is in the flow-gradient plane, 6 = /2. y is the shear rate. (c) HBC of formula C4,H;g
(left), and molecule of formula C;4Hj, (right). Carbon atoms are in dark gray and hydrogen atoms in white.
(d) Zoom on the HBC inclined by an angle ¢ with respect to the flow. (e) Angular probability distribution
p(@, 0) for a single HBC and y = 50 ns~'. Dark blue indicates high probability.

fluctuations induce motions of the molecules out of the flow-gradient plane and, second, these
molecules are flexible. These effects can alter the orientational probability distribution in, so far,
unknown ways. Hence, the characterization of the full orientational probability distribution of
molecules with three-dimensional (3D) trajectories is necessary.

In this paper, using molecular dynamics simulations, we study the dynamics of hexabenzo-
coronene (HBC) in a shear flow. HBCs are a class of graphenes of lateral length in the nanometer
range (Fig. 1). Owing to dispersion properties and shape similar to larger graphene molecules, HBCs
are excellent model systems for studying the dynamics of graphene in solution [14]. Furthermore,
the study of these polycyclic aromatic molecules can shed light into the dynamics of the more com-
plex molecules that appear ubiquitously whenever organic matter is decomposed or processed (e.g.,
asphaltenes). We show that, at large Pe numbers, HBC displays arrested rotational dynamics in three
dimensions in keeping with the 2D theory. The dynamics is rationalized by solving a Fokker-Planck
equation for the orientational probability distribution of a rigid particle with slip. The model neglects
degrees of freedom associated to motions out of the flow-gradient plane, but predicts, however, the
observed orientational statistics with only a slight overestimation of the degree of alignment. As an
example of the impact of this microscopic phenomenon on macroscopic quantities, we demonstrate
that, by affecting the HBC orientation, slip leads to a significant reduction of the specific effective
viscosity of liquid solvents containing several suspended HBCs. The fact that a large number of 2D
nanomaterials have significant slip lengths (for atomically smooth surfaces, A can exceed several
nanometers [15,16]) makes these results of broader significance for understanding the dynamics of
2D nanomaterials, including graphene, hexagonal boron nitride, and molybdenum disulfide.
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II. METHODS AND RESULTS
A. Single solute particle

We first perform molecular dynamics simulations of a single HBC (henceforth referred to as
particle when discussing microhydrodynamic modeling aspects) freely suspended in a linear shear
flow u, = yy using LAMMPS [17]. The all-atom GROMOS force field was used for the aromatic
molecules [18], the TIP4P /2005 model was used for water [19], and crossed parameters were calcu-
lated using the Lorentz-Berthelot mixing rule. Long-range Coulombic interactions were computed
using the particle-particle particle-mesh (PPPM) method [20,21]. Shear was imposed to the fluid
using two moving walls (Fig. 1). Periodic boundary conditions were used along the three orthogonal
directions. A temperature 7 = 300 K was maintained using a Berendsen thermostat applied only to
the solvent, and only to the degrees of freedom perpendicular to the direction of the flow. Data were
recorded after an equilibrium step of duration 1 ns. See Supplemental Material [22] for more details
about the simulation [23-25].

The orientation of the normal n to the center of the HBC as given by the Euler angles 6 and ¢ was
measured [Fig. 1(b)]. The results show that with a shear rate y = 50ns~!, the HBC aligns with the
flow near the angles ¢. = 7 /8 and 6, = 7 /2 [Fig. 1(e)], performing small fluctuations about these
angles due to thermal motions. The value of ¢, is small but finite, in keeping with a theory developed
for plate-like particles constrained to move in the flow-gradient plane [12]. According to this theory,
the arrested dynamics is a consequence of stress redistribution induced by the slip at the fluid-solid
boundary, and can be understood by considering the values of the torque applied by the fluid on the
particle when the particle is kept aligned with the flow [T (¢ = 0,60 = 7 /2)] or perpendicular to the
flow [T (7 /2, w /2)]. It can be shown that T (r /2, 7w /2) is always negative regardless of the value
of the slip length A. In this case, the torque tends to rotate the particle clockwise (in the direction
of the vorticity). For a no-slip particle, 7 (0, 7 /2) is also negative. However, if the slip length A is
larger than the particle half-thickness b, T(0, 7 /2) is positive. Therefore, for a particle with large
hydrodynamic slip, there is an equilibrium angle ¢., with 0 < ¢. < 7 /2. It can be shown that ¢, is

