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Atomistic molecular dynamics simulations are
presented for a prototypical all-aromatic calamitic liquid crystal
that has recently emerged as a benchmark system for testing
theories of nematic order. By performing simulations with
progressively larger systems, up to an unprecedented total of el
12,600 molecules, we investigate the impact of system size on the
structural and dynamic properties of the material in the nematic
and smectic A mesophases. Our results demonstrate that using a
number of molecules on the order of 10* not only improves
statistical sampling, thereby reducing uncertainty in all the 5 g " SQ i
computed quantities, but is also necessary to minimize finite-size onsty oitusion
and boundary-condition effects. This, in turn, enables unbiased
estimates of key thermodynamic properties (such as transition
temperatures and enthalpies, order parameters, and diffusion coefficients) and allows for a correct determination of the nature of the
phase transitions (first- versus second-order). Moreover, we emphasize that large simulation boxes are essential to capture mesoscale
structural features with characteristic length scales of several tens of nanometres, underscoring the unique capability of atomistic
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molecular dynamics simulations to complement experimental studies.
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Computational modeling has emerged as a viable technique for
the description of complex condensed phases of liquid crystals
(LCs), providing insights into their spontaneous molecular
organization and dynamics." The defining features of LC
phases depend critically on their mesoscale structure, whose
characteristic size is smaller than that of a typical sample but
still much larger than the molecular dimension. Furthermore,
many LC phases exhibit a hierarchy of order parameters over
length scales spanning several orders of magnitude. Con-
sequently, realistic computational modeling of LC systems
must necessarily include a large number of molecules. This
requires a balance between the size of the simulated system,
the computational requirements (CPU time and hardware
resources), and the accuracy of the model. In this regard,
coarse-grained (CG) approaches represent mesogen molecules
as made of one or few rigid bodies, therefore significantly
reducing the computational complexity.”~* They can be used
to highlight the emergence of specific phase properties, but
generally cannot provide a reliable quantitative prediction of
the whole phase behavior.” By contrast, atomistic simulations
can account for the crucial role of molecular conformations
and flexibility in determining the mesophase behavior and
macroscopic properties’”® and have been used to characterize
the temperature dependence of order—disorder transitions
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across the smectic (Sm), nematic (N) and isotropic (I)
phases.””~"® Notably, molecular dynamics (MD) simulations
have been employed to accurately elucidate a range of
structural and dynamical features in LCs including order
parameters and phase transition temperatures, density,
diffusion coefficients, nuclear magnetic resonance (NMR)
dipolar couplings,'”* with interpretation complementary to
experiments.21

Along with the level of detail of the potential energy
function, also the selected cell volume V, the associated
number of molecules N, and the spanned time scale can impact
the ability of MD simulations to capture and predict the LC
properties.'””**> Smaller samples are less computationally
intensive, thus allowing for faster simulations and the
exploration of a wide range of parameters, though they are
subject to larger fluctuations and are more sensitive to
boundary- and finite-size effects. While larger fluctuations
result in a larger statistical uncertainty affecting the computed
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values, with the corresponding standard deviations (SDs)
varying as N™/%, boundary- and finite-size effects results in a
systematic dependence of the computed average values on N.
This reflects the distance of the simulated system from the
macroscopic system and the influence of boundary constraints,
leading to results that may not reproduce the actual
macroscopic behavior.”*"*° Small systems can induce artificial
ordering due to limited space for the molecules to orient/
move, leading to spurious long-range correlations and
difficulties in locating phase transition temperatures. Regarding
boundary effects,”’ though periodic boundary conditions
(PBCs) can be considered a much milder form of confinement
with respect to an impenetrable wall, they nonetheless affect
the simulation results in small systems.”’~>” On the other
hand, larger systems provide a more precise and accurate
representation of the LC bulk behavior, but necessitate longer
simulation times to achieve equilibration of long-range
properties (sufficient mixing and reaching a stable mono-
domain state) and require additional computational resources.
Moreover, some authors have pointed out that, in locating a
weakly first-order transition, increasing the system size better
reproduces the free energy barrier between the two bulk states
(e.g, nematic and isotropic), leading to a more realistic
representation of the transition but also requiring longer
simulation times for its assessment due to persistent metastable
states and hysteresis.””*'

