(o) Teylor & Francis
Liquid Crystals

ISSN: 0267-8292 (Print) 1366-5855 (Online) Journal homepage: www.tandfonline.com/journals/tlct20

Data-driven prediction of dielectric anisotropy in
nematic liquid crystals

Charles Parton-Barr & Richard. J. Mandle

To cite this article: Charles Parton-Barr & Richard. J. Mandle (2026) Data-driven prediction
of dielectric anisotropy in nematic liquid crystals, Liquid Crystals, 53:4-5, 517-545, DOI:
10.1080/02678292.2026.2686785

To link to this article: https://doi.org/10.1080/02678292.2026.2686785

8 © 2026 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

A
h View supplementary material &

ﬁ Published online: 18 Aug 2026.

\]
C;/ Submit your article to this journal &

||I| Article views: 152

A
& View related articles &'

View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tlct20


https://www.tandfonline.com/journals/tlct20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02678292.2026.2686785
https://doi.org/10.1080/02678292.2026.2686785
https://www.tandfonline.com/doi/suppl/10.1080/02678292.2026.2686785
https://www.tandfonline.com/doi/suppl/10.1080/02678292.2026.2686785
https://www.tandfonline.com/action/authorSubmission?journalCode=tlct20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tlct20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02678292.2026.2686785?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02678292.2026.2686785?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2026.2686785&domain=pdf&date_stamp=18%20Aug%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2026.2686785&domain=pdf&date_stamp=18%20Aug%202026
https://www.tandfonline.com/action/journalInformation?journalCode=tlct20

LIQUID CRYSTALS
2026, VOL. 53, NOS. 4-5, 517-545
https://doi.org/10.1080/02678292.2026.2686785

Taylor & Francis
by informae-.

8 OPEN ACCESS ) Check for updates

Data-driven prediction of dielectric anisotropy in nematic liquid crystals
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ABSTRACT

We curate a large-scale dataset of low frequency dielectric anisotropy values for low molecular
weight liquid crystals. Using this dataset, we demonstrate that supervised machine-learning
models can predict dielectric anisotropy with substantially improved accuracy (RMSE 2.6) com-
pared to estimates obtained from the Maier-Meier relations using molecular properties from both
the widely used semiempirical AM1 method (RMSE 9.7) and the modern r2scan-3c composite
method (RMSE 11.2). Realising the potential of machine learning techniques for liquid crystalline
materials requires carefully curated data to be accessible, and on this basis, we propose a simple
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and standard template for reporting data.
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Introduction

Nematic liquid crystals are widely exploited in display
technology, making the ability to accurately predict their
macroscopic properties from molecular structure
a central challenge in materials design. In contrast to
other functional and soft materials, liquid crystalline
materials must be synthesised in high chemical purity
and are (typically) characterised as bulk materials in the
condensed anisotropic state, rather than in dilute (iso-
tropic) solution. As a result, experimental screening of
materials is intrinsically low-throughput, time-
consuming, and resource intensive. This creates
a particularly acute need for accurate predictive struc-
ture-property relationships, especially tools and methods
capable of linking molecular scale properties to measur-
able bulk properties. Of the many properties of nematic
liquid crystals, the dielectric anisotropy (Ae) is of parti-
cular importance, governing electro-optic response,
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switching behaviour, and device operating voltages.
Dielectric anisotropy is often calculated according to the
Maier-Meier relationship, effectively an extension of
Onsager theory to anisotropic systems with long range
orientational order, given in Equation (1):
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Where yeﬁz = \/g.u* p is the molecular electric
dipole moment, g is the Kirkwood g factor, f is the
angle between the electric dipole moment and the
molecular long axis, Aa is the anisotropic polarisa-
bility, N is the number density, F is the reaction field
factor, and h is the cavitation factor which are
defined according to:
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The semi empirical AM1 method has been success-
fully used to calculate dielectric anisotropy from com-
puted dipole moments and polarisability tensors [1-5].
Despite this empirical success, the AM1 method is known
to significantly underestimate polarisability [6,7]; its
apparent success when used with the Maier-Meier rela-
tions demonstrating that numerical agreement does not
imply physical fidelity. More generally, while the Maier-
Meier relation provides a mean-field link between com-
putable (or measurable) molecular properties and macro-
scopic dielectric response, its underlying assumptions
(single molecule response, weak treatment of intermole-
cular correlations) can restrict its quantitative accuracy.
Hybrid density functional theory (DFT) methods
have been used with Maier-Meier relations with some
success [8,9], yet the application of composite methods —
which combine high chemical accuracy with low com-
putational cost — remain unexplored. At the same time,
the growing availability of chemically diverse datasets,
together with rapid progress in (un)supervised molecular
machine learning, raises the question of whether dielec-
tric anisotropy can be predicted directly from molecular
structure without reliance on explicit mean-field models.
Here we address this question using supervised
machine-learning models trained to predict Ae of
nematic liquid-crystalline materials. In the absence of
any public dataset of experimental Ae data for individual
molecules exists, we curated our own for this purpose,
drawing from both academic and patent literature.
Three machine-learning model architectures were
trained: multilayer perceptron (MLP), graph neural net-
work (GNNs) and XGBoost Regressor. The predictive
performance of these models was benchmarked against
dielectric anisotropies estimated using the Maier-Meier
relation, employing both a widely used semi-empirical
electronic-structure method (AM1) and a modern, low-
cost composite density-functional approach (r* SCAN-
3c). This comparison enables a direct assessment of
data-driven and physics-based approaches for predict-
ing dielectric response across chemically diverse liquid-
crystal systems. Finally, Shapley additive explanations
(SHAP) analysis is performed on the best performing
fingerprint model to evaluate the relationship between
descriptor values and Ae prediction.

Method
Dataset curation

We curated a dataset of low frequency dielectric aniso-
tropy data for single component low molecular weight

liquid crystals. The dataset covers around 3500 unique
molecular structures, drawn from both journal [10-129]
and patent literature [130-503]. The dataset includes
data measured for pure materials and that obtained by
extrapolation from mixtures. The dataset does not
include data for mixed systems (e.g. unextrapolated
mixtures, mixtures of isomers, low purity materials).
Where the same material was reported in multiple
papers and/or patents, we use values from the earliest
publication.

It is important to note that the dielectric anisotropy
of a nematic liquid crystal is, in general, temperature
dependent. This dependence arises primarily from the
temperature dependence of the orientational order
parameter, <P2>, since Ae is governed by the projec-
tion of molecular dipole and polarisability anisotropy
onto the nematic director. Other factors, including
density and intrinsic molecular properties, are
expected to vary only weakly over the temperature
range in which conventional nematic phases are nor-
mally observed. In the present work, most Ae values
are extrapolated from dilute mixtures in broad-
temperature-range nematic hosts and are measured
close to ambient temperature. These values should
therefore be regarded as standardised comparative Ae
values rather than full temperature-dependent Ae(T)
datasets. The machine-learning models developed here
are consequently intended to capture molecular struc-
ture-property relationships in these standardised
experimental values, rather than to predict the tem-
perature dependence of Ae. Residual variation due to
host, temperature, and order parameter effects is trea-
ted as part of the experimental uncertainty in the
dataset.

Molecular structures were transcribed using a text-
based notation system and represented as text using the
simplified molecular input line entry system (SMILES).
The raw dataset was handled using RDkit [504], allow-
ing us to filter inadvertent duplicates due to human
error (e.g. where two identical molecules have different
‘raw’ SMILES due to differing ring indices).

Electronic structure calculations

We converted SMILES strings into 3D coordinates
using the ETKDGv3 (experimental-torsion-knowledge
distance geometry) conformer generator [505] in
RDKIT (Release_2025.09.4). We then performed geo-
metry optimisation and calculation of dipole moment
and polarisability tensors using the AM1 semi-empirical
method (Gaussian G16 [506]) and the r2scan-3c com-
posite method [507] (Orca 6.1 [508]).



Dataset informatics

We computed descriptors (Molecular weight, fraction
Csp [3]) using the Descriptors module in RDKit.
Uniform manifold approximation and projection
(UMAP) was performed with the UMAP-learn pack-
age [509] using Mordred fingerprints. Prior to
embedding, descriptors containing non-finite values
(NaN or o) were removed, and molecules with
remaining non-finite entries were excluded. The
cleaned descriptor matrix was embedded into two
dimensions using UMAP with n_neighbors = 20,
min_dist=0.1, and a fixed random seed to ensure
reproducibility.

Machine learning

Molecular fingerprints (1024 bit) were generated using
the skfp.fingerprints Python package [510]. For three-
dimensional fingerprints we generated low-energy con-
formers from the SMILES string using the ETKDGv3
algorithm in RDKIT [504]. Machine learning models
were trained using supervised learning framework using
PyTorch [511]. The molecular fingerprints were used as
the input, and the values of dielectric anisotropy as the
target. The dataset was randomly divided into test/train-
ing sets using an 80:20 split. Model training was per-
formed for 500 epochs (with early stopping) using the
Adam optimiser with a learning rate of 1 x 10~% and
a weight decay of 1 x 107*. A batch size of 64 was
employed throughout. Model performance was evalu-
ated using 5-fold cross-validation on the training data.
Predictive accuracy was assessed on the held-out test set.
All fingerprint neural networks shared the same topol-
ogy (Figure 1). Hyperparameter choice was made
empirically based on the need to balance training stabi-
lity and predictive performance.

Fingerprint-based multilayer perceptron (MLPs;
Figure 1(a)) operate on fixed-length fingerprint vectors
which encode molecular information. The MLPs learn
to map to a target property through the transformations
of successive hidden linear layers. Graph neural net-
works (GNNs; Figure 1(b)) instead are passed molecular
graph representations and learn atomic-level represen-
tations through message-passing convolutional layers.
These atomic-level representations are then pooled into
a molecular-level prediction. As a non-neural-network
comparison, the XGBoost regressor (Figure 1(c)) builds
an ensemble of decision trees, each trained to correct the
residual errors of the previous tree.

Molecular graph representations were produced
using previously published code [512], , and the models
were trained according to the hyperparameters
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described in the ESI. An XGBoost [513] regressor
model was trained in a manner as to replicate the MLP
training process. It was parameterised with 500 estima-
tors, a max depth of 10, a learning rate of 0.01.