given by [12]
_ | =T (0, 7/2)
tan ¢, = —T(n/Z, 7r/2)' (D

For the HBCs, we find using molecular dynamics that 7(0, 7 /2) = (—2.5 & 0.7) Kcal/mol and
T(mw/2,7/2) = (17.5 £ 0.7) Kcal/mol, and therefore one gets ¢, = 0.36 £ 0.06 from Eq. (1), in
good agreement with the molecular dynamics results of Fig. 1(e).

To assess the relative importance of the Brownian and hydrodynamic contributions to the
dynamics, we quantify the Péclet number Pe = y /D,, where D; is the rotational diffusion coefficient
associated with the rotation of the HBC about one of its diameters. We evaluate D, using molecular
dynamics simulations, by measuring the rotational relaxation time from autocorrelation function
analysis [26,27]. See Supplemental Material [22] for details about the rotational diffusion coefficient
measurement. We find a correlation time T = (190 %= 20) ps and D, = 1/67 = (0.9 £0.1) ns~'.
The measured value for D; is remarkably close to the estimate D, ~ 3kgT/ 32na® ~ 0.88 ns~! for
an infinitely thin rigid disk of radius a, where kg is the Boltzmann constant, 7 the temperature [28].
For the HBC, we use a = 8 A as the effective radius. Here the effective radius corresponds to the
actual radius of the HBC (i.e., the distance between the center of the hydrogen atoms and the center
of the HBC) plus the effective radius of the hydrogen atoms [i.e., the radius of the hydrogen atoms
as seen by the water molecules, which is given by the parameters of the Lennard-Jones potential
[Fig. (S1) [22]]. The good agreement between the continuum prediction and molecular dynamics
for the value of D, is all the more striking given that the HBC is flexible. For the simulation presented
in Fig 1(e), y = 50 ns~!, therefore Pe = 62. Standard rheometers are typically limited to shear rate
¥ < 10° 571 [29,30], and a value of 62 for the Péclet number is not accessible using HBCs in water.
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FIG. 2. (a) Average orientation angle x [Eq. (2)] and (b) degree of alignment An”/(An;, ) [Eq. (3)] 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 [Eqgs. (4)—(6)] with k. = 0.4i (full blue line) and k. = 0.4 (dashed red line). An imaginary
value for the effective aspect ratio k. is associated to slip particles. For a particle with its normal near 6 = 7 /2,

X 1s approximately equal to (¢) when y is small.

However, Pe = 62 is accessible experimentally using solute particles or molecules of micrometric
lengths [31].

To present statistical observables that can be compared directly with experiments, we compute
the so-called average orientation angle x and the degree of alignment An”/An], . . These two
quantities are often used in rheo-optical studies [31,32]. The average orientation angle is defined
as

(sin® @ sin2¢) ) )

1
= —arctan | ———
X 2 ( (sin® @ cos 2¢)

This expression gives x = 0 for a particle aligned near ¢ = 0. For Pe > 62 we obtain x ~ 0.3,
indicating an average alignment of the HBC at a nonzero angle [blue disks in Fig. 2(a)]. The degree
of alignment is