In the past, the effect of the system size on the simulation of
LC systems has been investigated in the framework of CG
models.”***** Here, we explore the effects of the system size
in MD modeling of LCs by comparing the results of
simulations performed with an increasing number of
molecules, up to an unprecedented maximum exceeding N =
10* (corresponding to more than 7 X 10° atoms). The
investigated system is the 2,6-biphenyl naphthalene (PPNPP,
Figure 1), a member of the unconventional class of all-aromatic
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Figure 1. Molecular structure of PPNPP and phase sequence as
obtained from differential scanning calorimetry at a heating rate of 20
°C min~1.*

calamitic LCs that have recently attracted great interest as
archetypal rigid, rod-like nematogens.””**~*” As such, they can

be examined to scrutinize the fundamental theories that
describe nematic order.>® In addition, their extended
conjugated structure makes them relevant as prototypical
derivatives for organic electronic technologies.””***” The use
of simulations on these systems is further justified by the
challenges of experimental characterizations, due to their very
high temperature N range (>400 °C), tendency to sublimate,
and risk of sample decomposition.

Recent experimental and computational investigations for
PPNPP suggest an unexpected propensity for local molecular
layering within the N phase (cybotaxis, i.e. a SmA-like
stratification within nanosized clusters of mesogens),*”*'
which rises as the temperature declines.””*” This unconven-
tional nanostructure could explain the observed deviations of
the orientational and positional order parameters from
theoretical predictons.”’

Besides providing structural information, MD simulations
represent a valuable tool to investigate dynamical features. In
several technological applications, interest lies in under-
standing the mesogen mobility as it can affect important
properties such as ion transport.””~** The simulated transla-
tional diffusion tensor components can be compared with
those determined by a variety of experimental methods, e.g.
electron spin resonance, NMR and quasi elastic neutron
scattering (QENS).""?***7% yeh and Hummer reported that
the simulated self-diffusion coefficients depend significantly on
the system size with an underestimation of ~10% when
analyzing a periodically replicated cubic simulation cell.** As a
result, meaningful comparisons between simulated and
experimental transport properties require correcting for these
systematic errors and using suitable cell sizes.””

Toward progressing the understanding of system size effects
on the structural and dynamical properties of simulated LCs,
here we compare a series of three simulations performed with
N = 350, 1000, and 12,600, with adequate time-scales to
sample dynamical processes across the entire mesophase range,
from the Sm to the I phase (Figure 2). By increasing the value
of N, larger scale MD simulations provide the benefits of
characterizing the spontaneous structural organization on a
bulk scale, reducing finite size effects and improving statistical
sampling. The temperature dependence of the phases is
examined focusing on the density, phase transitions, orienta-
tional and positional order parameters. Lastly, the particle
dynamics is analyzed computing the anisotropic translational
diffusion coefficients that characterize the fluidity of this class
of LCs.

N =12600

. " )

N =350

Number of
molecules, N

Figure 2. Representative MD simulations snapshots of PPNPP with increasing number of molecules and temperature: from left to right, N = 350 at
670 K (smectic A), N = 1000 at 710 K (nematic) and N = 12,600 at 750 K (isotropic). The molecules are color coded in relation to the orientation
of their reference axis u with respect to the phase director n, ranging from blue (parallel) to red (perpendicular).
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Atomistic MD simulations were performed with the NAMD
software*’ at constant atmospheric pressure and temperature using
the standard time step of 1 fs, Berendsen barostat and thermostat.***°
The particle Mesh Ewald (PME) method* was used to compute the
Coulomb interactions with PBCs, with a grid spacing of 1.5 Aanda
cutoff of 12 A for the calculation in the direct space, as well as for
truncating Lennard—Jones interactions. The AMBER/GAFF param-
eters were employed, with atomic charges required for the force field
obtained with density functional theory (DFT) calculations using
Gaussianl6 at the B3LYP/6-311++G(d,p) level of theory, with the
electrostatic potential (ESP) method.*"** The NAMD topology and
input files are reported in Sections S1 and S2 of the Supporting
Information. Note that the force field was validated in a prior work®’
and shown to adequately reproduce the experimental N—I and SmA—
N transition temperatures for a sample of N = 350 molecules.

