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Abstract: Chemical, structural, and thermal properties of recovered nematic Liquid Crystal (LC)
mixtures were investigated by applying several analytical techniques. A large quantity (65,700)
of End-Of-Life (EOL) Liquid Crystal Display (LCD) screens were used to extract these LC blends.
The studied EOL-LCD screens were heterogeneous in nature, particularly due to their different
brands, production years, and dimensions. The collected TV and computer screens, as well as
tablets, presented an average diagonal size of 24 inches. Chemical characterization revealed that
the recovered compounds present typical chemical structures of LC molecules by the simultaneous
presence of aliphatic chains and aromatic and polar groups. POM observations of these samples
exhibited Schlieren and marble-like textures at room temperature, which are typical of nematic LCs.
Moreover, thermal characterization and thermo-optical analysis showed that these LC mixtures
displayed a broad nematic phase between −90 ◦C and +70 ◦C.

Keywords: End-Of-Life Liquid Crystal Displays; nematic liquid crystals; recycling; chemical and
thermal properties

1. Introduction

The omnipresence of technologies in modern societies leads to their excessive con-
sumption and, therefore, their overproduction. Televisions, laptops, cell phones, tablets, etc.
reflect the increasing availability of screens and raise many questions about the treatment
of the electronic waste they generate. Indeed, such waste is not biodegradable and contains
substances that are harmful to the environment [1–3]. In addition, the progressive com-
plexity of electronic devices complicates their recycling. It is therefore essential to find a
suitable treatment for these devices in order to recover the valuable materials they contain
and give them a second life [4,5]. In this context, the main purpose of our research concerns
the recovery of liquid crystals (LCs) present in end-of-life (EOL) LCD screens.

In the past, environmental studies on LCD screens were mainly concentrated on
investigations to detect heavy metals, such as Cr, Pb and Hg, among others. Several
reports are now available in recent literature, demonstrating the hazardousness of LC
mixtures and classifying many of them as toxic Persistent Organic Pollutants (POPs) [6–9].
Considering more than 300 LC compounds, Li et al. applied the criteria proposed by the US
Environmental Protection Agency (USEPA) and discovered that more than 90% of these LCs
have the potential to persist and bioaccumulate (P&B) after entering the environment [6].
Su et al. revealed that 87 out of 362 investigated LC molecules from indoor dust samples
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were identified as P&B chemicals [7]. Further studies were carried out to determine the
exposure of workers to hazardous LC mixtures from dismantling operations in an e-waste
recycling industrial park. The high-resolution mass spectrometry (HRMS) method was
applied to detect mainly fluorinated biphenyl- and bicyclohexyl-derivatives [8]. In 2022,
Su et al. established a database of 1173 LCs; these molecules were used to identify their
presence in 33 sediment samples, using GC-QTOF/MS techniques [9].

The above-mentioned considerations are strong motivations to investigate the possibil-
ity of closed-loop remediation processes for LC molecules. Recycling LCs is a challenging
task because LCD screens, depending on their dimension, type, year of production, etc.,
contain a mixture of a large number of different LC molecules. It should be mentioned
that, to protect their production secrets and to stand out from the competition, LCD panel
manufacturers add a whole series of additives and use different LCs blends for each of their
technologies. The main LCD screen types are twisted nematic (TN), in-plane switching
(IPS), and Vertical Alignment (VA). Each native LC mixture used in one single LCD screen
is composed of about 20 or more LC molecules (mainly nematic ones), together with a
certain number of additives. Each manufacturer uses a specific native LC mixture according
to the type of screen and the technology to be developed. Since this information is not
available (trade secret), the LC composition of the corresponding native LC mixture is
unknown. This implies that, after recovery of LC molecules from various EOL-LCD screens,
a complex mixture of a large number of different LCs and other molecules will be obtained.
This means that it is not appropriate to investigate specific native LC mixtures in order to
compare their chemical and physical properties with those from the collected EOL-LCD
screens. Since the preservation of the properties of a recycled product remains crucial for its
reuse, an in-depth characterization of chemical, thermal, optical, and dielectric properties
of the recovered LC mixtures needs to be carried out.

A previous report considered the chemical and thermal characterization of four LC
mixtures gathered from 35 EOL-LCD screens, which were older than five years [10]. These
LC blends were analyzed without supplementary purification steps. In the present work,
the previous investigation was extended to the recovery and analysis of LC molecules
extracted from a total of about 65,700 EOL-LCD screens, which were accumulated on an
industrial recycling line during a period of one year. The recovered LC compounds were
gathered in the form of three mixtures, following the collection periods. The obtained
LC blends underwent several purification procedures, including distillation, filtration,
and chromatography.

In this report, much consideration will be given to the chemical characterization and
thermal analysis of the recovered LC blends, since they represent unique and new features
as unknown mixtures, which were not considered until now in the literature. Indeed,
many single molecules included in these blends can be qualitatively identified by their
CAS registry number. On the other hand, in order to be able to evaluate the possibility
to reuse the recovered LC mixtures as new products for the original or a new application,
requirements specification must be performed. In particular, physico-chemical properties of
purified LC mixtures will be compared with those from non-purified blends. Furthermore,
it should be mentioned that the dielectric characteristics of these systems have already been
described in the literature [11–13].