An//
An’

max

= \/(sin2 6 sin 2(,0)2 + (sin% @ cos 2g0)2. 3

In rheo-optical studies, An” is the magnitude of the dichroism and Anj, . its value in the fully

aligned state. Essentially, the degree of alignment is related to the variance of x, i.e., the spread
of the orientation from its average value. For large Pe, we find An”/An],,. — 1, indicating that
the variance of the orientational distribution around the average angle y is relatively small [blue
disks in Fig. 2(b)]. Expectedly, An”/An; . — 0 as Pe decreases, because of the randomizing effect
of Brownian fluctuations. We compare in Fig. 3 the angular distribution p(¢, 8) for intermediate
and relatively large Péclet numbers: Pe = 62 [Fig. 3(a)] and Pe = 6.2 [Fig. 3(b)]. For Pe = 6.2,
the HBC escapes the hydrodynamic potential well several times during the simulation. It explores
the full orientational space, but spends the largest fraction of the rotational period oriented near
o =m/8.

To rationalize the molecular dynamics (MD) predictions, we compare the MD data with a model
for the orientational distribution function that neglects the dependence on 6. This assumption is
justified for a rigid axisymmetric particle in a shear flow, for which variations in ¢ are dynamically
decoupled from variations in 6 [33], and for which the diffusion tensor is diagonal [34]. The
probability p of finding a rigid axisymmetric particle at a certain orientation angle ¢ in response to
hydrodynamic and Brownian stresses is given by a Fokker-Planck (Smoluchowski) equation [35].
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FIG. 3. (a), (b) Angular probability distribution p(¢, 6) for a single slip HBC with Pe = 62 (a) and Pe =
6.2 (b). (c) p(e, 0) for a single no-slip HBC with Pe = 62.

With just one degree of freedom, this equation simplifies to [13]

ap 0 ap .
— =—(D;—-Q , 4
o 8(p< P (w)yp> “)

where Q2(¢)y is the hydrodynamic angular velocity. A classical solution due to Bretherton for two-
dimensional axisymmetric particles rotating in the flow-gradient plane provides an exact expression
for Q(¢) in terms of a single scalar parameter k., the effective aspect ratio [33,36]:

Q(¢) = — (ki cos@® +sing?) /(1 + k). (5)

The parameter k. is defined as the ratio [7]

[ T
ke = T(m/2) ©

of the hydrodynamic torques on a particle held fixed, respectively, parallel (¢ = 0) and perpendic-
ular (¢ = m/2) to the flow for 8 = 7 /2. In absence of slip, T < 0V ¢, therefore, k. € R. In this
case, 2 < 0V ¢ and the solution of Eq. (5) yields periodic trajectories known as Jeffery’s orbits
[9]. This is the case classically studied in colloidal hydrodynamics. However, the possibility that
T(0)/T (;r /2) is negative exists. In a previous work [12] we analyzed the case of a bidimensional
plate-like particle with surface slip length A. We found that while the sign of 7 (7 /2) is essentially
independent of A, T(0) changes sign when A becomes sufficiently large in comparison with the
particle half-thickness b. As a consequence, k. becomes a purely imaginary complex number [12].
In this case, Eq. (5) admits the (time-independent) stable solution ¢, & arctan(|k.|). Therefore, the
value of A alters the nature of Eq. (4) and, in turn, the rotational dynamics at finite Pe. While the
theory was developed for a rigid particle with orientation confined to the flow-gradient plane, here
we demonstrate its applicability to a flexible molecule that rotates in the three-dimensional space.
By computing 7(0) and 7 (;r /2) for HBC in water with 8 = /2, we find k. = 0.41i. See Sup-
plemental Material [22] for details about the effective aspect ratio measurement. Solving Egs. (4)
and (5) with this value of k., and using the corresponding probability distribution p to calculate
the averages in Eqgs. (2) and (3), gives values of x and An”/An] . that are in unexpectedly good
agreement with the MD results [blue lines in Figs. 2(a) and 2(b)]. While there are some differences
between the model and the MD data, the dependence of x on Pe and the characteristic value of
x for Pe — oo are essentially captured; the degree of orientation is only slightly overestimated.
That a model developed for a particle orientation confined to the flow-gradient plane can capture
essential features of the 3D rotational dynamics has been discussed before in the context of
asymmetric particles following Jeffery’s orbits [13,37]. The model [Eqgs. (4)—-(6)] was developed
for a rigid particle, but HBCs have a finite bending rigidity, which we measure to be B = 1.1 eV.
See Supplemental Material [22] for details about the bending rigidity measurement [38,39]. The
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theoretical predictions are expected to hold only for the range of parameters for which the molecule
behaves approximately as a rigid object.

