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s ABSTRACT: De novo design of self-assembled materials hinges upon our ability to relate macroscopic properties to individual
6 building blocks, thus characterizing in such supramolecular architectures a wide range of observables at varied time/length scales.
7 This work demonstrates that quantum mechanical derived force fields (QMD-FFs) do satisfy this requisite and, most importantly,
do so in a predictive manner. To this end, a specific FF, built solely based on the knowledge of the target molecular structure, is
employed to reproduce the spontaneous transition to an ordered liquid crystal phase. The simulations deliver a multiscale portrait of
such self-assembly processes, where conformational changes within the individual building blocks are intertwined with a 200 ns
ensemble reorganization. The extensive characterization provided not only is in quantitative agreement with the experiment but also
connects the time/length scales at which it was performed. Realizing QMD-FF predictive power and unmatched accuracy stands as
an important leap forward for the bottom-up design of advanced supramolecular materials.
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Spontaneous emergence of highly ordered molecular

architectures, a process known as supra-molecular self-

assembly, is a matter of utmost practical and fundamental

interest.'* The practical interest is best realized by its ubiquity

in both biology® (e.g, regulation of protein folding” and cell—
cell interactions'’) and in current and emerging technologies
(eg, liquid crystal displays,'' CO, capturing nanoarchitec-
tures,'” next-generation lithography,”” and up to artificial

molecular machines'*). The spontaneous assembly is often

activated by thermal fluctuations, which are then steered by

noncovalent intermolecular interactions (e.g., electrostatic and
van der Waals) that direct individual building blocks to
assemble into supramolecular structures endowed with novel
functionalities and properties.”®" "> Therefore, molecular self-
assembly could, in principle, be engineered/predicted from the
chemical nature of the individual building blocks.*®'"?

However, this is not generally the case,

8,10 .
and de novo design

of programmed self-assembly or relating molecular structure to
meso/macro-scale properties is thus a matter of vibrant

3,10,15—17
research.>'9!®
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One of the major obstacles of this endeavor
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is understanding the role of single-molecule conformational 34
flexibility,'* which often leads to complex and shallow free 3s
energy surfaces, where the dynamics is governed by a delicate 36
balance between entropic and enthalpic terms in an intrinsi- 37
cally multiscale process.” Over the past decades, experiments 38
have excelled in providing an increasingly detailed picture of 39
the nature and dynamics of intermolecular interactions 4o
governing molecular self-assembly. Despite their undisputed 41
success, experiments have several limitations, including the 42
following: (i) No single experiment provides a multiscale 43
description (picosecond/picometer vibrations of individual 44
building blocks up to millisecond/millimeter molecular 4s
assemblies); thus, an often unpractical combination of many 46
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Figure 1. Spontaneous self-assembly onto ordered supramolecular structures upon cooling. (a) Computed order parameter (P,) vs time, upon
cooling at different temperatures in the 17—57 °C range; (b) final isotropic (left) and nematic (right) configurations. The color code highlights the
degree of orientation of each molecule along the phase director n; (c) P, convergence of the cooling/heating sequences at 27 °C (blue), 37 °C
(brown), and 47 °C (green); (d) P, long time convergence at 32 °C (cyan) and 37 °C (brown), near the experimental Ty, (33.7 °Cc®).

experiments is required. (ii) Most techniques measure
ensemble averages,g’w’18 from which follows our scarce
understanding of pivotal single-molecule trigger events such
as nucleation. These limitations have severely hampered our
ability to relate chemical structure to thermodynamic proper-
ties of the ensemble, especially if the composing building
blocks are small flexible molecules. In this framework,
theoretical approaches offer an invaluable tool to bridge the
gap, as they provide an atomically detailed picture of the self-
assembly of large complex molecules with unmatched temporal
resolution (from ps to ms).'”"®

All-atom molecular dynamics (MD) is arguably one of the
most widely used methods to unveil dynamic or non-
equilibrium atomic processes at the nanoscale.'”*" Tts
reliability hangs, however, on the accuracy of the adopted
interatomic potentials, also known as force fields (FFs).”!
Although the structure and dynamics of large biomolecules are
often well accounted for by general-purpose transferable FFs,**
this is not true for other supra-molecular materials, where a
partial refinement or a complete reparameterization is
required.”> ™" A sound and elegant route to meet this is to
resort to quantum mechanical (QM) calculations to derive the
FF parameters based on a higher-level QM description.”® Such
strategy brings in three advantages of utmost relevance to
supramolecular chemistry: (a) predictive power (an attribute
endowed by the first-principles nature of the sourcing QM
simulations); (b) high accuracy and chemical-specificity (at
variance with transferable FFs, QM-derived FFs (QMD-FFs)
are custom-made and thus are capable of capturing the
chemical specificity of each molecule); and (c) reliability at
varied thermodynamic conditions (because QM parametriza-
tion reproduces a thermodynamic independent potential
energy surface, at variance with empirical parametrization
schemes that are usually limited to specific thermodynamic
conditions). Such attributes position QMD-FFs as a method of

choice to rationalize specific structure—property relationships,
accurately predict the macroscopic behavior of supra-molecular
assemblies, stimulate new experiments, and eventually bring us
closer to a de novo design of programmed assembly based on
solely the molecular structure. Unfortunately, fulfilling such
potential has remained an elusive task.”” ™" In particular, large-
scale supra-molecular reorganization processes, where single-
molecule events are intertwined with slow (>100 ns),
thermally driven collective dynamics have never been
investigated with QMD-FFs. In fact, even in the most recent
applications reported in the literature, the observation time was
limited to few nanoseconds of simulation.””*°

