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Limonene, a monoterpene, found in cleaning products and air fresheners can interact with a variety of
surfaces in indoor environments. An oxidation product of limonene, carvone, has been reported to
cause contact allergens. In this study, we have investigated the interactions of limonene and carvone
with TiO,, a component of paint and self-cleaning surfaces, at 297 + 1 K with FTIR spectroscopy and
force field-based molecular dynamics and ab initio simulations. The IR absorption spectra and
computational methods show that limonene forms n-hydrogen bonds with the surface O-H groups
on the TiO, surface and that carvone adsorbs on the TiO, surface through a variety of molecular
interactions including through carbonyl oxygen atoms with Ti** surface atoms, O—H hydrogen bonding
(carbonyl O---HO) and n-hydrogen bonds with surface O—H groups. Furthermore, we investigated the
effects of relative humidity (RH) on the adsorption of limonene and carvone on the TiO, surface.
The spectroscopic results show that the adsorbed limonene can be completely displaced by water at a
relative humidity of ca. 50% RH (~2 MLs of water) and that 25% of carvone is displaced at ca. 67% RH,
which agrees with the calculated free energies of adsorption which show carvone more strongly adsorbs
on the surface relative to limonene and thus would be harder to displace from the surface. Overall, this
study shows how a monoterpene and its oxidation product interact with TiO, and the impact of relative

rsc.li/pccp humidity on these interactions.

Introduction

Improving indoor air quality (IAQ) has gained increasing public
awareness as people spend most of their time (>90%) indoors
compared to outdoors. During the COVID-19 pandemic this
was notable, and many people spent more time at home."?
Indoor air pollutants, such as volatile organic compounds
(VOCGs, e.g., alkanes, alkenes, aromatics, carboxylic acids, alco-
hols and esters), oxides of nitrogen and sulfur (NO, and SO,),
carbon monoxide (CO), and particulate matter (PM), including
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bacteria and viruses, come from a variety of sources. These
sources include consumer products, building materials and
furnishings, occupant-related activities (e.g:, cleaning, cooking,
smoking, breathing), exchange with outdoor air and exhaled
breath.>® Secondary products generated from chemical reac-
tions occurring in the gas phase, on particles and on indoor
surfaces also contribute to the overall indoor environment.”®
Many of these pollutant species and their secondary products
can cause allergic reactions, asthma, respiratory diseases, heart
disease and lung cancer.”® To improve indoor air quality, besides
source control and increasing ventilation, another option is
air cleaning."™'? Current air treatment techniques include active
carbon or zeolite adsorption, biofiltration, ozonation, and
advanced oxidation process (AOP) such as non-thermal plasma
and photocatalytic oxidation (PCO)."*™"® Among these techniques,
PCO is regarded as a potential cost-effective method because its
superior features of operation at room temperature and atmo-
spheric pressure to mineralize ppb level of many hazardous
gaseous organics to CO, and H,O from indoor air under solar
light irradiation without chemical additives required.'® However, it
is important to note that there are unexpected consequences of
using these air cleaning processes.'” Thus, there needs to be
testing of these under realistic conditions to further our under-
standing of the impact on any air cleaning processes.
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Titanium dioxide (TiO,) is by far the most widely available
semiconductor material used in PCO to its nature abundance,
low cost, high chemical stability and safety, and high photo-
catalytic activity.'®'® Rutile and anatase are the two main
crystalline structures of TiO,; rutile is the most stable TiO,
phase whereas anatase is more photoactive.”>*' TiO,-based
self-cleaning materials, such as paint films, coated glasses,
and tiles, are used both in indoors and outdoors on walls,
floors, rooftops and facades.?” In the state of California, self-
cleaning ceramic TiO, titles are widely used in public places
such as hospitals and restrooms.”® The adsorption and
desorption of air pollutants on the surface of TiO, films are
key steps in these heterogeneous photocatalytic oxidation tech-
niques. Adsorption is an initial and critical step in the efficient
catalytic treatment of all pollutants. In addition, desorption is
an essential step to restore the active surface catalytic sites.***
Therefore, to study interaction mechanisms of various VOCs
with TiO, surfaces under relevant indoor environment condi-
tions such as the impact of relative humidity is essential to help
enhance the photocatalyst performance and understand air
pollutants chemistry on indoor surfaces at the molecular
level 26728

There are two general modes for VOC adsorption on a TiO,
surface: a weaker physisorption bonding mode with surface
Ti-OH groups and a stronger chemisorption bonding mode on
Ti'*" atoms (Lewis acid sites) or reduced Ti*" sites near oxygen
2930 por example, earlier studies have shown that
benzene, toluene, and chlorobenzene can be adsorbed on the
TiO, (rutile) surface via Ti-OH---m-electron interaction and
additional Ti-OH- - -Cl hydrogen bonds for chlorobenzene on
the hydroxylated surface and all the above compounds can have
Ti*"- . -m-electron interaction on the non-hydroxylated surface.*!
The IR absorption spectrum of acetaldehyde onto TiO, (P25)
at 233 K reported that hydrogen bonding with surface OH
groups (CH3;CH=—O---HO-Ti) and carbonyl bonding with a
Ti*" surface atom (CH;CH=0-. - -Ti*") are the dominant surface
interactions.*” Pyruvic acid adsorbs onto the TiO, (rutile) sur-
face by the interaction between the carboxylic acid group with
the surface hydroxyl groups.** Similar results were proposed in
the study of the TiO, (P25) surface chemistry with alcohols,
organic acids and aldehydes that can be adsorbed onto TiO,
surface via hydrogen bonding to the surface OH groups.** The
degree of interaction strength between the VOCs and TiO,
surface depends on the relative bonding energies of the hydro-
gen bond and is expected to be stronger than n-hydrogen bond.
This implies that polar VOCs are more strongly adsorbed onto
TiO, surface.>*® For example, the adsorption of different
classes of VOCs on TiO, (P25) surface follows the order of the
strength of the corresponding intermolecular forces: i-octane
< toluene < acetone < methyl ethyl ketone < isopropanol <
methanol.*® Additional insights from the studies of Cs-C,
alkanes interactions with TiO, (P25) surface demonstrated that
the larger long-chain and more branched molecules have
stronger interactions with the TiO, surface based on the order
of the strength of adsorption: pentane < hexane < i-pentane
< i-hexane < heptane.*® In another study, the importance of
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steric hindrance of different compounds played a role in the
interaction strength; it was shown that the adsorption of
aromatic species on the TiO, (P25) surface via following
sequence: ethylbenzene < benzene < o-xylene < p-xylene <
m-xylene < toluene, while ethyl substitution showed a larger
steric hindrance compared to the methyl functional group,
so that ethylbenzene is more weakly adsorbed on the TiO,
surface."’