Results
Dataset analysis

Although the curated dataset is a broad cross-section of
reported materials and design strategies, it is not (nor
could it be) an exhaustive list of all possible materials
nor all reported materials. By necessity, it the present
dataset is shaped by experimental accessibility, by aca-
demic interest, by commercial relevance, and by disclo-
sure. The iterative optimisation around certain building
blocks (e.g. fluorinated aromatics) leads to clustering.
The dataset comprises ~43% materials with negative
dielectric anisotropy (N=1542, average Ae=-6.7;
Figure 2(a)) and ~57% with positive dielectric aniso-
tropy (N = 2065, average Ae = +15.75; Figure 2(a)). The
average molecular weight across the dataset was 416
with a standard deviation of 118 (Figure 2(b)).

Molecules with large negative or positive values of Ae
typically feature a relatively modest fraction of saturated
hydrocarbon; as the fraction of Csp [3] tends towards
one the values of dielectric anisotropy cluster in the
range 0-10. The dominant feature here is variance
rather than trend (Figure 2(c)).

The chemical space within the dataset is highly struc-
tured giving the UMAP projection a filament-like
appearance; positive and negative materials are broadly
interspersed throughout this space, although in some
regions a clear bias to one sign of Ae can be seen
(Figure 2(d)). However, as UMAP is a non-linear
embedding optimised for local neighbourhood preser-
vation, distances and apparent clusters within the pro-
jection should not be over interpreted.

Electronic structure calculations

Initial 3D geometries for dataset entries were generated
from SMILES strings using the ETKDGv3 conformer
embedding method in RDkit. Where the conformer
embedding failed (typically due to a lack of parameters,
e.g. for hypervalent sulphur in SFs) the geometry was
manually generated. Electronic structure calculations
were performed using either the AM1 semiempirical
method or the r2scan-3c composite method. For each
molecule, and with each method, we perform geometry
optimisation followed by a frequency calculation to
confirm the absence of imaginary frequencies. We
then compute the dipole vector and polarisability



520 e C. PARTON-BARR AND R. J. MANDLE

Multilayer perceptron

—» Ac

Graph neural network

—» As

XGBoost regressor

(a)
Qb'/
»- ) .
q‘}‘.' Fingerprint
?o- EEEE .
qp
o
Node feature matrix
(b) ‘b
[ =
qb}"’.' Adjacenc
» —> ) ¥
¢ matrix
£
o
(c) 3,”
[ =
qb}“‘. * Fingerprint
> — —
¢ i
.
o

Figure 1. (Colour online) Schematic representation of the machine learning architectures used in this work. (a) illustrates the
multilayer perceptron that transforms a molecular fingerprint through successive hidden layers to predict Ae. (b) Shows how
a graph neural network where the molecule is represented by a node feature matrix and an adjacency matrix. The information of
neighbouring nodes is aggregated through message passing layers (green), then pooled to a graph level representation (red). A scalar
prediction is then produced through the linear transformation layers (orange). (c) depicts the XGBoost regressor in which an ensemble

of decision trees predicts A¢ via sequential error correction.

tensor. Using the Maier-Meier relation with the
obtained dipole and polarisability data with S = 0.65,
p=1.00gcm’, T=298 K, and g = 1, we obtain the
dielectric anisotropy.

In contrast to earlier use of the AM1 method for
calculating dielectric anisotropy [1-5], the dataset
used here is orders of magnitude larger. However,
we find AM1 performs rather poorly: the root mean
square error (RMSE) is 9.66 which corresponds to
approximately 0.61 o of the experimental distribu-
tion (r* =0.632; Figure 3(a)). While this is
a moderate degree of correlation, the magnitude of
error and presence of frequent sign errors (vide
infra) limit the qualitative predictive utility of the
AM1 method in a workflow for predicting dielectric
anisotropy.

Modern composite DFT methods such as r2scan-3c
offer high chemical accuracy with low computational

cost. That said, for our dataset we find an RMSE of 11.2
with the r2scan-3c method, corresponding to approxi-
mately 0.71 o of the experimental Ae distribution
(r* = 0.500; Figure 3b). This performance is notably
worse than that of AMI, indicating that increased accu-
racy of the electronic structure calculation does not
translate to an improved predictive accuracy for Ae via
the Maier-Meier relation.

Both AM1 and r2scan-3c have significant ‘sign
errors’, where a material with negative Ae is calculated
to be positive (AM1: 10%, 297 entries; r2scan-3c: 13%,
371 entries) or a material with positive Ae is calculated
to be negative (both 3% of all entries). The poor perfor-
mance of both methods presumably reflects the non-
ideal use of the molecular ‘long axis’ for orientation, that
the calculations are performed on an isolated molecule
and extrapolated to the bulk, the neglect of conformers,
variations in p, S, g and so on.
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Figure 2. (Colour online) Analysis of the curated dataset. (a) Histogram plot of the reported values of dielectric anisotropy, coloured
according to sign. (b) Histogram plot of molecular weight for molecules within the curated dataset. (c) Scatter plot of experimental
dielectric anisotropy versus the faction of the molecule comprising sp® hybridized carbon, where solid contours represent the estimate
point density to highlight the regions of highest data concentration. (d) UMAP projection of Mordred molecular fingerprint
descriptors, with points coloured according to the sign of dielectric anisotropy.

Considering multiple conformers may be a viable route
to improving the accuracy of the calculated dielectric
anisotropy. The computational cost of this is not negligi-
ble however; the optimisation and property calculations
with r2scan-3c for the dataset took over 2700 CPU hours
on a modern HPC system (Aire HPC at the University of
Leeds). A back of the envelope calculation (assume 12
CPU hours to generate and optimise the conformers
(using ORCA-GOAT) and consider just 10 conformers
per molecule) would increase this to ~65800 CPU hours
(around 7.5 CPU years), which is not insignificant.

Plotting the residual Ae (Aecue — A€peqs) Versus the
experimental value (Figure 3(c,d)) reveals a clear
negative slope, especially pronounced for r2scan-3c;
in other words, an anticorrelation between predic-
tion error and magnitude of the experimental value.
This is particularly pronounced for r2scan-3c, and
indicates a systematic deviation from ideal scaling,
with increasingly strong underestimation at large
positive and negative Ae.

The residual distributions (Figure 3(e,f)) are
approximately Gaussian but are shifted away from

zero and with moderate-to-large variance (standard
deviation). The combination of non-zero mean and
significant variance reflects the presence of systema-
tic error in the results and significant uncertainty
across the entire dataset (as opposed to a few pro-
blematic structures).

Taken together, these diagnostics demonstrate that
while electronic structure methods capture qualitative
trends in dielectric anisotropy, their errors are struc-
tured rather than random. The presence of systematic
anticorrelation in residuals indicate that factors govern-
ing the magnitude of Ae are not fully captured by the
models, and this motivates the use of data-driven
approaches which we now turn to.

Supervised machine learning

Supervised machine learning is well suited to learn-
ing structure-property relationships from these
representations in cases where no simple analytical
model exists. This is particularly relevant for dielec-
tric anisotropy, which emerges from properties
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Figure 3. (Colour online) Plot of calculated (y) vs actual (x) dielectric anisotropy using geometry and properties from: (a) the semi-
empirical AM1 method (RMSE = 9.66;r> = 0.632, and (b) the r2scan-3c composite method (RMSE = 11.20;r?> = 0.500). Kernel
density estimate (KDE) contours represent the estimated point density and so highlight the regions of highest data concentration.
The dashed line represents perfect agreement (i.e. x = y). Both methods display significant sign inversions, as indicated by + — —
(experimental —Ag, predicted +A¢) and — — + (experimental +Ag, predicted —Ae¢). Plots of residual vs actual Ae for AM1 (c) and
r2scan-3c (d). Histogram plot of residuals for AM1 (e) and r2scan-3c (f) with mean value and standard deviation labelled.

across a range of length scales from the molecule
(polarity, polarisability, electronic structure etc) to
the bulk (e.g. order parameter, density). The perfor-
mance of different models using different input types
is summarised below and shown graphically in
Figure 4.

Molecular fingerprints provide a numerical represen-
tation of chemical structure, encoding atomic connec-
tivity, functional groups, and, in some cases,
physicochemical descriptors. Such representations are
particularly well suited to statistical learning, as they
map chemically diverse molecules onto a common,
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Figure 4. (Colour online) Performance of selected supervised machine-learning models for predicting dielectric anisotropy (A¢) to
compare a) molecular fingerprint vs graph representations and b) neural networks vs. XGBoost regressors. Bars show the root-mean-
square error (RMSE) on the independent hold out test set for each model type; error bars show the standard deviation of the RMSE
across cross-validation folds, arising from the repeated data partitioning during model training. The bar colours indicate the input
used to train the network (blue = 2D fingerprint, red = 3D fingerprint, purple = molecular graph, green = 2D XGBoost, orange = 3D
XGBoost).Horizontal dashed lines indicate the RMSE obtained for the same dataset when computing using the maier-meier relations
with molecular properties as computed with the AM1 semi-empirical and r2scan-3c composite methods (vide supra). Additional
examples of less performant networks are given in the ESI to this article.

fixed-length feature space. In this work, multiple finger-
print representations were generated for each molecule,
each of these being a 1024-bit vector, enabling direct
comparison and regression across the full dataset.

Molecular graphs are a representation in which
atoms are treated as ‘nodes’ and bonds as ‘edges’, pre-
serving the topology of the molecule without reliance on
predefined descriptors. Unlike fingerprints (which are
fixed-length features), graph representations retain
information about relations between atoms; they are
well suited to statistical learning and preserving chemi-
cally meaningful features that derive from the under-
lying molecular connectivity and topology.

