Ordering Transitions of Liquid Crystals Triggered by Metal Oxide-
Catalyzed Reactions of Sulfur Oxide Species

Nangqi Bao,™* Jake I. Gold,** Jonathan K. Sheavly,” James J. Schauer,™ Victor M. Zavala,” Reid C. Van
Lehn,” Manos Mavrikakis** and Nicholas L. Abbott*-*

*Smith School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY 14853, USA
#Department of Chemical and Biological Engineering, University of Wisconsin-Madison, Madison, W1 53706, USA
"Department of Civil and Environmental Engineering, University of Wisconsin-Madison, Madison, W1 53706, USA

ABSTRACT: Liquid crystals (LCs), when supported on reactive surfaces, undergo changes in ordering that can propagate over
distances of micrometers, thus providing a general and facile mechanism to amplify atomic-scale transformations on surfaces into
the optical scale. While reactions on organic and metal substrates have been coupled to LC ordering transitions, metal oxide substrates,
which offer unique catalytic activities for reactions involving atmospherically important chemical species such as oxidized sulfur
species, have not been explored. Here we investigate this opportunity by designing LCs that contain 4’-cyanobiphenyl-4-carboxylic
acid (CBCA) and respond to surface reactions triggered by parts-per-billion concentrations of SO, gas on anatase (101) substrates.
We used electronic structure calculations to predict that the carboxylic acid group of CBCA binds strongly to anatase (101) in a
perpendicular orientation, a prediction that we validated in experiments in which CBCA (0.005 mol%) was doped into a LC (4’-n-
pentyl-4-biphenylcarbonitrile). Both experiment and computational modeling further demonstrated that SOs-like species, produced
by a surface-catalyzed reaction of SO, with H,O on anatase (101), displace CBCA from the anatase surface, resulting in an
orientational transition of the LC. Experiments also reveal the LC response to be highly selective to SO, over other atmospheric
chemical species (including H>O, NHj3, H,S, and NO,), in agreement with our computational predictions for anatase (101) surfaces.
Overall, we establish that the catalytic activities of metal oxide surfaces offer the basis of a new class of substrates that trigger LCs

to undergo ordering transitions in response to chemical species of relevance to atmospheric chemistry.

INTRODUCTION

Materials that can be programmed to respond to targeted
chemical species' have broad potential utility, including for
energy transduction,>? amplification of chemical information*
and design of autonomous and adaptive chemical systems.>® A
key challenge underlying the encoding of chemical
responsiveness in organic materials (e.g., polymer thin films,
hydrogels, liquid crystals) is understanding how changes in
composition and atomic-scale structure of interfaces impact
functional properties.”!? Liquid crystals (LCs)," for example,
can be oriented by short-range (chemically specific) and long-
range (e.g., electrical double layer) interactions between the
molecules forming the LC (or molecular dopants in the LCs)
and chemical functional groups presented at confining
surfaces.'*?! The orientation-dependence of these interactions
is weak (typically 103-102 mJ/m?) and, therefore, LC ordering
is readily perturbed by changes in the structure of surfaces that
accompany reactions.!®?? In this paper, we focus on ordering
transitions in LC materials triggered by catalytic reactions
occurring on metal oxide surfaces that involve sulfur oxide
species of relevance to atmospheric chemistry.?

Sulfur dioxide (SO,) is a widely used industrial chemical®* and
is a major component of the atmospheric sulfur cycle,
contributing to acid deposition and sulfate aerosol that affect
both climate and human health.?>? Nearly one-half of global

SO, emissions are converted to particulate sulfate by ozone,
hydrogen peroxide, and OH radicals.?’-?® The transformation of
SO, can occur in the gas phase, in water droplets,?®%* or via
heterogenous processes on mineral aerosol surfaces (e.g., TiO,
Fe»0; and Al,O;).3%3! TiO,, in particular, is present in airborne
particulate matter.> The catalytic transformation of SO, on
TiO, surfaces to other sulfur species (e.g., sulfite or sulfate) is
impacted by various environmental conditions, including
relative humidity, UV irradiation and molecular oxygen.*
Here, we explore how atomic-scale transformations of SO, on
metal oxide surfaces can be coupled to LC ordering transitions,
thus providing new knowledge for how surface-catalyzed
reactions of relevance to atmospheric chemistry can be targeted
to generate macroscopic changes in material properties.

The work reported in this paper advances the design of
chemically-responsive LCs. A number of approaches to the
design of chemically responsive LCs have been reported.’>
One strategy leverages changes in the organization of LCs upon
exposure to targeted chemical species. For example, chiral
molecules that change their helical twisting power upon
interaction with targeted chemical species have been doped into
cholesteric LCs.333*4 Our work contributes to a second
strategy that is based on surface-induced changes in LC
ordering. For example, past studies have shown that ligand
exchange reactions (e.g., nitrile or pyrimidine) at metal cation-
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decorated surfaces can be coupled to ordering transitions in
LCs.** More recently, instead of using amorphous metal salt
surfaces as substrates, LC systems have been designed to report
atomic-scale processes such as dissociative adsorption of Cl, on
the surfaces of crystalline metallic films (e.g., Pd on Au).*%!
The catalytic activities of metal oxide surfaces, however, have
not previously been explored for the design of chemically
responsive LCs.

The chemical reactivities of metal oxide surfaces have been
widely studied in surface science and catalysis and employed
industrially (e.g., TiO,, A,Os, ZnO, and Sn0,**), and we set
out to translate this understanding to the design of LCs that
report in situ targeted atomic-scale surface processes. In
particular, as mentioned above, TiO, is studied as a
photocatalyst in the context of atmospheric chemistry due to its
high reactivity and abundance.*>>* In addition to photochemical
reactions, reactions involving H,O, sulfur-containing or
nitrogen-containing molecules, and carboxylic acids®® on TiO,
have been extensively studied in the context of sensing,’’
energy storage, and conversion.’® In this paper, we build from
these prior studies to design LCs supported on TiO, that
respond to SO; and its reaction with H,O. We comment that the
anchoring of LCs on oxide surfaces has been reported (e.g.,
silica®®% or indium tin oxide®'), but chemically responsive LCs
based on the catalytic activity of metal oxide surfaces have not
been described.

