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ABSTRACT

Fluorinated liquid crystal monomers (LCMs) are begun to emerge as new persistent organic pollutants.
Herein, the structure-reactivity relationships of fluorinated LCMs 1,2,3-trifluoro-5-[3-(3-
propylcyclohexyl)cyclohexyl]benzene (TPrCB), 1,2-difluoro-4-[trans-4-(trans-4-propylcyclohexyl)cyclo-
hexyl]benzene (DPrCB), 4-[(trans,trans)-4'-(3-Buten-1-yl)[1,1’-bicyclohexyl]-4-yl]-1,2-difluoro-benzene
(BBDB) and 1-[4-(4-ethylcyclohexyl)cyclohexyl]-4(trifluoromethoxy)benzene (ECTB) subject to
photocatalysis-generated oxidation species were investigated. The degradation rate constant of BBDB
was 3.0, 2.6, and 6.8 times higher than DPrCB, TPrCB and ECTB, respectively. The results reveal that BBDB,
DPrCB and TPrCB had mainly negative electrostatic potential (ESP) regions which were vulnerable to
electrophilic attack by h™, «OH and 03, while ECTB was composed of mainly positive ESP regions which
were vulnerable to nucleophilic attack by «OH and 05 The detoxification processes of BBDB, DPrCB and
TPrCB included carbon bond cleavage and benzene ring opening. However, the methoxy group of ECTB
reduced the nucleophilic reactivity on the benzene ring, leading to slower detoxification efficiency. These
findings may help to develop LCMs treatment technologies based on structure-reactivity relationships.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,

Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liquid crystal displays (LCDs), an essential part of most elec-
tronic products, have been increasingly produced worldwide due to
the ever growing demand [1]. The global LCD shipment reached
198 million m? in 2018, introducing numerous scrapped electronic
waste around the world [2,3]. The chemicals in LCDs are mainly
composed of liquid crystal monomers (LCMs), the existence and
impact of which in the environment have only recently begun to
attract attention and be publicly reported [4]. Su et al. (2019)
recently reported that exposure to LCMs led to adverse health ef-
fects and pointed out that about a quarter of the LCMs were iden-
tified as persistent and bioaccumulative (P&B) chemicals [2,5,6].
Generally, LCMs are less likely to combine with other basic mate-
rials in LCD devices and may have strong environmental persis-
tence as well as mobility [7]. Thus, LCMs may easily enter and
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remain in the water, atmosphere, soil and other environmental
media during the use, recycling and disposal of LCD devices, which
can cause a serious threat to human health and the environment
[8].

LCMs generally contains benzene or diphenyl skeleton struc-
tures with several functional groups, such as cyano, fluorine,
chlorine and bromine. It is known that the differences in functional
groups in organic pollutants may lead to their completely different
detoxification processes [9—11]. For example, five or six membered
substituents on sulfonamides (SAs) were confirmed to change the
molecular orbital distribution and stability, thus leading to different
degradation efficiencies of SAs [10]. Furthermore, the category and
position of functional groups in the molecular structure may play
important roles in guiding the degradation mechanisms and
pathways [12—14]. For instance, the degradation mechanisms of
three N-chloro-a-amino acids were investigated, and the electron-
donating groups (EDG) substituted on the N-terminal were found
to promote both concerted Grob fragmentation (CGF) and B-elim-
ination (B-E) processes, while EDG and electron-withdrawing
groups on the a-carbon were determined to conduct the CGF and
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B-E processes, respectively [12]. Therefore, we hypothesize that the
degradation mechanisms and detoxification processes of LCMs
with similar molecular structures may be dependent on their
unique structures and functional groups, which have not yet been
reported.