The NAMD software utilizes a parallel structure whereby three
main types of calculations are performed, namely bonded interactions,
short-range nonbonded interactions, and long-range -electrostatic
interactions handled via the PME algorithm. While the complexity of
a pairwise computation of all nonbonded interactions would scale as
O(N?), the PME method reduces the computational cost to O(N log
N) by explicitly calculating pairwise nonbonded interactions within a
specified cutoff radius and accounting for longer-range contributions
through reciprocal-space Ewald interpolation. After a few preliminary
tests performed on the Cineca high performance computing (HPC)
facility, all the simulations were performed on our in-house server
featuring two Intel(R) Xeon(R) Gold 6418H CPUs and 1024 TB of
RAM. In terms of the computational cost for each simulation, we
report the following benchmark times obtained with 48 CPU cores at
700 K: 0.010 days/ns (100 ns/day) for N = 350, 0.017 days/ns (59
ns/day) for N = 1000, 0.14 days/ns (7 ns/day) for N = 12,600.

Preliminary information on the LC mesophases of PPNPP was
reported in a previous paper.’” It was obtained using a small system of
N = 350 molecules contained in a cubic box with PBCs and box sides
of ~60 A. MD simulations were equilibrated for 40 ns and the
production runs ranged from 35 to 40 ns. To capture the main
features of the PPNPP phase map, we carried out a complete cooling
down sequence from the disordered I phase at 800 K to the crystalline
phase at 650 K. Those results represented the basis for the study of
larger systems, as detailed below.

This system was prepared with N = 1000 molecules in a cubic box and
equilibrating the sample for 10 ns. Subsequently, MD simulation
production runs were performed for 45—50 ns. Based on the results
obtained for N = 350, the sample was heated from 670 K (in the Sm
phase) to 780 K (in the I phase).

The largest sample was prepared by replicating the smaller sample (N
= 350) at 690 K, choosing as initial configuration one with the cell y-
axis aligned parallel to the nematic director, to produce a bulk system
of N = 12,600 molecules, extending in the «, y, z dimension by 2 X 9
X 2. We used a longer extension along the y-axis as this permits having
approximately the same number of molecules in each direction.
Equilibration runs were performed for 10 ns and production runs of
15—25 ns, starting from the sample equilibrated at 690 K and either
cooling down to 670 K or heating up to 780 K.

For any N, we verified that the chosen equilibration times were
sufficient to equilibrate the system (see Section S3 of the Supporting
Information for further details). We also observed that the initial
periodicity of the largest system was quickly lost. The most likely
explanation for the relatively low equilibration times is that PPNPP
LC phases occur at very high temperatures where the translational
self-diffusion coefficients are remarkably large (~10~° m*/s).

Statistical structural descriptors including the orientational and
positional order parameters, phase transitions temperatures, en-
thalpies and translational diffusion coefficients were calculated with
established computational algorithms' using in-house developed
analysis codes. The liquid crystalline phase director n(t) was
calculated for each frame by diagonalizing the order matrix," with
the molecular orientation defined by the long molecular axes u(%), i.e.
the axis with the smaller moment of inertia. Then, the orientational
2 4 2
order parameters (P,) = <3w%}1> and (B,) = <M>
were obtained by averaging over time and molecules i the values of
cos6; = n(t)-u(t). The positional order parameter 7, = {cos(27z/d))
was obtained from the molecular centers of mass following the
procedure detailed in ref 11 The isotropic diffusion coeflicient D;,
and the corresponding values along the phase director and
perpendicular to it, Dy and D,, were calculated from the mean
square positional displacements, following the procedure detailed in
Section S4 of the Supporting Information.

For all observables, standard errors of the means (SEs) were
computed through the block averaging method.”>** In practice, the
time series is divided into N, blocks of equal length; for each block,
the observable of interest is averaged, producing a set of block means
and standard deviations that are statistically independent, provided
that the blocks are long enough. Hence, block length is gradually
increased until the SE, estimated as o}/ \/ﬁb with o}, being the SD of
the block averages, converges to the correct statistical uncertainty. For
the diffusion coefficients, the application of this method is particularly
cumbersome and would ideally require longer trajectories. We applied
it to all systems at T = 730 K, as described in Section S4 of the
Supporting Information, and evaluated the uncertainty on Dj being of
the order 1%. As a consequence, we decided to assign an indicative
uncertainty of 2% to all our diffusion coeflicient data.