To summarize, the work reported on this paper is conceptually
important for two reasons. First, the paper is the first to report
the design of a chemically responsive LC based on the catalytic
reactivity of a metal oxide surface. We illustrate the approach
using TiO, surfaces but emphasize that the approach is
generalizable to a broad range of metal oxides with reactivities
that are well-known from prior surface science, heterogeneous
catalysis and atmospheric chemistry studies.*>>°2 Second, this
paper provides an approach that amplifies atomic-scale
transformations involving SO, via LC ordering transitions, a
chemical species that has not previously been shown to trigger
ordering transitions in LCs. The optical response of the LC is
sensitive to parts-per-billion (ppb) concentrations of SO,, and
highly selective to SO, over a range of other potentially
interfering atmospheric compounds (e.g., H,O vapor, NH3, H>S,
and NO,). The LC ordering transitions triggered by SO, on
TiO, surfaces thus appears potentially promising as the basis of
light-weight and energy efficient devices for atmospheric
monitoring (using aerial drones or balloons®?) and for wearable
sensors for monitoring of personal exposure to SO,.%

METHODS
Experimental

Materials. Fischer’s Finest glass slides, and solutions of
sulfurous acid and sulfuric acid were purchased from Fischer
Scientific (Pittsburgh, PA). Absolute ethanol (anhydrous, 200
proof) was purchased from Pharmco-AAPER (Brookfield, CT).
All chemicals and solvents were of analytical reagent grade and
were used as received. Deionized water possessed a resistivity
of at least 18.2 MQ cm or greater. Sulfuric acid (95-97%) and
Nochromix cleaning agent were purchased from Sigma-Aldrich
(Milwaukee, WI). The liquid crystals, 4’-n-pentyl-4-
biphenylcarbonitrile (5CB) and 4-(trans-4’-pentylcyclohexyl)-
benzonitrile (PCHS) were purchased from Jiangsu Hecheng
Advanced Materials Co., Ltd (Jiangsu, China). 4-(trans-4’-

propylcyclohexyl)-benzonitrile (PCH3) was synthesized using
an approach reported previously.®® 4'-cyanobiphenyl-4-
carboxylic acid (CBCA) was purchased from Matrix Scientific
(Columbia, SC). 10+0.5 ppm SO,, 10+0.7 ppm NO,, 1041 ppm
H,S, 2% H, and 10+0.6 ppm Cl, (balanced in nitrogen gas), and
pure nitrogen gas (99.998% purity) were obtained from Airgas
(Elmira, NY) and used as received.

Fabrication of TiO: thin films. We prepared TiO; thin films
on three types of substrates. First, we used glass in experiments
that required optically transparent substrates for polarized light
microscopy of LCs. Second, we used silicon wafers in
experiments that involved X-ray photoelectron spectroscopy
(XPS) to minimize surface charging that can shift or broaden
spectra.%* Third, we used Pt-coated silicon substrates to enable
infrared measurements using Fourier transformed polarization-
modulation infrared reflectance absorbance spectroscopy (PM-
IRRAS) because the metal coating is reflective and provides
surface selection rules that facilitate the interpretation of the IR
spectra.®® For deposition of TiO, films on glass, glass slides
were cleaned using Nochromix cleaning solution (7g/100 mL
Nochromix in deionized water and 100 mL sulfuric acid 97%)
for 1 hour. Then, the slides were rinsed sequentially in
deionized water and ethanol, and dried under a stream of
nitrogen. For deposition of TiO, films on silicon wafers, wafers
were rinsed in ethanol and dried under a stream of nitrogen. For
deposition of TiO, films on Pt-coated silicon substrates, thin
films of Pt were fabricated by sequential deposition of 20 A of
Ti and 200 A of Pt onto Si wafers using an electron beam
evaporator. TiO; thin films were deposited on these three types
of substrates using atomic layer deposition (ALD, Arradiance
Gemstar-6) from tetrakis-dimethyl-amido titanium (TDMAT)
and H,O precursors at 225°C. The thickness of the TiO, film
fabricated using 60 ALD cycles was measured to be 3.27+0.03
nm by ellipsometry (Woollam spectroscopic ellipsometer).
TiO; thin films were then annealed at 500°C for 15 hours in dry
air to obtain the anatase (101) phase (see SI for experimental
evidence).

X-ray photoelectron spectroscopy (XPS). TiO; anatase films
formed on Si wafers (prepared as described above) were
analyzed using a Scienta Omicron ESCA-2SR with operating
pressure ~1x10” Torr. Monochromatic Al Ko X-rays (1486.6
eV) were used, and photoelectrons were collected from a 5 mm
diameter analysis area. Photoelectrons were collected at a 0°
emission angle with a source to analyzer angle of 54.7°. A pass
energy of 200 eV was used for wide/survey scans, and 50 eV
was used for high-resolution scans. All XPS results were
analyzed by CasaXPS software.

Fourier transformed polarization-modulation infrared
reflectance absorbance spectroscopy (PM-IRRAS). IR
spectra of CBCA films deposited onto anatase-coated Pt
surfaces (prepared as described above) were obtained using a
Nicolet Magna-IR 860 FT-IR spectrometer with a photoelastic
modulator (PEM-90, Hinds Instruments, Hillsboro, OR),
synchronous sampling demodulator (SSD-100, GWC
Technologies, Madison, WI), and a liquid N,-cooled mercury
cadmium telluride (MCT) detector. All spectra (4000-700 cm’
1) were recorded at an incident angle of 83° with the modulation
centered at either 2200 or 1600 cm™. For each sample, 500
scans were taken at a resolution of 4 cm™. Data were collected
as differential reflectance vs. wavenumber. All IR results
presented were analyzed by OMNIC software.