Three supervised machine learning approaches were
employed to predict Ae values. The MLP and the
XGBoost models were trained on fingerprint represen-
tations, whereas the GNN models were trained on mole-
cular graphs. Across all methods, test-set RMSE values
ranged from 2.6 to 20.0. The erg and usr fingerprint
types performed worse than calculations via AM1/
r2scan-3c¢ and using the Maier-Meier relations (both
having RMSE 2 10). We found 2D fingerprints to

outperform those using 3D geometries, even for the
same fingerprint type (e.g. AtomPair, Mordred). Out of
all fingerprints tested, 2D Mordred gave the lowest
RMSE for the independent hold-out test set (4.8)
although others (Autocorr, Layered, ECFP, Mordred-
3D) had only fractionally higher RMSE. Our non-
neural network comparison, XGBoost shows a slight
outperformance of the MLP, with Mordred-3D,
Mordred-2D and ECFP achieving RMSE values of 4.6,
4.7 and 4.9 respectively. The GNNs outperformed the
fingerprint models in all cases, with the GATPredictor
GNN achieving an RMSE of 2.6, again an improvement
over the Maier-Meier relations

The parity plot for the best-performing fingerprint
model (2D Mordred Fingerprints, Figure 5(a)) com-
pares the predicted versus experimental dielectric ani-
sotropy. The model reproduces the experimental values
with 2 0f 0.91 and RMSE of 4.8, indicating that much of
the variance in Ae is captured by the learned representa-
tion. By these metrics, the network is far more accurate
than the Maier-Meier relation utilising AM1 or r2scan-
3c. Predictions are well distributed about the x = y line
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of systematic bias across the range of dielectric anisotropies. (¢, f) distribution of prediction errors for the independent hold-out test

set, illustrating the spread and near-zero mean of the residuals.

across the full range of experimentally observed Ae
values with no evidence of systematic compression at
high magnitudes. Encouragingly, the percentage of sign
errors is far lower. The corresponding residuals
(Figure 5(b)) have a much weaker tendency to under-
estimation at large positive or negative Ae. Importantly,
no discrete regimes or discontinuities are observed
which would indicate fingerprint-specific artefacts, if
present. The histogram of residuals (Figure 5(c)) is
Gaussian (to a first approximation) and centred close
to zero (mean = 0.26, standard deviation = 4.80) which
confirms the absence of systematic bias in the model.
Although the GATPredictor architecture achieved
the lowest test-set RMSE, Figure 5 compares the
Mordred-2D fingerprint model with GATPredictor2
results as this model achieved a lower standard devia-
tion across its validation predictions (1.24 vs 0.24)
which indicates a more stable model. GATPredictor2
achieves r* and RMSE values of 0.923 and 2.78 respec-
tively. The parity plot (Figure 5(d)) shows a tighter
clustering about the y=x line and the residuals

(Figure 5(e)) present less of a break down in predictions
at higher or lower Ae values. This is quantified in
Figure 5(f) where the residual distribution is calculated
to possess a mean of —0.07 and a standard deviation of
4.31 Together, these results demonstrate that both
molecular fingerprints and graph-based approaches
can learn the structural property relationships that gov-
ern dielectric anisotropy values in a chemically diverse
dataset, with GNNs possessing stronger performance
metrics.

Finally, we use SHAP values to explore interrogate
the trained fingerprint model and identify which mole-
cular descriptors most strongly influence the predicted
value of Ae. SHAP values quantify the contribution of
each descriptor to an individual prediction relative to
the global model baseline. Positive SHAP values indicate
features that increase the predicted dielectric aniso-
tropy, whereas negative values correspond to descrip-
tors that suppress it. Figure 6 presents a summary plot
in which each point represents a single molecule, posi-
tioned according to the magnitude and direction of the



descriptor’s impact. Points are coloured by the normal-
ised descriptor value, allowing the relationship between
feature magnitude and model response to be visualised
directly.

In this analysis we identify a set of high-impact descrip-
tors spanning multiple physiochemically meaningful
families. Prominent among these were topological auto-
correlation metrics such as GATS4s, GATS3C, MATS5c,
and ATSCOpe, which encode how electronic properties are
distributed across the molecular graph. Surface-area
descriptors partitioned by charge and lipophilicity (includ-
ing EOE_VSA12, EState_VSA4, EState_VSA2, and
SLOGP_VSA4) were likewise strongly represented, indi-
cating that the exposure and spatial segregation of polar
surface is important in governing Ae.

Extremal electro-topological descriptors
(MINssCH2, MINsCH3, MAXaasC) and graph-based
invariant descriptors such as MIC4 and MDEC-11

MINssCH2 oo cnunee sme
PEOE_VSA12 .
JGI8 o e
PEOE_VSAS8
MINsCH3
GATS4s .
SlogP_VSA4
GATS3c .
MATS3se
GATS2c
SaasC
MATS3pe
EState_VSA4
GATS6s
MATS5c¢
ATSCOpe
MAXaasC
EState_VSA2 .
MDEC-11 i e o

MIC4
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highlight the importance of electronically differentiated
atomic environments and overall molecular topology.
While individual descriptors do not map uniquely onto
specific chemical fragments, the convergence of these
independent feature classes on electrostatic distribution
provides a physically coherent interpretation of the
model. Collectively, the results indicate that dielectric
anisotropy is governed primarily by the spatial organi-
sation of electronic character rather than dipole magni-
tude alone, which we feel aligns with common intuitive
understanding of this property.

Machine learning can only be successfully deployed
where curated data is available. In the present case, this
required careful curation of a large-scale dataset span-
ning many journal articles and patents, coupled with
transcription of chemical information into machine
readable format. We would strongly encourage the
inclusion of ‘machine readable’ data in the ESI of future

High

Feature value

=3 -2 -1

0

T T T T Low
1 2 3 4

SHAP value (impact on model output)

Figure 6. (Colour online) Calculated SHapley additive exPlanations (SHAP) values for the best performing fingerprint neural network
model. Descriptors within the mordred fingerprint are ranked from most important (top) to least (bottom). Each point represents
a unique molecule within the dataset. The colour scale reflects the normalised value of the descriptor value for each molecule. The

position on the x-scale refleBcts the impact on the prediction of Ae.
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papers, and we give an example of this in the ESI to this
article using examples from the dataset in this work.
This need is especially acute for chemical structures; it is
commonplace to use X/Y/Z/R’ groups and denote
changes to structure in tabular form, and extracting
the requisite information from data presented in this
way is rather time consuming.

The present work complements prior use of machine
learning methods in liquid crystal science such as clas-
sification of ferroelectric nematic materials [514], pre-
dicting clearing points [515,516], phase transitions in
bent-core type materials [517], lyotropic phase beha-
viour [518], image-based frameworks for phase identi-
fication via optical texture analysis [519,520],
hydrodynamic properties via director field dynamics
[521], optimisation of LCD backlight technology [522],
and data-led design of de novo ferroelectric nematics
[512]. Together, these studies highlight the growing
importance of machine learning in understanding liquid
crystalline materials and devices.

Conclusions

While physics-based models such as the Maier-Meier
relation provide invaluable conceptual insight, their pre-
dictive performance is ultimately constrained by both their
underlying assumptions and the accuracy with which
molecular properties can be computed. We show these
limitations to become particularly acute when such
approaches are applied across large, chemically diverse
datasets. In contrast, the machine-learning models
reported here achieve substantially improved predictive
accuracy without explicit recourse to mean-field assump-
tions. Notably, the most accurate predictions are obtained
without explicit modelling of intermolecular correlations
or nematic order. Although such omissions may appear
conceptually unsatisfying, they do not diminish predictive
performance. From a materials-design perspective, predic-
tive accuracy is therefore the most relevant currency.
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Liquid-crystalline compound having negative dielectric
anisotropy value, liquid crystal composition containing
the liquid-crystalline compound, and liquid crystal dis-
play element using the liquid crystal composition. JP
patent JP H10237035 A. 1998 [1997 Feb 26].

Yamada K, Yano H. Inventors; Chisso Corp, assignee.
Liquid crystalline compound with negative permittivity
anisotropy, liquid crystal composition containing the
same, and liquid crystal element prepared from the
composition. JP patent JP H10237448 A. 1998 [1997
Feb 26].

Yamada K, Yano H. Inventors; Chisso Corp, assignee.
Liquid crystal compound having negative anisotropic
value of dielectric constant, liquid crystal composition
containing the same and liquid crystal display element
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using the composition. JP patent JP H10236993 A. 1998
[1997 Feb 26].

Yano H, Matsui S, Takeuchi H, et al. Inventors; Chisso
Corp, assignee. Liquid crystal compound having nega-
tive permittivity anisotropic value, liquid crystal com-
position containing the liquid crystal compound and
liquid crystal display element using the composition. JP
patent JP H10168076 A. 1998 [1997 Feb 20].

Yano H, Takeuchi H. Inventors; Chisso Corp, assignee.
Liquid crystal compound having negative anisotropy in
permittivity, liquid crystal composition containing this
compound, and liquid crystal display element made by
using this composition. JP patent JP H10168453 A.
1998 [1997 Feb 20].

Andou T, Shibata K, Matsui S, et al. Inventors; Chisso
Corp, assignee. Polyhaloalkyl ether derivatives as well
as liquid crystal compositions and liquid crystal display
elements containing them. US patent US 6007740 A.
1999 [1997 Nov 7].

Kirsch P, Tarumi K, Krause J. Inventors; Merck Patent
GmbH, assignee. Halovinyloxy-substituted dioxane
derivatives. US patent US 5997766 A. 1999 [1997
Dec 24].

Kirsch P, Tarumi K, Krause J. Inventors; Merck Patent
GmbH, assignee. 1,3-dioxane derivatives having axial
fluorine substitution. US patent US 5961880 A. 1999
[1998 Jun 4].

Miyazawa K, Matsui S, Takeuchi H, et al. Inventors;
Chisso Corp, assignee. Liquid crystalline compound
having alkynyl group, and liquid crystal compositions
and liquid crystal display device therefrom. US patent
US 5879585 A. 1999 [1997 Oct 10].

Bernhard H, Kresse H, Demus D, et al. Inventors;
Chisso Corp, assignee. Liquid-crystal compounds having
large value of permittivity anisotropy, liquid-crystal
composition containing the same, and liquid-crystal dis-
play element made using the liquid-crystal composition.
EP patent EP 1010692 A1l. 2000 [1998 Jul 3].

Fujita A, Tamura N, Matsui S, et al. Inventors; Chisso
Corp, assignee. Conjugated nitrile derivative, liquid
crystal composition, and liquid crystal display
elements. US patent US 6149838 A. 2000 [1999
May 28].

Inagaki J, Harufuji T, Koizumi Y, et al. Inventors;
Chisso Corp, assignee. Thioether compound, liquid
crystal composition and liquid crystal display element
having negative value of permittivity anisotropy. JP
patent JP 2000256307 A. 2000 [1999 Mar 9].