Although we performed simulations at constant temperature, small
fluctuations are inherently present in the system. For the smaller
system (N = 350) at all temperatures, we evaluated a SD of ~3 K and
a SE on the temperature value of ~0.02 K. We considered this
uncertainty negligible.

Figure 3 reports the simulated density as a function of
temperature T for the three investigated samples. In agreement
with the experimental phase map (Figure 1), the simulated
systems exhibit three different phases across the investigated
temperature range as evidenced by the changes of the slope of
the curves: on heating these are the SmA, N and an I phases, as
confirmed by the analysis of the relevant order parameters
discussed in the following section. The system size has little
impact on the density of the system in the N phase: the
simulated densities are very similar, with a very slight tendency
for the smaller systems to display higher values. This trend
becomes stronger in the high temperature I phase and low
temperature Sm phase. From the temperature dependence of
the density, the SmA-N and N—I phase transition temperatures
can be roughly located for all sample sizes in the range T4y
= (695 £ 5) Kand Ty_; = (750 £ 10) K, respectively, with an
apparent tendency of both to move to the lower side of the
range on increasing N. A more precise determination of the
transition temperatures was obtained from the temperature
dependence of the corresponding order parameters as detailed
in Section S5 of the Supporting Information: the results,
summarized in Table 1, evidence for both phase transitions a
downshift of the order of 10 K on passing from N = 350 to N =
12,600, much larger than the reported uncertainties. Overall,
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Figure 3. Simulated density as a function of temperature for each
system: N = 350, N = 1000 and N = 12,600. Error bars indicate SEs
(where not visible, they are smaller than data symbols). Vertical
dashed lines indicate the transition temperatures as obtained from the
analysis of the orientational and positional order parameters.

the results are in good agreement with the experimental values
obtained from combined differential scanning calorimetry
(DSC) and polarization optical microscopy (POM).>” The
minor discrepancies can be attributed to the combined effect of
the experimental uncertainty in this class of compounds
(caused by many factors, such as the heating/cooling rate, the
thermal history of the sample and related hysteresis effects,
sample degradation, etc.)*” and, concerning MD simulations,
to the inaccuracy of the force field.

Actually, the level of accuracy of the simulated transition
temperatures with respect to experiment, reached here with the
GAFF force field, is rather surprising, since many authors
reported very large deviations from experimental values in
similar studies with general force fields'>~"*'° and the need of
reparametrizing torsional degrees of freedom and intermolec-
ular Lennard—Jones interactions to reduce them has been long
since recognized in the field.'>**>® Although we are unable to
provide a clear-cut explanation for these fluctuating perform-
ances of general force fields, we note that most failures refer to
rather flexible molecules with alkyl chains, while for all-
aromatic compounds accuracy is typically acceptable.*®*”7%%

Another possible source of error is the difficulty in locating
the exact transition point, especially for small system sizes. In
fact, the transition is often smoothed by finite size effects,

causing a nonvanishing relevant order parameter even in the
higher temperature phase. Consequently, setting the transition
point requires the choice of a criterium that inevitably entails
some degree of arbitrariness. In our case, it was determined by
analyzing the temperature dependence of the relevant order
parameter ((P,) and 7, for the N—I and SmA-N phase
transitions, respectively) as described in the following section
and detailed in Section S5 of the Supporting Information.
While the chosen methodology may slightly affect the absolute
values of the transition temperatures, it has no effect on their
dependence on the system size.

Table 1 also reports a comparison of the experimental
transition enthalpies AH with those obtained from simulations.
The system enthalpy was evaluated as H(T) = U(T) + pV(T),
where U(T) and V(T) are the average values of the internal
(kinetic and potential) energy and the box volume,
respectively, and p is the external pressure of 1 atm. Figure 4
illustrates the behavior of enthalpy H(T) over the entire
investigated temperature range. The transition enthalpy AH
for both N—I and SmA-N transitions was calculated as the
difference between the extrapolated linear trends above and
below the corresponding transition. Details on the calculation
of AH and the corresponding uncertainties are reported in
Section S6 of the Supporting Information. For both phase
transitions, the AH values decrease with the increasing system
size, approaching the experimental data provided by DSC
analysis. For the N—I phase transition, the relatively small
values of AH point to its weakly first-order nature, in
agreement with theoretical predictions. On the other hand,
for the SmA-N transition, the much smaller values of AH
exhibit a clear trend to zero on increasing N, with the value of
AH becoming null within errors for the largest two systems,
unequivocally reflecting the experimentally observed second-
order nature of the SmA-N phase transition.

