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ABSTRACT: Liquid crystal monomers (LCMs) are synthetic
chemicals widely used in liquid crystal displays such as televisions
and smartphones and have recently been detected in indoor dust.
Despite extensive use, the atmospheric fate of LCMs is unknown.
Here, the heterogeneous OH oxidation of LCMs was studied by
exploring the kinetics and mechanisms of 1-ethyl-4-(4-(4-
propylcyclohexyl)phenyl)benzene (EPPB) and 4′′-ethyl-2′-fluoro-
4-propyl-1,1′:4′,1′′-terphenyl (EFPT) coated onto ammonium
sulfate particles. The measured heterogeneous rate constants for
EPPB and EFPT were (7.05 ± 0.46) × 10−13 and (4.67 ± 0.25) ×
10−13 cm3 molecule−1 s−1 ,respectively, equivalent to atmospheric
lifetimes of up to 25 and 38 days. These lifetimes are significantly
longer than previously predicted values (<1 day) for these LCMs, indicating that they are much more persistent in air than
predicted, with the potential to undergo long-range transport. Furthermore, 66 transformation products from the heterogeneous
photooxidation of these LCMs were identified for the first time. Given the known toxicity of the parent LCMs, their measured
persistence in the atmosphere, and the demonstrated complexity of their products, the present results not only underscore the need
to quantify the levels of LCMs in ambient air, but also suggest that the presence of their transformation products should not be
ignored when assessing the risks of airborne LCMs.

■ INTRODUCTION
Liquid crystal monomers (LCMs) are synthetic chemicals
which generally have a diphenyl backbone structure with
possible halogen substitution.1 Due to their unique anisotropic
properties,2 LCMs are widely used in liquid crystal display
(LCD) devices such as personal computers, digital televisions,
and smartphones.3 Rapid development of the LCD industry
has resulted in large increases in the production of LCMs.4

The global production of LCD panels in 2018 is 198 million
m2, which is likely to continue to increase into the future.4,5

Given that LCMs do not covalently bind to any base materials
in LCD devices, their release into the environment is expected
to occur during manufacturing, utilization, and recycling of
LCD devices.3 Indeed, recent evidence indicates that LCMs
are present in indoor dust.3 The presence of LCMs in indoor
dust combined with their potential to induce adverse human
health effects have raised serious concerns over their
environmental and health risks.1,3,6 While data currently only
exist for their presence indoors,3 the likelihood is high that
LCMs will be present in other environmental matrices such as
air and water. Consequently, the risks associated with human
exposure to LCMs will be linked to their persistence and
reactivities in these environmental media, for which no
information is currently available.
In the atmosphere, the persistence of many airborne

pollutants (including LCMs) is often determined by OH-

initiated oxidation reactions.7−10 However, there are currently
no published experimental reports of the atmospheric OH
oxidation chemistry of LCMs. Thus, the reaction kinetics,
oxidation products, degradation mechanisms, and the
associated atmospheric lifetimes of airborne LCMs are
unknown. Such a lack of information hampers efforts to assess
their long-range transport to potentially sensitive ecosystems
and the environmental impacts of their oxidation products.
In response to this lack of experimental kinetic data for

LCMs, a previous study determined the atmospheric
persistence of LCMs based upon AOPWIN (Atmospheric
Oxidation Program for Microsoft Windows) modeled OH rate
constants.3 In that study, none of the identified LCMs from
LCD devices had a predicted atmospheric lifetime of greater
than 1 day, leading to the conclusion that LCMs were
nonpersistent in air. However, chemical kinetic studies have
clearly demonstrated that the AOPWIN model is unable to
accurately predict gas-phase kinetic data for compounds
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beyond its application domain.11−14 This issue may be further
exacerbated in the case of many LCMs such as 1-ethyl-4-(4-(4-
propylcyclohexyl)phenyl)benzene (EPPB) and 4′′-ethyl-2′-
fluoro-4-propyl-1,1′:4′,1′′-terphenyl (EFPT), which primarily
reside in the particle phase as a result of their low volatilities.3

The atmospheric persistence of such low volatility compounds
is likely to be governed by heterogeneous photooxidation
(rather than gas-phase reactions), which currently cannot be
accurately modeled.15−18 The lack of information on the
heterogeneous products of LCMs present a further challenge
for the risk assessment of atmospherically transformed
particulate LCMs. Given that the majority of LCMs are
expected to be present in the particle phase, experimental
investigation of the heterogeneous processing of particulate
LCMs is a clear priority in order to comprehend the
atmospheric fate of these compounds.
Here, the heterogeneous OH reactions of two representative