Formation of thin films of LC supported on anatase TiO..
An 18 pm-thick copper TEM grid (Electron Microscopy
Sciences, Hatfield, PA) was placed on the anatase surface. The
TEM grid had an overall diameter of 3 mm and was composed
of square pores with lateral dimensions of 285 um. The grids
were filled with 0.1 pL LC using a microcapillary. The excess
LC was removed from the grids by wicking the LC into an
empty capillary tube.

Characterization of orientations of LCs in optical cells
during gas exposure. LC samples hosted within TEM grids
supported on anatase surfaces (fabricated on glass, see details
above) were exposed to a stream of nitrogen containing SO,
within a flow cell that was constructed to direct the gaseous
flow across the LC samples while permitting observation using
a polarized-light microscope (CH40, Olympus, Melville, NY).
A detailed description of the flow cell can be found in a prior
publication.%¢ White light illumination was used in the
microscopic observations. The stream of gas containing SO,
was obtained from a certified cylinder (see Materials)
containing 10 ppm SO, in nitrogen and diluted with N, to the
desired concentrations (5+0.3, 2+0.1, 1+0.06, 0.5+0.03,
0.2+0.01, and 0.075+0.005 ppm). The stream of gas containing
NHj3, NO», H,S or Cl, was obtained from a certified cylinder
(see Materials) and diluted with N, to 5 ppm. The relative
humidity of the N, was controlled using a dew point generator
(LI-610, LI-COR Biosciences). The flow rate of each gas
stream was controlled using a rotameter (Aalborg Instruments
and Control, Orangeburg, NY). The total flow rate was
maintained at 1000 mL/min at atmospheric pressure.

Theoretical

Density functional theory. Density functional theory (DFT)
calculations were performed for bulk, surface, and cluster
structures as implemented in Vienna Ab Initio Simulation
Package (VASP code).”®® Projected augmented wave
potentials were used to describe the electron-ion
interactions.®*’® The exchange-correlation functional was
described by the generalized gradient approximation (GGA-
PBE).”! All calculations employed Grimme’s D3 empirical
dispersion correction scheme with zero damping.”> Spin
polarization calculations were used for calculations that
involved O,. The electron wave function was expanded using
plane waves with an energy cutoff of 400 eV. The Brillouin
zone (BZ) was sampled with I'-centered Monkhorst—Pack k-
point mesh” with a k-point density greater than 11x11.4 k-
points per 1/A. For example, on (2x3) surface unit cell of
anatase (101) with dimensions of 11.0 A x 7.6 A, we used a k-
point mesh of 1 x 1 per unit cell. Gaussian smearing of 0.1 eV
was used in all calculations. Structures were relaxed until the
Hellmann—Feynman forces acting on each atom were less than
0.02 eV A", Dipole corrections were applied in the direction
normal to the surface.”

The surface models of anatase TiO, were constructed from the
most stable (101) facet that was confirmed in experiments (see
Supporting Information (SI) for experimental evidence). Each
TiO; slab contained four TiO; layers with the bottom two TiO,
layers fixed to the bulk lattice constant of TiO». The relaxed slab
has a total thickness of 12.9 A, defined as the difference in the
atomic centers of the furthest atoms projected along the surface
normal axis. The calculated lattice constants of anatase (a = 3.80
A, b=9.56 A) are in good agreement with experimental values
(@a=3.78 A,b=9.51 A).” A vacuum layer of at least 10 A was

used as the separation between images of each slab. We used
three types of unit cells, either (2x2), (2x3), or (2x4). Binding
energy (BE) is calculated by: BE = Egnataseraas — Eads,g —
E jnatase» Where Egpnaraserads 15 the total energy of the anatase
(101) slab, including the adsorbate, Eq4s 4 is the total energy of
the adsorbate in the gas phase, E,,4¢qse 1S the total energy of the
pristine anatase (101) slab with no adsorbate on it. By this
definition, more negative values of BE correspond to stronger
binding species. Reaction energies are calculated accordingly.
Vibrational frequencies were calculated using the harmonic
approximation. The mass-weighted Hessian was built up via
numerical differentiation of the energy using a second-order
finite difference approach®® with a step size of 0.008 A.

Molecular dynamics. Classical molecular dynamics (MD)
simulations were performed to verify the homeotropic
orientation of 5CB in the bulk induced by the CBCA anchored
on anatase (101). SCB was modeled using an all-atom model
that was previously parameterized using DFT calculations and
shown to reproduce the room temperature P, order parameter,
density, and diffusivity.”® CBCA was modeled following the
same parameterization strategy used for 5CB by using the
Generalized Amber Force Field”” to model Lennard-Jones
interactions and assigning atomistic partial charges using a grid-
based electrostatic potential fitting method (see details in SI).
TiO; surfaces were modeled using parameters obtained from
prior ab initio simulations of TiO,-water interfaces.”® To model
the molecules in the LC near an anatase (101) surface, CBCA
molecules were bound to the surface by applying a position
restraint and angle restraint, with parameters for the latter
determined by fitting DFT-calculated binding energies as a
function of angle to a harmonic potential. CBCA structures
calculated from DFT relaxed to a tilt angle of 66° for the C-C
bond that connects the phenyl ring and the carboxylic acid
group of the CBCA molecule relative to the surface (see Figure
1 and Figure S5 for more details), which we define as being
perpendicular in this work. Further details on the fitting
procedure and the spring constants can be found in SI. Unbiased
simulations were performed for a system consisting of 2000
5CB mesogens and 80 CBCA molecules bound to a 1.6 nm
thick layer of anatase TiO,. The system was equilibrated
utilizing a simulated annealing procedure before a 30 ns
simulation was performed at 27°C and used to produce data.
Additional details are included in SI. All MD simulations were
performed using GROMACS 2016.7

RESULTS AND DISCUSSION
Ordering of LC on Anatase (101)

We fabricated TiO; thin films with thicknesses of 3.27+0.03 nm
on glass substrates by ALD and then annealed the films at
500°C for 15 hours to obtain the anatase (101) phase,* a result
that was confirmed using X-ray diffraction (Figure Sla). We
confirmed that the ALD films were continuous and smooth
(root mean square roughness of 0.21 nm over an area of 2 um
X 2 um from atomic force microscopy measurements (Figure
S2)). The anatase (101) thin films used in this study did not
contain detectable surface hydroxyl groups when characterized
by PM-IRRAS (see details in Figure S1).