Figure 5 displays the temperature dependence of the
orientational order parameters (P,) and (P,) over the entire
explored temperature range for all the investigated sizes. In all
cases we observe a small jump around T ~ 690 K followed by a
much more pronounced drop at T > ~740 K, which
correspond to the SmA-N and phase N-I transitions,
respectively. For each sample size, the N—I transition
temperature was identified with the center of a modified
sigmoid function that best fits the temperature trend of (P,) in
the transition range, as detailed in Section SS the Supporting
Information: this allowed us to assign the values of Ty_;
reported in Table 1. The values obtained show a progressive

Table 1. Values of the Simulated and Experimental Phase Transitions Temperatures, Estimated from the Trends of the Order
Parameters as Detailed in Section S5 of the Supporting Information, and Corresponding Transition Enthalpies®

N =350
Transition temperature T (K)
N-I 752.8 £ 1.2
SmA-N 699.3 + 1.4

Transition enthalpy AH (k] mol™)
N-I S.0+13
SmA-N 1.5 +£09

“Experimental values from ref 37.

AH (k] mol™)

N = 1000 N = 12,600 Exp
T (K) T (K) T (K)
750.7 + 0.6 744.7 £ 0.5 753 (heating)
744 (cooling)
698.3 + 2.2 689.4 + 0.4 691 (heating)

670 (cooling)

AH (k] mol™") AH (k] mol™)

45+ 12 34 + 04 1.6 (heating)
2.6 (cooling)
02 +08 0.0+ 0.2 0
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Figure 4. (a—c) Simulated molar enthalpy H as a function of temperature T and corresponding linear fit in each phase for different system sizes:
(a) N=350, (b) N =1000, (c) N = 12,600. The shadowed horizontal bands highlight the extrapolated enthalpy gaps at the transition temperatures.

SEs are smaller than data symbols.
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Figure S. (a,b) Simulated orientational order parameters as a function of temperature T for N = 350, N = 1000 and N = 12,600 (yellow circles, red
squares and green triangles, respectively), compared with those obtained from X-ray diffraction measurements (blue circles) and with the Maier—
Saupe theoretical prediction (black line): (a) (P,) and (b) (P,). Error bars indicate SEs (where not visible, they are smaller than data symbols). In
(a), the N—1I transition temperature obtained from the analysis of each curve is indicated by a vertical dashed line of the same color.

decrease in the transition temperature as the system size
increases.

A comparison of the plots in Figure S shows that, while the
general trend below 740 K is similar for all system sizes
differing only in the absolute values, which slightly decrease
with increasing N, the three systems provide quite different
descriptions of the N—I phase transition. For the smaller
systems, (P,) is significantly different from zero even in the I
phase (at 770 K: (P,) = 0.20 for N = 350, (P,) = 0.11 for N =
1000) resulting in a smooth transition, which however
becomes markedly more abrupt as the system size increases
(at 770 K: (P,) = 0.03 for N = 12,600), in agreement with the
theoretical expectation for a first-order phase transition. This
result highlights the need of a remarkably large number of
molecules to accurately locate the N—I phase transition and
determine its nature (first or second order),”” as already
evidenced by previous MD simulation studies on 4-n-octyl-4
cyanobiphenyl and sexithiophene LCs, although with system
sizes much smaller than our maximum.'"*” A similar trend is
observed for (P,).

As a general trend, both nematic order parameters, (P,) and
(P,), progressively decrease with increasing system size.
However, even for N = 12,600, a significant difference persists
between the simulated values and the experimental data

obtained by X-ray diffraction (XRD) measurements’> (blue
circles in Figure 5): whereas the general temperature
dependence is well reproduced by the simulations, the
experimental values are clearly lower than the simulated
ones, with a gap that does not seem fillable by simply
increasing the system size. This difference may be partially
attributed to the nature of the XRD experimental data that also
incorporate spatial inhomogeneities of the molecular director,
therefore systematically providing underestimated values. In
addition, different experimental techniques may provide
different values of (P,), as observed for a similar all-aromatic
LC."*® However, this discrepancy is also present when
simulations are compared to the Maier—Saupe (MS)
theoretical predictions (black continuous line in Figure ), as
also observed in similar simulated systems,**” suggesting that
the choice of the force field may possibly play a role.