LCMs (EPPB and EFPT) which have been coated onto the
surface of ammonium sulfate seed particles (i.e., a proxy for
pre-existing airborne particles) were studied. These two LCMs
have been commonly identified in frequently used commercial
LCD devices, contain functionalities similar to the majority of
other LCMs (i.e., phenyl, cyclohexyl, or fluorophenyl groups),
and are dominantly in the particle phase (owing to their low
volatilities).3 Using a combination of advanced mass
spectrometry techniques, the heterogeneous rate constants,
particulate oxidation products, and the associated oxidation
mechanisms from the photooxidation of particulate LCMs are
reported for the first time. These results suggest a much higher
persistence for LCMs than previously assumed and highlight
the importance of a comprehensive kinetic and mechanistic
investigation of the atmospheric transformations of LCMs.
Together, the results can potentially inform regulatory needs
for these emerging chemicals.

■ MATERIALS AND METHODS
Oxidation Flow Reactor (OFR) Experiments. Experi-

ments investigating the heterogeneous OH reactions with
EPPB and EFPT coated onto ammonium sulfate (AS) particles
were performed using an OFR (see SI).15,16 The AS particles
were generated by atomizing a 5.3 mM AS solution using a TSI
atomizer (model 3706) and dried by a TSI diffusion drier
(model 3062). The dry AS particles then passed through a
heated Pyrex glass tube (343 K) in the presence of a LCM.
This approach resulted in particles with a coating thickness of
approximately 3 nm. The coating thickness was estimated
according to the particle size distribution difference between
coated and uncoated particles, as measured by a TSI scanning
mobility particle sizer. The coated particles were subsequently
sent into the OFR (15 μg m−3; measured with an Aerodyne
high-resolution time-of-flight aerosol mass spectrometer (HR-

TOF-AMS)).19 In the OFR, LCM particles were exposed to
OH radicals at 298 K which were formed via UV photolysis
(254 nm) of ozone (0−2 ppm) with water vapor (35% RH).
The OH exposure was in the range of 4.7 × 1010−1.6 × 1012

molecules cm−3 s, as estimated via the decay of CO gas20

inside the OFR during offline calibrations (see SI).
Product Analysis. Generally, the HR-TOF-AMS is not

amenable to product identification due to the significant
molecular fragmentation associated with the 70 eV electron
impact ionization. Therefore, particle-phase heterogeneously
derived oxidation products of LCMs were qualitatively
identified with an EESI-TOFMS (electrospray ionization
time-of-flight mass spectrometer) which provided online
molecular information for organic particles,21,22 as described
further in the SI. The oxidized LCM particles first passed
through a multichannel extruded carbon denuder to remove
gas-phase organic compounds, followed by collision with
electrospray droplets generated by an electrospray capillary,
where soluble components were extracted. The evaporation of
the droplets produced ions through the Coulomb explosion
mechanism, which were subsequently analyzed by a Tofwerk
atmospheric pressure interface time-of-flight mass spectrom-
eter (APi-TOFMS). The electrospray working fluid was a
CH3CN−H2O mixture (80:20 by volume) with 200 ppm of
NaI as a charge carrier. Oxidation products were detected as
adducts with Na+ (i.e., in positive ion mode). For mass
calibration, ions associated with [(NaI)x(H2O)y(CH3CN)z]-
Na+ clusters, which were well spaced across the entire m/z
range of interest (m/z 23−491) were used.23

■ RESULTS AND DISCUSSION

Reaction Kinetics. The effective heterogeneous reaction
rate constants keff (cm

3 molecule−1 s−1) were calculated by
measuring the decay of particle-phase LCMs, as estimated
using selected molecular marker ions from the HR-TOF-AMS
that were proportional to LCM concentrations (m/z 306 for
EPPB and m/z 318 for EFPT; see SI). The keff for the
heterogeneous OH reaction with a LCM was calculated
according to eq 115,24

= − [ ]I
I

kln OH
0

eff exp
(1)

where I0 and I are the initial and current LCM concentrations
in the presence of OH radicals, respectively, and [OH]exp
represents the OH exposure. The keff can be determined from
the plot of I/I0 as a function of [OH]exp (Figure S1), after
fitting an exponential function to the data. The effect of OH
gas-phase diffusion on the measured keff was accounted for,

25,26

resulting in a calculated true rate constant (k).