Previous studies have shown that SO, adsorbs strongly to TiO»,
as compared to other oxides, including AlO; or SiO,,%! and that
its adsorption is influenced by H,0.%%%3 Guided by these studies,
we sought to use DFT to determine possible designs of
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responsive LCs for SO, based on TiO, anatase (101) surfaces.
We first evaluated the interactions of LCs, or potential dopants
in LCs, with anatase (101), to predict the likely initial
orientations of LCs on TiO; surfaces. Subsequently, we selected
LCs and dopants with interactions that we predicted would be
disrupted by reactions involving SO, that trigger an
orientational transition of the LC on the TiO, surface.

We first evaluated the binding energy (BE) of 4’-n-pentyl-4-
biphenylcarbonitrile (5CB), a room temperature nematic LC,
with TiO, surfaces by performing calculations with benzonitrile
(PhCN, a surrogate molecule for SCB, Figure 1 and Figure 2a).
We calculated a BE of -0.74 eV between the nitrile group of
PhCN and the undercoordinated Ti five-fold site (Ti*") on the
anatase (101) surface when binding occurred in a perpendicular
orientation (Figure 1 and Table 1). We also calculated the BE
of H,O to the Ti*f site on anatase (101) to be 0.22 eV stronger
than PhCN (BE = -0.96 eV, Table 1). This result suggests that
under ambient conditions (20-60% relative humidity (RH)),
5CB on the TiO; anatase surface will be displaced by water and
likely adopt a planar (parallel) orientation. To evaluate these
predicted LC anchoring behaviors in experiments, we deposited
an 18 pm-thick film of nematic SCB onto the surface of an
anatase film prepared as described above. Figure 2¢ shows that
the SCB exhibited a bright optical appearance in the ambient
environment (40+10% RH), indicating a parallel or tilted
orientation of 5CB on the surface (Figure 2¢). This result is
consistent with the computational predictions of preferential
binding of H,O over PhCN on anatase (101). We quantified the
tilt angle of the LC from the surface normal by measuring the
optical retardance of a film of SCB between two anatase
surfaces (see SI for additional details). The tilt angle was
determined to be 85+7°. To confirm that the planar orientation
of 5CB on anatase (101) is induced by the displacement of the
LC by adsorbed H,O (from ambient environment), we exposed
a film of 5CB supported on the anatase surface to dry N,. We
observed 5CB to exhibit a dark optical appearance after 1 hour-
exposure to dry N, (Figure S7a), consistent with a sufficiently
strong BE of PhACN (-0.76 eV) to induce homeotropic anchoring
of the LC on the clean anatase surface. These results
demonstrate that water controls the orientation of 5CB
supported on anatase (101), leading us to search for a molecule
with functional groups that would bind to TiO, more strongly
than H,O for the design of water-tolerant LCs under ambient

humidity.
PhCN M1PhCOOH M2PhCOOH  BPhCOOH S0, + 2H
-0.74 eV -1.32 eV -1.79 eV

-1.32eV -1.32 eV

Cross-section

Figure 1. Top and cross-section view of the calculated minimum
energy structure for PhnCN, PhCOOH in a monodentate 1 (M1),
monodentate 2 (M2), or bidentate (B) structure, and SO3 + 2H* on
(2x3) unit cell of anatase (101). Energies relative to the gas phase
of clean anatase (101) and PhCN, PhCOOH, or SO2+H20 are
shown below the structure name. Light gray is surface titanium,

light red is surface oxygen, white is hydrogen, blue is nitrogen, and
yellow is sulfur. Subsurface atoms are colored with darker shades:
dark gray is subsurface titanium, and dark red is subsurface oxygen.

Past studies have shown that carboxylic acid-containing
molecules bind strongly to TiO, surfaces, including anatase
(101).8+8  Although there remains some debate over the
structure of the bound carboxylic acids, it is generally believed
that binding is monodentate, with the proton shuttling between
carboxylate species and the bridge oxygen (O") on the anatase
(101) surface.®** Guided by this prior work, we explored the
behavior of a carboxylic acid-containing molecule, 4’-cyano-4-
biphenylcarbolxylic acid (CBCA) on anatase (101). For
calculations, we used PhCOOH as a surrogate molecule for
CBCA (Figure 2b), and evaluated the BE of PhCOOH to
anatase (101) in a perpendicular alignment using two
monodentate structures (M1 and M2 in Figure 1) where O of
COOH is bound to one Ti*' site, and H of COOH is hydrogen
bound to either the far O (M1) or the near O (M2). We also
evaluated the bidentate structure (B in Figure 1) where the
PhCOOH dissociates and binds to two Ti’' sites through its O
atoms, and the proton binds to a nearby O site, similar to the
reported structure of PhCOOH on rutile.®’ Interestingly, we
found that the calculated BEs are similar for all three structures
(BE=-1.32 ¢V in Figure 1). Because prior experimental studies
suggest that carboxylic acid-containing species bind in
monodentate structures on defect-free anatase (101) at 300 K 3
% and because monodentate species are expected to dominate to
maximize the number of bound PhCOOH per unit area at high
coverages, we propose that the monodentate structures are the
most relevant ones to use in our designs of chemically
responsive LCs. Furthermore, M1 becomes the energetically
preferred structure on a (2x4) unit cell of anatase (101) (Figure
S3); therefore, in the following we focus our DFT and
molecular dynamics (MD) simulations on the M1 structure.