To gain deeper insight into the formation of the SmA phase
when cooling down from the nematic, we also calculated the
positional order parameter 7, = (cos(27z/d)). It represents the
first coefficient in the Fourier expansion of the probability P(z)
of finding a molecule at a position z along the normal to the
layers, with d &~ 27.0 A being the smectic layer spacing,
essentially independent of the system size. The substantial
coincidence of the simulated d value with the molecular length
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L ~ 26.8—27.0 A unambiguously confirms the orthogonal
(SmA) nature of the smectic phase, in agreement with previous
XRD data.®* To validate the robustness of our simulations,
Figure 6 compares the values of 7, for the different sample
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Figure 6. Positional order parameter 7, as a function of temperature
for N = 350, N = 1000 and N = 12,600. Error bars indicate SEs
(where not visible, they are smaller than data symbols). The SmA-N
transition temperature obtained from the analysis of each curve is
indicated by a vertical dashed line of the same color.

sizes. The overall temperature dependence remains approx-
imately the same, irrespective of N: on heating from low
temperatures, a steep decline in 7, is observed for all the
systems, indicative of the SmA-N phase transition. However, a
clear tendency of the transition region to shift to lower values
on increasing N is evident, in agreement with the trend of (P,)
and (P,) previously discussed. Exact values for the SmA-N
transition temperature were determined by fitting the temper-
ature trends of 7, with a modified sigmoid curve. In this case,
in consideration of the second order character of the SmA-N
phase transition, Ty, 4 was identified with the point where
the sigmoid decreases by 90% of its maximum value rather
than with its center as done for the N—1I transition (see Section
SS of the Supporting Information for additional details).
Contrary to theoretical expectations, for all the investigated
systems the values of 7, remains significantly different from
zero above the SmA-N transition, especially for the smaller

systems. This evidence reflects the fact that small numbers of
molecules tend to favor more ordered phases, resulting in
order parameters that do not vanish above the corresponding
phase transitions, as also observed for (P,) above Ty_;. In the
case of 7, despite its residual value in the N phase appears
strongly reduced as N increases, it persists with a value
different from zero even for the largest system size. The
persistence of this effect across the entire N range even for the
largest sample suggests that it is a genuine physical effect,
rather than an artifact arising from the box finite size.
Accordingly, this finding corroborates the experimental
evidence of the presence of short-range smectic order within
the N phase (cybotaxis) suggested by XRD measurements.’”

Besides influencing the structural properties, the system size
also affects the dynamical behavior. To assess this effect, we
compared the translational diffusion coefficients for the three
system sizes. In the N phase, the translational diffusion
coeflicients are anisotropic with a uniaxial character: the
molecules are on average aligned along the molecular director
n and are expected to diffuse more easily along the director
than orthogonally to it.°” The translational diffusion
coefficients, shown in Figure 7, are on the order of 107 m?
s™! with diffusion along the director proceeding faster with
respect to the perpendicular direction in both the N and Sm
phases, irrespective of the system size.

The behavior of the isotropic diffusion, in both the I and the
N phase, is known to follow an Arrhenius temperature
dependence,” ie. D, = Doe_E“/ RT " where D, is the diffusion
coeflicient for temperature T — o0, E, is the molar activation
energy required for molecules to overcome the potential
barrier encountered while moving through the sample, and R is
the gas constant. Several authors proposed theoretical models
to quantify the dependence on the orientation order parameter
of the diffusion tensor; for instance, in the model proposed by
Chu and Moroi (CM),* the anisotropic diffusion coeflicients
Dy and D, in the N phase are expected to depend on the
orientational order parameter (P,) as follows:
D, =D,,|1 + 2(B) Zlgfl and D, = Diso[l - <P2>21;—+§1]' with
the parameter & = é being inversely proportional to the

aspect ratio Q = L/d = 3.6, where L and d are the molecular
length and diameter, respectively (the values of Q provided by
simulations for each temperature are reported in Table S3).
Accordingly, far from the N—I transition, where the temper-
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Figure 7. (a—c). Simulation results (points) and Arrhenius fits (continuous lines) in the I, N, SmA phases for the translational diffusion coefficients.
The line extension covers the fitted range. Error bars indicate the estimated SEs.
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Table 2. Activation Energy E, (k] mol™') and Corresponding Uncertainty as Obtained by Fitting D;