To evaluate the range of parameters for which the HBC can be considered rigid, one might
consider the balance of elastic forces, of characteristic magnitude ~B/a, and viscous forces ~nya’.
Equating these two contributions yields the following buckling threshold [40]:

B

6 =
yna’

~ 1, )

where 7 is the fluid viscosity. The parameter o ~! is akin to the viscoelastic number commonly

used for fibers, except for the different scaling of elastic forces with respect to the fiber length
[41]. For the HBC, assuming a = 8 A, we get & < 1 for y > 400 ns~'. In keeping with Eq. (7),
in the present simulations (in which ¥ < 100 ns~!), the HBC has the same rotational statistics
of a rigid molecule. To further test the validity of Eq. (7), we performed simulations with a
larger molecule of formula C;4H30, effective radius a = 12.5 /0\, and measured rotational diffusion
coefficient D, = (0.16 & 0.05) ns~! [Fig. 1(c)]. Two situations are considered: either the C;;4H3g
molecule is free to deform, or it is constrained to move according to a rigid body motion. We
observe no significant statistical difference between the flexible and the rigid molecules for y as
high as 100 ns~!, corresponding to & ~ 1 (Fig. S2 [22]). This observation contradicts Eq. (7).
The explanation for this is that Eq. (7) assumes that viscous forces scales as ~nya’. However,
compressive hydrodynamic stresses of O(nya®) occur only when the particle is oriented along the
compressional axis of the flow. This configuration does not occur when A > 2b (in this case the
orientation is along the flow, or slightly inclined along the extensional axis). In addition, the reduced
friction at the fluid-particle surface leads to reduced viscous forces. In the case of a rigid platelet with
half-length a, viscous forces are reduced by a factor 1/(1 4+ 4A/ma) [12]. Assuming that the same
correction applies to disk-shaped HBC, and using A = 10 nm [15] and a = 8 A, slip is expected
to reduce the viscous forces by a factor 0.06. As a consequence, for A > 2b, compressive stresses
are much smaller than Nm'/az, and thus Eq. (7) overestimates the buckling threshold. Therefore,
slip has an effect on the deformation of a solute molecule by changing the range of hydrodynamic
compressive stresses the molecule experiences.

Aside from rigidity, the continuum assumptions (4)—(6) rely on may break down for a solvent
composed of relatively large molecules (larger than those of water). We perform MD simulations
using, as solvent, N-methyl-2-pyrrolidone (NMP), whose molecules have more complex shapes and
are larger than those of water. See Supplemental Material [22] for details about the simulation.
Understanding the hydrodynamics of molecules or nanoparticles in NMP is particularly relevant
because NMP is considered an excellent dispersant for carbon nanomaterials [14,42]. We found that
the results for NMP are qualitatively similar to those obtained with water, with the HBC in NMP
also displaying arrested dynamics [Figs. 2(a) and 2(b)]. The main difference between water and
NMP is a slightly reduced value of x for Pe > 4, and a reduced value of An"/An] . for Pe > 10,
confirming that the solvent’s molecular size and shape affect the HBC average orientation. The size
and shape of the solvent molecules are also known to affect the rotational diffusion coefficient of
suspended molecules (as suggested, for example, by rotational relaxation time experiments [43]).
In agreement with this observation, we measure D, = (0.1 £0.1) ns~! for the HBC in NMP, a
value much smaller than the one for water [D; = (0.9 £0.1) ns™']. Such reduction, by a factor
1/9, cannot be explained by the difference in bulk viscosity of the two fluids (n = 0.855 mPa s for
TIP4P /2005 water at 300 K [44], and n = 1.6 mPa s for NMP [45]), and is likely to originate from
the different shapes and sizes of the solvent molecules.