Kirsch P, Tarumi K, Krause J. Inventors; Merck Patent
GmbH, assignee. Cyclohexane derivatives, and
liquid-crystalline medium. US patent US 6139773 A.
2000 [1998 Jun 4].

Kirsch P, Tarumi K, Krause J, et al. Inventors; Merck
Patent GmbH, assignee. Fluorocyclohexane derivatives,
and liquid-crystalline medium. US patent US 6056895
A. 2000 [1998 Apr 7].

Kondo T, Matsui S, Miyazawa K, et al. Inventors;
Chisso Corp, assignee. Fluoro-substituted alkyl ether
compounds, liquid crystal compositions and liquid
crystal display devices. US patent US 6124005 A. 2000
[1998 Dec 14].
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[159]
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(162]

(163]

Miyazawa K, Takeuchi H, Yagi Y, et al. Inventors;
Chisso Corp, assignee. 2,3-difluorophenyl derivatives
having negative value of permittivity anisotropy,
liquid-crystal composition, and liquid-crystal display
element. EP patent EP 1026142 A1. 2000 [1998 Oct 26].
Miyazawa K, Takeuchi H, Yano H. Inventors; Chisso
Corp, assignee. Liquid crystal compound having nega-
tive dielectric anisotropy, liquid crystal composition
containing said liquid crystal compound and liquid
crystal display device using said composition. EP patent
EP 0982386 Al. 2000 [1998 Aug 21].

Miyazawa K, Yano H. Inventors; Chisso Corp, assignee.
Liquid crystal compound having negative dielectric
anisotropy, liquid crystal composition containing said
liquid compound and liquid crystal display device using
said composition. EP patent EP 0982388 A1. 2000 [1998
Aug 24].

Yamada K, Yano H, Inventors; Chisso Corp, assignee.
Liquid crystal compound having negative dielectric
anisotropy, liquid crystal composition containing said
liquid crystal compound and liquid crystal display
device using said composition. EP patent EP 0982387
Al. 2000 [1998 Aug 24].

Andou T, Matsui S, Miyazawa K, et al. Inventors;
Chisso Corp, assignee. Liquid crystalline compound,
liquid crystal composition comprising the liquid crys-
talline compound, and liquid crystal display device
using the liquid crystal composition. US patent US
6319570 B1. 2001 [2000 Jun 19].

Chandler Clive D. Inventor; FEI Co, assignee. Method
and apparatus for selective in-situ etching of inter
dielectric layers. US patent US 6268608 Bl. 2001
[1998 Oct 9].

Haseba Y, Miyazawa K, Matsui S, et al. Inventors;
Chisso Corp, assignee. Liquid-crystal compounds hav-
ing fluorinated alkyl groups, liquid-crystal composi-
tion, and liquid-crystal display element. US patent US
6248260 B1. 2001 [1999 Jul 28].

Kato T, Miyazawa K, Matsui S, et al. Inventors; Chisso
Corp, assignee. Compound having alkadienyl group as
side chain, and liquid crystal composition using same.
US patent US 6174457 B1. 2001 [1999 Feb 11].

Koga K, Ando T, Takeuchi H, et al. Inventors; Chisso
Corp, assignee. Tetracyclic compound having lateral
halogen substituent and liquid crystal composition
comprising the same. US patent US 6174458 B1. 2001
[1999 Feb 26].

Takatsu H, Saito Y, Frings Rainer B, et al. Inventors;
Dainippon Ink & Chemicals, assignee. Compound hav-
ing tetralhydronaphthalene skeleton and liquid crystal
composition containing the same. CA patent CA
2377217 A1. 2001 [1999 Oct 10].

Tamura N, Fujita A, Matsui S, et al. Inventors; Chisso
Corp, assignee. Liquid-crystal alkenyltolan derivative,
liquid-crystal composition, and liquid-crystal display
element. US patent US 6333080 B1. 2001 [1999 May 6].
Tamura N, Fujita A, Matsui S, et al. Inventors; Chisso
Corp, assignee. Liquid crystalline compound having
piperidine ring, liquid crystal composition and liquid
crystal display element. EP patent EP 1072593 A1. 2001
[1999 Mar 30].

[164]

[165]

[166]
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—
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[169]

(170

—

(171

—

[172]

[173

[174]

[175]

[176]

(177

—

[178]

Bremer M, Pauluth D, Krause J, et al. Inventors; Merck
GmbH, assignee. Fluorocyclohexene derivatives, and
liquid-crystalline medium. US patent US 6475595 B1.
2002 [2000 Mar 31].

Kondo T, Matsui S, Miyazawa K, et al. Inventors;
Chisso Corp, assignee. Vinylene compounds and
liquid-crystal composition. US patent US 6337034 B1.
2002 [1998 Aug 24].

Kondo T, Sagou K, Matsui S, et al. Inventors; Chisso
Corp, asignee. Difluoromethyl ether derivative and pro-
cess for producing the same. EP patent EP 1182186 A2.
2002 [2001 Aug 10].

Miyazawa K, Takeuchi H, Kubo Y, et al. Inventors;
Chisso Corp, assignee. Liquid-crystal compounds hav-
ing large negative value of permittivity anisotropy,
liquid-crystal composition, and liquid-crystal display
element. US patent US 6348244 B1. 2002 [2000 Apr 24].
Tamura N, Takeuchi H, Matsui S, et al. Inventors;
Chisso Corp, assignee. Fluoroalkoxybenzene deriva-
tives having ether bond, liquid-crystal composition,
and liquid-crystal display element. US patent US
6372153 B1. 2002 [2000 Mar 13].

Bremer M, Heckmeier M, Krause J, et al. Inventors;
Merck Patent GmbH, assignee. Ester compounds and
their use in liquid-crystalline media. US patent US
6541081 B1. 2003 [2000 Nov 15].

Bremer M, Kirsch P, Pauluth D, et al. Inventors; Merck
Patent GmbH, assignee. Dioxane derivatives, and
liquid-crystalline medium. US patent US 6620468 B2.
2003 [2001 Aug 6].

Kirsch P, Krause J, Luessem G, et al. Inventors; Merck
Patent GmbH, assignee. Tetracyclic and pentacyclic
compounds, and their use in liquid-crystalline media.
US patent US 6635318 B2. 2003 [2001 Aug 13].
Kondou T, Matsui S, Miyazawa K, et al. Inventors;
Chisso Corp, assignee. Terphenyl derivative, liquid
crystal composition and liquid crystal display device.
US patent US 6596349 B2. 2003 [2001 Apr 18].

Matsui S, Sasada Y, Miyazawa K, et al. Inventors; Chisso
Corp, assignee. Liquid crystalline compound having
difluoropropyleneoxy group as bonding group, liquid
crystal composition and liquid crystal display element.
JP patent JP 2003002858 A. 2003 [2001 Aug 10].
Rainer L, Kazhushkov S, De Meijere A, et al. Inventors;
Chisso Corp, asignee. Bicyclo[3.1.0]hexane derivative.
JP patent JP 2003261470 A. 2003 [2002 Mar 5].

Sasada Y, Demus D. Inventors; Chisso Corp, asignee.
Liquid crystalline 3,4-substituted pyrrole. JP patent JP
2003277359 A. 2003 [2003 Jan 16].

Sasada Y, Miyazawa K, Kubo Y, et al. Inventors; Chisso
Corp, asignee. Liquid crystal compound, liquid crystal
composition and liquid crystal display element. JP
patent JP 2003128665 A. 2003 [2002 Mar 29].

Sasada Y, Miyazawa K, Muraki K, et al. Inventors;
Chisso Corp, asignee. Liquid crystal compound, liquid
crystal composition and liquid crystal display element.
JP patent JP 2003081967 A. 2003 [2001 Sep 13].
Tamura N, Fujita A, Tekeuchi H, et al. Inventors;
Chisso Corp, assignee. Liquid crystal compounds exhi-
biting negative anisotropy of permittivity. US patent US
6576303 B1. 2003 [2000 Aug 24].



[179] Tokuyuki I, Shuichi M, Hiroyuki T, et al. Inventoers;
Chisso Corp, assignee. Liquid crystal compound con-
taining unsaturated bond in bond group, liquid crystal
composition and liquid crystal display element. JP
patent, JP 3579756 B2. 2004 [1996 Jun 4].

[180] Bremer M, Pauluth D, Heckmeier M, et al. Inventors;
Merck Patent Beschraenkter Haf, assignee. Fluorinated
(dihydro)phenanthrene derivatives, and their use in
liquid-crystalline media. US patent US 6793984 B2.
2004 [2002 Jun 7].

[181] Haseba Y, Matsui S, Takeuchi H, et al. Inventors;
Chisso Corp, assignee. Ester compounds, liquid crystal
compositions and liquid crystal display devices. US
patent US 6685995 B1. 2004 [2000 Jul 7].

[182] Kirsch P, Heckmeier M, Krause J, et al. Inventors;
Merck Patent GmbH, assignee. Liquid-crystalline
compounds. US patent US 6723866 B2. 2004 [2002
Jul 25].

[183] Kirsch P, Huber F, Krause J, et al. Inventors; Merck
Patent GmbH, assignee. Liquid-crystalline compounds.
US patent US 6706338 B2. 2004 [2001 Dec 21].

[184] Kirsch P, Pauluth D, Krause J, et al. Inventors; Merck
Patent GmbH, assignee. Liquid crystalline compounds.
US patent US 6780477 B2. 2004 [2003 Jun 12].

[185] Matsui S, Koizumi Y, Miyazawa K, et al. Inventors;
Chisso Corp, assignee. Liquid crystal compounds hav-
ing fluorinated linkages, liquid crystal compositions,
and liquid crystal display devices. EP patent EP
0893423 B1. 2004 [1997 Apr 9].

[186] Sasada Y. Inventor; Chisso Corp, asignee. Compound
containing bis(trifluoromethyl)vinyl group, liquid crys-
tal composition and liquid crystal display element. JP
patent JP 2004217552 A. 2004 [2003 Jan 14].

[187] Sugiura M, Furuya M. Inventors; Chisso Corp, asignee.
Propionate ester derivative, liquid crystal composition
containing the derivative and liquid crystal display ele-
ment containing the liquid crystal composition. JP
patent JP 2004075667 A. 2004 [2003 Jun 4].