Table 1. Calculated binding and reaction energy (BE and AE,
respectively) on clean anatase (101) for a (2x3) surface unit cell.
Adsorption of H* and SO4* species are calculated to be co-
adsorbed on the same slab. All binding energies are calculated
with one adsorbate on the slab. Most exothermic events are
listed first.

Equation AE (eV)
R2 SOx(g) + 2H,0(g) + 5* > 4H* + SO4* -2.06
R1 SO»(g) + HO(g) + 3* > 2H* + SO;* -1.79
BEphcoon PACOOH(g) + * - PhCOOH* -1.32
BEmwo H,O(g) + * > H,0* -0.96
BEpwcn  PhCN(g) + * > PhCN* -0.74
BEso2  SOi(g) + * > SOy* -0.67

Significantly, the calculations reported above reveal that
PhCOOH binds more strongly (by 0.36 ¢V) than H,O to anatase
(101) (Table 1), leading to the prediction that H,O will not
trigger changes in the orientation of PhCOOH-containing LCs
on TiO,, as required for water-tolerant responsive LCs.>” In
addition, because PhCOOH binds in a perpendicular orientation
with a BE of -1.32 eV, we predict that PhnCOOH-containing
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LCs will adopt homeotropic anchoring on the clean anatase
surfaces.

Guided by these computational predictions, we next performed
experiments in which we measured the anchoring of CBCA-
containing LCs on anatase surfaces. Because CBCA is not
mesogenic as a pure component at room temperature, we
dissolved 0.005 mol% of CBCA into 5CB (CBCA-5CB
(CcBca=0.005 mol%)) to create room-temperature-nematic
mixtures (differential scanning calorimetry in SI confirmed that
CBCA was well-mixed into 5CB). If we assume that all CBCA
molecules in the SCB partition to the anatase (101) surface due
to CBCA'’s strong binding (BE = -1.32 eV, 0.58 eV stronger
than PhCN), we calculate that 0.005 mol% CBCA in an 18 pm-
thick LC film will generate 0.39 ML CBCA coverage on the
anatase (101) surface. Inspection of Figure 2d reveals that
CBCA-5CB (Ccpca=0.005 mol%) adopted a homeotropic
orientation (dark image between crossed polarizers; Figure 2f)
in experiments performed on the anatase surface under the
ambient humidity (40+10% RH). This observation is consistent
with computational predictions of strong binding of the
PhCOOH group in CBCA to anatase (101) (-1.32 eV in Figure
1 and Table 1), stronger than both the PhCN group of the 5CB
(-0.74 eV) and H,O present in the ambient environment (-0.96
eV). Without CBCA, as reported earlier in this paper, SCB does
not assume a homeotropic orientation in the presence of
40+10% RH.

(a) 5cB  PhCN ()
CsHys

®

CN _
(b) cBCA PhCOOH (d) Top (f) )
N

¢
29

COOH

Figure 2. (a) Molecular structures of SCB and its surrogate PhCN.
(b) Molecular structures of CBCA and its surrogate PhCOOH.
Optical images (crossed polarizers) of (¢) 5CB and (d) CBCA-5CB
(Ccaca = 0.005 mol%) hosted in copper grids on 3.27+0.03 nm-
thick anatase TiO2 in the ambient environment (40+10% RH).
Schematic illustrations of the planar (e) and homeotropic (f)
orientation of liquid crystals at LC-solid interfaces. Molecular
dynamics simulations of (g) 5CB and (h) CBCA-5CB mixture on
anatase (101) (the images are cropped; see full images in SI). Gray
is titanium, red is oxygen, green+blue is 5CB (blue is nitrogen), and
purple is CBCA.

To confirm that a coverage of 0.39 ML CBCA on anatase (101)
is sufficient to cause homeotropic anchoring of a film of CBCA-
5CB, we performed DFT energy-minimizing simulations to
determine the structural and energetic parameters of the M1
structure for use in subsequent MD simulations (see SI for
additional details). Figure 2g and Figure 2h show the resulting
orientations predicted by MD simulations of the LC on the
anatase (101) surface without and with 0.5 ML CBCA,
respectively. These simulated structures, along with calculated
long-range orientational order, as described by a scalar order
parameter (P; order parameter, see details in SI) near the
surface, further support that CBCA binding to the surface
induces homeotropic anchoring of a CBCA-5CB film, as
observed in experiments.

Ordering Transitions Triggered by Surface Reactions of
SO:

For the homeotropically oriented LC of CBCA and 5CB
supported on anatase (101) to respond to the presence of SO,
SO, would have to bind on anatase (101) more strongly than the
binding of PhCOOH to displace CBCA. To explore this
possibility, we first calculated the BE of SO, (Table 1; structure
in SI) to be -0.67 eV, which is weaker than the BE of PhCOOH
to anatase (101) (-1.32 eV), predicting that CBCA will not be
displaced by SO,. To test this computational prediction, 18 um-
thick LC films of CBCA-5CB (Ccaca = 0.005 mol%) were
deposited onto anatase surfaces and subsequently exposed to a
stream of dry N, containing 5+0.3 ppm SO, (1000 mL/min). We
observed the LC to maintain its perpendicular orientation
during the 1 hour-exposure to the SO, (Figure S7b). This result
is consistent with the computational prediction that dry SO,
cannot displace CBCA from the surface of anatase (101).