Table 1. Experimentally Derived and AOPWIN Predicted Parameters (Rate Constants k and Atmospheric Lifetimes τ) for two
LCMs (EPPB and EFPT) and two Phosphate Flame Retardants (TDCPP and EHDP)

k (×10−13 cm3 molecule−1 s−1) τ_low OH (days)c τ_high OH(days)
d

Chemicals Particle-phase AOPWIN Particle-phase AOPWIN Particle-phase AOPWIN τparticle-phase/τAOPWIN

EPPB 7.05 ± 0.46 242.3 25.3 0.7 10.3 0.3 34.4
EFPT 4.67 ± 0.25 127.0 38.1 1.4 15.5 0.6 27.2
TDCPPa 9.20 ± 0.92 180.8 19.4 1.0 7.9 0.4 19.7
EHDPb 11.2 ± 2.2 398.5 15.9 0.5 6.5 0.2 35.6

aTDCPP: tris-1,3-dichloro-2-propyl phosphate.15 bEHDP: 2-ethylhexyl diphenyl phosphate.23 cLow OH: OH concentration = 6.5 × 105 molecules
cm−3.39 dHigh OH: OH concentration = 1.6 × 106 molecules cm−3.39
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As shown in Table 1, the calculated values of k for EPPB and
EFPT are (7.05 ± 0.46) × 10−13 and (4.67 ± 0.25) × 10−13

cm3 molecule−1 s−1, respectively. These values of k are less
than those of phosphate flame retardants such as tris-1,3-
dichloro-2-propyl phosphate (9.20 × 10−13 cm3 molecule−1

s−1) and 2-ethylhexyl diphenyl phosphate (1.12 × 10−12 cm3

molecule−1 s−1),15,23 suggesting a lower OH reactivity of EPPB
and EFPT relative to phosphate flame retardants. As noted
above, a previous study has based the determination of the
atmospheric persistence of LCMs on AOPWIN-modeled rate
constants,3 which are also provided in Table 1 for EPPB and
EFPT. The derived kinetic data here for these two compounds
indicate that the measured k values are 30 times lower than the
modeled results. The significant differences between the
measured and modeled rate constants for these two LCMs
reflect the ineffectiveness of currently used models to predict
the reactivity for particulate compounds and has important
implications for the atmospheric fate of currently produced
LCMs, as discussed further below.
Oxidation Products and Mechanisms. In addition to

the heterogeneous kinetics derived above, an important aspect
associated with the fate of LCMs is an understanding of the
oxidation products upon photooxidation. Such information can
be determined through the use of an EESI-TOFMS (see
Materials and Methods). The difference in the EESI-TOFMS
spectra between oxidized and unreacted LCM-containing
particles is illustrated in Figure 1A and B for EPPB and
EFPT, respectively.
In the case of EPPB, the signal intensities for m/z peaks at

329 and 370, which were attributed to [M+Na+], and
[M(CH3CN)]Na

+ (M = EPPB molecule), decreased sub-
stantially when exposed to OH radicals (Figure 1A), consistent
with the degradation of EPPB. Conversely, a number of m/z
peaks (m/z 269−436) increased because of the presence of
transformation products (possible structures shown in Table
S2) which clustered with Na+ ions. On the basis of the
tentatively identified particulate products from the EPPB
oxidation experiments, a general photooxidation mechanism
for particulate EPPB was proposed, where black boxes
indicated chemical formulas that were identified by EESI-
TOFMS during experiments (Figure 2A). The oxidation
reactions in Figure 2A include two major channels: OH
reactions with the alkyl group (channel 1) and with the phenyl
ring (channel 2).
In channel 1, oxidation is initiated by H-abstraction by OH

from the propyl group of EPPB in the presence of O2,
generating alkylperoxy radicals. A hydroperoxide (product E1)
is formed during the subsequent reactions of alkylperoxy
radicals and HO2, which can further react via two additional
oxidation routes. First, E1 is converted to an alcohol (product
E2) and a carbonyl (product E3) through the well-known
Russell mechanism,27,28 which are subsequently oxidized to an
organic acid (product E4) and a peracid (product E5),
respectively. Second, a dihydroperoxide (product E6) and a
trihydroperoxide (product E14) were formed during the
reactions of E1 and OH, which can then be converted to
hydroxyl hydroperoxides (products E7 and E15) and carbonyl
hydroperoxides (products E8 and E16) via the above-
mentioned Russell mechanism, respectively. With continued
OH reaction, E8 can be converted to carbonyls (products E9
and E12), a dicarbonyl hydroperoxide (product E10), a hydroxyl
dicarbonyl (product E11), and a carboxyl hydroperoxide
(product E13).