Fourier Transform Infrared Spectroscopy (FTIR), as well as 1H-Nuclear Magnetic
Resonance (1H-NMR), techniques will be employed to investigate the spectroscopical prop-
erties of the LC molecules present in the complex mixtures. Samples will also be analyzed
by gas chromatography, coupled with a mass spectrometer (GC-MS), a technique which
should allow chromatographic separation and identification of individual LC molecules
from the blend, in order to obtain qualitative and quantitative information about these
compounds. Thermal and thermo-optical properties of the recovered LC mixtures will be
studied essentially by Thermogravimetry (TGA), Differential Scanning Calorimetry (DSC),
and by Polarized Optical Microscopy (POM), coupled with a heating/cooling stage.
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In particular, attention will be paid to the investigation of the nature of the LC phase,
as a function of temperature. The dominant LC phase generally found in LCD screens is the
nematic phase [14–16]. This phase is defined by an order of orientation of the LC molecules,
without specific positions in space. The molecules tend to align themselves parallel to each
other; their direction is symbolized by the unit director vector of the medium noted n [17,18].
In display applications, mixtures of LC molecules present an eutectic phase behavior in
order to obtain a stable nematic phase over a wide temperature range [19]. Analysis of the
recovered LC blends by POM and DSC will allow elucidation of this important feature.

2. Materials and Methods
2.1. Materials

Currently, the company Envie2E, based in the surroundings of Lille (France), operates
a processing line aiming to recycle EOF-LCD screens by manual, orderly dismantling
techniques. This procedure allows for the removal of different valuable items from EOF-
LCD screens, which can then be redirected to the adapted recycling sectors. In addition, the
company has developed an extraction line for the recovery of LCs from EOF-LCD panels.
These organic molecules were recuperated by exposing the previously opened LCD panels
to an organic solvent bath. The ultrasound-assisted extraction (UAE) technique has been
applied to increase the extraction yield. This unique process and its details are the subject
of a patent filed by Maschke et al. [20].

From this extraction line, three samples were collected, corresponding to three ex-
traction periods spread over one year: from the 1st to the 4th month (NP-1), from the 5th
to the 8th month (NP-2), and from the 9th to the 12th month (NP-3). These LC blends
were accumulated from about 65,700 LCD panels of diverse brands, dimensions, types
(televisions, monitors, laptops, and tablets), technologies, manufacture dates, etc.

The LC blends recovered from the extraction line contain a mixture of a large number
of different LC and other molecules used by the different manufacturers, with the organic
solvent employed for extraction, as well as organic and inorganic impurities. These samples
presented a black coloration, which is not representative of pure nematic LC mixtures
(Figure 1). A multi-step purification process was therefore carried out in order to remove a
maximum of impurities, before thinking about a possible reuse of these recycled LCs. The
different purification steps are displayed in Figure 1.
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The purification process starts with a vacuum distillation (applying a reduced pres-
sure of 27 kPa at T = 65 ◦C) to remove the organic solvent used during the industrial
extraction process. The distilled solvent was collected to be reused in the extraction line at
ENVIE2E. As a result of the distillation step, solid particles were found, together with the
LC containing blends. Consequently, a filtration of these impurities was performed using a
funnel and a qualitative filter paper (Whatman®, Global Life Sciences Solutions, MA, USA;
Grade 287 1/2, diameter 185 mm). Afterwards, a separation by column chromatography
was conducted in order to enhance the purity of the LC samples. Using this technique,
silica (SiO2 60 M, 0.04–0.063 mm, Macherey-Nagel, Düren, Germany) was employed as
the stationary phase to retain impurities, and petroleum ether (40–60 ◦C fraction, VWR,
Rosny-sous-Bois, France) was used as the mobile phase to recover the LCs. Finally, evap-
oration of the used solvent was performed and the purified LC mixtures were collected.
These obtained mixtures presented a “milky white” appearance, typical of a nematic phase
containing molecules possessing mesogenic moieties.

2.2. Methods
2.2.1. Chemical Characterizations

The molecular structures of the non-purified and purified LC mixtures were investi-
gated with a Perkin Elmer FTIR Frontier spectrometer (Perkin Elmer, Shelton, CT, USA) in
the range from 4000 to 400 cm−1, applying a spectral resolution of 4 cm−1. The number
of accumulated scans was 16. All FTIR studies were performed in the ATR (Attenuated
Total Reflectance) mode using a diamond prism. Then, 1H proton NMR analyses were per-
formed at room temperature with a 300 MHz Bruker Avance III HD spectrometer (Bruker,
San Jose, CA, USA), using tubes of 5 mm diameter. The LC mixtures were dissolved in
chloroform (CDCl3) as a deuterated solvent, exhibiting a high purity (~99.8%, Eurisotop,
Saint-Aubin, France). The resulting 1H NMR spectra were analyzed with Masternova
software (version 12.0.4).