To demonstrate that the suppression of rotation in the case of HBC is actually caused by
hydrodynamic slip, we performed simulations with a no-slip HBC. The no-slip boundary condition
was enforced by modifying the energy of interaction between the carbon atoms of the HBC
and the oxygen atoms of the water molecules. See Supplemental Material [22] for details about
the enforcement of the no-slip boundary condition [46]. At large Pe number, the no-slip HBC
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FIG. 4. (a) Specific viscosity as a function of Pe for a single slip HBC in water (blue disks), and single
no-slip HBC in water (red triangles). Each data point corresponds to the average from three independent
simulations, and the error bars correspond to the standard deviation. (b) Specific viscosity of a multiparticle
suspension in water as a function of the solid fraction ¢; of slip (blue disks) or no-slip (red triangles) HBC for
Pe = 62. Solid lines are linear fits to the data in the limit of a low volume fraction, respectively, ny,/¢s = 3
(red) and ny, /¢ = 0.77 (blue).

performs continuous rotations, in agreement with Jeffery’s prediction for rigid axisymmetric particle
[Fig. 3(b)]. For the largest Pe, we measure a period of rotation of 7 ~ 130 ps, only about 30% lower
than Jeffery’s prediction 7 = 27y~ (ke + k; ') = 180 ps. The average orientation angle is x &~ 0
and the degree of alignment An”/An;, . — 0.4 as Pe — oo [Figs. 2(a) and 2(b)]. Such intermediate
value of An”/An!, , reflects the fact that the molecule spends most of its rotational period aligned
with the flow near x & 0. Again, the agreement between MD and the model with k. = 0.4 is rather
good. While the condition A < b is unlikely to occur for atomically thin pristine graphene-like
particles in common solvents, . < b is possible for graphene-oxide platelets with a large enough
degree of oxidation [12], as well as for other atomically heterogeneous platelets (e.g., clays [47]),

because of a reduction in the slip length.

B. Viscosity measurement

The dynamics of a suspended molecule or particle affects the viscosity of a suspension, and
measuring the viscosity could be a way of inferring the average orientation of a HBC experi-
mentally. Using molecular dynamics simulations, we measure the wall shear stress t,,, and from
the expression n = 7,/ we evaluate the specific viscosity of the suspension 1y = (7 — 10)/70,
where 7 is the pure solvent viscosity. For a single no-slip HBC in water, we do not see strong
evidence of a variation of 1, with the Péclet number [red triangles in Fig. 4(a)]. For Pe > 10, s, is
approximately constant with 7y, &~ 0.11. This result compares reasonably well with an asymptotic
expression for oblate spheroids valid in the limits b/a — 0 and Pe — oo [48]. Using b/a = 0.31
and a solid fraction ¢ = 0.03, this expression predicts ny, ~ ¢(3.183 — 1.792b/a) = 0.08. For
a single HBC with slip, however, 5y, ~ 0.04 V Pe, a significant reduction with respect to the
no-slip case [blue disks in Fig. 4(a)]. The dilute theory for suspensions of force- and torque-free
particles [49] suggests two possible causes for the reduction in viscosity: the reduced friction at the
particle-solvent interface and the change in the average orientation of the particles. In the diluted
limit, the specific viscosity of a suspension of no-slip particles with orientation confined to the
flow-gradient plane can be written as [9,48,50]

ey = (‘%(1 — cosdg) + B + CD(sin 2¢>), ®)
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FIG. 5. (a) Average orientation angle x and (b) degree of alignment An”/An;, 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 [Egs. (4)—(6)] and k. = 0.4i. Open symbols correspond to results
obtained using the Lees-Edwards boundary condition.