Another factor in these studies is the effect of relative
humidity. Relative humidity is known to be an important factor
in the surface chemistry of environmental interfaces, ie.,
interfaces under ambient conditions.*" There is competition
between water vapor and VOCs as well as synergisms.”>™*> For
example, there is a respective decrease of 50% and 30% for the
adsorption of toluene (80 ppb) and 2-propanol (250 ppb) on
TiO, (anatase) surface at 60% RH compared to the dry condi-
tions due to the direct replacement of water adsorption.** Other
studies reported that the adsorptions of chlorobenzene and
cyclohexane on TiO, (P25) surface significantly decrease with
increasing relative humidity, which explains the competition
from the water adsorption and further hindrance from the
adsorbed water layers.****

Atomistic simulations provide detailed insight into surface
interactions, and in our previous work, we have presented
studies of hydroxylated SiO, (a model for glass surfaces) and
indoor relevant organic compounds with great agreement
between theory and experiment.*>™*” However, TiO, presents
a unique challenge as there is still outstanding debate over how
to model the interactions of water on the TiO, surface in a
simulation, to either represent the water via a molecular or
dissociative association on the surface.*®*>* In this study, we
have constructed both a non-hydroxylated TiO, surface with
surface Ti atoms and free water molecules, and a fully hydro-
xylated TiO, with all surface Ti atoms capped with OH groups.
We use these two surfaces to represent the extrema of a real
world TiO, surface. As we find robust agreement between our
computational results and the experimental measurements, we
are motivated to use our atomistic simulations to suggest
relevant surface interactions between TiO, and organic mole-
cules, however these insights only serve to deepen the conclu-
sions made from the experimental results.

Among the many VOCs present indoors, limonene is widely
used in cleaning products and air fresheners to provide a
pleasant smell. Our previous studies showed that limonene
forms one or two Si-OH- - -n-hydrogen bonds on the hydroxy-
lated SiO, surface, and more than 50% of limonene remains
adsorbed within the water and hydroxylated SiO, surface
through H-OH or Si-OH- - -n-hydrogen bonding at a relatively
high 78% RH when the water coverage is close to three mono-
layers (MLs); carvone forms a Si-OH- - -O hydrogen binding and
an oxygen silicon association with siloxane bridge (O- - -Si-O-Si)
on the hydroxylated SiO, surface, and instead of replacing
the adsorbed carvone on SiO, surface, water adsorbs onto the
carvone coverage via H-OH- - -O hydrogen binding.*>™*” To the
best of our knowledge, there are no systematic studies with
respect to the adsorption of limonene and its oxidation product
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carvone on TiO, surface or the impact of relative humidity over
a wide range of relative humidity conditions. In the present
work, we combined transmission FTIR spectroscopy, classical
force field-based and ab initio molecular dynamics simulations
to investigate the types of surface interactions and relative
strengths of limonene and carvone adsorbed on the hydroxy-
lated TiO, surface. The effect of relative humidity ranging from
<1% to 67% RH on the interactions of limonene and carvone
on the hydroxylated TiO, surface was also investigated.

Experimental and theoretical methods

Experimental methods

TiO, (rutile, high purity, 99.9+%, Stock#: US3520) was pur-
chased from US Research Nanomaterials, Inc. The surface area
measurements of TiO, particles were done using a Quanta-
chrome Nova 4200e multipoint Brunauer-Emmett-Teller (BET)
surface analyzer. First the TiO, particles were degassed over-
night at 120 °C prior to a BET measured. The average BET
surface area and standard deviation was determined to be 17 +
1 m” g~ ". The limonene (p-limonene, >99%, Fisher Scientific)
and carvone (p-carvone, >98%, TCI) samples were prepared by
degassing three times with consecutive freeze-pump-thaw
cycles.

The experimental infrared setup has been described
previously.*>™” Approximately 8 mg of TiO, was pressed onto
to a tungsten grid with a stainless-steel press. The TiO, parti-
cles were calcined at 200 °C in an oven for 2 hours prior to
pressing onto the grid. The grid with particles was held in
position by nickel jaws inside of the stainless-steel IR cell with
BaF, windows. The rest of the experimental setup consists of a
stainless IR cell (310 £+ 3 ml, the optical path length of the IR
cell is 7 cm), a glass mixing chamber (1329 + 2 ml), a stainless-
steel connection tubing (length: 36 inch and I.D. 1/4 inch) and a
two-stage vacuum system (a turbomolecular pump (Agilent
TwisTorr 74 FS) with a backup mechanical pump (Adixen Pascal
2010 SD)). Two absolute pressure transducers (MKS Instruments,
Inc., 10 and 1000 Torr) were used to record the equilibrium
pressure data.

FTIR spectra were recorded with a Nicolet iS50 FTIR spectro-
meter (Thermo Fisher Scientific). Prior to and under the
equilibrium exposure of organic compound vapor, single-
beam spectra (300 scans) of the respective particles surface
and gas phase were acquired using at a spectral resolution of
4 cm ™" over the spectral range of 1200-4000 cm ™', The surface
absorbance spectra were obtained by subtracting the FTIR
spectra of gas-phase organic compound from the particles
surface plus gas-phase spectra. To investigate the effects of
RH, the particles sample was first exposed to the organic vapor
for 50 min under dry condition (<1% RH); followed by the
introduction of water vapor into the IR cell for 1 minute; and
then the IR cell was closed for another 50 minutes for the
equilibrium before the particles surface were evacuated for the
desorption measurement. The % RH values were recorded
based on the water vapor pressure reading after 1 minute water
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injection. The water vapor reached equilibrium in the IR cell
within 1 minute once the water vapor was injected.*

Computational methods

Force field-based MD simulations and ab initio MD (AIMD)
simulations were used to investigate the adsorption of limo-
nene and carvone on a TiO, surfaces. For both simulation
methods, a 110 rutile TiO, unit cell was replicated in the x, y
and z directions to create the initial structure.”® Due to the
outstanding debate over the nature of the interactions of water
on the TiO, surface, force field-based MD simulations for both
a non-hydroxylated TiO, surface with surface Ti atoms and free
TIP3P water molecules and a fully hydroxylated TiO, with
no surface Ti atoms have been prepared.”*>> For our
AIMD simulations, we have prepared three surfaces, a non-
hydroxylated TiO, surface, a TiO, surface with 4 water mole-
cules between the adsorbate and the surface, and a fully
hydroxylated TiO, surface. However, because these AIMD simu-
lations were all run at 300 K, some of the O-H groups on the
fully hydroxylated surface underwent dissociations during the
course of the AIMD simulation.