In this work, we show that QMD-FF provides a truly
multiscale description of the complex self-assembly process
that leads to an orientationally ordered phase upon cooling in
ambient conditions with a remarkable accuracy and, to the best
of our knowledge, the first atomically detailed picture of a self-
reorganization processes spanning over 200 ns. To this end, we
adopt a specific and accurate QMD-FF, recently’’ para-
metrized according to the Jovce/Picky procedure,”” > for the
4’-n-pentyl-4-cyanobiphenyl (5CB), a well-known benchmark
liquid-crystalline molecule. The results recently achieved
therein suggested that the dramatic failure of general-purpose
FFs, which predict a spontaneous assembly at temperatures
more than 120 °C higher than the experiment,”*® could be
significantly corrected by QMD-FFs. Yet, despite the promise,
the MD outcomes reported in ref 31 did not allow for a
detailed characterization of the supramolecular architecture or
for an atomistic insight into the processes possibly leading to
the orientational reorganization, thus calling for a further, more
extended investigation. Liquid crystals (LCs) are indeed the
ideal candidate to test QMD-FFs reliability for self-assembled
materials. On the one hand, the natural predisposition of LCs
to self-organize into ordered supramolecular structures’’ has
been exploited by recent research to set up a large variety of
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Figure 2. Spontaneous self-ordering at room temperature (27 °C) and 1 atm. (a) Pictorial view of the reorienting process during the first 150 ns,
see Figure 1 for color code; (b) orientational order parameter P, vs time computed for the whole molecule (top panel, blue line), for the CB core
(middle panel, cyan line), and for the aliphatic chain (bottom panel, violet line); (c) final equilibrated configuration at 27 °C.

117 advanced materials." "' ****! On the other hand, among other

118 soft assemblies, LCs are indeed a challenging benchmark for
119 any in silico approach with predictive aims, because (i) the
120 molecular detail profoundly influences both the structure and
121 thermodynamic macroscopic properties of the material’” and
122 (ii) the complex reorientational dynamics that leads to the
123 ordered supramolecular structure takes place over significantly
124 different time scales.'"'®*' Furthermore, the wealth of
125 experiments**™>® characterizing both the different stages of
126 the thermally driven orientational reorganization and the
127 resulting isotropic and nematic phase makes SCB a perfect
128 benchmark.

129 Two separate series of MD runs (i.e, a heating sequence
130 from an orientationally ordered configuration and a cooling
131 one from the isotropic liquid) were devised to determine the
132 SCB nematic to isotropic (Ty;) transition temperature. These
133 calculations were carried out using GROMACS,” on a system
134 composed of 1000 molecules (further details are provided in
135 the Supporting Information). In Figure la the order parameter
136 P, is monitored for 200 ns at each temperature explored in the
137 cooling sequence.

138 A spontaneous self-assembly into an orientationally ordered
139 structure clearly appears at the lower temperatures. The
140 reordering process at 27 °C takes place in about 100 ns,
141 leading the system from a completely disordered phase, shown
142 in the left part of Figure 1b, into a nematic ordered phase,
143 displayed on the right. The mechanical equilibrium and
144 stability of the final bulk condensed phases are confirmed in
145 Figure 1c, where the convergence of the order parameter is
146 apparent at all temperatures, and are shown to be independent
147 from the starting configuration (isotropic or orientationally
148 ordered in the cooling and heating sequence, respectively).
149 Note that the spontaneous reordering time noticeably
150 increases as temperature rises from 17 to 37 °C. It could be
151 thus inferred that 200 ns is not enough to equilibrate the
152 system near the phase transition temperature. Indeed, Figure
153 1d shows the P, convergence at 32 and 37 °C when the NPT

—

—_

—

)

iy

runs are extended to 400 ns: the two equilibrated 154
configurations do invert their ordering, with the low temper- 1ss
ature one being nematic and the other being isotropic. 156
Noticeably, based on these findings, the transition temperature 157
for the spontaneous transition could be placed at 34.5 + 2.5 158
°C, well within the experimental Ty; (33.7* to 35.2°° °C). 159

This remarkable agreement prompted us to confidently 160
exploit the unique possibility offered by MD simulations to go 161
across different time and length scales and thus to further 162
investigate the self-assembly process at an atomistic/molecular 163
scale. Figure 2a shows an atomically detailed view of the 1648
supramolecular organization upon cooling at 27 °C, where the 165
spontaneous reordering occurring between 75 and 120 ns is 166
displayed using a color code highlighting all molecules aligned 167
along a preferential direction (the phase director n; see Figure 168
1b and the Supporting Information). 169

The progressive molecular alignment, shown Figure S3 and 170
leading to the orientationally ordered nematic phase, can be 171
further decomposed in terms of two SCB building blocks, 172
namely, the rather rigid biphenyl core and the flexible pentyl 173
chain. The partial order parameters (P and PS™™; see the 174
Supporting Information) referred to the above-mentioned 17s
moieties are displayed in Figure 2b for the 27 °C run. As 176
detailed in Figures S4—S6, the self-assembly reorienting 177
process does not take place continuously, but it rather 178
proceeds in two time-separated steps: between 75 and 90 ns 179
and between 103 and 115 ns. This is also apparent in Figure 180
2b, as the main contribution to the overall order parameter P, 181
is given by the rigid core moiety, in particular in the second 182
time interval. However, as indicated by the P5$™" order 183
parameter, the alignment of the flexible chains also contributes 184
to the self-assembly process. The atomistic detail provided by 1ss
our MD simulations allows gaining a deeper insight onto the 186
mechanisms of this chain contribution. As displayed in Figures 187
$4—S6, the P$M™ increase can be traced back to a chain 1ss
elongation, in turn driven by trans—gauche conformational 189
changes within the aliphatic chains. This picture is confirmed 190 t1
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Table 1. Distributions of the Most Populated Chain Conformations in the Nematic (22 °C) and Isotropic (47 °C) Phase,
Obtained by Applying Either the ELS"”* or a Mean-Field (MF) Model*® to Experimentally Measured NMR Data, or in the

Present Work, Analyzing the MD Trajectories

ELS*52
quadrupolar splittings (*H) dipolar coupling (**C and 'H)
conf ttt (%) gtt (%) tgt (%) ttg (%) ttt (%) gtt (%) tgt (%) ttg (%)
nematic 332 9.7 232 14.3 329 9.8 20.2 14.8
isotropic 22.7 16.7 16.7 16.7 24.2 13.0 14.8 16.1
Acon 10.5 -7.0 6.5 —2.4 8.7 -32 54 -13
ME*
conf ttt (%) gtt (%) tgt (%) ttg (%)
nematic 323 12.2 26.8 12.9
isotropic 24.6 22.0 15.8 15.0
Aont 7.7 -9.8 11.0 -2.1
This Work
conf ttt (%) gtt (%) tgt (%) ttg (%)
nematic 57.0 7.6 17.5 10.3
isotropic 41.9 14.3 15.8 13.9
Aot 15.1 —-6.7 17 -36