D, and D, for Each

S0/

System Size, in the Isotropic-Nematic (N—I) and Smectic A (SmA) Regions

N = 350 N = 1000 N = 12,600
E, (kJ mol™") D)y, Dy D, D)y Dy D, D)y Dy D,
N-I 35.7 +£ 0.6 292 +29 58.10 + 0.10 36.3 + 0.9 29+ 8 539 +23 395+ 1.0 30 + 4 576 + 1.5
SmA 164 + 7 203 + 24 101 + 7 208 + 25 290 + 40 110 + 7 220 + SO 320 + 70 124 + 27

ature dependence of the orientational order parameter is
relatively weak, Dy and D, are also expected to follow the
Arrhenius law. Table 2 summarizes the values of the activation
energy E, for the isotropic and anisotropic diffusion
coeflicients resulting from the Arrhenius fits of the simulated
data (see Table S4 for the corresponding values of D). For
D, the fit includes data in both the I and the N phase, whereas
for Dy and D, it is limited to the N phase excluding the points
too close to the N—I phase transition where the temperature
dependence of the order parameter is stronger. Separate fits
were performed across the SmA phase. The fits in the N phase
show a good agreement with the simulated data (Figure 7),
which becomes excellent for the largest sample size. For N =
12,600, the more accurate description of the N—I phase
transition results in the diffusion coefficients following the
Arrhenius law over a broader temperature range compared to
the smaller samples. This is consistent with the N—I transition
becoming sharper and narrower as the system size increases.

In addition, with reference to the N phase, one can notice
from Figure 7 that Dy, and consequently D, exhibit a slight
increase with increasing N. We verified that this effect does not
depend on our choice to perform simulations at constant
pressure rather than at constant volume, as discussed in
Section S4 of the Supporting Information. Actually, our finding
resembles that outlined by Yeh and Hummer*® for isotropic
conventional liquids, where periodic boundary conditions are
demonstrated to cause a reduction of the estimated transla-
tional diffusion inversely proportional to the length of one side
of the simulation box (hence proportional to N-'/3 in the case
of a cubic box). For liquid-crystalline materials, this geometric
effect is further exacerbated by the influence of N on the
interplay between orientational and translational order.®”
While an increase of the former favors diffusion along the
director, a growth of the latter determines a potential barrier to
the molecular motion across the layers. For large N, the
residual value of the positional order parameter in the N phase
becomes significantly smaller, as previously discussed, thus
favoring translational motion along the director. Overall, these
results underline the importance of performing simulations
with a sufficiently large system size to reliably describe the
dynamical properties.

Concerning the activation energies reported in Table 2, in
the N phase, regardless of the sample size, we find E,* > E,** >
E" in agreement with the exyerimental results reported for
some conventional nematics, 563 which reflects the easier
diffusional motion of the molecules parallel to the director
rather than orthogonally.

On cooling down into the SmA phase, the diffusion
anisotropy AD = Dy — D, strongly reduces but remains
positive. This result, consistent with those obtained from
simulations on other all-aromatic mesogens,’*” may appear
somehow surprising as the Sm phase is generally regarded as a
stack of two-dimensional liquid layers, thus favoring diffusion
within the layers rather than across them. Nonetheless, our
findings are in agreement with several experimental and

simulation studies on systems where the SmA-N transition is
weakly first or second order,*®*”* suggesting that a sign-
inversion of the diffusion anisotropy requires a more
substantial energy barrier across the smectic layers, such as
that encountered in tilted smectic phases.”*** In the SmA
phase, the model developed by Volino and coauthors®
predicts that D, follows the same temperature dependence
observed in the nematic, while Dy decreases more rapidly with
decreasing temperature because of the onset of an energy
barrier hampering the motion across the smectic layers. The
fits of our simulated values across the SmA phase
approximately conform with these theoretical predictions,
especially for the largest system, with the activation energy E,"
showing an approximately 10-fold increase on entering the
SmA phase and the consequent vanishing of the diffusion
anisotropy AD at the lowest investigated temperature.