The non-purified and purified LC mixtures were analyzed by gas chromatography,
coupled with a mass spectrometer (GC-MS) from Perkin Elmer (Perkin Elmer, Shelton, CT,
USA). The setup was equipped with a Clarus 680 gas chromatograph, a 30 m × 0.25 mm
Elite-XLB capillary column with a 0.10 µm film thickness, coupled to a Clarus 600T mass
detector equipped with a quadrupole mass analyzer (QSM) (Perkin Elmer, Shelton, CT,
USA). The carrier gas used was pure helium, with a constant flow rate of 1.5 mL/min.
Before injection of the samples, the LC mixtures were diluted with tetrahydrofuran (THF)
to obtain a concentration of 1 g/L. Samples were introduced to the GC injection system
using a microsyringe (0.6 µL volume) when the oven temperature reached 300 ◦C. The
initial program temperature was set at 120 ◦C, followed by a 10 ◦C/min ramp to 300 ◦C,
and a 30 min isotherm at the latter temperature.

A purified LC mixture was also analyzed using Laser Desorption Ionization (LDI),
coupled to High Resolution Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry
(HR-FT-ICR-MS). External calibration of the HRMS instrument was performed using red
phosphorus (Sigma Aldrich-Merck, Saint Quentin Fallavier, France). A small volume
of about 1 µL of the diluted LCs (1:10 in Acetone) was deposited on a commercially
available 384-well stainless-steel target. After drying at room temperature, a homogenous
thin layer was obtained. A Solari XR FT-ICR-MS (Bruker Daltonics GmbH & Co. KG,
Bremen, Germany), equipped with a 9.4-T magnet (Magnex Scientific, Oxfordshire, UK),
was operated in positive-ion mode at a resolution of around 530.000 @ m/z 400 with an
8 M transient. To obtain an acceptable signal-to-noise ratio, 50 scans were accumulated.
Additionally, the laser spot was not fixed at one position, but random walk was employed
with a typical border width of 1000 µm. For ionization, the third harmonic of a neodymium-
YAG laser (355 nm) (provided by Bruker Daltonics GmbH & Co. KG, Bremen, Germany)
was used. The settings were optimized as follows: “35% laser power”, “small spot size”
(corresponding to 80–100 µm), 100 pulses per laser shot, and a frequency of 200 Hz. Data
visualization was performed with Bruker Compass DataAnalysis 5.0 SR1 software, and
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molecular formula assignments were performed with Small Molecule Accurate Recognition
Technology (SMART).

Inorganic impurities (ions) present in the non-purified and purified LC mixtures were
identified by the inductively coupled plasma atomic emission. The samples were first
mixed with aqua regia (HNO3 + 3 HCl) to conduct a liquid-liquid extraction. The resulting
inorganic phase was analyzed using an Agilent 5110 ICP-AES spectrometer (dual view
SVDV, Santa Clara, CA, USA). The device was equipped with an inert Sturmun-Master
(PTFE) spray chamber and a V-Groove pneumatic nebulizer (Santa Clara, CA, USA). The
plasma power was set at 1.2 kW, and an argon flow rate of 1.5 L/min was used.

2.2.2. Thermo-Optical and Thermal Characterizations

In order to determine the thermal stability of the LCs mixtures, measurements were
performed on a thermogravimetric analyzer from TA Instruments (New Castle, DE, USA)
(Q5000). The analyses were conducted in a temperature range between 20 and 800 ◦C, with
a heating rate of 10 ◦C/min, under a nitrogen gas flow of 50 mL/min. Differential scanning
calorimetry (DSC) was performed using a DSC calorimeter from TA Instruments (Q10),
equipped with a cooling system. The LC mixtures were inserted into hermetic standard
aluminum DSC capsules. Sample masses were about 2.5 mg. The samples were subjected
to three consecutive heating and cooling cycles in a temperature range between −150 and
100 ◦C under continuous nitrogen flow, applying a rate of 10 ◦C/min.

The mesophase type, phase transitions, and clearing temperatures of LC mixtures were
observed using an Olympus BX41 POM (Olympus Corporation, Tokyo, Japan), equipped
with a Linkam LTS 350 (Linkam Ltd., Surrey, UK) heating and cooling stage, connected
to a camera and a computer with photo recording software. A drop of LC mixture was
placed between two clean glass slides, without preferential alignment of the sample. First,
LCs samples were cooled down from room temperature to −110 ◦C at a rate of 10 ◦C/min,
followed by a 5 min isotherm at this temperature to stabilize the sample, and then slowly
heated at 5 ◦C/min to 100 ◦C. Finally, a second cooling process was carried out from 100 ◦C
to −110 ◦C at 10 ◦C/min. Pictures were taken from the sample morphology during the
cooling and heating cycles.