For the force field-based MD simulations, a 35 x 40 x 21 A®
TiO, slab was created and 77 A of vacuum was placed separat-
ing the upper and lower surfaces in the z direction. From this
initial surface with 720 Ti atoms and 1440 O atoms, the non-
hydroxylated and hydroxylated TiO, surfaces were produced.
For clarity, we can consider all TiO, surfaces consisting of two
parts, the frozen core Ti and O atoms and the surface atoms.
In the case of the non-hydroxylated surface, the surface atoms
are the bridging oxygen atoms and 5-coordinated Ti atoms.
In the case of the hydroxylated surface, all atoms on the top and
bottom of the surface were hydroxylated, thus the surface
atoms are the surface OH groups. To investigate the role of
%RH, TIP3P water was added to both sides of the TiO, surface,
which in the text we will refer to as the 0.5 monolayer and
1 monolayer systems. The 0.5 monolayer system was repre-
sented by a total of 204 water molecules, corresponding to
number of bridging oxygen atoms in the non-hydroxylated
surface. The 1 monolayer system was represented by 408 water
molecules.

The force field produced by Brandt et al. was used for the
non-hydroxylated surface.’® For the hydroxylated surface, the
nonbonded parameters were set to 0 for hydrogen and in order
to ensure a neutral surface, the partial charge of all hydrogen
atoms was set to +0.44175e. And the O-H group oxygen partial
charge was set to —0.80e. During the course of the simulation,
all bulk atoms were frozen, and all surface atoms were allowed
to move freely. There were small distortions of the TiO, surface
as seen in the molecular snapshots in Fig. 3, however the
general structure of the TiO, crystal was retained. The TIP3P
water was used to describe the water molecules and details of
the CHARMMM compatible force fields for limonene and
carvone can be found in our previous work.*®47>¢

All classical molecular dynamics simulations were done
with the LAMMPS®” software package. The equations of motion
were integrated using the velocity Verlet algorithm with a
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58 Electrostatic interactions were evaluated

1 fs time step.
directly up to a cutoff of 12 A and with a particle-particle-
particle mesh solver with a relative accuracy of 10~ %.°° Lennard-
Jones interactions were cut off after 12 A. The simulation
temperature was maintained at 300 K using a Nosé-Hoover
thermostat with a relaxation time of 100 fs.%°

Umbrella sampling was used to calculate the free energy
profile for the desorption of carvone and limonene from the
TiO, surfaces.®’ Initial coordinates of each adsorbate on the
TiO, surface were taken after 25 ns of simulation time. The
distance of the center-of-mass of adsorbate to the TiO, surface
was used as the reaction coordinate, and the process was
divided into variable number of windows for each adsorbate.
For limonene, 22 windows in 0.50 A increments was sufficient,
but for carvone, 0.25 A increment windows were used.
A harmonic restraining potential of 10 kcal mol™* A2
applied in each window. Each free energy profile was generated
from 30 ns or longer long biased trajectories for each PMF
window using the WHAM scheme.®

In the hydroxylated surface, two forms of hydrogen bonding
were considered, n-hydrogen bonds formed between carbon sp*
(Csp2) atoms and the TiO,~OH surface for both limonene and
carvone, and hydrogen bonds formed between the carvone
oxygen atoms and the TiO,-OH surface. To calculate these
hydrogen bonding probabilities, distances were measured
between Cgp. centers and surrounding oxygen donors and
between the carvone oxygen atom and surrounding oxygen
donors. Angular measurements were made between adsorbate
acceptor (Cspz center or carvone oxygen atom), TiO, donor H,
and TiO, donor O atoms. All measurements were made every 1
ps. Hydrogen bonds were defined to be present if the distance
between donor and acceptor was less than 3.5 A and if the angle
between acceptor, donor H, and donor O was within 120-
180 degrees for both types of hydrogen bonds. Additionally,
in systems with free water molecules, n-hydrogen bonds
between Cg,> centers and water molecules, as well as hydrogen
bonds between the carvone oxygen atom and water were
measured in the same way as described above.

For the ab initio simulations, three TiO, surfaces were studied,
a non-hydroxylated surface, a hydroxylated surface, and a non-
hydroxylated surface with 4 water molecules placed between the
surface and the adsorbate. The TiO, surface was obtained from
selecting a smaller portion of the classical MD surface. For all
simulations expect for carvone on the non-hydroxylated surface
with 4 water molecules, a system of 90 Ti atoms and 180 O atoms,
accounting to 5 layers of Ti and O atoms, was sufficient to allow
for ample simulation time (30 ps). In the case of carvone on
the non-hydroxylated surface with 4 water molecules, a slightly
larger size in the y direction of the TiO, surface (125 Ti atoms and
250 O atoms) was used. This resulted in eight AIMD simulations,
detailed in the ESL.{ In the case of the hydroxylated surface and
the non-hydroxylated surface with water molecules, only the top of
the surface was either hydroxylated or had water molecules placed
on top, to save computational time.

For all systems, a 30 ps AIMD simulation at 300 K with a
time step of 0.5 fs was performed, except for the carvone on the
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non-hydroxylated surface with 4 water molecules, where at
13 ps AIMD simulation at 300 K with a time step of 0.5 fs was
performed. The temperature as maintained at 300 K using a
Nose-Hoover'* thermostat with a relaxation time of 100 fs.
The PBE®® exchange-correlation functional with the DZVP-
MOLOPT-SR-GTH®**® basis set and the GTH pseudopotentials
in the QUICKSTEP module of the CP2K®® package were used.
A SCF convergence criterion of 10 ° (a.u.) with the orbital
transformation®” scheme and DIIS minimization®® were used
in each simulation. All systems were placed in orthorhombic
boxes under periodic boundary conditions in the x and y
directions with the z direction normal to the TiO, surface.
The AIMD simulation cells had sizes of 15.960 A x 12.638 A x
36.821 A and for the slightly larger system for carvone on the
non-hydroxylated surface with 4 water molecules, the cell size
was 15.091 A x 16.437 A x 36.821 A. During the course of the
simulation, the bottom half of the TiO, surface was frozen.

The power spectra were calculated for the Fourier transform
of the velocity autocorrelation function of all oxygen or hydro-
gen atoms using the TRAVIS code.®®”® A 900 fs Gaussian
windowing function was applied to the correlation function
prior to Fourier transformation.