191 by comparing, in Table 1, the variation A, of the average
192 chain conformational population achieved in the present
193 simulations with respect to that obtained with different NMR-

Table 2. Computed and Experimental Density and Order
Parameter at Different Temperatures in the 17—57 °C
Range

194 based experimental techniques.*”**>* (kg/m?) »
195 It might be worth noticing that all ELS**** and MF*® values P — 2 —
196 reported in Table 1 were not obtained from direct measure- Tt comp- e comp- exp."”
197 ments but rather were extrapolated from NMR data by 17 1025 £2  1027.5-1030.1  0.69 £0.01  0.60
198 applying approximated statistical models, which might be the 22 1021 £2  10229-1027.7 068 £ 002  057-0.63
199 cause of the only qualitative agreement with the estimates 27 1015 £2  10183-1021.2 060 £0.03  0.53-0.58
200 computed in the present work. However, in going from the 32 1010£3  10137-10163 058 £004  044-0.50
201 isotropic to the ordered nematic phase, both computed and
202 experimental data agree in indicating a net increase of A ¢ for 37 1000+ 2 1009.1-1008.1 025 + 006 00
203 the ttt population, which coincides with the most elongated 2 9953 10017710041 016+£004 00
204 shape (all-trans conformer, see Figure S2) of the flexible v 20 x 2 997579997 009.£003 00
205 aliphatic moiety. 2 986 +3  993.6-996.2 009 £003 0.0

57 981 + 3 989.7—-992.4 0.09 + 0.03 0.0

206 To further ascertain the reliability of the QMD-FF
207 description of the spontaneous self-assembly, it is desirable
208 to verify if the same degree of accuracy achieved at the
209 atomistic level can be obtained when considering macroscopic
210 observables which involve the whole bulk phase, as those
211 characterizing the thermodynamic behavior of the LC material.
212 Indeed, a quantitative prediction of properties such as the bulk
213 density, transition temperature, expansion coeflicient, efc.
214 would be of the utmost importance if QMD-FFs have to be
215 employed in screening protocols for in silico material design.
216 Table 2 reports a detailed comparison between the bulk
217 density, p, and the order parameter, P,, achieved in simulation
218 with their experimental counterparts.

219 As far as p is concerned, the significant density over-
220 estimation that affected our previous parametrization strat-
221 egiesS4’60_63 appears to be corrected by the improved accuracy
222 of the present QMD-FF, and in particular for the nematic
223 phase, the agreement achieved with respect to experimental
224 data is excellent. Similarly, the vicinity of the computed P, to
225 the values obtained through different experimental techni-
226 ques ™" supports the reliability of the QMD-FF description of
227 the self-assembling process toward an orientationally ordered
228 phase.

229 Figure 3 shows the temperature dependence of two key
230 structural and energetic descriptors, namely, the orientational

—

order parameter (P,, top panel) and the system enthalpy (H, 231
bottom panel), and of their derivatives (insets). 232
The phase transition temperature Ty; can also be 233
determined from the latter, by locating the position of the 234
transition peak. From the comparison of the two panels of 235
Figure 3 it appears that both descriptors consistently agree in 236
indicating a Ty of 34.5 °C, i.e, in quantitative agreement with 237
the experiment,””>> as reported in Table 3. 23813
The same table shows that a similar accuracy is achieved by 239
MD simulations in predicting other macroscopic experimental 240
observables often employed to describe the LC material and its 241
transition. The nematic-to-isotropic transition enthalpy 242
(AHy;) and density (Apy;), determined by computing the 243
difference at Ty of the two regression lines shown in Figures 3 244
and S7, respectively, result again in values very close to the 245
experimental range.’>>>*”*® Similarly, the value measured®” 246
for the thermal expansion coeflicient is within the error of a;, 247
computed as described in Figure S8 in the Supporting 248
Information. 249
After investigating the collective reorientational motion, 250
lasting 100 ns, and having characterized the thermodynamic 251
properties of the two resulting phases, the slow spontaneous 252
self-assembly process can be further disentangled over different 253
time scales to retrieve information on the single-molecule 254

[
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L B B L B B L B Nonetheless, in agreement with the experiment, the self- 268
L a) S s s pa s u diffusion of the mesogenic molecules computed in this work is 269
o1 i 7 still about 1 order of magnitude slower than that of simple 270
1 liquids (see also Figure S9), which is consistent with the long 271
— 1 time required for the spontaneous transition. The latter can 272
1 again be placed at ~34.5 °C, based on the different behavior of 273

08—

8P 8T

06 ° ° TN -~ o+ P ' ! X
. ofr” AN N the diffusion coefficients computed in the nematic and 274
=T 20 25 30 35 40 45 50 55 | isotropic phases. 275
04 T(0) - In fact, as evident from the top panel of Figure 4, in the 276
nematic phase the diffusion coeflicient along or perpendicular 277
to the phase director f takes significantly distinct values, where 278
02~ ° . in the former direction the translation is even faster than the 279
isotropic phase, whereas any displacement transverse to n is 280
disfavored. 281
Turning to the single-molecule rotation, as detailed in the 282
Supporting Information, the rotational diffusion coeflicients 283
D™, connected to the molecular spinning (i.e,, the rotation of 284
the molecule around its long molecular axis) and tumbling (i.e., 285
the rotation of the long axis itself) motions, can be computed 256
by integrating the correlation function of the molecular angular 287
velocity. As shown in Figure S10, molecular spinning and 2s8
tumbling take place on a much smaller time scale (~10 ps) 289
with respect to translation, with the former motion being 1 290
order of magnitude faster than the latter. Yet, as displayed in 201
the middle panel of Figure 4, the agreement with the available 292
experimental data®® is very good, validating the MD 293
description also on fast time scales. It should be noted that 294
ot b is known to suffer of a certain 295
degree of experimental indeterminacy,”* and it is often 296
assumed to be biased by some model approximation.”> In 297
Figure 3. Phase diagrams obtained for the MD production runs at 1 this framework, the possibility of accurately predicting this 298
atm in the 17—57 °C range. In both panels the computed properties value in silico also allows for reliable estimates, i.e., supported 299
corresponding either to a nematic or an isotropic phase are displayed by the validation against experiment of a large variety of other 300
with blue and red circles, respectively. (a) P, vs T; in the inset, the molecular and macroscopic properties, of other LC key 301
transition pe.ak .Of the or@er paFametgr derivative with respec.t to features, as for instance the rotational viscosity, 7, an 30
temperature is displayed with a violet line. (b) Enthalpy vs T; linear observable directly related to the response time of LC-based 303
regression fits are shown with dashed lines, whereas in the inset, the .65
transition peak of the enthalpy derivative with respect to temperature devices. 1. . . 304
is displayed with a violet line. In fact, as detailed in eq 6818, 7, can be obtained according to 30s
the Fialkowski approach®™ from the sole knowledge of the 306
second- and fourth-order parameters and the tumbling 307
diffusion coeflicient. The excellent agreement with the 308
experimental measures, evidenced in Table 4 for the value 309«
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Table 3. Computed and Experimental Thermodynamic
Characterization: Thermodynamic Properties at the