2.2.3. Structural Properties

In order to identify the phase behavior of the LC mixtures, Wide-Angle X-ray Scat-
tering (WAXS) measurements were carried out using a Xeuss 2.0 instrument from Xenocs
(Holyoke, MA, USA). This apparatus was equipped with a Cu micro source (λ = 1.5418 Å)
and a Pilatus 200K 2D detector (Rigaku Oxford diffraction, Wroclaw, Poland), placed at a
distance of 140 mm from the sample. The exposure time employed was 120 s and experi-
ments were conducted in a cooling−heating−cooling process (following the same thermal
cycles as already described for the POM analysis).

The LC mixtures were inserted into quartz glass capillaries (Hilgenberg, Malsfeld,
Germany) with an internal diameter of 1.5 mm and a length of 80 mm. The capillaries were
then sealed with a two-component epoxy adhesive.

3. Results and Discussions
3.1. Chemical Properties
3.1.1. FTIR Analysis

Figure 2 shows the FTIR spectra obtained for three non-purified LC mixtures (NP-M1,
NP-M2, and NP-M3) and for three purified LC mixtures (P-M1, P-M2, and P-M3) in the
4000–400 cm−1 region.
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Figure 2. (a) FTIR spectra of the three non-purified LC mixtures (NP-M1, NP-M2 and NP-M3) and
(b) of the three purified LC mixtures (P-M1, P-M2 and P-M3).

The spectra obtained for the purified LC mixtures appear to be quite identical to those
found for non-purified mixtures: the position of the vibration bands and their relative
intensities were found to be similar. Consequently, the same functional groups might be
present in the studied mixtures. It was noticed that the sensitivity of the FTIR technique
does not allow detecting any difference between purified and non-purified samples.

The spectra in Figure 2 show two well-differentiated areas with several bands of
medium and strong intensities. These bands can be attributed to the rigid core (aromatic
groups) and to the flexible part of the LC molecules (aliphatic chains).

For all spectra shown in Figure 2, two strong intensity bands could be revealed
between 2950 and 2800 cm−1, corresponding to the vibrational modes of the C-H bonds of
the aliphatic chains. Between 1700 and 500 cm−1, a group of bands was found, confirming
the presence of:

- elongation vibrations of the aromatic C=C double bond (1600–1500 cm−1);
- elongation vibrations of the C-F bond; fluorinated compounds (1400–1000 cm−1);
- elongation vibrations of the C-N and C-O bonds; aromatic amines and esters

(1340–1250 cm−1);
- deformation vibrations of C=C double bonds; alkenes (cis, trans . . . ) (1000–650 cm−1);
- out-of-plane deformation vibrations of the =C-H bond of an adjacent hydrogen on an

aromatic ring (910 cm−1);
- out-of-plane deformation vibrations of the =C-H bond of two adjacent hydrogens on

an aromatic ring (815 cm−1).

It should be mentioned that the characteristic band attributed to the cyano group
(C≡N), generally located between 2200 and 2300 cm−1, was not detected in the LC mixtures
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studied in this report. This band can be found in some commercial nematic LC mixtures,
for example, in the case of E7 (formally from Merck), a mixture of cyanobiphenylene
compounds [21]. For the recycled LC mixtures, this functional group was not visible on the
spectrum because these cyano-biphenyl-containing molecules were not used any more, or
only in very weak quantities, in the LC blends employed in the accumulated EOL-LCD
screens. Moreover, the sensitivity of the FTIR technique does not allow for detection of the
cyano group when present at weak concentrations.

3.1.2. NMR Analysis

The 1H proton NMR analysis of the non-purified and purified LC mixtures was
performed to corroborate the FTIR results, in order to elucidate the molecular structure of
LC mixtures. The collected spectra are shown in Figure 3. All spectra were recorded at
room temperature and under identical conditions, i.e., using the same deuterated solvent
and the same sample concentration.
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3.1.3. GC-MS and HRMS Analysis

GC-MS analysis was performed to separate the recycled LC mixtures and identify their
components. Figure 4 shows the chromatograms obtained for non-purified and purified
LC mixtures.
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and (b) of the three purified LC mixtures (P-M1, P-M2, and P-M3). The numbers (28.2, 28.3, . . . )
correspond to the retention times of the most intense peaks reproduced in Table 1.

The chromatograms collected for the three non-purified LC mixtures, as well as for
the three purified LC mixtures, were found to be almost identical to each other. The
non-purified mixtures show a low-intensity peak at ~35.3 min that hardly appeared in
the purified mixtures. The chemical structures of some molecules corresponding to the
most intense peaks in the chromatograms were estimated by exploitation of the mass
spectrometry results, applying an MS reference database. MS data obtained by GC-MS
analysis represent integer masses. In general, there are many chemical structures with
different compositions, even if the integer mass is the same. Therefore, in order to obtain
integer mass peaks, high-resolution MS (HRMS) measurements were performed on a
purified LC mixture, using the FT-ICR-MS technique. The HRMS results, in terms of
obtained and calculated exact masses of putative structures, were reported (see Table 1).
A good match between these data were obtained, confirming thus the presence of these
molecules in the LC mixture.