[188] Kato T. Inventor; Chisso Corp, asignee. Compound
having perfluoropropenyl, liquid crystal composition
and liquid crystal display element. JP patent JP
2005298466 A. 2005 [2004 May 13].

[189] Miyazawa K, Kato T, Kubo Y, et al. Inventors; Chisso
Corp, asignee. Chisso Petrochemical Corp, assignee.
Liquid crystal compounds having bis(trifluoromethyl)
phenyl rings, liquid crystal compositions and liquid
crystal display devices. US patent US 6844032 B2.
2005 [2002 Mar 29].

[190] Sugiura M, Shioda M. Inventors; Chisso Corp, asignee.
Chroman compound, liquid crystal composition con-
taining the same and liquid crystal-displaying element
containing the composition. JP patent JP 2005035986
A. 2005 [2004 Jun 22].

[191] Bremer M, Klasen-Memmer M, Hornung B, et al.
Inventors; Merck Patent GmbH, assignee. Fluorinated
naphthalenes, liquid-crystal mixtures comprising them,
and liquid-crystal displays. US patent US 7014890 B2.
2006 [2003 Jun 9].

[192] Bremer M, Pauluth D, Klasen-Memmer M. Inventors;
Merck Patent GmbH, assignee. Fluorinated fluorene
derivatives. US patent US 7087272 B2. 2006 [2003
Sep 29].
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[193] Goulding Mark ], Duffy W, Adlem K, et al. Inventors;

Merck Patent GmbH, assignee. Pyrans as liquid
crystals. US patent US 7022865 B2. 2006 [2004 May 27].
Kang Jie D. Inventor; Shijiazhuang Yongsheng
Huasing, assignee. Olefine compound, preparing
method and use thereof. CN patent CN 1273428 C.
2006 [2003 May 27].

Kato T, Kondo T, Bernhardt H, et al. Inventors; Chisso
Corp, assignee. Alkenyl compound having a negative
deltaepsilon value, liquid crystal composition, and
liquid crystal display device. US patent US 7081279
B2. 2006 [2003 Aug 29].

Kirsch P, Pauluth D, Ruhl A, et al. Inventors; Merck
Patent GmbH, assignee. Liquid crystal compounds. US
patent US 7135210 B2. 2006 [2004 Apr 15].

Masukawa T, Fujita A. Inventors; Chisso Corp, Atsuko
F. asignee. Tetrahydropyran compounds, liquid crystal
compositions, and liquid crystal displays containing the
compositions. WO patent WO 2006/038522 Al. 2006
[2005 Sep 29].

Poetsch E, Lietzau L, Meyer V, et al. Inventors; Merck
Patent GmbH, tetrahydropyrane derivatives compris-
ing several rings containing oxygen and method for the
production thereof. WO patent WO 2006/125530 Al.
2006 [2006 May 11].

Reiffenrath V, Heckmeier M, Bremer M. Inventors;
Merck Patent GmbH, assignee. Compound having
negative deltaepsilon. US patent US 7122228 B2. 2006
[2004 Jan 20].

Tuffin Rachel P, Goodby John W, Hird M, et al.
Inventors; Qinetiq Ltd, asignee. Benzo-1, 3-dioxanes
for use in liquid crystal devices. WO patent WO 2006/
048620 A3. 2006 [2005 Nov 1].

Kazutoshi M, Hiroyuki T, Hitoshi Y. Inventors; Chisso
Corp, assignee. Liquid crystal compound having nega-
tive dielectric anisotropy, liquid crystal composition
containing the compound and liquid crystal display
element produced by using the composition. JP patent
JP 4003244 B2. 2007 [1997 Feb 24].

Hitoshi Y, Shinichi S, Hiroyuki T, et al. Inventors;
Chisso Corp, assignee. Liquid crystalline compound
having negative anisotropy value of dielectric constant,
liquid crystal composition containing the same and
liquid crystal display element using the composition.
JP 3991398 B2. 2007 [1997 Oct 8].

Ban B-S. Inventor; Samsung Electronics Co Ltd,
assignee. Nematic liquid crystal composition. US patent
US 7220368 B2. 2007 [2006 May 12].

Bernatz G, Best P, Goetz A, et al. Inventors; Merck
Patent GmbH. Mesogenic compounds, liquid crystal
medium and liquid crystal display. WO patent WO
2007/147516 Al. 2007 [2007 Jun 14].

Kirsch P, Hahn A, Poetsch E, et al. Inventors; Merck
Patent GmbH, assignee. Liquid-crystalline compounds.
US patent US 7291367 B2. 2007 [2005 May 27].

[206] Melanie Lietzau Lars Bremer MA. Inventor; Merck

Patent GmbH, assignee. New as-indacene derivatives.
CN patent CN 1947054 A. 2007 [2005 Apr 12].

[207] Melanie Lietzau Lars Bremer MA. Inventor; Merck

Patent GmbH, assignee. Dibenzofuran-,
dibenzothiophene- and fluorene derivatives. CN patent
CN 1942461 A. 2007 [2005 Mar 18].
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Sasada Y. Inventor; Chisso Corp, assignee. Compound
having alkyl group in benzene ring, liquid crystal com-
position containing the compound and liquid crystal
display element containing the liquid crystal
composition. JP patent JP 2007099734 A. 2007 [2005
Oct 7].

Satou T, Kondou T, Hattori N, et al. Inventors; Chisso
Corp, assignee. Monofluorinated terphenyl compound
having alkenyl, liquid crystal composition and liquid
crystal display element. WO patent WO 2007/077844
A1l. 2007 [2006 Dec 26].

Taugerbeck A, Heckmeier M, Kirsch P, et al. Inventors;
Merck Patent GmbH, assignee. Cyclobutane derivatives.
US patent US 7270856 B2. 2007 [2005 Jun 1].
Yamashita J, Matsui S. Inventors; Chisso Corp,
assignee. Compound having alkadienyl group as side
chain, and liquid crystal composition using the same. JP
patent JP 2007126449 A. 2007 [2006 Oct 2].

Byeong Seop B, Bong Hui K, Bong Seong S, et al.
Inventors; Samsung Electronics Co Ltd, assignee.
Liquid crystal composition comprising
isothiocyanate-based compound and liquid crystal dis-
play using the same. KR patent KR 100853223 B1. 2008
[2002 Nov 28].

Yasuyuki K, Hitoshi Y. Inventors; Chisso Corp, assignee.
Liquid crystal compound having negative dielectric ani-
sotropy, liquid crystal composition containing the liquid
crystal compound and liquid crystal display element
produced by using the liquid crystal composition. JP
patent JP 4106716 B2. 2008 [1997 Frb 25].

Shinichi S, Koichi S, Hiroyuki T, et al. Inventors; Chisso
Corp, assignee. New liquid crystal compound having
difluoromethyleneoxy group, liquid crystal composi-
tion, and liquid crystal display element. JP patent JP
4075105 B2. 2008 [1997 Jul 11].

Jazutoshi M, Hitoshi Y. Inventors; Chisso Corp,
assignee. Liquid crystal compound having negative ani-
sotropic value of dielectric constant, liquid crystal com-
position containing the same and liquid crystal display
element using the composition. JP patent JP 4075092
B2. 2008 [1997 Feb 27].

Hitoshi Y, Demus D. Inventors; Chisso Corp, assignee.
Liquid crystal compound having negative anisotropic
value of dielectric constant, liquid crystal composition
containing the same and liquid crystal display element
using the composition. JP patent JP 4048570 B2. 2008
[1997 Feb 25].

Eike P, Lars L, Volker M, et al. Inventors; Merck Patent
GmbH, assignee. Tetrahydropyrane derivatives com-
prising several rings containing oxygen and method
for the production thereof. CN patent CN 101180295
A. 2008 [2006 May 11].

Kirsch P, Poetsch E, Hahn A, et al. Inventors; Merck
Patent Gesellaschaft Mit, assignee. Liquid-crystalline
compounds. US patent US 7344761 B2. 2008 [2004
May 24].

Kirsch P, Poetsch E, Manabe A. Inventors; Merck
Patent GmbH, assignee. Liquid-crystalline compounds
having a tetrahydropyran ring. US patent US 7361388
B2. 2008 [2005 Nov 25].

Kirsch P, Taugerbeck A, Hahn A. Inventors; Merck
Patent GmbH, assignee. Process for the preparation of

[221]

(222]

[223]

[224]

[225

—

(226

[227

—

(228

(229

—

[230]

[231]

[232]

[233]

[234]

compounds having a CF20 bridge. US patent US
7385067 B2. 2008 [2006 Jun 2].

Klein M, Kirsch P, Poetsch E, et al. Inventors; chromane
derivatives method for production and the use thereof. US
patent US 2008/0020148 A1. 2008. [2005 Sep 28].

Lars L, Markus C. Inventors; Merck Patent GmbH,
assignee. Pyran/dioxan derivatives and use thereof in
liquid crystal media. CN patent CN 101180294 A. 2008
[2006 May 3].

Lars L, Werner B, Eike P, et al. Inventors; Merck Patent
GmbH, assignee. Spiro [3.3] heptyl-dioxan derivatives
and their use in liquid crystal media. CN patent CN
101291921 A. 2008 [2006 Oct 11].

Okumura K, Fujita A. Inventors; Chisso Corp, assignee.
New compound having 2,2,2-bicyclooctane bonded with
halogenated alkyl and liquid crystal composition using the
same. JP patent JP 2008247890 A. 2008 [2008 Feb 28].
Shimada T. Inventor; Chisso Corp, assignee.
Cyclohexene derivative having alkenyl group, liquid
crystal composition and liquid crystal display device.
JP patent JP 2008088165 A. 2008 [2007 Sep 5].

Xingin LIU, Jianli Z, Xiao L. Inventors; Shijiazhuang
Yongsheng Huatsin, assignee. 2-site ethynyl contained
pyrimidine ring liquid crystal compounds and method
for preparing the same. CN patent CN 101323596 A.
2008 [2008 Aug 7].

Yamashita J. Inventor; Chisso Corp, assignee.
Alkadienyl-group-containing compound and liquid
crystal composition using the same. JP patent JP
2008273957 A. 2008 [2008 Apr 3].
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WEY) . WA B & O 2 ORI £ AT
5 W INE T JP patent JP WO2006038522 Al.
2008 [2005 Sep 29].