Transition (Ty;, AHy;, @;,) and Reorientational Properties

of the LC Material (AE2_, and 7,) computed at room temperature, appears also in the bottom 310
panel of Figure 4, where the temperature dependence of the 311

property this work exp. [ref] computed and experimental™ y, is displayed. In Table 4 are 312

Ty (°C) 345 + 2.5 33.7-35.2 [49, 55] also reported the activation energies of all the investigated 313

AHy; (kJ/mol) 12 +03 0.48—0.73 [57, 58] dynamic properties, obtained by fitting the temperature 314

Apy; (kg/m?) 4.6 + 1.5 2.8—4.5 (53, 55] dependence of the proper quantity, according to the Arrhenius 315

a, (107°KY) 1.0 + 0.3 0.7 [47] law reported in eqs S16, S17, and S19. The global agreement 316
resulting with respect to the experimental activation energies 317

255 dynamics, both in medium (1—10 ns) and fast (<10 ps) time further confirms the validity of the MD description both across 318
256 regimes. The top two panels of Figure 4 show the temperature several time scales and in different thermodynamic (temper- 319
257 dependence of the computed translational (DY, top) and ature) conditions. 320
258 rotational (D™, middle) diffusion coefficients (see the In conclusion, we have shown that by using an “ab initio” 321
259 Supporting Information for further details) and compares based approach we can obtain a truly multiscale description of 322
260 them to the available experimental data. The translation of the complex self-assembly processes, as for instance the temper- 323
261 SCB molecules is well-described, and the experimental and ature-driven reorganization of an isotropic liquid to an 324
262 computed coefficients are in very good agreement along the orientationally ordered nematic phase. Concretely, the results 325
263 whole range of explored temperatures. Moreover, as already obtained with MD runs employing an accurate QMD-FF, 326
264 observed for the bulk density, it is worth mentioning that the specifically tailored for the SCB nematogen,31 were found in a 327
265 present QMD-FF also overcomes the main drawback of our noticeable quantitative agreement with a plethora of experi- 328
266 older models,*”°! ie, a severe overestimation of the trsirglz ments characterizing different stages of this process. 329

267 tional diffusion coefficient by a factor larger than 4. Furthermore, the MD capability to bridge several time scales, 330
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Figure 4. Dynamic properties obtained for the MD production runs at 1 atm in the 17—57 °C range. Top panel: experimental (full symbols) and
computed (empty circles) translational diffusion coefficients D", in the nematic (N) and isotropic (I) phase. Dark and bright colors correspond to
the diffusion along and transverse to the phase director, respectively. Middle panel: experimental (full circles) and computed (empty circles)
rotational diffusion coefficients D**, in the nematic (N)) and isotropic (I) phase. Dark and bright colors correspond to the spinning and tumbling
motions, respectively. The latter are enhanced by a factor of 5 for visualization purposes. Bottom panel: experimental (full circles) and computed
(empty circles) rotational viscosity (,). In all panels, dashed lines show the resulting Arrhenius fit. (a) Ref 50, (b) ref 54, (c) ref 45, and (d) ref 43.

Table 4. Computed and Experimental Dynamic Properties
of the LC Material

property this work exp. [ref]
71 (mPa s, 27 °C) 50.9 38.8—52.6 [43, 56]
AE;, (kJ/mol) 32+1 32.8 + 0.5 [50]
AE (kJ/mol) 30+2 25 + 2.5 [50]
AEf (kJ/mol) 40 + 2 39 + 2.5 [50]
AES:, (Ig/mol) 17.9 £ 03 13.5 [45]
AES, (IJ/mol) 29.5 + 0.3 33.5 [45]
AE" (kJ/mol) 335 32.5 [44, 56]

of utmost relevance yet often absent in experimental ensemble
averages, was exploited to gain a picosecond detailed atomic
understanding of the self-assembly processes and associated
instabilities, which is corroborated by the reliability of the
description achieved for the slow collective reorientation. For
instance, the possibility to accurately estimate quantities like
the rotational diffusion coeflicient, connected to the single-
molecule tumbling motion and hardly obtainable with
experimental techniques, allows for a reliable prediction of
key material properties as the rotational viscosity. Moreover,
the possibility to dissect the slow collective reorientation on a
picosecond scale and the atomistic view achievable for single
molecular events as conformational changes have allowed for a
deeper insight into the self-assembly mechanics. The present
results in fact suggest that the slow transition toward the
ordered nematic phase takes place in a two-step process: the
alignment of the biphenyl p-axis of two neighboring molecules
is first accompanied by an elongation of the aliphatic chains
(which are rearranged in the more extended all-trans
conformation) and then proceeds without significant variation
in the conformer population. The remarkable accuracy,
achieved on a wide range of structural and dynamical
properties at varied thermodynamic conditions, and the
intrinsic, first-principles-based predictive capability of the FF,

indeed the two most desired attributes for in silico design,
confirm the crucial role that QMD-FF-based approaches could
play in a truly bottom-up engineering of advanced materials.
Finally, it might be worth mentioning that, although QMD-FFs
were designed to exploit system specificity to enhance the
achievable accuracy, it would be interesting to test to what
degree and with what effort they could be transferred to similar
mesogenic systems. However, considering the computational
cost connected with the extended MD runs carried out in the
present work, such testing is outside the scope of the present

Letter, and it will be the object
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of future work.