According to Table 1, nearly all identified molecules show the typical chemical struc-
ture of LCs, as can be revealed by the simultaneous presence of rigid (aromatic rings,
. . . ) and flexible (aliphatic chains, . . . ) parts covalently bound in the same compound.
Moreover, one notes the presence of polar groups leading to the existence of an electric
dipole moment. The identification of some peaks was not possible, due to the absence of
molecular structures in the database used. In some cases, the suggestions provided by the
database did not show theoretical spectra similar to those obtained, and presented weak
probability (<30%).
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Table 1. Chemical structures of some molecules present in the purified LC mixtures. CAS RN corresponds to the registry number from Chemistry Abstract Service.

CAS RN Molecular Structure
and Name GC-MS: Retention Time (min)

HRMS: Exact Masses
(m/z)

Obtained/
Calculated

Molecular
Formula

4973-24-4
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Table 1. Cont.

CAS RN Molecular Structure
and Name GC-MS: Retention Time (min)

HRMS: Exact Masses
(m/z)

Obtained/
Calculated

Molecular
Formula
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Table 1. Cont.

CAS RN Molecular Structure
and Name GC-MS: Retention Time (min)

HRMS: Exact Masses
(m/z)

Obtained/
Calculated

Molecular
Formula
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Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)

31.69 320.2315/
320.2314 C21H30F2

89203-80-5

Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate

31.74 310.1744/
310.1743 C18H24F2O2

85312-59-0

Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)-

32.05 314.1843/
314.1844 C21H24F2

81793-59-1

Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl

32.23 324.2251/
324.2251 C23H29F

93743-04-5

Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile

32.52 327.2359/
327.2360 C22H30FN

84656-77-9

Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)

32.55 326.2973/
326.2973 C24H38

81701-13-5

Crystals 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

4-(4-Fluoro-phenyl)-4’-propyl-1,1’-bicyclohexyl  

82832-57-3 
 

4-(3,4-Difluorophenyl)-4’-propyl-1,1’-bi(cyclohexyl)  

31.69 
320.2315/ 

320.2314 
C21H30F2 

89203-80-5 
 

3,4-difluorophenyl 4-pentylcyclohexane-1-carboxylate  

31.74 
310.1744/ 

310.1743 
C18H24F2O2 

85312-59-0 
 

1,1’-Biphenyl, 3,4-difluoro-4’-(4-propylcyclohexyl)- 

32.05 
314.1843/ 

314.1844 
C21H24F2 

81793-59-1  

4-Fluoro-4’-(4-pentylcyclohexyl)-1,1’-biphenyl 

32.23 
324.2251/ 

324.2251 
C23H29F 

93743-04-5 
 

4-(4’-ethyl-[1,1’-bi(cyclohexan)]-4-yl)-2-fluorobenzonitrile 

32.52 
327.2359/ 

327.2360 
C22H30FN 

84656-77-9  

4-propyl-4’-(4-propylphenyl)-1,1’-bi(cyclohexane)  

32.55 
326.2973/ 

326.2973 
C24H38 

81701-13-5 
 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate  

32.63 
346.2309/ 

346.2308 
C22H31FO2 

4-fluorophenyl 4-(4-propylcyclohexyl)cyclohexanecarboxylate

32.63 346.2309/
346.2308 C22H31FO2



Crystals 2023, 13, 1064 12 of 20

Table 1. Cont.

CAS RN Molecular Structure
and Name GC-MS: Retention Time (min)

HRMS: Exact Masses
(m/z)

Obtained/
Calculated

Molecular
Formula
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3.1.4. ICP-AES Analysis

Anionic, as well as cationic ions, usually present in trace amounts in LCs, can affect
their electro-optical performance. Since recycled LC mixtures were recovered from an
industrial extraction line, it is highly probable that a significant quantity of ions was
incorporated. Therefore, qualitative and quantitative evaluation of the ions was crucial.

As expected, a large number of metal ions were found in the non-purified and purified
LC mixtures, as presented in Table 2. With the exception of Ca, the concentrations of these
unwanted ions obtained from the non-purified mixtures were higher than those from the
purified mixtures. K and Na represent the elements with the highest amount. These ionic
impurities present in the LC mixtures can originate from different sources during:

• their production process (even highly purified LCs possess ionic traces);
• the LCD manufacturing process (glue, alignment layers; filling could be a source

of contamination);
• the aging process (chemical decomposition and degradation of LCs, charge transfer

and electrochemical reactions in the electrodes);
• the dismantling of the LCD panels;
• the LC extraction process of the LCD panels on the industrial line (solubilization of

the glue, polarizers, color filters, etc.).

Table 2. Qualitative and quantitative analysis of elements present in the non-purified and purified
LC mixtures, determined by the ICP-AES technique. n.d. stands for “not determined”.