Prior studies have reported the effects of H,O (relative
humidity) on the speciation of SO, adsorbed on anatase TiO,
thin films and nanoparticles.?>*3° Specifically, SOs- or/and
SO4-like adsorbate structures were found under humid
conditions as characterized by IR*** or XPS.8? Motivated by
these prior experimental studies, we computationally evaluated
the surface reaction of adsorbed SO, and H,O to form SO;- or
SO4-like species on anatase (101) (Table 1). These
computations led us to predict that adsorbed Ph\COOH would
be displaced on anatase (101) by either 2H* + SO3;* (-1.79 eV,
Figure 1 and Figure 3b) or 4H* + SO4* (-2.06 eV, Figure S21).
Inspired by the prediction that the products of a reaction
between H,O and SO, on anatase (101) can generate surface
species that displace adsorbed PhCOOH, we exposed CBCA-
5CB mixtures supported on anatase surfaces to 2+0.1 ppm SO,
at 40% RH. As shown in Figure 3c, we observed the LC to
undergo a dynamic orientational transition that initiated
approximately 100 seconds after the onset of exposure to SO,
and H»O. With increasing duration of exposure to humid SO,
we observed an increase in the brightness of the LC, eventually
leading to a uniformly bright LC film. The continuous change
in interference colors observed during the exposure indicates
the presence of a continuous LC anchoring transition (LC
molecules are tilting). As a control experiment, we exposed the
same LC system to a stream of N, containing 40% RH for 1
hour. We observed the LCs to maintain their perpendicular
orientation (Figure S7b), consistent with the computational
prediction that H>O cannot displace CBCA. These results, when
combined, lead us to conclude that the SO, and H,O mixture
triggered the orientational response of the LC. In addition to
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evaluating the response of the LC to humid SO; at 40% RH, we
also tested the response of the same LC mixture to 2+0.1 ppm
SO, at 20%, 60%, and 80% RH. We measured no significant
influence of relative humidity on the dynamics of the LC
response to SO, (Figure S8).

Figure 3. Top and cross-section view for the energetically
preferred orientations of (a) 2 CBCA and 2 PhPhCN molecules on
a (2x2) anatase (101) surface unit cell and (b) 2 CBCA molecules
on 8H* + 4S0s3*-covered (2x4) anatase (101). (c) Optical responses
(crossed polarizers) of CBCA-5CB (Ccaca = 0.005 mol%) to 2+0.1
ppm SOz with 40% RH at 0, 100, 140, and 200 seconds after onset
of exposure.

Binding of CBCA and SO: with Anatase (101)

To further understand the structure of the SO,- and H>O-derived
adsorbates on anatase (101) after exposure to humid SO,, we
performed XPS measurements. The anatase surfaces were first
coated with 18 um-thick films of the CBCA-5CB mixture,
exposed to 5 ppm SO, at 40% RH for 10 minutes, and then
rinsed with ethanol to remove the LC prior to performing XPS.
Inspection of Figure 4a reveals that, after exposure to humid
S0O2, a peak corresponding to S2p is clearly evident. The S2p
peak can be deconvoluted into S2pi, and S2ps, peaks, which
are used to determine the identity of the S-containing species.®
The S2ps, binding energy at 167.6+£0.2 eV is assigned to
surface-bound SOs-like species.® However, inspection of
Figure 4a reveals an absence of the SOs-like species (S2ps»
peak at > 169 eV?®?),

The above-described experimental observation generates an
unanswered question: why is the SO4-like species not observed
on the surface even if the formation of this species is
thermodynamically favored over the SOs;-like species (Table
1)? To address this question, we computationally evaluated the
kinetics of a reaction between SO3* and H,O to form SO,* but
found this to be kinetically infeasible at room temperature
(Figure S17). SO; and H»O both bind strongly, which means
that there is a large energy cost to form the new bond in the SO4
species. We computed the barrier of the most difficult

elementary step to be 2.06 eV, well above what is kinetically
feasible at room temperature. This result is in agreement with
the experiments where the SOs-like, but not SOs-like, species
was observed in the XPS measurement.

(a) S2ben
167.6

Intensity (a.u.)

172 171 170 169 168 167 166 165
Binding energy (eV)

(b) 1692
|0.05 au.
- 1398
S |m
{U- N
et
> 1610
2 | 2034 1427
]
=

2300 22I00 ’ 1 TIOO 1 SIDD '|5I00 14I00
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(c)

Assignment Measured Calculated
frequency {cm1)  frequency {cm)
v(C=N) 2234 2260
v(C=0) 1692 1659
V(C-Cying 1610 1608
V(C-Chying 1427 1410
B{C-0-H) 1398 1347

Figure 4. (a) X-ray photoelectron spectroscopy (XPS) of the S2p
region for anatase TiO2 before (black) and after (red) exposure to 5
ppm SO2 at 40% RH for 10 minutes. The spectral deconvolution
(blue) of S2p to S2p1/2 at 168.8+0.1 eV and S2ps2 at 167.6+£0.2 eV,
and their summation (green). (b) PM-IRRAS of anatase before
exposure to CBCA and humid SOz (I) and nanometer-thick layers
of CBCA on anatase (II), and humid SO2-exposed anatase surfaces
(II). (c) Vibrational frequency (cm™) assignments*®°1%2 for peaks
in (b). v represents stretching, and § represents in-plane bending.



Next, to confirm that the orientational transition of the CBCA-
5CB LC triggered by humid SO, was caused by a change in the
molecular interactions of CBCA and anatase (101), we
performed  polarization-modulation infrared reflectance
absorbance spectroscopy (PM-IRRAS) of CBCA on anatase
(101).% We performed these measurements by spin-coating a
thin film (ellipsometric thickness of ~2 nm) of CBCA onto
anatase-coated Pt films (see detailed information in Methods).
Inspection of the IR spectra shown in Figure 4b(II) and the
assignments of IR peaks in Figure 4c reveals that the peaks
corresponding to the nitrile group (2234 ¢cm™), the carbonyl
group (1692 cm™), and the benzene ring (1610 and 1427 cm™")
are evident for CBCA. When combined with the surface-
selection rules for PM-IRRAS on anatase surfaces,” this
observation indicates that these functional groups of CBCA
have transition dipole moments that project onto the normal of
the anatase surface. Moreover, we found the appearance of the
C-O-H in-plane bending mode at 1398 cm™ (Figure 4b(II)),
indicating no dissociation of COOH on anatase (101),
consistent with prior experimental studies on formic acid
adsorption on anatase (101) in a molecular monodentate
geometry.® 8 This result is also consistent with the
monodentate binding structure determined in our electronic
structure calculations (see Figure 1) and used in our MD
simulations, as discussed earlier.