The Supporting Information is available free of charge at
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calculations of the orientational, thermodynamic and
diffusion properties; additional figures on the reorgan-

ization dynamics (PDF)

B AUTHOR INFORMATION

Corresponding Author

Giacomo Prampolini — Istituto di Chimica dei Composti
OrganoMetallici (ICCOM-CNR), I-56124 Pisa, Italy;
orcid.org/0000-0002-0547-8893;
Email: giacomo.prampolini@pi.iccom.cnr.it

Authors

Leandro Greff da Silveira — Instituto de Quimica,

Universidade Federal do Rio
Porto Alegre, Brazil

Grande do Sul, 91 501-970

J. G. Vilhena — Department of Physics, University of Basel,

4056 Basel, Switzerland;
9119

orcid.org/0000-0001-8338-

https://doi.org/10.1021/acs.jpclett.1c03517
J. Phys. Chem. Lett. XXXX, XXX, XXX—XXX

35S
356
357
358
359
360
361
362
363
364
365

366

367
368
369

370
371
372
373

374

375
376
377
378
379

380
381
382
383
384
385
386


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03517?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c03517/suppl_file/jz1c03517_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Prampolini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0547-8893
https://orcid.org/0000-0002-0547-8893
mailto:giacomo.prampolini@pi.iccom.cnr.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leandro+Greff+da+Silveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+G.+Vilhena"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8338-9119
https://orcid.org/0000-0001-8338-9119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paolo+Roberto+Livotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03517?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

387 Paolo Roberto Livotto — Instituto de Quimica, Universidade
388 Federal do Rio Grande do Sul, 91 501-970 Porto Alegre,
389 Brazil

390 Complete contact information is available at:
391 https://pubs.acs.org/10.1021/acs.jpclett.1c03517

392 Notes
393 The authors declare no competing financial interest.

30+ l ACKNOWLEDGMENTS

395 Prof. Ivo Cacelli is gratefully acknowledged for the many useful
396 discussions and for his inspiring ideas. G.P. acknowledges Dr.
397 Fabrizio Santoro for nice suggestions and a careful reading of
398 the manuscript. J.G.V. acknowledges funding from a Marie
399 Sklodowska-Curie Fellowship within the Horizon 2020
400 framework (Grant Number DLV-795286) and the Swiss
401 National Science Foundation (Grant Number CRSK-2 190
402 731/1). The authors thankfully acknowledge the computer
403 resources, technical expertise, and assistance provided by the
404 Red Espanola de Supercomputacién (RES) at the Minotauro
40s and CTE-Power9 supercomputers (BSC, Barcelona).

40 l REFERENCES

407 (1) Heckl, W. M. Molecular Self-Assembly and the Origin of Life In
408 Astrobiology: The Quest for the Conditions of Life; Horneck, G,
409 Baumstark-Khan, C., Eds.; Springer: Berlin, 2002; pp 361—372.

410 (2) Lee, Y. S. Self-Assembly and Nanotechnology; John Wiley & Sons,
411 Inc.: Hoboken, NJ, 2008.

412 (3) Stupp, S. L; Palmer, L. C. Supramolecular Chemistry and Self-
413 Assembly in Organic Materials Design. Chem. Mater. 2014, 26, 507—
414 S18.

415 (4) Mali, K. S.; Pearce, N.; De Feyter, S.; Champness, N. R.
416 Frontiers of supramolecular chemistry at solid surfaces. Chem. Soc.
417 Rev. 2017, 46, 2520—2542.

418 (5) Wang, H.; Feng, Z.; Xu, B. Bioinspired assembly of small
419 molecules in cell milieu. Chem. Soc. Rev. 2017, 46, 2421—2436.

420 (6) Azevedo, H. S.; da Silva, R. M. P. Self-assembling Biomaterials;
421 Woodhead Publishing Series in Biomaterials; Woodhead Publishing,
422 2018.

423 (7) Huang, Z.; Song, W.; Chen, X. Supramolecular Self-Assembled
424 Nanostructures for Cancer Immunotherapy. Front. Chem. 2020, 8,
425 380.

426 (8) Palma, C. A.; Cecchini, M.; Samori, P. Predicting self-assembly:
427 From empirism to determinism. Chem. Soc. Rev. 2012, 41, 3713—
428 3730.

429 (9) Mendes, A. C.; Baran, E. T.; Reis, R. L.; Azevedo, H. S. Self-
430 assembly in nature: Using the principles of nature to create complex
431 nanobiomaterials. Wiley Interdisciplinary Reviews: Nanomedicine and
432 Nanobiotechnology 2013, S, 582—612.

433 (10) Frederix, P. W.; Patmanidis, I; Marrink, S. J. Molecular
434 simulations of self-assembling bio-inspired supramolecular systems
435 and their connection to experiments. Chem. Soc. Rev. 2018, 47, 3470—
436 3489.

437 (11) Tschierske, C. Liquid Crystals: Materials Design and Self-
438 assembly. Topics in Current Chemistry 2011, 318, 1.

439 (12) Lu, Z.; Godfrey, H. G. W.; da Silva, L; Cheng, Y.; Savage, M.;
440 Tuna, F.; Mclnnes, E. J. L.; Teat, S. J.; Gagnon, K. J.; Frogley, M. D.;
441 et al. Modulating supramolecular binding of carbon dioxide in a
442 redox-active porous metal-organic framework. Nat. Commu 2017, 8,
443 14212.

444 (13) Nickmans, K; Schenning, A. P. H. J. Directed Self-Assembly of
445 Liquid-Crystalline Molecular Building Blocks for Sub-S nm Nano-
446 patterning. Adv. Mater. 2018, 30, 1703713.

447 (14) Kassem, S.; Van Leeuwen, T.; Lubbe, A. S.; Wilson, M. R;;
448 Feringa, B. L.; Leigh, D. A. Artificial molecular motors. Chem. Soc. Rev.
449 2017, 46, 2592—2621.