where A, B, and C are dimensionless coefficients, and (...) indicates an average over all the
particles in the suspension. The terms in the closed brackets in Eq. (8) are minimized when the
particles are aligned indefinitely with time in the direction parallel to the shear flow field. In other
words, a particle instantaneously aligned with the flow causes, on average, a smaller disturbance to
the surrounding flow, as compared with a particle that continuously rotates. The coefficients A and
B are obtained by calculating the first moment of the hydrodynamic traction on the surface of the
particle, and hence depend on the particle geometry and on the slip length. For a given orientation,
a reduction in tangential friction can thus lead to a reduction in viscosity by reducing the values of
A and B.

C. Multiple solute particles

Particle-particle interactions (hydrodynamic and nonhydrodynamic) have a large effect on the
orientation of a particle and, in turn, on the effective viscosity of the particle-solvent mixture.
To investigate multiparticle effects with our solute molecules, we performed simulations with
up to N =16 HBCs in the computational domain of size Ly x L, x L, ~ 3 x 3 x 7 nm?. The
corresponding number density is 7 = 0.25 nm ™3 and the solid fraction is ¢ ~ 0.4. We measure
the specific viscosity of the suspension of no-slip HBCs for fixed Pe = 62. We find a linear increase
of g, with ¢ for ¢ < 0.1, with 1y, /¢, ~ 3 [Fig. 4(b)]. For the slip HBCs, the increase is also linear
for ¢ < 0.1, but the slope is significantly reduced with respect to the no-slip case 1, /¢s =~ 0.45.
For ¢ larger than 0.1, the effective viscosity grows more than the linear prediction in the case
of no-slip HBCs. This is expected from studies of no-slip particulate suspensions, and known to
be a consequence of particle-particle interactions [51]. However, in the case of the slip HBCs, for
¢ larger than 0.1 the effective viscosity grows less than linearly. A possible explanation for this
reduction in viscosity is the inhomogeneous distribution of HBCs in the wall-normal direction.
For this concentration regime, visualizations indicate an average deficit of HBCs near the walls
accompanied by the dynamic formation and breakup of predominantly horizontally aligned HBC
clusters near the center of the box (Fig. S6 [22]). We speculate that this highly heterogeneous
distribution of HBCs, together with the large slip length at the HBC-fluid interfaces, can be
responsible for the observed reduction in viscosity. Overall, the larger ¢, the larger the viscosity
differences between the slip and no-slip cases.

The dynamics of HBCs in water for N = 16 shows a nonmonotonic variation of x with Pe, with
a maximum for Pe = Pe* ~ 10 (Fig. 5). For Pe « Pe*, we observe a decrease in x with respect to
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the N = 1 case. For Pe >> Pe*, the rotational dynamics is qualitatively similar to the dilute regime;
the HBCs are on average aligned at a small angle with respect to the flow direction as for N = 1,
although the values of x and An”/Anj,, are smaller than for N = 1 (Fig. 5). We attribute this
behavior to the formation of clusters of HBCs (see snapshots in Fig. S3 [22]). For Pe < Pe*, a single
large cluster of stacked HBCs forms, which leads to a decrease in x with respect to the N = 1 case.
However, the observed decrease in x must be interpreted with caution, first because of the large
corresponding variance (or small values of An”/An ), and second because the formation of a
large cluster is associated with relaxation times that are larger than the duration of MD simulations.
For Pe > Pe*, hydrodynamic forces are able to overcome the relatively strong interparticle adhesive
forces, leading to the dynamic formation and breakup of small clusters of HBCs.