NP-M1 NP-M2 NP-M3 Average P-M1 P-M2 P-M3 Average

Element (mg/L)-(ppm)

Al 1.88 1.76 1.46 1.70 ± 0.11 2.06 1.43 1.40 1.63 ± 0.09

B 1.58 1.26 1.29 1.38 ± 0.05 0.32 0.46 0.36 0.38 ± 0.01

Ba 0.05 0.03 0.04 0.04 ± 0.01 0.019 0.012 0.011 0.013 ± 0.001

Be 0.20 0.18 0.19 0.19 ± 0.06 n.d. n.d. n.d. n.d.

Ca 3.05 3.04 3.96 3.35 ± 0.24 3.42 3.89 3.57 3.63 ± 0.18

Cu 0.85 0.80 1.16 0.94 ± 0.05 n.d. n.d. n.d. n.d.

Fe 1.34 1.09 1.35 1.26 ± 0.08 0.95 1.03 1.02 1.00 ± 0.06

K 28.73 23.38 29.57 27.23 ± 2.1 10.62 10.63 10.37 10.54 ± 0.55

Mg 2.05 1.01 2.57 1.88 ± 0.12 0.33 0.32 0.35 0.33 ± 0.01

Na 9.69 9.51 10.11 9.77 ± 0.60 4.63 4.58 3.82 4.34 ± 0.22

Sn 0.31 0.29 0.28 0.29 ± 0.01 0.210 0.290 0.250 0.25 ± 0.01

Sr 0.15 0.16 0.15 0.15 ± 0.01 0.05 0.04 0.05 0.050 ± 0.003

Ti 0.06 0.05 0.05 0.05 ± 0.01 0.038 0.020 0.020 0.026 ± 0.001

Zn 0.63 0.73 0.60 0.66 ± 0.03 0.21 0.29 0.25 0.25 ± 0.01

The results from the quantitative elementary analysis reported in this work reveal
higher concentrations than those found in the literature by other authors [22]. Nevertheless,
it should be pointed out that there are only few articles available, presenting an identifi-
cation and, especially, a quantification of the ions (anions and cations) existing in the LC
mixtures used for the manufacture of LCDs. Indirect methods were used to monitor the
presence of ions in LCs. For example, resistivity measurements were performed during
the LCD production process to perform quality control. The LC mixtures were then tested
before and after insertion into the LCDs. Naemura et al. [22] and Liu et al. [23] used the ion
chromatography technique to identify inorganic ions present in nematic LC (4-cyano-4’-
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pentylbiphenyl). On the other hand, Hung et al. [24] analyzed ionic impurities using high
resolution ICP-MS. Several ions reported by these authors [19] were also detected in the
recycled LC mixtures studied in this work, with considerably higher concentrations. This
result seems reasonable, since many other sources of contamination are present in the LC
extraction process, as already mentioned above.

According to the results of the chemical characterization presented above, all studied
LC mixtures exhibit quite comparable chemical properties. Therefore, only results from
one non-purified (assigned NP) and one purified (P) LC mixture will be discussed in the
following sections, to avoid redundancy.

3.2. Thermo-Optical and Thermal Properties
3.2.1. TGA Analysis

Thermal stabilities of the non-purified and purified LC mixtures were studied using
TGA in the temperature range comprised between 25 and 800 ◦C. Figure 5 presents the
obtained two thermograms, exhibiting the mass loss as a function of increasing temperature.
It can be deduced that the thermal decomposition followed a one-step degradation for all
samples. This behavior indicates that, despite the presence of a large number of molecules
in each LC mixture, these compounds degrade thermally in the same range of temperatures.
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Figure 5. Thermograms of a non-purified and purified LC mixture in the temperature range between
25 and 100 ◦C, applying a heating rate of 10 ◦C/min. Dotted lines correspond to the derivatives of
weight loss for each sample.

The obtained thermograms can be used to determine the thermal stability limit of the
samples. This limit can be defined by the onset temperature Tonset, where the mass loss
reaches 5%. According to Figure 5, all samples were thermally stable, up to temperatures of
about 120 ◦C, and the final degradation temperature was observed around 255 ◦C. At the
final temperature of the analysis (800 ◦C), the mass loss of all samples was close to 100%,
confirming the absence of any inorganic species. As shown in Figure 5, the non-purified
and the purified LC mixtures present the same thermal degradation behavior and do not
exhibit considerable differences concerning their onset and final degradation temperatures.

3.2.2. DSC Analysis

DSC analysis was performed to determine the phase transition temperatures and
associated enthalpies. Figure 6 illustrates the thermograms obtained during heating and
cooling cycles of a non-purified and a purified LC mixture.
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Figure 6. Thermograms obtained during heating and cooling cycles of non-purified and purified
LC mixtures in the temperature range between −150 and 100 ◦C, at a rate of 10 ◦C/min. The inset
represents a zoom of the heating cycle near −50 ◦C.