—_

—

oo

—

N

o

(15) Bishop, K. J. M; Wilmer, C. E,; Soh, S.; Grzybowski, B. A. 450
Nanoscale Forces and Their Uses in Self-Assembly. Small 2009, S, 4s1
1600. 452

(16) Adler-Abramovich, L.; Gazit, E. The physical properties of 453
supramolecular peptide assemblies: from building block association to 454
technological applications. Chem. Soc. Rev. 2014, 43, 6881—6893. 455

(17) Kolesnichenko, 1. V.; Anslyn, E. V. Practical applications of 456
supramolecular chemistry. Chem. Soc. Rev. 2017, 46, 2385—2390. 457

(18) Orsi, M. Molecular simulation of self-assembly In Self-assembling 4s8
Biomaterials; Azevedo, H. S, da Silva, R. M., Eds.; Woodhead 459

Publishing, 2018; pp 305—318. 460
(19) Frenkel, D.; Smith, B. Understanding Molecular Simulations; 461
Academic Press: San Diego, 1996. 462
(20) Pal, S;; Ray, B. C. Molecular Dynamics Simulation of 463
Nanostructured Materials; CRC Press, 2020. 464
(21) Allen, M. P.; Tildesley, D. J. Computer Simulation of Liquids; 465
Clarendon: Oxford, 1987. 466
(22) Bonomi, M.; Camilloni, C. Biomolecular Simulations; Methods 467
Mol. Biol,, Vol. 2022; Springer: New York, 2019. 468

(23) Wildman, J.; Repiscék, P.; Paterson, M. J.; Galbraith, I. General 469
Force-Field Parametrization Scheme for Molecular Dynamics 470
Simulations of Conjugated Materials in Solution. J. Chem. Theory 471
Comput. 2016, 12, 3813—3824. 472

(24) Silva, G. M. C.; Morgado, P.; Lourengo, P.; Goldmann, M.; 473
Filipe, E. J. M. Spontaneous self-assembly and structure of 474
perfluoroalkylalkane surfactant hemimicelles by molecular dynamics 475
simulations. Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 14868—14873. 476

(25) Jiang, L.; Rogers, D. M.; Hirst, J. D.; Do, H. Force Fields for 477
Macromolecular Assemblies Containing Diketopyrrolopyrrole and 478
Thiophene. J. Chem. Theory Comput. 2020, 16, 5150—5162. 479

(26) Boyd, N. J.; Wilson, M. R. Validating an optimized GAFF force 480
field for liquid crystals: T NI predictions for bent-core mesogens and 481
the first atomistic predictions of a dark conglomerate phase. Phys. 482

Chem. Chem. Phys. 2018, 20, 1485—1496. 483
(27) Allen, M. P. Molecular simulation of liquid crystals. Mol. Phys. 484
2019, 117, 2391. 485

(28) Koénig, G.; Riniker, S. On the faithfulness of molecular 486
mechanics representations of proteins towards quantum-mechanical 487
energy surfaces. Interface Focus 2020, 10, 20190121. 488

(29) Spicher, S.; Grimme, S. Robust Atomistic Modeling of 489
Materials, Organometallic, and Biochemical Systems. Angew. Chem., 490
Int. Ed. 2020, 59, 15665—15673. 491

(30) Odinokov, A.; Yakubovich, A,; Son, W.-j.; Jung, Y.; Choi, H. 492
Exploiting the quantum mechanically derived force field for functional 493
materials simulations. Comput. Mat 2021, 7, 158. 494

(31) Vilhena, J. G.; Greff da Silveira, L.; Livotto, P. R;; Cacelli, L; 495
Prampolini, G. Automated Parameterization of Quantum Mechan- 496
ically Derived Force Fields for Soft Materials and Complex Fluids: 497
Development and Validation. J. Chem. Theory Comput. 2021, 17, 498
4449-4464. 499

(32) Cacelli, I; Prampolini, G. Parametrization and Validation of s00
Intramolecular Force Fields Derived from DFT Calculations. J. Chem. 501
Theory Comput. 2007, 3, 1803—1817. 502

(33) Cerezo, J.; Prampolini, G.; Cacelli, I. Developing accurate 503
intramolecular force fields for conjugated systems through explicit so4
coupling terms. Theor. Chem. Acc. 2018, 137, 80. 505

(34) Cacelli, I; Cimoli, A; Livotto, P. R; Prampolini, G. An 506
Automated Approach for the Parameterization of Accurate Inter- 507
molecular Force-Fields: Pyridine as a Case Study. J. Comput. Chem. 508
2012, 33, 10SS. 509

(35) Prampolini, G.; Livotto, P. R.; Cacelli, I. Accuracy of Quantum 510
Mechanically Derived Force-Fields Parameterized from Dispersion- si1
Corrected DFT Data: The Benzene Dimer as a Prototype for 512
Aromatic Interactions. J. Chem. Theory Comput. 20185, 11, 5182—96. 513

(36) Tiberio, G.; Muccioli, L.; Berardi, R.; Zannoni, C. Towards in 514
Silico Liquid Crystals. Realistic Transition Temperatures and Physical 515
Properties for n-Cyanobiphenyls via Molecular Dynamics Simula- si6
tions. ChemPhysChem 2009, 10, 125—136. 517

https://doi.org/10.1021/acs.jpclett.1c03517
J. Phys. Chem. Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://doi.org/10.1021/cm403028b?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/cm403028b?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C7CS00113D
https://doi.org/10.1039/C6CS00656F
https://doi.org/10.1039/C6CS00656F
https://doi.org/10.3389/fchem.2020.00380
https://doi.org/10.3389/fchem.2020.00380
https://doi.org/10.1039/c2cs15302e
https://doi.org/10.1039/c2cs15302e
https://doi.org/10.1002/wnan.1238
https://doi.org/10.1002/wnan.1238
https://doi.org/10.1002/wnan.1238
https://doi.org/10.1039/C8CS00040A
https://doi.org/10.1039/C8CS00040A
https://doi.org/10.1039/C8CS00040A
https://doi.org/10.1007/128_2011_267
https://doi.org/10.1007/128_2011_267
https://doi.org/10.1038/ncomms14212
https://doi.org/10.1038/ncomms14212
https://doi.org/10.1002/adma.201703713
https://doi.org/10.1002/adma.201703713
https://doi.org/10.1002/adma.201703713
https://doi.org/10.1039/C7CS00245A
https://doi.org/10.1002/smll.200900358
https://doi.org/10.1039/C4CS00164H
https://doi.org/10.1039/C4CS00164H
https://doi.org/10.1039/C4CS00164H
https://doi.org/10.1039/C7CS00078B
https://doi.org/10.1039/C7CS00078B
https://doi.org/10.1021/acs.jctc.5b01195?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01195?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01195?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1073/pnas.1906782116
https://doi.org/10.1073/pnas.1906782116
https://doi.org/10.1073/pnas.1906782116
https://doi.org/10.1021/acs.jctc.0c00399?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00399?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00399?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C7CP07496D
https://doi.org/10.1039/C7CP07496D
https://doi.org/10.1039/C7CP07496D
https://doi.org/10.1080/00268976.2019.1612957
https://doi.org/10.1098/rsfs.2019.0121
https://doi.org/10.1098/rsfs.2019.0121
https://doi.org/10.1098/rsfs.2019.0121
https://doi.org/10.1002/anie.202004239
https://doi.org/10.1002/anie.202004239
https://doi.org/10.1038/s41524-021-00628-z
https://doi.org/10.1038/s41524-021-00628-z
https://doi.org/10.1021/acs.jctc.1c00213?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00213?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00213?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ct700113h?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ct700113h?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1007/s00214-018-2254-8
https://doi.org/10.1007/s00214-018-2254-8
https://doi.org/10.1007/s00214-018-2254-8
https://doi.org/10.1002/jcc.22937
https://doi.org/10.1002/jcc.22937
https://doi.org/10.1002/jcc.22937
https://doi.org/10.1021/acs.jctc.5b00642?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00642?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00642?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00642?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/cphc.200800231
https://doi.org/10.1002/cphc.200800231
https://doi.org/10.1002/cphc.200800231
https://doi.org/10.1002/cphc.200800231
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03517?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