Results and discussion
Experimental data

Surface adsorption of limonene under dry conditions (<1%
RH). Fig. 1(a) shows FTIR absorbance spectra of limonene
adsorbed on TiO, as a function of varying pressure (3, 6, 11,
20, 31, 42, 75 and 148 mTorr) at 297 + 1 K under dry conditions
(<1% RH). For these spectra, the clean TiO, surface prior to
adsorption was used as the background spectrum and, in
addition, gas-phase contributions were subtracted from each
of the spectra. The observed IR absorption band frequencies
are close to that found for gas-phase limonene (see Fig. S1,
ESIY). The absorption bands at 3085, 3074, 3010 cm™ ' are due
to the C-H stretching motions for olefinic C-H modes. The
absorption bands at 2968, 2922, 2860, and 2838 cm ™" are due to
the aliphatic C-H stretching modes. The 1644 cm™ ' band is
assigned to the C—=C stretching vibration of the vinyl group
and in the ring. The absorptions observed at 1454, 1439, and
1378 ecm ' for CH; and CH, bending vibrations motion,
respectively.*>*® In addition, the negative peak at 3656 cm "
is attributed to the loss of Ti-OH groups due to the hydrogen-
bonding interactions with limonene, as a broad peak centered
at ~3447 cm™ ! grows in with increasing limonene pressure.

Fig. 1(b) displays the integrated absorbance of the C-H
stretching region (ranging from 2800 to 3115 cm™ ') and the
loss of Ti-OH function groups peak height (3656 cm™", right
ordinate) as function of limonene pressure. It is observed that
no apparent increases in the amount of the adsorbed limonene
after 60 mTorr as there are no more free Ti-OH functional
groups present on the TiO, surface. This finding indicates that
the adsorption of limonene on the hydroxylated TiO, surface is
mainly via the Ti-OH- - -n-electron interaction. Our earlier study
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Fig. 1 (a) FTIR spectra of limonene adsorbed on TiO, surface under dry

conditions (<1% RH) as a function of limonene pressure in the spectral
range extending from 1200 to 4000 cm™! (scale bar = 0.1 absorbance
units). The equilibrium pressures increase from the light red to black
spectra: 3, 6, 11, 20, 31, 42, 75, and 148 mTorr. (b) The ordinate plots the
normalized integrated peak area of limonene in the spectral region from
2800 to 3115 cm™ ! as function of limonene pressure (mTorr), the right
ordinate plots the normalized peak height of the loss of Ti—-OH functional
groups at 3656 cm™%.

shows that the interactions between limonene and hydroxy-
lated SiO, surface are mainly driven by Si-OH- - -m-hydrogen
bonding.*’ The desorption free energies of limonene from TiO,
and SiO, surface are discussed in the computational results
section below.

Surface adsorption of carvone under dry conditions (<1%
RH). Fig. 2(a) shows the IR absorbance spectra of carvone on
the TiO, surface at equilibrium pressures of 2, 8 and 18 mTorr
under dry conditions (<1% RH), using the TiO, surface as the
background and with gas-phase contributions subtracted from
the spectra. The IR spectra shows that carvone adsorbs to the
TiO, surface via hydrogen bonding as shown by the loss of
Ti-OH groups at 3656 cm™ ' and the red-shifted broad peak at
3362 cm ™ '. The observed IR surface absorption band frequen-
cies are in agreement with the gas-phase carvone vibrational
frequencies (see Fig. S2, ESIt) except for the shifts in the
spectral range extending from ca. 1560 to 1720 cm ‘. The
absorption bands at 3086, 3074 cm™ ' and 3021 cm ™' are for
the C-H sp” stretching motion from alkene and ring; the bands
at 2968, 2927, 2893, and 2857 cm ' are for the C-H sp®
stretching motion; the bands at 1453, 1435 and 1378,
1373 cm™ ! are for CH; and CH, bending vibrations motion,
respectively; and the big broad band at 1648 cm ™" is attribute to
the coupling of C—=O0O (ketone) and C=C (alkene) stretching
vibrations.”” As shown in Fig. 2(b), there is a growth of new
band at 1683 cm ™' starting at 8 mTorr. This higher energy shift
of 35 cm ™" can be explained by considering the interaction of
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Fig. 2 (a) Absorbance FTIR spectra of carvone adsorbed on TiO, surface
under dry conditions (<1% RH) as a function of pressure in the spectral
range extending from ca. 1200 to 4000 cm~* (scale bar = 0.04 absorbance
units). (b) The above (a) spectra range extends from 1500 to 1800 cm™*
(scale bar = 0.02 absorbance units). (c) The ordinate plots the normalized
integrated peak area of carvone at 1648 cm™ (ranging from 1560 to
1720 cm™) as function of carvone pressure (mTorr), the right ordinate
plots the normalized peak height of the loss of Ti—-OH function groups at
3656 cm . The equilibrium pressures are 2, 8, and 18 mTorr, respectively.

adsorbed carvone molecules can be through carbonyl bonding
with a Ti*" surface atom on the TiO, surface.***” Fig. 2(c)
displays the integrated peak area of adsorbed carvone at
1648 cm™ ' (ranging from 1560 to 1720 cm™ ') and the loss of
Ti-OH functional groups peak height at 3656 cm™ ' (right
ordinate) as function of different equilibrium carvone pres-
sures. It is observed that almost all the free Ti-OH functional
groups are occupied by carvone molecules at a low equilibrium
pressure of 2 mTorr. As the carvone pressure is changing from
8 mTorr to 18 mTorr with an increase of 10 mTorr, there is
about 30% of amount carvone increased on TiO, surface.
In Fig. 1(b), when the limonene pressure is changing from
75 mTorr to 148 mTorr with an increase of 73 mTorr, there is
only 10% of amount limonene is increased on TiO, surface.
Once monolayer coverage on the TiO, surface is reached, the
A increase amount of adsorbate
A increase pressure
and limonene are 3 and 0.14, respectively. This observation
suggests that the adsorption of carvone on the TiO, surface is
initially via the O-H hydrogen bonding (carbonyl O---HO-Ti)
and the Ti—OH- - -n-electron interaction; and once all the avail-
able Ti-OH groups are occupied in hydrogen bonds, the later
adsorption of carvone on TiO, surface is through a strong
carbonyl bonding with a Ti*" surface atom.*” Although these
binding interactions are different, in the discussion above we
make the assumption that the increase in intensity is linearly
proportional to coverage.

Limonene and carvone adsorption on TiO, at higher relative
humidity (>1% RH). The impact of relative humidity was
further explored for limonene and carvone adsorption on
TiO,. In these experiments, the TiO, surface was first exposed
to either limonene or carvone and then following this water

(% mTorr ') ratios of carvone
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Table 1 Changes in adsorbed limonene and carvone on TiO, surface as a function of relative humidity and co-adsorbed water

Water coverage in
monolayers (MLs) (£0.1)*
(bare TiO, surface)

Percent relative
humidity (+1%)

Percentage of organic compound
remaining on surface relative
to dry conditions (£3%)"

Water coverage in monolayers (MLs) (40.1)
(with organic compound adsorbed
on TiO, surface)?