Harald H, Kevin A, Patricia S, et al. Inventors; Merck
Patent GmbH, assignee. Tolane derivatives and liquid
crystalline medium. CN patent CN 100569716 C. 2009
[2004 May 21].

Heckmeier M, Kirsch P, Krause J, et al. Inventors;
Merck Patent GmbH, assignee. Liquid-crystalline
compounds. US patent US 7604851 B2. 2009. [2007
Jul 23].

Jansen A, Klasen-Memmer M. Inventors; Merck Patent
GmbH, assignee. Benzo[f]chrome and pyrano[3,2-f]
chrome derivatives for use in liquid crystal media.
WO patent WO 2009/068152 A1. 2009 [2008 Nov 3].
Kirsch P, Montenegro E, Farrand Louise D, et al.
Inventors; Merck Patent GmbH, assignee. Mesogenic
compounds, medium for electro-optical displays and
electro-optical display. US patent US 7531106 B2.
2009 [2006 Feb 24].

Kobayashi M, Inventor; Chisso Corp, assignee.
Tricyclic liquid crystalline compound having lateral
fluorine, liquid crystal composition and liquid crystal
display device. WO patent WO 2009/125668. 2009
[2009 Mar 25]; p. Al.

Kubo T, Shimada T. Inventors; Chisso Corp, assignee.
Liquid crystalline tetracyclic compound having fluorine
atom, liquid crystal composition and liquid crystal dis-
play element. WO patent WO 2009/145101 al. 2009
[2009 May 21].



[235] Lars L, Markus C, Atsutaka M, et al. Inventors; Merck
Patent GmbH, assignee. New cyclohexene-compounds
useful as a component in a liquid crystal medium. CN
patent CN 101506330 A. 2009 [2007 Jul 18].

[236] Lietzau L, Bremer M, Klasen-Memmer M. Inventors;
Merck Patent GmbH, assignee. Dibenzofuran derivatives,
dibenzothiophene derivatives and fluorene derivatives. US
patent US 7514127 B2. 2009 [2005 Mar 18].

[237] Masukawa T, Inventor; Chisso Corp, assignee. Liquid
crystalline compound having negative dielectric aniso-
tropy, liquid crystal composition, and liquid crystal
display element. WO patent WO 2009/157313. 2009
(2009 Jun 11]; p. AL

[238] Shimada T. Inventor; Chisso Corp, assignee. Liquid
crystalline compound, liquid crystal composition,
liquid crystal display element. EP patent EP 2123623
Al. 2009 [2008 Jan 15].

[239] Shimada T, Kobayashi M. Inventors; Chisso Corp,
assignee. Liquid crystalline compound, liquid crystal
composition, and liquid crystal display element. WO
patent WO 2009/034867 A1. 2009 [2008 Sep 1].

[240] Tanaka H. Inventor; Chisso Corp, assignee. Pentacyclic
liquid crystal compound, liquid crystal composition,
and liquid crystal display element. JP patent JP
2009292730 a. 2009 [2007 Apr 17].

[241] Tanaka H. Inventor; Chisso Corp, assignee. Pentacyclic
liquid crystal compound having CF20 bonding group,
liquid crystal composition and liquid crystal display. EP
patent EP 2116522 Al. 2009 [2008 Feb 20].

[242] 1k 4, e %, AREB 7, et al,, inventors; 7 7 Y ¥
Wt 77 Y il kU A, assignee. 7 v &
SNEHTHEI T IENT LT = LS Y).
WAL B & U ERRRET. JP patent JP
W02007077844 Al. 2009 [2006 Dec 26].

[243] Ennis Joanne E, Goodby John W, Tuffin Rachel P, et al.
Inventors; QinetiQ Ltd, assignee. Liquid crystal
compounds. WO patent WO 2010/012994 Al. 2010
[2009 Jul 29].

[244] Klasen-Memmer M, Bremer M, Manabe A. Inventors;
Merck Patent GmbH, assignee. Stilbene derivatives,
liquid-crystal mixtures and electro-optical displays. US
patent US 7732022 B2. 2010 [2007 Dec 10].

[245] Kobayashi M. Inventor; Chisso Corp, assignee. Liquid
crystalline compound, liquid crystal composition, and
liquid crystal display element. WO patent WO 2010/
082558 Al. 2010 [2010 Jan 12].

[246] Kondou T, Shuichi M, Kimura K. Inventors; Chisso Corp,
assignee. Naphthalene compound with terminal hydro-
gen, liquid crystal composition including the compound,
and LCD device including the liquid crystal composition.
EP patent EP 1762605 B1. 2010 [2006 Sep 6].

[247] Lars L, Markus C. Inventors; Merck Patent GmbH,
assignee. Pyridine compounds for liquid-crystalline
mixtures. CN patent CN 101663275 A. 2010 [2008 Apr 1].

[248] Lietzau L, Farrand Louise D, Czanta M, et al. Inventors;
Merck Patent GmbH, assignee. Thiophene compounds
for liquid-crystalline media. WO patent WO 2010/
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Seo Young HO, Lee Seng KUE, Kim Bong HEE, et al.
Inventors; Dongjin Semichem Co Ltd, Beijing Bayi
Space LCD Tech Co Ltd, assignee. Liquid crystal com-
pound and liquid crystal composition comprising same.
WO patent WO 2016/108442 A3. 2016 [2015 Dec 2].
Tanaka H, Endou H. Inventors; JNC Corp, assignee.
Liquid-crystalline compound having difluoromethyle-
neoxy group, liquid crystal composition, and liquid
crystal display element. EP patent EP 2957554 A4.
2016 [2014 Jan 27].

Tanaka H, Hirata K, Yano M. Inventors; JNC Corp,
assignee. Liquid crystal compound having tetrafluoro-
fluorene, liquid crystal composition and liquid crystal
display device. US patent US 2016/0376503 Al. 2016
[2015 Feb 4].

Tanaka H, Sagou K. Inventors; JNC Corp, assignee.
Pentacyclic liquid crystal compound having
nitrogen-containing heterocyclic ring, liquid crystal
composition, and liquid crystal display device. EP
patent EP 2351741 B1. 2016 [2009 Oct 14].

Tanaka H, Sasada Y. Inventors; JNC Corp, assignee.
Liquid crystal compound, liquid crystal composition
and liquid crystal display device. US patent US
9441161 B2. 2016 [2015 Jul 30].

Tanaka H, Sasada Y. Inventors; JNC Corp, assignee.
Liquid crystalline compound, liquid crystal composi-
tion and liquid crystal display element. JP patent JP
2016034933 A. 2016 [2015 Jul 21].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Mat Tech Co Ltd, assignee. Liquid crystal
compound, liquid crystal composition and application
thereof. CN patent CN 106146250 A. 2016 [2015 May
22].

Yuan G, Liang Z, Wang KUI, et al. Inventors;
Shijiazhuang Chengzhi Yonghua Display Materials Co
Ltd, assignee. Liquid crystal compound containing
cyclopentyl and difluorometheneoxy linking group,
preparation method and application thereof. US patent
US 9303208 B2. 2016 [2013 Jan 18].

Yun G, Hua R, Wang KUI, et al. Inventors;
Shijiazhuang Chengzhi Yonghua Display Materials Co
Ltd, assignee. Liquid crystal compound containing
cyclobutyl group and difluoromethyleneoxy linking
group, and preparation method and use thereof. US
patent US 9481828 B2. 2016 [2013 Nov 26].

My %, LN V. Inventors; JNC CORP, assignee. A<
fitoc f2ocf 37 20mLAEY. B
) B & ORI E T JP patent JP 5850023 B2.
2016 [2013 Oct 30].

B0 B, 4% 54, 1L E. Inventors; JNC CORP,
assignee. WAL EW . WA B £ UL 1. TP
patent JP WO2014065293 Al. 2016 [2013 Oct 22].
Chu S, Gao L, Jiang T, et al. Inventors; Beijing Bayi
Space LCD Mat Tech Co Ltd, assignee. Negative dielec-
tric anisotropic liquid crystal compound and composi-
tion and application thereof. CN patent CN 106928033
A. 2017 [2015 Dec 30].

Chu S, Gao L, Jiang T, et al. Inventors; Beijing Bayi
Space LCD Mat Tech Co Ltd, assignee. Cyclopentyl and
trifluoromethyl structure contained liquid crystal com-
pound and application thereof. CN patent CN
106929036 A. 2017 [2015 Dec 30].
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Chu S, Gao L, Tian H, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Cyclopropyl negative dielectric anisotropy liquid crys-
tal compound and application thereof. CN patent CN
107286951 A. 2017 [2016 Apr 1].

Ding X, Jia G, Ge Q, et al. Inventors; Fuyang Sineva Mat
Tech Co Ltd, assignee. Aromatic liquid crystal com-
pound and preparation method, liquid crystal compo-
sition and application thereof. CN patent CN
107011919 A. 2017 [2017 Mar 6].

Gao L, Chu S, Tian H, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Cyclopropyl type negative dielectric anisotropic liquid
crystal compound and application thereof. CN patent
CN 107400516 A. 2017 [2016 May 19].

Gao L, Chu S, Tian H, et al. Inventors; Beijing Bayi Space
LCD Materials Technology Co Ltd, assignee.
Cyclopentyl type negative dielectric anisotropic liquid
crystal compound, and composition and application
thereof. CN patent CN 107400517 A. 2017 [2016
May 19].

Gao L, Chu S, Tian H, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Cyclopropyl negative dielectric anisotropy liquid crys-
tal compound and application thereof. CN patent CN
107286952 A. 2017 [2016 Apr 1].

Gao L, Chu S, Tian H, et al. Inventors; Beijing Bayi Space
LCD Materials Technology Co Ltd, assignee. Cyclopentyl
liquid crystal compound, composition, and application of
cyclopentyl liquid crystal compound or composition. CN
patent CN 107286950 A. 2017 [2016 Apr 1].

Gao L, Chu S, Tian H, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Cyclopentyl negative dielectric anisotropy liquid crystal
compound, composition, and application of cyclopen-
tyl liquid crystal compound or composition. CN patent
CN 107286953 A. 2017 [2016 Apr 1].

Goto M. Inventor; JNC Corp, assignee. Carbonyl deri-
vative, liquid crystal composition containing com-
pound thereof and liquid crystal display device. US
patent US 9783481 B2. 2017 [2015 Feb 5].