According to Figure 6, the thermograms of the non-purified and purified mixtures
showed similar behavior during the heating cycle, as follows:

- around −90 ◦C, a jump in the heat capacity of the samples was observed; this phe-
nomenon can be assigned to a single glass transition (Tg) of the LC molecules;

- the existence of a large homogeneous phase, between −90 ◦C and 70 ◦C, which can be
identified as nematic region from POM observations (see the following Section 3.2.3).
The presence of this large nematic phase region extends the perspectives for future
reuse and valorization opportunities;

- around 70 ◦C, an endothermic peak was detected, corresponding to a single nematic-
isotropic transition (TN-I).

For all samples, the cooling cycle shows only the isotropic-nematic transition (TI-N)
and the glass transition (Tg). As expected, a slight shift towards lower temperatures was
observed in cooling mode. Therefore, the behavior in heating and cooling modes was
different. The values of the observed transitions temperatures and associated enthalpies
are given in Table 3 for the heating cycle.

Table 3. Transition temperatures and associated enthalpies of non-purified and purified LC mixtures
during a heating ramp, with a rate of 10 ◦C/min.

Sample Tg
(◦C)

TLCord-N/melting
(◦C)

∆HLCord-N/melting *
(J/g)

TN-I
(◦C)

∆HN-I
(J/g)

Non-purified −90.0 --- --- 71.2 2.1

Purified −91.1 −50.1 0.59 73.6 2.5
* Enthalpy of cold crystallization (or/and ordering) for this purified mixture was 0.22 J/g.

An additional event was detected for the purified sample. Indeed, an endothermic
peak was observed during the heating cycle at ~−50 ◦C, which could be related to the
transition from a higher ordered LC phase to a lesser ordered LC phase (LCord-N), or to
the melting of an additional crystalline phase, or to a simultaneous evolution of these
two phenomena [25–27]. Indeed, a zoom of this area (inset of Figure 6) revealed the
presence of a weak exothermic peak starting around −60 ◦C, which could be due to an
effect of cold crystallization (or ordering), before the endothermic peak occurred. Since
the enthalpies of these exo- and endo-thermic events were different, a superposition of the
two above-mentioned phenomena might be assumed. Regarding the non-purified sample,
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these particular events were not observed. POM and Wide-Angle X-ray scattering (WAXS)
techniques were performed to further investigate this behavior (see the following sections).

3.2.3. POM Analysis

The POM analysis allowed for observation of the evolution of the sample morphologies
of the LC mixtures, in order to identify the existing mesophases, and to determine the
phase transitions of the compounds. The recorded textures of the non-purified and purified
LC mixtures are displayed in Table 4. All images were captured with cross-polarizers, since
the light through an LC sample is not quenched, as it is the case for an isotropic liquid.

Table 4. Textures of non-purified and purified LC mixtures observed by POM. The scale bar represents
100 µm for all pictures. Measurements were taken with an X10/0.25 objective, using cross-polarizers,
in a temperature range comprised between −100 and 90 ◦C.
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From a large panel of pictures taken at different temperatures, only eight have been selected for each sample.
Observations were performed in heating mode to agree well with the sample treatment procedure applied for the
DSC investigation.

Below the clearing point, all analyzed samples exhibited textures that can be attributed
to nematic LCs. For non-purified and purified samples, at about −90 ◦C, the recycled LC
molecules appear to be frozen and quenched, showing a nematic glassy state (marbled
textures). It is worth mentioning that the non-purified LC mixture exhibited a higher
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number of inversion lines compared to the purified LC mixture. In the temperature
range between −60 and −40 ◦C, the pictures show no textural change; therefore, it was
not possible to contribute to the identification of the additional transition observed by
DSC (around −50 ◦C). This transition may be caused by a relatively small number of LC
molecules compared to those confined in a dominant nematic domain, which could explain
why this additional phenomenon was not observed by POM.

At room temperature, the LC molecules remain in the nematic state. Nevertheless, the
nematic texture of the purified LC mixture has evolved, showing colored areas separated
by black filaments known as Schlieren brushes [17]. These filaments correspond to an
alignment of the LC molecules parallel to the axis of one or the other crossed polarizer, and,
so, to an extinction position of the nematic state [28]. The non-purified sample retained
the nematic marbled texture, with a large number of first-order inversion lines (thread-like
texture), at low temperatures. The onset of the nematic-isotropic transition was observed
at around 70 ◦C for the non-purified sample, and at 72 ◦C for the purified one. This shift,
already detected for DSC experiments, was expected, since impurities might behave as
“plasticizers” [29]. At 75 ◦C, the clearing point, corresponding to the nematic-isotopic
transition temperature, was reached for both samples.

3.3. Wide-Angle X-ray Scattering

Wide-Angle X-ray (WAXS) diffractograms of the purified LC mixture obtained during
heating and cooling ramps are presented in Figure 7. As described in Section 2.2.2, the
sample was cooled from room temperature to its glassy state, followed by a heating cycle
above the isotropic temperature, before undergoing a further cooling cycle. It can be noted
that, at the same temperature, the diffraction patterns obtained during the two cooling
cycles were perfectly reproducible and superimposable; therefore, only one cooling cycle is
presented and will be discussed (Figure 7a).