Channel 2 proceeds via a well-established OH-addition
mechanism,29,30 whereby a phenol product (product E17) can
be formed directly, as well as O2 addition to produce cyclic
peroxy radicals (see the blue box in Figure 2A). The cyclic
peroxy radicals are in turn converted to cyclic hydroxyl
hydroperoxides (product E18) or are isomerized to carbon-
centered radicals (see the purple box in Figure 2A). With
further O2 addition, these carbon-centered radicals lead to the
formation of bicyclic peroxy radicals, which have been
demonstrated to be key photooxidation intermediates for
aromatic compounds such as toluene and m-xylene.31,32 Once
formed, bicyclic peroxy radicals can undergo two reaction
pathways. The first pathway involves a non-ring-opening
reaction; i.e., bicyclic peroxy intermediates react with HO2 to
produce a bicyclic hydroxyl hydroperoxide (product E21),
which subsequently transforms to a bicyclic alcohol (product
E22) and a bicyclic carbonyl (product E23). In the second
pathway, bicyclic peroxy intermediates undergo ring-opening
reactions to form unsaturated dicarbonyls (product E24 and
E28). Further reaction of E18, E24, and E28 would result in the
formation of products E19−E20 (cyclic alcohols and carbonyls),
E25−E27 (unsaturated carboxylic acids), and E29−E32 (un-
saturated hydroperoxides, alcohols, and carbonyls), respec-
tively.
The mechanisms presented above are consistent with

mechanisms for the photooxidation of alkanes33,34 and

Figure 1. Differential EESI-TOFMS spectra (oxidized−unreacted) for
EPPB (A) and EFPT (B) at 6.1 × 1011 and 1.1 × 1012 molecules cm−3

s OH exposure, respectively. Positive mass spectra indicate formed
products. For clarity, the [(NaI)x(H2O)y(CH3CN)z]Na

+ ions were
removed.
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aromatic compounds,31,35 respectively. In addition, some
products of EPPB (e.g., E19) can undergo further reactions
to form products E33−E40, as shown in Figure S2. Together, 40
oxidation products are observed for EPPB, among which E1

and E20 (m/z 361), E2 and E17 (m/z 345), E5 and E8 (m/z
375), and E6 and E23 (m/z 393) are isomers (with identical
exact mass), and cannot be differentiated from each other.
With respect to EFPT, the signal intensities at m/z ions 341

and 382, which were ascribed to [M+Na+] and [M(CH3CN)]-

Na+ (M = EFPT molecule), decreased significantly when
exposed to OH radicals (Figure 1B). At the same time,
multiple m/z ions in the range of from m/z 267 to 430
increased, having ions associated with Na+ or (CH3CN)Na

+

clusters with oxidation products F1−F26, as shown in Table S3.
Upon the basis of the tentatively identified products in Table
S3, we propose a photooxidation mechanism for EFPT (Figure
S3) which is similar to that of EPPB (i.e., channel 1 and
channel 2 in Figure 2A). The similarity between mechanisms

Figure 2. (A) Proposed heterogeneous photooxidation mechanism for particle-phase EPPB. The black boxes indicate oxidation products (i.e.,
elemental formulas) measured using the EESI-TOFMS. Note that the mechanism presented is not a complete mechanism for the heterogeneous
OH oxidation of EPPB, as oxidation may also occur on the ethyl, phenyl, and cyclohexyl groups, potentially forming isomers not shown. (B)
Estimated atmospheric lifetimes of EPPB, EFPT, and flame retardants (TDCPP, EHDP, and BDE-28).15,23,41 BDE-28: 2,4,4′-tribrominated
diphenyl ether. The atmospheric lifetimes for particle-phase species were estimated using measured heterogeneous kinetics data.
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here implies that other particulate LCMs may follow similar
reaction mechanisms during photooxidation. This is partic-
ularly likely since currently produced LCMs have similar
chemical structures,3 i.e., diphenyl backbone structure with
possible halogen substitution. Consequently, the photo-
oxidation products for particulate LCMs may potentially be
predicted based upon the currently proposed mechanisms,
with important implications described below.
It should be noted that the reaction channels presented here