Goto M. Inventor; JNC Corp, assignee. Compound
having anthracene skeleton, liquid crystal composition
and liquid crystal display element. JP patent JP
2017007986 A. 2017 [2015 Jun 24].

Goto M. Inventor; JNC Corp, assignee. Compound
having dihydroanthracene skeleton, liquid crystal com-
position and liquid crystal display element. JP patent JP
2017007987 A. 2017 [2015 Jun 24].

Gotoh Y, Goto M, Sawada M. Inventors; JNC Corp,
assignee. Compound having tetrahydropyran ring,
liquid crystal composition and liquid crystal display
device. US patent US 2017/0101582 Al. 2017 [2016
Oct 5].

Jiang YI, Xu H, Song X, et al. Inventors; UNIV
SHAANXI Chinese MEDICINE, assignee. Laterally
tetrafluoro-substituted dibenzoheterocyclic compound
and preparation method thereof. CN patent CN
106699710 A. 2017 [2016 Dec 12].

Kimura K, Kobayashi T. Inventors; JNC Corp, assignee.
Liquid crystal compound having tetracycle, liquid
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crystal composition and liquid crystal display device.
US patent US 9777219 B2. 2017 [2016 May 16).
Klasen-Memmer M, Bremer M, Schneider K. Inventors;
Merck Patent Ges Mit Beschrankter Haftung, assignee.
Liquid crystalline medium. US patent US 9777216 B2.
2017 [2011 Jan 31].

Kubo T, Kobayashi M. Inventors; JNC Corp, assignee.
Liquid crystal compound having cyclohexene ring,
liquid crystal composition and liquid crystal display
device. US patent US 9663717 B2. 2017 [2016 Mar 24].
Li X. Inventor; Fuyang Sineva Mat Tech Co Ltd,
assignee. Compound, liquid crystal composition and
liquid crystal display. CN patent CN 106543178 A.
2017 [2015 Sep 16].

Li Z. Inventor; Fuyang Sineva Mat Tech Co Ltd,
assignee. Compound, liquid crystal composition and
liquid crystal display. CN patent CN 106520140 A.
2017 [2015 Sep 10].

Masukawa T, Hirata K, Yamashita J. Inventors; JNC
Corp, assignee. Tetrahydropyran compound, liquid
crystal composition and liquid crystal display device.
US patent US 9663716 B2. 2017 [2010 Aug 10].

Mori A, Kimura K, Satou T. Inventors; JNC Corp,
assignee. Tetracyclic liquid crystalline compound
having two atom-bonded group and 2,
3-difluorophenylene, liquid crystal composition and
liquid crystal display element. WO patent WO 2017/
126275 Al. 2017 [2016 Dec 19].

Okumura K, Hirata K. Inventors; JNC CORP, assignee.
Alkenyl dioxane compound, liquid crystal composition
and liquid crystal display device. US patent US 9657230
B2. 2017 [2016 Mar 16].

Ookawa H, Takata A, Sago K. Inventors; JNC Corp,
assignee. Optically isotropic liquid crystal medium and
optical device. US patent US 9701904 B2. 2017 [2015
Dec 28].

Sasada Y. Inventor; JNC Corp, assignee. Liquid crystal-
line compound, liquid crystal composition and liquid
crystal display element. JP patent JP 2017137240 A.
2017 [2016 Feb 1].

Sasada Y. Inventor; JNC Corp, assignee. Liquid crystal
compound, liquid crystal composition and liquid crys-
tal display device. US patent US 2017/0009137 A1. 2017
[2016 Jul 6].

Satou T, Tachinami S. Inventors; JNC Corp, assignee.
Liquid crystal compound having a 3,6-dihydro-2H-
pyran ring, negative dielectric anisotropy, liquid crystal
composition and liquid crystal display device. US
patent US 9790427 B2. 2017 [2016 Feb 4].

Tian H, Chu S, Gao L, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Isobutyl negative dielectric anisotropic liquid crystal
compound and application thereof. CN patent CN
107345140 A. 2017 [2016 May 6].

Tian H, Chu S, Gao L, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Isopentyl negative dielectric anisotropic liquid crystal
compound and application thereof. CN patent CN
107345139 A. 2017 [2016 May 6].

Tian H, Chu S, Gao L, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Isopentyl negative dielectric anisotropic liquid crystal



[400]

[401]

(402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

[410]

(411]

compound and application thereof. CN patent CN
107345141 A. 2017 [2016 May 6].

Tian H, Chu S, Gao L, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Cyclopentyl negative dielectric anisotropy liquid crystal
compound and application thereof. CN patent CN
107286949 A. 2017 [2016 Apr 1].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Mat Tech Co Ltd, assignee. Liquid crystal
compound, composition and applications of liquid
crystal compound and composition. CN patent CN
106883861 A. 2017 [2015 Dec 16].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Mat Tech Co Ltd, assignee. Liquid crystal
compound, liquid crystal composition and application
of liquid crystal compound and liquid crystal
composition. CN patent CN 106811209 A. 2017 [2015
Nov 30].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Mat Tech Co Ltd, assignee. Liquid crystal
compound, liquid crystal composition and application
of liquid crystal compound and liquid crystal
composition. CN patent CN 106811208 A. 2017 [2015
Nov 30].

Yano M, Tanaka H, Kondo F, et al. Inventors; JNC
Corp, assignee. Polar compound, liquid crystal compo-
sition and liquid crystal display element. JP patent JP
2017025007 A. 2017 [2015 Jul 17].

Zhang WEI, Meng J, Yun G, et al. Inventors;
Shijiazhuang Chengzhi Yonghua Display Materials Co
Ltd, assignee. Liquid crystal compound containing
dimethylbenzene and difluoromethyleneoxy linking
group and application of liquid crystal compound. CN
patent CN 107312549 A. 2017 [2015 Sep 2].

kG I, A &, W KR, inventors; JNC CORP,
assignee. CF 2 O%5idbe b7 “HiK &+ 2 W
A EY. BRI B & CRRRRE T TP
patent JP W0O2015190399 Al. 2017 [2015 Jun 4].

M 2, Aff 5. inventors; JNC CORP, assignee. 1,
1,3,3-7F370407YA%x3eqyst
AW TEAC Y. WA B & TR RN R
TF. JP patent JP W0O2015129540 Al. 2017 [2015
Feb 19].

Brocke C, Jasper C, Pauluth D, et al. Inventors; Merck
Patent GmbH, assignee. Compounds having a C—C
triple bond and use thereof in liquid-crystal mixtures.
US patent US 9868905 B2. 2018 [2013 Sep 3].

Gotoh Y, Kubo T. Inventors; JNC CORP, assignee.
Compounds having a difluorocyclohexane ring, liquid
crystal compositions and liquid crystal display devices.
US patent US 10100251 B2. 2018 [2017 Feb 22].

Jang Hye LIM, Shin B-S, Kim SH, et al. Inventors;
Samsung Display Co Ltd, assignee. Compound, liquid
crystal composition including the same, and liquid
crystal display device including the same. US patent
US 9862886 B2. 2018 [2016 Jun 16].

Jasper C, Brocke C, Pauluth D, et al. Inventors; Merck
Patent GmbH, assignee. Alkynyl-tolanes, liquid-crystal
mixtures containing them and components for
high-frequency technology. US patent US 10099975
B2.2018 [2014 Aug 11].
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Kobayashi M. Inventor; JNC CORP, assignee. Liquid
crystal compound having butene-bonding group, liquid
crystal composition and liquid crystal display device.
US patent US 10047293 B2. 2018 [2015 Aug 7].
Lietzau L, Brocke C, Reiffenrath V, et al. Inventors;
Merck Patent GmbH, assignee. Fluorinated dibenzo-
furan and dibenzothiophene derivatives. US patent US
10017695 B2. 2018 [2016 Apr 11].

Lo C-Y, Liu H-C, Lan G-Y, et al. Inventors; Daxin
Materials Corp, assignee. Liquid crystal compound
and liquid crystal composition employing the same.
US patent US 10113116 B2. 2018 [2016 Jan 27].

Shi Z, Feng P, Luan Z, et al. Inventors; Yantai Fengpeng
LCD Mat Co Ltd, assignee. Liquid crystal composition
with negative dielectric anisotropy and preparation
method and application thereof. CN patent CN
108517216 A. 2018 [2018 Jun 8].

Takahashi M, Fujimori S, Sasada Y. Inventors; JNC
Corp, assignee. Liquid crystal compound, liquid crystal
composition and liquid crystal display device. TW
patent TW 1629343 B. 2018 [2015 Jun 10].

Tanaka H, Takata A. Inventors; JNC Corp, assignee.
Liquid crystal compound having tercyclohexyl, liquid
crystal composition and liquid crystal display device.
US patent US 9994770 B2. 2018 [2017 Mar 8].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi Space
LCD Materials Technology Co Ltd, assignee.
Negative-dielectric anisotropic liquid crystal compound,
preparation method thereof and application of compound.
CN patent CN 109082281 A. 2018 [2017 Jun 14].

Tian H, Jiang T, Tan X, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound with negative dielectric ani-
sotropy as well as preparation method and application
thereof. CN patent CN 108728112 A. 2018 [2017
Apr 19].

Tian H, Tan X, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
2,3-difluorobenzene negative dielectric anisotropy
liquid crystalline compound as well as preparation
method and application thereof. CN patent CN
108530275 A. 2018 [2017 Mar 2].

Yano T. Inventor; JNC Corp, assignee. Liquid crystal
compound having benzothiophene, liquid crystal com-
position and liquid crystal display device. US patent US
2018/0290997 A1. 2018 [2016 Jul 11].

A U, AF B, 1A 48, inventors; JNC CORP,
assignee. 2 J{ F# A e 2, 3-v 7407 ==
L g7 5 4 BRBTECE Y. WA B &
U WK /N E 1. JP patent JP W02017126275 Al.
2018 [2016 Dec 19].

Gao L, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Dibenzothiophene liquid crystal compound, and pre-
paration method and application thereof. CN patent
CN 109423297 A. 2019 [2017 Aug 24].