We then used PM-IRRAS to characterize the influence of
humid SO, exposure on the molecular interactions between
CBCA and anatase. As shown in Figure 4b(IIl), the IR bands
corresponding to the nitrile peak (2234 cm™') and C-C stretching
peak (1610 and 1427 cm™"), both of which are evident prior to
the exposure to 5 ppm SO, at 40% RH, are not present after
CBCA contacts the humid-SO,-treated anatase surface. This
result is consistent with our observations of a planar orientation
of the CBCA-5CB film on the anatase surface after exposure to
humid SO,, as shown in Figure 3. Interestingly, we observed IR
peaks associated with the carbonyl (1692 cm™) and hydroxyl
(1398 cm™!) groups but not the phenyl groups. This result is
similar to the IR spectrum of CBCA in a parallel orientation on
a Cl-covered Au (111) surface, in which the phenyl rings adopt
a parallel orientation on the surface and the carboxylic group
plane rotates relative to the phenyl ring of CBCA with the
lowest free energy.*’ To explore this orientation, we calculated
an energy-minimized stable structure showing the rotation of
the COOH group relative to the surface in Figure 3b. In this
structure, the COOH is rotated 45° (defined as the angle
between the O-C-O plane relative to the surface normal), which
means that the absorbance corresponding to the C=0 would be
observable due to the surface-selection rule. Overall, these
experiments provide additional support for our conclusion that
the orientational response observed in Figure 3 is due to the
change of the orientation of CBCA molecules at the surface of
anatase (101) after exposure to humid SO,.

Chemical Selectivity

The computational and experimental results presented above
support our conclusion that humid SO, can trigger CBCA-5CB
mixtures to undergo orientational transitions on anatase
surfaces due to the more negative reaction energy, AE (-1.79 eV
in Table 1) of the SO,+H,O0 surface reaction (R1) as compared
to the BE of CBCA (-1.32 eV). Here, we predict the chemical
selectivity of LCs using a strategy of comparing our calculated
reaction/binding energies of chemical species (AE) with the

binding energy of CBCA (BEpncoon) on anatase (101) (Table
S3 and Figure S5a). Specifically, if the displacement energy
(Dag) calculated from the difference in AE and BEpncoon is
negative, then we predict the LC response to be
thermodynamically favorable.*®

(a) 124

o o o —

*® ®» ® o

1 1 1 1
No response

o
()

DIAE = AE - BEpncoon (8V)

Response

5 ppm SO,

5> ppm NO; ppmH,S SppmSO, 2%H, SppmCl, 5ppmNO,

with 40% RH

Figure 5. (a) Comparison of experimental responses of CBCA-
5CB (CcBca = 0.005 mol%) on anatase surfaces to different
chemical species and calculated displacement energy Dag for
PhCOOH on a (2x3) unit cell of anatase (101) for the events listed
in the x-axis. A response is predicted to occur when the Dak is
negative. Green color of the bars represents the agreement between
theoretical predictions and experimental observations. We find
agreement for each case between theory and experiment. (b)
Optical images (crossed polarizers) of CBCA-5CB (Ccsca = 0.005
mol%) hosted in copper grids on anatase surfaces after exposure to
5 ppm NH3, N2 at 40% RH, 5 ppm NO2 at 40% RH, 5 ppm H>S, 5
ppm SO2, 2% Haz, 5 ppm Clz and 5 ppm NO2 for 1 hour, and 5 ppm
SOz at 40% RH for 5 mins. For H2SO3, H2SO4, and HNOj3, prior to
the deposition of LC on anatase surfaces, the surfaces were first
dipped in their solutions with 0.1 M concentration for 1 hour, then
rinsed with copious amounts of deionized water, and dried under a
stream of nitrogen.

The values of Dag in Figure Sa were calculated from DFT and
the values of AE are reported in Table S3 and respective
structures are shown in Figure S22. Inspection of Figure Sa
reveals that the adsorption of H»SO; and H,SO., and the
reaction of SO, with H,O, have negative values of Dag,
predicting a response in the CBCA-5CB mixture upon exposure
to H2SO3, H2SO4, or humid SO, (already discussed above). To
test the predicted response to H,SOs and H>SO4 experimentally,
prior to the deposition of LC on anatase surfaces, we exposed
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anatase surfaces to solutions of 0.1 M H»SOs or H>SO4 for 1
hour, then rinsed with copious amounts of deionized water, and
dried under a stream of nitrogen. Figure 5b shows that the
CBCA-5CB mixture adopted a planar orientation on the H,SO;
or H»SOs-treated anatase surface. This observation and the
response to humid SO, discussed earlier are consistent with the
computational prediction of negative Dag (indicated by the
green color in Figure 5a). Similarly, we also calculated the Dag
of CBCA by other chemical species (NH3;, H,O, HNOs,
NO,+H;0, HsS, SO, H,, NO,, and Cl,) and found that they are
all positive, leading us to predict no response upon exposure to
them. We conducted experiments using all the chemical species
addressed using DFT and the results are summarized in Figure
5b. The experimental observations are in good agreement with
our predictions (indicated by the green color in Figure 5a).
Overall, these results demonstrate that electronic structure
calculations of Dag can be combined with experiments to design
a LC system of CBCA-5CB on anatase (101) that provides high
selectivity to SO, over other chemical species.