The shear rate value y* above which hydrodynamic forces are sufficiently large to break small
stacks of aligned particles can be estimated as y ~ % f (%, S), where AE is the change in surface
energy associated with the separation in a liquid of two solid molecular layers, and f is a nondimen-
sional function that is typically O(1) [52]. From this expression, the Pe number corresponding to
y* is seen to be independent of the fluid viscosity and to scale as Pe* ~ a? AE f /kgT . For HBCs in
water, using f = 1 and AE = 60 mJ/m?, we get Pe* = 9 [52]. In the case of HBCs in NMP, AE = 4
mJ/m? and Pe* = 0.6 [52]. Compatibly with this estimate, simulations with N = 16 HBCs in NMP
show no clustering, even at the lowest Pe simulated (Fig. 5). The value of x is only slightly reduced
compared with the case N = 1 for intermediate values of Pe. For Pe in the range 10>~10°, the values
of x for N = 1 and 16 are practically identical. The results suggest that in absence of clustering and
for a volume fraction ¢5 & 0.4, the rotational dynamics of multiple HBCs is qualitatively similar to
the case N = 1.

To evaluate the effect of particle-particle interaction in the case of HBCs with a modified
solid-liquid energy of interaction, we performed simulations with N = 16 no-slip HBCs. Due to the
large solid-liquid surface energy characterizing the no-slip HBC boundaries, no-slip HBCs do not
agglomerate even for Pe ~ 1. In contrast with the case N = 1, the results show that when N = 16,
no-slip HBCs align with the flow at large Pe (Fig. 5). This behavior is likely due to short-range
hydrodynamic and contact interactions, as previously shown for disk-like particles of moderate
aspect ratios (b/a = 0.15-0.33) composed of spherical beads [53]. The comparison between the
slip and no-slip cases for N = 16 suggests that, in this regime, the impact of hydrodynamic slip
on the orientation of the HBCs is small. Although in our multiparticle simulations the influence
of the proximity of the two shearing walls on the orientation can not be completely ruled out,
results obtained using Lees-Edwards boundary conditions [54] to simulate an effectively unbounded
suspension lead to the same results as those obtained with the bounded suspension, suggesting that
the effect of the walls is negligible (open symbols in Fig. 5).

III. CONCLUSION

In conclusion, we have demonstrated a large effect of hydrodynamic slip on the rotational
dynamics of a nanographene, HBC, in shear flow. In particular, at large Péclet number, our molecular
dynamics results show that HBCs align with a constant orientation angle instead of performing
the classical periodic orbits predicted by Jeffery’s theory. Steady orientation in shear flow has
been previously observed for vesicles due to the so-called tank-threading motion [55], for flexible
filaments assuming highly folded shapes [56], and for rigid no-slip rings with specific cross sections
[57], but the microphysics leading to orientation in these systems is markedly different from that
characterizing our system. Theoretical predictions by a one-dimensional Fokker-Planck model for
the trend of the average orientation angle x and degree of alignment An”/An,,  of a single solute
molecule as function of Pe agree well with MD data for 1 < Pe < 10* (see Fig. 2). We have also
quantified changes in orientational statistics due to particle-particle interaction between several
HBCs. Our results suggest that in absence of clustering and for a volume fraction ¢ ~ 0.4, the
rotational dynamics of multiple HBCs is qualitatively similar to the case N = 1. Our results also
show a strong effect of hydrodynamic slip on the viscosity of the suspension of HBCs in water; for
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a solid fraction ¢ ~ 0.4, the effective viscosity of a suspension with slip solute molecules is about
40 % lower than with no-slip solute molecules. This study allows for a better understanding of the
behavior of plate-like macromolecules and particles, including graphene-like colloids, and should
encourage investigations on the effect of slip on the dynamics of solute molecules under shear flow.
Controlling macroscopic properties of complex fluids such as graphene suspensions is critical to
deliver on the promise of two-dimensional materials [42,58—60]. Furthermore, HBCs are foreseen
as building blocks for the realization of active layers for transistors [61], supercapacitors [62], and
photovoltaic cells [63].
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