Gao L, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Novel dibenzothiophene liquid crystal compound, and
preparation method and application thereof. CN patent
CN 109423298 A. 2019 [2017 Aug 25].
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Gao L, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound containing alkenes and with
negative dielectric anisotropy and application thereof.
CN patent CN 109207158 A. 2019 [2017 Jun 29].

Gao L, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Negative dielectric anisotropic liquid crystal com-
pound, preparation method and application thereof.
CN patent CN 109207159 A. 2019 [2017 Jun 30].

Haseba Y, Sago K, Yamamoto S. Inventors; JNC Corp,
assignee. Liquid crystal medium, optical device and
liquid crystal compound. US patent US 10308870 B2.
2019 [2014 Dec 4].

Jiang T, Chu S, Tian H, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound containing dibenzothiophene
structure and application thereof. CN patent CN
109206400 A. 2019 [2017 Jul 6].

Jiang Z. Inventor; Beijing Bayi Space LCD Tech Co Ltd,
Dongjin Semichem Co Ltd, assignee. Liquid crystal
compound containing difluoromethoxy bridge, compo-
sition and application thereof. US patent US 10494569
B2.2019 [2015 Jun 1].

Okumura K, Masukawa T, Kimura K. Inventors; JNC
Corp, assignee. Liquid crystal compound having ben-
zopyran skeleton, liquid crystal composition, and liquid
crystal display device. US patent US 10428273 B2. 2019
[2017 Jul 21].

Sasada Y, Sawada M. Inventors; JNC Corp, assignee.
Liquid crystal compound, liquid crystal composition
and liquid crystal display device. US patent US
10208249 B2. 2019 [2017 Sep 19].

Sato S, Hirata K, Kubo T. Inventors; JNC Corp,
assignee. Liquid crystal compound having halogenated
alkyl, liquid crystal composition, and liquid crystal dis-
play element. JP patent JP 2019167547 A. 2019 [2019
May 27].

Takata A. Inventor; JNC Corp, assignee. Liquid crystal
compound having polyfluoro-2-butenoxy group, liquid
crystal composition and liquid crystal display device.
US patent US 10358602 B2. 2019 [2017 Jul 14].

Takata A. Inventor; JNC Corp, assignee. Compounds
having dibenzothiophene ring, liquid crystal composi-
tion, and liquid crystal display element. WO patent WO
2019/107394 Al. 2019 [2018 Nov 28].

Tanaka H. Inventor; JNC CORP, assignee. Liquid crys-
tal compound having biphenylene, liquid crystal com-
position and liquid crystal display device. US patent US
10323187 B2. 2019 [2017 Sep 28].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Negative dielectric anisotropy liquid crystal compound,
preparation method and application thereof. CN patent
CN 109207160 A. 2019 [2017 Jul 3].

Tian H, Jiang T, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Dibenzothiophene-based negative dielectric anisotro-
pic compound, and preparation method and applica-
tion thereof. CN patent CN 109423296 A. 2019 [2017
Aug 24].
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Yano T. Inventor; JNC Corp, assignee. Liquid crystal
compound having benzothiophene, liquid crystal com-
position and liquid crystal display device. US patent US
10308871 B2. 2019 [2016 Feb 10].

L6, TRUL, R/NUK, et al., Inventors; BRVE < 24 K 2%,
assignee. — I ] PUSRUEBUARIBC AT F 2R ML A 1 I 3L
44 777, CN patent CN 106699710 B. 2019 [2016
Dec 12].

Babcock John A, Siess Iii Charles P, Watts Kevin G.
Inventors; Linde AG, assignee. Y-grade NGL fluids for
enhanced oil recovery. US patent US 10570332 B2. 2020
(2017 Aug 18].

Cai Z-Y, Luo S-L, Zeng M-Y, et al. Inventors; daily
Xianhua Optopelectronics Materials Co Ltd, Yantai
Xinghau Chem Tech Co Ltd, assignee. Negative dielectric
anisotropy liquid crystal compound and preparation
method and application thereof having an appropriate
clearing point and an appropriate optical anisotropy. TW
patent TW 1697547 B. 2020 [2019 May 27].

Chu S, Zhu BO, Gao L, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound, preparation method and
application thereof. CN patent CN 111778040 A. 2020
(2019 Apr 3].

Chu S, Zhu BO, Wang Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound with negative dielectric ani-
sotropy as well as preparation method and application
thereof. CN patent CN 111718726 A. 2020 [2019
Mar 21].

Chu S, Zhu BO, Wang Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound and preparation method and
application thereof. CN patent CN 111718725 A. 2020
[2019 Mar 21].

Fujimori S, Inventor; JNC Corp, assignee. Liquid crystal
compound comprising benzothiazole ring and CF20
ligand, liquid crystal composition, and liquid crystal
display element. WO patent WO 2020/026583. 2020
[2019 Jun 4]; p. Al.

Gao L, Chu S, Tian H, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound, preparation method and
application thereof. CN patent CN 111825534 A. 2020
[2019 Apr 23].

Goto M, Fujimori S. Inventors; JNC Corp, assignee.
Compound having naphthalene ring, liquid crystal
composition and liquid crystal display device. US
patent US 10676669 B2. 2020 [2017 Mar 24].

Jiang Z. Inventor; Beijing Bayi Space LCD Tech Co Ltd,
Dongjin Semichem Co Ltd, assignee. Liquid crystal
compound containing a difluormethoxy bridge and
application thereof. US patent US 10584086 B2. 2020
[2015 Jun 1].

Mori A, Tanaka H. Inventors; JNC Corp, assignee.
Compound having fluorodibenzofuran ring, liquid
crystal composition and liquid crystal display device.
US patent US 10662378 B2. 2020 [2018 Mar 12].
Okumura K. Inventor; JNC Corp, assignee. Liquid crys-
talline compound, liquid crystal composition and liquid
crystal display element. JP patent JP 2020158394 A.
2020 [2019 Mar 25].



[451] Takata A. Inventor; JNC Corp, assignee. Compound
having dibenzofuran ring, liquid crystal composition,
and liquid crystal display element. US patent US 2020/
0032143 Al. 2020 [2018 Feb 16].

[452] Takata A, Sakamoto A. Inventors; JNC Corp, assignee.
Liquid crystalline compound having fluorobiphenyl
group and negative dielectric anisotropy, liquid crystal
composition, and liquid crystal display element. US
patent US 10533136 B2. 2020 [2018 Sep 10].

[453] Wang X, Chu S, Wang Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound and preparation method and
application thereof. CN patent CN 111484475 A. 2020
[2019 Jan 28].

[454] Wang X, Dai X, Wang Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound and preparation method and
application thereof. CN patent CN 111592890 A. 2020
[2019 Feb 20].

[455] Wang X, Dai X, Wang Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound containing dibenzofuran
structure and preparation method and application
thereof. CN patent CN 111592517 A. 2020 [2019
Feb 20].

[456] Wang X, Dai X, Wang Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound and preparation method and
application thereof. CN patent CN 111592889 A. 2020
[2019 Feb 20].

[457] Wittek M, Klass D. Inventors; Merck Patent GmbH,
assignee. Liquid-crystalline medium, compounds, and
high-frequency components. US patent US 10858587
B2. 2020 [2017 Oct 18].

[458] Yano T. Inventor; JNC CORP, assignee. Liquid crystal
compound having benzothiophene, liquid crystal com-
position and liquid crystal display device. US patent US
10563126 B2. 2020 [2016 May 10].

[459] 158 2=, Bk} —. inventors; JNC CORP, assignee. [ ¥
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W AH# N2 T, JP patent JP 6677122 B2. 2020 [2016
Aug 9].

[460] =i %. inventor; JNC CORP, assignee. ¥ 7 )V 4+ B X
FL A X VIRELT WIS Y . WAL
Yb & CREKIRET. JP patent JP 6708042 B2.
2020 [2016 Jul 27].

[461] Dai X, Jiang KUN, Xie PEI, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Dibenzothiophene sulfone liquid crystal compound as
well as preparation method and application thereof. CN
patent CN 113684036 A. 2021 [2020 May 19].

[462] Dai X, SuX, Xie PEI, et al. Inventors; Beijing Bayi Space
LCD Materials Technology Co Ltd, assignee. Liquid
crystal compound containing phenanthrene structure
and preparation method and application thereof. CN
patent CN 113088292 A. 2021 [2020 Jan 8].

[463] Dai X, Xie PEI, Cheng Y, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Liquid crystal compound containing cyclohexene struc-
ture and preparation method and application thereof.
CN patent CN 113265260 A. 2021 [2020 Feb 14].
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[464] Deng S, Jiang KUN, Chu S, et al. Inventors; Beijing Bayi

Space LCD Materials Technology Co Ltd, assignee. Liquid

crystal compound containing dibenzothiophene structure

and preparation method and application thereof. CN

patent CN 112980459 A. 2021 [2019 Dec 13].

Inagaki J, Kimura K, Takahashi M. Inventors; JNC

Corp, assignee. Compound, liquid crystal composition,

and liquid crystal display element. JP patent JP

2021187742 A. 2021 [2020 May 26].

[466] Jiang KUN, Deng S, Chu S, et al. Inventors; Beijing Bayi
Space LCD Materials Technology Co Ltd, assignee.
Bridged-cycloalkane-containing liquid crystal com-
pound as well as preparation method and application
thereof. CN patent CN 112980458 A. 2021 [2019
Dec 13].

[467] Jiang KUN, Deng S, Han Y, et al. Inventors; Beijing Bayi

Space LCD Tech Co Ltd, assignee. Negative dielectric

liquid crystal compound, preparation therefor, and

application thereof. WO patent WO 2021/121022 Al.

2021 [2020 Dec 1].

Zhang H, Deng S, Chu S, et al. Inventors; Beijing Bayi

Space LCD Tech Co Ltd, assignee. Liquid crystal com-

pound, preparation method therefor and use thereof.

WO patent WO 2021/115155 Al. 2021 [2020 Dec 1].

[469] Zhang H, Li H, Li M, et al. Inventors; Shijiazhuang
Chengzhi Yonghua Display Materials Co Ltd, assignee.
Negative liquid crystal compound, liquid crystal composi-
tion, liquid crystal display element, and liquid crystal
display. CN patent CN 113354607 A. 2021 [2020 Mar 6].

[470] #aH %, HH 44, inventors; JNC CORP, assignee. 7 Jv
AL v CF 20477 2L, WAl
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