S18
S19
520
52
522
523
524
525
526
527
528
529
530
S3
532
533
S3
S3S
536
S37
538
539
540
S4
54
543
S44
545
546
547
548
549
S50
SS
SS
SS3
554

—

—

kS

5=

S 2

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(37) deGennes, P. G; Prost, J. The Physics of Liquid Crystals, 2nd
ed.; Oxford University Press: Oxford, 1993.

(38) Hogberg, D.; Soberats, B.; Yatagai, R;; Uchida, S.; Yoshio, M.;
Kloo, L.; Segawa, H.; Kato, T. Liquid-Crystalline Dye-Sensitized Solar
Cells: Design of Two-Dimensional Molecular Assemblies for Efficient
Ion Transport and Thermal Stability. Chem. Mater. 2016, 28, 6493—
6500.

(39) Xie, Y; Li, Y; Wei, G; Liu, Q;; Mundoor, H.; Chen, Z.;
Smalyukh, I. I. Liquid crystal self-assembly of upconversion nanorods
enriched by depletion forces for mesostructured material preparation.
Nanoscale 2018, 10, 4218—4227.

(40) Park, W.; Ha, T.; Kim, T.-T.; Zep, A.; Ahn, H.; Shin, T. J.; Sim,
K. L; Jung, T. S.; Kim, J. H.; Pociecha, D.; et al. Directed self-assembly
of a helical nanofilament liquid crystal phase for use as structural color
reflectors. NPG Asia Materials 2019, 11, 48S.

(41) Solodkov, N. V.; Shim, J.-u.; Jones, J. C. Self-assembly of fractal
liquid crystal colloids. Nat. Commun. 2019, 10, 198.

(42) Emsley, J. W.; Luckhurst, G. R.; Stockley, C. P. A Theory of
Orientational Ordering in Uniaxial Liquid Crystals Composed of
Molecules with Alkyl Chains. Proc. R. Soc. London A 1982, 381, 117—
138.

(43) Siedler, L. T. S.; Hyde, A. J.; Pethrick, R. A; Leslie, F. M.
Zvetkow Twist Viscosity Measurements of Some Nematic Liquid
Crystals. Mol. Cryst. Lig. Cryst. 1983, 90, 255—270.

(44) Bock, F. J.; Kneppe, H.; Schneider, F. Rotational viscosity of
nematic liquid crystals and their shear viscosity under flow alignment.
Lig. Cryst. 1986, 1, 239—251.

(45) Dong, R. Y. Modeling of dynamics in liquid crystals from
deuterium NMR. J. Chem. Phys. 1988, 88, 3962—3969.

(46) Magnuson, M. L.; Fung, B. M.; Bayle, J. P. On the temperature
dependence of the order parameter of liquid crystals over a wide
nematic range. Lig. Cryst. 1995, 19, 823—832.

(47) Sandmann, M.; Hamann, F.; Waurflinger, A. PVT Measure-
ments on 4-n-Pentyl-4’-Cyano-Biphenyl (SCB) and trans-4-(4'-Octyl-
Cyclohexyl)-Benzonitrile (8PCH) up to 300 MPa. Z. Naturforsch., A:
Phys. Sci. 1997, 52, 739.

(48) Adam, C. J.; Ferrarini, A.; Wilson, M. R;; Ackland, G. J.; Crain,

555 J. A first principles and mean field investigation of the conformational

556
557
SS8
559
560
56
562
563
564
565
566
567
568
569
570
57
S72
S73
574
575
576
577
578
579
580
S8
582
583
584
58S

—_

—

—_

properties of SCB. Mol. Phys. 1999, 97, 541—550.

(49) Oweimreen, G.; Morsy, M. DSC studies on p-(n-alkyl)-p’-
cyanobiphenyl (RCB’s) and p-(n-alkoxy)-p’-cyanobiphenyl
(ROCB’s) liquid crystals. Thermochim. Acta 2000, 346, 37—47.

(50) Dvinskikh, S. V.; Furé, L. Anisotropic self-diffusion in the
nematic phase of a thermotropic liquid crystal by 1H-spin-echo
nuclear magnetic resonance. J. Chem. Phys. 2001, 115, 1946—1950.

(51) Roushdy, M. Optical Behavior and Related Properties of the
Binary Mixture SCB/8CB Liquid Crystals. Mol. Cryst. Lig. Cryst.
2006, 457, 151-160.

(52) Emsley, J. W.; Lesot, P.; De Luca, G.; Lesage, A.; Merlet, D.;
Pileio, G. A comparison of proton-detected '* C local field
experiments with deuterium NMR at natural abundance for studying
liquid crystals. Lig. Cryst. 2008, 35, 443—464.

(53) Deschamps, J.; Trusler, J. P.; Jackson, G. Vapor pressure and
density of thermotropic liquid crystals: MBBA, SCB, and novel
fluorinated mesogens. J. Phys. Chem. B 2008, 112, 3918—3926.