Dependence of LC Dynamics on Concentration of SO:

We characterized the dynamic response of the CBCA-5CB LC
supported on anatase (101) to decreasing concentrations of SO,
(5+0.3, 2+0.1, 1+0.06, 0.5+0.03, and 0.2+0.01 ppm) at 40%
RH. Inspection of Figure 6a reveals slower LC responses to
lower SO, concentrations. These results are significant because
the time-dependent response of the LC shown in Figure 6a can
be analyzed using a simple transport-reaction model®®** (with
transport parameters calculated from MD simulation;’® see SI)
to provide insight into the interfacial processes that control the
dynamic response of the LC. As detailed in SI, this analysis
revealed that the dynamic response of the LC to humid SO, is
not limited by the surface reaction kinetics (they are fast) but
rather rate-limited by diffusion of SO, to the LC-metal oxide
interface (Table S1 and S2).

To provide additional evidence that the LC response to SO, on
anatase (101) is not reaction-limited, we performed climbing
image nudged elastic band calculations® to obtain activation
energy barriers for reaction pathways between SO, and HO.
Detailed descriptions of these calculations along with potential
energy diagrams and relevant structures can be found in SI; here
we present the main conclusions from these computations.
First, we found that the anatase (101) surface is required to
lower the activation energy barrier for the reaction between SO,
and H,O sufficiently to allow the reaction to occur at room
temperature (reaction in the LC or gas phase is unlikely to occur
at room temperature). Second, we found that H,O adsorbs
molecularly, in agreement with experimental and DFT
studies,’®®” but can dissociate with a barrier of only 0.27 eV
(Figure S15). We also found that SO, can react with dissociated
H,0O without a barrier to form SO;H* + H*. This prediction
agrees with the conclusions of our analysis of our transport-
reaction model (fast reaction). Finally, we comment that Figure
S15 shows a pathway that yields SOs* from SOsH* with a
barrier of only 0.41 eV, indicating that this reaction could occur
at room temperature.

As noted above, the largest anthropogenic source of SO, in the
atmosphere is the burning of sulfur-containing fossil fuels for
domestic heating, power generation, and motor vehicles. The
US Environmental Protection Agency (EPA) specifies that the
atmospheric concentration of SO, (averaged over 1-hour)
should not exceed 75 ppb.”® Although mixtures of CBCA-5CB

(Ccaea = 0.005 or 0.001 mol%) supported on anatase (101) did
not respond to 75 ppb SO, (Figure 6¢), we found it was possible
to design a LC system with sensitivity to 75 ppb of SO, by using
CBCA dissolved in a mixture of 65 mol% 4-(trans-4’-
pentylcyclohexyl)-benzonitrile (PCHS) and 35 mol% 4-(trans-
4’-propylcyclohexyl)-benzonitrile (PCH3) (Figure 6b), which
forms a nematic LC phase at room temperature.*® This choice
of LC was informed by our prior finding that the tilted/planar
anchoring of PCH at free surfaces (LC-air interface) leads to a
faster response and greater sensitivity of the LC to targeted
chemical species as compared to SCB (due to arelease of elastic
energy stored in the initial, strained state of the LC (Figure
S13)).% Overall, this result reveals that LC systems supported
on anatase (101) can be sufficiently sensitive to SO, that they
offer fresh approaches for environmental monitoring of SO,
concentrations. SO, concentrations involved in human
exposure standards are typically higher than atmospheric
standards (the US Occupational Safety and Health
Administration limits personal exposure to SO, to 5 ppm for 15
mins and 2 ppm SO, over 8 hours?*), and thus we conclude that
the LC response to SO, on TiO; is promising also for use in
wearable dosimeters that measure cumulative exposure to
S0,.”
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Figure 6. (a) Normalized intensity of polarized light transmitted
through CBCA-5CB (Ccaca = 0.005 mol%) supported on anatase
surfaces during the exposure to 5+0.3, 2+0.1, 1+0.06, 0.5+0.03,
0.2+0.01 ppm SO: at 40% RH, and 5+0.3 ppm dry SO2. (b)
Molecular structures of PCHS and PCH3. The PCH mixture
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contained 65 mol% PCHS and 35 mol% PCH3.% (c) Response time
of three LC systems following exposure to 75+5, 200+10, or
1000+60 ppb SO2 gas at 40% RH. The response time is defined as
the interval of time between the introduction of SOz and the
measurement of a 10% change in optical retardance of the LC film.

CONCLUSIONS

In summary, we have demonstrated that it is possible to couple
the catalytic activity of metal oxide surfaces with sulfur oxide
species to ordering transitions in LCs. The ordering transitions
of the LC provide a facile means of amplifying reactions of
relevance to atmospheric chemistry into the optical scale. More
broadly, the results are conceptually important because they
demonstrate that it is possible to leverage first-principles
insights from computational methods and the rich literature of
surface science, heterogeneous catalysis on metal oxides and
atmospheric chemistry to design both equilibrium and dynamic
properties of chemically responsive materials. We combined
electronic  structure  calculations, molecular dynamic
simulations, and experiments to show that CBCA binds to
anatase (101) when doped into nematic SCB and thereby causes
the LC host to adopt a homeotropic orientation. Furthermore,
we demonstrated that CBCA bound to anatase is displaced by
SOs-like species, the product of a surface-catalyzed reaction of
SO, with H,O, as confirmed by XPS and PM-IRRAS, and that
the displacement triggers a change in orientation of the LC film.
The response is highly selective to humid SO, over other gases,
in agreement with our computational chemistry predictions.
Lastly, by using a LC formed of CBCA and PCH, we show that
the LC system can respond to gas phase SO, concentrations as
low as 75 ppb. The dynamic response of the LC system is mass
transport limited, suggesting that higher sensitivity and faster
dynamic responses can be engineered by optimizing the gas
flow to the LC system (the response is not limited by the
intrinsic kinetics of the SO, reaction on the anatase (101)
surface). Overall, the results in this paper enable a range of
future directions of research including the design of LCs that
respond to the photocatalytic properties of titanium dioxide’?>
or catalytic reactions of relevance to atmospheric chemistry
occurring on other metal oxides, such as tin oxide®® and zinc
oxide.*
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