Limonene

<1 <0.1 100
3 0.5 91
10 1.0 74
18 1.4 67
25 1.6 54
30 1.7 30
51 2.0 0
Carvone

<1 <0.1 100
67 2.3 75

<0.1
0.3
0.5
0.8
1.6
1.7
2.0

<0.1
0.6

@ Water coverages determined from Goodman et al.”* ? Percent limonene coverages determined from the integrated absorbance of bands from

1415 to 1475 cm™ . ¢ Determined from the integrated absorbance ranging from 1335 to 1490 cm ™ for carvone.

Water coverages estimated from

relative ratio of the integrated area of the water bending mode when the organic compound is present relative to the bare surface.

vapor was introduced into the infrared cell at different relative
humidity. In the case where water displaces organic com-
pounds from the surface, there is the growth of adsorbed water
absorption bands on the surface concomitant with a loss of
adsorbed organic compound from the surface. When water
co-adsorbs, there is the growth of adsorbed water absorption
bands on the surface with little or no change in the amount of
adsorbed organic compound. Finally, if the organic compound
blocks water adsorption there will be little change in the
spectrum. To quantify which of these different is occurring,
we determined the change in coverage of the organic com-
pound - either limonene or carvone - on the surface at different
relative humidity compared to under dry conditions. We also
determined the amount of water adsorbed on the surface at this
different relative humidity (see Fig. S6, ESIt). Table 1 shows
these results for both limonene and carvone (see also Fig. S4
and S5 in ESIt). For limonene, it is seen that the coverage
decreases significantly with increasing percent relative humidity
while the amount of water adsorbed on the surface increases.
These data show that water displaces limonene from the surface
into the gas phase. For carvone, there is little change in the
surface coverage of carvone as a function of relative humidity and,
additionally, little water is taken up by the surface. Overall, these
data show that carvone, the oxidation product of limonene, is not
easily displaced and also more strongly interacts with the surface
compared to limonene.

MD simulations data

Surface interactions: classical molecular dynamics (MD) and
ab initio molecular dynamics (AIMD) results. To elucidate the
interactions between each adsorbate and the TiO, surface from
an atomistic perspective, two kinds of MD simulations were
performed. Force field-based molecular dynamics simulations
were used to calculate the free energy profile for the desorption
of each adsorbate on the TiO, surface, as well as to calculate
various surface interactions (hydrogen, m-hydrogen, carbonyl
O-Ti interactions). Ab initio MD (AIMD) simulations were used
to construct the power spectra of carvone and limonene
adsorbed on the TiO, surface and to further investigate the

This journal is © the Owner Societies 2022

carvone carbonyl O-Ti interaction. For each MD surface, we
constructed a 50 ns unbiased MD simulation, and molecular
snapshots shown in Fig. 3 show limonene and carvone on the
TiO, with differing monolayers (ML) of water.

During the course of the 50 ns simulation, we observed the
carvone cyclic ring of carvone and limonene predominantly
stays parallel to the surface for the non-hydroxylated 0 ML H,O
and 0.5 ML H,O surfaces and the hydroxylated 0 ML H,O
surface. In the hydroxylated 0.5 ML H,O surface, the limonene
ring was able to freely rotate on the surface. In both the non-
hydroxylated and hydroxylated 1 ML H,O surfaces, the limo-
nene ring and carvone ring were able to freely rotate above
the surface. On the non-hydroxylated 0 ML H,O surface, we
observed that both limonene and carvone stayed between two
rows of bridging oxygen atoms for the course of the 50 ns
simulation.

A second relevant measure of surface interactions are the
formation of hydrogen bonds. As discussed in the introduction,
we have studied the importance of hydrogen bonds to promote
stabilization between indoor relevant organic compounds and
indoor surfaces. We have studied the role of two kinds of
hydrogen bonds, n-hydrogen bonds formed between Cg,. car-
bon centers and surface OH groups and hydrogen bonds
formed between the carvone oxygen atom and surface OH
groups. To investigate the adsorption of limonene and carvone
on TiO, surface, we have calculated the average number of
n-hydrogen bonds during the course of the last 25 ns of the
unbiased simulations. m-hydrogen bonds require hydrogen
atoms as hydrogen bond donors, so no measurements were
made for the non-hydroxylated surface with 0 ML H,O, but the
results for the rest of the surfaces are displayed in Table 2.

Overall, we see the formation of fewer m-hydrogen bonds
with water molecules compared to our similar study of limo-
nene on hydroxylated SiO, surface with increasing %RH (aver-
age of 0.30 for limonene on SiO, with 1 MLs H,0 versus 0.17 for
limonene on hydroxylated TiO, with 1 MLs H,0). This is due to
the fact that not only are water-water hydrogen bonds more
favorable compared to n-hydrogen bonds, but water hydrogen
bonds to TiO, for either the non-hydroxylated or hydroxylated

Phys. Chem. Chem. Phys., 2022, 24, 23870-23883 | 23875
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(a—c) Shows limonene on non-hydroxylated TiO, surfaces with increasing levels of hydration, (d—f) shows limonene on hydroxylated surfaces

with increasing levels of hydration, (g—i) shows carvone on non-hydroxylated TiO, surfaces with increasing levels of hydration, (j—|) shows carvone on
hydroxylated TiO, surfaces with increasing levels of hydration. Water molecules engaged in hydrogen bonds (z-hydrogen or OH-hydrogen) with the
adsorbate are shown in full color, all other water molecules are shown transparent. Red atoms correspond to O atoms, pink atoms correspond to
Ti atoms, white atoms correspond to H atoms and cyan atoms correspond to C atoms. The surfaces have been oriented to easiest see surface/adsorbate

interactions.

surface are also quite strong, resulting in fewer water donor
n-hydrogen bonds to limonene and carvone Cs,. carbon atoms.
We see on the hydroxylated surfaces that there are more surface
to adsorbate m-hydrogen bonds, and these interactions occur
frequently for the 0 ML H,O and 0.5 ML H,O surface. For the
1 ML H,0 surface, Cyp2 carbon atoms on the adsorbate are too
far away in the water layer to interact with the OH groups on the
surface.

Limonene and carvone both have two double bond sites and
we found that the endocyclic C=C bond always has a higher
probability of n-hydrogen bond formation, and this is because
the exocyclic C—C bond sometimes rotates above the water
layer. Finally, there is a clear difference in n-hydrogen bonding
probabilities between these two molecules, as the limonene
molecule is much more likely to form =n-hydrogen bonds
compared to the carvone molecule. This does not indicate that

23876 | Phys. Chem. Chem. Phys., 2022, 24, 23870-23883

limonene has a stronger interaction with the surface, but rather
that carvone shows a much lower propensity for n-hydrogen
bond formation. This is due to stabilizing hydrogen bonds
formed between the carvone oxygen atom and TiO, surface.
Table 3 shows the carvone carbonyl oxygen atom hydrogen
bonding statistics.