As emerging persistent organic pollutants (POPs), LCMs have
stable chemical structures, which require highly oxidative species
to accelerate their mineralization. Photocatalytic oxidation tech-
nology has been known as an efficient approach for the decom-
position of organic pollutants by using the photocatalysis-
generated reactive oxidation species (ROS, viz. h™, «OH and 03)
[15—20]. In our previous study, 46 LCMs in e-waste dust samples
were investigated by a dedicated target analysis, through which the
detection frequency of 1,2,3-trifluoro-5-[3-(3-propylcyclohexyl)
cyclohexyl]benzene (TPrCB) was found to be 100% in LCD and non-
LCD dismantling lines with concentrations of 8.83—190,000 and
8.23—496 ng g~ |, respectively [21]. These results demonstrated that
TPrCB was a fluorinated LCM that exists widely in the environment.
Based on this, TPrCB with other structure-similar fluorinated LCMs,
including 1,2-difluoro-4-|trans-4-(trans-4-propylcyclohexyl)cyclo-
hexyllbenzene (DPrCB), 4-[(trans,trans)-4'-(3-Buten-1-yl)[1,1’-
bicyclohexyl]-4-yl]-1,2-difluoro-benzene (BBDB) and 1-[4-(4-
ethylcyclohexyl)cyclohexyl]-4(trifluoromethoxy)benzene (ECTB)
were selected as targets to investigate the structure-reactivity re-
lationships of the detoxification processes of LCMs and ROS. Com-
mercial TiO, (Degussa P25) was used as the photocatalyst and four
representative fluorinated LCMs as the targets. The main objectives
of this study were to investigate: (i) the degradation efficiency and
defluorination extent of the fluorinated LCMs during the photo-
catalytic process, (ii) the relationship between molecular structure
and degradation efficiency, and (iii) degradation pathways of the
fluorinated LCMs and toxicity assessment of the intermediates. For
the first time, the experimental and theoretical reports of LCMs'
detoxification processes in a photocatalytic system are provided.
This study is expected to expand our understanding of the degra-
dation mechanism and detoxification process of LCMs under the
influence of their unique functional groups.

2. Materials and methods
2.1. Photocatalytic experiments

The photocatalytic processes of LCMs (1, 5,10 and 20 mg L) by
P25 (0.6 g L) were evaluated under simulated sunlight from a
300 W Xenon light source (PLS-SXE300D, Beijing Perfectlight
Technology Co., Ltd., China) with a light intensity of 150 mW cm—2
in a 100 mL magnetically stirred quartz reactor. The LCMs were
dissolved in 50 vol% acetonitrile water, which was made from a
mixed solution of 50 mL acetonitrile and 50 mL ultra-pure water.
Acetonitrile was used as solubilizer to dissolve LCMs in water. The
samples (1 mL) of the reaction solutions were taken at a given time
interval and filtered with a 0.22 pm filter membrane, followed by
analysis with high-performance liquid chromatography (HPLC,
Shimadzu, LC-16, Japan). The degradation ratios of LCMs during the
photocatalytic process were calculated by the ratio of the peak area
of the chromatogram at a given time to the peak area of the original
sample.

2.2. Computational methods
The density functional theory (DFT) calculation was performed

by Gaussian at the B3LYP/6—31 + G** level [22], which is beneficial
to predict the reactive sites and identify the degradation pathways
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[23,24]. Electrostatic potential (ESP) distributions and average local
ionization energy (ALIE) distributions on the van der Waals (vdW)
surface (electron density isosurfaces of 0.01 a.u.) were run and
graphed with the Multiwfn and GaussView software, which help to
predict and locate the sites for electrophilic and nucleophilic re-
actions [25]. Generally, the negative ESP regions are associated with
electrophilic reactivity and the positive ones are linked to nucleo-
philic reactivity [26,27]. In the negative ESP regions, the smaller
ALIE value represents the weaker electron binding as well as the
higher average energy of electrons. Thus, the negative ESP areas
with smaller ALIE values are more prone to electrophilic reactions.
Moreover, given that the P25/photocatalytic system contains free
radicals and non-radical attacks, a dual descriptor (DD) defined was
introduced to characterize both nucleophilicity and electrophilicity
oxidation [28,29]. The value of the Fukui function is proportional to
the reactivity of the molecular sites. The DD value per atom A in the
molecule is defined as:

(2 = fi —fr =2qa(N) —qa(N—1) — ga(N+ 1) (1)

where is the DD value of atom A, while is the electron population of
atom A.