(Figure 2A and Figure S3) represent a general photooxidation
mechanism for particulate LCMs, since oxidation can also
occur on other reactive sites including the ethyl, phenyl, and
cyclohexyl groups (probability discussed in SI), with the
potential for the formation of additional isomers. Regardless,
the evolution of the identified oxidation products during
photooxidation is consistent with the currently proposed
oxidation mechanisms, in that the relative signal enhancements
for early generation products with increased OH exposure are
generally more prominent than those of later-generation
products (Figure S4). The HR-TOF-AMS results can also
offer some limited insights into the LCMs transformation
products, which are in agreement with the EESI-TOFMS
results (see SI).
Atmospheric Persistence and Implications. With the

measured kinetic rate constants provided here (Table 1), a
more accurate picture of the atmospheric persistence of these
LCM emerges. The atmospheric lifetimes τ (days), which are
important parameters for determining the risks of synthetic
chemicals,36,37 can be estimated for EPPB and EFPT based
upon a global mean OH concentration ([OH]GM; 6.5 × 105−
1.6 × 106 molecules cm−3)38−40 and the reaction rate constants
determined here (k)

τ = [ ]k1/ OH GM (2)

The calculated τEPPB and τEFPT are in the ranges of 10.3−25.3
and 15.5−38.1 days, respectively. The lifetimes determined
here, while dependent on the concentration of [OH]GM, are
∼30 times longer than those estimated previously through
modeling (Figure 2B). Previous results have also demonstrated
that other synthetic chemicals (e.g., flame retardants) are more
persistent than predicted, similarly as a result of large
deviations between measured heterogeneous kinetics and
AOPWIN modeled gas-phase kinetics.15,16

We note that the atmospheric lifetimes derived for EPPB
(up to 25 days) and EFPT (up to 38 days) are significantly
longer than the τ of flame retardants such as tris-1,3-dichloro-
2-propyl phosphate, 2-ethylhexyl diphenyl phosphate, and
2,4,4′-tribromodiphenyl ether (up to 10−19 days; Figure
2B),15,23,41 all of which have been demonstrated to be
persistent in air and can undergo long-range transport.42,43

Therefore, the two investigated LCMs, and likely other low
volatility LCMs of similar structure (∼190 LCMs; see SI), will
also be persistent in the atmosphere, with the potential to
undergo long-range atmospheric transport. This is contrary to
previous understanding, which until now has considered LCMs
to be nonpersistent in air.3 Consequently, LCMs may be
ubiquitous in the outdoor environment, despite no published
reports of their measurements in ambient air. With the
demonstrated health impacts associated with LCMs,3 the
present results highlight the need for future ambient field
measurement studies, potentially utilizing passive air sampling
for long-term monitoring,44,45 to quantify the levels of LCMs
in various regions globally, as a first step in assessing the

environmental and health risks of these chemicals. Similarly,
this work indicates that LCMs are also likely to be persistent
within indoor environments, which are known to contain
oxidants46,47 and numerous LCD device sources.
The present study, while offering new kinetic results for

LCMs, also provides valuable insights into the oxidation
mechanisms and products for airborne particulate LCM. The
product information here is likely to provide guidance for
future field measurements that aim to understand the fate of
LCMs, including their oxidation products in both indoor and
outdoor environments. This represents the logical next step in
further understanding the overall impacts of LCM oxidative
chemistry.
Furthermore, the recent proliferation of nontargeted analysis

as a means of identifying pollutants in environmental
samples48−50 provides additional support for the current
work. The interpretation and source characterization of the
resultant complex nontargeted data sets are extremely difficult
due to the lack of information on the chemical characteristics
of the detected compounds (parent molecule vs transformation
product).51 However, based upon the product information
obtained here, the nontargeted analysis process can be
simplified via a suspect screening approach, whereby field
sample data are scrutinized for the presence of LCM products
determined here. This will significantly enhance the data
processing efficiency of nontargeted analysis, particularly since
the current results suggest that the heterogeneous oxidation
products from other LCMs of similar structure can be
predicted.
It should also be noted that quantification of the oxidation

products in this work cannot currently be achieved due to the
lack of product standards. Despite this limitation, the
complexity of LCM products observed here (66 species, not
including isomers) for just two parent compounds underscores
the need for additional investigations into these chemicals.
This must include further study of the toxicity of the parent
LCM as well as the toxicological evolution of LCMs upon
photooxidation, as it remains an open question whether the
overall LCM matrix (parent + products) will become more or
less toxic upon introduction to the atmosphere. This will
contribute to a more complete understanding of the environ-
mental and health risks associated with atmospheric LCMs.
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