In Table 3, we see few water carvone hydrogen bonds are
formed for the non-hydroxylated 0.5 ML H,O surface, which we
attribute to the increase in stabilization for water-water and
water-surface hydrogen bonds as discussed above. However, we
see with 1 ML of water there is an average of around 0.80
hydrogen bonds between carvone and the surrounding water,
regardless of the surface hydroxylation. As shown in Table 3,
accounting for both n-hydrogen and hydrogen bonds, there are
more surface interactions for the carvone molecule compared
to those of limonene. This is consistent with our experimental

This journal is © the Owner Societies 2022
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Table 2 Average number of n-hydrogen bonds for carvone and limo-
nene. n-Hydrogen bonding criteria was determined if the Cy,2~O distance
was less than 3.5 A and the OH---Cqp2 angle was >120° (n. a. — not
applicable)

Average number
of n-hydrogen bonds

Water  Hydrogen
Surface (ML) bond donor  Limonene Carvone
Non-hydroxylated 0.5 Surface n. a. n. a.
Water 0.0049 0.0085
Non-hydroxylated 1 Surface n. a. n. a.
Water 0.13 0.05
Hydroxylated 0 Surface 0.28 0.15
Water n. a. n. a.
Hydroxylated 0.5 Surface 0.66 0.43
Water 0.017 0.005
Hydroxylated 1 Surface 0 0
Water 0.17 0.07

Table 3 Carvone carbonyl oxygen atom hydrogen bonding statistics.
Hydrogen bonding criteria was determined if the O-O distance was less
than 3.5 A and the OH---O angle was >120°. (n. a. — not applicable)

Water Hydrogen Average number

Surface (ML) bond donor of Hydrogen bonds
Non-hydroxylated 0.5 Surface n. a.

Water 0.08
Non-hydroxylated 1 Surface n. a.

Water 0.80
Hydroxylated 0 Surface 1.57

Water n. a.
Hydroxylated 0.5 Surface 2.2

Water 0.18
Hydroxylated 1 Surface 0.0018

Water 0.76

results that indicate carvone has stronger interactions with the
TiO,. As we will discuss in detail in the ab initio MD simulation
results section, there is an additional surface interaction
between the carvone carbonyl oxygen atom and the surface Ti
atoms in the non-hydroxylated surface. In this case, we have
detected that during the course of the 50 ns non-hydroxylated 0
ML H,O0 simulation, the carvone carbonyl oxygen is positioned
close to surface Ti atoms with an average interaction length of
3.92 A. More importantly, our ab initio power spectra support
the validity of this interaction as there is a red shift in the C=0
bond length compared to the gas phase carvone spectra. With
the presence of water the carvone carbonyl oxygen-Ti surface
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Fig. 4 (a) Potential of mean force for the desorption of limonene and
carvone from non-hydroxylated surface calculated. (b) Potential of mean
force for the desorption of limonene and carvone from hydroxylated
surface. Both are calculated from the classical molecular dynamics
simulations.

interaction rapidly decreases, as with 0.5 ML of water, only 8%
of the 50 ns trajectory shows nearest neighbor to the carvone
carbonyl oxygen is a surface Ti atom. A key benefit of atomistic
MD simulations is the ability to study the arrangement of large
numbers of molecules. In this case, we can investigate the
hydrogen bonding network between water molecules and the
TiO, surface, and how this is disrupted by the adsorption of
limonene and carvone molecules. As our molecular snapshots
show, water is adsorbed on the surface via hydrogen bonds to
surface O atoms and surface OH groups and water molecules
are also stabilized by water-water hydrogen bonds. Table 4
shows the extent that limonene and carvone disrupt the hydro-
gen bonding network by measuring the interactions of water
molecules engaged in hydrogen bonding with the adsorbate.
In some instances, the water molecule is able to form a
hydrogen bond with the adsorbate and also a hydrogen bond
with the surrounding water molecules or surface. In other

Table 4 Fraction of water—water hydrogen bonds, water—surface hydrogen bonds, and water—adsorbate hydrogen bonds. A hydrogen bond is defined

as the O-0 distance 3.25 A and angle >120°

Fraction of bonding waters

Fraction of bonding waters Fraction of bonding waters

Surface Water (ML) Adsorbate in water-water bonds in water-surface bonds only in adsorbate bonds
Non-hydroxylated 0.5 Limonene 0.50 0.47 0.03
Carvone 0.58 0.39 0.02
Non-hydroxylated 1 Limonene 0.80 0.17 0.03
Carvone 0.95 0.046 0.003
Hydroxylated 0.5 Limonene 0.32 0.678 0.002
Carvone 0.511 0.486 0.003
Hydroxylated 1 Limonene 0.66 0.34 —
Carvone 0.758 0.24 0.002
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Fig. 5 Fraction of water molecules in hydrogen bond interactions with
carvone that are also in hydrogen bonds with either the TiO, surface,
surrounding waters, or no other molecules (thus disrupting the hydrogen
bonding network) as a function of distance from the surface during the
PMF calculation.

cases, the hydrogen bonding network is “disrupted” as the
water molecule is only engaged in a hydrogen bond with the
adsorbate. Snapshots of these hydrogen bonding interactions
are shown in Fig. S8 (ESIt). These networks are also seen in our
ab initio simulations.

Table 4 shows the difference in hydrogen bonding networks
for the limonene and carvone molecules. Overall, this table
shows that limonene forms more n-hydrogen bonds with water
molecules engaged in hydrogen bonding with the TiO, surface.
Given the competitive adsorption of water on the TiO, surface,

(d)

Fig. 6
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this suggests why limonene is displaced at high %RH. Contrary,
carvone is shown to more often form hydrogen and m-hydrogen
bonds with water molecules also in hydrogen bonding with other
water molecules. In addition, in the case of the non-hydroxylated
surface, limonene is shown to disrupt the hydrogen bond network
more compared to that of carvone. This suggests why there is
little change in the surface coverage of carvone as a function of
%RH. To further quantify the difference in interaction strength,
we have calculated the free energy profile (also referred to as
potentials of mean force or PMF) for the desorption of the
adsorbate from the surface, as shown in Fig. 4. The free energy
profiles are placed vertically, such that their minima are at the
zero of free energy.