We performed a comprehensive computational character-
ization of a prototypical all-aromatic liquid crystal to
investigate the system-size dependence of its structural and
dynamical properties. Our results demonstrate that atomistic
simulations with increasing N, reaching up to an unprece-
dented value of 12,600 molecules, captures spontaneous
structural organization at the bulk scale, while simultaneously
reducing finite-size and boundary-condition effects and
improving statistical sampling. The density displays consistent
trends across all of our samples, with a slight shift toward lower
values for larger systems. Regarding the transition temper-
atures, the values obtained from the order parameter analysis
exhibit a systematic dependence on N, with smaller systems
exhibiting a clear tendency to favor more ordered phases.
However, the determination of transition temperatures from
the temperature dependence of the relevant order parameters
is made more challenging for smaller systems because of the
nonvanishing (P,) and 7, values above the N—I and SmA—N
transition temperature, respectively. In this perspective,
increasing the size of the simulated ensemble turns out to be
a key factor to accurately elucidate the exact transition position
and, above all, its character (first vs second order). This is
particularly evident for the N—I phase transition, whose actual
first-order nature becomes manifest only for the largest
simulated sample.

System-size effects are also reflected in the translational
diffusion coeflicients, with larger systems adhering more
closely to the expected Arrhenius behavior across the I and
N phases. However, the evidence of a “nematic-like” diffusion
in the Sm phase, with D; > D, and E,* > E;* > E," for all of
the simulated samples, does not appear to be an effect of the
limited system size. In fact, this diffusive behavior points to a
weak potential barrier to molecular motion across the smectic
layers, reflecting the second order nature of the SmA—N
transition, and encourage further investigations, e.g. by NMR,
for an experimental verification of the simulated diffusional
properties of the PPNPP mesophases.
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The findings reported in this paper underscore the
importance of simulating sufficiently large systems to yield
accurate predictions of experimental behavior. Fortunately,
recent advances in computing technology have made it
possible to perform atomistic MD simulation on systems of
considerable size while still maintaining reasonable computa-
tional times. In addition to increasing the system dimension,
ameliorating the simulation quality would require further
extension of the simulation time scales. As this can greatly
elevate the computational cost, a compromise between the
computational requirements and the objective of the
simulation is generally the ideal approach. Our results
demonstrate that a system size on the order of N ~ 10
(with simulation times of a few tens of nanoseconds for our
system of fast-moving molecules) provides a reasonable
compromise between the above-mentioned competing de-
mands. However, the choice of the optimal system size is
obviously dictated by the available resources (time and
computational power), the peculiarities of the simulated
system, and the objectives of the research effort, in particular
in terms of the desired accuracy close to the transition regions.
In cases where very large MD simulations are less practical, e.g.
due to the need of longer simulation times, an alternative
approach is the use of less computationally intensive CG
models, despite the inherent trade-off in accuracy.”>**

Besides improving the reliability of simulation results, a
larger system size may allow the investigation of mesoscale
structural details that cannot otherwise be captured as their
characteristic length scale exceeds the dimension of smaller
samples. For instance, evaluating the presence of short-range
positional order (cybotaxis) within the N phase of PPNPP,
anticipated by previous XRD studies’> and possibly confirmed
by the nonvanishing value of 7, in the N phase of our
simulations, would require a system size significantly larger
than the characteristic cybotactic cluster dimensions (at least
~5 molecular lengths in the longitudinal direction and ~5
average intermolecular distances in the transverse directions).
Our simulations represent an important step in this direction,
providing a valuable investigation tool to complement
experimental studies on nanoscale structural order.

The data supporting this study’s findings are available from the
corresponding authors upon reasonable request. Analyzed data
supporting this article has been included as part of the ESL

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.6c00022.

Topology file in CHARMM format; example NAMD
input configuration file; equilibration of density, orienta-
tional and positional order parameter at T = 690 K and
at 750 K; methodology for the computation of
translational diffusion coefficients; methodology for the
determination of transition temperatures and enthalpies;
values of simulated aspect ratio as a function of
temperature; preexponential factors D, from Arrhenius
fits of diffusion coefficients (PDF)
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