3. Results and discussion
3.1. Different reaction kinetics of the fluorinated LCMs

The scanning electron microscope (SEM) (Fig. S1a) and trans-
mission electron microscopes (TEM) (Fig. S1b) images show that
the particle size of the commercial P25 ranges from 20 to 50 nm.
Given that TPrCB is widespread in the environment, photocatalytic
experiments of TPrCB with series concentrations were conducted
(Fig. S2a). The photodegradation rates of TPrCB in various natural
water were shown in Fig. S2b and the characteristics of the natural
water were shown in Table S1. Due to the competition of organic
impurities, the photodegradation rate of TPrCB was slightly
inhibited in river water and tap water. As shown in Table 1, the
structures of the four fluorinated LCMs are mainly composed of
benzene ring and cyclohexane, while a unique methoxy group is
connected to the benzene ring in ECTB. There was no obvious dif-
ference in the photodegradation rates of TPrCB and DPrCB, while
the reactions of BBDB and ECTB were significantly different
(Fig. 1a). Note that the separate P25 adsorption (30 min) and
simulated sunlight irradiation (Fig. S3) had almost no effect on the
concentration of LCMs. Fig. 1a shows that the P25/photocatalytic
process achieved degradation ratios of 70.0%, 65.6%, 94.2% and
31.8% towards TPrCB, DPrCB, BBDB and ECTB within 60 min,
respectively. Their reaction kinetics was studied according to the
pseudo-first-order kinetics formula:

—In(C/Co) = kops x t (2)

where kqps is the observed pseudo-first-order rate constant; t is the
reaction time; C and Cyp represent the concentration of LCMs at a
certain reaction time and the initial concentration of LCMs,
respectively [30]. The observed degradation rate constant of BBDB
in the P25/photocatalytic process was 0.044 min~!, which was 3.0,
2.6 and 6.8 times to that of DPrCB, TPrCB and ECTB, respectively
(Fig. S4).

Based on the concentration of F~ released from the fluorinated
LCMs into the aqueous solution in the P25/photocatalytic process,
the defluorination ratio (deF%) is defined according to the following
formula:
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Table 1
The molecular structures, ESP and ALIE distributions of LCMs, calculated at B3LYP/6—31G** Level of Theory.
Molecular formula M. W.(g mol~1) Structure ESP ALIE
—1e-3 a.ulll Ml1e-3a.u.
©C CH@®O ©F
DPrCB Co1Hs0F> 32047 10,15 ov
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Fig. 1. Degradation (a) and defluorination (b) processes of DPrCB, TPrCB, BBDB and ECTB in the P25/photocatalytic process. Photocatalytic experiments conditions:

[LCMs] =20 mg L™, [P25] = 0.6 g L™, pH 6.6.

Cr- o
N 100% 3)

deF% =
where and Cp represent the molar concentration of F~ released in
the solution and the initial molar concentration of LCMs, respec-
tively; Nc.ris the number of C—F bonds in the LCMs molecules [31].
As shown in Fig. 1b, the highest deF¥ within 3 h was 55.5% for BBDB,
followed by DPrCB (53.3%), TPrCB (38.0%) and ECTB (33.7%). The
observed defluorination rate constant of BBDB in the P25/photo-
catalytic process was 0.279 h™!, which was 1.1, 1.7 and 2.0 times
higher than that of DPrCB, TPrCB and ECTB, respectively (Fig. S5).

Note that the “degradation” of a parent LCMs requires only one
bond to be cleaved, while the “defluorination” needs the C—F bond
with higher bond energy to be cleaved. In the same oxidation
condition, the cleavages of C—C and C—O are easier to occur due to
their lower bond energy in comparison with C—F [31], which result
in the degradation rate of the LCMs to be higher than their
defluorination rate. Moreover, the defluorination rates of BBDB and
DPrCB with two C—F bonds in their molecular structures were
much higher relative to TPrCB and ECTB with three C—F bonds,
which may be due to the existence of three C—F bonds in a more
symmetrical structure in TPrCB and ECTB. Thus, it is hypothesized
that the different molecular structures of the fluorinated LCMs may
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result in the different degradation and defluorination kinetics in
the P25/photocatalytic process.

3.2. Different reaction mechanisms of the fluorinated LCMs

Fig. S6 shows that UV irradiation alone or P25 without irradia-
tion cannot produce oxidizing free radicals. As shown in Fig. 2a, the
electron paramagnetic resonance (EPR) signals of DMPO-eOH and
DMPO-¢0; indicated that ¢OH and O3> may jointly contributed to
the degradation of LCMs [32—35]. To further determine the
respective contribution of the reactive oxidation species (ROS) to
the oxidation system, EDTA-2Na, TBA and p-BQ were added as hole
(h™), OH and 03 scavengers, respectively [36—38]. Fig. 2b reveals
that compared with no scavengers, EDTA-2Na, TBA and p-BQ sup-
pressed BBDB degradation ratios from 94.2% to 12.1%, 31.0% and
53.6% within 60 min, respectively, which indicated the primary role
of h™ in the oxidation system. Similarly, the quencher experiments
of DPrCB (Fig. 2¢) and TPrCB (Fig. 2d) demonstrated the primary
role of h*, followed by «OH and 03. Thus, the reaction paths of ROS
in the P25/photocatalytic process were proposed as eq. (4)—(6)
[39,40]:

P25 + hv —»P25 (h" + e7) (4)

h* + H,0—-OH + H* (5)

e + 0,—-0; (6)

Surprisingly, the influences of EDTA-2Na and TBA on the pho-
todegradation of ECTB were very close, which suppressed ECTB
degradation ratios from 31.8% to 9.3% and 11.1%, respectively
(Fig. 2e). Thus, the contributions of h* and «OH were almost the
same in ECTB degradation, indicating that «OH generated by h* was
the main ROS, while the direct oxidation of h* might have negli-
gible effects. Generally, h" is considered as an electrophile that
tends to attack electron-rich sites, whereas ¢OH and 03 can attack
both electron-rich sites and electron-deficient sites [11,17,41]. Thus,
the different ESP distribution of LCMs was calculated to locate the
sites for electrophilic and nucleophilic reactions and predict the
initial reaction sites on the molecular structures of the fluorinated
LCMs.

As shown in Table 1, the blue color illustrates very negative ESP
regions, while the red color represents very positive ESP regions on
the vdW surface [42]. The integral ESP regions of DPrCB, TPrCB and
BBDB are composed of blue and red color, while their benzene rings
and F atoms are mainly composed of blue color, indicating the
negative ESP regions on the vdW surface of the benzene rings and F
atoms, which are vulnerable to electrophilic attack. ECTB are
mainly composed of red color, representing the positive ESP regions
on the vdW surface of ECTB for nucleophilic attack. Accordingly,
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most reaction sites on DPrCB, TPrCB and BBDB are vulnerable to
electrophilic attack, while nucleophilic attack tends to happen on
ECTB, resulting in the degradation of DPrCB, TPrCB and BBDB by h,
eOH and «0O3 and the decomposition of ECTB by only ¢OH and «03,
which is consistent with the results of ROS scavenging experiments.
Moreover, the direct oxidation of h™ in photocatalysis mainly oc-
curs on the surface of photocatalysts. The low adsorption of ECTB by
P25 (Fig. 1a) could be another reason for the low contribution of
direct h* oxidation in ECTB degradation. Generally, the negative
ESP regions with smaller ALIE values are more prone to electro-
philic attack by h*, ¢OH and ¢03. As shown in Table 1, in the case of
DPrCB, TPrCB and BBDB, the areas around the benzene ring and
carbon chain possess smaller ALIE values for electrophilic reaction,
which corresponds to the local minima of ESP regions marked with
darker blue. Thus, the benzene ring opening reaction and carbon
chain cleavage might be the initial reaction in the degradation
process of DPrCB, TPrCB and BBDB. Moreover, the DD values (f3(?)
of the benzene rings in BBDB, DPrCB and TPrCB and are obviously
higher than other reaction sites (Table S2—S4), which can further
confirm the initial reaction of the benzene ring opening. However,
the methoxy group connected to the benzene ring of ECTB has an
electron donating conjugation effect [43,44], resulting in the
decrease of positive ESP regions on the benzene ring. Thus, the
methoxy group can reduce the nucleophilic reactivity on the ben-
zene ring, leading to the darker red color of the methoxy group than
the benzene ring in the ESP distribution (Table 1), which implies
the initial reaction sites are on the methoxy group rather than the
benzene ring of ECTB. Therefore, the contribution of h* to ECTB was
negligible due to its positive ESP distribution, and the vulnerability
of the benzene ring of ECTB was reduced due to the presence of a
methoxy group, which together led to the significantly decreased
degradation efficiency of ECTB in the P25/photocatalytic process.

3.3. Proposed detoxification pathways of the fluorinated LCMs

The chromatograms of DPrCB, TPrCB, BBDB and ECTB obtained
by GC-MS (Figs. S7—8) showed that the LCMs peaks kept decreasing
throughout the reaction. Meanwhile, other peaks representing the
intermediate products appeared and increased as the reaction
progressed, indicating the decomposition of LCMs into some in-
termediate products. The atomically labeled molecular structures
of the four LCMs are shown in Fig. S9. The f3® values of atoms on
BBDB (Table S2) implied that 13C (-0.156), 15C (0.259), 16C
(—0.165) and 18C (0.252) on the benzene ring might be the primary
attack sites by h*, e¢OH and 03, leading to the fracture of the
benzene ring and the defluorination reactions. Moreover, because
of the extremely negative surface charge distribution of 22C
(—0.510, g N value) and 24C (—0.494, g N value) in Table S2, the
parent molecule was more vulnerable to electrophilic attack.
Combining the mass spectra of the possible products of BBDB as