We first note that these desorption free energies are sub-
stantially higher than our previous results for SiO,. This is to be
expected as the partial charges of surface Ti and O atoms are
much higher compared to those of SiO,. However, the trend
of greater free energies of desorption compared to SiO, are
consistent with the experimental measurements of much
longer desorption lifetimes for limonene and carvone on the
TiO, surface. As seen in Fig. 4(a), the desorption free energy
for carvone on the non-hydroxylated with 0 ML H,O is
~30 k] mol™" higher than limonene. This is consistent with
our experimental measurements, and our calculations suggest
is due to the close interaction between the carvone oxygen and

(a—c) Shows limonene on a non-hydroxylated surface with O water molecules, on a non-hydroxylated surface with 4 water molecules and

hydroxylated surface, (d—f) shows carvone on a non-hydroxylated surface with O water molecules, on a non-hydroxylated surface with 4 water
molecules and on a hydroxylated surface. Note a slightly larger TiO, system was used for carvone on the non-hydroxylated surface with 4 water
molecules to fully accommodate the carvone and water molecules. Red atoms correspond to O atoms, pink atoms correspond to Ti atoms, white atoms

correspond to H atoms and cyan atoms correspond to carbon atoms.

23878 | Phys. Chem. Chem. Phys., 2022, 24, 23870-23883
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surface Ti atoms, allowing the carvone molecule to be in closer
proximity to the TiO, surface.

Interestingly, with the addition of 0.5 ML of water for the
non-hydroxylated surface, the free energy of desorption is
lowered greatly by ~40 kJ mol™" for limonene, but the free
energy of desorption is slightly higher for carvone. In our
previous study of the role of hydration on the desorption of
limonene from a hydroxylated SiO, surface, we found the water
molecules displace limonene from the surface, thus lowering
the desorption energy.”® While this was the case for limonene
in both the non-hydroxylated and hydroxylated surfaces,
carvone does not seem to follow this trend for the non-
hydroxylated 0.5 ML surface. However, as Table 4 indicates,
the carvone molecule does not disrupt the hydrogen bonding
network, so the addition of water would not displace carvone
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Fig. 7 (a) Oxygen power spectra for the non-hydroxylated TiO, surface,
the non-hydroxylated surface with 1 limonene molecule, and the non-
hydroxylated surface with 1 carvone molecule. (b) Oxygen power spectra
for the non-hydroxylated TiO, surface with 4 water molecules, the non-
hydroxylated surface with 4 water molecules and 1 limonene molecule,
and the non-hydroxylated surface with 4 water molecules and 1 carvone
molecule. (c) Oxygen power spectra for hydroxylated surface, hydroxy-
lated surface with limonene molecule, and hydroxylated surface with
carvone molecule. All intensity values have been rescaled to run from
Otol
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from the surface in the same way as limonene. In addition, we
can see this trend by investigating the same disruption of the
hydrogen bonding network as a function of distance from
the surface, which can be seen in Fig. 5. These results are in
agreement with our experimental results that show low
amounts of carvone are displaced with the addition of water.
An additional component of our study of the non-
hydroxylated 0.5 ML H,O surface is that for both limonene
and carvone, the potential of mean force curve shows a kink
when the adsorbate is 4 A from the surface. This occurs when
the molecule is removed from the water layer, resulting in a
shift in free energy. We do not see this happen in the 1 ML H,O
surface system as there are more water molecules so the
transition from the water layer to gas phase is less abrupt.
The geometries of the adsorbate (where the carvone carbonyl
oxygen atom sticks down towards the surface) as they move out
of the water layer are discussed in more detail in the ESL}
Fig. 4(b) shows the desorption free energy for the hydro-
xylated surfaces which are much lower compared to the free
energy of desorption for the non-hydroxylated surface, and this
is due to the hydroxylation of surface Ti atoms. When incorpor-
ating the role of %RH, limonene, which is easily replaced by
water at the surface shows a 20 k] mol ™" decrease in free energy
of desorption and carvone shows at 4 k] mol " decrease.
We attribute this to hydrogen bonds formed between carvone
and the surrounding water molecules. Finally, both surfaces

Hydrogen Power Spectra (non- hydroxylated surface
with 4 water molecules)
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Fig. 8 (a) Hydrogen power spectra for the non-hydroxylated TiO, surface
with 4 water molecules, the non-hydroxylated surface with 4 water
molecules and 1 limonene molecule, and the non-hydroxylated surface
with 4 water molecules and 1 carvone molecule. (b) Hydrogen power
spectra for hydroxylated surface, hydroxylated surface with limonene
molecule, and hydroxylated surface with carvone molecule. There are
no hydrogen atoms on the non-hydroxylated surface, so no hydrogen
power spectrum has been computed. All intensity values have been
rescaled to run from 0 to 1.
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Oxygen Power Spectra (carvone comparison)
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Fig. 9 Oxygen power spectra of the carvone carbonyl stretching region. We see red shifting when the carvone molecule is on the surface, and greater
red shifting without water/hydroxyl groups. All intensity values have been rescaled to run from 0 to 1 and the spectra for carvone on the TiO; surfaces has

been scaled by 5x for clarity.

show with 1 ML of water, the free energy of desorption is
similar for each adsorbate, converging around 28 k] mol " for
limonene and 50 k] mol " for carvone. This further validates
our use of two different extrema to describe a real world TiO,
surface.

In order to further investigate the interactions between
limonene and carvone on TiO, surfaces, as well as to provide
computational power spectra to compare to our experimental
results, ab initio Molecular Dynamics simulations (AIMD) of
each adsorbate on TiO, have been performed. Three TiO,
surfaces have been considered to model the TiO, surface, as
detailed in the methods section. First, we have constructed a
non-hydroxylated TiO, surface with surface Ti atoms, secondly,
we have constructed a non-hydroxylated TiO, surface with
4 water molecules, and thirdly, we have constructed a fully
hydroxylated surface. Fig. 6 shows each surface with limonene
or carvone.

From our simulations, we have constructed the power
spectra for the oxygen atoms of each system, as shown in
Fig. 7, and the hydrogen atoms of the system, as shown in
Fig. 8. Note that the positions and not exact intensities are
comparable to experimental data. However, it is reasonable to
compare the trends in AIMD power spectra to trends in the
experimental FTIR spectra.

Fig. 7 shows consistency between the oxygen power spectra
of all three simulated surfaces. For the carvone carbonyl
stretch, we see agreement with our experimental results in
Fig. S5 (ESIf), where the carbonyl stretch is at a higher
wavenumber with the addition of water. In addition, in the
hydroxylated surface, Fig. 7c, we see the presence of both the
water stretch at 1620 cm ™" and the carvone carbonyl stretch at
1575 cm ™. This is more clearly seen in Fig. 9.