(54) Cifelli, M.; De Gaetani, L.; Prampolini, G.; Tani, A. Atomistic
Computer Simulation and Experimental Study on the Dynamics of
the n Cyanobiphenyls Mesogenic Series. J. Phys. Chem. B 2008, 112,
9777—9786.

(55) Zgura, 1; Moldovan, R.; Beica, T.; Frunza, S. Temperature
dependence of the density of some liquid crystals in the alkyl
cyanobiphenyl series. Cryst. Res. Technol. 2009, 44, 883—888.

(56) Orr, R; Pethrick, R. A. Viscosity coefficients of nematic liquid
crystals: I. Oscillating plate viscometer measurements and rotational
viscosity measurements: K15t. Lig. Cryst. 2011, 38, 1169—1181.

(57) Javadian, S.; Dalir, N.; Gilani, A. G.; Kakemam, J.; Yousefi, A. A
new approach to study interaction parameters in cyanobiphenyl liquid
crystal binary systems. J. Chem. Thermodyn. 2015, 80, 22—29.

(58) Bezrodna, T.; Klishevich, G; Melnyk, V.; Nesprava, V.;
Roshchin, O.; Drozd, M. Low-temperature luminescence and phase
structure of SCB liquid crystal under different cooling regimes. Mol.
Cryst. Liq. Cryst. 2018, 672, 159—167.

(59) Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J. C.;
Hess, B.,; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, 1-2, 19-25.

(60) Cacelli, L; Prampolini, G.; Tani, A. Atomistic Simulation of a
Nematogen Using a Force Field Derived from Quantum Chemical
Calculations. J. Phys. Chem. B 2008, 109, 3531—3538.

(61) Gaetani, L. D.; Prampolini, G.; Tani, A. Modeling a Liquid
Crystal Dynamics by Atomistic Simulation with an Ab Initio Derived
Force Field. J. Phys. Chem. B 2006, 110, 2847—2854.

(62) Cacelli, I; De Gaetani, L.; Prampolini, G.; Tani, A. Liquid
Crystal Properties of the n-Alkyl-cyanobiphenyl Series from Atomistic
Simulations with Ab Initio Derived Force Fields. J. Phys. Chem. B
2007, 111, 2130—2137.

(63) Cacelli, L; Cimoli, A,; De Gaetani, L.; Prampolini, G.; Tani, A.
Chemical Detail Force Fields for Mesogenic Molecules. J. Chem.
Theory Comput. 2009, S, 1865—1876.

(64) Calucci, L.; Geppi, M. CAGE: Software for a Critical Analysis
of ?H Spin-Lattice Relaxation in Liquid Crystals. J. Chem. Inf. Comput.
Sci. 2001, 41, 1006—1014.

(65) Wang, L.; Sun, J; Liu, H; Chigrinov, V. G; Kwok, H. S.
Increasing the rewriting speed of ORW e-paper by electric field. Lig.
Cryst. 2018, 45, 553—560.

(66) Fiatkowski, M. Viscous properties of nematic liquid crystals
composed of biaxial molecules. Phys. Rev. E: Stat. Phys, Plasmas,
Fluids, Relat. Interdiscip. Top. 1998, 58, 1955—1966.

https://doi.org/10.1021/acs.jpclett.1c03517
J. Phys. Chem. Lett. XXXX, XXX, XXX—XXX

586
587
588
589
590

592

594

604


https://doi.org/10.1021/acs.chemmater.6b01590?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b01590?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b01590?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C7NR06663E
https://doi.org/10.1039/C7NR06663E
https://doi.org/10.1038/s41427-019-0146-6
https://doi.org/10.1038/s41427-019-0146-6
https://doi.org/10.1038/s41427-019-0146-6
https://doi.org/10.1038/s41467-018-08210-w
https://doi.org/10.1038/s41467-018-08210-w
https://doi.org/10.1098/rspa.1982.0061
https://doi.org/10.1098/rspa.1982.0061
https://doi.org/10.1098/rspa.1982.0061
https://doi.org/10.1080/00268948308072454
https://doi.org/10.1080/00268948308072454
https://doi.org/10.1080/02678298608086512
https://doi.org/10.1080/02678298608086512
https://doi.org/10.1063/1.453845
https://doi.org/10.1063/1.453845
https://doi.org/10.1080/02678299508031106
https://doi.org/10.1080/02678299508031106
https://doi.org/10.1080/02678299508031106
https://doi.org/10.1515/zna-1997-1008
https://doi.org/10.1515/zna-1997-1008
https://doi.org/10.1515/zna-1997-1008
https://doi.org/10.1080/00268979909482853
https://doi.org/10.1080/00268979909482853
https://doi.org/10.1016/S0040-6031(99)00411-6
https://doi.org/10.1016/S0040-6031(99)00411-6
https://doi.org/10.1016/S0040-6031(99)00411-6
https://doi.org/10.1063/1.1381059
https://doi.org/10.1063/1.1381059
https://doi.org/10.1063/1.1381059
https://doi.org/10.1080/15421400600598800
https://doi.org/10.1080/15421400600598800
https://doi.org/10.1080/02678290801935887
https://doi.org/10.1080/02678290801935887
https://doi.org/10.1080/02678290801935887
https://doi.org/10.1021/jp711211w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp711211w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp711211w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp802935q?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp802935q?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp802935q?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/crat.200900162
https://doi.org/10.1002/crat.200900162
https://doi.org/10.1002/crat.200900162
https://doi.org/10.1080/02678292.2011.602121
https://doi.org/10.1080/02678292.2011.602121
https://doi.org/10.1080/02678292.2011.602121
https://doi.org/10.1016/j.jct.2014.08.010
https://doi.org/10.1016/j.jct.2014.08.010
https://doi.org/10.1016/j.jct.2014.08.010
https://doi.org/10.1080/15421406.2018.1550554
https://doi.org/10.1080/15421406.2018.1550554
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/jp045716l?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp045716l?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp045716l?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp0542930?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp0542930?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp0542930?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp065806l?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp065806l?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp065806l?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ct900002p?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ci000169w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ci000169w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1080/02678292.2017.1359696
https://doi.org/10.1103/PhysRevE.58.1955
https://doi.org/10.1103/PhysRevE.58.1955
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03517?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as