In the isotropic state (T > 73.6 ◦C), the LC moieties are all randomly distributed in
space, implying that there is no long-range positional or orientation order within the
molecules. The thermal fluctuations are important, and molecular motions seems not to
be correlated. The X-ray patterns consist of two diffuse rings (Figure 7c). Indeed, even
if no long-range order exists, a short-range positional order occurred, giving rise to two
rings [30]. The large angle ring (centre of 2θ = 18.1◦ at 90 ◦C) is related to the lateral distance
between the molecules (d~48.9 nm), and the small angle ring (2θ = 4.8◦ at 90 ◦C) is linked
to the longitudinal separation between mesogens (d~184 nm).

In the nematic phase (73.6 ≥ T > −91.1 ◦C), diffractograms and 2D X-ray patterns
(Figure 7d) were found to be similar to those obtained for the isotropic state. However,
the latter present a sharper intensity distribution and a slight 2θ shift. These phenomena
were more prominent when the temperature decreased. To illustrate this, at 72 ◦C, the
first peak is centered at 18.3◦ (d~48.5 nm), with a full-width at half-maximum (FWHM) of
6.5◦, and the second one is centered at 5.1◦ (d~172 nm), with a FWHM of 3.3◦. Meanwhile,
at −72 ◦C, the first peak is centered at 19.8◦ (d~44.8 nm), with a FWHM equal to 4.1◦,
whereas the second one is centered at 5.4◦ (d~165 nm), with a FWHM of 0.9◦. It should be
remembered that the nematic phase has a long-range orientation order, but no positional
order. Therefore, the order parameter of the nematic phase increases with decreasing
temperature, which explains why these peaks become thinner and sharper when lowering
the temperature.
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Figure 7. WAXS analysis of a purified LC mixture in the temperature range between −104 and
90 ◦C, obtained with a rate of 10 ◦C/min: intensity versus 2θ obtained during the (a) cooling and
(b) heating cycles. Two-dimensional X-ray patterns at: (c) 90 ◦C in the isotropic state (heating or
cooling), (d) 18 ◦C in the nematic state (heating or cooling), (e) −55 ◦C in the ordered phase, obtained
only in heating mode, and (f) −104 ◦C in the glassy state (heating or cooling).

In the glassy state (T ≤ −91.1 ◦C), the diffractograms were similar to those observed
at higher temperatures in the nematic phase (Figure 7f).

During the heating cycle (Figure 7b), between −73 and −43.5 ◦C, three new sharp
peaks appeared (2θ = 7.5, 14.8, and 20.5◦, corresponding to d = 117.7, 59.8 and 43.3 nm,
respectively). These peaks could be related to the additional phase transition observed
by DSC analysis in the same range of temperatures. The sharpness and the number of
peaks may suggest either the presence of a crystalline phase, or a more ordered nematic or
smectic phase [31]. For other temperatures, WAXS patterns obtained during the heating
cycle overlapped with those from the cooling mode.

In terms of the phase changes, the set of diffraction patterns agreed well with the
results obtained by DSC.

4. Conclusions

In this work, three LCs mixtures were investigated, corresponding to three consecutive
recovery periods of 4-months in an industrial extraction line. At first, possible differences
between non-purified and purified LC samples were established using chemical characteri-
zation techniques. FTIR, 1H-NMR, and GC-MS analysis of the non-purified and purified
LC mixtures confirmed that their molecular structures, as well as their functional groups
(aromatic rings, aliphatic chains, polar groups), corresponded well to those of typical LC
molecules. The obtained spectra and chromatograms exhibited strong similarities between
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non-purified and purified LC mixtures. However, the ICP-AES method revealed that a
certain amount of inorganic impurities (ions) remained in the blends. These impurities can
cause some adverse effects, such as an increase of the electrical conductivity, thus altering
the electro-optical properties of the LCs.

In a subsequent step, thermal and thermo-optical properties of these mixtures were
studied. Thermal (ATG, DSC) and thermo-optical (POM) analysis did not reveal significant
differences between the non-purified and purified LC samples. For example, the temper-
atures corresponding to onset and end of the thermal degradation did not change, and
were situated being ~150 and ~255 ◦C for all mixtures. Despite the presence of a large
number of LC molecules, a single thermal decomposition step was observed for all samples.
Textures of the LC mixtures obtained by POM observations confirm the typical Schlieren
and marbled textures of nematic LC molecules. DSC analysis revealed a broad range of
nematic phase between −90 and 70 ◦C, which is an important feature for their future reuse
in LCD systems or other applications. In the temperature range between −60 and −50 ◦C,
an additional phase transition was detected using DSC and WAXS techniques. However,
the precise origin of this transition could not be well-identified. Even the POM analysis did
not allow to observe a change in the textures in this temperature range.

All LC mixtures studied in this work showed similar chemical and thermal properties
compared to conventional nematic LCs reported in the literature. Consequently, the reuse
of such recycled nematic LC mixtures could be effective for devices operating at least
between −50 and 70 ◦C.
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