According to the hydrogen power spectra, we see a decrease
in 3700 cm ™' peak with the addition of adsorbate to the
surface, which is in agreement with the Ti-OH loss shown in
Fig. 2. This results in red shifting of the hydroxyl/water mole-
cules due to the adsorbate on the surface, which is consistent
with our classical MD simulations that show the formation of
n-hydrogen and hydrogen bonds on the surface. In addition, in
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the systems with free water molecules, there was a similar
interaction pattern as described in the classical MD simulation
section where the adsorbate forms a n-hydrogen or hydrogen
bond with a molecule also in a water-water hydrogen
bond. Hydrogen bonding statistics for these two surfaces are
described in Table 5.

Table 5 shows consistency with our classical MD simula-
tions where limonene can form more n-hydrogen bonds to the
surface and surrounding waters compared to carvone, and that
carvone can form many hydrogen bonds via the oxygen atom to
the surface and surrounding waters. In our AIMD simulations,
we see there is a higher average number of hydrogen bonds for
carvone to the hydroxylated surface compared to the classical
MD simulations; however, this difference is consistent with
our previous studies of carvone on SiO,. For carvone on the
non-hydroxylated TiO, surface with 4 water molecules, there
are fewer hydrogen bonds, and this is due to portions of the
trajectory where the carvone oxygen atom is not closely inter-
acting with the surrounding water molecules.

For the non-hydroxylated TiO, surface with 0 water mole-
cules, we see agreement between the trajectories of our classical
MD simulations: the limonene molecule is positioned between
two rows of bridging oxygen atoms and the carvone carbonyl
oxygen atom is positioned very close to a surface Ti atom, in
this case within 2.5 A during the course of the 30 ps simulation.
Using AIMD allows us to better probe the carvone carbonyl

Table 5 Hydrogen bonding statistics for AIMD simulations. The non-
hydroxylated surface with O water molecules cannot form any hydrogen
bonds. Hydrogen bonding criteria was determined if the O-O or O-Cgp2
distance was less than 3.5 A and the OH- - -O angle or OH- - -Csp2 angle was
>120°

Average number of n-
hydrogen bonds

Average number
of hydrogen bonds

Surface Limonene Carvone Carvone
Non-hydroxylated with 0.18 0 0.98

4 water molecules

Hydroxylated 0.35 0.002 1.96
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Fig. 10 Difference between distance (1) and distance (2) during the course of the 30 ps AIMD simulation.

oxygen-Ti interaction, as Fig. 9 shows the red shift of the
carvone carbonyl stretching frequency on the surface.

For the systems with hydrogen atoms, this red shift arises
from the carbonyl oxygen forming hydrogen bonds with sur-
rounding hydrogen atoms, at around ~1575 cm™ . We see a
greater red shift for the non-hydroxylated OH,O surface, at
around ~1525 cm ™', which is consistent with our experimental
results (Fig. S5, ESIt) that show a peak at 1648 cm ' at <1%
RH and 1660 cm ™" with 67% RH.

However, since there are no hydrogen atoms in the non-
hydroxylated 0H,O surface, yet we still see a red shift, we can
attribute this shift to the interaction between the carvone oxygen
atom and surface Ti atom. This is highlighted in Fig. 10, which
shows the difference in two key distances during the course of the
30 ps simulation. The first distance is between the carvone oxygen
atom and Ti atom (the black dashed in line Fig. 10b) and between
the Ti atom and the oxygen atom directly below it (the while
dashed line in Fig. 10b). When this difference is negative, it
corresponds to the carvone carbonyl oxygen atom being closer to
the Ti atom then the crystal oxygen atom. This occurs 20% of the
time during the course of the simulation. This result indicates
the potential reactivity between oxygenated species and the bare
TiO, surface and will be addressed in our future work. By looking
at the strength of red shifting for the C=O stretch, our AIMD
simulations indicate the Ti-O interaction is stronger than the
carvone oxygen to water interaction, which is inconsistent with
the conclusions of our experimental results. We suggest this is
due to the differences between the idealized TiO, surfaces used
for simulations and the real world TiO, surface.

Conclusions

This study investigated the complex interactions of limonene
and carvone, indoor relevant organic molecules, with the

This journal is © the Owner Societies 2022

hydroxylated TiO, surface under different relative humidity
conditions using infrared spectroscopy. The IR absorption
spectra show that limonene forms Ti-OH- - -n-hydrogen bonds
with the hydroxylated TiO, surface; and our data suggest that
carvone initially forms O-H hydrogen bonds (carbonyl O- - -HO-
Ti) in addition to the Ti-OH-: - -n-bonds with the hydroxylated
TiO, surface, then a stronger bond between carbonyl group and
a Ti*" surface atom is formed once all the free Ti-OH function
groups on the TiO, surface are occupied. An increase in %RH
decreases the adsorption of limonene on TiO, surface. This is
attributed to the completive adsorption of the water coordi-
nated via hydrogen bonding with surface Ti-OH groups. The
adsorbed limonene can be completely displaced when the TiO,
surface is exposed to a relative humidity above 50% RH
(~2 MLs H,0). It was found that adsorption strength of
carvone on the TiO, surface is much stronger than that of
limonene, which is supported by the evidence that only 25% of
carvone is displaced by the adsorbed water. This implies that
the carvone adsorption could significantly inhibit the subse-
quent interactions of other VOCs, such as limonene, on the
TiO, surface.

Two kinds of Molecular Dynamics simulations, classical
force field-based and ab initio molecular dynamics (AIMD)
simulations were performed in order to gain an atomistic
perspective of the adsorption of limonene and carvone on
TiO,. Due to complications on how to best model the TiO,
surface, two classical force field-based surfaces and three AIMD
surfaces were constructed. These surfaces showed consistency
between surface interactions present and provided agreement
with the experimental conclusions that the adsorption strength
of carvone on the TiO, surface is stronger compared to that
of limonene. Our results indicate that limonene forms more
n-hydrogen bonds with water molecules engaged in hydrogen
bonding with the surface, and due to the competitive adsorp-
tion of water molecules, suggests why there is a decrease in

Phys. Chem. Chem. Phys., 2022, 24, 23870-23883 | 23881
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adsorption of limonene on TiO, in surfaces with >1% RH.
However, the formation of oxygen hydrogen bonds between
carvone and the surrounding water molecules allows carvone to
be retained on the TiO, surface with increasing relative humid-
ity. In addition, our AIMD simulation of a non-hydroxylated
TiO, surface suggests an interaction between the carvone
oxygen atom and surface Ti atom that may result in surface
reactivity. The results further indicate that increases in relative
humidity can significantly decrease photocatalytic oxidation
efficiency of limonene due to the adsorption of water on the
active sites of TiO, surface. The role of the adsorbed water in
the photocatalytic oxidation of carvone on TiO, surface needs
further examination. Future studies will focus on the TiO,
surface chemistry reaction mechanisms of relevant indoor
reactive oxygenated species. There are several critical factors
such as relative humidity, temperature, and light will be explored.
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