a b c d e
DMPO--OH 1.01
- 0.81
=
© o i
; Q 0.6
5 DMPO--0;
2 : © 04
Q
E No scavenger
- 0.21 EDTA-2Na
TBA
p-BQ
T . I . I . I 0.0 ————
3480 3500 3520 3540 -35 20 40 60 -35 20 40 60 -35 20 40 60 -35 20 40 60
Field (G) Time (min) Time (min) Time (min) Time (min)

Fig. 2. (a) EPR spectra of DMPO-eOH and DMPO-¢0O5 in the P25/photocatalytic process. Effects of various quenching agents on DPrCB (b), TPrCB (c), BBDB (d) and ECTB (e)
degradation. Photocatalytic experiments conditions: [LCMs] = 20 mg L~', [P25] = 0.6 g L™', pH 6.6. Quenching experiment conditions: [EDTA-2Na] = [TBA] = p-BQ = 1 mM.
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Fig. 3. Schematic illustration of the possible ROS attack mechanisms and detoxification processes of DPrCB, TPrCB, BBDB and ECTB in the photocatalytic processes.

shown in Table S6 and Fig. S10, the inferred potential decomposi-
tion pathways of BBDB were two folds, one of which was the
cleavage of the carbon chain, and the other was the fracture of the
benzene ring (Fig. S11, see SI for detailed description).

To evaluate the environmental impact of LCMs degradation by
the P25/photocatalytic process, acute toxicity (oral rat LDsg) and
developmental toxicity of the photocatalytic degradation products
were evaluated by the Toxicity Estimation Software (T.E.S.T.) based
on quantitative structure-activity relationship (QSAR) prediction
[45—47]. As shown in Fig. S12, the overall toxicity estimation
revealed that some LCM intermediates with higher toxicity might
be generated through the initial oxidation of the P25/photocatalytic
process. Upon further oxidation, some of the highly toxic LCMs
intermediates could be decomposed into some final products
resulting in a significant reduction in toxicity (see SI for detailed
description). The detoxification pathways of ECTB, DPrCB and TPrCB
are elaborated in SI.

In summary, the distinct reaction kinetics of the fluorinated
LCMs could be attributed to their different degradation mecha-
nisms and detoxification processes following P25/photocatalytic
treatment (schematic is shown in Fig. 3). DPrCB, TPrCB and BBDB
with mainly negative ESP regions were vulnerable to electrophilic
attack by h*, eOH and 03, whereas ECTB composed of mainly
positive ESP regions were vulnerable to nucleophilic attack by only
eOH and e03. The direct oxidation of h™ could promote the
degradation efficiency of LCMs. Moreover, the detoxification pro-
cesses of DPrCB, TPrCB and BBDB included the cleavage of the
carbon chain and benzene ring, resulting in a fast detoxification
process generating products with less toxicity. However, the
methoxy group of ECTB reduced the nucleophilic reactivity on the
benzene ring, leading to a much slower benzene ring opening
process and lower detoxification efficiency. The overall toxicity
estimation in our work revealed that the typical fluorinated LCMs

with high acute toxicity and developmental toxicity could be
decomposed into some final products of significantly less toxicity.

4. Conclusions

In this work, the experimental and theoretical reports of fluo-
rinated LCMs’ detoxification processes in the P25/photocatalytic
process are provided. The detoxification efficiency of LCMs was
strongly influenced by the specific nucleophilic and electrophilic
properties of LCMs. BBDB, DPrCB and TPrCB with mainly negative
ESP regions were vulnerable to electrophilic attack by h™, «OH and
03, while ECTB with mainly positive ESP regions was vulnerable to
nucleophilic attack by «OH and 03, which led to a fast detoxifi-
cation process in BBDB, DPrCB and TPrCB. Inspired by this work, it is
possible to perform theoretical calculations and analyses of various
LCMs to qualitatively predict whether a certain substitution pattern
may impact the detoxification efficiency of LCMs in future work.
This approach may provide a theoretical basis for screening
candidate photo-degradable LCMs for manufacturing LCDs, and
allow for mitigation of the enduring harm of LCMs to the
environment.
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